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Preface

The behavior of classical and quantum many-particle systems out of equilibrium
is among the most prominent problems in modern statistical-mechanics. Besides
its own interest for the theoretical foundations of irreversible thermodynamics,
this topic is also relevant to develop innovative ideas for nanoscale thermal
management with possible future applications to nanotechnologies and effective
energetic resources.

On the other hand, the physics of many-body systems constrained in reduced
spatial dimensions (1 and 2D) display many unusual properties. According to
familiar statistical arguments, this should be traced back to the predominant role
of fluctuations that, for instance, inhibits long-range order at equilibrium. In the
context of nonequilibrium processes, the presence of anomalies is signaled by the
appearance of long-ranged dynamical correlations often leading to the breakdown
of standard hydrodynamics.

Within this general context, one of the issues that attracted a certain interest in the
last decade is the problem of anomalous heat conduction in low-dimensional lattice
models. Historically, this originates from the attempt to construct a minimal, non-
perturbative theory of nonequilibrium stationary states and the quest for a rigorous
microscopic foundation of phenomenological relations (the Fourier’s law in this
case). Moreover, many of the peculiarities of low-dimensional models turned out
to be of interest by themselves, as examples of highly correlated, and thus complex,
behavior. This leads to various forms of violation of the ordinary laws of diffusive
heat conduction.

Theoretical studies of low-dimensional transport were recently paralleled by
those on phonon thermal transfer in nano- and microscale systems (nanotubes,
nanowires, and even graphene). Thus, the fundamental aspects of this research are
currently finding a great interest in the domain of thermal conduction on small
scales.

The aim of this volume is to provide an updated, basic reference for this
research field. Although the content is advanced, the presentation is as self-
contained as possible and addresses to a broad audience interested in approaching
the topic from both the statistical-mechanics/mathematical physics and condensed-
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matter/engineering sides. In this spirit, the contents range from more fundamental
issues up to more realistic applications.

The first part (Chaps. 1-6) discusses and summarizes the basic models, the
phenomenology, and the various theoretical approaches. The reference systems are
arrays of oscillators coupled on a lattice in interaction with two or more external
reservoirs. The methods will employ equilibrium and nonequilibrium molecular
dynamic simulations, hydrodynamic and kinetic approaches, and the solution of
specific stochastic models.

In the second part (Chaps. 7-9), emphasis will be on application to nano- and
microscale heat transfer, as, for instance, phononic heat conduction in carbon-
based nanomaterials, including the prominent cases of nanotubes and graphene.
A review of realistic simulations and experiments will be presented throughout.
Finally (Chap. 10), some possible future developments on heat flow control and new
ideas on thermoelectric energy conversion that originates from the studies of heat
transport in low-dimensional materials will be reviewed.

Sesto Fiorentino, Italy Stefano Lepri
November 2015
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Chapter 1
Heat Transport in Low Dimensions:
Introduction and Phenomenology

Stefano Lepri, Roberto Livi, and Antonio Politi

Abstract In this chapter we introduce some of the basic models and concepts
that will be discussed throughout the volume. In particular we describe systems
of nonlinear oscillators arranged on low-dimensional lattices and summarize the
phenomenology of their transport properties.

1.1 Introduction

In this first chapter we review the main properties of low-dimensional lattices
of coupled classical oscillators. We will describe how reduced dimensionality
and conservation laws conspire in giving rise to unusual relaxation and transport
properties. The aim is to provide both a general introduction to the general
phenomenology and to guide the reader in the volume reading (where appropriate
we indeed point to the more detailed analyses developed in the subsequent chapters).

For the sake of concreteness, one may think of quasi-1D objects, like long
molecular chains or nanowires, suspended between two contacts which play the role
of thermal reservoirs. These experimental setups, repeatedly discussed throughout
the volume, are schematically depicted in Fig. 1.1.

We start Sect. 1.2 by introducing the main models without technicalities and
providing the relevant definitions. Section 1.3 contains a summary of the different
properties that is worth testing to characterize heat transport in a physical system.
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Fig. 1.1 Sketch of two experimental setups illustrating the physical setting. Left: a nanotube or
nanowire suspended between two contacts acting as heaters and probes, see [14] and Chap. 8.
Right: a scanning thermal microscopy setup whereby an assembly of molecular chains with one
end attached on a substrate is heated through a cantilever tip [74]

The natural starting point is the effective conductivity in finite systems, which
diverges with the system-size in the case of anomalous transport. The existence
of long-time tails in the equilibrium correlation functions is another way of probing
the system dynamics, together with the diffusion of localized perturbations and the
relaxation of spontaneous fluctuations. Another, not much explored property, is the
shape of the temperature profile that is strictly nonlinear even in the limit of small
temperature differences, when heat transport is anomalous.

In Sect. 1.4, we present the overall scenario, making reference to the universality
classes unveiled by the various theoretical approaches. More specifically, we
emphasize the relationship with the evolution of rough interfaces and thereby the
Kardar-Parisi-Zhang equation. Coupled rotors represent an important subclass of
1D systems where heat conduction is normal in spite of momentum conservation:
their behavior is reviewed in Sect. 1.5.

The expected scenario in two-dimensions (namely the logarithmic divergence of
heat conductivity) is discussed in Sect. 1.6, while the peculiar behavior of integrable
systems is briefly reviewed in Sect. 1.7. In Sect. 1.8, we discuss the more general
physical setup, where another quantity is being transported besides energy. This is
the problem of coupled transport, where the interaction between the two processes
may give rise to unexpected phenomena even when the transport is altogether
normal. In particular, we consider a chain of coupled rotors in the presence of an
additional torque, where the second quantity is angular momentum and the discrete
nonlinear Schrodinger equation, where the second quantity is the norm (or mass).
Finally, the still open problems are recalled in Sect. 1.9.
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1.2 Models

The simplest microscopic dynamical model for the characterization of heat conduc-
tion consists of a chain of N classical point-like particles with mass m,, and position
qn, described by the Hamiltonian

N 2
H = Z I:lej’l:n + U(Qn) + V(Qn+l - Qn)i| . (11)

n=1

The potential V(x) accounts for the nearest-neighbour interactions between con-
secutive particles, while the on-site potential U(g,) takes into account the pos-
sible interaction with an external environment (either a substrate, or some three-
dimensional matrix). The corresponding evolution equations are

mug, = —U'(q,) — F(r,) + F(ra—1) , n=1,...,N, (1.2)

where r, = ¢u4+1 — ¢n, F(x) = —V’(x), and the prime denotes a derivative with
respect to the argument. Usually g, denotes the longitudinal position along the
chain, so that

L:Zrn, (1.3)

n=1

represents the total length of the chain (which, in the case of fixed b.c., is a constant
of motion). Different kinds of boundary conditions may and will be indeed used in
the various cases. For instance, if the particles are confined in a simulation “box” of
length L with periodic boundary conditions,

gntN = qn + L . (1.4)

Alternatively one can adopt a lattice interpretation, in which case, the (discrete)
position is z; = an (where a is lattice spacing), while g, is a transversal
displacement. Thus, the chain length is obviously equal to Na.

The Hamiltonian (1.1) is generally a constant of motion. In the absence of an
on-site potential (U = 0), the total momentum is conserved, as well,

N N
P:anEZmn(']n. (1-5)

n=1 n=1

Since we are interested in heat transport, one can set P = 0 (i.e., we assume to work
in the center-of-mass reference frame) without loss of generality. As a result, the
relevant state variables of microcanonical equilibrium are the specific energy (i.e.,
the energy per particle) e = H/N and the elongation £ = L/N (i.e., the inverse of
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the particle density). On a microscopic level, one can introduce three local densities,
namely r,, p, and

i
2my,

e, =

+ﬂwm+wMﬂ , (16)

which, in turn, define a set of currents through three (discrete) continuity equations.
For instance, the energy current is defined as

én =jn—1 _jn (17)
. L .
Jn = Ea(Qn-H + Qn) F(rn) . (18)

The definition (1.8) is related to the general expression, originally derived by Irving
and Kirkwood that is valid for every state of matter (see e.g. [53]) that, in one
dimension, reads

1 . . .
Jn = 5(‘1n+1 - Qn)(Qn+l + Qn) F(rn) + gnen - (19)

In the case of lattice systems, where we assume the limit of small oscillations
(compared to the lattice spacing) or in the lattice field interpretation, one can recover
formula (1.8) setting g,+1 — g, = a in the first term and neglecting the second
one [64]. The expression (1.9) is useful in the opposite limit of freely colliding
particles, where the only relevant interaction is the repulsive part of the potential,
that is responsible for elastic collisions. There, the only contribution to the flux
arises from the kinetic term of ¢,, i.e.

jn A lmni]z . (1.10)
2

Having set the basic definitions, let us now introduce some specific models. A
first relevant example is the harmonic chain, where the potential V is quadratic
(and U = 0). From the point of view of transport properties, we expect this
system to behave like a ballistic conductor. The heat flux decomposes into the
sum of independent contributions associated to the various eigenmodes. This
notwithstanding, this model proves useful, as it allows addressing general questions
about the nature of stationary nonequilibrium states. This includes the role of
disorder (either in the masses or the spring constants), of boundary conditions, and
quantum effects. Since the linear case (classical and quantum) will be treated in
detail in Chap.2, here we focus on the anharmonic problem. In this context, the

most paradigmatic example is the Fermi—Pasta—Ulam (FPU) model [50, 76, 79]

ks (r,,—a)3+%(r,,—a)4 . (1.11)

k
Vi) = 5 (n=al + 5
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Following the notation of the original work [32], the couplings k3 and k4 are denoted
by « and B respectively: historically this model is sometimes referred to as the
“FPU-a8” model. Also, the quadratic plus quartic (k3 = 0) potential is termed the
“FPU-B” model. Notice that upon introducing the displacement u,, = ¢, — na from
the equilibrium position, r, can be rewritten as u,+; — u, + a, so that the lattice
spacing a disappears from the equations.

Another interesting model is the Hard Point Gas (HPG), where the interaction
potential is [9, 40, 41]

00 y=0
Vy) = :
0 otherwise

The dynamics consist of successive collisions between neighbouring particles,

r my — My41 2mn+1 ’ _ 2mn my — My41
v, = Un Un+1 ’ vn+l -
my, + My my, + My

Un+1 >

(1.12)

Un—
my, + My my, + My

where m,, is the mass of the nth particle, v, = g, and the primed variables denote
the values after the collision. For equal masses the model is completely integrable,
as the set of initial velocities is conserved during the evolution. In order to avoid
this peculiar situation, it is customary to choose alternating values, such as m,, = m
(rm) for even (odd) n. This type of dynamical systems are particularly appropriate
for numerical computation as they do not require the numerical integration of
nonlinear differential equations. In fact, it is sufficient to determine the successive
collision times and update the velocities according to Eq.(1.12). The only errors
are those due to machine round-off. Moreover, the simulation can be made very
efficient by resorting to fast updating algorithms. In fact, since the collision times
depend only on the position and velocities of neighbouring particles, they can be
arranged in a heap structure and thereby simulate the dynamics with an event driven
algorithm [40].

Another much studied model involves the Lennard—Jones potential, that in our
units reads [66, 71]

V(y) = L(y% 2y 1) . (1.13)

For computational purposes, the coupling parameters have been fixed in such a way
as to yield the simplest form for the force. With this choice, V has a minimum
in y =1 and the resulting dissociation energy is Vo = 1/12. For the sake of
convenience, the zero of the potential energy is set in y = 1. In one-dimension,
the repulsive term ensures that the ordering is preserved (the particles do not cross
each other).

In the presence of a substrate potential U, the invariance q; — ¢q; + const. is
broken and the total momentum P is no longer a constant of motion. Accordingly,
all branches of the dispersion relation have a gap at zero wavenumber. We therefore
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refer to them as optical modes. An important subclass is the one in which V is
quadratic, which can be regarded as a discretization of the Klein-Gordon field:
relevant examples are the Frenkel-Kontorova [39, 44] and “¢** models [1] which,
in suitable units, correspond to U(y) = 1 — cos(y) and U(y) = y?/2 + y*/4,
respectively. Another toy model that has been studied in some detail is the ding-
a-ling system [11], where U is quadratic and the nearest-neighbor interactions are
replaced by elastic collisions.

We will always deal with genuine nonintegrable dynamics. For the FPU model
this means working with high enough energies/temperatures to avoid all the
difficulties induced by quasi-integrability and the associated slow relaxation to
equilibrium. For the diatomic HPG this requires fixing a mass-ratio r not too close
to unity.

1.3 Signatures of Anomalous Transport

The results emerged from a long series of works can be summarized as follows.
Models of the form (1.2) with U(g) = O typically display anomalous transport and
relaxation features, this meaning that (at least) one of the following phenomena has
been reported:

* The finite-size heat conductivity x (L) diverges in the limit of a large system size
L — oo [62] as?
k(L) o L*
This means that this transport coefficient is ill-defined in the thermodynamic
limit;
* The equilibrium correlator of the energy current displays a nonintegrable power-
law decay,

(J(J(0)) oc == (1.14)

with 0 < § < 1, for long times t — oo [63]. Accordingly, the Green-Kubo
formula yields an infinite value of the conductivity;

* Energy perturbations propagate superdiffusively [15, 24]: a local perturbation of
the energy broadens and its variance o> grows in time as

(1) x 1# (1.15)

with 8 > 1;

! For historical reasons two of the scaling exponents introduced in this section are conventionally
denoted by the same Greek letters, « and S, adopted for the FPU models described in Sect. 1.2.
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» Relaxation of spontaneous fluctuations is fast (i.e. superexponential) [66]: at vari-
ance with standard hydrodynamics, the typical decay rate in time of fluctuations
at wavenumber k, 7(k), is found to scale as

(k) ~ |k

(with z < 2).
* Temperature profiles in the nonequilibrium steady states are nonlinear, even for
vanishing applied temperature gradients.

Altogether, these features can be summarized by saying that the usual Fourier’s
law does not hold: the kinetics of energy carriers is so correlated that they are able
to propagate faster than in the the standard (diffusive) case.

Numerical studies [64] indicate that anomalies occur generically in 1 and 2D,
whenever the conservation of energy, momentum and length holds. This is related
to the existence of long-wavelength (Goldstone) modes (an acoustic phonon branch
in the linear spectrum of (1.2) with U = 0) that are very weakly damped. Indeed, it
is sufficient to add external (e.g. substrate) forces, to make the anomalies disappear.

Let us now discuss these features in more detail.

1.3.1 Diverging Finite-Size Conductivity

A natural way to simulate a heat conduction experiment consists in putting the
system in contact with two heat reservoirs operating at different temperatures
T+ and T_ (see Fig.1.2). This requires a suitable modeling of interaction with
the environment. Several methods, based on both deterministic and stochastic
algorithms, have been proposed. A more detailed presentation can be found in
[26, 64]. A simple and widely used choice consists in adding Langevin-type forces
on some chain subsets. If this is done on the first and the last site of a finite chain
(n=1,...,N), itis obtained

én = _Fn +Fn—l +5n1(§+ _Aq1)+8nN(é§-—_/'\'QN) 5 (116)

T. T
Be oo oo ol

Fig. 1.2 A one-dimensional chain of coupled oscillators interacting with two thermal reservoirs
ad different temperatures 71 and 7_
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Fig. 1.3 Scaling of the finite-size conductivity for the FPU-af8 model: with energy ¢ = 1 and
cubic coupling constant ¢ = 0.1

where we assume unitary-mass particles, while £4’s are two independent Gaussian
processes with zero mean and variance 2AkgT+ (kp is the Boltzmann constant). The
coefficient A is the coupling strength with the heat baths.

After a long enough transient, an off-equilibrium stationary state sets in, with
a net heat current flowing through the lattice.”> The thermal conductivity x of
the chain is then estimated as the ratio between the time-averaged flux j and the
overall temperature gradient (T4 — 7_)/L, where L is the chain length. Notice
that, by this latter choice, ¥k amounts to an effective transport coefficient, including
both boundary and bulk scattering mechanisms. The average j can be estimated in
several equivalent ways, depending on the employed thermostatting scheme. One
possibility is to directly measure the energy exchanges with the two heat reservoirs
[26, 64]. A more general (thermostat-independent) definition consists in averaging
the heat flux as defined by (1.9).

As aresult of many independent simulations performed with the above-described
methods, it is now established that k o¢ L* for L large enough. Figure 1.3 illustrates
the typical outcome of simulations for the FPU chain.

1.3.2 Long-Time Tails

In the spirit of linear-response theory, transport coefficients can be computed from
equilibrium fluctuations of the associated currents. More precisely, by introducing

2From the mathematical point of view, the existence of a unique stationary measure is a relevant
question and has been proven in some specific cases models of this class, see the review [8, 28, 29].
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Fig. 1.4 Spectrum of energy current for the FPU-of model, same parameters as in previous figure

the total heat flux
J=2 0 (1.17)

the Green-Kubo formalism tells us that heat conductivity is given by the expression

1 1 [
K = PR Jim Nli)n;o ¥ /0 dr (J(£)J(0)) (1.18)
where the average is performed in a suitable equilibrium ensemble, e.g. microcanon-
ical with zero total momentum (P = 0).

A condition for the formula (1.18) to give a well-defined heat conductivity is
that the time integral is convergent. This is clearly not the case when the current
correlator vanishes as in (1.14) with 0 < § < 1. Here, the integral diverges as #* and
we may thus define a finite-size conductivity « (L) by truncating the time integral in
the above equation to ¢ & L/c, where c is the sound velocity. Consistency with the
definition of the power-law divergence of x (L) implies ¢« = §. The available data
agrees with this expectation, thus providing an independent method for estimating
the exponent o.

For later purposes, we mention that, by means of the Wiener—Khintchine
theorem, one can equivalently extract § from the low-frequency behavior of the
spectrum of current fluctuations

S(w) = / dw(J()J(0))e™! (1.19)

that displays a low-frequency singularity of the form S(w) o w™® (see Fig. 1.4).
From the practical point of view, this turns out to be the most accurate numerical
strategy, as divergencies are better estimated than convergences to zero.
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1.3.3 Diffusion of Perturbations

Consider an infinite system at equilibrium with a specific energy ey per particle and
a total momentum P = 0. Let us perturb it by increasing the energy of a subset
of adjacent particles by some preassigned amount Ae and denote with e(x, ¢) the
energy profile evolving from such a perturbed initial condition (for simplicity, we
identify x with the average particle location n{). We then ask how the perturbation

de(x, 1) = (e(x, 1) — eo) (1.20)

behaves in time and space [42], where the angular brackets denote an ensemble aver-
age over independent trajectories. Because of energy conservation, ), Se(nl,t) =
Ae remains constant at any time: de(x, f) can be interpreted as a probability density
(provided it is also positive-defined and normalized).

For sufficiently long time ¢ and large x, one expects Se(x, f) to scale as

de(x,t) =779 (x/1") (1.21)

for some probability distribution ¢ and a scaling parameter 0 < y < 1. The case
y = 1/2 corresponds to a normal diffusion and to a normal conductivity. On the
other hand, y = 1 corresponds to a ballistic motion and to a linear divergence of
the conductivity. Consequently, a y-value larger than 1/2 implies a superdiffusive
behavior of the macroscopic evolution of the energy perturbation [24]. In Fig. 1.5,
the evolution of infinitesimal energy perturbations is reported in the case of the
HPG [15]: a very good data-collapse is reported for y = 3/5.

Be tY :' LN LA L L [ LN AL I L L L L
10" F [\ 3
1072 3

107 3

107 F

Fig. 1.5 Spreading of infinitesimal perturbations in the HPG model: rescaled perturbation profiles
at different times ¢ = 40, 80, 160, 320, 640, 1280, 2560, 3840 (the width increases with time), with
y =3/5
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Remarkably, the above results can be rationalized in terms of a very simple
random dynamics: the Lévy walk model [7, 95]. Consider a point particle that
moves ballistically in between successive “collisions”, whose time separation is
distributed according to a power law, ¥ (1) o« *7!, u > 0, while its velocity
is chosen from a symmetric distribution ¥ (v). By assuming a §-like distribution,
¥(v) = (§(v—0)+8(v+0))/2, the propagator P(x, ) (the probability distribution
function to find in x at time ¢, a particle initially localized at x = 0) can be written
as P(x,t) = Pr(x,t) + t'"H[8(x — 1) + §(x — 0f)] where [7]

V1 exp [—(nx/111)?] |x| < £V/0
Pr(x, 1) o< q tx ! I x] < Bt (1.22)
0 |x| > vt

where 7 is a generalized diffusion coefficient. From the evolution of the perturbation
profile, it is possible to infer the exponent o of the thermal conductivity. In fact, in
[24] it has been argued that the exponents «, 8 (the growth rate of the mean square
displacement, 0%(f) = Y, n*Se(x = nl,t) o t#)and y = 1/u are linked by the
following relationships,

oc=,3—1=2—%. (1.23)

In particular, we see that the case y = 1/2 corresponds to normal diffusion (§ = 1)
and to a normal conductivity (@ = 0). On the other hand, y = 1 corresponds to a
ballistic motion (8 = 2) and to a linear divergence of the conductivity (¢ = 1). The
numerically observed value y = 3/5 corresponds to an anomalous divergence with
a=1/3.

The spreading of the wings can be accounted by means of a model which allows
for velocity fluctuations [25, 94], which originates from wave dispersion. Assigning
smoother velocity distributions ¥ (v) leads to broadening of § side-peaks, but does
not affect the shape and the scaling behavior of the bulk contribution Py (x, ), which
scales, as predicted in Eq. (1.21), with the exponenty = 1/pu.

An alternative way to study finite amplitude perturbations is by looking directly
at the behavior of the nonequilibrium correlation function of the energy density [96],

C.(x, 1) = (Se(y, t)de(x + y,t + 1)) (1.24)

where the angular brackets denote a spatial as well as a temporal average over the
variables y and t, respectively. At t = 0, C.(x,0) is a § function in space. More-
over, in the microcanonical ensemble, energy conservation implies that the area
[ dxC,(x, 1) is constant at any time. By assuming that C,(x, t) is normalized to a unit
area, its behavior is formally equivalent to that of a diffusing probability distribution.
This allows one to determine the scaling behavior of the heat conductivity from the
growth rate of the variance of C,(x, r) [96]. As the determination of the variance is
troubled by the fluctuating tails, it is preferable to proceed by looking at the decay
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of the maximum C,(0, t), that is statistically more reliable. An interesting relation
between correlation function and anomalous heat transport has been pointed out
recently [69] and is reviewed in Chap. 6.

1.3.4 Relaxation of Spontaneous Fluctuations

The above discussion suggests that scaling concepts can be of great importance
in dealing with thermal fluctuations of conserved quantities. The evolution of a
fluctuation of wavenumber k excited at # = 0 is described by its correlation function.
For 1D models like (1.1) one of such functions is defined by considering the relative
displacements u, = ¢, — n{ and defining the collective coordinates through the
discrete transform

N
Uk,1) = %Z Uy exp(—ikn) . (1.25)
n=1

By virtue of the periodic boundaries, the allowed values of the wavenumbers k are
integer multiples of 2;r/N. We then define the dynamical structure factor, namely
the square modulus of the temporal Fourier transform of the particle displacements
as

Sk,w) = (|[Uk o)) . (1.26)

The angular brackets denote an average over an equilibrium ensemble.

For sufficiently small wavenumbers k, the dynamical structure factor S(k, )
usually displays sharp peaks at finite frequency, whose position is proportional to
the wavenumber w,,,, = c|k|; c is naturally interpreted as the phonon sound speed.
The data in Fig. 1.6 show that long-wavelength correlations, k — 0, obey dynamical

Fig. 1.6 FPUopf model: ‘
check of dynamical scaling
for the dynamical structure
factors o« = 0.1, N = 4096, 08 = N
e = 0.5 and four different
wavenumbers k = 2,4, 8,16
(in units of 27t /N). The best
estimate of the dynamical
exponent is z = 1.5

max
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S(k,0) /S

0.2 — —




1 Heat Transport in Low Dimensions 13
scaling, i.e. there exist a function f such that

M) . (1.27)

Stkw) ~f (*—3

for w close enough to w,,. The associated linewidths are a measure of the
fluctuation’s inverse lifetime. Simulations indicate that these lifetimes scale as k¢
with z &~ 1.5. Thus the behavior is different from the diffusive one where one would
expect z = 2. As explained above, one may think of this as a further signature of an
underlying superdiffusive process, intermediate between standard Brownian motion
and ballistic propagation.

Other correlation functions can be defined similarly and obey some form of
dynamical scaling. For instance, one could consider the structure factor S, (k, )
associated with the local energy density e,, defined in (1.6). It has a large central
component (as a result of the heat modes) and a ballistic one (following from the
sound modes). If we assume that the low-frequency part is dominated by the heat-
mode scaling, we should have for o — 0

Se(k, @) ~ g(w/q?) , (1.28)

with g being a suitable scaling function.

The origin of the nontrivial dynamical exponents is to be traced back to the
nonlinear interaction of long-wavelength fluctuations. For a chain of coupled
anharmonic oscillators with three conserved fields (H, L, and P), a linear theory
would yield two propagating sound modes and one diffusing heat mode, all of
the three diffusively broadened. In contrast, the nonlinear theory predicts that, at
long times, the sound mode correlations satisfy Kardar-Parisi-Zhang scaling, while
the heat mode correlations follow a Lévy-walk scaling. Various spatiotemporal
correlation functions of Fermi-Pasta-Ulam chains and a comparison with the
theoretical predictions can be found in [17].

1.3.5 Temperature Profiles

Anomalous transport manifests itself also in the shape of the steady-state tempera-
ture profiles. For chains in contact with two baths like in Eq. (1.16), one typically
observes that the kinetic temperature profile 7, = (p2) is distinctly nonlinear also
for small temperature differences AT. For fixed AT, the profile typically satisfies a
“macroscopic” scaling, T, = T'(n/L) for L — oo with T(0) = Ty and T(1) = T_.3

3Temperature discontinuities may appear at the chain boundaries. This is a manifestation of
the well-known Kapitza resistance, the temperature discontinuity arising when a heat flux is
maintained across an interface among two substances. This discontinuity is the result of a boundary
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In view of the above correspondence with Lévy processes it may be argued that
this feature too could be described in terms of anomalous diffusing particles in a
finite domain and subject to external sources that steadily inject particles through its
boundaries. The idea is to interpret the local temperature 7'(x) as the density P(x)
of suitable random walkers. A general stochastic model can be defined as follows
[61]. Let n denote the position of a discrete-time random walker on a finite one-
dimensional lattice (1 < n < N). In between consecutive scattering events, the
particle either jumps instantaneously (Lévy flight—LF) or moves with unit velocity
(Lévy walk—LW) over a distance of m sites, that is randomly selected according to
the step-length distribution

q
m — In/[l—l“'ﬂ, A():O, (129)
which is the discrete analogous of the { distribution defined above, with p (1 <
M < 2) being the Lévy exponent and ¢ a normalization constant. The process can
be formulated by introducing the vector W = {W,(¢)}, where W, is the probability
for the walker to undergo a scattering event at site n and time ¢. It satisfies a master
equation, which, for LFs, writes

W+ 1) = QW() + S, (1.30)

where S accounts for the particles steadily injected from external reservoirs; Q is
a matrix describing the probability of paths connecting pair of sites. In the simple
case of absorbing BC, it is readily seen that Qj; is equal to the probability A, ; of a
direct flight, as from Eq. (1.29). In the LW case, the W components in the r.h.s. must
be estimated at different times (depending on the length of the path followed from j
to i) [52]. Since, the stationary solution is the same in both cases, this difference is
immaterial, and is easier to refer to LFs, since Eq. (1.30) can be solved iteratively.
Note that in the LF case, W; is equal to the density P; of particles at site i, while for
the LW, P; includes those particles that are transiting at the ith site during a ballistic
step.

The source term is fixed by assuming that the reservoir is a semi-infinite lattice,
homogeneously filled by Lévy walkers of the same type as those residing in the
domain. This amounts to defining S,, = sm™*, where s measures the density of
particles and m the distance from the reservoir. It is easy to verify that in the presence
of two identical reservoirs at the lattice ends, the density is constant (for any N),
showing that our definition satisfies a kind of “zeroth principle”, as it should.

In the nonequilibrium case, it is not necessary to deal with two reservoirs. The
linearity of the problem teaches us that it is sufficient to study the case of a single
reservoir, that we assume to be in n = 0: the effect of, say, a second one on the

resistance, that is explained as a “phonon mismatch” between the two media: see [2] for a
discussion of the class of models at hand.
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Fig. 1.7 Temperature profile T(x) of the oscillator chain with conservative noise with free
boundary condition and A = y = 1 (solid line) and density profile P(x) for the master equation
with reflection coefficient r = —0.1 (dashed line)

opposite side can be accounted for by a suitable linear combination. For large-
enough N values, the steady-state density depends on n and N through the combined
variable x = n/N, i.e. P(x) = P,. As seen in Fig. 1.7, P vanishes for x — 1 because
on that side the absorbing boundary is not accompanied by an incoming flux of
particles.

Altogether, upon identifying the particle density with the temperature, the profile
can be viewed as a stationary solution of the stationary Fractional Diffusion
Equation (FDE)

D'P = —o(x) (1.31)

on the interval 0 < x < 1 (see e.g. [98] and references therein for the definition of
the integral operator DY). The source term o (x) must be chosen so as to describe
the effect of the external reservoirs. A condition to be fulfilled is that two identical
reservoirs yield a homogeneous state 7'(x) = const. Using the integral definition of
Dy [98], it can be shown that this happens for 0 (x) = 0,4(x) = x™* + (1 —x)™*
(we, henceforth, ignore irrelevant proportionality constants). It is thus natural to
associate o (x) = x~* to the nonequilibrium case with a single source in x = 0. The
numerical solution of the FDE agrees perfectly with the stationary solution of the
discrete model, thus showing that long-ranged sources are needed to reproduce the
profiles in the continuum limit.

A distinctive feature of the profile is that it is not analytic at the boundaries.
Indeed, the data for x — 0 are well fitted by

P(x) = P(0) + Cx*" (1.32)

(the same behavior occurs for x — 1, as the profiles are symmetric). In view of the
similarity with the shape of the liquid surface close to a wall, we metaphorically term
Wm as the meniscus exponent. Such nonanalytic behavior is peculiar of anomalous
kinetics, as opposed to the familiar linear shape in standard diffusion. For the above
discussed case of absorbing BC, we find that u,, &~ /2. This value is consistent
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with the singular behavior of the eigenfunctions of DY [98]. In the general case,
by assuming a linear dependence of w,, on both r, and u, it has been conjectured
that [61]

M M
[ = 2+r(2 1). (1.33)
This expression is consistent with the wu,, = «/2 value found above for r = 0.
Moreover, for ¢ = 2 (normal diffusion) it yields u,, = 1, as it should.

Let us now compare this probability distribution of the above process with
the temperature profiles in one-dimensional systems displaying anomalous energy
transport. It is convenient to refer to a chain of harmonic oscillators coupled with
two Langevin heat baths (with a damping constant 1), and with random collisions
that exchange the velocities of neighboring particles with a rate y [23]. On the one
hand, this model has the advantage of allowing for an exact solution of the associated
Fokker-Planck equation [67]; on the other hand it is closely related to a model that
has been proved to display a Lévy-type dynamics [4].

In Fig.1.7 we compare the temperature profile 7'(x) (suitably shifted and
rescaled) of the heat-conduction model [67] with free BC and the solution of
our discrete Lévy model with a reflection coefficient r = —O0.1. Since they are
essentially indistinguishable, we can conclude that the Lévy interpretation does not
only allow explaining the anomalous scaling of heat conductivity [15], but also the
peculiar shape of 7'(x). The weird (negative) value of r can be justified a posteriori
by introducing two families of walkers and interpreting the reflection as a change
of family. The relevant quantity to look at is the difference between the densities of
the two different families. The reason why it is necessary to invoke the presence of
such two families and their physical meaning in the context of heat conductivity is
an open problem.

In the case of a chain with fixed BC, the temperature profile 7(x) can be
computed analytically [67] and it is thereby found that px,, = 1/2. By inserting
this value in Eq. (1.33) and recalling that u = 3/2, we find that r = 1, i.e. the fixed-
BC T(x) corresponds to the case of perfectly reflecting barriers. Unfortunately, this
(physically reasonable) result could not be tested quantitatively. Indeed, it turns out
that finite-size corrections become increasingly important upon increasing r, and for
r close to 1, it is practically impossible to achieve convergence to the steady-state.

The description of the steady state in terms of Lévy walk has been further
investigated in [27]. The authors calculate exactly the average heat current, the
large deviation function of its fluctuations, and the temperature profile in the steady
state. The current is nonlocally connected to the temperature gradient. Also, all
the cumulants of the current fluctuations have the same system-size dependence
in the open geometry as those of deterministic models like the HPG. The authors
investigated also the case of a ring geometry and argued that a size-dependent cutoff
time is necessary for the Lévy-walk model to behave like in the deterministic case.
This modification does not affect the results on transport in the open geometry for
large enough system sizes.
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1.4 Universality and Theoretical Approaches

In view of their common physical origin, it is expected that the exponents describing
the different processes will be related to each other by some “hyperscaling
relations”. Their value should be ultimately dictated by the dynamical scaling of the
underlying dynamics. Moreover, one can hope that they are largely independent of
the microscopic details, thus allowing for a classification of anomalous behavior in
terms of “universality classes”. This crucial question is connected to the predictive
power of simplified models and to the possibility of applying theoretical results to
real low-dimensional materials.

1.4.1 Methods

Various theoretical approaches to account for the observed phenomenology have
been developed and implemented. In the rest of the volume they will be exposed in
detail; here we limit ourselves to a brief description. The methods discussed are

1. Fluctuating hydrodynamics approach: here the models are described in terms
of the random fields of deviations of the conserved quantities with respect
to their stationary values. The role of fluctuations is taken into account by
renormalization group or some kind of self-consistent theory.

2. Mode-coupling theory: this is closely related to the above, as it amounts
to solving (self-consistently) some approximate equations for the correlation
functions of the fluctuating random fields.

3. Kinetic theory: it is based on the familiar approach to phonon transport by means
of the Boltzmann equation.

4. Exact solution of specific models: typically in this case the original microscopic
Hamiltonian dynamics is replaced by some suitable stochastic one which can be
treated by probabilistic methods.

A sound theoretical basis for the idea that the above described anomalies
are generic and universal for all momentum-conserving system was put forward
in [77]. The authors treated the case of a fluctuating d-dimensional fluid and
applied renormalization group techniques to evaluate the contribution of noisy
terms to transport coefficients. The calculation predicts that the thermal conductivity
exponent is « = (2 — d)/(2 + d). From the arguments exposed above, it follows
that in 1D the exponents are

B ==, z:; . (1.34)

a:5:l,
3

According to this approach, any possible additional term in the noisy Navier-Stokes
equation yields irrelevant corrections in the renormalization procedure, meaning
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that the above exponents are model independent, provided the basic conservation
laws are respected.

Next we give a flavour of one of the other approaches: the Mode-Coupling
Theory (MCT). This type of theories has been traditionally invoked to estimate
long-time tails of fluids [82] and to describe the glass transition [87]. In the simplest
version, it involves the normalized correlator of the particle displacement [see
Eq.(1.25)], where the discrete wavenumber k has been turned to the continuous
variable g)

(U*(¢.0U(g.0))

a0 = " 5n

G(q,1) is akin to the density—density correlator, an observable routinely used in
condensed-matter physics. The main idea is to write a set of approximate equations
for G(q,t) that must be solved self-consistently. For the problem at hand, the
simplest version of the theory amounts to consider the equations [60, 86]

G(g.1) + s/ I'(q.t—s)G(q.s)ds + 0*(q)G(q.1) =0 , (1.35)
0

where the memory kernel I"(g, t) is proportional to (% (g, )% (q,0)), with .Z (q)
being the nonlinear part of the fluctuating force between particles. Equation (1.35)
is derived within the well-known Mori—Zwanzig projection approach [53]. It must
be solved with the initial conditions G(g, 0) = 1 and G(g, 0) = 0.

The mode-coupling approach basically amounts to replacing the exact memory
function I with an approximate one, where higher-orders correlators are written
in terms of G(q,t). In the generic case, in which ks is different from zero [see
Eq. (1.11)], the lowest-order mode coupling approximation of the memory kernel
turns out to be [60, 86]

2
ran=o'@5 Y.  GpoGp.n . (1.36)
p+p'—q=0,£7

Here p and p’ range over the whole Brillouin zone (from —x to 7 in our units) . This
yields a closed system of nonlinear integro-differential equations. Both the coupling
constant ¢ and the frequency w(gq) are temperature-dependent input parameters,
which should be computed independently by numerical simulations or approximate
analytical estimates. For the present purposes it is sufficient to restrict ourselves
to considering their bare values, obtained in the harmonic approximation. In the
adopted dimensionless units they read ¢ = 3k2kgT/27 and w(q) = 2|sin 1. of
course, the actual renormalized values are needed for a quantitative comparison
with specific models. The long-time behavior of G can be determined by looking
for a solution of the form

G(g.1) = C(q, )" + c.c. (1.37)
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with G < G. It can thus be shown [19, 21] that, for small g-values and long
times C(q,1) = g(/etqg*/?) i.e. z = 3/2 in agreement with the above mentioned
numerics. Furthermore, in the limit \/et¢>/> — 0 one can explicitly evaluate the
functional form of g, obtaining

1 s
Clq.1) = Eexp(—Dq2|t|§) : (1.38)

where D is a suitable constant of order unity. The correlation displays a “compressed
exponential” behavior in this time range. This also means that the lineshapes
of the structure factors S(g,w) are non-Lorentzian but rather exhibit an unusual
faster power-law decay (@ — @q)~"/? around their maximum. Upon inserting this
scaling result into the definition of the heat flux, one eventually concludes that the
conductivity exponent is @ = 1/3, in agreement with (1.34).

A more refined theory requires considering the mutual interaction among all
the hydrodynamic modes associated with the conservation laws of the system at
hand. The resulting calculations are considerably more complicated but they can be
worked out [88, 89]. As a result, the same values of the scaling exponents are found,
but also a more comprehensive understanding is achieved (see Chap. 3 for a detailed
account).

1.4.2 Connection with the Interface Problem

Relevant theoretical insight comes from the link with one of the most important
equations in nonequilibrium statistical physics, the Kardar-Parisi-Zhang (KPZ)
equation. This is a nonlinear stochastic Langevin equation which was originally
introduced in the (seemingly unrelated) context of surface growth [3]. Let us first
consider the fluctuating Burgers equation for the random field p(x, 7)

o A dp? ?p Iy
=" 4D 4 1.39
TR T T (139
where 7(x, 1) represents a Gaussian white noise with {n(x,))n(x',)) = 2D§(x —
xX)8(t—1'). As itis well-known, Eq. (1.39) can be transformed into the KPZ equation
by introducing the “height function” & such that p = g—fé,

oh_ A (o 2—i—DaZh—i- (1.40)
o~ 2 \ox a2 '

It has been shown [89] that the mode-coupling approximation for the correlator of p
obeying (1.39) is basically identical to the equation for C described in the previous

paragraph. Thus one may argue that the dynamical properties are those of the KPZ
equation in one dimension. Loosely speaking, we can represent the displacement
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field as the superposition of counterpropagating plane waves modulated by an
envelope that is ruled, at large scales, by Eq. (1.40).

In order to illustrate this, we have performed a typical “KPZ numerical experi-
ment” [3] for the for the FPU «f chain. In practice, we monitored

1 1
w2 (1,N) = <N;hﬁ—(ﬁ;hn)2> (1.41)

where &, (t) = ¢,(t) — ¢,(0), g,(0) is an equilibrium configuration and the angular
brackets denote an average over an ensemble of different trajectories. The results are
reported in Fig. 1.8. The only difference with respect to the usual setup is that here
the square-width is plotted only at times  multiples of L/c, where c is the effective
sound speed. These are the only moments, when the effect of counterpropagating
sound waves cancel out, offering the chance to identify a KPZ-like behavior. In
fact, one can see that the growth in Fig. 1.8 is compatible with the expected KPZ
exponent 2/3 (actually, a bit smaller) followed by a saturation due to the finite size
of the chain. A more rigorous discussion of the above topics can be found in Chap. 3.

1.4.3 Other Universality Classes

In the previous section we argued that the scaling properties of anomalous transport
are independent of the microscopic details and correspond to those of the KPZ
universality class. One might wonder whether other classes exist and under which
conditions they can be observed. A reasonable argument, that can be invoked to
delimit the KPZ universality class, is the symmetry of the interaction potential with
respect to the equilibrium position. With reference to the MCT, one realizes that the
symmetry of the fluctuations implies that the quadratic kernel in (1.36) should be
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replaced by a cubic one,* thus yielding different values of the exponents [21]. In the
language of KPZ interfaces, whenever the coefficient of the nonlinear term vanishes,
the evolution equation reduces to the Edwards-Wilkinson equation that is indeed
characterized by different scaling exponents. The argument can be made more
precise in the framework of the full hydrodynamic theory [88, 89]. There, different
dynamical exponents can arise if the coupling between some modes vanishes (we
refer again the reader to Chap.3 for a detailed discussion). A thermodynamic
interpretation of this difference is given in [57, 58].

The FPU model is a natural instance to test this working hypothesis. In fact,
systematically larger values of the scaling exponent o have been reported for the
FPU-f case where the cubic term of the potential is absent [65]. The existence of
two universality classes for thermal transport in one-dimensional oscillator systems
has been also demonstrated in [55], where it was further proposed that the criterion
for being out of the KPZ class is the condition y = ¢p/cy = 1, where cp and cy are
the specific heat capacities at constant pressure and volume, respectively.

The scenario can be further illustrated by considering a modification of the HPG
model, the so-called Hard-Point Chain (HPC) [20], characterized by a square-well
potential in the relative distances

V(y) = 0 0 <y.< a (1.42)
oo  otherwise
The infinite barriers at y = a imply an elastic “rebounding” of particles as if they
were linked by an inextensible and massless string of fixed length a. The string
has no effect on the motion, unless it reaches its maximal length, when it exerts
a restoring force that tends to rebound the particles one against the other. The
potential (1.42) introduces the physical distance a as a parameter of the model.

As it is well known, the thermodynamics of models like the HPC can be solved
exactly and the equation of state is found to be

1 a
L=N [/TP " exp(BPa) 1}

where P is the pressure of the HPC. Note that, for large values of a, the equation of
state is the same of an HPC i.e. the one of an ideal gas in 1D. The important point
here is that we can choose the parameter a such as P = 0. In this particular point
the interaction is symmetric (L/N = a/2).

A peculiarity of the HPC model is that energy transfer occurs also at rebounding
“collisions” at distance a, this means that besides the contribution defined by
Eq. (1.10) one should include a term j; as from Eq.(1.9). However, one cannot

“In fact, the quadratic kernel corresponds to a quadratic force originating from the leading cubic
nonlinearity of any asymmetric interaction potential, while a quartic leading nonlinearity of a
symmetric interaction potential yields a cubic kernel (force).
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proceed directly, since the force is singular, there. By defining the force between two
particles as the momentum difference induced by a collision, j; can be written as the
kinetic energy variation times the actual distance a, i.e.j. = am,-(u;2 —u?)/2, divided
by a suitable time-interval Az. In order to get rid of the microscopic fluctuations, it
is necessary to consider a sufficiently long At, so as to include a large number of
collisions. Since the number of collisions is proportional to the system size, it is
only in long systems that fluctuations can be removed without spoiling the slow
dynamics of the heat flux. Equilibrium simulations show that for L/N = a/2 the
leading contribution to the heat flux is given by the term j. which exhibits a low-
frequency divergence with an exponent § = 0.45, that is not only definitely larger
than 1/3 (the value predicted for the KPZ class), but is also fairly close to the results
found for the FPU-B model [65].

In out-of-equilibrium simulations, a compatible exponent @ = 0.4 has been
measured [81]. Those values should be compared with « = 1/2, the prediction of
mode-coupling theory, thus supporting the conjecture that the case P = 0 belongs
to a universality class different from KPZ.

To conclude this section, let us mention that further support to this scenario
comes from a stochastic model of a chain of harmonic oscillators, subject to
momentum and energy-conserving noise [4]. Indeed, one can prove that the
dynamical exponents are different from the KPZ class, e.g. § = 1/2 [4] and
a = 1/2 [67]. Details about this class of models can be found in Chap.5. The
qualitative explanation is that, as the stochastic collisions occur independently of
the actual positions, the effective interaction among particles is symmetric and thus
equivalent to the P = 0 case. Notably, this remains true even if the harmonic
potential is replaced by an anharmonic one, like the FPU-¢f [5]. Finally, the
application of kinetic theories to the S-FPU model [70, 78, 80] yields a non-KPZ
behavior, « = 2/5. We refer the reader to Chap. 4 for a detailed account.

1.4.4 Comparison with Simulations and Experiments

The theoretical predictions have been intensively investigated in the recent literature.
A direct validation by numerical simulations is, to some extent, challenging and has
been debated through the years [22]. Generally speaking, the available numerical
estimates of o and § may range between 0.25 and 0.44 [64]. As a matter of fact,
even in the most favorable cases of computationally efficient models as the HPG,
finite-size corrections to scaling are sizeable. In this case, a-values as diverse as
0.33 [40] and 0.25 [10] for comparable parameter choices have been reported. On
the other hand, a numerically convincing confirmation of the « = 1/3 prediction
comes from the diffusion of perturbations [15]. We refer to Chap. 6 for some detailed
numerics.

The ultimate goal would be of course the validation of the universality hypothesis
in more realistic systems, possibly characterized by more than one degree of
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freedom per lattice site. The first remarkable attempt was the application to the
vibrational dynamics of individual single-walled carbon nanotubes, which can be
in many respect considered as one-dimensional objects. Signature of anomalous
thermal transport was first reported in molecular dynamics simulations in [72]. Note
that this type of simulations involve complicated three-body interactions among
carbon atoms, thus supporting the claim that toy models like ours can indeed capture
some general features. We refer the reader to Chap. 7 for a critical discussion of
molecular dynamics results on carbon-based material. Chapter 8 will report some
experimental data on nanotubes and nanowires and discuss the current state of the
art.

1.5 The Coupled Rotors Model

As discussed in the previous sections, one-dimensional anharmonic chains generi-
cally display anomalous transport properties. A prominent exception is the coupled
rotors chain described by the equation of motion

Gn = Pns  Pn = sin(Gnt1 — ) — sin(qn — gn—1) . (1.43)

The model is sometime referred to as the Hamiltonian version of the XY spin chain.
The energy flux is j¢ = (p, sin(g,+1 — ¢»)). As the interaction depends only on the
angle differences, angular momentum is conserved and one may expect anomalous
transport to occur. Nevertheless, molecular dynamics simulations have convincingly
demonstrated normal diffusion [36, 38, 92].

There are two complementary views to account for this difference. In the general
perspective of nonlinear fluctuating hydrodynamics, the chain “length” L defined
as L = Y, (gn+1 — gn) is not even well defined, because of the phase slips of
427, so the corresponding evolution equation breaks down and normal transport is
eventually expected. From a dynamical point of view, one can invoke that normal
transport sets in due to the spontaneous formation of local excitations, the so-
called rotobreathers, that behave like scattering centers [33]. Phase slips (jumps
over the energy barrier), on their side, may effectively act as localized random
kicks, that contribute to scatter the low-frequency modes, thus leading to a finite
conductivity. In order to test the validity of this conjecture, one can study the
temperature dependence of « for low temperatures 7, when jumps across barriers
become increasingly rare. Numerics indicates that the thermal conductivity behaves
as k ~ exp(n/T) with n ~ 1.2. The same kind of dependence on T (although with
n ~ 2) is found for the average escape time t across the potential barrier: this can
be explained by assuming that the phase slips are the results of activation processes.

An important extension is the 2D case, i.e. rotors coupled to their neighbors on
a square lattice, akin to the celebrated XY-model. As it is well known, the latter is
characterized by the presence of the so called Kosterlitz-Thouless-Berezinskii phase
transition at a temperature Tk7p, between a disordered high-temperature phase and a
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low-temperature one, where vortices condensate. It is likely that transport properties
are qualitatively different in the two phases. Numerical simulations [18] performed
on a finite lattice indeed show that they are drastically different in the high-
temperature and in the low-temperature phases. In particular, thermal conductivity
is finite in the former case, while in the latter it does not converge up to lattice sizes
of order 10*. In the region where vorticity is negligible (7 < 0.5) the available
data suggest a logarithmic divergence with the system size, analogous to the one
observed for coupled oscillators (see next section). Close to Tkrp, where a sizable
density of bounded vortex pairs are thermally excited, numerical data still suggests
a divergence, but the precise law has not be reliably estimated.

1.6 Two-Dimensional Lattices

Heat conduction in 2D models of anharmonic oscillators coupled through
momentum-conserving interactions is expected to exhibit different properties from
those of 1D systems. In fact, extension of the arguments discussed in the previous
sections predicts a logarithmic divergence of « with the system size N at variance
with the power-law predicted for the 1D case. Consideration of this case is not
only for completeness of the theoretical framework, but is also of great interest for
almost-2D materials, like graphene, that will be treated in the Chaps. 7 and 9.

Although the theory in this case if far less developed, there are several numerical
evidences in favor of such logarithmic divergence. In [68], a square lattice of
oscillators interacting through the FPU-8 (see Eq.(1.11), with k3 = 0) or the
Lennard-Jones [see Eq.(1.13)] potentials, was investigated by means of both
equilibrium and nonequilibrium simulations. The models are formulated in terms
of two-dimensional vector displacements u; and velocities and i;, defined on a
square lattice containing N, X N, atoms of equal masses m and nearest-neighbor
interactions. Periodic and fixed boundary conditions have been adopted in the
direction perpendicular (y) and parallel (x) to the thermal gradient, respectively.
Simulations for different lattice sizes have been performed by keeping the ratio
N, /Ny, constant and not too small to observe genuine 2D features (in [68] N,/N, =
1/2 was chosen).

The simulations reveal several hallmarks of anomalous behavior: temperature
profiles display deviations from the linear shape predicted by Fourier law and the
size dependence of the thermal conductivity is well-fitted by a logarithmic law

k =A+ BlogN, , (1.44)

with A and B being two unknown constants. A consistent indication comes from the
evaluation of the Green-Kubo integrand in the microcanonical ensemble. Indeed,
the energy-current autocorrelation is compatible with a decay 1/7 at large times.
Despite these first indications, the numerics turns out to be very difficult, which is
not surprising in view of the very weak form of the anomaly, peculiar of the 2D case.
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As a matter of fact very robust finite-size effects are observed in the calculations for
other lattices, which well exemplify the difficulties in observing the true asymptotic
behavior with affordable computational resources [90].

Another interesting issue concerns dimensional crossover, namely how the
divergence law of the thermal conductivity will change from the 2D class to 1D
class as N, /N, decreases. This issue has been studied for the two-dimensional FPU
lattice in [93]. We refer to Chap. 6 for a further detailed discussion.

1.7 Integrable Nonlinear Systems

The harmonic crystal behaves as an ideal conductor, because its dynamics can
be decomposed into the superposition of independent “channels”. This peculiarity
can be generalized to the broader context of integrable nonlinear systems. They
are mostly one-dimensional models characterized by the presence of “mathe-
matical solitons”, whose stability is determined by the interplay of dispersion
and nonlinearity. This interplay is expressed by the existence of a macroscopic
number of conservation laws, constraining the dynamical evolution. Intuitively, the
existence of freely travelling solitons is expected to yield ballistic transport, i.e. an
infinite conductivity. From the point of view of the Green-Kubo formula, this ideal
conducting behavior is reflected by the existence of a nonzero flux autocorrelation at
arbitrarily large times. This, in turn, implies that the finite-size conductivity diverges
linearly with the system size.

Although integrable models are, in principle, exactly solvable, the actual com-
putation of dynamic correlations is technically involved. A more straightforward
approach is nevertheless available to evaluate the asymptotic value of the current
autocorrelation. This is accomplished by means of an inequality due to Mazur
[73] that, for a generic observable .o, (with (<) = 0, where (...) denotes the
equilibrium thermodynamic average) reads

2
(o (1) (0)) dt > Z% , (1.45)

Y
lim —

=00 T Jj
n

where 2, denote a set of conserved and mutually orthogonal quantities,
In the present context the most relevant example is the equal-masses Toda chain
with periodic boundary conditions, defined, in reduced units, by the Hamiltonian

2
H = Z[’% +exp(—r,,)i| : (1.46)

n=1

where 1, = ¢q,+1 — ¢qn is the relative position of neighboring particles. The model
is completely integrable, since it admits N independent constants of the motion
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[34, 43]. Lower bounds on the long time value of (J(f)J(0)) can be calculated
through the inequality (1.45) [99]. The resulting lower bound to the conductivity is
found to increase monotonously with the temperature. At low T, the growth is linear
with a slope comparable to the density of solitons Ny/N = (In2/7?)T. This trend
is interpreted as an evidence for the increasing contribution of thermally excited
nonlinear modes to ballistic transport.

To conclude, let us also mention that Mazur-type of inequalities have been
recently used as a theoretical basis for the study of thermoelectric coefficients. This
is discussed in Chap. 10 of the present volume.

1.8 Coupled Transport

Up to this point we have restricted the discussion to models where just one quantity,
the energy, is exchanged with external reservoirs and transported across the system.
In general, however, the dynamics can be characterized by more than one conserved
quantity. In such cases, it is natural to expect the emergence of coupled transport
phenomena, in the sense of ordinary linear irreversible thermodynamics. Works on
this problem are relatively scarce [6,39, 54, 75]. Interest in this field has been revived
by recent works on thermoelectric phenomena [12, 13, 84] in the hope of identifying
dynamical mechanisms that could enhance the efficiency of thermoelectric energy
conversion. This will be treated in detail in Chap. 10.

Here, we briefly discuss two models: a chain of coupled rotors and the discrete
nonlinear Schrédinger equation, where the second conserved quantity is the momen-
tum and the norm (number of particles), respectively.

1.8.1 Coupled Rotors

The evolution equation defined in (1.43) must be augmented to include the exchange
of momentum with the external reservoirs,

pn = Sin(Qn-H - Qn) - Sin(Qn - Qn—l) (147)

+381n ()/(F+ —-p)+V2yT+ n+) + 8y (V(F— —pn) + V2yT- 77—)

where Fi+ and T+ denote the torque applied to the chain boundary and the
corresponding temperature, respectively; y is the coupling strength with the external
baths and 7n+ is a Gaussian white noise with unit variance. The effect of external
forces on the Hamiltonian XY model has been preliminary addressed in [31, 46, 49].

As discussed in Sect. 1.5, (angular) momentum is conserved and one can, in fact,
define the corresponding flux as j = sin(gn+1 — ¢»)- A chain of rotors is perhaps
the simplest model where one can exert a gradient of forces that couples to heat
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transport, giving rise to nontrivial phenomena, even though the transport itself is
normal. For Fy = F_, all the oscillators rotate with the same frequency w = F,
no matter which force is applied: no momentum flux is generated. In fact, what
matters is the difference between the forces applied at the two extrema of the chain.
Therefore, from now on we consider the case of zero-average force, i.e. Fy = —F_.
In the presence of such a gradient of forces, the oscillators may rotate with different
frequencies and, as a result, a coupling between angular momentum and energy
transport may set in. In principle, one could discuss the same setup for general
chains of kinetic oscillators, as (linear) momentum is conserved in that context too.
However, nothing interesting is expected to arise. For a binding potential, like in
the FPU model, the presence of an external force is akin to the introduction of a
homogeneous, either positive or negative, pressure all along the chain. In fact, the
pressure P is, by definition, equal to the equilibrium average of the momentum flux,
P = (j”) (at equilibrium, the r.h.s. is independent of n). On the other hand, if the
potential is not binding [e.g., the Lennard-Jones chain (1.13)] and the applied force
is equivalent to a negative pressure, the system would break apart.

In the presence of two fluxes, the linear response theory implies that they must
satisfy the equations [84] (angular brackets denote an ensemble, or equivalently, a
time average, assuming ergodicity)

. d(Bp) dp
Py = —L,,——— + Lye— 1.48
(/") gy + L dy ( )
o d(B) dp
(J ) = _Lep + Lee—
dy dy
where y = n/N, B is the inverse temperature 1/7 (in units of the Boltzmann

constant) and w is the chemical potential, which, in the case of the coupled
rotors, coincides with the average angular frequency w, = (p,). Finally, L is the
symmetric, positive definite, 2 X 2 Onsager matrix. If L., = 0, the two transport
processes are uncoupled.

In the case of the rotor chain, it is important to realize that a correct definition
of the kinetic temperature requires subtracting the coherent contribution due to the
nonzero angular velocity, i.e.

T, = ((pn - a)n)2> .

The effect of coupling between energy and momentum transport is better understood
by considering a setup where the two thermal baths operate at the same temperature
T. Because of the flux of momentum, the temperature profile deviates from the value
imposed at the boundaries. In Fig. 1.9 we show the results for 7 = 0.5 and F = 1.5
and two different system sizes. Notably, the temperature profile displays a peak in
the central region [46], where it reaches a value around 1.2; the average frequency
varies nonuniformly across the sample with a steep region in correspondence of the
central hot spot. At the same time, the energy flux j¢ is zero, so that the anomalous
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Fig. 1.9 Stationary profile of the temperature (upper panel) and of the average frequency (lower
panel) for T(0) = T(1) = 0.5, F = 1.5, and y = 1; y = n/N. The dashed and solid curves
correspond to N = 100, and 200, respectively

behavior of the temperature profile is entirely due to the coupling with the nonzero
momentum flux.

This behavior can be traced back to the existence of a (zero-temperature)
boundary-induced transition. In fact, for T = 0, there exists a critical torsion F, =
1/y [49] such that for F < F, the ground state is a twisted fully-synchronized state,
whereby each element is at rest and is characterized by a constant phase gradient.
Here, T, = 0 throughout the whole lattice. For F > F the fully synchronized state
turns into a chaotic asynchronous dynamics with w; = F = —wy. Remarkably,
even though both heat baths operate at zero temperature and the equations are
deterministic and dissipative, the temperature in the middle raises to a finite value
(see Fig. 1.10) even in the thermodynamic limit.

The phenomenon can be interpreted as the onset of an interface (the hot region)
separating two different phases: the oscillators rotating with a frequency F (on the
left) from those rotating with a frequency —F (on the right). The phenomenon
is all the way more interesting in view of the anomalous scaling of the interface
width with the system size (it grows as N'/2, see Fig. 1.10) and its robustness (it is
independent of the value of the torsion F, provided it is larger than the critical value
F. [49)).

Accordingly, the interface is neither characterized by a finite width nor it is
extensive. A more careful inspection reveals that the N'/? width is due to a spatial
Brownian-like behavior of an instantaneously much thinner interface. Nevertheless,
even the instantaneous interface extends over a diverging number of sites, of
order N'/°, thus leaving the anomaly fully in place. Such a state can neither be
predicted within a linear-response type of theory, nor traced back to some underlying
equilibrium transition. Even more remarkably, it constitutes an example of a highly
inhomogeneous, unusual chaotic regime. Indeed, while the fractal dimension is
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Fig. 1.10 Stationary profile of the temperature (upper panel) and of the average frequency (lower
panel) for T(0) = T(1) = 0., F = 1.05,and y = 1;z = (n — N/2)/N'/?. The various curves
correspond to N = 200, 400, 800, 1600, and 3200

extensive (i.e. proportional to the number of oscillators) the Kolmogorov-Sinai (KS)
entropy is not: it increases only as N'/2. The KS entropy measures the diversity of
the “ground state” non-equilibrium configurations that are compatible with the given
thermal baths. Its lower-than-linear increase with N implies that we are not in the
presence of a macroscopic degeneracy, as in spin glasses.

The anomaly of the regime is finally reinforced by the scaling behavior of the
momentum flux, which scales as N™'/>. A theoretical explanation of this behavior
is still missing. All of these anomalies disappear as soon as the temperature at the
boundaries is selected to be strictly larger than zero. In particular, the width of the
hot spot suddenly becomes extensive and the scaling of the momentum is normal
(J’ ~ 1/N). The nonmonotonous behavior of the temperature is nevertheless a
nontrivial consequence of the coupling between heat and momentum transport.

1.8.2 The Discrete Nonlinear Schrodinger Equation

The above discussed non-equilibrium transition is not a peculiarity of the rotor
model. A similar scenario can be observed also in the Discrete Nonlinear
Schrodinger (DNLS) equation [30, 51], a model with important applications in
many domains of physics. In one dimension, the DNLS Hamiltonian is

N N—1

1
H= 13 (Pt @) + 2 (pprer + dutie) (1.49)

n=1 n=1
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where the sum runs over the N sites of the chain. The sign of the quartic term
is positive, while the sign of the hopping term is irrelevant, due to the symmetry
associated with the canonical (gauge) transformation z, — z,e”™ (where z, =
(pn+1¢n)/ /2 denotes the amplitude of the wave function). The equations of motion
are

iZn = —Zut1 — 21 — 2|za]* 20 (1.50)

withn = 1,--- | N, and fixed boundary conditions (zop = zy+1 = 0). The model has
two conserved quantities, the energy and the total norm (or total number of particles)

N

N
A=Y (p+a) =) lul . (1.51)

n=1 n=1

so that it is a natural candidate for the study of coupled transport.

Since the Hamiltonian is not the sum of a kinetic and potential energy, the thermal
baths cannot be described by standard Langevin equations. An effective strategy
has been proposed in [48]. Here below we report the evolution equation for the first
oscillator, in contact with a thermal bath at temperature 7 and with a chemical
potential ;4 (a similar equation holds for the last particle at site N)

pr=—(PT +aDa — a2 =y [(P7 +aDp1 +p2 — papr] + V2yT1E (1.52)

(P1+aDp +p2—v[(PT+aDa1 + @2 — paqi ] + V2y T4,

a1

where y measures the coupling strength with the thermal bath, while ] and &/
define two independent white noises with unit variance. It can be easily seen that the
deterministic components of the thermostat, are gradient terms. As a result, in the
absence of thermal noise, they would drive the system towards a state characterized
by a minimal (H — pA). Notice the nonlinear structure of the dissipation terms in
Eq. (1.52).

An additional problem of the DNLS model is the determination of the tempera-
ture, as one cannot rely on the usual kinetic definition (this is again a consequence
of the nonseparable Hamiltonian). An operative definition can be, however, given
by adopting the microcanonical approach [83], i.e. by invoking the thermodynamic
relationships,

1 T R

TOH T A

’

where . is the entropy. As shown in [35, 47], the partial derivative 9.7 /9C; (i =
1,2, with C; = H and C; = A) can be computed by exploiting the fact that C; is a

conserved quantity,
.7 [ WIE]l ( § )>
- = V. (1.53)
9C; <VCi 3 I€1Iw




1 Heat Transport in Low Dimensions 31

where () stands for the microcanonical average,

vC VCi - VG)VC
E _ [ ( 1 2) 22 (154)
VG IVGIVG]

2N 2
dC; aC aCy aC
W= [_1_2 1_2} ,

0x,, 0xp, - 0x, 0%y

mn=1
and x2, = @y, X2n4+1 = pn- The resulting definitions of 7 and p have the unpleasant
property of being nonlocal: numerical simulations, however, show that they give
meaningful results even when they are implemented for relatively short subchains.
As for the fluxes, they are naturally defined from the continuity equations for
energy and norm

Ty = Gndn—1 + PnGn—1  Jo = GuPn—1 — Pnln—1 (1.55)

Notice that for the sake of simplicity we still use the same notations as in
the previous setup although here j* denotes the flux of norm/mass rather than
momentum.

If one sets T+ = T— = 0, as in the XY model, the control parameter, i.e. the
driving force, is given by i = |t— — pu+|/2 [48]. When 6 is larger than a critical
value (that here depends on A), a bumpy temperature profile spontaneously emerges.
As shown in Fig. 1.11, the left-right symmetry of the profile found in the XY model
is lost, but the width of the peak still scales as N 172 A second crucial difference is the
scaling behavior of the norm-flux, which decreases as N —2/5 instead of N~'/°. This
suggests that more than one universality class is presumably present: the symmetry
of the profile might play a crucial role.

Fig. 1.11 Temperature 5
profiles of the DNLS equation T
for 2000, 4000, 8000 and
T=0,ut+ =2and 4
p—=5z=(n—n)/+/N,
where 7 is the site with the
highest temperature
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In coupled transport, each conservation law implies the presence of a correspond-
ing thermodynamic variable. In the case of the DNLS equation, there are two of
them: the temperature T (or, equivalently 8) and the chemical potential u. If the
extrema of a given system are “attached” to two different points in the (u, T') space,
a new question arises with respect to the transport of just one variable: the selection
of the path in the phase plane. This problem can be solved with the help of the linear
transport equations (1.48), which can be rewritten as

ﬁ _ (J)BLyp — (J7) BLep
die () (Lpe — tLpp) — () (Lee — 1Lep)

(1.56)

The above first order differential equation can be solved once the Onsager matrix
is known across the thermodynamics phase-diagram and the ratio of the two fluxes
is given. This determines unambiguously the resulting temperature and chemical-
potential profiles.

It is worth recalling that in the absence of a mutual coupling between the two
transport processes (zero off-diagonal elements of the Onsager matrix) such curves
would be vertical and horizontal lines in the latter representation. It is remarkable
that the solid lines, which correspond to j¢ = 0, are almost vertical for large u:
this means that in spite of a large temperature difference, the energy flux is very
small. This is an indirect but strong evidence that the nondiagonal terms are far
from negligible.

The condition of a vanishing particle flux 7 = 0 defines the Seebeck coefficient
which is § = —du/dT. Accordingly, the points in Fig. 1.12, where the dashed

Fig. 1.12 Zero-flux curves in the (i, T') planes. Black dashed lines correspond to j# = 0 and are
obtained with norm-conserving thermostats upon fixing the total norm density a,,, 77, and Tg. Blue
solid lines are for j¢ = 0 using energy-conserving thermostats with fixed total energy density /.,
/Ty and pug/Tg. Simulations are for a chain of length N = 500. The thick dot-dashed lines
identify the locus where S changes sign (see text) (Color figure online)
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curves are vertical identify the locus where S changes sign. The j* = 0 curves
have no direct interpretation in terms of standard transport coefficients.

1.9 Conclusions and Open Problems

In the previous sections we have seen that various theoretical approaches predict
the existence of two universality classes for the divergence of heat conductivity
in systems characterized by momentum conservation. Although this scenario is
generally confirmed by numerical simulations, some exceptions have been found
as well. The most notable counterexample is the normal conduction which emerges
in chains of coupled rotors. As we have already discussed in Sect. 1.5, it is quite
clear that the peculiarity of this model is to be traced back to the 2x-slips of the
angles gy,.

Further, less-understood, anomalies have been found in models where g, is
a genuine displacement variable. One example is a momentum conserving mod-
ification of the famous “ding-a-ling” model. The system is composed of two
kinds of alternating point particles (A and B): the A particles mutually interact
via nearest-neighbour harmonic forces; the B particles are free to move and
collide elastically with the A particles. Equilibrium and non-equilibrium numerical
simulations indicate that the thermal conductivity « is finite [59].

Normal heat transport in accordance to Fourier law has been claimed also in
simulations of the FPU-a¢ffmodel (and of other asymmetric potentials), at low-
enough energies/temperatures [97]. More detailed numerical simulations, however,
indicate that the unexpected results for asymmetric potentials do not represent the
asymptotic behavior [16, 91], but rather follow from an insufficient chain length.
This if further strengthened in [56] where mode-coupling arguments have been used
to determine the frequency below which finite-size effects are negligible. It turns out
that, in some cases, the asymptotic behavior may only be seen at exceedingly low
frequencies (and thereby exceedingly large system-sizes).

More recent studies report a finite thermal conductivity in the thermodynamic
limit for potentials that allow for bond dissociation (like e.g Lennard-Jones, Morse,
and Coulomb potentials) [37, 85]. This is explained by invoking phonon scattering
on the locally strongly-stretched loose interatomic bonds at low temperature and by
the many-particle scattering at high temperature. Nevertheless, the hard-point gas,
a model where “dissociation” arises automatically, without the need to overcome
an energy barrier, is found to exhibit a clean divergence of the conductivity. On the
other hand, the universality of scaling in this model has been recently challenged by
numerical studies of the hard-point gas with alternate masses and thermal baths at
different temperatures acting at the boundaries. When the mass ratio is varied, the
anomalous exponent is found to depart significantly from the value 1/3 predicted by
the nonlinear fluctuating hydrodynamics [45].
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Irrespective whether the above discrepancies are a manifestation of strong finite-

size corrections, or of the existence of other universality classes, where the standard
hydrodynamic theories do not apply, they have to be explained.
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Chapter 2
Heat Transport in Harmonic Systems

Abhishek Dhar and Keiji Saito

Abstract In this chapter we study heat transport in the simplest model of a
solid, namely the harmonic crystal. We consider an open system, consisting of a
harmonic crystal coupled to heat reservoirs at different temperatures, and examine
properties of the nonequilibrium steady state. Both the average heat current and the
current fluctuations are studied. We show that the formalisms, of quantum Langevin
equations and non-equilibrium Green’s function techniques, allows one to obtain
many exact formal results for the current, as well as fluctuations, in terms of the
phonon transmission matrix, in systems in arbitrary dimensions. We then show how
these formal results can be used to obtain explicit results in many cases of interest,
especially the case of heat transport in mass-disordered harmonic crystals. Apart
from throwing light on the question of validity of Fourier’s law, it is explained how
the study of the harmonic crystal also provides insight on recent theories of non-
equilibrium current fluctuatons.

2.1 Introduction

Energy transport in dielectric crystals at low temperatures is via phonons and the
two main sources of scattering of the energy carriers are isotopic mass disorder and
anharmonicities. For a crystal, say in the form of a rectangular slab, that is coupled
to thermal heat baths at two opposite faces, the total energy transported may in
addition depend on how the baths are coupled to the boundaries of the bulk. In this
chapter we ignore the effect of anharmonicity on heat transport and focus on the
two other effects in depth. Thus, in this chapter, we discuss various aspects of heat
transport in a purely harmonic crystal.
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The first aspect that we address is related to the question of the validity of
Fourier’s law of heat conduction. Fourier’s law of heat conduction states that the heat
current density J(x, #) in a solid is proportional to the local temperature gradient, i.e.,
J = —«k VT, where the proportionality constant « is the thermal conductivity of the
material. It follows from Fourier’s law that, for a slab in contact with heat reservoirs
kept at a small temperature difference AT, the average energy current density, J (in
the direction of transport), should be equal to k AT /N, with N being the slab length.
There have been many attempts to derive Fourier’s law from microscopic dynamics.
In a crystal, heat is carried by lattice vibrations or phonons. Using very reasonable
physical assumptions of local equilibrium and the notion of the mean free path
traveled by phonons between collisions, leads to a heuristic derivation of Fourier’s
law. There is however no fully convincing derivation [1] and in fact, the results from
a number of studies over the last 50 years, both numerical and analytical, suggest
that Fourier’s law may not be valid in low-dimensional systems [2, 3]. For example,
for one-dimensional momentum conserving anharmonic crystals, one of the key
findings is that the heat current density scales with system size as J ~ 1/N'~% with
a > 1. This means that the effective thermal conductivity ky = JN/AT ~ N
diverges with the size of the system, a very surprising and unexpected result.

What do we expect for a purely harmonic crystal? As mentioned in the beginning
paragraph, ignoring anharmonicity, there are two sources of scattering of phonons in
the harmonic crystal, one due to some form of disorder in the system and the other
due to scattering at the boundaries (between system and reservoirs). In the absence
of disorder, the phonons pass ballistically through the bulk and we expect their mean
free path to be of order N, hence the exponent « = 1. With the introduction of dis-
order, do we get diffusive heat transport (¢ = 0)? This question will be addressed in
detail, and as we will see that this is not the case, even perhaps in dimensions three.

Two standard frameworks for studying heat transport are through:

(a) study of the non-equilibrium steady state. The system is connected to heat
baths at two different temperatures and one measures properties in the non-
equilibrium steady state, in particular the temperature profile and the energy
current. The size-dependence of current indicates whether or not Fourier’s law
is valid.

(b) The second approach is to study equilibrium correlations of conserved quanti-
ties such as energy and see if they exhibit diffusive behavior. In particular, using
the Green-Kubo formula, one expects to extract the thermal conductivity of the
system from the energy current autocorrelation function.

For anharmonic systems, approach (a) is usually implemented via numerical
simulations and analytic progress is difficult. However, for the harmonic case, the
situation is very different, and there is a general framework whereby one can express
all steady state properties in terms of non-equilibrium phonon Green’s functions.
This approach is closely related to the Landauer treatment for transport of non-
interacting electrons. It is possible for the harmonic system basically because here
we are looking at non-interacting phonons. Here we will focus almost entirely on
this approach, and only briefly discuss method (b), and comment on its relation to
the approach (a).
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In this chapter we study not only the average heat current but also properties of
current fluctuations in the non-equilibrium steady state. Recently much progress has
been made on current fluctuations in the steady state, with significant developments
such as non-equilibrium fluctuation relations, macroscopic fluctuation theory, and
so on. The harmonic crystal is a tractable and realistic physical model for under-
standing and developing these theories. Analytic treatment of current fluctuations
can be performed up to some level and finally one can incorporate numerical
calculations for detailed investigations with high accuracy. We note that most
studies on current fluctuation are based on stochastic models. Harmonic lattices
are however Hamiltonian-based model and hence provide us with insights on the
nature of current fluctuations in realistic systems. In this chapter, we stress that
the cumulant generating function (CGF) plays a crucial role in the investigation of
current fluctuations. The CGF systematically generates arbitrary order of cumulants
of current and has full information on current fluctuations. We will outline the
derivation of a compact formula of the CGF. With the use of this formula, we can
illustrate universal properties, which are in accordance with recent predictions on
non-equilibrium fluctuations.

Early work on the non-equilibrium steady state of harmonic chains connected
to heat baths include the work of Rieder, Lebowitz and Lieb (RLL) [4], Casher and
Lebowitz [5], Rubin and Greer [6] and O’Connor and Lebowitz [7]. RLL considered
an ordered harmonic chain connected to white noise Langevin type heat baths, noted
that the full steady state distribution is a Gaussian for which they were able to obtain
the exact correlation matrix. From this, one could obtain the average energy current
and temperature profile. The papers of Casher and Lebowitz [5] and Rubin and
Greer [6] looked at disordered harmonic chains with two different models of baths.
While Casher and Lebowitz [5] considered white noise Langevin baths, Rubin and
Greer [6] had baths which were themselves semi-infinite harmonic chains prepared
in equilibrium at different temperatures. All these studies were on classical systems.
For the quantum description, the available methods that have been used include
phenomenological Landauer type approach [8—10], Langevin equations approach
[11, 12], non-equilibrium Green’s function approach using the Keldysh formalism
[13, 14], equation of motion approach [15, 16], master equation approach [17] and
finally path-integral approach [18].

In this chapter, for the study of steady state correlations, we will focus on
the approach, developed in [11], involving generalized Langevin equations. The
Langevin equations can be obtained by starting from a purely Hamiltonian model
for the bath, and the formalism is valid for both classical and quantum systems.
The earlier models in [4-6] can be seen as special cases. In the quantum case, this
approach gives the same result as the non-equilibrium Green’s function methods
[13, 14]. For the study of current fluctuations, the Langevin equations approach
continues to be useful only for the case of classical systems where the baths generate
un-correlated noise—for the quantum case, we will see that it becomes necessary to
use the non-equilibrium Green’s function method.

The plan of this chapter is as follows. In Sect.2.2 we describe the generalized
Langevin equations approach and use it to obtain formal expressions for the energy
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current and other correlations in the non-equilibrium steady state. In Sect.2.3
we explain the importance of studying current fluctuations and derive formal
expressions for the corresponding cumulant generating function in general harmonic
systems. In Sect.2.4, we discuss explicit results for various special cases of
physical interest, that can be obtained from the formal expressions for current and
fluctuations. We summarize our results in Sect. 2.5.

2.2 Steady State Current from Langevin Equations
and Green’s Function Formalism

In this section we discuss the open system set-up for studying transport, where the
basic idea is to consider a finite system connected to two reservoirs with infinite
degrees of freedom. The complete model of system and reservoirs is described
by a Hamiltonian. Both the system and baths and their couplings are assumed to
be described by terms that are quadratic in the positional and momentum degrees
of freedom. Initially the system and reservoirs are decoupled and the left and
right reservoirs are prepared in thermal equilibrium at different temperatures. The
coupling between system and reservoirs is then switched on and the system evolves
through Hamiltonian dynamics (unitary evolution in the quantum case). If we just
look at the system, then at long times, it reaches a non-equilibrium steady state.
This is possible only because one has infinite reservoirs which can serve as heat
sources and sinks. Our aim is to understand the properties of this steady state.
As we will see, for the harmonic system, one can essentially find the full reduced
density matrix of the system corresponding to the non-equilibrium steady state. This
naturally contains information about steady state current and temperature profiles.

In this section we illustrate the Langevin equation and Greens function (LEGF)
method and show how it can lead to the full set of steady state correlations. In the
following section, Sect. 2.3, we will see, how with the same open system set-up, we
can also study fluctuations.

2.2.1 Derivation of the Langevin Equation and It’s
Steady-State Solution

We consider here the case of a system which is coupled to two heat reservoirs,
labeled as L (for left) and R (right), which are at two different temperatures.
Let us assume that the system has N Cartesian positional degrees of freedom
{x;}, 1 = 1,2...,N with corresponding momenta {p;}. These satisfy the usual

commutation relations [x;, p,,] = 8, and [x;,xn] = [p1,pm] = 0. Similarly,
the left reservoir degrees of freedom are denoted by {xt,pL}, @ = 1,...,N. and
the right reservoirs by {xf, pf,}, o' = 1,...,Ng. Eventually we will consider

the limits Ny — o00,Np — oo. It is convenient to use the vector notation



2 Heat Transport in Harmonic Systems 43

X" = (x1,x2,...,xy), PT = (p1.p2....,pn) and similarly X*, X®, PL, PR, The
general Hamiltonian for the system coupled to harmonic reservoirs is then given by:

H=Hs+ H, + Hgr + Hsy + Hsg , 2.1
1 T —1 1 T
where Hg = EP M P+ EX KX, 2.2)
1 T —1 1 T
H; = EPL ML P; + EXL K X; , 2.3)
1 T —1 1 T
Hy = EPR My Pp + EXR KrXg , 2.4)
Hg =X"Kg X, Hog =X Ksg X (2.5)

where M, M;, My and K, K;, Ky denote respectively the mass matrix and the
force-constant matrix of the system, left reservoir and right reservoir, while Kg;,
and Ksg denote the linear coupling coefficients between the two reservoirs and the
system.

We assume that at time ¢ = fy, the system and reservoirs are decoupled and
the reservoirs are in thermal equilibrium at temperatures 7;, and Ty respectively.
This means that at time #y, the two reservoirs are described by thermal density
matrices py = e Pt /Tr[e™PLHL] and pg = e PrHr | Ty[e~PrHIR] respectively. Once
the reservoir system coupling is switched on, it is expected that the system will in
the long time limit reach a steady state, provided the reservoirs are infinite. Our main
aim will be to compute the heat current and other properties of this non-equilibrium
steady state. In our approach we will consider the limits Nz, Nz — oo followed by
tp — —oo0 to obtain the steady state.

We now proceed to obtain the Langevin equations of motion for the system
degrees of motion by eliminating the reservoir degrees. For this we consider a
Heisenberg representation where each operator A is replaced by its Heisenberg form
eHt/h Ae=iHt/h The Heisenberg equations of motion for the system variables (for
t > ty) are then

MX = —KX — Ky X, — KsgXg . (2.6)

and the equations of motion for the two reservoirs are
M X, = K X, — KL X, (2.7)
MpXg = —KgXg — KX . (2.8)

The strategy is now to solve the reservoir equations by considering them as linear
inhomogeneous equations. Consider the left reservoir and let us perform a normal-
mode transformation U; which simultaneously diagonalizes both M} and K;. Thus
they satisfy the equations

UIKU, =2, UMU, =1,
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where £2; is a diagonal matrix whose elements [§2;], are the normal mode
frequencies of the left reservoir. Note that transforming to normal mode coordinates
X;, = U Xy and P, = MU P, transforms the Hamiltonian in Eq. (2.3) to the form

_FP | K2iK
2 2 ’

Hy 2.9)

which now implies a collection of uncoupled oscillators. The left-reservoir equation
of motion Eq. (2.7), in normal-coordinates looks like

X, = -22% — UK X,
which has the general solution

sin[$2(t — to)] ~

X1(t) = cos[2,(t — 10)]X1.(t0) + mPL(fo)
tosin[2,(r—1)] ,
_ /to Al gy VIKRX (). (2.10)

Transforming back to the original coordinates we get

Sin[€2,.(t — 19)] -

Xp(t) = Up cos[2.(t — t0)]X1.(to) + U 1) Pr(to)
— / digt(t— 1)KL X(7), (2.11)
with g/ (1) = ULMU{ () (2.12)

2;

where 0(f) is the Heaviside function. A similar solution is obtained for the right
reservoir. Plugging these solutions back into the equation of motion for the system,
Eq. (2.6), we get the following effective equations of motion for the system:

o0
MX = —KX + n, + / ' X (t—1)X()

4]

+nR+/ dr X r(t —1)X({), (2.13)

4]

where X.(1) = Ksi. g/ (1) K, Zr(1) = Kz g7 (1) Kig,

and . = K, [UL cos[ 2.t — 10)]Ke (10) + m%“_}ff”h(m)}
(2.14)
nr = Ksg |:UR cos[2 r(t — 10))Xz (o) + UR%PLUO)} .

(2.15)
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This equation has the form of a generalized quantum Langevin equation. The
properties of the noise terms 7, and ng will be determined from the condition
that, at time 7, the two isolated reservoirs are described by equilibrium phonon
distribution functions. At time fy, the left reservoir is in equilibrium at temperature
Ty, and the population of the normal modes (of the isolated left reservoir) is given by
the distribution function f(w, T) = 1/[¢"*/%s7t — 1]. This means in particular that

(X14(10) X1y (10)) = B4 [ (214. T1) +1/21 1/ 214
(Pro(t0)Pry (10)) = 84 [f (214, Te) + 1/2] hS21,
and (X, Pry) = —(PrXry) = 8,y ih/2 (2.16)

From these, we immediately get the noise correlations of the left reservoir noise:

he2p
2kpTy,

(n@Onk()) = K5 Uy [cos 2;(t— t/)zz—L coth ( )

h
—isin 2,(t — /)E} UK., . (2.17)

and a similar expression for the right reservoir. The limits of infinite reservoir sizes
(Np,Ng — o0) and fy — —oo are now taken. One can reduce Eq.(2.13) to the
formal classical form of the Langevin equation. Defining y such that ¥ (r) =
—dy(t)/dt, performing integration by parts and assuming that y(r — oco) = 0,
we get

t

MX =KX+ > [—/

a=LR >

aly @ —HX({) + na} , (2.18)

where K5 = K — K5 K;'K§; — KseKy 'Ky and y @ () = KsoUa 3= UK,
One can think of K as the effective coupling constant matrix for the system.

One can then solve Eq.(2.13) by taking Fourier transforms. Let us
define the Fourier transforms X(w) = (1/27) ffzo dt X(t)e', frr(w) =
(1/27) [Zo, dt nLr(®)e™. gfp(w) = [0 dt gfp()e. One then gets the
following stationary solution to the equations of motion Eq. (2.13):

X(1) = / ” doX(w)e ™", (2.19)

with  X(0) = G (0) [fir(w) + fr(®)] |
1
[~0’M + K - X (@) - T ()]
and ZZ'(a)) = KngZ'(a))KgL, Z;’(w) = KgRg;'(a))KgR .

where GT(w) =
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Taking a Fourier transform of Eq. (2.12) we get:

1

, 2.20
—M;(w + i€)? + K, (2.20)

gl () =

which is the usual definition of the Phonon Green’s function. The noise correlations,
in the frequency domain, can be obtained from Eq.(2.17) and we get (for the left
reservoir):

h
(@)L (@) = §(w + ) T'(») —[l+f(. 7)) (2.21)
where I (w) = Im[EZ'(a))]

which is a fluctuation-dissipation relation. This also leads to the more commonly
used correlation:

hw
2kpTy

1 h
S{@IL@) + @) (@) ) = 8 + o) T'1() 5 coth(3).

Similar relations hold for the noise from the right reservoir. The identification of
G™'(w) as a phonon Green function, with X ZR(a)) as self energy contributions
coming from the baths, is one of the main steps that enables a comparison of results
derived by the Langevin equations and Green’s function approach (LEGF), with
those obtained from the non-equilibrium Green’s function method. More details of
this demonstration can be found in [11].

Some Examples of Baths We mention here two well-known bath models. We only
discuss local baths which are applied independently to every boundary particle.
They are specified by the following bath functions:

(a) Ohmic (also referred to as white noise or delta-correlated noise): Xt (w)=iyw.

(b) Rubin model: % (w) = k{1 — mw?/2k + iw(m/k)"/?[1 — mw?/(4k)]"*}.
In this model the bath is an ordered harmonic chain with inter-particle spring
constant k and equal masses m and coupling to the system is also through a
spring with stiffness k. Note that by defining mw? = 2k(1 — cos g), we can
write X1 = ke,

2.2.2 Steady State Properties

Current The steady state current will be the same if we obtain it on any cross-
section of the system. It is simplest to evaluate the current expression at the system-
reservoir interface. Let us consider the interface with the left reservoir. The steady
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state current can be shown [3] to be just the expectation value of the rate at which
the Langevin forces (which come from the bath) do work on the particles of the
system

=1

N 00
I = < le(t) |: [nL]l(t) + /_ dt/ [Ez_]l,m(t - t/) xm(t/) :| > .

It is most convenient to carry out the computations by writing the above equation in
matrix form as

1= (X" m))+ /_ Z dl (X' () BF (= 1) X(0))
i [ o [~ o o [ [¥(0) i) + X 0) 2 @%@
=i /_ ” o /_ o’ e+ 4 (7r[ n(@) X (o) ]
+Tr[ 2 (@) X@) X (@)] ) .
Using the solution in Eq. (2.19) we then get
=i [ o [ o (3] (06) @) + @) 1) 6]
+1r[ @) 6 @) ({ () + me@) } @) + k@) }) 6T @) ] )

where we have used the fact that G is a symmetric matrix. If we expand the above,
and use the properties of the noise correlations (including the fact that the noise from
the left and right baths are uncorrelated) , we notice that all terms depend either on
the left, or on the right bath temperature, and no term depends on both temperatures.
Let us collect those terms in / which depend only on the temperature T of the right
reservoir, and not on that of the left. These give

Ir = —i/oo dw /00 do' e~ i@t o 1y
[ 2] (@) GT () {nr(@) nj(@)) G (w) ] .

Using the noise correlations in Eq. (2.21) we then get

Ir = —% /_00 dow ho Tr| 272'(—(0) G (—w) T'g(®) GT(0) | f(w,Tr) ,
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where we used the properties 1 + f(—w) = —f(®) and [ r(—w) = —Ir(w). Taking
the complex conjugate of the above expression, using Tr[A]* = Tr[AT], GT(w) =
G(—w), and the cyclic property of trace, we get

Iy = i/_: do ho Tr[ X (—w) G (—w) I'g(w) GT () ] f(w, Tg) .

The physical current is real, so we take [ = (Iz + I;)/2 and, noting that
Im[Z'Z'(—w)] =TI (—w) =—-T(v), we get

Ir = —% /_00 dw ho Tr(GY (w) T (0) G (w) Tg(w) ] f(w, Tk) .

From symmetry, and the requirement that / = 0 when 7} = Ty, it is clear that the
contribution of the left reservoir to the current must have a similar form (this can be
verified directly also) and hence we can now write the net current as

= % a do ho T (o) [f(0,TL) — f(o,TR)], (2.22)
where T(w) = 4 Tr[GT (w) I 1(w) G~ (0) T'r(®)] . (2.23)

We shall refer to this as the Landauer formula for the current and this is an important
and very useful expression. The formula above can also be written as an integral over
only positive frequencies using the fact that the integrand is an even function of w.
The factor T (w) is the transmission coefficient of phonons at frequency @ through
the system, from the left to right reservoir and can be related to the transmittance
of plane waves of frequency w across the system [19]. Note that the transmission
depends not only on the system parameters, such as the mass matrix and the force
constant matrix, but also the on bath properties and system-reservoir couplings.

The general expression for current is of identical form as that obtained by the
non-equilibrium Green’s function approach for electron current (see for example
[20-22]) and has also been derived for phonons using the non-equilibrium Green’s
function approach in [13, 14]. In fact this expression was first proposed in [8]
and derived in [9, 10] for a 1D channel using the Landauer approach. The usual
Landauer result for a 1D channel precisely corresponds to Rubin’s model of bath,
to be discussed in Sect.2.4.1.2. For the case of classical one-dimensional systems
the above result can be shown to lead to expressions for current and temperature
profiles obtained in earlier studies of heat conduction in disordered harmonic chains
[5-7,23].

Two special limiting cases of Eq. (2.22) are:

(1) Linear response: for small temperature differences AT = T, — T << T, where
T = (T. + Tr)/2, the above expression reduces to:

I= £ oodwT(a))ha)M.

2.24
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(2) Classical limit: this is obtained by taking the high temperature limit 2w /kgT —
0. This gives:

;= kAT / do T(®) . (2.25)
21 0

Other Steady State Correlations One can similarly evaluate various other quanti-
ties such as velocity-velocity correlations and position-velocity correlations. These
are given by Dhar and Roy [11], Yamamoto and Watanabe [13] and Wang et al. [14]

o0 h
XXy = | dos— Y G'I.G g.T.).
2
—oo a=L,R

, ®  he? Lo e
(PP") = | do—— Y MG'I,G Mg.T,),

o0 T a=L,R
) R T *  iho + -
—(XPT + [PXT]") = do— > G'T'.G Mg(.T,). (2.26)
2 T T a=LR

where g(w,T) = coth(hiw/2kgT). The second set of correlation functions above
can be used to define the local kinetic energy density which can in turn be used to
define the temperature profile in the non-equilibrium steady state of the wire. Note
that the correlations between X and P contain the local energy current on various
bonds and one can recover from this the steady state current expression in Eq. (2.22).
Also, since this is essentially a Gaussian problem, the steady state reduced density
matrix is known exactly once we know the full set of correlations. The procedure
for obtaining the system density matrix is described in [24].

In our derivation of the LEGF results we have implicitly assumed that a unique
steady state will be reached. One of the necessary conditions for this is that no
modes outside the bath spectrum are generated for the combined model of system
and baths. These modes, when they exist, are localized near the system and any
initial excitation of the mode is unable to decay. This has been demonstrated and
discussed in detail in the electronic context [22].

We note that unlike other approaches such as the Green-Kubo formalism and
Boltzmann equation approach, the Langevin equation approach explicitly includes
the reservoirs. The Langevin equation is physically appealing since it gives a nice
picture of the reservoirs as sources of noise and dissipation. Also, just as the
Landauer formalism and non-equilibrium Green’s function have been extremely
useful in understanding electron transport in mesoscopic systems, it is likely that
a similar description will be useful for the case of heat transport in (electrically)
insulating nanotubes, nanowires, etc.
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2.3 Steady State Current Fluctuations

2.3.1 General Theory
2.3.1.1 Large Deviations and Cumulant Generating Functions

In general, heat is a stochastic variable and hence it shows fluctuations in time.
In this section, we consider the fluctuation of heat transfer by introducing several
variables. In the steady state we measure heat transfer at the contact between the
system and one heat reservoir during a finite measurement time z. The length of
measurement time is in general arbitrary, but usually the asymptotic behavior at
large 7 is most interesting. Let Q be the amount of heat transferred during time t.
Let us consider the probability of heat transfer P(Q). Moments of heat transfer of
arbitrary orders can be calculated from this probability

(") = / 40 Q"P(Q). (2.27)

If f is the heat transfer between the reservoir (say the left one) and the system, then
0= fOT dtj(t), and we then expect the asymptotic distribution of Q to satisfy the
large deviation form

P(Q) ~ ¢ F@ (2.28)
g=0/t. (2.29)
The function F(g) is called the large deviation function (LDF) which is analogous

to the free energy in equilibrium statistical mechanics. We define the cumulant
generating function (CGF) as

w(d) = lim lln(eAQ). (2.30)
>0 T

The CGF systematically generates arbitrary orders of cumulants on taking derivative
with respect to A

o e )
b= Q)T =5 (231)

For large measurement time, heat transfer Q is of order tr. A reasonable idea to
characterize fluctuations of heat transfer is to consider the cumulants of Q, instead
of the moments, since they are also of order 7.
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The LDF and the CGF are the central functions in the investigation of fluctuations
[25]. These quantities are in general connected to each other by the Legendre-
Fenchel transform [26].

Fg) = max[Aqg — p()] . (2.32)

p) = max [Aq —F(q)] . (2.33)

This relation is referred to as the Gértner-Ellis theorem [27, 28], which states that,
when the scaled cumulant generating function p(A) is differentiable, then Q obeys
a large deviation principle with a LDF given by the Legendre-Fenchel transform.

2.3.1.2 Fluctuation-Response Relation and Fluctuation Relation

The thermodynamic stochastic variables such as work and heat are not completely
random but satisfy several universal relations. For instance, current fluctuations in
equilibrium is connected to the response to external thermodynamic forces [29, 30].
This general relationships is referred to as a fluctuation-response relation. Consider
heat transfer from the left reservoir to the system for the case of 7, > Tk. In the case
of heat conduction, the fluctuation-response relation is mathematically formulated
as a relationship between second order cumulant of heat transfer in equilibrium and
thermal conductance defined in the linear response regime

LY = 2kgT*G(T), (2.34)

where 15! is the second order cumulant of heat transfer in equilibrium at temperature
T and G(T) = I,/ AT, with AT = T — Tk, the thermal conductance. This relation
is similar to the Green-Kubo formula [29, 30] relating thermal conductivity « to the
equilibrium auto-correlation function of current. The difference of Eq. (2.34) with
the usual Green-Kubo formula is that here the fluctuations are for a system coupled
to equal temperature heat baths while, in the Green-Kubo case, one considers an
isolated system [31].

The steady state fluctuation relation (SSFR) is expected to hold even in the far-
from-equilibrium regime [32—-38] and is described by the relation

1
lim —In[P(Q)/P(-Q)] = Aqg. (233)
where A = ﬁ - ﬁ is a thermodynamic force or affinity, which plays the role

of a force driving the system into a non-equilibrium state. Since this is a relation for
asymptotic behavior of large t, we can use the LDF expression to get the expression
in terms of the LDF, namely, —F(q) = —F(—¢q)+.Aq. In addition, the relation (2.33)
leads to [25, 33]

) = p(=A—-A. (2.36)
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This is another expression of the SSFR and is referred to as fluctuation relation
symmetry. However, we should note that the relation (2.36) as well as the expression
with the LDF for the SSFR does not always hold for the whole regime and the
validity is limited for finite ranges A_ < A < A4 [39, 40]. This effect arises when
the function (e*?) = g(1)e™ ™ has singularities in g(1).

The fluctuation relation symmetry is not only mathematically beautiful but yields
physically important relations [41-43]. To see this, we expand the nth order of
cumulant of heat transfer with respect to the affinity .4

o0 Ak
I, = %L,, Ko (2.37)

The coefficient L, j is a nonlinear response coefficient. For instance L; | = T%k(T)
and L, o = I,. Obviously the nonlinear response coefficient L, 4 is calculated by
the relation L, ; = 9*I,/3.A*| 4—o. Then using the CGF and the fluctuation relation
symmetry (2.36) lead to

k n
e
k n
= Zk:(_l)”mkcm Lytm k—m - (2.38)
m=0

This gives us highly nontrivial relations between nonlinear response coefficients and
provides a lot of information on the non-equilibrium process. By settingn = 2£ + 1
and k = 0, one finds

Lyi+10 = 0. (2.39)

This relation implies that odd orders of cumulants at equilibrium must vanish.
Intriguingly the relation (2.38) reproduces the fluctuation-response relation (2.34).
This can be checked by setting n = k = 1 yielding

1
L= ELZ 0 (2.40)

which is equivalent to (2.34). In addition, n = 1 and k = 2 yields the simple relation

Li,=1L;. (2.41)
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In this manner, the fluctuation relation symmetry produces nontrivial relations.
These kind of relations can be extended to the case of electrical conduction in
the presence of magnetic fields [43] and experiments have been conducted to
demonstrate them [44].

2.3.1.3 Macroscopic Fluctuation Theory and Additivity Principle

For the case of dissipative transport where Fourier’s law is satisfied, macroscopic
fluctuation theory (MFT) was proposed by Bertini et al. [45]. The MFT describes
fluctuation of temperature and current fields for large system size. Let g(x, ) and
T(x,t) be the heat current density and the local temperature respectively, at the
position x and time ¢, and k(7" be the thermal conductivity at the temperature 7'
Then, MFT predicts that the probability of finding {q(x, 7), T(x, 1)} is

q(x, 1) + (T (x,1)0T (x, t)/ax]z]

T 1 [
P({T(x, 1), q(x,1)}) ~eXp[—N /0 di /0 dx 2(T(x, 1) T?(x, 1)

(2.42)

Here N is the system size and x is a position scaled by N. This expression has been
used in many systems [46]. To find the LDF of heat transfer for open boundary
condition with T(x = 0) = T, and T(x = 1,1) = Tk, we minimize (2.42) with
respect to the temperature and current fields, with the constraint of the conservation
law of energy

lim min
— 00 {T(x.0).q(x.0)}
T(0)=Ty  T(1)=Tg

FUT)) =

N [TV U [qe t) + k(T (x, )T (x, 1)/ 0x]
?/0 di /0 dx 2 (T 1) T2 (0. 0) '

(2.43)

Variational problem is in general difficult to solve, but Bertini et al. succeeded in
deriving the expression in terms of Hamilton-Jacobi type of equation for fluctuating
variables [45, 46].

If current and temperature fields in the optimal profile do not depend on time,
then the MFT is reduced to the additivity principle (AP) proposed by Bodineau and
Derrida [47]. The LDF here is given by

[ /01 0 [gN + K(T(x))aT(x)/ax]z] ‘

Fap(q) = N min 2k (T(x)) T?(x)

T(x)

(2.44)
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From the relation (2.33), the CGF is derived

TL
ar— <0 ] (2.45)

7 +/1+ 4Kk(T)T?

K
pap(A, Tp, Tr) = _]V[

L 1 1
A= / dT—z[— - 1]. (2.46)
e 2T°L\/1 + 4Kk (T)T?

The additivity principle enables one to compute all higher orders of current
cumulants given just the temperature dependent thermal conductivity «(7) of a
system.

However the condition to get the AP from the MFT is highly nontrivial. For the
ring geometry in equilibrium situation, Bertini and co-workers derived the following
sufficient condition to get AP from the viewpoint of the MFT [48, 49]

k(D[k(T)T*" < [k(T)] [ (T)T?] . (2.47)

However, the necessary and sufficient condition for the validity of the AP in general
case has not yet been clarified. It was confirmed that the AP is consistent with the
exact expressions of several orders of current cumulants in the symmetric simple
exclusion process [47]. The AP was numerically verified in another stochastic
system, namely for heat transport in the Kipnis-Marchioro-Presutti model [50], by
measuring rare events with a sophisticated algorithm. Surprisingly, it was found
that the 3D harmonic crystal also exhibits the AP and gives further indications on
the necessary conditions required for its validity [51]. This is further discussed in
Sect.2.4.3.

2.3.2 Cumulant Generating Function for Harmonic Lattices

We here derive the expression of the cumulant generating function (CGF) for
harmonic lattices. Since there are several issues on which one needs to be careful
in the quantum regime, we divide this section into two parts, classical [52, 53] and
quantum [43, 54]. In the quantum case, even the definition of heat transfer in a
given time 7 needs careful interpretation, and as we will see, the analytic treatment
requires use of different techniques. In the classical case, the LEGF approach
suffices, while in the quantum case, the non-equilibrium Green’s function method
(NEGF) has to be used.
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2.3.2.1 Classical Regime

The classical case was first considered in [52] for a one-dimensional chain con-
nected to white-noise baths, and later generalized to arbitrary dimensions in [53].
Here we outline the treatment of Saito and Dhar [53].

