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Preface

Nanoscience is driven by fascinating scientific challenges, unexpected discoveries,
and opportunities to design and control structures and objects on all length
scales—from the atomic to the macroscopic. The last decade has witnessed tre-
mendous progress in physics, chemistry, biology, and electrical engineering in
creating the necessary tools and techniques, as well as novel theoretical concepts.
While some have already termed nanotechnology as one of the key technologies of
the twenty-first century, the transition from nanoscience to a nanotechnology has
just begun.

The Center for Functional Nanostructures (CFN) was founded in July 2001 at
the Universitidt Karlsruhe (TH) and the Forschungszentrum Karlsruhe and is pri-
marily funded by the Deutsche Forschungsgemeinschaft (DFG). Additional
funding comes from the State of Baden-Wiirttemberg and from the home insti-
tutions, the Universitéit and the Forschungszentrum now combined to establish the
new Karlsruhe Institute of Technology (KIT). The name of the CFN is its program
and vision: we want to participate in making the first crucial steps from pure
science towards real-world applications, i.e., we aim to realize functional nano-
structures, concentrating on optical, electronic and biological functions. The CFN
covers the following broad research areas:

Nano-Photonics
Nano-Electronics
Molecular Nanostructures
Nano-Biology
Nano-Energy.

o O w

The CFN is made up of a wide range of research groups from 19 different
institutes in Karlsruhe bringing a variety of scientific backgrounds together. The
Center thus provides a melting pot where various talents can be combined to
address the problems associated with creating functional nanoscale materials. At
the same time, the members of the Center are very much aware of the need to
develop a common language to facilitate communication amongst the various
disciplines.
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The miniaturization of electronic devices, which allowed for large-scale inte-
gration and ever increasing data-processing rates, has continued into the nano-
meter range. These developments have stimulated worldwide research activities,
and constitute the focus of research area B “Nano-Electronics” of the CFN, where
physicists, chemists and electrical engineers in experimental and theoretical
groups contribute and collaborate.

Several of the topics of this research area, including single electron transport
through quantum dots and nano-devices, magnetic nanostructures, surface physics
and tunnelling spectroscopy, noise, quantum dissipation, quantum computing, as
well as computational methods, are contained in this Lecture Notes which com-
prise chapters by CFN members and external lecturers of a CFN summer school.

Outline of this Volume

Ulrich Schollwock describes recent progress in simulating strongly correlated
quantum systems by adaptive time-dependent density matrix renormalization
group (DMRG) techniques. DMRG is arguably the most powerful numerical
technique for the description of the static properties of strongly correlated one-
dimensional bosonic and fermionic systems. An extension of this method to the
calculation of the dynamical out-of-equilibrium properties of such quantum sys-
tems is presented and, illustrated in the context of spin-charge separation. This new
method opens unprecedented possibilities for the calculation of transport proper-
ties, of time-dependent Hamiltonians such as in ultra-cold atomic systems, or of
decoherence in many-body systems.

Ferdinand Evers and Andreas Arnold describe calculating methods for
ab initio calculations of the molecular conductance. Finding the self energy for
ab initio transport calculations relevant for molecular electronics can be trouble-
some. Errors or insufficient approximations made at this step are often the reason
why many molecular transport studies become inconclusive. They propose a
simple and efficient approximation scheme that follows from interpreting the self
energy as an absorbing boundary condition of an effective Schrodinger equation.

Yaroslav M. Blanter provides an overview of recent activities in the field of
current noise. After an introduction into the main properties of shot noise in
nanostructures, he turns to recent developments, concentrating on issues related to
experimental progress, i.e., non-symmetrized cumulants and quantum noise,
counting statistics, super-Poissonian noise, current noise, and interferometry.

Alexander Shnirman, Gerd Schon, Ivar Martin, and Yuriy Makhlin
describe how Josephson qubits can be used as probes of noise, in particular of 1/f
noise in the materials used. It builds up on the progress reached recently with
quantum mechanical manipulations of solid-state systems. Substantial progress has
been achieved with superconducting circuits based on Josephson junctions. They
have the advantages that they can be switched quickly and can be integrated into
electronic control and measuring circuits. Strong coupling to the external circuits
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and other parts of the environment brings with it the problem of noise and, thus,
decoherence. Therefore, the study of sources of decoherence is necessary. On the
other hand, the Josephson qubits have found their first application as sensitive
spectrometers of the surrounding noise.

Markus Morgenstern demonstrates in his lecture that scanning tunneling
spectroscopy is a versatile tool to measure wave functions within electronic sys-
tems. In addition, the spin distribution can be measured by using adequate spin
filters for the scanning tip. The principle of the technique is explained and illus-
trated by several examples using semiconducting and ferromagnetic samples.

Matthias Braun, Jiirgen Konig, and Jan Martinek discuss the possibility to
generate, manipulate, and probe single spins in single-level quantum dots coupled
to ferromagnetic leads. The spin-polarized currents flowing between dot and leads
create a nonequilibrium spin accumulation and polarization of the dot spin. Both
the magnitude and the direction of the dot’s spin polarization depend on the
magnetic properties of leads and their coupling to the dot.

Eduardo R. Mucciolo discusses adiabatic spin pumping with quantum dots.
While electronic transport in mesoscopic systems has been studied intensively for
the stationary regime, much less is known about phase-coherent non-equilibrium
transport when pulses or ac perturbations are used to drive electrons at low tem-
peratures and at small length scales. In this lecture it is shown how open dots can
be used to create spin-polarized currents with little or no net charge transfer. The
pure spin pump proposed is the analog of a charge battery in conventional elec-
tronics and may provide a needed circuit element for spin-based electronics. Other
relevant issues such as rectification and decoherence are also discussed.

Alexander W. Holleitner describes spin relaxation in two- and one-dimen-
sional systems. In semiconductors without inversion symmetry, spin—orbit inter-
actions give rise to very effective relaxation mechanisms of the electron spin.
Recent theoretical work, based on the dimensionally constrained D’yakonov Perel’
mechanism, predicts increasing electron—spin relaxation times for two-dimen-
sional conducting layers with decreasing channel width. The slowing-down of the
spin relaxation can be understood as a precursor of the one-dimensional limit.

Detlef Beckmann finally describes electronic transport properties of super-
conductor—ferromagnet hybrid nanostructures. Recent experimental work is dis-
cussed, along with the necessary basic theoretical concepts, and references to more
specialized reviews are given for further reading.

Karlsruhe, February 2010 Christian Rothig
Gerd Schon
Matthias Vojta
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Chapter 1

Simulating Strongly Correlated Quantum
Systems: Adaptive Time-Dependent
Density-Matrix Renormalization Group

Ulrich Schollwock

1.1 Introduction

The physics of strongly correlated quantum systems continues to pose major
challenges in experimental and theoretical physics, ranging from phenomena such
as Kondo physics, Luttinger liquid physics, spin chains and ladders through
frustrated quantum magnets and high-7, superconductivity to bulk materials with
strong correlations such as transition metal and rare earth compounds. While
theory has focused on static, thermodynamic or at most linear-response quantities
in the past, recently questions which explicitly involve the out-of-equilibrium
time-dependence of such quantum systems have come to the foreground. These
questions arise in the context of transport far from equilibrium or of decoherence,
particularly as for very small devices mesoscopics and correlation physics merge.
However, perhaps the most striking example is provided by the progress in pre-
paring dilute ultracold bosonic and also fermionic alkali gases. Subjected to an
optical lattice, these gases are arguably the purest realization of the typical model
Hamiltonians of strong correlation physics, such as the Hubbard model [1, 2].
More importantly, the interaction parameters can be tuned experimentally on
quantum mechanically relevant time-scales over a huge range, while being known
precisely from microscopic calculations. From a theoretician’s point of view, this
situation is almost ideal, and has stimulated great interest in the development of
time-dependent methods.

For linear response, exact diagonalization can provide detailed results for small
systems, and quantum Monte Carlo can provide coarse-resolution results after
analytic continuation from imaginary time, for systems without the sign problem.

U. Schollwock (1)

Department fiir Physik, LMU Miinchen, Theresienstr. 37,
80333 Munich, Germany

e-mail: schollwoeck@Imu.de

M. Vojta et al. (eds.), CFN Lectures on Functional Nanostructures — Volume 2, 1
Lecture Notes in Physics 820, DOI: 10.1007/978-3-642-14376-2_1,
© Springer-Verlag Berlin Heidelberg 2011



2 U. Schollwdck

Outside the linear response regime, essentially the only other tool available has
been the diagonalization of very small clusters.

In this review, the emphasis is on recent extensions of the density-matrix
renormalization group method (DMRG) [3-6] into the real-time domain which
make it the currently most powerful method for such problems. Following up on
early attempts to extend DMRG to real-time, input from quantum information
theory has led to the formulation of two DMRG algorithms for real-time evolu-
tions. We set out with an explanation of the DMRG method, and move on to its
extension to the time-domain [7-10]. The range and power of the new method are
discussed based on “real-life” applications, where I focus on a real-time obser-
vation of the quintessential 1D phenomenon, spin-charge separation.

1.2 Density-Matrix Group Renormalization

Let us start from the fundamental observation that the key to the simulation of
quantum systems is the mandatory and desirable compression of information:
while the diverging number of degrees of freedom makes compression necessary
on finite computing devices, compression also leads to the emergence of macro-
scopically meaningful concepts such as temperature and pressure which do not
have microscopic counterparts. Yet, this divergence of degrees of freedom is of a
different type for classical and quantum many-body systems: considering N spins
on a lattice, the number of degrees of freedom diverges as 2N (2 angles per spin)
for a classical vector spin, which is polynomial in N, whereas it diverges as 2", i.e.,
exponentially, for quantum spin-1/2. This is of course due to the presence of
superpositions in quantum physics, making simulation exponentially harder.

1.2.1 Decimation of State Spaces

As quantum computers and simulators are not likely to be available in the
immediate future, we are stuck to classical computers for the simulation of
quantum systems. Essentially three strategies of dealing with the exponentially
large state space are being followed: exact diagonalization deliberately limits itself
to the exact study of small quantum systems, being limited to less than 40 spins or
20 electrons. Stochastic techniques try to sample the state space efficiently; this is
the realm of the quantum Monte Carlo methods, which, however, run into serious
trouble for frustrated spins or fermionic systems due to the negative-sign problem.
The last group of methods proceeds via a systematic choice of a subspace which is
hoped to contain the physically most relevant states. This implies a physically
driven process of discarding states, which I will refer to as decimation. All vari-
ational and renormalization group techniques are in this group, and the essential
question is of course to identify the best decimation strategy which will depend
both on the system and the question asked.
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Fig. 1.1 One-dimensional levels (empty, occupied)
arrangement of energy levels Ll L1
along the energy axis 1T 1T 1T 1T 1T 17 1T 17

energy
Fig. 1.2 Local lattice sites (empty, occupied)
degrees of freedom for a
N e
one-dimensional system
space

Let me focus on one particular, rather general decimation setup, “one-dimen-
sional” decimation. Let us assume that the degrees of freedom can be arranged on
a 1D axis, e.g., an energy axis, on which we place all levels, either empty or
occupied, or a real-space axis, on which we place lattice sites (Figs. 1.1, 1.2).

Imagine we grow the system iteratively towards the thermodynamic limit,
adding site by site (whatever the physical interpretation of such a site will be)
Fig. 1.3. The original system, which I refer to as a block, is assumed to be effec-
tively described within a state space {|o)} of dimension M, the new site within a
state space {|o)} of dimension N. Obviously, the state space {|f)} of the new block
will have dimension MN, and for prevention of exponential growth it will be
decimated down to dimension M. Whatever the physical decimation prescription
will be, the states of the new block will be a linear combination of the old states,

B) = (olB)|o)]o). (1.1)
For later purposes, I will rewrite this expression as

B) =Y > Aslo]a)]o), (1.2)

where N matrices A of dimension M x M have been introduced, one for each |o),
such that the matrix entries encode the expansion coefficients: A,4[c] = (aa|f).
From the orthonormality of the |f5) it follows that the A-matrices obey

> AlloA[o] = 1. (1.3)

Finding these matrix entries (i.e., decimating) in the optimal way is of course
desirable; but before we try to formulate this as a well-posed problem, it is con-
venient to observe the following: the states of the block of length, say, ¢ — 1
serving as “input” to produce as “output” the states of the block of length ¢ via the

[60060]+0—=[00000]

dmM = dmN dim MN—M

Fig. 1.3 Growing a system: a local state space of dimension N is added to a block state space of
dimension M
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matrices AZ[O'/g], are of course themselves the “output” for the construction of the
block of length ¢ — 1 from that of ¢ — 2, and so forth. We can therefore recur-
sively write |) for a block of length £ as

B) =Y [A'[o1]4%[ca]. .. Aol glon. . .o0). (14)

g1...0¢

Obviously, for very short blocks, there are less than M states in a block, and the
dimensions of the first A-matrices willbe 1 x N, N x Nz, ... till M is exceeded.

It is now convenient to consider also what happens if we start growing a chain
from its right end (site L). Obviously, similar expressions emerge: for a block of
length ¢ the states are given as

=Y A o] A or ol Aod]l o rir.on). (1.5)

OL—(41---0L

Again, at the chain end the A matrices (defined in analogy to the A) have reduced
dimensions instead of M x M; there is also a slightly modified orthonormality

constraint,
> AloAT[o] = 1. (1.6)

We may now choose a “left” and a “right” block to join them to the generic
description of a quantum state of the system of length L, matching them directly,

= > Allo]... Ao WA [o,11]. .. AlfoL]|or. . .o1), (1.7)

0p...0L

where W is a M x M matrix, or with one site explicitly in between,

Z Ally]. .. A% Plors1] A2 [00sa). . . ALoL]|o. . .0L), (1.8)

01...0L

where there is a W-matrix for each |ay1;) , or with two sites explicitly in between,

= > Allo1]... A'lo|Worr1002] AP lorys). . AMolor. . o). (1.9)

g1...0],

As it turns out, (1.8) and (1.9) are the useful ones—both of them highlighting
different aspects of DMRG, leading to what is called single-site and (more con-
ventional) two-site DMRG.

Considering (1.7), obviously the junction can be shifted freely, even fictitiously
to the right end of the chain, with all A-matrices disappearing. The generic
description of a quantum state emerging from a decimation procedure is therefore
given by

= Z A'01]A%[03]. . . A [o1]|o1. . .o1). (1.10)

agy...0p,
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In fact, there is no need to worry about this product of matrices yielding a scalar
factor because of the dimension of the matrices at the right end: manipulations
introduced further down (namely the Schmidt decomposition) can be used to show
that without any loss the A-matrices shrink to dimensions mirroring those at the
left end, e.g., N 2 % Nand N x 1 for the last two. The generic decimation state
encoded as in (1.10) is referred to as a matrix product state; such states have been
studied for a long time [11-13].

Again, the A-matrices encode the physical decimation prescription, and we may
now specify our question, what is the optimal decimation prescription, for the case
of finding the ground state of a Hamiltonian. Clearly, the answer is to find the
prescription yielding those A that minimize (y|H|y) assuming normalization.
Working out this expression yields a highly non-linear expression for the energy in
A, which is numerically close to useless.

Can we find a method that turns this into a linear problem in A, which would be
much easier to implement in a stable way on a computer? In fact, we can, and this
has already been done in the past in the form of the density-matrix renormalization
group [3-5]. Its link to matrix product states has been pointed out by various
authors [14—17]. As there are many reviews of DMRG following a traditional way
of understanding (e.g., [5]), going to more depth than possible here, I want to
present a different viewpoint of the method as an answer to the question above.

A way of turning the problem linear would consist, roughly speaking, in pro-
viding some starting set of matrices in a warm-up procedure, preferably close to
the true solution, and then to proceed iteratively: keeping all elements (i.e.,
matrices) in |/) fixed, with one exception, (y|H|\/) turns quadratic in the free
matrix, and extremizing this expression with respect to the free matrix is a linear
procedure. Varying one element after another repeatedly, one may hope to get a
very good, even optimal, approximation of the ground state within the state class
expressable as above.

In standard DMRG language, the first warm-up part of the procedure would
correspond to the so-called infinite-system algorithm, the second to the finite-
system algorithm, which is the true cornerstone of the method. As the infinite-
system algorithm is described very well in many references, and one may even
imagine starting from random matrices, I will focus on the finite-system algorithm.

1.2.2 Finite-System DMRG Procedures

1.2.2.1 Two-site DMRG

Let us consider we have our quantum state in the representation of (1.9). In that
case, the left block of length ¢ formed from A-matrices would be described by a
M-dimensional Hilbert space with states {|n;)} defined as in (1.4); similarly the
right block of length L — ¢ — 2 by states {|mF_, ,)}. In both cases, we assume
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that we know all necessary operators on the blocks in these effective bases. We can
therefore construct the Hamiltonian acting on
m

N M
Z Z st |05 0E )| m® 0% ) | mE o)
| oF—1 m—1

NS

EZZ iy (W) =1,

where ¥,5,e(0°0"] = (m’e”; a"m"|y). {|m’a”)} = {|i)} and {jm"s")} = {Ij)}.
The state spaces {|i)} and {U)}have dimensions N° = MN and N* = MN. Using
some large sparse matrix solver one may minimize the energy of |{/) with respect
to ‘Py

In order to make progress, we now have to shift the position of the two active
sites, to improve our wave function everywhere. If we shift it by one site to the

h
™M=
2 ? MZ

(1.11)

right, the shrinking right block may easily be constructed from A-matrices; for the
growing left block, we have to provide A-matrices for the left of the two sites
(states |o*)). If one has a suitable truncation of the basis {|i)} down to M states,
their expansion in |m3) and |o*) will just define the desired A-matrices.

To find that truncation, a useful concept is that of a Schmidt decomposition:
Consider a quantum state [y) = >, ;i) ® |j) as introduced before, with N° states
|i) and N® states |j). Assuming without loss of generality N° > N*, we form the
(N® x NF)-dimensional matrix A with A;; = ;. Singular value decomposition
guarantees A = UDV?, where U is (NS x NF)-dimensional with orthonormal col-
umns, D is a (N® x N¥)-dimensional diagonal matrix with non-negative entries
D, = \/w,, and Vlisa (NE X NE)-dirnensional unitary matrix; |i/) can be written as

NS NE NE
ZZZUWW« )
i=1 a=1 j=

(1.12)

The orthonormality properties of U and V" ensure that [w3) = S°, U, |i) and |wE) =
> Vialj) form orthonormal bases of system and environment respectively, in which
the Schmidt decomposition

Nschmidt

W)= D Vwalwi)w) (1.13)

o=1

holds. N°NE coefficients V;; are reduced to Nschmiar < NE non-zero coefficients
VWy,W1 = wy > w3 > ... Relaxing the assumption NS > NE, one has

Nschmiar < min(N®, N¥). (1.14)
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Upon tracing out environment or system the reduced density matrices for system
and environment are found to be

Nschmidt Nschmidt
ps = walwy) Wyl pp = wa|wip) (wy. (1.15)
o o

Analyzing reduced density matrices or the Schmidt decomposition therefore
yield exactly the same information. This fact was understood from the very
beginning of DMRG, although DMRG people were not aware of the term
“Schmidt decomposition”. In fact, the singular value decomposition representa-
tion of the wavefunction was understood before the density matrix representation.
How can we put this information to good use? Interestingly enough, it allows us to
define several physically motivated truncation criteria, that lead to the identical

truncation prescription.

1.2.2.2 Optimization of the Wave Function

Quantum mechanical objects are completely described by their wave function. It is
thus a reasonable demand for a truncation procedure that the approximative wave
function |tﬁ> where the system space has been truncated to be spanned by only
M orthonormal states [o) = >, uyi),

M NE

) =3 aglali, (1.16)

a=1 j=1

minimizes the distance in the quadratic norm

) = 1) 11 (1.17)

Using (1.13), one finds that this distance is minimized if one retains the
M eigenstates of pg with the largest eigenvalues w,. This is the key truncation
prescription.

One could also ask for maximizing the retained bipartite entanglement between
system and environment under truncation. As bipartite entanglement is defined as
S =—->",wslog, w,, and that typically one has a large number of relatively small
eigenvalues, this again leads to the same truncation prescription, and the method
preserves entanglement as well as it can.

Interestingly enough, one can show that the (additional) error introduced by
truncation on some generic bounded operator A acting on the system, such as the

energy per lattice bond, ||A|| = max, |($|A|p)/(¢p|¢p)| = ca, is minimized by the

above procedure. This error for (A) is bounded by

|<A>appmx - <A>| < (Z Wﬁ) CA = €pCa, (118)

a>M
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Fig. 1.4 Finite-system ... block S 2 sites block E
DMRG algorithm. Block end of infinite | 100 |

. DMRG
growth and shrinkage. For the
adaptive time-dependent environment -
DMRG, ground state growth | (retrieved) |O Ol ¢ |

optimization in this setup will )
be replaced by a local time system size I:'O Ol |

evolution on the two sites minimal
system :
growth =)o) (retrieved) |
end of finite
DMRG | (o) |

neglecting a small normalization correction. For local quantities, such as energy,
magnetization or density, errors are of the order of the truncated weight

M
=1-> w,, (1.19)
a=1

which emerges as the key estimate. Careful extrapolation of results in M (better ¢,)
is therefore highly recommended.

Collecting these ideas, the so-called finite-system DMRG algorithm can now be

formulated (Fig. 1.4). For a one-dimensional lattice of total length L:

1.

Consider a (left) system block S of length £. S lives on a Hilbert space of size

M with states {|m})}; the Hamiltonian S and the operators acting on the block
are assumed to be known in this basis. Similarly, we have a (right) environment
block E of size L — £ — 2.

. Build the total system (superblock) of length L from S, E and two sites in between.

S and the left site live on a Hilbert space of size N° = MN, with a basis of product
states {|m3¢%)}. Similarly, environment and the right site are joined. The total
Hilbert space is of size NSNE, and a total Hamiltonian can be constructed.

. Find by large sparse-matrix diagonalization of the total Hamiltonian the ground

state ). This is the most time-consuming part of the algorithm. For better
performance, there is a simple, but powerful “prediction algorithm” [18], which
cuts down calculation times in finite-system DMRG by more than an order of
magnitude. Using the A-matrices, it transforms |y/) from the last step approxi-
matively into the new basis and uses it as a guess for the next, improved |i/).

. Form the reduced density-matrix p = Trg|y) (| and determine its eigenbasis

|w,) ordered by descending eigenvalues (weight) w,. Form a new (reduced)
basis for S and the left site by taking the M eigenstates with the largest weights,
defining the A-matrices for this site. Proceed likewise for the environment.