We consider the harmonic lattices attached to the left and right heat reservoirs via
surfaces of the left and right edges. The number of sites attached to the left and right
reservoirs are respectively Ny and Ng. The harmonic network structure in the bulk
system is arbitrary. The dynamics is given by Eq. (2.18) with memory-less friction
and classical noises and one can write the equations of motion in the following form

X=V
MV =KX —[y® +y®V + 0+ ne. (2.48)

where y@ (¢ = L,R) is a diagonal friction matrix. The friction matrix y® is a
constant matrix, where only the element representing the sites attached to reservoirs
have finite value. The classical noise 7, satisfies the fluctuation dissipation relation

(e ONL (1)) = 2800 ksTay @8t —1) a,a' =L,R (2.49)

We measure heat transfer from the left reservoir to the system during the measure-
ment time 7 which is represented as

0= / dtVI(—y PV +qp). (2.50)
0

Then we derive the CGF for this heat transfer. We take the following discrete Fourier
transforms

X0, V@0, 1)} = Y {X(@n), V(@n), a(@n)}e ™", (2.51)

n=—0o0

where @, = 27n/t. We multiply Eq. (2.48) by e’ and integrate by parts. Solving
the resulting equations for X(w,), V(w,), one gets

‘7(60") = _ia)nG+(wn) [ﬁL(a)n) + ﬁR(wn)]
+ %G“L(wn) [KAX + io,MAV ] , (2.52)

Gt (w) = [-Mo? + K — X (o) — Zr(@n)] (2.53)
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where the self-energy matrices are given by X', z(w) = iwy R, AX=X(1)—X(0),
and AV = V(r) — V(0). The matrix G' is the Green’s function connecting
bulk variables with reservoir properties, which is the classical version of the green
function in Eq. (2.19). The noise correlations in the Fourier space are given by

(T (@)L (W) = 2800/ 8n—w ¥ PkpTy /T . (2.54)

Since the noise strength 7, (w,) ~ O(1/t'/?) and AX, AV ~ O(1) we see that the
second term in Eq.(2.52) is ~ 1/7'/? order smaller than the first and so can be
dropped [52]. We note that V*(w,) = V(—w,) and 7*(®,) = 7j(—w,). Then the
heat transferred Q can be expressed in terms of the Fourier-modes with n > 0 as

o0

0 = Y [2V @)y OV @) + i @)V (@) + VT (@) @)]. (2.55)

n=0

We define G~ (0) = GT(—w) = [GT(w)]* and I' z(w) = Im{Z z(w)} =
wy'™™". Noting the relation V(w,) = —iw, wy, L(w,) + nr(w,)]|, we can

y R Noting the relation V(w,) i, G (w,) [7L(@n) + Tr(@,)]
express Q as

0 =1 Y (i (@), tf(@)A (ZLEZD , (2.56)
R\ Wn

n=0
where the column and row vectors composed of 77;, and 7jg noises are now defined
only with nonzero elements, and hence these vectors have (N, + Ng) elements. The
matrix A is (N + Ng) x (Np 4+ Ng) square Hermitian matrix which is given by

_ (20,[Gt G iw, (G| — 20,[GT T 1G] 1r
T\ —iwn[G g — 20,[GT T LG |re —20,[GT T LG e '

(2.57)

The w, dependence of G and I' have been suppressed. In what follows in this
section, the w, dependence in variables is omitted unless it is necessary. The
subscript L and R in the matrices respectively represent the space of the sites
attached to the left and right reservoirs, respectively. In obtaining the (L, L) element
of the matrix A, we have used the following Green’s function identity

Gt -G =2G (I + Ix) G" =2iGT (I, + I}) G (2.58)
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Using the expression (2.56), we calculate the CGF. We formally express the CGF
with integration with respect to noise variables

R = 20t = i T [ a7k G i)

n>0

1yt 0 ny
X exp[ T (ﬁL’ ﬁR) |:AA — ( 2kpTy [g ] 1 D;(R)]—l ):| (glL’g )]},

2kpTr

(2.59)

where NV denotes the normalization factor of the noise distribution and “® are
diagonal matrices which are composed only with the nonzero matrix elements
of y®R_1In the above expression, the Gaussian measure of Langevin noises are
involved. By performing the Gaussian integral, one obtains the formal expression of
the CGE.

1
u(d) =—=) IndetB , (2.60)
T T—00
n>0
To Tir kgTr1 0
B=1-1 , 2.61
(77@ —7}) ( 0 kBTRl) (26D
where
T, =4GTIxG T[],
Tz = 4[GT ' .G ™ I gzz,
Tig = —4[GT I G~ g1k + 2i{[G™ T g1k,
Tar = —4[GT T .G~ T [)gr — 2i[GT T (]xs. (2.62)

The matrices 7;, and Tg are respectively Ny x Np and Ng x Ng square matrices,
and 7;g and Tg are respectively N; x Ng and Ng x Ny rectangular matrices. The
matrices 7; and T can be regarded as transmission amplitude of energy with the
mode w, from one reservoir to the other. These matrices appear in the Landauer
formula for the steady state current (2.23). Although the physical meaning of 7T,
and 7Tg, is not very clear, these are closely related to 7, and 7. The relations can be
revealed by using the relation (2.58) iteratively. Through tedious but straightforward
calculations, one finds the following nontrivial relations:

TirTr = To Tk, (2.63)
TreTL = T Tre (2.64)
TriTir = Tr(1 = Tg). (2.65)

TirTre = T (1 = To). (2.66)
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In order to get simple form of the CGF, we need to simplify the determinant of
B in Eq. (2.60). The relations (2.63)—(2.66) play a central role in simplifying the
determinant of B and in deriving the final expression of the CGF. We heuristically
introduce the matrix C:

1Cz
C =
(gct)
Ty
Crr = AkgTrTir + FTLTLR (2.67)
L

Tr
AkBTL

CRR =1+ ( — AkBTL — 1) 7;g + 7;€LTLR = (1 + ) (1 — AkBTLl]}) .

(2.68)

AkBTL

The advantage of introducing the matrix C is that the product BC has a simple form,
and this is useful to simplify det B given by det BC/ det C = det BC/ det Cgg. With
the relations (2.63)—(2.65), one finds the following form for the product

BC 1— AkgT; Tr 0
"\ T Tr (1 585 ) (U= TRRTLTRAG + 1/ ) = 1/ (KsT2))) )

(2.69)
and hence
det(l — AkBTLﬁ)

det(l — A,kBTL,];Q) '
(2.70)

detB = det (1 - ﬁk%TLTRA(A + 1/(kgTg) — 1/(kBTL)))

Now by taking the singular value decomposition of the matrix [(I'7)/2G*
('gr) 1/ 2] Lr it can be shown that 77 and Tg have the same set of non-zero eigenvalues.
Hence det(1 — AkpT;7.) = det(1 — AkpT.Tr) and on using this in Eq. (2.70) we get
the CGF in the large t limit

1 o0
2.71)

One can use either 77 and 7 for the transmission matrix 7 (w), both of which
generate the same values of current cumulants. Note that we so far do not specify
the numbers of sites attached to the left and right reservoirs. Interestingly, the
formula (2.71) is valid even when different numbers of particles are attached to
left and right reservoirs.
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First and second derivatives with respect to A yield the average current described
by the Landauer formula (2.22) and the second cumulants

I = kB(TL —Tr) /

do Tr[T ()], (2.72)

L= ﬁ / dw Tr[Tz(a))(TR — TL)2 + 2T(w)TLTR]. (2.73)
0

Higher order cumulants are also systematically given. One can easily check that
the fluctuation relation symmetry (2.36) is satisfied. As already mentioned, this
symmetry of the CGF implies linear response results (2.34) and further nontrivial
relations such as (2.41) and more generally Eq. (2.38). A Fokker-Planck equation
approach for computing heat current fluctuations in small systems is given in [40,
55] where the validity of fluctuation relations has been discussed. The fluctuation
relation for heat has been experimentally demonstrated [56] and theoretical analysis
of this experiment was made in [57].

2.3.2.2 Quantum Regime

Standard Protocol for the CGF In quantum case, we start with the total Hamilto-
nian (2.1)

H=Hs + HA + Hr + Hgy + Hs . (2.74)
We here consider only one-dimensional harmonic system composed of N particles,
where the first and the Nth particles respectively are attached to the left and right

reservoir. We use reservoir’s Hamiltonian in the normal mode representation. The
left and right reservoir are described as

H;, = Zp%/Zm( + m(a)%x%/z,
l

Hg =Y " p}/2m, + mwlx/2. (2.75)

The coupling Hamiltonian is given by

Hg ==Y Auxex |
¢

Hgg = =Y Axxy . (2.76)
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To calculate fluctuation of heat transfer, one needs to set measurement protocol
for observing heat transfer. Choice of the observation process is not unique and
hence fluctuation of quantum heat transfer is somewhat unclear. This aspect is very
different from classical case. In general, higher order of cumulants of heat transfer
and distribution are affected by quantum observation procedure. We here show the
standard protocol to get the CGF, which satisfies fluctuation relation symmetry.
First we measure subsystems composed of the system, left and right reservoirs.
Let us assume that this measurement makes the wave-function collapse onto the
product state i) = ¢ ® ¢F @ ¢R. Here ¢¥ is the eigenstate of the Hamiltonian
H,, for the eigenvalue €, ;. After this measurement, the total system freely evolves
in time during t. During this time-evolution, heat is transferred from one reservoir
to another. After this free time-evolution, we again observe three parts of systems.
Let us assume that the collapsed wave function is |f) = @7 ® ¢} ® ¢f. For this
process, the probability that heat transferred from the left reservoir to the system is
Q, is given by

Pisp(Q) = 8(Q — (eri — €1)) [{(F1U:1i) (2.77)

where U, is the time evolution operator given by the total Hamiltonian. Iterating
this process for the same initial density matrix, the distribution of Q is defined as

P(Q) = > (il piili)Pisy (Q) - (2.78)
if

Pini 18 the initial density matrix which is assumed to be decoupled form pi,; = pr ®
ps ® pgr where p, = e He/®8T2) /7 (¢ = S, L,R). Then the distribution of heat
transfer is written in simpler form

o0 . .
P(Q) = 2L / dt <eéH—($)fe—iH+(E)r>e—iEQ’ (2.79)
T J—

o0

where Hy (£) = eTEHL/2HeTEMHL/2 The bracket (...) implies taking average over
the initial density matrix pj,; From this we can identify the formal expression of the
CGF

1 i i
uGie) = 1 ln(e;H_(E)re—gH+(f)T>_ (2.80)
T

Derivation of the CGF We now derive a more detailed expression for the CGF
w(i&). Replacing i€ by A in p leads to the CGF, (1), the classical version of which
was already given in the previous subsection. For deriving the quantum version
of the CGF using the expression (2.80), we employ the non-equilibrium Green’s
function technique where the fictitious time along the Keldysh contour depicted in
Fig. 2.1 has crucial roles. Several elemental properties on the Green’s function are
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Fig. 2.1 Schematic picture Uu (+)

of Keldysh contour. A —> i
fictitious time u is defined on : \ tlrpe
(+) and (—) branch. The real (2 /

time for u is ¢

explained in the Appendix. We introduce the modified Hamiltonian H,,

H,(u) = e i WHL  ipHL ,

[ h . )
= Hs+ H — Z Ae 2 (b;e_lhww(u) + b(elhww(u))xl + Hgr,
7 nywy

2.81)

where b and b' are respectively the annihilation and creation bosonic operator for
the harmonic oscillators. The function ¢(u) is defined as

_{&/2 ... (+4) branch
o) = % —£/2 .-+ (=) branch ’ (2.82)

We start with the path-integral expression for the CGF.

ln(e_% /. dun(u)>

p(i€) =

i s

~In / Dx)] / D [{b}. {B}] exp[%Swt ({x.b, 13})], (2.83)

where fc du implies contour-ordered integral along the Keldysh contour and the
action Sy 1S given by

2

Stot ({x, b, l_a}) = / duXT(u)[—A;% —K]X(u)

c

+ 3 be(u) (ihd/du — hoe) be(u) + Y by (u) (ihd/du — hav,) by ()
¥4 r

+ Z Ao 5 (b( (u)x1 (u)e—zhww(u) + xl(u)bg (u)ezhw(p(u))
7 mey

h _
+ Z 2yl Sy, (br W () + 2y (b, W) (2.84)
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By integrating out with respect to reservoir’s degrees of freedom, one gets a reduced
action which contains only system’s degrees of freedom:

(&) o~ In / D[] S (2.85)

S{x}) = / du / duy X" () [g7" (w1 u2) — X (ur, u2)| X(u2) . (2.86)

where!
Xij(ur,uz) = 8i18j1 Xpo(ur, uz) + 8in8jn Xr(ur, uz), (2.87)
2t
— ihwg (p(ur)—@(u2))
ro(ur, u) = % 2mza)gg[(ul’u2)e et =eln)) (2.88)
Zr( ) E A ( ) (2.89)
Ui, ) = Huy, ua) . )
R\UL, U g Zm,a),g 1, U2

Here we used the contour ordered Green’s function where the time evolution is
driven with each part of Hamiltonian

gur,w) = (=i/h) (T X(u) X" () , (2.90)
ge(ur.up) = (—i/h) (T by(ur) bl (u2)) | (2.91)
g u2) = (=i/h) (T by(u) b () . (2.92)
where X(u) = eMs/hxets/h by(u) = eMtpemHi/t and by(u) =

eHrt/hp =iHrt/h and T, is the contour-ordering operator that orders the operators
according to the position on the Keldysh contour (See Appendix).? In real time
representation, the reduced action is then written as follows

7/2 /2 , , ’
s= [ an [ an 3w [ 0 - 5 0 |0 @

oo0/=%
(2.93)
We introduce discrete Fourier expansion
1 o0
X' = - X% (wy)e™" 2.94
0 == X (@e (2.94)

n=—0oo

I'The inverse here implies that it satisfies [, du’g ™" (u, u')g(u/, u”") = 18(u—u""), where 1is N XN
identity matrix.

2For system’s Green’s function g(u;,u,), one can neglect the (+,—) and (—, +) components
which are related to the initial state, since system’s initial state does not affect on the steady state.
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where w, = 2mn/t. Similarly we use the Fourier representation for the other
variables. We define the column vector Y = (x?',xl_,x;' X, ,xf\,',x];)T. Noting
YT (—w,) = Y'(w,) we can express (2.93) using positive Fourier modes

S =2 Y (@)As (@)Y () . (2.95)

n>0
The matrix A¢ is defined as follows

I:Gé_l]l,l’ [Ggl]m’ I:GE_I:II,N—I’ [Ggl]uv

Ag(w) = : : . (2.96)
[GE_I]N,I ’ [Ggl]zv,z’ I:GE_I:IN,N—I ’ I:GE_I:IN,N

where the Green function [Ggl]k,g is 2 x 2 matrix for (k,£) element (k,{ =

. ,N)3
[6:] , = g7 @) — o Eeli(@no. 2.97)
[ el (@) = 81812 X (w,)e ™ Hn/2 1§ vy v X p(wn) .
(2.98)
where o is the z-component of Pauli matrix, i.e., o; = diag(1, —1).
oo’ Azh oo’ o’ o

(57 (@) = 5 Z |81 00 o] @99)

oo’ - oo’ oo
[ZR]7 (wn) = Z 2mr o [ 877 (wn) + 87 °( wn)] . (2.100)

In the limit of ¢ — o0, we can use continuous Fourier mode. We perform the
Gaussian integration and by taking account of normalization u(¢ = 0) = 0, one
can express the CGF with the following formal expression

(2.101)

3The inverse implies that it satisfies Z?’:l [G;Ll [Gelew = S 1, where 1is the 2 X 2 identity

matrix. This is equivalent to AEA;;I = 1, where 1 is the 2N X 2N identity matrix.
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We now simplify the formal expression (2.101). To this end, we note the following
expression derived from Eqgs. (2.97) and (2.98).

N
> [GEILI [Ge=olew = 18k — 81 X [Ge=ol1w . (2.102)
(=1 '
5 o, (1 - ) 5 ()
§ (1 — e ) 5 (@), 0
(2.103)

Using this relation, Ag(a))AE_iO(a)) is written as

Ag@) [ ] @)

1— X [Ge=o]i1, =X {[Ge=0]12, =T ([Ge=o)13, -+, = {[Ge=0]in

0, 1, 0, e 0

0, 0, 0, e 1
(2.104)

Hence the determinant is simplified as
det (Ag(a)) [AE;IO] (a))) = det [1 - zg[(;g:o]l,l]
—ikhw
= 1 - GiyIgGly Iy (1 — e ¥4)

—GR IR Gl DS (1 — ey, (2.105)

where R, A, <, > are the retarded, advanced, lesser, and greater parts in the Green’s
functions (See Appendix).* In deriving Eq. (2.105), we used the relations

Det[Gs—o]11 = -GN G, (2.106)
[Gemol}” =GR 577Gy + Gy B3 Gl (2.107)

4In LEGF method, we use the notation Gt and G~ for the Green’s function. This notation
G1(G™) is equivalent to the advanced (retarded) Green’s function in non-equilibrium Green’s
function approach. See Appendix.
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Thus we arrive at the general expression for the generating function,

w(i&) = _/0 ﬁ In [1 + T (w) I:f(a)7 TR)f (—w, TL)(e—téhw 1)
+ (0, To)f (@, T ™~ 1)]]. (2.108)

Here we used the relations

T(@) = 4|Gy()PIm[Ef ()] Im[Zf ()], (2.109)
T () = 2250 (0)f (£, Ta) (2.110)
I w) = ' 7@ a=LR. @.111)
2
Here [J,(w) is the spectral density of the ath reservoir, J,(w) = (7/2)

> A7/ (2mjw;)8(w — wy) where j = £(r) for @ = L(R).

Comments on the CGF (2.108) Several comments are listed in order. Phonons
convey energy in units /iw and this appears in the exponential form with the factor
i€ in Eq. (2.108). The expression is similar to the CGF for non-interacting electric
conduction [58] It is easily verified that Eq.(2.108) reproduces the correct first
cumulant, given by the Landauer formula (2.22).

n=-L / " doho T @) [f@.Tr) —f(@.T9)] @.112)
2 0

We also note that the fluctuation relation symmetry (2.36) is satisfied. The second
cumulant is given by

4

[e8) 2,2
L= /0 do hzw {Tz(w) [f(@.T0) —f(. Tp)P
T (@)[f(w, T))f (—w, Tg) + f(—o, TL)f (w, TR)]}' (2.113)

This bosonic fluctuation is also similar to the optical one [59]. Significant difference
from the classical case is temperature dependence at low temperatures. Transient
properties in quantum current fluctuation was discussed in [60].

2.4 Explicit Results for Steady State Properties in Ordered
and Disordered Harmonic Crystal

So far we have discussed how one can obtain formal expressions for two-point
correlations and current fluctuations in the non-equilibrium heat-conducting steady
state. These formal expressions typically involve an integral over frequencies, with
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the integrand written in terms of the transmittance function 7 (w). The transmittance
function itself is written as a trace involving the Green’s function of the system
and the dissipation matrices of the bath. In this section we analyze these formal
expressions, for the case of ordered and mass-disordered lattices. It will be shown
how one can obtain explicit results on important and interesting questions such as
the system-size and boundary condition dependence of the heat current and it’s
dependence on dimensionality, on validity of fluctuation theorems and the additivity
principle. In Sect.2.4.1, we will discuss properties of the steady state current, we
briefly discuss temperature profiles in Sect.2.4.2 and finally explicit results on
fluctuations will be discussed in Sect. 2.4.3.

2.4.1 Current

Heat conduction in the ordered harmonic chain was first studied by Rieder,
Lebowitz and Lieb (RLL) [4] and its higher dimensional generalization was
obtained by Nakazawa [61]. They considered classical systems connected to heat
baths described by Gaussian white noise Langevin equations. One can then write
Fokker-Planck equations for the time-evolution of the full phase-space distribution
function of the system. Since the process is linear and the noise Gaussian, it follows
that the steady state solution of the Fokker-Planck equation is a Gaussian. The
approach followed in both the RLL and Nakazawa papers was to show that the
correlation matrix, corresponding to the Gaussian measure, satisfies a linear matrix
equation which can be solved exactly. Thus, a complete solution for the correlation
matrix was obtained and from this one could find both the steady state temperature
profile and the heat current.

In contrast to the RLL approach, the LEGF method, discussed in Sect.2.2,
involved solution of the linear Langevin equations by Fourier transforms. It was
shown that one can again obtain exact formal integral expressions for the steady state
current and the complete set of two point correlation functions for arbitrary systems
of harmonic networks connected to two heat reservoirs. The general expressions
involve non-equilibrium Green’s functions. The advantages of the LEGF method
are: (a) it leads to analytic treatment even for the case of disordered systems and (b)
as we have shown, it is easily extendable to the quantum case. In this section we
will see how the results of RLL and Nakazawa for the ordered case are recovered
from the LEGF method and we will also discuss explicit results for the disordered
and quantum cases.

Even before carrying out a detailed analysis, it is clear that heat transport in a
perfectly ordered harmonic crystal should be “ballistic”’. We expect that the heat
carriers, the phonons should pass through the system without any scattering, except
at the boundaries. Hence the current is expected to be independent of system size
and the conductivity should scale linearly with the linear size of the system. This
case will be discussed in Sect. 2.4.1.2. Even though the conductivity, in such cases,
diverges with system size, the conductance remains finite and is the quantity that
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is measured in experiments. The value of the conductance is fixed by scattering of
phonons at the boundary between heat bath and the system.

It is possible to introduce phonon scattering, while still remaining within the
harmonic approximation. This can be done through introduction of impurities or
disorder into the system and a very interesting question is whether or not one then
obtains diffusive heat transport in this case. In Sect. 2.4.1.3 we discuss the nature of
heat transport in regular lattices, with disorder introduced through random masses.

In Sect.2.4.1.1 we will first define the precise model for which explicit results
have been obtained, and also an outline of the methods used. For simplicity we will
consider here only the case where transverse vibration modes are ignored and the
displacement at each site is described by a scalar variable. Also we restrict to the
case of d-dimensional hypercubic lattices with nearest neighbor interactions. For
our special choice of the harmonic crystal, a lot of simplification is achieved in the
evaluation of the Landauer current formula. We first give the precise definition of
the model and the resulting simplifications that occur for this choice of model.

2.4.1.1 Definition of Model and Transfer Matrix Representation

Let us denote the points on the d-dimensional hyper-cubic lattice by the vector n =

{n1,na,...,ng} withn, = 1,2,...,N. The scalar displacement of a particle at the
lattice site n is given by xy. It is assumed that only the particles on the boundary
layers at n; = 1 and n; = N are coupled to heat reservoirs, at temperatures 77,

and T respectively. Periodic boundary conditions is assumed in the other (d — 1)
directions. We label by {1,n’} and {N,n'}, respectively, the set of sites in the first
and last layers. Consider the following harmonic Hamiltonian for the system:

., k k
Hs = Z Emnxi + Z 5("" —Xnte)” + Z EHX,ZI ; (2.114)
n né n

where € refers to the 2d nearest neighbors of any site. The term with k corresponds
to nearest neighbor particles connected by springs, k;, refers to external harmonic
pinning potential at all sites. For the ordered system, the masses of all particles is
taken to be the same, i.e., m, = m for all n. In Sect.2.4.1.3 we consider a mass
disordered crystal where half of the randomly chosen particles are assigned mass
m + A and the remaining half have mass m — A.

The full system consists of A" = N sites while each of the two boundary layers
(n, = 1 and n; = N) consist of N7 = N¢~! particles, and only these are connected
to heat baths. We further assume that each particle is connected to an independent
bath. Following the results obtained in Sect.2.2, the equations of motion for the
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system is thus given by

00
MpXn = — E k(xn —Xn_;'_é) — knXn + 8n1,1 |:/ dt/o'lf/(l — l/)xn’(l/) + nﬁ/i|
N 00
¢

o0
+ SN [/ dt’olf, (t —xw (F) + nff,} , (2.115)

—0o0

where the dissipative and noise terms are related by the fluctuation dissipation
relation

1
5( Ny (@) 1y (@) + nj (@) g (@) )

hw
2kgT,

h
= 8n’,l’ 8(60 =+ (1)/) Ua((!)) 2— COth( ) , a= L,R s
4

where v (w) = Im[o“(w)]. We define XK to be N~! x N~! diagonal matrices
with oy as the diagonal elements.

Choice of Heat Baths As discussed in Sect.2.2.1, two possible choices of heat
bath are the Ohmic bath and the Rubin model. Here we will mostly discuss the
Ohmic bath example and the Rubin model will be discussed only in the context of
the one-dimensional chain.

For Ohmic baths the following cases will be studied:

(1) Unpinned lattice with fixed boundary condition (BC)—this corresponds to
setting ky, w = 0, for 1 <n; <N, and ky =1 = kny=vw =k #0.

(2) Unpinned lattice with fixed boundary condition (BC)—this corresponds to
setting k, = 0 for 1 <n; <N.

(3) Pinned lattice—this corresponds to setting k, = k, # 0, for 1 <n; <N.

As we will see, the presence of either bulk or boundary pinning can drastically affect
transport properties.
The heat current is given by the general formula

oo

1 dw ho T (o) [f(w,TL) —f(w.TR)] ,

:EO

where the transmission coefficient is 7 () = 4 Tr[GT (w) I L(0) G~ (w) T'g(w) ].
The required Green’s function is given by G* (0) = [-w*M + K — EZ’ - E;‘]_l,
g = ImlX ZR]. For the special case described by the equations of motion in
Eq. (2.115), the various matrices have a simple block structure. This structure can
be used to simplify the analysis. For simplicity we henceforth set the inter-particle



2 Heat Transport in Harmonic Systems 69

spring constant to the value k = 1. The matrices M, K then have the following
structure

M, 0 ... 0 K, -1 0

M= 0 My... 0 K= -1K, ... O ’ 2.116)
0 0...0 0 0 0
0 0 .. My 0 0 .—-1IKy

where M, denotes the diagonal mass-matrix for the n; = n layer, K,, is a force-
constant matrix whose off-diagonal terms correspond to coupling to sites within the
N; = nlayer. The matrix I'is a A/ x N unit matrix, and 0 is a N x A/ matrix with
all elements equal to zero. The matrices X ZR take the form

o0...0 00... 0
r=loo0...0]l.Zf=|00... 0 |. (2.117)
00...0 00...07%

Hence the matrix [GJF]_1 =[-Mow*>+K—-X% Z“ - X IJ{] has the following structure:

a; —02' -1 0 ... 0
—I a —10... 0
Gt = e e , (2.118)
0 N | anN—1 —I
0 ... 0 —I ay—o}
where a; = —M,»? + K;. Now defining v; z = Im[aZR] and with the form of ZZR

given in Eq.(2.117), we find that the expression for the transmission coefficient
reduces to the following form:

T(@) = 4 Tr[v(0)gy (0)vr(w)gy ()] , (2.119)

where g;\," is the (1, N)th block element of G () and gy = [gl'v"]T Thus, we have
a huge simplification, since, instead of N¢ x N matrices, we now have to deal with
N1 x N1 matrices. The Green’s function g;\," can be expressed using recursive
relations and transfer matrix forms. We give an outline of the steps for the one-
dimensional case and state the results for higher-dimensional case.

One Dimensional Case Consider a one-dimensional chain of oscillators with N
sites. From the general Hamiltonian in Eq. (2.114), we have for the one-dimensional
chain

N—

N p2 11 N k
H = 1 + ~An - n2+ _VlZ' 2120
;mn ;2@ ) ; > (2.120)

n=
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The first and last sites are connected to heat baths. In this case, v; and vg are
matrices whose only non-vanishing elements are either the [v.];; = vi(w) and
[vrlvN = vr(w) respectively. Hence, it is clear that the transmission coefficient is
given by

T (@) = 4v (@)vr(@)lgx |, (2.121)

where the {1, N}th matrix element g]'vF = GtN is, in the 1D case, just a complex
number. The matrix Z = [G1]™! is tri-diagonal, with the following structure

aj—o =1 0 0
-1 a -1 0
Z=[G"'= 0 -1 & =1 .. , (2.122)
0 —1 an—1 -1
0 0 —1 ay— a;'

where a, = 2+k,—muw*forl <n <N, a; = 1 +k—mw?, ay = | +ky—myw?.

From the structure of the matrix, and using standard matrix properties, we then
immediately get

1
g]'vF =77\ =— where Ay = Det[Z].
» AN

Let us now define A;,, to be the determinant of the sub-matrix of Z, beginning
with the /th row and column, and ending with the mth row and column. Also let
Z, be the tri-diagonal matrix with of-diagonal elements equal to —1 and the nth
diagonal element equal to a,. We then define Dy, to be the determinant of the sub-
matrix of Zy, beginning with the /th row and column, and ending with the mth row
and column. Using recursion relations such as Ay y = (a; — 0L+ )Ay Ny — Az and
Dy = a1D, y — D3y, it is easy to see that

An(®) = D1y — 0, Doy + 0f Din—1 + 0, 0f Doy

=1 -op) (D‘*N _DI’N“)( 1+) , (2.123)

Dy —Da y—1 oy

where ( Dax —Dewm ):TNTN_l .Ty, with T, = (“’ _I) .
D n—1) =D n—-1) 10

(2.124)

As we will see, this form is crucial in arriving at more explicit results for the ordered
and harmonic chain in one dimensional harmonic chains. We now mention the
generalizations of this form to the higher dimensional case.
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Higher Dimensional Case As shown in [62, 63], the above forms can be general-
ized. One can obtain two possible transfer matrix representations for gf\,' (the crucial
term appearing in the transmission formula Eq. (2.119)).

(1) First Representation: Analogous to the form in Eq.(2.123) for the one-
dimensional case, one can derive the following form

g5 =Dawn —Don 6 —0f Dan—1) + 05 Don-1) 0}

= (I —a,‘@)( Doy —Deaw )( I+) : (2.125)

Dan-1) —Den-1 o,

where ( Doy —Dem ) =TyTy_;...T;, with T; = (al _I)
Dan—1) —Den-1)

Note that in this representation, the system and reservoir contributions are
separated.

(ii) Second Representation: This is particularly useful for numerical computations
and requires evaluating inverses recursively. One has

gy =1 .y (2.127)

The matrices r,,, forn = 1, ..., N, are determined recursively through
r,=c¢,—r, (2.128)
where ¢, = a, — 02'8,[,1 — G;Sn,N and one starts with the initial condition

ry = ¢j.

2.4.1.2 Ordered Harmonic Lattices

We now show how the results of the previous section can be used to calculate the
heat current in ordered harmonic lattices. We will see that exact expressions for the
asymptotic current (N — o00) can be obtained in many cases. We first discuss the
one-dimensional case and then, briefly the extensions to higher dimensions.

One Dimensional Case Heat conduction in the one-dimensional case has been
studied mostly for two models of heat baths which have been discussed in
Sect.2.2.1, and for different bulk and boundary pinning conditions. In the case
where there is no disorder, the current formula can be reduced to a simpler integral
(for large N), which can often be evaluated exactly. This simplification follows from
the fact that the T-matrices in Eq. (2.124) are all identical except at the edges where
boundary conditions induce some difference. As we now show, one can absorb



72 A. Dhar and K. Saito

this difference into the bath coefficients 0L+ , 0;' . Thus, consider the case where all
particles have the same mass m and the pinning terms k, = k, for n # 1, N and

ki = ky = k, + k’. For simplicity we set 0L+ = 0;' = 0. We then write

a—c=ay—0c=1+k +kK—-—mew*—0c=a—¢5,

2

where a =2+ k, —mw*, 6 =c+1—-k .

Following the arguments as used in deriving Eq. (2.123) we get
Ay(®) = D1y —6(Day + Din-1) + 6 Don-1 . (2.129)

Now the matrix Zy has all diagonal elements equal to a and then one easily gets
Dy = sin[g(N + 1)]/sin(g), where the wave-vector ¢ is defined through the
relation

mw* = ko + 2(1 —cosq) . (2.130)

We note that for ¢ € (0, 7), this just corresponds to the spectrum of the ordered
harmonic chain. For w outside the allowed spectrum, i.e. ko/m < w? < (ko+4k)/m,
the variable ¢ is imaginary. In terms of this new variable, the diagonal elements of
the matrix Z, are all equal to 2 cos g. Then from Eq. (2.129) we get after some small
algebra

a(q) sin(Nq) + b(q) cos(Nq)

Ay = o : (2.131)
where a(q) = (1 — &%) cos(q) — 26 ,
b(g) = (1 4+ &%) sin(q) . (2.132)

Generally, the bath phonon spectrum (band-width) will be different from the system
band-width, and for frequencies outside the system band-width the wave-vector g
will be imaginary.

Rubin Bath There is one special case where they have the same spectrum and this
is the case where the bath itself is an extension of the system. If we also set k, = 0
this is then precisely the case where the bath is the Rubin model. We expect perfect
transmission 7 (w) = 1, independent of system size N, and let us see if we can
recover this result. For the Rubin model 0 = e, hence v(w) = sin(g) and, with
kK =1, we get 6 = e . From Eq.(2.131), we then get Ay = —2isin(g)e'?" and
therefore

1
— 2 —
I =4y (a))| el 1. (2.133)
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Therefore the current is given by
1 Wy
1= [ oo . 1) - 0. 7o) @134
T Jo

where w,, = 2/k/m. Assuming a small temperature difference AT = T, — Tk, and
a mean temperature kgT << hw,,, one then gets for the conductance of the wire

G

I k o # 2 hw/(kgT) 22T
A da)( w) ; ¢ ~ "B (2.135)

AT T 27 ), ksT ) [eho/®aD _ 12~ 3h

This is usually referred to as the quantum of thermal conductance [9, 64, 65]. Note
that in the high temperature limit, kgT >> fw,,, the conductance would saturate to
the value G = kpw,,/(27).

Ohmic Bath Now we discuss the more usual scenario where the bath and system
can have different spectral properties. For simplicity we will consider the case of
the Ohmic bath, for which one has 0 = iyw. For imaginary g, Ay(w) grows
exponentially with N and so the transmission coefficient 7 (w) decays exponentially
with N. Hence for large N we need only consider the range 0 < ¢ < m and the
current is given by:

22 (7 do ho

. |An|?

I -
T Jo dq

[f(wqa TL) _f(wq’ TR)]’ (2136)
with ma)g =k, + 2[1 — cos (g)]. Now, one can prove the following result [5, 66]:

lim

= 2.137
Voo Jo T+ ga(q) sinNg ( )

i g1(q) i gi1(q)
dg———— dg——————,
/0 M=—g@1”

where gj(g) and g»(g) are any two well-behaved functions. We the insert
Eq.(2.131), with the Ohmic form of o, in Eq.(2.136). For small AT, we then
get, using Eq. (2.137) in the limit of large N

Kh* (T, — Tr) (7 in? h
1= YRRVL— R (71 ®) q—sm 9 > cosech2< @ ),
AmkgmT? 0 A—SQcosqg 1 2kgT
(2.138)
k, + 2)y? 292
where 4 = 2(1—k)+ k% + & TV d o —20-1)+ 2.
m m

One can see that, in the high temperature classical limit, the above expression gives a
temperature-independent value for the conductance I/ AT. On the other hand, in the
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low temperature (T << #(k/m)'/?/kg) regime, the following behavior is observed
depending on parameter values:

I/AT ~T® for k' =kk,=0 (2.139)
~T for ¥ =0,k,=0 (2.140)
e_hwn/(kBT) ,
’VT for k =0,k0750, (2141)
where w, = (k,/m)'/?. Note that this is different from the Landauer thermal

conductance obtained in Eq. (2.135) for the Rubin model of bath. The difference
comes from the resistance of the contacts which is least for the Rubin model.
In the classical limit kgT >> hw,,, we get

/ yK2kp(T, — Tk) /” sin ¢ dq
Tm 0o A—$2cosq
Kkg(Ty — T,
_ YRks(TL — Tk) 3(52 DA VA= G7), (2.142)
m

For the special case, ¥’ = k = 1 and k, = 0, we recover the result of Rieder et al.

[4]:
kB(TL — TR) v vV 4 ﬂlk
RLL — — = —
I0" = —2)/ [1 + > 2‘/1 + 5 ] where v e (2.143)

In the other case of free ends, i.e. ¥ = 0, one gets the result, first obtained by
Nakazawa [61]:

koy?
k(mk + y2)
(2.144)

k]/kB(TL—TR) A A 4
=T O A 2 e 2T where A =
20mk + 77) [ t273 +x]were

Higher Dimensions It was shown by Nakazawa [61] that the problem of heat
conduction in ordered harmonic lattices in more than one dimension can be reduced
to an effectively one-dimensional problem. We briefly give the arguments here.

As before, let us write n = (n,n’), where n = (ny,n3...ny) represent the
transverse non-conducting direction, with 1 < n < N and for other directions we
take 1 < n, < W. We assume periodic boundary condition in all the transverse
directions. For each of the transverse directions @ = 2, 3, ..., d, we can define a set
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of orthonormal basis functions ¢, (14) such that 2¢,(n) —¢,(n—1) — ¢,(n+ 1) =
2[1 — cos(q)]¢,(n). A possible choice is to set ¢ = 2s7r/W and then take

2\ /2
$y(na) = (W) sin(gng) for —(W/2—1) <s<1

2\ /2
= (W) cos(gng) for —0<s<W/2,

where we have assumed W to be even. We then form the complete ortho-normal
basis @q(n’) = ]_[Z=2 ¢4, (no) and use these to transform to the new set of variables

Xu(@). 0. 18t =Y Ko, 0. 18} Pq() . a=L.R. (2.145)
n/

Applying these to Eq.(2.115), one finds that for each fixed q, X, (q) satisfies an
effective 1D Langevin equation, with independent dissipation and noise terms, and
with the onsite spring constant k, replaced by the effective spring constants

d d
k(@) = ko +2k[d—1=) cos(qa)] =ko+ 4k sin’(qa/2). (2.146)

a=2 a=2

One can then repeat the analysis of the 1D case to get results for the higher
dimensional case. In particular, it is clear that for large system sizes, we will again
get a current density //W9™!, that is independent of the length of the system.

2.4.1.3 Disordered Harmonic Lattices

From the previous section we see that the heat current in an ordered harmonic
lattice is independent of system size (for large systems) and hence transport is
ballistic. This is of course expected since, in a pure harmonic crystal, there is no
mechanism for scattering of the phonons. We now consider the effect of disorder on
heat conduction in a harmonic system. Disorder can be introduced in various ways,
for example by making the masses of the particles random as would be the case in
a isotopically disordered solid, or by making the spring constants random. Here we
discuss only the case of mass-disorder since the important qualitative features do
not seem to vary much with the type of disorder.

It is interesting to look at the history of progress in the understanding of heat
transport in this simple model. The thermal conductivity of disordered harmonic lat-
tices was first investigated by Allen and Ford [67] who, using the Kubo formalism,
obtained an exact expression for the thermal conductivity of a finite chain attached
to infinite reservoirs. From this expression they concluded, erroneously as we now
know, that the thermal conductivity remains finite in the limit of infinite system size.
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Simulations of the disordered lattice were carried out by Payton et al. [68] and from
the restricted small system sizes (N ~ 400) that they could study, a finite thermal
conductivity was obtained.

The first paper to notice anomalous transport and the importance of localization
physics was that by Matsuda and Ishii (MI) [69]. In their important work on the
localization of normal modes in the disordered harmonic chain, MI showed that all
high frequency modes were exponentially localized. They also observed that, for
small w, the localization length in an infinite sample varied as @2, hence normal
modes with frequency X w, have localization length greater than N, and are thus
extended. For a harmonic chain of length N, given the average mass m = (my),
the variance 0> = ((m; — m)?) and inter-particle spring constant k, it was shown
that wy ~ [km/(No?)]'/?. They also evaluated expressions for thermal conductivity
of a finite disordered chain connected to two different bath models (see Sect.2.2.1),
namely (i) white noise baths and (ii) Rubin model. This was treated using the Green-
Kubo formalism of Allen and Ford [67]. They found & = 1/2 in both cases, which,
as we will see is not completely correct. The other two important theoretical papers
on heat conduction in the disordered chain were those by Rubin and Greer [6] who
considered model (ii) and of Casher and Lebowitz [5] who used model (i) for baths.
A lower bound [J] > 1/N'/? was obtained for the disorder averaged current [J] in [6]
who also gave numerical evidence for an exponent ¢ = 1/2. This was later proved
rigorously by Verheggen [70]. On the other hand, for model (i), [5] found a rigorous
bound [J] > 1/N*/? and it was suggested that « = —1/2. This was recently proved
rigorously by Ajanki and Huveneers [71]. The work in [23] gave a unified treatment
of the problem of heat conduction in disordered harmonic chains connected to baths
modeled by generalized Langevin equations and showed that models (i,ii) were two
special cases. In [66] it was pointed out that the difference in exponents obtained
for these two cases is because they effectively correspond to choice of two different
boundary conditions. Model (i) used fixed BC, while model (ii) corresponds to free
BC. These results show that the asymptotic properties of current in the disordered
chain depends on the boundary conditions (fixed or free) and the low-frequency
form of the v(w) (Im[o (w)]).

The extension of these studies to higher dimensions was carried out in [62, 63].
The discussions of this section are based on the framework of these papers. We start
with some phenomenological considerations of the kind of physics we expect in the
presence of disorder. In particular let us discuss the kinetic theory picture and the
phenomenon of Anderson localization of phonons.

(1) Kinetic Theory Picture: For weak disorder one can imagine that the phonons
(of the pure crystal) are weakly scattered, and hence, some sort of kinetic theory
approach might be applicable. The low frequency phonons in particular are less
effected by disorder and the normal modes can approximately be described by
perturbed plane waves. The Rayleigh scattering theory of phonons gives an effective
mean free path {x(w) ~ @@+, for dimensions d > 1. The phonon diffusion
constant is given by D(w) = vlg(w) where v, the sound velocity, can be taken
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to be a constant. For a finite system of linear dimension N we have {x(w) > N
for o ~ wK = N7!/@+D and in this case, the mean free path is basically set by

boundary scattering and so we take D = vN. Kinetic theory then predicts

K= /N—l dop(w)D(w) ,

c @d
~ / dow? "N + / dow®™ vig(w) ~ NYE@HD (2.147)
N ok

—1
where p(w) ~ ! is the density of states and we are considering the classical
limit where the specific heat for each phonon mode is a constant. The divergence
of the phonon mean free path at low frequencies and the resulting divergence of
the thermal conductivity of a disordered harmonic crystal has been discussed in the
literature. For example, in the classic book by Ziman it is argued that, even at low
temperatures, anharmonicity is necessary to make « finite [72, 73].

(i1) Phonon Localization: The kinetic theory picture is expected to be useful in
the limit of weak disorder and also for the description of long-wavelength phonons.
On the other hand, for strong disorder, if we look at the normal mode solutions
of the disordered system, then one expects that these are affected by the physics
of Anderson localization. Anderson localization is a phenomenon that has been
studied in the context of electron transport in the presence of a disordered potential.
However, localization is expected whenever one has linear waves moving in a
disordered media.

In fact the problem of finding the normal modes of the harmonic lattice can be
directly mapped to that of finding the eigenstates of an electron in a disordered
potential (in a tight-binding model, for example) and so we expect the same kind
of physics as in electron localization. To see this, consider the disordered harmonic
lattices in the absence of coupling to reservoirs. The d-dimensional lattice has p =
1,2, ..., N? normal modes and let us denote the displacement field corresponding to
the pth mode by a,(p) and the corresponding eigenvalue by a)[f The normal mode
equation corresponding to the Hamiltonian in Eq. (2.114) is given by:

mawian = (2dk + kn)an —k Y anss . (2.148)
é

where the a, satisfy appropriate boundary conditions. Introducing variables
Ya(p) = m,l,/zan(p), €n = (2d + kn)/mn and ty) = k/ (mymy)'/? for nearest
neighbor sites n, 1, the above equation transforms to the following form:

@, Yn(p) = en¥n(p) = D ma¥i(p) - (2.149)
1
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This has the usual structure of an eigenvalue equation for a single electron moving
in a d-dimensional lattice corresponding to a tight-binding Hamiltonian with nearest
neighbor hopping #,; and on-site energies €,. Note that #,,; and €, are, in general,
correlated random variables, hence the disorder-energy diagram might differ from
that of the usual single band Anderson tight-binding model.

For the case of electrons, by looking at the eigenstates and eigenfunctions of
the isolated system of a single electron in a disordered potential one finds that, in
contrast to the spatially extended Bloch states in periodic potentials, there are now
many eigenfunctions which are exponentially localized in space. It has been shown
rigorously [74-76], that in one dimension (1D), all states are exponentially local-
ized. In two dimensions (2D), there is no proof, but it is believed that again all states
are localized. In three dimensions (3D) there is expected to be a transition from
extended to localized states as the energy is moved towards the band edges [77].
The transition from extended to localized states, which occurs when the disorder is
increased, changes the system from a conductor to an insulator. Analogously, one
finds that the normal mode wave-function of a disordered harmonic crystal show
these same features of exponential localization in space. It is clear that such states
cannot participate in transmission of energy.

One difference between the electron case and the phonon case is that, for the
harmonic crystal,in the absence of an external potential, the translational invariance
of the problem leads to the fact that low frequency modes are not localized and are
effective in transporting energy. Another important difference between the electron
and phonon problems is that electron transport is dominated by electrons near
the Fermi level while in the case of phonons, all frequency phonons participate in
transport. These two differences lead to the fact that the disordered harmonic crystal
in one and two dimensions is not a heat insulator, unlike its electronic counterpart
(except when we introduce an external pinning potential).

The heat current carried by a mode which is localized on a length scale Z,
decays with system length N as e~V/¢. This £ depends on the phonon frequency
and, low frequency modes for which £ ~ N, will therefore be carriers of the heat
current. A renormalization group study of phonon localization in a continuum vector
displacement model was carried out by John et al. [78]. They found that much
of the predictions of the scaling theory of localization for electrons carry over to
the phonon case. Specifically they showed that in one and two dimensions all non-
zero frequency phonons are localized with the low frequency localization length
diverging as £ ~ w2 and ~ e/ o respectively (where ¢ > 0 is some constant).
This means that in 1D, all modes with @ e a)LL = N2 are localized, while in 2D,

all modes with w ~ ok = [log(N)]~'/? are localized. In 3D the prediction is that
there is an a)f_, independent of N, above which all modes are localized.

In summary the discussions above predict a frequency cut-off wX that kinetic
theory predicts, below which we expect the mean free path to be of order system
size, implying ballistic phonons. Localization theory predicts a second cut-off w*
above which we expect states to be localized, implying non-conducting phonons.
We shall use these inputs in the general Landauer heat current formula, to build
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our understanding of the asymptotic behaviour of current with system size. We start
with the one-dimensional case for which a lot of exact results are known.

General Remarks

(1) We will focus here on the classical case—the size-dependence of current is
governed by low frequency phonons, hence, so far as this aspect is concerned,
we expect the same behaviour also in the quantum case.

(2) Disorder is chosen only in the masses of the particles and this is specified by
assigning half of randomly chosen particles to have masses m — A and other
half to have masses m + A.

(3) We will only consider Ohmic baths, where all boundary particles are coupled
to reservoirs with v(w) = yw, and discuss the three situations (see Sect.2.4.1.1
after Eq.(2.115)), corresponding to unpinned lattices with fixed and free
boundary conditions, and pinned lattices.

(4) In discussions on properties of disordered systems, one encounters the phe-
nomenon of self-averaging, whereby it is seen that a single large system is
sufficient to represent the whole ensemble. We will assume that the systems
we study satisfy this property and so the average property is also the typical
property. We then use the following notation for the disorder averaged (denoted
by the symbol [...]) transmission per unit area

[T ()]
T(w) = N (2.150)
(5) We also define the average current density as
I
] (2.151)

= a1

One-Dimensional Disordered Lattice Let us briefly review the understanding
of the boundary condition dependence, of the heat current exponent ¢, for the
one dimensional case. Our model is the one-dimensional Hamiltonian given by
Eq. (2.120).

For any realization of disorder, the current is given by the general expression
Eq. (2.121), with the transmission given by T (w) = 4y’w?|gy (»)|?> where g¥ (w) is
now just a complex number. The disorder averaged transmission is given by T'(w) =
[T (w)]. There are three observations that enable one to determine the asymptotic
system size dependence of the current. These are:

(i) Ay = [gf\,']_l, given by Egs. (2.125), (2.126) is a complex number which
can be expressed in terms of the product of N random 2 x 2 matrices. From
a theorem due to Furstenberg [79], it follows that for almost all disorder
realizations, the large N behaviour of Ay, for fixed @ > 0, is |Ay| ~ €?V*”,
where b > 0 is a constant. Since T(w) ~ |Ay|™ ~ e~2N¢ this implies that
transmission is significant only for low frequencies w R w:(N) ~ 1 /N2 The

current is therefore dominated by the small @ behaviour of T'(w).
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Fig. 2.2 1D unpinned case with both free and fixed (inset) boundary conditions: plot of the
disorder averaged transmission T(w) versus w for A = 0.4. The various curves (from top to
bottom) correspond to lattices of sizes N = 64,256, 1024 respectively (from [62])

(i1) The second observation is that the transmission for @ < w.(N) is ballistic in
the sense that 7'(w) is insensitive to the disorder.

(iii) The final important observation is that the form of the prefactors of e
in T(w) for o < w.(N) depends strongly on boundary conditions and bath
properties. For the white noise Langevin baths one finds T'(w) ~ w?e™*N ©* for
fixed BC and T(w) ~ ©%¢~"¥* for free BC. This difference arises because of
the scattering of long wavelength modes by the boundary pinning potentials.
With these form of T'(w), one can perform the integral over w, to arrive at the
conclusion that J ~ N~3/2 for fixed BC and J ~ N~'/2 for free BC. In the
presence of a pinning potential the low-frequency modes are suppressed and
one obtains a heat insulator with J ~ ¢~V with ¢ a constant.

—bNw?

In Fig.2.2 we plot numerical results showing 7'(w) for the 1D binary mass-
disordered lattice with both fixed and free boundary conditions. One can clearly
see the various features discussed above, namely the dependence of frequency cut-
off on system size and the dependence of form of T(w) on boundary conditions.
In Fig. 2.3 we plot results for size dependence of J, obtained in [66] from a direct
numerical evaluation of the Landauer formula. The computations were done for
white noise baths and Rubin baths, and for two different BCs. We see the expected
dependence of @ on BCs, and no dependence on baths (note that this is because both
baths have v(w) ~ w for v — 0)

Higher Dimensional Disordered Harmonic Lattice One can extend the analysis
of the 1D case to higher dimensions, using inputs from kinetic theory and the
theory of phonon localization. The main point of the arguments involves the
assumption that normal modes can be classified as ballistic, diffusive or localized.
Using localization theory one can estimate the frequency region where states are
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Fig. 2.3 Plot of [J] versus N for free and fixed boundary conditions. Results are given for both
(a) white noise baths and (b) Rubin model. The two straight lines correspond to the asymptotic
expected forms J ~ N'~% with @ = 1/2 (free BC) and @ = —1/2 (fixed BC). Parameters used
werem =1, A=05 k=1, y=1,T, =2,Tf = 1 and k, = 1 (from [66])

localized. The lowest frequency states with w — 0 will be ballistic and one can use
kinetic theory to determine the fraction of extended states which are ballistic. The
assumption is that at sufficiently low frequencies the effective disorder is weak (even
when the mass variance A is large) and one can use kinetic theory. Corresponding to
the three observations made above for the 1D case, one can now make the following
arguments:

(1) From localization theory one expects all fixed non-zero frequency states in a 2D
disordered system to be localized when the size of the system goes to infinity.
As discussed in Sect.2.4.1.3 localization theory gives us a frequency cut-off
wF = (InN)~'/2 in 2D above which states are localized. In 3D one obtains a
finite frequency cut-off w’ independent of system size above which states are
localized.
(2) For the unpinned case with finite N, there will exist low frequency states below
a)CL, in both 2D and 3D, which are extended states. These states are either
diffusive or ballistic. Ballistic modes are insensitive to the disorder and their
transmission coefficient are almost the same as for the ordered case. To find the
frequency cut-off, below which states are ballistic, one can use kinetic theory
results. For the low-frequency extended states we expect kinetic theory to be
reliable and this gives us a mean free path for phonons £x ~ @~@+V. This

means that for low frequencies w ~ w¥ = N~1/@+D we have £x(w) > N and
phonons transmit ballistically. We now proceed to calculate the contribution of
these ballistic modes to the total current. This can be obtained by looking at the
small @ form of T(w) for the ordered lattice.

(3) For the ordered lattice, T'(w) is typically a highly oscillatory function, with the

oscillations increasing with system size. An effective transmission coefficient in



82 A. Dhar and K. Saito

the N — oo limit can be obtained by considering the integrated transmission.
This asymptotic effective low-frequency form of T'(w), for the ordered lattice
can be calculated using methods described in [80] and is given by:

T(w) ~ 0,  fixed BC

T(w) ~ 0!, free BC, (2.152)

the result being valid ford = 1,2, 3.

Using the above arguments we then get the ballistic contribution to the total
current density (for the unpinned case) as:

K

e d+1 1
Jball ~ /0 do w ~ Im s fixed BC,
wK
[~ L e BC (2.153)
o Nd/@+D) : :

We can now make predictions for the asymptotic system size dependence of total
current density in two and three dimensions.

Two Dimensions From localization theory one expects that all finite frequency
modes w ~ wE = (In N)~'/2 are localized and their contribution to the total current
falls exponentially with system size. Our kinetic theory arguments show that the low
frequency extended states, with 0¥ <~ @ <~ w! are diffusive (where 0¥ = N~!/3),
while the remaining modes with @ ~ wX are ballistic. The diffusive contribution
to total current will then scale as Jg ~ (InN)~'/2N~!. The ballistic contribution
depends on BCs and is given by Eq. (2.153). This gives Jyu ~ N~*/3 for fixed BC
and Jou1 ~ N72/3 for free BC. Hence, adding all the different contributions, we
conclude that asymptotically:

1
J'\'m, ﬁXedBC,dZZ,
1
~ e free BC.d=2. (2.154)

In the presence of an onsite pinning potential at all sites the low frequency modes
get cut off and all the remaining states are localized, hence we expect:

J~e N, pinned, d =2, (2.155)

where b is some positive constant.

Three-Dimensions In this case localization theory tells us that modes with » ~ ok
are localized and ! is independent of N. From kinetic theory we find that the
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extended states with X < @ <~ ! are diffusive (with X = N~'/*) and those
with 0 ~ wX are ballistic. The contribution to current from diffusive modes scales

as Jgf ~ N~'. The ballistic contribution (from states with o I NV %) is obtained
from Eq. (2.153) and gives Jya ~ N—3/* for fixed BC and Jiy; ~ N~%/* for free BC.
Hence, adding all contributions, we conclude that asymptotically:

1
J~ =, fixed BC, d =3,
N

1
~ N free BC, d=3. (2.156)
In the presence of an onsite pinning potential at all sites the low frequency modes
get cut off and, since in this case the remaining states form bands of diffusive and
localized states, hence we expect:

1
J ~ N pinned , d = 3. (2.157)

Thus in 3D both the unpinned lattice with fixed boundary conditions and the pinned
lattice are expected to show Fourier type of behaviour as far as the system size
dependence of the current is considered.

Note that for free BC, the prediction for the current contribution from the ballistic
partJyay ~ N —d/(d+1) 5 identical to that from kinetic theory, Eq. (2.147). The kinetic
theory argument is independent of BCs and the agreement with free BCs can be
traced to the small @ form of T'(w) ~ w® ! (see Eq. (2.152)) being identical to the
form of the density of states p(w) used in the kinetic theory formula. On the other
hand, for fixed BCs the form of T(w) and p(w) are different. However it seems
reasonable to expect that, since the transport current phonons are injected at the
boundaries, in kinetic theory one needs to use the local density of states evaluated at
the boundaries. For fixed BC this will then give rise to an extra factor of w? (from the
squared wave-function) and then the kinetic theory prediction matches with those
given above.

Results from Numerics and Simulations In [62, 63], numerical calculations
and simulations were done to check the above heuristic predictions. The authors
considered heat transport across harmonic mass-disordered lattices in two and three
dimensions. Slabs of dimensions N x W (in 2D) and N x W x W (in 3D), with
W < N, were studied and the heat current was evaluated from the Landauer
formula using the transfer matrix approach (see Sect.2.4.1.1). They computed the
current for 2D and 3D mass-disordered lattices for different boundary conditions,
and for the unpinned and pinned lattice. Various other non-equilibrium quantities
such as transmission coefficients, heat current density and temperature profiles were
evaluated.

In addition some properties of the normal modes of the isolated system were
also examined, such as density of states and inverse participation ratios (IPR). All
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eigenvalues and eigenstates of Eq.(2.148) were numerically evaluated for finite
cubic lattices. The degree of localization of a given mode was measured via the
inverse participation ratio (IPR), defined as follows:

4

a
pl=_£f&nn_ (2.158)

(Cnan)?
For a completely localized state, i.e. an = Snn,> P! takes the value 1. On the

other hand for a completely delocalized state, for which a, = N~%?¢™4 where
q is a wave vector, P~! takes the value N~¢. Another useful characterization of
the disorder system is obtained from the density of states, p(w), of the disordered
system defined by:

p@) = 8w, — ). (2.159)
P

We summarize here some of the main conclusions of Kundu et al. [62, 63].

Average Current The numerical results for the size-dependence of current, in
two and three dimensional systems, are shown in Figs.2.4 and 2.5. The results for
system-size dependence for the various cases, and their comparison with the theory
are summarized in Table 2.1. We see that for the pinned system, the theoretical
predictions of insulating (2D) and diffusive (3D) transport seem to be validated.
For the un-pinned case, the 2D system shows significant difference for different
BCs but the expected size-dependence is not observed. For the 3D unpinned case
both the free and fixed BCs give a size-dependence in accordance to kinetic theory
prediction. It is possible that one needs to go to larger system sizes to see the true
scaling limit.

0.1 T T
. S <—o Free BC
~_ E =—a Fixed BC

0.01 L

i

0.001

64

s
IS
=

Fig. 2.4 Plot of the N-dependence of disorder averaged current J in two dimensions. The inset
shows result for pinned case. For free BC A = 0.8 and for fixed BC A = 0.95. For pinned case
A = 0.4,k, = 10.0. Error bars show standard deviations due to sample-to-sample fluctuations
and are very small except in the 2D pinned case (from [63])
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Fig. 2.5 Plot of the N-dependence of disorder averaged current J in three dimensions. For all cases
A = 0.8 and for pinned case k, = 10.0. Error bars show standard deviations due to sample-to-
sample fluctuations and are very small except in the 2D pinned case (from [63])

Table 2.1 Numerical results obtained in [63], for size-dependence of heat current in two and three
dimensional mass-disordered harmonic lattices, are compared with the analytical predictions

d=2 d=3

Analytical Numerical Analytical Numerical
Pinned exp (—bN) N7 N1 NTLO
Fixed N—l (1[1 N)—I/Z N_0‘75 N—l N_0‘75
Free N—2/3 N_0‘6 N—3/4 N_O‘ﬂ

The errors bar for the numerically obtained exponent values were estimated to be of the order
+0.02

A clearer understanding of the nature of heat transport is obtained by looking at
the detailed form of the phonon transmission function 7 (w) and also the properties
of the normal modes. We present here some of the typical results obtained in [63]
for the case of the unpinned lattice with fixed boundary conditions. The reader is
referred to [62, 63] for further detail of other cases.

The N-dependence of the disorder-averaged phonon transmission coefficient
T(w) = [Tw(w)]/N" sheds additional light on the nature of phonons in different
frequency regions. In Figs. 2.6 and 2.7 we plot the frequency dependence of T'(w) for
different system sizes. The size-independence of T(w) at a given frequency implies
ballistic transmission. On the other hand, diffusive transmission implies T(w) ~
N~! hence to see the diffusive frequencies, we also plot NT(w). Also shown in
Figs.2.6 and 2.7 are the phonon density of states and the inverse participation
(IPR) ratio, which are obtained from the normal modes of the isolated system (see
Egs. (2.158) and (2.159)). The inferences that we can draw from these plots can be
summarized as follows:

(a) The density of states tells us the about the allowed range of phonon modes in
the system. We see that both in the 2D and 3D cases the allowed modes fall into
two bands. In the figure we also show the corresponding phonon bands for the
case where the two masses are arranged periodically, in which case the modes
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Fig. 2.6 2D unpinned N x N lattice, with fixed BC, for A = 0.95. (a) Plot of the disorder averaged
transmission 7'(w) versus w. The dashed line here indicates the ballistic range where T(w) ~ N°.
(b) Plot of NT(w). The range of diffusive frequencies [T(w) ~ 1/N] is indicated by the dashed
line. (c¢) Plot of p(w) for the ordered binary mass system, and a single disordered sample. (d)
Plot of N2P~! for single sample (smoothed data). We see that, even though the allowed normal
modes occur over a large frequency band ~ (0 — 12), transmission takes place in the small band
A (0 — 1.25) and is negligible elsewhere. Non-collapse of the IPR plots for different N in (d)
indicate localized states. This confirms that the non-transmitting states correspond to localized
modes. In (a) we see that a)f is slowly decreasing with increase of N (from [63])

are basically plane-waves. In the presence of disorder the phonon bands show
significant broadening, in comparison with the ordered lattice.

(b) The IPR, calculated for each normal mode, tells us whether the mode is
localized or extended. The size-dependence P~' ~ 1/N¢~! implies extended
states. For the 2D case in Fig. 2.6 we see that all modes in the high-» band, and
also a significant fraction of the lower band, are localized. This is consistent
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Fig. 2.7 3D unpinned N X N X N lattice, with fixed BC, for A = 0.8. (a) Plot of the disorder
averaged transmission 7T'(w) versus w. (b) Plot of NT(w). The diffusive frequencies, for which
T(w) ~ 1/N, are indicated by the dashed line. (¢) Plot of p(w) for the ordered binary mass
system, and a single disordered sample. (d) Plot of N>P~! for single sample (smoothed data).
We see that, that in the 3D case, there is a small fraction of localized frequencies which occur in
the band edges. Non-collapse of the IPR plots for different N in (d) indicate localized states and
confirms their location at the band-edges (from [63])

with our expectation that in 2D (as also in 1D), for large enough system sizes,
almost all modes are localized except at the lowest frequencies. Figure 2.8
shows typical examples of extended and localized normal modes. Note that the
extended state has a random structure and is very different from a plane wave.
For the 3D case in Fig.2.7) we see that both bands contain a large number of
extended states, with a small fraction of localized states at the band edges.
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Fig. 2.8 2D unpinned 64 X 64 lattice, with fixed BC, for A = 0.8: Two typical normal mode
amplitudes are shown, one for a small value of P~ (left) and the other for a large value of P!
(right) (from [62])

(c) The plot of T(w) show a significant transmission only over the frequency ranges
corresponding to extended modes, providing further confirmation on the range
of frequencies where modes are localized. At small frequencies we see that
transmission is independent of system size and these are the ballistic modes.
We expect T(w) ~ N~! for the diffusive modes and hence, by plotting NT(w),
we can identify the set of diffusive sets. In Fig. 2.6 we see that in 2D the modes
in the upper edge of the transmitting band is diffusive. It is difficult to verify the
predictions (see discussions above) that modes in the range 0¥ < o < wF are
diffusive, and the size-dependences of the two cut-off frequencies. In Fig.2.7
for the 3D case, we see again that the localized states (seen from the IPR
plot) show negligible transmission. The extended states in the high-w band
show diffusive property while the modes near zero-frequency show ballistic
behaviour. We see that the mode properties are somewhat different from the
analytic predictions, in particular, from the current system sizes that have been
studied, it is difficult to see the size-dependence of wX . As expected, at small
frequencies we roughly find T(w) ~ %!, which is the behaviour for the
ordered system.

Convergence to 3D Value for Rectangular Slabs What happens if, instead of a
cubic sample, we consider a rectangular slab of dimensions NxW xW, with W < N?
Results in [62] showed that there is a quick convergence of the current density, to the
fully 3D value (for W = N), as we increase the ratio W/N. This point can be seen
in Fig. 2.9 where results from non-equilibrium simulations show the dependence of
the current densities on the ratio W < N.

2.4.2 Temperature Profiles

It is common (for the classical system) to define the local temperature at a site n
through the relation kg Ty, = my, (xlzl) The temperature profile in the ordered classical
harmonic lattices has been obtained exactly [4]. One finds that, for large system size
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and for equal system-bath coupling of system at the two ends, the temperature in
the bulk of the system is given by (7, 4+ Tg)/2. Further understanding of this result
is obtained if we decompose the local temperature as a sum over contributions from
different normal modes. For a one-dimensional and, in the limit of weak coupling,
this normal-mode analysis was carried out in [2, 69].

This analysis has also been in done the quantum mechanical case [24], again for
the special case of weak coupling to reservoirs and we present this discussion. In the
limit of weak system-bath coupling we can write the temperature profile in terms of
the normal modes of the system. For simplicity, let us consider the one-dimensional
chain in the quantum case for the case of Ohmic baths with coupling constants y;,
and yg at the two ends. From the results obtained in [24], we can write the following
form for the local kinetic energy:

<P_12>=mlza2(p) ] (2.160)
2my — 2 [ '

where ;(p) denotes the pth normal mode eigenfunction, defined in Eq. (2.148),
P, denotes normal mode momenta, and (Pg /2) = e, denotes the average kinetic
energy of a normal mode in contact with two reservoirs. This is given by a weighted
average of contributions from the two reservoirs:

ha, ha, ha, haw,
= —=cot —=cot 2.161
ep = aL(p) 7 (2kBTL)+ocR(p) R Cya (2.161)

yrai(p)?
yrai(p)? + yran(p)?’

yran(p)?
yrai(p)? + yran(p)?

where ar(p) =

ar(p) = (2.162)
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From the local kinetic energy, one can then define an effective local temperature,
based on what one gets in equilibrium. The high temperature limit of the above
equation gives the effective local temperature as

1
T, = o Zdzz(l’) lor(p)TL + ar(p)TR] , (2.163)
p

which is the result given in [2, 69] (for Y, = yr). For the ordered chain, the
wave functions at the boundaries are equal a;(p) = ay(p), hence, using the
normalization of the wave-functions, we get

_ viTL + YrTR

T,
YL+ Yr

(2.164)

This gives the well-known result 7; = (T + Tg)/2 for the case of equal coupling.
Finally let us discuss temperature profiles for the case of disordered profiles.
This is very difficult to obtain numerically in one-dimensional systems, since most
of the modes are localized and it takes exponentially large (in system size) times
to equilibrate them. Here we show some numerical results obtained for the case
of the 3D disordered crystal discussed in the last section. This seems to show
a linear temperature profile. Again one can define the local temperature at each
site n through the relation kg7, = mn()'(ﬁ). We expect small fluctuations in a
layer transverse to the heat-conduction direction and so it is useful to study the
temperature-profile in the conduction direction through 7; = (1/N9"1) Y, T;w.
In Fig. 2.10 we show the temperature profile, obtained from simulations of a single
disorder realization, for lattices of different sizes and with A = 0.2. The jumps
at the boundaries again indicate that the asymptotic system size limit has not been
reached even at the largest size. For strong disorder, when a significant fraction of
the states are localized, the localized modes are difficult to equilibrate. Thus, steady

Fig. 2.10 3D unpinned case
with fixed BC for A = 0.2.
Plot of temperature profile 7;
in a single disorder
realization for different
system sizes. The plots are
from simulations (from [62])

[T,
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state temperature profiles (especially in 1D and 2D systems) become difficult to
obtain from simulations or numerics and the true form of the temperature profile, in
these cases, is an open problem. Temperature profiles in quantum mechanical chains
have been investigated in [16, 81].

2.4.3 Fluctuation

As already discussed in the previous sections, the 3D crystal can exhibit different
type of transport properties, which can be seen from studies of the average current.
Here we discuss how this is manifested in current fluctuations, and study its
dependence on different classes of transport [51]. We consider fluctuations of heat
transfer by looking at the cumulant generating function (CGF) for the classical
harmonic crystal defined in Eq. (2.114). We write again the Hamiltonian in a slightly
more explicit form as

1 k ko K
H = sznxi"_zz(xn_xn-l—é)z-’_ 52')([21 + EZ(X%’“/ +x12\7,n/)’
n n,é n o
(2.165)

where disordered masses are taken as my, = 1 — A or 1 + A. Lattices of dimensions
N xW? are considered with white noise Langevin heat baths connected to the surface
particles. As already derived, the average current / = (Q)/t in the harmonic crystal
is given by a Landauer formula Eq. (2.22) and this gives the following expression
for the size-dependent thermal conductivity defined as

I/W? N
K = = —
AT/N ~ 27 W2

/00 do Ti[T (w)], (2.166)
0

where T () is the transmission matrix which describes transmission of phonons
emitted from a site on one face attached to a reservoir to a site on another face, and
is a W? x W? matrix. We now characterize the properties of current fluctuations,
beyond linear response, in different transport regimes characterized by the size-
dependence in the thermal conductance:

Kk o N . (2.167)

As seen in Sect.2.4.1.3, in 3D disordered systems without pinning potentials
(k, = 0), low-frequency extended modes with diverging phonon mean-free-paths
exist and lead to anomalous transport. However, a pinning potential removes these
modes and transport is then governed by the high-frequency extended diffusive
modes. Hence, a 3D disordered pinned crystal shows diffusive heat conduction.
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Fig. 2.11 The size-dependent thermal conductivity « for (A, k,) = (a) (0,0), (b) (0.22,9.0),
and (c) (0.82,0). For sufficiently large W we see respectively (a) ballistic (¢ = 1), (b) diffusive
(¢ = 0), and (c¢) anomalous transport(e ~ 0.23). Each data-point is obtained from simulations
by solving the Langevin equation, while the black dotted line is given by Eq. (2.166) for largest W
(from [51])

The following three parameter sets were chosen [51] for achieving the different
regimes:

(a) ordered unpinned lattice (A = 0, k, = 0) for ballistic transport (¢ = 1)

(b) disordered pinned lattice (A = 0.22, k, = 9.0) for diffusive transport (@ = 0)

(c) disordered unpinned lattice (A = 0.82,k, = 0) for anomalous transport
O<a<l

We first show the numerical demonstration that the different transport regimes
are realized for the above choices. We show the size-dependence of thermal
conductivity in Fig. 2.11. The average heat current was calculated from Eq. (2.166)
by using the transfer matrix techniques, described in Sect.2.4.1.1, to evaluate the
transmission matrix 7 (w). Each point in Fig.2.11 is for one disorder realization
and the parameters were chosenas y = 1,7y = 2.0, and T = 1.0. From Fig.2.11a
we see that « is independent of width and diverges linearly with N implying ballistic
transport. On the other hand in Fig. 2.11b, c, we see that for small W, k decreases for
increasing N. This implies the emergence of phonon localization since the system
is quasi-one dimensional. For increasing W with fixed N, the data converges to
a constant value, which implies the self-averaging effect in disordered systems.
Hence, one can get precise 3D behavior for sufficiently large W. Figure 2.11b shows
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diffusive transport (¢ = 0) for sufficiently large W and N, while Fig.2.11c shows
anomalous behavior with systematic power law divergence (¢ ~ 0.23). These
results are similar and consistent with those discussed in the previous section.

In the following sections, we look at current fluctuation for the cases (a)—(c) and
discuss the validity of the additivity principle. Recall that the expression for the full
CGF of the harmonic crystal can be obtained in terms of 7 (w) and is given by (see
Sect.2.3)

pac) = = [ S2Tr0g[ 1= T@IR LT G+ 1/GaTi) — 1/ GaT1)) |
(2.168)

For the case of the ordered crystal, a simpler expression can be obtained and we
first discuss this in Sect.2.4.3.1. In Sect.2.4.3.2, we derive a closed expression for
the CGF, assuming the validity of the additivity principle. This expression depends
on the system properties only through the conductivity «. Finally in Sect. 2.4.3.3 we
numerically evaluate the CGF in all three transport regimes and compare with the
AP prediction.

2.4.3.1 The CGF of the Ordered Harmonic Crystal

We here give a simplified expression of pgc(A) for ordered harmonic crystal
(A = 0). The simplified expression for pgc(4) is computationally much simpler
to evaluate than using the recursive Green’s function technique for solving the
CGEF. We follow the approach, discussed in Sect.2.4.1.2 to first make a change of
variables (see Eq.(2.145)), to reduce the dynamics to that of a collection of W?
independent one-dimensional chains, each evolving with its independent Langevin
dynamics. The independent chains are labeled by a mode-index q = 27m/W,
where m = (m2,m3) are integers with allowed values between —W/2 to W/2.
Each chain differs by having an effective onsite spring constant, k,(q), given by
Eq. (2.146). To use the results of Sect.2.4.1.2, we need to set o0 (w) = iyw and
K=k=1.

The total heat Q is a sum of the heat carried by each chain, and hence the 3D
CGF p(A) is a sum of the CGF of each of the 1D systems. For a 1D chain, the
transmission matrix is a number, and for the m-mode

T™ = 4y%0?|G ™ 2. (2.169)

with the Green’s function given by the inverse of a tri-diagonal matrix
(see below Eq.(2.121)) The expression of Gfl\(,m) is readily obtained, using
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Egs. (2.129)—(2.131). We finally get the following explicit formula of wmc(A)
for the ordered 3D harmonic crystal:

MHC(M‘AzO

1 o0 4y’ w? sin? 6, 1 1
=—— dwl [1——TTA A — — — ]
271;/0 o [Aa? ( " ke kBTL)

(2.170)

2 + ko — @?
where cos 6, = sl +2 [sin2 (_erz) + sin’ (_7'[1713 )] ,

Am = (1 - )/20)2) coS Oy — Ziya)] sin(N6y)

+ (1 + )/20)2) sin 6,, cos(NOy,) .

2.4.3.2 Explicit Expression of the Additivity Principle

We now derive an explicit expression for the CGF, using the additivity principle
(AP) (see Eq.(2.45)). The AP is derived assuming time-independence of tempera-
ture and current fields in the macroscopic fluctuation theory (MFT) (see Eq. (2.43)).
In the harmonic crystal, the thermal conductivity, «, is temperature independent,
and hence we can derive a simpler expression. Note also that, in general, we expect
k for the harmonic crystal to be size-dependent, and so we are here making the
assumption that the AP is still applicable. Indeed, in the next section, by comparing
with the exact numerical results, we will try to verify this assumption. We here use
the inverse temperature 8, = 1/(kgTy,).

We think of the regime —8g < A < B.. The AP states that the large deviation
function (LDF) for the system with the size N is given by Bodineau and Derrida
[47]

[Nq 4 /Z(T)%f)]z
AT°(T)

)

1 1
Fn(g, T, Tg) = min — dx
~n(g. Tr, Tr) T(x)N/O
(2.171)

where & (T) = W2k (T). The variational problem in Eq. (2.171) is reduced to finding
the optimal profile T'(x) satisfying

2 2 2R
(dT(x)) _ (Ng)* [1 + 4KT%(T)] (2.172)

dx 72(T) ’

where the function K is determined from the boundary condition 7(0) = T, and
T(1) = Tg. From now on, we consider the case of temperature-independent thermal
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conductivity K (T) = ik, which is the case for harmonic crystals. The CGF is given
by the Legendre transformation:

Hap(A) = max [gA — Fn(q, T1, Tr)] .- (2.173)

Suppose T;, > Ty and the deviations are not too large so that the optimal profile
remains monotonic. Then

dT(x) _ —Ng+/1+ 4KT?%

dx K

(2.174)

In this case, from the Legendre transformation, the CGF is given by Eq. (2.45)

K TL K 2
() = ——[/ dT—] , (2.175)
Har NLr, © T+ aKTR
noo 1
A:/ AT — [ ——— _1]. 2.176
Tk 2T2[¢1 + 4KT?k ] ( )

This expression is valid for A <A < A4 where A+ = (B, — Br £ /B — BP)/2.
To go beyond this regime of A, we consider a non-monotonic optimal profile given
by

dT(x) :l:Nq—VH'gKTZ’? 0<x<ux, 2.177)
dx | FNgHETE -y <x <1, .

where x, satisfies dT(x.)/dx = 0 implying 1 + 4K&T?(x.) = 0. In these cases, the
CGF is given by

_K T(Xc) T(xc) 2
) [ / / ] L (2178)
mr® =l ), T ATk 41<T2 I Tt 4KT2
T(x(‘) 1
A= / dT—[l + —]
T 217 V1 + 4KT%k
T(xc) 1 1
+ dT— [—1 + —] . (2.179)
/TR 272 V1 + 4KT?k

These expressions are valid for the regime Ay < A < fpand —fg < A < A_,
respectively.
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Simplifying Egs. (2.175), (2.176), (2.178) and (2.179) is straightforward. By
evaluating the integrations we get the following explicit expressions:

_LN[ (,/1+4;«KT2 ,/4KKTZ):| <A<y,
J1+4RKT2 4 /4K KT2 -

- 2
do[7— O+ o0)] o PREASA- or Ap A< P,

pap(d) = (2.180)

where 6, (¢ = L, R) is given by

cosfy = /1 +4KKT2, sinb, = /4k |[K|T2. (2.181)

The function K is given by

2_ B2 2
K1 = e[ g2 20+ (525 2 ) |
(2.182)

2.4.3.3 Numerical Calculation of the CGF for the Disordered Harmonic
Crystals

We now show the results for current fluctuation by direct numerical evaluation of
Eq. (2.168). One of the universal properties of current fluctuations which is expected
to be valid irrespective of «, is the fluctuation relation. Indeed, it can be checked
directly that both pgc(A) in Eq.(2.168) and uap(A) exactly satisfy the fluctuation
relation symmetry. Here we explore the validity of the macroscopic fluctuation
theory (MFT) and especially its specific property, the additivity principle (AP),
which were originally proposed for one-dimensional diffusive systems (¢ = 0)
(Sect.2.3). We will now compare the additivity principle prediction from pap(A4)
(in last section) with the numerical result for ugc(4) from Eq. (2.168).

We note that for a 3D disordered crystal the heat current depends on the
particular realization of disorder, however for large N and W there is self-averaging,
and sample-to-sample fluctuations become very small. Hence for a fixed disorder
strength we get a unique current and « from Eq. (2.166). This value of « is then used
to get pap(A). This is then compared with pgc(R).

We now present results comparing pap(A) with ugc(d) in the three different
regimes. In these computations, the parameters were setas y = 1.0, 7, = 2.0, T =
0.25. The length was fixed at N = 128 and the dependence of results on width W
was studied. The results for ballistic, diffusive, and anomalous cases are shown in
Fig.2.12a, b, and c respectively. For ballistic case (a), we see deviations from AP
curve irrespective of W as expected. On the other hand, in Fig. 2.12b, we see that
the agreement between pap(A) and pgc(A) improves for increasing W. For small W
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Fig. 2.12 Comparison of the numerically evaluated CGF ppyc(A) (points) for a 3D harmonic
crystal and the AP predicted curve usp(A) for N = 128 and different widths. System parameters
are the same as in Fig.2.11 with T;, = 2.0 and Tz = 0.25 . The black dotted line is a quadratic
fit to upc(A) for the largest W. The range of A is (—fk, Br). Results for the cases (a)-(c) are
respectively given in (a)—(c) (from [51])

where localization effect is dominant, there are clear deviations from the AP curve.
For other cases with larger temperature differences, good agreement with the AP
was obtained, for sufficiently large system size [51].

The degree of agreement seen in Fig.2.12 is now quantitatively discussed. We
define the following quantity

prc(A*) — prap(A*)

§ =
rc(A*)

, A*=—(Br—Br)/2. (2.183)
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where A* is the value of A which minimizes puap(A). As seen in Fig.2.12, the
deviation becomes maximum at the minimum value of the CGF. Hence, the function
8 quantitatively estimates the degree of discrepancy. In Fig.2.13, we show § as a
function of W for the three cases in 3D. Systematic approach to the AP is seen on
increasing W for both diffusive and anomalous cases. As discussed in Sect.2.4.1.3
harmonic lattices in 1D and 2D can show diverging thermal conductivity . Then, one
may ask if low dimensional anomalous transport satisfies AP or not.

We briefly discuss some of the results for low dimensional harmonic systems
obtained in [51]. In the inset of Fig.2.13, 1D and 2D results for § are shown. These
correspond to system sizes N for 1D and NxN for 2D with open boundary condition,
and hence, the x-axis is N (not W). For both 1D and 2D, results for one realization
of random mass are shown. Contrary to what happens in 3D, in low dimensions
we see no sign of decay of 6, and it remains almost constant. This implies that the
agreement with AP for anomalous transport is true only for 3D systems, while in 1D
and 2D we find that AP is not satisfied for the anomalous cases where 0 < o < 1.
The major difference between 3D and lower dimensions is that in 3D only a small
fraction of the normal modes are localized, while in lower dimensions, most of the
modes are localized. Hence it is expected that there is no local equilibration in low-
dimensions and could be the reason that MFT and AP are satisfied in these systems.

We should also note that the situation in 3D does not satisfy the sufficient
condition for the MFT Eq. (2.47), since the thermal conductivity is independent of
temperature. Moreover, both MFT and the AP conjecture assume diffusive transport.
However, rather surprisingly, for the case of anomalous transport, we see from
Fig.2.12¢ behaviour similar to the diffusive case, with clear verification of AP at
sufficiently large W. Hence, these results suggest the possibility that one can extend
the conditions of applicability of both MFT and AP.
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2.5 Summary

In this chapter, we have reviewed various aspects of heat conduction through a
study of harmonic crystals. This includes mathematically technical details and
physically important results. The general formulations, for computation of the
average heat current and heat current fluctuations, in the non-equilibrium steady
state, were developed and it was shown that these can be written completely
in terms of the transmission matrix. We observed that there are a number of
similar features between electric and heat conduction—such as ballistic transport,
localization effects, and conductance quantum, and so on. However, anomalous
behavior in transport is a unique property of phonon heat conduction. This is
because in the electrical case, only frequency modes (or energy levels) around the
Fermi frequency play an important role for transport, while in heat transport low
frequency phonons determine transport properties. In this chapter, special attention
was paid to heat transport in disordered crystals. We demonstrate different possible
types of transport, depending on the pining potential, dimensionality, and boundary
conditions. It is worth while to stress that a 3D harmonic crystal can show Fourier’s
law, but only in the presence of a pinning potential. Surprisingly, for an un-pinned
system, we find anomalous conductivity even in 3D. These are numerical findings
and hence analytical proof for these are important open problems.

We briefly mention some other relevant work on disordered harmonic systems.
Properties of eigenstates, such as the IPR, have been carefully examined recently for
mass-disordered harmonic crystals with scalar displacements [82]. The localization-
delocalization transition in 3D crystals has been studied in [83]. Heat transport in
disordered harmonic systems has been studied for more realistic models, in the
context of understanding transport in disordered nanotubes at low temperatures
[84, 85]. These studies typically use the Landauer formula for current and evaluate
the nonequilibrium Green’s function using transfer matrix approaches. Another set
of interesting studies on more realistic models are those on model glass systems,
such as packings of soft spheres and Lennard-Jones mixtures, which have been
treated in the harmonic approximation [86—88]. The usual approach here has been to
study energy transport in these disordered systems using the Green-Kubo formula.
For harmonic systems, the Green-Kubo formula can be re-expressed, so that it
appears in the form of kinetic theory, and is written in terms of normal mode
wavefunctions and frequencies [89]. The question of system-size dependence of
the thermal conductivity has not yet been carefully analyzed, and the validity or
otherwise of Fourier’s law in these systems is an open question.

Another aspect discussed in the review is the nature of current fluctuations in the
different transport regimes. The main focus was to use the analytic tractability of the
harmonic lattice as a test bed for the validity of predictions of fluctuation theorems,
macroscopic fluctuation theory and the additivity principle in 3D disordered crys-
tals. These will be helpful for making more precise the domain of validity of these
important results in non-equilibrium physics. Right now we are in the beginning



100 A. Dhar and K. Saito

stages of investigating fluctuation properties, and hence more active research is
necessary.

Modeling solids by harmonic crystals is justified in low temperatures and more
so in the mesoscopic scale (where phonon mean free paths from anharmonic effects
are much larger than system size). Recent experimental development for observing
small system properties indicates the importance of study of the harmonic crystal.
We hope that this review will be helpful not only for the insights that the harmonic
crystal provides towards understanding theoretical aspects of heat conduction, but
also in understanding experiment results.

Appendix

We explain some definitions and several relations between different Green’s func-
tion defined in the non-equilibrium Green’s function (NEGF) formalism. Let a and
b be bosonic operators. Contour ordered Green’s functions are defined as

Gap(ur, uz) = —(i/h)(Tea(u)b(ur)) , (2.184)

where u; and u, are fictitious times on Keldysh contour and TAC is the operator
that makes the variables contour ordered. Let #; and ¢, be real times for u; and
u, respectively. Depending on location of these fictitious times along the contour,
different Green’s function are defined. Let u; >, u, denote that u, is larger than u,
along the contour. Similarly u; <.u, implies u, is larger than u; along the contour.
Then one defines the lesser and greater Green’s functions

G, (1, 1) = —(i/h)(b()a(t)) w1 <. uy, (2.185)
G, (1, 1) = —(i/h){a(t)b(t2)) w1 > us. (2.186)

Next we define four types of Green’s functions:
G29 (t,12) = Gap(ui,uz)  (ur,u2), on (0,0")branch,  (2.187)

where o, 0’ take + or —. In addition, one defines the retarded, advanced, Keldysh
Green’s function GX, G*, GX as

Gf,’?(h, 1) = F(i/h)0(X(t1 — 1)){[a(t1), b(1)]) . (2.188)
GX,(11.1) = G5, (t1,0) + G, (11.12) . (2.189)

In Sect. 2.2 and other sections, we frequently use the Green’s function G* in the
Langevin equations and Greens function approach (LEGF). This is in fact exactly
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the advanced Green’s function. Thus, in NEGF notation, GT = G* and G~ = GX.
The above three functions can be written in terms of G°°  as

a, b(tl t2) - Ga b G:—b_ = b + a, b ’ (2190)
ab(tl t2) = Gab ;;— = ab +G¢lb ’ (2191)
ab(tl t2) - Gab l:h_ = Gab ;lj_ . (2192)

Using the matrix Q = \/LE (i _11), Green’s functions with (4—) basis are

transformed into GR4-K

G++ G+—
G = ’ , 2.193
(710) i
0, G*
0GO" (GR, GK) . (2.194)
From this, one finds the relation
detG = —GRG*. (2.195)

Suppose we have the Dyson’s equation
G=g+go. Yo G, (2.196)

where either time-dependent Green’s function or its Fourier transformation is
considered. Utilizing Egs. (2.190)—(2.192), which leads to [GR’A]_1 = [gR’A]_1 -

XRA and assuming the case where gfg=> = 0, one readily shows

G” =GRy<>G". (2.197)

References

1. Bonetto, F., Lebowitz, J.L., Rey-Bellet, L.: Fourier’s law: a challenge to theorists. In: Fokas, A.,
et al. (eds.) Mathematical Physics 2000, pp. 128-150. Imperial College Press, London (2000)

2. Lepri, S., Livi, R., Politi A.: Thermal conduction in classical low-dimensional lattices. Phys.
Rep. 377, 1-80 (2003)

3. Dhar, A.: Heat transport in low-dimensional systems. Adv. Phys. 57, 457-537 (2008)

4. Rieder, Z., Lebowitz, J.L., Lieb, E.: Properties of a harmonic crystal in a stationary nonequi-
librium state. J. Math. Phys. 8, 1073-1078 (1967)

5. Casher, A., Lebowitz, J.L.: Heat flow in regular and disordered harmonic chains. J. Math. Phys.
12, 1701-1711 (1971)



102 A. Dhar and K. Saito

6. Rubin, R.J., Greer, W.L.: Abnormal lattice thermal conductivity of a one-dimensional,
harmonic, isotopically disordered crystal. J. Math. Phys. 12, 1686-1701 (1971)
7. O’Connor, A.J., Lebowitz, J.L.: Heat conduction and sound transmission in isotopically
disordered harmonic crystals. J. Math. Phys. 15, 692-703 (1974)
8. Angelescu, D.E., Cross, M.C., Roukes, M.L.: Heat transport in mesoscopic systems. Superlat-
tice. Microst. 23, 673 (1998)
9. Rego, L.G.C., Kirczenow, G.: Quantized thermal conductance of dielectric quantum wires.
Phys. Rev. Lett. 81, 232-235 (1998)
10. Blencowe, M.P.: Quantum energy flow in mesoscopic dielectric structures. Phys. Rev. B 59,
4992-4998 (1999)
11. Dhar, A., Roy, D.: Heat transport in harmonic lattices. J. Stat. Phys. 125, 801-820 (2006)
12. Segal, D., Nitzan, A., Héinggi, P.: Thermal conductance through molecular wires. J. Chem.
Phys. 119, 6840-6855 (2003)
13. Yamamoto, T., Watanabe, K.: Nonequilibrium Green’s function approach to phonon transport
in defective carbon nanotubes. Phys. Rev. Lett. 96, 255503-1-255503-4 (2006)
14. Wang, J.S., Wang, J., Zeng, N.: Nonequilibrium Green’s function approach to mesoscopic
thermal transport. Phys. Rev. B 74, 033408-1-033408-4 (2006)
15. Zurcher, U., Talkner, P.: Quantum-mechanical harmonic chain attached to heat baths. II.
Nonequilibrium properties. Phys. Rev. A 42, 3278-3290 (1990)
16. Dhar, A., Shastry, B.S.: Quantum transport using the Ford-Kac-Mazur formalism. Phys. Rev.
B 67, 195405-1-195405-10 (2003)
17. Saito, K., Takesue, S., Miyashita, S.: Energy transport in the integrable system in contact with
various types of phonon reservoirs. Phys. Rev. E 61, 2397-2409 (2000)
18. Chen, Y.-C., Lebowitz, J.L., Liverani, C.: Dissipative quantum dynamics in a boson bath. Phys.
Rev. B 40, 46644682 (1989)
19. Das, S.G., Dhar, A.: Landauer formula for phonon heat conduction: relation between energy
transmittance and transmission coefficient. Eur. Phys. J. B 85, 1-8 (2012)
20. Caroli, C., Combescot, R., Nozieres, P., Saint-James, D.: Direct calculation of the tunneling
current. J. Phys. C 4,916-929 (1971)
21. Meir, Y., Wingreen, N.S.: Landauer formula for the current through an interacting electron
region. Phys. Rev. Lett. 68, 2512-2515 (1992)
22. Dhar, A., Sen, D.: Nonequilibrium Green’s function formalism and the problem of bound
states. Phys. Rev. B 73, 085119-1-085119-14 (2006)
23. Dhar, A.: Heat conduction in the disordered harmonic chain revisited. Phys. Rev. Lett. 86,
5882-5885 (2001)
24. Dhar, A., Saito, K., Hinggi, P.: Nonequilibrium density matrix description of steady state
quantum transport. Phys. Rev. E 85, 011126-1-011126-11 (2012)
25. Touchette, H.: The large deviation approach to statistical mechanics. Phys. Rep. 478, 1-69
(2009)
26. McKean, H.: Probability: The Classical Limit Theorems. Cambridge University Press, Cam-
bridge (2014)
27. Girtner, J.: On large deviations from the invariant measure. Theor. Probab. Appl. 22, 24-39
1977
28. Ellis, R.S.: Large deviations for a general class of random vectors. Ann. Probab. 12, 1-12
(1984)
29. Green, M.S.: Markoff random processes and the statistical mechanics of time-dependent
phenomena. II. Irreversible processes in fluids. J. Chem. Phys. 22, 398413 (1954)
30. Kubo, R., Toda, M., Hashitsume, N.: Statistical Physics I Nonequilibrium Statistical Mechan-
ics. Springer, Berlin (1991)
31. Kundu, A., Dhar, A., Narayan, O.: Green-Kubo formula for heat conduction in open systems.
J. Stat. Mech. L03001 (2009)
32. Evans, D.J., Cohen, E.G.D., Morriss, G.P.: Probability of second law violations in shearing
steady states. Phys. Rev. Lett. 71, 2401-2404 (1993)



33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

Heat Transport in Harmonic Systems 103

Gallavotti, G., Cohen, E.G.D.: Dynamical ensembles in nonequilibrium statistical mechanics.
Phys. Rev. Lett 74, 2694-2698 (1995)

Lebowitz, J.L., Spohn, H.: A GallavottiCohen-type symmetry in the large deviation functional
for stochastic dynamics. J. Stat. Phys. 95, 333-365 (1999)

Seifert, U.: Stochastic thermodynamics, fluctuation theorems and molecular machines. Rep.
Prog. Phys. 75, 126001-1-126001-58 (2012)

Campisi, M., Hianggi, P., Talkner, P.: Quantum fluctuation relations: foundations and applica-
tions. Rev. Mod. Phys. 83, 771-791 (2011)

Esposito, M., Harbola, U., Mukamel, S.: Nonequilibrium fluctuations, fluctuation theorems,
and counting statistics in quantum systems. Rev. Mod. Phys. 81, 1665-1702 (2009)

Evans, D.J., Searles, D.J.: The fluctuation theorem. Adv. Phys. 51, 1529-1585 (2002)

Zon, R.V., Cohen, E.G.D.: Extension of the fluctuation theorem. Phys. Rev. Lett. 91, 110601-
1-110601-4 (2003)

Visco, P.: Work fluctuations for a Brownian particle between two thermostats. J. Stat. Mech:
Theory Exp. P06006 (2006)

Gallavotti, G.: Extension of Onsager’s reciprocity to large fields and the chaotic hypothesis.
Phys. Rev. Lett. 77, 4334-4337 (1996)

Andrieux, D., Gaspard, P.: A fluctuation theorem for currents and non-linear response
coefficients. J. Stat. Mech. P02006 (2007)

Saito, K., Utsumi, Y.: Symmetry in full-counting statistics, fluctuation theorem, and relations
among nonlinear transport coefficients in the presence of a magnetic field. Phys. Rev. B 78,
115429-1-115429-7 (2008)

Nakamura, S., Yamauchi, Y., Hashisaka, M., Chida, K., Kobayashi, K., Ono, T., Leturcq, R.,
Ensslin, K., Saito, K., Utsumi, Y., Gossard, A.C.: Non-equilibrium fluctuation relation in a
quantum coherent conductor. Phys. Rev. Lett. 104, 080602-1-080602-4 (2010)

Bertini, L., De Sole, A., Gabrieli, A., Jona-Lasinio, G., Landim, C.: Fluctuations in stationary
nonequilibrium states of irreversible processes. Phys. Rev. Lett. 87, 040601-040604 (2001)
Bertini, L., De Sole, A., Gabrieli, A., Jona-Lasinio, G., Landim, C.: Macroscopic fluctuation
theory. Rev. Mod. Phys. 87, 593-636 (2015)

Bodineau, T., Derrida, B.: Current fluctuations in nonequilibrium diffusive systems: an
additivity principle. Phys. Rev. Lett. 92, 180601-180604 (2004)

Bertini, L., De Sole, A., Gabrieli, A., Jona-Lasinio, G., Landim, C.: Non equilibrium current
fluctuations in stochastic lattice gases. J. Stat. Phys. 123, 237-276 (2006)

Bodineau, T., Derrida, B.: Cumulants and large deviations of the current through non-
equilibrium steady states. C. R. Phys. 8, 540-555 (2007)

Hurtado, PI., Garrido, P.L.: Test of the additivity principle for current fluctuations in a model
of heat conduction. Phys. Rev. Lett. 102, 250601-1-250601-4 (2009)

Saito, K., Dhar, A.: Additivity principle in high-dimensional deterministic systems. Phys. Rev.
Lett. 107, 250601-1-250601-4 (2011)

Kundu, A., Sabhapandit, S., Dhar, A.: Large deviations of heat flow in harmonic chains. J. Stat.
Mech. P03007 (2011)

Saito, K., Dhar, A.: Generating function formula of heat transfer in harmonic networks. Phys.
Rev. E. 83, 041121-1-041121-5 (2011)

Saito, K., Dhar, A.: Fluctuation theorem in quantum heat conduction. Phys. Rev. Lett. 99,
180601-180604 (2007)

Fogedby, H.C., Imparato, A.: A bound particle coupled to two thermostats. J. Stat. Mech:
Theory Exp. P05015 (2011)

Gomez-Solano, J.R., Bellon, L., Petrosyan, A., Ciliberto, S.: Steady-state fluctuation relations
for systems driven by an external random force. Europhys. Lett. 89, 60003-1-60003-6 (2010)
Sabhapandit, S.: Work fluctuations for a harmonic oscillator driven by an external random
force. Europhys. Lett. 96, 20005 (2011)

Levitov, L.S., Lee, H.-W., Lesovik, G.B.: Electron counting statistics and coherent states of
electric current. J. Math. Phys. 37, 48454866 (1996)



104 A. Dhar and K. Saito

59. Blanter, Y.M., Biittiker, M.: Shot noise in mesoscopic conductors. Phys. Rep. 336, 1-166
(2000)

60. Wang, J.S., Agarwalla, B.K., Li, H.: Transient behavior of full counting statistics in thermal
transport. Phys. Rev. B 84, 153412-1-153412-4 (2011)

61. Nakazawa, H.: Energy flow in harmonic linear chain. Prog. Theor. Phys. 39, 236-238 (1968)

62. Kundu, A., Chaudhuri, A., Roy, D., Dhar, A., Lebowitz, J.L., Spohn, H.: Heat transport and
phonon localization in mass-disordered harmonic crystals. Phys. Rev. B 81, 064301-1-064301-
17 (2010)

63. Kundu, A., Chaudhuri, A., Roy, D., Dhar, A., Lebowitz, J.L.., Spohn, H.: Heat conduction and
phonon localization in disordered harmonic crystals. Europhys. Lett. 90, 40001-1-40001-6
(2010)

64. Chiu, H.Y., Deshpande, V.V., Postma, H.C., Lau, C.N., Miko, C., Forro, L., Bockrath, M.:
Ballistic phonon thermal transport in multiwalled carbon nanotubes. Phys. Rev. lett. 95,
226101-1-226101-4 (2005)

65. Schwab, K., Henriksen, E.A., Worlock, J.M., Roukes, M.L.: Measurement of the quantum of
thermal conductance. Nature 404, 974-977 (2000)

66. Roy, D., Dhar, A.: Role of pinning potentials in heat transport through disordered harmonic
chain. Phys. Rev. E 78, 051112-1-051112-5 (2008)

67. Allen, K.R., Ford, J.: Lattice thermal conductivity for a one-dimensional, harmonic, isotopi-
cally disordered crystal. Phys. Rev. 176, 1046-1055 (1968)

68. Payton, D.N., Rich, M., Visscher, W.M.: Lattice thermal conductivity in disordered harmonic
and anharmonic crystal models. Phys. Rev. 160, 706-711 (1967)

69. Matsuda, H., Ishii, K.: Localization of normal modes and energy transport in the disordered
harmonic chain. Prog. Theor. Phys. Suppl. 45, 56-86 (1970)

70. Verheggen, T.: Transmission coefficient and heat conduction of a harmonic chain with random
masses: asymptotic estimates on products of random matrices. Commun. Math. Phys. 68, 69—
82 (1979)

71. Ajanki, O., Huveneers, F.: Rigorous scaling law for the heat current in disordered harmonic
chain. Commun. Math. Phys. 301, 841-883 (2011)

72. Callaway, J.: Model for lattice thermal conductivity at low temperatures. Phys. Rev. 113, 1046—
1051 (1959)

73. Ziman, J.M.: Principles of the Theory of Solids. Cambridge University Press, Cambridge
(1972)

74. Goldsheid, 1.Y., Molchanov, S.A., Pastur, L.A.: A random homogeneous Schrdinger operator
has a pure point spectrum. Funkcional. Anal. i Prilovzen. 11, 1-10 (1977)

75. Mott, N.F.,, Twose, W.D.: The theory of impurity conduction. Adv. Phys. 10, 107-163 (1961)

76. Borland, R.E.: The nature of the electronic states in disordered one-dimensional systems. Proc.
R. Soc. Lond. Ser. A 274, 529-545 (1963)

77. Lee, P.A., Ramakrishnan, T.V.: Disordered electronic systems. Rev. Mod. Phys. 57, 287-337
(1985)

78. John, S., Sompolinsky, H., Stephen, M.J.: Localization in a disordered elastic medium near two
dimensions. Phys. Rev. B 27, 5592-5603 (1983)

79. Furstenberg, H.: Noncommuting random products. Trans. Am. Math. Soc. 108, 377428
(1963)

80. Roy, D., Dhar, A.: Heat transport in ordered harmonic lattices. J. Stat. Phys. 131, 535-541
(2008)

81. Gaul, C., Biittner, H.: Quantum mechanical heat transport in disordered harmonic chains. Phys.
Rev. E76, 011111 (2007)

82. Monthus, C., Garel, T.: Anderson localization of phonons in dimension d= 1, 2, 3: finite-size
properties of the inverse participation ratios of eigenstates. Phys. Rev. B 81, 224208 (2010)

83. Pinski, S.D., Schirmacher, W., Whall, T., Romer, R.A.: Localization-delocalization transition
for disordered cubic harmonic lattices. J. Phys. Condens. Matter 24, 405401 (2012).



84.

85.
86.
87.
88.

89.

Heat Transport in Harmonic Systems 105

Stoltz, G., Lazzeri M., Mauri F.: Thermal transport in isotopically disordered carbon nanotubes:
a comparison between Green’s functions and Boltzmann approaches. J. Phys. Condens. Matter
21, 245302 (2009)

Stoltz, G., Mingo, N., Mauri, F.: Reducing the thermal conductivity of carbon nanotubes below
the random isotope limit. Phys. Rev. B 80, 113408 (2009)

Xu, N, etal.: Energy transport in jammed sphere packings. Phys. Rev. Lett. 102, 038001 (2009)
Vitelli, V., et al.: Heat transport in model jammed solids. Phys. Rev. E 81, 21301 (2010)
Wyart, M.: Scaling of phononic transport with connectivity in amorphous solids. Europhys.
Lett. 89, 64001 (2010)

Allen, P.B., Feldman, J.L.: Thermal conductivity of disordered harmonic solids. Phys. Rev. B
48, 12581 (1993)



Chapter 3

Fluctuating Hydrodynamics Approach
to Equilibrium Time Correlations

for Anharmonic Chains

Herbert Spohn

Abstract Linear fluctuating hydrodynamics is a useful and versatile tool for
describing fluids, as well as other systems with conserved fields, on a mesoscopic
scale. In one spatial dimension, however, transport is anomalous, which requires
to develop a nonlinear extension of fluctuating hydrodynamics. The relevant
nonlinearity turns out to be the quadratic part of the Euler currents when expanding
relative to a uniform background. We outline the theory and compare with recent
molecular dynamics simulations.

3.1 Introduction, Long Time Tails for Simple Fluids

In the mid 1950ies, Green [1] and Kubo [2, 3] discovered that transport coefficients
for simple fluids can be obtained through a time-integral over the respective
total current correlation function. For tracer diffusion such a connection is more
immediate and was understood much earlier. But the then novel insight was that
collective transport coefficients, such as viscosity and thermal conductivity, follow
the same pattern. Thus it became a central issue to determine the time decay
of such current correlations. With essentially no tools available this amounted
to an impossible task. The static equilibrium correlations were known to decay
exponentially fast, as confirmed by a convergent series expansion. But for the
dynamics one would have to deal with a huge set of coupled differential equations.
At the time the only theoretical tool available was the Boltzmann equation valid
at low density. Kinetic theory predicts an exponential decay for the current time
correlations and it was tacitly assumed that such behavior would extend to moderate
densities. Alder and Wainwright [4] tried to check the situation in a pioneering
molecular dynamics simulation of 500 hard disks, resp. hard spheres, at periodized
volume 2, 3, and 5 times larger than close packing. For tracer diffusion they
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convincingly observed a power law decay as %2, dimension d = 2,3, which
was baptized “long time tail”. They also argued that the same behavior should hold
for collective transport. Theory quickly jumped in and predicted a decay as +~%/? for
viscosity and thermal conductivity [5, 6]. A first hand historical account is provided
in [7].

There are several theoretical schemes and they all arrive at the same prediction,
which of course increases their confidence level. As recognized for some time,
the most direct approach is linear fluctuating hydrodynamics plus small nonlinear
perturbations. We refer to the recent monograph [8] for a comprehensive discussion.
Here I provide only a rough sketch of the method with the purpose to explain
why one dimension is so special. In the physical dimension a simple fluid has five
conservation laws and correspondingly fluctuating hydrodynamics has to deal with a
five component field, where the momentum components are odd, density and energy
are even under time reversal. As well known [8, 9], the full structure has to be used
in order to arrive at quantitative predictions. But the argument becomes even more
direct for the (unphysical) case of a single conservation law.

Let us thus consider the scalar field p(x, ¢), which for concreteness is called
density. Space is x € R? and time is t € R. p(x,?) is a fluctuating field. On
the macroscopic scale fluctuations are not visible and p satisfies the hyperbolic
conservation law

dp+V-j(p) =0, 3.1)

where}' is the density current. To also include mesoscopic details, in particular
to incorporate fluctuations, one argues that the current has, in addition to the
deterministic part, also a random contribution which is essentially uncorrelated in
space-time. Since fluctuations are always associated with dissipation, on a more
refined scale Eq. (3.1) becomes

3,0+ V- (j(p) = DVp+0€) =0. (3.2)
Here § (x, 7) is Gaussian white noise with mean zero and covariance
(Ee(X, D) (X', 1)) = 8o 8(x—X)S(t—7), a0 =1,...,d. (3.3)

o is the noise strength and D is the diffusion constant. They are both treated as
numbers. Physically they will depend on the density. But this would be higher order
effects, which are ignored in our discussion.

The goal is to compute the density time correlations in the stationary regime,
which is no easy task, since (3.2) is nonlinear. But correlations can be thought of as
imposing at + = 0 a small density perturbation at the origin and then record how the
perturbation propagates in space-time. For this purpose one might hope to get away
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with linearizing (3.2) at the uniform background density py as po + o(x, ¢), which
yields

30+ V- (j'(po)o — DV + o€ ) =0, (3.4)

where  refers to differentiation w.r.t. p. Equation (3.4) is a linear Langevin equation,
hence solved easily. Since o is a deviation from the uniform background, we are
interested in the space-time stationary process with zero mean. First note that (3.4)
has a unique time-stationary zero mean measure, which is Gaussian white noise in
the spatial variable,

{e®o(x)) = (0?/2D)s(x — X)) (3.5)
For the stationary space-time covariance one obtains
(e(x.00(0,0)) = (0?/2D)p(x — ¢1.1) , (3.6)
where p is the Gaussian transition kernel,
px,t) = (4]TD|I|)_d/2 exp ( — x2/4D|t|) , 3.7
and¢ = 7 (po)- By (3.4) the fluctuating current is given by
J =to—DVo+ok. (3.8)

For the stationary correlations of the total current one arrives at
/ dx( 7 (x.1)- 7 (0,0)) = do’8(1). (3.9)
R4

No surprise. A density fluctuation propagates with velocity ¢ and spreads
diffusively. The currents are delta-correlated, which should translate into expo-
nential decay for the underlying microscopic system. But before jumping at such
conclusions one has to study the stability of (3.9) against including higher orders in
the expansion. By power counting the next to leading term is the nonlinear current
at second order, which amounts to

dio+ V- (co+Go* —DVo+0E) =0, G=1"(po). (3.10)

The task is to compute the current correlation (3.9) perturbatively in G.

We first remove ¢ by switching to a moving frame of reference. Secondly we
note that, quite surprisingly, white noise is still time-stationary under the nonlinear
Langevin equation (3.10). Since, as argued above, spatial white noise is time-
stationary under the linear part, one only has to check its invariance under the
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deterministic evolution d;0 = -G - Vo?. Formally its vector field is divergence
free, since one can choose a divergence free discretization [10], compare with the
discussion in Sect. 3.3 below. Hence the “volume measure” is preserved and one has
to check only the time change of the logarithm of the stationary density,

d - -
= dxlo(x)* = —/ dxo(x)G - Vo?(x) = %/ dxG-Vo*(x) =0. (3.11)
1 R4 R4 R4

For an expansion in G - Vo? it is most convenient to use the Fokker-Planck
generator, denoted by L = Ly + L;, where Ly corresponds to the Gaussian part
and L, to the nonlinear flow. We define

S(x,1) = {o(x.1)0(0,0)) = (e(x)e"0(0)) . (3.12)

average with respect to the time-stationary Gaussian measure, and plan to use the
general second moment sum rule

2

/ dxXZS(x,t)z/Rddx(j(x,t)-j(O,O)), (3.13)

dlz R4

which follows directly from the conservation law. By second order time-dependent
perturbation theory,

Sx.1) = {o(x)eM'0(0)) + /0 iy (o(x)eH = L e o(0)

t 15} >
+ /0 dn /0 d (o(x)elo=2) [ eloa= 1 elott 5 (0)) + 0(|G)?).
(3.14)

Lyo is linear, while L;p is quadratic in o. Thus the second term on the right is odd
in ¢ and vanishes. For any functional, F,

(e®)L1F(0)) = —((Lie(x))F(0)) » (3.15)

see (3.109), and the left L; is swapped over to act on (=) p(x). By translation

-

invariance, G - V can be pulled in front as acting on x. Combining the terms one
arrives at

S(x,1) = (Q(X)CLMQ(O)) +/(; dlz/ozdtl(é'v)z /Rd dx; /]Rd dx,

Xp(x = Xa,1 — )p(x1, 1) {0(x2) e (x)?) . (3.16)
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The Gaussian average is computed as
(o(x2)%eM0(x))?) = 2((02/2D)p(xz — X, z‘))2 + s-c. (3.17)

The self-contraction does not depend on x, hence vanishes when applying G-V.We
insert in (3.13). Working out the integrals yields, including second order,

/ dx(_F (x.1)-_#(0,0)) = do’8(r) + 4(c>/2D)*|G|*p(0, 21) , (3.18)
R4

which is the claimed long time tail for a scalar conserved field in d dimensions.

Equation (3.10) is singular at short distances, the worse the higher the dimension.
In physical systems there is a natural cut-off at the microscopic scale which is simply
ignored in (3.10). There are many possibilities to improve, but the serious constraint
is to obtain a still manageable nonlinear stochastic equation. The noise should
remain §-correlated in time so to preserve the Markov property of the time evolution.
One could smoothen in space, but thereby may loose the information on the time-
stationary measure. To my experience the best compromise is to adopt the obvious
spatial discretization. Then one has a set of coupled stochastic differential equations.
For them one can check rigorously the time-stationary measure and identities as
e.g. (3.15). On the perturbative level this then leads to the continuum expressions
as (3.16). For a simple fluid the current correlations are bounded and will not diverge
near t = 0. So in (3.18) only the long time prediction can be trusted.

What can be learned from the long time tails? In dimension d > 3 the decay
is integrable. Thus, as assumed implicitly beforehand, the model has a finite
diffusivity. Higher order terms in the expansion will modify prefactors but should
not alter the exponent for the time decay. Dimension d = 2 is marginal. The
diffusivity is weakly divergent. In principle, say, a system of hard disks has infinite
viscosity and thermal conductivity. But since the divergence is only logarithmic
one could convert the result into a weak system size dependence. In one dimension
the conductivity is truly infinite. Obviously, not even the power law as based on
the perturbative expansion (3.16) can be trusted and one needs to develop non-
perturbative techniques.

Equation (3.10) for d = 1 is known as stochastic Burgers equation, which we
record for later reference as

90— 0x(3A0” +vdo +0€) =0, xeR. (3.19)

One can introduce a potential through ¢ = 9,.4. Then £ satisfies the one-dimensional
version of the Kadar-Parisi-Zhang (KPZ) equation [11],

dh = 1A(0:h)* + vIih + o, (3.20)
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for the moment using the more conventional symbols for the coefficients. Over
the last 15 years many properties, including rigorous results, of the KPZ equation
have been obtained. While this is not the place to dive into details, I note that the
solution is continuous in x, but so singular that (d,4)? is ill-defined. However it
is proved that the ultraviolet divergence is very mild and can be tamed by what
would be an infinite energy renormalization in a 1 4+ 1 dimensional quantum
field theory, compare with the discussion in [12]. More precisely one chooses a
regularized version of (3.20) by replacing &(x, f) through the spatially smoothed
version &, (x, 1) = [ @(x —x)§(, 1)dx’ with ¢ > 0, even, smooth, of rapid decay
at infinity, and normalized to 1. It can be proved that then the solution to (3.20)
is well-defined. One introduces an ultraviolet cut-off of spatial size ¢ by choosing
the §-function sequence ¢.(x) = & '@(¢7'x) and substituting the noise & by its
smoothed version & = §,,. Let us denote the corresponding solution of the KPZ
equation by &, (x, t). Then Az (x, f) —vet, i.e. h(x, 1) viewed in the frame moving with
the diverging velocity ve = &' [ ¢(x)?dx, has a non-degenerate limit as & — 0,
which coincides with the Cole-Hopf solution of the KPZ equation [13, 14].

In this context Hairer recently developed a solution theory, for which he was
awarded the 2014 Fields Medal. His theory works for the KPZ equation, as well as a
large class of other singular stochastic partial differential equations, and for general
cutoffs [15, 16]. Of course, the solution theory studies the small scale structure
of solutions, and not the large scale, where the universal behaviors of interest are
observed.

There is an exact formula for S(x, t), which involves Fredholm determinants. In
the long time limit

S, 1) = (02/20)(V2A]1]) " ficez (V21 7 x) . (3.21)

The scaling function fxpz will reappear below, where more details are given. The
Burgers current reads

F(x,1) = —(310* + vd.0 + o) (3.22)

and for its total correlation function one obtains, using the sum rule (3.13),

/ dx{ 7 (5. 7 (0.0)) = ((0*/20)(v2A)? / dx§Pfcer (x)) (V202
R R

(3.23)
valid for large . Note that the true decay turns out to be £~2/3, to be contrasted with
the perturbative result #~'/2. In fact the power 2 /3 was argued already in [5] using a
self-consistent scheme, see also [17]. As a fairly unusual feature, the non-universal
coefficients are given directly in terms of the parameters of the stochastic Burgers
equation. In fact, the particular form can be guessed from the scaling properties of
Eq. (3.19). Only for the scaling function fypz and the pure number +/2 one has to
rely on the exact solution, which is the result of an intricate analysis using lattice
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type models [18-21], replica computations for the KPZ equation [22, 23], and the
finite time exact solution of the stationary KPZ equation itself [24].

In these notes we will explain how nonlinear fluctuating hydrodynamics, in
the same spirit as already explained for a scalar field in one dimension, can be
used to predict the asymptotic form of the equilibrium space-time correlations
of anharmonic chains. Chains are one-dimensional objects and it may seem as if
we have accomplished the task already. Well, we have not even written down a
Hamiltonian. So first we have to dwell on a few general properties of anharmonic
chains. In particular we will see that they have three conserved fields, generically.
The corresponding Euler equations are derived, thereby identifying the macroscopic
currents. But now we are forced to handle several conserved fields. While it is not
so difficult to write down the multi-component generalization of (3.19), the analysis
of the Langevin equation will be more complicated with no exact solution at help. A
second major task will be to test the quality of these predictions by comparing with
molecular dynamics simulations.

3.2 Anharmonic Chains

Conservation Laws and Equilibrium Time Correlations We consider a classical
fluid consisting of particles with positions ¢; and momenta p;,j = 1,...,N, g;,p; €
R, possible boundary conditions to be discussed later on. We use units such that the
mass of the particles equals 1. Then the Hamiltonian is of the standard form,

N N
HY = Z %p,z +1 Z V(gi—q)) (3.24)
=1 =1
with pair potential V(x) = V(—x). The potential may have a hard core and

otherwise is assumed to be short ranged. The dynamics for long range potentials
is of independent interest [25], but not discussed here. Furthermore the potential
is assumed to be thermodynamically stable, meaning the validity of a bound as
Zf-\;éjzl V(gi — q)) = A — BN for some constants A and B > 0. A substantial
simplification is achieved by assuming a hard core of diameter a, i.e. V(x) = oo
for |x| < a, and restricting the range of the smooth part of the potential to at most
2a. Then the particles maintain their order, g; < gj+1, and in addition only nearest
neighbor particles interact. Hence Hlf\,l simplifies to

N N—1
Hy = 30 + ) V(g1 —4). (3.25)
j=1 j=1
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As a, at first sight very different, physical realization, we could interpret Hy as
describing particles in one dimension coupled through anharmonic springs which is
then usually referred to as anharmonic chain.

In the second interpretation the spring potential can be more general than
anticipated so far. No ordering constraint is required and the potential does not have
to be even. To have well defined thermodynamics the chain is pinned at both ends
as g1 = 0 and gy11 = {N. Itis convenient to introduce the stretch r; = g; 1 — g;.
Then the boundary condition corresponds to the microcanonical constraint

N
> =(N. (3.26)
j=1

Switching to canonical equilibrium according to the standard rules, one the arrives
at the obvious condition of a finite partition function

Z(P,B) = / dxe PVOTPY) o oo (3.27)

using the standard convention that the integral is over the entire real line. Here 8 > 0
is the inverse temperature and P is the thermodynamically conjugate variable to the
stretch. By partial integration

P=-ZP,B)" / dxV'(x) e PV@+PD) (3.28)

implying that P is the average force in the spring between two adjacent particles,
hence identified as thermodynamic pressure. To have a finite partition function, a
natural condition on the potential is to be bounded from below and to have a one-
sided linear bound as V(x) > agy + bo|x| for either x > 0 or x < 0 and by > O.
Then there is a non-empty interval /(f) such that Z(P, f) < oo for P € I(f). For
the particular case of a hard-core fluid one imposes P > 0.

Note: The sign of P is chosen such that for a gas of hard-point particles one has the
familiar ideal gas law P = 1/p<. The chain tension is —P.

Famous examples are the harmonic chain, Vp,(x) = x2, the Fermi-Pasta-Ulam
(FPU) chain, Vgpy(x) = %xz + %otx3 + % ,3x4, in the historical notation [26], and the
Toda chain [27], V(x) = e, in which case P > 0 is required. The harmonic chain,
the Toda chain, and the hard-core potential, Vy.(x) = oo for |x| < a and Vpe(x) =0
for |x| > a, are in fact integrable systems which have a very different correlation
structure and will not be discussed here. Except for the harmonic chain, one simple
way to break integrability is to assume alternating masses, say m; = my for even j
and m; = m for odd j.

We will mostly deal with anharmonic chains described by the Hamilto-
nian (3.25), including one-dimensional hard-core fluids with a sufficiently small
potential range. There are several good reasons. Firstly on the level of fluctuating
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hydrodynamics a generic one-dimensional fluid cannot be distinguished from an
anharmonic chain. Thus with the proper translation of the various terms we would
also predict the large scale correlation structure of one-dimensional fluids. The
second reason is that in the large body of molecular dynamics simulations there is
not a single one which deals with an “honest” one-dimensional fluid. To be able to
reach large system sizes all simulations are performed for anharmonic chains. In
addition, from a theoretical perspective, the equilibrium measures of anharmonic
chains are particularly simple in being of product form in momentum and stretch
variables. Thus material parameters, as compressibility and sound speed, can be
expressed in terms of one-dimensional integrals involving the Boltzmann factor
e PV@O+PY "y (x), and x.

Anharmonic chains should be thought of as a particular class of 141 dimensional
field theories. Thus g; is viewed as the displacement variable at lattice site j and not
necessarily the physical position of the jth particle on the real line. There is a simple
translation between both pictures, but we will stick to the field theory point of view.
For a fluid with unlabeled particles and, say, a bounded potential, the equivalence is
lost and only the fluid picture can be used.

This being said, we follow the standard rules. We write down the dynamics
of stretches and momenta and identify the conserved fields. From there we
infer the microcanonical and canonical equilibrium measures. For slowly varying
equilibrium parameters we deduce the Euler equations. In particular, their version
linearized at uniform equilibrium will constitute the backbone in understanding the
equilibrium time correlations of the conserved fields.

The dynamics of the anharmonic chain is governed by

d

d
2% =ri P = V'(gj+1—q) = V'(gj — gj-1) - (3.29)

For the initial conditions we choose a lattice cell of length N and require
gi+N =¢qi + LN,  pin=pj (3.30)

for all j € Z. This property is preserved under the dynamics and thus properly
mimics a system of finite length N. The stretches are then N-periodic, rj4y = 71,
and the single cell dynamics is given by

d d
7 =Pt P ah= V(1) = V'(rj-1) s (331
j =1,...,N, together with the periodic boundary conditions pi+y = pi, ro = n

and the constraint (3.26). Through the stretch there is a coupling to the right
neighbor and through the momentum a coupling to the left neighbor. The potential
is defined only up to translations, since the dynamics does not change under a
simultaneous shift of V(x) to V(x—a) and r; to r;+a, in other words, the potential can
be shifted by shifting the initial r-field. Note that our periodic boundary conditions
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are not identical to fluid particles moving on a ring, but they may become so for
large system size when length fluctuations become negligible. Both equations are
already of conservation type and we conclude that

d < d &
EZ}’j:O, d—thj=0. (3.32)
Jj=1 Jj=1
We define the local energy by
e =307 + V(r)). (3.33)
Then its local conservation law reads
ej = pit1V' (1) —pV'(r5-1) , (3.34)

dr

implying that

&|Q_

N
Z (3.35)

At this point we assume that there are no further local conservation laws.
Unfortunately our assumption, while reasonable, is extremely difficult to check. It
certainly rules out the integrable chains, which have N conservation laws. There is
no natural example known with, say, seven conservation laws. But the mere fact
that there are exceptions implies that close to integrability the predictions from
fluctuating hydrodynamics could be on time scales which are not accessible. The
parameters entering in fluctuating hydrodynamics depend smoothly on the potential.
Thus as one approaches, for example, the Toda potential no abrupt changes will
be detected. In this sense, the theory cannot distinguish the Toda chain from a
FPU chain both at moderate temperatures. There is another limitation which can be
addressed more quantitatively. If V(x) 4+ Px has a unique minimum, then at very low
temperatures the potential is close to a harmonic one. This feature will be properly
reflected by fluctuating hydrodynamics through the temperature dependence of the
coupling coefficients and the noise strength.

The microcanonical equilibrium state is defined by the Lebesgue measure
constrained to a particular value of the conserved fields as

N
Z (N, ZPJ—UN Z 1?4+ V(r) = (3.36)

with £ the stretch, u the momentum, and e the total energy per particle. In our context
the equivalence of ensembles holds and computationally it is of advantage to switch
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to the canonical ensemble with respect to all three constraints. Then the dual variable
for the stretch £ is the pressure P, for the momentum the average momentum, again
denoted by u, and for the total energy ¢ the inverse temperature 8. For the limit
of infinite volume the symmetric choice j € [—N,...,N] is more convenient. In
the limit N — oo either under the canonical equilibrium state, trivially, or under the
microcanonical ensemble, by the equivalence of ensembles, the collection (7, p;)jez
are independent random variables. Their single site probability density is given by

Z(P, )~ e PV I+P) (27 ) gy =12 2P0 (3.37)

Averages with respect to (3.37) are denoted by (-)pgu. The dependence on the
average momentum can be removed by a Galilei transformation. Hence we mostly
work with u = 0, in which case we merely drop the index u. We also introduce
the internal energy, €, through ¢ = %uz + e, which agrees with the total energy at
U = 0. The canonical free energy, at U = 0, is defined by

G(P,B) = —B"(— 3logB +1ogZ(P, B)). (3.38)
Then
{= (Vo)pﬁ , e= 85 (,BG(P,,B)) — Pl = % + (V(Vo))pﬁ. (3.39)

The relation (3.39) defines (P, B) — (£(P, B),e(P, f)), thereby the inverse map
£,e) — (P(,e), B(L,e)), and thus accomplishes the switch between the
microcanonical thermodynamic variables £, e and the canonical thermodynamic
variables P, §.

It is convenient to collect the conserved fields as the 3-vector g = (g1, g2, £3),

80, 1) = (rj(0), pi(), ¢;(1)) . (3.40)
2(j,0) = 2(j). Then the conservation laws are combined as
d.. . >, >
80D+ G+ L= 7.0 =0 (3.41)
with the local current functions
S D) = (=pp =V (-0, =pV (15-1)) - (342)

Our prime interest are the equilibrium time correlations of the conserved fields,
which are defined by

Saa’ (J: 1) = (8a(j: )8a(0.0))p.p — (82(0,0))p.p(2e(0.0)) pp . (343)
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a,o’ = 1,2,3. The infinite volume limit has been taken already and the average is
with respect to thermal equilibrium at u = 0. It is known that such a limit exists
[28, 29]. Also the decay in j is exponentially fast, but with a correlation length
increasing in time. Often it is convenient to regard S(j, f), no indices, as a 3 x 3
matrix. In general, S(j, t) has certain symmetries, the first set resulting from space-
time stationarity and the second set from time reversal, even for « = 1, 3, odd for
oa=2,

Sear (1) = Swa(—1.=1) s Sae (1) = (=1)*F Seer (j, 1) . (3.44)

Att = 0 the average (3.43) reduces to a static average, which is easily computed.
The fields are uncorrelated in j, i.e.

S(j,0) = 80C (3.45)
with the static susceptibility matrix

(ro;ro)pg O (ro: Vo)pp
C= 0 B! 0 . (3.46)
(ro;Vo)eg O %,3_2 + (Vo: Vo)rp

Here, for X,Y arbitrary random variables, (X;Y) = (XY) — (X)(Y) denotes the
second cumulant and V) = V(ry), following the same notational convention as for
eo. The conservation law implies the zeroth moment sum rule

D Suar (o) =Y Suar (j. 0) = Couw - (3.47)

Jez j€Z

An explicit computation of S(j, ) is utterly out of reach. But with the current
computer power MD simulations have become an essential source of information. A
broader coverage will be provided in Sect. 3.5. Just to have a first impression I show
in Fig.3.1 a recent MD simulation of the correlator for a FPU chain. One notes
the central peak, called heat peak, which is standing still, and two symmetrically
located peaks, called sound peaks which move outwards with the speed of sound.
The peaks broaden with a certain power law which will have to be discussed. One
expects, better hopes for, self-similar shape functions, at least for sufficiently long
times. We do not know yet their form. But the central peak seems to have fat tails
while the sound peaks fall off more rapidly, at least towards the outside of the sound
cone. The area under each peak is preserved in time and normalized to 1 in our plot.
If the chain is initially perturbed near 0 and the response in one of the conserved
fields is observed at (j, #), then one records a signal, which is a linear combination
of the peaks in Fig.3.1, the coefficients depending on the initial perturbation. It
might happen that one peak is missing. If the perturbation is orthogonal to all three
physical fields, then there is no peak at all, only low amplitude noise.
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Fig. 3.1 Heat peak and 0.004 ‘ ‘ ‘ ‘ ‘
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Our goal is to predict the large scale structure of the correlator S, (j, f) encoding
the propagation of local perturbations of the equilibrium state. On the crudest level,
they should be captured by linearized hydrodynamics, to which we turn next.

Linearized Hydrodynamics We start the dynamics from a product measure of
the form (3.37), but replace the uniform P, u, 8 by slowly varying spatial fields
P(gj), u(gj), B(gj) with & < 1. ¢! is the macroscopic scale measured in lattice
units. Equivalently we may regard ¢ as the lattice spacing. The relation (3.39) then
defines also the slowly varying fields £(gj), u(ej), e(gj). Because of the conservation
laws the time change of such a state is slow and varies only over microscopic
times of order ¢!t with macroscopic ¢ of order 1. We average Eq. (3.41) over the
slowly varying initial state, which gives then the time change of the average locally
conserved fields. The expectation of the currents is more difficult. The difference in
Jj becomes €9, on the macroscopic scale. Since the currents are functions depending
only on at most two neighboring lattice sites, to lowest approximation their average
can be computed in the equilibrium state with the corresponding local values of the
fields, i.e. £(gj, e7'1), U(gj, e~ '1), e(gj, £~ '1). Therefore we define the hydrodynamic
Euler currents by the equilibrium averages

(F(Dewe = (= U, P e —1u?),uPl e — Lu?) =], u,e) (3.48)

with P(£,e) defined implicitly through (3.39). Our argument then leads to the
macroscopic Euler equations

0l —dUu=0, dU+dP(Cec—iu>) =0, de+d (UP(t e—1iu?)=0.
(3.49)

We refer to a forthcoming monograph [29], where the validity of the Euler
equations is proved up to the first shock. Since, as emphasized already, it is
difficult to deal with deterministic chaos, the authors add random velocity exchanges
between neighboring particles which ensure that the dynamics locally enforces the
microcanonical state.
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We are interested here only in small deviations from equilibrium and therefore
linearize the Euler equations as £ + u(x), 0 + uy(x), € + u3(x) to linear order in the
deviations #(x). This leads to the linear equation

0:1(x, 1) + 0, Au(x,1) =0 (3.50)
with
0 -1 0
A=10P 0 9P| . (3.51)
0O P O

Here, and in the following, the dependence of A, C and similar quantities on the
background values £,u = 0, e, hence on P, 8, is suppressed from the notation.
Beyond (3.47) there is the first moment sum rule which states that

> jS(j.1) = ACt. (3.52)

JEZ

A proof, which in essence uses only the conservation laws and space-time stationar-
ity of the correlations, is given in [30], see also see [31, 32]. Microscopic properties
enter only minimally. However, since C = CT and S(j,)T = S(—j, —1), Eq.(3.52)
implies the important relation

AC = (AO)T = CAT, (3.53)

with T denoting transpose. Of course, (3.53) can be checked also directly from
the definitions. Since C > 0, A is guaranteed to have real eigenvalues and a
nondegenerate system of right and left eigenvectors. For A one obtains the three
eigenvalues 0, =c with

¢ =—3P+PdP>0. (3.54)

Thus the solution to the linearized equation has three modes, one standing still, one
right moving with velocity ¢ and one left moving with velocity —c. Hence we have
identified the adiabatic sound speed as being equal to c.

Equation (3.50) is a deterministic equation. But the initial data are random such
that within our approximation

(g (x, 0 ttgr (X', 0)) = Coor8(x — X') . (3.55)

To determine the correlator S(x,f) with such initial conditions is most easily
achieved by introducing the linear transformation R satisfying

RAR™! = diag(—c,0,c), RCR' =1. (3.56)
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Up to trivial phase factors, R is uniquely determined by these conditions. Explicit
formulas are found in [30]. Setting ¢ = Au, one concludes

a¢a+caax¢a :Os (%4 :_150715 (3'57)
with ¢ = (—c, 0, ¢). By construction, the random initial data have the correlator

(¢ (x,0)¢or (X', 0)) = Spar8(x —x'). (3.58)

Hence
(¢a (x’ t)d’o/(ov O)) = (Saa/(s(x - Cozt) . (3.59)

We transform back to the physical fields. Then in the continuum approximation, at
the linearized level,

S(x,1) = R™'diag(8(x + c1), 8(x), $(x — c1))R™T (3.60)

with R=T = (R™HT.

Rather easily we have gained a crucial insight. S(j,#) has three peaks which
separate linearly in time. For example, S11(}, ) has three sharp peaks moving with
velocities £=c, 0. Physically, one expects such peaks not to be strictly sharp, but to
broaden in the course of time because of dissipation. This issue will have to be
explored in great detail. It follows from the zeroth moment sum rule that the area
under each peak is preserved in time and thus determined through (3.60). Hence
the weights can be computed from the matrix R~!, usually called Landau-Plazcek
ratios. A Landau-Placzek ratio could vanish, either accidentally or by a particular
symmetry. An example is the momentum correlation Sy (j, ). Since (R™!)2 = 0
always, its central peak is absent.

For integrable chains each conservation law generates a peak. Thus, e.g., S11(/J, ?)
of the Toda chain is expected to have a broad spectrum expanding ballistically, rather
than consisting of three sharp peaks.

3.3 Nonlinear Fluctuating Hydrodynamics

Euler Currents to Second Order The broadening of the peaks results from
random fluctuations in the currents, which tend to be uncorrelated in space-time.
Therefore the crudest model would be to assume that the current statistics is space-
time Gaussian white noise. In principle, the noise components could be correlated.
But since the stretch current is itself conserved, its fluctuations will be taken care
of by the momentum equation. Momentum and energy currents have different
signature under time reversal, hence their cross correlation vanishes. As a result,
there is a fluctuating momentum current of strength o, and an independent energy
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current of strength oe. According to Onsager, noise is linked to dissipation as
modeled by a diffusive term. Thus the linearized equations (3.50) are extended to

3,U(x, 1) + d,(AU(x, 1) — 8, DU(x, 1) + BE(x, 1)) = 0. (3.61)
Here é’ (x, r) is standard white noise with covariance
(a6, D (1)) = Suar6(x —x)S(1 — 1) (3.62)
and, as argued, the noise strength matrix is diagonal as
B = diag(0, 0y, 0¢) . (3.63)

To distinguish the linearized Euler equations (3.50) from the Langevin equa-
tions (3.61), we use U = (uy, Uy, us) for the fluctuating fields.

From the introduction, we know already that a Gaussian fluctuation theory will
fail. But still, it is useful to first explore the structure of the Langevin equation (3.61).
The stationary measures for (3.61) are spatial white noise with arbitrary mean. Since
small deviations from uniformity are considered, we always impose mean zero.
Then the components are correlated as

(Ua (Uy () = Caa8(x — X). (3.64)

Stationarity relates the linear drift and the noise strength through the steady state
covariance as

—(AC — CA")d, + (DC + CD")3* = BBT%>. (3.65)

The first term vanishes by (3.53) and the diffusion matrix is uniquely determined as

0 00
D=|0D, 0 (3.66)
De 0 De
with Dg = —(ro: Vo)pg{ro: ro);’%De. Here D, > 0 is the momentum and Dg > 0
the energy diffusion coefficient, which are related to the noise strength as
0'5 = (pOJ’O)P,ﬁDu s O'e2 = (e();e()>p’ﬂDe. (367)

We still have to establish that the stationary measure (3.64) is unique and is
approached in the limit + — oo. For this purpose it suffices that the 3 x 3 matrix
i2mkA — (2mk)®D has its eigenvalues in the left hand complex plane, where for
convenience we have switched to Fourier space with respect to x. If one drops
D, then i2rkA has the eigenvalues i2wkc(—1,0, 1). Hence one can use first order
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perturbation theory with respect to —(27k)?D, which is given by (wa, D, ), where
AV = coY, and AT 1//a = ¢y 1//a are the right and left eigenvectors of A, as listed
in [30]. One simply has to follow the definitions and express every term through the
cumulants of ry and Vj. As to be expected, the matrix elements from above have
a definite value and the eigenvalues are shifted into the left hand complex plane.
Similarly, —D has eigenvalues 0, —Dy, —De and the zero eigenvalue is shifted to
the left by second order perturbation in i(277k) ™' A. The only condition is the strict
positivity of Dy, De.

Based on (3.61) one computes the stationary space-time covariance, which most
easily is written in Fourier space,

Suar (%, 1) = (Ug(x, YUy (0, 0)) = / dk ek (eTirkA— D) o (3,68)

To extract the long time behavior it is convenient to transform to normal modes. But
before, we have to introduce a more systematic notation. We will use the superscript
! for a normal mode quantity. Thus for the anharmonic chain

S,y = RSG,ORT, St (j.1) = (RD)a(j, )(R®)w (0,0))p 5.  (3.69)

The hydrodynamic fluctuation fields are defined on the continuum, thus functions
of x, t, and we write

Saar (x,1) = (Ug (x, HUL (0,0)),  S*(x, 1) = RS(x,)R". (3.70)

Correspondingly A" = RAR™! = diag(—c,0,¢), D* = RDR™', B' = RB. Note that
U(x, 1) will change its meaning when switching from linear to nonlinear fluctuating
hydrodynamics.

In normal mode representation Eq. (3.68) becomes

Sﬁ(x, £ = /dkeiznkxe—itznkAﬁ—|t|(2nk)20ﬁ ' (3.71)

The leading term, i2wkAl, is diagonal, while the diffusion matrix DF couples the
components. But for large 7 the peaks are far apart and the cross terms become
small. More formally we split D' = Dgiy + Doge and regard the off-diagonal part
Dofr as perturbation. When expanding, one notes that the off-diagonal terms carry
an oscillating factor with frequency ¢, — cor, @ 7# o'. Hence these terms decay
quickly and

S(Iia/(x’ 1) > Suur / dk ei2mhx g —it2nkea—t](27k)* Dya (3.72)

for large t. Each peak has a Gaussian shape function which broadens as (Dga [DRES
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Besides the peak structure, we have gained a second important insight. Since
the peaks travel with distinct velocities, on the linearized level the three-component
system decouples into three scalar equations, provided it is written in normal modes.

The linear fluctuation theory should be tested against adding nonlinear terms. The
computation of the Introduction indicates that in one dimension the quadratic part
of the Euler current is a relevant perturbation. This can be seen even more directly
by rescaling U(x, 7) to large space-time scales as U (x,) = ¢ "U.(¢"'x, e7%f) and
counting the powers of the nonlinear terms. To have the correct + = 0 covariance
requires b = 1/2. The quadratic terms of the Euler currents are relevant, yielding
z = 3/2, and the scaling exponents of cubic terms are only marginally relevant,
while a possible dependence of D, B on ﬁ(x, t) can be ignored. Thus, we retain the
linear part (3.61) but expand the Euler currents including second order in i, which
turns (3.61) into the equations of nonlinear fluctuating hydrodynamics,

a,ul — aXUZ =0,
Uy + 05((3eP)us + (BeP)Us + 2(37P)UT — L (0eP)U3
+1(2P)U3 + (3¢9eP)U U3 DU Uz + 0yE2) = 0, (3.73)

U3 + 9¢(PUs + (3¢P)U1Us + (deP)UrUs — DedyUy — DedyUs + 06€3) = 0.

To explore their consequences is a more demanding task than solving the linear
Langevin equation and the results of the analysis will be more fragmentary.

Stationary Measure for the Physical Fields Adding quadratic terms could change
drastically the character of the solution. To find out we first attempt to investigate
the time-stationary measure. The vector field of the nonlinear part of (3.73) reads

F = —3,(0, 1(@?P)u? — L (3P)u2
+10ZP)U3 + (0¢9eP)u U3, (3 P)UiUs + (d6P)UrUs) . (3.74)

Formally the drift is divergence free, since

: 8Fy(x)
; / Wy = F / dx(—dUs + BUs) = 0 (3.75)

and the infinite dimensional Lebesgue measure is invariant under the flow generated
by F. Since the equilibrium measure is a product, a natural ansatz for the invariant
measure is Gaussian white noise retaining the physical susceptibility,

3

exp (= 3 € [ataus @) [Jaww. 676

a0/ =1
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As established before, for the linear Langevin equation this measure is stationary.
Thus, to find out whether it is also stationary for (3.73), we only have to check the
invariance under the nonlinear flow

d 3
- (C_l)ao/ dxUq (x) Uy ()
dt MZ;I /

3
=2)" / dx(C™'0)q (x) 3, Ug (x)
a=1

= / dxagUr 3y ((97P)uf — (deP)U3 + (93P)U3 + 2(9,deP)uyus)
+2/dx(a2u1 + a3u3)8x((8gP)u1u2 + (8eP)u2u3) =0, 3.77)

where ay = (C_l)zz, a = (C Y, a3 = (C™Y)33. The term cubic in u, vanishes
by the same argument as for the one-component case. All other terms are linear in
Uy, thus their sum has to vanish point-wise,

(apd?P — azd¢P)d,u? + (agd2P — a3deP)d, U3
+2(a0(8589P)8x(u1u3) — dz(aeP)U3aXU1 — 613(8[P)U18XU3) =0. (3.78)

This leads to the constraints on the coefficients as

a0dIP = ay0,P, apdiP = a3deP, a9di0eP = a30¢P, apddeP = azdeP .
(3.79)

There are four constraints and five partial derivatives which may be regarded as
independent parameters. Thus one would expect that there is a sub-manifold in
V, P, B space for which (3.79) can be satisfied. We will come back to another
representation of these constraints below. Away from the special subset of invariant
Gaussian measures, we have no tools, but one would hope that the invariant measure
still has a finite correlation length and exponential mixing. Based on the mechanical
model, it is suggestive to assume U, to be independent of Uy, U3 and to have white
noise statistics. But this forces again the constraints (3.79) and results in the same
Gaussian measure as before.

A basic property of the mechanical model is invariance under time reversal. On
the level of fluctuating hydrodynamics this translates to the following property: We
fix a time window [0, 7]. Then, in the stationary process, the trajectories

(U1 (1), Uz (1), us(1)) and (U (T — 1), —Ux(T — 1), u3(T — 1)) (3.80)

with 0 < ¢ < T have the same probability. To check (3.80) requires some
information on the invariant measure. But under the Gaussian measure (3.76), hence
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assuming the validity of the constraints, it can be shown that time reversal invariance
indeed holds.

Transformation to Normal Modes To proceed further, it is convenient to
write (3.73) in vector form,

dU(x, ) + . (AU(x, 1) + (U, HU) — 9,DU(x, 1) + BE(x,n) =0, (3.81)

where H is the vector consisting of the Hessians of the currents with derivatives
evaluated at the background values (¢, 0, ),

3
HY = 0u,0ujo.  (UHU) = Y HypuyUy . (3.82)
yy/ =1

As for the linear Langevin equation we transform to normal modes through
é = RU. (3.83)
Then
diu + s(Catha + (6. G*B) = (D)o + (B'E)) = 0. (3.84)

By construction B*B*T = 2D!. The nonlinear coupling constants, denoted by G, are
defined by

3
> RowR"HR™ (3.85)

a'=1

o _ 1
G_Z

with the notation R~T = (R™")T.
Since derived from a chain, the couplings are not completely arbitrary, but satisfy
the symmetries

gy =Gyg» Gop=-Go 5. GZp=Gy,

Gga = -G’

—0—0 °

Ggﬂ =0 otherwise. (3.86)
In particular note that

Gy =0, (3.87)
always, while G%l = —Gj_l are generically different from 0. This property signals

that the heat peak will behave differently from the sound peaks. The é-couplings
are listed in [30] and as a function of P, 8 expressed in cumulants up to third order
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in ry, Vp. The algebra is somewhat messy. But there is a short MATHEMATICA
program available [33] which, for given P, 8, V, computes all coupling constants,
including the matrices C, A, R.

We return to the issue of Gaussian time-stationary measures, where we regard
the coefficients G, DY, BY as arbitrary, up to 2D* = B*B*T, ignoring for a while their
particular origin. The Langevin equation (3.84) is slightly formal. To have a well-
defined evolution, we discretize space by a lattice of N sites. The field J)(x, t) then
becomes ¢_>t,~(t) with components ¢ (¢),j = 1,...,N, o = 1,2, 3. The spatial finite
difference operator is denoted by 9j, 3;f; = fi+1 — f;, with transpose 97 f; = fi—1 —f;.
Then the discretized equations of fluctuating hydrodynamics read

i + 0j(Catia + Mo + 0] Do + B'Ej0) = (3.88)

with ¢; = ¢w4j, & = &n, where §, are independent Gaussian white noises with
covariance

(Ea(DE o (1)) = 87 8aS(t—1). (3.89)

The diffusion matrix D* and noise strength B act on components, while the
difference operator 0; acts on the lattice site index j.

N« is quadratic in ¢. But let us first consider the case .4/, = 0. Then ¢;, ()
is a Gaussian process. The noise strength has been chosen such that one invariant
measure is the Gaussian

3
H exp[—3¢7,](27) 2 ddyq —pa(qs)]'[]"[dqs,a. (3.90)

j=la=1

||:|2

Because of the conservation laws, the hyperplanes

N
> i = Npu. 3.91)

are invariant and on each hyperplane there is a Gaussian process with a unique
invariant measure given by (3.90) conditioned on that hyperplane. For large N it
would become independent Gaussians with mean p,, our interest being the case of
zero mean, p, = 0.

The generator of the diffusion process (3.88) with .4/, = 0 is given by

3

N
= 3 (- X feutia + D),
j=1

3
Y BBy, 00y, ). (3.92)

a0’ =1



128 H. Spohn

The invariance of pg(¢) can be checked through

L3 pa(¢) = 0. (3.93)

where * is the adjoint with respect to the flat volume measure. Furthermore linear
functions evolve to linear functions according to

N 3
o =Y € Najurtra - (3.94)

jJ=la'=1

where the matrix &/ = —0; ® diag(c1, ¢z, ¢3) — a,-ajT ® D!, the first factor acting on
Jj and the second on «.

We now add the nonlinearity .4}, . In general, this will modify the time-stationary
measure and we have little control how. Therefore we propose to choose .4/, such
that the corresponding vector field d;.4], is divergence free [10]. If .4/, depends

only on the field at sites j and j 4 1, then the unique solution reads ’

3
Ha=1% D Go(isbin + binbirry + 1y biery) (3.95)
ry'=l1

For pg to be left invariant under the deterministic flow generated by the vector field
—0;.// requires

N 3
Lipg=0. Li==Y > 0y, (3.96)
j=1a=1
which implies
N 3
DY $adiNa =0 (3.97)
=1 a=1
and thus the constraints
By = Ggy (= iﬂ) (3.98)

forall @, B,y = 1,2, 3, where in brackets we added the symmetry which holds by
definition. Denoting the generator of the Langevin equation (3.88) by

L=1Lo+L, (3.99)

one concludes L*pg = 0, i.e. the time-invariance of pg.
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In the continuum limit the condition (3.97) reads

3

> Gj / dxepy (¥)3: (¢ () py (1)) =0, (3.100)

a,By=1

where G%y = G;’jﬂ. By partial integration

3
2 Y Gy, [ asu0ps00.9,00
a,By=1
3
== 2. Gj / dxpp (x)py (X) DxPa () - (3.101)

a,By=1

Hence (3.100) is satisfied only if Gl};a = G%y, which is the condition (3.98) claimed
for the discrete setting.

Equation (3.98) is the generalization of (3.79), which is specific for the anhar-
monic chain. In fact, while abstractly true, it is not so easy to verify directly. But
now we can argue more convincingly why one should be allowed to continue with
assuming the validity of the constraints (3.98). As we will discuss in the next
section, the leading coupling constants are of the form Gj,, while the sub-leading
couplings have equal lower indices, GJ,,, ¥ # «a. The off-diagonal matrix elements
are irrelevant for the large scale behavior. When one does the counting, all leading
and sub-leading couplings can be chosen freely and the irrelevant couplings can be
adjusted so that the constraint (3.98) is satisfied. Appealing to universality, the large
space-time behavior should not depend on that particular choice. We expect that for
general G the true time-stationary measure will have short range correlations and
nonlinear fluctuating hydrodynamics remains a valid approximation to the dynamics
of the anharmonic chain.

In related problem settings, a different point of view has been suggested [34, 35].
Firstly one notes that the Gaussian stationary measure (3.76), hence also (3.90), is
simply inherited from the canonical equilibrium measure. In this respect there is no
choice. Also the nonlinear Euler currents are on the safe side. But the remaining
terms are phenomenological to some extent. D, B! could depend on q3 itself. One
could also include higher derivative terms. In fact, one could try to choose the
nonlinearities precisely in such a way that the dynamics is invariant under time-
reversal and leaves the Gaussian measure invariant. The program as such may be
easily endorsed, but so far I have not seen a convincing handling of the details.
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3.4 Mode-Coupling Theory

Decoupling Hypothesis For the linear equations the normal modes decouple for
long times. The hypothesis claims that such property persists when adding the
quadratic nonlinearities. For the precise phrasing, we have to be somewhat careful.
We consider a fixed component, ¢, in normal mode representation. It travels with
velocity ¢, which is assumed to be distinct from all other mode velocities. If
G5, # 0, then for the purpose of computing correlations of mode « at large scales,
one can use the scalar conservation law

at¢a + ax(ca¢a + Gga¢§ - Dgaaxﬁba + BgaSa) =0 s (3102)

which coincides with the stochastic Burgers equation (3.19). If decoupling holds,
one has the exact asymptotics as stated in (3.21) with A = 2+/2|G%,|. The
universal scaling function fxpz is tabulated in [36], denoted there by f. fxpz > O,
fdfopz(x) = 1,prz(x) Zprz(—x), fd)ngpz(x)xz ~ 0510523fKPZ looks like a
Gaussian with a large |x| decay as exp[—0.295|x|?]. Plots are provided in [18, 36].
For an anharmonic chain, Ggo = 0 always and the decoupling hypothesis applies
only to the sound peaks, provided G}, = —GZ{_, # 0 which generically is the

case. If G%l # 0, then the exact scaling form is
St D) = A fipz (A 2P (x—oet)) . Ay =2V2|GY, |, (3.103)

o = =1. To find out about the scaling behavior of the heat mode other methods
have to be developed.

For one-dimensional fluids, van Beijeren [37] follows the scheme developed in
[6] and arrived first at the prediction (3.103) together with the Lévy 5/3 heat peak to
be discussed below. In [37] no Langevin equations appear. I regard them as a useful
intermediate step valid on a mesoscopic scale. In the Langevin form the theory
can be applied to a large class of one-dimensional systems. As a tool, fluctuating
hydrodynamics has been proposed considerably earlier [38] and used to predict the
t~2/3 decay of the total energy current correlation.

One-Loop, Diagonal, and Small Overlap Approximations We return to the
Langevin equation (3.88) and consider the mean zero, stationary ¢; . () process with
pc as t = 0 measure. The stationary covariance reads

SE D = (¢ (Do (0)) = (Powe Pia)eq, 1> 0. (3.104)

On the left, (-) denotes the average with respect to the stationary ¢; . (f) process and
on the right (-)cq refers to the average with respect to pg. By construction

St (.0) = SaarBo - (3.105)



3 Fluctuating Hydrodynamics 131

The time derivative reads
LSt G0 = (Gowr € Lodya))eq + (Do (L)) (3.106)
d wa’\Jo 1) = Qoo i) eq 0,00 1Pja)leq - .
We insert
t
et = elot 4 / dset=9p, el (3.107)
0

in the second summand of (3.106). The term containing only e/ is cubic in the time

zero fields and hence its average vanishes. Therefore one arrives at

d , . ! - ;
S o0) =  Sawr (1) + / ds{Poae® L1 Lidia))eg.  (3.108)
0

For the adjoint of e/0¢~*) we use (3.94) and for the adjoint of L; we use

($jaLl1F(P))eq = —((L1¢a)F(P))eq » (3.109)
which both rely on (-)¢q being the average with respect to pg. Furthermore
Li¢jq = —0jNa. (3.110)

Inserting in (3.108) one arrives at the identity

d ! - \)
TS (1) = 85, (J.0) / ds((e” N0 ) N e))eq.  (B111)
0

To obtain a closed equation for S* we note that the average
(0 Ny € 0; M) eq = (07 M0 (5)0y N7 o (0)) (3.112)
is a four-point correlation. We invoke the Gaussian factorization as

(B()p(5)9(0)p(0)) = (P (5)9(5)){P(0)p(0)) + 2(¢ () (0)) (¢ (5)$(0)) .
(3.113)

The first summand vanishes because of the difference operator d;. Secondly we
replace the bare propagator e ‘=% by the interacting propagator S*(¢ — s), which
corresponds to a partial resummation of the perturbation series in G. Finally we
take a limit of zero lattice spacing. This step could be avoided, and is done so in
our numerical scheme for the mode-coupling equations. We could also maintain the
ring geometry which, for example, would allow to investigate collisions between the
moving peaks. Universality is only expected for large j, ¢, hence in the limit of zero
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lattice spacing. The continuum limit of S*(j, 7) is denoted by S*(x, ), x € R. With
these steps we arrive at the mode-coupling equation

3

0SEp ) = D (= cubaarde + Dl 92)SE (000

a’=1
t

+ / ds / dyM e (y, s)a)chg,ﬁ(x—y,t—s)) (3.114)
0 R

with the memory kernel

3
Mew(x.) =2 G Sy (6.0, (x.1) (3.115)
BBy .y =1

In numerical simulations of both, the mechanical model of anharmonic chains
and the mode-coupling equations, it is consistently observed that Sga, (j, 1) becomes
approximately diagonal fairly rapidly. To analyse the long time asymptotics on the
basis of (3.114) we therefore rely on the diagonal approximation

SE (6 1) 2 Sautfu (3,1) . (3.116)
Then f, (x,0) = §(x) and the f,’s satisfy
t
0ut0.t) = (~ca + DE ) + [ ds [ dr0foe =yt M 029).
¢ (3.117)

o = —1,0, 1, with memory kernel

Moo (x,0) =2 Y (G2, f,(x.0)fy (1) . (3.118)

y.y/=0,£1

The solution to (3.117) has two sound peaks centered at £ct and the heat peak
sitting at 0. All three peaks have a width much less than cz. But then, in case y # y’,
the product f,, (x, 1)f,+ (x, t) = 0 for large . Hence for the memory kernel (3.118) we
invoke a small overlap approximation as

Moo (x.1) ~ ME(.1) =2 Y (G2)%f, (x.0), (3.119)
y=0,£1

which is to be inserted in Eq. (3.117).
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Numerical Simulations of the Mode-Coupling Equations When starting this
project together with Christian Mendl, in the summer of 2012 we spent many
days in numerically simulating the mode coupling equations with initial conditions
Si o (J:0) = 84a780;. Only a few plots are in print [39], simply because there is such
a large parameter space and it is not clear where to start and where to end. Still, for
our own understanding this period was extremely helpful. Mostly we simulated in
Fourier space. System size was up to 400. Speeds were of order 1, thereby limiting
the simulation time to about 200, the time of the first peak collision. For such sizes
the simulations are fast and many variations could be explored. We started from the
scalar equation, to be discussed below, moved up to two modes, and eventually to
three modes with parameters taken from an actual anharmonic chain. |E;g,a,| was
either 0 or somewhere in the range 0.3-2.5. D¥ is a free parameter which was
varied from 0 to |E}g,a, |/2. We always simulated the complete matrix-valued mode-
coupling equations (3.114). Our main findings can be summarized as:

(a) For a large range of parameters, the diagonal approximation in generally failed
for short times, but was quickly restored with the off-diagonal elements being
at most 10 % of the diagonal ones.

(b) The results were fairly insensitive to the choice of D*. In fact, D = 0 works
also well. Apparently the memory term generates already enough dissipation.

(c) We varied the overlap coefficients G;’jy, with y # y’. Over the time scale of the
simulation no substantial changes were observed.

All these findings confirm the approximations proposed.

As our biggest surprise, except for trivial cases we never reached the asymptotic
regime. The peak structure develops fairly rapidly. The peak shape then changes
slowly, roughly consistent with the predicted scaling exponents, but it does not reach
a self-similar form. For example in the case of the sound peak, on the scale 23,
rather than being symmetric, as claimed by (3.103), it is still badly distorted, tilted
away from the central peak with rapid decay outside the sound cone but rather slow
power law type of decay towards the central peak. To improve one would have
to simulate larger system sizes and longer times. But then numerical simulations
become heavy and the fun evaporates. More attention can be achieved by molecular
dynamics (MD) simulation of the mechanical chain.

For given parameters V, P, B one easily computes all the required coefficients. So
one goal was to run a MD and put the results on top of the ones from a simulation of
the mode coupling equations. For this to be a reasonable program, one would have
to simulate the mode-coupling equations for sizes of N = 4000 and more, which
we never attempted.

For the scalar case the situation is much simpler. The mode-coupling equation
takes the form

df (x, ) = D*f(x, 1) + 2G> /tds/ Ay f(x —y,t — ) (y, )%, (3.120)
0 R
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which is the one-loop approximation for the stochastic Burgers equation [40] . For
large x, t, its solution with initial condition f(x, 0) = §(x) takes the scaling form

e 1) = At e (A7) . (3.121)
Inserting in (3.120), one first finds the non-universal scaling coefficient
As = 24/2|G2, | (3.122)

Secondlyfmc, the Fourier transform of f;,, is defined as solution of the fixed point
equation

1
2f (w) = 1w /0 dsfme (1 —5)*?w) /R Aqfme (2 (W= @)fme (*3q) (3.123)

with w > 0 and finc(0) = 1,/ .(0) = 0.

Equation (3.123) is based on the closure assumption (3.113) and there is no
reason to infer that it is exact. However from our numerical simulations we conclude
that fxpz differs from f;,. by a few percent only. We regard the scalar case as a
strong support for the entire approach. But for several components the large finite
size effects prohibit one to arrive at a similarly simple claim.

Asymptotic Self-similarity Within mode-coupling the asymptotic shape function
for the sound peaks is given by
fo @ 1) 2= At) P fnc (M) (x — 0ct)) (3.124)

o = =1. For the heat peak we employ (3.117) together with (3.119), using as an
input that the asymptotic form of f,; is known already. In fact the scaling exponent for
f5 1s crucial, but the precise shape of f; enters only mildly. Hence, again switching
to Fourier space, one has to solve

dfolk.1) = —DiQmk)*folk.1)
-2 a;ﬂ(GSa)z(an)z /0 r dsfo(k,t— s) /R dqfs(k — q.9)f+(q.5) .

(3.125)

fo(k, 0) = 1. For fg one inserts the asymptotic result (3.121). Equation (3.125) is a
linear equation which is solved through Laplace transform with the result

Folk, 1) o e W2t (3.126)
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where
oo
= A73(G )2 (4m)? / dir™2/? cos(2mct) / dxfine(x)?
0 R
1 1
= A723(G ) (4n)*2re) ™AL —/d 2 (3127
S ( U(T) ( 7T) ( 7TC) 27rl—y(%) COS(%) R xfmc(x) ( )
and we used the symmetry G, = —G° ___, see [30] for details. Equation (3.126)

is the Fourier transform of the symmetric «-stable distribution with exponent @ =
5/3, also known as Lévy distribution. In real space the asymptotics reads, for |x| >
(An1)*,

folx,1) =~ 7 Apt|x]| 783 (3.128)

Jme 1s a smooth function with rapid decay. On the other hand, f, has fat tails and its
variance is divergent. According to (3.128), at x = oct the heat peak fy(oct, 1) =
7" Ane™8/3175/3 This explains why there is still coupling between f, and f; , despite
the large spatial separation. In fact, numerically one observes that beyond the sound
cone, x = =ct, the solution decays exponentially fast. As # becomes large the tails
of fy are build up between the two sound peaks, so to speak they unveil the Lévy
distribution.

In (3.125) we could also insert for f;; the exact scaling function fxpz, which would
slightly modify Ap. fi vy is an approximation, just as f,.. But the MD simulations
display so convincingly the Lévy distribution that one might be willing to regard it
as exact. If so, the exact A;, must be based on fxpz. To obtain the correlations of the
physical fields, one has to use

S(j.t) =R'S*(j,HR7T. (3.129)

In particular the correlations of the physical fields are given through

Saa (i) = Y[R oo (. 1) . (3.130)

o=0,%+1

where for f, the asymptotic scaling form is inserted. Then asymptotically the £-
£ and the e-e correlations show generically all three peaks. However, for the
U-u correlations the central peak is missing asymptotically, since (R™')2 = 0
independently of the interaction potential V.

We note that the coefficient D* does not appear in the asymptotic scaling form,
of course neither B*B*T = 2D*. This result is consistent with the picture that
noise and dissipation are required to maintain the correct local stationary measure
with susceptibility C. The long time asymptotics is however governed by the
nonlinearities.
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No Signal Beyond the Sound Cone Physically the sound speed is an upper
limit for the propagation of small disturbances. Since the initial state has a finite
correlation length, one would expect that towards the outside of the sound cone
correlations decay exponentially, while inside the sound cone there seems to be
no particular restriction. As a consistency check, one would hope that such a
general feature is properly reproduced by mode-coupling. Their numerical solutions
conform with this expectation, at least for the small system sizes explored. But for
the scaling limit one has to let # — oo and the decay information seems to be lost.
However there is still a somewhat subtle trace.

To explain, we have to first recall some properties of Lévy stable distributions.
Except for trivial rescalings, they are characterized by two parameters, traditionally
called «, B, where for simplicity we momentarily stick to this convention, without
too much risk of confusion. The probability density has a simple form in Fourier
space,

Frevap (k) = exp (— |k|*[1 —ip tan(1 we)sgn(k)]). (3.131)

The parameter o controls the steepness, 0 < o < 2, while 8 controls the asymmetry,
|B| < 1. For |B| > 1 the Fourier integral no longer defines a non-negative function.
At the singular point ¢ = 2 only § = 0 is admitted and the probability density
is a Gaussian. If || < 1, the asymptotic decay of fi ¢y o g(x) is determined by a
and is given by |x|™*~! for |x| — oo. At || = 1 the two tails show different
decay. The functions corresponding to § = 1 and 8 = —1 are mirror images, for
B = 1 the slow decay being for x — —oc and still as |x|™*~!. For 0 < a < 1,
Siévya1(x) = 0 for x > 0, while for 1 < o < 2 the decay becomes stretched
exponential as exp(—cox*/!=%)) with known constant ¢,. We refer to [41] for more
details.

For the heat peak we obtained the symmetric Lévy distribution because the sound
peaks are reflection symmetric, implying ¢; = —c—; and (G%))> = (G°,_))*
If hypothetically we would choose distinct couplings, or ¢; # —c—_j, then this
imbalance would produce a 8 # 0. If one of the sound peaks would be completely
missing, as in the case for a system with only two conserved fields, then necessarily
|B| = 1. In accordance with the physical principle, the sign of  is such that the fast
decay of fi ¢yy o, +1(x) is towards the outside of the sound cone, while the slow decay
is towards the single sound peak. For finite ¢, this slow decay will be cut by the
sound peak. Thus the scaling solution of the mode-coupling equations reproduces
the rapid decay towards the exterior of the sound cone. This is a completely general
fact, any number of components and any G (Schiitz, Formulas for mode-coupling
calculations, 2015, private communication).

Dynamical Phase Diagram As already indicated through the particular case
G80 = 0, the large scale structure of the solution depends on whether G% = 0
or not. One extreme case would be GS, # O for all «, implying that the three peaks
have KPZ scaling behavior. The other extreme is Gj,, = 0 for all , y, resulting
in all peaks to have diffusive broadening. For the case of only two modes, the full
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phase diagram has seven distinct phases, with unexpected details worked out in
[42]. For the general case of n components the long time asymptotics is completely
classified in [43] (Schiitz, 2015, Formulas for mode-coupling calculations, private
communication). Anharmonic chains have special symmetries and not all possible
couplings G can be realized. Given that Ggo = 0 and because the sound peaks are
symmetric, to have a distinct scaling requires

G}, =0, (3.132)

which can be realized. The behavior is then determined by the value of the remaining
diagonal matrix elements. For the central peak one finds

oGl >0, (3.133)

while for the sound peak diagonals, GL,_, = —Gj', G}, = —Gj, there seems
to be no particular restriction. In principle, there could be sort of accidental zeros
of G, which are then difficult to locate. A more direct approach starts from the

observation that the G coefficients are expressed through cumulants in ry, Vy . If
the integrands are antisymmetric under reflection, many terms vanish. The precise
condition on the potential is to have some ag, Py such that

V(x —ag) + Pox = V(—x — ag) — Pox (3.134)
for all x. Then for arbitrary 8 and P = Py, one finds
G, =0, G, =-G'=0, Gjy=-Gy =0, (3.135)

while GJ_, # 0, generically. The standard examples for (3.134) to hold are the FPU
chain with no cubic interaction term, the $-chain, and the square well potential with
alternating masses, both at zero pressure.

Under (3.135) the heat mode is coupled to the sound mode, but there is no
back reaction from the sound mode. Hence the sound peak is diffusive with scaling
function

1 .
£, 1) = \/ﬁe—@—mz/“’%’. (3.136)
S

Dy is a transport coefficient. It can defined through a Green-Kubo formula, which
also means that no reasonably explicit answer can be expected. The feed back of the
sound peak to the central peak follows by the same computation as before, with the
result

folk, 1) = e WP/ 2anr (3.137)
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Fig. 3.2 Scaling plot of heat and sound peak for a FPU chain with N = 8192, potential parameters
a =0, 8 =1, pressure P = 1, and temperature ! = 1

where
A = (Dg)"V*(G2,)? (4m)*(2mc) ™12 / ” dir 2 cos()(2/m) "' (3.138)
0

Since 3/2 < 5/3, the density fy(x, ) turns out to be broader than the Lévy 5/3 from
the dynamical phase with G}, # 0.

In testing nonlinear fluctuating hydrodynamics almost subconsciously one tries
to confirm (or not) the scaling exponents, resp. functions. This can be difficult
because of limited size. The dynamical phase diagram offers a different option.
For exceptional points in the phase diagram, without too precise a verification of
the scaling, one should find that the standard scaling exponent does not properly fit
the data. Such qualitative property is possibly more easy to access. In Fig. 3.2 we
display heat and sound peak for a FPU chain with G}, = 0.

3.5 Molecular Dynamics Simulations

In 1953 Fermi, Pasta and Ulam, technically supported by Tsingou, simulated 32
particles interacting through a quartic potential at the extremely low energy of
e = 5 x 107 per particle (above the ground state energy) [26]. They injected
energy in the highest Fourier mode and were looking for equipartition of the modes
at long times. However they found quasi-periodic motion with time averages settling
to some definite value different from equipartition. The observed quasi-periodicity
triggered the connection to KAM tori, the discovery of integrable systems with
many degrees of freedom, and to the development of the theory of solitons and
breathers [44, 45]. For sure, a rich harvest, see [46] for a historical perspective.
Later on Izrailev and Chirikov [47] repeated the simulation at the higher energy
e = 5 x 1072 and observed equipartition.
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Anomalous transport surfaced much later [48], see the reviews [49, 50]. One
connects the two ends of the chain to thermal reservoirs. To explain, the end particles
are tied down as go = 0, gy+1 = 0, and to the equations of motion for the boundary
particles one adds Langevin terms as

g1 =—-yp1 +V2¥yT-§_, Gn =—ypn+ V2yT1 &4, (3.139)

where y is a friction constant, 7+ are the boundary temperatures, and £ (f) are
independent standard Gaussian white noises. For 7_ = T the system settles in the
canonical equilibrium state. But for 7_ ## T there is a non-trivial steady state with
a non-zero energy flux jo(N) depending on the length, N, of the chain. For regular
heat transport, Fourier’s law implies jo(N) ~ c¢oN~!. However for FPU chains one
finds an enhanced transport as

Je(N) >~ coN~1(T_ —Ty) (3.140)

with an exponent o characterizing the anomaly. [A further ¢, but better to stick to
standard conventions.] Over the last two decades many MD simulations have been
implemented for a wide variety of one-dimensional systems. Early results indicated
a = 2/5, but since about 2003 the common evidence pointed towards & = 1/3 or
at least close to it.

Nonlinear fluctuating dynamics can also deal with such open chains, at least in
principle. One would impose energy imbalance boundary conditions as £(0,7) =
0 = £(L,1), u(0,t) = 0 = u(L,t), but ¢(0,¢) = e_ and e(L,t) = ey and tries
to investigate the steady state. Unfortunately, at least for the moment, we have no
powerful techniques to deal with this problem. On the other hand it is argued [49]
that the energy flux is related to a Green-Kubo formula by

N/c
jo(N) ~ /0 di((_73(0):_F5(0)) — {_73(00): F5(0))). (3.141)

Under the time integral appears the total energy current correlation in thermal
equilibrium with its possibly non-zero value at ¢t = oo subtracted, see Sect.3.6
for more explanations. The decay of such correlation can be predicted by mode-
coupling. In fact, we will confirm the value @ = 1/3. But the argument is subtle
because it is only indirectly related to the spreading of the heat peak which is on
scale /.

Because of the relation (3.141), in many MD simulations the total energy current
correlation (_#3(t); #3(0)) is measured as an addition to steady state transport
[51, 52]. There are also MD simulations exclusively focussed on momentum
and energy current correlations [53]. However simulations of correlations of the
conserved fields have been fairly scarce until recently. The peak structure was
noted already in [54], see also [55, 56]. But surprisingly enough, even such a
basic issue as the quantitative comparison between the measured speed of sound
and formula (3.54) is apparently not a routine check. So far there have been three
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independent sets of simulations with the specific aim to check the predictions from
mode-coupling. For the details the reader is encouraged to look at the original
papers. I will try to compare so to reach some sort of conclusion.

The first and second set are FPU chains with either symmetric or asymmetric
potential, both the «f and the pure 8 chain [57, 58]. In this case one has to integrate
numerically the differential equations governing the evolution, for which both a
velocity-Verlet algorithm and a fourth order symplectic Runge-Kutta algorithm are
used. The third set consists of chains with a piecewise constant potential [59]. We
call them hard-collision, since the force is zero except for §-spikes and the dynamics
proceeds from collision to collision. Now one has to develop an efficient algorithm
by which one finds the time-wise next collision. Except for rounding, there is no
discretization of time. The simplest example is the hard-point potential, V},c(x) = oo
for x < 0 and Vj.(x) = O for x > 0. A variant is the infinite square well potential,
Vsw(x) = oo for x < 0, x > a and Viy(x) = 0 for 0 < x < a [59, 60]. In this
case two neighboring particles at the maximal distance a are reflected inwards as
if connected by a massless string of finite length a. For both models the dynamics
remembers the initial velocities. To have only the standard conservation laws, one
imposes alternating masses, say m; = mjq for even j and m; = m; for odd j. In both
models the unit cell then contains two particles and the scheme explained before
has to be extended. But at the very end the difference is minimal. A further variant
is the shoulder potential Vg,(x), for which Vg (x) = oo for |x| < %, Vin(x) = &o
for % < |x| < 1, and Vih(x) = O for |x| > 1. The potential is either repulsive,
gy > 0, or attractive g9 < 0. Exploratory studies of the latter case indicate that
the convergence is slower than for the extensively studied attractive case. Particles
interacting with such a potential can be viewed also as a hard-core fluid with a short
range potential part and thus serves as a bridge between one-dimensional fluids and
anharmonic solids. The collisions resulting from the potential step make the model
non-integrable.

FPU chains with an even potential at P = 0 constitute a distinct dynamical phase.
Such phase is absent for the hard-point and the square shoulder potentials. But the
square well at P = 0 has the same properties as can be seen from taking ap = a/2
in (3.134).

Current system sizes are N = 211 10 213 even size 2! = 65,536 has been
attempted [61]. Periodic boundary conditions are imposed. Time is restricted to
t < tmax = N/2c, the time of the first collision between sound peaks. For given
potential, one has to decide on the thermodynamic parameters, P, 8. One constraint
is to have ¢ approximately in the range 1 ... 2 in order to have a sufficiently long
time span available. Secondly one would like to be well away from integrability.
This leads to an energy per particle of order 1 in the models from above. A related
issue are the coupling matrices é, which should not be too small, at least for the
relevant couplings. For the models from above they are tabulated. The relevant
couplings show quite some variability taking values in the range 0.1 ... 3.4. At
the very end, one has to make a physically reasonable choice, perhaps use the
same parameters as previous MD simulations so to have the possibility to compare.
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A systematic study of the dependence on P, 8 seems to be too costly and most likely
not so interesting. But it does make sense to probe values at the border. For some
of the FPU simulations the energy per particle is chosen as € = 0.1, at which point
nonlinearities are small [57]. There are also very extensive simulations at the even
lower energy € = 5 x 10~*, with the goal to explore the route to equipartition, which
is a somewhat distinct issue [62].

Once all parameters are fixed, there are several options to run the simulation.
Since in canonical equilibrium {r;,p;,j = 1,...,N} are independent random
variables, one can sample the initial conditions through a random number generator.
For the hard-collision potentials the geometric constraints are still simple enough
for allowing one to generate the microcanonical ensemble by Monte Carlo methods.
In our simulations the correlator S hardly depends on the choice of the ensemble.
With such generated random initial data the equations of motion are simulated up to
tmax- A single run is noisy and one has to repeat many times, order 10’. The much
more common choice is to start from a reasonable nonequilibrium configuration and
to equilibrate before measuring correlations. Usually one then simulates very long
trajectories, up to times of order 2'>, over which the time lag g, (j,t + 7)gs (0, 7) is
sampled, T < fnx. In addition one averages over a small number of runs, of order
10?. The total number of samples is roughly the same in both methods. The random
number generator method produces the thermal average with a higher reliability.

The sampled Sy (J, ) can be Fourier transformed in the spatial variable and/or
in the time variable. One can also transform to normal coordinates. These are
linear operations which can be done for each sample or only after averaging.
Should one keep the full resolution or only some data points? Of course it
depends somewhat on the goals. In [58, 59], the full 3 x 3 matrix is sampled and
subsequently transformed via the theoretically computed R matrix to obtain S¥(j, ).
This approach allows to test diagonality. Because the peak structure is most easily
seen in the space-like j coordinate, maximal resolution for j is retained and only
three times (+ = 250, 500, 1000) are recorded for the purpose of making a scaling
plot. In van Beijeren and Posch (TU Miinchen, June 2013, private communication),
the lowest Fourier modes are measured as a function of ¢. In [57] the lowest Fourier
modes are plotted as a function of the frequency w. A separate issue are the much
simulated total current correlations. The total currents are sampled directly, in the
most complete version momentum, energy, and cross correlations, and then plotted
as a function of ¢ or w.

We reproduce only a few figures. Many more details can be found in the original
papers. In Fig. 3.3 we display the data for the FPU chain [58] with Vepy(x) = %xz +
%x3 + ix“, B =2 P=1,N = 8192, and tm,x = 2700. The sound speed is
¢ = 1.45. Note that the sound peak is somewhat distorted, not symmetric relative to
ct, but has a rapid fall-off away from the sound cone. As only fit parameter one uses
An, resp. As. The optimal fit at the longest available time is denoted by A}, resp.
AP, standing for empirical value. In most cases there is also a theoretical value
based on decoupling and/or mode-coupling, which is indicated in square brackets.
For the FPU simulations the results are for the heat peak A; = = 13.8 [1.97], and
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Fig. 3.3 Scaling plot of (a) heat and (b) sound peak for a FPU chain with N = 8192, potential
parameters « = 2, B = 1, pressure P = 1, and temperature 8! = 0.5
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Fig. 3.4 Heat and sound peak for shoulder, hard-point, and square well potential in logarithmic
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for the sound peak A = 2.05 [0.68]. From the visual appearance, one might have
guessed the theoretical values to be just the other way round. So maybe the system
tries to generate the optimal Lévy peak at non-relaxed sound peaks.

In Fig. 3.4 we reproduce the plot of heat and sound peak for the hard-collision
models with shoulder, hard-point, and square well potential, in the latter two cases
with alternating masses [59]. To better judge the quality of the fit we provide a
logarithmic plot. In all cases N = 4096 with ., = 1024. The following parameters
have been chosen, shoulder: g9 = 1, P = 1.2, 8 = 2, ¢ = 1.74, hard-point:
my/my = 3, P = 2,8 = 0.5 ¢ = 1.73, square well: m;/my = 3,a = 1,
P = 0,8 = 2,c = 1.73. The fit to the predicted scaling function has an error
less than 5 %. For the hard-collision models the simulation results are, shoulder:
AP = 1.62 [1.71], A;™ = 1.44 [1.04], hard-point: A" = 1.42 [2.00], A, =
1.04 [0.95], square well: A;"" = 0.95 [1.04]. Recall that the square well potential
at P = 0 is in a distinct dynamical universality class, hence the different scaling
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exponents. For this model Ay is related to a diffusion constant, which can be obtained
only numerically.

The MD simulation [57] is at low temperatures and considers the positional
correlations, which in Fourier space differ from the stretch correlations only by a
k-dependent prefactor. Thus sampled is the correlator

(1 = cos(2rk)) ™" / dre” 8y (k,1) = (1 — cos2mk)) 'Sk, w).  (3.142)

For low temperatures the area under the central peak is a factor 10 smaller than the
one under the sound peak. Hence only the sound peak is explored. Its asymptotic
scaling form is

S11(k, 1) = cos(2miker)Cr1fxpz (k(An]t))??) . (3.143)
Considering only the right moving sound peak by setting wm,x = 2wk,
S11(.0 + wnes) = [ die " CufirnlkGalt))

= / dr IO KT Crfen () (3.144)

Thus defining
hipz(0) = / dre frez (117, (3.145)

one arrives at
Sk, ® + Omax) = SC11 ALK ™ ez (/A1 [K¥?) . (3.146)

If one normalizes the maximum of S to 1, then hxpz(®)/hkpz(0) replaces hgpz(®),
which amounts to setting the prefactor in (3.146) equal to 1. In Fig. 3.5 the spectrum
at two different choices of the asymmetry parameter is displayed.

In the simulation the potential is chosen as V(x) = %xz + a%x3 + %x“, where
the asymmetry varies from 0 to 2. Increasing «, the pressure P increases from 0 to
—0.2 and the inverse temperature from 9.55 to 9.75. The sound speed ¢ >~ 1.1. In
frequency space the peak moves linearly in k at around @ = 0.01. For the shape
function one uses 5’(k, w) fork = 1,2, 4,8, 16 to generate a scaling plot. Over the
whole range of «’s the fit with the scaling function (3.145) is fairly convincing.
The optimal fit parameter starts from A © = 0.02 [0.04] at @ = 0.2 to AS"" =
0.08 [0.37]ata = 1.6 and to Ag ¥ = 0.07 [0.53] atax = 2.0.
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3.5 Scaling plot of the sound peak in (k = ¢, w) variables of a FPU chain with N = 1024,

potential parameters & = 0.1, 8 = 1, pressure P = —0.04, and temperature 8~ = 0.105. The
speed of sound is ¢ = 1.11

Given the diversity of models, parameters, and numerical schemes only tentative
conclusions can be drawn.

(a)

(b)
()

(d)

(e)

The separation into three peaks is a fast process. In normal mode representation
the off-diagonal matrix elements are indeed small. There are no correlations
beyond the sound cone.

The distinction between G%l # 0 and G}, = 0 is seen very convincingly.

The central peak is on the */° scale and adjusts well to the predicted Lévy
distribution with one caveat. As seen from the center, the shape function fairly
rapidly switches into the power law decay. However at the location of the
sound peaks there are some wiggles and beyond only small amplitude noise is
observed. In this sense, the Lévy distribution gets uncovered as time progresses.
The Lévy distribution is a fairly direct consequence of Ggo = 0 and thus one of
the strongest supports for the theory.

The sound peaks are mirror images of each other. One plots them on the 2/
scale, but then there is still a slow change in time. For the hard-collision models
the shape is almost perfect, but the A parameter is dropping in time. For the FPU
models the peak is distorted and still away from the symmetric shape predicted
by the theory. To the outside of the sound cone there is the rapid fall-off in
accordance with the KPZ scaling function. But towards the heat peak there is
slow decay. The sound peak is tilted away from the central peak. Apparently
there is still a strong interaction between the peaks.

In the majority of the simulations the peaks vary slowly on the scale r*/3 for
sound, resp. */° for the heat peak. Thus it becomes meaningful to use as a
fit the theoretical scaling function with Ay, resp. Ay, as only free parameter.
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This optimal choice has been denoted above as empirical value A:ﬁp. The error

between the measured and theoretical shape function is less than 5 %. However
one observes that A" and A} are still changing in time signaling that the
simulation has not yet reached the truly asymptotic regime. In some simulations
A:;Tlp drops monotonically in time and differs not too strongly from A,,. One
is then willing to believe that for even longer simulation times the asymptotic
value is reached. But in other simulations there is a much stronger discrepancy,
which asks for more explanations.

Mode-coupling is not specific to anharmonic chains. In principle any one-
dimensional system with conserved fields can be handled by the same scheme.
This offers the possibility to test the theory through other models, possibly finding
systems with less strong finite time effects. One obvious choice are stochastic
lattice gases with several type of particles like several lane TASEP [43, 63] and
the AHR model [64, 65]. For them the couplings can be more easily adjusted than
for anharmonic chains, which offers the possibility to test the dynamical phase
diagram. Also anharmonic chains with a stochastic collision mechanism, respecting
the conservation laws, have been studied in considerable detail [42, 66, 67].

3.6 Total Current Correlations

The total current is a fluctuation observable, in contrast to Sy (j, ) which refers to
the average of the product of two local observables. Thus we need some additional
considerations to establish the link to nonlinear fluctuating hydrodynamics. For a
ring of size N, Ay = [1, ..., N], the total currents are defined by

R | A
Foay(t) = T ,; BAR)) (3.147)

and the total current covariance reads

FAN,aa/(t) = (ftol,AN,a (t); /lot,AN,a/(O»P,ﬂ,AN

N
= ( Fuli0: Zar(0.0))p .0y - (3.148)
Jj=1

The cumulant (-;-) means that the static average is subtracted and system size is
indicated explicitly. In the limit N — oo

Too (1) =Y (_Falj. 1) Far (0.0))p g (3.149)

JEZ

For fixed ¢ the integrand decays exponentially in j, but with a correlation length
increasing in time.



146 H. Spohn

Before we emphasized the transformation to normal coordinates. For the currents
we stick to the physical fields. The current iy 4,.1(¢) is itself conserved. Thus
only the (2, 3) block has a time variation. Using stationarity and time-reversal, the
diagonal elements are even, [, (f) = 4y (—t), while the off-diagonal elements are
odd and satisfy

D3(t) = —Ia(—1) = I'a(—1) = —I3(1) . (3.150)

Mode-coupling predicts that this matrix element vanishes. In our simulations
we observe an exponential decay with a decay time of order 20-30. Thus the
correlations of real interest are [ (f) and I33(f). For chains the latter is the
most frequently simulated equilibrium time correlation. The momentum current
correlations have been measured in [53] (van Beijeren and Posch, June 2014, GGI,
Firenze, private communication) and the momentum-energy cross correlations only
recently in [68].

I'py.«e () 1s a fluctuation observable, for which the equivalence of ensembles
does not hold. But the time-independent difference between microcanonical and
canonical average can be computed explicitly. For the microcanonical ensemble,
lim—s o0 I Ay micro(f) = 0. On the other hand, there is no reason for "4, (¢) to vanish
asymptotically if the canonical average, as in (3.148), is used. In fact, for infinite
volume,

lim (1) = 712, lim Iys(f) = B~1P2. (3.151)
—> 00 —>00

The asymptotic values in (3.151) are called Drude weight, which has received
a lot of attention in the context of current correlations for integrable quantum
chains. A non-zero Drude weight indicates that the correlator of the corresponding
conserved field has a ballistically moving component, but it cannot resolve the
structure of this component. For non-integrable anharmonic chains, the ballistic
pieces are just the sharply concentrated sound peaks, while in the integrable case
one expects to have a broad spectrum which expands ballistically.

The link to mode-coupling is achieved through the general observation that the
current correlations are proportional to the memory kernel. We use its diagonal
approximation and insert the asymptotic form of f,. The memory kernel is in normal
mode representation. Thus we still have to transform back to the physical fields
through the R matrix. The computation can be found in [68] with the result

LAt = Doty — ' = %(Aht)_ys(WOvHqu)Z/dfoévy,5/3(x)2
00 1) [ i

FE0) = ) — 7P = 00 [ defera(?, (3.152)
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where {{,} are the eigenvectors of A, Ayy = 0, AY; = ¢y, see [30]. If (3.134)
is satisfied, e.g. an even potential at P = 0, then the sound peak is diffusive, see
Eq. (3.136), and the central peak is Lévy 3/2. Furthermore (Yo, H'¢y) = 0 =
(Y1, HYyr1). Hence I (1) — B~ c? is expected to decay integrably, while

I3(t) — B7'P? ~ B2 (8 Dst) /2. (3.153)

The energy current correlation is predicted to decay as r~2/3 which has been
reported in MD simulations already more than 15 years ago [51, 52]. The true
mechanism behind the decay is actually somewhat subtle. From the conservation
law it follows that the second moment of the heat peak is related to the second time
derivate of the current correlation. Using the asymptotic form (3.128), including the
cut-off at the sound peak, one arrives at

2 ct

% dxXfy(x, 1) = 2 (Ap)> PP Q)73 (3.154)
—ct

This argument overlooks that the scaling form is for the normal mode representation,
while I33(7) refers to the physical energy current. The complete computation leads
however to the same power law except for a different prefactor [68].

The momentum current correlation should decay as t=3/5 which is a recent
finding. However, its prefactor could vanish, in principle. Mode-coupling with the
currently available precision would not provide an answer, then. In contrast the
prefactor for I33(¢) is strictly positive.

Our simulation results [68] are shown in Figs. 3.6 and 3.7. The parameters are
as before, N = 4096, tn.x = 1024, shoulder: g9 = 1, P = 1.2, 8 = 2,
¢ = 1.74, and hard-point: m;/my = 3, P = 2, B = 0.5, ¢ = 1.73. The red
lines indicate the predictions based on mode-coupling. It is interesting to note that
for the shoulder potential the evidence for a r~2/3 decay is not so overwhelming
as one might have anticipated and, by looking at a different time window, one
could as well fit to a slightly different exponent. On the other hand the hard-point
potential with alternating masses shows a very clean power law decay. Through MD
with shoulder potential the predicted decay of I,(¢) is well confirmed. However,
for the hard-point potential it so happens that both prefactors, (o, H'yo) and
(Y1, HYy), vanish. Numerically we estimate a decay as r~'. Again this is a
strong qualitative support of nonlinear fluctuating hydrodynamics. One might have
thought that all hard-collision potentials have the same asymptotic power law for
the momentum current correlation. This expectation is born out under the proviso
that the respective prefactors do not vanish. Matrix elements, as (o, H"1), must
come from a microscopic computation and cannot be deduced by a mere inspection
of the potential.

An additional confirmation of (3.151), (3.153) has been accomplished recently
[69]. For the potential V(x) = %ax3 + ix“, B =1landat P = 0.59 witha = -2,

resp. at P = —0.5, a = 1.89, up to very small errors the signature of the G matrices
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Fig. 3.6 Total momentum and energy current correlations for hard-point particles with alternating
masses. (a) Momentum current correlations; (b) logarithmic plot of I;(¢); (¢) energy current
correlations; (d) logarithmic plot of I'5(¢)

is identical to an even potential at P = 0. In the MD simulation the energy current is
found to decay as r~'/? and the momentum current seems to be integrable. Keeping
all parameters fixed and shifting slightly to a = —2.7, resp. a = 2, the decay as
stated in (3.152) is restored.

3.7 Other 1D Hamiltonian Systems

For the anharmonic chains studied so far, the potential depends only on g;+; —g; and
hence remains without change under spatial translations. Physically this property
is obvious and seems hard to avoid. However there could be a substrate potential
which forces the particles preferentially to particular locations. One could consider
a two-component system, which then has an acoustic and an optical mode. The
latter would be comparable to a one-component system with an on-site potential.
Such considerations lead to the more general class of Hamiltonians

N N—1
Hos = (39] + Vos(4) + D V(g+1 — ) (3.155)

j=1 j=1
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Fig. 3.7 Total momentum and energy current correlations for a hard collision model with shoulder
potential

with some confining on-site potential V,s. The only conserved field is the energy.
There is a unique equilibrium measure. The Euler currents vanish. From the
perspective of fluctuating hydrodynamics all evidence points towards diffusive
energy transport. For the case of a quadratic V and for Vo3 = Vgpy very detailed
MD simulation confirm diffusive transport [70].

More interesting are models with two conservation laws. We discuss separately
coupled rotators, which can be thought of as a classical limit of a quantum
Heisenberg chain, and the discrete nonlinear Schrodinger equation on a lattice,
which is the classical field theory for lattice bosons.

Coupled Rotators The Hamiltonian of the rotator chain reads

N
Her = ) (57] + V(@41 — 9) (3.156)

=1
with periodic boundary conditions, ¢y4+1 = ¢;. At first glance we have only

rebaptized g; as ¢;. But the ¢;’s are angles and the p;’s angular momenta. Hence
the phase space is (S! x R)" with S! denoting the unit circle. The standard choice
for Vis V(¥}) = —cos ¥, but in our context any 2x-periodic potential is admitted.
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The equations of motion are

d

d
7O =P o= Vi(gir1— @) — V(g —¢i-1). (3.157)

Obviously angular momentum is locally conserved with the angular momentum
current

() ==V (g —gi-1). (3.158)

As local energy we define ¢; = %plz + V(@j+1 — ¢;). Then ¢; is locally conserved,
since ‘

d
5= itV (i1 — ) —piV' (0 — 1) (3.159)

from which one reads off the energy current

2r() = —piV' (g — 9j-1) - (3.160)

For the angles, in analogy to the stretch, one defines the phase difference 7; =
O(¢j+1 — ¢;), where @ is 2x-periodic and @(x) = x for |x| < m. Because of
the jump discontinuity the stretch is not conserved. A rotator chain has only two
conserved fields.

To apply nonlinear fluctuating hydrodynamics one has to compute the Euler
currents in local equilibrium. Since there are two conserved fields the canonical
equilibrium state reads

1 N
Z l—[ exp [ — B(3(p; — ) + V(g1 — ¢)) |dedp; (3.161)
L

with u the average angular momentum. Now

(A(DIv=—V(gi—@i—DIn.  ( L2())Iv = —u(V'(gj—¢i—1))n. (3.162)

average with respect to the canonical ensemble (3.161). We claim that

Nli_)H;O(V/(GDj —¢i-))v =0. (3.163)

For this purpose we expand in Fourier series as

eV =N amye™ | f@) =Y fome ™. (3.164)

meZ meZ
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Then, working out all Kronecker deltas from the integration over the ¢;’s, one
arrives at

(g — o = (X am) " Y atm)™ (am) ™ Y7~ mya(o)).
mez meZ LeZ
(3.165)

Since a(0) > |a(m)| for all m # 0,

Jim (g1 — )by = @ S0 = 5 [ asg@e 0. Guiss)

(€T -

For f(¢) = V/(¥), the latter integral vanishes because of periodic boundary
conditions in ©*. We conclude that both currents vanish on average.

As before we consider the infinite lattice with thermal expectation (-),, g and form
the equilibrium time correlations as

Saa (j.1) = (8a(j: 1)8a (0,0))up — (8a(0))up {86 (0))usp - (3.167)

g(j,n = (pj(t),ej(t)). p; is odd and e; is even under time reversal. Hence in
the Green-Kubo formula the cross term vanishes. Thus, for large j, ¢, fluctuating
hydrodynamics predicts

Suar (jo 1) = 8o (4 Det) "5 (47 D)~ '/2)) (3.168)

where fg is the unit Gaussian. D, is the diffusion coefficient of mode «. Of course,
it can be written as a time-integral over the corresponding total current-current
correlation, but its precise value has to be determined numerically. This has been
done for the standard choice V(x) = —cosx, to which we specialize now. For
B = 1, with a lattice size N = 500, the diffusive peaks are well established at
t = 2000 [71, 72]. Energy diffusion has been confirmed much earlier [73, 74].

At low temperatures one finds a different, perhaps more interesting scenario. At
zero temperature, there is the one-parameter family of ground states with ¢; = @,
p; = 0. When heating up, under the canonical equilibrium measure, the phase ¢;
jumps to @;11 with a jump size &'(1/ \/,E). Next we have to understand how the
conservation of 7; field is broken. In a pictorial language, the event that |@;(¢) —
¢j(1)] = m is called an umklapp for phase difference 7; or an umklapp process to
emphasize its dynamical character. At low temperatures a jump of size & has a small
probability of order e #2V with AV = 2 the height of the potential barrier. Hence
7; is locally conserved up to umklapp processes occurring at a very small frequency
only. This can be measured more quantitatively by considering the average

Fuct) =Y (7070 (0))up — (Fo)2 ) - (3.169)

jez
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At B = 1, I'k(¢) decays exponentially due to umklapp. But at 8 = 5 the decay rate
is already very much suppressed, see [72].

In the low temperature regime it is tempting to use an approximation, where the
potential V(x) = —cosx is Taylor expanded at the minimum x = 0. But such
procedure would underestimate the regime of low temperatures, as can be seen
from the example of a potential, still with AV = 2, but several shallow minima.
The proper small parameter is 8~! such that BAV > 1. To arrive at an optimal
low temperature hamiltonian, we first parametrize the angles ¢y, ..., ¢y through
rp = ¢jr1 — ¢ with r; € [—m, w]. To distinguish, we denote the angles in this
particular parametrization by ¢;. The dynamics governed by Hcgr corresponds to
periodic boundary conditions at r; = . For a low temperature description we
impose instead specular reflection, i.e., if r; = £, then p;, p;41 are scattered to
pjf = Dj+1, p]’. 11 = pj- By fiat all umklapp processes are now suppressed, while
between two umklapp events the CR dynamics and the low temperature dynamics
are identical. The corresponding hamiltonian reads

N
Hera = Y (37 + V(@1 — ) (3.170)
Jj=1
with
V(x) = —cosx for |x| <7, V(x) = oo for |x| > 7, 3.171)
periodic boundary conditions ¢yy1 = ¢; being understood. The pair (¢;, p;)

are canonically conjugate variables. Note that as weights exp[—fHcr] =
exp[—BHcry]. Thus all equilibrium properties of the coupled rotators remain
untouched.

The hamiltonian Hcg y is a variant of the hard collision model with square well
potential as discussed before, see [59]. The dynamics governed by Hcg has three
conserved fields, the stretch 7, = ¢+ — ¢;, the momentum p;, and the energy
ej = %pjz + \7(rj). Because of ¢; = ¢y+1, one has ZJN=1 r; = 0. The model is in the
dynamical phase characterized by an even potential at zero pressure.

We claim that, for BAV > 1, the CR equilibrium time correlations are well
approximated by those of Hcr i, provided the time of comparison is not too long.
The latter correlations can be obtained within the framework of nonlinear fluctuating
hydrodynamics. Thereby one arrives at fairly explicit dynamical predictions for the
low temperature regime of the CR model.

One physically interesting information concerns the Landau-Placzek ratio at low
temperatures. We use (3.130) and expand R™! in 1/8. To lowest order it suffices
to use the harmonic approximation, V(x) = %axl, a = 1 for the cosine potential.
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Using the formulas in Appendix A of [30] one arrives at the following value for the
Landau-Placzek ratios,

r-r: (2aP)7H(1,0,1), pp: 2B)71(1.0,1), e-e: (2B8) '(al? B, al?).
(3.172)

The correlations are small, order 8~!. For the stretch correlations there is no central
peak, to this order, and for the energy correlations the central peak is down by a
factor B! relative to the sound peaks.

To have a unified picture we add 7 to the list of fields of physical interest. At high
temperatures 7; is not conserved and one has diffusive spreading of the conserved
fields. At low temperatures 7; is conserved up to small errors and the conventional
three-peak structure, including universal shape functions, results. For extremely
long times umklapp processes will happen and one expects that they force a cross
over to the Gaussian scaling (3.168). The precise dynamical structure of such cross
over still needs to be investigated.

Nonlinear Schrodinger Equation on a Lattice A further example with a dynam-
ically distinct low temperature phase is the nonlinear Schodinger equation on the
one-dimensional lattice. In this case the lattice field is ; € C, for which real and
imaginary part are the canonically conjugate fields. The Hamiltonian reads

N
H=Y" (31— + Selyil!) (3.173)

j=1

with periodic boundary conditions and coupling g > 0. The sign of the hopping term
plays no role, since it can be switched through the gauge transformation v/; ~>e™ ;.
The chain is non-integrable and the locally conserved fields are the number density
p; = |¥;|* and the local energy e; = 1|41 — ¥;|* + 2g|v;|*. Hence the canonical
equilibrium state is given by

N N
z7' e PN TTaysdyr . N= " |yl (3.174)

j=1 j=1

with the chemical potential p. We assume § > 0. But also negative temperature
states, in the microcanonical ensemble, have been studied [75, 76]. Then the
dynamics is dominated by a coarsening process mediated through breathers. In
equilibrium, the yr-field has high spikes at random locations embedded in a low
noise background, which is very different from the positive temperature states
considered here. For them the density and energy currents are symbolically of the
form i(z — z*), hence their thermal average vanishes. Both fields are expected to
have diffusive transport. In fact, this is confirmed by MD simulations [77]. They
also show Gaussian cross-correlations, which is possible since density and energy
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are both even under time reversal. In the previous studies [78] transport coefficients
have been measured in the steady state set-up.

To understand the low temperature phase, it is convenient to transform to the new
canonical pairs p;, ¢; through

U= JEe. (3.175)

In these variables the Hamiltonian becomes

N
H="Y (= o1 pcos@+1—¢) + p + 380) - (3.176)
Jj=1

The equations of motion read then
0 = —0p,H, 0,p; = 0yH . (3.177)

¢; takes values on the circle S' and p; > 0. From the continuity of ¥;(#) when
moving through the origin, one concludes that at p;j(f) = 0 the phase jumps from
@j(1) to @;(1) + .

One recognizes the similarity to the coupled rotators (3.156). But now the
equilibrium measure carries a nearest neighbor coupling. For © > 0, in the limit
B — oo the canonical measure converges to the one-parameter family of ground
states with p; = ¢ = /g, ¢; = ¢ with ¢ uniformly distributed on § L At low
temperatures the field of phase differences 7; is approximately conserved. The low
temperature hamiltonian is constructed in such a way that the equilibrium ensemble
remains unchanged while all umklapp processes are suppressed. To achieve our
goal we follow verbatim the CR blueprint. The phases are parametrized such that
@j+1 — @ lies in the interval [—s, 7] and this particular parametrization denoted by
¢;. Umklapp is a point at the boundary of this interval. Now (¢, p;) are a pair of
canonically conjugate variables, only p; > 0 instead of p; € R. Thus the proper low
temperature hamiltonian reads

N—1
Hy=) («/Pj+1 p; U(dj+1 — ) + V(pj)) , (3.178)
=0
where
U(x) = —cos(x) for |x[ <, U(x) = oo for |x| >, (3.179)
and

V(x) =x+ 1gx* for x>0, V(x) = oo for x < 0. (3.180)
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The low temperature Hamiltonian has a nearest neighbor coupling, which
complicates the scheme through which the G matrices are determined [77]. Progress
is achieved through the miraculous identityi = (W, P, uP) for the Euler currents.
The é coefficients are evaluated at P = 0. As for a generic anharmonic chain, one
finds that G80 = 0 and G}, # 0. Thus the heat peak is predicted to be Lévy 5/3 and
the sound peaks to be KPZ. The sound peak for the density-density correlation was
first observed in [79] using k, @ space, see also [80]. In [77] we use normal mode
representation, as explained in this article. The sound peaks fit nicely with KPZ, but
the normalized heat peak is very broad and noisy, still with a shape not unlikely
Lévy 5/3.
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Chapter 4
Kinetic Theory of Phonons in Weakly
Anharmonic Particle Chains

Jani Lukkarinen

Abstract The aim of the chapter is to develop the kinetic theory of phonons in
classical particle chains to a point which allows comparing the kinetic theory of
normally conducting chains, with an anharmonic pinning potential, to the kinetic
theory of the anomalously conducting FPU chains. In addition to reviewing the
related literature, the chapter contains a streamlined derivation of the phonon
Boltzmann collision operators using Wick polynomials, as well as details about the
estimates which are needed to study the effect of the collision operator. This includes
explicit solutions of the collisional constraints, both with and without harmonic
pinning. We also recall in detail the derivation of the Green—Kubo formula for
thermal conductivity in these systems, and the relation between entropy and the
Boltzmann H-theorem for the phonon Boltzmann equations. The focus is in systems
which are spatially translation invariant perturbations of thermal equilibrium states.
We apply the results to obtain detailed predictions from kinetic theory for the Green—
Kubo correlation functions, and hence the thermal conductivities, of the chain with
a quartic pinning potential as well as the standard FPU-$ chain.

4.1 Kinetic Scaling Limit for Weakly Anharmonic Chains

4.1.1 Introduction

Kinetic theory describes motion which is transport dominated in the sense that
typically the solutions to the kinetic equations correspond to constant velocity,
i.e., ballistic, motion intercepted by collisions whose frequency is order one on
the kinetic space-time scales. The constant velocity part of the transport, the free
streaming motion, can arise via several different microscopic mechanisms, the
obvious case being free motion of classical particles. Here, we are interested in
evolution of energy density in chains composed out of locally interacting classical
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particles, in the limit where the interactions are dominated by a stable harmonic
potential. For such models, the energy transport is dominated by the free streaming
of phonons which correspond to eigenmodes of the motion generated by the
harmonic potential.

Our goal is to derive and study the properties of kinetic theory given by a phonon
Boltzmann equation. Even with most generous estimates for the terms neglected in
its derivation, the Boltzmann equation can become an exact description of the energy
transport only in a kinetic scaling limit which produces a total scale separation
between the free streaming motion of phonons and the collisions induced by the
perturbation. For the above particle chains this amounts to studying lengths and
time intervals both of which are proportional to A2, where A is the strength of the
anharmonic perturbation, and then taking the limit A — 0.