. Form a new system block from S and one added site. As environment block,

use the one shorter than E by one site. This effectively shifts the free sites by
one to the right.
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6. Carry out the reduced basis transformations of needed operators onto the new
M5-state basis. Restart with step (2) with block size £ 4+ 1 until the right end of
the chain is reached.

7. Continue the above procedure with system and environment in reversed roles,
the free sites being shifted left, until the left end is reached, and so forth, until
results are converged. A complete shrinkage and growth sequence for both
blocks is called a sweep.

DMRG practitioners usually adopt a quite pragmatic approach when applying
DMRG to study some physical system. They consider the convergence of DMRG
results under tuning the standard DMRG control parameters, system size L, size of
the reduced block Hilbert space M, and the number of finite-system sweeps, and
judge DMRG results to be reliable or not.

1.2.2.3 Single Site DMRG

In practical applications one observes that even for translationally invariant sys-
tems with periodic boundary conditions and repeated applications of finite-system
sweeps the position dependency of the matrix-product state (or of observables)
does not go away completely as it strictly should, indicating room for further
improvement. Also, the method cannot be strictly variational: the ansatz (1.9)
generates (after the Schmidt decomposition and before truncation) ansatz matrices
of dimension MN at the two local sites due to (1.14), whereas they are of
dimension M at all other sites; as the position of these two sites is shifting, this
anomaly changes place such that one is not really optimizing within one fixed
variational ansatz throughout the algorithm.

Several authors [15, 16] have pointed out and numerically demonstrated that
DMRG results can be improved by switching, after convergence is reached, from
the SeeE scheme for the finite-system algorithm to a SeE scheme as in ansatz (1.8)
and to carry out some more sweeps. This is now a truly variational ansatz [15-17].

In the new scheme the ansatz matrix ¥ can be projected down to finding
M states for defining the A-matrix without truncation or loss of information or
change in energy, because the Schmidt number of non-zero contributions to the
density matrix cannot exceed M, which is the dimension of the environment in
(1.14) for the single-site setup. Shifting the “active” site then does not change the
energy, and the next minimization can only decrease the energy (or keep it con-
stant). This setup is therefore truly variational in the space of the states generated
by the matrices A, A and reaches a minimum of energy within that space. It is
important to note that in this setup there is therefore no truncation error as diag-
nostic tool.

There is of course no guarantee to reach the global minimum: in fact, it turns
out that an immediate application of the formally superior single sitt DMRG may
fail quite drastically by trapping, but this can be mended by suitable modifications
to the state selection scheme, taking the state out of false minima [19].
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1.2.3 When and Why Does DMRG Work?

Obviously, the ordered eigenvalue spectrum w, of the reduced density-matrix p
should decay as quickly as possible to minimize the truncated weight €, =

1— Zg’il wy, for optimal DMRG performance. The optimal case is of course when
the state to be approximated is a one-dimensional M x M matrix-product state,
which can be modelled exactly. More generally, in one dimension, density-matrix
spectra of gapped one-dimensional quantum systems exhibit roughly system-size
independent exponential decay of w,; at criticality, this decay slows down with
increasing system size, leading to DMRG failure for L — oo. In two dimensions,
in reduced density-matrix spectra for states of systems both at and away from
criticality, the number of eigenvalues to be retained to keep a fixed truncation error
grows exponentially with system size, restricting DMRG to very small system
sizes (typically, the two-dimensional lattice is mapped to a one-dimensional snake
with long-ranged interactions).

These empirical observations can be understood from examining the growth of
bipartite entanglement between system and environment for various dimensions.
Consider the entanglement S; for systems of length L embedded in a thermody-
namic limit universe. One finds [20] that S; — oo for L — oo at criticality, but
saturates as S; — SZ for L ~ ¢ in the non-critical regime. At criticality the
entanglement can be linked [20, 21] to the geometric entropy [22] of associated
conformal field theories,

c+c

Sgeo _
L 6

log, L, (1.20)

where ¢ (¢) are the central charges. As examples, for the anisotropic XY model
¢ =¢=1/2 and for the Heisenberg model and isotropic XY model ¢ =¢ = 1.
Geometric entropy arguments for (d 4+ 1)-dimensional field theories use a
bipartition of d-dimensional space by a (d — 1)-dimensional hypersurface, which
is shared by system S and environment E. By the Schmidt decomposition, S and E
share the same reduced density-matrix spectrum, hence entanglement entropy,
which is now argued to reside essentially on the shared hypersurface; see also [23].
Taking the thermodynamic (infrared) limit, entropy scales as the hypersurface

area,
L d—1
S, (I) , (1.21)

where / is some ultraviolet cutoff which in condensed matter physics we may fix at
some lattice spacing; critical systems will have logarithmic corrections to (1.21).

S; is the number of qubits corresponding to the entanglement information. To
code this information in DMRG, one needs a system Hilbert space of size M > 25,
we may therefore expect, in perfect agreement with empirical results, that in 1D
quantum systems away from criticality, DMRG yields very precise results for the
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TD limit for some finite number of states kept, M ~ 250, At criticality, the number
of states that has to be kept, will diverge as

M(L) ~ LF, (1.22)

with k inferred from (1.20). This explains the failure of DMRG for critical one-
dimensional systems as L — co. As k is small, this statement has to be qualified;
DMRG still works for rather large finite systems.

In higher-dimensional quantum systems, however, the number of states to be
kept will diverge as

M(L)~28"", (1.23)

rendering the understanding of thermodynamic limit behavior by conventional
DMRG quite impossible. In any case, even for higher-dimensional systems,
DMRG may be a very useful method as long as system size is kept resolutely
finite, such as in nuclear physics or quantum chemistry applications. Recent
proposals [24] also show that it is possible to formulate generalized DMRG
ansatz states in such a way that entropy shows correct size dependency in two-
dimensional systems.

1.3 Time-Dependence in Quantum Systems

Even though the methods described in the previous section provide high-quality
linear-response quantities, they fail in truly out-of-equilibrium situations or for
time-dependent Hamiltonians; where they work, they are very time-consuming. It
has therefore been of high interest to find DMRG approaches dealing with state
evolution in real-time.

To see the advantages of such an approach, consider the following. Essentially
all physical quantities of interest involving time can be reduced to the calculation
of either equal-time n-point correlators such as the (1-point) density

(ni(1)) = (@)l (1)) = (Wlenie ) (1.24)

or unequal-time n-point correlators such as the (2-point) real-time Green’s
function

Gij(1) = (Il (i (O)w) = (Wlet cle ;). (1.25)

This expression can be cast in a form very close to (1.24) by introducing
|¢ = c;|¢) such that the desired correlator is then simply given as an equal-time
matrix element between two time-evolved states,

Gyi(1) = (p(0)[cf]p(r)). (1.26)
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If both |¢(#)) and |y/(7)) can be calculated, a very appealing feature of this approach
is that G(?) can be evaluated in a single calculation for all i and ¢ as time proceeds.
Frequency-momentum space is then reached by a double Fourier transformation.
Obviously, finite system-sizes and edge effects as well as algorithmic constraints
will impose physical constraints on the largest times and distances li — jl or
minimal frequency and wave vectors resolutions accessible. Nevertheless, this
approach might emerge as a very attractive alternative to the current very time-
consuming calculations of G(k, w) using the dynamical DMRG [25, 26].

The fundamental difficulty of obtaining the above correlators becomes obvious
if we examine the time-evolution of the quantum state [/(+ = 0)) under the action
of some (for simplicity) time-independent Hamiltonian H|y,) = E, |y, ). If the
eigenstates [if,,) are known, expanding [{(r = 0)) = >, ¢,|,) leads to the well-
known time evolution

W) = caexp(—iEa)Y,), (1.27)

n

where the modulus of the expansion coefficients of |/(¢)) is time-independent. A
sensible Hilbert space truncation is given by a projection onto the large-modulus
eigenstates. In strongly correlated systems, however, we usually have no good
knowledge of the eigenstates. Instead, one uses some orthonormal basis with
unknown eigenbasis expansion, [k) = > ax,|¥,). The time evolution of the state
[y(t=0)) =", di(0)|k) then reads

W) =3 (Z dk<o>akne“f~> k)= do)lk), (1.28)
k n k

where the modulus of the expansion coefficients di(¢) is time-dependent. For a
general orthonormal basis, Hilbert space truncation at one fixed time (i.e., t = 0)
will therefore not ensure a reliable approximation of the time evolution. Also,
energy differences matter in time evolution due to the phase factors e (E»=Ex)" in
|de()|*. Thus, a good approximation to the low-energy Hamiltonian alone (as
provided by DMRG) is of limited use.

1.4 Early Attempts in DMRG

Cazalilla and Marston [27] were the first to exploit DMRG to calculate time-
dependent quantum many-body effects. They studied a time-dependent Hamilto-
nian H(t) = H(0) + V(¢), where V(¢) encodes the time-dependent part of the
Hamiltonian. After applying a standard DMRG calculation to the Hamiltonian
H (t =0), the time-dependent Schrédinger equation was numerically integrated
forward in time. The effective Hamiltonian in the reduced Hilbert space was built as
Hegi(t) = Hegr(0) + Vege(£), where Hegr(0) was taken as the superblock Hamiltonian
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approximating H(0) - Ve (¢) as an approximation to V was built using the repre-
sentations of operators in the superblock bases. The initial condition was obviously
to take [(0)) as the ground state obtained by the preliminary DMRG run. This
procedure amounts to working within a static reduced Hilbert space, namely that
optimal at r = 0, and projecting all wave functions and operators onto it.

In this approach the hope is that an effective Hamiltonian obtained by targeting
the ground state of the r = 0 Hamiltonian is capable to catch the states that will be
visited by the time-dependent Hamiltonian during time evolution. This approach
must however break down after relatively short times as the full Hilbert space is
explored, as became quickly obvious.

1.4.1 Dynamic Time-Dependent DMRG

Several attempts have been made to improve on static time-dependent DMRG by
enlarging the reduced Hilbert space using information on the time-evolution, such
that the time-evolving state has large support on that dynamic Hilbert space for
longer times. Whatever procedure for enlargement is used, the problem remains
that the number of DMRG states M grows with the desired simulation time as they
have to encode more and more different physical states. As in DMRG CPU time
scales as M> (due to the matrix—matrix multiplications involved), this type of
approach becomes numerically very expensive.

All enlargement procedures rest on the ability of DMRG to describe—at some
numerical expense—small sets of states (“target states”) very well instead of just one.

The first approach has been demonstrated by Luo et al. [28]. They use a density
matrix that is given by a superposition of states |/(#;)) at various times of the
evolution, p = SN ol (1)) (W(5;)] with So; = 1 for the determination of the
reduced Hilbert space. Of course, these states are not known initially; it was
proposed by them to start within the framework of infinite-system DMRG from a
small DMRG system and evolve it in time. For a very small system this procedure
is exact. For this system size, the state vectors |{/(#;)) are used to form the density
matrix. This density matrix then determines the reduced Hilbert space for the next
larger system, taking into account how time-evolution explores the Hilbert space
for the smaller system. One then moves on to the next larger DMRG system where
the procedure is repeated. This is of course very time-consuming.

Schmitteckert [29] has computed the transport through a small interacting nano-
structure using an Hilbert space enlarging approach, based on the time evolution
operator. He implements the matrix exponential |/(z + Ar)) = exp(—iHA#)[(t))
using the Krylov subspace approximation. For any block-site configuration during
sweeping, he evolves the state in time, obtaining |y/(#;)) at fixed times #. These are
targeted in the density matrix, such that upon sweeping forth and back a Hilbert space
suitable to describe all of them at good precision should be obtained. Again, this is a
very time-consuming approach.
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1.5 Adaptive Time-Dependent DMRG

Decisive progress came from an unexpected corner, namely quantum information
theory, when Vidal proposed an algorithm for simulating quantum time evolu-
tions of one-dimensional systems efficiently on a classical computer [7, 30]. His
algorithm, known as TEBD [time-evolving block decimation] algorithm, is based
on matrix product states [12, 13]; as it turned out, it is so closely linked to
DMRG concepts, that his ideas could be implemented easily into DMRG, leading
to an adaptive time-dependent DMRG [8, 9], where the DMRG state space
adapts itself in time to the time-evolving quantum state. One immediately profits
from all the DMRG development for exploiting good quantum numbers and
other speed-ups.

If we consider a nearest-neighbor Hamiltonian, such as the conventional
Hubbard Hamiltonian, we can split the infinitesimal global time evolution operator
into a product of infinitesimal local time evolution operators [31]:

efifIAt _ efih]efithtefih3Ar. N efih,‘,]At + O(Atz). (1_29)

The h; are the local Hamiltonians acting on bonds i; in general only odd and
even bond Hamiltonians will commute in their groups, giving rise to an error in
the decomposition. The idea is now simply to use finite-system DMRG in the
two-site setup: at each step, one carries out the local infinitesimal time evolution
exactly on the two adjacent local sites. This will lead to a new state, a new
Schmidt decomposition carried is out in which the system is cut between the two
local sites, as before, leading to a new truncation and new reduced basis
transformations (2 matrices A adjacent to this bond), which are the choice
optimally representing the new state. By doing this for all bonds, one infini-
tesimal time step is completed.

To do this, one needs the wave function |/} in a two-block two-site configu-
ration such that the bond that is currently updated consists of the two free sites.
This implies that |i/) has to be transformed between different configurations. As
mentioned above, in finite-system DMRG such a transformation, which was first
implemented by White [18] (“state prediction”) is routinely used to predict the
outcome of large sparse matrix diagonalizations, which no longer occur during
time evolution. Here, it merely serves as a basis transformation.

The adaptive time-dependent DMRG algorithm which incorporates the TEBD
simulation algorithm in the DMRG framework is therefore set up as follows:

1. Set up a conventional finite-system DMRG algorithm with state prediction
using the Hamiltonian at time 7 = 0, H(0), to determine the ground state of
some system of length L using effective block Hilbert spaces of dimension
M. At the end of this stage of the algorithm, we have for blocks of all sizes
I reduced orthonormal bases spanned by states |m;), which are characterized by
good quantum numbers. Also, we have all reduced basis transformations,
corresponding to the matrices A.
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2. For each Trotter time step, use the finite-system DMRG algorithm to run one
sweep with the following modifications:

(i) For each even bond apply the local time evolution U at the bond formed
by the free sites to |y). This is a very fast operation compared to deter-
mining the ground state, which is usually done instead in the finite-system
algorithm.

(i) As always, perform a DMRG truncation at each step of the finite-system
algorithm, hence O(L) times.

(iii)) Use White’s prediction method to get the representation of the time-
evolved state in the setup with the free sites shifted by one.

W

. In the reverse direction, apply step (i) to all odd bonds.

4. As in standard finite-system DMRG evaluate operators when desired at the end
of some time steps. Note that there is no need to generate these operators at all
those time steps where no operator evaluation is desired, which will, due to the
small Trotter time step, be the overwhelming majority of steps.

Note that one can also perform every bond evolution operator at each half-
sweep, in order. This does not worsen the Trotter error, since in the reverse sweep
the operators are applied in reverse order.

The calculation time of adaptive time-dependent DMRG scales linearly in L, as
opposed to the static time-dependent DMRG which does not depend on L. The
diagonalization of the density matrices (Schmidt decomposition) scales as N°M>; the
preparation of the local time evolution operator as N°, but this may have to be done
only rarely, e.g., for discontinuous changes of interaction parameters. Carrying out
the local time evolution scales as N4M2; the basis transformation scales as N°M°. As
M > N typically, the algorithm is of order O(LN’M") at each time step.

The performance of this method has been tested in various applications in the
context of ultracold atom physics [8, 32-34], but also for far-from-equilibrium
dynamics [35] and for spectral functions [9]; some of these applications will serve
as examples in the following.

Before we move on, it should be mentioned that this method for time evolution,
while very fast, has weaknesses due to its usage of the Trotter decomposition: first
and not so important, there is the Trotter decomposition error depending on the time
step. The Trotter error is small and can be reduced to negliglible levels by using
higher order Trotter decompositions—we are currently using mostly 4th order. More
importantly, they are limited to systems with nearest neighbor interactions on a single
chain; this problem can be circumvented by introducing larger unit cells such that
interactions become nearest neighbor again—given the scaling in N, this is not very
feasible. A better approach in such cases is to use the time-step targetted method [10]
which, at quite some algorithmic cost in time, does not have these limitations. The
main idea is to produce a basis which targets the states needed to represent one small
but finite time step. Once this basis is complete enough, the time step is taken and the
algorithm proceeds to the next time step. This targetting is intermediate to the other
approaches: the Trotter methods target precisely one instant in time at any DMRG
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step, while Luo et al.’s approach [28] considered the entire range of time to be
studied. For the subtle details, I refer to [10].

1.6 Error Analysis: Magnetization Dynamics

In this section, we consider the dynamics of a system far from equilibrium using
adaptive time-dependent DMRG [35]. The following example, for which an exact
solution is available, shows that time-dependent DMRG can also perform in situ-
ations where dynamical DMRG must surely fail. The exact solution allows us to
perform DMRG-independent error analysis.

The initial state |ini) = |7 ... 7] ... |) on a one-dimensional spin-1/2 chain is
subjected to the dynamics of the Heisenberg model

H=Y S + S8 + 1SS0, =Y I (1.30)

We set i = 1, defining time to be 1/energy with the energy unit chosen as the J,,
interaction. The case J, = 0 describes equivalently free fermions on a lattice, and
can be solved exactly. In the following we will focus on this case. Note that in that
case the initial state with two large ferromagnetic domains separated by a domain
wall in the center is a highly excited state; the ground state exhibits power-law
decaying antiferromagnetic correlations.

The time evolution delocalizes the domain wall over the entire chain; the
magnetization profile for the initial state |ini) reads [36]:

Se(n, 1) = (Y(1)

S,

by =172 3 20, (131

where J; is the Bessel function of the first kind. n = ..., -3,-2,-1,0,1,2,3, ...
labels chain sites with the convention that the first site in the right half of the chain has
label n = 1. As the total energy of the system is conserved, the state cannot relax to
the ground state. The exact solution reveals a nontrivial behavior with a complicated
substructure in the magnetization profile, which is a good benchmark for DMRG.

1.6.1 Possible Errors

Two main sources of error occur in the adaptive t-DMRG:

(i) The Trotter error due to the Trotter decomposition. For an nth-order Trotter
decomposition [31], the error made in one time step dr is of order LA™, To
reach a given time ¢ one has to perform #/d¢ time-steps, such that in the worst
case the error grows linearly in time ¢ and the resulting error is of order
L(dn)"t.
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(i)

The DMRG ftruncation error due to the representation of the time-evolving
quantum state in reduced (albeit “optimally” chosen) Hilbert spaces and to
the repeated transformations between different truncated basis sets. While the
truncation error e that sets the scale of the error of the wave function and
operators is typically very small, here it will strongly accumulate as O(L#/
dr) truncations are carried out up to time . This is because the truncated
DMRG wave function has norm less than one and is renormalized at each
truncation by a factor of (1 — 6)71 > 1. Truncation errors should therefore
accumulate roughly exponentially with an exponent of eLt/dt, such that
eventually the adaptive t-DMRG will break down at too long times. The
accumulated truncation error should decrease considerably with an increas-
ing number of kept DMRG states M. For a fixed time ¢, it should decrease as
the Trotter time step dt is increased, as the number of truncations decreases
with the number of time steps #/dt.

At this point, it is worthwhile to mention that our subsequent error analysis
should also be pertinent to the very closely related time-evolution algorithm
introduced by Verstraete et al. [37], which also involves both Trotter and trun-
cation errors.

We remind the reader that no error is encountered in the application of the local
time evolution operator U, to the state |).

1.6.2 Error Analysis

We use two main measures for the error:

®

(ii)

As a measure for the overall error we consider the magnetization deviation,
the maximum deviation of the local magnetization found by DMRG from the
exact result,

err(1) = max,|(S}, pura (1)) = (S, exact (1)) | (1.32)

As a measure which excludes the Trotter error we use the forth-back deviation
FB(t), which we define as the deviation between the initial state |ini) and the
state |[fb(t)) = U(—t)U(¢)]ini), i.e., the state obtained by evolving [ini) to
some time ¢ and then back to + = 0 again. If we Trotter-decompose the time
evolution operator U(— f) into odd and even bonds in the reverse order of the
decomposition of U(?), the identity U(— f) = U(#)"" holds without any Trotter
error (up to higher order effects due to the concurrent truncations), and
the forth-back deviation has the appealing property to capture the truncation
error only.

As the DMRG setup used in this particular calculation did not allow easy access
to the fidelity |(ini|fb(¢))| (a calculation which is not a problem in principle, see
[34]), the forth-back deviation was defined to be the L, measure for the difference
of the magnetization profiles of |ini) and |[fb(z)),
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1/2

FB() = | ((inilS[ini) — (B (1)|S;1B(1)" ) (1.33)

n

In order to control Trotter and truncation error, two DMRG control parameters are
available, the number of DMRG states M and the Trotter time step dz.

The dependence on dr is twofold: on the one hand, decreasing dt reduces the
Trotter error by some power of df’ exactly as in QMC; on the other hand, the
number of truncations increases, such that the truncation error is enhanced. It is
therefore not a good strategy to choose df as small as possible. The truncation error
can however be decreased by increasing M.

Consider the dependence of the magnetization deviation err(f) on the number
M of DMRG states. In Fig. 1.5, err(¢) is plotted for a fixed Trotter time step
dr = 0.05 and different values of M. One sees that a M-dependent “runaway time”
tr separates two regimes: for t < fz (regime A), the deviation grows essentially
linearly in time and is independent of M, for ¢ > t; (regime B), it suddenly starts to
grow more rapidly than any power-law as expected of the truncation error. In the
inset of Fig. 1.5, tz is seen to increase roughly linearly with growing M. As M — oo
corresponds to the complete absence of the truncation error, the M-independent
bottom curve of Fig. 1.5 is a measure for the deviation due to the Trotter error alone

L=100, dt = 0.05

S, deviation
b

.
m=10 El
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10%8 1 1 1 1
0 1 . 20 30
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Fig. 1.5 Magnetization deviation err(¢) as a function of time for different numbers M of DMRG
states. The Trotter time interval is fixed at dr = 0.05. Again, two regimes can be distinguished:
For early times, for which the Trotter error dominates, the error is slowly growing (essentially
linearly) and independent of M (regime A); for later times, the error is entirely given by the
truncation error, which is M-dependent and growing fast (almost exponential up to some
saturation; regime B). The transition between the two regimes occurs at a well-defined “runaway
time” 7z (small squares). The inset shows a monotonic, roughly linear dependence of 7z on
M. From [35]
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Fig. 1.6 The forth-back deviation between initial and back evolved state
error FB(t) for t = 50 and L=100. dt=0.05 ' T=30
t = 30, as function of 1
M. Here, L = 100, dr = 0.05. =
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and the runaway time can be read off very precisely as the moment in time when the
truncation error starts to dominate.

That the crossover from a dominating Trotter error at short times and a dom-
inating truncation error at long times is so sharp may seem surprising at first, but
can be explained easily by observing that the Trotter error grows only linearly in
time, but the accumulated truncation error grows almost exponentially in time.

To see that nothing special is happening at %, consider also Fig. 1.6, where the
Trotter-error free FB(¢) is plotted as a function of M, for t = 30 and ¢ = 50. An
approximately exponential increase of the accuracy of the method with growing
M is observed for a fixed time. Our numerical results that indicate a roughly linear
time-dependence of tx on M (inset of Fig. 1.5) are the consequence of some
balancing of very fast growth of precision with M and decay of precision with .

The runaway time thus indicates an imminent breakdown of the method and is a
good, albeit very conservative measure of available simulation times. We expect
the above error analysis for the adaptive t-DMRG to be generic for other models.
The truncation error will remain also in approaches that dispose of the Trotter
error; maximally reachable simulation times should therefore be roughly similar.
Even if for high precision calculation the Trotter error may dominate for a long
time, in the long run it is always the truncation error that causes the breakdown of
the method at some point in time.

1.7 Spin-Charge Separation in Ultracold Atoms

Following the seminal work of Haldane [38, 39], it has been understood that
the low-energy behaviour of 1D quantum liquids is universally described by
the Luttinger liquid (LL) picture [40, 41]. A remarkable prediction is spin-charge
separation for Fermions: at low energy the excitations of charge and spin com-
pletely decouple and propagate with different velocities. The first unequivocal
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observation was obtained in experiments on the tunneling between two quantum
wires [42]. A drawback of condensed-matter setups such as this is that the
microscopic interactions strongly influence spin-charge separation, but are neither
tunable nor known to some precision. Here, as in other condensed matter prob-
lems, the fact that in ultracold gases in optical lattices strong correlations can be
studied with unprecedented control and tunability of the parameters might turn out
to be very helpful. In fact, an ‘atomic quantum wire’ configuration in an array of
thousands of parallel atom waveguides was realized in ultracold Fermi gases by
the application of a strong two dimensional optical lattice [43]. Previous proposals
to use cold atoms for studying spin-charge separation [44, 45] were limited by
necessary analytical approximations, which do not hold for the strong and local-
ized perturbations that would have to be created experimentally in current, rela-
tively small systems. For a quantitative description of spin-charge separation one
needs a microscopic description, which here is given almost perfectly by the
Hubbard model. It is an essential new feature of cold atoms in optical lattices that
parameters can be changed dynamically and the resulting time evolution can be
studied. This gives direct access to the real-time dynamics of strongly correlated
systems, an ideal testbed for real-time DMRG: numerical results of the real-time
dynamics of a 1D Hubbard model of up to 128 sites can be obtained easily [33], far
beyond previous possibilities [46].
We start from the standard Hubbard model

H = _JZ(CJJ‘LI‘(:CN + hC) + Uananjyl
o J
+ Zgj,aﬁj,a (134)
Jj.o

for Fermions in 1D, where we call the hopping matrix element J, to avoid con-
fusion with time ¢. Setting J/ = 1 and /i = 1 time is measured in units of i/J = 1.
Special for the cold atom setup is a spin-dependent local on-site energy é&;,,
describing both a possible smooth harmonic confinement potential and time-
dependent local potentials which allow to perturb the system. One introduces a
‘charge’ density n. = ny +n| and a ‘spin’ density n, = ny — n; in a realization
with cold gases, where the spin degrees of freedom are represented by two different
hyperfine levels, and ’charge’ density is particle density. The ratio u = U/J can
easily be changed experimentally by varying the depth of the optical lattice.

Experimentally, the density perturbations may be generated by a blue- or red-
detuned laser beam tightly focused perpendicular to an array of atomic wires,
which generates locally repulsive or attractive potentials for the atoms in the wires. In
practice, the perturbations due to an external laser field are quite strong, typically of
the order of the recoil energy E, and thus clearly require a nonperturbative treatment.

In all following calculations system length was up to L = 128 sites: several
hundred DMRG states were kept. DMRG error analysis reveals that all density
distributions shown are exact for all practical purposes, with controlled errors of
less than O(1072).
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In order to study the behavior of a single particle excitation, the time evolution
of the system with one additional particle with spin up added at time + = 0 on site
Jj to the ground state, was calculated numerically. In Fig. 1.7 a snapshot of the
resulting evolution of the densities is shown for time # = 7.4. Remarkably, even
after a such a short time separate wave packets in spin and charge can be seen.

In ultracold atom experiments, adding a single particle is not possible. Rather,
spin-specific density perturbations can be created as discussed above. We therefore
start with a homogeneous system which is perturbed by a potential ¢;; localized at
the chain center which couples only to the -Fermions, i.e.,

g1 (1) o exp {~[j — (L — 1)/2]/8}0(~1). (1.35)

The potential is assumed to have been switched on slowly enough for equilibration,
and is then switched off suddenly at time ¢t = 0. In Fig. 1.8a the density distribution
of the state at an early time is shown as obtained by DMRG. The external potential
(1.35) generates a dominant perturbation in the 1-Fermion distribution by direct
coupling and, indirectly, a smaller perturbation in the |-density due to the repulsive
interaction between the different spin species. The wave packets in 1 and |-density
hence perform a complicated time evolution (Fig. 1.8). In contrast, the perturba-
tions in the spin and charge density split into two wave packets each moving
outwards. Their respective velocities are found to be different as indicated by the
arrows in Fig. 1.8b, separating spin and charge.

In the limit of an infinitesimal perturbation much broader than the average
interparticle spacing, both spin and charge velocities are known analytically from
the Bethe ansatz [47-50]. To compare our numerical findings to the exact charge
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velocity, we create pure charge density perturbations, by applying the potential of
(1.35) to both species, i.e., ¢ = ¢, and calculate their time-evolution after
switching off the potential. The charge velocity is determined from the propagation
of the maximum (minimum) of the charge density perturbation for bright
(amplitude 5. > 0) and gray (1. < 0) perturbations, respectively. In Fig. 1.9 the
charge velocities for various background densities 7y and perturbation amplitudes
1. are shown. We find good agreement, if we plot the charge velocity versus the
charge density at the maximum (minimum), i.e., n. = ng + 7. The velocity of the
maximum (minimum) of the wave packet is therefore determined by the value of
the charge density at the maximum (minimum), not the background density.

This stays true even for strong perturbations #.~ =+ 0.1 which corresponds to
20% of the charge density. The charge velocity is thus robust against separate
changes of the background density no and the height of the perturbation 7.

The previous results indicate that adaptive time-dependent DMRG is a highly
performing method, able to answer complicated questions of dynamics in strongly
correlated systems. To actually connect to experiments in the context of ultracold
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Fig. 1.9 Exact results for the charge velocity obtained by the Bethe ansatz are (lines) compared
to the numerical results of the adaptive t-DMRG. The numerical results correspond to different
heights of the perturbations at various charge background densities ny. . is the charge density at
the maximum/minimum of the charge density perturbation. The uncertainties are of the order of
the size of the symbols and stem mainly from the determination of the velocity. From [33]

atoms, one has to take into account also the harmonic trapping potential, which
may lead to a coexistence between a liquid (charge conducting) phase at the edges
and a Mott-insulating phase in the center of the trap. Also, experiments can only
measure quantities averaged over ~ 10 lattice sites. These questions can be
addressed in detail by DMRG; as they are not pertinent here, I refer to the liter-
ature [33].

1.8 Finite Temperature

After the previous discussion on the difficulties of simulating the time-evolution of
pure states in subsets of large Hilbert spaces it may seem that the time-evolution of
mixed states (density matrices) is completely out of reach. It is, however, easy to
see that a thermal density matrix pg = exp[— /3[:1] can be constructed as a pure state
in an enlarged Hilbert space and that Hamiltonian dynamics of the density matrix
can be calculated considering just this pure state (dissipative dynamics being more
complicated). In the DMRG context, this has first been pointed out by Verstraete
et al. [37] and Zwolak and Vidal [51], using essentially information-theoretical
language; it has also been used previously in pure statistical physics language in
e.g., high-temperature series expansions [52].

To this end, consider the completely mixed state p, = 1. Let us assume that the
dimension of the local physical state space {|g;)} of a physical site is N. Introduce
now a local auxiliary state space {|t;)} of the same dimension N on an auxiliary
site. The local physical site is thus replaced by a rung of two sites, and a one-
dimensional chain by a two-leg ladder of physical and auxiliary sites on top and
bottom rungs. Prepare now each rung i in the Bell state
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b LN e
o) —\/le >1 (1.36)

0i=T;

Other choices of \¢g> are equally feasible, as long as they maintain in their product
states maximal entanglement between physical states |o;) and auxiliary states |t;) .
Evaluating now the expectation value of some local operator Ofr acting on the
physical state space with respect to \lﬁ6> one finds

(WolO% o) = ZZ ({05 @ 14]oiz)].
0i= ‘E,g’ ‘[

The double sum collapses to

n

i 1 i
<lﬂ0|0 WO NZ a,|0 |ai),

gi=1

and we see that the expectation value of (A)ﬁI with respect to the pure state Wfﬁ
living on the product of physical and auxiliary space is identical to the expectation
value of O; with respect to the completely mixed local physical state, or

(0L) = Tr, 00, (1.37)
where
Py = Trelho) (Y. (1.38)
This generalizes from rung to ladder using the density operator
Po = Tre[o) (ol (1.39)
where
L .
o) = [T 1w5) (1.40)
i=1

is the product of all local Bell states, and the conversion from ficticious pure state
to physical mixed state is achieved by tracing out all auxiliary degrees of freedom.
At finite temperatures f§ > 0 one uses

Py = e P21 TP = T PRy ) (g e P2,

where we have used (1.39) and the observation that the trace can be pulled out as it
acts on the auxiliary space and e #7/2 on the physical space. Hence,

Pp =Trr\¢g><wﬁl, (1.41)
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where [f/;) = e P2y, Similarly, this finite-temperature density matrix can
now be evolved in time by considering [y;(1)) = e’iﬁ’|l,bﬂ(0)> and py(t) =
Tr[f5(2)) (Y 4(2)|. The calculation of the finite-temperature time-dependent prop-
erties of, say, a Hubbard chain, therefore corresponds to the imaginary-time and
real-time evolution of a Hubbard ladder prepared to be in a product of special rung
states. Time evolutions generated by Hamiltonians act on the physical leg of the
ladder only. As for the evaluation of expectation values both local and auxiliary
degrees of freedom are traced on the same footing, the distinction can be com-
pletely dropped but for the time-evolution itself. Code-reusage is thus almost
trivial. Note also that the initial infinite-temperature pure state needs only M = 1
block states to be described exactly in DMRG as it is a product state of single local
states. Imaginary-time evolution (lowering the temperature) will introduce
entanglement such that to maintain some desired DMRG precision M will have to
be increased.
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Chapter 2

Molecular Conductance from Ab Initio
Calculations: Self Energies and Absorbing
Boundary Conditions

Ferdinand Evers and Andreas Arnold

2.1 Introduction

The most important driving force in the research field of Molecular Electronics
are prospects on technological applications—whence the name—in entirely new
realms of system parameters [1]. The development of these new technologies also
requires serious progress in several disciplines of fundamental sciences including
both, theory and experiment. One of the major theoretical challenges is the
quantitative description of transport through a molecule with a given contact
geometry [2-6].

In order to appreciate the caliber of the problem, recall that describing transport
requires to keep track of two aspects of physical reality, each by itself posing a task
of considerable difficulty. Needed are (a) a good knowledge of molecular states,
i.e., of energy levels and orbitals, which is not easy to obtain, since they experience
a strong influence by Coulomb interactions on the molecule, and (b) a thorough
understanding of the hybridization of these orbitals with the electronic lead states,
so as to predict the broadening, i.e., the “life time”, of molecular energy levels.
This seriously complicates matters for ab initio calculations, because inevitably a
macroscopic number of degrees of freedom is involved. We are facing here a
classical dilemma: each of the two problems—interactions on the molecule and the
macroscopic number of lead atoms—by itself can be dealt with reasonably well,
but only at the expense of applying methods that exclude a simultaneous solution
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of the other problem. In a sense, we find ourselves in a situation not unlike
Ulysses, when he was trying to pass by Scylla and Charybdis [7].

In this paper we present a method, that simplifies (b), i.e., including macro-
scopic electrodes into ab initio calculations. The incarnation that we put forward in
this communication, operates in those instances where the calculation of transport
coefficients builds upon a formalism in terms of Green’s functions. The basic idea
developed here, however, is much more general and may also be of use for
example in transport calculations based on the density matrix renormalization
group [8].

A typical example of a Green’s function based transport theory met in cases
where the quasi-particles are effectively non-interacting, is the Landauer—Biittiker
approach to transport [9, 10]. Here, the conductance (in units e?/h) is expressed
as a transmission at the Fermi energy, g = T(Eg). Explicitly, T(E) has a
representation

T(E) = Tr (GI'(G'T,) (2.1)

which may be derived using elementary scattering theory [3, 11, 12], the Keldysh
technique [13] or the Kubo formula [14, 15], in principle.

The “dressed” Green’s functions, G, required in any of these approaches
describe the propagation of particles with energy E on the molecule in the presence
of the electrodes. The external leads, left and right, enter these functions by self
energy contributions, X, ,, one for every electrode. They relate G to the Green’s
function of the isolated molecule, Gy, by

G™\(E) = G,/ (E) — Zu(E) (2.2)

and include all the effects of coupling to the left and right leads, Xy, = 2, + X,.
Also, they determine the level broadening I';, = i(Z,, — ZPr) appearing in (2.2).
Equation 2.2 should be understood as a family of matrix equations with resolvent
operators G, Gy, parameterized by energy, E; Green’s functions are actually the
matrix elements of these operators G(E,x,x') = (x|G(E)|x) and Gy(E,x,x') =
(X|Gu(E)|x).

The calculation of the exact couplings, X ,, is usually fairly troublesome. In the
simplest case, when the electron interaction can be appropriately dealt with by an
effective single-particle model, the couplings take a structure

2y = thS;xtj(a x=10Lr (2.3)

where #;, denote the two hopping matrices that connect the molecular junction
with the left and right electrodes [13]. The “surface” Green’s function, Gg; [, r,
introduced here describes the propagation of quasi-particles on the electrodes in
the presence of the contact surface. Even in this situation calculating Xy, is not
really easy. Complications arise since (a) 24, should include macroscopic leads
plus contact geometry and (b) the hopping matrix ¢ is (normally) not just of the
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nearest neighbor type, so the contact surface also involves sub-surface layers of
electrode atoms, in general.

The procedure to be proposed in this communication simplifies the conductance
calculation by essentially eliminating the step of evaluating X,. It works after the
molecule has been redefined. The “extended” molecule, e, not only includes the
original molecule but also pieces of the left and right electrodes:

G Y(E) =G, — Zen. (2.4)

Our key observation is the following: while the molecular conductance is crucially
dependent on microscopic details incorporated in X, it is completely indifferent
towards details in 2,4, if eM includes sufficiently many electrode atoms. As a
consequence, there is no need to use the exact self energy 2.4, in order to obtain
(in principle) exact results." One can replace it by a simplistic model coupling of
the type

(x| Zei(E) |X') — in(x) 6(x — X'), (2.5)

where we have introduced a “local leakage function” #(x). It is crucial to our
method, that fine tuning #(x) is obsolete once certain criteria to be specified in
Sect. 2.3 are satisfied.

The outline of this paper is as follows. In Sect. 2.2 we recapitulate in broad
terms the physical effects encoded in the self energy formalism. The concept of the
extended molecule will emerge quite naturally from these considerations. They
will also illuminate under which conditions (2.5) can be justified. In the following
Sects. 2.3 and 2.4 we will present a series of model problems. In order to dem-
onstrate the principle, we begin in Sect. 2.3 with a tight binding chain, for which
numerical results can be compared against analytical solutions. To illustrate the
usefulness in practically relevant cases, the conductance of di-thiophenyl is
investigated in Sect. 2.4 using an approach to transport based on the density
functional theory and the quantum chemistry package TURBOMOLE [16-18].
This study is also intended to reveal the limits of the ansatz (2.5).

2.2 Basic Physics of Self Energies

In this section we will give a more precise definition and a justification of the
procedure (2.5) for constructing a self energy, which is based on physical

! The words “exact result” have in the present context a restricted meaning: they refer to the
exact solution of the single-particle scattering problem, which can be stated once the Kohn—Sham
orbitals and energies are given. Under which conditions—if at all—scattering theory based on
(ground state) Kohn—-Sham orbitals could give an exact description of the full many body
problem, this is an important question which, however, goes well beyond the scope of the present
article.
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arguments. In order to explain the logic, we first recall on a qualitative level which
physical information is carried by the original self energy, 24,. We shall illustrate
then, how this information is transferred into G,4, by reformulating the problem to
calculate G in terms of an extended molecule. If enough metal atoms have been
included in e, the “information transfer” will be complete. Then the remaining
information in the self energy 2.4, of eM is trivial, i.e., it is no longer molecule
specific. Therefore, X,q, is apt to simple approximations like (2.5).

2.2.1 Self Energy of the Molecule X,

The self energy, 2, that appears in (2.2),
u(E) = G, (E) — G\ (E)

has two qualitatively different effects which are incorporated into its hermitian and
anti-hermitian constituents.

2.2.1.1 Hermitian Constituent

The eigenvalues of G, for the isolated molecule are real numbers. Due to the

hermitian piece, dHgy = (ZM+Z;4) /2, these eigenvalues undergo a shift, Ae,,
when the molecule is coupled to the electrodes. In the case of weak electron-
electron interaction this simple “renormalization” of excitation energies is all that
can happen. However, if the interaction is strong, such that the electrons are highly
correlated, additional and qualitatively different effects can occur. A most prom-
inent representative is the Kondo effect, observation of which has been reported in
various recent experiments [19-21]. It manifests itself in the spectral function of
the coupled molecule

A(E) = (i/27) Tr(G(E) — G'(E)), (2.6)

which measures the number of molecular excitations with a certain energy,
roughly speaking [22]. Kondo physics is signalized by an additional peak in A(E),
the “Abrikosov—Suhl” resonance, which sits right at the Fermi energy of the leads
[23]. This resonance is a collective phenomenon involving electrons from the leads
and the molecule; it cannot be understood as a renormalization of a molecular
energy level alone.

Even in the absence of strong correlation effects, the shift of molecular exci-
tation levels, Ae,, can have very important consequences for the interpretation of
experimental findings. The presence of the metal electrodes can help screening the
interaction of electrons on the molecule. As a consequence, the energy difference
between the lowest unoccupied molecular energy level (LUMO) and the highest
occupied level (HOMO) will generally shrink. In the extreme case, where the
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LUMO falls below (or the HOMO above) the Fermi energy of the electrodes,
charge will flow onto the molecule such that the molecular junction becomes
partially polarized even at equilibrium conditions.

2.2.1.2 Anti-Hermitian Constituent: Exponential Time Evolution
and Reservoirs

The hermitian piece of X, is basically “just” a modification of the (effective)
Hamiltonian. By contrast, the anti-hermitian piece of the self energy, (Xg —

) ;4) /2, introduces a qualitatively new aspect, because it gives rise to an imaginary
component, iy,, of the eigenvalues of G. It gives the molecular levels, v, a finite
lifetime reflecting a simple physical fact: an initial excitation, localized at time
t = 0 on the molecule, can fade away to be absorbed by the leads, ultimately.

Let us discuss how excitations pass away in more detail so as to see why the
electrodes and the thermodynamic limit are important ingredients in understanding
the self energy. We begin by noting that Green’s functions can describe a time
evolution of the physical system. Therefore, the relaxation rates, y,, also have a
straightforward interpretation in time space. Assume that the molecular junction is
prepared in an initial state such that the molecule has an excess charge. Then, the
rates ), describe an exponential decay in time, exp(—7v,f), exhibited by each
contribution to this charge made from a certain molecular level, v.

Now, the exponential dependence proposed here is implied to be valid at all
times including in particular the asymptotic regime ¢ — co. This means that the
charge is really swallowed up by the electrodes, it never returns to the molecule
and only for this reason the relaxation process can ever become complete. In other
words, the electrodes act like thermodynamic baths or reservoirs. They destroy
information about the initial state in the sense that the return time of a signal, i.e.,
electrons, from the reservoirs is infinite.

As usual, a truly diverging time scale can be realized only with infinitely many
degrees of freedom; otherwise return paths (e.g., of electrons) exist with an overall
weight that is not vanishing. In this infinite-dimensional Hilbert space the time
evolution is unitary, of course. The (anti-hermitian part of the) self energy pops up
as a consequence of projecting the full time evolution down to the subspace of the
molecule, M, which then can no longer remain unitary. The principle encountered
here is well known in the general theory of non-equilibrium phenomena [24].

2.2.1.3 Self Energy and Transport

Clearly, the decay rates ), must be closely related to transport properties, because
they govern the time evolution of charge exchange between molecules and leads.
Note, however, that the self energy of the Green’s function contains information
only about the total loss rate
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ZM:Z[+21’

due to leakage. It does not necessarily keep track of the rates X, , separately that
describe the exchange with the individual leads, left or right. This latter piece of
information is important for the transport characteristics, as can be seen, e.g., in the
Landauer-Biittiker formula (2.1). In general, it cannot be reconstructed from the
G(E, x, x') alone, without making further assumptions (e.g., that (x|Xy|x’) is
block-diagonal with the two diagonal entries resembling %, ;, separately).

In order to illustrate the significance of the level shifts Ae, and level broad-
enings 7, for the transport problem, we consider now a situation typical of
experiments on molecular conductance. We focus on the case of weakly inter-
acting electrons and call dy, the energy gap between the HOMO of the isolated
molecule, ¢, and its LUMO, ¢;: oy = €; — €. In typical transport experiments one
has a situation where oy =1 eV. At the same time, the experimentally measured
values of the conductance, g, of the molecule only very rarely exceed 0.1. Both
observations taken together give a strong indication that for this type of experi-
ments the level broadening of HOMO and LUMO, yy;, is well below the level
separation, y,,; < Jp. Roughly speaking, the conductance (2.1) will then be given
by a superposition of two Lorenzians,

g= Z ’yx,[yx,r (27)

x=h,1 (EF — & = ACX)Z + (Vx,[ + yx,r)2/4.

with a Fermi energy of the metal, Ef, situated in between the values of HOMO and
LUMO after coupling, ey, = €n) + Aep.