In particular in one dimension, i.e., for particle chains, it is difficult to estimate
reliably the error terms associated with the approximation of the original motion by
the phonon Boltzmann equation. At present, no such full mathematical analysis has
been achieved. However, there are instances in which the one-dimensional phonon
Boltzmann equation has proven to be useful: in Sect. 4.3.4, the thermal conductivity
predicted by the Boltzmann equation of systems with an anharmonic onsite potential
is compared to numerical simulations, and the results are found to agree within
numerical accuracy for sufficiently weak couplings.

Although just one example, the agreement is significant since it shows that, under
proper conditions, the kinetic theory from the phonon Boltzmann equation can
produce meaningful predictions even for one-dimensional transport problems. As
will be apparent later, computing these predictions requires some additional effort
compared to the standard rarefied gas Boltzmann equation. The effort is rewarded
in a prediction which has no adjustable parameters and hence can be compared
directly with experiments and numerical simulations.

The drawback of the phonon Boltzmann equation is that, a priori, it only
describes the lowest order effects of the perturbation. Hence, it might not capture all
processes relevant to the energy transport. In addition, since it is not known which
precise conditions guarantee that the corrections are truly vanishing in the kinetic
scaling limit, one has to leave the option open that even the lowest order effects are
not being described accurately by the equation.

A discussion about the physical and mathematical conditions under which the
phonon Boltzmann equation should be an accurate approximation is given in
[21], while [23] could serve as a textbook reference on physics of phonons. The
present rigorous results on linear and nonlinear perturbations of wave-like evolution
equations support the basic principle that for sufficiently dispersive systems, in
particular for crystals in three or higher dimensions, the derivation of the phonon
Boltzmann equation yields an accurate approximation to the behaviour of the system
at kinetic time-scales with weak coupling. The argument is particularly convincing
for spatially homogeneous systems and for linear perturbations such as when the
particle masses have a weak random disorder [4, 14], and for the closely related
quantum models, random Schrédinger equation [6, 7] and the Anderson model
[5]. In addition, it has been proven that the Wigner transforms of unperturbed
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wave-equations do, in great generality, converge to the collisionless Boltzmann
equation [8, 18], although acoustic modes may require somewhat more refined
treatment [9]. Nonlinear perturbations are more intricate, and we refer to [2, 16]
for recent results on the rigorous analysis of their kinetic scaling limits.

Quite often the addition of the collision operator to the transport equation leads
to loss of “memory” at each collision and eventual equilibration via diffusion:
this would correspond to normal energy transport by phonons. However, if the
transport is anomalous, it is highly likely to be reflected also in the solutions of
the corresponding kinetic equation. An example of such behaviour is given by
the FPU-8 chain. The aim of this contribution is to develop the general kinetic
theory of classical particle chains to the point which allows to compare the kinetic
theory of normally conducting chains with an anharmonic pinning potential and the
anomalously conducting FPU chains.

The first section concerns the derivation of the phonon Boltzmann equation in
the one-dimensional case, for general dispersion relations and third and fourth order
perturbations of the harmonic potential. We begin with the infinite volume harmonic
model in Sect. 4.1.2, and make a brief comment on the finite volume case and the
relevance of boundary conditions in Sect. 4.1.2.1. The anharmonic perturbations are
discussed in Sect.4.1.3 where we also explain our choice for the definition of the
related energy density and derive the related energy current observables.

The role of the proper choice of initial data for the derivation of the Boltzmann
equation cannot be stressed enough. We describe our choices in Sect.4.1.4, and
introduce the notations needed in the analysis of the cumulants of the phonon fields.
We conclude the first section with a derivation of the Green—Kubo formula for the
particle chains, under the assumption that energy density satisfies a closed diffusion
equation. (This would correspond to a case with only one locally conserved field.)

The first section concerns fairly general particle chains, but in order to derive the
phonon Boltzmann equation, further restrictions are required. In Sect. 4.2.1, we do
the derivation in detail for the FPU chains, and sketch it for the onsite anharmonic
perturbations. The rest of the section concerns only chains with stable nearest
neighbour harmonic couplings. We explain why the nearest neighbour couplings do
not produce any collisions at the kinetic time-scale from the third order terms of the
potential (Sect.4.2.2.1), and show that only phonon number conserving collisions
appear from the fourth order terms (Sect. 4.2.2.2). To use the collision operator, one
needs to resolve the related collisional constraints. This is done for FPU-chains in
Sect.4.2.2.3 and for the chains with a harmonic pinning potential in Sect. 4.2.2.4.

The final section is devoted to the analysis of the resulting class of phonon
Boltzmann equations. We first show how an assumption of an increase of micro-
scopic entropy in homogeneous models leads to an H-theorem for the phonon
Boltzmann equation. In Sect. 4.3.2, it is explained how the H-theorem can be used
to classify all steady states of the Boltzmann equation. The kinetic description
derived in Sect. 4.1.5 for the time correlation function in the Green—Kubo formula
is applied to these models in Sect. 4.3.3. This results in explicit predictions for the
leading asymptotics of the decay of the correlations. The decay is found to be
integrable for the onsite perturbation, and we make a comparison of the resulting
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thermal conductivities in Sect.4.3.4. We discuss the corresponding prediction in
FPU models in Sect. 4.3.5. The result is decay O(t~/°), which predicts anomalous
conduction in the FPU chains.

More comments and discussion about the results are given in Sect. 4.4, before the
Acknowledgements and References.

4.1.2 Free Motion of Phonons

Phonons correspond to eigenmodes of harmonic Bravais lattices. The general case
includes multi-component phonon fields which may arise both from the dimension-
ality of the lattice—the evolution equation could describe displacements from some
reference lattice positions and thus have d components in d dimensions—or from
the reference cell of periodicity containing more than one particle. An example of
the latter is provided by the one-dimensional chain with alternating masses: then
the reference system remains invariant only under shifts over two lattices sites
which corresponds to a Bravais lattice with two particles per cell of periodicity. For
notational simplicity, let us here only consider the case of one-component classical
phonon fields and assume that all particles have a unit mass (this is always possible
to achieve for one-component fields by choosing a suitable time-scale).

Then the state of the system at time ¢ is determined by (g, (¢), p«(¢)), x € Z, which
satisfy the evolution equations

g:(t) = pu(t). pe() = =D a(x—y)gy(0). (4.1)

y

The equations are of a Hamiltonian form, corresponding to the Hamiltonian function

H(p.@) =) pi+ ) tqalx—yq. 4.2)

XEZ X,yEZ

We suppose that the harmonic interactions have a short range. For instance, only
finitely many «(z) are different from zero, or |«(z)| decreases exponentially fast to
zero as |z| — oo.

The evolution equation (4.1) can be solved by using Fourier-transform. We define
the Fourier-fields as §(t,k) = Y_ ;e 2™ q,(t) and p(t,k) = Y cze T p. ().
Here k € T where T denotes the one-torus which we parametrize using the interval
[—%, %] and then identify its endpoints, —% and % The evolution equation for the
Fourier-fields then reads, in a matrix form,

d (G,k)Y _( 0 1\ (4(tk
dr \p(t. k)) B (—&(k) 0) (i(t, k)) : (4.3)
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For each k, the equation is easily solved by Jordan decomposition of the matrix on
the right hand side. This provides two independently evolving eigenmodes a,(k, o),
o = =1, as long as @(k) # 0. For those k with &(k) = 0, the solution is given by
constant speed increase: p(t, k) = p(0, k) and (¢, k) = (0, k) + tp(0, k). Typically,
this can happen at most at a finite number of points whose neighbourhoods might
require special treatment in the kinetic theory of phonons.

The eigenmode fields a;(k, o), which we call phonon modes of the harmonic
chain, satisfy the evolution equation

d%a,(k, o) = —iow(k)a;(k, o), 4.4)

where w(k) = /@&(k). Thus the square root of the Fourier-transform of « determines
the dispersion relation @ of the phonons, and we arbitrarily choose the principal
branch of the square root so that always Re w(k) > 0. There are several possible
ways to normalize the eigenmodes. Here we employ the following choice, standard
to phonon physics,

a(k,0) = (@K)§(t, k) +iop(t, k), oelxll, keT. (4.5

1
V2w(k)

It is straightforward to check that these fields indeed satisfy the evolution
equation (4.4) whenever w(k) # 0. In addition, if we choose a solution to (4.4)
and then define

and p(t,k) = ——— Zw(k

q(1,k) = Z( io)a,(k, o),

(4.6)

1
/—Za)(k) Z at(ks 0)

then (g(t, k), p(t,k)) yields a solution to (4.3). Given some initial field ag, the
solution of (4.4) is straightforward, yielding a,(k, 0) = e °“®q,(k, o). Therefore,
if we let gy to be determined by the initial data (g(0, k), p(0, k)), we can now obtain
the solution to the original evolution problem (4.3) for every k for which & (k) # 0,
just by inserting a,(k, 0) = e 9“®gy(k, o) in (4.6).

For later use, it is also important to assume that the harmonic interactions are
stable, i.e., they do not have any solutions which increase exponentially in time.
By the above discussion, this is equivalent to assuming that the Fourier-transform
of o is pointwise non-negative, &(k) > 0 for all k € T. A standard example is
given by the nearest neighbour interactions for which a(z) = 0if |z] > 1. A short
computation reveals that the only stable nearest neighbour dispersion relations are
given by w(k) = @(1 — 28 cos(27 (k—ko)))"/? for some @ > 0, |§| < 5 and ko € T.
Since for phonons we also require that «(z) are real, we can also always choose
ko = 0 above.
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The parameter @ determines the average angular frequency of the oscillations,
the maximum value being @w+/1 + 2|§| and the minimum w+/1 — 2|§|. If |§] < %,
the function w(k) is thus an even, real analytic, function. These systems describe
optical phonon modes, and one can also think of the system as having harmonic
pinning. If § < 0, it is possible to make a change of variables which reverses its sign
to positive: this is achieved with a shift by % in the Fourier variable, in other words,
by using ((—1)*g., (—1)*p,) as the new lattice fields. Enforcing this convention has
the benefit that then the slowest evolving fields are also spatially slowly varying,
corresponding to small values of k. Therefore, we only consider the cases kp = 0
and 0 < § < % in the following, excluding also the degenerate constant dispersion
relation corresponding to § = 0.

Ifé = % one has w(k) = @+/2|sin(rk)|, with an |k|-singularity near the
origin. These systems describe acoustic phonon modes and the seemingly innocuous
singularity has important implications for the energy transport properties of the
system. The FPU-chains belong to this category.

Finally, let us point out that in the stable case, w(k) > 0, the phonon fields
defined by (4.5) are directly connected to the energy of the harmonic system
by %Zafdkw(k)m,(k, 0)|> = H(p(t).q(t)). Hence, in analogy to quantum
mechanics, the complex phonon fields a,(k, o) can be thought of as wave functions
of phonons each of which carries an energy w(k).

4.1.2.1 Effect of Boundary Conditions in Finite Non-periodic Chains

For notational simplicity, the above discussion uses formally an infinite lattice setup.
Its proper interpretation is to consider the infinite system to be an approximation
for a finite, but large system. This identification has an important mathematical
consequence: the standard methods of ¢”-spaces do not immediately apply to the
infinite system. For instance, typical samples from infinite volume Gibbs states
are only logarithmically bounded at infinity [10]. Hence, should the need arise,
it is better to go back to the finite systems to resolve any possible issues about
existence of solutions or to handle singularities. (For discussion about the existence
and properties of the infinite volume dynamics, see [3, 10].)

In a finite system, the choice of boundary conditions begins to play a role.
The above computations involving Fourier-transforms can be given an exact
correspondence by choosing a box with periodic boundary conditions. In this case,
the wave evolution can move energy around the lattice unimpeded, as indicated by
the solutions which are given by multiplication operators in the Fourier-space. One
can find more details about the correspondence, for instance, in [16].

If the finite lattice does not have periodic boundary conditions, the boundaries
will influence the transport of phonons. For boundary conditions which preserve
energy, such as Dirichlet and Neumann, the effect can be understood as a reflection
of phonons at the boundary. It is also possible to combine these with partial periodic
transmission through the boundary.
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The effect of standard heat baths, such as Langevin heat baths, on the kinetic
equations is more difficult to analyse. These will introduce also absorption and
source terms to the phonon evolution equations, but since the heat baths are typically
acting only on a few particles of the chain, their coupling to the wave evolution
is nontrivial and somewhat singular. (In general, it is difficult to affect the long
wavelength part of the evolution by any local change to the system.) Unfortunately, a
systematic analysis of these effects appears to be missing from the current literature.

4.1.3 Particle Chains with Anharmonic Perturbations

For the discussion about the effect of local nonlinear perturbations to the above wave
equation, let us introduce, in addition to the harmonic coupling function : Z — R,
its second and third polynomial counterparts, a3 : Z*> — R and ay : Z> — R.
These are assumed to be “small” in the sense that for large microscopic times the
evolution is dominated by the linear term. Explicitly, we take the perturbed evolution
equations to be

é]x(t) = px(t) ,
Pa(0) = = @)y = D 331, 32) Gy, (G, (1)

y Y1.y2
- Z Ol4(yl » Y2, y3)qyr—y1 (t)qyr—yz (t)qyr—yg, (t) . 4.7
Y1.Y2,Y3

This corresponds to Hamiltonian evolution with the interaction potential

@) = 5 3 00ty + 5 Y @01, D0

xy V1.2
1
+ Z Z as(y1, y2, y3)qqu—y1 (t)qx—yz (t)qx—yg ®, (4.8)
X.¥1,Y2,)3

supposing, as we will do here, that the following symmetries hold:

a(y) = a(—y), (4.9)
a3(y1,y2) = az(y2,y1) = a3(=y1,y2 —y1) (4.10)

s, y2.¥3) = aa(y2,¥1,¥3) = ca(y1,¥3,¥2) = a4(=y1, Y2 — ¥1.¥3 — Y1) -
“.11)

The symmetries arise from assuming that the coefficients correspond to a generic
label-exchange symmetric, translation invariant potential. We have also used here
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the fact that any permutation can be expressed as a product of adjacent transposi-
tions. Therefore, it suffices to check symmetry with respect to the transpositions to
get full permutation invariance.

For example, the standard FPU-chain is given by

1 1 1
Tu(@) =Y Ula:—ae1), UG) = @7 +hagr + g, (412)

and it satisfies the evolution equation g, = U'(gr+1 — gx) — U'(gx — gx—1)- A
brief computation, using the periodicity, shows that the FPU chain corresponds to
choosing the coefficient functions above so that their nonzero values are

2, y=0

, 4.13
—1, ye{£l} @19

1,

b =»n=Ly=-Ly»=0 =0,y =—1

a3(y1,y2) = A3 Y=y i »2 ory v |
—L yi=yp=-Ly=Ly=0o0y =0y =1

(4.14)

2, yi=y2=y3=0
as(y) =Asq1,  Fye{0,1,1),(1,0,1),(1,1,0)}, . (4.15)
—1, +ye{(1,1,1),(1,0,0),(0,1,0), (0,0, 1)}

For later use, let us also record their Fourier-transforms. Using the shorthand
notations p; = 2nk;, i = 1,2, 3, they are given by

a(ky) = @>(1 — cosp;) = 2@? sin’ % , (4.16)
G3(k1. k) = iA323 sin 2. ;”’2 sin 2 sin 2. @.17)

3 3

&4(/(1, kz, k}) = /\42 Re[n(l — e_i”)] = —1424 sinm% 1_[ Sil’llg .
(=1 =1

(4.18)

Onsite perturbations also belong to the above category. For instance,

1 1
Yos(a) = ) 700 =y)ay+ Y V@), V(@) =Xazq’ +dgd’, (419

X,yEZ X
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has

a3(y1,y2) = A31(y1 = y2 = 0), (4.20)
as(y1,y2,¥3) = M1y =y, =y3 =0). (4.21)
Both Fourier-transforms are thus constant: &3 (k;, k2) = A3 and &4 (k1, k2, k3) = Ag4.

After these examples, let us come back to the general case, Eq. (4.7). Taking a
Fourier-transform yields

d
—q(t, k) = p(t, k),
dﬂ( ) = p(t. k)

d, A N N N
Ep(t, k) = —ak)g(t, k) — /de’ldk’2 St(k — ki — ky)as (k. k5)q(t, k) G(t, ky)

3 3
_ /T KLk dK 82— Y K)aak) [Tt k). (4.22)

=1 (=1

where we have denoted the periodic §-function by §t. We will drop the subscript
in the following and merely use §. This implies that the phonon fields, defined still
by (4.5), now satisfy the evolution equation

d .
d—tar(ko, 09) = —iogw(ko)a;(ko, 00)

- iCT() E / dkldkz 5(/(0 - k1 — kz)
T2
Gl,dze{zl:l}

x D3(ko, ki, ko)a(ki, o1)a;(kz, 02)

3
—iog Y. /T Sdkldkzdk38(k0—Zkg)
(=1

a1 ,(Tz,(T3€{:|:l}

3

x (ko k1. ka ka) | [ ailke, 00) . (4.23)
(=1

where the interaction amplitude functions are

2
. 1
®s(ko, k1. k2) = datkr ko) [ ——— (4.24)
1= Qo(ke))?
’ 1
By (ko, k1, k2, ks) = Ga (ke ko, ka) | (4.25)

i—o Qoo(ke))?
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Since the §-function enforces the sum of the integration variables to be equal to ko,
we can thus employ the following definitions for the FPU-chains

2
D3 (ko. k1 ko) = iAs23w 2 [ (ko). (4.26)
=0
3
By(ko. ki, ky. ks) = =240 2 [ [ g(ke) . (4.27)
=0

where g(k) = sign(k)+/| sin(zk)| for |k| < %

To study energy transport, it is necessary to split the total energy into local
components. The harmonic energy, corresponding to the energy of free phonons,
is most conveniently distributed using a form which is symmetric in Fourier-space.
By the definition (4.5), we have for any ki, k>

Vokok) Y atki,—o)alky, 0) = o(k)wk)g(ki)ks) + plki)pka)

o==+1
(4.28)
Thus, if we denote the inverse Fourier transform of @ by @, we can define
1 1 2
H(p.q) = 0t + 5 (Z c?)(y)qx—y)
3

1 .

= Z dk et @) (kya(ky, —0)a(ks, o) , (4.29)
2 T2

o==1

where @,(k1,ky) = Jow(k))w(ky). Since w is real and symmetric, we have here
@(x) € R. Thus H? > 0and >, 7Y (p, q) is equal to the harmonic part of the
total energy, t0 5 3" p2+3 Y, | 5¢:@(x—y)qy. Thus this choice allows distributing
the positive total harmonic energy into positive contributions localized at each lattice
site.

For the anharmonic terms of the potential energy we use the form suggested by
the notation in (4.8), and define the local energy at site x by

1
Hx(P, CI) = H,(CO)(P, Q) + 5 Z a3(ylsy2)%(%(—y1%(—yz
Y1,y2

1
+ Z Z 064(Yl,y2, y3)q,rqx—y1qx—y2qx—y3
Y1,Y2,¥3

1 .
= E Z /zdkelznx(kl+k2)¢2(k)a(kl, —o)alks, o)
o==*l1 T
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Z /dke‘zm‘Z‘ ‘k‘@_z(k)l—[a(kz o¢)

(Ie{:l:l}z
1 4 4

+ = Z / dke‘z”"25=1k€q§4(k)l—[a(kg,ag). (4.30)
sefriys’ T =1

Then clearly ) H\(p.q) = % > P>+ 7 (q) = H(p,q), and H, is a local function
at x (it depends mainly on fields near the point x). In addition, H, is translated just
like the fields if these are shifted by xo: if we choose some xop € Z and define
dx = qutxo AN Px = Pryxy, then He(q, p) = Hitxy (4. p).

There are various possible choices for how to split the total energy into local
energy density. The above definition of energy density is perhaps not the most
standard one, but it has two appealing features for those systems which are
dominated by phonon transport. First, it has simple algebraic dependence on the
phonon eigenmode fields. Secondly, its dependence on the position variable x is
located entirely in the Fourier-factor. This allows a definition of a current observable
with a simple dependence on the particle interactions and the simplest choice for the
associated discrete derivative.

Explicitly, consider some k # 0 and any x;,x, € Z with x; < x,. Setting y =
Xx» — x1, we then have y > 0 and

X2 y 1— eiZﬂ(y+l)k
2axk __ i2nx1k i27ry/k _ A2axik
€ =¢ € =¢ —_—
1— elan
X=X y'=0
ie—ink ) )
— - [3127!,(1/( _ elZﬂ(X2+l)k] . (431)
2 sin(7rk)

Hence, if we define J,_ (1) by replacing in (4.30) every factor “ei27 [ calke, 0¢)7,
where k = > o ke, by “leem(”;[kk) ei2miky, (Hz a(k, CT[)) we have for all x;,x, € Z
with x; < x, that

(Z H, (Q(t) p(t))> = Jxi—1lx (t) xz xz+l(t) (432)

X=X]

Since x1, x, are arbitrary, we can interpret J, .1 (#) as the energy flux from site x to
x+ 1 at time ¢.

To be precise, the above construction can only be used inside the integral if
k # 0. To see why the resulting current observable still works, let us for the moment
regularize the system by replacing the infinite lattice Z by a finite periodic lattice
of length L > 1. Then k; € Z/L, and either k= ZZ k¢ € Z or the distance of k
from Z is at least 1/L. Let us thus separate all terms with k € Z in the definition of
H,, and use the periodic identification. Then the terms correspond to k = 0. Since
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for every x on the periodic lattice €2™*1(k=0) = } " e?™*, these terms sum to
H(p,q)/L, i.e., to the total energy density. By conservation of energy, these terms
do not contribute to d;H,(q(t), p(z)). The remaining terms converge to the claimed
result as L — oo, provided that the integrals over T" are understood as principal
value integrals around the subset with k = 0.

In summary, the definition

ik _

Jeix= = dk @, (k) ———ei2m* 9, (a,(ky, —0)a,(ky, 0
1 Z/ ZSln(th) i t( t( 1 ) t( 2 ))

k=k1+ky

3
dk @ 127'[)(1; ar : k ,
Y [ ) s (nk) —y (Ea( : Uz))

Ue{:l:l}3
~ 4
Z / dk P4(k) S el 9 (]_[ ar(kz,mz))
o (”k) =Xioik \=1

(4.33)

yields a current observable associated to the energy density (4.30) which satisfies
the lattice continuity equation (4.32). Let us point out that no spurious imaginary
part is created by this choice: since a;(k,0)* = a,(—k,—0), ©,(k)* = D,(—k),
for all n, and w(—k) = w(k), we have always J +1(t)* = Jy,+1(¢) and hence the
current observable is real-valued. We may also simplify the prefactor above by using
ZI;H(IZ% = % (1 + icot(nk)).

The above current observable also behaves as expected with respect to spatial
translations of the lattice. If we choose some xo € Z and define g, = gy, and
Dx = Px+x,- then the a-field of the translated configuration (g, p) satisfies a,(k, o) =

e'2™0kq,(k, o). Thus each of the three terms in the sum defining the current in (4.33)
will acquire a factor el2mok with k = Z 7= ke. Hence, the current of the translated
configuration satisfies Jx,x+1 = Jetxoxtxo+1, Similarly to what was proven earlier

for the energy density observables H,.

4.1.4 Choice of Initial Data

We consider the above evolution equation with random initial data. The distribution
of initial data plays as important a role as the choice of the coupling functions.
For instance, there always are degenerate initial data which do not thermalize.
Assume, for instance, that ¢(0) is chosen as any local minimum or maximum
configuration of the potential #" and let the particles be initially at rest, p(0) = 0.
Since then V¥ (¢(0)) = 0, this configuration is a stationary solution of the evolution
equations. However, it need not be stable, and it can well happen that even a minute
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perturbation of the initial data will take the asymptotic state of the system far from
the original stationary state.

On the other hand, for normally conducting systems sufficiently chaotic initial
data should lead to thermalization of the state. The precise mechanism and classi-
fication of what kind of initial data should have this property, and in which precise
mathematical sense, is a long-standing open problem in mathematical physics.
The most difficult part of the problem seems to be to control the beginning of
the thermalization process, the microscopic thermalization, where the state of the
system approaches local stationarity.

However, many important physical properties of the system do not require
full understanding of the thermalization process. For instance, for systems with
normal heat conduction, the Green—Kubo formula allows to compute the thermal
conductivity of the system. As shown in the next subsection, the formula involves
studying the time-correlations of the system starting it from a thermal equilibrium
state or, equivalently, to study the evolution of correlation functions for small
perturbations of the equilibrium state. Hence, thermal equilibrium states and their
perturbations form an important class of initial data, and our assumptions should
allow for at least these.

To arrive at the kinetic theory of phonons, we need to make some rather specific
assumptions about the initial data. The principle here is that the states are chosen to
mimic states produced by typical microscopic time-averages. Note that this concept
involves a choice of scale, the time-scale over which the time-averages are taken.
These questions touch upon the tough question of microscopic thermalization, and
we do not wish to speculate further about them here. Instead, let us postulate a
number of assumptions on the initial data based on reasonable assumptions about
the physical characteristics of the time evolution.

We assume here that the initial data for the system has the following properties.

1. Random: We suppose that the initial data (¢,(0), p,(0)) is randomly distributed.
The initial randomness makes also the configurations (g,(z), p«(¢)) at later times
random variables.

2. Chaotic: We suppose that initial distribution of particles in regions which are
far apart are almost independent. More precisely, we suppose that all correlation
functions of the initial data decay fast (on the microscopic scale). The speed is
assumed to be at least so fast that the correlation functions are £,-summable.

3. Spatially homogenized: We assume that there is a scale ¢!, which is large in
microscopic units, such that the correlation functions are nearly invariant under

translations of lengths less than &~

The randomness in the initial data makes also the phonon fields «,(k, 0) random
variables. In principle, the field is not defined for k such that w(k) = 0, but we
assume these to have been suitably regularized. Consider for instance the case in
which the interactions depend only on the differences g, — gx—i, such as for the
FPU-S chains. Given any initial data (on a finite periodic chain), we can regularize
it before defining the phonon fields without altering the evolution equations in
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any way. We move from (g,p) to (q,p) by first setting p = 1%/2;( px(0) and
G = § 2., 4x(0), and then we define G,(1) = ¢x(1) — ¢ — 1p and (1) = px(1) — p.
Under these assumptions, the total momentum is conserved, and thus ) p.(f) =
0 = Y G.(r) for all 7. In addition, (G.(?), p«(¢)) are a solution to the original
evolution equations. We take a,(k, o) to be defined via these regularized fields which
guarantees that a,(0,0) = 0 for all 7.

As we are interested in the evolution of the energy density (4.30), it suffices to
study the correlation functions of a,(k, o). For instance, to study the energy density
averaged over the initial data, one needs the correlation functions up to order 4.

To control the correlation functions of the above type of chaotic, spatially
homogenized states, it is often better to consider the cumulants of the fields rather
than their moments. For instance, consider the field p, at two points x;, x, which are
far apart. By the chaoticity assumption, then e; = pfq and e; = pﬁz should be nearly
independent random variables, and hence (efe}’) ~ (ef){e}), for n,m # 0. Unless
one of the particles is frozen to its initial position, these moments are not zero.
However, the corresponding cumulant is then nearly zero whenever both n, m # 0.

Hence, for two asymptotically independent regions, it is the cumulants, not
moments, which will vanish in the limit of taking the regions infinitely far from each
other. We consider here only initial states for which this decay is absolutely square
summable in space, “f,-clustering” for short. This particular assumption allows for
an easy identification of the (distribution type) singularities of the Fourier-transform
for any spatially homogeneous initial data.

To make the computations manageable, we rely here on the notations and basic
results used in [13]. In particular, for a random field ¥ (x), x € Z, and any sequence
J of n lattice points the shorthand notations (v (x)’), k[ (x;)], and :v (x)’: refer
to the expectation ([ /=, ¥ (x;,)), to the cumulant « [y (xy,), ..., ¥ (x,,)], and to the
Wick polynomial :[]/_; ¥ (x;,):, respectively. In addition, we define ¥ (x)’ = 1 if
J is an empty sequence. Similar notations will be used for random fields on other
label sets in addition to the lattice points; for instance, for the fields a(k, o) and any
sequence J = (k;, 0;)'_, we write «[a(k, 0);] = k[a(ki,01), ..., alk,, 0,)].

We employ here the following basic relations between the above constructions.
The proofs of these results can be found in many sources, in particular, in [13]
using the above notations. The moments-to-cumulants formula states that for any
sequence J

(V@)= Y [relv@l, (4.34)

n€P(J) A€

where Z(J) denotes the collection of partitions of the sequence J.! For a partition
w € (), let us call the subsets A € 7 clusters or blocks. We also recall that

'Some care is needed in the interpretation of the moments-to-cumulants formula in order to get all
combinatorial factors correctly. It is safe to think that the elements in the sequence J of length n are
labelled by the set I, = {1,2,...n}, and the collection of partitions Z(J) refers to the collection
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the cumulants are permutation invariant and multilinear, which means that they are
linear in each of the arguments separately. Thus cumulants of Fourier-transforms
can be easily expressed as a linear combination of the cumulants of the original
field.

Wick polynomials of random variables allow simplifying the moments-to-cumu-
lants expansions by removing all those partitions 7 from the sum which contain a
cluster internal to the Wick polynomial part of the expectation. Explicitly, consider
some L > 1 and a collection of L + 1 index sequences J’ and Jy, for £ = 1,..., L.
Then, for the merged sequence [ = J' + ZLI Je we have

L
<w(x)”1"[:w(x)’f:>= S [[&lvGoliagive). @39
=1

neP(I)Aen

In particular, the formula implies that cumulants and Wick polynomials satisfy the
following relation: If the sequence J is non-empty and has x; as its first element,
then

K[y ()] = (Y ) W)V (4.36)

where J \ x; denotes the sequence which is obtained when x; is removed from J. By
permutation invariance of the cumulants, the formula holds also if x; is replaced by
any other element in J.

Let us also point out that, since the cumulants are multilinear, their time-evolution
can be written down fairly easily for the present kind of hybrid dynamics, where
all randomness is contained in the initial data. Namely, by using a straightforward
“telescoping” argument and (4.36), it is clear that for any sequence J

e[ (x)] = Y (00 (o) () V2) . (4.37)
teJ

For the manipulation of terms such as d,v; here, it is possible to move back and
forth between standard and Wick polynomials by using the following identities:

Y@ =Y w@Yy@\Y). (4.38)
ucJ
and
Y=Yy’ Y D]l (4.39)
vucJ e P(J\U) Aen

where |77 | denotes the number of clusters in the partition 7.

of standard set partitions of I,,. Therefore, if £ € A € n € P(J), we have £ € I, x; denotes the
value of x at the £:th position of the sequence J, and x4 denotes the subsequence (x;)¢ea of J.
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Let us for the moment denote the inverse Fourier-transform of /2w(k)a(k, o) by
¥ (x, o). By the definition in (4.5), we in fact then have ¥ (x,0) = Zy (x—y)gy +
iopy. The £,-clustering assumption of the (g, p) variables then implies that the n:th
cumulant 1(y; = O)k[{(x + y1,01), ..., ¥ (x + Yu,0,)] is square summable in y
for every x. Thus one can safely take Fourier-transform with respect to the variables
y, and the result is a function in L?(T") for every fixed x € Z. Since the second
assumption implies that the function is slowly varying in x, on the scale ¢!, we can
thus conclude that for each 0 € {£1}" there is a function F,(x, k) such that it is
slowly varying in the lattice position x on the scale ¢!, it is L*-integrable in k € T",

and

Kl ki 00, P o)) = Y e RN, (ks Kt o) . (440)

In fact, there are many such functions: by using the periodic lattice A as a middle
step, we find that, for instance, any convex combination of the n functions, defined
forfy € {1,...,n} by

Fn,lo(xa k17k2a e ,kn;U)

= Y e ik (y = Ok [Y(x + y1.01). . Y+ Y on)]. (441
yeEA!

will work.

In the translation invariant case, when the scale of spatial variation ¢ — 0, F), is
also independent of x and hence can be thought of as a proper function in L2(T").
Since I/}(k, 0) = /2w(k)a(k, o), this yields the following structure for cumulants
of the a-fields for translation invariant, £,-clustering, initial data:

kla(ki, o1). ... .alks.0,)] = S(Z ke ) Fulk.0) ]‘[ W (4.42)

In case w has zeroes, we recall our regularized definition of the field a and conclude
that F, must then also be zero at such points. Let W,(k, o) denote the product
Fo(k,0) [T)=,Qeo(ke)) V2. Thus, if w(k¢) = 0 for some £, then W,(k,0) = 0
as well.

Therefore, although the cumulants are singular, their singularity structure is
simple, entirely encoded in the §-multiplier. In contrast, by the moments-to-
cumulants formula, the moments satisfy for any sequence J of labels

ko) = 3 ] ( (Z kj)WA|(kA,crA)). (4.43)

neP(J)Aer jeA
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This has ever more complicated singularity structure as the order of the moment is
increased. (The above discussion can be made mathematically rigorous by replacing
the infinite lattice by a periodic d-dimensional lattice. See [16] for details.)

4.1.5 Green—-Kubo Formula

The Green—Kubo formula gives an expression for the thermal conductivity if the
system has normal heat conduction, i.e., diffusive energy transport. However, it can
also be used to inspect anomalous transport since it always allows studying certain
relaxation characteristics of perturbations of thermal states.

Let us recall here the argument in the diffusive case, assuming that energy is the
only relevant ergodic invariant. The basic assumption is that after a relatively short
thermalization period the macroscopic energy density e(x, ) evolves according to
the Fourier’s law

d,e = 0y (D(e)0ye) . (4.44)

This is a nonlinear diffusion equation with a diffusion “constant” D which depends
on the value of energy density e. The steady states are then given by microcanonical
ensembles whose only variable is the uniform energy density e.

Consider next an infinite system with a steady state whose energy density is
e. Perturb the state, locally near origin, so that the perturbation has finite energy.
Then, for normally conducting systems, one would expect that the energy density
at “infinity” always remains equal to e and that the final state of an infinite system
should be the same as the initial steady state, since for finite systems of volume V the
final steady state should be of uniform energy density € + O(V~!). This implies that
there should be a time 7y after which the energy density is ever better approximated
by a solution to the /inear diffusion equation

de = D(e)d%e. (4.45)

For a linear diffusion equation, it is possible to find out the diffusion constant from
the leading evolution of the spatial spread of the perturbation. Namely, since then

~ iy )’ 4.46
e e(t,y), (4.46)

1
@(t+ l‘o,x) = /dym

where ['dxx?|e(fo, x) — &| < oo, it follows that

lim ; dxx?(e(t, x) — &) = D(¢)28E , (4.47)
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where §E denotes the excess energy of the perturbation, which is conserved and
hence §E = [dx (e(t,x) —e) forall > 0.
Translated into the present lattice setting, one analogously arrives at the formula

Jim % > KD Ho(0)] = D(e)2 ) JK[H(0). Ho(0)] . (4.48)

X€EZ X€EZ

where k[a, b] = (ab) — (a)(b) = {(a — (a))(b— (b))) denotes the second cumulant,
i.e., covariance, of the random variables a, b defined by solving the time-evolution
using equilibrium initial data with mean energy e. Namely, if we divide the equation
by (Hy), the sum on the right hand side corresponds to the excess energy from
a perturbation of the initial measure w( to the probability measure (Z—g)uo. The
perturbation is then localized near the origin. Since the left hand side is a discrete
version of the left hand side of (4.47), the limit in (4.48) should hold if the relaxation
occurs via diffusion of energy, as given by (4.44).

To get the standard Green—Kubo formula, we next also assume equivalence of the
infinite volume microcanonical and canonical ensembles, and use here initial data
distributed according to a canonical ensemble at a temperature 7. Then e in (4.48)
denotes the corresponding (uniform) equilibrium energy density, e = e(T) =
(Ho)r. Making this change of variables in (4.44) implies the standard Fourier’s law.
Explicitly, we define the temperature distribution corresponding to a given e(x, t) by
inverting the above function to yield 7'(f, x) = T'(e(t, x)) which then satisfies

de(T)
oT

3,T = 3, (k(T)3,T) (4.49)

where the thermal conductivity is given by x(T) = D(e(T))%. In the finite vol-
ume A canonical Gibbs state, we have e4(T) = (Ho)a = Z7! [d?qdpe/TH,
where Z denotes the partition function, Z = [ d4qd4pe /T Therefore,

dea(T) 1
aT T2

(HHo) o — (H) a(Ho) a) = ZKA[H (0), Ho(0)] . (4.50)

XEA

Taking the infinite volume limit A — Z, and then using (4.48), thus yields
1
k(1) = o lim — Zx Kk[Hy(2), Ho(0)] . (4.51)

The above argument shows that to find the numerical value of the thermal
conductivity at a given temperature, it suffices to study the asymptotic increase of
the spatial quadratic spread of the energy density, when starting the system with
samples taken from the corresponding canonical Gibbs state. Explicitly, one should
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study the observable

S(t) =Y Pk[H(6). Ho(0)] . (4.52)

X€EZ

show that it is O(¢) for large ¢, and then solve the leading asymptotics.
For this, it is convenient to rewrite S(¢) in terms of current observables. Namely,
for any J satisfying (4.32) we have fort > O and all x € Z

HL(t) = HL(0) + / ds (u—1(5) — ent1(5)) . 4.53)

0
H.(—t) = H,(0) — / ds (Jy—1x(5) = Jyxr1(5)) . (4.54)

Since the Gibbs state is invariant under both spatial translations and the Hamiltonian
time-evolution, and these transform the energy observables as expected, we have
here

S(t) = Y _k[Ho(0). Hoo(=] = Yk [He(=1). Ho(0)] = S(=1).  (4.55)

XEZ X€EZ
Hence, S(¢) is symmetric, and

25(1) —25(0)+Zx /0 dsk[Je—1.x(s) — Jrxt1(5), Ho(0)]

X€EZ

—Zx / ds k[Ji—1x(s) — Jxx+1(s), Hp(0)]

XEZ

= 2500+ Y6 — (= 1?) / dsK-1.4(0), (Ho(=s) — Ho(s))]. (4.56)

XEZ

where we have used the earlier proven simple rule for translation of the current
observable. Therefore, by (4.53) and (4.54), we have

50 =50~ 3 3= 1) [[d5 [ arkli0).5100) =010

xEZ

= S(0) + / ds / dr Y kle1.6(0). Joa ()] (4.57)

XEZ

We define the current-current correlation function, also called the Green—
Kubo correlator, by the formula C(t;T) = ) o, k[Jr—1.(0),Jo,1()]. Since then

C(—1) = Y ey klTm12(0), J0.1(0)] = Xy k[Jo1 (1), Ji—x2—x(0)] = C(t), we find
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from (4.57)
t s t r
S(1) = S(0) +2 /0 ds /0 dr C(r) = S(0) + 21 /O dr (1 - ;) C(r).  (4.58)

If fooodr|C(r; T)| < oo, we can rely on dominated convergence in (4.58) and
conclude that then, by (4.51),

K (T) = % /0 Cdr Cr.T). (4.59)

This is the standard Green—Kubo formula, and thus, in great generality, the
integrability of the correlation function C(t; T') is sufficient to imply normal thermal
conduction at the temperature 7.

However, we can also conclude that, if fot dr (1 — f) C(r; T) is not bounded in ¢,
then the energy relaxation cannot be diffusive at temperature 7. Hence, the Green—
Kubo correlation function C(#; T') can also be used to prove superdiffusion of energy
and to check at which time scale the energy spread occurs: if fot dr (1 - f) C(r;T) =
O(#’), with p > 0, then the spatial spread at time 7 is O('*?)/2). However, the
spread from the observable S(#) can be somewhat misleading for systems which
have polynomial decay or multiscale behaviour. In these cases, S() could be entirely
dominated by tail behaviour, or just by one of the many scales, instead of describing
the actual speed of spreading of local perturbations. We will find such an example
from the kinetic theory of FPU-g chains, discussed in Sect. 4.3.5.

Let us conclude the section by computing an expression for the current correla-
tion C(#) for the particle chains. Some care needs to be taken with the sum over x
and the principal value integral in the definition of the current observable. To control
their behaviour, let us insert de/E 8(k— > "¢ k¢) into the integrals defining J in (4.33).
Then for each ¢ there is some function f; on the torus, such that

K[T—1.(0), Jo.1(0)] = /T dk ei2m % (1 + icot(rk)) f; (k). (4.60)

as a principal value integral around zero. Hence,

D klee12(0). o1 (0] = %f,(O) +iy /T A ) _4f’ (=4) cot(rk)

XEZ XEZ

1 i
F(0) + Zalz.ﬁ(o)‘ (4.61)

In fact, here f;(0) = 0 due to energy conservation, as discussed above. Also, for any
function F we have 9 [1,dk8(k — >, ke) F(k)|r_y = Jpudk 83", ke)Ox, F (k).
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Therefore, for the particle chains the Green—Kubo correlation function is
given by

‘“ , “ /
ZK[J _12(0), Jo1 (0)] = Z — gwn(a)wn’(a)[rlldk8<;kz) [Mdk

X€Z n' .n=2

x %cpn, (K)(~1 +icot(m Y Kp)

=1

x K[akl[qb,, k)9, (L[l as (ke og))s=0], 3, (L[l a(k, o,g))] ,

(4.62)

where the weight w,(0) = 1, for o0 € {£1}", unless n = 2 and 07 = 0y, in

which case it is zero. By translation invariance, the final cumulant is proportional
4

to (3 y—, ke + Y_y—, k), and thus the integral over k' has to be treated similarly

to what has been done above for the integral over k. Following the same steps as

above, we thus arrive at the simplified formula

4
D k120, Joa®1= D Y > walo)ww ()

XEL n'.n=2 g/ e{+1}" o€{L1}"
x / dké’(Z k[) / K’ K[/n(k,o; 0). Fw(K.o"; t)] ,
Tn =1 T
(4.63)
where for k € T", 0 € {£1}", we have defined
1i z
Sulkeozt) = =i, | 2,000, ([T authe.00)) | (4.64)

(=1

Assuming that the harmonic terms dominate over the anharmonic ones, we can
obtain the leading harmonic part of the above expression by considering only the
term n’ = 2 = n above and approximating d,a,(k,0) ~ —iocw(k)a,(k, o). This
yields an approximation

Solk i) ~ [0 @0) + a0tk ovalks, 0] (4.69)
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Since these terms appear in the integrand only when 0, = —o; and k, = —k;, for
which oyw(k;) + orw(ky) = 0, only the term where the factor oy w(k;) + orw(ky) is
differentiated yields a non-zero contribution to the integral. Since then also @, (k) =
w(ky), it is possible to substitute the above harmonic current term by

w(kl)f—;w’(kl)at(kl,m)a,(kz,oz) (4.66)

in the integrand. Thus the harmonic part of the Green—Kubo correlation function
evaluates to

oo ’ ' (k) w'(k}) ’
> 3 /Tdk/wdk 50— o)

o/ oce{xl1}

x K[ao(k, o)ao(—k, —0), ai(K., 0" Yas (K, —o’)] . (4.67)

As o' (—k) = —w'(k), we can simplify the expression (4.67) further to

/T dk /T W “’Zg‘)w(k) “’2(’;2) w(k;)x[ao(—k, “Dag(k. 1), a(k,, —1)ar (K. 1)] .
(4.68)

Here %w(k) = %&/ (k) which is equal to @28 sin(27rk) for chains with stable

nearest neighbour interactions, using the parametrization given in Sect. 4.1.2. Thus
the harmonic interaction part of the Green—Kubo correlation function for nearest
neighbour chains is equal to

#5%[ / dk sin(2wk)ao(—k, —1)ag(k, 1), / dik’ sin(27wky)a, (K}, —1)a,(k), 1)} )
T T2
(4.69)

This result coincides with the formula used in Sect. 3 in [1]. As explained there,
the above time-correlator can also be computed by solving the evolution of the
Wigner function starting from a suitably perturbed initial Gibbs state. Namely,
consider the Gibbs states with perturbed Hamiltonians H®(¢,p) = H(q,p) —

Te_#(q,p) where
Hq.p) = /dk sin2mwk)ag(—k, —1)ao(k, 1) (4.70)
T

and denote the expectation over the canonical Gibbs state at temperature 7 and the
Hamiltonian H® by (-)®). For instance by using approximations by finite periodic
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lattices, it follows that

(&)
9. </ dk’ sin(2rky)a, (K}, —1)a, (K5, 1)>
T2

e=0

= /c|:/dk sin2rk)ag(—k, —1)ag(k, 1),/ dk’ sin(2mky)a, (ky, —1)a.(k,, 1):| .
T T2
471

Note that the time-evolution in both expectations is the same, determined by the
original Hamiltonian H. Hence, computing the left hand side involves solving the
original problem with non-stationary initial data. The perturbation in the initial
data can be captured by changing Bw(k) to Bw(k) — eo sin(2k) in the harmonic
part multiplying ay(k, —0)ao(k, o). In particular, also the perturbed initial state is
translation invariant in space.

4.2 Phonon Boltzmann Equation of Spatially Homogeneous
Anharmonic Chains

4.2.1 Identifying the Collision Operator

The goal of the section is to derive the form of the phonon Boltzmann collision
operators for the particle chains. We do this only for spatially homogeneous initial
data which suffices to cover the evolution of the Green—Kubo correlation function,
as explained in Sect.4.1.5. Allowing for inhomogeneous initial data would be an
important extension, but the inhomogeneity introduces new multiscale effects which
we wish to avoid in the present contribution. See the discussion in Sect. 6 of [13] for
an example of the problems associated with spatially inhomogeneous initial data for
a nonlinear evolution equation similar to the FPU chains.

Let us first recall the parametrization of the spatially homogeneous correlation
functions W, (k, o; t) satisfying (4.42),

klaky, o), . .. ar(kn, 0,)] = 5(2 /q)wn(k, o). 4.72)
=1

As discussed earlier, this requirement does not fix the functions W, completely, and
here we resolve the ambiguity by requiring that they are constant in the first variable,
k. This is equivalent to using the definition

W,(k,0;1) = /dk’l klai(ky, 01), ai(ka, 02), ..., a;(ky, 0,)] . (4.73)
T
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We can then also obtain the Wigner function W(k; ¢) of the state, as used in earlier
works, by setting W(k; 1) = W ((k', k), (—1,1);¢) forall k', k € T.

The time-evolution of the correlation functions W, can now be solved
from (4.37). Recalling the earlier notations involving a sequence J of labels, we
have

duiclayk, 0),] =D (dhaike, 00) :a,k, 0)"\") (4.74)
teJ

Since the derivative of the phonon field satisfies (4.23), we thus obtain

oiclas(k,0);] = —i82,(k, 0)x[a,(k,0),]
—iY o > /dk’(S(kg—k/l—k’z)Q%(kg,k/)
tel  orefrip? T
x {a,(K;, o])a,(Ky, 03) :a,(k, )" \b2)
3
—iY o > /dk’S(kg—Zkf)@(kg,k/)
tel  orefz1p T i=1

x {a, (K}, o])a,(Ky, 05)a, (K, 0}) ar(k, o)\ (4.75)

where n = |J| and we have used (4.36) to simplify the linear, free evolution, term
into a multiplication by the function

Quk.0) = orw(ke). (4.76)
(=1

The remaining expectation values can be represented in terms of cumulants
using (4.35). To derive the Boltzmann equation, we will need only the first four
cumulants but let us postpone the detailed expansion for later.

We next exponentiate the free evolution part by integrating the identity

9 (e b= [ay(k, 0),])
= e DO (82, (k. 0) s [as(k. 0)1] + dylas(k.0))]) - 4.77)
This results in the following Duhamel perturbation formula

klai(k, 0);] = e 4 kDilc[qq(k, 0) ]

t
—iY o /0 dse ko= N /T zdk’é’(kz — Kk} — Ky P (ke, k)

tes o’e{£1}?

x (ay(K,, 0])as(Ky, 03) wa(k, o)\
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t
~iY o /O dseitkon=  §°

teJ o/e{£113

3
dk’ 8 (kg — k) Dy ke, K
fo sk~ S kpente )

X (as(k/l ’ O—{)as(k/ ’ O-é)aé‘(k/ ’ O—é) :as(kv O-)J\é:> N (478)

The case with n = 2 and J = ((k;, —1), (k2, 1)) determines the Wigner function
W (k; t) after integration over k;. However, in this case £2,(k,0); = w(ky) — w(k;)
which is identically zero whenever k; + k, = 0. By translation invariance, all three
terms on the right hand side of (4.78) are now proportional to §(k; + k), the last two
since the remaining expectations are proportional to §(ky + Y, ki) with (£) = J\ L.
Therefore, all the phase factors involving £2,, are equal to one in this case.

Let us next assume that the fields have been centred, i.e., that (a,(k,o)) = 0. In
general, for a spatially homogeneous case we could have (a,(k, o)) = §(k)c:(0).
However, for instance in the FPU model we have normalized the fields so that
a,;(0,0) = 0 for all #, which implies ¢,(o) = 0. Under this simplifying assumption,
we obtain using (4.35) and the obvious shorthand notations for the fields a/ that

(d\d)az) = kla)|,d).a], (4.79)

(a/la/za; al) = K[a’l, a’z, aé, a

+ kld), d5lk[d}, a) + k[d|, d5lk[dy, a] + k[ay, as)kld), a], (4.80)

where a = a,(k¢, 0¢/). Therefore, integration of (4.78) over k; and writing k = k;
yields

W(k;t) = W(k;0)

t 3
—i / ds Y o} / dk' 8(Ky — 03k)8(Y k) D3(K)W3 (K . o' 5)
0 T3 i=1

o’e{£1}3

t 4
i / s Y o / dK 8K, — 48> K@K WK ' 5)
0 T i=1

o’e{£1}*

t 4
—3i / ds Y o / dk' 8Ky — 04))8 (> kNS(K; + Ky)Pa(K)
0 T4

o'e{1} i=1
x Wa((k, k3). (01, 03): ) Wa((K3, k3. (03, 04):5) (4.81)
where we have enumerated the sum over { € J by using 6, = —oy, when clearly
ke = —crék and ky = crék. We have also used here the permutation invariance of &,

and the obvious antisymmetries of @,, n = 3, 4, under a reversal of the sign of the
first component.
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The last term in (4.81) can be simplified further using symmetries of @, to

—31/(15‘ Z O'2W2(( ok, O'zk) (0'1,0'2) S)

oe{£1}?

/ dK' By(—K K.~k k) D Wa((—K.K).(0].0%):5) . (4.82)

o’ e{£1}?

Inserting the definition of the FPU interaction amplitude @4 given in (4.27) then
yields

t
i6/\45_2/ds|sin(nk)| Z 0 Wa((—02k, 02k), (01, 02); 5)
0 se{£1}2

x / dK'|sin(xk)| Y Wa((—K.K). (0].09):5) . (4.83)
T

o’e{£1}2

Since now @| sin(k)| = w(k)/~/2 and Zae{:l:l}z 0y Wa((—02k, 02k), (01,02);5) =
Wa((—k, k), (1,1);5) — Wa((—k, k), (—1,—1); s), for the FPU chains we may write
this term as

30 / dso(k) > oWa((—k.k).(0.0):5)

oe{£1}

/ dK' oK) Y Wal(=K.K).(o].09):5). (4.84)

o’e{+1}2

It is customary in kinetic theory to ignore the term (4.84) in the Boltzmann
equation. At the first glance, it is not obvious why this should be so: the term
does not involve any non-Gaussian factors and it has an apparent magnitude O(A41).
Although no full mathematical study has been made about the effect of the term
on the kinetic time scales 0()&4_2), the following argument suggests that, indeed, it
behaves better than suggested by its apparent magnitude which is O(A}") on the
kinetic time scale. In fact, the argument indicates that the term is O(A4) uniformly
in ¢ and &, and hence could be safely neglected when A4 < 1.

We study the two W,-dependent factors in (4.84) separately. The second factor is

[EZCI SR NGRS

o€{+1}2

/ d’k /o (k) w(ks) Z [as(ki, 01), as(kz, 02)]

oe{1}2

. /T @hakolk) (@G k)it k) (4.85)
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where we have applied the inversion formula given in (4.6) and the assumption
that (as(k, o)) = 0. This is equal to 2{(& * g(s))(0)?) which for a finite periodic
lattice would correspond to 2|A|™' Y (@ * q(s)(0)*) = 2[A7H,, q:(s)
a(x—y)qy(s)), by translation invariance. Therefore, the second factor is proportional
to the average harmonic potential energy, and we would expect it to be slowly
varying and to equilibrate to the corresponding equilibrium value as s — oo. In
particular, it can be bounded by the total energy density which is a constant, so the
value of this term is O(1) uniformly in s.

The first factor in (4.84) depends only on the “off-diagonal” elements of the
second order correlation matrix. By (4.78), they have rapidly oscillating phase
factors e ¥ where 2 = 20w(k). If we assume that this oscillatory behaviour
continues for all s, it seems reasonable to expect that the value of (4.84) can be well
approximated by using this oscillatory factor and assuming that the remainder is so
slowly varying that it can be replaced by a constant. This yields a factor which is
O(M4) times the integral £2 [;dse™*? = i(1 — e7"?) which is bounded by 2 for
all ¢ and k. Of course, the replacement of a slowly varying term by a constant is
not totally accurate here, but it seems reasonable to assume that under the present
conditions the resulting corrections would also be O(44), at least up to the kinetic
time scales.

The rest of the argument leading to the phonon Boltzmann collision operator is
fairly standard. The clusterings relevant to the third cumulant are

(d\ay:arar:) = kld), dy, a1, az] + k[d}, arlk[ay, ax) + Kkla), aslk[dy, a1], (4.86)

and (d}a,d}:aiax:) whose expansion has only terms containing higher order
cumulant factors. We continue to assume that the oscillations of the higher order
cumulants are sufficient to suppress any term which involves integrals of W,,
n > 2, over any of its arguments. The clusterings relevant to the fourth cumulant
are (ada) :aiaxas:), which produces only terms containing higher order cumulant
factors, and

(d\aydy :ajazas:) = (higher order terms)

+ Y kldyy alkla ) adleldy gy as].  (4.87)

w€Perm(3)

where the sum goes through all permutations 7 of three elements.
In summary, we then obtain the following approximations from the third and
fourth cumulants,

Wik, 0: 1) ~ e $B3&D Wk o:0)

3 t
—ZiZGé/dse_im(k’a)(t_s)qﬁﬂk)l_[ Z Wo((—ki ki), (07, 00):5)
(=1 70 il o' e {41}
o 5

(4.88)
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Wik, 0 1) ~ e 4k (ko 0)

4 t
+6iY o / dse 7 HENI () [T D Wal(—kiki). (6. 07):9) .
0

(=1 iAo’ elt1}
(4.89)

where we have simplified the result by applying the invariance properties of the
amplitude factors @3 and @4. We insert these approximations in (4.81). The terms
depending on the cumulants at time zero are again assumed to be negligible since
they involve highly oscillatory integrands.

Since ) reqayy Wal(—ki, ki), (07, 07);5) is equal to W(oik;,s) plus a rapidly
oscillatory (o7, 0;)-term, this results in the approximation

t
W(k; 1) ~ W(k;0) + 2 / ds > o3 / dk’ 8 (K} — o3k)
0 T3

oe{£1}3

3 ¢ 3
x 8() k) (=D3(K)?) / di e DK N 5y T[T W(oik]. )

i=1 =1 i#L

t
+6/ds > 04/ dk’ §(k, — o4k)
0 T4

oce{x1}*

4 ; 4
< 80) k) ®a(K')? / df e BE =N o [T W(oiki.s) . (4.90)
i=1 $

=1 e

where we have used Fubini’s theorem to exchange the order of the time-integrals. If
we swap the sign of both o and k', clearly also £2,,(k’, o), n = 3, 4, change their sign.
Therefore, in the above formula, we may replace both of the terms f3 'df 7098

by 3 f:ts_s)dr e "% ~ w8(2), for large t.
Inserting the explicit expressions for @, thus results in the formula

t
W(k:t) ~ W(k;0) + 23 mA2w > / ds / dk’ (ks — k)
0 T3

oe{+1}3
3 3 3 3
x 80Y_o/kDS(Y_oiw®)) [ [ Isin(xky)| D os0¢ [ [ Wik, 5)
i=1 i=1 =1 (=1 i#l
¢ 4 4
+ 2472k / ds > / dk' 8(K, — k)Y _ olkS(Y _ oieo(k)))
0 eqrp’T i=1 i=1
4 4
x [ 1sinGrkp)] Y ouoe [T WK s) - (4.91)
(=1 (=1 i#l
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The right hand side is an integrated version of the solution to the homogeneous
Boltzmann equation

W (ks 1) = MG[W(0](k) + A6 W 0](k) (4.92)

where, using shorthand notations wy = w(k;), Wy = W(k), £ =0,1,2,3,4,

G3[W](ko) = 2%7[5—3 Z /

dk é(ko + o1k1 + 02k2)8(wp + o101 + 02w2)
oef1p T

2
x [ IsinGrke)| x (WyWa + 01 WoWs + 02 Wo W) (4.93)
£=0

and

3 3 3
CuW](ko)=487m* ) /T dkb(ko + > oikyd(wo + Y oiwy) [ | IsinGrko)|
; (=0

cef{t1}3 i=1 i=1
x (WiWoWs + o1 WoWaWs3 + o Wo W1 W3 + o3 WoW W2) . (4.94)
Other interactions can be treated similarly. For instance, the onsite perturbations

have &3 (ki, k) = A3 and &4(ky, k2, k3) = A4 and, for general dispersion relations
w, yield the collision operators

3
- 1
ng’,[W](k()) =4n Z / dk8(k0 + o1k1 + 02k2)8(wp + o101 + 02rw») l—[ o
sz’ T t=0 2

x (WiW, 4+ o WoW, + oo Wo W) | (4.95)

and

3 3 3
1
GuWl(ko) = 127 ) /T Ak (ko + > oik)S(wo+ Y o) [ ] o
) i=1 i=1 =0

oe{+1}3
X (WiWoWs + oy WoWoWs + o, WoW Wi + o3 WoW W,) . (4.96)
Detailed derivations of these onsite collision operators using standard perturbation

expansions can also be found in the literature: the third order collision operator in
[21] and the fourth order collision operator in [1].
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4.2.2 Solution of the Collisional Constraints

The above derivation of the Boltzmann collision operator is not mathematically
rigorous. In fact, the argument used for neglecting the higher order terms and
replacing “r — s” by “o0” in the derivation of the energy conservation §-function
are at present mathematically uncontrollable approximations. Here we assume that
we are working in a regime in which these terms indeed can be neglected. Hence,
instead of trying to find out under which conditions this would work for our particle
chains, we start from the homogeneous Boltzmann equation and proceed to study
its solutions to obtain predictions which can later be compared with other results on
the chains, such as computer simulations.

The weakest part of the argument lies in the rule that “any integral over one of
the k-components of the rapidly oscillating factor e 7> Jeads to integrable decay
in ¢ and hence can be neglected”. This is particularly suspect if the integration is
performed over a one-dimensional space: typically, even the best decay estimates
over a d-dimensional torus yield f,ﬂ,ddk e 2% = O(+~/?) which is not integrable
if d = 1. The decay of such oscillatory integrals is closely linked to the behaviour of
the frequency function §2,, around its zero set; consider, for example, the explicitly
integrable example [yds [ dke ™% ® = [dk m (e72® 1) which is uniformly
bounded in ¢, if |$2,(k)| ™" is integrable, but which can blow up as fast as O(t), for
instance, if the set of k with §2,,(k) = 0 has a non-zero measure.

These subtleties are also reflected in the Boltzmann collision operator: the two
§-functions need to be carefully integrated over before one can use the equation. In
the well-studied continuum setup of Boltzmann equations, the dispersion relation is
given by %kz, k € R?, and the integral contains § (ko 4 ky —k, — k3)8((k§ + k% — k% —
k%) /2) which can be explicitly integrated over, yielding the “standard” rarefied gas
collision operator.

For a lattice system, the solutions to £2,(k) = 0 are not so easy to handle. As
we will show below, there are however explicit solutions for the one-dimensional
nearest neighbour dispersion relation, relevant to the FPU chains. After the solution
manifold has been found, one still needs to choose some parametrization of the
manifold to integrate over the energy conservation §-function, since this will yield
an additional factor to the remaining integrand.

In fact, even at this part of the procedure, some care is needed since the trivial
solutions to the collisional constraints, to be discussed later, do not contribute to the
total collision operator but would result in infinite factors if integrated over using
the above rule. Hence, the trivial solutions need to be removed from the solution
manifold before integrating out the collisional constraint §-functions.

We begin with a result which shows that nearest neighbour dispersion relations
are, in fact, somewhat pathological: they suppress all collisions involving three
phonons.
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4.2.2.1 %3 = 0 for Nearest Neighbour Dispersion Relations

Consider the nearest neighbour dispersion relation, w(k) = (1 — 28 cos(2k))"/?
with 0 < § < % (we ignore the overall prefactor here, since it does not affect the
solution manifold). To estimate the collision energy §23 = wo + 01w + 0Ly,
consider the following parametrization of @ as the magnitude of a complex number:
Since 0 < 2§ < 1, we can define r = %arcosh(28)_1 > 0. Then by explicit
computation

w(k) = |z2(k)|, for z(k;8) = V8(e" — e 2Ky (4.97)

The above parametrization and the triangle inequality yield an upper bound for
differences of dispersion relations. Namely, for k, g € T,

o) = ok + g)] = | 20| — 2k + )|
< |z(k) — 2k + q)| = e " V/§|1 —e 7274 (4.98)
Since |1 —e 2792 = 2 — 2cos(2mwg) = §~1(28 — 28 cos(2mq)) < §~'w(q)?, then
lw(k) —w(k + )| < e w(q). (4.99)
Ifé§ < %, we have r > 0, and hence e™” < 1. In addition, then w(k) > cs, with

cs = (1—28)"/2 > 0. Thus if the momentum constraint ko + o1 k| 4+ 02k> = 0 holds,
we have

25 = wy + w1 + wr > 3¢y, for o1 =1=o0,, (4.100)
25 =wy—w1 +w, > (1 —e"cs, for —oy=1=o0,, (4.101)
25=wy+w —w, > (1—e"cs, for o=1=—0,, (4.102)
25 =wyg—w; —wy < —(1—¢e"cs, for oy=—-1=o03. (4.103)

Therefore, with a nearest neighbour interactions and pinning, the momentum
constraint keeps the three-phonon energy well separated from zero, at least a
distance (1 — e™")cs apart. In such a case, one should set 43 = 0 in the phonon
Boltzmann equation.

Ifé§ = %, such as in the FPU models, we have » = 0 and ¢s = 0, and Eq. (4.99)
does not rule out the existence of solutions to both constraints. However, it is
possible to improve the bound (4.98), by recalling that an equality in the triangle
inequality holds if and only if one of the numbers is a non-negative multiple of the
other one. This requires that for the given k, g there should be R > 0 such that
(1—e7Z7h1y = R(1 —e™2"%2) where k| = k, k, = k+ g, or vice versa. For instance
by a geometric argument, it is straightforward to see that this happens if and only if
kl =0or k2 =0.
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As above, by inspecting the four sign combinations, we thus find that |§£25] > 0
unless kg = 0, k; = 0, 0or kp, = 0. If ky = 0, we have 23 = 0 identically for
01 = —03, and only at the point k; = 0 = kp, if 01 = 0. If kg # 0, we have
23 > 0for oy = 1 = 0y, and 23 = 0, only if one of the following conditions is
satisfied:

1. —o1 =1=o0y,and k, =0,
2.00=1=—0y,andk; =0,
3.0 =—1=o0y,andk; =0ork, = 0.

However, these solutions do not contribute to the collision operator in the
FPU models as the collision operator 63 defined in (4.93) contains a prefactor
]_[1%:0 | sin(rrk¢)| which is zero on any of the above solution manifolds. Therefore,
for the FPU-chains, the lowest order kinetic theory would imply using 63 = 0.

The above argument straightforwardly generalizes to higher dimensions. As
shown in Appendix 18.1 of [21], also higher dimensional nearest neighbour disper-
sion relations with pinning have no solutions to the constraints in the three-phonon
collision operator and, hence, 43 = 0. However, this property depends on the
dispersion relation. For instance, consider the next-to-nearest neighbour interaction
with &(k) = (1 — cos(2mk))?. Then the dispersion relation is w(k) = 1 — cos(27k)
and for 0y = 1 = —0, we thus have

25 = wy + w; —wy = 1 —cosrky) — cos(2mky) + cosm (ko + k1)),
(4.104)

whichis zeroif k1 = %—ko. This introduces solutions to the three-phonon collisional
constraints in the next-to-nearest neighbour case.

4.2.2.2 %4 for Nearest Neighbour Dispersion Relations

From now on, we only consider the nearest neighbour dispersion relations. We
do not claim that this case is representative of the general case: as the previous
examples indicate, other types of behaviour might appear for other dispersion
relations.

Consider thus the collisional constraints in the four-phonon collision operator,
assuming a nearest neighbour dispersion relation. If o; = 1 for all i, by the above
estimates, we have £24 > 0, unless § = % and k; = O foreveryi =0,1,2,3.

If 0; = —1 for all i, we resolve the momentum constraint by integrating out k3
which yields k3 = ko — k; — k». Then

24 = wop — W] — W2 — W3

= 3(ko, ki, ko —ki;1,=1,=1) + £23(ko — ki, ko, ko — k1 — ko5 1,—1,—1).
(4.105)
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By the estimates derived in Sect.4.2.2.1, we then have £2; < 0 uniformly in the
case with pinning. In addition, if § = %, the only way to get £24 = 0 is that both of
the terms above are zero, which happens only if k; = 0 or k| = ko, and k, = 0 or
ky = ko — ki, i.e., k3 = 0. This implies that the only solutions to 2, = 0 are the
trivial solutions where two of the wave numbers &y, k», k3 are zero and the remaining
one is equal to k.

The final degenerate case is found if Z§=1 o; = 1. Then only one of o; is
negative; for notational simplicity let us suppose it is o} (the other cases can then be
obtained by permutation of the indices). The momentum conservation implies then
that k; — ko = k» + k3, and hence

24 = wy — w1 + wy + w3

= 2;3(ko, k1, ko —ki; 1,—1,1) + 23(ka, k3, ko + k33 1,1,—1) . (4.106)

Thus £24 = 0 only for the trivial solution in the unpinned case, namely, if k; = kg
and k2 =0= k3.

The remaining sign-combinations have 1 4 Z?=1 o; = 0, i.e., the polarization
of phonons is preserved in the collision. These are also called collisions which
conserve the phonon number. From the above results we can already conclude that
every term in the collision operator which is not phonon number conserving has
only trivial solutions to the energy constraint, and these solutions all require that
two of the k;, i = 1, 2, 3, are equal to zero and the last one is equal to k.

In particular, there are no trivial solutions in the pinned case, so these can again
be safely neglected. The same holds for the FPU chains, due to the prefactor
]_[Z=O | sin(wke)|, and since the solution involves a two-dimensional integral and
an integrand which has only a point-singularity. To have more convincing an
argument, one should choose a regularization of the §-function and to show that
the contribution from the resulting ordinary integrals vanishes as the regularization
is removed. An example of such a procedure is given in [15, Sect. 3] where it is
used for showing that the trivial solutions in the number conserving case do not
contribute to the linearized collision operator.

Here we are interested in the collision operators defined in (4.94) and (4.96).
Using the permutation properties of the integrands multiplying the constraint
d-functions, we thus arrive at the following simplified forms for the collision
operators: in the FPU chains, the standard kinetic argument yields

3
E[W](ko)=97 (2A4)*w 8 / dk 8(ko + ki — ka — k3)8(wo + w1 — w2 — w3) ]_[ wy
T (=0

X (Wi WoW3 + WoWaWs — WoW, W5 — Wo W W») (4.107)
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and for onsite nonlinear interactions

3
9 _
CW](ko) = TA‘Z* /T}dkrﬁ(ko + ki — ko — ks)8(wo + @1 — w2 — w3) [ [ o)
i £=0

x (WiWo W3 + WoWa W3 — WoW Wi — Wo W W>) . (4.108)

The two operators are nearly identical, differing only by the powers of the w(k;)
factors. This difference however has an important consequence to the properties
of the solutions to these two equations: the onsite equation (4.108) predicts
finite thermal conductivity from the Green—Kubo formula, whereas the FPU chain
equation predicts an infinite result. Qualitatively, one can understand this by noticing
that in the unpinned case @ has zeroes which leads to enhancement of collisions for
the onsite anharmonicity, but which suppresses them in the FPU case. However,
the qualitative argument is not sufficient to determine the magnitude of the effect,
and we need to do a more careful study of the properties of the solutions to obtain
predictions about the thermal conductivities.

4.2.2.3 Integration of the Collisional Constraints in FPU Chains

Let us begin with the unpinned nearest neighbour models relevant to the FPU chains.
Since then w(k) = +/2@|sin(rk)|, it is analytically simpler to reparametrize the
wave-number integrals by changing variables from k € T to p = 2wk which belongs
to the half-open interval I = [0, 277). Then w(k) is replaced by @(p) = /2 sin(p/2)
where the absolute value is not needed since it was possible to restrict the values of
p to an interval where sin(p/2) is positive.

Although very useful for derivation of explicit parametrizations of the solution
manifold, it should be stressed that some care is needed with this choice: it is crucial
below that all arithmetic involving p € I is performed modulo I. For instance, if
p1 = m/2 and p, = 37m/2, we have to use p; — p, = +7 in ®(p; — p2) to get its
value correctly. This rule of “modulo / arithmetic” will be applied without further
mention below.

We make the change of variables also in the spatially homogeneous Wigner
function and consider W,(p) = W,(p/(27)). Let us for simplicity drop the tilde
from here and from the reparametrized dispersion relation, and denote them simply
by W;(p) and w(p). With these conventions, the phonon Boltzmann equation of the
FPU chain becomes d,W;(p) = €[W;]( p) where

9 3
) = 2457 [ dpidpa 8@ [ o
£=0

X (Wi WoWs + WoWaWs — WoW Wi — WoW W2) (4.109)
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with wg = o(pe), We = W(pe), and

Q(p)=wo+ w1 —wy—w3, p3=(po+p1—p2) modl. (4.110)

The detailed solution of the collisional constraints, £2(p) = 0 in (4.110), can
be found in [15]. By Corollary 3.3. there, we can conclude that both constraints are
satisfied exactly for those p¢, £ = 0, 1, 2, 3, which satisfy one of the following three
relations

L. p2 = po,

2. p1=ps,or

3. p1 = h(po,p2) mod I, where h is defined using the standard, non-periodic,
arithmetic in

h(x,y) = y%x + 2arcsin(tan |y;x| cos %) (4.111)

with arcsin denoting the principal branch with values in [—7/2, 7/2].

The solutions satisfying item 1 or 2 are called perturbative or trivial, while
the solution satisfying 3 is called non-perturbative. The nomenclature can be
understood by expanding the constraint £2 around small values of p, € R using
w(p) ~ 273 |p|(1 — p?/24). The resulting equation then has only 1 and 2 as its
solutions.

The remaining energy conservation §-function can then be formally resolved by
integrating over a suitably chosen direction in the pi, p,-variables. For instance,
choosing the p;-integral for this purpose would yield for any p, # po and for any
continuous periodic function G,

1
/dpl 8(£2(p))G(po,p1.p2) = —=———-G(po.p2.p2)
I [0282(po, p2. p2)|

1
+
[0282(po. h(po.p2). p2)|

G(po, h(po,p2),p2)-
4.112)

However, this procedure needs to be used with some care: for instance, we have
[,4p210282(po. p2.p2)|™' = oo, and thus the first term on the right hand side
of (4.112) would typically diverge when integrated over p,.

This problem is resolved in the collision operator by the alternating signs in its
integrand which guarantee that the integrand vanishes at the trivial solutions. This
can even be proven rigorously if 1/W is sufficiently regular, say twice continuously
differentiable, by using the following equivalent form for the collision operator:

9, > _ _ _ _
—A@ " /zdpldpzs(ﬂ(p» [[@ewo (Wg' +wi' —wy ' —wi') . @.113)
I (=0
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However, we do not wish to go into more detail here, but just add the contribution
from the trivial solutions to the class of terms which are assumed to be negligible in
the kinetic theory of FPU lattices.

If the trivial solutions are neglected, we can use results from [15], which rely on
the explicit form of the non-trivial solution 4, and obtain the fully integrated form

9v2 2——3

5 3
E[Wl(po) = TMCU

[Tor
=0

2
1
dpy ———
0 Vv F+(P07P2 ¢

X (Wi WaWs 4+ WoWo W3 — WoWi W3 — WoWi W) | (4.114)
where p; = h(po, p2), p3 = po + p1 — p2, and

X y\2 X .y
Fi(x,y) = (0052 + cos 2) :t4smzsm2. 4.115)
(See for instance, Lemma 3.4 in [15] for more details. From the Lemma a weak
convergence of the integrals with a regularized §-function 8,(2) = emx~'(e? +
.(22)_1 , &€ > 0, and assuming continuity of W, can be established.)

The function F_ defined in (4.115) is related to the change of variables which
corresponds to using p, instead of p; to integrate out the energy §-function. Namely,
as proven in Lemma 3.5 in [15],

G(po, h(po.p2))

1
dpodp; ———
/12 VF+(po.p2)
L(F-(po,p1) > 0)

=) / dpodp: G(po.p1).
P VF-(po.p1)

for any G for which either of the two integrals converges. The characteristic function
restricts the integral to the subset of I in which the argument of the square root is
positive. Let us also mention that the change of variables becomes more involved if
G also depends on p, directly since each pair ( po, p1), for which F_(po, p1) > 0,
has two distinct values p, solving the energy constraint. Further details about these
solutions can be found from the proof of the above mentioned Lemma 3.5.

(4.116)

4.2.2.4 Integration of the Collisional Constraints for Onsite Nonlinearity

To allow a comparison, let us also consider the case with an onsite nonlinearity. If the
harmonic part has no pinning, then the above FPU discussion applies immediately,
since these models have the same dispersion relation and differ only by the factors
in the integrand. We thus find the following integrated form of the collision operator,
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if § = % in the general nearest neighbour dispersion relation:
3

[ ———
dpz a)[
0 VF+(po.p2) j—

x (WiWoWs + WoWo W3 — WoW W3 — WoW 1 Wa) 4.117)

9 1

CWI(po) = 5575

A4

where p; = h(po, p2), p3 = po + p1 — P2, and F4 has been defined in (4.115). (We
continue to neglect contributions from the trivial solutions.)

The analytic structure of the solution manifold gets more complicated once the
dispersion relation has pinning, i.e., when § < % Nevertheless, it is still possible to
find a function A( pg, p2) such that the non-perturbative solution is parametrized by

a condition

p1 = h(po,p2:6). (4.118)

In other words, the enumeration by the three conditions in the previous section
continues to hold, only with a function & which depends on §. Naturally, 4( po, p2; %)
is then given by (4.111).

Since to our knowledge the explicit form of the solution function % is not
available in the literature, let us present some details for its derivation. For the
moment, let us return to standard arithmetic for p; and consider p; e R,i =0, 1,2,
and take p3 = po + p1 — p2. Next change variables from py to

P2—Po _ P1—P3 P2 + po p1+ D3
= = v w = .

u 5 7 == 5 (4.119)
Then
pr=w-Hu, py=w—u, pr=v4+u, pp=v—Uu. (4.120)
Therefore, the energy constraint £2, = 0 is equivalent to
gw,u) = g(v.u), (4.121)

where, for simplicity, we set @ = 1 and then define

g, u) = /1 =28cos(v +u) — /1 =28 cos(v —u) = wr — wp 4.122)

and thus g(w, u) = w; — ws.
Since g(v,7n) = O for all v and n € Z, (4.121) is solved by any v,w € R if
u € 7. This corresponds to the trivial solution p, = pp mod 27.
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Assume thus u ¢ wZ. To fix a sign convention, let us next suppose that w, v €
J = (—m, w] which can always be achieved without changing u by shifting p, by a
suitably chosen integer multiple of 27. Since

cos(v —u) —cos(v +-u) _ 48 Sin u sin v (4.123)

v,u) =26
& ) w7y + Wy w7y + Wy

where sinu # 0 and wy > 0, (4.121) can only hold if sin v and sin w have the same
sign. For w, v € J this is equivalent to requiring sign(w) = sign(v).
To solve (4.121), we first note that

g(v,u)* = 2(1 — 28 cosucos v — wyw,) , 4.124)
gw, u)> = 2(1 — 28 cosucosw — ww3) . (4.125)

Hence, if (4.121) is true, we need to have
w1w3 = —268 cos u(cosw — cos v) + wow; . (4.126)

We square both sides one more time, and use the identities

wiw; = 1 — 48 cosucosw + 48% cos® w — 487 sin’ u, (4.127)
wiw? =1 —48cosucosv + 487 cos> v — 462 sin’ u, (4.128)
0@

which follow from the trigonometric relation cos(a+ b) cos(a—b) = cos® a—sin> b.

The result can be written in terms of the variable y = cosw — cos v, and we find
that (4.121) implies the equation

y248% sin® u — y48(cos u(1 — wows) — 28 cosv) = 0. (4.129)

Since sinu # 0, this equation has exactly two solutions for y. The solution y = 0
has cosw = cos v which yields only the solution w = v for (4.121) with w,v € J
since then w and v must have the same sign. But then p, = p;, so y = 0 corresponds
to the second trivial solution.

This leaves only the following candidate for a non-perturbative solution:

cosu(l — wow,) — 28 cosv

y= (4.130)

§sin®u

The denominator appears to lead to singularities at u = 0 and at § = 0. However,
both singularities are removable. Namely, (4.130) implies that

1 — 28 cosucosv — wowy 48 cosu sin® v

y+2cosv =cosu - = .
8 sin® u 1 —28cosucosv + wows

(4.131)
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Since the left hand side is equal to cosw + cos v and w, v have the same sign, we
again get only one solution which expresses w as a function of u, v.

In summary, the above computation yields the following expression for the non-
perturbative solution. Choose py, p» € J = (—m, x]. Then also v € J and we have
p1 = h(po, p2;8) mod 27, where the non-perturbative solution is given by

h(po,p2;8) = b ;Po + sign(p2 -;Po) arccos|:— cos b -;Po

sinpo + sinp,
1 = 8(cospo + cospa) + /(1 — 28 cos po)(1 — 28 cos p2)

+ 28

X sin

p””O} (4.132)
2

with arccos € [0, ] denoting the principal branch. In addition, to have the correct
value of h at the apparent discontinuity p, = —py, we also define sign(0) = 1:
this yields i(po,p2) — 7 — po = h(po, —po), as p2 "\« —po, and h(po,p2) —
h(po, —po) — 27, as p» /" —po. We skip the rest of the details, namely proving that
the above arccos is always well-defined (i.e., its argument lies in [—1, 1]) and that
the result always provides a solution to the original constraint problem.

In general, for a fixed p, the function /4 is continuous, one-to-one, and satisfies

w(po) + w(h(po, p2)) — w(p2) — w(po + h(po,p2) —p2) = 0. (4.133)

In Fig. 4.1 we display a few non-perturbative solutions, at § = 0.4 and at § = 0.5,
for three different values of p,. For small § one finds

h(po,p2;8) = 7 — po — 8(sinpy + sinps) + O(8%) , (4.134)
NG N
0.8
0.6
0.4
0.2

0 \ ,,,,,,,,,,,,,,,,,,,,

-06 -04 -02 0 02 04 06 06 -04 -02 0 02 04 06

Fig. 4.1 The non-perturbative solution k; = ﬁh@nko, 2mky; 8) as a function of kg for fixed k,
and §. On the left, 5 = 0.4, and on the right, 6 = 0.5. For each §, three solutions are plotted,
corresponding to k, = 0.02 (black), 0.25 (dark grey), and 0.5 (light grey). We plot T X T in the
extended zone scheme, the dashed lines are the boundaries of a unit cell. For § < 0.5 the non-
perturbative solution is smooth, while for § = 0.5 there are cusp singularities (reprinted from [1])
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which reasonably well approximates the left hand side of Fig.4.1. The existence
of the above limiting solution was first noted in [11] and it served as an important
motivation for looking closer at the predictions from one-dimensional kinetic theory
of phonons.

To resolve the collisional constraints, we integrate over pj, as in the FPU case.

Since 0, 82(po. p1.p2) = @'(p1) — '(po + p1 — p2) and '(p) = §sinp/w(p),
this yields the collision operator

CIW)(po) = ——22 / " dp2 !

1678 4 J_, wowy |ws sin p; — wy sin p3|

X (Wi WoWs + WoWaWs — WoW Wi — WoW  W2) (4.135)

where p; = h(po, p2;: ) and p3 = p1 + po — p2.

4.3 Energy Transport in the Kinetic Theory of Phonons

4.3.1 Entropy and H-Theorem of the Phonon Boltzmann
Equations

For ergodic systems, time averages will converge to ensemble averages. We have
been working under the assumption that energy is the only ergodic variable for
our particle chains. In addition, for infinite volume systems the canonical and
microcanonical ensembles should agree, so to study the convergence towards
equilibrium, one could inspect the evolution of the standard entropy density. Since
it is maximized for the given energy exactly by the canonical ensemble, this should
yield an increasing function, at least asymptotically for large times.

Consider thus a probability measure p(q, p)d¥gd"p for the state of the finite
periodic system with N particles. The corresponding entropy is defined by

Slpl = — / d"q d"p p(q.p) Inp(q.p) . (4.136)

For small couplings, the canonical Gibbs measure is approximately Gaussian.
In general, for measures which are nearly Gaussian in the random vector X,
and assuming that X has a mean p and a covariance matrix C, we can use
an approximation Inp(q,p) ~ —1 (In[det2wC)] + (X — w)"C™'(X — )). This
implies that the entropy of such nearly Gaussian measures satisfies

Slpl ~

1
~ > In[det(27 C)] + 3 Trl. (4.137)

Thus the entropy per particle, N~'S[p], is then approximately equal to a
constant plus ﬁ In(det C). For a spatially homogeneous particle chain, one has
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C = F'CZ where .Z denotes the Fourier-transform. Therefore, for spatially
homogeneous nearly Gaussian states and large enough N

1
N'S[p] ~ constant + 3 / dkIndet F(k) , (4.138)

where F(k) is a 2 x 2 matrix defined by

_ [ e (<A G000 £aR)" (0]
ro = [ (e s ) )

This can be expressed in terms of the phonon fields, and hence their Wigner function
W (k), using the relations given in (4.6):

1 (00" (W) + W=k —i(W() — W(—k))
Fh =3 ( W) - W) o®RWE) + W(—k))) - @l

Therefore, det F(k) = W(k)W(—k), and thus we obtain the following definition of
entropy density for phonon systems in a kinetic scaling limit

S[W] = /dkln W(k). (4.141)

After the above preliminaries, it is satisfying to find out that the above reasoning
leads to an entropy functional which satisfies an H-theorem for phonon Boltzmann
equations. This holds quite generally but let us check it explicitly only for
the homogeneous Boltzmann equations d,W(k) = ¥[W(k)] where the collision
operator € is given either by (4.107) or by (4.108). In both cases, there is a positive
function G such that

3

€ [W(ko) = /T Ak S(ko + ki — ko — ks)S(0 + @1 — @3 — w3) [ [[Gwow:]
’ £=0

x (Wo' +wit—wyt —wyt) . (4.142)

Since the integrand, including both constraints, is symmetric under 0 <> 1 and
2 <> 3, and antisymmetric under (0, 1) <> (2, 3), we find that

3,5IW,) = / dko W9 Wi (ko)

1
—/ dk (ko + k1 — ky — k3)8(wo + w1 — w2 — w3)
4 Jreoa23;

3
x [T1G@oWe (Wy' + Wit —wy! —wi') =0, (4.143)
(=0
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Hence, the entropy S[W] is increasing along solutions of the Boltzmann equation,
i.e., it satisfies an H-theorem. The entropy production functional D[W], satisfying
9;S[W;] = D[W;], also has an explicit form which can be read off from the right
hand side of (4.143).

4.3.2 Steady States

The H-theorem (4.143) allows to classify all steady states of the phonon Boltzmann
equation. Namely, suppose that W is a steady state, i.e., W, = W is a solution to
the phonon Boltzmann equation. Since then the left hand side of (4.143) is zero, the
integrand defining the entropy production has to vanish almost everywhere on the
solution manifold.

We are only interested in nondegenerate steady states which correspond to
functions W for which W > 0 almost everywhere. Then it is possible to apply
the previous explicit solutions p; = h of the collisional constraints to simplify the
above problem. Namely, for any steady state W its inverse f(p) = W(p)~' then
necessarily satisfies

f(po) +f(h(po,p2;8)) —f(p2) —f(po — p2 + h(po.p2;8)) =0, (4.144)

for almost every py and p».

Due to the collisional constraints, any linear combination f (k) = fw(k) + « is
obviously a solution to the functional equation (4.144). As shown in [20, 21], these
are quite generally the only solutions for two- and higher-dimensional crystals.

The one-dimensional case is more intricate. For instance, h(po,p2;8) — m —
po when § — 0. Hence, in the limit, any function f satisfying the symmetry
requirement f(p) = —f(x — p) is a solution to (4.144). However, we do not expect
that any new solutions would appear for the nearest neighbour dispersion relations,
i.e., if § > 0. This has even been rigorously proven to be the case for the unpinned
dispersion relation with § = %; see Sect. 5 in [15] for details.

In summary, we expect that the only steady states for which W is integrable, are
given by

1

(eq) - =
WO = o=

(4.145)

where f > 0 and u < minw. The last condition is necessary, since if there were a
point ko for which w(ky) = p, this would lead to a nonintegrable singularity at ko
for W (the singularity |x|~! is not integrable around x = 0 in one dimension).
Using (4.142) it is straightforward to check that indeed €[W®?] = 0 for
the functions defined in (4.145). Hence, all of them are true steady states of the
phonon Boltzmann equation. The conservation of phonon number is reflected in the
appearance of the second parameter p for the steady states. It is expected to be a
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spurious chemical potential, and one expects that 4 — 0 eventually as t — ooc.
However, this process is not captured by the standard kinetic approximation which
we have applied here, and resolving the issue would require a different approach.

Let us also mention in passing that there are additional solutions to €'[W] = 0
if one allows W to be a distribution. For instance, W (k) = §(k) formally provides
a solution to the FPU collision operator. This is not surprising since the additional
constraints given by such distributions can restrict the solution manifold further. In
general, one should treat such distributional solutions with great care since it is far
from obvious that the oscillatory terms, which are neglected in the derivation of the
phonon Boltzmann equation, remain lower order contributions for such non-chaotic
initial data. However, there are known examples where distributional solutions seem
to play a physical role, such as in the kinetic theory of Bose-Einstein condensation:
see [12] and the references therein for more details.

4.3.3 Green—Kubo Formula and the Linearized Boltzmann
Equation

Let us now return to the Green—Kubo formula for thermal conductivity. We consider
here the kinetic prediction for the leading harmonic part of the current-current
correlation function, as derived in Sect.4.1.5. We choose the basic one-parameter
canonical Gibbs measure at temperature 7 > 0 as the initial steady state. Its limiting
covariance as A — O then has a Wigner function W9 as given in (4.145) with
B =1/T and u = 0. (As discussed earlier, we expect the true steady states to have
1 = 0 even though the steady states of the kinetic model can have u # 0.)

In fact, the results in Sect.4.1.5 imply that the evolution of the harmonic part
of the Green—Kubo correlator is determined by the phonon Boltzmann equation
linearized around its stationary solution W9 (k; B) = 1/(Bw(k)). We begin with
the following approximation for the Green—Kubo correlator obtained from (4.69)
and (4.71):

€6 ) ~ @5 [ kgu(t 97 (1), (4.146)

where we have written the covariance in terms of the Wigner function W,(S) (k) and
defined

¢o(k) = sin(2wk) . (4.147)
The Wigner function is computed using expectation (-)(8) over the stochastic process

which starts from a perturbation of the stationary state whose initial Wigner function
converges to W((f) (k) = 1/(Bw(k) — epo(k)) as A — 0.
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Since ¢|¢o(k)| < 2me|k|, the Wigner function is positive for sufficiently small
e > 0, even in the FPU-models for which w(0) = O0: this follows from the
observation that it is always possible to find some ¢y > 0 such that w(k) > colk|
in a neighbourhood of 0. Hence, i, (k) = BSW,(S) (k)|e=o is well defined and its
initial value is given by hy = (W©)2¢,. Its time-evolution can be determined
using the equality d,/,(k) = aga,wff’ (k)|e=o and the kinetic theory approximation
WO %[W;S) ] where % denotes the appropriate phonon Boltzmann collision
operator. The explicit form is straightforward to compute using (4.142) and the fact
that §(wo +w; —w; —w3) (WO_1 + Wl_1 - Wz_l — W_{l) = 0, for any of the functions
W = W9 in (4.145). We obtain the linearized Boltzmann equation d,i, = —Zh,
where .Z is the operator for which Zh = LW~2h with W~ denoting multiplication
by the function Bw(k) and

(Lf) (ko) = A}dkS(ko + ki —ky — k3)8(wo + w1 — wy — w3)

3
< [T1GoWd] (f +A—fr =) . (4.148)

£=0

with W, = 1/(Bw(k)) and fy = f (ko).

The operator L is self-adjoint, even positive, on the Hilbert space L*(T): if f €
L*(T) is any sufficiently regular function, then by the symmetry properties of the
integrand, the scalar product between f and Lf satisfies

1
(f7Lf)=Z/, }dkS(k0+k1—k2—k3)8(w0+a)1—a)z—a)3)
T0.1.23
3
x [TiG@)Wal x 1fy + /i —fo = fi* = 0. (4.149)
=0

In fact, the positivity of the operator L is closely related to the maximization of
entropy at the steady state. Namely, by differentiating the entropy production (4.143)
twice, we find

32SIWlemo = 2(f. Lf) . withf = W 2h,, (4.150)

where we have used the above mentioned property that the integrand vanishes when-
ever either of the two factors involving differences of W~! is left undifferentiated.
Since L is positive operator, any operator of the form ATLA, where A is a
bounded operator and A" denotes its adjoint, is also positive. Therefore, the operator
L = W'LW~" is positive on L>(T), and thus the solution of the evolution equation

9,h, = —Lh, can be written as i, = e "Ly where each e '

on L*(T).

is a contraction operator
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These properties indicate that it is more natural to study the perturbations in terms
of h, instead of /;: any solution to 0,4, = —Zh, provides a solution to 8,h, = —Lh,
by setting /i, = WA, and vice versa. Therefore, the Boltzmann equation linearized
around a steady state W has a solution

by = We Twp 4.151)

for every initial perturbation kg for which W™'ho € L*(T).
As mentioned above, the Green—Kubo correlation function concerns the case
with ho(k) = W(k)?sin(2rk) and W(k) = B~ w(k)~'. Thus W'k is equal to

_, sin(2wk)
w(k)

which is a bounded function on the torus; for FPU-like models with w(k) = O(|k]),
the function %y is not continuous at k = 0 but its left and right limits exist and are
finite. Hence, we can use the solution in (4.151) and conclude that the Green—Kubo
correlation function at the steady state with temperature 8! has a kinetic theory
approximation

ho(k) = B (4.152)

C(t: B) ~ @*8%(¢o. hy) = @8 /T dk o (k)W (K) (o) (k) = @*82 (o, ")
(4.153)

The right hand side is equal to the L?-norm ||628e_%’zl~zo||2, in particular, it is
always positive. The question about the prediction of kinetic theory for the thermal
conductivity at a certain equilibrium state hence boils down to the decay of the
above norm under the semigroup e . As we will show next, the two Boltzmann
equations discussed above prove that both integrable and non-integrable decay can
occur in the kinetic theory of phonons.

4.3.4 Kinetic Theory Prediction for Thermal Conductivity
in Chains with Anharmonic Pinning

Suppose the positive operator L has a spectral gap of size §y > 0 above its zero
eigenvalue and hy is orthogonal to its eigenspace of zero. Then spectral theory
implies a bound ||e_%’Ll~zo||2 < |lho||?e™ which is integrable over ¢. Hence, in

this case the kinetic theory prediction is always a finite conductivity and its leading
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behaviour in A4 can be computed using the kinetic approximation in (4.59). This
yields

e’} . 0o ) .
k(B ~ prwts’ / dr (ho, e "Cho) = B2@*6* lim [ dr (ho, e "D o)
0

e—=01 Jo

= lim B*@*8*(ho. (e + L) 'hy), (4.154)

£—>0

where the middle equality is a consequence of dominated convergence theorem.

We have added the regulator ¢ > 0 here to make the operator L invertible on
the whole Hilbert space. Then the scalar product (710, (e + Z)_lfzo) is finite even
if Ay is not orthogonal to the zero subspace of L. This has the benefit that one can
use the full operator L, instead of its restriction to the orthocomplement of the zero
eigenspace, and study the expectation of the resolvent,

R(e) = (ho. (e + L)"'ho), &> 0, (4.155)

instead of the asymptotic behaviour of the semigroup.

The above result implies that, should lim,_,,+ R(¢) = oo, then the kinetic
prediction for the thermal conductivity at the corresponding steady state is also
infinite (note that both L and % depend on the choice of the steady state). In
particular, this happens if /g is not orthogonal to the zero eigenspace of L: otherwise,
we have R(g) > ||Poho|?/e — oo, as ¢ — 0, where P, denotes the orthogonal
projection to the zero eigenspace. Hence, the orthogonality condition mentioned
in the beginning of this subsection is necessary for a finite prediction from kinetic
theory.

Let /i(da) denote the spectral measure obtained from the spectral decomposition
of L with respect to the vector hg. Then A is a positive Borel measure on the real
axis whose support lies on the spectrum of L, on o(L) C R, and it is characterized
by the condition

(oo f (Do) = / Ada)f (). (4.156)

which holds, in particular, for every continuous real function f. Thus ||k|*> =
[ fi(der), and

R(e) :/ a(da) 4.157)
o(L)

et+a

If izo = 0, we have R(¢) = 0 for all ¢, and thus in this case the kinetic theory
prediction would be zero conductivity. If ho # 0, such as for the above discussed
particle chains, we can normalize the measure ji into a probability measure by
dividing it by ||72||. In addition, the second derivative of the function o > (g+c)~!
is positive, and thus it is convex. Therefore, we can apply Jensen’s inequality
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in (4.157) to conclude that

- i (d 1 ho, ho)?
O B o LN CRE
o@ llholl* &+ — e(ho, ho) + (ho, Lho)

The right hand side converges to (ho, ho)?/ (ho, Lho) as & — 0. Since L = W'LW~!
and hy = Wy, we find that

2—4 2(W¢07W¢0>2
P L)

forms a lower bound for the kinetic theory prediction of thermal conductivity in the
particle chains.

By (4.149), ¥ can be a zero eigenvector of L if and only if it belongs to L*(T)
and f = W~y satisfies (4.144), i.e., it is a collisional invariant. We have argued
(and even proven for § = 1/2) that all collisional invariants are linear combinations
of w and 1. This implies that the zero subspace of Lis spanned by 1 and W. For
the particle chains, (k) = W(k)¢o(k) = w'(k)/(2n8@*B) where o’ denotes the
derivative of w. Therefore, by periodicity, [, dk ho(k)(aW (k) +b) = Oforall a, b €
C, and thus hy is indeed orthogonal to the proposed zero subspace of L.

Let us also sketch a possible proof for the spectral gap of L. Consider an arbitrary
¥ and denote f = W~!y. We begin from the integral representation (4.149) for
(f.Lf) = (¥, Ly). Let us mollify the singularities in the integrand by choosing a
suitable regularizing function @ : T* — [0, 1] and then using the bound 1 > @ (k)
inside the integrand. The purpose of @ is to regularize the collision cross section
of the model, so that in the remaining integral one can use the explicit solution and
define an operator L' such that (f,Lf) > (f,L'f) and L'’ = V — K where V is a
positive multiplication operator and K is a self-adjoint integral operator. If we can
then tune @ so that V and 1/V are both bounded and B = V~/2KV~1/2 is a compact
operator, it follows that 1 — B has a spectral gap and its zero subspace consists of
those functions ¢ for which V=!/2¢ is a collisional invariant. Then for every f which
is orthogonal to the collisional invariants, we have (f, Lf) > (f,L'f) > §'| f||* for
some 8’ > 0 independent of f. This estimate would then prove a gap also for L in the
pinned case: then W and 1/W are both bounded functions and there is §o > 0 such
that (W, Lyr) > 8|y ||? for every v for which W~ is orthogonal to the collisional
invariants.

The above procedure is a variant of the standard argument used to prove a gap in
kinetic theory when the “relaxation time” determined by the multiplication operator
V is bounded from above and below (see the next section for discussion about the
relaxation time approximation). The problem about using the standard argument
directly for the linearized operator of the pinned chains lies in the non-integrable
singularity related to the Jacobian of the change of variables which resolves the
energy constraint. This singularity is the same one which makes the total collision
cross section—obtained by neglecting all terms which contain Wy in (4.135)—

(4.159)
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infinite: since in the integrand p3; = p; —y when p» = py + y, the integrand has a
nonintegrable singularity of strength at least |y|™! at p» = po. Thus both the total
collision cross section and the relaxation time function V are formally infinite for all
ko. The sign however is positive, and thus by reducing the strength of the collisions
one can aim at approximating the linearized operator from below by an operator of
the “standard form” with a finite relaxation time function. However, let us not try
to complete the argument here but instead focus on its implications on the thermal
conductivity.

To summarize, the above argument strongly indicates that the kinetic theory pre-
diction for the thermal conductivity at temperature 8~ for chains with anharmonic
pinning is a finite non-zero value, and for small A4 we should have

k(B ~ B*&*8%(ho. L™ ho) . (4.160)

where “L™'hy” denotes the unique ¢ € L*(T?) for which L¢ = ho (such ¢ can be
found if L has a spectral gap and hy is orthogonal to the zero eigenspace of L, as we
have argued above). Inserting W (k) = (Bw(k))~" and using the definitions of L and
hy this can be simplified to

k(B ~ B2@* 8 (0 2o, L™ (0 2o)) . (4.161)

where the operator L is explicitly given by

4,097
(LY (ko) = B~ A=~ / (dkb(ko + ki — ko = ks)S(en + 01 — @2 — 3)
T

3
[T Mo+ v1—v2— ) . (4.162)
£=0
Thus the dependence on the temperature and coupling factorizes:
k(B ~ BPA7w°C(S) (4.163)
where the constant C(§) is a function of the harmonic pinning parameter § only,
3 8 -2 —1,.. =2 .
C@) =34 §(v ¢0,.Ly (v ¢o)), with (4.164)

sinp; sinpz|”

13
1
H—z(%-i‘lﬁl—lﬁz—%)»

=0 Ve

(Lov) (ko) = / "

g 2T Vi V3

(4.165)

where ¥y = Y(pe/(27)), po = 27ko, p3 = p1 + po — p2, and p; =
h(po,p2;98), as defined in (4.132). In addition, we have used here v to denote
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the normalized dispersion relation with @ = 1, that is, in the above formulae
v(k) = /1 —28cos(2wk) and vy = v(p¢/(27)). The form is amenable for
numerical inversion of the operator Ly, by choosing a suitable orthonormal basis
for the subspace of L?(T) which consists of vectors orthogonal to 1 and w.
The Jensen inequality lower bound given in (4.159) implies that
1 1442
c(8) > 3807 o v do)” (4.166)
9 (0, Logho)

Using the symmetrized form in (4.149) for (¢o, Logpo) and changing the integration
variable from ky to po = 2k then yields

2
32 w : 2
§73C(6) = 5 (/ dpo sin 2po)
—x Vg
T T
X (/ dPo/ dp>

where ¥y = sinp;. When § — 0, we have v — 1,p; — 7w — po, and p; — 7 —p,
in the above. The remaining integrals can be computed explicitly, and the limit of
the right hand side is found to be equal to 72/36 &~ 0.274. The numerical inversion
of the full operator in the § — 0 limit in [1] resulted in the value 0.2756 which
is very close to the above Jensen bound. In addition, evaluation of the right hand
side of (4.167) by numerical integration shows that it depends only weakly on §,
decreasing to 0.2 at § = 0.3. However, the bound becomes ineffective for larger
values of §, going to zero as § — %

sinp;  sinpz |

3 1 —1
l_[—2|1//0+1//1—‘/f2—‘//3|2) :
Vi
(4.167)

Vi V3

Therefore, the formula 0.274 8359,32/122 provides a fairly good approximation
for the lower bound in (4.159) for the kinetic theory prediction of the thermal
conductivity, at least for small enough §. This approximation was compared in
[1] to the thermal conductivity measured in numerical simulations of large finite
chains with boundary thermostats. The numerical simulations where performed
with @ = §7/? and A3 = 0, and instead of A4 — 0 with fixed B one considers
B — oo with fixed A4. The two limits can be connected by a straightforward scaling
argument which allows to compare the kinetic prediction with the conductivity
observed in the simulations (see [1, Sect. 2] for details). As mentioned above, the
Jensen inequality lower bound given in (4.159) is a good approximation of the
numerically inverted value for small 8. In Fig.4.2 we have given the comparison
between the values from the numerical particle simulations and the Jensen bound.
The agreement is surprisingly good and seems to indicate that for this model the
kinetic theory gives good description of the dominant effects affecting thermal
conduction in the pinned anharmonic chains.
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0.1 0.2 0.4

Fig. 4.2 Measured T?«(T) compared against the kinetic theory computation for small § and T
(straight line). The data points are for T = 0.1 (open square), 0.4 (open circle), and 4 (open
triangle) (reprinted from [1])

4.3.5 Anomalous Energy Conduction in the Kinetic Theory
of FPU Chains

The kinetic approximation to the Green—Kubo correlation function in the FPU
chains has been studied rigorously in [15]. As mentioned above, the FPU chains
have § = %, and in [15] the frequency normalization was chosen as 1/+/2 since
then w(k) = |sin(rk)| has no prefactors. For easy comparison, let us make this
choice also in this subsection for the FPU chains: if needed, the scale @ can be
reintroduced in the results just as was done in the previous subsection.

With this choice and using (4.148), the Boltzmann collision operator linearized
around a steady state W(k) = B~ w(k)™! becomes

(Lf) (ko) = 9 A3(2/B)* /Tsdkg(ko + ki —ky — k3)8(wo + w1 — wy — w3)
X(fo+tfi—f—5H) . (4.168)

and it is related to the kinetic theory prediction of the Green—Kubo correlation
function by

1 -
C(t; ) ~ ?(ho,e_mho), (4.169)

where L = B2wLew and ho(k) = 2cos(wk)/p for k € [0,1). Choosing a
normalization somewhat different from the previous subsection, we may rewrite
this in a dimensionless form by defining ¥ (k) = %cos(nk), 0 <k < 1,and
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Lo = §A;%(B/2)*wLo. This yields

C:p) ~ 5 Liyoedayy, (4.170)

where the constant ¢ = lzzkiﬂ_zn_l and Ly = wLow. In [15], this was called
the kinetic conjecture and the above form coincides with the one given in [15,
Eq. (1.18)] after a change of variables from k € [0, 1) to p € [0, 27).

Explicitly, the operator Ly can be written for p € I = [0,27) as

(Lof)(po) (2m)) = / dp8(po+ p1 — k2 — k)8 (@0 + 01 — 2 — 3)
13
x(fo+fi—fH—-5) - 4.171)

Now the constraints can be explicitly integrated using the results mentioned in
Sect. 4.2.2.3, yielding

Ly=V—A, with (4.172)

V¥ (k) = VQrk)w (k) and (Ay)(Kk) = /0 1dk’27rK(27tk,27rk/)w(k’),
(4.173)

where

2r
Vip) = / WE(pp). K(p.p) = 2Ka(p.p') —Ki(pop).  with
0

(4.174)
/ ]l(F_(p,p’) > 0) / 2
Ki(p.p))=4————— and K (p.p)) = ———. (4.175)
1 JE- (1) ? JE(p7)

In this formula, the multiplication operator arises from the “fy”-term and the K, term
in the integral kernel K from the “f;”-term. By symmetry, the contributions from the
“f,”- and “f3”-terms are equal, each contributing one K,-term to the integral kernel.
It probably comes as no surprise that the precise analysis of the semigroup generated
by Ly gets rather technical. However, this has been done in [15], and let us only
repeat the main conclusions from the analysis here.

Unlike for the onsite anharmonic perturbation, the relaxation time for the FPU
models is finite, and as the above formula shows, the operator I:o can be written in
the standard form V — A where V = w2V is a multiplication operator and A = wAw
is an integral operator. It is proven in [15, Lemma 4.1] that the function V(k) is
continuous and can be bounded from above and below by | sin(rk)|*/3. In particular
V(0) = 0 and, consequently, the operator Ly has no spectral gap.
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In kinetic theory, it is a common practice to use the relaxation time approximation
to approximate the linearized Boltzmann evolution. In our case, this amounts to
dropping the operator A, i.e., approximating

(e ) ~ (e y) . (4.176)
Since ¥(0) = 1, the decay of the relaxation time approximation is now entirely
determined by the values of the potential near zero. The above bounds imply
that V(k) = O(|k|*/?), and thus the relaxation time approximation predicts

C(t: B) = O(3) for large . (To our knowledge, this decay of the relaxation
time approximation was first derived in [19].)

However, the contribution arising from adding the integral operator A is also
singular, and more careful study is required to conclude that the relaxation
time prediction continues to hold for the full semigroup. Fortunately, the above
straightforward estimate gives the correct decay speed: it was shown in [15] that
the resolvent of the semigroup satisfies

(v 8+1£0‘”> ={v siv‘”*(‘”’ s—if/;‘s—il-f/l”

where the first term is identical to the relaxation time approximation, and behaves
as ¢2/° for small &€ > 0. The second and third term are &'(¢~'/°~¢) for any & > 0.
Although also this second contribution is divergent, the first term is dominant, and
thus we confirm the prediction of the relaxation time approximation in this particular
case.

Even the exact asymptotics can be found for this particular choice. Applying [15,
Corollary 2.6] we find that the kinetic theory predicts for times with #(14/8)% > 1,
and for sufficiently small couplings A3 and A4,

C(t:B) ~ Cop 3 (A% . (4.178)

Here Cy = co(1272)%/° /(2" (2/5)) is an explicit numerical constant. Evaluation
of the Gamma-function and the integrals defining the constant “cy” in (6.14) and
(4.7) of [15] yields a numerical approximation Cy ~ 0.00386.

Of course, for much longer than kinetic times, the terms neglected in the deriva-
tion of the Boltzmann equation might become important and alter the asymptotic
decay. The above results also imply that, on the kinetic time scale, the energy spread
is superdiffusive: the quadratic energy spread observable discussed in Sect.4.1.5
should then be increasing as S() = O(t'/).

The energy spread has been analysed in more detail in [17]. The authors study the
time evolution of inhomogeneous perturbations around a given thermal equilibrium
state. This results in an evolution equation which corresponds to the phonon
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Boltzmann evolution where the nonlinear collision operator has been replaced
by the above linearized operator. Explicitly, the perturbation f(¢, x, k), defined via
W = (1 +f)/(Bw), evolves then by

3. f(t,x, k) + %w/(k)ax f(t,x, k) = (Lf(t, x, ) (k) . (4.179)

The result concerns L*-integrable initial data varying at a scale !, with & small.
It is shown that for sufficiently long times, the solution then first thermalizes in
the k-variable, which by the definition of f implies that it becomes independent of
k. Diffusive relaxation in the spatial variable would then mean that at a time scale
&2 the perturbation follows the heat equation 9, f + k(—A)f = 0, with k > 0.
However, this does not occur here: instead, it is shown that at the time scale £~3/°
the perturbation satisfies a fractional diffusion equation 9,f + k (—A)*>f = 0, with
k> 0.

This corresponds to a superdiffusive relaxation of the initial perturbation.
Moreover, the fractional diffusion spreads local perturbations at time ¢ only up to
distances #>/%. This is in apparent contradiction with the earlier claim that S(r) =
O(#’/®) which would indicate that the spatial spread occurs at a speed O(t"/1), i.e.,
faster than predicted by the fractional diffusion equation.

The resolution lies in the tail behaviour of solutions to the fractional diffusion
equation. Let us conclude the section with a somewhat heuristic argument which
would explain the above results. By using Fourier-transform and a simple scaling
argument, one finds that the solution to d,f + k(—A)*3f = 0, with an initial data
fo, 1s given by a convolution of f with an integral kernel K; which satisfies a scaling
relation K,(x) = PF(x/t*) where p = 5/8. Unlike the Gaussian heat kernel
in (4.46), the function F is merely polynomially decreasing, with F(y) decaying
as y~13/3 for large |y| (the power 13/5 is obtained by evaluating 1/p + 1). Thus
f dyy*F(y) = oo, and the quadratic spread from fractional diffusion becomes
immediately infinite, even if it is initially finite.

However, on the microscopic scale, the velocities of the ballistic harmonic
evolution are bounded from above, and this will eventually cut off the above decay,
and change it from the above powerlaw decay to an exponentially fast decay at
spatial distances O(f) from the source. Therefore, we would expect that the true
microscopic distribution of an initially local perturbation at a large time ¢ is O(+™7)
for distances |x| = O(#), it is O(¢|x|~>73/%) for |x| between O(#) and O(), and it
becomes exponentially decreasing for distances larger than O(¢). For such functions,
the value of S(¢) is entirely dominated by the midscale powerlaw tail which yields
a term O(1"/°), just as we obtained from the kinetic prediction for the Green—Kubo
correlation function using the linearized Boltzmann equation.
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4.4 Concluding Remarks

As the last two explicit examples show, kinetic theory of phonons is capable of
uncovering detailed information about the decay of time-correlations and, via the
Green—Kubo formula, about the thermal conductivities of classical particle chains.
This is somewhat surprising, considering the various mathematical problems and
uncertainties discovered along the way to the phonon Boltzmann equation and even
in its analysis. However, the agreement between the kinetic prediction and numerical
simulations for thermal conductivities in chains with anharmonic pinning, and the
discovery of anomalous energy transport by fractional Brownian motion from the
linearized Boltzmann equation in the FPU-f chains, present a strong case in favour
of looking for further applications of the phonon Boltzmann equations, even in
the somewhat degenerate one-dimensional case. After all, it is at present one of
the very few general tools which allow computing the dependence of the thermal
conduction properties on the parameters of the microscopic evolution directly,
without introduction of additional fitting parameters.

We have also seen that some care is needed in the application of the phonon
Boltzmann equation. Most importantly, the equation is closely tied to the scales
on which the free streaming of phonons begins to alter its character due to the
collisions. Hence, it describes the evolution up to the kinetic time-scale only, and it
is possible that further changes are found at larger time-scales. Nevertheless, since
the H-theorem implies that solutions to the kinetic equation push the system towards
thermal equilibrium states, drastic changes in the character of the evolution should
be the exception, not the rule.

The evaluation of the decay of Green—Kubo correlation functions is one of the
robust applications of kinetic theory, and the thermal conductivity obtained by the
perturbation procedure recalled here should in general yield its leading behaviour
in the limit of weak perturbations. However, as a warning about the standard
procedure, let us stress that the commonly used relaxation time approximation
of the linearized collision operator is only an order-of-magnitude estimate of
the real kinetic prediction which involves inverting the full linearized operator.
In the pinned case, we found that the relaxation time approximation predicts
zero thermal conductivity. This turned out to be misleading since already the
straightforward Jensen bound for the full inverse proves that the kinetic prediction
for the conductivity is non-zero. In contrast, for the anomalous conduction in the
FPU-S chain the relaxation time approximation does capture the correct asymptotic
decay of the kinetic prediction.

One major open question in the kinetic theory of phonons, and in fact of
nonlinearly perturbed systems in general, is the precise manner of handling spatially
inhomogeneous perturbations. The standard Boltzmann transport term, appearing
on the left hand side of (4.179), might require adjusting to capture all effects relevant
to the transport. One such example often found in the literature is an addition of a
Vlasov-type term. For which systems, under which time-scales, and for which initial
data, such corrections are necessary, remains unresolved at the moment.
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One benefit from a better understanding of the behaviour of inhomogeneous
perturbations could be a first-principles derivation of fluctuating hydrodynamics for
these systems, including a precise dependence of its parameters on the microscopic
evolution, in the limit of weak couplings. The application of fluctuating hydrody-
namics to the transport in one-dimensional particle chains has been discussed in
[22] and reviewed elsewhere in this volume. It appears to be the first model which
is able to describe the anomalous transport in one-dimensional particle chains fully
in agreement with computer simulations of the spread of localized perturbations.
Connecting it directly to the microscopic dynamics would be a breakthrough in
understanding the microscopic origin and precise nature of transport in crystalline
structures, such as the present particle chains. Kinetic theory, the phonon Boltzmann
equation in particular, could well provide some of the missing steps into this
direction.
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Chapter 5
Thermal Conductivity in Harmonic Lattices
with Random Collisions

Giada Basile, Cédric Bernardin, Milton Jara, Tomasz Komorowski,
and Stefano Olla

Abstract We review recent rigorous mathematical results about the macroscopic
behaviour of harmonic chains with the dynamics perturbed by a random exchange
of velocities between nearest neighbor particles. The random exchange models the
effects of nonlinearities of anharmonic chains and the resulting dynamics have
similar macroscopic behaviour. In particular there is a superdiffusion of energy for
unpinned acoustic chains. The corresponding evolution of the temperature profile
is governed by a fractional heat equation. In non-acoustic chains we have normal
diffusivity, even if momentum is conserved.

5.1 Introduction

Lattice systems of coupled anharmonic oscillators have been widely used in order to
understand the macroscopic transport of the energy, in particular the superdiffusive
behavior in one and two dimensional unpinned chains. While a lot of numerical
experiments and heuristic considerations have been made (cf. [30, 31, 41] and many
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contributions in the present volume), very few mathematical rigourous scaling limits
have been obtained until now.

For harmonic chains it is possible to perform explicit computations, even in the
stationary state driven by thermal boundaries (cf. [38]). But since these dynamics
are completely integrable, the energy transport is purely ballistic and they do
not provide help in understanding the diffusive or superdiffusive behavior of
anharmonic chains.

The scattering effect of the non-linearities can be modeled by stochastic pertur-
bations of the dynamics such that they conserve total momentum and total energy,
like a random exchange of the velocities between the nearest neighbor particles.
We will describe the results for the one-dimensional chains, and we will mention
the results in the higher dimensions in Sect. 5.9. In particular we will prove how the
transport through the fractional Laplacian, either asymmetric or symmetric, emerges
from microscopic models.

The infinite dynamics is described by the velocities and positions {(py, g.) €
R?} ¢z of the particles. The formal Hamiltonian is given by

1 1
H(Pp.q) = % ZP;Z( + E Zax—x/%r%r’v (5.1)

where we assume that the masses are equal to 1 and that « is symmetric with a finite
range or at most exponential decay |a,| < Ce™M. We define the Fourier transform
of a function f : Z — R as f(k) = Y., e 2"**f(x) for k € T the unitary length
torus. We assume that @(k) > 0 for k # 0. The function w(k) = /&(k) is called
the dispersion relation of the chain.

5.1.1 Unpinned Chains

We are particularly interested in the unpinned chain, i.e. &(0) = 0, when the
total momentum is conserved even under the stochastic dynamics described below.
Then, the infinite system is translation invariant under shift in q, and the correct
coordinates are the interparticle distances (also called stretches, or strains):

'y = qx — 4x—1, x € Z. (5.2)

When @”(0) > 0 we say that the chain is acoustic (i.e. there is a non-vanishing
sound speed). We will see that this is a crucial condition for the superdiffusivity of
the energy in one dimension. For unpinned acoustic chains we have that w(k) ~ |k
ask — 0.



5 Conductivity of Harmonic Lattices 217
5.1.2 Pinned Chains

When @(0) > 0, the system is pinned and translation invariance is broken. In this
case w'(k) ~ k as k — 0. This is also the case for unpinned non-acoustic chains,
where &(0) = &”(0) = 0. This fact is responsible for the diffusive behavior of the
energy, cf. Sect. 5.7.

5.1.3 Dynamics with Stochastic Collisions

To the Hamiltonian dynamics we add random elastic collisions, where momenta of
the nearest-neighbor particles are exchanged. This happens at independent random
exponential times: each couple of particles labeled x, x + 1 exchange their velocities
px and p,4; at exponential independent random times of intensity y. Equivalently
there are independent Poisson processes {N,.+1(f), x € Z} of intensity y,
independent from the positions and velocities of all particles. The evolution of the
system is described by the stochastic differential equations
Gx = Dx
I.7x = —((X * q(t))x + (px-l—l(t_) _px([_)) ch.x-l-l([) + (px—l ([_) _px(t_)) Nx—l,x(t)
(5.3)
where Nx,x+1(z‘) = Zj 8(t — Trx+1(})), with {Tyx+1(j)} the random times when
Ny x+1 jumps, and p,(¢#7) is the velocity of the particle x just before time ¢, i.e.
lim, go pi(t — ).
The evolution of the probability density on the configurations then follows the
Fokker-Planck equations:

0f(t.p.q) = A+ 9f(t.p.q) 5.4

where A is the Hamiltonian operator

A =" (pady, — (03, 7)0,,) . (5.5)

while S is the generator of the random exchanges
Sfp.g)=vY_ (fF(r™.9) = f(p.9). (5.6)

where p***1 is the configuration obtained exchanging p, and p,.

This stochastic perturbation of the Hamiltonian dynamics has the property to
conserve the total energy, and in the unpinned case the resulting dynamics conserves
also the total momentum () py), and the volume or strain of the chain (}__r,). It
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has also the property that these are the only conserved quantities. In this sense it
gives the necessary ergodicity to the dynamics [13, 23].

We have also considered other type of conservative random dynamics, like a
continuous random exchange of the momenta of each triplets {p,—i, px, px+1}- The
intersection of the kinetic energy sphere p?_, +p?+p2, | = C with the plane p,_| +
Px + pry1 = C’ gives a one dimensional circle. Then we define a dynamics on this
circle by a standard Wiener process on the corresponding angle. This perturbation
is locally more mixing, but it gives the same results for the macroscopic transport.

5.1.4 Equilibrium Stationary Measures

Due to the harmonicity of the interactions, the Gibbs equilibrium stationary mea-
sures are Gaussians. Positions and momenta are independent and the distribution
is parametrized, according to the rules of statistical mechanics, by the temperature
T = B! > 0. In the pinned case, they are formally given by

vg(dq, dp) ~

In the unpinned case, the correct definition should involve the r, variables. Then
the distribution of the r,’s is Gaussian and becomes uncorrelated in the case of the
nearest neighbor interaction. For acoustic unpinned chains the Gibbs measures are
parameterized by

A = (B~ (temperature), p(velocity), T (tension)),

and are given formally by

e B (PP Pt 1
4

va(dr, dp) ~ drdp. (5.7)

Non-acoustic chains are tensionless and the equilibrium measures have a different
parametrization, see Sect.5.7.
5.1.5 Macroscopic Space-Time Scales

We will mostly concentrate on the acoustic unpinned case (except Sect. 5.7). In this
case the total Hamiltonian can be written as

X

2
py 1
H(p.q) = 3—12 e (qx — qv)° (5.8)
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where ¢y — gy = Zf:)c, 41 1y for x > x’. We define the energy per atom as:

2
pe 1
ex(r,p) := E - Z E oy (Gx — CIx/)z- (5.9

There are three conserved (also called balanced) fields: the energy Y e, the
momentum ), p, and the strain ) __r, . We want to study the macroscopic evolution
of the spatial distribution of these fields in a large space-time scale. We introduce
a scale parameter ¢ > 0 and, for any smooth test function J : R — R, define the
empirical distribution

e JEUe(e ™), Up = (re.pu ). (5.10)

We are interested in the limit as ¢ — 0. The parameter a € [1, 2] corresponds to
different possible scalings. The value @ = 1 corresponds to the hyperbolic scaling,
while a = 2 corresponds to the diffusive scaling. The intermediate values 1 < a < 2
pertain to the superdiffusive scales.

The interest of the unpinned model is that there are three different macroscopic

space-scales where we observe non-trivial behaviour of the chain: a = 1, % 2.

5.2 Hyperbolic Scaling: The Linear Wave Equation

Let us assume that the dynamics starts with a random initial distribution u, = (-),
of finite energy of size ¢!, i.e. for some positive constant Ey:

£ (e0) < Eo. (5.11)

where we denote e,(f) = e (p(1),q(t)). We will also assume that some smooth
macroscopic initial profiles

up(y) = (vo(y), po(»), o (y))

are associated with the initial distribution, in the sense that:

eZJ(sx)UX(O) - / J(y)uo(y)dy

liné Ue ( > 8) =0, Vé >0, (5.12)

for any test function J.
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Then it can be proven [27] that these initial profiles are governed by the linear
wave equation in the following sense

lim ¢ Y Hen U™ = / J)u(y, f)dy (5.13)

where u(y, 1) = (v(y, 1), p(y, 1), e(y, 1)) is the solution of:
0;v = 0,p, 0:p = 110y, d;e = 110, (pr) (5.14)

with 7 = “;752) (the square of the speed of sound of the chain). Notice that in the
non-acoustic case &”(0) = 0, there is no evolution at the hyperbolic scale.

Observe that the evolution of the fields of strain v and momentum p is
autonomous of the energy field. Furthermore we can define the macroscopic

mechanical energy as

1
eneen(y 1) = 5 (e, 07 + p (1)) (5.15)
and the temperature profile or thermal energy as

T(yv t) = e(yv t) - emech(ya t)- (516)

It follows immediately from (5.14) that T'(y, 1) = T(y, 0), i.e. the temperature profile
does not change on the hyperbolic space-time scale.

There is a corresponding decomposition of the energy of the random initial
configurations: long wavelengths (invisible for the exchange noise in the dynamics)
contribute to the mechanical energy and they will evolve in this hyperbolic scale
following the linear equations (5.14). This energy will eventually disperse to infinity
at large time (in this scale). Because of the noise dynamics, short wavelength will
contribute to the variance (temperature) of the distribution, and the corresponding
profile does not evolve in this hyperbolic scale. See [27] for the details of this
decomposition.

5.3 Superdiffusive Evolution of the Temperature Profile

As we have seen in the previous section, for acoustic chains the mechanical part
of the energy evolves ballistically in the hyperbolic scale and eventually it will
disperse to infinity. Consequently when we look at the larger superdiffusive time
scale €7, a > 1, we start only with the thermal profile of energy, while the strain
and momentum profiles are equal to 0. It turns out that, for acoustic chains, the
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temperature profile evolves at the time scale corresponding to a = 3/2:
lim e » " J(ex) (ex(e7>/%1)), = / JO)Z(G,0dy, >0, (5.17)
e—>0 .

where T(y, t) solves the fractional heat equation
3% = —|A LT, T(y,0) = T(y,0) (5.18)

where ¢ = @”(0)>427%/4(3y)~!/2. This is proven in [26]. We also have that the
profiles for the other conserved quantities remain flat:

; —3/2 —
;g%egf(sx) (r(e7?0), = 0,

(5.19)
811_1)1})82.](8)6) (p(e%1)), =0, 1>0.

Clearly the null value is due to the finite energy assumption, otherwise it will be the
corresponding constants, i.e. lim,o & ) (r(0)), and lim, 9 & Y (px(0))..

In finite volume with given boundary conditions (periodic or else), the mechani-
cal energy will persist, oscillating in linear waves. At the larger superdiffusive time
scale, waves will oscillate fast giving a weak convergence for the initial profiles of
strain and momentum to constant values.

5.4 The Diffusive Behavior of the Phonon-Modes

We have seen that (5.19) holds at the superdiffusive time scale and consequently at
any larger time scale. But if we recenter the evolution of the strain and momentum
around the propagation of the wave equation we see Gaussian fluctuations at the
diffusive space time scale. For this purpose it is useful to introduce a microscopic
approximation of the Riemann invariants (normal modes) of the wave equation:

3y

fE0 = p(n £ 1 (w) + 2‘ 1(rx+1(r)—rx<r))). (5.20)

Once fxﬂE (1) are recentred on the Riemann invariants of the wave equation, they
diffuse on the proper space-time scale, more precisely:

ey JexF %7 fEEe ) — | J0) T 0y,
P e—0 R
- 3 _
9, = 73’ 35 .

For a proof see [27].
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5.5 Equilibrium Fluctuations

If we start with an equilibrium stationary measure corresponding to a certain
temperature 7, momentum p and strain 7, then of course there will be no evolution
of the empirical fields defined by (5.10). But we shall observe the evolution of the
equilibrium time correlations defined by

S“/(x, 1) =< uﬁ(t) uf)/(O) > —< ug(O) >< uf)/(O) >, u}( =7, uf = px, ui = e,,
(5.21)

where (-) denotes the expectation with respect to the dynamics in the corresponding
equilibrium. Let us assume for simplicity of notation that 7 = 0 = p, otherwise we
have to shift x along the characteristics of the linear wave equation. At time ¢ = 0,
it is easy to compute the limit (in a distributional sense):

T 0 aT
lime 28([e7y].0) =8| 0 T 0O (5.22)
e=0 = 1| o 2\T2

ar o (A + o)1

where & is a constant depending only on the interaction.
In the hyperbolic time scale a = 1 this correlation matrix evolves deterministi-
cally, i.e.
lim e728([e7'y], e7'1) = S(y. 1) (5.23)
e—>0
where
08" (v.0) = 0,870, 987 (v.0) = 19,8 (v.1), (5.24)
while for the energy correlations
9,5y, 1) = 0. (5.25)
In particular if p = r = 0, energy fluctuations do not evolve at the hyperbolic
time scale. As for the energy profile out of equilibrium, the evolution is at a further
time scale. By a duality argument (cf. [26]), the evolution of the energy correlations

occurs at the superdiffusive time scale with a = 3/2, namely

lim e 1283 (7], 7% = 83 (. 0), (5.26)
£—>

where 5‘33(y, t) is the solution of:

3,8% = —c|A, /453, (5.27)
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5.6 The Phonon Boltzmann Equation

A way to understand the energy superdiffusion in the one-dimensional system is to
analyze its kinetic limit, i.e. a limit for weak noise where the number of stochastic
collisions per unit time remains bounded. In the non-linear case it corresponds
to a weak non-linearity limit as proposed first in his seminal paper [37] in 1929
by Peierls. He intended to compute thermal conductivity for insulators in analogy
with the kinetic theory of gases. The main idea is that at low temperatures the
lattice vibrations responsible for the energy transport can be described as a gas
of interacting particles (phonons) characterized by a wave number k. The time-
dependent distribution function of phonons solves a Boltzmann type equation. Over
the last years, starting from the work of Spohn [40], several papers are devoted
to achieve phononic Boltzmann type equations from microscopic dynamics of
oscillators.

A rigorous derivation can be achieved for the chain of harmonic oscillators per-
turbed by a stochastic exchange of velocities [7]. The main tool is the introduction
of a Wigner function, which describes the energy density of the phonons. Let Iﬁ be
the complex field

k) = %(w(k)a(k) LipM). kel

where p, g are the Fourier transform of the variables p, g and w(k) is the dispersion
relation of chain. The energy of the chain can be expressed in terms of the fields 15,
namely S = fT dk |1ﬁ(k)|2. The evolution of the field @ due to the pure harmonic
Hamiltonian without noise (y = 0) reads

I (k. 1) = —iw(K) Y (k. 1),

therefore the quantities |1ﬁ(k) |? are preserved by the harmonic dynamics.
The Wigner distribution is defined in analogy to the usual one in quantum
mechanics

We(y, k1) = (¢/2) /R ETEWE(E, k, )dE, 528)

WEE ko) 1= (Y (k — e£/2,0)* Yk + E/2,1)).

where (-), denotes the expectation value with respect to the initial measure, chosen
in such a way that the average of the total energy, is of order ¢!, i.e. & (), < Ey,
see (5.11). We also require that the averages of all p, and g, are zero.

The Wigner distribution W*(y, k, f) defined by (5.28) gives a different energy
distribution from the one considered in the previous sections, i.e. < ep—1,(#) >. But
in the macroscopic limit, as ¢ — 0, they are equivalent [26].

We look at the evolution of the Wigner function on a time scale ¢~'#, with the
strength of the noise of order ¢, i.e. we consider the dynamics defined by (5.3) with
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y replaced by ey, like in a Boltzmann-Grad limit. This evolution is not autonomous
and is given by

IWE(E k1) = — if ' (R)WE(E &, 1) + y EWE(E k. 1)
v v o (5.29)
-3 CY(E k1) — 5 CY(E, k,D)* + O(e),

where Y* is the field Y¢(§,k,7) = (Y (k + e&/2, )y (k — ££/2,1)). and € is a
linear operator. The transport term is due to the harmonic Hamiltonian, while the
“collision” operator % is related to the stochastic noise.

It turns out that the field Y* is the Wigner distribution associated to the difference
between the kinetic energy and the potential energy. This is fast oscillating on the
time scale ¢! and in the limit ¢ — 0 it disappears after time integration. Therefore
in the limit ¢ — 0 the Wigner function W* weakly converges to the solution of the
following linear Boltzmann equation

W, k1) + zia/(k) WW(y, k1) = CW(y. k.1). (5.30)
4

It describes the evolution of the energy density distribution, over the physical space
R, of the phonons, characterized by a wave number k and traveling with velocity
' (k). We remark that for the unpinned acoustic chains ’(k) remains strictly
positive for small k. The collision term has the following expression

Gk = /T KRk K)FK) —F R,

where the kernel R is positive and symmetric. One can write an exact expression
on R, nevertheless its crucial feature is that R behaves like k% for small k, due
to the fact that the noise preserves the total momentum. Naively, it means that
phonons with small wave numbers travel with a finite velocity, but they have low
probability to be scattered, thus their mean free paths have a macroscopic length
(ballistic transport). This intuitive picture has an exact statement in the probabilistic
interpretation of (5.30). The equation describes the evolution of the probability
density of a Markov process (K(t), Y(f)) on T x R, where K(7) is a reversible
jump process and Y () is an additive functional of K, namely Y (f) = fot ' (K)ds.
A phonon with the wave number k waits in its state an exponentially distributed
random time 7 (k) with mean value ~ k=2 for small k. Then it jumps to another state
k' with probability ~ k”>dk’. The additive functional Y(f) describes the position of
the phonon and can be expressed as

N

Y(1) =) (X' (Xy),

i=1
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where {X;};>| is the Markov chain given by the sequence of the states visited by
the process K(t). Here 4] denotes the number of jumps up to the time ¢. The tail
distribution of the random variables {7 (X;)w’(X;)} with respect to the stationary
measure 7 of the chain behaves like

7 [[t(X)e' (X)) > A] ~ #

Therefore the variables 7(X;)w’(X;) have an infinite variance with respect to
the stationary measure. We remark that the variance is exactly the expression
of the thermal conductivity obtained in [6]. The rescaled process N~2/3Y(Nt)
converges in distribution to a stable symmetric Lévy process with index 3/2 [3, 25].
As a corollary, the rescaled solution of the Boltzmann equation W(N?/3y, k, Nt)
converges, as N — 400, to the solution of the fractional diffusion equation

du(y, 1) = —| AP *u(y, 1).

A different, more analytic approach can be found in [34].

In the pinned or the non-acoustic cases, @’ ~ k for small k, 7(X;)w’ (X;) has finite
variance with respect to the stationary measure. In particular this variance coincides
with the thermal diffusivity computed by the Green-Kubo formula [6]. Then one
can prove that the rescaled solution W(N'/2y, k, Nt) converges to the heat equation

ou(y, t) = DAu(y, 1),

with D given by the thermal diffusivity.

The results described above give a two step approach to the diffusion or superdif-
fusion of the energy: first a kinetic limit where the Boltzmann phonon equation is
obtained in the weak noise limit, then a superdiffusive or diffusive rescaling of the
solution of this equation. The results described in Sect. 5.3 concern a simple space-
time rescaling, without any weak noise approximation.! Still Boltzmann equation
helps to understand the proof of (5.17), that goes under the following lines.

Let us just consider the superdiffusive case and consider the evolution of the
Wigner distribution at time s~3/2¢ and for the noise of intensity y. Equation (5.29)
becomes

AWE(E k1) = — iE ' (k)& PWE(E k1) + ye P CWE(E, k, 1)

4

) . (5.31)
— 27 (YS(g,k, 0+ Ve (£, t)*) +O(e),

'In the non-linear cases we cannot expect that the two step approach would give the same result
of the direct rescaling of the dynamics. In the §-FPU the kinetic limit seems to give a different
superdiffusion scaling than the direct limit [33, 41].
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This looks like a very singular limit. Still due to fast oscillations the Y¢ terms
disappears after time integration. Furthermore, because the number of collisions
per unit time tends to infinity, the limit of the Wigner distribution homogenizes in
the variable k, i.e. its limit becomes a function W(y, r) independent of variable k.
Assume that the above facts have been proven, and consider the case of the simple
random exchange of the velocities, that give a scattering rate of the form: R(k, k') =
R(k)R(K'), with [ R(k)dk = 1. The argument below, that follows the line of Mellet
et al. [34], can be generalized to various rate functions [26]. The Laplace transform
w, in time of the Wigner distribution satisfies the equation:

(A + 2ye32R(k) + i ()Ee™?) we (X, £, k)

= W.(E.k,0) + e /22y R(k) / R(K)dK + O(g). (5.32)

By dividing the above expression by D,(A,£,k) = &¥?1 + 2yR(k) + iw’' (k)Es,
multiplying by 2y R(k) and integrating in k one obtains

2yR( W (£, k, 0)

s / we (A, £, K)R(K)dk — / X O(e) (5.33)

where, since R(k) ~ k* and due to the assumptions made on o’ (k):

_ 2yR*(k)
e = 2ys 1—/—dk A 372,
o = 27 (1= [ STEE ) — el

Thanks to the homogenization property of W,

/ws(k,g,k)R(k)dk — w(k, §).

Furthermore

2yR(k)
_— — 1,
D.(A,E,k) >0

and we conclude that the limit function w(A, §) satisfies the equation
(3 + el ) i) = [ Wee k0 (534)

where W(E, k, 0) is the limit of the initial condition. Equation (5.34) is the Laplace-
Fourier transform of the fractional heat equation. Assuming instead that w’ (k) ~ k,
a similar argument gives the normal heat equation [26].
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5.7 Non-acoustic Chains: Beam Dynamics

We have seen in the previous sections that the ballistic behaviour at the hyperbolic
scale and the superdiffusive behavior of the energy strictly depends on the positivity
of the sound velocity 7. In the case @(0) = &”(0) = 0 all the coefficients in these
evolutions are null and in fact the limit of the energy follows a regular diffusion.
Notice that the dynamics is still momentum conserving.

A typical example is given by the following choice of the interaction:

o) =60, op=-—4a, ax=oa, o,=0 x>2 (5.35)

(then & (k) = a4 sin*(;rk)) that corresponds to the Hamiltonian
P« 2
= X — (gx+1 — 29, — . 5.36
% [2+2(61+1 9« +4q 1)} (5.36)

Notice that the expression (5.7) is not defined for any value of the tension 7, this is
why we also call these chains tensionless. Basically, the equilibrium energy does not
change by pulling the chain. It does change by bending it, this is why the relevant
quantities are defined by the local curvatures or deflections:

Ky = _Aqx = 2y — Gx+1 — Gx—1. (5.37)

The relevant balanced quantities are now (ky, py, €x).
The invariant equilibrium measures are formally given by

e Bl L =LY k]
z

dic dp (5.38)

where the parameter £ is called load. Notice that these measures would be non-
translation invariant in the coordinates r,’s.

Under these conditions the sound velocity 7; is always null, and there is no
ballistic evolution of the chain. In fact it turns out that the three quantities
(8(z,y), p(t,y), e(t,y)) evolve on the diffusive space-time scale. By defining

1

emech(ts y) = (p(tvy)z + O192) and z(ts y) = e(ts y) - emech(tvy)s

N

after the corresponding space-time scaling we obtain [28]:

a[E = — aip,
dp = adlt+ydlp. (5.39)
&% = DT +y (3,p)".
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The first two equations are the damped Euler-Bernoulli beam equations. The third

one describes the diffusive behavior of the energy. The thermal diffusivity D, =
% + v, where C is an explicit constant independent from y and «. In particular
for constant initial values of £ and p, the thermal energy (i.e. temperature) profile
follows a normal heat equation with the thermal diffusivity that can be computed
explicitly (cf. [28]). Notice also that a gradient of the macroscopic velocity induce
a local increase of the temperature.

These models provide rigorous counter-examples to the usual conjecture that
the momentum conservation in one dimension always implies superdiffusivity of
the energy (cf. [19, 31]). The presence of a non-vanishing sound velocity seems a
necessary condition.

5.8 A Simpler Model with Two Conserved Quantities

In this section we consider the nearest neighbors unpinned harmonic chain (with
mass 1 and coupling forces o; = a—; = —%) but we add different stochastic
collisions with the properties that they conserve the total energy and some extra
quantity (that we call “volume”) but no longer momentum and stretch. By defining
a = /oo and the field {n, € R ; x € Z} by 0o = ar, and nay1 = py, the
Hamiltonian equations are reduced to

e = a(Met1 — Nx—1)-

The stochastic collisions are such that at random times given by independent
Poisson clocks N, ,+1(f) of intensity y the kinetic energy at site x is exchanged
with the corresponding potential energy. The simplest way to do it is to exchange
the variable 7, with 7,;. Because of the form of the noise the total energy . 2”72;
and the “volume” ) 1, = Y (px + ary) are the only conserved quantities of the
dynamics [14]. By reducing the number of conserved quantities from 3 (energy,
momentum, stretch) to 2 (energy, volume) we expect to see easily the influence
of the other conserved quantity on the superdiffusion of energy. The nature of the
superdiffusion for models with two conserved quantities are studied in the nonlinear
fluctuating hydrodynamics framework by Spohn and Stoltz in [43].

In the hyperbolic time scaling, starting from an initial distribution associated
to some smooth macroscopic initial volume-energy profiles (vo(y), eo(y)), we
can prove that these initial profiles evolve following the linear wave equation
(v(t,y), e(t,y)) which is solution of

0;v = 2adyv, 0Oe = aay(vz).

. . . 2¢y
As in Sect. 5.2 we can introduce the mechanical energy ¢yecn(y, 1) = # and the
thermal energy T'(y, 1) = e(y,?) — emech (¥, 1). The later remains constant in time.
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Mutatis mutandis the discussion of Sects. 5.3-5.5 can be applied to this model
with two conserved quantities with very similar conclusions” [15, 16]. The interest-
ing difference is that in (5.18) and (5.27) the fractional Laplacian has to be replaced
by the skew fractional Laplacian:

0T =—c{|A L =V AV T, T(.0)=T(.0)  (540)

for a suitable explicit constant ¢ > 0. The skewness is produced here by the
interaction of the (unique) sound mode with the heat mode. In the models of
Sect. 5.1 which conserve three quantities, there are two sound modes with opposite
velocities. The skewness produced by each of them is exactly counterbalanced by
the other one so that it is not seen in the final equations (5.18) and (5.27).

5.8.1 The Extension Problem for the Skew-Fractional
Laplacian

For the model with two conserved quantities introduced in this section, the
derivation of the skew fractional heat equation, at least at the level of the fluctuations
in equilibrium as defined in Sect.5.5, can be implemented by means of the so-
called extension problem for the fractional Laplacian [17, 44]. As we will see, this
extension problem does not only provides a different derivation, but it also clarifies
the role of the other (fast) conservation law (i.e. the volume). It can be checked
that for any 8 > 0 and any p € R, the product measure with Gaussian marginals
of mean p and variance (temperature) 8~ are stationary under the dynamics of
{nx(t); x € Z}. Let us assume that the dynamics starts from a stationary state. For
simplicity we assume p = 0 and a = 1. The space-time energy correlation function
Se(x, 1) is defined here by

Se(x,1) = ((ne(e™20> = B71) (n0(0)* = 7).

It turns out that the energy fluctuations are driven by volume correlations. Therefore
it makes sense to define the volume correlation function as

Ge(x,y,1) = (n:(e7 2y (e73%1) (0 (0)* — B71)).

Letf : [0,7] x R — R be a smooth, regular function and for each z € [0, 7], let
u; : R x Ry — R be the solution of the boundary-value problem

—0yu + yaiu =0
Oyu(x, 0) = 0f (x,1).

2In [15] only the equilibrium fluctuations are considered but the methods developed in [26, 27] can
be applied also to the models considered in this section.
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It turns out that d,u,(x,0) = Zf;(x), where .Z is the skew fractional Laplacian
defined in (5.40).
For test functions f : R — Rand u : R x R4 — R define

(Se(®).f)e = ) Se(x. Of (&),

XEZ

(G&‘(t)s u)s = Z Gs(-xv Y, t) u(%(-x + y)s \/E(y —X))
X,yEZ

After an explicit calculation we have:

£1/2

(S0 = 5 (Gel0) ) + (S0 10, 0).} = (5.0, 046).

plus error terms that vanish as ¢ — 0. From this observation it is not very difficult
to obtain that, for any smooth function f of compact support,

1im S.(0)./). = / Pt x)f (.

where P(t, x) is the fundamental solution of the skew fractional heat equation (5.40).

Let us explain in more details why the introduction of the test function i,
solves the equation for the energy correlation function S;(x,?). It is reasonable
to parametrize volume correlations by its distance to the diagonal x = y. The
microscopic current associated to the energy 7,(f)? is equal to 7,(£)1.+1(f), which
can be understood as the volume correlations around the diagonal x = y. Volume
evolves in the hyperbolic scale with speed 2. Fluctuations around this transport
evolution appear in the diffusive scale and are governed by a diffusion equation. This
means that at the hyperbolic scale ¢!, fluctuations are of order £~'/2, explaining
the non-isotropic space scaling introduced in the definition of (G.(¢), u).. It turns
out that the couple (S;, G.) satisfies a closed system of equations, which can be
checked to be a semidiscrete approximation of the system

\/gatut = —3xut + ya/%u;
it (x, 0) = 0yfi(x)
alﬁ = axul‘(xs 0)
Therefore, the volume serves as a fast variable for the evolution of the energy, which

corresponds to a slow variable. The extension problem plays the role of the cell
problem for the homogenization of this fast-slow system of evolutions.

5.9 The Dynamics in Higher Dimension

One of the interesting features of the harmonic dynamics with energy and momen-
tum conservative noise is that they reproduce, at least qualitatively, the expected
behavior of the non-linear dynamics, also in higher dimensions. In particular in the
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three or higher dimension the thermal conductivity, computed by the Green-Kubo
formula, is finite, while it diverges logarithmically in two dimension (always for
non-acoustic systems), cf. [5, 6].

In dimension d > 3 it can be also proven that equilibrium fluctuations evolve
diffusively, i.e. that the asymptotic correlation $*(y, 1), defined in Sect. 5.5 but with
a diffusive scaling, satisfies [4]:

9,8 = Da;§¥ (5.41)

where D can be computed explicitly by Green-Kubo formula in terms of @ and
scattering rate R [5, 6]. Similar finite diffusivity and diffusive evolution of the
fluctuations are proven for pinned models (&@(0) > 0), see [4]. In two dimensions,
while the logarithmic divergence of the Green-Kubo expression of the thermal con-
ductivity is proven in [6], the corresponding diffusive behaviour at the logarithmic
corrected time scale is still an open problem. For the result obtained from the kinetic
equation see [2]. The two-dimensional model is particularly interesting in light
of the large thermal conductivity measured experimentally on graphene [46], an
essentially a two-dimensional material.

5.10 Thermal Boundary Conditions
and the Non-equilibrium Stationary States

Traditionally the problem of thermal conductivity has been approached by con-
sidering the stationary non-equilibrium state for a finite system in contact with
heat bath at different temperatures (cf.[31, 38]). This set-up is particularly suitable
for numerical simulations and convenient because it gives an straight operational
definition of the thermal conductivity in terms of the stationary flux of energy,
avoiding to specify the macroscopic evolution equation. But for the theoretical
understanding and corresponding mathematical proofs of the thermal conductivity
phenomena, this is much harder than the non-stationary approach described in the
previous section. This because the stationary state conceals the space-time scale.

The finite system consists of 2N + 1 atoms, labelled by x = —N, ..., N, with end
points connected to two heat baths at temperature 7; and 7. These baths are modeled
by Langevin stochastic dynamics, so that the evolution equations are given by

gx = Dx» x=-N,...,N,
[.Jx - _(aN * q([))x + (px+1(t_) _px([_)) Nx,x—}—l([) + (px—l([_) _px(t_)) Nx—l,x([)

+ 8 —n (_P—N + 2T, dW—N(f)) + 8N (—PN + \/2_Tr dWN(l)) ,
(5.42)
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where w_y(f), wy(f) are two independent standard Brownian motions, and the
coupling an is properly defined in order to take into account the boundary
conditions. For this finite dynamics there is a (non-equilibrium) unique stationary
state, where the energy flow from the hot to the cold side. Observe that because of
the exchange noise between the atoms, the stationary state is not Gaussian, unlike
in the case studied in [38].

Denoting the stationary energy flux by Jy, the thermal conductivity of the finite
chain is defined as

(2N + 1)Jy
Ky = —_—

(5.43)
T —1,|—>0 T, —T,

For a finite N it is not hard to prove that ky can be expressed in terms of the
corresponding Green-Kubo formula. For the periodic boundary unpinned acoustic
case this identification gives ky ~ N 172 (cf. [5]). For the noise that conserves only
the energy, but not momentum (like independent random flips of the signs of the
momenta), the system has a finite thermal diffusivity and the limit xky — «, as
N — 400, can be computed explicitly, as proven in [11].

The natural question is about the macroscopic evolution of the temperature
profile in a non-stationary situation, and the corresponding stationary profile. It turns
out [7] that this macroscopic equation is given by a fractional heat equation similar
to (5.17) with a proper definition of the fractional Laplacian |A|*/* on the interval
[—1, 1] subject to the boundary conditions T(—1) = T}, ¥(1) = T;. This is defined
by using the following orthonormal basis of functions on the interval [—1, 1]:

u,(y) = cos (nn(y + 1)/2), n=0,1,... (5.44)

Any continuous function f(y) on [—1, 1] can be expressed in terms of a series

expansion in u,. Then we define | A|*u,(y) = (n7/2)*u,(y). Observe that for s = 1

we recover the usual definition of the Laplacian. For s # 1 this is not equivalent to

other definitions of the fractional Laplacian in a bounded interval, e.g. [47].
Correspondingly the stationary profile is given by

|A]PT =0, in (=1, 1)

(5.45)
=) =T, %) =T,

namely ¥(y) = %(Tl + T+ %(Tl —T,)0(y), with

0(y) = ¢ Z % cos (mn(y + 1)/2),

modd

¢s such that (—1) = 1. This expression corresponds with the formula computed
directly in [32] using a continuous approximation of the covariance matrix of the
stationary state for the dynamics with fixed boundaries.
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5.11 The Non-linear Chain

From the above rigorous results on the harmonic chain with the random collision
dynamics, and the arguments of Spohn from fluctuating hydrodynamics and mode
couplings (cf. [41, 42]), we can conjecture the corresponding behaviour in the
anharmonic case.

Let us consider just nearest neighbor interaction given by the potential energy
V(gx— gx—1) of an anharmonic spring. We assume V : R — (0, 400) is smooth and
that it grows quadratically at infinity. Define the energy of the oscillator x as

2

ex(r,p) = % + V(ry) (5.46)

The dynamics is defined as the solution of the Newton equations
a() =pe, pu(t) == (V'(r) =V'(res1)), x€Z (5.47)

plus a random exchange of velocities as in the previous sections, regulated by an
intensity y. The equilibrium Gibbs measures are parametrized by

A = (B! (temperature), p (velocity), 7 (tension)),

and are given explicitly by

(PX_I_J)Z
dvy = [[ PVt T2 D gy dp, (5.48)
X

When a random exchange of velocity is present (y > 0) it can be proven that these
are the only regular translation invariant stationary measures [13, 23]. We have

% — 059 — %at% =e.
These thermodynamical relations can be inverted to express the parameters
(B~',p, 1) in terms of (p,7 e). It turns out that the tension is then equal to a
nonlinear function 7(7, ) of the average stretch r and the average internal energy
w=e—p’/2.

After the hyperbolic rescaling of the dynamics, we expect that the empirical dis-
tribution of the balanced quantities converge to the system of hyperbolic equations:

va(pe) = b m(rx)=—%w:=7, vale) =

Bt; = 8}1_7
3p = 0,7 (5.49)
8% = 3, ().

This limit can be proven, under certain condition on the boundaries, in the smooth
regime, if the microscopic dynamics is perturbed by a random exchange of velocities
between nearest neighbors particles by using relative entropy methods [13, 22, 36].
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The limit should be still valid after shocks develop, with the limit profile given by
an entropic weak solution. This is a main open problem in hydrodynamic limits.

After a long time, the (entropy) solution of (5.49) should converge (maybe in a
weak sense) to some mechanical equilibrium characterized by:

p) = po, T(r(y),u(y)) = 19, for some constants p, 7. (5.50)

It is very hard to characterize all possible stationary solutions that satisfy (5.50).
Probably they are generically very irregular. But certainly if we start with a smooth
initial condition that satisfies (5.50), they do not move. Also by the relative entropy
methods, it is possible to prove that starting with such initial profiles, the empirical
distribution of the balanced quantities will converge at the hyperbolic space-time
scale to such a stationary solution at any time.

Still we do know that the microscopic dynamics will converge to a global
equilibrium, so this implies that there exists a larger time scale such that these
profiles will evolve and eventually reach also thermal equilibrium.

There is a numerical evidence and heuristic arguments about the divergence of
the Green-Kubo formula defining the thermal diffusivity for such one dimensional
systems, so we expect that the larger time scale at which these profiles evolve is
superdiffusive.

From the nonlinear fluctuation hydrodynamics [41], one can conjecture the
following: the space-time scale is (¢7'x,&72), and the temperature T(x,f) =
B~ (x, 1) evolves following some fractional heat equation, possibly non-linear. If
V is symmetric and 7o = 0, then a = 3/4, and in all other cases a = 5/6.

5.12 The Disordered Chain

The effect of disorder on transport and phonons localization properties in chains of
oscillators has attracted a lot of interest [19, 31]. Randomness can appear at the level
of the masses of particles or at the level of the potentials. We consider only the case
of random masses with non random potential V or the case of non random masses
and non random interaction potential V with random harmonic pinnings. In the first
case, the Hamiltonian is then given by

2m

2
H(p.g)=) L > V(g q))

where {m,} are positive random variables, while in the second case, the Hamiltonian
is given by

2
H(p.q)= g—m + Y V(gnd) + Y v
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where {v,} are positive random variables, m > 0 being the mass of the particles.
The presence of randomness is relevant for the thermal properties of the system but
the fact that randomness affect potentials or masses is not.

For one dimensional unpinned disordered harmonic chains it is known that
the behavior of the conductivity is very sensitive to the boundary conditions
since it can diverge as +/N or vanish as 1/+/N with the systems length N
[1, 18, 39, 45]. If harmonic pinning is added localization of normal modes leads
an exponential decay of the heat current and a zero conductivity. The situation
in higher dimensions, even in the case of harmonic interactions, is still under
debate but it is expected that conductivity is finite in dimension d > 3 if disorder
is sufficiently weak [29]. About the effect of nonlinearities, numerical evidences
suggest that a very small amount of anharmonicity in pinned chains is sufficient
to restore a diffusive regime with a positive finite value of the conductivity [20].
However it is a challenging open question to decide if the transition from an
insulator to a conductor occurs at zero or some finite small value of anharmonicity
[8, 20, 35].

It is suggestive to think that a stochastic noise could affect transport properties
of harmonic chains in some rough sense similar to the addition of nonlinearities.
This question has been first address in [9] in the Green-Kubo formula setting,
revisited in [21] from the non equilibrium stationary state point of view (see
Sect.5.10) and extended in [10, 24] to incorporate weakly nonlinear chains. In
these papers, the authors consider a disordered harmonic chain, or weakly nonlinear
in [10, 24], with a stochastic noise which consists to flip, independently for each
particle, at independent random exponential times of mean 1/A, A > 0, the
velocity of the particle. Notice that this energy conserving noise is very different
from the noise considered in the rest of the paper since it does not conserve
momentum. In particular, for ordered pinned and unpinned nonlinear chains,
this noise is sufficient to provide a finite conductivity « [12]. However, it turns
out that for an ordered harmonic chain, k ~ A~! and, as expected, increases
to infinity as the strength of the noise A | 0. In [10, 24] it is proved that
localization effects persist: k = ¢(4) for a pinned disordered chain with a small
anharmonic potential, and k ~ A for a pinned harmonic chain. As far as we
know disordered chains with energy-momentum conserving noise have never been
investigated.
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Chapter 6
Simulation of Heat Transport
in Low-Dimensional Oscillator Lattices

Lei Wang, Nianbei Li, and Peter Hanggi

Abstract The study of heat transport in low-dimensional oscillator lattices presents
a formidable challenge. Theoretical efforts have been made trying to reveal the
underlying mechanism of diversified heat transport behaviors. In lack of a unified
rigorous treatment, approximate theories often may embody controversial pre-
dictions. It is therefore of ultimate importance that one can rely on numerical
simulations in the investigation of heat transfer processes in low-dimensional
lattices. The simulation of heat transport using the non-equilibrium heat bath method
and the Green-Kubo method will be introduced. It is found that one-dimensional
(1D), two-dimensional (2D) and three-dimensional (3D) momentum-conserving
nonlinear lattices display power-law divergent, logarithmic divergent and constant
thermal conductivities, respectively. Next, a novel diffusion method is also intro-
duced. The heat diffusion theory connects the energy diffusion and heat conduction
in a straightforward manner. This enables one to use the diffusion method to
investigate the objective of heat transport. In addition, it contains fundamental
information about the heat transport process which cannot readily be gathered
otherwise.
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6.1 Simulation of Heat Transport with Non-equilibrium Heat
Bath Method and Equilibrium Green-Kubo Method

We start out by considering numerically heat transport in typical momentum-
conserving nonlinear lattices, from 1D to 3D. The numerical simulations are
performed with two different methods: the non-equilibrium heat bath method and
the celebrated equilibrium Green-Kubo method. Our major focus will be on the
length dependence of thermal conductivities where the asymptotic behavior towards
the thermodynamic limit is of prime interest. As a result, numerical simulations
are usually taken on lattices employing very large up to even huge system sizes.
Therefore, in order to get a compromise between better numerical accuracy and
acceptable computational cost, a 5-th order Runge-Kutta algorithm [1] is applied
for the simulations of the dissipative systems in the former case, while an embedded
Runge-Kutta-Nystrom algorithm of orders 8(6) [2, 3] is applied for the simulations
of the conservative Hamiltonian systems in the latter case.

6.1.1 Power-Law Divergent Thermal Conductivity in 1D
Momentum-Conserving Nonlinear Lattices

Heat conduction induced by a small temperature gradient is expected to satisfy the
Fourier’s law in the stationary regime:

j=—kVT, 6.1)

where j denotes the steady state heat flux, VT denotes the small temperature
gradient, and « denotes the thermal conductivity. In practical numerical simulations,
the temperature difference AT is usually fixed for convenience. In this setup, for a
system with length L, the steady state heat flux j should be inversely proportional
to L: j = —«xAT/L, if Fourier’s law is obeyed and « is a constant. However, for
many 1D momentum-conserving lattices [4, 5], it is numerically found that j decays
as L™ with a positive «. This finding indicates that the thermal conductivity «
is length dependent and diverges with L as k o L in the thermodynamical limit
L — oo. The Fourier’s law is broken and the heat conduction is called anomalous.
For this anomalous heat conduction, transport theories from different approaches
make different predictions for the divergency exponent o [5]. The renormalization
group theory [6] for 1D fluids predicts a universal value of @ = 1/3 and it is
claimed that the thermal conductivity of oscillator chains including the Fermi-Pasta-
Ulam (FPU) lattices should diverge in this universal way [7]. Early Mode-Coupling
Theories (MCT) predict one universal value of @« = 2/5 for all 1D FPU lattices [4],
while another MCT taking the transverse motion into account predicts « = 1/3
[8, 9]. Later, a self-consistent MCT proposes that there should be two universality
classes instead of one. It states that models with asymmetric interaction potentials
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are characterized by a divergency exponent @ = 1/3, while models with symmetric
potentials are characterized by a larger value of « = 1/2 [10-12]. The value of
a = 1/3 is also predicted by calculating the relaxation rates of phonons [13].—
For an intriguing discussion of the physical existence of anharmonic phonons and
its interrelation between a phonon mean free path and its associated mean phonon
relaxation time we refer the interested readers to recent work [14].

A theory based on Peierls-Boltzmann equation is applied for the FPU-§ lattice,
and @ = 2/5 is predicted [15]. In [16], energy current correlation function is studied
for the FPU-g lattice and ¢ = 2/5 is found with small nonlinearity approximation.
Similar to the discrepancy among theoretical predictions, numerical results are also
not convergent. For example, an early numerical study suggests o = 2/5[17], while
some recent studies support ¢ = 1/3 [18-20].

In this section, we numerically study heat conduction in typical 1D nonlinear
lattices with the following Hamiltonian

2
H= Z[p—zl + V(i —ui1)], (6.2)

where p; and u; denotes the momentum and displacement from equilibrium position
for i-th particle. For convenience, dimensionless units are applied and the mass of
all particles can be set as unity. The interaction potential energy between particles
iandi—1is V; = V(u; — u;—1). The interaction force is correspondingly obtained
as f; = —dV;/du,. The local energy belongs to the particle i is defined here as E; =

%"2 + %(V,- + Vit1), i.e., neighboring particles share their interaction potential energy
equally. The instantaneous local heat flux is then defined as j; = %(1'4,- + i 1)fir1
and the total heat flux is defined as J(r) = ), ji(?).

The interaction potential takes the general FPU form as V(1) = %kzuz + %k3 ud +
%k4u4. The following three types of lattices will be studied, i.e., (1) the FPU-of
lattices with k, = k4 = 1,k3 = 1 (in short as FPU-«1p lattice); and k; = kg = 1,
ks = 2 (in short as FPU-«28 lattice); (2) the FPU-f lattice with k, = k4 = 1,
ks = 0; and (3) the purely quartic or the qFPU-J lattice with k, = k3 = 0, k4 = 1.
The interactions in the FPU-af lattices are asymmetric, i.e., V(1) # V(—u), while
the interactions in other lattices are symmetric. In the former case, the temperature
pressure is nonvanishing, finite in the thermodynamic limit [21].

6.1.1.1 Non-equilibrium Heat Bath Method

Firstly, we calculate the thermal conductivity kg according to the definition
Eq. (6.1) with the non-equilibrium heat bath method. The subscript ‘NE’ indicates
that the calculation is in non-equilibrium steady states. To this end, fixed boundary
conditions are applied, i.e., up = uy = 0, with N being the total number of particles.
Since the lattice constant a has been set as unity in the dimensionless units, the
lattice length L is simply equivalent to the particle number N as L = Na = N. Two
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Langevin heat baths with temperatures 7 = 0.5 and 1.5 are coupled to the two ends
of the lattice, respectively. The equation of motion of the particle coupled to the heat
bath is described by the following Langevin dynamics

i=f—Au+¢, (6.3)
where f denotes the interaction force generated from other particles, £ denotes a
Wiener process with zero mean and variance 2AkgT, and A denotes the relaxation
coefficient of the Langevin heat bath. Generally, the resulting heat flux approaches
zero in both limits A — 0 and A — oo [4]. In practice, the A has been optimized to
be 0.2 so as to maximize the heat currents. In order to achieve better performance,
we usually put more than one particles into the heat bath in each end [22, 23].

To avoid the effect of possible slow convergence [24], the simulations have been
performed long enough time until the temperature profiles are well established and
the heat currents along the lattice become constant, see Fig.6.1. The temperature

4l is calculated by linear least squares fitting of the temperature

gradient VT = %
profile in the central region, aiming to greatly reduce the boundary effects.

@ 5 ® s,
~ ; + N=2048
FPU-alf lattice + N=5000 . .
N=10000 i ‘FPU—OLZB lattice N=4096
+ N=20000 N=8192
N=45000 v N=16384
1.0 < N=65536 1.0 N=32768
[_‘
05 , , , , ) 05 , , , \
00 02 04 06 08 10 00 02 04 06 08 10
iN iN
© 15y @ s,
N FPU-p lattice N=4096 purely quartic  « N=4096
N .+ N=8192 .+ N=8192
: N=16384 N=16384
v N=32768 N=32768
1.0 _ 1.0
o N=65536 -
ok Nl
00 02 04 06 08 10 00 02 04 06 08 10
N N

Fig. 6.1 Temperature profiles for (a) the FPU-«1, (b) the FPU-a2p, (¢) the FPU-p, and (d) the
purely quartic lattices with various length L. Only the temperature profiles in the central region
are taken into account in calculating the temperature gradient j—{, i.e., the left and right 1/4 of the
lattices are excluded in order to remove boundary effects



6 Simulation of Heat Transport in Low-Dimensional Oscillator Lattices 243

Fig. 6.2. Thermal o FPU-alp
conductivity kg versus o FPU-a2p
lattice length L. The reversed FPU-B
Fendenc.y can be roughly seen w0l v purely quartic &
in the rightmost part of the - % S d
q TS ¢
gure a #ﬁ?
2 +
o = -
L - +
a2
B - -
104
10' 10° 10’ 10* 10°

This so evaluated thermal conductivity kng(L) are plotted for different 1D
lattices in Fig. 6.2. For the lattices with asymmetric interactions, a very flat length-
dependence of thermal conductivity is observed with L ranging from several
hundreds to ten thousands sites. However, for even longer lengths, say, L > 1 x 104,
the running slope of the thermal conductivity xng(L) as the function of L starts
to grow again. By comparing the results in the two FPU-of lattices, we see that
the asymptotic tendency of curving up of kng(L) is not affected even for the case of
strong asymmetry (k3 = 2 is the maximum value that keeps the potential single well,
at the given k, = k4 = 1). With the increase of asymmetry, the tendency of curving
up of xkng(L) can only be postponed as shown in Fig. 6.2. Such a phenomenon can
also be observed in the FPU-g lattice, although the effect is much more slight.
Because of this, the thermal conductivity in this lattice displays a little bit slower
divergence as L'/? in a certain length regime [18]. This finite-size Fourier-like
behavior has been repeatedly observed recently in many 1D lattices [23, 25-29],
its physical reason is, however, still not clear.

6.1.1.2 Green-Kubo Scheme

The major drawback of the non-equilibrium heat bath method is the boundary effects
due to coupling with heat baths which are difficult to be sufficiently removed. In
addition, the temperature difference cannot be set as small values in this method,
otherwise the net heat currents can hardly be distinguished from the statistical
fluctuations. Therefore, the systems prepared in the non-equilibrium heat bath
method are far from ideal close-to-equilibrium states. Numerical difficulties also
prevent us from simulating even longer lattices. We thus turn to calculate the
equilibrium heat current autocorrelation functions with the Green-Kubo method,
which provides an alternative way of determining the divergency exponent « [30].
No heat bath enters into the lattice dynamics.
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In a finite lattice with N particles, the heat current correlation function cy(7) is
defined as

en(t) = ]%](J(I)J(t + 1)) (6.4)

where (-} denotes the ensemble average, which is equivalent to the time average for
chaotic and ergodic systems considered here. Compared with ¢y (7) for finite lattice,
its value in thermodynamic limit is much more meaningful, i.e.,

c(r) = ng%o en(7). (6.5)

According to the Green-Kubo formula [30], the thermal conductivity kgg is
integrated as

1 o
KGK = ﬁ/o c(t)dr. (6.6)

The Boltzmann constant kg is set to unity in the dimensionless units. But kp is keptin
formulas for the completeness of understanding. For anomalous heat conduction, the
above integral does not converge due to the slow time decay of ¢(t) in asymptotic
limit. In common practice, the length-dependent thermal conductivity is calculated
by introducing a cutoff time t, = L/vj, instead of infinity, as the upper limit of the
integral, i.e.,

1 L/vs
Kok (L) = m/o c(r)dr, (6.7)

where the constant v; is the speed of sound and the subscript ‘GK’ denotes that the
calculation is based on the Green-Kubo formula. Since we are only interested in the
divergency exponent & of kgk (L), its exact value is not relevant to any conclusion
we made.

However, in numerical calculations, only lattices with finite N can possibly be
simulated. The cy(7) generally depends on the lattice length N, and the finite-
size effects must be taken into consideration very carefully. We next present the
simulation with a very long lattice length of N = 20,000 followed by the discussion
of finite-size effects.

The simulations are carried out in lattices with periodic boundary conditions,
which is known to provide the best convergence to thermodynamic limit properties.
Microcanonical simulations are performed with zero total momentum and identical
energy density € which corresponds to the same temperature 7 = 1 for all lattices.
The energy density € equals to 0.864,0.846,0.867 and 0.75, for the 1D FPU-
alp lattice, the FPU-a2f lattice, the FPU-p lattice, and the purely quartic lattice,
respectively.
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Fig. 6.3 (a) The heat current correlation cy () versus time lag t. Lines with slope —3/5 are drawn
for reference. Data for the FPU-f and the purely quartic lattices fit them quite well in the long ©
regime. (b) kgk (L). Lines with slope 2/5 are drawn for reference. For the FPU-p lattice, the slope
2/5 fits very well in the regime of L from 10° to 10°. It fits for the purely quartic lattice in even
wider regime from 102 to 10°

The time 7 dependence of cy(7) are shown in Fig. 6.3a. In a very large window
of 7, the cy(7) for the FPU-B lattice and the purely quartic lattice follows a power-
law decay of cy(t) o ¥ with y = —3/5 very well. It should be pointed out that
the decay exponent y is related to the divergency exponent « as y = o — 1 resulted
from Eq. (6.7). While for the FPU-af lattices, the cy(t) decays very fast before it
approaches an asymptotic power-law decay behavior.

The corresponding length dependence of the thermal conductivity kg (L) from
Eq. (6.7) is plotted in Fig. 6.3b. For the FPU- lattice, the best fit of the data from
L = 10* upward gives rise to a divergency exponent & = 0.42, which strongly
prefers the theoretical prediction of « = 2/5 to « = 1/3. As for the purely
quartic lattice, the best fit of the data for L from 10? upward, covering four orders
of magnitude, yields « = 0.41, which is even closer to the prediction of @ = 2/5.

Heat current correlation loss. To quantitatively evaluate the finite-size effects,
we plot the heat current correlation cy(t) for the 1D purely quartic lattice with sizes
from N = 128 to N = 131,072 in Fig. 6.4a. We define a heat-current correlation
loss (CCL) Acy(7) induced by the finite-size effects as

Acy(t) = c(r) —en(7). (6.8)
The relative loss Ay(7) is defined as

Acy(7) 11— en(7)
() ()’

By setting a certain critical value 7, for the relative loss Ay(t), a characteristic time
lag, the cutoff time lag t.(N) can be obtained for each length N by solving,

An(z) =

(6.9)

An(Te(N)) = 1. (6.10)
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Fig. 6.4 (a) The heat current
correlation cy (t) for the
purely quartic lattice for
various lattice length N. Lines
with different slopes —2/3,
—3/5 and —1/2, respectively,
are drawn for reference. (b)
An(7) as a function of t for
various lattice length N.
Oblique solid lines from the
top down stand for the fittings
of Ay(7), 3N"1107038 for N
ranging from 128 to 4096.
The horizontal dashed line
refers to Ay(7) = 0.1. Ay(7)
cross this line at the cut off
time lag 7.(N). (¢) The cutoff
time lag 7.(N) as a function
of the lattice length N. The
blue dashed line stands for
the expectation in Eq. (6.13),
2.84 x 1073N?
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Since the asymptotic ¢(r) can never be actually calculated, we thus need to
approximately replace c(t) with cy(t) for a finite long enough lattice instead.
Under any existing criterion [31], the length of N = 131,072 is long enough for
correlation times T < 5 x 10*. Therefore, the asymptotic c(t) refers to ¢j31072(7) in
the descriptions of our numerical simulations hereafter.

In Fig. 6.4b, the relative loss Ay () for the purely quartic lattice for various length
N is plotted . The Ay(7) is larger in shorter lattices as one should expect. Interesting
enough, all the data of Ay (7) as the correlation time t for various N fit the following
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universal relation quite well:
An(t) ~ 3NT116058, (6.11)

This relation implies that the cutoff time lag 7.(N) should follow a square-law
dependence on the lattice length N:

w(N) ~ (%)TISSNZ. (6.12)

For the critical value of n = 0.1, namely, the cy(t) decreases to 90 % of the value
of ¢(7) at T = t.(N). The cutoff time lag t.(N) as the function of length N can be
obtained from Eq. (6.10) as

7.(N) &~ 2.84 x 1073N2. (6.13)

This is shown in Fig.6.4c where good agreement with numerical data can be
observed.

It is reasonable to expect that Eq. (6.11) should also remain valid in larger N
regime. We are thus able to estimate the value of relative loss Ax(7) in Fig. 6.3a,
which is no more than 10 %. Given the fact that cy(t) o< 77 was fitted over four
orders of magnitude of t, the underestimate of § induced therefrom must not be
higher than |log;,0.9]/4 & 0.01. It is noticed that such an error is much smaller
than the difference between the three theoretical expectationsy = —2/3,y = —=3/5
and y = —1/2. The conclusion that ¢(7) is best fitted as c(t) oc 77>/° should not
be affected by this finite-size effect. We also expect that the cases in 2D [32] and
3D [33] purely quartic lattices are also similar.

In summary, we have numerically calculated the length-dependent thermal
conductivities k in a few typical 1D lattices by using both non-equilibrium heat bath
and equilibrium Green-Kubo methods. Consistent results are obtained for thermal
conductivity divergency exponent «. For the FPU-8 and the purely quartic lattices,
the thermal conductivities « follows a power-law length-dependence of k oc L%*
very well, for a wide regime of L. While for the asymmetric FPU-a§ lattices, large
finite-size effects are observed. As a result, k¥ increases with lattice length very
slowly in a wide range of L. Our numerical simulations indicate that k regains its
increase in yet longer length L [23, 26]. This is also consistent with some recent
studies [27, 28].

The studies of the heat current correlation loss in the purely quartic lattice
indicate that for a not-very-large N, cy(7) is close enough to the asymptotic ¢(7)
within a very long correlation time 7 window. Therefore, we are able to extract
kgk (L) from Eq. (6.7) with an effective very long L by performing simulations in a
lattice with relatively much smaller size N, i.e. L = vst. >> N. The research area
of the investigation of heat transport applicable for the Green-Kubo method is thus
greatly broadened [34].
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6.1.2 Logarithmic Divergent Thermal Conductivity in 2D
Momentum-Conserving Nonlinear Lattices

For 2D and 3D momentum-conserving systems with higher dimensionality, con-
sistent predictions are achieved from different theoretical approaches. The linear
response approaches based on the renormalization group [6] and mode-coupling
theory [4, 35-37] both predict that the heat current autocorrelation function c¢(7)
decays with the correlation time t as c¢(r) o« 77, where y = —1 and —3/2
for 2D and 3D, respectively. These predictions indicate that the resulted thermal
conductivity is logarithmically divergent as ¥k o InL in 2D systems and a finite
value in 3D systems.

In 2D momentum-conserving systems, a logarithmic divergence of thermal
conductivity of ¥ o InL is reported by numerical simulations in the FPU-p lattice
with rectangle [38, 39] and disk [40] geometries where vector displacements are
considered. However, a power-law divergent thermal conductivity of x o< L* is also
observed in the 2D FPU-f lattices with scalar displacements [41].

In this subsection we systematically study the heat conduction in a few 2D square
lattices with a scalar displacement field u; ;, where the schematic 2D setup is plotted
in Fig. 6.5a. The scalar 2D Hamiltonian reads

Nx Ny p.z.
H=Y" Z[% + V(uij — wim1j) + V(i — uij)], (6.14)

i=1 j=1

where Ny and Ny denotes the number of layers in X and Y directions. The
inter-particle potential takes the FPU form of V(i) = 1kou? + Lksu® + tkgu'.
Dimensionless units is applied and all the particle masses has been set to unity. In
order to justify the logarithmic divergence and also study the influence of inter-
particle coupling, we choose three types of lattices, i.e., the FPU-a28 lattice:
ky = k4 = 1, k3 = 2; the FPU-B lattice: k;, = k4 = 1, k3 = 0; and the purely
quartic lattice: k; = k3 = 0, kg = 1.

The interaction forces between a particle labeled (i, j) and its nearest right and up
neighbors are £ = —dV(u;j —ui-1 ;) /du;j and f; = —dV(u;; — wij—1)/du; . The
local heat currents in the two directions are defined as ij = %(I;li iy J)fi)j—l J and

. l . . .
Jl = 3(ij + i j11)f 4 ) respectively.

6.1.2.1 Non-equilibrium Heat Bath Method

We first calculate the thermal conductivity kng in non-equilibrium stationary states.
The fixed boundary conditions are applied in the X-direction, while periodic
boundary conditions are applied in the Y-direction. The left- and right-most columns
are coupled to Langevin heat baths with temperatures 7;, = 1.5 and Tz = 0.5,
respectively, see Fig.6.5a. Heat currents through the X-direction along with the
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Fig. 6.5 (a) Scheme of a 2D square lattice. Heat current along the X axis is calculated.
(b) Temperature profiles of different lattices. Curve groups from down top correspond to the FPU-
a2, FPU-B, and purely quartic lattices, respectively. Only the data in the central region between
the rwo vertical dashed lines are taken into account in calculating the temperature gradient VT

direction of temperature gradient are measured. For each lattice with the largest size
(2048 x 64), the average heat current is performed over time period of 2 ~ 4 x 10’
in dimensionless units after long enough transient time. The temperature of each
column is defined as the average temperature of all the particles in that column, i.e.,

1 & I
T() = — Y TG.j)=— Y (i),
Ny = Ny 3

The temperature profiles of different lattices for various Ny x Ny are plotted in
Fig. 6.5b. Those profiles with different sizes for the same lattice are all overlapped
with each other, which indicates that the temperature gradient VT along the
X-direction can be well established. It is also confirmed that the temperature
profiles and the heat currents along the lattices approach constant values which
are independent of the overall time used here. The thermal conductivity « for 2D
systems is defined as:

)

KNE = ————,
NET NG VT

where J stands for the total heat current, and the temperature gradient VT is along
the X direction. Since the lattice constant a is set to unity, the lattice length L is
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simply equivalent to the number of layers Ny in X-direction. As shown in Fig. 6.5b,
the shapes of temperature profiles are obviously nonlinear. Such a nonlinearity
is caused by boundary effects rather than the intrinsic temperature dependence
of the thermal conductivity, as can be concluded by examining the temperature
dependence of kng for different lattices in Fig. 6.6d. To reduce this boundary effect,
the temperature gradient VT is calculated by a linear least-squares fitting of the
temperature profiles in the central region where the left- and right- most 1/4 of the
lattices are excluded.

In Fig. 6.6a—c, the thermal conductivities kg versus L with different widths
of Ny are plotted in linear-log scales. In the large lattice size region, the narrow
lattices with smaller Ny posses higher values of thermal conductivities «ng. This is
not a surprise since the narrow 2D lattices are much closer to a 1D lattice where
high thermal conductivities are expected. The length dependence of kng for the
2D FPU-w2f lattice (Fig.6.6a) with Ny = 64 becomes flat, indicating that kg
increases much more slowly than a logarithmic growing. In contrast, the thermal
conductivities kg for the 2D FPU-S lattice diverges with length L more rapidly than
a logarithmic divergence, as can seen from Fig. 6.6b and its inset. This is actually a
power-law divergence of k o¢ L* and the divergency exponent o can be estimated
from the best fit of the last four points as « = 0.27 & 0.02. However, for 2D purely
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quartic lattices, the kN displays a logarithmic growth as k o< In L over at least one
order of magnitude in length scale, as in Fig. 6.6c.

6.1.2.2 Green-Kubo Method

Similar to the situation in 1D lattices [23], finite-size and finite-temperature-gradient
effects from the non-equilibrium heat bath method are considerable and not easy
to be removed. We shall turn to the equilibrium Green-Kubo method [30] to seek
higher accuracy of numerical results.

In the Green-Kubo simulation, periodic boundary conditions are applied in both
the X- and Y-directions. The autocorrelation function of total heat current c]’f,x’ wy (D)
in the X direction is defined as

1
gy (T) = mu"(mxu + ) (6.15)

where JX(¢) = Zizi jf.fi(t) is the instantaneous total heat current in the X-direction.
For simplicity, the subscripts Nx and Ny of cﬁx vy (7) are omitted as c*(7) hereafter
except in case of necessity. The length-dependent thermal conductivity kgk (L) from
the Green-Kubo method can be defined as

1 L/vx
KGK(L)Ek— lim lim & (1)dr, (6.16)

T2 Ny—o00 Ny—>o0 J

where v; is again the speed of sound. Microcanonical simulations are performed
with zero total momentum [4] and specified energy density € which corresponds
to the same temperature 7 = 1 for different lattices. The energy density € equals
0.887, 0.892 and 0.75 for the 2D FPU-o28, FPU-, and purely quartic lattices,
respectively. A number of independent runs (64 for 1024 x 1024 and fewer for
smaller lattices) are carried out. Simulations of the largest lattices (1024 x 1024) are
performed for about total time of 107 in the dimensionless units.

The decays of ¢*(r) with the correlation time z for different 2D lattices are
plotted in Fig.6.7a—c. To eliminate the finite-size effects, we have performed
simulations by varying Nx and Ny and only consider the asymptotic behavior which
is the part of curves overlapping with each other. Within the range of standard error,
the satisfactory overlap with each other is clearly observed. In the specific cases
with Ny = Ny, the average of the autocorrelation function of [¢*(t) + c¥(7)]/2
is plotted instead. This is equivalent to double the simulation time steps to achieve
higher accuracy without actually performing any more computation. And due to the
symmetry of the square lattice, it is obvious to find that C)5(12,1024(T) = 6{024.512(7)’
where the simulations for the two lattices can be carried out in the same run.

It is observed that in Fig.6.7a, the ¢*(7) in the 2D FPU-a2f lattices decays
much faster than the theoretical prediction of ¢X(r) o« ™! in a wide regime of
correlation time (7). As a result, the integrated xkgx displays a saturation behavior
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Fig. 6.7 (a)~(c), ¢*(z) for in Nx X Ny lattices. Lines correspond to t ! are drawn for reference.
(a) The FPU-a28 lattice. ¢¥(r) decays much faster than ! in short  regime. The decay tend to
slow down for > 300. (b) The FPU-8 lattice. ¢¥(t) decays obviously slower than z ! in a quite
wide regime of 7 . (¢) The purely quartic lattice. ¢X(z) follows T ! very well in nearly three orders
of magnitude of 7. (d)—(f), xgk (L) in the X-direction in Ny X Ny lattices. (d) The FPU-a28 lattice.
A flat kgx is again observed for L < 2000. Thereafter « tend to rise up. It is easy to understand
that slow down of the decay of ¢(7) cannot instantly induce a visible rise up of kg, since ¢(t)
has already decayed to a too low value. (e) The FPU- lattice. In a wide regime of 7, ¢, decays
obviously slower than !, Inset: data plotted in double logarithmic scale. Solid line corresponds
to L%, (f) The purely quartic lattice. kgg for 1024 x 1024 follows the straight line very well in
nearly three orders of magnitude of t, This strongly supports a logarithmically divergent thermal
conductivity. The slight rise for smaller lattices is due to the finite-size effect

with the length for large L in Fig. 6.7d. The rapid decay of ¢*(t) tends to slow
down for yet longer time t. However, the asymptotic behavior cannot be numerically
confirmed due to large fluctuations. In Fig. 6.7b, the ¢*(z) in the 2D FPU-8 lattice
decays evidently more slowly than 7!, which gives rise to a power-law divergence
of thermal conductivity of kgk o L* in Fig.6.7e. The best fit of this divergency
exponent ¢ in the regime of L > 10° is obtained as « = 0.25 & 0.01. For the 2D
purely quartic lattice as seen in Fig. 6.7c, the ¢X (1) decays as the predicted behavior
of ¢X(r) o 7! for nearly three orders of magnitudes of correlation time 7. This
finding strongly supports a logarithmic diverging thermal conductivity of ¥ & InL,
which can be clearly observed in Fig. 6.7f. In all cases, the tendency of kgx from
Green-Kubo method (shown in the right column of Fig. 6.7) is in good agreement
with that of «xg from non-equilibrium heat bath method (shown in Fig. 6.6).
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In summary, we have extensively studied heat conduction in three 2D nonlinear
lattices with both non-equilibrium heat bath method and Green-Kubo method. The
roles of harmonic and asymmetric terms of the inter-particle coupling are clearly
observed by comparing the results for the purely quartic lattice and the other two
latices. In the 2D purely quartic lattice, the heat current autocorrelation function ¢(7)
is found to decay as ™! in three orders of magnitude from 10! to 10*. This strongly
supports a logarithmically divergent thermal conductivity of ¥ o InL consistent
with the theoretical predictions. For the 2D FPU-f lattice, our non-equilibrium
and equilibrium calculations suggest a power-law divergence with a divergency
exponento = 0.2740.02 and 0.25£0.01, respectively. A very significant finite-size
effect which results a flat length dependence of « (L) is observed in the 2D FPU-«f8
lattice with asymmetric potential. Most existing numerical studies on 2D lattices
with asymmetric interaction terms suggest a logarithmically divergent behavior as
k o InL, e.g., the Fermi-Pasta-Ulam (FPU)-8 lattice with rectangle [38, 39] and
disk [40] geometries. It might be due to that the effect of the harmonic term is largely
offset by that of the asymmetric term, thus yielding a logarithmic-like divergence of
thermal conductivity.

Similar to the findings of 1D lattices where « tends to diverge with length in the
same way in the thermodynamic limit for all kinds of lattices [23], it should also be
expected that k will diverge as log L in long enough 2D FPU-«f8 and FPU-J lattices
as already observed for 2D purely quartic lattice. However, in order to see such
an asymptotic divergence, 2D lattices with much larger sizes have to be simulated
which is beyond the scope of our current studies.

We should emphasize that such numerical studies are not only of theoretical
importance. Progresses in nano-technology have made it possible to experimentally
measure the size dependence of thermal conductivities in some 1D [42] and 2D [43—
46] nano-scale materials.

6.1.3 Normal Heat Conduction in a 3D
Momentum-Conserving Nonlinear Lattice

For 3D momentum-conserving systems, all the above-mentioned theories predict
that the heat current autocorrelation function decays with correlation time 7 as t”
with y = —3/2, which gives rise to a normal heat conduction. However, numerical
simulations are not so conclusive [47, 48]. It is only reported in 2008, by non-
equilibrium simulations, that the running divergency exponent oy, = dInk/dInL
of the 3D FPU-f lattice shows a power law decay in L, thus vanishes in the
thermodynamic limit [49]. Normal heat conduction in 3D systems is therefore
verified. However, according to the Green-Kubo formula, any power-law decay of
c(t) o< 7 with y < —1 will yield a finite value of thermal conductivity signaturing a
normal heat conduction behavior [30]. In order to confirm the theoretical prediction
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of the specific value of y = —3/2, the heat current autocorrelation function c(t)
must be directly calculated by using the equilibrium Green-Kubo method.

We investigate the decay of the heat current autocorrelation function in a 3D
cubic lattice with a scalar displacement field u; ;x. The 3D Hamiltonian reads

Ny Ny Ng [y
ij.k
H= ZZZ[ 5 Vi — i)
i=1 j=1 k=1
+V(uijp — wij—r ) + V(uijx — uijx—1)] (6.17)

where V(i) = iu“ takes the purely quartic form. We choose this purely quartic
potential due to its simplicity and high nonlinearity, where close-to-asymptotic
behaviors can be achieved in shorter time and space scales. This model can also
be regarded as the high temperature limit of the FPU-f model. Periodic boundary
conditions, which provide the best convergence to thermodynamic limits, are
applied in all three directions, i.e., unyjx = Uojk, Uinyk = Uiok and u;jn, =
u;jo. The interactions between a particle (i,j, k) and its nearest neighbors are:
,-)5,1( = —dV(uijr — ui- lzlk)/duz‘/k,f,,k = —dV(uijr — uij—1x)/duiji andf,-zz,;k =
—dV (uijx — uijr—1)/du;jx. The local heat current in three directions are defined
as jp = Yiiju + i1 j0f> ke dhik = 5 Gtiju + i1 ) g and j7 =
%(l:t,' kit ‘,-,k+1)f5’k 4 1- respectively. For convenience and simplicity, Ny = Ny = W
is always chosen and the focus is on the heat conduction in the Z direction with
different cross section area of W2 and length of N.

The heat current autocorrelation function ¢#(7) in the Z direction for a given W
is defined as [30]

“(r) = hm (J2(@)JZ (t + 1)1, (6.18)

1
oo W2Ny
where J4(1) = Y, ik jiZJ,k (1) is the instantaneous total heat current in Z direction.
The length-dependent thermal conductivity k& (L) is defined as

1 L/ vy
Kz (L) = e /0 Z()dx, (6.19)

where the constant v, is the speed of sound [4, 5]. v, is of order 1 for the present
lattice. Microcanonical simulations are performed with zero total momentum[4, 50,
51] and fixed energy density € = 0.75 which corresponds to the temperature 7 = 1.
Due to the presence of statistical fluctuations, the simulation must be carried out
long enough, otherwise the real decay exponents of the autocorrelation function
cannot be determined with good enough accuracy. We perform the calculations by
64-thread parallel computing. The simulation of the largest lattice (W = 64 and
Nz = 128) is performed for the total time of 5 x 10° in dimensionless units.
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The decay of the autocorrelation function ¢?(t) with the correlation time  is
plotted in Fig. 6.8a, b. For a given width W, we perform simulations by varying the
lattice length Nz and consider only the asymptotic behavior shown in the part of
curves overlapping with each other to avoid finite-size effects. In the short-time
region, typically, for t < 10!, all the curves of ¢?(r) are relatively flat. This
corresponds to the ballistic transport regime when t is shorter than or comparable
to the phonon mean lifetime. Except in this ballistic regime, the ¢?(t) for W = 4
always decays more slowly than !, implying that the cross-section is too small
to display a genuine 3D behavior. The ¢?(t) for W = 8 decays faster than 7! in
the regime 7 € (10, 30), showing a weak 3D behavior. In longer time, the decay
exponent y becomes less negative and reverts to the exponent similar to that for the
case W = 4. For W = 16, the curves show a 3D behavior longer and finally again
revert to the 1D-like behavior. For width W = 32 and 64 where the similar reversal
is expected, we fail to observe the 3D behavior in the asymptotic time limit due to
the presence of large statistical fluctuations. This picture indicates a crossover from
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3D to 1D behavior appearing at a W-dependent threshold for the correlation time
as 7.(W). Below this critical time 7., the system displays a 3D behavior, while a
1D behavior is recovered above 7. In a macroscopic system, where the width and
the length are comparable, only 3D behaviors can be observed. This might be a
consequence of the universality of Fourier’s law in the macroscopic world in nature.

Furthermore, one can see that, for W > 8§, the larger the width, the longer
the ¢?(z) shows a power-law decay of t—!2. This suggests that the asymptotic
behavior of the autocorrelation function should be ¢Z(r) o t=!'? when W is
large enough. It should be emphasized that the decay exponent is different from
the traditional theoretical prediction of y = —3/2. Interestingly, the numerically
observed y = —1.2 agrees with the formula y = —2d/(2 + d) (for d = 3) based
on the hydrodynamic equations for a normal fluid with an added thermal noise [6].
However, in that paper the authors limit the validity of this formula to d < 2. Our
result y = —1.2 is also compatible with the value y = —0.98 £ 0.25 for the 3D
FPU model reported in [47].

In order to illustrate the 3D-1D crossover more clearly, we plot the T-dependence
of the running decay exponent y () defined as

z
y(@) = dl;l;(t) (6.20)
nt

in Fig. 6.8c. For W = 4, the bottom of the running decay exponent y(7) is at —0.8,
showing the absence of a 3D behavior. For W = 8, the bottom drops to about —1.1,
showing a weak 3D behavior. For W > 16, the bottoms of the y(7) tend to saturate at
a W-independent value —1.2. As W increases, the y(7) stay at this value for a longer
time. This indicates that y = —1.2 is the asymptotic decay exponent for a “real” 3D
system. Since the decay exponent y = —1 in 2D lattices, the threshold time z.(W)
of the 3D-1D crossover can thus be reasonably defined as y(z.(W)) = —1. It can be
estimated that 7.(8) ~ 35 and 7.(16) & 90. For W > 32, it is hard to estimate the
threshold time due to large statistical errors.

The length-dependent thermal conductivity %, (L) for various W and Ny is
plotted in Fig.6.9. similar to the 1D purely quartic lattice as shown in Fig. 6.8a,
b, the 3D quartic lattice c(7) can be correctly calculated for quite large correlation
time t by simulating a not-very-long lattice Nz, i.e. L = vyt >> Nz. We are thus
able to evaluate k%, (L) for an effective length L, which is much longer than N. For
W = 4, the 3D behavior is nearly absent, similar to the picture shown in Fig.6.8.
As a result, the k%, approaches to a 1D power-law divergence as L%# directly. For
W = 8, beyond trivial ballistic regime, the k% increases slowly at first, indicating
the tendency to 3D behavior, and then inflects up to the 1D-like power-law behavior.
For W = 16, the inflection occurs at a larger length L. Finally for W = 32 and
W = 64, although the similar inflection is expected to occur at even larger length L,
we are not able to see it due to numerical difficulties.

One can conclude that the 3D system should display normal heat conduction
behavior if the cross-section area W? is large enough. Based on the threshold
correlation time 7.(W) defined earlier, a threshold length N*(W) can be defined



6 Simulation of Heat Transport in Low-Dimensional Oscillator Lattices 257

Fig. 6.9 «Z, (L) for various ]a W=$,N=512 4 W=4,N=1024 _ak
W and N. For a given W, 1 _ _ _ _ o0
results for differefr;lt values of o W76 e WHL N1 /fﬁ -
N are plotted in order to 1] o W=8,N=128 = W=4, NZ:252*/f gg/ 82
distinguish finite N, effects. 10 1 ¢ W=16,N,=256 44' o’
For each W we plot error bars - 1 v w=le, N,=128 P */* gé'/%( ﬁ
only for the data for the = ] @ Aé_«é- * **
longest Nz. One can see the % ] PR * +* *

tendency of the curves to Ny ﬁ‘;‘; F:izd

become flat as W increases, 100-: o W=32,N.=256
indicating the presence of 1 .7 “

normal heat conduction. r v W=32,N=128
Dashed lines with slope 0.4 * W=64, N =128
are drawn for reference > W=64, N =64

100
10

accordingly by requiring N*(W) = v,t.(W). The threshold length N*(W) deter-
mined here is shorter than the estimation made by Saito and Dhar [49], in which
a lattice width W = 16 shows a 3D behavior up to L = 16384. In a recent
experimental study, an apparent 1D-like anomalous heat conduction behavior
appears in multiwall nanotubes with diameters around 10 nm and lengths of a few
um [42]. It seems that our estimation agrees with the experimental result. However,
more detailed experimental measurements of heat conduction in shorter samples or
samples with larger cross-section of silicon nanowire [52, 53] or graphene [43], are
necessary to give an accurate estimation of the threshold length N%(W).
A running exponent «(L) is defined as the local slope of k& (L) as

dln k%, (L) L
al) = —H— = —
dlnL k& (L)

(7). (6.21)

In the 3D regime, the ¢Z(t) behaves as ¢Z(7) ~ 7V as shown in Fig. 6.8. As L — oo,
the /céK(L) approaches a constant x since Yy < —1. Then one can obtain

L 1
a(l) ~ ;LY = ;LY“. (6.22)

where (L) decays asymptotically as L™%2 for y = —1.2. This power-law decay
of the exponent (L) with the length L as a(L) o< L™%? quantitatively explains the
result previously found in [49].

In summary, we have numerically studied heat conduction in 3D momentum-
conserving nonlinear lattices by the Green-Kubo method. The main findings are:
(1) For a fixed width W > 8, a 3D-1D crossover was found to occur at a W-
dependent threshold of a lattice size N?(W). Below NZ the system displays a 3D
behavior while it displays a 1D behavior above NZ. (2) In the 3D regime, the heat
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current autocorrelation function ¢Z(z) decays asymptotically as t7 with y = —1.2.
This value being more negative than —1 indicates normal heat conduction, which
is consistent with the theoretical expectation. (3) The exponent y = —1.2 implies
that the running exponent (L) follows a power-law decay, o o« L2, which also
agrees very well with that reported in [49]. (4) The detailed value y = —1.2 however
deviates significantly from the conventional theoretical expectation of y = —1.5.

6.2 Simulation of Heat Transport with the Diffusion Method

In the numerical studies of heat transport in nonlinear lattices, the most fre-
quently used methods are the direct non-equilibrium heat bath method [4] and the
equilibrium Green-Kubo method [30]. For the non-equilibrium heat bath method,
the system is connected with two heat baths in both ends and driven into a
stationary state. The averaged heat flux j is recorded which gives rise to the thermal
conductivity « through the relation of j = —«VT. For the equilibrium Green-Kubo
method, the system is prepared from microcanonical dynamics without heat bath.
The autocorrelation function Cy;(#) of the total heat flux is recorded and the thermal
conductivity « can be obtained by integrating C,;(f) via the Green-Kubo formula.

Besides the non-equilibrium heat bath method and Green-Kubo method, a novel
diffusion method is recently proposed by Zhao in studying the anomalous heat
transport and diffusion processes of 1D nonlinear lattices [54]. This is also an
equilibrium method, while the statistics can be drawn from microcanonical or
canonical dynamics. In contrast to the Green-Kubo method, this diffusion method
relies on the information of the autocorrelation function of the local energy. In
Hamiltonian dynamics, the total energy is always a conserved quantity. Due to
this very property of energy conservation, it is then rigorously proved in a heat
diffusion theory recently developed by Liu et al, stating that the energy diffusion
method is equivalent to the Green-Kubo method in the sense of determining the
system’s thermal conductivity [55]. In particular, the energy diffusion method is
able to provide more information than that from the Green-Kubo method. The real-
time spatiotemporal excess energy density distribution pg(x, f) plays the role of a
generating function which is essential for the analysis of underlying heat conduction
behavior.

In principle, the thermal conductivity ¥ can be generally expressed in a length-
dependent form as k o« L* with L the system length. For system with normal
heat conduction, the heat divergency exponent « = 0 implies that « is length-
independent obeying the Fourier’s heat conduction law. The heat divergency
exponent o = 1 represents a ballistic heat conduction behavior. For 0 < o < 1,
the system displays the so-called anomalous heat conduction behavior. On the
other hand, the Mean Square Displacement (MSD) {Ax?(t))g of the excess energy
generally grows with time asymptotically as (Ax*(r))g o t* where the energy
diffusion exponent § classifies the diffusion behaviors. The § = 1 and 2 represent
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the normal and ballistic energy diffusion behaviors, respectively. For 1 < § < 2,
the diffusion process is called superdiffusion.

In 1D nonlinear lattice systems, the heat conduction and energy diffusion
originating from the same energy transport process are closely related. What is the
relation between the heat conduction and energy diffusion processes? The relation
formula between heat divergency and energy diffusion exponents « = f — 1 is
proposed by Cipriani et al. by investigating single particle Levy walk diffusion
process [56]. This same formula is then formally derived as a natural result from
the heat diffusion theory [55]. This relation formula tells that: (1) Normal energy
diffusion with 8 = 1 corresponds to normal heat conduction with « = 0 and
vice versa. This is the case for 1D ¢4 lattice and Frenkel-Kontorova lattice [54].
(2) Ballistic energy diffusion with 8 = 2 implies ballistic heat conduction with
o = 1 and vice versa. The 1D Harmonic lattice and Toda lattice fall into this
class [54]. (3) Superdiffusive energy diffusion with 1 < § < 2 yields anomalous
heat conduction with 0 < o < 1 and vice versa. The 1D FPU-S lattice is verified to
posses energy superdiffusion with 8 = 1.40 and anomalous heat conduction with
a = 0.40 [54, 57] belonging to this class.

Besides total energy, total momentum is another conserved quantity for 1D
nonlinear lattices without on-site potential, such as the FPU- lattice. It is com-
monly believed that the conservation of momentum is essential for the actual heat
conduction behavior. Predictions from mode coupling theory [4] and renormal-
ization group theory [6] claim that momentum conservation should give rise to
anomalous heat conduction in one dimensional systems. However, there is one
exception to these predictions: the 1D coupled rotator lattice, which displays normal
heat conduction behavior despite its momentum conserving nature [22, 58]. This
unusual phenomenon stimulates the efforts to explore the interplay between energy
transport and momentum transport. The transport coefficient corresponding to the
momentum transport is the bulk viscosity. For momentum conserving system, in
principle, there should also be a formal connection between the momentum transport
and the momentum diffusion. This very momentum diffusion theory has also been
developed for 1D momentum-conserving lattices [59]. Due to the complexity of
bulk viscosity, the momentum diffusion theory is more complicated than the heat
diffusion theory. Nevertheless, there seems to be a relation between the actual
behaviors of energy and momentum transport implied from extensive numerical
studies.

In the following, the energy diffusion method will be first introduced. The
heat diffusion theory will be derived in the framework of linear response theory.
Numerical simulations for two typical 1D nonlinear lattices will be used to verify
the validity of this heat diffusion theory. Some results from the energy diffusion
method will be shown for typical 1D lattices. The momentum diffusion method will
then be discussed. The momentum diffusion theory will be derived in the same sense
as heat diffusion theory for the 1D lattice systems. Some numerical results from the
momentum diffusion method will be displayed and potential connection between
momentum and heat transports will be discussed in the final part.
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6.2.1 Energy Diffusion

In this part, we first introduce the energy diffusion method in the investigation for
energy diffusion process of 1D lattices. The heat diffusion theory will be derived in
the linear response regime and verified by numerical simulations. Some numerical
results from this energy diffusion method will be presented to demonstrate the
advantages of this novel method.

6.2.1.1 Heat Diffusion Theory

The heat diffusion theory [55, 59] unifies energy diffusion and heat conduction in a
rigorous way. The central result reads

(AP (D)e _ 2Cy(1)

_ , 6.23
dr? kBT2CV ( )

where kp is the Boltzmann constant and ¢, is the volumetric specific heat. The
autocorrelation of total heat flux Cj;(¢) on the right hand side is the term entering the
Green-Kubo formula from which thermal conductivity can be calculated. The MSD
(Ax*(f))g of energy diffusion describes the relaxation process in which an initially
nonequilibrium energy distribution evolves towards equilibrium:

(AR (0)e = / (= W) pe( D = POV — (3. (624)

This normalized fraction of excess energy pg(x,f) at a certain position x at time ¢
reads

S(h(x,D)neq _ 8(h(x,1))neq
SE [ 8{h(x,0))peqdx”

pE(x,1) = (6.25)

Here the excess energy distribution is proportional to the deviation §(h(x, H))neq =
(h(x, D))neq — {h(x))eq, Where (-)neq denotes the expectation value in the nonequi-
librium diffusion process, (-)cq denotes the equilibrium average, and A(x, ) denotes
the local Hamiltonian density. For isolated energy-conserving systems, this total
excess energy, E = [ §(h(x, 1))neqdx remains conserved. Therefore, the normalized
condition | pg(x, f)dx = 1 is fulfilled during the time evolution as a result of energy
conservation.

In the linear response regime, the deviation of local excess energy can be
explicitly derived in terms of equilibrium spatiotemporal correlation Cy(x, t; X, 0)
of local Hamiltonian density A(x, ) as

1
S(h(xs t))neq = kB_T Chh (-xv ta .X/, O)H(X/)dxlv (626)
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where Cpy(x, 1%, 1) = (Ah(x, 1) Ah(X', 1)) eq, With Ah(x, 1) = h(x, 1) — (h(x))eqs
and the —n(x)h(x) represents a small perturbation switched off suddenly at time
t =0, with n(x) < 1.

Therefore, the normalized excess energy distribution can be derived from
Egs. (6.25) and (6.26) as

pe(.) = % / o — . (). 627)

where .4 = kgT?c, J n(x)dx is the normalization constant.
The key point which connects energy diffusion and heat conduction is the local
energy continuity equation due to energy conservation

oh(x,1)  dj(x.1)
ot ox

0, (6.28)

where j(x, ) is the local heat flux density. One can then obtain

3% C(x, 1) _ 9*Cji(x, 1)
012 T T

(6.29)

By defining the total heat flux J; = f_Lﬁz Jj(x, t)dx and the autocorrelation function
of total heat flux Cy;(¢) = limy oo {(JL(1)JL(0))eq/L = ffzo Cjj(x, t)dx, the central
result (6.23) of the heat diffusion theory can be derived.