We add a remark regarding uncertainties in theoretical predictions of level
positions and their broadenings. Inaccuracies in calculating absolute values of the
level positions tend to induce a shift of the transmission curve, but do not normally
change their structure—unless molecular levels happen to cross the Fermi energy
of the electrodes, of course. Often, the shift is very similar for all energy levels
involved, and therefore it can be partially eliminated when the transmission is
plotted over E — EF.

Inaccuracies in the level broadening are more severe, since their error turns out
to be of the order of unity. The value of the conductivity off resonance is deter-
mined by yzh,], and so a quantitative calculation of g under these conditions is very
difficult. The source of this error and the question how it can be overcome became
a very active field of research, recently [2-6].

2.2.1.4 Relation to the Renormalization Group Method

In this section, we describe the physics incorporated in X4, from the point of view
of an hypothetical renormalization group method. This is to say, we investigate
how 24, evolves when we build up the molecular junction gradually step by step,
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attaching more and more electrode atoms. The idea is roughly in a spirit similar to
the density matrix renormalization group [25], also discussed in this book in the
chapter by Ulrich Schollwock. The flow thus induced will be smooth unless the
molecule becomes strongly distorted, which could indicate, for example, disso-
ciation or ionization.

In order to illustrate this evolutionary process, we have performed calculations
based on the density functional theory (DFT) using the standard functional BP86
[26, 27]. DFT provides us with an effective single-particle Hamiltonian, Hy,, with
eigenvalues €, and corresponding eigenstates |v). Our interest is how the eigen-
values and eigenfunctions change when we include a gradually increasing number
of electrode atoms, Ng, in our model system.

The result of this procedure has been depicted in Fig. 2.1 for the case of the
molecule di-thiophenyl (See Fig. 2.2 for the detailed atomic structure). Every
eigenfunction is represented by a data point (€,, A,). The integrated amplitude is
defined as

Ay = Tryg|v){(v|

where the Trg, is over the projected segment of the Hilbert space that is asso-
ciated with the molecular degrees of freedom. Our calculation is performed using
a local basis set |X¢) (TZVPP [28]), with basis functions labeled by atomic
positions, X, and orbital quantum numbers, £. When evaluated in this basis, the
Try is a sum over all basis states that belong to atoms of the molecule,
excluding lead atoms.
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Fig. 2.1 Di-thiophenyl between Au pyramids (symmetric coupling, see Fig. 2.2). Left panel:
flow of energy of different orbitals with increasing number, Nz, of Au-electrode atoms as
indicated at the right-hand axis. (Orbitals at a, b, ¢, d are shown in Fig. 2.3). Each orbital is
characterized by its energy and weight A, on the molecule. The vertical bars near —5 eV mark the
(center of the) HOMO-LUMO gap. The evolution of the six orbitals of the isolated molecule has
been indicated by vertical lines. Right panel: evolution of charge, O, accumulated on the
molecule (including sulphur atoms)
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Fig. 2.2 Plots of two orbitals, i, for di-thiophenyl without electrodes (left) and with Nz = 30 Au
atoms attached (right). Orbital a hybridizes only very little with the electrodes and is almost
unaffected after coupling, b By contrast, orbital ¢ becomes completely delocalized in the metal,
see d Gray (black) colors indicate regions with  positive (negative)

Fig. 2.1 shows how the six orbitals of the molecule in the gas-phase shift and
hybridize with Ngz increasing from 0, 1, 5, 14, 30, 71. To illustrate this, we have
also given the Kohn—Sham wavefunctions of two representative states in Fig. 2.3.

The overall plot clearly shows that the original orbitals survive the coupling to
the electrodes and therefore contribute as resonances to the transport character-
istics. The initial evolution at small N¢ is not very smooth, because (a) attaching
the first few Au atoms cannot be considered a very small perturbation to the
molecular system and (b) with high symmetry conformations of cluster atoms,
e.g., Nz = 5, the electrode configuration is particularly stable. These “stability”
islands are interesting in themselves but for our present purpose they deliver
parasitic side effects, since they make it more difficult to extrapolate the overall
flow. When keeping away from exceptional numbers, e.g., by choosing
Ng = 14,30,71, the evolution shows the expected smooth behavior.

We have already mentioned that the smooth evolution of single-particle levels
can also be perturbed, if a prominent molecular level happens to cross the Fermi
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8 -7 -6 4 3 2 717273
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Fig. 2.3 Plot similar to Fig. 2.1 with Nz = 55 included. A shift towards higher energies of the
prominent orbitals is caused in the center panel because of additional, “evanescent” modes
appearing
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Fig. 2.4 Atomic configurations of molecular junctions attached to pieces of the electrodes.
Electrodes are modeled by pyramids, Nz = 14 Au atoms each. Dark atoms are surface atoms used
in self energy (2.29). Left: 2 Au atom wire, Ny = 13 (Sect. 4.1). Center: di-thiophenyl with
(stretched) S—Au, coupling; two sulphur, six carbon atoms, Ny = 13 (Sect. 4.2). Right: di-thio-
phenyl with relaxed S—Auj coupling, Ng = 11 (Sect. 4.2)

energy. This can happen in a situation where the HOMO is relatively close to Ep.
In such a case small fluctuations of the charge distribution that occur due to the
gradual appearance of “evanescent” modes, i.e., invading electrode states with
energies in between the prominent molecular orbitals, can lift the (designated)
HOMO above Ef. at certain electrode configurations.

Such a behavior can be observed for Auss electrodes, as depicted in Fig. 2.4.
In this case a molecular state (that turns out to be localized predominantly on the
S-atoms) peaks above Ex and therefore is evacuated, leading to a decrease of the
charge accumulated on the molecule by 1.2¢. The fate of this prominent mode that
has been expelled from the region of occupied energy levels is a fast decay with
further increasing Ng, because of its relatively strong coupling to the “invaders”,
see Fig. 2.4.

So far we have witnessed the transformation (or in some cases the decay) of the
states that occurs as a consequence of the hybridization of electrode and molecular
orbitals. In a sense, this is the analogue of Fermi-liquid theory. The Kondo effect,
which in principle could appear for molecular systems that carry a spin, cannot be
understood within this picture. This is because the Abrikosov—Suhl resonance is
not a shifted molecular level. Instead, it is a collective phenomenon and generated
by a large number of electrode states. Their energies reside inside the HOMO-
LUMO gap of the “dressed” molecule close to the Fermi energy. This effect can
be seen with DFT in principle, but the current approximations for the exchange-
correlation functional are too crude to capture it. A study with the exact, at present
unknown functional should show satellites at Er produced by lead states that
merge with one another if the system size becomes large. If a sufficiently large
number of these states are superimposed, a sharp peak, the Abrikosov—Suhl res-
onance, grows right within the HOMO-LUMO gap. A further typical characteristic
of this collective effect is the “pinning” of this resonance at the Fermi energy,
irrespective of shifts in the molecular orbital energies that might be induced by a
gate, for instance (Fig. 2.5).
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X=X —=X4+X—=X+X—X+X—

L2-2 Vv L2 v L2+2 V

Fig. 2.5 Single channel tight binding wire with triple barrier realized by weak links (indicated
by vertical double lines) as used in model calculations

2.2.2 Extended Molecule and X4,

The self energy of the original molecule, X, can contain a wealth of nontrivial
information, it is not a quantity easy to calculate. This was the message of the
preceeding section. However, the situation greatly simplifies after the molecule has
been redefined. Let us consider an extended molecule, e, that comprises in
addition to the original molecule also a “contact region”, i.e., a number Ng of
electrode atoms. The Green’s function for an extended system, G,4, is related to
the full Green’s function G via a new self energy

G (E) = G (E) — Zeu(E). (2.8)

We give two reasons why X,q, is much easier to handle than X,.

Imagine the extreme limit, in which far more electrons are located on the metal
than on the molecule. Then the HOMO of the big system, ey, is given by the Fermi
energy of the metal, Ef, up to a small uncertainty which is of the order of the
HOMO-LUMO gap of eM, dyr. In a metal, this gap is inversely proportional to
the number of metal electrons in the calculation, dyp o< 1/N.q, so that the
uncertainty of the position of the Fermi energy with respect to ey can be made
arbitrarily small. This is an obvious advantage.

More importantly, the flow of the typical level broadening, yy (related to
2.a), that is driven by increasing the number of electrode atoms, N¢, in the contact
region, will lead us into a very tractable regime as we shall see now. It is only a
fraction Ny of the Ng electrode atoms that is actually connected to the rest of the
leads, the “outside world”. Assume that Ngz grows in such a fashion that the
number of these “surface atoms”, Ng, does not change, so we build a quasi-one-
dimensional wire. Then, increasing Nz implies that the fraction of the wave-
function amplitude of extended orbitals located near the surface decays like
Ng/Ng, so that py 1 scales like oy . In good metals the ratio of both energies is of
the order of the metallic conductance

PuL/OHL~ g 1. (2.9)

Thereby, the level broadening of HOMO and LUMO of the extended molecule
always exceeds their separation if the electrodes are made of a good metal. This is
a situation exactly opposite to the problematic one, y;,;/dn < 1, that we have
encountered before in the context of (2.7). Summarizing, for the extended mole-
cule, e, the following hierarchy of inequalities holds
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OnL <P K Phy < Ol (2.10)

The separation of energy scales implied by (2.10) is the prerequisite for the real
gain that one makes when one turns to the extended molecule. The point is that the
fine structure in the spectrum of G.g, is of the order of Jy. The anti-hermitian
constituent of Xey, 7y, provides the smearing of this fine structure necessary in
order to obtain smooth curves, e.g., for spectral and transmission functions. The
details of this smearing have very little impact on the resulting curves, as the
interesting structures are related to energy scales dp; and yp, which exceed dyp
and yg . by a parametrically large factor.

2.2.3 X,y and Absorbing Boundary Conditions

There is yet another, perhaps particularly intuitive way to understand the principal
difference between 2y, and X,4,. It will serve as a motivation for the proposed
approximation (2.5).

Let us assume we opted for an investigation of transport properties in the time
domain, e.g., by propagating wave packets. Then, we would study the time evo-
lution of a wave packet, localized at ¢t = 0 at some initial position on the molecule.
In particular, we can investigate how wave packets leak out of the molecule into
the contacts such that they gradually disappear. When performing such an
investigation systematically in the presence of leads, one can in principle collect
enough information in order to reconstruct the Fourier transform of the retarded
Green’s function, G().

There is a condition on the observation time, 7. In order to have an energy
resolution ;. we need 7 2 y,f,l. This is troublesome if the contact size maintained
in our calculation is not sufficiently large. After some time, the leakage will hit the
outside walls of the contact, be reflected back, and finally, after the “dwell” time,
Tp, rearrive at the molecule; hence, we calculate G,q,(¢) instead of G(r). The
energy resolution that we achieve with such a calculation, cannot exceed h/7p.
The best that we can hope for is tp ~ Jy; but only if the contact acts as a fully
chaotic cavity. At longer times the signal from the decaying wavepacket will be
superimposed by the cavity modes that describe how the wave packet sloshes back
and forth inside the electrodes. We shall demonstrate this effect in Sect. 2.3
looking at an explicit example.

The salient point we wish to make is that the minimum dwell time in the cavity
should be so long that the wave packet has enough time to evacuate before the
molecule is being refilled again from the backscattered modes:

T(Dy[,r > 1 (211)

There is a very elegant and powerful procedure that eliminates spurious cavity
modes so that the condition (2.11) is always satisfied: one introduces absorbing
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boundary conditions (abc) in some regions of the cavity. These “surface” regions
should swallow incoming signals, i.e., wave packet amplitude, and thus properly
mimic escape to infinity. If the wave packets, bouncing hence and forth inside the
cavity, are completely eliminated before the return time tp has passed, no trace of
the finite cavity/electrode size will be left and G(z, x, x) can be reconstructed. This
is exactly how adding the self energy X, works and nothing more than this is
implied, if the contacts are sufficiently large. Therefore, we are entirely free to
replace the exact boundary conditions 2,4, by any other ones, provided they absorb
sufficiently fast (and do not disturb the immediate vicinity of the molecule-elec-
trode junction).

This is the idea underlying the step proposed in (2.5). From what has been said
above, it should have become clear that this ansatz is actually not just a good
approximation, but it will give exact results if the number of metal atoms Ng is
sufficiently large and the damping function has been suitably chosen. The exam-
ples given in Sect. 2.4 suggest that a relatively small number of contact atoms
(~10-20) can already give reasonable results.

2.3 Toy Models

In this section we are going to analyze two toy problems as test cases, namely the
conductance of an L-site tight binding wire, clean and in the presence of an
obstacle that mimics a molecule.

We will begin with a single-channel wire and show that the technique intro-
duced with (2.7) delivers the correct answer. This test case is interesting, because
(a) the numerical results can be compared to analytical formulas and (b) it is
particularly difficult, in the sense that the dwell time, 1p &~ L/2vp, is (untypically)
small (vg: Fermi velocity). To illustrate the method further, we also apply it to a
wire with four channels and show that not only the conductance but also more
complicated quantities, like the local current density, can be obtained.

2.3.1 Single Channel Tight Binding Wire

2.3.1.1 Models and Analytical Results

The model Hamiltonian of the clean tight binding wire is given by

L
H= _t/ZchciH + cjﬂc,- (2.12)

i=1

for spinless, non-interacting electrons. The corresponding dispersion relation reads
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Fig. 2.6 Clean single- 1.0 ' ' ' \
channel tight binding wire, ’ \/\/ \/\/
upper panel: transmission. 0.8
Analytical result (2.15)
(solid, thin) and numerical @ 0.6
result for L = 256 with fully ~ F g4
absorbing boundary
conditions (dashed; i = 32, 0.2
p = 0.3, y = 1). Also shown 0.0
is numerical result with
partially absorbing boundary 25
conditions for L = 16 (solid, 20
wiggly line, ig =1, § = o0, m
n = 1). Lower panel: density = 1.5
of states corresponding to the 1.0 /
transmission curves shown in
upper panel 0.5 J
0.0 . . .
-1.0 -0.5 0.0 0.5 1.0
E
e = —tcos(ka), (2.13)

where a denotes the lattice constant, and for the density of states one has

o) = — (214)

a1 — (E/0)?

It exhibits the usual van Hove singularities at the edges of the band, which can also
be seen in Fig. 2.6.

In order to calculate the transport coefficient of the L-chain defined in (2.12) we
should couple it adiabatically to a left and a right hand reservoir. This can be done
by attaching further half-infinite tight binding chains to the right and the left of
the L-chain. The combined system is a perfect 1d crystal. Its Bloch waves travel
without any backscattering through the L-chain and therefore it is a perfect
conductor with transmission unity:

T(E)=1 |E|<t. (2.15)

Next, let us insert an obstacle, e.g., a strong triple barrier, into the wire, a
situation that still can be understood in all detail. The corresponding Hamiltonian
H,4, is realized with hopping amplitudes occurring in (2.12) that take the values
t = 0.05 at the pairs of sites (i £ =L/2, i £+ =L/2+2) and t = | everywhere
else.

The triple barrier has two eigenstates, a symmetric and an anti-Symmetric one,
which are energetically nearly degenerate since the center barrier is high. The
energy is given approximately by the width of the double well inside the outer
barriers, 3a. It corresponds to a wavenumber k = m/3a which in turn implies a
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resonance energy close to #/2. Therefore, the transmission characteristics of the
triple barrier should exhibit a superposition of two Lorentzians, one slightly below
and one slightly above E = /2. These are the features that can indeed be seen in
the analytical result for the conductance (valid in the limit of weak coupling, V < 1)

T(E) = Z; (2.16)

21+ HE-E)

where E. = cos(n/3 + Vsin(n/3)/3), t =1 and y = V*sin(n/3)’/24. A deri-
vation can be found in Appendix A.1. Here, we have reproduced for better clarity
only an expansion of the exact answer, given in the Appendix A.1, Eq. 2.32, which
is valid in the vicinity of the resonances. We also display the exact transmission in
Fig. 2.7, upper panel.

2.3.1.2 Green’s Function Method with Absorbing Boundary Conditions

The transmission of the combined system—wire plus triple barrier—has been
given already in (2.1). In the present case it reads

g(E) = Tr,y, (G ;G'T'g), (2.17)

where the definition of G, (2.4), implies:

Fig. 2.7 Transmission of a single channel wire with a strong triple barrier (see text). Upper
panel: exact analytical result. Center: deviation of numerical results from analytical calculation:
1“% (L =256, is=32, =03, n =1, dashed; L = 64, is =16, f = 0.3, n = 1, dotted)
with absorbing boundary conditions. Lower panel: partially absorbing boundary conditions
(dotted, wiggly line: L = 16,ig =1, § = o0, n = 1) (solid, smooth line: L = 64,is =1, f = o0,
n=1
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G'=E—H,y—2,—2g. (2.18)

The Hamiltonian H,4, of the extended molecule is given with (2.12) and the trace
Tr.9 is over the corresponding Hilbert space. The operators I’ ¢ are related to
those pieces, X ¢, of the self energy, 2.4, which describe the level broadening
due to the coupling to the left (£) and right (®) leads:

Teg =i(Zrg —2ha) (2.19)

The precise form of X'/ 4 depends on how we couple the wire to the external leads.
In the spirit of Sect. 2.3, we simply define 2,z as follows:

i =05, n; =n/(1+expf(i —is)) (2.20)
Ziw = in;6y;  m; =n/(1+exp (L — i —iy)). (2.21)

Three parameters have been introduced: # is the atomic leakage rate for all those
atoms that are fully coupled to the outside; ig describes the number of surface
atoms on either side of the molecule; f is the adiabaticity parameter that models a
smooth transition into the external wire.

Fig. 2.6, upper panel, displays the result of this procedure for the transmission
of the clean wire. As expected, the exact result (2.15) is recovered in the case with
perfectly absorbing boundary conditions (abc). For comparison, we also show a
trace corresponding to incomplete absorption. The cavity modes manifest them-
selves in the transmission characteristics as relatively sharp resonances. In order to
highlight this aspect, the lower panel of Fig. 2.6 also shows the density of states of
the wire.

In Fig. 2.7 we present the transmission of the single channel wire with a triple
barrier implantation. As can be seen from the upper panel, the agreement between
the wire with fully abc and the analytical result is perfect. Once more we also
display traces that result from a calculation with imperfectly absorbing boundaries.
Traces for two different cavity sizes, L = 16, 64, are given. As in the previous
case, Fig. 2.6, the cavity eigenmodes give rise to system size dependencies, which
are the spurious resonances in the transmission characteristics. By contrast, no
remnant of the system size is left if perfect abc are used, see upper panel traces for
L = 64, 256.

Let us emphasize that the good quality of the results Figs. 2.6 and 2.7 is not a
consequence of fine-tuning parameters. We have ascertained that the traces cor-
responding to perfectly abc are stable against variations at least in the parameter
range L = 64—512, n =0.1-10, f = 0.03—0.5, iy = 8—64.

In the test cases presented in this subsection, analytical results have been
available in order to demonstrate that the choice of parameters associated with the
absorbing boundary conditions was appropriate. In more realistic situations ana-
lytical results are almost never available. Therefore, additional criteria have to be
given to establish that a certain choice of boundary conditions indeed provides
sufficient absorption. The basic rule is that a good implementation will yield



42 F. Evers and A. Arnold

transmission curves (largely) independent of the size N.4 of the cavity, of
the choice of surface atoms inside the cavity and of the atomic leakage rate .
A calculation that satisfies these requirements, is (usually) quite reliable.

2.3.2 Local Currents in a Many Channel Tight Binding Wire

As a further application of our method, we calculate the local current density, j,, in
a multi-channel wire. We begin by deriving a general formula relating j, to the
Green’s functions and self energies calculated in the preceding section. Thereafter,
we shall illustrate the result by calculating the local current distribution within a
double well embedded in a four channel wire.

2.3.2.1 Lattice Current Density in Terms of Green’s Functions

To start with, we consider the general model Hamiltonian
1
H=> > tyyclew. (2.22)
v,V

The multi-index v comprises the longitudinal, i,, and transverse, ¢,, wire coordi-
nates. An expression for the local (longitudinal) current density may be obtained
from the time dependent local density:

. i
iy, ZE[H’ c#cu = ZEZt’wc ey =ty cley. (2.23)

The component of the local particle current in the longitudinal direction (right), j,,
is given by the difference of those hopping events that enter site (i,, £,) from the
left and leave there again:

= Thg Z Ztﬂ‘cuc‘ ,u\ \ Cu- (224)
1‘<l,4 A

The expectation value of this operator is readily expressed in terms of the Green’s
function [13], G, (t,7) = i(cl()es(1)),

Ly

) = =5 [ 52 > twGi(E) - £, GA(E). (2.25)

In order to simplify the notation, we have introduced a name for sums like the one
appearing in (2.24), which are restricted to the left/right half space: ZL’R .
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Since we only consider non-interacting fermions, G . takes a particularly simple
form (e.g., [29])
G~ =iG(f.l;+fxl'g)G', (2.26)

which in the limit of small voltages V leads to the following formula for the local
charge current distribution j(i,) = >_, ju:

Ly

e(j(in)) = f—V/dE— Z Ztm (I'e—Tx)G'],,. (2.27)

(When writing this expression, we have assumed for simplicity that H is time
reversal invariant, so that 7 is real and ¢, G and I" are symmetric matrices. Also,
fr,x denote the Fermi—Dirac distribution of quasi-particles in the left and right
hand reservoirs.)

2.3.2.2 Application: Double Dot Inside a Four-Channel Wire

In order to give an example for the usefulness of (2.27), we calculate j, for a four-
channel wire with a double-well barrier. The example illustrates that the average
current in the wire is a sum of contributions. They can undergo strong spatial
fluctuations which are of the order of the mean current. In particular they can be
positive or negative (backflow). It is only the sum of all of them which is inde-
pendent of the longitudinal spatial coordinate.

The clean four-channel wire considered here is made up from four strands,
which are the single-channel wires given in (2.12). These are arranged in a 4-fold
cylindrical geometry and in transverse direction only nearest neighbors are being
coupled, see Fig. 2.8. The coupling between all nearest neighbor pairs has been
chosen as r = 2, except for those nine pairs that form the double well. The latter
have t = 0. The position of these “defects” can be given in terms of the longi-
tudinal site index, i, and the transverse index ¢ that labels the constituting single-
channel wires in a clockwise fashion: ¢ = 0, 1, 2, 3. We have switched off three
couplings at and near the center (i, = L/2) of the wire, ic, ic = 2, with site
indices ¢ = 1, 2, 3. After the definition of the model Hamiltonian, H,q,, we also
give the left and right contributions to the self energy 2.4,

S =0wZix, X=L®R (2.28)

with a self energy per strand, 2;.x, as in (2.20, 2.21).

Fig. 2.8 A double dot inside
a tight binding wire
consisting of four coupled
strands (indicated by different
symbols)
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Fig. 2.9 Local current density inside a four channel wire (L = 256, iy =32, f=0.1,n=1)
with a double dot (Fig. 2.8) at e = 0.7 very close to a resonance of the transmission (see lower
inset). Upper inset: behavior near the dots (position +2, 0). Channels 1,3 (open square, open
triangle, dashed line; same current density) and 2 (open diamond, long dashed) are blocked,
channel zero 0 (open circle, dotted line) remains open. Inside the wells, j, overshoots the
transmission (solid line) by 300%, so that local backflow in the other current channels is
generated. Main: sum of local currents (solid line) is conserved, i.e., independent of position
(except for the surface region, where by adding the self energy leakage has been introduced)

Again, we may employ (2.18, 2.19), so that the numerical evaluation of (2.27)
is straightforward (' — 0). Figure 2.9 shows the induced current density per
applied voltage near the resonance energy, ¢ = (.7. Before we discuss this result
in more detail, we first address the structure of the transmission function which is
also displayed in Fig. 2.9, lower inset. It consists of three pairs of resonances, each
pair resembling the symmetric and anti-symmetric eigenstate of the (isolated)
double well. The pair of peaks closest to the band edges originates from hybrid-
ization of these states with those wire modes having a wavenumber matching /2,
and an s-wave type symmetry in transverse direction. In these two peaks the
current density is homogenously distributed among the four constituting wires.
The last sentence is not true for the remaining two pairs of resonances with p-wave
character, where the current flows mainly in one of the wire pairs, either (0,2) or
(1,3). Evidently, the two resonances closest to ¢ = 1 belong to the second cate-
gory, since these are much sharper and less well split than all the others.

Now, we can come back to the strong oscillations seen in the local current
density of the resonance closest to the band center, cf. main panel of Fig. 2.9.
There, the current flow is mostly in the (0,2) pairs. Since due to the barrier these
two channels are not symmetry equivalent, the current densities j;o and j,» can pick
up different dependencies on the longitudinal wire coordinate, i. In fact, this must
be the case since at the barrier position j, = 1 while j, = 0.
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The phase locking between the local currents flowing along the (0,2) pair of
strands has an interesting effect on the current flow inside each well: in this region,
the component j, acquires a value three times exceeding the average current flow.
This value is compensated by a backflow in the other channels, so that a current
vortex develops.

2.4 Test Cases from Quantum Chemistry Calculations

The purpose served by the tight binding calculations of the previous chapter was to
demonstrate the principle. High precision in the calculations performed there was
relatively easy to achieve, because the parameter space representing a perfect
separation of energy (or time) scales was well accessible by numerical methods.

In quantum chemistry calculations feasible at present, the accessible system
sizes often are not large enough in order to achieve such a clear scale separation.
We demonstrate in this section that our method operates reasonably well, also in a
practical situation, where scale separation is not perfect.

To this end, we shall consider two extreme cases, a short gold chain with a
conductance g ~ 1 and a molecule, di-thiophenyl with g < 1. Both objects are
coupled to the tip of two tetragonal bipyramids of 14 Au atoms each that represent
the extension modelling a piece of the electrodes, see Fig. 2.2. We define an
effective single-particle Hamiltonian, H.,4,, for these systems in the way explained
in Sect. 2.1.

The proposed construction mechanism has been formulated in coordinate (real)
space. Therefore it matches particularly well with quantum chemistry calculations
using the local atomic basis sets |X, £) = |b) also introduced in Sect. 2.1. Adopting
(2.5) to the present case, we introduce the following self energy:

SX
Ix=inY_|b) [y (Bl X=1L,R. (2.29)
b.b

The overlap matrix, Spy = (b|b') appearing in this expression takes care of the fact
that basis states belonging to different atomic sites will not be orthogonal in
general. X, 5 is local, i.e., diagonal in the atomic basis set |b), in full analogy to
(2.20, 2.21). Again the important input is in the strength and spatial modulation of
the leakage function. In the present case, we choose it to be a constant, 7, for a
subset S, ¢ of “surface atoms” and zero for all the others. In our calculations we
take these sets to be the two layers of the pyramid (3 x 3 and 2 x 2) that are
farthest from the molecule, see Fig. 2.2.

2.4.1 Transmission of Au Chain

We begin our analysis with the two-atom Au chain. The transmission of such
chains has been studied by various groups before [12, 30]. It is well known that



46 F. Evers and A. Arnold

T(E) [26%/h]

Fig. 2.10 Upper panel: Transmission of a two-atom Au chain linked to the tip of two tetragonal
pyramids of 14 Au atoms each. Self energy (2.29) has been used. Three traces with different # are
shown: 2.72 eV (dashed), 0.81 eV (solid), 0.27 eV (dotted). The [J-symbol indicate the result
with the canonical coupling and much larger pyramids with 55 atoms [3]. Lower panel: density of
states calculated with the Green’s functions used in the upper plot. Also the density of states for
bulk gold is shown (symbol times)

reproducing the correct transmission curve is a sensitive test on the quality of the
damping X4, of the model. In Fig. 2.10, upper panel, we depict the transmission as
obtained from the model (2.29). For comparison, also plotted is a result obtained
from a much larger system with a self energy calculated directly from (2.3) (where
G has been replaced by the bulk Green’s function Gg) [3]. Agreement for the two
larger values of the coupling amongst each other and also with the original curve is
established reasonably well with deviations typically less than 10%.

As was to be expected, the window of p-values in which one finds good
quantitative agreement between the various curves is relatively small, simply
because of the very small cavity size. In fact, the “molecule” defined by the two
Au atoms in line, see Fig. 2.2, is separated from the effective surface regions S r
by only one gold atom.

In the surface regions, the model self energy somewhat modifies the local
material parameters, like the density of states (DoS). This can be seen in Fig. 2.10,
lower panel. The total DoS is strongly dominated by surface atoms. It has a
dependency on 5 that is much stronger than the one of the transmission, cf.
Fig. 2.10, upper panel. Note that this modification will have a substantial impact if
one were to set up a self consistent calculation with a local density obtained from
the dressed Green’s function (2.4). The present setup is not (and in fact does not
need to be) self consistent in this sense, and therefore the modification of the
surface spectral function will be without consequences for the transport calcula-
tions proposed here.
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We comment on the absence of a adiabaticity parameter 8 in the definition of
the self energy (2.29). The pyramids simulating the electrodes act as resonating
cavities in the same way that the single-channel tight binding wire does, cf.
Sect. 3.1. However, the tight binding wire was special in the sense that the number
of surface atoms coupling to the infinite tight binding chain was only two, inde-
pendent of the volume of the wire, L. For this reason the resonator modes had to be
eliminated by introducing the adiabaticity parameter 5. In higher dimensions, the
ratio of contact surface to volume is much more favorable. Therefore, the surface
damping of the resonator modes is much stronger—no real need to introduce a f3-
parameter here.

2.4.2 Transmission of Di-Thiophenyl

Finally, we apply our construction for the self energy to the paradigm of com-
putational molecular electronics, the di-thiophenyl system. Again, the electrodes
are modelled by the same pair of Au;, pyramids we have used before for the two-
atom Au chain. Accordingly, the construction of the model Hamiltonian and, in
particular, the self energy are just as in the previous section.

We will investigate two slightly different situations, where the sulphur atom,
that ties the benzene to the Au-contact surface connects either to a single Au atom
or to three of them.

2.4.2.1 S—Au; Coupling

The atomistic setup we consider in this subsection, is presented in Fig. 2.2. The S
atom acts as the barrier that disconnects the conjugated n-system of the phenyl
ring from the Au atom forming the tip of the pyramid. This atom provides the
separation for the junction from the contact region, which is necessary in order to
find results for the transmission independent of the choice of # within a large
parameter window.

Indeed, our expectations are well confirmed by the numerical data. Fig. 2.11,
upper channel, shows transmission lines for # varying over two orders of mag-
nitude. All traces faithfully reproduce the salient resonance structures in the
vicinity of 1 eV about the Fermi energy, Er = —5.05 eV. In this regime, the
transmission is almost unaffected by the change in # even though the average DoS
changes by a factor of three, see Fig. 2.11, lower panel. Eventually, there is an
impact of # in the tails of the resonances, where the transmission is small and the
DoS changes with 7 by an order of magnitude. This regime can be better controlled
by creating an additional spacer layer of Au atoms between the contact atoms and
the junction.

We believe that the construction principle (2.29) is well suited to model the line
broadening of resonances. There is, however, no prediction for the line shift, of
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Fig. 2.11 Upper panel: transmission of di-thiophenyl with a S—Au; coupling (see Fig. 2.4). for
different damping parameters 1 = 0.27 eV (dotted), 2.7 eV (solid) and 27.2 eV (dashed). Also
shown 30-atom Au pyramids with conventional coupling (2.29). Lower panel: probability density
P(e) for eigenvalues (proportional to the DoS). Three traces correspond to the transmission lines
of upper panel. Symbols x indicate P(e) of bulk gold

course. Line shifts occur, e.g., when charge reorganization takes place, involving
charge flow from one subsystem to another. Such processes can be reliably
modelled only by increasing the number of electrode atoms in the calculation and
monitoring the results.

2.4.2.2 S-Au; Coupling

In this paragraph, we investigate a situation in which the S atoms couple to three
Au atoms rather than just one. There are two motivations for doing so. First, a two
or three site configuration of the sulphur is energetically more favorable than the
single site coordination used in Sect. 4.2 and thus more likely to be relevant for
the understanding of experiments [3]. Second, we would like to present a simple
example for a situation where the dwell time in the cavity is not sufficiently long so
that the parameter window for the transmission traces being independent of the
damping 7 has closed.

In general, one avoids coupling the S atoms directly to the surface layers, $i r,
because the change in the local DoS near the contact may feed back into the
transmission. Therefore, for the S—Auj coupling (Fig. 2.2) we include all Au atoms
into Sy r except for those three Au atoms that bind to S. After this minor modi-
fication, calculations proceed in the same way as before.

The resulting transmission is displayed in Fig. 2.12. For the 14-atom Au
pyramids traces for three different damping values # are shown. They differ
appreciably from each other and the correct result is recovered only in relatively
rough terms. The limited quality of the model coupling in the present case is
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Fig. 2.12 Transmission of
di-thiophenyl with a S—Auj
coupling (see Fig. 2.4). Thin
traces: 14-atom Au pyramids
with 1 = 0.81 eV (dotted),
2.76 eV (solid) and 8.1 eV
(dashed). Fat traces: 55-atom
Au pyramids with

n = 2.7 eV (dot-dashed) and
conventional coupling (2.29) L L
(solid) -8 -6 -4 -2

E [eV]

T(E) [2e°/h]

expected. Since the number of surface atoms that couples to the S—Auj; unit (eight)
is much bigger than with the S—Au; coupling (four), the dwell time is reduced too
strongly for our simple model (2.5) to work with high precision.

The situation is much more favorable if larger cavities are used. Fig. 2.12 also
shows the result for a 55-atom Au cluster, which is in good agreement with the
conventional calculation.

2.5 Discussion and Outlook

The method relying on absorbing boundary conditions (abc) we have outlined in
the preceding sections, has an important advantage over the more orthodox way of
calculating an essentially exact self energy (2.3): it is much easier to handle. If the
abc calculation meets the requirements listed in Sect. 2.1, both methods are
expected to yield identical results for the Green’s functions.

We have demonstrated how the abc approach can be combined with standard
quantum chemistry calculations for extended molecules, eM. Because it is not
necessary any more to calculate self energies, 2.4, transport calculations based on
the Landauer—Biittiker theory are greatly simplified.

The computational effort is dominated by the quantum chemistry calculation for
eM. Since the number of electrode atoms, Ng, that need to be included in the
calculation, is similar for both methods, one expects that the computational effort
is roughly the same.

The number N is too large in order to allow highly correlated, essentially exact
methods to be used for calculating G,.4,. However, calculations based on density
functional theory can be done very efficiently for these system sizes. Furthermore,
Hartree—Fock calculations are within reach. The last point is of particular interest,
because this is a prerequisite to test functionals against each other (BP89, B3Lyp,
LHF, etc.), that have a very different degree of self interactions.

These tests are important for the recent debate on the origin of the discrepancy
between theoretical and experimental results on the conductance observed for
several organic molecules [2-6]. The conductance of mono atomic chains can be
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investigated very well with the combination of density functional theory (DFT)
and Landauer—Biittiker formula, that have been employed in Sect. 2.4 [31]. By
contrast, theoretical expectation for the transmission of organic molecules tend to
deviate by one or more orders of magnitude from the experimental findings [3].

Apart from experimental difficulties, approximations implicit to the DFT based
transport formalism, could very well be responsible for this discrepancy, because
the Green’s functions that derive from the (ground state) Kohn—Sham-formalism
do not necessarily provide a good description of the system dynamics. This
description can indeed be acceptable, if electron density is relatively smooth and
the system is at least close to metallic, as it is in single-atom metal chains. Under
these conditions, single-particle wavefunctions, which are essentially plane wave
states, give a good representation of the spatial properties of the true Green’s
function. Then the (local) spectral properties (i.e., the band structure of the atomic
wire) primarily determine the transport characteristics and those can be given quite
accurately by present days DFT calculations.

However, organic molecules are a different case, because at least in the vicinity
of the contact region, the electron density is far from homogenous. In these
regions, the spatial structure of the Kohn—Sham Green’s function will in general
not be a faithful representation of reality, certainly not within local or semi-local
approximations of the exchange-correlation functional. Since these very regions
form exactly the bottleneck for the transport current, theoretical calculations
employing such functionals cannot necessarily be expected to be very precise. One
can hope that the usage of non-local functionals will improve this situation. Which
of the various non-local terms that exist in the exact (quasi-static non-equilibrium)
functional, is the most important one and how to implement it in practical transport
calculations, are at present two of the most thrilling issues in the field of molecular
electronics.

Note Added in Proof Several aspects of the analysis in Sect. 2.3 are nicely corroborated by a
recent study on modeling extended contacts for carbon devices [32].
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A.1 A Triple Barrier in a Tight Binding Wire

A one-dimensional tight binding chain with only nearest neighbor hopping and
three barriers is considered.
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X=X = X=X X=X =X F X=X =X X=X =X—X

MV, M+l N Vo N+l 0 Vg O+l 042 043

The Hamiltonian of this problem is:
Hij=1t (5zj+1 + 5i+1,j) (2.30)
with hopping amplitudes #; given by

ty =V, leftbarrier

ty = Ve centerbarrier
to = Vg rightbarrier

t, =1 everywhere else

and barriers located at positions M, N, O. The scattering states in the four different
sections of the wire can be written as

¥V = e’ e~ leftlead

¥, = ae + be™ leftto center barrier
¥ = ce™ +de ™ center toright barrier
¥ = te'hi right lead

with energy E(k) = —2 cos k (length scales are measured with respect to a). Let
us now write down the consequences of the Schrodinger equation left and right of
each barrier:
EVy=%y_1+Vi¥Yusi
E(eMk 4 peMiky — M=Vik 4 po(l=mlik 4y, (qoM+Dik | po=(M+1)iky
EVya =Vi¥Yu+ Yy
E(aeMVik 4 pe=(M+Diky v, (Mik | po=Miky | o (M+2)ik | pp—(m+2)ik
EVy =Yy +VcPryi
E(ae™* 4 be™Nk) = qeW=Dik | po(=Nik 4y (coN+Dik | go=(N+1)iky
E¥yNg =VcPy+ Py
E(ce®™Vik 4 oW1y — Y (Vi | po=Niky | coN+2)ik | gp=(N+2)ik
E¥Yo =Yoo 1+ Vr¥ou1
E(ce®* + de=0%) = el 0Dk o go1=0)k | 71, (0+1)ik
E¥o1=VrWo+ Vo2
Ete(O+Dk — V(e 4 de=0%) 4 1o(0+2ik

or in matrix notation:
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VLeMik VLe—Mik Mik e—Mik b

Nk p—(N+1)ik a VeeW+Dik v o= (N+1)ik c
VoK Vee Nk b Nik o Nik d

r

Mk = (M+1)ik <1> V,eMHDik o= (Mt D)ik (a)
e

e

elO+Dik — ,—(0+1)ik ¢\ _ 1eO+Dik Vi
VieQk  Vge Ok d E-et.

Since our interest is in the transmission, T = lfI°, we only extract an equation for
the transmission coefficient, ¢:

[(szeik — o) (VRek ey (V2o @Mk _ o= (M4 Diky
(VCZe(2N+1)ik _ e(2N+1)ik)} (Vi2elt — e—ik)
_ [(VLzeik — o) (Vp2e @NHDIE _ pm@N+Dik)
(V26 QMK _ (= (M) (17 2 ik _eik):| (Vi2e20+Dik _ 420+ 1)ik)
8 . 3
= ?VLVCVRsm k. (2.31)

After specializing to the case of a strong, symmetric barrier, where
Vi=Ve=Veg=V1land M =0, N =2, O =4, we conclude

(2V3 sin’ (ka) )2
| sin? (3ka) — V2 sin?(2ka) + 2V2eika sin(3ka) sin(2ka) + O(V4)]
(2.32)

T(k) =

which is also displayed in Fig. 2.7, upper panel, in the main body of the paper,
where also a brief discussion of this result may be found.
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Chapter 3
Recent Advances in Studies
of Current Noise

Yaroslav M. Blanter

3.1 Introduction

Current noise in the last decade proved to be an efficient means of investigation of
nanostructures. Currently, it is a broad field, with over a hundred groups, exper-
imental as well as theoretical, and is actively developing. This short review
presents a brief introduction to the field, concentrating on recent developments.
There is a large amount of literature available. General introduction to noise in
solids can be found in the broad scope book by Kogan [1]. An extensive review on
shot noise was written by Biittiker and the author [2]. A collection of shorter
review articles intended to summarize the main directions of the field was
published as proceedings of the NATO ARW held in Delft in 2002 [3]. These
publications cover the field comprehensively, and there is no need to repeat all the
material. This article is intended for researchers wishing to enter the field. We will
only give a brief introduction to the subject of shot noise, turning then to recent
developments of the field. The size of this article makes it impossible to describe
all research. We will therefore self-impose the following limitations. First, we only
consider papers published in 2000 and later—everything before that date can be
found in Ref. [2]. Second, the choice of topics is mainly related to the experi-
mental breakthroughs. Many papers of excellent quality will have to stay outside
the framework of this article. Additionally, on purpose we do not discuss here very
important issues of entanglement and the theory of measurement: In our opinion,
they are better discussed in connection with properties of qubits, and we do not
have enough space here for a comprehensive review of the field.
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Now, we give a very brief overview of results well established in the field.
Current through any nanostructure fluctuates in time. There are at least two reasons
for these fluctuations: (i) thermal fluctuations of occupation numbers in the res-
ervoirs; (ii) randomness of transmission and reflection of electrons. At equilibrium,
only the former are important, and one has Nyquist—Johnson noise. We define the
noise spectral power,

S(w) = (sI(1)o1(¢') + 81()s1(1)),, (3.1)

where 0I(r) = I(t) — (I), I is the current operator, and the averaging is both
quantum-mechanical and statistical over the states in the reservoirs. Nyquist noise
S(0) = 4GkpT, with G being the conductance of a nanostructure, just follows from
the fluctuation—dissipation theorem.

At zero temperature, only fluctuations due to the randomness of scattering are
important. They are known as shot noise and can be expressed [4-7] in terms of
the transmission eigenvalues {7,} of the nanostructure, where p labels the
transport channels,

s0) =2 s g0 -1, (32)

and 2, is the number of spin projections. Fully open (7, = 1) and fully closed
(T, = 0) channels do not produce any noise, since scattering is not random:
electrons are either fully reflected or fully transmitted.

To appreciate (3.2), we need a reference point. The latter was provided as early
as 1918 by Schottky. Consider the Poisson process: transmitted electrons leave the
barrier in a random and uncorrelated fashion. In other words, the current is
expressed as I(f) =e)_ o(t —t,), where t, are random uncorrelated quantities,
with the average interval t between arrivals of consecutive electrons. The average
current is I = e/, while the current noise for this process is S(w) = 2el and does
not depend on frequency. This Poisson value Sp = 2el gives us the reference
point. Taking into account the Landauer formula for conductance,

2,6
= T
G Znhz P

p

we see that the actual noise (3.2) is always suppressed with respect to Sp. This
suppression is characterized by the Fano factor F = S(0)/Sp, which can vary
between zero and one.

Note that Nyquist and shot noises are in fact the two limiting cases of the same
phenomenon. One can express this noise in terms of the transmission eigenvalues.
There are other types of noise, which are always or often present in nanostructures,
and which are not related to transmission properties. The most common example is
low-frequency noise, proportional to the square of the applied voltage and
inversely proportional to the frequency. The origin of this noise is not universal
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and usually is attributed to slow motion of impurities in the substrate.
Such transport-unrelated noises are not considered here.