As a result of energy conservation, the heat diffusion theory of Eq.(6.23) gives
the general relation between energy diffusion and heat conduction. The actual
behavior of energy diffusion or heat conduction can be normal or anomalous while
the relation (6.23) remains to be the same:

1. For normal energy diffusion, the MSD increases asymptotically linearly with
time, i.e.

(AX*(1))E = 2Dgt, (6.30)

in the infinite time limit + — oo. Here Dg is the so-called thermal diffusivity.
According to Eq.(6.23), the corresponding thermal conductivity « can be
obtained as

_ /°° Cu®) e o AP0
0

_ — e.Dp. 6.31
ks T? = vE 6.3

This is nothing but the Green-Kubo expression for normal heat conduction.
2. For ballistic energy diffusion, the MSD is asymptotically proportional to the
square of time as

(AX*(1))g o 2. (6.32)
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Substituting this expression into Eq. (6.23), one can deduce that Cj;(?) is a non-
decaying constant, reflecting the ballistic nature of heat conduction as well.
3. For superdiffusive energy diffusion, the MSD obeys

(AP@)poct?, 1 <p<2. (6.33)

From Eq.(6.23), the decay of Cy;(f) is a slow process as Cy;(f) o« #~2 and
the integral of Cy;(¢) diverges. In this situation, no finite superdiffusive thermal
conductivity exists. The typical way in practice is to introduce an upper cutoff
time #;, ~ L/v, with v, the speed of sound due to renormalized phonons [60].
A length-dependent superdiffusive thermal conductivity can be obtained through
Eq. (6.23):

1 v d{AX(1
UL C,J(t)d,z%w

A, 6.34
Wl o x (6.34)

dt t~L/ vy

The length-dependent anomalous thermal conductivity is usually expressed as
k o L*. One can immediately obtain the scaling relation between energy
diffusion and heat conduction

a=p-1, (6.35)
which is a general relation and not limited to superdiffusive energy diffusion

4. lgglryéubdiffusive energy diffusion, the MSD follows asymptotically
(AP () x P, 0< B < 1. (6.36)

From the relation in (6.23), the autocorrelation function of total heat flux reads
asymptotically

Cry (1) o< B(B — D)iP 2. (6.37)

The Cy,(f) remains integrable and the thermal conductivity can be derived as

. / 0O gy BATDE o (638)
o kgT? 2 =00 dt =00

This vanishing integral of Cj;(¢) is not surprising, if one notices that the
asymptotic prefactor of Cjy () in (6.37) is a negative value dueto 8 — 1 < 0.
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6.2.1.2 Numerical Verification of the Heat Diffusion Theory

The heat diffusion theory of Eq. (6.23) developed for continuous system is general
and applicable also for discrete system. We choose two typical 1D nonlinear lattices
to demonstrate the validity of this heat diffusion theory. One is the purely quartic
FPU-B (qFPU-p) lattice which is the high temperature limit of FPU-J lattice, where
energy diffusion is superdiffusive and heat conduction is anomalous or length-
dependent [18, 23]. The dimensionless Hamiltonian with finite N = 2M + 1 atoms
reads

H= ZH Z|:pl+ (u,+1—u):| (6.39)

where p; and u; denote momentum and displacement from equilibrium position for
i-th atom, respectively. The index i is numerated from —M to M.

The other one is the ¢* lattice which shows normal energy diffusion as well as
normal heat conduction [54, 61, 62]. The dimensionless Hamiltonian reads

H= ZH Z[pﬂr (it1 — ,-)2+iu;‘] (6.40)

In the numerical simulations, we adopt the microcanonical dynamics where
energy density E per atom is set as the input parameter. Algorithm with higher
accuracy of fourth-order symplectic method [63, 64] can be used to integrate the
equations of motions. Periodic boundary conditions u#; = u;+xy and p; = p;4+y are
applied and the equilibrium temperature 7' can be calculated from the definition 7 =
T; = (p?), where (-) denotes time average which equals to the ensemble average
due to the chaotic and ergodic nature of these two nonlinear lattices. The volumetric
specific heat need to be calculated via the relation ¢, = ((H?) — (H;)?)/T? which
is independent of the choice of index i. For gFPU-S lattice, the volumetric specific
heat ¢, = 0.75 is a temperature-independent constant.

In order to define the discrete expression of excess energy density distribution
pe(i, 1), we first introduce the energy-energy correlation function, reading:

(AH; (1) AH;(0))

CE(Z, t;j, = 0) = kBTZC

, (6.41)
where AH;(t) = H;(t) — (H;(f)). Applying a localized, small initial excess energy
perturbation at the central site, (i) = &, in Eq. (6.27), the discrete excess energy
distribution can be obtained:

peiot) = Y Celi.t: 0n(j)/e = Cplit:j =01 =0), =M <i <M. (642)

J



264 L. Wang et al.

The MSD (Ax?(#))g of energy diffusion of Eq.(6.24) for discrete lattice can be
defined as

(AP O)e =Y Pppi) =Y PCp(it;j=0.1=0), -M <i <M. (6.43)

1

by noticing that (x(r))g = 0.
The second derivative of (Ax?(f))g can be numerically obtained as
(AP M)e _ (AF(1+ An)e — 2{Ax° (1)) + (Ax° (1 — A1)

PR T (6.44)

where At is the time difference between two consecutive recorded (Ax?(#))g. The
autocorrelation function of total heat flux Cj; () for discrete lattice system is defined
as Cpy(1) = (AJ(1)AJ(0))/N, with J(r) = ), ji(r). The local heat flux j;(r) =
—14;0V (u; — u;—1)/du; is derived from local energy continuity equation where V(x)
denotes the form of potential energy in Hamiltonian.

In Fig. 6.10, we verify the main relation (6.23) for 1D qFPU-f lattice. The MSD
of energy diffusion (Ax?())g as the function of time is plotted in Fig.6.10a. Its

O <>,

@)

10" B } } }
O d<ax’(ty>/df
—2C,(t)Tc,
10" E
| ®

10'- 1 1 1 1

10" 10’ . 10' 10°

Fig. 6.10 Numerical verification of the main relation of Eq.(6.23) of heat diffusion theory for
1D qFPU- lattice. (a) The MSD (Ax?(¢))g of energy diffusion as the function of time ¢ in log-
log scale. (b) The second derivative of MSD d?{Ax?())g/df* (hollow circles) and the rescaled
autocorrelation function of total heat flux 2C;,(r)/ (T?cy) (solid line) as the function of time 7 in
log-log scale. The perfect agreement between them demonstrates the validity of the main relation
of Eq. (6.23). The Boltzmann constant kz has been set as unity when applying dimensionless units
in numerical simulations. The simulations are performed for a qFPU-f lattice with the average
energy density per atom E = 0.015 and the number of atoms N = 601



6 Simulation of Heat Transport in Low-Dimensional Oscillator Lattices 265

¢4 lattice

13.0x10°
20 |

O <ax(ty>,

(a) (b) 0.0

O d<ax’(t>/df’
—2C,O/T,

O d<ax’(v>/df
—2C, ()T,

Fig. 6.11 Numerical verification of the main relation of Eq.(6.23) of heat diffusion theory for
1D ¢* lattice. (a) and (b): the MSD (Ax?(t))g of energy diffusion as the function of time ¢
for 0 < ¢t < 10 and 10 < t < 200, respectively. (¢) and (d): the second derivative of
MSD d?(Ax?(t))g/di* (hollow circles) and the rescaled autocorrelation function of total heat flux
2Cy;(t)/(T?cy) (solid line) as the function of time ¢ in linear-linear scale for 0 < ¢ < 10 and log-
linear scale for 10 < ¢ < 200, respectively. The perfect agreement between them demonstrates the
validity of the main relation of Eq. (6.23). The simulations are performed for a ¢* lattice with the
average energy density per atom £ = 0.4 and the number of atoms N = 501

second derivative d?(Ax*(t))g/dt? is extracted out and directly compared with the
rescaled autocorrelation function of total heat flux 2Cy;(f)/ (kgT?cy) in Fig. 6.10b.
The perfect agreement between them justifies the validity of the main relation (6.23)
predicted from heat diffusion theory. The numerical results for 1D ¢* lattice
are also plotted in Fig.6.11 and same conclusion can be obtained. It should be
pointed out that the 1D qFPU-p lattice displays superdiffusive energy diffusion and
anomalous heat conduction, while 1D ¢* lattice shows normal energy diffusion and
heat conduction. These facts can be observed by noticing that the autocorrelation
function Cy;(f) eventually follows a power law decay as Cj;(f) o< t~%° for gFPU-B
lattice and an exponential decay as Cj;(f) oc e~/* for ¢* lattice where T represents
a characteristic relaxation time.

6.2.1.3 Energy Diffusion Properties for Typical 1D Lattices

The heat diffusion theory formally connects the energy diffusion and heat con-
duction as described in Eq.(6.23). It enables us to use energy diffusion method
to investigate the heat conduction process. More importantly, the energy diffusion
method is able to provide more information about the heat transport process than
the Green-Kubo method or the direct non-equilibrium heat bath method.
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The key information from the energy diffusion method is the spatiotemporal
distribution of excess energy pg(i, ), from which the MSD of energy diffusion
(Ax*(f))g can be generated. The second derivative of (Ax?(f))g gives rise to the
autocorrelation function of total heat flux Cj;(f) which finally yields the thermal
conductivity via Green-Kubo formula. With the knowledge of pg(i,f), one can
resolve the expression of (Ax?(t))g or Cys(f), but not vice versa. Therefore, in
determining the actual heat conduction behavior, the excess energy distribution
pE(i, ) plays the essential role of a generating function.

To illustrate the importance [59]: the coupled rotator lattice

1
H= pr (1 — w1 —u)) |, 6.45
Ei [Zp, + (1 —cos (it u))i| (6.45)
and the amended coupled rotator lattice
H=Y L2 (1= cos (i — ) + S (i — r)? (6.46)
i HFi i+ i ) i+ i s .

where an additional quadratic interaction potential term is added.
The excess energy distributions pg(i, ) for coupled rotator lattice are plotted in
Fig. 6.12a. For sufficiently large times, the excess energy distribution pg(i, ) evolves

0.01 — : \
@ P00 1.ox10'F ® <AX'(H)>, 1
5.0x10° F 1
0.00 | ‘ ‘ 0.0LO ‘ ‘
400 200 0 200 400 0 300 600

i t

Fig. 6.12 Energy diffusion processes in the 1D coupled rotator lattice. (a) Spatial distribution of

the energy autocorrelation pg(i, t) = Cg(i, t;j = 0,¢ = 0). The correlation times are t = 200, 400

and 600 from top to the bottom in the central part, respectively. The distribution of pg (i, #) follows
2

the Gaussian normal distribution as pg(i, t) ~ J#—I)Etefﬁff . (b) The MSD of the energy diffusion

(Ax%(1))g as the function of time. The solid straight line is the best fit for the MSD {Ax*(f))g
implying a normal diffusion process. The simulations are performed for a coupled rotator lattice
with the average energy density per atom E = 0.45 and the number of atoms N = 1501
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very closely into a Gaussian distribution function with its profile perfectly given by

1 __i2
i,t) ~ ———e %Dkl 6.47
pe(i, 1) JinDa (6.47)

where Dy denotes the diffusion constant for energy diffusion. As a result, the MSD
of energy diffusion (Ax?(¢))g depicts at a linear time dependence

2

1 _ 2
(sz(t))E ~ Zisz(i, H = Z iz\/?Dte et = 2Dpt, (6.48)
i i E

for sufficiently long time as can be seen in Fig. 6.12b, being the hall mark for normal
diffusion. Accordingly, heat diffusion theory for normal energy diffusion implies
that the heat conduction behavior is normal as well, with the thermal conductivity
given by k = ¢,Dg.

This normal energy diffusion behavior also occurs for other 1D lattice systems
with normal heat conduction, such as ¢* lattice and Frenkel-Kontorova lattice [54].

For the 1D amended coupled rotator lattice described in Eq. (6.46), the excess
energy distributions pg(i, t) are plotted in Fig. 6.13a. Besides the central peak, there
are also two side peaks moving outside with a constant sound velocity v;. It is
amazing that this excess energy distribution pg(i, ) of 1D nonlinear lattice closely

@) ; ; ; ; ; ®) ; ,
P <AX'(t)>,
0.005 |- . 10°
10*
10°
0.000 | w . :
41000 -500 0 500 1000 10? 10°

Fig. 6.13 Energy diffusion processes in the 1D amended coupled rotator lattice. (a) Spatial
distribution of the energy autocorrelation pg(i, 1) = Cg(i,#;j = 0,¢ = 0). The correlation times
are ¢+ = 200, 600 and 1000 from top to the bottom in the central part, respectively. Besides the
central peak, there are two side peaks moving outside with the constant sound velocity. This is
the Levy walk distribution giving rise to a superdiffusive energy diffusion. (b) The MSD of the
energy diffusion {Ax?())g as the function of time. The solid straight line is the best fit for the
superdiffusive MSD as {Ax?(7))g o #'4°. The simulations are performed for an amended coupled
rotator lattice with the average energy density per atom E = 1. The number of atoms N = 2501
and K = 0.5



268 L. Wang et al.

resembles to the single particle Levy walk distribution prw (x, £) [56]

_ — a2
~n exp(t;jji . x| < tl/m

—n—1 1/n
puwta 1) oc 4 T A (649)
PR, |x| = vt
0, |x| > vt

where a is an unknown constant and v is the particle velocity. This Levy walk dis-
tribution prw (x, 1) is a result of a particle moving ballistically between consecutive
collisions with a waiting time distribution ¥ (r) o< £~*~! and a velocity distribution
fw) =[6(u—v) +8(u+v)]/2.

The MSD for the Levy walk distribution prw(x,?) follows a time dependence
of (Ax*(t))w o t# with B = 3 — 1. In Fig.6.13b, the time dependence of MSD
(Ax?(1))g of energy diffusion for the 1D amended coupled rotator lattice is plotted
where the best fit indicates that § = 1.40. This will in turn correspond to a & = 1.60
in the Levy walk scenario. According to the relation formula of Eq. (6.35) of heat
diffusion theory, the corresponding heat conduction should be anomalous with a
divergent length dependent thermal conductivity of k o< L* with a = 0.40 [23].

It is very interesting to notice that there is a characteristic p for the Levy walk
distribution. By requiring that the heights of the central peak and side peaks decay
with a same rate in the Levy walk distribution (6.49), one can obtain —1/u = 1—p
which gives rise to the golden ratio . = (v/5 + 1)/2 ~ 1.618. As a result, the
corresponding characteristic energy superdiffusion exponent f = (5 — +/3)/2 ~
1.382 and the anomalous heat conduction exponent &« = (3 — V5)/2 ~ 0.382 can
be derived. Interesting enough, Lee-Dadswell et al. derived the same exponent« =
(3 — +/5)/2 as the converging value of a Fibonacci sequence in a toy model within
the framework of hydrodynamical theory in 2005 [65]. Actually, this exponent is
not far from the existing numerical results [18, 23, 66].

6.2.2 Momentum Diffusion

In the following part, the momentum diffusion method will be introduced for
momentum conserving systems. A momentum diffusion theory will be derived
in the same sense as heat diffusion theory. The numerical results reflecting the
momentum diffusion properties will then be presented for several 1D nonlinear
lattices. Based on the numerical results, the possible connection between momentum
and energy transports will be discussed in the final part.
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6.2.2.1 Momentum Diffusion Theory

In analogy to the heat diffusion, one can also construct a momentum diffusion
theory [59] for lattice systems which reads:

d*(Ax? 2
% = 7 Cr . (6.50)

where (Ax*(t))p denotes the momentum diffusion and C,r(f) is the centered
autocorrelation function of total momentum flux.
The MSD of excess momentum {Ax?(f))p can be defined as

(AXX(D))p = Y i2pp(it), =M <i<M. (6.51)

i

The excess momentum distribution pp(i, f) describes the nonequilibrium relaxation
process of momentum due to a small kick of short duration to the j-th atom. The
kick occurs with a constant impulse 7, yielding a force kick at site j as f;(r) = I5(?).
The normalized pp(i, t) is given by

(pi(t»re
Zi<l7i(t))re ’

where (p;(f)); represents the response of momentum of i-th atom to the small
perturbation of —fj(#)u;. In the linear response regime, it can be obtained that
(Pi(D)e = ICp(i, 1:],0), where

pp(i 1) = (6.52)

(Api(1) Ap;(0))

Cp(i, t;j, O) = kBT

(6.53)

is the autocorrelation function for the excess momentum fluctuation. The sum
Zi Cp(i,1;j,0) = 1 at time t = 0 and remains normalized due to the conservation
of momentum. As a result, the excess momentum distribution pp(i, f) assumes the
form

pp(i,t) = Cp(i,t;j = 0,1t = 0), (6.54)
if the kick is put at the atom with index j = 0.

The centered autocorrelation function of momentum flux C;»(¢) in Eq. (6.50) is
given by

Cpr(f) = (AJP(t)AJP(O) Z i (6.55)
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where the local momentum flux jf = —dV(u; — uj—1)/du; with V(x) the form of
interaction potential is obtained from the discrete momentum continuity relation

dp: | .
o P+t =0. (6.56)

It should be emphasized that here the momentum flux AJ? (), unlike for energy
flux, cannot be replaced with J¥(¢) itself. This is so because the equilibrium average
is typically non-vanishing with (J*(t)) = NA, where A denotes a possibly non-
vanishing internal equilibrium pressure in cases where the interaction potential is
not symmetric.

The transport coefficient of momentum conduction related to the momentum
diffusion is the bulk viscosity n. However, the presence of a finite, isothermal sound
speed v implies that here the momentum spread contains a ballistic component
which should be subtracted [67, 68] to yield the effective bulk viscosity 7:

o0

(w

1
Cyr(t)dt — Evft. (6.57)
In case that the momentum diffusion occurs normal, one can invoke the concept of
a finite momentum diffusivity

Dp = — lim (% - vzt) ) (6.58)

1
E t—>00 §

Therefore, for the discrete lattices, this effective bulk viscosity n precisely equals
the momentum diffusivity times the atom mass m (set to unity in the dimensionless
units), namely

n = Dp. (6.59)

If the excess momentum density spreads not normally, the limit in Eq. (6.58) no
longer exits. The integration in Eq. (6.57) formally diverges, thus leading to an
infinite effective bulk viscosity.

In the practice, it is found that the finite effective bulk viscosity and normal heat
conduction always emerge in pair, so does the infinite effective bulk viscosity and
anomalous heat conduction. This constitutes an alternative implementation of the
investigation of heat conduction behavior in lattice systems.

6.2.2.2 Momentum Diffusion Properties for Typical 1D Lattices

The momentum diffusion theory connects the momentum diffusion and momentum
transport via Egs. (6.50) and (6.57). Similar to what we have discussed for the
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Fig. 6.14 Momentum diffusion processes in the 1D coupled rotator lattice. (a) Spatial distribution
of the energy autocorrelation pp(i,t) = Cp(i,t;j = 0,t = 0). The correlation times are
t = 200,400 and 600 from top to the bottom in the central part, respectively. The distribution

2
of pp(i, 1) follows the Gaussian normal distribution as pp(i, 1) ~ \/41”7[)”67@. (b) The MSD of

the momentum diffusion {Ax?(¢))p as the function of time. The solid straight line is the best fit
for the MSD (Ax(¢))p implying a normal diffusion process. The simulations are performed for
a coupled rotator lattice with the average energy density per atom £ = 0.45 and the number of
atoms N = 1501

energy diffusion, the excess momentum distribution pp(i, t) is the most important
information we need to gather for momentum diffusion method.

We still consider the 1D coupled rotator lattice of Eq.(6.45) and amended
coupled rotator lattice of Eq.(6.46) [59]. In Fig.6.14a, the excess momentum
distributions pp (i, t) for different correlation times ¢ = 200, 400 and 600 are plotted.
At sufficiently large times, the distributions pp(i, ) follow the Gaussian distribution
as

1 _ i
pp(i 1) ~ \/ﬁe ADpt (6.60)
P

where Dp represents the momentum diffusion constant. The MSD (Ax?(t))p of
momentum diffusion thus grows linearly with time at large times, i.e. (Ax?(f))p ~
2Dpt, as can be seen from Fig.6.14. There is no ballistic component for the
distributions pp(i, ) in 1D coupled rotator lattice. Accordingly, the finite effective
bulk viscosity 1 can be simply obtained as 7 = Dp. This result is consistent with the
fact that the 1D coupled rotator lattice displays normal heat conduction behavior.
For the 1D amended coupled rotator lattice, the energy diffusion is superdiffusive
and its heat conduction is anomalous. The excess momentum distributions pp(i, t)
for different correlation times at + = 200, 600 and 1000 are plotted in Fig. 6.15a.
In contrast to the coupled rotator lattice, here only two side peaks moving outside
with a constant sound velocity v; exist. To evaluate the true behavior of momentum
conduction, this ballistic component within the momentum diffusion should be
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Fig. 6.15 Momentum diffusion processes in the 1D amended coupled rotator lattice. (a) Spatial
distribution of the energy autocorrelation pp(i,t) = Cp(i,t;j = 0,¢t = 0). The correlation times
are t = 200, 600 and 1000 from top to the bottom, respectively. There is no central peak and two
side peaks moves outside with the constant sound velocity v,. (b) The self-diffusion of the side peak
of the momentum spreading. The rescaled side peaks 1’ pp(i, 1) of four different correlation times
at t = 400, 600, 800 and 1000 all collapse into the same curve in the center of the rescaled moving
frame (i—v)/#® with a scaling exponent § = 0.55. The scaling exponent § = 0.55 > 0.50 implies
the self-diffusion is superdiffusive and the effective bulk viscosity 7 is infinite. The simulations are
performed for an amended coupled rotator lattice with the average energy density per atom E = 1.
The number of atoms N = 2501 and K = 0.5

subtracted. One should instead analyze the self-diffusion behavior of the side peaks
of the distributions pp(i,). In Fig. 6.15b, the rescaled side peaks 7’ pp(i, ) as the
function of rescaled position of the peak center (i — vf)/#* are plotted for four
different correlation times at + = 400,600,800 and 1000. With the choice of
8 = 0.55, the rescaled distributions collapse into a single curve all together. This
rescaling behavior with § = 0.55 implies a superdiffusive self-diffusion for the side
peaks, while normal self-diffusion would require for § = 0.50.

The integration of Eq. (6.57) is then divergent, giving rise to an infinite effective
bulk viscosity 7. This infinite 7 is consistent with the finding that the heat conduction
is anomalous, since the energy diffusion is superdiffusive as can be observed in
Fig. 6.13b. From our perspective and our own numerical results, the infinite bulk
viscosity n and divergent length-dependent thermal conductivity always emerge in
pair. However, there are some other numerical results and approximate theories
indicating that finite bulk viscosity and anomalous heat conduction might coexist
for symmetric lattices such as FPU-p lattice [65, 69]. This is still an open issue and
deserves more investigation in the future.

In summary, a novel diffusion method is introduced to investigate the heat
transport in 1D nonlinear lattices. The heat and momentum diffusion theories
formally relate the diffusion processes to their corresponding conduction processes.
The properties of energy and momentum diffusions for typical 1D lattices are
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presented and more fundamental information about transport processes can be
provided from this novel method.
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Chapter 7
Simulation of Dimensionality Effects in Thermal
Transport

Davide Donadio

Abstract The discovery of nanostructures and the development of growth and
fabrication techniques of one- and two-dimensional materials provide the possibility
to probe experimentally heat transport in low-dimensional systems. Nevertheless
measuring the thermal conductivity of these systems is extremely challenging and
subject to large uncertainties, thus hindering the chance for a direct comparison
between experiments and statistical physics models. Atomistic simulations of
realistic nanostructures provide the ideal bridge between abstract models and
experiments. After briefly introducing the state of the art of heat transport mea-
surement in nanostructures, and numerical techniques to simulate realistic systems
at atomistic level, we review the contribution of lattice dynamics and molecular
dynamics simulation to understanding nanoscale thermal transport in systems with
reduced dimensionality. We focus on the effect of dimensionality in determining
the phononic properties of carbon and semiconducting nanostructures, specifically
considering the cases of carbon nanotubes, graphene and of silicon nanowires and
ultra-thin membranes, underlying analogies and differences with abstract lattice
models.

7.1 Introduction

The rise of nanoscience, starting with the discovery of Cgp and other carbon
fullerenes [1] in the 1980s, and of carbon nanotubes [2] and semiconducting
nanostructures [3] in the 1990s, has provided suitable platforms to probe experimen-
tally the physical properties of systems with reduced dimensionality. As expected
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from theoretical predictions, low-dimensional nanostructures display very different
electronic properties from their three-dimensional bulk counterparts. One of the
most striking examples was the direct observation of Dirac’s cones in graphene by
X-ray diffraction [4]. In general, one expects very different density of electronic
states depending on the dimensionality of the systems, which can be exploited for
specific application, for example to enhance the efficiency of thermoelectric energy
conversion [5, 6]. However, such direct consequences of quantum confinement
become appreciable only when the confined dimension of the nanostructure is
reduced below a certain threshold, typically of the order of few nanometers, which
may be difficult to attain [7].

In non-metallic systems the main heat carriers are phonons, i.e. quantized lattice
vibrations. Analogously to the electronic structure, also the phononic properties of
materials and, as a consequence, their thermal properties are deeply affected by
dimensionality reduction [8]. The symmetry and dimensionality of nanostructures
determine their phonon density of states, dispersion relations and the selection rules
for scattering processes, thus impacting their heat capacity and their thermal con-
ductivity. However, the way in which dimensionality affects thermal conductivity
has not been fully clarified. On the one hand, following the predictions for non-
linear models , e.g. the Fermi-Pasta-Ulam model, one would expect that the thermal
conductivity of one- and two-dimensional nanostructure would be very large or
even divergent [9-13]. On the other hand, from changes in phonon dispersion
relations and from the growing impact of surface scattering one may argue that
dimensionality reduction hampers thermal transport [14], by limiting phonon mean
free paths below the characteristic size of the nanostructure, be it the diameter of
a nanowire, or the thickness of a thin film or a membrane, which imposes the so
called “Casimir limit” [15]. These two scenarios stem from different standpoints
but are not incompatible: only few materials are truly one or two-dimensional and
can compare to ideal statistical physics models, and at the same time the application
of Casimir limit to phonon scattering in nanostructures is oversimplified.

Experiments on different systems show a complex reality, in which dimensional-
ity reduction may either boost or limit thermal transport depending on the systems
and the configuration of the measurements. Very high, even possibly diverging,
thermal conductivity, and extremely long phonon mean free paths were measured
in graphene [16-20], and carbon nanotubes [21, 22], whereas a considerable
suppression of thermal conductivity was observed in silicon nanowires [23-25],
thin films and membranes [26-30]. Nevertheless the measurements of thermal
conductivity in nanostructures are very challenging, and yield large uncertainties,
as they are very sensitive to the experimental conditions. For example the actual
value of the thermal conductivity of suspended graphene is still debated and
experimental estimates range from 2000 to 8000 Wm~!K™'. In addition, even
if techniques for a spectroscopic characterization of thermal transport have been
recently developed [31, 32], so far they could not directly ascertain the origin of
the observed enhancement or suppression of thermal conductivity. In this scenario
molecular simulations of nanostructures emerge as powerful tools to bridge the
gap between simple models and experiments. The main advantage of molecular
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modeling is that complexity and details can be gradually introduced into models,
thus realizing “gedanken experiments” that allow one to ascertain the origin of
complex physical phenomena.

In the next section the simulation approaches to heat transport in bulk and
low-dimensional systems are briefly outlined. The application of such simulation
methods to elucidate the effects of dimensionality on thermal transport in carbon and
silicon nanostructures are reported in Sects. 7.3 and 7.4, respectively. Section 7.5
summarizes the main findings and suggests future perspectives.

7.2 Simulation Tools

Several atomistic simulation tools are available to investigate thermal transport in
nanostructures and compute the thermal conductivity («) of materials. Simulation
methods can be sorted into two classes, namely Lattice Dynamics (LD) and
Molecular Dynamics (MD). It is often useful to combine distinct complementary
approaches, as they involve different approximations and limitations, which make
them suitable to probe different transport regimes in systems of various size and
complexity. Combining different methods sheds light on a broader variety of aspects
of nanoscale heat transport. Hereafter the main-stream LD and MD approaches are
briefly described.

7.2.1 Anharmonic Lattice Dynamics

In the harmonic approximation the normal modes of vibrations of a periodic system
of N particles are determined by diagonalizing the dynamical matrix D for each
momentum vector q:

D(q)ex(q) = w3 (q)ex(q), (7.1)

which provides the frequencies w;(q) and the normalized displacement vectors
e, (q). D(q) is defined as:

1 P
ittt 3% 0x; g

where @ is the potential energy of the system at equilibrium, m; is the mass of atom
i, and rj; the distances between pairs of atoms i and j, and o and B indicate the
Cartesian components. In a system of N particles D is then a 3N x 3N matrix. In
a first principles framework, the matrix elements of D can be computed either by
finite differences or by density functional perturbation theory [33].

Considering that quantized lattice vibrations can be treated as particles, their
propagation in the diffusive regime can be described using the Boltzmann transport

Dij(q) = exp(ir; - q) (7.2)



278 D. Donadio

equation (BTE), in analogy with the diffusion of a gas:

% +v,-Vn = (dﬂ) s (7.3)
ot dr scattering

considering, however, that the phonons are spin-less quantum particles that obey
to Bose-Einstein statistics. The righthand side of (7.3) accounts for the scattering
processes that create or destroy phonons: namely, anharmonic scattering processes,
isotopic, defect and boundary scattering. The non-equilibrium occupation function
can be written as n) = ng + dn, and, assuming small temperature gradients (VT),
one can linearize (7.3) by treating §n perturbatively. In stationary conditions the first
term of (7.3) vanishes, and the linearized BTE is written as:

an d
v VT2 — (22 . (7.4)
dt

scattering

The linearized BTE can be solved at different levels of accuracy and complexity.
The simplest approach is to calculate the life time of each phonon, assuming that the
population of all the other modes is the one at equilibrium (ng) [34]. The resulting
expression for « is the sum over the contribution of all the phonon modes, integrated
to convergence over the first Brillouin Zone of the system, sampled with a grid of
Ny q-points:

1 |
k=2 a@ = ) G@v@n@ (7.5)

q r.q q r.q

where C) is the heat capacity per unit volume of each vibrational state, v, is the
component of the group velocity in the direction of transport and t; is the phonon
lifetime. Even if it is approximated, this is a very useful expression that allows one
to resolve the contribution to x of each phonon branch at each frequency w.

Heat capacity and group velocities are usually obtained from the dispersion
relations in harmonic approximation, though anharmonic corrections are also
possible. To compute the phonon lifetimes 7, one has to consider all the scattering
processes occurring in materials, namely phonon-phonon anharmonic scattering
(normal and Umklapp), boundary and defects scattering (Fig.7.1). In a perfectly
crystalline material, neglecting electron-phonon interactions, the only possible
phonon scattering mechanism is anharmonicity, and the main contribution comes
from 3-phonon processes. Two viable processes exist: either two phonons (w;,w;)
annihilate into a third one (wj3), or one phonon (w;) decays into two phonons
(w7,w3). Energy and momentum conservation determine the selection rules for
three-phonon scattering:

wi(q) £ w2(q) —w3(q") =0 (7.6)
q+q-q"=Q (7.7)
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Fig. 7.1 Phonon scattering 3-phonon processes

qj
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thermal conductor (adapted a7y
from [39]). Copyright (2013) a7 AN
by The American Physical
Society

isotopic scattering boundary scatt

where Q is a reciprocal lattice vector. Normal processes imply Q = 0, while in
Umklapp processes Q is finite. Only Umklapp scattering processes dissipate energy
thus contributing to limit x. Computing anharmonic scattering rates and phonon
lifetimes (z,,,) requires the knowledge of the third derivatives of the interatomic
potential.

In the single mode relaxation time approximation (SMRTA) phonon lifetimes
are expressed as the inverse of spectral line width [35, 36], treating on equal footing
normal and Umklapp processes, which in fact contribute to scattering heat carriers
with substantially different weights. In this approach the contribution from defect
and boundary scattering, 74.s and tp, add up to 7., through Matthiessen’s rule:

1 1 1 1
+ —+ . (7.8)
T Tanh B Tdef

While SMRTA has been widely used and can be implemented efficiently to treat
large nanostructured systems [37], it may result highly inaccurate at temperatures
much lower than the Debye temperature, where normal scattering processes domi-
nate, as it is the case for carbon based materials at room temperature, and especially
for systems with reduced dimensionality [38, 39]. One can show that SMRTA
provides a lower boundary to the thermal conductivity obtained by solving exactly
the linearized BTE.

Methods to solve exactly the linearized BTE have been proposed, either using
a self-consistent iterative numerical approach [40], or by minimizing a variational
functional [39]. Exact approaches have demonstrated to be accurate and predictive
for both bulk crystals [38, 41] and nanostructures with low dimensionality [42—
45], especially when combined with ab initio calculations of the harmonic and
anharmonic force constants. So far the exact solution of the BTE has been applied
only to crystalline systems with relatively small unit cells, also because the ab
initio calculations are computationally very demanding. In turn the variational BTE
approach has proved extremely powerful to ascertain the effect of reduced dimen-
sionality on heat transport in graphene and two-dimensional materials [44, 45].
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7.2.2 Equilibrium Molecular Dynamics

Molecular Dynamics (MD) is a method designed to compute the properties of solids
or liquids by taking thermodynamic averages over a trajectory obtained integrating
the classical equations of motion of the particles in the simulation box [46]. In
the simplest case MD simulations are performed at equilibrium conditions in the
microcanonical ensemble, i.e. at constant energy, volume and number of particles.
As the typical size scale of MD simulations goes from few hundreds to millions
of atoms, to represent extended (bulk) systems periodic boundary conditions are
applied to the simulation cell. Linear response and transport coefficients can be
calculated from the fluctuations of the respective conjugate flux via Green-Kubo
relations [47]. In the case of heat transport, k is calculated from fluctuations of
the heat flux via the heat flux autocorrelation function (HFACF). For a system in
equilibrium, in the absence of a temperature gradient, the net heat current averages
to zero over time, but the integral of its correlation function is finite and proportional
to its thermal conductivity. The Green-Kubo expression for each component of the
thermal conductivity tensor can be written as

L fim tim & / (Ja(?)T5(0))dr, (7.9)
VJo

Kop = kpT? t—00 V—>00

where J is the heat flux, kp is Boltzmann’s constant, 7 is the system temperature and
V its volume. In systems with anharmonic interactions the HFACF should decay to
zero for large 7, and its integral should saturate at a constant value. In practice,
at long times the HFACF becomes noisy due to poor statistical sampling, and the
integral drifts or presents large oscillations because of statistical noise. Therefore,
K 1s taken as the stationary value of (7.9) before it starts drifting due to the
accumulated numerical noise.

While « is a second-order 3 x 3 tensor, one is normally interested in the diagonal
components. In the case of 1D materials, such as nanotubes and nanowires, the
system can be oriented in such a way that only one component is not zero. In
2D systems there are only two independent non-vanishing components kyy, Ky,
which may be equivalent by symmetry, for example in the case of graphene. For
3D materials with cubic symmetry, like bulk silicon or diamond, there are three
equivalent non-zero Components Ky, = Ky, = Kz.

The advantage of equilibrium MD is that one does not have to make any
assumption on the type of phonon scattering and all orders of anharmonicity are
taken into account. In addition, with empirical potentials one can simulate relatively
large systems, up to 107 particles, with no specific requirements of being crystalline:
amorphous, polycrystalline, defective and liquid systems can be studied. On the
other hand, convergence of the numerical integration of Eq. (7.9) in time and size
needs to be checked thoroughly, and, depending on the material under investigation,
it may occur only for very large samples and for fairly long time-scales. In addition,
MD is based on Newtonian dynamics and quantum effects are not taken into
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account, thus it cannot provide quantitative predictions on k at temperatures much
lower than the Debye temperature (®p).

7.2.3 Non-equilibrium Molecular Dynamics

Another, perhaps more intuitive way of using MD is to simulate stationary non-
equilibrium conditions. One defines two regions of the simulation cell as heat
source and heat sink, and generates an energy flux between them, through a part
of the system where the atoms dynamics is unperturbed. Following Fourier’s law, at
stationary conditions a temperature gradient VT, proportional to the energy flux J,
is established, and the thermal conductivity is given by the proportionality constant:

J

K:_W'

(7.10)
A typical setup for NEMD simulations, is shown in Fig.7.2. There are several
ways of controlling the temperature in the thermal reservoirs. An option is to
apply thermostats: stochastic local thermostats, e.g. Langevin, are preferable, as one
would prefer to have fully phonon-absorbing reservoirs, to avoid that phonons travel
through the heat sink uncontrollably if periodic boundary conditions are applied
[48]. Alternatively one can apply the reverse-NEMD approach, in which the sta-

Fig. 7.2 Setup of a
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tionary heat flux is induced by swapping the momenta of particles between the heat
source and sink. This is a particularly elegant method, since, together with a station-
ary heat flux, one automatically achieves energy and momentum conservation [49].

NEMD simulations are closer in realization to experimental measurements,
and are suitable to probe the onset of non-linear effects due to large temperature
gradients. In turn, size scaling of NEMD to obtain the thermal conductivity of
extended systems is tricky, as phonon mean free paths are truncated at the distance
I between the heat source and sink. One needs to perform simulations for a set
of values of / and extrapolate for / going to infinity, as convergence can rarely be
achieved. The standard way of extrapolating assumes that the inverse of « (/) is linear
with 1/1:

L_1t,c (7.11)
k() Koo I '

so that the intercept of the linear fit gives 1/k. In fact this extrapolation scheme
assumes that the distribution of phonons that mostly contribute to heat transport
have a narrow distribution of mean free paths, which is often not the case [50].
This feature of NEMD can also be exploited to resolve the relative contribution of
phonons with a certain mean free path to the total k of a material, in accordance
with thermal conductivity spectroscopy experiments [31].

If size scaling is performed correctly NEMD and equilibrium MD should
provide results in agreement within statistical uncertainty, as it was demonstrate
for several bulk systems [51-53]. More rigorously, it was demonstrated by
renormalization group analysis and mode coupling theory that for momentum
conserving systems there is a strict correspondence between the decay
of the heat flux autocorrelation function, Cj(f) =, in Eq.(7.9) and
the function «(/) in NEMD [11, 54]. Although consensus has not been
reached on the exact values of B it is now well accepted that in three
dimensions that B > 1, in two dimensions 8 = 1 and in one dimension
B < 1. These exponents imply that in one-dimensional systems « (/) diverges like [*
witha = 1—f,1in 2D «k (/) o log(l), and in 3D « is finite [10, 13, 55, 56]. This pic-
ture, resulting from the combination of analytical calculations and numerical sim-
ulations on lattice models, has stimulated further investigations on real systems but
has not been confirmed either by experiments or by simulations of nanostructures.

7.2.4 Empirical Interatomic Potentials

On crystalline systems with few atoms in the unit cell it is possible to perform ab ini-
tio anharmonic lattice dynamics calculations using density functional perturbation
theory and the n+ 1 theorem [33, 39, 41]. On the other hand, given the large size and
time scales required for the convergence of MD simulations, it is usually impossible
or impractical to combine MD and first-principles approaches to compute thermal
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transport in nanostructures. For this reasons one has to rely on empirical potentials,
whose accuracy and transferability need to be probed.

For the materials considered in this book Chapter, mostly Carbon and Silicon, a
few analytical empirical models have been shown to provide reliable estimates of the
harmonic and anharmonic vibrational properties and of the total thermal conductiv-
ity of the most common bulk crystalline polymorphs. The most used many-body
potentials for MD simulations of carbon nanostructures, such as graphene and
carbon nanotubes, assume the analytical forms proposed by either Tersoff [57]
or Brenner, suitably re-parametrized to reproduce correctly the phonon dispersion
relations of graphene [58]. The Tersoff potential provides a sufficiently reliable
estimate of the thermal conductivity of silicon and other semiconductors [53].
Alternatively the Stillinger-Weber potential has been extensively used to study
thermal transport in silicon-based systems [51], and the environment dependent
interatomic potential (EDIP) have been shown to provide an estimate of the thermal
conductivity of bulk silicon very close to the experimental one [59].

7.3 Carbon Based Nanostructures

The rich variety of nanostructures that can be formed from graphitic carbon provides
an ideal platform to probe the effect of dimensionality on lattice thermal transport,
and hopefully compare directly to non-linear models. Thermal transport in graphene
and carbon nanotubes has been studied extensively searching for cases of breakdown
of Fourier’s law and divergence of thermal conductivity with size [19-21]. While
experimental measurements highlighted extremely high thermal conductivity and
phonon mean free paths exceeding tens of nanometers, they could not provide a final
assessment on the divergence of « in graphene and CNTs, due to the limited size
of the samples, the presence of unavoidable intrinsic defects, and technical issues,
such as, for example, contact resistance. Atomistic simulations, using a combination
of the techniques discussed in the previous section, are thus necessary to rationalize
the experimental results. In the following subsection we discuss heat transport in
graphene and in a (10,0) CNT, which is however representative of the general case
of single wall CNTs. Atomistic models of these systems are shown in Fig. 7.3.

7.3.1 Graphene

Being a single sheet of atoms, atomically flat, graphene is the only truly two-
dimensional material that may be compared directly to non-linear two-dimensional
models. However, graphene atoms can vibrate perpendicularly to the plane and
form ripples. At finite temperature ripples confer stability to graphene impacting
its thermal properties: for example negative thermal expansion coefficients are a
consequence of out-of-plane vibrations and ripples.
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(10,0) CNT Graphene

Fig. 7.3 Atomistic models of a (10,0) single wall carbon nanotube and of graphene
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Fig. 7.4 Phonon bands of graphene computed with an optimized parameterization of the Tersoff
potential [58]

The phonon spectrum of graphene (Fig.7.4) resembles very closely the one of
graphite [60]. The low frequency spectrum is characterized by a longitudinal in-
plane mode with very high group velocity, a stiff in-plane transverse acoustic mode,
and a softer flexural mode with quadratic dispersion near the I"-point (@ o ¢?). The
acoustic modes extend to frequencies as high as 42 THz, and are complemented at
higher frequency by three optical modes that give rise to the extensively studied
Raman peaks of sp? carbon.

The earliest successful model of heat transport in graphite [61] was based on a
Debye approach for a two-dimensional gas of phonons with lower cutoff frequency
of 4 THz. Since inter-planar interactions are neglected the model applies seamlessly
also to graphene. Klemens and Pedraza neglected also out-of-plane vibration with
the argument that these modes have very low group velocity and would not carry
a significant amount of energy. This model provided reasonable estimates of « in
good, yet fortuitous agreement with experiments. More recent calculations based on
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a self-consistent solution of the BTE indeed demonstrated that flexural out-of-plane
modes provide a large contribution to the thermal conductivity of graphene, due to
their relatively high density at low frequency and their very long mean free path
[62].

Several studies addressed thermal transport in graphene by MD simulations
providing estimates of « at room temperature from few hundreds to few thousands
Wm~! K~!. Such variation of MD results stems from the sensitivity of k to the
functional form and the parameterization of the empirical potentials and from
the difficulties in converging MD simulations both in terms of time and size.
In addition any quantitative estimate of x of carbon-based materials at room
temperature would suffer badly from the lack of quantum effects. Even if, given
the very high Debye temperature of carbon-based materials, MD results can only be
considered qualitative, equilibrium and non-equilibrium simulations provide useful
insight in the physics of thermal transport in graphene. Equilibrium MD simulations
show that « of graphene converges from above as a function of the size of the
simulation cell, thus underlying the importance of sampling well low-frequency
flexural modes, which assume a fundamental role in scattering heat carriers [63].
A calculation of the heat flux autocorrelation function, well converged in terms of
sampling, shows that for all the sizes of models considered it decays faster than the
inverse of time, which makes the argument in Eq. (7.9) integrable, indicating that
the system has a finite thermal conductivity. Since the only conceptual difference
between graphene models and two-dimensional non linear lattice models, for which
k diverges logarithmically, is that in graphene the atoms can move out-of-plane,
we performed an equilibrium MD simulation, in which the carbon atoms were
frozen in-plane. This fully two-dimensional model exhibits 1/¢ decay of the heat
flux autocorrelation function, indicating that diverging « is restored [63] (Fig.7.5).

While equilibrium MD simulations suggest that the thermal conductivity of
graphene in the thermodynamic limit is finite, they do not provide direct information
on the dependence of « on the size of the systems. The very large variation of
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Fig. 7.6 (a) Normalized conductance of graphene as a function of length in non-equilibrium MD
simulations and in experiments (a). Experimental data assuming two different contact resistances
are reported. Transport is ballistic as long as a/ay ~ 1. (b) Thermal conductivity of graphene from
non-equilibrium MD as a function of the size of the graphene model at T = 300 and 1000 K. At
both temperature « is not saturating for models 1.5 um long. Different MD methods give consistent
results. Adapted from [20]

the experimental estimate of «, especially close to room temperature, may be
partly justified by the different thermal conductivity as a function of the length
of the graphene patches measured. Non-equilibrium MD simulations performed
along with systematic experimental measurements showed that thermal transport
in graphene at 300K is ballistic up to ~100nm (Fig.7.6a). Simulations of larger
models exhibit an apparently logarithmic divergence of the thermal conductivity
both at room temperature and at 1000K (Fig.7.6b), in agreement with measure-
ments that show similar diverging trend up to 10 um at room temperature [20].
Non-equilibrium MD simulations of even larger systems, up to 100 um, suggest
that « saturates for the largest models considered [64]. Similarly, calculations
performed solving the BTE self-consistently confirm the size dependence of « in
the micrometer regime, but show that for larger lengths (L) « is not proportional to
log(L) [43]. This study also underscored the substantial contribution of out-of-plane
modes with long mean free paths to the total thermal conductivity: for example such
contribution would amount to 75 % for a 10 um long graphene patch.

The application of a variational approach to BTE, which removes critical
instabilities inherent in the self-consistent solution for two-dimensional systems
[39], finally resolved the debate on anomalous heat diffusion and the divergence
of « in graphene. The exact solution of the BTE shows that the thermal conductivity
of graphene converges in the thermodynamic limit [44], in substantial agreement
with equilibrium MD results, but convergence occurs for samples of the order
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of 1 mm. The reason is that the main heat carriers are not single phonons, but
collective excitations with mean free paths of the order of 100 um. This approach
sheds new light on heat transport in two-dimensional systems, which is substantially
different from three-dimensional materials. Due to the reduced dimensionality of
the dual space, the selection rules for three-phonon scattering related to momentum
conservation (Eq. (7.7)) lead to a predominance of Normal processes over Umklapp
processes. While in standard solids it occurs only at cryogenic temperatures, e.g.
~20K for Silicon, in layered materials this condition is verified over a broad tem-
perature range, up to 800 K, leading to hydrodynamic phonon transport [45, 65]. In
graphene, as well as in other two-dimensional systems, such as graphane, hexagonal
BN and MoS,, the balance between non-dissipative processes and resistive ones
dictates a Poiseuille regime at low temperature, before a peak of conductivity is
reached, and a Ziman regime occurs at higher temperature (Fig. 7.7). In both cases
normal processes dominate. In Poiseuille flow normal scattering shifts the phonon
distribution, and heat flux is eventually dissipated by extrinsic events, for example
boundary scattering, whereas in the Ziman regime the shifted phonon distribution
dissipates heat relaxing to equilibrium via Umklapp and isotopic scattering. This
scenario has to be compared to that occurring in standard three-dimensional solids,
in which transport regimes evolve from ballistic to diffusive in a narrow temperature
window of few tens of K.

7.3.2 Carbon Nanotubes

Momentum conserving one-dimensional models exhibit anomalous thermal trans-
port with length-dependent thermal conductivity « o< L* [11]. Carbon nanotubes,
which can be grown up to tens of ;um, were proposed as the most promising systems,
for which anomalous heat conduction can be observed. Experiments agree that «
is of the order of thousands Wm™' K™, and is length dependent for lengths of
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the order of um, thus supporting the hypothesis of a breakdown of Fourier’s law
[19, 21]. However, in the light of the recent theoretical studies on graphene reported
in the previous section, it is likely that experimental observations of anomalous heat
conduction may be explained in terms of collective excitations and hydrodynamic
transport regime. While this issue has not been clarified yet, it is worth analyzing
the available results of lattice dynamics and molecular dynamics simulations, mostly
focusing on single wall carbon nanotubes (SWCNT).

Ideal SWCNTs have cylindric symmetry and extend periodically in one dimen-
sion. Such geometry yields four invariances, namely three translations and one free
rotation along the tube axis, which result in four acoustic modes. Two of them have
quadratic dispersion (@ o ¢*) near the I" point and correspond to transverse sound
waves. The longitudinal mode retains linear dispersion relation and has a group
velocity higher than the torsional mode associated with the axial rotation, which has
also w o ¢q [66] (Fig.7.8). These features are independent on the chirality of the
nanotubes, yet thinner wires have stiffer longitudinal modes and softer transverse
flexure modes. The large number of atoms in the unit cell gives rise to a large number
of optical “breathing-like” modes, which have nevertheless large group velocities at
finite g-points.

The contributions from acoustic and higher order breathing modes make the
thermal conductivity of CNTs very high, as it was observed both in experiments and
in simulations [22, 67-69]. The reason for the extremely high thermal conductivity
of CNTs is also related to their symmetry and one-dimensional periodicity. The
selection rules for phonon-phonon interactions in a one-dimensional Brillouin zone
limit the possibility of dissipative scattering (Umklapp), thus leading to very low
scattering rates for flexural modes, and consequently to large « [42] (Fig.7.9).

The possibility that heat transport would be anomalous [21], implying divergence
of k due to the low dimensionality of nanotubes, was explicitly addressed by
MD simulations, which, however, provided contradicting results. Equilibrium MD
simulations suggest a scenario similar to the one drawn for graphene, exhibiting
integrable heat flux autocorrelation functions [70, 71]. On the other hand non-
equilibrium simulations suggest anomalous heat conduction [72]. Such discrepancy
may possibly arise from non linear effects related to the large temperature gradients
that are necessarily used in non-equilibrium simulations. So high temperature
gradients may also correspond to those induced in experiments, in which 100 K
differences over few micrometers are not uncommon. Simulations show that in these
conditions thermal energy is transmitted efficiently by low-frequency mechanical
waves that get coherently excited [73]. In the light of the recent discovery of
hydrodynamic transport in graphene [45, 65], it is also likely that similar phenomena
happen in carbon nanotubes, thus leading to anomalous transport over the typical
length scales adopted in simulations. However, this hypothesis is yet to be probed.

A consequence of the low dimensionality of CNTs as well as of graphene is
that thermal transport is extremely sensitive to any perturbation of the perfect
crystallinity of these systems. MD simulations show that the thermal conductivity of
carbon nanotubes is largely reduced by topological (Stone-Wales) and point defects.
These defects affect the mean free paths of medium and high frequency phonons,
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Fig. 7.8 Phonon dispersion (1 0’ 1 0) (1 0’0)

relations of a (10,10) and of a
(10,0) single wall carbon
nanotube, adapted from [66].
Copyright (2004) by The
American Physical Society

Fig. 7.9 Thermal
conductivity of a (10,10)
single wall carbon nanotube
calculated by solving
self-consistently the
Boltzmann transport
equation. Data from [42]
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while low frequency phonons are still transmitted ballistically over micrometer
lengths. As a result k is much more sensitive to the concentration of defects rather
than to their atomistic structure, and converges to similar values for different types
of defects [74]. xk at room temperature can be reduced up to ten times by high
concentrations of vacancies or di-vacancies. On the other hand the interaction either
with other nanotubes, as in a CNT network, with a fluid medium or with a substrate
dramatically affects the propagation of low frequency modes. Depending on the
type of interaction with the substrate ¥ can be also reduced about ten-fold [70],
with respect to that of suspended CNTs. Extremely low « was predicted for CNT
networks and pellets, however, in this case, heat transport is controlled by the very
high contact resistance between two different CNTs, by the length of the CNTs, and
eventually by the topology of the network [75].

7.4 Nanostructured Silicon

Nanoscale silicon has been investigated thoroughly under several aspects, including
thermal transport, due to its capital importance for technology, especially for
applications in electronics and energy conversion. The constant reduction of the
size of transistors, which has rapidly followed Moore’s law down to few atomic
layers, has made thermal dissipation at the nanoscale a crucial issue in nano-
electronics. At the same time, finding a reliable and reproducible way of reducing
the thermal conductivity of silicon without hampering its bulk electronic properties
would enable silicon-based thermoelectric devices. Huge reduction of the thermal
conductivity was observed for silicon nanostructures with reduced dimensionality,
both for nanowires (1D) and for ultra thin films and membranes (2D). The
general understanding is that « is reduced by diffusive surface scattering, which
becomes more and more effective the smaller the diameter of nanowires or the
thickness of two-dimensional structures. However, this rather simplistic picture does
not reconcile with the large enhancement of « predicted for non-linear models,
confirmed to a certain extent by experiments on carbon nanostructure.

Atomistic simulations can solve the conundrum, as they make it possible to dis-
entangle different effects connected to nanostructuring. For example it is possible to
check the effect of dimensionality reduction by simulating heat transport in ideally
crystalline systems with diameter or thickness still unattainable to experiments. In
this respect it is worth noting that crystalline silicon nanowires with diameter as
small as 1 nm were produced by oxide-assisted growth followed by etching [76] and
membranes as thin as ~8 nm were obtained via advanced lithographic processes
[77]. However, their surface structure is subject to reconstruction, oxidation and
roughness (see Fig.7.10), which cannot be easily controlled during fabrication or
simply upon exposure to standard environmental conditions, and measuring thermal
transport in these systems is extremely challenging.
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Fig. 7.10 SEM (left panel) and TEM (right panel) silicon nanowires produced by vapor-liquid-
solid growth adapted from [24]. The scale bar in the SEM image (left) corresponds to 10 um and
the one in the TEM image (right) to 3 nm. The TEM image shows that the wire is crystalline but
exhibits a disordered surface oxide layer about 4 atomic layers thick

7.4.1 Silicon Nanowires

Thermal transport in silicon nanowires was initially studied to probe whether
silicon nanostructures could be employed as high-performance thermoelectrics.
Assuming that phonons would be scattered diffusively by surfaces, a significant
reduction of phonon mean free path was expected, leading to highly reduced
thermal conductivity. Early predictions from simplified kinetic models, assuming
that phonon mean free paths are chopped by diffuse surface scattering, were
actually confirmed by the first equilibrium MD simulations, in which the interaction
between silicon atoms was modeled using the Stillinger-Weber potential [78]. In this
pioneering study the authors found that the thermal conductivity of model silicon
wires with frozen boundary conditions, i.e. constrained surface atoms, is up to two
orders of magnitude lower than the reference bulk value and is directly proportional
to the diameter of the wires. The observation that k is temperature independent over
a broad range of 7T, and that a model based on the BTE matches well the MD data
lead to the conclusion that surface scattering is the key player in determining thermal
transport in thin silicon nanowires. The measurements that followed, even though on
wires with much larger cross section, confirmed the trends predicted by simulations
[23]. Nevertheless these early models do not feature realistic surface structuring, nor
are the changes in phonon dispersion relations properly taken into account.

In examining the effect of dimensionality reduction in thin silicon nanowires,
one should first consider how the phonon dispersion relations change with respect
to the bulk reference for ideally crystalline wires, so that surface effects are ruled
out completely. Let us consider for example three crystalline SINWs with diameter
of 1.1, 2 and 3nm grown in (001) direction. The surface reconstruction of these
wires, shown in Fig.7.11, was formerly optimized using density functional theory
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Fig. 7.11 Crystalline thin silicon nanowire models with hydrogenated and ideally reconstructed
surfaces [79]
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Fig. 7.12 Phonon dispersion relations of crystalline silicon nanowires with diameter of 1.1 nm
(left panel), 2nm (center) and 3 nm (right). High frequency Si-H bending and stretching modes
are not shown

[79], and was proven to be stable also when the interaction between silicon atoms
are modeled using the Tersoff bond-order interatomic potential.

The phonon dispersion relations of these systems computed by harmonic lattice
dynamics using Eq. (7.1) are shown in Fig. 7.12. As in the case of carbon nanotubes,
the most immediate consequence of dimensionality reduction is that nanowires
exhibit four acoustic modes, corresponding to three translational and one rotational
invariant transformations. The two transverse acoustic modes, also dubbed flexural
modes, have quadratic dispersion in the vicinity of the I" point. Calculations show
that the thinner the wire, the softer these flexural modes are, and their dispersion
relations remain quadratic for larger wavevectors. The other two acoustic modes
have linear dispersion in ¢ and correspond to torsional and longitudinal waves,
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respectively. Both the ¢ dispersion of the flexural modes and the presence of the
torsional mode, originating from the cylindric symmetry, are a direct consequences
of dimensional reduction and are independent on the material that constitutes
the nanowires, the way interatomic forces are modeled or the surface structure.
This scenario is very different from that of one-dimensional non linear models,
which exhibit only a single longitudinal branch, since motion is restricted in one
dimension.

The longitudinal acoustic (LA) modes exhibit higher group velocities, which are
not affected by the diameter of the wires, whereas the torsional modes become softer
the thinner the wires (Fig. 7.13). Due to the fairly large number of atoms in the unit
cell of the nanowires considered here, higher frequency phonon branches appear
at relatively low frequency. These modes provide viable channels to heat transport,
however their group velocities remains limited, and significantly smaller than those
of the acoustic phonons of bulk silicon. It is worth noting that the acoustic modes
in silicon nanowires span a much more limited range of frequencies (<5 THz) than
in bulk, where LA modes can extend up to 12 THz. From these observations it is
difficult to draw precise conclusions on the thermal conductivity of crystalline wires,
especially on its dependence on the diameter, but one would expect a reduction with
respect to bulk, independently of surface scattering [14].

Both equilibrium and non-equilibrium MD simulations demonstrate a non-
monotonic dependence of x on the diameter of crystalline wires with similar
structure [80, 81]. NEMD data from [80] in Fig.7.14 show that k decreases
reducing the diameter, reaching a minimum for wires ~3.5nm thick. Below this
diameter « grows for thinner wires, and may even approach the bulk reference
(~200Wm~! K1), as in the case of the EMD estimate for the 1.1 nm wire. The
location of the minimum of « would depend on the details of the model, including
crystalline orientation of the wire, and surface reconstruction, as well as on the
simulation setup, but it is a reproducible feature in nanowires. The increasing
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Fig. 7.14 Thermal conductivity of crystalline silicon nanowires at room temperature computed by
non-equilibrium [80] and equilibrium molecular dynamics [81]
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Fig. 7.15 Cumulative (solid lines) and differential (dots) contribution to the thermal conductivity
of silicon nanowires with diameters of 1.1 and 2 nm as a function of the phonon frequency

Kk of the thinnest silicon nanowires aligns to the general trend of enhanced thermal
conductivity in systems with reduced dimensionality, observed also for carbon based
materials. However, no simulation work has so far observed tendency to divergence,
or enhancement of k beyond the bulk value.

An analysis of the spectral contribution to x as a function of phonon frequency
in wires of 1.1 and 2 nm (Fig. 7.15), obtained from Eq. (7.5) in which lifetimes were
computed by MD, shows that the distribution of heat carriers is shifted toward
lower frequencies with respect to the bulk. This observation complies with the
smaller frequency range of acoustic phonons in nanowires, and with the presence
of flat bands with fairly small group velocities at higher frequency, which limits
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significantly phonon mean free paths. This type of analysis yields a detailed
explanation of the origin of the minimum in thermal conductivity, which takes into
account the combination of density of vibrational states, group velocities and the
phonon lifetimes. Experimental verification of the prediction of a minimum of « as
a function of diameter is nevertheless still lacking, since surface scattering would
completely bleach the direct effect of dimensionality reduction.

Thermal measurements on silicon nanowires with larger diameters have high-
lighted the role of surface scattering of phonons in dictating a very low thermal
conductance [25]. MD simulations predict that even more dramatic reduction of «,
up to 100 times lower than the bulk value at room temperature, can be achieved in
the thin silicon wires in Fig.7.11 covered with a thin layer of amorphous material
[81, 82]. Given the very large surface to volume ratio, these systems are extremely
sensitive to surface modification. Figure 7.16 shows that the reduction of thermal
conductivity (plotted as the ratio of Kp,k /Kyire) 1S rather abrupt with the thickness of
the amorphous shell: a rough layer of ~6 A of amorphous silicon, corresponding to
about five atomic layers, is sufficient to abate « to 90 times less than bulk crystalline
silicon at room temperature. Further surface amorphization does not induce further
significant reduction of k. Remarkably, the thermal conductivity of these crystalline-
core/amorphous-shell ultra-thin wires, for which the most of the volume remains
anyway crystalline, can be lower than that of amorphous silicon computed with
the same modeling techniques and the same empirical potential [52]. These wires
are among the few systems that have been predicted to break the amorphous limit
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Fig. 7.16 (Left panel) Thermal conductivity of a core-shell silicon nanowire with a diameter of
3 nm as a function of the thickness of amorphous shell from equilibrium molecular dynamics. The
amorphous shell is generated by thermal annealing close to the melting temperature of silicon,
and its thickness is proportional to annealing time. The dashed line corresponds to the thermal
conductivity of bulk amorphous silicon computed by molecular dynamics using the same empirical
potential [52]. (Right panel) Thermal conductivity of core-shell nanowires with diameter of 2 and
3nm as a function of temperature [82]
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of k at constant chemical composition [83]. However, while several experiments
have demonstrate a drastic reduction of k¥ in nanowires, no measurements on ultra-
thin wires with diameter of ~3 nm have been performed so far, thus theoretical
predictions of ¥ below the amorphous limit have not yet been confirmed.

The temperature dependence of k (Fig.7.16) and an analysis of the relative
contributions of phonons to thermal transport demonstrates analogies to the char-
acterization of heat carriers in disordered solids [84]. As in amorphous silicon,
vibrational modes in core-shell wires can be classified into low-frequency prop-
agating phonons, which can be described by BTE, and higher-frequency diffusive
modes, which contribute to heat transport via an energy transfer mechanism that can
be described in harmonic approximation using Fermi’s golden rule [82, 84]. Both
propagating and diffusive modes provide significant contribution to k, which depend
on the diameter of the wire and the thickness of the amorphous shell: for example
for a wire with a diameter of 3nm and an amorphous shell of 1 nm, propagating
modes with frequencies up to 2 THz contribute about one half of the total x at room
temperature.

Given the delocalized character of both propagating and diffusive modes, which
typically extend for several tens of nanometers, over the whole models considered
in the simulation studies, one would argue that surface amorphization in thin wires
deeply modifies the character of the vibrational modes, rather than just scattering
phonons. It is interesting to point out that low frequency propagating phonons in
rough wires can still exhibit remarkably long mean free paths of the order of 1 um
even in wires as thin as 2nm (Fig.7.17), against the common wisdom that the
diameter of the wire marks the upper limit of the mean free path of the heat carriers
(Casimir limit). Very long phonon mean free paths were indeed recently observed
in SiGe nanowires [85].

Heat transport in thicker wires with diameters larger than 10 nm exhibit sim-
ilar characteristics as those discussed for thin wires, however elastic scattering
calculations on open systems and molecular dynamics simulations of periodic
systems show that surface features become less effective in limiting x [86, 87],
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and the microscopic origin of the reduction of k reported in some experiments
remains debated. On the other hand, in thick wires mesoscopic models including
surface scattering entail satisfactory results, provided that the correct phonon
dispersion relations are used [88]. Besides surface amorphization, several other
possible strategies to reduce « in semiconducting wires were devised using atomistic
simulations, such as introducing screw dislocations [89], surface faceting [90],
alloying [91], and crystalline core-shell structuring [92].

To conclude, it is worth mentioning that atomistic modeling predicted that
suspended semiconducting wires would exhibit quantized thermal conductance at
low temperature in ballistic regime [93]. The quantum of conductance is universal,
yet temperature-dependent, and corresponds to 7%k3T/3h. The possibility to probe
the quantum of conductance is made viable by the harmonic phonon features
described at the beginning of this session, which are general for suspended one-
dimensional nanostructures. This prediction was verified experimentally few years
later and quantized thermal conductance was measured in silicon nitride phonon
waveguides [94].

7.4.2 Ultra-Thin Silicon Membranes

Whereas suspended silicon nanowires display a high potential for tuning and
optimization of the thermal conductivity that would be very attractive for thermo-
electric energy conversion, their use in devices is complicated by their fragility
and by the lack of scalable fabrication processes. In turn, quasi two-dimensional
ultra thin membranes appear as more versatile systems for applications that rely
heavily on phononic properties, including sensors, nanomechanical resonators
and thermoelectrics. Recent experiments demonstrated intriguing phononic and
thermal properties of silicon membranes, including flexural acoustic modes with
quadratic dispersion relations [95], quasi-ballistic transport at the micro scale at
room temperature [96], and yet a significant reduction of thermal conductivity
compared to bulk[30]. A compelling microscopic interpretation of these results can
be obtained by atomistic modeling, which shows to what extent they emerge from
the interplay of dimensionality reduction and surface features.

The experimental measurements of « in thin films and suspended membranes can
be interpreted by mesoscopic kinetic models [34] based on bulk phonon dispersion
relations [96], in which surface scattering is modeled empirically, in analogy with
the Sondheimer model for electronic transport [97] (Fig. 7.18). However, comparing
lattice dynamics results to molecular dynamics simulations, it was shown that for
films or membranes of the order of, or thinner than, ~10nm large discrepancies
may arise, thus indicating that models based on bulk properties cannot be used to
predict the thermal conductivity of ultra-thin membranes [98].

As in the case of silicon nanowires discussed in the previous section, also
for membranes it is necessary to assess the effect of dimensionality reduction on
the harmonic and anharmonic phonon properties. If the interatomic interactions
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Fig. 7.18 Room temperature thermal conductivity of suspended silicon membranes normalized by
the thermal conductivity of natural bulk silicon (148 Wm~! K~ at 300K) [30, 99]. The dashed

line is the result of a kinetic model with diffusive surface scattering [96]
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Fig. 7.19 Phonon dispersion relations of a 5 nm thick silicon membrane, and detail of the acoustic
modes in proximity of the I" point [100]

are modeled with inexpensive empirical potentials [57], the phonon dispersion
relations of atomistic models of silicon membranes with thickness up to few tens of
nanometers can be calculated by diagonalization of the dynamical matrix computed
from Eq.(7.2). Lattice dynamics calculations of periodic crystalline models with
ideal surface reconstruction allow us to asses the general effects of dimensionality
reduction on phonons. Figure 7.19 reports the phonon dispersion relations of a
5nm thick membrane. The large number of atoms in the unit cell gives rise to a
large number of optical bands, which extend to low frequency and mix with the
acoustic modes. The features of these bands, originated from removing periodicity
in one direction, cannot be reproduced correctly by zone folding of bulk phonons,
especially for the thinnest membranes, as they have derivative equal to zero at the
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I point and @ o< ¢*. The detail of the acoustic dispersions at the I" point shows that
one of the transverse acoustic modes converts into a flexural mode with @ o< ¢*. The
flexural modes, related to out-of-plane vibration, are very sensitive to the thickness
of the membrane: thinner membranes exhibit softer flexural modes (Fig.7.20a).
The dispersion relations of these modes was measured by Brillouin light scattering
experiments, which showed a remarkable agreement with modeling [95, 99]. Also
the speed of sound of the longitudinal acoustic branch depends on the thickness of
the membranes, yet weakly. In general it is lower than in the bulk, but in the sub-
10 nm regime the speed of sound of the LA modes decreases with thickness. On the
other hand the speed of sound of the in-plane transverse modes, which remain linear
in g, is not affected by variations of thickness (Fig. 7.20b).

Whereas the characterization of the acoustic phonons from atomistic modeling
exhibit a remarkable agreement with experiments, the thermal conductivity of pris-
tine crystalline membranes, computed by equilibrium MD, is in sharp disagreement
with the measurements reported in [30]. Crystalline membranes with ideal surfaces
exhibit a reduction of « with respect to bulk silicon, however not as large as the
one probed by experiments (Fig.7.21). Nevertheless, as opposed to the case of
nanowires, k decreases monotonically with decreasing thickness reaching 1/3 of
Kpuik for ~1nm thick membranes. No evidence of possible divergence of « was
observed.

The discrepancy with experiments indicates that pristine crystalline models are
not representative for real systems. Since silicon membranes are exposed to air
during and after fabrication, a layer of native oxide forms at their surfaces. Such
layer is about 1 nm thick and can exhibit nanoscale roughness. When models with
rough and/or oxidized surfaces as those shown in Fig. 7.21b—d are considered, the
simulations reproduce the experimental k very well (Fig. 7.21¢e), thus indicating that
also for ultra-thin silicon membranes surface properties dictate the major reduction
of k. Recent experiments, in which the native oxide layer is removed by wet etching
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Fig. 7.20 Dispersion of the flexural modes of silicon membranes of different thickness (a), and
dependence of the group velocities of in-plane longitudinal and transverse acoustic modes on
membrane thickness (b). Data from [99, 100]
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Fig. 7.21 Models of silicon membranes oriented in the (001) direction, with pristine crystalline
surfaces (a), surface roughness (b), flat native oxide layers (¢) and rough native oxide (d), and their
thermal conductivity (e). Data from [99, 100]

and eventually let re-grow, confirm the prominent role of surface oxidation and
roughness on thermal transport. This effect is more appreciable in the thinnest
samples measured (~8 nm) for which an increase of « of about 2.3 times (from 8 to
18 Wm™! K™!) upon etching was observed. Further exposure of the same sample to
air for several hours leads to a reduction of x to 122W m™' K™, In thicker samples
the same cycle of etching and re-oxidation lead to smaller variations of k [99].

Non equilibrium MD simulations, which allow one to calculate the accumulation
function of « as a function of phonon mean free path, show that surface scattering
shifts the major contribution to the total thermal conductivity at room temperature
from phonons with a broad range of mean free paths up to 1 um for pristine
crystalline membranes, to a much narrower distribution of mean free paths smaller
than 80 nm for membrane models with rough native oxide at the surfaces.

Dimensionality reduction in membranes enables other approaches to control heat
transport via surface modifications. For example, it was suggested that drilling holes
or depositing nanoscale pillars, of the same or of a different material would modify
the band structure and enhance phonons scattering through local resonances, thus
reducing the thermal conductivity [101-104].

7.5 Conclusions

In this chapter we have illustrated a limited, yet representative, set of problems
in which atomistic simulations are exploited to shed light on nanoscale heat
transport in materials with reduced dimensionality. Even though models for specific
materials are employed, common features emerge, stemming for example from
symmetries and invariances associated with dimensionality reduction. Phonon dis-
persion relations and vibrational density of states are deeply affected by changes in
dimensionality, especially concerning acoustic phonons. Specifically, the emergence
of flexural phonons with quadratic dispersion relations sizably influences both sound
and heat propagation in one and two-dimensional nanostructures. Flexural modes in
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2D membranes and 1D wires are characteristic of low dimensional systems in a
three-dimensional space, in which each atom has three degrees of freedom. This
aspect marks a major difference with non-linear low-dimensional systems, such
as the Fermi-Pasta-Ulam model, in which motion is also confined in a space with
reduced dimensionality. In addition, except for graphene, which is a truly atomically
thick two-dimensional array of atoms, all the other systems known in nature have
a complex three-dimensional structure, even though they may extend in one or two
dimensions only.

Starting from this premises, it is then understandable that, at variance with non-
linear models, no clear evidence of diverging thermal conductivity was found in
atomistic simulations of nanostructures, even though both graphene and carbon
nanotubes exhibit extremely high thermal conductivity, and diffusive (Fourier) heat
transport has been predicted to occur only at macroscopic size scales. Phenomena
like large ballistic phonon mean free path and the emergence of “second sound”
at relatively high temperature, which lead to quasi-diverging x as in non-linear
models, actually stem from the reduced phase-space available to anharmonic
phonon scattering and the presence of flexural modes.

A further general consequence of dimensionality reduction is the very large
surface-to-volume ratio, which makes heat transport in low-dimensional nanostruc-
tures extremely sensitive to surface modifications, such as roughening, faceting,
functionalization, oxidation and interactions with substrates. A possible analogy
with statistical physics can be made considering the difference between momentum
conserving and non-conserving models, such as the Frenkel-Kontorova model,
where lack of momentum conservation, e.g from the interaction with an underlying
fixed potential, suppresses divergence. The tremendous impact of surfaces on
nanoscale heat transport was predicted in many simulation studies, and probed in
several experiments. These works have demonstrated that accurate modeling needs
to include chemical specificity and benefits from direct feedback with experiments.

References

. Kroto, H.W., Heath, J.R., O’Brien, S.C., Curl, R.F.: Nature 318, 162 (1985)

. lijima, S.: Nature 354(6348), 56 (1991)

. Alivisatos, A.P.: Science 271, 933 (1996)

. Sprinkle, M., Siegel, D., Hu, Y., Hicks, J., Tejeda, A., Taleb-Ibrahimi, A., Fevre, P.L., Bertran,
F, Vizzini, S., Enriquez, H., Chiang, S., Soukiassian, P., Berger, C., de Heer, W.A., Lanzara,
A., Conrad, E.H.: Phys. Rev. Lett. 103(22), 226803 (2009)

5. Hicks, L.D., Dresselhaus, M.S.: Phys. Rev. B 47(24), 16631 (1993)

. Dresselhaus, M.S., Chen, G., Tang, M.Y., Yang, R., Lee, H., Wang, D., Ren, Z., Fleurial, J.P.,
Gogna, P.: Adv. Mater. 19(8), 1043 (2007)

. Zhao, X., Wei, C.M., Yang, L., Chou, M.Y.: Appl. Phys. Lett. 92(23), 236805 (2004)

. Ziman, J.M.: Electrons and Phonons. Oxford University Press, Oxford (1960)

. Aoki, K., Kusnezov, D.: Phys. Rev. Lett. 86, 4029 (2001)

. Narayan, O., Ramaswamy, S.: Phys. Rev. Lett. 89(20), 200601 (2002)

. Lepri, S., Livi, R., Politi, A.: Phys. Rep. 377(1), 1 (2003)

o)) RO R S

—_—
— O O 0



302

12.
13.
14.
15.
16.

17.

18.

19.
20.

21.

22.
23.
24.

25.

26.
217.
28.
29.
30.

31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44.
45.
46.
47.

48.
49.

D. Donadio

Lepri, S., Livi, R., Politi, A.: Chaos 15(1), 015118 (2005)

Wang, L., Hu, B, Li, B.: Phys. Rev. E 86, 040101 (2012)

Balandin, A., Wang, K.L.: Phys. Rev. B 58(3), 1544 (1998)

Casimir, H.: Physica 5(6), 495 (1938)

Balandin, A.A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F., Lau, C.N.: Nano
Lett. 8(3), 902 (2008)

Ghosh, S., Bao, W., Nika, D.L., Subrina, S., Pokatilov, E.P., Lau, C.N., Balandin, A.A.: Nat.
Mater. 9(7), 555 (2010)

Chen, S., Wu, Q., Mishra, C., Kang, J., Zhang, H., Cho, K., Cai, W., Balandin, A.A., Ruoff,
R.S.: Nat. Mater. 11(1), 203 (2012)

Balandin, A.A.: Nat. Mater. 10(8), 569 (2011)

Xu, X., Pereira, L.F.C., Wang, Y., Wu, J., Zhang, K., Zhao, X., Bae, S., Tinh Bui, C., Xie, R.,
Thong, J.T.L., Hong, B.H., Loh, K.P., Donadio, D., Li, B., Ozyilmaz, B.: Nat. Commun. 5,
3689 (2014)

Chang, C., Okawa, D., Garcia, H., Majumdar, A., Zettl, A.: Phys. Rev. Lett. 101(7), 075903
(2008)

Yu, C., Shi, L., Yao, Z., Li, D., Majumdar, A.: Nano Lett. 5(9), 1842 (2005)

Li,D., Wu, Y., Kim, P, Shi, L., Yang, P., Majumdar, A.: Appl. Phys. Lett. 83(14), 2934 (2003)
Hochbaum, A.L., Chen, R., Delgado, R.D., Liang, W., Garnett, E.C., Najarian, M., Majumdar,
A., Yang, P.: Nature 451(7175), 163 (2008)

Chen, R., Hochbaum, A.L., Murphy, P., Moore, J., Yang, P., Majumdar, A.: Phys. Rev. Lett.
101(10), 105501 (2008)

Asheghi, M., Leung, Y.K., Wong, S.S., Goodson, K.E.: Appl. Phys. Lett. 71(13), 1798 (1997)
Ju, Y.S., Goodson, K.E.: Appl. Phys. Lett. 74(20), 3005 (1999)

Liu, W., Asheghi, M.: J. Appl. Phys. 98(12), 123523 (2005)

Liu, X., Wu, X., Ren, T.: Appl. Phys. Lett. 98(17), 174104 (2011)

Chévez—Angel, E., Reparaz, J.S., Gomis-Bresco, J., Wagner, M.R., Cuffe, J., Graczykowski,
B., Shchepetov, A., Jiang, H., Prunnila, M., Ahopelto, J., Alzina, F., Sotomayor Torres, C.M.:
APL Mater. 2(1), 012113 (2014)

Minnich, A.J., Johnson, J.A., Schmidt, A.J., Esfarjani, K., Dresselhaus, M.S., Nelson, K.A.,
Chen, G.: Phys. Rev. Lett. 107(9), 095901 (2011)

Regner, K.T., Sellan, D.P, Su, Z., Amon, C.H., Mcgaughey, A.J.H., Malen, J.A.: Nat.
Commun. 4, 1640 (2013)

Baroni, S., de Gironcoli, S., Dal Corso, A., Giannozzi, P.: Rev. Mod. Phys. 73(2), 515 (2001)
Callaway, J.: Phys. Rev. 113(4), 1046 (1959)

Fabian, J., Allen, P.: Phys. Rev. Lett. 77(18), 3839 (1996)

Maradudin, A., Fein, A.: Phys. Rev. 128, 2589 (1962)

Savic, 1., Donadio, D., Gygi, F., Galli, G.: Appl. Phys. Lett. 102(7), 073113 (2013)

Ward, A., Broido, D.A., Stewart, D.A., Deinzer, G.: Phys. Rev. B 80(12), 125203 (2009)
Fugallo, G., Lazzeri, M., Paulatto, L., Mauri, F.: Phys. Rev. B 88(4), 045430 (2013)

Broido, D., Ward, A., Mingo, N.: Phys. Rev. B 72(1), 014308 (2005)

Broido, D.A., Malorny, M., Birner, G., Mingo, N., Stewart, D.A.: Appl. Phys. Lett. 91(23),
231922 (2007)

Lindsay, L., Broido, D.A., Mingo, N.: Phys. Rev. B 80(12), 125407 (2009)

Lindsay, L., Li, W., Carrete, J., Mingo, N., Broido, D.A., Reinecke, T.L.: Phys. Rev. B 89(15),
155426 (2014)

Fugallo, G., Cepellotti, A., Paulatto, L., Lazzeri, M., Marzari, N., Mauri, F.: Nano Lett.
14(11), 6109 (2014)

Cepellotti, A., Fugallo, G., Paulatto, L., Lazzeri, M., Mauri, F., Marzari, N.: Nat. Commun.
6, 1 (2015)

Allen, M.P,, Tildesley, D.J.: Computer Simulation of Liquids. Oxford University Press,
Oxford (1989)

Kubo, R., Yokota, M., Nakajima, S.: J. Phys. Soc. Jpn. 12(11), 1203 (1957)

Jund, P, Jullien, R.: Phys. Rev. B 59(21), 13707 (1999)

Miiller-Plathe, F.: J. Chem. Phys. 106(14), 6082 (1997)



7 Simulation of Dimensionality Effects in Thermal Transport 303

50

51

52.
53.
54.
55.
56.

57

58.
59.
60.
61.
62.

63

64.
65.
66.
67.
68.

69.
70.
71.
72.
73.
74.
75.

76.
77.

78.
79.
80.
81.
82.
83.

84.
85.

86.
87.
88.
89.
90.
91.

92.

93

94.

. Sellan, D.P, Landry, E.S., Turney, J.E., McGaughey, A.J.H., Amon, C.H.: Phys. Rev.
B 81(21), 214305 (2010)

. Schelling, P., Phillpot, S., Keblinski, P.: Phys. Rev. B 65(14), 144306 (2002)

He, Y., Donadio, D., Galli, G.: Appl. Phys. Lett. 98(14), 144101 (2011)

He, Y., Savic, 1., Donadio, D., Galli, G.: Phys. Chem. Chem. Phys. 14(47), 16209 (2012)

Dhar, A.: Adv. Phys. 57(5), 457 (2008)

Lippi, A., Livi, R.: J. Stat. Phys. 100(5), 1147 (2000)

Saito, K., Dhar, A.: Phys. Rev. Lett. 104(4), 040601 (2010)

. Tersoff, J.: Phys. Rev. B 39(8), 5566 (1989)

Lindsay, L., Broido, D.A.: Phys. Rev. B 81(20), 205441 (2010)

Sun, L., Murthy, J.Y.: Appl. Phys. Lett. 89(17), 171919 (2006)

Nicklow, R., Wakabayashi, N., Smith, H.G.: Phys. Rev. 5, 4951 (1972)

Klemens, P.G., Pedraza, D.F.: Carbon 32(4), 735 (2002)

Lindsay, L., Broido, D.A., Mingo, N.: Phys. Rev. B 82(11), 115427 (2010)

. Pereira, L.F.C., Donadio, D.: Phys. Rev. B 87(12), 125424 (2013)

Barbarino, G., Melis, C., Colombo, L.: Phys. Rev. B 91(3), 035416 (2015)

Lee, S., Broido, D., Esfarjani, K., Chen, G.: Nat. Commun. 6, 7290 (2015)

Mabhan, G., Jeon, G.: Phys. Rev. B 70(7), 075405 (2004)

Kim, P, Shi, L., Majumdar, A., McEuen, P.L.: Phys. Rev. Lett. 87(21), 215502 (2001)

Berber, S., Kwon, Y.K., Tomanek, D.: Phys. Rev. Lett. 84(cond-mat/0002414. 20), 4613

(2000)

Lukes, J.R., Zhong, H.: J. Heat Transf. 129(6), 705 (2007)

Donadio, D., Galli, G.: Phys. Rev. Lett. 99(25), 255502 (2007)

Pereira, L.F.C., Savic, 1., Donadio, D.: New J. Phys. 15(10), 105019 (2013)

Savin, A.V., Hu, B, Kivshar, Y.S.: Phys. Rev. B 80(19), 195423 (2009)

Zhang, X., Hu, M., Poulikakos, D.: Nano Lett. 12(7), 3410 (2012)

Sevik, C., Sevincli, H., Cuniberti, G., Cagin, T.: Nano Lett. 11(11), 4971 (2011)

Prasher, R.S., Hu, X.J., Chalopin, Y., Mingo, N., Lofgreen, K., Volz, S., Cleri, F., Keblinski,

P.: Phys. Rev. Lett. 102, 105901 (2009)

Ma, D., Lee, C.S., Au, E, Tong, S.Y., Lee, S.T.: Science 299, 1874 (2003)

Shchepetov, A., Prunnila, M., Alzina, F., Schneider, L., Cuffe, J., Jiang, H., Kauppinen, E.I.,

Sotomayor Torres, C.M., Ahopelto, J.: Appl. Phys. Lett. 102(19), 192108 (2013)

Volz, S., Chen, G.: Appl. Phys. Lett. 75(14), 2056 (1999)

Vo, T., Williamson, A.J., Galli, G.: Phys. Rev. B 74(4), 045116 (2006)

Ponomareva, 1., Srivastava, D., Menon, M.: Nano Lett. 7(5), 1155 (2007)

Donadio, D., Galli, G.: Phys. Rev. Lett. 102(19), 195901 (2009)

Donadio, D., Galli, G.: Nano Lett. 10(3), 847 (2010)

Chiritescu, C., Cahill, D.G., Nguyen, N., Johnson, D., Bodapati, A., Keblinski, P., Zschack,

P.: Science 315(5810), 351 (2007)

Allen, P., Feldman, J.: Phys. Rev. B 48(17), 12581 (1993)

Hsiao, T.K., Chang, H.K., Liou, S.C., Chu, M.W., Lee, S.C., Chang, C.W.: Nat. Nanotechnol.

8, 534-538 (2013)

He, Y., Galli, G.: Phys. Rev. Lett. 108(21), 215901 (2012)

Duchemin, I., Donadio, D.: Appl. Phys. Lett. 100(22), 223107 (2012)

Mingo, N., Yang, L., Li, D., Majumdar, A.: Nano Lett. 3, 1713-1716 (2003)

Xiong, S., Ma, J., Volz, S., Dumitrica, T.: Small 10(9), 1756 (2014)

Sansoz, F.: Nano Lett. 11(12), 5378 (2011)

Chan, M.K.Y., Reed, J., Donadio, D., Mueller, T., Meng, Y.S., Galli, G., Ceder, G.: Phys. Rev.

B 81(17), 174303 (2010)

Hu, M., Giapis, K.P., Goicochea, J.V., Zhang, X., Poulikakos, D.: Nano Lett. 11(2), 618

(2011)

. Rego, L., Kirczenow, G.: Phys. Rev. Lett. 81(1), 232 (1998)

Schwab, K., Henriksen, E., Worlock, J., Roukes, M.: Nature 404(6781), 974 (2000)



304 D. Donadio

95. Cuffe, J., Chavez, E., Shchepetov, A., Chapuis, P.O., El Boudouti, E.H., Alzina, F., Kehoe,
T., Gomis-Bresco, J., Dudek, D., Pennec, Y., Djafari-Rouhani, B., Prunnila, M., Ahopelto, J.,
Sotomayor Torres, C.M.: Nano Lett. 12(7), 3569 (2012)

96. Johnson, J.A., Maznev, A.A., Cuffe, J., Eliason, J.K., Minnich, A.J., Kehoe, T., Torres,
C.M.S,, Chen, G., Nelson, K.A.: Phys. Rev. Lett. 110(2), 025901 (2013)

97. Sondheimer, E.H.: Adv. Phys. 1(1), 1 (1952)

98. Turney, J.E., McGaughey, A.J.H., Amon, C.H.: J. Appl. Phys. 107(2), 024317 (2010)

99. Neogi, S., Sebastian Reparaz, J., Pereira, L.F.C., Graczykowski, B., Wagner, M.R.,
Sledzinska, M., Shchepetov, A., Prunnila, M., Ahopelto, J., Sotomayor Torres, C.M.,
Donadio, D., ACS Nano 9(4), 3820 (2015)

100. Neogi, S., Donadio, D.: Eur. Phys. J. B 88, 73 (2015)

101. Yu, J.K., Mitrovic, S., Tham, D., Varghese, J., Heath, J.R.: Nat. Nanotechnol. 5(10), 718
(2010)

102. He, Y., Donadio, D., Lee, J.H., Grossman, J.C., Galli, G., ACS Nano 5(3), 1839 (2011)

103. Davis, B.L., Hussein, M.L.: Phys. Rev. Lett. 112(5), 055505 (2014)

104. Graczykowski, B., Sledzinska, M., Alzina, F., Gomis-Bresco, J., Reparaz, J.S., Wagner, M.R.,
Sotomayor Torres, C.M.: Phys. Rev. B 91(7), 075414 (2015)



Chapter 8
Experimental Probing of Non-Fourier Thermal
Conductors

Chih-Wei Chang

Abstract Even though theoretical studies on non-Fourier thermal conduction have
continued for many decades, experimental investigations on the topic just started
in recent years. In this chapter, I will give my personal reflections on our past
and recent experimental progress in elucidating the non-Fourier thermal conduction
phenomena in SiGe nanowires, Si-Ge interfaces, multiwall nanotubes, and ultralong
singlewall nanotubes. Non-Fourier thermal conduction includes the conventional
ballistic thermal conduction in ordinary materials and the anomalous thermal
transport in low dimensional systems. Due to finite-size effects, many of the non-
Fourier thermal conduction behaviors observed previously can be attributed to
conventional ballistic thermal conduction phenomena. On the other hand, significant
experimental progress has been made to reveal the anomalous thermal conduction
on low-dimensional materials of macroscopic sizes.

8.1 Introduction

In 1822, French mathematician and physicist Joseph Fourier published his work
entitled Théorie Analytique de la Chaleur (The Analytic Theory of Heat), which
established the phenomenological theory for thermal conduction in solids; or in
general, the correct mathematical description of diffusion process. Fourier’s seminal
work later inspired Georg S. Ohm to discover Ohm’s law for electrical conduction
in 1827 and Adolf E. Fick to discover Fick’s law for gas diffusion in 1855, which are
the empirical foundations of many phenomena in macroscopic world. Under steady
state, Fourier’s law explicitly states that the heat flux density (J) is proportional to
the temperature gradient, and the proportional constant is the thermal conductivity
(k), i.e.

J=—«kVT 8.1)
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On the other hand, similar to electrical conductivity in Ohm’s law, Fourier’s law
also implicitly suggests that k is an intrinsic property of a material and should be
independent of the sample sizes.

Theoretical physicists started to notice anomalous violations of Fourier’s law
during 1940s [1]. Intensive investigations resurged in late 1990s when powerful
computers became available [2]. It should be noted that when referring to “violations
of Fourier’s law” or “breakdown of Fourier’s law” in the literatures, it often suggests
violations of the implication of Fourier’s law; that is, k is no longer an intrinsic
property of a material and could be size-dependent in low dimensional systems.
In one-dimensional (1D) systems, « would display a power-law divergence with
respect to the length (L), i.e. k ~ L* (a = 0 is Fourier’s law). In general, o > 0 can be
regarded as non-Fourier thermal conduction. Thus, non-Fourier thermal conduction
includes the following:

1. Conventional ballistic thermal conduction (o = I): in analogy to ballistic con-
duction of electrons, it represents a dissipationless thermal transport phe-
nomenon. Experimentally, we will discuss our recent results of SiGe nanowires,
Si-Ge interfaces, and multiwall nanotubes.

2. Anomalous thermal conduction (0 <o < 1): although the underlying physics
remains unclear, the anomalous thermal transport phenomena are known to occur
in many 1D systems [3, 4]. Experimentally, we will discuss recent progress in
measuring «’s of ultralong nanotubes.

Before we discuss the experiments on non-Fourier thermal conductors, we should
ask the definition of a 1D system, i.e. what kinds of materials can be considered as
a 1D, instead of a 3D system?

Unfortunately, I find the definition is poorly understood in literatures even though
theorists have focused on studying anomalous thermal conduction of atomic chains
for long time. Many theoretical models have focused on atomic chains that have
only one degree of freedom for each atom. Such models are certainly 1D systems
but they do not exist in real world. Other models have considered atomic chains
with three dimensional degrees of freedom for each atom. However, although
similar systems do exist in materials such as polyethylene, the associated thermal
conduction measurements on individual, isolated molecular chain remain to be
challenging. On the other hand, many kinds of nanotubes and nanowires have been
synthesized. Can these nanotubes or nanowires be considered as 1D systems?

Although a rigorous definition of a 1D system needs more theoretical works,
we note that there are three scales naturally emerging from the discussion of 1D
systems. Empirically, there are three possible criteria for defining a 1D thermal
conductor:

(A) Aspect ratio: when the length (L) of a sample is much larger than the diameter
(d) of the sample, i.e. L>d [5, 6].

(B) Phonon mean free path: when the dominant phonon mean free path (/) of a
sample is much larger than the diameter of the sample, i.e. [ > d.



8 Experimental Probing of Non-Fourier Thermal Conductors 307

(C) Phonon wavelength: when the dominant phonon wavelength (1) for heat
conduction of a sample is much larger than the diameter of the sample, i.e.
A>d[6].

Experimentally, we can test which of the above statements is a correct definition
for a 1D system. After a brief contemplation, we find that (A) is unlikely otherwise
a man’s long beard, a woman’s long hair, a long optic fiber, and a long electric
cable (any of them can easily have aspect ratio L/d > 10°) would be common 1D
materials. Violation of Fourier’s law would be commonplace if (A) were true. In this
chapter, we will experimentally investigate whether (B) or (C) is a correct definition
for 1D thermal conductors.

8.2 Experimental Methods for Probing Non-Fourier
Thermal Conduction

Fourier’s law is a mathematical description for heat diffusing across a solid, which
involves a lot of collisions during the process. In a particle picture of the process, it
is similar to the energy transfer of gas molecules confined in a box with one end of
the box being hotter than the other end. Different materials would involve different
scattering processes that give rise to finite x. Therefore, the averaged path of a gas
molecule (in analogy to a phonon) undergoing two collisions can be viewed as the
phonon mean free path (/). If the sample size is less than the /, conventional (i.e.
o = 1) ballistic thermal conduction would occur. Thus the operational definition of
(conventional) ballistic thermal conduction means that there is no thermal resistance
inside a sample and the thermal resistance exclusively happens at the contacts,
i.e. the length-dependent thermal resistance (//K, where K is thermal conductance)
measurement should yield a constant //K for a ballistic thermal conductor shorter
than /.

Following the operational definition, we now discuss the experimental pro-
cedures for determining / of a sample subjected to a temperature gradient, or
equivalently, the distance of (conventional) ballistic thermal conduction. As shown
in Fig. 8.1a, when the length (L) of the sample is less than /, heat transfer would
be dissipationless and thermal resistance only occurs at the two contacts. Thus
ballistic thermal conduction will give length-independent thermal resistance for
L < I. Following the definition of k = KL/A (where A is the cross sectional area of
the sample), it will result in a length-dependent of k for L </ as well, as shown in
Fig. 8.1b. When L > [, collision processes start to destroy the ballistic properties of
phonons, one then have the ordinary result obeying Fourier’s law, i.e. //K increases
linearly with L, or equivalently, « is length-independent, as shown in Fig. 8.1b.

Unfortunately, so far not many experiments have followed the operational defini-
tion to determine / of materials. In fact, many experiments studied dependences
on lateral dimensions that are transverse to the temperature gradient, instead of
varying the longitudinal dimensions that is parallel to the temperature gradient.
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Fig. 8.1 (a) An illustration of a ballistic thermal conductor connected to a heat source and a heat
sink. The phonon scatter inside the thermal conductor destroys the wave properties of phonons
and leads to a finite phonon mean free path. (b) The corresponding data when probing the length
dependent thermal transport of (a). Both //K vs. L (left) and « vs. L (right) relations are plotted
here

Taking Si as an example, Goodson’s group studied thickness-dependent, in-plane
k of silicon-on-insulator wafer by repeated thermal oxidation and wet etching
[7, 8]. The I was estimated to be 300 nm instead of 43 nm predicted by a
dispersionless theory [8]. Liu and Asheghi further studied « of doped Si films
with thinner thickness [9]. Li et al. studied diameter-dependent x of Si nanowires
and found that the k decreases with decreasing diameter [10]. In these works, the
estimation of / was based on arguments of Hendrik Casimir, namely the Casimir
limit [11]. The Casimir limit states that the / of a thin film/nanowire would be limited
by its thickness/diameter provided that the surface scatters phonons diffusively.
However, how a rough surface scatter phonon diffusively remains highly unknown.
Many theories of surface scatterings of phonons remain unjustified so far. Thus
the above experiments based on the Casimir limit should be regarded as indirect
estimation of /. In fact, the experimental verification of quantum thermal conduction
provides a good example that the lateral confinement of the SiNy (200 nm wide,
60 nm thick) beam does not necessarily affect the ballistic thermal conduction along
the beam (~4 pwm) [12]. Moreover, recent experimental observation of / ~ 200 nm
in holey silicon with lateral confinements as small as 20 nm clearly demonstrates the
invalidity of the Casimir limit [13]. Thus [ is, in general, not limited by the lateral
dimension of a sample.

Recently, there have been great interests in utilizing optical techniques to
probe I’s of materials, these include time-domain thermoreflectance (TDTR) [14,
15], frequency-domain thermoreflectance (FDTR) techniques [16]. In these optical
techniques, heat is generated after the material absorbs the laser light. Then
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the temperature variation can be probed by another laser beam based on the
temperature-dependence of the refractive index of the material. Experimentally,
aluminum or gold thin film is commonly employed as a thermal transducer to
efficiently convert light into heat. However, it inevitably introduces another problem
of thermal contact resistances in these optical measurements, which is difficult to
model and certainly introduces large systematic uncertainties in the experiments
[17]. For example, the thermal transport at the interface has been suggested to play
an important role in enhancing the anisotropy in an otherwise isotropic material
[17]. Thus the interpretation of optical measurement results without considering the
role of interface will lead to inconsistent conclusions. In TDTR or FDTR, changes
of k’s were observed by changing spot sizes or the modulation frequency of the
pump laser, which were used for estimating how much ballistic phonons contribute
the heat conduction. However, because experimental complexities associated with
laser spot sizes, laser modulation frequencies, temperature profiles, and interface
phonon scatterings are quite involved, deducing the I’s is not straightforward in
these experiments [17]. Wilson and Cahill recently pointed out that parts of the
previous discrepancies originated from anisotropic thermal transport in-plane and
cross-plane, which are different for experiments varying spot sizes or changing mod-
ulation frequencies [17]. In addition, identifying the optical signals from phononic
and electronic responses is sometimes nontrivial. Finally, theoretical interpretations
of the optical measurement results remain controversial. For example, although it is
commonly assumed that the observed deviation to be due to ballistic phonons, ab-
initio calculations suggest that agreements on Si are better if simply considering
harmonic and anharmonic phonon channels but without directly incorporating
ballistic phonons [18]. In short, the interpretation of the experimental data based
on TDTR or FDTR is model-dependent and nontrivial so far. Deducing [ of Si from
these works is not direct, either.

One should keep in mind that the operational definition of ballistic thermal
conduction is based in Fig. 8.1 which demands the variation of the length to be
parallel to the temperature gradient. Yet carrying out the desired experimental
procedure shown in Fig. 8.1 is not a simple task in practice. Because sometimes
the data were collected from different samples of various sizes, they may inevitably
exhibit large uncertainties due to variations of sample qualities. Furthermore, many
previous works have ignored the contribution of contact thermal resistance, which is
likely to give erroneous interpretation of the experimental data, as will be discussed
in the following.

Physically, thermal transport measurements usually require connecting leads to
a sample, which would often result in finite contact thermal resistances. Thus the
experimentally measured total thermal resistance (1/K,,;) can be expressed as:

1 1 1
= + . (8.2)
Ktotal Kvample Kmntact
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where 1/K onqer 18 contact thermal resistance, which can be reasonably modeled as
a constant, and 1/Kmpl. is sample resistance, which can be described as

1/Kp, for L <1,

1/Ksampie = (1/Kg) %, forL>1,

(8.3)

by assuming that ballistic behavior takes place and 1/K .. becomes constant when
L <[, whereas diffusive behavior dominates and is proportional to L when L > [.
If ballistic thermal conductance does not take place at all (i.e. [=0), we simply
have the diffusive behavior 1/Kuup. = aL (a > 0) for all L> 0, and consequently
the thermal conductivity k = KL/A yields a constant regardless of L, obeying
Fourier’s law. For this reason, the observation that « decreases with decreasing L
is often regarded as a signal of non-Fourier thermal conduction phenomena, or the
occurrence of ballistic thermal conduction. However, because the decrease of k¥ with
decreasing L may be also explained by the presence of a nonzero contact resistance,
reading the non-Fourier signal from the « vs. L data alone could be fallacious. For
example, when contact thermal resistance is finite, « follows

KtotalL _ L/A
A B al + I/Kcontacr

K

(8.4)

which leads to k — 0 as L — 0. To illustrate the fallacy, we plot k vs. L and 1/K;ya1
vs. L using Egs. (8.3) and (8.4) in Fig. 8.2a, b, with added noises to simulate the
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Fig. 8.2 Simulated (a) « vs. L and (b) 1/K, vs. L relations for 1/K,u.c: = 3. It can be seen that
finite contact thermal resistance will create a fallacious ballistic thermal conduction effect in the «
vs. L relation even if the sample is a diffusive conductor [19]
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experimental data. If one merely focuses on the decrease of «, the phonon mean free
path [ could be erroneously identified to be larger than 10, significantly deviating
from the correct value (I = 0).

To determine the value of / rigorously, one has to perform regression analysis on
the experimental data (of « or 1/K,,;) in response to all range of L. A reliable result
of regression analysis not only gives the best-fitted values of [, /K, and 1/K onact
but should also yield stringent standard errors for them. If regression analyses yields
[ > 0 with a small standard error, ballistic thermal conduction can be claimed.

To easily identify the ballistic thermal conduction from the experimental data, it
is recommended to plot the /K,y vs. L relation. The 1/K,,; vs. L relation would
allow us to separate the ballistic thermal conduction from the unwanted effect of
contact thermal resistance by reading the offset at L — 0, as shown in Fig. 8.2b. The
ballistic thermal conduction can be seen by observing the deviation from diffusive
behavior, extrapolating from the data of large L’s.

We now reexamine the previous experimental data of Ge and Si [20, 21], whose
k vs. L relation is shown in Fig. 8.3a, c), respectively. Because the effective
lengths were collected from different samples of different dimensions, we employ
the relation A/K;,, = L/k and plot normalized thermal resistance A/Ky, vs. L
relations in Fig. 8.3b, d instead. Surprisingly, the A/Kjy,; vs. L relation shown in
Fig. 8.3b, d does not deviate from diffusive transport behavior down to L =42 nm
for Ge film and L=1 pum for Si membranes even if the authors claim to find
evidence for room temperature ballistic thermal conduction over L=1 pm for
Si. Apparently, the misinterpretation is due to the ignorance of contact thermal
resistance in their data. On the other hand, the finite offset observed in Fig. 8.3d is
an interesting effect, which indicates that optical heating methods do not necessarily
yield zero interface thermal resistance as previously thought. Nevertheless, because
the data in Fig. 8.3b, d do not deviate from the diffusive behavior, there is no
observable ballistic thermal conduction of Si or Ge at room temperature. Recently,
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Fig. 8.3 (a) « vs. L and (b) A/K;y1 vs. L relations for Ge film. (¢) « vs. L and (d) A/Kjprq vS. L
relations for Si membranes. The diffusive behaviors are denoted by the gray dashed line in (b) and
(d), respectively. The data are reproduced from Ref. [20, 21]
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there is another experiment extending the investigated regimes to smaller length
scales (~30 nm) using patterned Al as nanostructured transducers [22]. But if we
employ the same analyses by plotting their x vs. L data into A/K,y,; vs. L relation, we
again find no evidence for the claimed ballistic thermal conduction. These examples
cast strong concerns on the adequacies of the experimental methods for probing
ballistic thermal conduction.

In this section, we discuss the operational definition of conventional ballistic
thermal conduction. We emphasize that, to experimentally determining / of a given
material, one must measure the 1/K;,, vs. L relation (or A/K,,, vs. L relation)
and observe the departure from Fourier’s law. Unfortunately, many previous
experiments either disobeyed the operational definition or ignored the contribution
from contact thermal resistances. We reanalyze the previous experiments on Si and
find that the claim of / > 1 pwm for Si at room temperature is incorrect.

8.3 Non-Fourier (Ballistic) Thermal Conduction in SiGe
Nanowires

Recently, we have also recognized the issues mentioned in the previous section and
directly measured the length-dependent k and I/K of homogeneously-alloyed SiGe
nanowires [23]. SiGe nanowires are a model alloy system in which the role of alloy
scatterings of phonons in nanoscale dimensions can be thoroughly investigated.
Interestingly, theoretical predictions on [ of SiGe vary five orders of magnitudes,
ranging from 10 nm to 700 wm [24-27]. The large discrepancies thus motivate
us to rigorously investigate the ballistic thermal conduction phenomena in SiGe
nanowires.

Experimentally, Si;—_xGex (x =0.1-0.6) nanowires with a wide range of struc-
tural variations and alloy concentrations were made by chemical vapor deposition
methods. The scanning transmission electron microscope (STEM) images and the
associated data reveal that Sip9Gep; nanowires are homogeneously alloyed with
few defects or twin structures. On the other hand, Sip4Geyg nanowires exhibit
apparent twin boundaries, stacking faults, striped compositional variations, surface
roughness, and defects, as shown in Fig. 8.4.

To investigate the thermal conduction of individual SiGe nanowires, we fabri-
cated microscale thermal conductivity test fixtures consisting of suspended heaters
and sensors shown in Fig. 8.5. The thermal conductivity test fixture consisted of
two suspended silicon nitride (SiNy) membranes each supported by five 420 pm-
long and 2 pm-wide SiN beams. Nanowires with chosen lengths or diameters were
picked up and placed on the test fixture by a sharpened tungsten tip operated by
a piezodriven manipulator inside a scanning electron microscope (SEM). In-situ
deposition of Pt/C composites was then carried out to rigidly bond the nanowire
to the test fixture. To measure the thermal conductance (K) of the nanowire, Joule
heating was supplied to the heater and the temperature rises of the heater and sensor
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Fig. 8.4 (a) A representative STEM image of a homogeneously alloyed Sip9Gej; nanowire.
(b) An atomic-resolution image of (a) showing the crystalline lattice. (¢ and d), Si and
Ge K-edge elemental mappings of the yellow-dotted area of (a) showing homogeneously Si and
Ge distributions. (e) A representative STEM image of a Sip4Gey¢ nanowire showing uniform
intensity distributions radially and aperiodic striped distributions axially. (f) An atomic-resolution
image of (e) displaying a twin boundary. (g and h), Si and Ge K-edge elemental mappings of the
yellow-dotted area of (e) showing that Si and Ge elements are homogeneously alloyed with striped
composition variations [23]

Fig. 8.5 A false colored SEM image of a thermal conductivity test fixture consisting of suspended
heater and sensor pads with a SiGe nanowire anchored on it

were measured. Under steady state, K can be obtained using the relation

P P AT 3.5)
T ATy — ATg \ ATy + AT '

where P is the Joule heating power, ATy and ATy is the temperature raise on the
heater and the sensor, respectively. Due to the linear relation of resistance with
respect to temperature of the Pt film resistors, the temperature variations of the
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heater and the sensor can be directly obtained by measuring their resistance. The
thermal conductivity k¥ was evaluated by incorporating the length and the diameter
of the nanowire determined by SEM. All the measurements were carried out at
pressure <107 mbar to eliminate unwanted heat convection.

We have systematically measured the length dependent thermal transport for
more than twenty SiGe nanowires of different diameters, structures, and alloy
concentrations. Due to the variations of the cross sectional area (A) between
different samples, we plot the normalized thermal resistance (A/K) vs. L relation
and « vs. L in Fig. 8.6. Figure 8.6a shows that the « increases linearly with L
for L < 8.3 um, followed by a slope change at L = 8.3 um, then the « saturates at
8.2 W/m-K, agreeing with the bulk value of SiGe. Although Fig. 8.6a alone seems
to suggest / = 8.3 wm for SiGe nanowires, it is necessary to reexamine the data by
plotting A/K;yy; vs. L in Fig. 8.6b. From Fig. 8.6b, A/K,,,,; decreases linearly with L
for L > 8 pwm, indicating the expected diffusive transport behavior. Interestingly, the
A/K, 1 vs. L changes the slope at L =8 pum and it significantly deviates from the
diffusive behavior for L < 8 pm. Applying the regression analysis gives / = 8.05 pm
with standard deviation = 0.31 pm. Moreover, extrapolating the diffusive behavior
to L — 0 suggests that the (classical) contact thermal resistance is nearly zero, which
indicates that the observed ballistic thermal conduction shown in Fig. 8.6a cannot
be attributed to effects of finite contact thermal resistance. We emphasize that the
x-axes of Fig. 8.6a, b are “length” rather than “effective length”, which means that
we have strictly followed the operational definition of ballistic thermal conduction
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Fig. 8.6 (a) « vs. L and (b) A/K,y vs. L relations for homogeneously-alloyed SiGe nanowires.
Both «k vs. L and A/K,, vs. L relations deviate from the diffusive behavior for L < 8 pum, indicating
the ballistic thermal conduction. The gray dashed line is a fitted line extrapolating from data of
L>8 um/[19, 23]
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and made the variation of the length to be parallel to the temperature gradient. Thus
our experimental investigations provide the direct determination of /.

The observed ballistic thermal conduction persisting over 8 m is not only an
unprecedented long distance ever found in thermal conductors at room temperature
but also more than 9 times longer than those of nanotubes, graphene, or diamond
reported so far [28, 29]. Remarkably, the room temperature averaged phonon mean
free path observed in our experiment is even longer than the electronic counterparts
(Loteciron < 1 jum) of the highest-mobility (>200,000 cm?> V™! s™!) graphene devices
for observing fractional quantum Hall effect at low temperatures [30, 31].

Theoretical calculations have pointed out the low-frequency acoustic
phonons (<1 THz) to be the dominant carriers for transmitting heat in SiGe
[26]. In fact, we observed a much weaker diameter-dependence of « in
SiGe nanowires ((Ak/(kpud) <5.1x 107*Mmm for SiGe nanowires, whereas
Akl(kpued) = 2.3 x 1073/am for Si nanowires and Ax/(kpurd) =2.2 x 1073 /nm
for Ge nanowires, here d is the diameter of nanowires) [10, 32-34]. Apparently,
the criterion of the Casimir limit does not apply to SiGe nanowires and specular
scatterings of the low-frequency phonons can happen at the surface of the SiGe
nanowires.

We note that the contribution of the low frequency phonons can be estimated
from the slope of « vs. L relation in Fig. 8.6a. Because the low-frequency acoustic
phonons are nearly dispersiveless, from the slope (k/L=9.5x 10° W/K-m?) of
Fig. 8.6a for L <8.3 wm, we can have the relation from dispersiveless kinetic
theory /L = C,v,/3 (where C, and v, =4108 m/s are respectively the averaged
specific heat and the averaged sound velocity of the low-frequency phonons). We
obtain C, =680 J/K-m> and C,/Cpu = 0.04 % (where Cpy = 1.7 x 10° J/K-m? is
the experimentally measured specific heat) [35]. The result indicates that the low
frequency phonons carrying out the heat conduction in the SiGe nanowires only
occupy 0.04 % of the excited phonons. Incorporating the density of states of SiGe
[36], we further estimate that these phonons exhibit frequencies less than 0.3 THz.
On the other hand, applying similar analyses to Si and Ge reveals 20-30 % of the
excited phonon modes are responsible for the ballistic heat conductions [8, 20]. The
result is consistent with theoretical calculations that phonons below 1 THz dominate
the heat transfer in SiGe [26]. In contrast, phonons up to 6 THz contribute equally
to the heat transfer in Si [26].

Although ballistic phonon transport could imply infinite thermal conductance
in a classical physics picture, the maximum heat flow per channel is limited by
fundamental constants in quantum mechanics [37]. In principle, ballistic thermal
conduction should obey Landauer’s formulation for quantum thermal conduction
(Ko) [371:

KA o0 x2e* 2k2T
Ko = -2 dx———T™" (xkgT/#) ~ —2B— 8.6
0= 5T [ e T = 5.6
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where is kg Boltzmann constant, 7,, is the transmission coefficient of the mth
phonon mode. At low temperatures, Landauer’s formula can be reduced to a simple
form expressed by fundamental constants, as shown in Eq. (8.6). Because the total
thermal conductance of a SiGe nanowire is proportional to its cross-sectional area
and the number of channels (N) of quantum conductance (Kg ~ 10719 W/K at
300K), from K/A = k/L = 9.5 x 10° W/K-m? = NK/A, we obtain the averaged area
occupied by each quantum channel A/N ~ 100 nm?. Furthermore, N can be obtained
via integrating the density of states:

2

kmax Ak
N = / D(k)d’k =?m;x 8.7
0

where kpax = 2W/Amin denotes the maximum wave vector (or equivalently, the
shortest wavelength Ap;,) of phonons that carry out the heat conduction in a
SiGe nanowire. From Eq. (8.7), we obtain A, ~ 10 nm and maximum frequency
of the phonons f~ v,/Ami, =0.4 THz, consistent with earlier estimates based
on C,/Cpyx =0.04 %. Thus the independent analysis based on quantum thermal
conductance suggests that the dominant acoustic phonon wavelength is larger than
10 nm (or the frequency is less than 0.4 THz), which is again consistent with
previous estimates.

Now we discuss the issue of contact thermal resistance. From operational defi-
nition, contact thermal resistance the measured residue thermal resistance as L — 0.
In the diffusive (classical) regime, contact thermal resistance results from back-
scattering of phonons. In the ballistic (quantum) regime, contact thermal resistance
occurs even if the phonons are scattering-free but the available quantum channels are
geometrically constricted at the contacts. Remarkably, extrapolating the data in the
diffusive regime (L > 8.3 um) to L — 0 in Fig. 8.6b gives negligible classical contact
resistance (<2 % of the nanowires’ thermal resistance), indicating nearly scattering-
free transmission of phonons at the contacts. On the other hand, extrapolating the
data in the ballistic regime (L < 8.3 pum) to L — 0 shows that the contact thermal
resistance (I/K = L/Ak) is inversely proportional to cross sectional area (A = nd’14)
of the nanowire rather than the real contact area (~mdL., L. ~ 300 nm is the physical
contact length of the nanowire and the heater/sensor pads, d is the diameter of the
nanowire). The counter-intuitive result is in fact due to the occurrence of ballistic
thermal conduction that constrains the phonons to enter into limited heat conduction
channels of a nanowire [38]. Because the number of phonon modes of a waveguide
is constrained by the smallest cross-sectional area from a heat source to a heat
sink, considering 7d?14 K wdLeyy, in our experiment, the total number of available
channels for transmitting heat is thus limited by d?/4 rather than 7wdL,,,. The effect
also explains why so small deviations to the dashed line in Fig. 8.2 are observed
for SiGe nanowires with different contact geometries. Furthermore, independent
analyses suggest that the classical contact thermal resistance must be less than 10 %
otherwise the k of SiGe nanowires would be larger than that of bulk SiGe [14, 39].

So far we have provided two kinds of evidence (i.e. the length dependent thermal
transport and the unconventional contact thermal resistance) supporting the room



8 Experimental Probing of Non-Fourier Thermal Conductors 317

temperature ballistic thermal conduction over 8 pwm in SiGe nanowires. Now we
provide the third evidence that the ballistic conduction enables non-additivity of
resistances in series, a phenomenon that was known to exclusively occur in low-
dimensional ballistic electronic systems at ultralow temperatures in the past [40].
Similar to the electrical counterparts, connecting two diffusive or two ballistic
thermal conductors in series is known to yield distinct results on the total thermal
conductance (K;q):

(K1, K2)min for ballistic conductors

K. ., <
fotal = KK,/ (K + K>) for diffusive conductors

(8.8)

where the inequality holds when the classical contact thermal resistance at the
junction is nonzero. (K;, K>)min denotes the minimum value of the set (K;, K>),
aresult originating from the geometrical constriction in ballistic thermal conductors
mentioned above. Note that Eq. (8.8) has taken into account the classical contact
resistance so the K, should never exceed K;K,/(K;+ K>) for two diffusive
conductors connected in series. Therefore, any violations of the inequality of the
diffusive thermal conductors in Eq. (8.8) will be the evidence of ballistic thermal
conduction.

The upper graphs of Fig. 8.7 shows a series of SEM images when we rubbed,
pressed, or rotated the two mechanically-touched SiGe nanowires against each
other using a manipulator. The process allows us to survey many possible thermal
contact configurations between two SiGe nanowires. Here a constant power (P) was
supplied to the heater and the temperature rise of the heater before (AT}) and after
(AT,) connecting the nanowires was measured. Because the thermal conductance
of the tungsten tip is ~10* higher than the nanowire, it functions like a heat sink for
the system. The thermal conductance (K) of the nanowire can be obtained via

1 1
K=P - 8.9
(ATa ATb) ®

We then measured the K of the system for all possible thermal contact configura-
tions, as shown in Fig. 8.7.

The lengths, diameters, and thermal conductances of the two SiGe nanowires are
respectively L; ~ L, =3.65 pm, d; ~d, =183 nm, K; ~ K, =2.81 x 10~% W/K.
The corresponding measured K, are displayed in Fig. 8.7. At sequence #3, 4, and
5, the data clearly exceed the limit predicted by diffusive conductors. It is because
the total length (L; + L, = 7.3 pm < 8.3 wm) is within the ballistic transport regime,
the whole system still behaves like a ballistic thermal conductor (with added phonon
scatterings at the junction). Remarkably, perfect ballistic phonon transmission (i.e.
Kioar = (K7, K2)min = 2.81 x 1078 W/K) is observed at sequence #5, indicating that
the phonon scatterings at the junction can be reduced to zero.

Figure 8.8a displays the measured Ky, of another two SiGe nanowires of
dissimilar diameters connected in series (the lengths, diameters, and thermal
conductances are respectively L; =L, =3 pm, d; =158 nm, d, =140 nm,
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Fig. 8.7 (Upper) A series of SEM images when we rubbed, pressed, or rotated the two
mechanically-touched SiGe nanowires against each other using a manipulator. The process allows
us to survey many possible thermal contact configurations between two SiGe nanowires. (Lower)
measured total thermal conductance (K},,;) during the sequence. The green, blue, and red dashed
lines denote the values of K;, K5, and K;K>/(K; + K>), respectively. The blue/red dashed line also
denotes the maximum Kj,,; allowed from Eq. (8.8) for ballistic/diffusive thermal conductors [23]

K;=196x10"% W/K, K, =1.53 x 1078 W/K). Remarkably, all the data shown
in Fig. 8.8a disobey the inequality of Eq. (8.2) for diffusive conductors. Instead,
the Kiyq’s follow the inequality for ballistic thermal conductors and the largest
values (sequence #8, 9 in Fig. 8.8a) equals to (K;, K>)min. Controlled experiments
on connecting two Si nanowires in series indeed obey the expected relation for
diffusive conductors, as shown in Fig. 8.8b.

We have provided three kinds of experimental evidence for the unusual room
temperature ballistic thermal conduction persisting over 8.3 pm in SiGe nanowires.
Curiously, can the observed phenomena be attributed to anomalous thermal con-
duction in 1D systems? We note that the above analyses are all based on bulk
properties of SiGe. Even though the low-frequency phonons dominate the heat
conduction processes in SiGe, their wavelengths are within the orders of 10 nm,
which are smaller than the diameters (>40 nm) of the nanowires. Thus effects of
quantum confinements do not seem to play a significant role here. Most importantly,
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Fig. 8.8 (a) (Upper) A representative SEM image of two SiGe nanowires of dissimilar diameters
mechanically connected and repeated the similar sequence described in Fig. 8.7. (Lower) The
measured K, during the sequence. The values of K;, K,, and K;K>/(K; + K3) are denoted
respectively at the figure. The K, and K; K>/(K; + K3) lines also denote the maximum K, allowed
from Eq. (8.8) for ballistic/diffusive thermal conductors. (b) (Upper) A representative SEM image
for a controlled experiment on two Si nanowires. (Lower) The measured K, during the sequence,
which displayed the expected diffusive behavior [23]

the « stops increasing when L is larger than 8.3 pum, as shown in Fig. 8.6a. The
result indicates that the theoretically proposed anomalous thermal conduction in
1D systems is not observed experimentally in SiGe nanowires. The observed non-
Fourier thermal conduction phenomena in SiGe nanowires can be attributed to
conventional ballistic thermal transport and they should be observed in bulk SiGe
as well. Therefore, the /3> d proposed in the early section is not the criterion for
defining a 1D system and the SiGe nanowires are not 1D materials, either.

8.4 Non-Fourier (Ballistic) Thermal Conduction in Si-Ge
interfaces

Si-Ge core-shell nanowires consist of Si-core and Ge-shell of nanometer scales.
They are heterogeneously-alloyed materials with tubular-structured interfaces.
Recent theoretical works have suggested interface engineering could be more
effective than surface roughness in reducing the thermal conductivity [41-46].
In a core-shell nanowire, atoms at the heterogeneous interfaces are stretched,
inducing a strong coupling between the transverse and the longitudinal modes. It
is suggested that because the transverse modes are quantized and localized, the
coupled longitudinal modes are also not-propagating, resulting in a reduction of
k [44-46]. Aside from the effect, the added interface scatterings is supposed to
reduce k further [41, 42]. For electrical transport, the heterogeneous interface forms
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a tubular electronic conduction channel similar to carbon nanotubes and it support
a high-mobility quasi-1D hole gas with mean free paths exceeding 170 nm at room
temperature [47]. Many interesting electronic phenomena have been demonstrated,
including the potential for high performance transistors [48], programmable circuits
[49], and spin qubit manipulations [50]. Combining the dramatic reduction of k and
the high hole-mobility will make Si-Ge core-shell nanowires promising materials
for thermoelectric applications. For experimental thermal transport measurements,
M. C. Wingert et al. reported unexpected suppression of k in Ge-Si core-shell
nanowires have made the topic particularly interesting [23, 34, 51-53]. Naturally,
it will be intriguing to ask whether the nanoscale tubular hetero-interfaces could
mimic 1D systems and display unusual non-Fourier thermal conduction phenomena.

Experimentally, Si-Ge core-shell nanowires were synthesized by a chemical
vapor deposition method [54]. The structures of the synthesized nanowires were
characterized by STEM and TEM, revealing imperfect structures with many twin
boundaries, defects, rough surfaces, and dislocations, as shown in Fig. 8.9a, b.
The spatially-resolved energy dispersive X-ray spectroscopy (EDS) spectra in
Fig. 8.9¢c, d and STEM-EDS spectral imaging across the nanowire in Fig. 8.9e—g
confirm the presence of Si in the core region and Ge in the shell region. Interlayer
diffusion was found to be less than 5 %, determined by the EDS resolution limit.
The nanowires generally have lengths over 10 wm. The diameter of the Si-core can
be as small as 12 nm while the outer diameter of the nanowire can be as large as
225 nm.

Ideally, if the thermal transport of Si-Ge core-shell nanowires exhibit univer-
sal properties similar to what we have found in homogeneously-alloyed SiGe
nanowires, we could repeat the experimental method in the last section and measure

Si K-edge
50 nm

f

Ge K-edge

Fig. 8.9 (a) A representative high-angle annular dark field (HAADF) image of a Si-Ge core-shell
nanowire. (b) A high resolution TEM image of the same nanowire. The corresponding (¢) Si K-
edge and (d) Ge K-edge elemental maps. (e) The cross-sectional HAADF image of the nanowire.
The corresponding (f) Si K-edge and (g) Ge K-edge elemental maps confirm the Si-core and Ge-
shell structure of the nanowire [23]
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the //K vs. L and « vs. L relations of different nanowires to unravel the ballistic
thermal conduction phenomena. Unfortunately, due to the large variations of the
Si-core diameters, Ge-shell thickness, concentrations of defects and impurities,
or surface roughness between different samples, the investigated Si-Ge core-shell
nanowires do not exhibit the desired universality. Thus new experimental methods
must be invented to overcome the challenges.

We have employed two different methods to study the thermal transport behav-
iors of the Si-Ge core-shell nanowires [55]. Method I is similar to the one expressed
in Eq. (8.9) that a constant power (P) was supplied to the heater and the temperature
rise of the heater before (AT,) and after (AT,) connecting the nanowire was
measured. But now the //K vs. L and « vs. L relations are deliberately investigated
on the same nanowire by repeatedly connecting/disconnecting a tungsten tip to
different positions of a nanowire so as to vary the investigated L, as shown
in Fig. 8.10a. The method will reduce the data variations inherent in different
samples.

For Method II, we employed an electron-beam-heating technique similar to the
method developed by D. Liu and her coworkers [56]. As shown in Fig. 8.10,
a nanowire was suspended across two integrated Pt film resistors supported by
suspended SiNy pads. Under steady state, the total thermal conductance (K1)
of the system (including contributions from the thermal resistance of the nanowire
(Ryw) and the (classical) contact thermal resistances at the left/right pads (R ;.5 and
R right)), can be obtained using the relation:

1 P ATy,
Kol = = (810)
RNW + Rc,left + Rc,right ATh - AT&‘ ATh + AT&‘

By switching the role of heater and sensor, we can respectively determine the
thermal conductance for heat flux flowing from right to left (Kz— ;) and left to right
(Kz—>R)-

We then employed an electron beam (5 kV) of SEM and focused at position x
of the nanowire (x =0 is defined to be located at the edge of the left pad). Due
to electron-phonon inelastic scatterings, the electron beam acted as a local heater
generating total power P;,,;(x) and raised the local temperature at position x to 7(x).
Under steady state, we have the following relation:

Proml(x) = Pleﬁ‘(x) + Pright (L - X)
Pre(x) = K. (x) (T(x) = Treppaa(¥)) = Kieipaa (Treipaa(x) — Toam)
Prignt (L —x) = Kig (L — x) (T(x) — Trightpaa (L — X))

= Kightpad (Trightpad (L — x) — Tpam)

8.11)

where Pj.f;(x) and P;g;,(L—x) are respectively the heat flux flowing to the left and to
the right pads when the electron beam is positioned at x. Kz (x) and K;_g(L—x)
are the thermal conductance of the nanowire measured at distances x and L—x,
for heat flux flowing from right to left and left to right, respectively. Trefpaa(x),
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Fig. 8.10 Schematics (upper) and the corresponding SEM images (lower) of two different
experimental methods for measuring length dependent thermal transport of nanowires. (Method
I) One end of a nanowire is anchored to a microfabricated heater and the other end is attached to a
tungsten tip serving as a heat sink. Here the heat sink is maintained at temperature 7y and the Joule
heating raises the temperature of the heater to ATy + T). The difference of ATy before and after
connecting the nanowire is measured so as to determine the thermal conductance (K) of the sample.
The tungsten tip can repeatedly connect/disconnect to the nanowire so as to vary the investigated
L. (Method II) A nanowire is anchored between two suspended sensors and an electron beam is
focused on the nanowire serving as a local heater. The electron beam can be used for injecting heat
at any positions along the nanowire [55]

TRightpad(x), and Ty, denote the temperature measured at the left pad, the right pad,
and the heat bath, respectively.

Experimentally, we can position the electron beam at x = —¢, L+ ¢, (¢ < 1 pm),
which is equivalent to heating the left pad and the right pad, respectively. Corre-
spondingly, K;,g(L + ¢) and Kz, (L + ¢) can be independently determined by the
thermal conductivity test fixture and thus we can obtain T(—¢) and T(L + ¢) (note
that T(—¢) and T(L + ¢) are local temperatures at the ends of the nanowire anchored
on the pads, but not the temperature of the pads). Therefore, unlike the previous
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Fig. 8.11 (a) « vs. L and (b) A/Ky vs. L relations for Si-Ge core-shell nanowires investigated
by two different experimental methods. It can be seen that both « vs. L and A/K,,, vs. L relations
deviate from the diffusive behavior for L <2.5 pm, indicating the ballistic thermal conduction.
The gray belt is a fitted line extrapolating from data of L > 5 pum [19, 55]

report where diffusive thermal conduction was presumed in the analyses [56], our
method is capable of probing ballistic thermal conduction of a nanowire.

Putting the collected data together in Fig. 8.11, we can see the data start to
deviate from Fourier’s law for L <5 pm, indicating micron-scale ballistic thermal
conduction for the Si-Ge core-shell nanowires. Applying regression analysis gives
/=5 pm and 2.61 pm for the samples measured using Method I and Method 1I,
respectively. The [ of Si-Ge core-shell nanowires not only largely deviate from the
indirect estimates that / < 100 nm for SiGe alloys [39, 45, 57-59], but is also much
longer than [~ 1 pwm proposed for the best thermal conductors like diamond and
graphene [28]. The finding also highlights the importance of our direct, rigorous,
thermal transport measurements on /.

Similar to those of homogeneously-alloyed SiGe nanowires, we also find that «
displays much weaker dependence on the diameter (Ax/(kpyd) < 3 X 10~*/nm for
Si-Ge core-shell nanowires for d = 100 ~ 220 nm). Because surface roughness are
known to scatter high-frequency phonons [60], the much weaker d-dependence of
k in Si-Ge core-shell nanowires indicates the absence of high-frequency phonons in
carrying out the heat conduction.

Note that the data for L>5 pm shown in Fig. 8.11b can be extrapolated to
zero when L — 0, suggesting negligible classical contact thermal resistance. In
contrast, finite quantum contact thermal resistance occurs for L < 5 pm and remains
constant even when L — 0, obeying Landauer’s formulation for ballistic phonons.
The small classical contact thermal resistance determined in our experiments is
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also consistent with the low-frequency phonon picture that shows insensitivities to
nanoscale perturbations.

The hypothesis of low-frequency phonons mentioned above suggests that the
phonon spectrum in carrying out the heat conduction is nearly monochromatic
and dispersiveless. Similar to the analysis in the previous section, we can apply
the dispersionless kinetic theory of phonons x = C,v,I/3 to analyze our results.
Surprisingly, we find the slope of the data in Fig. 8.3 (k/L = C,va/3~2x10°
W/K-m?) is only 0.1 % of the bulk’s value (Cppvpu/3 = 1.7 x 10° W/K-m?) [35].
The result suggests that only 0.1 % of the total excited phonons carry out the
heat conduction process in the Si-Ge core-shell nanowires while the majorities of
the high-frequency phonons are localized. The localized modes block most heat
conduction channels, resulting in a reduced «, similar to what has been observed in
homogeneously-alloyed nanowires.

Comparing with /> 8.3 pum of for homogeneously-alloyed bulk SiGe [23],
the reduced /~5 pwm observed in Si-Ge core-shell nanowires could be due to
the phase segregation of Si and Ge elements that makes the phonon localization
less effective. Because neither Si nor Ge channels exhibit / longer than 200 nm
[8, 20], the pronounced elongation of / in Si-Ge core-shell nanowires must be
attributed to phonons propagating along the tubular Si-Ge interfaces, with added
small contributions from Si or Ge channels. Even if interlayer diffusion may cause
the Si-Ge interface to be effectively thicker than theoretically anticipated, a 5 %
alloy concentration set by the STEM detection limit is sufficient to induce the
micron-scale ballistic thermal conduction.

In this section, we provide experimental evidence that non-Fourier thermal
conduction can be found in Si-Ge core-shell nanowires in which the heterogeneous
interface can induced high-frequency phonon localization and low-frequency bal-
listic phonons propagating over 5 wm. Although the discovery is remarkable, we
find that « converges to a constant value for large L and no anomalous thermal
conduction is observed. It suggests that even though the Si-Ge interface is a few
nanometers thick and its diameter is only tens of nanometers, the observed phenom-
ena still belong to the conventional ballistic thermal conduction. We speculate that
interlayer diffusion is the possible cause that makes the Si-Ge interface more similar
to a 3D system rather than an ideal 1D system.

8.5 Non-Fourier (Ballistic) Thermal Conduction in Multiwall
Nanotubes

Multiwall carbon or boron-nitride (BN) nanotubes comprise concentric cylindrical
shells of strongly sp’-bonded carbon or BN atoms, whereas the adjacent shells
interact predominantly by weak van der Waals forces. The large disparity of the
bonding strength also makes the thermal conduction in the multiwall nanotubes
highly anisotropic. Because of the negligible interlayer diffusion and the atomic thin
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shells, they should be suited for experimental investigations of non-Fourier thermal
conduction in 1D systems.

We synthesized multiwall carbon nanotubes using arc discharged method and
multiwall BN nanotubes using chemical vapor deposition method. The samples
exhibit outer diameter of 30—40 nm and lengths ~10 wm. The highly disparity
of thermal conductivity along the nanotube axis and across the shells makes the
heat current mostly concentrated on the outermost shell where the contacts are
connected and the external heat current is injected. As shown in Fig. 8.12, if we
assume the cross sectional area of a multiwall nanotube carrying the heat current to
be the entire shell area (A = wd?/4, where d is the outer diameter of the multiwall
nanotube), ¥ would display an inverse, linear dependence on d [61]. The result
suggest that if we assume that the outermost shell carries the heat current only (i.e.
A = ndé§, where = 0.34 nm is the thickness of the shell), the equivalent « would be
independent of d. In addition, the equivalent ¥ (~5800 W/m-K at room temperature)
would be close to the theoretical limit of a single-wall carbon nanotube [62]. The
result suggests that heat currents are likely to flow at the outermost shell of a
multiwall nanotube.

We note that the conventional two-probe method is inadequate to unravel non-
Fourier thermal conduction phenomena from unwanted effects of contact thermal
resistance. To overcome the difficulty, we invent a sequential multiprobe method
that can establish a sample’s deviation from Fourier’s law behavior even with the
presence of finite contact thermal resistances. Figure 8.13 display the experimental
procedure for a BN nanotube attached to the test fixture via two Pt/C composites
[trimethyl)methylcyclopentadienyl platinum, (CH3)3(CH3CsH4)Pt] deposition. The
right contact attaches the nanotube to the top of a preformed vertical “rib” on
the right pad. The vertical ribs ensure that the nanotube is fully suspended along
its entire length between the contacts. Then the K of the nanotube is measured.
Following the measurement, an additional Pt/C composite is deposited, gradually
reducing the suspended length, as shown in Fig. 8.13. Although it is known that the
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Fig. 8.13 A series of SEM images showing a sequence of Pt/C composite deposition that gradually
reduces the suspended length of a BN nanotube whose original length is 7.01 pum [63]
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Fig. 8.14 (a) A schematic normalized resistance vs. normalized length relation showing the
possible results of the multiprobe method; including ballistic conduction with zero contact
resistance (blue dashed line), ballistic conductor with small contact resistance (solid curve with
symbols), diffusive conductor with zero contact resistance (dashed red line), ballistic conductor
with large contact resistance (dark blue curve with symbols), and diffusive conductor with finite
contact resistance (red solid line with symbols). Data of non-Fourier thermal conductor (with small
contact resistance) will fall into the cyan region. (b) Experimental data for four carbon nanotubes
(open symbols) and two BN nanotubes (solid red and green symbols) [63]

Pt/C composite could diffuse along the nanotube, its contribution to the total thermal
conductance is less than 2 %, determined by a controlled experiment.

The advantage of the multiprobe method is to discern the diffusive thermal
conduction with ballistic transport phenomena even with finite contact thermal
resistances. As illustrated in Fig. 8.14a, when plotting normalized thermal resistance
vs. normalized L and assuming the contact thermal resistance is zero, ballistic
transport will yield the horizontal blue dashed line while diffusive conduction
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will be at the red dashed line. When the contact thermal resistance is small, the
results of ballistic transport will fall within the blue region shown in Fig. 8.14a
while the results of diffusive conduction will be located below the red dashed line.
Of course, when the contact thermal resistance is large, the results of ballistic
transport may fall below the red dashed line as well, making it indistinguishable
from diffusive conduction. Nevertheless, the multiprobe method can help us to
experimentally discern the differences between ballistic transport and diffusive
conduction if contact thermal resistances are not dominant.

Figure 8.14b shows the measured data for four carbon nanotubes and two BN
nanotubes. It is clear that all of the data consistently lie above the red dashed
line. The results demonstrate that the multiwall nanotubes are non-Fourier thermal
conductors at room temperature. Furthermore, we note that electrical conduction
of a multiwall carbon nanotube should be nearly diffusive. Thus simultaneous
investigating the electrical/thermal resistance vs. L on the same sample will provide
the best controlled experiment to check the validity of our findings. Figure 8.15
shows the normalized electrical/thermal resistance vs. normalized L, it can be seen
that the electrical transport behavior is very close to the expected diffusive result.
On the other hand, the thermal transport significantly deviates from the diffusive
result. The experiment strongly supports that multiwall nanotubes are non-Fourier
thermal conductors.

A violation of Fourier’s law can be quantified by parametrizing « ~ L*. To deter-
mine o, we will employ circuit models to analyze our measured data. Mathemat-
ically, because there are uncertainties on whether each Pt/C composite deposition
may connect to the adjacent contacts, we utilize two thermal circuit models to
consider the two extreme situations, as shown in Fig. 8.16. In model A, each contact
is separated from others. The thermal resistance of the sample between each contact
post is equivalent to a series of resistors Rs(n) (n = sequence number) connected to
each other, with contact resistance R (n) representing each deposition connected in
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Fig. 8.16 Two circuit models Model A Rs(5) Rs{d) Rs(3) Rs(2)
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parallel to the Ry(n)’s. Each R (n) and R.(n) has been adjusted for the corresponding
geometrical factors, i.e., Ry(n) = Ri(n)’™® and R.(n) = R./l(n), where I(n) is the
length of the nth contact. In model B, we consider the contacts are shorted to each
other. The two models qualitatively yield the expected results shown in Fig. 8.14a.
However, we find that model B generally yields a higher « (i.e. a large deviation
from Fourier’s law) than does model A. In the following, we will take conservative
estimation on « and focus on the results based on model A.

Figure 8.17a, b show the fitting results using circuit model A for a carbon
nanotube and a BN nanotube. It is clear that Fourier’s law gives poor fits to the
experimental data. The best fit is found to occur at o« = 0.6 for the carbon nanotube
and o = 0.5 for the BN nanotube, respectively. The contact resistance of the first
deposition contributes less than 28 % and 25 % to the original thermal resistance,
respectively.

We have repeated the analyses for different nanotubes. Generally, we find
a = 0.6-0.8 for carbon nanotubes and o = 0.4-0.6 for BN nanotubes. The differ-
ence may originate from the differences of isotopic disorder between BN nanotubes
and carbon nanotubes (boron has 19.9 % '°B and 80.1 % !'B isotopic disorder,
whereas carbon has 99 % '2C).

The phonon mean free paths (/) of the investigated multiwall nanotubes were
estimated to be /=20-50 nm using a simplified relation ¥ = Cvl, where C and
v are, respectively, the specific heat and averaged sound velocity ~15 km/s. But
the values are now known to be underestimated due to the ignorance of phonon
dispersion relation. In fact, experiments on inducing breakdown of multiwall carbon
nanotubes by biasing high electrical currents have suggested that the phonon
mean free path to be in the range of 800 nm at high temperature. If we use the
effective k¥ ~ 5800 W/m-K of the outermost shell for the estimation, the [ could
be larger than 1 wm. Therefore, although we have provided solid evidence for
non-Fourier thermal conduction in multiwall carbon nanotubes and BN nanotubes,
it is possible that the above results are due to mixed effects from conventional
ballistic thermal conduction. In fact, the sample length variation shorter than 6 pm
and the large «’s (0.6-0.8, much larger than theoretical predictions) have suggest
that the condition for probing anomalous thermal conduction in 1D systems is
not rigorously satisfied in the investigated multiwall nanotubes. The non-Fourier
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Fig. 8.17 Normalized thermal resistance vs. normalized sample length for (a) CNT sample 4
(solid circles), best fit using o = 0.6 (open stars), and best fit using Fourier’s law (open circles).
(b) BN nanotube sample 2 (solid diamonds), best fit using o = 0.4 (open stars), and best fit using
Fourier’s law (open circles) [63]

thermal conduction observed in multiwall nanotubes is possible to be mixed with
conventional ballistic thermal transport phenomena.

8.6 Non-Fourier (Anomalous) Thermal Conduction
in Ultralong Carbon Nanotubes

As we have explained in previous sections, although thermal transport measure-
ments on SiGe nanowires, Si-Ge interfaces, and multiwall nanotube reveals interest-
ing ballistic thermal conduction at room temperatures, the observed phenomena are
still within the conventional knowledge of ballistic conduction. To experimentally
probe anomalous thermal conduction phenomena in 1D systems, nanoscale samples
with lengths much larger than / must be used for our investigations. However, it is
not a trivial task. We not only need to evade contributions from ballistic phonons
by studying sufficiently long nanomaterials, but also need to minimize unwanted
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effects such as impurity distributions or defect concentrations that may complicate
the experimental results.

On the other hand, theoretical disputes on many issues of anomalous thermal
conduction have not completely settled yet. For example, while the power law
divergence of «’s in 1D models have been known to be insensitive to disorders,
it is not clear whether there would exist a universal « for all 1D systems [64].
Even though the renormalization group analyses have suggested a universal o = 1/3
[65], various numerical results have indicated otherwise [66, 67]. Moreover, mode-
coupling theory and molecular dynamics simulations have suggested a wide range
of o’s depending on the temperatures, diameters, and chiralities of a quasi-1D
system like a single-wall carbon nanotube (SWCNT) [68, 69]. Curiously, while the
divergence of x have been rigorously proved in 1D systems obeying momentum
conservation [70], calculations based on solving the Boltzmann transport equation
instead suggest that the  will saturate at a constant value for a defect-free, sufficient
long (10 pm~ 1 mm) SWCNT [71, 72]. Contrary to 1D systems, the calculations
also suggest that disorders can facilitate the saturation of « at much shorter lengths
(<100 nm) [71]. However, it is not clear why a quasi-1D system like a SWCNT
could show normal heat conduction behavior even when both 1D and 2D systems are
known to violate Fourier’s law. The fundamental disagreements between different
theories urgently await experimental inputs to resolve the controversy.

To rigorously study the fundamental heat transfer phenomena, we have con-
siderably improved the material syntheses and the measurement sensitivities over
previous setups. Ultralong SWCNTs with lengths exceeding 2 cm were grown
using chemical vapor deposition methods [73, 74]. Individual SWCNTs were picked
up by a custom-designed manipulator and placed on a thermal conductivity test
fixture consisting of parallel suspended SiNy beams, as shown in Fig. 8.18a. The
suspended SiNy beams with deposited Pt films were utilized as independent resistive
thermometers (RT;’s) for generating heat or sensing temperature variations. From
the thermal circuits shown in Fig. 8.18b, the thermal conductance (K) of the
SWCNT anchored between RT; and RT, can be determined as follows:

_ 2P(ﬁ2+ﬁ3 +...)
7 3AT, (3AT, - AT,)

(8.12)

where P is power, AT; (i=1, 2) is the average temperature rise of each RT;
and can be determined by measuring the resistance (R) variations of the Pt films
based on their linear R vs T behavior. During the experiment, an alternating
current with frequency f (f <7 Hz) was supplied to the heater (RT;) and the
corresponding changes of the temperature on the sensor (RT,) was detected at
frequency 2f using a lock-in amplifier. The background contribution due to radiation
heat transfer had been carefully removed and the thermal conductance of the
SWCNT anchored between any two neighboring RT;’s was obtained using a similar
method (Fig. 8.18c). Due to the much reduced heat loss via SiNy beams, we
demonstrated that the test fixture was capable of measuring thermal conductance as
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RT,RT, RT, RT,

Fig. 8.18 (a) Schematic diagram of the thermal conductivity test fixture consisting of parallel
resistive thermometers (RT;’s) made by Pt films on SiNy beams. (b and ¢) The corresponding
thermal circuits showing the respective SWCNT thermal resistance (R;), SiNy beam thermal
resistance (Rp;), heat currents at each SiNy beam (P;), and temperature rise (7;—7)) if a given
power (P) is dissipated in (b) RT; or (c) RT,, respectively

low as 1.6 x 10712 W/K at room temperature. We assumed the diameters d =2 nm
of the investigated SWCNT and the corresponding x = KL/md§ can be determined
(SWCNT thickness § = 0.34 nm). The L’s of the investigated SWCNTSs span from
2 pm (Fig. 8.19a) to 126 pm (Fig. 8.19b). Note that the latter scale is much longer
than the theoretical / of a SWCNT [75, 76]. Therefore, any deviations from Fourier’s
law observed in our experimental data should not be confused with conventional
ballistic thermal conduction.

Figure 8.20 shows k vs. L relations for the investigated SWCNT. The L’s of the
investigated SWCNTSs span two orders of magnitude, varying from 2 to 126 pm.
Remarkably, the «’s of SWCNTSs display divergent behavior with increasing L. As
shown in Fig. 8.20, it is found that ¥ =2082 W/m-K for L =4 pm and it increases
to 2757 W/m-K for L="7.7 pm, 2879 W/m-K for L =15.5 pm, 3738 W/m-K for
L=96.2 pm, and 4332 W/m-K for L =126 pm. Note that the effect of contact
thermal resistance has not been taken into account yet. Thus x =4332 W/m-K is
simply a lower bound.

The violation of Fourier’s law in SWCNTSs can be quantified by expressing
k ~ L. Various models have suggested o = 1/2, 1/3, or 2/5 for different 1D systems
[3]. Because it is known that the diameter and the chirality do not change in an
ultralong SWCNT [73], the former two uncertainties can be minimized by analyzing
the length dependence of k of the same sample. From Fig. 8.20, the « is found to
be 0.19. But since effects of contact resistance and radiation loss have not been
considered here, the o could be a lower bound.
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Fig. 8.19 SEM images of an individual SWCNT suspended on the test fixture. The suspended
length varies from (a) 4 wm to (b) 126 um
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Fig. 8.20 The « vs. L relation for the investigated SWCNT. The solid curve is a fit using « = 0.19

We now analyze the effect of contact thermal resistance. Because the contact
areas (~dw, where d is the diameter of the SWCNT and w =2 pm is the width of a
SiNy beam) between the SWCNT and each RT;’s are identical, the contact thermal
resistance (1/K.) should be approximately a constant for each sample and its effect
can be analyzed in terms of K/K,, where Kj is the intrinsic thermal conductance of
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a 1 pum-long SWCNT. So SWCNT’s measured thermal conductance (K) follows:
1/K = (L/Ly)'~%/K; + 1/K., and the measured « is expressed as:

_ KL ( ! ) (8.13)
“7 7as \ (WL~ T K,JK. ‘

here Lo= lpm. We have incorporated the effect of contact resistance using
Eq. (8.13) to analyze our data. The result suggests that 0.17 <o <0.23 and
K /K. <0.3 yield good fits to the experimental data. Therefore, the observed
divergent behavior of « originates from the intrinsic properties of the ultralong
SWCNTs but not from artifacts of contact thermal resistance.

Now we discuss the effect of thermal radiation from the surface of a SWCNT
to our measurements. Because of thermal radiation from the surface of a SWCNT,
the heat received at the sensor will be always lower than that transmitted from the
heater. Thus Eq. (8.12) underestimates the actual P delivered in the SWCNT and,
correspondingly, the measured K,, simply sets the lower bound of the actual sample
thermal conductance K.

The thermal radiation from the SWCNT surface gives an equivalent thermal
resistance (R,) connecting from a SWCNT to the environment, which can be
expressed by:

R. = _T-To (8.14)
" oA (T -TY) '

where ¢ =0.98 is the emissivity of SWCNTs [77], 0 =5.67 x 1078 Wm=2 K™
is Stefan-Boltzmann constant, A = wdl is surface area of each segment, T is the
temperature of the SWCNT segment, and T, ~ 300 K is the temperature of the
environment.

In our experiment, T — T < 20 K, applying the first-order approximation we
then have:

1

N —— 8.15
4e0AT3, (8.15)

r

The higher-order terms contribute less than 10 % of Eq. (8.15). Now we estimate the
radio R,/R (where R is the thermal resistance of the SWCNT) Assuming the thermal
conductivity of a 1 pm-long SWCNT is ~3000 W/m-K and ¢ = 0.98, we have

r

R
=~ 2.45 % 10° (8.16)

The result suggests that thermal radiation is negligibly small for short SWCNTSs. In
fact, we estimate that it would give less than 5 % increase to the measured thermal
conductivity for a 100 pm-long SWCNT.
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Because naturally abundant ethanol vapor was used as the synthetic source,
isotopic impurities (98.9 % '>C and 1.1 % '3C) are expected in the SWCNTs.
In addition, impurities and defects are unavoidable for the investigated SWCNTs.
Furthermore, TEM images also reveal a thin layer (~2 nm) of amorphous carbon
covering some parts of the SWCNTs. Yet the non-Fourier thermal conduction
emerges regardless of these external perturbations, which is consistent with various
1D disordered models [64]. On the other hand, our data disagree with the theoretical
result based on solving Boltzmann transport equation that the divergent behavior of
k would disappear when disorders are introduced in SWCNTs [71].

We emphasize that the data simply reflects our preliminary results for shading
light on the non-Fourier (anomalous) thermal conduction in 1D systems. Although
the current result is not sufficient to resolve the theoretical controversies on the
universality of «, it nevertheless provides evidence that unconventional ballistic
thermal conduction can persist over 100 pm in a SWCNT. Because impurities
and defects are unavoidable in the investigated samples, the experimental result
also rules out some theoretical predictions that the non-Fourier thermal conduction
would disappear when defects are present. The observation of the anomalous ther-
mal conduction with o < 1 in ultralong SWCNTSs also indicates that the proposed
A > d (see the introduction section) is the correct criterion for defining 1D systems.

8.7 Conclusion

I have presented my personal journey of our experimentally searching for non-
Fourier thermal conduction phenomena in nanoscale materials. The room tem-
perature ballistic thermal conduction persisting over 8 yum in SiGe nanowires is
found to be the phenomena of conventional ballistic conduction. Furthermore, due
to the interlayer diffusion or the induced phonon localization at the heterogeneous
interface, conventional, micron-scale ballistic thermal conduction is found in Si-Ge
core-shell nanowires as well. These phenomena are very likely to be 3D effects
and they could be found in bulk samples as well. On the other hand, multiwall
carbon and BN nanotubes, due to their highly anisotropic thermal conductivities
and the absence of interlayer diffusion, are very likely to display 1D thermal
transport phenomena. Unfortunately, the micrometer-long samples have impeded
clear signals unique to 1D systems to emerge from the conventional ballistic
phonons. Thus the results of multiwall nanotubes are, rigorously speaking, falling
in the category of conventional ballistic thermal conduction. Finally, the quest for
unambiguous experimental evidence for the anomalous thermal conduction in 1D
systems prompts us to overcome various experimental challenges and measure the
thermal transport properties of ultralong single-wall carbon nanotubes. Our results
show that a disordered, quasi-1D system like a single-wall carbon nanotube can
display divergent « for length up to 100 wm, disagreeing with some theoretical
predictions. I believe that many unexpected phenomena can be discovered once
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experimental investigations are continuously improved to unravel the non-Fourier
thermal conduction.
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Chapter 9
Thermal Transport in Graphene, Few-Layer
Graphene and Graphene Nanoribbons

Denis L. Nika and Alexander A. Balandin

Abstract The discovery of unusual heat conduction properties of graphene has
led to a surge of theoretical and experimental studies of phonon transport in
two-dimensional material systems. The rapidly developing graphene thermal field
spans from theoretical physics to practical engineering applications. In this invited
review we outline different theoretical approaches developed for describing phonon
transport in graphene and provide comparison with available experimental thermal
conductivity data. A special attention is given to analysis of the recent theoretical
results for the phonon thermal conductivity of graphene and few-layer graphene, the
effects of the strain, defects, isotopes and edge scattering on the acoustic phonon
transport in these material systems.

9.1 Introduction

Thermal management has become a crucial issue for continuing progress in elec-
tronic industry owing to increased levels of dissipated power density and speed of
electronic circuits [1]. Self-heating is a major problem in electronics, optoelectron-
ics and photonics [2]. These facts stimulated practical interest in thermal properties
of materials. Acoustic phonons are the main heat carriers in a variety of material
systems. The phonon and thermal properties of nanostructures are substantially
different from those of bulk crystals [3—15]. Semiconductor nanostructures do not
conduct heat as well as bulk crystals due to increased phonon—boundary scattering
[4, 5] as well as changes in the phonon dispersion and density of states (DOS)
[3-8]. From the other side, theoretical studies suggested that phonon transport in
strictly two-dimensional (2D) and one-dimensional (1D) systems can reveal exotic
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behavior, leading to infinitely large intrinsic thermal conductivity [9—12]. These
theoretical results have led to discussions of the validity of Fourier’s law in low-
dimensional systems [16, 17] and further stimulated interest in the acoustic phonon
transport in 2D systems.

In this Chapter, we focus on the specifics of the acoustic phonon transport in
graphene. The Chapter is mostly based on our original and review papers dedicated
to various aspects of heat conduction in graphene [18-28]. After a summary of the
basics of thermal physics in nanostructures and experimental data for graphene’s
thermal conductivity, we discuss, in more detail, various theoretical approaches
to calculation of the phonon thermal conductivity in graphene. Special attention
is given to the analysis of the most recent theoretical results on the relative
contributions of different phonon polarization branches to the thermal conductivity
of graphene. The readers interested in the experimental thermal conductivity values
of graphene and related materials are referred to a complementary review [18].

9.2 Basics of Phonon Transport and Thermal Conductivity

The main experimental technique for investigation of the acoustic phonon transport
in a given material system is the measurement of its lattice thermal conductivity [29,
30]. The thermal conductivity is introduced through Fourier’s law [31, 32]:

$ = —KVT, 9.1)

where T¢>> is the heat flux, VT is the temperature gradient and K = (Ka,g) is the
thermal conductivity tensor. In the isotropic medium, thermal conductivity does
not depend on the direction of the heat flow and K is treated as a constant. The
latter is valid for the small temperature variations only. In a wide temperature range,
thermal conductivity is a function of temperature, i.e. K = K(7T). In general, in solid
materials heat is carried by phonons and electrons so that K= K, + K., where
K, and K, are the phonon and electron contributions, respectively. In metals or
degenerately-doped semiconductors, K, is dominant due to the large density of free
carriers. The value of K, can be determined from the measurement of the electrical
conductivity o via the Wiedemann-Franz law [33]:

K, _ Jrzklz3
oT 32’

9.2)

where kp is the Boltzmann’s constant and e is the charge of an electron. Phonons
are usually the main heat carriers in carbon materials. Even in graphite, which has
metal-like properties [34], the heat conduction is dominated by acoustic phonons
[35]. This fact is explained by the strong covalent sp?> bonding, resulting in high
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in-plane phonon group velocities and low crystal lattice anharmonicity for in-plane
vibrations.
The phonon thermal conductivity can be written as

K =3[ G@) v @) 1y 0) 5 @) do. ©3)

where summation is performed over the phonon polarization branches j, which
include two transverse acoustic branches and one longitudinal acoustic branch, v,;
is the projection of the phonon group velocity 7; = dw; /dq on the X-axis for
the jth branch, which, in many solids, can be approximated by the sound velocity,
7; is the phonon relaxation time, C; = hw;dNo (hw;/kgT) /0T is the contribution
to heat capacity from the jth branch, and Ny (Z%) = [exp (/Z_MT/) - 1] l is the
Bose-Einstein phonon equilibrium distribution function. The phonon mean-free
path (MFP) A is related to the relaxation time through the expression A = tv.
In the relaxation-time approximation (RTA), various scattering mechanisms, which

limit the MFP, usually considered as additive, i.e. rj_l = Z fi_jl’ where i denotes

scattering mechanisms. In typical solids, acoustic phononsl, which carry the bulk
of heat, are scattered by other phonons, lattice defects, impurities, conduction
electrons, and interfaces [36-39].

In ideal crystals, i.e. crystals without defects or rough boundaries, A is limited by
the phonon—phonon scattering due to the crystal lattice anharmonicity. In this case,
thermal conductivity is referred to as intrinsic. The anharmonic phonon interactions,
which lead to the finite thermal conductivity in three dimensions, can be described
by the Umklapp processes [36]. The Umklapp scattering rates depend on the
Gruneisen parameter y, which determines the degree of the lattice anharmonicity
[36, 37]. Thermal conductivity is extrinsic when it is mostly limited by the extrinsic
effects such phonon—boundary or phonon—defect scattering.

In nanostructures, the phonon energy spectra are quantized due to the spatial
confinement of the acoustic phonons. The quantization of the phonon energy
spectra, typically, leads to decreasing phonon group velocity. The modification of
the phonon energies, group velocities and density of states, together with phonon
scattering from boundaries affect the thermal conductivity of nanostructures. In
most of cases, the spatial confinement of acoustic phonons results in a reduction
of the phonon thermal conductivity [40, 41]. However, in some cases, the thermal
conductivity of nanostructures embedded within the acoustically hard barrier layers
can be increased via spatial confinement of acoustic phonons [6, 7, 10, 42].

The phonon boundary scattering can be evaluated as [39]

1 _szil—p

94
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where D is the nanostructure or grain size and p is the specularity parameter defined
as a probability of specular scattering at the boundary. The momentum-conserving
specular scattering (p = 1) does not add to thermal resistance. Only diffuse phonon
scattering from rough interfaces (p—0), which changes the phonon momentum,
limits the phonon MFP. The commonly used expression for the phonon specularity
is given by [39, 43, 44]

16 2.2
p(A) =exp (— Zzn ) , (9.5)

where 7 is the root mean square deviation of the height of the surface from the
reference plane and A is the phonon wavelength.

When the phonon—boundary scattering is dominant, the thermal conductivity
scales with the nanostructure or grain size D as K, ~ C,uA ~ CI,UZ‘EB ~ CpyuD.In
nanostructures with D < A, the thermal conductivity dependence on the physical
size of the structure becomes more complicated due to the strong quantization
of the phonon energy spectra [6, 40, 42]. The specific heat C, depends on the
phonon density of states, which leads to different C,(T) dependences in three-
dimensional (3D), two-dimensional and one-dimensional systems, and reflected in
K(T) dependence at low T [36, 39]. In bulk at low T, K(T') ~ T’ while it is K(T) ~ T?
in 2D systems.

The thermal conductivity K defines how well a given material conducts heat. The
thermal diffusivity, « , defines how fast the material conducts heat. It is given by the
expression

K
Cpom’

o= (9.6)

where p,, is the mass density. Many experimental techniques directly measure
thermal diffusivity rather than thermal conductivity.

9.3 Experimental Data for Thermal Conductivity
of Graphene and Few-Layer Graphene

The first measurements of heat conduction in graphene [19-22, 45, 46] were carried
out at the University of California—Riverside (see Fig. 9.1). The experimental study
was made possible by the development of the optothermal technique. The exper-
iments were performed with the large-area suspended graphene layers exfoliated
from the high-quality Kish and highly ordered pyrolytic graphite. It was found that
the thermal conductivity varies in a wide range and can exceed that of the bulk
graphite, which is ~2000 W/mK at room temperature (RT). It was also determined
that the electronic contribution to heat conduction in the un-gated graphene near RT
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Fig. 9.1 Illustration of optothermal micro-Raman measurement technique developed for investi-
gation of phonon transport in graphene. (a) Schematic of the thermal conductivity measurement
showing suspended FLG flakes and excitation laser light. (b) Optical microscopy images of FLG
attached to metal heat sinks. (¢) Colored scanning electron microscopy image of the suspended
graphene flake to clarify typical structure geometry. (d) Experimental data for Raman G-peak
position as a function of laser power, which determines the local temperature rise in response to
the dissipated power. (e) Finite-element simulation of temperature distribution in the flake with the
given geometry used to extract the thermal conductivity. Figure is after Ref. [22] reproduced with
permission from the Nature Publishing Group

is much smaller than that of phonons, i.e. K, < K},. The phonon MFP in graphene
was estimated to be on the order of 800 nm near RT [20].

Several independent studies, which followed, also utilized the Raman optother-
mal technique but modified it via addition of a power meter under the suspended
portion of graphene. It was found that the thermal conductivity of suspended high-
quality chemical vapour deposited (CVD) graphene exceeded ~2500 W/mK at
350 K, and it was as high as K ~ 1400 W/mK at 500 K [47]. The reported value was
also larger than the thermal conductivity of bulk graphite at RT. Another Raman
optothermal study with the suspended graphene found the thermal conductivity
in the range from ~1500 to ~5000 W/mK [48]. Another group that repeated
the Raman-based measurements found K ~ 630 W/mK for a suspended graphene
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membrane [49]. The differences in the actual temperature of graphene under
laser heating, strain distribution in the suspended graphene of various sizes and
geometries can explain the data variation.

Another experimental study reported the thermal conductivity of graphene to be
~1800 W/mK at 325 K and ~710 W/mK at 500 K [50]. These values are lower
than that of bulk graphite. However, instead of measuring the light absorption in
graphene under conditions of their experiment, the authors of Ref. [50] assumed that
the optical absorption coefficient should be 2.3 %. It is known that due to many-body
effects, the absorption in graphene is the function of wavelength A, when A > 1 eV
[51-53]. The absorption of 2.3 % is observed only in the near-infrared at ~1 eV.
The absorption steadily increases with decreasing A (increasing energy). The 514.5-
nm and 488-nm Raman laser lines correspond to 2.41 and 2.54 eV, respectively. At
2.41 eV the absorption is about 1.5 x 2.3 % =& 3.45 % [51]. The value of 3.45 % is
in agreement with the one reported in another independent study [54]. Replacing
the assumed 2.3 % with 3.45 % in the study reported in [50] gives ~2700 W/mK at
325 K and 1065 W/mK near 500 K. These values are higher than those for the bulk
graphite and consistent with the data reported by other groups [47, 54], where the
measurements were conducted by the same Raman optothermal technique but with
the measured light absorption.

The data for suspended or partially suspended graphene is closer to the intrinsic
thermal conductivity because suspension reduces thermal coupling to the substrate
and scattering on the substrate defects and impurities. The thermal conductivity of
fully supported graphene is smaller. The measurements for exfoliated graphene on
Si0,/Si revealed in-plane K ~ 600 W/mK near RT [55]. Solving the Boltzmann
transport equation (BTE) and comparing with their experiments, the authors
determined that the thermal conductivity of free graphene should be ~3000 W/mK
near RT.

Despite the noted data scatter in the reported experimental values of the thermal
conductivity of graphene, one can conclude that it is very large compared to that
for bulk silicon (K = 145 W/mK at RT) or bulk copper (K =400 W/mK at RT)—
important materials for electronic applications. The differences in K of graphene can
be attributed to variations in the graphene sample lateral sizes (length and width),
thickness non-uniformity due to the mixing between single-layer and few-layer
graphene, material quality (e.g. defect concentration and surface contaminations),
grain size and orientation, as well as strain distributions. Often the reported thermal
conductivity values of graphene corresponded to different sample temperatures 7,
despite the fact that the measurements were conducted at ambient temperature. The
strong heating of the samples was required due to the limited spectral resolution
of the Raman spectrometers used for temperature measurements. Naturally, the
thermal conductivity values determined at ambient but for the samples heated to
T ~350 K and T ~ 600 K over a substantial portion of their area would be different
and cannot be directly compared. One should also note that the data scatter for
thermal conductivity of carbon nanotubes (CNTs) is much larger than that for
graphene. For a more detail analysis of the experimental uncertainties the readers
are referred to a comprehensive review [18].
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The phonon thermal conductivity undergoes an interesting evolution when the
system dimensionality changes from 2D to 3D. This evolution can be studied
with the help of suspended few-layer graphene (FLG) with increasing thickness
H—number of atomic planes n. It was reported in [22] that thermal conductivity
of suspended uncapped FLG decreases with increasing n approaching the bulk
graphite limit (see Fig. 9.2). This trend was explained by considering the intrinsic
quasi-2D crystal properties described by the phonon Umklapp scattering [22]. As
n in FLG increases—the phonon dispersion changes and more phase-space states
become available for phonon scattering leading to thermal conductivity decrease.
The phonon scattering from the top and bottom boundaries in suspended FLG is
limited if constant n is maintained over the layer length. The small thickness of
FLG (n < 4) also means that phonons do not have transverse cross-plane component
in their group velocity leading to even weaker boundary scattering term for the
phonons. In thicker FLG films the boundary scattering can increase due to the
non-zero cross-plane phonon velocity component. It is also harder to maintain the
constant thickness through the whole area of FLG flake. These factors can lead to
a thermal conductivity below the graphite limit. The graphite value is recovered for
thicker films.
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The experimentally observed evolution of the thermal conductivity in FLG with
n varying from 1 to n ~4 [22] is in agreement with the theory for the crystal lattices
described by the Fermi-Pasta-Ulam Hamiltonians [56]. The molecular-dynamics
(MD) calculations for graphene nanoribbons with the number of planes n from
1 to 8 [57] also gave the thickness dependence of the thermal conductivity in
agreement with the UC Riverside experiments [22]. The strong reduction of the
thermal conductivity as n changes from 1 to 2 is in line with the earlier theoretical
predictions [58]. In another reported study, the Boltzmann transport equation was
solved under the assumptions that in-plane interactions are described by Tersoff
potential while the Lennard-Jones potential models interactions between atoms
belonging to different layers [59, 60]. The obtained results suggested a strong
thermal conductivity decrease as n changed from 1 to 2 and slower decrease for
n>2.

The thermal conductivity dependence on the FLG is entirely different for the
encased FLG where thermal transport is limited by the acoustic phonon scattering
from the top and bottom boundaries and disorder. The latter is common when FLG
is embedded between two layers of dielectrics.

An experimental study [61] found K~ 160 W/mK for encased single-layer
graphene (SLG) at T =310 K. It increases to ~1000 W/mK for graphite films with
the thickness of 8 nm. It was also found that the suppression of thermal conductivity
in encased graphene, as compared to bulk graphite, was stronger at low temperatures
where K was proportional to 7% with 1.5 < <2 [61]. Thermal conduction in
encased FLG was limited by the rough boundary scattering and disorder penetration
through graphene.

Recently the measurements of K in twisted bilayer graphene (T-BLG) were
performed using an optothermal Raman technique [62]. The obtained values of
K =1400-700 W/mK in a temperature range 320750 K are almost by a factor of
2 smaller than in SLG and by a factor of 1.4 smaller than in Bernal-stacked bilayer
graphene (BLG). The twisting affects phonon energy spectra, changes selection
rules for phonon transitions and opens up new paths for phonon relaxation [62—
64] (see Fig. 9.3). The experimental data on thermal conductivity in graphene and
FLG is presented in Table 9.1.

9.4 Theories of Phonon Thermal Conductivity in Graphene,
Few-Layer Graphene and Graphene Nanoribbons

The first experimental investigations of the thermal properties in graphene materials
[19, 20, 22, 47, 48, 55] stimulated numerous theoretical and computational works
in the field. Here, we briefly review the state-of-the-art in theory of thermal
transport in graphene and GNRs. Many different theoretical models have been
proposed for the prediction of the phonon and thermal properties in graphite,
graphene and GNRs during the last few years. The phonon energy spectra have
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after Ref. [62] reproduced with permission from the Royal Society of Chemistry

been theoretically investigated using Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA) [71-73], valence-force-field (VFF) and Born-von Karman
models of lattice vibrations [23, 24, 26, 63, 74, 75], continuum approach [76—
78], first-order local density approximation [72, 79, 80], fifth- and fourth-nearest
neighbor force constant approaches [73, 81] or utilized the Tersoff, Brenner or
Lennard-Jones potentials [59, 60, 82]. The thermal conductivity investigations
have been performed within molecular dynamics simulations [57, 83-98], density
functional theory [99, 100], Green’s function method [101, 102] and Boltzmann-
transport-equation (BTE) approach [21-26, 35, 45, 46, 59, 60, 82, 103—106]. It has
been shown that phonon energies strongly depend on the interatomic force constants
(IFCs)—fitting parameters of interatomic interactions, used in the majority of the
models. Therefore a proper choice of interatomic force constants is crucial for the
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Table 9.1 Thermal conductivity of graphene and graphene nanoribbons: experimental data

Sample
SLG

Bilayer graphene

Twisted bilayer

FLG

FLG nanoribbons

K (W/mK)
~2000-5000

~2500

~1500-5000

600

600

310-530

2778 £ 569

~1700

~1900

560-620

~1400

1300-2800

50-970

150-1200

1100

80-150

Method
Raman optothermal

Raman optothermal

Raman optothermal

Raman optothermal

Electrical

Electrical self-heating

Raman optothermal

Electrical self heating

Raman optothermal

Electrical self-heating

Raman optothermal
Raman optothermal
Heat-spreader method

Electrical self-heating

Electrical self-heating

Electrical self-heating

Description

Suspended;
exfoliated
Suspended; chemical
vapor deposition
(CVD) grown
Suspended; CVD
grown

Suspended;
exfoliated;

T~ 660 K
Supported;
exfoliated;
Exfoliated and
chemical vapor
deposition grown;
T~ 1000 K
Suspended,
CVD-grown
Suspended;
CVD-grown; flake
length ~ 9 pm;
strong length
dependence
Suspended;
T~320K
Suspended;
polymeric residues
on the surface.
Suspended;
T~320K
Suspended;
exfoliated; n =24
FLG, encased within
SiOy;n=2, ...,21
Suspended and
supported FLG;
polymeric residues
on the surface.
Supported;
exfoliated; n <5

Supported

Refs.
[19, 20]

[47]

(48]

[49]

[55]

[65]

[62]

[66]

[62]

[67]

[62]

[22]

[61]

[68]

[69]

[70]
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accurate description of phonon energy spectra and thermal conductivity in graphene,
twisted graphene and graphene nanoribbons [18, 27, 28, 63].

Although various models predicted different values of thermal conductivity,
they demonstrated consistent results on the strong dependence of graphene lattice
thermal conductivity on extrinsic parameters of flakes: edge quality, FLG thickness,
lateral size and shape, lattice strain, isotope, impurity and grain concentration.
The molecular dynamic (MD) simulations give usually smaller values of thermal
conductivity in comparison with BTE model and experimental data due to exclusion
of long wavelength phonons from the model by a finite size of the simulation domain
[27]. The effect of the edge roughness on the thermal conductivity in graphene and
GNRs has been investigated in [21, 23-26, 45, 46, 78, 83, 103, 106—108]. The rough
edge can suppress the thermal conductivity by an order of magnitude as compared
to that in graphene or GNRs with perfect edges due to the boundary scattering of
phonons. Impurities, single vacancies, double vacancies and Stone-Wales defects
decrease the thermal conductivity of graphene and GNRs by more than 50-80 % in
dependence of the defect concentration [21, 23, 24, 26, 89-93].

A study of thermal conductivity of graphene and GNRs under strain was
performed in [87, 99—-102, 109]. An enhancement of the thermal conductivity of up
to 36 % for the strained 5-nm armchair or zigzag GNRs was found in the ballistic
transport regime [102]. In the diffusive transport regime, the applied strain enhanced
the Umklapp scattering and thermal conductivity diminishes by ~1.4 orders of
magnitude at RT in comparison with the unstrained graphene [100]. The authors
of Ref. [87] have found that when the strain is applied in both directions—parallel
and perpendicular to the heat transfer path—the graphene sheets undergo complex
reconstructions. As a result, some of the strained graphene structures can have
higher thermal conductivity than that of SLG without strain [87]. The discrepancy
between theoretical findings and experiments requires additional investigations of
thermal transport in strained graphene and GNRs. The isotope composition is
another key parameter for thermal conductivity engineering in these materials [18,
27, 28, 110-114]. Naturally occurring carbon materials are made up of two stable
isotopes of 12C (~99 %) and 13C (~1 %). The change in the isotope composition
significantly influences the crystal lattice properties. Increasing the “isotope doping”
leads to a suppression of the thermal conductivity in graphene and GNRs of up to
two orders of magnitude at RT due to the enhanced phonon-point defect (mass-
difference) scattering [27, 105, 110-114].

Graphene and GNRs also demonstrated an intriguing dependence of the thermal
conductivity on their geometrical parameters: lateral sizes and shapes [23, 24, 26,
78, 94-97, 106]. Using BTE approach, Nika et al. [26] have demonstrated that RT
thermal conductivity of a rectangular graphene flake with 5 um width increases with
length L up to L ~40-200 wm and converges for L > 50-1000 um in dependence on
the phonon boundary scattering parameter p (see Fig. 9.4a). The dependence of the
thermal conductivity on L is non-monotonic, which is explained by the interplay
between contribution to the thermal conductivity from two groups of phonons:
participating and non-participating in the edge scattering [26]. The exceptionally
large mean free path (MFP) of the acoustic phonons in graphene is essential for this
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Fig. 9.4 (a) Dependence of the thermal conductivity of the rectangular graphene ribbon on the
ribbon length L shown for different specular parameters p. The ribbon width is fixed at d =5 pm.
(b) Dependence of the thermal conductivity of the rectangular graphene ribbon on the ribbon length
L shown for different ribbon width d. The specular parameter is fixed at p = 0.9. Note in both panels
an unusual non-monotonic length dependence of the thermal conductivity, which results from the
exceptionally long phonon mean free path of the low-energy phonons and their angle-dependent
scattering from the ribbon edge. Figure is after Ref. [26] reproduced with permission from the
American Chemical Society

effect. The increase in the flake width or phonon edge scattering (see Fig. 9.4a, b)
attenuates the non-monotonic behavior. It disappears in circular flakes or flakes with
very rough edges (with specular parameter p <0.5).

A number of studies [94-96] employed the MD simulations to investigate
the length dependence of the thermal conductivity in graphene and GNRs. The
converged thermal conductivity in graphene was found for L> 16 pwm in [94]. In
[95, 96] the thermal conductivity increases monotonically with an increase of the
length up to 2.8 wm in graphene [96] and 800 nm in GNRs [95]. The obvious length
dependence in graphene and GNRs can be attributed to the extremely large phonon
mean free path A ~ 775 nm [20], which provides noticeable length dependence even
for flakes with micrometer lengths.

Keblinsky and co-workers [83] found from the MD study that the thermal
conductivity of graphene is K ~ 8000-10,000 W/mK at RT for the square graphene
sheet. The K value was size independent for L>5 nm [83]. For the ribbons
with fixed L =10 nm and width W varying from 1 to 10 nm, K increased from
~1000 to 7000 W/mK. The thermal conductivity in GNR with rough edges
can be suppressed by orders of magnitude as compared to that in GNR with
perfect edges [83, 107]. The isotopic superlattice modulation of GNR or defects
of crystal lattices also significantly decreases the thermal conductivity [110, 115].
The uniaxial stretching applied in the longitudinal direction enhances the low-
temperature thermal conductance for the 5 nm arm-chair or zigzag GNR up to 36 %
due to the stretching-induced convergence of phonon spectra to the low-frequency
region [102].
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Aksamija and Knezevic [103] calculated the dependence of the thermal conduc-
tivity of GNR with the width 5 nm and RMS (root mean square) edge roughness
A =1 nm on temperature. The thermal conductivity was calculated taking into
account the three-phonon Umklapp, mass-defect and rough edge scatterings [103].
The authors obtained RT thermal conductivity K ~ 5500 W/mK for the graphene
nanoribbon. The study of the nonlinear thermal transport in rectangular and trian-
gular GNRs under the large temperature biases was reported in [116]. The authors
found that in short (~6 nm) rectangular GNRs, the negative differential thermal
conductance exists in a certain range of the applied temperature difference. As the
length of the rectangular GNR increases the effect weakens. A computational study
reported in [117] predicted that the combined effects of the edge roughness and
local defects play a dominant role in determining the thermal transport properties of
zigzag GNRs. The experimental data on thermal transport in GNRs is very limited.
In [69] the authors used an electrical self-heating methods and extracted the thermal
conductivity of sub 20-nm GNRs to be more than 1000 W/mK at 700-800 K.
A similar experimental method but with more accurate account of GNRs thermal
coupling to the substrate has been used in [70]. Pop and co-workers [70] found
substantially lower values of thermal conductivity of ~80-150 W/mK at RT.

Ong and Pop [86] examined thermal transport in graphene supported on SiO,
using MD simulations. The approach employed by the authors utilized the reactive
empirical bond order (REBO) potential to model the atomic interaction between the
C atoms, Munetoh potential to model the atomic interactions between the Si and O
atoms and Lennard-Jones potential to model the van der Waals type C-Si and C-O
couplings. Authors suggested that thermal conductivity in supported graphene is by
an order of magnitude smaller than that in suspended graphene due to damping of
the out-of-plane ZA phonons.

The strong dependence of the thermal conductivity of graphene on the defect
concentration was established in the computational studies reported in [84, 88]. Both
studies used MD simulations. According to Hao et al. [88] 2 % of the vacancies
or other defects can reduce the thermal conductivity of graphene by as much as
a factor of five to ten. Zhang et al. [84] determined from their MD simulations
that the thermal conductivity of pristine graphene should be ~2903 W/mK at RT.
According to their calculations the thermal conductivity of graphene can be reduced
by a factor of 1000 at the vacancy defect concentration of ~9 %. The numeric
results of Refs. [84, 88] suggest another possible explanation of the experimental
data scatter, which is different defect density in the examined graphene samples.
For example, if the measurements of the thermal conductivity of graphene by the
thermal bridge technique give smaller values than those by the Raman optothermal
technique, one should take into account that the thermal bridge technique requires
substantial number of fabrication steps, which result in residual defects.

The available theoretical values of phonon thermal conductivity in SLG, few-
layer graphene and GNRs are presented in Tables 9.2 and 9.3 at RT (if not indicated
otherwise). Readers interested in a more detailed description of theoretical models
for the heat conduction in graphene materials are referred to review papers [27, 28,
118].
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Table 9.2 Thermal conductivity of graphene and few-layer graphene: theoretical data

Sample
SLG

FLG

K (W/mK)
1000-8000
2000-8000

~2430

1500-3500

100-8000

20004000

~4000
~2900

~20,000

100-550

~3000
2360

4000-6000
~3600

~1250

1800
1000-1300

1000—4000
1000-3500

2000-3300
580-880

Method

BTE, Y14, Y1
BTE, y4(q)

BTE, 3rd-order
interatomic force constants
(IFCs)

BTE, 3rd-order IFCs
BTE

Continuum
approach + BTE

Ballistic
MD simulation

VFF 4+ MD simulation

MD simulation

MD simulation
MD simulation

MD simulation

Boltzmann-Peierls
equation + density
functional perturbation
theory

MD simulation

MD simulation
MD simulation

BTE, y5(¢)
BTE, 3rd-order IFCs

BTE, 3rd-order IFCs
MD simulation

D.L Nika and A.A Balandin

Description

Strong size dependence
Strong edge, width and
grunaisen parameter
dependence

K(graphene) > K (carbon
nanotube)

Strong size dependence
Strong length, size, shape and
edge dependence

Strong isotope, point-Defects
and strain influence

Strong width dependence
Strong dependence on the
vacancy concentration
Ballistic regime; flake
length ~ 5 pwm; strong width
and length dependence
Flake length L <200 nm;
strong length and defect
dependence

Sheet length ~ 15 pm; strong
size dependence

L~ 5 pm; strong length
dependence

Strong strain dependence

L =10 pum; insensitivity to
small isotropic strain

L =100 pm; strong length
dependence for L < 100 pm
6 nm X 6 nm sheet; isolated
6 nm X 6 nm sheet;
Cu-supported; strong
dependence on the interaction
strength between graphene
and substrate

n=_8 — 1, strong size
dependence

n=>5—1, strong size
dependence

n=4-—1

n=1>5— 1, strong dependence
on the Van-der Vaals bond
strength

Refs.
[24]
(23]

[119]

[59]

[26]

[78, 120]

[121]
[84]

[122]

(91]

(94]
[96]

[100]
[123]

[124]

(98]

(22]

[59]

[60]
(85]
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Table 9.3 Thermal conductivity of GNRs: theoretical data

K (W/mK) | Method Description Refs.
1000-7000 | Theory: molecular dynamics, Strong ribbon width and edge [83]
Tersoff dependence
~5500 BTE GNR with width of 5 pm; strong [103]
dependence on the edge roughness
~2000 MD simulation T=400K; 1.5nm X 5.7 nm [108]
zigzag GNR; strong edge chirality
influence
30-80 AIREBO potential + MD 10—zigzag and 19 -arm-chair [90, 92]
simulation nanoribbons; strong defect
dependence
3200-5200 | MD simulation Strong GNRs width (W) and [93]
length dependence;

9nm <L <27nm and 4 nm
<W<18nm

400-600 MD simulation K~L%%100nm < L<650nm |[95]

100-1000 | BTE GNRs supported on SiO,. strong [106]
edge and width dependence

500-300 MD simulation Few-layer GNRs; 10-ZGNR, [97]
n=1,...,5

9.4.1 Specifics of Two-Dimensional Phonon Transport

We now address in more detail some specifics of the acoustic phonon transport in 2D
systems. Investigation of the heat conduction in graphene [19, 20] and CNTs [125]
raised the issue of ambiguity in the definition of the intrinsic thermal conductivity
for 2D and 1D crystal lattices. It was theoretically shown that the intrinsic thermal
conductivity limited by the crystal anharmonicity has a finite value in 3D bulk
crystals [12, 56]. However, many theoretical models predict that the intrinsic thermal
conductivity reveals a logarithmic divergence in strictly 2D systems, K ~ In(N),
and the power-law divergence in 1D systems, K ~ N*, with the number of atoms
N(O<a<1)[12,16,56, 125-129]. The logarithmic divergence can be removed by
introduction of the extrinsic scattering mechanisms such as scattering from defects
or coupling to the substrate [56]. Alternatively, one can define the intrinsic thermal
conductivity of a 2D crystal for a given size of the crystal.

Graphene is not an ideal 2D crystal, considered in most of the theoretical
works, since graphene atoms vibrate in three directions. Nevertheless, the intrinsic
graphene thermal conductivity strongly depends on the graphene sheet size due
to weak scattering of the low-energy phonons by other phonons in the system.
Therefore, the phonon boundary scattering is an important mechanism for phonon
relaxation in graphene. Different studies [26, 130, 131] also suggested that an
accurate accounting of the higher-order anharmonic processes, i.e. above three-
phonon Umklapp scattering, and inclusion of the normal phonon processes into
consideration allow one to limit the low-energy phonon MFP. The normal phonon
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processes do not contribute directly to thermal resistance but affect the phonon mode
distribution [59, 119]. However, even these studies found that the graphene sample
has to be very large (>10 um) to obtain the size-independent thermal conductivity.

In BTE approach within relaxation time approximation the thermal conductivity
in quasi-2D system are given by [23, 26]:

1
K=—
AksT2h

Gmax

2 9.7)
xE :/ {[hwx(q)dws(q)} Tor (5,.9) exp [hwy(q)/kT] L
50

dq [exp [hoo(q) /KT] — 1]

Here fw,(g) is the phonon energy, 2 = 0.335 nm is the graphene layer thickness,
T, 18 the total phonon relaxation time, g is the phonon wavenumber, T is the
temperature and kg is the Boltzmann constant.

The specific phonon transport in the quasi—2D system such as graphene can
be illustrated with a simple expression for Umklapp—Ilimited thermal conductivity
derived by us in [24]:

M s Uf
Ky = T Z ,mazx F (g min» ®g max) » 9.8)
s=TA,LA s

where

hws max /kgT

F(a)x,minv ws,max) = %ds
ex —
hws min/kpT P (99)
= S hws.max/kBT
- [ln texp (§) — 1} + er® =& [
In the above equation, § = #w/kgT, and the upper cut-off frequencies

Wsmax are defined from the actual phonon dispersion in graphene [23]:
WA max = 27 f1A max(I ' K) = 241 rad/ps, 014 max = 27f74 max({'K) = 180 rad/ps. The
integrand in Eq. (9.9) can be further simplified near RT when Awg max > kpT, and it
can be expressed as

F(ws,min) ~ —In {|exp (hws,min/kBT) - 1|}

hw‘yvmin ex[’(hws.min/kBT) (910)

kBT exp(hws.min/kB T) -1

+

In Eqgs. (9.7, 9.8, 9.9, and 9.10) the contribution of ZA phonons to thermal transport
has been neglected [24, 35, 132] because of their low group velocity and large
Gruneisen parameter yz4 [24, 72].
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There is a clear difference between the heat transport in basal planes of bulk
graphite and in single layer graphene [35, 132]. In the former, the heat transport
is approximately two-dimensional only up to some lower-bound cut-off frequency
Wmin- Below iy there appears to be strong coupling with the cross-plane phonon
modes and heat starts to propagate in all directions, which reduces the contributions
of these low-energy modes to heat transport along basal planes to negligible values.
In bulk graphite, there is a physically reasonable reference point for the on-set of
the cross-plane coupling, which is the ZO’ phonon branch near ~4 THz observed
in the spectrum of bulk graphite [35, 133]. The presence of the ZO’ branch and
corresponding Wnin = W, (¢ = 0) allows one to avoid the logarithmic divergence
in the Umklapp-limited thermal conductivity integral [see Eqs. (9.7, 9.8, 9.9, and
9.10)] and calculate it without considering other scattering mechanisms.

The physics of heat conduction is principally different in graphene where the
phonon transport is 2D all the way to zero phonon frequency. Therefore the lower-
bound cut-off frequencies w; min for each s are determined from the condition that
the phonon MFP cannot exceed the physical size L of the flake, i.e.

Uy | MUy s max
W min = — — . (911)
Vs kBT L

We would like to emphasize here that using size-independent graphite @i, for SLG
or FLG (as has been proposed in [134]) is without scientific merit and leads to
an erroneous calculation of thermal conductivity, as described in detail in [25].
Equations (9.8, 9.9, 9.10, and 9.11) constitute a simple analytical model for the
calculation of the thermal conductivity of the graphene layer, which retains such
important features of graphene phonon spectra as different U and y for LA and TA
branches. The model also reflects the two-dimensional nature of heat transport in
graphene all the way down to zero phonon frequency.

In Fig. 9.5a, we present the dependence of thermal conductivity of graphene
on the dimension of the flake L. The data is presented for the averaged values
of the Gruneisen parameters y;4 = 1.8 and yp =0.75 obtained from ab initio
calculations, as well as for several other close sets of yrs 74 to illustrate the
sensitivity of the result to the Gruneisen parameters. For small graphene flakes,
the K dependence on L is rather strong. It weakens for flakes with L> 10 pm.
The calculated values are in good agreement with experimental data for suspended
exfoliated [19, 20] and CVD graphene [47, 48]. The horizontal dashed line indicates
the experimental thermal conductivity for bulk graphite, which is exceeded by
graphene’s thermal conductivity at smaller L. Thermal conductivity, presented in
Fig. 9.5, is an intrinsic quantity limited by the three-phonon Umklapp scattering
only. But it is determined for a specific graphene flake size since L defines the
lower-bound (long-wavelength) cut-off frequency in Umklapp scattering through
Eq. (9.11). In experiments, thermal conductivity is also limited by defect scattering.
When the size of the flake becomes very large with many polycrystalline grains,
the scattering on their boundaries will also lead to phonon relaxation. The latter can
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Fig. 9.5 (a) Calculated room temperature thermal conductivity of graphene as a function of the
lateral size for several values of the Gruneisen parameter.(b) Calculated thermal conductivity of
suspended graphene as a function of the temperature. Note a strong dependence on the size of the
graphene flakes. Experimental data points from [19, 20] (circle), [47] (square), [48] (rhomb) and
[62] (triangle) are shown for comparison. Figure 9.5b is after Ref. [23] reproduced with permission
from the American Physical Society

be included in this model through adjustment of L. The extrinsic phonon scattering
mechanisms or high-order phonon—phonon scatterings prevent indefinite growth of
thermal conductivity of graphene with L [26].

The simple model described above is based on the Klemens-like expressions
for the relaxation time (see [35, 36]). Therefore it does not take into account all
peculiarities of the 2D three-phonon Umklapp processes in SLG or FLG, which
are important for the accurate description of thermal transport. There are two types
of the three-phonon Umklapp scattering processes [23, 36]. The first type is the
scattering when a phonon with the wave vector ¢ (@) absorbs another phonon from
the heat flux with the wave vector _q)/ ('), i.e. the phonon leaves the state . For
this type of scattering processes the momentum and energy conservation laws are
written as:

/ e " .
_q)(w)+_q> (') = bi+_q) (@"), i=1,2,3 9.12)
o+ ="
The processes of the second type are those when the phonons ¢ () of the heat
flux decay into two phonons with the wave vectors _q>/ (@) and 7// ("), i.e. leaves

the state ¢ (), or, alternatively, two phonons 7/ (’) and _q)” (") merge together
forming a phonon with the wave vector ¢ (), which correspond to the phonon
coming to the state ¢ (). The conservation laws for this type are given by:

T@+bi=7 @) +7 @), i=456

9.13
w=0+0o", O
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In Eqgs. (9.12 and 9.13) _b)i = ﬁi, i = 1,2,...,6 is one of the vectors of the
reciprocal lattice. Calculations of the thermal conductivity in graphene taking into
account all possible three-phonon Umklapp processes allowed by the Egs. (9.12
and 9.13) and actual phonon dispersions were carried out in [23]. For each phonon
mode (g, s), were found all pairs of the phonon modes (_q)/, s") and (_q)”, s”) such
that the conditions of Eqgs. (9.12 and 9.13) are met. As a result, in (7/)-space were
constructed the phase diagrams for all allowed three-phonon transitions [23]. Using
the long-wave approximation for a matrix element of the three-phonon interaction
one can obtain for the Umklapp scattering rates:

1 hy? (q)

(1) (n (S q) - 37r,0v2 (—>)

<z J[ e @ (@) ol (7") o[z ()]

zays
o @")] x
<8 [w0 (7) £ ), () - wgi,( ") daida’,. ©.14)

Here q; and ¢, are the components of the vector g’ parallel or perpendicular to
the lines defined by Eqs. (9.12 and 9.13), correspondingly, y; (_q)) is the mode-
dependent Gruneisen parameter, which is determined for each phonon wave vector
and polarization branch and p is the surface mass density. In Eq. (9.14) the
upper signs correspond to the processes of the first type while the lower signs
correspond to those of the second type. The integrals for g;, ¢, are taken along
and perpendicular to the curve segments, correspondingly, where the conditions of
Egs. (9.12 and 9.13) are met.

The main mechanisms of phonon scattering in graphene are phonon—phonon
Umklapp (U) scattering, rough edge scattering (boundary (B)) and point-defect (PD)
scattering:

1 1 1 1
= + + :
Trot (S, 61) Tu (S, Q) B (S, q) rD (Sv CI)

(9.15)

where 1/ty = 1/t + 1/, 1/t (s,q) = (vs/L)(1—p)/(1+p)) and
1/tpp (s,q) = Sol'gsw?/ (4vy) . Here vy = dw;/dq is the phonon group velocity, p
is the specularity parameter of rough edge scattering, S is the surface per atom and
T is the measure of the strength of the point defect scattering.

The sensitivity of the thermal conductivity, calculated using Eqs. (9.7, 9.12,9.13,
9.14, and 9.15), to the value of p and I' is illustrated in Fig. 9.5b. The data is
presented for different sizes (widths) of the graphene flakes.



358 D.L Nika and A.A Balandin
9.5 Conclusions

We reviewed theoretical and experimental results pertinent to 2D phonon transport
in graphene. Phonons are the dominant heat carriers in the ungated graphene
samples near room temperature. The unique nature of 2D phonons translates to
unusual heat conduction in graphene and related materials. Recent computational
studies suggest that the thermal conductivity of graphene depends strongly on
the concentration of defects and strain distribution. Investigation of the physics
of 2D phonons in graphene can shed light on the thermal energy transfer in
low-dimensional systems. The results presented in this review are important for
the proposed practical applications of graphene in heat removal and thermal
management of advanced electronics.
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Chapter 10
From Thermal Rectifiers to Thermoelectric
Devices

Giuliano Benenti, Giulio Casati, Carlos Mejia-Monasterio,
and Michel Peyrard

Abstract We discuss thermal rectification and thermoelectric energy conversion
from the perspective of nonequilibrium statistical mechanics and dynamical systems
theory. After preliminary considerations on the dynamical foundations of the
phenomenological Fourier law in classical and quantum mechanics, we illustrate
ways to control the phononic heat flow and design thermal diodes. Finally, we
consider the coupled transport of heat and charge and discuss several general
mechanisms for optimizing the figure of merit of thermoelectric efficiency.

10.1 Dynamical Foundations of Fourier Law

The possibility to manipulate the heat current represents a fascinating challenge
for the future, especially in view of the need of future society of providing a
sustainable supply of energy and due to the strong concerns about the environmental
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impact of the combustion of fossil fuels. However along these lines there are severe
difficulties both of theoretical and experimental nature. In particular it turns out that
manipulation of the heat current is much more difficult than the manipulation of the
electric current.

It is therefore necessary to start from first principles in order to get a deep and
systematic understanding of the properties of heat transport. Namely we would like
to understand these properties starting from the microscopic dynamical equations of
motion.

Along these lines a necessary step is the derivation of the Fourier heat law from
dynamical equations of motion. In particular we would like to understand under
what conditions Fourier law is valid. What are the dynamical properties needed
to have normal transport in a given system? This is a nontrivial question and for
many years it has been addressed according to different perspectives. It concerns,
on one hand, the foundations of nonequilibrium statistical mechanics and, on the
other hand, the practical issue of constructing microscopic models which agree with
the macroscopic equations which describe transport. For example, for a class of
hyperbolic systems (transitive Anosov) a guiding principle was proposed (the so-
called chaotic hypothesis [60]) as a prescription for extending equilibrium methods
to nonequilibrium situations. We remark that in these works the randomness needed
to obtain a consistent description of the irreversible macroscopic phenomena comes
from the exponential instability of the microscopic chaotic dynamics.

First numerical evidence of the validity of Fourier heat conduction law in an
exponentially unstable system was reported in [36] where the so-called “ding-a-
ling” model was considered (Fig. 10.1). The model consists of harmonic oscillators
which exchange their energy via elastic, hard-core collisions, with intermediate
hard spheres. The even-numbered particles in Fig. 10.1 form a set of equally
spaced lattice oscillators with each oscillator being harmonically bound to its
individual lattice site and with all oscillators vibrating at the same frequency w. The
odd-numbered particles are free particles constrained only by the two adjacent even-
numbered oscillators. It can be shown that the dynamics of this model is uniquely
determined by the parameter w?/E (where E is the energy per particle) and that
the dynamics becomes exponentially unstable when this parameter is > 1. The
validity of Fourier law was established in the standard way by putting the two end
particles in contact with thermal reservoirs, taken as Maxwellian gases, at different
temperatures. The system was then numerically integrated until the stationary state
was reached and the energy exchange at the left and right reservoir became equal.
This gives the average heat flux j. After defining the particle temperature to be twice
its average kinetic energy, the value of the steady-state internal temperature gradient
VT was computed. Then the thermal conductivity k was computed via the heat

1 23 4 N o
VO—a@0@w—O-ww@O

Fig. 10.1 The ding-a-ling model. Here the springs merely symbolize the harmonic restoring force
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Fourier law j = —«VT. A normal conductivity independent on the system length
was found.

It is important to stress however that hard chaos with exponential instability
is not a necessary condition to induce normal transport properties. Moreover
rigorous results are still lacking and in spite of several efforts, the connection
between Lyapunov exponents, correlations decay and diffusive properties is still not
completely clear. As a matter of facts it turns out that mixing property is sufficient
to ensure normal heat transport [85]. This might be an important step in the general
attempt to derive macroscopic statistical laws from the underlying deterministic
dynamics. Indeed, systems with zero Lyapunov exponent have zero algorithmic
complexity and, at least in principle, are analytically solvable.

A particular case is given by total momentum conserving systems which typically
exhibit anomalous conductivity. This type of systems is largely discussed in other
contributions of this volume and therefore will not be considered here any longer.
Here we would like to add only a word of caution, and to suggest that anomalous
behavior in such systems is perhaps more general than so far believed. The point
is that our present understanding of the heat conduction problem is mainly based
on numerical empirical evidence while rigorous analytical results are difficult to
obtain. Numerical analysis consists of steady state, nonequilibrium simulations
or of equilibrium simulations based on linear response theory and Green-Kubo
formula. Typically, if both methods give reasonable evidence for Fourier law and
if, moreover, they lead to the same numerical value of the coefficient of thermal
conductivity «, then this is generally considered as an almost conclusive evidence
that Fourier law is indeed valid.

This conclusion, however, might be not correct as shown in [42], where the heat
conductivity of the one-dimensional diatomic hard-point gas model was studied.
As shown in Fig.10.2, the Fourier-like behavior, seen in both equilibrium and
nonequilibrium simulations, turns out to be a finite-size effect and Fourier law
appear to hold up to some size N after which anomalous behavior sets in. This

Fig. 10.2 The heat 10° 5
conductivity k versus the y—m—u—8—=
system size N for the 1 - =
one-dimensional diatomic gas 1 - oo
model, with alternative mass ) ./ /o/""’”——o—_‘) .
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behavior requires a better understanding. Indeed, while it is natural to expect an
initial ballistic behavior for larger and larger N as one approaches the integrable
limit, it is absolutely not clear why the value of k appears to saturate to a constant
value before entering the anomalous regime ¥k ~ N* (with ¢ ~ 1/3) at an even
larger system size N.

To summarize, while establishing a complete connection between ergodic prop-
erties and macroscopic transport features is still beyond the reach of present
understanding, we may conclude that apart some particular notable exceptions,
dynamical mixing property induces deterministic diffusion and hence Fourier law.

10.2 Fourier Law in Quantum Mechanics

The next step is to discuss whether or not Fourier heat law can be derived from
quantum dynamics without a priori statistical assumptions. This calls directly in
question the issue of “Quantum chaos”. The first attempts to provide a microscopic
description of heat transport in quantum systems dates back to the beginning of
the twentieth century with the work of Debye in 1912 [50] and subsequently of
Peierls in 1929 [111]. Based on modifications of the kinetic Boltzmann equation
these theories are classical in essence by considering classical-like quasi-particles,
and fail to describe systems out of equilibrium with dimensions comparable to the
electron and phonon mean free paths.

The recent achievements in the miniaturisation of devices have boosted the
interest in understanding the conditions under which heat is transported diffusively
in quantum systems. In spite of the many efforts a rigorous derivation of a
quantum Fourier law for general Hamiltonians remains an unsolved problem. A
main difficulty to the study of heat conduction in quantum mechanics is the lack
of appropriate definitions of local quantities such as the temperature and the heat
current [54], and calls in question the problem of thermalization, namely the
relaxation to a state in local equilibrium, in isolated [1] and open quantum systems
[30]. It has been found that the conditions for thermalization are essentially related
to the systems’ integrability and localization properties (e.g. due to disorder). Non-
ergodic systems, undergo relaxation to a generalized Gibbs state [14], so that the
application of standard statistical mechanics methods is possible.

Quantum systems in contact with external heat baths can be treated by using the
Lindblad-Gorini-Kossakowski-Sudarshan equation [63, 87] in a convenient setup in
which only boundary degrees of freedom are coupled with the environment. Within
the Markovian approximation, the system’s many-body density matrix evolves
according to

d ~
200 = Zp(0). (10.1)
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where the Liouvillian superoperator is defined as

~

i 1
Lp:= - [, p] + Z (LMpLL -3 {LiL,. p}) . (10.2)
"

We assume here that the Hamiltonian .7 can be written as a sum of locally
interacting terms, ¢ = ) H, and L, are the Lindblad (or so-called quantum
jump) operators, which are assumed to act only at the boundary sites of the
system. This setup provides a fully coherent bulk dynamics and incoherent boundary
conditions, which is particularly suited for studying nonequilibrium heat transport
in a setup similar to the classical case [151].

The Quantum Master Equation (QME) approach can be used to study not only
heat transport, but also nonequilibrium processes in general (particle transport,
spin transport, etc.). Depending on the process in question the Lindblad operators
L, target specific canonical states, creating a local equilibrium state near the
boundaries of the system. The conductivities are then obtained by measuring
expectation values of the current observables in the steady states of the Lindblad
equation, in the thermodynamic limit N — oo (see e.g., [115]). This approach has
been extensively used in recent years to study heat transport in one-dimensional
models of quantum spin chains coupled at their ends with Lindblad heat baths
[2, 54,93, 103, 107, 138, 153], as well as in chains of quantum oscillators [62, 160]
(for a recent review see e.g., [20, 106]).

The Lindblad equation (10.1) allows efficient numerical simulation of the steady
state of locally interacting systems, in terms of the time-dependent-density-matrix-
renormalization-group method (tDMRG) [46, 130, 149] in the Liouville space of
linear operators acting on wave functions [115]. In cases where the tDMRG method
cannot be applied, like when the interaction is long-range (e.g., Coulomb), the QME
can be solved using the method of quantum trajectories, (see, for example, [103]).
In the latter case the idea is to represent the density operator as an expectation
of |W)(¥| where the many-body wave function ¥ is a solution of a stochastic
Schrédinger equation d¥ (t) = —(i/h)HWdt + d§, with d€ being an appropriate
stochastic process simulating the action of the baths. In addition, this method has
the advantage that non-Markovian effects can be treated easily and intuitively. In
more general settings, the QME can always be solved exactly through numerical
integration where the quantum canonical heat baths are often modeled in terms of
the Redfield equation [117]. Such approach has found a broad applicability in many-
body systems and has been used to investigate heat transport [119, 121, 131, 153].

One alternative of using the QME approach is the Keldysh formalism of
nonequilibrium Green’s functions, where one essentially discusses the scattering of
elementary quasi-particle excitations between two or more infinite non-interacting
Hamiltonian reservoirs. The Keldysh formalism considers an initial product state
density matrix describing the finite system and two infinite baths in thermal
equilibrium at e.g., different temperatures. The system and the reservoirs are then
coupled and the density matrix is evolved according to the full Hamiltonian. In the
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steady state, currents and local densities can be obtained in terms of the so-called
Keldysh Green’s functions. This approach has been used, among other things, to
study heat transport in driven nanoscale engines [0, 8] and spin heterostructures [7].
Another commonly used approach to study heat transport in quantum systems is
based on the Green-Kubo formula, originally developed to study electric transport
[81].