Let us now mention the basic properties of shot noise. More details can be
found in Ref. [2] and references cited therein.

e For basic types of nanostructures, the Fano factor assumes universal values:
F =1 for a tunnel barrier, F = 1/2 for a symmetric double barrier, F = 1/3 for
a diffusive wire, F = 1/4 for a symmetric chaotic cavity, F = 0 for a ballistic
conductor (for instance, a quantum point contact in the plateau regime). These
results have been derived theoretically by various means and confirmed
experimentally.

e These results are classical; quantum mechanics only enters for calculation of
transmission eigenvalues and in quantum (Fermi) statistics of electrons. For
this reason, many results can be reproduced by purely classical methods, based
on Boltzmann or rate equations with Langevin random forces.

e Notion of noise can be generalized to multi-terminal conductors. Current cor-
relations calculated at different terminals are always negative. This follows from
the fact that electrons obey Fermi statistics.

e The Fano factor is proportional to the electron charge. This concept can be
generalized to the situation when current is carried by fermionic quasiparticles.
For instance, transport between a normal metal and a superconductor
for voltages below the superconducting gap is only possible by means of
Andreev reflection, and is associated with the charge transfer in quanta of
2e. This gives F = 2. Another example is transport in a quantum Hall bar over a
barrier, which is associated with the charge ¢/q for the filling factor v = ¢/q.
The Fano factor in this case becomes F = 1/g, which also has been measured
experimentally. Generally, shot noise can be used to determine the quasiparticle
charge.

e Effect of interactions of shot noise can be very different. Dephasing does not
have any effect on noise, unless, of course, one discusses a phase-sensitive effect
like Aharonov-Bohm oscillations. Electron—electron interactions result in
heating, increasing the Fano factor, for instance, to the value F = \/§/4 in
diffusive wires instead of F = 1/3. Electron—phonon interactions suppress shot
noise down to zero, since the energy is taken out of the system. This is why there
is no shot noise in macroscopic systems. All these considerations assume that
the ground state of a conductor is Fermi-liquid-like. If interactions lead to a
formation of a new state, the situation can be very different.

e Both shot and Nyquist noises are white—frequency independent in a wide
interval of frequency. For non-interacting electrons, the frequency dependence
appears at the quantum scale 7w ~ kgT, e|V|. For instance, at zero temperature
shot noise has the following form,

2 2 .
S(w)_zxe {h|w|Epr—|—eV|Zpr(l—Tp)a Hlo|<e|V]; (33)

Tk el Y, T, Hw| > e|V].
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The part growing as || is known as quantum noise. Other energy scales come
from electron—electron interaction; in the most common case, the scale is just
inverse RC-time—the time scale for classical charge relaxation.

Real life is fortunately more complicated than these simple rules, and this is
why current noise is still a subject of active research. Below we consider a number
of phenomena which go beyond these rules and are currently in the focus of
attention. We specifically concentrate on four topics: non-symmetrized cumulants
and quantum noise; counting statistics; super-Poissonian noise; and current noise
and interferometry. For each of these subjects, we outline the main ideas, describe
the experiments, and provide the full collection of references to the original
papers.

Prior to that we would like to mention a number of experimental developments
of fundamental importance over the last 5 years. They confirmed existing theo-
retical predictions, and generated a subsequent stream of literature, but due to the
space limitations we cannot discuss them in detail.

e Observation of shot noise suppression (cold and hot electrons) in chaotic cav-
ities [8]; crossover from classical (F = 0) to quantum F = 1/4 shot noise in
chaotic cavities by tuning the dwell-time [9].

e Doubling of the Fano factor at the interface between a normal metal and a
superconductor [10]; also in the presence of finite-frequency field (photon-
assisted effect) [11].

e Very clean observations of giant shot noise in SNS junctions due to multiple
Andreev reflection (MAR) [12]; crossover from MAR regime to noise of the
quasiparticle current [13]; shot noise in the regime of coherent and incoherent
MAR in disordered SNS junctions [14]; MAR in superconductor—semiconduc-
tor—superconductor junctions [15].

e Noise in an array of quantum dots [16]; noise in an array of chaotic cavities
formed by point contacts [17].

e Shot noise suppression in hopping conduction [18, 19].

e Noise for photon-assisted tunneling [20].

e Noise in quantum dots in the Coulomb blockade regime [21, 22].

3.2 Quantum Noise

In (3.1), we defined noise power as a symmetric correlator. With this definition,
S(w) is always even in frequency. Indeed, a classical detector does not know
anything about the order of the current operators and cannot distinguish between
positive and negative frequencies: It only measures a symmetric combination. Can
we measure non-symmetrized noise,

S,(w) =2 / dt D FI()) 2 (3.4)
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For such measurement, we obviously need a quantum detector. Let us illustrate
the basic notions with an example of a detector which is a two-level system [8, 24],
with the states |a) (energy E,) and |b) (energy E}). Interaction between the detector
and the system is supposed to be weak and proportional to the current operator,
H = «|b){a|l () + h.c. The transition rates between the two states of the detector
follow from the Fermi golden rule,

o[> . (Ep — E,
r,.,="lg(=t—=4). 35
DY 2R A (3:5)

Thus, if one measures the transition rate at zero frequency, the result yields
asymmetric noise correlator (3.4) at finite frequency. For E, > E,, the detector
absorbs energy from the noise; otherwise, it emits energy. Thus, noise at positive/
negative frequency corresponds to absorption/emission, respectively. It is not
symmetric, since transition rates are not the same for emission and absorption. For
instance, at equilibrium these transition rates obey the detailed balance,
I'y—.ppa = I'n—app, Where p, and p,, are the occupation probabilities of the detector
states, which obey the Boltzmann distribution. We obtain

,()/Sy(~) = exp(~hor/ksT).

At zero temperature, S(w) = 0 for positive frequencies: There is no energy that
detector can absorb from noise. For non-equilibrium noise, at zero temperature
absorption is only possible if the energy provided by the external voltage is high
enough, 7iw < e|V|. The result at zero frequency expressed in terms of conduc-
tance G and the Fano factor F of the nanostructure is

—2h|w, ho < —el|V|;
V| —how)— (1 —F)(e|V|+ hw), —e|V| <hw<O0;
5 (o) — 2] (V1= 10) — (1= FYelV] 7). —elV 6
F(e|V| — hw), 0 <how <elV|;
0, elV| < ho.

First measurement of non-symmetrized noise using a quantum detector was
performed by Deblock et al. [25] who used a Josephson junction (JJ) as a detector.
If JJ is biased at a constant voltage, there is no dissipative (quasiparticle) current at
voltages lower than 2A /e, where A is the superconducting gap. Such current could
come from MAR, however, if the transparency of the insulating layer between two
superconductors is low, MAR can be neglected. Thus, the dissipative current is
zero for eV < 2A and grows linearly for higher voltages. However, if the junction
is submitted to external radiation, the situation is different: an electron can absorb a
phonon with the frequency w. Provided the voltage is between (24 — fiw) /e and
2A/e, this absorption will result in the quasiparticle dc current. The amplitude
of the current depends on the amplitude of the external radiation. In particular, if
the external radiation originates from current noise produced by a nanostructure,
the quasiparticle current depends linearly on the non-symmetrized spectral power
of the current noise [25, 26],
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o0

dw 7 e \2 hw
Lt (V) :/Z(%> Sqv(—0)1y <V+7), eV <24,
0

where I, (V) is the quasiparticle current without external radiation, the photo-
assisted current I, (V) is the dc current in the presence of external noise, and S,y
(—w) is the non-symmetrized voltage noise, which is related to the current noise
via the impedance of the circuit. Sweeping the bias voltage V and measuring
the current, one can restore the frequency dependence of the non-symmetrized
correlator. A great advantage of such a detector is that the detector itself at
eV <24 is noiseless, since there is no quasiparticle current.

To demonstrate the possibility of detection of non-symmetric noise, Deblock
et al. [25] measured noise produced by a Cooper pair box (also known as super-
conducting charge qubit). This is a double junction superconducting structure with
two close levels corresponding to the states with N and N 4 1 Cooper pairs in the
box, respectively. All other states of the system lie far away from these two states
and can be ignored. The splitting € between the states N and N + 1 can be tuned
with the gate voltage; the minimal value of this splitting is € = E;, with E; being
the Josephson energy, achieved for Q = C, Vs = e, where C, is the capacitance to
the gate. In an ideal system, the current noise is determined from (5): only one
transition is possible, with the frequency €/k, and thus the current noise has a
delta peak around this frequency. In reality, one has to take into account that the
levels are broadened by tunneling, and thus the noise sharply peaks around

the frequency wy = \/€2 + I'*/h, with I being the tunnel rate [27]. One speaks of
the quasiparticle peak in noise, with Q < e and Q > e corresponding to emission
and absorption, respectively. This is valid in the coherent regime E; > I'; in the
opposite incoherent regime, E; < I', one has a broad peak around zero frequency.
The experimental observation of Ref. [25] was that noise on the emission side of
the quasiparticle peak is much stronger that noise on the absorption side, thus
confirming that the quantity measured is the non-symmetrized current correlator.

A clear measurement of noise for a broad interval of frequencies which could
demonstrate the crossover from zero noise at the absorption side to white shot
noise at low frequencies and further to quantum noise at the emission side is still
not available in the literature. However, there is further data demonstrating the
detection of quantum noise. In Ref. [26], one Josephson junction was used as a
noise source, and another one as a detector. The source was biased at voltages
above 24 /e and thus produced white shot noise from the quasiparticle current. The
detected noise was twice as low as the full expected shot noise of the quasiparticle
current, which shows that the non-symmetrized correlator was measured: only
S,(—w), but not the contribution from S (w).

Another detector used in the experiments is a quantum dot [28] at low bias.
Without external noise, current only flows when an electron level lies in the
window between the chemical potentials of the reservoirs. As the function of the
gate voltage, current has a peak. With the external noise, tunneling via excited
states becomes possible, and additional peaks in the current appear. In the
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experiments, the magnitude of these additional peaks at the emission side was
clearly stronger than the one at the emission side.

3.3 Counting Statistics

Shot noise originates from the random nature of electron transfers. One can, at
least in principle, count these transfers in real time, and from the results of the
measurements deduce the average current and current noise. We have seen that
shot noise contains some information about scattering properties of the nano-
structure which cannot be obtained from the conductance. Higher current moments
can also be deduced from the same measurement and may contain even more
information. They are described with the notion of full counting statistics (FCS).

Let us proceed with a bit of the probability theory. Suppose we make a
measurement counting some random events—for instance, electron transfers
through a barrier—during a certain time interval Az. The number of events
N measured during the time interval is a random number, characterized by the
probability P, that precisely N events will be observed in a measurement. If one
repeats identical measurements M, times and counts the number of measurements
My that give the count N, the ratio My /M, gives the probability Py in the limit
My > 1. This probability distribution is normalized, > yPy = 1. Once we know
it, we can estimate the average of any function fy,

()= fvPn.

The description of the statistics with the distribution function Py is not always
the most convenient one. The problem is that if we measure first during the time
interval At (distribution function P;) and then during Az, (P»), the distribution
function for the total interval Ar = At; + At is a convolution (provided the two
intervals are independent),

N

tot

Py = E PiyPon-_m.
M=0

Most conveniently, this is expressed in terms of the characteristic function of a
probability distribution,

Ay) = <ei1N> = ZPNeiXN.

For independent events, the characteristic function of the total distribution is
just a product of characteristic functions of each type of events,
A®(y) = A1(x)A2(x). The function In A(y) is thus proportional to the duration of
the measurement At. Differentiating this function k times with respect to iy and
setting subsequently y = 0, we generate the kth cumulant of the distribution.
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Thus, the first derivative produces the average N, and the second derivative
reproduces the variance.

For electron transfers in nanostructures, it is customary to consider statistics of
charge Q = eN transmitted from the left to the right during the time interval
At. We assume that this measurement time is long enough, so that Q > e and the
laws of statistics apply. On average, (Q) = (I)Az. The second cumulant gives the
shot noise at zero frequency,

_ AtS(0)
=—

The characteristic function of the transmitted charge can be expressed in terms
of transmission eigenvalues of the nanostructure [29-31],

(0%) = (0% — (0)°

InA(y) = 2‘YAt/%Zln{l + Ty (e — 1)fL(E)[1 — fz(E)]

+ Ty (e = Df(E)1 — fi(E)]}- (3.7)

The logarithm of the characteristic function is a sum over transport channels,
suggesting that electron transfers in different channels and over different energy
intervals are independent. Differentiating this expression once and twice over the
counting field y, we reproduce the Landauer formula and the expression for the
current noise. At zero temperature, (3.7) becomes

2s€VAl‘ iy
InA(y) = +=— zp:ln[l + T, (47 — 1], (3.8)

where the upper and lower signs refer to the case of positive and negative voltages,
respectively. Let us for simplicity consider V > 0. We define the number of
attempts N, = 2,AteV /(27nh) and assume it to be integer. Equation 3.8 for one
transport channel corresponds to the binomial distribution,

Py = (%‘ ) (1 - T, (3.9)

This is just the probability that out of Ny electrons arriving at the barrier N pass
through, and others, N, — N, are reflected back. For more than one channel, the
binomial distribution does not hold any more: One obtains a convolution of
binomial distributions corresponding to each channel. If all transmission eigen-
values are small, (3.9) yields the Poisson distribution, corresponding to the notion
of independent electron transfers.

One can now average (3.8) over various distributions of transmission eigen-
values to produce the full counting statistics. In this way, FCS for a double barrier
[32], diffusive wires [30, 33], and chaotic cavities [34] were produced.

The concept of FCS can be generalized to different situations, where (3.7) does
not apply any more. By now, full counting statistics is a field by itself. Vari-
ous methods have been developed to calculate higher cumulants, which include the



3 Recent Advances in Studies of Current Noise 63

semi-classical approach based on the cascade of Langevin equations, both for
diffusive wires [35] and chaotic cavities [36], semi-classical circuit theory based
on Keldysh Green’s function technique [37-39], semi-classical stochastic path
integral method [40], Keldysh sigma-model [41, 42], direct numerical simulation
[43], and analytical [44] and numerical [45] treatment of exclusion models.
Results on FCS for normal-superconductor interfaces in various situations
[37, 46, 47], for charge transfer between superconductors, both for applied
constant phase [48] or applied constant voltage [49-52], for quantum to classical
crossover in chaotic cavities [53, 54], for FCS in double quantum dots [55], in
multi-terminal circuits, including superconducting elements [38, 56], quantum
dots in the Coulomb blockade regime [39, 57], interacting diffusive conductors
[41, 42, 58, 59], for frequency dependence of the higher cumulants [60—62], and
for the time-dependent current [63, 64] are available. There is one issue we
would like to mention here. For FCS in the charge transfer between two
superconductors with fixed phase difference, the probabilities Py can sometimes
assume negative values [48]. The reason is that phase and charge are canonically
conjugated variables and cannot be measured simultaneously. No such problem
exists for voltage-biased junctions. Thus, in this case the quantities P, cannot be
interpreted as probabilities. However, Ref. [48] suggested a scheme that makes a
measurement of Py possible, even if they are negative. The set of quantities Py
contains full information about the charge transfer in the system even in this
situation.

Let us now specifically consider the third cumulant of the transmitted charge.
It has a very important property: At equilibrium (V = 0) the characteristic function
of (3.7) becomes even in y, and therefore all the odd cumulants disappear. There is
no “Nyquist third cumulant”. For this reason, one does not have to measure at very
low temperatures to extract the information of transmission eigenvalues. On the
other hand, noise measurement is already more complicated than the average
current measurement since it requires to collect more measurement results to
achieve decent accuracy. The direct measurement of the third cumulant is even
more challenging.

From (3.8) we get the O third cumulant in the “shot noise” regime eV > kpT,

83
(0%) = & ——InA(y) = VGoAt Y T,(1 - T,)(1-2T,).  (3.10)
A(ix) ”

For a tunnel barrier 7, < 1 we get ((Q®)) = ¢*(I)At, which can be derived
directly from the Poisson distribution. In a diffusive wire, the averaging over the
distribution function of transmission eigenvalues yields ((Q3)) = ¢*(I)At/15. The
third cumulant can be either positive or negative, the open channels with 7, > 1/2
favour negative sign. One can also derive the full voltage dependence, including
the regime eV < kgT, from (3.7).

The first measurement of a higher cumulant of current noise was performed by
Reulet, Senzier, and Prober [65], who studied the third cumulant of the voltage
drop Sy across a tunnel junction biased by a constant current. The result is plotted



64 Y. M. Blanter
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in Fig. 3.1 against the average voltage drop over the junction (the resistance of the
circuit Rp, is found independently from the noise measurements). One now has to
compare experimental measurements with the theoretical prediction (3.10).
Naively, the third cumulant of the voltage is obtained from the third cumulant of
the current S7 by multiplication with R3. This operation produces a line shown in
the top panel of Fig. 3.1 as “voltage bias result”—in strong contradiction with
experimental data. The reason for this disagreement was discovered in Ref. [66].
It is known that, similarly to the average voltage V = Rpl, voltage fluctuations can
be obtained from the current fluctuations by multiplication with R3, Sy = R3S,
However, for third and higher cumulants the situation is more complicated, since
voltage fluctuations generated at the sample can perturb other parts of the electric
circuit and generate there current fluctuations, which affect current fluctuations at
the sample. This strongly modifies the relation between current and voltage third
cumulants. In the simplest situation, when the environment itself is noiseless
(“non-invasive measurement”) one has
das;

Sys = —R3Sp + 3RAS; v (3.11)
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The difference between higher order cumulants is even more dramatic.

To characterize voltage fluctuations, one defines the phase ¢ = fOA ! oV(t)dt and
studies full counting statistics for the phase. It turns out that the phase has Pascal
distribution rather than binomial distribution (3.9) which one finds for the trans-
mitted charge; in particular, for the tunnel junction, the distribution is chi square
rather than a Poisson one [67, 68].

The problem with the experiment [65] is that the measured third cumulant was
dominated by the shot noise contribution (second term in (3.11)), and the
contribution S5 only became important at high temperatures, when the voltage
dependence of the noise is weak. To avoid this, several groups performed mea-
surements of the transmitted charge in real time. Following an earlier theoretical
suggestion of Ref. [69], Bomze et al. [70] measured the third current cumulant of a
tunnel junction by amplifying and analyzing in real time voltage fluctuations on a
detector—a resistor with the conductance much higher than that of the sample.
The measurements were performed at 4 K and demonstrated the dependence
S; = €*(I), as expected from the Poisson distribution.

Real-time measurements are easier in the Coulomb blockade regime in quan-
tum dots, since the electron spends a relatively long time in the system, electrons
enter the dot one by one, and individual tunnel processes are easier to resolve.
The earlier measurements [71] used a single-electron transistor electrostatically
coupled to the quantum dot as a detector, and observed real-time detection of
single electron tunneling; however, the measurement precision was not enough to
extract full counting statistics. Subsequently, more precise real-time detector
measurements were performed in quantum dots [72] and in superconducting
junction arrays [73], still without extracting the full counting statistics. Then
Gustavsson et al. used charge detection with a quantum point contact electro-
statically coupled to the quantum dot: When an electron enters the dot, it increases
the height of the potential barrier in the quantum point contact. If the detector is
tuned close to the step between the plateaus, this increase would block electron
passage through the junction. Thus, measurement of the current through the
detector gives the real-time information on the occupation of the quantum dot.
They plotted the histogram of the transmitted charge during the measurement time
At (half a second in their experiment) and analyzed the FCS. Very recently
Fujisawa et al. [75] reported measurements of FCS in a double quantum dot, also
with a quantum point contact as a detector. They collected enough statistics to
restore the rates for all possible tunnel processes, checked the detailed balance
relation between the rates, produced the occupation probabilities by solving the
master equations, and compared the results with the observed FCS.

All these recent experimental advances concentrate on the situations where the
FCS from the point of view of the theory is trivial—Poisson distribution in tunnel
junctions, and only two possible charge states in quantum dots—and so far serve
rather to demonstrate that FCS can be measured. Measurements of less trivial
effects, for instance, of tails of the distribution function of the transmitted charge,
are still to come.
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3.4 Super-Poissonian Noise

It follows from (3.2) that shot noise in the system of non-interacting electrons is
always sub-Poissonian: the Fano factor F is less than one. This means that every
time super-Poissonian noise is measured the reason must be looked for in inter-
actions (typically electron—electron interactions). However, this statement is too
general, and, as many too general statements, useless. Let us look in more detail at
different situations which can produce super-Poissonian noise.

As we mentioned, shot noise measures the charge quantum transferred across
the nano-structure. An example we already mentioned is an interface between a
normal metal and a superconductor. For voltages below the superconducting gap,
transport is only possible by Andreev reflection, and the corresponding charge
quantum is 2e. The Fano factor for such a system can be up to F = 2. Another
example is transport in SNS systems, which proceeds via multiple Andreev
reflections. Such process is associated with transfer of A/eV charge quanta, which
provides super-Poissonian Fano factors.

Let us give another example illustrating the same mechanism. Safonov et al.
[76] studied noise in tunneling via localized states. They discovered that the Fano
factor strongly depends on the gate voltage, sometimes achieving values above one
(Fig. 3.2). To explain these results, Ref. [76] suggested the following model.
Imagine the transport occurs through two localized states (“impurities”) in par-
allel: R and M. M is coupled to the leads much more weakly than R, so that its
contribution to the current and noise is negligible. If R and M were independent,
the Fano factor would vary between 1/2 and 1, depending on the asymmetry of the
two barriers separating the impurity from the reservoirs. However, things change if

Conductance (uS)

-1.71 -1.68
Gate Voltage (V)

Fig. 3.2 Tunneling via localized states [76]. Noise is shown in the right panel; the solid line
represents the Poisson value. Copyright (2003) by American Physical Society
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the two impurities are coupled electrostatically. Due to this coupling, the occu-
pation of M affects the position of electron levels in R and can, for instance, shift a
level off the resonance, blocking the transport through R. In this case, if M is
occupied, the current through R is blocked, and if M is empty, the current through
M proceeds in an ordinary way. Thus, if tunnel rates for M and R are of the order of
I'g and I'y;, respectively, transport through the system proceeds in bunches of
I'r/T'y > 1 electrons. Thus, the Fano factor can achieve large super-Poissonian
values. Since such a two-impurity configuration is not expected to be typical, after
impurity averaging, shot noise is considerably reduced, which explains Fano
factors slightly above one observed in the experiment.

This example illustrates a general mechanism of super-Poissonian noise. If
transport proceeds via two or more electrostatically coupled states, so that occu-
pation of one of the states (M) may block the transport through the other one(s),
R, charge is transported in quanta of el'g/I'y. Super-Poissonian noise appears
provided this number is greater than one, i.e., the states are coupled differently to
the leads. This situation may occur in quantum dots in various regimes under the
Coulomb blockade condition: One needs that the charging energy is greater than
the separation between the energy levels relevant for transport (dynamical channel
blockade). Theoretical predictions of super-Poissonian noise exist for sequential
tunneling regimes in quantum dots with ferromagnetic leads [77-79] (if both leads
are partially polarized say spin-up, then spin-up electrons tend to tunnel in bun-
ches, and spin-down electrons block the current for a long time), in a magnetic
field [80], general dynamical channel blockade for sequential tunneling [81-84],
in double quantum dots [85], and in quantum dots where the level coupling is
mediated by non-equilibrium plasmons in the leads [86]. Ref. [87] predicted super-
Poissonian noise in the inelastic cotunneling regime.

Recently super-Poissonian noise was experimentally observed by Onac et al.
[22] in a carbon nanotube quantum dot (carbon nanotube crossed by two barriers).
They measured noise across the Coulomb diamond and found Fano factors up to
F = 3. Super-Poissonian noise was observed inside the diamonds and is therefore
associated with inelastic cotunneling.

Another source of super-Poissonian noise is bistability. An example was
provided by Refs. [88, 89], that studied current through quantum wells in the
resonant tunneling regime. A similar behavior was observed in tunneling through a
zero-dimensional state [90]. Due to interactions, in a certain interval of voltages
these wells become bistable: One state with zero current and one state with finite
current. For lower voltages, the zero-current branch becomes unstable and ceases
to exist; for higher voltages, the finite-current branch does not exist. Noise in such
system comes from two sources: (i) “shot” noise—small current fluctuations
around each of the branches; (ii) random jumps—random telegraph noise—
between the branches. Close to the instability point, when the finite-current branch
disappears, current fluctuations around this branch diverge and exceed the Poisson
value [2, 91]. Full analysis of the noise also includes large fluctuations, resulting in
jumps between the branches [92, 93]. Ref. [94] treats current statistics in a generic
bistable system. Experimentally, a link between super-Poissonian noise and
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bistability is not established convincingly: For instance, a superlattice tunnel diode
is a bistable system, but experiments did not discover any super-Poissonian noise
enhancement [95].

Finally, we discuss yet another situation, when there are other degrees of
freedom in the system which affect transport properties, in particular, noise.
Actually, this situation is rather common: In any mesoscopic and macroscopic
system, electrons interact with phonons. If this interaction is effective enough—the
characteristic length of electron—phonon relaxation Ly, is shorter than the size of
the system—electrons relax to the equilibrium distribution, and the noise they
produce is Nyquist noise—shot noise disappears. If we want to have anything non-
trivial, we need to consider non-equilibrium phonons. Such opportunity was
recently provided by a new class of devices—nanoelectromechanical systems
(NEMS), which couple electron motion to mechanical degrees of freedom. Cur-
rently, many species of NEMS were made and investigated, including shuttles—
single-electron tunneling devices with a movable central island, double-clamped
suspended beams in the Coulomb blockade regime, or single-clamped suspended
cantilevers. First, in NEMS one can discuss not only charge noise, but also
momentum noise—random fluctuations of momentum transferred from electrons
to the crystalline lattice [96-98]. Second, ordinary current noise is strongly
modified by mechanical degrees of freedom, both in the shuttling regime [99-102]
and for single-electron tunneling [103—108]; in particular, in both situations noise
can achieve super-Poisson values. It is not our intention to give here a compre-
hensive review of noise in NEMS, and we restrict ourself to just one particular
situation: a single electron tunneling device weakly coupled to a single-mode
underdamped harmonic mechanical oscillator [109, 110].

Qualitatively, the situation is as follows. Imagine that bias and gate voltages are
tuned just outside a Coulomb blockade diamond, so that only two charge states are
important for electrons: say n = 0 and n = 1. Non-zero average current means
that the number of electrons in the single-electron tunneling device fluctuates
randomly between zero and one. The coupling between electrons and vibrations of
the oscillator is provided by a force F,, which depends on the charge state and acts
on the oscillator. In the regime we discuss this force is a random function that can
assume two values, F and F. The force generates mechanical oscillations, which
in the underdamped case have a large amplitude and a frequency close to the
eigenmode w, of the oscillator. The vibration produces feedback on the current
since the tunnel rates depend on the position of the oscillator, due to the position
dependence of the energy differences available for tunneling. It turns out that the
quality factor of the oscillator Q is renormalized due to electron tunneling, but
even after the renormalization one still is in the underdamped regime.

Depending on the voltages, one can identify four types for the behavior of the
system, which are best described in terms of the probability P(A) to have certain
amplitude A of the mechanical oscillator. First, P(A) can be sharply peaked around
zero (meaning only very small amplitudes have significant probability) or around a
certain finite value. In both cases, noise can be estimated as follows. From
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dimensional analysis, one obtains S(0) ~ I*1, where t has the dimension of time.
In the ordinary situation, 7 is of order of the inverse tunnel rate I ~! (the only time
scale in the problem), and one restores the Poisson value of the shot noise. In our
case, there is a longer time scale—the decay time Q/wy > T ~1. thus, we have
S(0) ~ eI Q/wy, and noise considerably exceeds the Poisson value. In two further
cases, the distribution function P(A) has two peaks: either one at A = 0 and
another one at a finite value of A, or both peaks at finite values of A. This means
that only two values of the amplitude are possible. In both cases, on top of the
super-Poissonian noise for each peak, we have additional enhancement of noise
due to random jumps between the states with different values of the amplitude.

3.5 Interference Effects

Interference effects are at the core of quantum mechanics: They provide
information on the phase of the wave function probing its wave nature. These
experiments are difficult to perform with electrons in solids. However, we witness
steady progress over the last decade, with the number of proposals and successful
realisations constantly increasing. We will only discuss here the types of
interferometers for which studies of noise are available.

Qualitatively the simplest species is an Aharonov—Bohm (AB) ring—a two-
terminal structure where the transmission probability is a periodic function of the
magnetic flux penetrating the ring, with the period of the flux quantum.
Conductance and shot noise retain this periodic dependence. However, this system
has just too few handles, the amplitude of AB oscillations depends essentially on
the dynamical phases acquired by electrons moving along the arms of the ring, and
the AB vanishes in a ring already with several transport channels.

Recently, Ji et al. [111] performed an experiment with the electronic Mach—
Zehnder interferometer (MZI), an analog of the corresponding optical device. The
electronic MZI with edge states in the integer quantum Hall regime is shown in
Fig. 3.3. In the simplest version, it has one source and two detectors (the voltage
V is applied to the source relative to both detectors), the beam splitter A and the
beam splitter B, both realized as quantum point contacts. The transport proceeds
via the edge states; we assume that in the contact A there is no reflection, so that
the edge state proceeds either to the upper or to the lower arm. In the beam splitter
B, there is also no reflection, and an electron from either arm can proceed to one of
the detectors, 1 or 2. An Aharonov—Bohm flux penetrates the ring. Both con-
ductance between the source and any of the detectors, and current correlations
between any reservoirs are flux-dependent. In the experiment, transmission
through one of the point contacts could be changed, which creates an additional
handle.

Surprisingly, the visibility—the ratio of the phase-dependent and phase-inde-
pendent parts of the conductance—observed in the experiment, was lower than
expected. This suppression of the visibility can be attributed to the loss of phase
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Fig. 3.3 Mach-Zehnder interferometer with edge states. Edge states are shown by solid lines
with arrows; additional tunnel directions in the beam splitters are indicated by dashed lines

coherence, which partially destroys the interference. There could be two reasons
for this loss of coherence: phase averaging (for instance, due to the energy
dependence of the phase) and dephasing by environment, in particular, by elec-
tron-electron interactions. Conductance is affected by both mechanisms in the
same way: It is proportional to the transmission probability from the source to
the corresponding drain, averaged over the phase. The details depend on the type
of the dephasing [112, 113]. Thus, conductance generally cannot distinguish
between these two reasons of phase coherence loss, if they have the same
dependance on the dephasing time (usually it is proportional to the temperature).
It turns out that the situation is different for noise [114, 115], as well as for higher
cumulants of the transmitted charge [116]. One has to compare the applied voltage
eV with the inverse characteristic lifetime for the phase correlations induced by
the environment 7i/t.. In this way, one identifies “fast” eVt < 7 and “slow”
eVt. > h environments. For a slow environment, shot noise is merely obtained by
averaging of the usual expression, 7' (1 — T), over the phase. In this case, it does
not provide any new information about the environment as compared to the
conductance. For fast environments, the behavior of noise is generally different,
and thus may provide information about the source of loss of the phase coherence.

In Refs. [117, 118], a more complicated two-particle interferometer was pro-
posed. It consists of four sources and four detectors, separated by four quantum
point contacts. Transport is again only possible via the edge states in the integer
quantum Hall regime. The setup is designed in such a way that an electron can be
transmitted from any source to any detector via only one trajectory. The average
current is not sensitive to interference, does not depend on the Aharonov—Bohm
phase, and is determined by transmission probabilities of the contacts. In contrast,
if we consider current cross-correlations at different detectors, the interference
contribution originates from the interference of different trajectories. In this
geometry, these pairs of trajectories are taken in such a way that fogether they
enclose a loop and are thus sensitive to the Aharonov—Bohm flux. This is probably
up to now the nicest illustration of the two-particle nature of current noise in solid
state systems.

Finally, we mention an Andreev interferometer—a normal metal connected by
two arms with the same superconducting reservoir. Transport properties of this
system are sensitive to magnetic flux enclosed by the arms. Reulet et al. [119]
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investigated current noise in this system experimentally and theoretically, and
found a periodic dependence on the applied flux. Full counting statistics in an
Andreev interferometer was studied in Ref. [120].
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Chapter 4
Josephson Qubits as Probes of 1/f Noise

Alexander Shnirman, Gerd Schon, Ivar Martin
and Yuriy Makhlin

4.1 Introduction

Josephson junction based systems are one of the promising candidates for quantum
state engineering with solid state systems. In recent years great progress was
achieved in this area. After initial breakthroughs of the groups in Saclay and NEC
(Tsukuba) in the late 1990s, there are now many experimental groups worldwide
working in this area, many of them with considerable previous experience in nano-
electronics. By now the full scope of single-qubit (NMR-like) control is possible.
One can drive Rabi oscillations, observe Ramsey fringes, apply composite pulses
and echo technique [1]. The goal of “single shot” measurements has almost been
achieved [2, 3]. There are first reports about 2-bit operations [4]. The decoherence
times have reached microseconds, which would allow for hundreds of gates.
Finally, a setup equivalent to cavity QED was realized in superconducting circuits
[5]. We refer the reader to the recent reviews [6, 7].

Despite the great progress decoherence remains the limiting factor in solid state
circuits. Since one wants to manipulate and measure the qubits, some decoherence
is unavoidable. There are, however, noise sources which are purely intrinsic, i.e.,
they are not related to any controlling or measuring circuitry. Eliminating those
sources as much as possible is therefore of greatest importance. The main intrinsic
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source of decoherence in most superconducting qubits is 1/f noise of either the
charge, the flux, or the critical Josephson current.

On the other hand, the full control of 1-qubit circuits opens the possibility to use
qubits as efficient noise detectors [8, 9]. The idea is to measure the decoherence
times of the qubit while changing its parameters and extract from the data the noise
in the qubit’s environment. An experiment of this type was performed by Astafiev
et al. [10]. Further information about the noise was obtained in recent studies
[11, 12]. In this paper we give a short overview of new and improved under-
standing of the nature of 1/f noise.

4.2 Charge Qubit and Charge Noise

To introduce the basic concepts we consider the simplest charge qubit. The system
is shown in Fig. 4.1. Its Hamiltonian reads

H =30 | B Vol ol + 5 1) o 1 (@)

n

where n is the number of Cooper pairs on the island, with the charging energy
given by

(2ne — Qg)2

Een(n, V) = 2(C,+ C))
8

(4.2)
and the induced gate charge is Q, = C,V,. Near O, = e one can consider the two
lowest energy charge states. In the spin — 1/2 representation one obtains the
following Hamiltonian

1 1
H — _EAEch(Vg) 61 - EEJ 6)6; (43)

Introducing an angle #n(V,) such that tany = E;/E4(V,) we rewrite the
Hamiltonian as

Fig. 4.1 Charge qubit: The ]
two gray areas are
superconducting islands,
with a Josephson coupling E 77 C
E;. n denotes the number of J n J
Cooper pairs on the lower
island
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1
H=— 5AE (cosn &, + sinn 6y). (4.4)

We now assume that the gate charge has a noisy component, i.e.,
Q, = C,V, + 6Q. Then the charging energy fluctuates and we obtain

1 1
H= _EAE (cosn 6, +sinné,) — §X617 (4.5)

where X = ¢0Q/(C, + Cy). In the eigenbasis of the qubit this gives

1 1
H= _EAE G, — EX(cosn o, —sinn &y). (4.6)
For sufficiently weak noise with regular spectrum Sx(w), the Bloch-Redfield
theory [13, 14] gives the dissipative rates. The relaxation (spin flip) rate is given by

1 1
I = Tl = 5sin2 n Sx(w = 4E), (4.7)

while the dephasing rate

with
L
r,= 5c08 nSx(w = 0). (4.9)

is a combination of spin-flip effects (I'y) and of the so called “pure”
dephasing, characterized by the rate I', = 1/T;. The pure dephasing is usually
associated with the inhomogeneous level broadening in ensembles of spins,
but occurs also for a single spin due to the “longitudinal” (coupling to a,)
low-frequency noise.

We now consider the situation where the noise X is characterized by the spectral
density

04

Sx(w) (4.10)

|l
in the interval of frequencies wj, < ® < .. In this case (4.9) is clearly inapplicable.
Several models of 1/f noise and pure dephasing were developed in the literature
[15-18]. In all of them the T,-decay of the coherences (i.e., of the off-diagonal
elements of the density matrix) is given by decay law e 1'/2f (t). The pure
decoherence described by the function f{(r) depends on the statistics of the noise.
For our purposes here a very rough estimate is enough. When deriving the Bloch—
Redfield results, e.g., (4.9), one realizes that S(ow = 0) should actually be under-
stood as the noise power averaged over the frequency band of width ~ I, around
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o = 0. We, thus, obtain a time scale of the pure dephasing from the self-
consistency condition I', = Sx(I',,). This gives

Iy~ \/acosn. (4.11)

For the cases of “strongly non-Gaussian” statistics [18], « and I', should be
understood as typical rather than ensemble averaged quantities. From the study of
many examples we came to the conclusion that the relation (4.11) is universal
irrespective of the noise statistics as long as I', > w;.

4.3 Analysis of the NEC Experiments

Astafiev et al. [10] measured the 7} and 75 time scales in a charge qubit. As the
energy splitting AE and the angle # were independently controlled, they could
extract the noise power S(w) in the GHz range using (4.7). In addition they were
able to determine the strength of the 1/f noise, «, using (4.11). The results sug-
gested a connection between the strengths of the Ohmic high-frequency noise,
responsible for the relaxation of the qubit (7;-decay), and the low-frequency 1/f
noise, which dominates the dephasing (7»-decay). The noise power spectra,
extrapolated from the low- and high-frequency sides, turn out to cross at w of order
T. Expressing the high-frequency noise at w > T as Sx(w) = aw, they found that
the strength of the low-frequency noise scales as o = aT” (see Fig. 4.2). The T2
dependence of the low-frequency noise power was observed earlier for the
1 /fnoise in Josephson devices [19, 20]. Further evidence for the T” behavior was
obtained recently [21, 22]. But the fact that the two parts of the spectrum are
characterized by the same constant a was surprising.

4.4 Resonances in Phase Qubits

Additional information was obtained from experiments with phase qubits (current
biased large area Josephson junction) by Simmonds et al. [23]. These experiments

Fig. 4.2 Asymptotic S ()
behavior of noise at low and X
high frequencies
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revealed the presence of spurious quantum two-level systems with strong effects
on the high-frequency (~ 10 GHz) qubit dynamics. In a phase qubit one controls
the energy splitting between the qubit states by changing the bias current. It turned
out that at certain values of the bias current the system ceased to behave as a
two-level system but showed rather a 4-level dynamics. This phenomenon can be
attributed to the existence of a collection of coherent two-level fluctuators (TLF) in
the oxide of the tunnel barrier. When the energy splitting of the qubit coincides
with that of one of the fluctuators a pair of states |gqubit)|€fuctuator) and
lequbit) |fuctuator) are degenerate. This degeneracy is lifted by the qubit—fluctuator
interaction, which leads to a gap (avoided crossing) in the spectroscopy of the
qubit. There are at least two types of interactions which could be responsible for
lifting the degeneracy [24]. One corresponds to a situation in which a two-level
fluctuator blocks a conducting channel in one of its states and, thus, influences the
Josephson energy of the junction [23]. The other arises due to a dipole moment of
the fluctuator interacting with the electric field in the junction. Recent studies [12]
point towards the second option. The most surprising was the observation that the
two-level fluctuators are more coherent than the qubit. Hence, the decoherence of
the 4-level system in a resonant situation is dominated by the decoherence of the
qubit.

4.5 High- and Low-Frequency Noise from Coherent TLFs

Motivated by the above mentioned experiments we have pointed out [25] that a set
of coherent two-level systems may produce both high- and low-frequency noise
with strengths that are naturally related. As a model we consider a set of coherent
two-level systems described by the Pauli matrices o,;, where p = x, y, z, and
Jj labels the particular TLF. We write the Hamiltonian of the set in the basis such
that their contributions to the relevant fluctuating quantity, e.g., the gate charge,
are X = ) . vj 0. Then

1
Hrs =) [— 5 (802 + Aj0xj) + Haiss | (4.12)
7

Here, in the language of tunneling TLSs (TTLS), ¢; are the bias energies and 4;
the tunnel amplitudes between two states. Each individual TLS, j, is subject to
dissipation due to its own bath with Hamiltonian Hg;s ;. We do not specify Hgigs j,
but only assume that it produces the usual relaxation (7)) and dephasing (7)
processes. We assume that all the TLSs are under-damped, with I'j; = Tlfjl < E;

and I'p; = TZ’_J-1 < Ej. Here E; = | /e + Af is the energy splitting.
Our goal in the following is to investigate the noise properties of the fluctuating
field X. For that reason we evaluate the (unsymmetrized) correlator
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Cx(0) = / dt{(X(t)X(O)) - <x>2} e, (4.13)

For independent TLSs the noise is a sum of individual contributions,
— 20
Cy = Ejvj C;, where

Glo)= [ ar{(o.sos(0) - (0.7} e (4.14)
To obtain C; we first transform to the eigenbasis of the TLS. This gives
His :Z{—%Ejpu—&-Hdiss_j}, (4.15)
J
and
X= Z vj (cos 0;p,; —sinb;p, ), (4.16)

J

where tan 0; = A;/¢;. Proceeding in the spirit of the Bloch-Redfield theory [13, 14]
we readily find

oI,

F%J + w?

[1 + <Pm>] 2@,
3+ (w-E)

2
1- ; 20
+ sin® 0; [ <pz">] 5 2J 5
2 I+ (o +E)

Cj() = cos’ 0 [1 - <Pz,,->2]

+sin’ 0 (4.17)

In thermal equilibrium we have (p, ;) = tanh(E;/2T). The first term, due to the
longitudinal part of the coupling, describes random telegraph noise of a thermally
excited TLS. We have assumed I', ; <7, so that this term is symmetric (classical).
The second term is due to the transverse coupling and describes absorption by the
TLS, while the third term describes the transitions of the TLS with emission. We
observe that TLSs with E; > T contribute to Cx only at the (positive) frequency
o = E;. Indeed their contribution at w = 0 is suppressed by the thermal factor
1—{p, J-)2 = 1 — tanh?(E;/2T). Also the negative frequency (emission) contri-
bution at w = —E; is suppressed. These high-energy TLSs remain always in their
ground state. Only the TLSs with E; < T are thermally excited, performing real
random transitions between their two eigenstates, and contribute at o = +FE; and
at o = 0. Note that the separation of the terms in (4.17) into low- and high-
frequency noise is meaningful only provided the typical width I'; ; of the low-w
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Lorentzians is lower than the high frequencies of interest, which are defined,
e.g., by the qubit’s level splitting or temperature.

For a dense distribution of the parameters €, 4, and v we can evaluate the
low- and high-frequency noise. For positive high frequencies, > T, we obtain

2r
Zv sin 0 S B
F2 + (0 — E)?

(4.18)
~ N/dedA dv P(e, A,v)v*sin* 0 - 2n6(w — E),

where N is the number of fluctuators, P(e, 4, v) is the distribution function

normalized to 1, E = \/€2 4+ 4°, and tan 0 = A/e. Without loss of generality we
take e>0and 4 > 0.

At negative high frequencies (w<0 and |w| > T) the correlator Cx(®) is
exponentially suppressed. On the other hand, the total weight of the low-frequency
noise (up to w =~ I'| max, where I' nax is the maximum relaxation rate of the TLSs)
follows from the first term of (4.17). (Since we have assumed I'j; < E; we
can disregard the contribution of the last two terms of (4.17). Each Lorentzian
contributes 1. Thus we obtain

/ L;_:CX(G))

low freq.

dw 2 21 2@y,
= v 011 — (p. )2 =24
/ = COS j[ <ng> } %J o (4.19)

low freq. j

~ N/dedA dv P(e, 4,v) v cos? 0 —-
cosh” 2%
Equations 4.18 and 4.19 provide the general framework for further discussion.

Next we investigate possible distributions for the parameters €, 4, and v. We
consider a log-uniform distribution of tunnel splittings 4, with density P4(4) o
1/4 in a range [Amin, Amax]- This distribution is well known to provide for the 1/f
behavior of the low-frequency noise [26]. It is natural for TTLSs as 4 is an
exponential function of, e.g., the tunnel barrier height [27], which is an almost
uniformly distributed parameter. The relaxation rates are, then, also distributed
log-uniformly, Pr, (I'1)x1/I';, and the sum of many Lorentzians of width I';
centered at @ = 0 adds up to the 1/f noise.

The distribution of v is rather arbitrary. We only assume that it is uncorrelated
with ¢ and 4. Finally we have to specify the distribution of e. First, we assume that
the temperature is lower than A,,«. For the high-frequency part, T < < A, We
find, after taking the integral over 4 in (4.18), that
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Cx(w) x P.(¢e)de. (4.20)

1
w

0
This is consistent with the observed Ohmic behavior Cy o w only for a linear
distribution P,(¢) o e.

Remarkably, this distribution, P(g, 4) o &/, produces at the same time the
T?In(T/ Amin) behavior of the low-frequency weight (4.19), observed in several
experiments [19-22]. If the low-frequency noise has a 1/f dependence, the two
parts of the spectrum would cross around w ~ T [10].

In the opposite limit, 7 >> Ap,y, the high-frequency noise depends on the
detailed shape of the cutoff of P,(4) at Anax. As an example, for a hard cutoff the
Ohmic spectral density implies that P, o &°, and the low-frequency weight scales
with T%. For a 1 /f low-frequency behavior, the spectra would cross at
w~T? /Amax > T, which is not in agreement with the result of Ref. [10].