Within linear response theory, the current is taken as the system’s response to an
external perturbative potential which can be included within the Hamiltonian of the
system. First order perturbation theory yields the Green-Kubo formula relating the
nonequilibrium conductivity with the equilibrium current-current correlation. This
formula is naturally extended to study heat transport, where the heat current appears
as the response to an external temperature gradient. This ad-hoc generalization
remains conceptually troublesome since there is no potential term in the system’s
Hamiltonian representing a temperature gradient situation [82, 88]. In spite of this,
the Green-Kubo approach has become a widely employed [61, 65, 158, 159].

In spite of all efforts, a microscopic derivation of Fourier law in quantum
mechanics is still lacking, and only partial understanding concerning the conditions
under which this is expected to hold has been gained. Particularly, in analogy with
the studies at the classical level the relation between the validity of Fourier law and
the onset of quantum chaos has been investigated in recent years [102, 104, 105,
115, 116, 121, 137].

As it has been shown in the previous section for classical systems, diffusive
heat transport is directly related to the chaoticity of the dynamics. While such
relation is not strict, classical deterministic chaos is yet expected to yield diffusive
behavior. It is nowadays well established that quantum systems for which their
classical analogues are chaotic, exhibit characteristic signatures in the spectra
and the eigenfunctions that are different from those observed in systems that are
classically integrable [21, 35]. The global manifestation of the onset of chaos in
quantum systems consists of a very complex structure of the quantum states as well
as in spectral fluctuations that are statistically described by Random Matrix Theory
[64]. In the following we discuss the relation among the validity of quantum Fourier
law and the onset of quantum chaos.

10.2.1 Fourier Law and the Onset of Quantum Chaos

The relation between the validity of the quantum Fourier law and the onset of
quantum chaos in a genuinely nonequilibrium situation was studied in [102]. There
a quantum Ising chain of N spins 1/2 subjected to a uniform magnetic field
h = (h,, 0, h;) and coupled at its extremes with quantum heat baths, was considered.
The Hamiltonian of this system is

N—2 h
H = Hy+ (oL +0w), (103)

n=0
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Fig. 10.3 The finite quantum spin chain model coupled to external heat baths at different
temperatures. The dotted lines represent the nearest neighbour interaction. The double dashed
lines represent the coupling = with the baths. The angle 6 of the magnetic field is measured with
respect to the direction x of the chain

where H, are local energy density operators appropriately defined as

h
H, = —Qojo;, | + 5 (0, +0,41) , (10.4)

and o = h-0¢/h, or = h-oy_1/h are the spin operators along the direction of
the magnetic field of sy and sy—; respectively. The operators 6, = (0}, 0;,07) are
the Pauli matrices for the nth spin, n = 0,1,...N — 1. A schematic representation
of this model is shown in Fig. 10.3.

In this model, the angle & = arctan(h;/h,) of the magnetic field makes with
the chain affects the dynamics of the system. If & = 0, the Hamiltonian (10.3)
corresponds to the Ising chain in a transversal magnetic field, which is integrable
as (10.3) can be mapped into a model of free fermions through standard Wigner-
Jordan transformations. For § > 0, the system is no longer integrable and for 6 =
/4, quantum chaos sets in. The system becomes again (nearly) integrable when
0 = /2. Therefore, by tuning 6 one can explore different regimes of quantum
dynamics and study the relation between the integrability of the system and the
validity of Fourier’s law.

The integrability of a quantum system can be characterised by the Nearest
Neighbour Level Spacing (NNLS) distribution P(s), which is the probability density
to find two adjacent levels at a distance s. For an integrable system the distribution
P(s) has typically a Poisson distribution:

Pp(s) =exp(—s) . (10.5)
In contrast, in the quantum chaos regime, Hamiltonians obeying time-reversal
invariance exhibit a NNLS distribution that corresponds to the Gaussian Orthogonal

Ensemble of random matrices (GOE). This distribution is well-approximated by the
Wigner surmise, which reads

s 72
Pwp(s) = > Xp (—T) , (10.6)

exhibiting “level repulsion”.
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Fig. 10.4 NNLS distribution P(s) for the integrable (left panel), intermediate (middle panel) and
chaotic (right panel) spin chains. The histogram was numerically obtained for a chain of N = 12
spins by diagonalizing Hamiltonian (10.3) and averaging over the spectra of even and odd parity.
The dotted curve corresponds to Pp and the dashed curve to Pywp

Figure 10.4 shows the NNLS distribution P(s) for three different directions of
the magnetic field: (a) integrable case h = (3.375,0,0), at which P(s) is well
described by Pp(s), (b) intermediate case h = (7.875, 0, 2) at which the distribution
P(s) shows a combination of (weak) level repulsion and exponential decay, and (c)
chaotic case h = (3.375,0,2) at which the distribution P(s) agrees with Pwp(s)
and thus corresponds to the regime of quantum chaos.

In Mejia-Monasterio et al. [102] a numerical method to solve the dynamics of
open quantum spin chains was introduced. This method consists in periodically and
stochastically collapsing the state of the spins at the boundaries of the chain to a
state that is consistent with local equilibrium states at different temperatures. These
stochastic quantum heat baths are analogous to the stochastic baths used in classical
simulations and even when this method does not yield a stochastic unravelling of
QME, it is numerically simple to implement and analyse (for more details see [102,
103]).

Using this method, local thermal equilibrium was first checked by computing
time averages of the density matrix of the system:

p= lim /0 1 (5)) (¥ (5)]ds (10.7)

where 1 (s) is the state of the system at time s. Setting both heat baths to the
same temperature 71, = Tr = T, it was found that p is diagonal within numerical
accuracy and consistent with

_ﬂEn

(Bl plpm) = ?&n,n )

(10.8)

inside each symmetry band. Here |¢,) are the eigenfunctions in the energy basis,
H\pn) = Eylpn), and Z = 3 e PEr is the canonical partition function. From
a best fit to exponential of Eq. (10.8) a value of the local temperature in the bulk
of the system can be extracted. The results are shown in Fig. 10.5 as a function of
the temperature of the heat baths. It can be seen that for large enough temperatures
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of the heat baths (I" 2 5) the system thermalizes to exactly the same temperature
[103].

Out of equilibrium expectation values in the nonequilibrium steady state were
obtained as follows: for each realization, the initial wave function | (0)) of the
system is chosen at random. The system is then evolved for some relaxation time
Tre1 after which it is assumed to fluctuate around a unique steady state. Measurements
are then performed as time averages of the expectation value of the observables, that
are further averaged over different random realizations.

Figure 10.6 shows the energy profile obtained from the time average of the local
energy density operator E, = (H,) (with x = n/N), for the above three different
spin chains. Interestingly, for the chaotic chain, a linear energy profile in the bulk of
the chain was found. This indicates that the chaotic chain is able to sustain a heat
current which depends on the nonequilibrium imposed by the external heat baths. In
contrast, the integrable chain shows a flat constant energy profile. The intermediate
chain which is neither chaotic nor integrable is not able to sustain a diffusive heat
current and shows and energy profile which is flat except near the boundaries.

To directly check the validity of Fourier’s law it is possible to define local heat
current operators using the continuity equation for the local energy density operators
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0,H, = i[5, H,] = —(ju+1 — Ju), requiring that j, = [H,, H,—1]. From Egs. (10.3)
and (10.4) the local current operators are explicitly given by

Jn=hQ (0 —0i o), 1<n<N-2. (10.9)

Figure 10.7 shows the heat conductivity as a function of the system size N,
calculated as k = —j/VT. The mean current j was calculated as an average of
(jn) over time and over the N — 8 central spins. For the particular choice of the
energy density operator (10.4), its averaged expectation value is related to the local
temperature as (H,) o« —1/T [102]. The temperature difference was thus obtained
as AT = —1/(Hy—s) + 1/(H3). For large N the heat conductivity of the chaotic
chain was found to converge to a constant value, thus confirming the validity of
the Fourier’s law. On the contrary, for the integrable and an intermediate chains,
diverges linearly with N, which is a signature of ballistic transport.

These results represent a solid suggestion that, in analogy to what is observed
in classical systems, in the quantum realm Fourier law holds once quantum chaos
has set in. Arguably, quantum chaos yields diffusive heat transport as it leads to
exponential decay of the “dynamic” correlations, in particular the energy current-
current correlation that defines the heat conductivity through a Green-Kubo formula.

The crucial relation between diffusive transport and quantum chaos was later
investigated in [137] for models of isolated quantum chains made of interacting
subunits, each containing a finite number of energy levels. These models represent-
ing single-particle multi-channel quantum wires, exhibit a transition to quantum
chaos as the strength of the interaction between the subunits increases. By solving
the corresponding Schrédinger equation, it was found that the evolution of the local
energy density operators is in agreement with the corresponding diffusion equation
only when the system level statistics is chaotic. There, a Heisenberg spin chain in
an external magnetic field was also studied, yielding the same result.

Later, in [115] heat and spin transport in several open quantum spin chains
was considered and numerically solved by means of the tDMRG method. The
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same model considered in [102] was studied for much larger system sizes and the
relation between quantum Fourier law and quantum chaos put forward there, was
reconfirmed with high accuracy.

10.3 Controlling the Heat Flow: Thermal Rectifiers

Contrary to the case of electronic transport, where the concept of diode is well
known, when one thinks of heat flow and Fourier law, the idea of directed transport
does not come to mind at all. It is even counter intuitive. However, as shown in
Sect. 10.3.1, the concept of a thermal diode is perfectly compatible with the usual
Fourier law, provided one builds a device with materials having a temperature-
dependent thermal conductivity. With a simple one-dimensional model system,
Sect. 10.3.2 shows how such materials could be obtained. As shown in Sect. 10.3.3
the same results can be extended in higher dimensions. The actual realization of
thermal rectifiers is briefly discussed in Sect. 10.3.4.

10.3.1 The Fourier Law and the Design of a Thermal Rectifier

Thermal rectification is everyday’s experience: due to thermal convection a fluid
heated from below efficiently transfers heat upwards, while the same fluid, heated
from the top surface shows a much weaker transfer rate downwards. In this case
this is because the heat flow is due to a transfer of matter. The idea that one could
build a solid-state device that lets heat flow more easily in one way than in the other
is less intuitive, and may even appear in contradiction with thermodynamics at first
examination. However this is not so, and the design of a thermal rectifier is perfectly
compatible with the Fourier law [114].

Let us consider the heat flow along the x-direction, in a material in contact with
two different heat baths at temperature 7' for x = 0 and 75 for x = L. A rectification
can only be expected if the device has some spatial dependence which allows us to
distinguish its two ends, i.e. if the local thermal conductivity depends on x. This can
either come from an inhomogeneity of the material or from its geometry. Moreover
the thermal conductivity « (x, T') may also depend on temperature so that the Fourier
law relates the heat flux jr to the local temperature 7'(x) by

X Jf
Tx) =T +/0 . T(E)] dt . (10.10)

Solving this equation with the boundary condition T(x = L) = T, determines the
value of jr. If the boundary conditions are reversed, imposing temperature 7, for
x = 0 and temperature T for x = L, solving the same equation leads to another
temperature distribution and another distribution of the local thermal conductivity
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k (x, T). Therefore the reverse flux j, is not equal to the forward flux j;. The rectifying
coefficient can be defined as

Ir
Jr

R= (10.11)

In general, for arbitrary « (x, T), there is no condition that imposes that R should be
unity.

Figure 10.8 shows a simple example where the spatial dependence is obtained
by juxtaposing two different homogenous materials, each one having a thermal
conductivity that strongly depends on temperature. In this case x (x, T') is a sigmoidal
function in both cases, but on one side « is large at low temperature while, on the
other side it is large at high temperature. An even simpler device can be obtained
by combining one material with a temperature dependent thermal conductivity with
another one which has a constant thermal conductivity [114]. Such a device has a
lower rectifying coefficient but nevertheless behaves as a thermal diode.
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Fig. 10.8 Thermal rectifier made by the juxtaposition of two different homogeneous materials
which have a thermal conductivity that highly depends on temperature. The boundary temperatures
are 7} = 1.0 and 7, = 0.2 in arbitrary scale. (a) Schematic view of the device. (b) Variation
of «(x, T). (¢) The temperature distributions [solution of Eq. (10.10)] (full lines) and the variation
versus space of the local conductivity « [x, T'(x)] (dashed lines) are shown for the forward boundary
condition (T'(x = 0) = Ty, T(x = L) = T) (thick lines) and reverse boundary condition (thin
lines). For this choice of « (x, T), the rectifying coefficient is R = |j,./js| = 4.75
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10.3.2 A One-Dimensional Model for a Thermal Rectifier

As shown in Sect. 10.3.1, in order to obtain a thermal rectifier, we need two basic
ingredients, a temperature dependent thermal conductivity and the breaking of the
inversion symmetry of the device in the direction of the flow. In this section we show
how this can be obtained in a simple model system.

In a solid the heat transfer by conduction is a transfer of energy without
a transport of matter. Heat can be carried either by the propagation of atomic
vibrations, i.e. phonons, or by the diffusion of the random fluctuations of mobile
particles, which are generally charged so that electrical and heat conductivity are
closely related as stated by the Wiedemann-Franz law for metals [10]. Here we
consider the case of electrical insulators in which heat is only carried by lattice
vibrations. The simplest model of a thermal diode can be designed with a one
dimensional lattice of interacting particles having a single degree of freedom.
However, in the search of simplicity, one should make sure that the model does
not lead to unphysical properties. In particular we want to select a model system
that obeys the macroscopic Fourier law, with a well defined thermal conductivity
k&, which may not be the case for a one-dimensional lattice [84]. However if the
translational invariance is broken by a substrate potential, so that momentum is not
a constant of the motion, a simple one-dimensional lattice of harmonically coupled
particles subjected to an external potential, known as a Klein-Gordon model, can
show a well defined thermal conductivity while allowing an easy analysis of the
properties of the system. Such a lattice can form the basis for a thermal rectifier
[141].

As an example, let us consider the model schematized in Fig. 10.9, i.e. a chain of
N particles with harmonic coupling constant K and a Morse on-site potential V,, =
Dn[ exp(—otnyn) — 1]2. The variable y, designates the displacement of the particles
with respect to their equilibrium positions, p, their momentum, and H, is the local
energy density. This model was introduced as a simple one-dimensional model of

T T,
| | o0 o o o0oood
| i B
Langevin bath Langevin bath

Fig. 10.9 Schematic picture of the one-dimensional model used as the basis for a simple thermal
rectifier. Upper part: the harmonically coupled particles are subjected to an on-site potential, here
a Morse potential. Lower part: the model used in numerical simulations to measure the heat flow.
The two end-segments (boxes) are in contact with a numerical Langevin thermostat, while the
central part of the lattice is evolving according to the equations of motions that derive from the
Hamiltonian (10.12)
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DNA [49]. In this case the on-site potential describes the interaction between the
two strands of DNA.

In the present context this model can simply be viewed as a simple example to
study heat transfer in a one-dimensional lattice, with Hamiltonian

N N 2
P 1 2 —atyy, 2
H =Y H,= =+ —KOn — Yn—1)" + Dp(e ™" — 1) |. 10.12
S = 3| B KOn v £ D 1|0y
In such a system we can define a local temperature by 7, = (p?>/m) where

the brackets designate a statistical average. Expressing dH,,/dt with the Hamilton
equations and using the continuity equation for the energy flux,

dH(x,t)  0j(x,1)
=0,
dt + dx

(10.13)

in a finite difference form leads to a discrete expression for the local heat flux:

Jn = K Gnnt1 = yn)) - (10.14)

The thermal properties of the model subjected to a temperature difference, in a
steady state, can be studied by molecular dynamics simulations by imposing fixed
temperatures 7 and 75 at the two ends with Langevin thermostats. The simulations
have to be carried long enough to reach a steady state in which the heat flux j is
constant along the lattice.

If the system is homogeneous (D, = D and o, = « for all n) such calculations
show that, as expected, a well defined uniform thermal gradient is observed along
the lattice, except in the immediate vicinity of the thermostats where a sharp
temperature change is observed due to a Kapiza resistance between the thermostats
and the bulk lattice (Fig.10.10, circles). For large N the effect of the contact
resistance becomes negligible. The calculation shows that, with a fixed temperature
difference the flux decreases as 1/N, where N is the number of lattice sites, which
indicates that the model has a well defined thermal conductivity per unit length
[114].

If the system is inhomogeneous, by including a central region in which the
parameters are different from those in the two side domains, as shown in Fig. 10.10
(top), the heat flow is determined by the overlap of the phonon bands in the different
regions. For the example shown in Fig. 10.10, with 7} = 0.16 and 7, = 0.15, the
flux is equal to j = 0.35 x 1073 for D; = 0.5 (corresponding to an homogeneous
lattice) and decreases to j = 0.18 x 1073 for D; = 0.8 for which the phonon bands
partly overlap and j = 0.48 x 107> when there is no overlap between the phonon
bands.

This provides a clue on a possible way to get the temperature dependent
thermal conductivity needed to build a thermal rectifier as shown in Sect. 10.3.1:
a nonlinearity of the on-site potential amounts to having temperature dependent
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Fig. 10.10 T7op: Model parameters in the case of an inhomogeneous lattice. Botfom: Variation of
the local temperature along a lattice of 128 particles described by Hamiltonian (10.12) in contact
with thermostats at temperatures 77 = 0.16, 7, = 0.15, in energy units, applied to the first and last
eight particles. Results for different values of the parameter D; : D; = 0.5 (case of a homogeneous
lattice: circles), D1 = 0.8 (stars), and D; = 1.2 (crosses)

phonon bands. In the case of the model with Hamiltonian (10.12), this can easily
be checked by a self-consistent phonon approximation [49]. The idea is to expand
the free energy by separating the mean value of y,, n = (y,), and the deviations
u, around this value y, = 1 + u,. Then the Hamiltonian is approximated by

H = 4 + 4, where

A = Z I:%muz + %(;S(un — 1)’ + %Qzuﬁ} (10.15)
describes an effective harmonic lattice. The free energy can be expanded as % =
Fo + F1, where F; = (J#)o. Then, by minimizing .%; with the variational
parameters 1, ¢ = K, §2,, one gets the lower bound of the effective phonon band of
the lattice as £2, = 2a?D exp[—2an/3]. As T grows so does 7, so that the band shifts
downwards. Therefore, if the central region has a value D; > D so that the phonon
bands do not overlap at low temperature, as T increases the decay of the effective
lower bound of the phonon band leads to an increased overlap, and therefore an
increased thermal conductivity.

Expanding on these ideas one can build a thermal rectifier by introducing the
necessary asymmetry pointed out in Sect. 10.3.1. Using left and right side regions
with a weak nonlinearity (¢ = 0.5) and different values of the parameter D
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(Diefe = 4.5 and Dy = 2.8) and a harmonic coupling constant K = 0.18, one gets
two domains with phonon bands that do not overlap. Nevertheless a good thermal
conductivity can be restored with a central region with a high nonlinearity (¢« = 1.1)
and Dcener = 1.1338 which is such that, when the highest temperature is on the
right side of the device the variation versus space of the effective phonon band
in the central region provides a match between the left and right phonon bands,
while, if the highest temperature is on the left side of the device, the variation
versus space of the effective phonon band in the central region leads to a large
phonon-band mismatch, as shown in Fig. 10.11. Figure 10.11 shows that such a
system does indeed lead to thermal rectification because, when the hot side is on the
left, the mismatch of the phonon bands leads to temperature jumps at the junctions
between the different parts. This is due to a large contact thermal resistance. When
the hot side is on the right the temperature evolves continuously along the device.
The contact resistances are then low, and the energy flux is 2.4 times larger in
this configuration. The calculation of the theoretical phonon bands, based on the
self-consistent phonon approximation, is only approximately correct, first because
the method itself is only approximate but also because the calculation is made
by assuming a linear temperature variation inside the device, which is a crude
approximation. However this method provides a first step to design a rectifier, which
has to be improved with the results of the numerical simulations.

The results shown in Fig. 10.11 only provide a simple illustration of what can be
done with the idea of phonon-band matching, combined to nonlinearity to allow the
local phonon frequency spectra to vary with temperature. One can imagine many
possible improvements, for instance by stacking devices, or increasing the number
of interfaces, to increase the rectifying coefficient. Another approach is to design a
system with a continuous variation of the vibrational properties versus space, which
amounts to stacking an infinity of interfaces which have temperature dependent
properties and therefore have different transmissivities when the direction of the
temperature gradient is reversed. This allows a better control of the rectifying effect.
Figure 10.12 shows such an example, which has a rectifying coefficient R = 4.95
and exhibits an effective phonon band which is almost flat when the thermal gradient
is in the favorable direction.

In spite of these achievements there are still several problems which are difficult
to overcome. In particular in the model thermal rectifiers described above, the
rectification power is small and rapidly decays to zero as the system size increases.
A possible way to overcome this difficulty has been discussed in [43] where, by
considering one dimensional anharmonic chains of oscillators, empirical evidence
is provided that graded mass distribution and long range interparticle interactions,
lead to a substantial improvement of the thermal rectification phenomenon which
moreover does not decay to zero with increasing system size.

The system is a one-dimensional chain of N oscillators described by the
Hamiltonian

%ZXN: L qf +Z (10.16)
2mj 2+2|l—|)" '
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Fig. 10.11 Properties of a model for a thermal rectifier with two different boundary conditions:
left figures: energy flow from left to right T = 0.7, Tyigne = 0.1, right figures: energy flow from
right to left Tiign, = 0.7, Tiep = 0.1. The upper figures show the theoretical phonon bands along
the device obtained from the self-consistent phonon approximation with the assumed temperature
distribution shown by the dash line. The middle figures show the actual distribution of the phonon
frequencies deduced from numerical simulations, and the lower figures show the variation of the
local temperature along the system, determined from the numerical results. The ratio of the flux in
the two directions is |jrghi—lett| /Jiefi—>right = 2.4

where g; is the displacement of the jth particle with mass m; and momentum p; from
its equilibrium position. A graded mass distribution is used. The exponent A controls
the decay of the interparticle interactions with distance.
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Fig. 10.12 Thermal rectifier using a continuous variation of the local properties. Left: Temperature
variation versus space inside the device in the two possible orientations of the thermal gradient.
Right: Observed variation of the local phonon spectra along the device when the hot side is on the
right

In view of previous results [147, 154], it is expected that in a system with
graded mass distribution, e.g. m; < m; < ... < my, thermal rectification will
be present, even for the simple case of nearest neighbor interaction (NN). Long
range interactions (LRI) introduce new channels for the heat transport through the
new links (interactions) between the different sites. Moreover in a graded system,
the new channels connect distant particles with very different masses. Therefore
new, asymmetric channels, are created which in turn favors the asymmetric flow,
i.e., rectification. Hence, by introducing long range interactions in a graded system,
an increase of the thermal rectification is expected. Moreover, as we increase the
system size, new particles are introduced that, in the case of long range interactions,
create new channels for the heat current. This may avoid the usual decay of
rectification with increasing system length.

In Fig. 10.13 we plot the rectification factor as a function of the system size.
Here the mass gradient is fixed. It is seen that the presence of LRI leads to a very
large rectification and prevents the decay of the rectification factor with the system
size. Strictly speaking we cannot make any claim for larger system sizes. However
it is clear from Fig. 10.13 that the N-dependence for the LRI case is qualitatively
different from the NN case where the decay of the rectification factor with N is
observed.

10.3.3 Model in Higher Dimension

Extending the same concept to higher dimension is of course important for actual
applications. For instance two dimensional models could describe smart conducting
layers to carry heat out of some nano-devices. The same idea of playing with the
phonon bands is indeed also valid in two dimensions.
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Fig. 10.13 Dependence of rectification factor on the system size N. Here T} = 9.5, T, = 0.5,
my = 1. Triangles are for LRI with A = 1.2, circles are for LRI with A = 1.4, squares are for the
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Fig. 10.14 Two dimensional lattice described by Hamiltonian (10.17)

Figure 10.14 shows a two-dimensional lattice of local oscillators which is
described by the Hamiltonian

2
py 1 .. LI S . 2
H = E [j + ECx(l,J)(uiﬂJ — i) + ECx(Z — L) (uij — uim1)

i=1.Nyj=1.N,
1 LI U 2
+ Ecy(lvj)(“iJH —uij) + S 66— D) (uij — uij-1)

+D(i,j) (exp[—a(i, j)us;] — 1)2] . (10.17)
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Fig. 10.15 Top: Schematic plot of a two-dimensional model for a thermal rectifier indicating the
values of the parameters of Hamiltonian (10.17) in the different regions. Bottom: Temperature
profiles along the x axis of the device for two opposite thermal gradients. The various lines
(continuous and dash lines) correspond to different lattice sizes in the y direction (from 4 to 16)

With appropriate parameters, as indicated in Fig. 10.15 (top), this system can
operate as a rectifier with a rectifying ratio R = 1.69 because, while the interfaces
show a large thermal resistance causing a sharp temperature drop if the left edge of
the lattice is connected to the hot bath, when the gradient is reversed, the temperature
varies smoothly along the device because there are no interfacial thermal resistances
[see Fig. 10.15 (bottom left and right)].

10.3.4 Building an Actual Thermal Rectifier

Actually the experimental observation of heat flow rectification has a long history
[95]. The early observations made in 1975 with a GaAs crystal found a small
rectification effect (R &~ 1), which was strongly dependent on the location of
the contacts on the sample, but an asymmetry of the heat flow was nevertheless
clear. A first analysis made by assuming that the thermal conductivity was the
sum of a space-dependent term and a temperature dependent term showed that the
observation was compatible with the Fourier law [96], and provided the first view
of the ideas presented in Sect. 10.3.1. These results were followed by some debates
over the actual origin of the observed rectification [12], and a rectification coefficient
R =~ 1.35 could then be obtained with a two-component sample made of tin in
contact with a-brass. Heat flow rectification could also be observed with a carbon
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nanotube [40], loaded with C9H,cPt molecules on one part of its length, but the
origin of the rectification was still not clearly established.

More recently the ideas presented in Sect. 10.3.1 were systematically exploited
to build rectifiers [78], using two cobalt oxides with different thermal conductivities.
The vicinity of a structural phase transition could be used to enhance the temperature
dependence of the thermal conductivity [79] and the asymmetry of the shape has
been exploited to vary the spatial dependence of « (x, T') [128]. The measurements
show a good quantitative agreement with the results of Sect. 10.3.1 and [114], if
one takes into account the experimental data for the thermal conductivity of the
materials used in the device. A quantitative microscopic calculation of «(7) is
however a harder challenge. The control of the temperature dependence of «, trough
a control of the phonon bands, discussed in Sect. 10.3.2 is only one possibility but
other mechanisms can be considered whether they use a structural change through
a phase transition, or variations of the density of mobile carriers in materials which
are also electrical conductors. And of course, in such materials the use of an
electric field to manipulate the spatial distribution of the carriers in a solid state
device can also open other possibilities to control the heat flow. It is also worth
mentioning recent experimental implementations of thermal rectifiers, exploiting
phononic [142], electronic [94], or photonic [41] thermal currents. Possibilities to
manipulate phonons and devise heat diodes, transistors, thermal logic gates and
thermal memories are reviewed in [86].

10.4 Thermoelectric Efficiency

Thermoelectricity concerns the conversion of temperature differences into electric
potential or vice-versa. It can be used to perform useful electrical work or to
pump heat from a cold to a hot place, thus performing refrigeration. Although
thermoelectricity was discovered about 200 years ago, a strong interest of the
scientific community arose only in the 1950s when Abram loffe discovered that
doped semiconductors exhibit relatively large thermoelectric effect. This initiated
an intense research activity in semiconductors physics which was not motivated
by microelectronics but by Ioffe’s suggestion that home refrigerators could be built
with semiconductors [90, 91]. As a result of these efforts the thermoelectric material
Bi,Tes; was developed for commercial purposes. However this activity lasted only
few years until the mid 1960s since, in spite of all efforts and consideration of
all type of semiconductors, it turned out that thermoelectric refrigerators have still
poor efficiency as compared to compressor based refrigerators. Nowadays Peltier
refrigerators are mainly used in situations in which reliability and quiet operation,
and not the cost and conversion efficiency, is the main concern, like equipments in
medical applications, space probes, etc.

In the last two decades thermoelectricity has experienced a renewed interest [16,
26, 32, 53, 55, 80, 132, 134] due to the perspectives of using tailored thermo-
electric nanomaterials, where a dramatic enhancement of the energy harvesting
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performances can be envisaged [66]. Indeed layering in low-dimensional systems
may reduce the phonon thermal conductivity as phonons can be scattered by the
interfaces between layers. Moreover, sharp features in the electronic density of
states, favorable for thermoelectric conversion (see the discussion below) are in
principle possible due to quantum confinement. Recent efforts have focused on
one hand, on the study of nanostructured materials and on the other hand, in
understanding the fundamental dynamical mechanisms which control the coupled
transport of heat and particles [20].

10.4.1 The Thermoelectric Figure of Merit ZT

For a material subject to a temperature gradient VT and a external uniform electric
field &, within linear response the equations describing thermoelectric transport are

Jq = —«'VT +0lI&,

10.18
Je —oSVT + o0&, ( )

where j; and j, denote the heat and electric local currents appearing in the material
due to the external forcing, o is the coefficient of electrical conductivity, S is the
thermopower (or Seebeck coefficient), IT is the Peltier coefficient, and &’ is the
heat conductivity measured at zero electric field and is related to the usual heat
conductivity x measured at zero electric current as k' = k + oSI1. From (10.18)
the usual phenomenological relations follow: if the temperature gradient vanishes,
VT = 0, then j, = & is Ohm’s law and the Peltier coefficient [T = j,/j.. If the
electric current vanishes, jo = 0, then j, = —« VT is Fourier’s law, and & = SVT,
which is the definition of the thermopower. We start by considering systems with
time-reversal symmetry, for which the Onsager reciprocity relations imply IT = TS
(see Sect. 10.4.2).

The suitability of a thermoelectric material for energy conversion or electronic
refrigeration is evaluated by the dimensionless thermoelectric figure of merit ZT
[72]

S2
=2, (10.19)
K

as follows. Consider a material maintained on one end at temperature 7y and on
the other at temperature 7¢, and subject to an external electric field &. Then ZT
is related to the efficiency n = P/j, of converting the heat current j, (flowing
between the thermal baths) into electric power P = &j,, generated by attaching
the thermoelectric element to an Ohmic impedance. If we optimize the efficiency
over & we obtain the maximum efficiency

VZT +1-1

=N —, 10.20
Mmax nc \/ZT——H+1 ( )
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where ¢ = 1 —T¢/Ty is the Carnot efficiency and T = (Ty + T¢)/2 is the average
temperature. Thermodynamics only imposes (see Sect. 10.4.2) ZT > 0 and 7y, is a
monotonous growing function of ZT (see Fig. 10.16), with 7y,x = 0 when ZT = 0
and Nmax — 1c when ZT — oo.

The Carnot efficiency is obtained for reversible quasi-static transformations,
which require infinite time and consequently the extracted power is zero. An
important question is how much the efficiency deteriorates when transformations
are operated in a finite time. This is a central question in the field of finite-time
thermodynamics [4]. Hence, the notion of efficiency at maximum power 1n(Pmax)
was introduced: it is obtained by optimizing over & the power P rather than the
efficiency 7. Within linear response we obtain [143]

ne ZT

Poy) = 162 10.21
NPnax) = 57075 (102)

Note that also 7(Pmax) is a growing function of ZT (see Fig. 10.16). In the limit
ZT — 00, (Pmax) takes its maximum value of n¢/2. Such value also corresponds
to the linear response expansion of the so-called Curzon-Ahlborn upper bound
[5, 39, 45, 59, 108, 129, 143, 155]. Therefore, high values of ZT are favorable for
thermoelectric conversion.

Nowadays, most efficient thermoelectric devices operate at around ZT =~ 1,
whilst it is generally accepted that ZT > 3 is the target value for efficient, commer-
cially competing, thermoelectric technology [91]. The great challenge to increase
thermoelectric efficiency relies on understanding the microscopic mechanisms that
may allow to control individually S, o0 and x. However, the different transport
coefficients are generally interdependent making optimisation extremely difficult
and so far, no clear paths exist which may lead to reach that target. A particular
example of this interdependence is the Wiedemann-Franz law [10] which states that
for metallic materials, o and « are, as a matter of fact, proportional, thus making
metals poor thermoelectric materials in general.
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Note that ZT is related to the heat conductivities defined above as "7/ =1+
ZT, which has been used in [145] to make an analogy between a classical heat
engine and a thermoelectric material. The used correspondenceis N — V and p, —
—p, with N number of charge carriers, i, the electrochemical potential, and V, p
volume and pressure of the gas in the engine. As a consequence, "7/ — S—C, with

¢, and cy specific heat at constant pressure and volume, respectively. The ratio Z—C
is bounded for ideal (non interacting) gases, but diverges at the gas-liquid critical
conditions. These considerations suggest that large values of ZT could be expected
near electronic phase transitions, for systems with strong interactions between the
charge carriers [110].

10.4.2 The Onsager Matrix

Let us consider a system of particles enclosed in a chamber, coupled to two particle
reservoirs. Calling the energy balance for the thermoelectric process, the energy
current can be written in terms of the heat and electric currents as j, = j, + % Jes
where 1, is the electrochemical potential. For particles having electric charge e the
electrochemical potential is simply (1, = e¢, where ¢ is the ordinary electrostatic
potential (&€ = —V¢). Assuming that the particles are the only carriers of heat,
one may interchange the electrochemical potential with the chemical potential p
corresponding to the work generated by the exchange of particles between the
system and the reservoirs. Within the linear response regime, the energy current and
the particle current j, = % Je are related to the conjugated thermodynamic forces
(gradient of chemical potential i and gradient of temperature 7' as [33, 51]

j=LF, (10.22)

where j = (j,.ju), F = (V(—u/T),V(1/T))", and

L, L
L= ( Pe "”) (10.23)
Lup Luu

is the Onsager matrix of kinetic transport coefficients. In the absence of magnetic
fields (or other effects breaking time reversibility), the Onsager reciprocity relations
state that the crossed kinetic coefficients are equal: L,, = L,,. Moreover, the second
law of thermodynamics imposes that the entropy production rate § = j - F =
JoV(=p/T) +j,V(1/T) = 0. Therefore L has to be nonnegative, i.e. Ly, L, > 0
and detlL > 0.

The kinetic coefficients L;; are related to the thermoelectric transport coefficients
as

e Ldal 1 (L i (102
o = — s K = —_— = — —_ = —, .
T L, T\, ") T
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where the temperature T and chemical potential  are taken as mean values in the
bulk. Moreover, using Eqgs. (10.19) and (10.24), the thermoelectric figure of merit
reads

(Lup — NLpp)z
detlL

7T = (10.25)

Note that the limit ZT — oo can be reached only if the Onsager matrix L is ill-
conditioned, namely when the ratio

[tr (L))
detlL

(10.26)

and therefore the linear system (10.22) becomes singular. That is, the Carnot
efficiency is obtained when the energy current and the particle current become
proportional: j, = cj,, with the proportionality factor ¢ independent of the values of
the applied thermodynamic forces. Such condition is refereed to as tight coupling
condition.

10.4.3 Non-interacting Systems

We consider a system whose ends are in contact with left/right baths (reservoirs),
which are able to exchange energy and particles with the system, at fixed temper-
ature T, and chemical potential u,, where « = L, R denotes the left/right bath.
The reservoirs are modeled as infinite ideal gases, and therefore particle velocities
are described by the Maxwell-Boltzmann distribution. We use a stochastic model of
the thermochemical baths [83, 101]: Whenever a particle of the system crosses the
boundary which separates the system from the left or right reservoir, it is removed.
On the other hand, particles are injected into the system from the boundaries, with
rates y, computed by counting how many particles from reservoir o cross the
reservoir-system boundary per unit time. For one-dimensional reservoirs we obtain
Vo = 7eﬂ“"“ where B, = 1/(kgT,) (kg is the Boltzmann constant and £ is the
Planck’s constant). Assuming that both energy and charge are carried only by non-
interacting particles, like in a dilute gas, we arrive at simple expressions for the
particle and heat currents [122]:

1 o0

Jo =75 /0 de (e Premr) — g=PrE=R)) £(g) (10.27)
1 o

Joo = E/O de(e — [ia) (e—ﬂL(a—uL) _ e—ﬂk(a—uk)) 7(e) , (10.28)

where j, is the heat current from reservoir & and t(g) denotes the transmission
probability for a particle with energy ¢ to transit from one end to the other end of
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the system (0 < t(¢) < 1). The thermoelectric efficiency is then given by (we
assume Ty, > Ty, ug > pr, and jo,jg. > 0)

JoL —Jar (g — A1) fooo de (e—ﬂL(S—ML) _ e—ﬁR(S—MR)) ()

— 10.29
JaL fooo de(e — uy) (e—ﬁL(S—ML) — e—ﬂR(S—MR)) 7(g) ( )

When the transmission is possible only within a tiny energy window around ¢ = ¢,,

the efficiency reads

MR — ML
Ex — ML

n (10.30)

In the limit j, — 0, corresponding to reversible transport [68, 69], we get ¢, from
Eq. (10.27):

e — ,BLILL - ,BRMR
i BL—PBr

Substituting such ¢, in Eq.(10.30), we obtain the Carnot efficiency n = n¢ =
1 —Tg/T.. Such delta-like energy-filtering mechanism for increasing thermoelectric
efficiency has been pointed out in [68, 69, 89]. As remarked above, Carnot efficiency
is obtained in the limit of zero particle current, corresponding to zero entropy
production and zero output power. However, high values of ZT can still be achieved
with sharply-peaked transmission functions without greatly reducing the output
power [109, 144].

In the linear response regime, using a delta-like energy filtering, i.e. 7(¢) = 1 in
a tiny interval of width d¢ around some energy & and 0 otherwise, we obtain

(10.31)

up = Lpu =

_ A(Se)

A&(8 ; A (8 :
Lop =T A808) pepy AT gy

e—ﬂ(g—ﬂ)’ L =
hkp hkp
(10.32)

where A is the length of system. From these relations we immediately derive that
the Onsager matrix is ill-conditioned and therefore ZT = oo and n = 1¢. We point
out that the parameters & and ¢ characterizing the transmission window, appear in
the Onsager matrix elements (10.32) and therefore are assumed to be independent
of the applied temperature and chemical potential gradients. On the other hand, the
energy &, in Egs. (10.30) and (10.31) depends on the applied gradients. There is of
course no contradiction since (10.30) and (10.31) have general validity beyond the
linear response regime.

A dynamical realization of the energy-filtering mechanism was discussed in
[37]. We start by writing for a gas of non-interacting particles the microscopic
instantaneous charge and energy currents per particle at position r* and time ¢:

v8(r* —r(?)), (10.33)
(Wi (e(0), (X — (7)) | (10.34)

p(r*, 1)

L(r*, 1)
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where ¢ is the energy of the particle, r its position and v, its velocity along the
direction of the currents. The thermodynamic averages of the two currents become
proportional precisely when the variables ¢ and v, are uncorrelated:

Ju = () = (evi) = (&) (vx) = (e){1p) = (el - (10.35)

Therefore, ZT = oo follows from the fact that the average particle’s energy (&) does
not depend on the thermodynamic forces. In the context of classical physics this
happens for instance in the limit of large number of internal degrees of freedom,
provided the dynamics is ergodic.

This observation was used in [37] where an ergodic gas of non-interacting
particles with di, internal degrees of freedom in a d-dimensional chamber connected
to reservoirs was studied. It was shown that for such system the thermoelectric figure
of merit becomes

=1 (cv — %)2 , (10.36)

where cy = ¢, + 1/2 and ¢, = D/2 (D = d + diy) is the dimensionless heat
capacity at constant volume of the gas. Figure 10.17 shows the figure of merit ZT
numerically computed for a gas of noninteracting point-like particles as a function of
the specific heat (internal degrees of freedom are modeled as free rotating modes).
The particles evolve inside a Lorentz gas channel with finite horizon, so that the
particles motion is diffusive (see the inset of Fig. 10.17). The channel is connected
at its boundaries to stochastic reservoirs at different temperatures and chemical
potentials. The numerical results confirm the analytical expression of Eq. (10.36).
The simple mechanism for the growth of ZT also implies that the equilibrium
distribution of the particle energy per degree of freedom becomes more sharply
peaked as D increases.

Fig. 10.17 Figure of merit 20 P
ZT as a function of the heat { ™ { o
capacity cy, at u = 0. T,
Numerical results are
obtained from nonequilibrium
simulations (for the details of L
the simulations see [37]). The e
dashed line corresponds to N g
the analytical expression of P ®
Eq. (10.36). Inset: schematic -
drawing of the model used in 5 el

the numerical simulations .

0 5 10 15 20
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We point out that, while the discussion in this section was focused on classical
systems, noninteracting systems can be easily treated in quantum mechanics too by
means of the Landauer-Biittiker formalism, [48, 71]. In this approach, the particle
and heat currents are given, similarly to Eqs.(10.27) and (10.28), in terms of
integrals over the energy distribution of the particles injected from the reservoirs and
the scattering transmission probability of the system (for the use of this formalism
in thermoelectricity see [20]). Implementations of the energy filtering mechanism
may be possible in, e.g., nanowires or nanostructured materials for which the shape
of the transmission function can be controlled more easily than in bulk materials.
Finally, we note that the results of this section are obtained in the absence of phonon
heat leaks.

10.4.4 Interacting Systems

The thermoelectric properties of strongly interacting systems are of fundamental
interest since their efficiency is not bounded by inherent limitations of non-
interacting systems, such as the Wiedemann-Franz law. Experiments on some
strongly correlated materials such as sodium cobalt oxides revealed unusually
large thermopower values [140, 146], due in part to the strong electron-electron
interactions [113]. Very little is known about the thermoelectric properties of
interacting systems: analytical results are rare and numerical simulations are
challenging. The linear response Kubo formalism has been used to investigate the
thermoelectric properties of one-dimensional integrable and nonintegrable strongly
correlated quantum lattice models [9, 113, 133, 156]. With regard to the simulation
of classical dynamical models, an extension of the model discussed in Sect. (10.4.3),
with inter-particle interactions added by substituting the Lorentz lattice with the
rotating Lorentz gas model [83, 101] was studied in [34]. It was shown that while
ZT is bounded from above by its value obtained at zero interaction, it still increases
with cy. On the other hand, for a one-dimensional di-atomic disordered hard-point
gas coupled to particle reservoirs (see the upper panel in Fig. 10.18 for a schematic
representation of the model), it was numerically found [38] that ZT diverges in the
thermodynamic limit as a power-law, ZT ~ (N)*, where (N) is the average number
of particles in the system and o ~ 0.79. Note that if the masses of all particles
are the same, the dynamics is integrable and one can find analytically that ZT is
independent of (N) (in particular, ZT = 1 when the chemical potential © = 0).
Later [122] showed that the numerically observed large values of ZT could not be
explained in terms of the energy filtering mechanism. Indeed, the particle current at
the position x € [0, A] (A is the system size) can be expressed as j, = fooo deD(g),
where D(¢) = Dy () — Dgr(e) plays the role of “transmission function”: Dy (¢) is the
density of particles with energy ¢ crossing x and coming from the left side, while
Dg(e) is the density of particles with energy € from the right side. If the divergence
of ZT with A was due to energy filtering, then D(e) would sharpen with increasing
the system size. Conversely, no sign of narrowing of D(g) was found in [122], As
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Fig. 10.18 Thermoelectric
transport coefficients for the
one-dimensional di-atomic
disordered hard-point gas
model, as a function of the
system size A. The dashed
curves correspond from top to
bottomto o ~ A, k ~ A%33,
S=1.5,and ZT ~ A*%7 In
the upper panel a schematic
representation of the model is
shown
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discussed below in Sect. 10.4.4.2, the divergence of ZT can be explained on the basis
of a theoretical argument [ 18] applicable to non-integrable systems with momentum

conservation.

10.4.4.1 Green-Kubo Formula

While the Landauer-Biittiker approach cannot be applied to interacting systems, the
linear response regime can be numerically investigated in equilibrium simulations
by using the Green-Kubo formula. This formula expresses the Onsager kinetic coef-
ficients in terms of equilibrium dynamic correlation functions of the corresponding
current at finite temperature 3 1181, 88] as

L,',' = lim ReLij(a)) s (1037)
X w—>0
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where
oo L 1 [*
Lj(w) = lim/ dte @1 |im —/ dt{J:(0)J;(t + i), (10.38)
e—>0 0 R—00 2 0

where ( - ) = {tr[(-)exp(—BF)]} /tr[exp(—Bs)] denotes the equilibrium
expectation value at temperature 7, J¢ is the system’s Hamiltonian, £2 is the
system’s volume, and J;(1) = |, o drji(r,7) is the total current (i = p, u).

Within the framework of Kubo linear response approach, the real part of L;(w)
can be decomposed into a singular contribution at zero frequency and a regular part
Li;*(w) as

ReLj(w) = 2nDyd(w) + L;»eg(a)) . (10.39)
The coefficient of the singular part defines the generalized Drude weights D;;
(for i = j = p, we have the conventional Drude weight D,,). Importantly,
it has been shown that non-zero Drude weights, D;; # 0, are a signature of
ballistic transport [61, 65, 158, 159], namely in the thermodynamic limit the
kinetic coefficients L;; diverge linearly with the system size. Moreover, it has been
conjectured that at finite temperature, an integrable system is an ideal conductor
characterised by a finite Drude weight if at zero temperature the Drude weight is
positive, while the system remains an insulator if the zero temperature Drude weight
is zero. On the other hand nonintegrable systems are believed to have a vanishing
Drude weight and thus, to exhibit normal transport.

10.4.4.2 Conservation Laws and Thermoelectric Efficiency

The way in which the dynamic correlation functions in Eq.(10.38) decay, deter-
mines the ballistic, anomalous or diffusive character of the energy and particle
transport, and it has been understood that this decay is directly related to the exis-
tence of conserved dynamical quantities [158, 159]. For quantum spin chains and
under suitable conditions, it has been proved that systems possessing conservation
laws exhibit ballistic transport at finite temperature [70].

However, the role that the existence of conserved quantities plays on the
thermoelectric efficiency has been considered only recently [18, 19, 38, 44, 122].

The decay of time correlations for the currents can be related to the existence
of conserved quantities by using Suzuki’s formula [139], which generalizes an
inequality proposed by Mazur [98]. Consider a system of size A and Hamiltonian
JC, with a set of M relevant conserved quantities Q,,, m = 1, ..., M, namely the
commutators [7, Q,,] = 0. A constant of motion Q,, is by definition relevant if
it is not orthogonal to the currents under consideration, in our case (J,Q,) # 0
and (J,0,,) # 0. It is assumed that the M constants of motion are orthogonal,
ie., (0nQy) = (0%)8, (this is always possible via a Gram-Schmid procedure).
Furthermore, we assume that the set {Q,,} exhausts all relevant conserved quantities.
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Then using Suzuki’s formula [139], we can express the finite-size Drude weights

1 1 [
dy(4) = 3 lim — /0 dr' (Ji(¢)J;(0)) (10.40)

in terms of the relevant conserved quantities:

1 X (J:00) (J:0m
d,,»(A)=§§ % (10.41)
m=1 m

On the other hand, the thermodynamic Drude weights can also be expressed in terms
of time-averaged current-current correlations as

1 t
D; = lim lim — [ df'(J,(/)J;(0)) . (10.42)
X 2A 0

t—>00 A—00 t

If the thermodynamic limit A — oo commutes with the long-time limit ¢ — oo,
then the thermodynamic Drude weights D;; can be obtained as

Dy = lim d;(4). (10.43)

Moreover, if the limit does not vanish we can conclude that the presence of relevant
conservation laws yields non-zero generalized Drude weights, which in turn imply
that transport is ballistic, L;j ~ A. As a consequence, the electrical conductivity is
ballistic, o ~ L,, ~ A, while the thermopower is asymptotically size-independent,
S ~ Lyp/Lpy ~ A°.

We can see from Suzuki’s formula that for systems with a single relevant
constant of motion (M = 1), the ballistic contribution to detI. vanishes, since it is
proportional to D,,D,, — Dfm, which is zero from Eqs. (10.41) and (10.43). Hence,
det I grows slower than A2, and therefore the thermal conductivity x ~ detL/ Ly,
grows sub-ballistically, k ~ A%, with @ < 1. Since 0 ~ A and § ~ A°, we can
conclude that ZT' ~ A'~% [18]. Hence ZT diverges in the thermodynamic limit
A — oo. This general theoretical argument applies for instance to systems where
momentum is the only relevant conserved quantity.

It has been recently shown that these expectations fully describe the results
obtained for the one-dimensional disordered hard-point gas, see Fig. 10.18 and [18].
This enhancement of ZT has also been verified for more realistic models in [19],
where the nonequilibrium steady state properties of a two-dimensional gas of
particles interacting through elastic collisions and enclosed in a box connected
to reservoirs at both ends were studied numerically. The inter-particle collisions
were modeled by the method of Multiparticle Collision Dynamics (MPC) [92].
Similarly to [18], it was found that the generalized Drude weights are finite, leading
to non decaying current-current time correlations. As a consequence, the transport
coefficients exhibit an anomalous scaling yielding a figure of merit that for this



396 G. Benenti et al.
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model diverges as ZT ~ A/ log A. The logarithmic term appears as a consequence
of the existence of long time tails in the decay of the energy current-current time
correlation, typically observed in two-dimensional hydrodynamic systems [3]. The
dependence of the thermoelectric transport coefficients as a function of the system
size is shown in Fig. 10.19. Finally, results consistent with the above model have
been obtained not only for instantaneous collision models but also for a system
with finite range of the interaction, more precisely for a one-dimensional gas of
particles with nearest-neighbor Coulomb interaction, modeling a screened Coulomb
interaction between electrons [44]. This latter model takes advantage of the recently
reported Fourier-like behavior of thermal conductivity [42, 47, 127, 148, 157],
namely, of the appearance of a very broad range of system size where the
thermal conductivity behaves normally according to the Fourier law, i.e., k is size-
independent, see Fig. 10.2. As a consequence, ZT exhibits a rapid, liner growth
with the system size. While the Fourier-like regime might be an intermediate (in
the system size) regime, followed by an asymptotic regime of anomalous thermal
conductivity k ~ A!/3 [52, 84], the range of validity of such regime may expand
rapidly as an integrable limit is approached [42]. We point out that it is a priori
not excluded that there exist models where the long-time limit # — oo and the
thermodynamical limit A — oo do not commute when computing the Drude
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weights. However, numerical evidence shows that for the models so far considered
these two limits commute [18, 19, 44].

It is interesting to note the contrasting behavior obtained when more than
one conserved quantities exist. For M > 1, in general D,,D,, — Dﬁp # 0.
As a consequence, detL. ~ A2, and therefore the heat conductivity becomes
ballistic and ZT asymptotically independent of the system size. This situation is
commonly found in integrable systems, for which infinite constants of motion exist
at the thermodynamic limit. For instance, in noninteracting systems, momentum
conservation implies that all transport coefficients are ballistic, thus leading to a
constant ZT. The enhancement in the efficiency due to the existence of conserved
quantities is limited to systems of interacting particles.

10.4.5 Breaking Time-Reversibility

When time-reversal symmetry is broken, typically by a magnetic field B, Onsager-
Casimir reciprocity relations no longer imply L; = L;, but rather L;;(B) = L;(—B).
While these relations imply o (B) = o(—B) and x (B) = k(—B), the thermopower is
not bounded to be a symmetric function under the exchange B — —B. This simple
remark has deep consequences on thermoelectric efficiency.

The maximum efficiency and the efficiency at maximum power are now deter-
mined by two parameters [17]: the asymmetry parameter

_ S(B) _ S(B)
=B = B T (10.44)

and the “figure of merit”

_ a(B)S(B)S(—B) .. _ o(B)S(B)I1(B)
- B T = &) . (10.45)

In terms of these variables, the maximum efficiency reads

Jy+1-1

max — X—F—— (10.46)
N
while the efficiency at maximum power is
Nc Xy
P = = . 10.47
N(Prax) = 7= 5= 5 (10.47)
In the particular case x = 1, y reduces to the ZT figure of merit of the time-

symmetric case, Eq. (10.46) reduces to Eq. (10.20), and Eq. (10.47) to Eq. (10.21).
While thermodynamics does not impose any restriction on the attainable values of
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the asymmetry parameter x, the positivity of entropy production implies 2(x) <y <
0ifx <0and 0 <y < h(x) if x > 0, where the function (x) = 4x/(x — 1)?. Note
that lim,_, 2(x) = oo and therefore there is no upper bound on y(x = 1) = ZT. For
a given value of the asymmetry x, the maximum (over y) §(Pyax) Of 17(Ppax) and the
maximum #yax Of Nmax are obtained for y = h(x):

_ x?
1(Pmax) = Nc xz——}-l ) (10.48)
nex®if x| <1,
f)max = (1049)

ne if|x|>1.

The functions 7(Ppyax) (x) and 7jmax (x) are drawn in Fig. 10.20. In the case |x| > 1, it
is in principle possible to overcome the Curzon-Ahlborn limit within linear response
(that is, to have 1(Pax) > nc¢/2) and to reach the Carnot efficiency, for increasingly
smaller and smaller figure of merit y as the asymmetry parameter x increases. The
Carnot efficiency is obtained for detL = (L,, — L,,)?/4 > 0 when |x| > 1, that is,
the tight coupling condition is not fulfilled.

The output power at maximum efficiency reads

7_7max L;Zm - L5p| TH - TC

4 Ly, T2

P(fmax) = (10.50)

Therefore, always within linear response, it is allowed from thermodynamics to
have Carnot efficiency and nonzero power simultaneously when |x| > 1. Such
a possibility can be understood on the basis of the following argument [27, 29].
We first split the particle and energy currents into a reversible part (which changes
sign by reversing B — —B) and an irreversible part (invariant with respect to the

Fig. 10.20 Efficiency 1 in

units of the Carnot efficiency 1
nc as a function of the
asymmetry parameter x, with 0.8

n = N(Pmax) (dashed curve)

and 1 = Nmax (fudl curve). O
Forx = 1, )(Pmax) = 1c/2 s
and nmax = 7¢ are obtained =
fory(x =1) = ZT = o0 0.4

0.6

0.2
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inversion B — —B), defined by

L(B) ~L'(B)
2

L(B) +L'B)

‘l’eVB —
J(B) >

, "B = (10.51)
Only the irreversible part of the currents contributes to the entropy production: § =
j™-F = jip“V(—p, /T) + j™V(1/T). The reversible currents vanish for B = 0.
On the other hand, for broken time-reversal symmetry the reversible currents can
in principle become arbitrarily large, giving rise to the possibility of dissipationless
transport.

It is interesting to compare the performances of a system as a thermal machine or
as a refrigerator. For a refrigerator, the most important benchmark is the coefficient
of performance n" = Jqo/P (g < 0, P < 0), given by the ratio of the heat
current extracted from the cold system over the absorbed power. The efficiency of
an ideal, dissipationless refrigerator is given by n(cr) = Tc/(Ty — Tc). While in
the time-reversal case the linear response normalized maximum efficiency fmax/nc
and coefficient of performance nf{lgx / n(cr) for power generation and refrigeration
coincide, this is no longer the case with broken time-reversal symmetry. For
refrigeration the maximum value of the coefficient of performance reads

}”(r) :n(,)l\/y-f-l—l
max C X /—y+1+1'

For small fields, x is in general a linear function of the magnetic field, while y is
by construction an even function of the field. As a consequence, a small external
magnetic field either improves power generation and worsens refrigeration or vice-
versa, while the average efficiency

(10.52)

() )
l |:nmax(B) + nmax(B)] _ Nmax (0) _ Nmax (0) (10.53)

2 Uls n(cr) Uls B n(cr) '

up to second order corrections. Due to the Onsager-Casimir relations, x(—B) =
1/x(B) and therefore by inverting the direction of the magnetic field one can
improve either power generation or refrigeration.

With regard to the practical relevance of the results presented in this section, we
should note that, as a consequence of the symmetry properties of the scattering
matrix [48] (see Sect.10.4.6), in the non-interacting case the thermopower is a
symmetric function of the magnetic field, thus implying x = 1. On the other hand,
as we shall discuss in Sect. 10.4.6, this symmetry may be violated when electron-
phonon or electron-electron interactions are taken into account. Non-symmetric
thermopowers have been reported in measurements for certain orientations of
a bismuth crystal [152] and in Andreev interferometer experiments [58] (for a
theoretical analysis of these latter experiments see [75]).
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10.4.6 Inelastic Scattering and Probe Terminals

Inelastic scattering events like electron-phonon interactions, can be conveniently
modeled by means of a third terminal (or conceptual probe), whose parameters
(temperature and chemical potential) are chosen self-consistently so that there is
no net average flux of particles and heat between this terminal and the system
(see Fig. 10.21, left panel). In mesoscopic physics, probe reservoirs are commonly
used to simulate phase-breaking processes in partially coherent quantum transport,
since they introduce phase-relaxation without energy damping [31]. The advantage
of such approach lies in its simplicity and independence from microscopic details
of inelastic processes. Probe terminals have been widely used in the literature and
proved to be useful to unveil nontrivial aspects of phase-breaking processes [48],
heat transport and rectification [13, 22-24, 52, 112, 118, 120], and thermoelectric
transport [11, 15, 25, 29, 56, 57, 67, 73,76, 77, 123, 124, 126, 135, 136].

The approach can be generalized to any number n, of probe reservoirs. We call
Jk = (kp.Jjru)' the particle and energy currents from the kth terminal (at temperature
T and chemical potential 1), with k = 3,...,n denoting the n, = n — 2 probes.
Due to the steady-state constraints of charge and energy conservation, ) , ji, =
> «Jku = 0, we can express, for instance, the currents from the second reservoir as
a function of the remaining 2(n — 1) currents. The corresponding generalized forces
are given by X; = (A(ux/T), AT /T?), with Apy = py — pu, ATy =T =T, pp =
U2, and T = T5. The linear response relations between currents and thermodynamic
forces read as follows:

= LiX. (10.54)
=1

j=
(j#2)

Tg. 3

Ni:i.ﬂ =jau=10 N i
T, To g w r——,
-10 —

20 . ! . ! . !
023 022 021 02 0.19

o/21

Fig. 10.21 Left panel: schematic drawing of thermoelectric transport, with a third terminal acting
as a probe reservoir mimicking inelastic scattering. The temperature 73 and the chemical potential
13 of the third reservoir are such that the net average electric and energy currents through this
reservoir vanish: j3 , = J3, = 0. This setup can be generalized to any number of probe reservoirs,
k = 3,...,n, by setting ji , = Ji, = O for all probes. Right panel: asymmetry parameter x for
a three-terminal Aharonov-Bohm interferometer, with one of the terminals acting as a probe, see
[123] for details
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where L;; are 2 x 2 matrices, so that the overall Onsager matrix L has size 2(n —1).
We then impose the condition of zero average currents through the probes, ji , =
Jru = 0fork = 3,..., ntoreduce the Onsager matrix to a 2x2 matrix L' connecting
the fluxes j; through the first reservoir and the conjugated forces X, as j; = L'X.
The reduced matrix " fulfills the Onsager-Casimir relations and represents the
Onsager matrix for two-terminal inelastic transport modeled by means of probe
reservoirs. The transport coefficients and the thermodynamic efficiencies can then
be computed in the usual way from the reduced matrix L.

The particle and energy currents can be conveniently computed, for any number
of probes, by means of the multi-terminal Landauer-Biittiker formula [48]:

Jep = % / de Y [rei(@)fi(e) — T s(e)fi(e)], (10.55)
~ 4

w = % / dee Y [nei(@)fi(e) — Tei(e)fi(e)]. (10.56)
o &

where 1,4 (¢) is the transmission probability from terminal k to terminal [ at the
energy ¢. Charge conservation and the requirement of zero current at zero bias
impose

DTl =)tk =M, (10.57)
k k

with M; being the number of modes in the lead /. Moreover, in the presence of a
magnetic field B we have

Tet(B) = 11k (—B). (10.58)

The last relation is a consequence of the unitarity of the scattering matrix S(B)
that relates the outgoing wave amplitudes to the incoming wave amplitudes at the
different leads. The time-reversal invariance of unitary dynamics leads to S(B) =
S'(—B), which in turn implies (10.58) [48]. In the two-terminal case, Eq. (10.57)
means Tj«» = Ty« . Hence, we can conclude from this relation and Eq. (10.58) that
T21(B) = 1«1(—B), thus implying that the Seebeck coefficient is a symmetric
function of the magnetic field.

Probe terminals can break the symmetry of the Seebeck coefficient. We can have
S(—B) # S(B), that is, L}, # L), in the reduced Onsager matrix L. Arbitrarily
large values of the asymmetry parameter x = S(B)/S(—B) were obtained in [123]
(see Fig. 10.21, right panel) by means of a three-dot Aharonov-Bohm interferometer
model. The asymmetry was found also for chaotic cavities, ballistic microjunctions
[126], and random Hamiltonians drawn from the Gaussian unitary ensemble [11],
and also in the framework of classical physics, for a three-terminal deterministic
railway switch transport model [67]. In the latter model, only the values zero and
one are allowed for the transmission functions tj«;(¢), i.e., Tj«i(¢) = 1 if particles
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injected from terminal i with energy e go to terminal j and 7j.;(¢) = 0 is such
particles go to a terminal other than j. The transmissions 7j;(¢) are piecewise
constant in the intervals [¢;, &;1], (i = 1,2,...), with switching 7j; = 1 — O or
viceversa possible at the threshold energies ¢;, with the constraints (10.57) always
fulfilled.

In all the above instances, it was not possible to find at the same time large
values of asymmetry parameter (10.44) and high thermoelectric efficiency. Such
failure was explained by [29] and is generic for non-interacting three-terminal
systems. In that case, when the magnetic field B # 0, current conservation,
which is mathematically expressed by unitarity of the scattering matrix S, imposes
bounds on the Onsager matrix stronger than those derived from the positivity of
entropy production. As a consequence, Carnot efficiency can be achieved in the
three-terminal setup only in the symmetric case x = 1. On the other hand, the
Curzon-Ahlborn linear response bound, n¢/2, for the efficiency at maximum power
can be overcome for moderate asymmetries, 1 < x < 2, with a maximum of 4n¢/7
at x = 4/3. The bounds obtained by Brandner et al. [29] are in practice saturated
in a quantum transmission model reminiscent of the above described railway switch
model [11] (see Fig.10.22). The generic multi-terminal case was also discussed
for noninteracting electronic transport [27]. By increasing the number 7, of probe
terminals, the constraint from current conservation on the maximum efficiency and
the efficiency at maximum power becomes weaker. However, the bounds (10.48)
and (10.49) from the second law of thermodynamics are saturated only in the limit
n, — 0o. Moreover, numerical evidence suggests that the power vanishes when the
maximum efficiency is approached [28]. It is an interesting open question whether
similar bounds on efficiency, tighter that those imposed by the positivity of entropy
production, exist in more general transport models for interacting systems.

0.8 ~7_?(Pmax)
0.6
~ 0.4 |
e
0.2 pem—meg
0.0
4 6 8 6 -4 2 0 2 4 6 8
X b4

Fig. 10.22 Maximum efficiency fma.x (left panel) and efficiency at maximum power 7(Pnay) (right
panel), both in units of n¢. Upper curves correspond to the thermodynamics bounds [17], lower
curves to the more restrictive bounds [29] from the unitarity of the scattering matrix for three
terminals, squares are obtained from a transmission model whose details are described in [11].
Dotted-dashed line corresponds to the Curzon-Ahlborn linear-response limit 7¢/2. Note that such
limit is exceeded in the interval [1,2] with the transmission model
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Finally, we point out that in a genuine multi-terminal device all terminals should
be treated on equal footing, without necessarily declaring some of them as probes.
First investigations for a generic three-terminal system have shown that in some
instances the coupling to a third terminal can improve both the extracted power and
the efficiency of a thermoelectric device [99]. Moreover, with three terminals one
can separate the currents, with charge and heat flowing to different reservoirs. As
a result, it is possible to violate in a controlled fashion the Wiedemann-Franz law,
greatly enhancing thermoelectric performances [100].

10.5 Concluding Remarks

In this chapter we have discussed several microscopic mechanisms for the design
of a thermal rectifier and the increase of the efficiency of thermoelectric energy
conversion. Although not intuitive, solid-state thermal rectifiers do exist and there
have already been the first experimental implementations. With regard to thermo-
electricity, basic concepts to improve the efficiency have been identified: energy
filtering for non-interacting systems and momentum conservation in non-integrable
interacting systems.

Several questions remain open. An important point for thermal rectification is
the need to have a strongly temperature dependent thermal conductivity. Some ideas
have already been explored, but the microscopic theory is still incomplete. It appears
promising in this connection to work in the vicinity of a structural phase transition.
Moreover, the above discussed rectifiers are based on insulating materials. It would
be interesting, in order to combine thermal rectification with thermoelectric power
generation or cooling, to include and understand the role of mobile charge carriers.
Recent experimental investigations are moving forward in this direction [94].

In spite of the long history of thermoelectricity, from the viewpoint of statistical
physics the theory of the coupled transport of heat and charge is still in its infancy.
With regard to the challenging problem of improving the efficiency of heat to
work conversion, for non-interacting systems we have a quite complete theoretical
picture and understand the limitations imposed by nature (notably, the Wiedemann-
Franz law). On the other hand, the understanding of general mechanisms connected
to strongly interacting systems, for which the Wiedemann-Franz law does not
apply, are only beginning to emerge. In particular, regimes near electronic phase
transitions might be favorable for thermoelectric conversion [110, 145]. A deeper
understanding of the nonlinear regime is also needed [74, 125, 150], since, as
observed experimentally in mesoscopic devices [97], the Onsager-Casimir reci-
procity relations break down and this fact could in principle allow for improved
thermoelectric efficiencies. Furthermore, in the nonlinear regime rectification effects
occur and their impact on thermoelectricity is still not well understood.



404

G. Benenti et al.

Acknowledgements G.B. and G.C. acknowledge the support by MIUR-PRIN. C.M.-M.
acknowledges the support by the Spanish MICINN grant MTM2012-39101-C02-01 and
MTM2015-63914-P.

References

R e N N N

10.
. Balachandran, V., Benenti, G., Casati, G.: Phys. Rev. B, 87, 165419 (2013)
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.

31.
32.
33.

34,
. Casati, G., Valz-Gris, E.,, Guarneri, I.: Lett. Nuovo Cimento 28, 279 (1980)
36.
37.
38.
39.
40.
41.
42.

. Aberg, S.: Phys. Rev. Lett. 64, 3119 (1990)
. Ajisaka, S., Barra, F., Mejia-Monasterio, C., Prosen, T.: Phys. Rev. B 86, 125111 (2012)

Alder, J., Wainwright, T.E.: Phys. Rev. Lett. 18, 988 (1967)
Andresen, B.: Angew. Chem. Int. Ed. 50, 2690 (2011)

. Apertet, Y., Ouerdane, H., Goupil, C., Lecoeur, Ph.: Phys. Rev. E 85, 031116 (2012)

. Arrachea, L., Moskalets, M., Martin-Moreno, L.: Phys. Rev. B 75, 245420 (2007)

. Arrachea, L., Lozano, G.S., Aligia, A.A.: Phys. Rev. B 80, 014425 (2009)

. Arrachea, L., Mucciolo, E.R., Chamon, C., Capaz, R.B.: Phys. Rev. B 86, 125424 (2012)

. Arsenault, L.-F., Shastry, B.S., Sémon, P., Tremblay, A.- M.S.: Phys. Rev. B 87, 035126

(2013)
Aschcroft, N.W., Mermin, N.D.: Solid State Physics. Saunders College, Philadelphia (1976)

Balcerek, K., Tyc, T.: Phys. Status Solidi (a) 47, K125 (1978)

Bandyopadhyay, M., Segal, D.: Phys. Rev. E 84, 011151 (2011)

Barthel, T., Schollwock, U.: Phys. Rev. Lett. 100, 100601 (2008)

Bedkihal, S., Bandyopadhyay, M., Segal, D.: Eur. Phys. J. B 86, 506 (2013)

Bell, L.E.: Science 321, 1457 (2008)

Benenti, G., Saito, K., Casati, G.: Phys. Rev. Lett. 106, 230602 (2011)

Benenti, G., Casati, G., Wang, J.: Phys. Rev. Lett. 110, 070604 (2013)

Benenti, G., Casati, G., Mejia-Monasterio, C.: New J. Phys. 16, 015014 (2014)
Benenti, G., Casati, G., Prosen, T., Saito, K.: arXiv:1311.4430

Bohigas, O., Giannoni, M.-J., Schmit, C.: Phys. Rev. Lett. 52, 1 (1984)

Bolsterli, M., Rich, M., Visscher, W.M.: Phys. Rev. A 1, 1086 (1970)

Bonetto, F., Lebowitz, J.L.., Lukkarinen, J.: J. Stat. Phys. 116, 783 (2004)

Bonetto, F., Lebowitz, J.L.., Lukkarinen, J., Olla, S.: J. Stat. Phys. 134, 1097 (2009)
Bosisio, R., Gorini, C., Fleury, G., Pichard, J.-L.: New J. Phys. 16, 095005 (2014)
Boukai, A.L, et al.: Nature 451, 168 (2008)

Brandner, K., Seifert, U.: New J. Phys. 15, 105003 (2013)

Brandner, K., Seifert, U.: Phys. Rev. E 91, 012121 (2015)

Brandner, K., Saito, K., Seifert, U.: Phys. Rev. Lett. 110, 070603 (2013)

Breuer, H.-P., Petruccione, F.: The Theory of Open Quantum Systems. Oxford University
Press, New York (2007)

Biittiker, M.: IBM J. Res. Dev. 32, 63 (1988)

Cahill, D.G., et al.: J. Appl. Phys. 93, 793 (2003)

Callen, H.B.: Thermodynamics and an Introduction to Thermostatics, 2nd edn. Wiley,
New York (1985)

Casati, G., Mejia-Monasterio, C.: AIP Conf. Proc. 1076, 18 (2008)

Casati, G., Ford, J., Vivaldi, F., Visscher, W.M.: Phys. Rev. Lett. 52, 1861 (1984)
Casati, G., Mejia-Monasterio, C., Prosen, T.: Phys. Rev. Lett. 101, 016601 (2008)
Casati, G., Wang, L., Prosen, T.: J. Stat. Mech. L03004 (2009)

Chambadal, P.: Les Centrales Nucléaires. Armand Colin, Paris (1957)

Chang, C.W., Okawa, D., Majumdar, A., Zettl, A.: Science 314, 1121 (2006)
Chen, Z., et al.: Nat. Commun. 5, 5446 (2014)

Chen, S., Wang, J., Casati, G., Benenti, G.: Phys. Rev. E 90, 032134 (2014)



10

43.
44,

45

49.
50.
51.

52.
53.
54.
. Dubi, Y., Di Ventra, M.: Rev. Mod. Phys. 83, 131 (2011)
56.
57.
58.
59.

55

60.

61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

71

73.
74.
75.
76.
. Jiang, J.H., Entin-Wohlman, O., Imry, Y.: Phys. Rev. B 87, 205420 (2013)
78.
79.
80.

77

81.

82

83.
84.
85.
86.
. Lindblad, G.: Commun. Math. Phys. 48, 119 (1976)

. Mahan, G.D.: Many-Particle Physics. Plenum Press, New York (1990)
89.

87

From Thermal Rectifiers to Thermoelectric Devices 405

Chen, S., Pereira, E., Casati, G.: Europhys. Lett. 111, 30004 (2015)
Chen, S., Wang, J., Casati, G., Benenti, G.: Phys. Rev. E 92, 032139 (2015)

. Curzon, F., Ahlborn, B.: Am. J. Phys. 43, 22 (1975)
46.
47.
48.

Daley, A., Kollath, C., Schollwock, U.: J. Stat. Mech. P04005 (2004)

Das, S.G., Dhar, A., Narayan, O.: J. Stat. Phys. 154, 204 (2013)

Datta, S.: Electronic Transport in Mesoscopic Systems. Cambridge University Press,
Cambridge (1995)

Dauxois, T., Peyrard, M., Bishop, A.R.: Phys. Rev. E 47, 684 (1993)

Debye, P.: Ann. Phys. 39, 789 (1912)

de Groot, S.R., Mazur, P.: Nonequilibrium Thermodynamics. North-Holland, Amsterdam
(1962)

Dhar, A.: Adv. Phys. 57, 457 (2008)

Dresselhaus, M.S., et al.: Adv. Mater. 19, 1043 (2007)

Dubi, Y., Di Ventra, M.: Phys. Rev. B 79, 115415 (2009)

Entin-Wohlman, O., Aharony, A.: Phys. Rev. B 85, 085401 (2012)

Entin-Wohlman, O., Imry, Y., Aharony, A.: Phys. Rev. B 82, 115314 (2010)

Eom, J., Chien, C.-]., Chandrasekhar, V.: Phys. Rev. Lett. 81, 437 (1998)

Esposito, M., Kawai, R., Lindenberg, K., Van den Broeck, C.: Phys. Rev. Lett. 105, 150603
(2010)

Gallavotti, G., Cohen, E.G.D.: Phys. Rev. Lett. 74, 2694 (1995); J. Stat. Phys. 80, 931 (1995);
Gallavotti, G.: J. Stat. Phys. 84, 8996 (1996); Phys. Rev. Lett. 77, 4334 (1996)

Garst, M., Rosch, A.: Europhys. Lett. 55, 66 (2001)

Gaul, C., Biittner, H.: Phys. Rev. E 76, 011111 (2007)

Gorini, V., Kossakowski, A., Sudarshan, E.C.G.: J. Math. Phys. 17, 821 (1976)

Guhr, T., Miiller-Groeling, A., Weidenmiiller, H.A.: Phys. Rep. 299, 189 (1998)
Heidrich-Meisner, F., Honecker, A., Brenig, W.: Phys. Rev. B 71, 184415 (2005)

Hicks, L.D., Dresselhaus, M.S.: Phys. Rev. B 47, 12727 (1993); 16631(R) (1993)

Horvat, M., Prosen, T., Benenti, G., Casati, G.: Phys. Rev. E 86, 052102 (2012)

Humphrey, T.E., Linke, H.: Phys. Rev. Lett. 94, 096601 (2005)

Humphrey, T.E., Newbury, R., Taylor, R.P,, Linke, H.: Phys. Rev. Lett. 89, 116801 (2002)
Tlievski, E., Prosen, T.: Commun. Math. Phys. 318, 809 (2013)

. Imry, Y.: Introduction to Mesoscopic Physics. Oxford University Press, New York (1997)
72.

Ioffe, A.F.: Semiconductor Thermoelements, and Thermoelectric Cooling. Infosearch, Lon-
don (1957)

Jacquet, P.A.: J. Stat. Phys. 134, 709 (2009)

Jacquod, Ph., Meair, J.: J. Phys. Condens. Matter 25, 082201 (2013)

Jacquod, Ph., Whitney, R.S.: Europhys. Lett. 91, 67009 (2010)

Jiang, J.H., Entin-Wohlman, O., Imry, Y.: Phys. Rev. B 85, 075412 (2012)

Kobayashi, W., Teraoka, Y., Terasaki, I.: Appl. Phys. Lett. 95, 171905 (2009)

Kobayashi, W., et al.: Appl. Phys. Express 5, 027302 (2012)

Koumoto, K., Mori, T. (eds.): Thermoelectric Nanomaterials: Materials Design and Applica-
tions. Springer Series in Material Science, vol. 182. Springer, Berlin (2013)

Kubo, R.: J. Phys. Soc. Jpn. 12, 570 (1957)

. Kubo, R., Toda, M., Hashitsume, N.: Statistical Physics II: Nonequilibrium Statistical

Mechanics. Springer, Berlin (1985)

Larralde, H., Leyvraz, F., Mejia-Monasterio, C.: J. Stat. Phys. 113, 197 (2003)
Lepri, S., Livi, R., Politi, A.: Phys. Rep. 377, 1 (2003)

Li, B., Casati, G., Wang, J.: Phys. Rev. E 67, 021204 (2003)

Li, N., et al.: Rev. Mod. Phys. 84, 1045 (2012)

Mahan, G.D., Sofo, J.O.: Proc. Natl. Acad. Sci. USA 93, 7436 (1996)



406

90.
91.
92.
. Manzano, D., Tiersch, M., Asadian, A., Briegel, H.J.: Phys. Rev. E 86, 061118 (2012)
94,
95.
96.
97.
98.
. Mazza, F, et al.: New J. Phys. 16, 085001 (2014)
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.

G. Benenti et al.

Mabhan, G.D., Sales, B., Sharp, J.: Phys. Today 50, 42 (1997)
Majumdar, A.: Science 303, 778 ( 2004)
Malevanets, A., Kapral, R.: J. Chem. Phys. 110, 8605 (1999)

Martinez-Pérez, M.J., Fornieri, A., Giazotto, F.: Nat. Nanotechnol. 10, 303 (2015)
Marucha, Cz., Mucha, J., Rafalowicz, J.: Phys. Status Solidi (a) 31, 269 (1975)
Marucha, Cz., Mucha, J., Rafalowicz, J.: Phys. Status Solidi (a) 37, K5 (1976)
Matthews, J., et al.: Phys. Rev. B 90, 165428 (2014)

Mazur, P.: Physica 43, 533 (1969)

Mazza, F., et al.: Phys. Rev. B 91, 245435 (2015)

Mejia-Monasterio, C., Larralde, H., Leyvraz, F.: Phys. Rev. Lett. 86, 5417 (2001)
Mejia-Monasterio, C., Prosen, T., Casati, G.: Europhys. Lett. 72, 520 (2005)
Mejia-Monasterio, C., Wichterich, H.: Eur. Phys. J. Spec. Top. 151, 113 (2007)
Michel, M., Hartmann, M., Gemmer, J., Mahler, G.: Eur. Phys. J. B 34, 325 (2003)
Michel, M., Mahler, G., Gemmer, J.: Phys. Rev. Lett. 95, 180602 (2005)

Michel, M., Gemmer, J., Mahler, G.: Int. J. Mod. Phys. B 20, 4855 (2006)

Michel, M., Hess, O., Wichterich, H., Gemmer, J.: Phys. Rev. B 77, 104303 (2008)
Novikov, LL: J. Nucl. Energy 7, 125 (1958)

O’Dwyer, M.F,, Lewis, R.A., Zhang, C., Humphrey, T.E.: Phys. Rev. B 72, 205330 (2005)
Ouerdane, H., et al.: Phys. Rev. B 91, 100501(R) (2015)

Peierls, R.: Ann. Phys. 3, 1055 (1929)

Pereira, E.: Phys. Lett. A 374, 1933 (2010)

Peterson, M.R., Mukerjee, S., Shastry, B.S., Haerter, J.O.: Phys. Rev. B 76, 125110 (2007)
Peyrard, M.: Europhys. Lett. 76, 49 (2006)

Prosen, T., Znidari¢, M.: J. Stat. Mech. Theory Exp. 02, P02035 (2009)

Prosen, T., Znidari&, M.: New J. Phys. 12, 025016 (2010)

Redfield, A.G.: IBM J. Res. Dev. 1, 19 (1957)

Roy, D., Dhar, A.: Phys. Rev. B 75, 195110 (2007)

Saito, K.: Europhys. Lett. 61, 34 (2003)

Saito, K.: J. Phys. Soc. Jpn. 75, 034603 (2006)

Saito, K., Takesue, S., Miyashita, S.: Phys. Rev. E 61, 2397 (2000)

Saito, K., Benenti, G., Casati, G.: Chem. Phys. 375, 508 (2010)

Saito, K., Benenti, G., Casati, G., Prosen, T.: Phys. Rev. B 84, 201306(R) (2011)
Sanchez, R., Biittiker, M.: Phys. Rev. B 83, 085428 (2011)

Sanchez, D., Lopez, R.: Phys. Rev. Lett. 110, 026804 (2013)

Sanchez, D., Serra, L.: Phys. Rev. B 84, 201307(R) (2011)

Savin, A.V., Kosevich, Y.A.: Phys. Rev. E 89, 032102 (2014)

Sawaki, D., Kobayashi, W., Morimoto, Y., Terasaki, I.: Appl. Phys. Lett. 98, 081915 (2011)
Schmiedl, T., Seifert, U.: Europhys. Lett. 81, 20003 (2008)

Schollwock, U.: Ann. Phys. 326, 96 (2011)

Segal, D., Nitzan, A.: Phys. Rev. Lett. 94, 034301 (2005)

Shakouri, A.: Annu. Rev. Mater. Res. 41, 399 (2011)

Shastry, B.S.: Rep. Prog. Phys. 72, 016501 (2009)

Snyder, G.J., Toberer, E.S.: Nat. Mater. 7, 105 (2008)

Sothmann, B., Biittiker, M.: Europhys. Lett. 99, 27001 (2012)

Sothmann, B., Sanchez, R., Jordan, A.N., Biittiker, M.: Phys. Rev. B 85, 205301 (2012)
Steinigeweg, R., Gemmer, J., Michel, M.: Europhys. Lett. 75, 406 (2006)

Sun, K.-W., Wang, C., Chen, Q.-H.: Europhys. Lett. 92, 24002 (2010)

Suzuki, M.: Physica 51, 277 (1971)

Terasaki, I., Sasago, Y., Uchinokura, K.: Phys. Rev. B 56, R12685 (1997)
Terraneo, M., Peyrard, M., Casati, G.: Phys. Rev. Lett. 88, 094302 (2002)

Tian, H., et al.: Sci. Rep. 2, 523 (2012)

Van den Broeck, C.: Phys. Rev. Lett. 95, 190602 (2005)



10

144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.

156.
. Zhong, Y., Zhang, Y., Wang, J., Zhao, H.: Phys. Rev. E 85, 060102(R) (2012)
158.

157

159.
160.

From Thermal Rectifiers to Thermoelectric Devices 407

Vashaee, D., Shakouri, A.: Phys. Rev. Lett. 92, 106103 (2004)

Vining, C.B.: Mater. Res. Soc. Symp. 478, 3 (1997)

Wang, Y., Rogado, N.S., Cava, R.J., Ong, N.P.: Nature 423, 425 (2003)
Wang, J., Pereira, E., Casati, G.: Phys. Rev. E 86, 010101(R) (2012)
Wang, L., Hu, B, Li, B.: Phys. Rev. E 88, 052112 (2013)

White, S., Feiguin, A.E.: Phys. Rev. Lett. 93, 076401 (2004)

Whitney, R.S.: Phys. Rev. B 87, 115404 (2013)

Wichterich, H., et al.: Phys. Rev. E 76, 031115 (2007)

Wolfe, R., Smith, G.E., Haszko, S.E.: Appl. Phys. Lett. 2, 157 (1963)
Wu, L.-A., Segal, D.: Phys. Rev. E 77, 060101(R) (2008)

Yang, N., Li, N., Wang, L., Li, B.: Phys. Rev. B 76, 020301(R) (2007)
Yvon, J.: In: Proceedings of the International Conference on Peaceful Uses of Atomic Energy,
p- 387. United Nations, Geneva (1955)

Zemlji¢, M.M., Prelovsek, P.: Phys. Rev. B 71, 085110 (2007)

Zotos, X., Prelovsek, P.: In: Baeriswyl, D., Degiorgi, L. (eds.) Strong Interactions in Low
Dimensions. Kluwer Academic, Dordrecht (2004)

Zotos, X., Naef, F,, Prelovsek, P.: Phys. Rev. B 55, 11029 (1997)

Zunkovi&, B., Prosen, T.: AIP Conf. Proc. 1468, 350 (2012)



Index

A

Acoustic phonon, 7, 164, 293, 294, 299, 300,
316, 339-341, 346, 349, 353

Additivity principle, 53-54, 93-96, 99

Anharmonic chains, 23, 107-155, 159-198,
207, 216, 380

Anomalous transport/conductivity, 2, 6-16, 20,
23,76,91,92,98,99, 139, 175, 213,
288, 367

Atomistic simulations, 277, 283, 290, 300, 301

B

Ballistic conduction, 317, 326, 329, 334

Boundary conditions, 3, 4, 15, 24, 25, 30,
66-68, 71,74, 76,77, 79-81, 83, 85,
94,98, 113-115, 139, 140, 149, 152,
153, 161, 164-165, 221, 231-232,
235, 244, 248, 251, 263, 280, 281,
291, 375, 376, 381

Boundary scattering, 77, 278, 279, 287, 339,
341, 342, 345, 346, 349, 353

C

Carbon based nanostructures, 283-290

Carbon nanotubes, 23, 275, 276, 283, 287-290,
292, 320, 325-334, 344

Collision operator, 161, 181-188, 190, 191,
193, 194, 198, 201, 208, 211, 212,
224

Conservation laws, 1, 19, 25, 108, 113, 116,
117, 120, 127, 140, 145, 149, 356,
394-397

© Springer International Publishing Switzerland 2016

Correlation function, 11, 12, 51, 107, 112, 161,
177-181, 201, 203, 208, 211, 229,
230, 241, 244, 263, 280

Coupled rotors model, 23-24

Coupled transport, 2, 26-33, 403

Cumulant generating function (CGF), 41, 42,
50-52, 54-65, 91, 93-98

Current correlations, 107, 109, 111, 130, 139,
141, 145-149, 177, 241, 244-247,
370, 374, 395

D

Diffusion method, 258-273

Diffusion of perturbations, 10-12, 22

Ding-a-ling model, 33, 366

Discrete nonlinear Schrodinger (DNLS)
equation, 29-33, 149

Disorder, 4, 39, 40, 67, 71, 75-81, 84-87, 89,
90, 92, 96, 160, 234, 235, 328, 346,
368

Dynamical phase diagram, 136-138

Dynamical scaling, 12, 13, 17

E

Empirical interatomic potentials, 282-283

Energy current, 4, 6, 9, 24, 40, 41, 49, 121,
130, 139, 147-150, 153, 161,
241, 374, 388-390, 396, 398, 400,
401

Energy diffusion, 122, 151, 258-268, 271,
272

409

S. Lepri (ed.), Thermal Transport in Low Dimensions, Lecture Notes

in Physics 921, DOI 10.1007/978-3-319-29261-8



410

F

Fermi-Pasta-Ulam model, 276, 301

Finite-size conductivity, 7-9, 25

Fluctuating Burgers equation, 19

Fluctuation relation, 41, 51-53, 59, 60, 65, 96

Fluctuation-response relation, 51-53

Fluctuations, 2, 7-9, 11-13, 16, 17, 20, 22, 41,
42, 50-66, 84, 85, 90, 91, 96, 99,
108, 116, 121, 221, 222, 229-231,
243, 252, 254, 255, 280, 370, 377

Fourier law, 24, 33, 365-377, 384, 396

Fourier law in quantum mechanics, 368-375

Fractional diffusion equation, 211, 225

Fractional Laplacian, 216, 229, 230, 232

G

Graphene, few-layers graphene, nanoribbons,
339-358

Green—Kubo formula, 25, 40, 51, 99, 137,
139, 151, 161, 171, 175-181, 192,
201-203, 212, 225, 231, 232, 234,
235, 244, 253, 258, 260, 266, 370,
374, 393-394

Green’s function, 40—49, 54, 56, 60, 62, 64, 66,
68, 69, 93, 99-101, 347, 369, 370

H

Hard-point chain (HPC) model, 21

Hard-point gas (HPG) model, 5, 6, 10, 16, 21,
22,33, 142, 367, 393, 395

Heat bath, 8, 16, 28, 39, 41, 51, 67, 68, 70, 71,
91, 165, 231, 240-243, 247-253,
258, 265, 322, 368-373, 375

H-theorem, 161, 198-200, 212

Hyperbolic scaling, 219-220

I
Inelastic scattering, 321, 400403
Integrable nonlinear systems, 25-26

K

Kardar-Parisi-Zhang (KPZ) equation, 2, 13, 19
Kinetic scaling limit, 159-181, 199
Kosterlitz-Thouless-Berezinskii transition, 23

L

Landauer formula, 48, 59, 65, 80, 91, 99

Langevin equations, 19, 30, 41-49, 66, 75, 76,
92, 100, 109, 113, 122, 124128,
130

Index

Lennard-Jones potential, 5, 346, 347, 351

Levy walk, 11, 13, 14, 16, 259, 267, 268

Lindblad operator, 369

Linearized Boltzmann equation, 202, 211, 212

Linear response, 8, 27, 28, 48, 51, 52, 59,
91, 259, 260, 269, 280, 367, 370,
386-388, 390, 392-394, 398-400,
402

Logarithmic divergence, 2, 24, 231, 248, 250,
286, 353, 355

Long time tails, 2, 8-9, 18, 107-113, 396

M

Mazur inequality, 25, 26, 394

Mean free path, 40, 76-78, 81, 91, 100, 224,
241, 276, 282, 283, 285-288, 291,
295, 296, 300, 301, 306-308, 320,
349, 350, 368

Mode-coupling theory, 17, 22, 130-138

Molecular dynamics simulations, 23, 113, 115,
138-145, 288, 296, 297, 330, 347,
378

Momentum-conserving nonlinear lattices,
240-253

Momentum diffusion, 259, 268-273

N

Nanostructure, 275-277, 279, 282-291, 297,
300, 301, 312, 339-342, 386, 392

Nanostructured silicon, 290-300

Non-acoustic chains, 217, 218, 227-228

Nonlinear fluctuating hydrodynamics, 23, 33,
113, 121-129, 138, 145, 147, 150

Normal heat conduction, 171, 175, 253-259,
261, 263, 267, 271, 330

(0]

Onsager coefficients/matrix, 388-389, 401

Ordered and disordered harmonic crystal,
65-98

P

Phonon Boltzmann equation, 160, 161,
181-198, 200, 201, 212, 223-226

Phonon dispersion, 276, 283, 289, 291, 292,
297, 298, 339, 345, 347, 354, 357

Phonon localization, 77, 78, 80, 92, 324, 334

Phonon scattering, 33, 67, 276, 278-280, 287,
301, 309, 317, 341, 345, 346, 356,
357

Pinned lattice, 68, 79, 83, 85, 92



Index

Power law divergence, 9, 93, 250, 252, 253,
256, 306, 353

Q
Quantum chaos, 368, 370-375
Quantum harmonic chain, 4, 91

R
Random collisions, 16, 215-235
Rieder Lebowitz Lieb model, 41

S

Silicon-Germanium (Si-Ge) nanowire, 296,
312, 314-319, 323, 329, 334

Silicon membranes, 297-300

Silicon nanowires, 276, 290-297

Spin chain, 23, 369, 371-374, 394

Steady state properties, 40, 4649, 65-98, 395

T
Temperature profiles, 7, 13-16, 31, 42, 66, 83,
88-91, 242, 249, 250, 309, 384

411

Thermal conductivity, 8, 40, 108, 160,
215-235, 240, 276, 305, 340,
366

Thermal rectifier/thermal diode, 375, 377

Thermal resistance, 307, 309-312, 314, 316,
317, 321, 323, 325-327, 331-333,
342, 354, 380, 384

Thermoelectric efficiency, 385-403

Thermoelectric figure of merit, 386389

Time-reversibility, 397-399

Toda chain, 25, 114, 116, 121

Transfer matrix, 67-71, 83, 92, 99

Two-dimensional phonon transport, 353-357

U

Umklapp processess, 151-154, 279, 341, 356,
357

Universality, 2, 17-23, 31, 33, 34, 129, 131,
142, 240, 256, 321, 334

Universality classes, 17, 20-22, 33, 34

X
XY model, 23, 26, 31



	Preface
	Contents
	1 Heat Transport in Low Dimensions: Introduction and Phenomenology
	1.1 Introduction
	1.2 Models
	1.3 Signatures of Anomalous Transport
	1.3.1 Diverging Finite-Size Conductivity
	1.3.2 Long-Time Tails
	1.3.3 Diffusion of Perturbations
	1.3.4 Relaxation of Spontaneous Fluctuations
	1.3.5 Temperature Profiles

	1.4 Universality and Theoretical Approaches
	1.4.1 Methods
	1.4.2 Connection with the Interface Problem
	1.4.3 Other Universality Classes
	1.4.4 Comparison with Simulations and Experiments

	1.5 The Coupled Rotors Model
	1.6 Two-Dimensional Lattices
	1.7 Integrable Nonlinear Systems
	1.8 Coupled Transport
	1.8.1 Coupled Rotors
	1.8.2 The Discrete Nonlinear Schrödinger Equation

	1.9 Conclusions and Open Problems
	References

	2 Heat Transport in Harmonic Systems
	2.1 Introduction
	2.2 Steady State Current from Langevin Equations and Green's Function Formalism
	2.2.1 Derivation of the Langevin Equation and It's Steady-State Solution
	2.2.2 Steady State Properties

	2.3 Steady State Current Fluctuations
	2.3.1 General Theory
	2.3.1.1 Large Deviations and Cumulant Generating Functions
	2.3.1.2 Fluctuation-Response Relation and Fluctuation Relation
	2.3.1.3 Macroscopic Fluctuation Theory and Additivity Principle

	2.3.2 Cumulant Generating Function for Harmonic Lattices
	2.3.2.1 Classical Regime
	2.3.2.2 Quantum Regime


	2.4 Explicit Results for Steady State Properties in Ordered and Disordered Harmonic Crystal
	2.4.1 Current
	2.4.1.1 Definition of Model and Transfer Matrix Representation
	2.4.1.2 Ordered Harmonic Lattices
	2.4.1.3 Disordered Harmonic Lattices

	2.4.2 Temperature Profiles
	2.4.3 Fluctuation
	2.4.3.1 The CGF of the Ordered Harmonic Crystal
	2.4.3.2 Explicit Expression of the Additivity Principle
	2.4.3.3 Numerical Calculation of the CGF for the Disordered Harmonic Crystals


	2.5 Summary
	Appendix
	References

	3 Fluctuating Hydrodynamics Approach to Equilibrium Time Correlations for Anharmonic Chains
	3.1 Introduction, Long Time Tails for Simple Fluids
	3.2 Anharmonic Chains
	3.3 Nonlinear Fluctuating Hydrodynamics
	3.4 Mode-Coupling Theory
	3.5 Molecular Dynamics Simulations
	3.6 Total Current Correlations
	3.7 Other 1D Hamiltonian Systems
	References

	4 Kinetic Theory of Phonons in Weakly Anharmonic Particle Chains
	4.1 Kinetic Scaling Limit for Weakly Anharmonic Chains
	4.1.1 Introduction
	4.1.2 Free Motion of Phonons
	4.1.2.1 Effect of Boundary Conditions in Finite Non-periodic Chains

	4.1.3 Particle Chains with Anharmonic Perturbations
	4.1.4 Choice of Initial Data
	4.1.5 Green–Kubo Formula

	4.2 Phonon Boltzmann Equation of Spatially Homogeneous Anharmonic Chains
	4.2.1 Identifying the Collision Operator
	4.2.2 Solution of the Collisional Constraints
	4.2.2.1 C3=0 for Nearest Neighbour Dispersion Relations
	4.2.2.2 C4 for Nearest Neighbour Dispersion Relations
	4.2.2.3 Integration of the Collisional Constraints in FPU Chains
	4.2.2.4 Integration of the Collisional Constraints for Onsite Nonlinearity


	4.3 Energy Transport in the Kinetic Theory of Phonons
	4.3.1 Entropy and H-Theorem of the Phonon Boltzmann Equations
	4.3.2 Steady States
	4.3.3 Green–Kubo Formula and the Linearized Boltzmann Equation
	4.3.4 Kinetic Theory Prediction for Thermal Conductivity in Chains with Anharmonic Pinning
	4.3.5 Anomalous Energy Conduction in the Kinetic Theory of FPU Chains

	4.4 Concluding Remarks
	References

	5 Thermal Conductivity in Harmonic Lattices with Random Collisions 
	5.1 Introduction
	5.1.1 Unpinned Chains
	5.1.2 Pinned Chains
	5.1.3 Dynamics with Stochastic Collisions
	5.1.4 Equilibrium Stationary Measures
	5.1.5 Macroscopic Space-Time Scales

	5.2 Hyperbolic Scaling: The Linear Wave Equation
	5.3 Superdiffusive Evolution of the Temperature Profile
	5.4 The Diffusive Behavior of the Phonon-Modes
	5.5 Equilibrium Fluctuations
	5.6 The Phonon Boltzmann Equation
	5.7 Non-acoustic Chains: Beam Dynamics
	5.8 A Simpler Model with Two Conserved Quantities
	5.8.1 The Extension Problem for the Skew-Fractional Laplacian

	5.9 The Dynamics in Higher Dimension
	5.10 Thermal Boundary Conditions and the Non-equilibrium Stationary States
	5.11 The Non-linear Chain
	5.12 The Disordered Chain
	References

	6 Simulation of Heat Transport in Low-Dimensional Oscillator Lattices
	6.1 Simulation of Heat Transport with Non-equilibrium Heat Bath Method and Equilibrium Green-Kubo Method
	6.1.1 Power-Law Divergent Thermal Conductivity in 1D Momentum-Conserving Nonlinear Lattices
	6.1.1.1 Non-equilibrium Heat Bath Method
	6.1.1.2 Green-Kubo Scheme

	6.1.2 Logarithmic Divergent Thermal Conductivity in 2D Momentum-Conserving Nonlinear Lattices
	6.1.2.1 Non-equilibrium Heat Bath Method
	6.1.2.2 Green-Kubo Method

	6.1.3 Normal Heat Conduction in a 3D Momentum-Conserving Nonlinear Lattice

	6.2 Simulation of Heat Transport with the Diffusion Method
	6.2.1 Energy Diffusion
	6.2.1.1 Heat Diffusion Theory
	6.2.1.2 Numerical Verification of the Heat Diffusion Theory
	6.2.1.3 Energy Diffusion Properties for Typical 1D Lattices

	6.2.2 Momentum Diffusion
	6.2.2.1 Momentum Diffusion Theory
	6.2.2.2 Momentum Diffusion Properties for Typical 1D Lattices


	References

	7 Simulation of Dimensionality Effects in Thermal Transport
	7.1 Introduction
	7.2 Simulation Tools
	7.2.1 Anharmonic Lattice Dynamics
	7.2.2 Equilibrium Molecular Dynamics
	7.2.3 Non-equilibrium Molecular Dynamics
	7.2.4 Empirical Interatomic Potentials

	7.3 Carbon Based Nanostructures
	7.3.1 Graphene
	7.3.2 Carbon Nanotubes

	7.4 Nanostructured Silicon
	7.4.1 Silicon Nanowires
	7.4.2 Ultra-Thin Silicon Membranes

	7.5 Conclusions
	References

	8 Experimental Probing of Non-Fourier Thermal Conductors
	8.1 Introduction
	8.2 Experimental Methods for Probing Non-Fourier Thermal Conduction
	8.3 Non-Fourier (Ballistic) Thermal Conduction in SiGeNanowires
	8.4 Non-Fourier (Ballistic) Thermal Conduction in Si-Geinterfaces
	8.5 Non-Fourier (Ballistic) Thermal Conduction in Multiwall Nanotubes
	8.6 Non-Fourier (Anomalous) Thermal Conduction in Ultralong Carbon Nanotubes
	8.7 Conclusion
	References

	9 Thermal Transport in Graphene, Few-Layer Graphene and Graphene Nanoribbons
	9.1 Introduction
	9.2 Basics of Phonon Transport and Thermal Conductivity
	9.3 Experimental Data for Thermal Conductivity of Graphene and Few-Layer Graphene
	9.4 Theories of Phonon Thermal Conductivity in Graphene, Few-Layer Graphene and Graphene Nanoribbons
	9.4.1 Specifics of Two-Dimensional Phonon Transport

	9.5 Conclusions
	References

	10 From Thermal Rectifiers to Thermoelectric Devices
	10.1 Dynamical Foundations of Fourier Law
	10.2 Fourier Law in Quantum Mechanics
	10.2.1 Fourier Law and the Onset of Quantum Chaos

	10.3 Controlling the Heat Flow: Thermal Rectifiers
	10.3.1 The Fourier Law and the Design of a ThermalRectifier
	10.3.2 A One-Dimensional Model for a Thermal Rectifier
	10.3.3 Model in Higher Dimension
	10.3.4 Building an Actual Thermal Rectifier

	10.4 Thermoelectric Efficiency
	10.4.1 The Thermoelectric Figure of Merit ZT
	10.4.2 The Onsager Matrix
	10.4.3 Non-interacting Systems
	10.4.4 Interacting Systems
	10.4.4.1 Green-Kubo Formula
	10.4.4.2 Conservation Laws and Thermoelectric Efficiency

	10.4.5 Breaking Time-Reversibility
	10.4.6 Inelastic Scattering and Probe Terminals

	10.5 Concluding Remarks
	References

	Index