A remark is in order concerning the crossing at w~ T discussed above. It is
not guaranteed that the spectrum has a 1/f dependence up to w~T. Rather the
high-frequency cutoff of the low-frequency 1/f noise is given by the maximum
relaxation rate of the TLSs, I'imx < 7T, as we assumed. Then the extrapola-
tions of the low-frequency 1/f and high-frequency Ohmic spectra cross at this
o~T.

We would like to emphasize that the relation between low- and high-frequency
noise is more general, i.e., it is not unique to an ensemble of two-level systems.
Consider an ensemble of many-level systems with levels |n) and energies E,, such
that the coupling is via an observable which has both transverse and longitudinal
components. By “transverse component” we mean the part constructed with
operators |n)({m|, where n # m, while the “longitudinal component” is built from
the projectors |n)(n|. If the system is under-damped, that is, if the absorption and
emission lines are well defined, the correlator of such an observable will have
Lorentzian-like contributions at w = E,, — E,, as well as at o = 0. An example is
provided by an ensemble of an-harmonic oscillators with X = Zj vixj, where x; are
the oscillator’s coordinates. Due to the anharmonicity x; acquires a longitudinal
component, in addition to the usual transverse one. Thus a relation between the
low- and high-frequency noise would emerge naturally with details depending on
the ensemble statistics.

4.6 Self-Consistent Model

In this section we consider a possibility that the I'; decay of each individual TLS is
caused by the other TLSs. This model explains further details of the behavior of
Sx(w). We assume that each individual fluctuator “feels” the same charge noise as
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Fig. 4.3 Noise spectrum in a S (@)
self-consistent model X

the qubit, however reduced by a factor 4 < 1 due to the small size of the fluctu-
ators. That is we assume that the relaxation rate of the fluctuators is given by

rl,zgsinefsx(wzg,-). (4.21)

As only the fluctuators with E; < T contribute to the 1/f noise, we estimate the
maximum possible relaxation rate of the fluctuators to be I'j max ~ AaT. This leads
to a crossover from 1/f to 1/f 2 dependence around @ ~ I'| yax ~ AaT as indicated
in Fig. 4.3. We note that such a crossover (soft cut-off) is compatible with the
recent experimental data [11].

4.7 Relation to Other Work

It is useful to relate our phenomenological results to the recent work of Faoro et al.
[28], de Sousa et al. [29], Grishin et al. [30], and Faoro et al. [31], where physical
models of the fluctuators, coupling to and relaxing the qubit, were considered.
In Ref. [28] three models were studied: (I) a single electron trap in tunnel contact
with a metallic gate, (II) a single electron occupying a double trap, and (III) a
double trap that can absorb/emit a Cooper pair from the qubit or a superconducting
gate (“Andreev fluctuator”). In all models a uniform distribution of the trap energy
levels was assumed. One, then, can show that the distribution for the two-level
systems corresponding to the models II and III are linear in the energy level
splitting, P(e) o e. Since the switching in these models is tunneling dominated, we
find that P(A4) o< 1/4. Therefore, both models II and III are characterized by dis-
tribution P(e, A) o €/ 4, introduced above, and hence can naturally account for the
experimentally observed low- and high-frequency noises. In contrast, as shown in
[29, 30], single electron traps do not behave as coherent two-level systems.
Depending on the ratio between the hybridization with the metal and the tem-
perature a single trap at the Fermi energy can either show the random telegraph
noise or, when the hybridization dominates, it makes the qubit to feel the Ohmic
particle-hole spectrum of the metal.
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It was argued recently [31] that one needs an unphysically high density of
fluctuators in order to explain the experimental findings. This argument is based on
an assumption that the traps’ energies are distributed homogeneously over the
energy band of order of the Fermi energy (of order 1 eV). Faoro and loffe [31]
proposed an alternative scenario where the low energy scale needed for qubit
relaxation is provided by Kondo physics.

4.8 Conclusions

Josephson qubits have found their first application as sensitive meters of their
environment. Measurements of qubit relaxation produced new surprising infor-
mation about the properties of 1/f noise. Motivated by these experiments, we have
shown that an ensemble of coherent two-level systems with the distribution
function, P(e, 4) o €/4, produces Ohmic high-frequency noise and, at the same
time, 1/f low-frequency noise with strength which scales with temperature as 7°.
The two branches of the noise power spectrum cross at w ~ T in accordance with
the experimental observation [10].

References

1. Collin, E., Ithier, G., Aassime, A., Joyez, P., Vion, D., Esteve, D.: Phys. Rev. Lett. 93,
157005 (2004)

2. Astafiev, O., Pashkin, Yu.A., Yamamoto, T., Nakamura, Y., Tsai, J.S.: Phys. Rev. B 69,
180507 (2004)

3. Siddiqi, I., Vijay, R., Pierre, F., Wilson, C.M., Metcalfe, M., Rigetti, C., Frunzio, L., Devoret,
M.H.: Phys. Rev. Lett. 93, 207002 (2004)

4. Yamamoto, T., Pashkin, Yu.A., Astafiev, O., Nakamura, Y., Tsai, J.S.: Nature 425, 941
(2003)

5. Wallraft, A., Schuster, D.I., Blais, A., Frunzio, L., Huang, R.-S., Majer, J., Kumar, S., Girvin,
S.M., Schoelkopf, R.J.: Nature 431, 162 (2004)

6. Esteve, D., Vion, D.: Solid state quantum bits, cond-mat/0505676 (2005)

7. Wendin, G., Shumeiko, V.S.: Superconducting quantum circuits, qubits and computing,
cond-mat/0508729 (2005)

8. Aguado, R., Kouwenhoven, L.P.: Phys. Rev. Lett. 84, 1986 (2000)

9. Schoelkopf, R.J., Clerk, A.A., Girvin, S.M., Lehnert, K.W., Devoret, M.H.: Qubits as
spectrometers of quantum noise, cond-mat/0210247. In: Nazarov, Yu.V. (ed.) Quantum
Noise in Mesoscopic Physics, pp. 175-203. Kluwer Academic Publishers, Dordrecht, Boston
(2003)

10. Astafiev, O., Pashkin, Yu.A., Nakamura, Y., Yamamoto, T., Tsai, J.S.: Phys. Rev. Lett. 93,
267007 (2004)

11. Ithier, G., Collin, E., Joyez, P., Meeson, P.J., Vion, D., Esteve, D., Chiarello, F., Shnirman,
A., Makhlin, Yu., Schriefl, J., Schon, G.: Phys. Rev. B 72, 134519 (2005)

12. Martinis, J.M., Cooper, K.B., McDermott, R., Steffen, M., Ansmann, M., Osborn, K., Cicak,
K., Oh, S., Pappas, D.P., Simmonds, R.W., Yu, C.C.: Phys. Rev. Lett. 95, 210053 (2005)

13. Bloch, F.: Phys. Rev. 105, 1206 (1957)



4 Josephson Qubits as Probes of 1/f Noise 85

14.
15.
16.
17.
18.

19.
20.

21

24.
25.
26.
217.
28.
29.
30.

31

Redfield, A.G.: IBM J. Res. Dev. 1, 19 (1957)

Cottet, A.: PhD thesis, Université Paris VI (2002)

Shnirman, A., Makhlin, Yu., Schon, G.: Physica. Scripta T102, 147 (2002)

Paladino, E., Faoro, L., Falci, G., Fazio, R.: Phys. Rev. Lett. 88, 228304 (2002)

Galperin, Y.M., Altshuler, B.L., Shantsev, D.V.: Low-frequency noise as a source of
dephasing of a qubit. In: Lerner, 1.V., Altshuler, B.L., Gefen, Yu. (eds.) Fundamental
Problems of Mesoscopic Physics. Kluwer Academic Publishers, Dordrecht, Boston, London,
cond-mat/0312490 (2004)

Wellstood, F.C.: PhD thesis. University of California, Berkeley (1988)

Kenyon, M., Lobb, C.J., Wellstood, F.C.: J. Appl. Phys. 88, 6536 (2000)

. Astafiev, O., et al.: Private communication (2004)
22.
23.

Wellstood, F.C., Urbina, C., Clarke, J.: Appl. Phys. Lett. 85, 5296 (2004)

Simmonds, R.W., Lang, K.M., Hite, D.A., Nam, S., Pappas, D.P., Martinis, J.M.: Phys. Rev.
Lett. 93, 077003 (2004)

Martin, I., Bulaevskii, L., Shnirman, A.: Phys. Rev. Lett. 95, 127002 (2005)

Shnirman, A., Schon, G., Martin, 1., Makhlin, Yu.: Phys. Rev. Lett. 94, 127002 (2005)
Dutta, P., Horn, P.M.: Rev. Mod. Phys. 53, 497 (1981)

Phillips, W.A.: J. Low. Temp. Phys. 7, 351 (1972)

Faoro, L., Bergli, J., Altshuler, B.A., Galperin, Y.M.: Phys. Rev. Lett. 95, 046805 (2005)
de Sousa, R., Whaley, K.B., Wilhelm, F.K., Delft, J.v.: Phys. Rev. Lett. 95, 247006 (2005)
Grishin, A., Yurkevich, I.V., Lerner, I.V.: Phys. Rev. B 72, 060509 (2005)

. Faoro, L., Ioffe, L.B.: Phys. Rev. Lett. 96, 047001 (2006)



Chapter 5
Scanning Tunneling Spectroscopy

Markus Morgenstern

5.1 Introduction

Since the discovery of the scanning tunneling microscope [1], a huge number of
different solid state samples have been investigated in order to understand the
properties of the systems down to the atomic scale. Basically, a metallic tip is
brought close to a sample surface, i.e., the distance between tip and sample is
about 5 A. At this distance a stable tunneling current between the tip and the
sample is established, which couples the electronic states of the tip to the elec-
tronic states of the sample. Scanning the tip across the surface, thus, allows to
study the local electronic properties at the sample surface, i.e., one gets insight into
the local distribution of the electronic states. By using lock-in technique, one can
separate the electronic states at different energies [2]. Provided that the tip injects
electrons of a preferential spin orientation, one even gets additional information on
the spin orientation of the corresponding electronic states [3].

5.2 Measuring the Local Density of States

The simplest description of the tunneling current is given by the Tersoff-Haman
model [4, 5]. It requires that tip and sample can be considered as independent
systems, which is a good approximation at distances above 4 A. Moreover, it
neglects any inelastic tunneling processes, i.e., tunneling is described in first-order
perturbation. Finally, it assumes that the electronic states of the tip are spherically
symmetric. Under these conditions, the tunneling current / is proportional to the
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density of states of the sample, Dg,mpie, measured at the symmetry point of the tip
states, Iyp, and integrated over the energy region between the Fermi level of the
tip, Eg ip, and the Fermi level of the sample, Eg sampie- At €ach energy, Dgampie has
to be multiplied by the density of states of the tip, Dy, since tunneling is a joined
process between electronic states of sample and tip.

E¥ ip
I(rtip) X / Dsample (E, rtip) . Dtip (E)dE (5 . 1 )

EF.samp]e

This equations holds at T = 0 K, but higher temperatures can easily be con-
sidered by using Fermi distribution functions within the integrand. The distance
between the Fermi levels, Eggmple — Epgip, 15 given by the applied voltage
V multiplied by the electron charge e.

The property of interest is Dgympie. Consequently, lock-in technique is used in
order to measure the differential conductance dI /dV. At sufficiently low voltage, the
derivative of the integral is dominated by the integrand. Additional terms, which
arise due to the fact that the derivative is by V and not by E, can be neglected if
Dyip(E) is structureless within the considered energy region [6]. One gets:

dl/dv(rlipa V) X Dsample(E - EFA,sample =eévV, rtip) : Dtip(E = EFﬁtip)- (52)

Since Dy, neither depends on V nor on rgp,, di /dV is a direct measure of
the density of states of the sample at the position of the tip. In order to relate
Dgympie(€V, 1gp) to the density of states at the sample surface Dgysace(€V, x, ¥), one
can use the fact that the density of states decays exponentially into vacuum:

Dsample(ev7 rlip) = Dsurface(evaxay) 2t (53)

With this formula, a direct access to the density of states at the surface is provided.
However, one has to keep in mind that the decay constant o can depend on energy
E and position (x, y). Thus, one measures the so called local density of states
Dgurrace(€V, x, ¥) at the energy corresponding to the applied voltage V, if « does not
depend on (x, y). The latter can be checked by measuring the spatial dependence of
I(z) oc e=™%. Tt turns out that homogeneous samples usually exhibit a spatially
constant o except at the atomic scale [6].

Next, the assumptions of the Tersoff-Haman model have to be considered. As
mentioned previously, the independence of the two electron systems, sample and tip,
is a good approximation at large enough tip—sample distance. Inelastic tunneling
processes occur [7], but they are of minor importance since they are of second order.
The assumption of spherically symmetric tip states is more questionable, since the
tip is usually a d-metal including p- and d-states. These states can contribute to the
tunneling process, if they are directed towards the sample (p,- or d,2-states). Chen
has shown that a simple derivative rule applies [8—10]:

stample (6 V7 Liip )

p, — state — dI /dV (rp, V) y
z

- Dyip (Ertip ), (5.4)
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dzDsample (e v, rtip)
dz?

d,. — state — dI/dV (ryp, V) - Dyip(EFtip)- (5.3)

The derivative along z results in an additional prefactor o in (3). Consequently,
the spatial distribution of dI/dV(x, y) depends only on Dgyace(, ¥), if o is spa-
tially constant. We conclude that the spatial dependence of Dgyace(x, ¥) can be
measured, if o is spatially constant. Measuring the energy dependence of
Dgyrface(E) Tequires that o is energetically constant and, moreover, that Dyp(E) is
energetically constant. Neither is usually the case. However, « mostly depends
only weakly on energy, if one measures at low voltage V with respect to the work
function of tip and sample (4-5 eV). The error can be estimated to be lower than
10% at voltages below V ~ 200 mV [6]. At higher voltage, an empirical formula
is used to eliminate the influence of o [11]:

dI/dv(v)

Dsurface(E - EFﬁsample = EV) X I(V)/V .

(5.6)

The influence of Dy,(E) is not controllable, since each microtip has a different
density of states. Thus, one has to repeat the measurements with different tips and
assumes that peaks, which are reproducably measured with different tips, arise
from electronic states of the sample.

Remarkably, the measured quantity Dgyrface(E — Efgsample = €V, X, y) 1is
directly related to the electronic wave functions at the sample surface, i.e., one
measures the squared wave functions at the selected energy:

2
DSurfaCC(E7'x7y) 08 Z |\P(E?'x?y)surface‘ N (57)

Experimentally, the finite temperature has to be considered as well as the fact that
dI/dV is usually measured by lock-in-technique with the help of an applied
ac-voltage of strength Vg This results in a finite energy resolution. Approxi-
mately, the energy resolution function is a Gaussian function with full width at half

maximum AE = \/(3.3-kT)* + (2.5 - Vegr)* [12, 13]. Using Ergumpte = 0 meV,
this results in

2 eV— i2 2
dI/aV(V.x,3) 0 D [W(Eisx,¥) el - €2V (5.8)

The energy resolution AE can be measured using an isotropic superconductor such
as Nb as one of the electrodes. Figure 5.1 shows an example using a Nb tip on a W
surface. The measurement is performed at 7 = 315 mK and Vg = 20 pV [12].
The BCS-gap of the superconductor is visible. The sharp peaks at the edge of the
gap are extremely sensitive to AE. The solid line in Fig. 5.1 shows a fit using an
energy resolution AE = 100 peV.
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Fig. 5.1 Open circles 160 e T
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We conclude: as long as the decay constant « of the wave functions is spatially
homogeneous, dI/dV(V, x, y) measures the sum of all squared wave functions at
the sample surface, which are in the energy region E — Ep gample = ¢V £ AE.

Finally, it has to be mentioned that the above derivation requires that the tip—
sample distance z is spatially constant. This is usually not the case, but one can use
simple normalization processes [6, 14] to reconstruct the resulting dI/dV(x, y, V)-
values at constant z.

The measurement of the local density of states extracted from the site- and
energy-dependent differential conductance dI/dV is called scanning tunneling
spectroscopy (STS).

5.3 Scanning Tunneling Spectroscopy on Semiconductors

As an example, STS measurements on InAs(110) are discussed. The wave func-
tions in the InAs conduction band are relatively simple. The conduction band is
nearly parabolic and isotropic, and the symmetry of the atomic wave functions is
s-like [15]. The single-particle wave functions ¥(x, ) can be described as Bloch
waves:

W(x,1) = uy(x) - e'®x=1 (5.9)
with
(7k)*
=5 (5.10)

Here, uy(x) is the atomically periodic part of the Bloch wave, k is the wave vector and
m* is the effective mass of the InAs conduction band (m* ~ 0.023 x 9.1 x 1073 kg).
The atomically periodic part u,(x)* can be directly seen in dI /dV-images as shown in
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Fig. 5.2 a dI/dV-image of InAs(110) measured at V = 100 mV; b calculated dI/dV-image
corresponding to a; ¢ dI /dV-image of InAs(110) measured at V = 900 mV; d calculated dl /dV-
image corresponding to b; e dI/dV-image measured at V = 50 mV; crosses mark positions of
dopants; f dI/dV image measured at V = 50 mV showing the wave pattern around a defect
located 14.3 nm below the surface; g calculated wave pattern corresponding to f; h height profiles
of the measured and the calculated pattern; the x-axis starts from the center of the circular pattern
(circular line section [14]); the measured pattern has been normalized in order to establish
constant tip-surface distance; scale bar in d belongs to a—d, scale bar in g belongs to f, g [14, 15]

Fig. 5.2a, c. The function u,(x)* can be calculated by density functional theory
within the local density approximation. The result is shown in Fig. 5.2b, d.
Obviously, the calculated patterns show good agreement with the measured ones
[15]. The wave functions in Fig. 5.2a, b belong to the InAs conduction band and
the wave functions in Fig. 5.2c, d belong to a surface band higher in energy [15].

The long range part ¢’ can only be seen if the phase of the plane wave is fixed
[16]. This can be realized by introducing defects into the atomically periodic
structure of the crystal. One can argue that the plane wave is scattered at the defect,
and the interference between the incoming and the reflected wave results in a
standing electron wave. In semiconductors, the natural defects are dopants.
Figure 5.2 shows a dI/dV image of InAs(110), which exhibits circular standing
waves around the sulphur dopants. The circular structure is a direct consequence of
the isotropic band structure of the InAs conduction band. The image displays the
sum of all scattered waves at the corresponding energy. These are all wave
functions with the same length of k|, but with k vectors pointing in different
directions. Since one measures only the surface part of the scattered wave func-
tions, different diameters of the circular structures result, which depend on the
depth of the scatterer below the surface. A detailed analysis reveals that the
measured patterns result from scatterers down to 25 nm below the surface [14].
The individual circular structures can be reproduced by a simple scattering theory
as shown in Fig. 5.2f, h. Note that the measured wave functions belong to a bulk
band of InAs. This is only possible if surface bands are absent in the investigated
energy region. Otherwise, the surface states clearly dominate the measured pattern.
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Fig. 5.3 adI/dV curve
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Within the previous example, each image consists of several single-particle
wave functions. Individual single-particle wave functions can only be measured in
a confined environment, e.g., in quantum dots. The requirement is, that the level
spacing between the confined states is larger than the energy resolution of the
experiment AE. For I1I-V semiconductors, this can be realized with strain-induced
InAs quantum dots deposited on GaAs(001) [17]. Figure 5.3 shows an example
[18]. The dI/dV curve in Fig. 5.3a is measured on a particular position of
the quantum dot and shows two peaks belonging to two different single particle
energies within the dot. The peaks are well separated indicating that only a single
state W;(x, y) contributes to dI/dV(x, y) at a particular voltage. The dI/dV(x, y)
map recorded at the peak voltage represents the corresponding I¥,(x, y)I>, which is
shown in Fig. 5.3b, c for the two peak voltages of Fig. 5.3a. The states obviously
exhibit s- and p-like symmetry, respectively. Figure 5.3d—g show the squared
wave functions of another InAs quantum dot exhibiting s-, py-, py- and d-like
(2 nodes in x-direction) symmetry. More quantum dots have been studied, and it
turns out that the shape asymmetry of the quantum dots has an important influence
on the wave functions [18-20].

The wave functions of the InAs conduction band can also be used to study the
influence of electronic interactions within an extended electron system. It is known
that the interactions depend critically on the dimension of the system and on the
magnetic field. The major problem is to provide the respective samples exhibiting
0D, 1D and 2D confinement. Additionally, the electron systems have to be close to
the surface in order to get a tunneling current between the system and the STM tip.
One possibility is to use naturally formed systems of lower dimension as they
exist, e.g., on the InAs(110) surface. In order to get a two-dimensional electron
system (2DES), one deposits minute amounts of adsorbates on the surface, which
establish a 2D accumulation layer close to the surface [21]. The one-dimensional
system (1DES) exists below [112]-step edges, which occur in distances of about
5 um on the surface [22]. These step edges are positively charged and accumulate
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electrons in 1D. A zero-dimensional system (ODES) can be induced by using the
tip as a gate [23]. One can achieve considerable work function differences between
sample and tip. If the resulting tip charge is attractive for electrons, the tip
accumulates electrons in the area around the tip, which are zero-dimensionally
confined. Finally, a magnetic field can be applied externally by a superconducting
coil.

The other parameters guiding the behavior of the electron system are the
electron density and the strength of the electrostatic disorder. They are more
difficult to tune within a STS experiment but can be determined experimentally
[24]. Similar strengths of disorder have been achieved in different dimensions. A
good measure of the disorder strength is given by the mean square deviation of the
spatially fluctuating potential U(x, y). The disorder strength is about 5 meV in the
present experiments in 3D, 2D, 1D and OD. The electron density is also similar in
different dimensions, i.e., the electrons are on average 5-50 nm apart. From this
distance, one can estimate that the electron—electron interaction energy is com-
parable to the disorder strength. Consequently, the electron system is guided by the
interplay between optimizing disorder energy and electron—electron repulsion.

Measurements taken on a 1D system [22] are displayed in Fig. 5.4. An STM
image of a [112] step edge is shown in (a), and the same area after subtracting the
topographic height of the step is shown in (b). Bright and dark spots appear in (b),
which indicate positively and negatively charged defects. This can be used to
extract the effective electrostatic disorder potential of the 1D system [22], which is
presented in Fig. 5.4c. The potential fluctuates between +40 and —40 meV with a
mean square deviation of 10 meV.

The resulting local density of states Dgyace(X, Y, E) o<dI/dV (x, y, V) is shown
in Fig. 5.4d—o for different energies. The images exhibit one-dimensional standing
waves with decreasing wave length at higher energy. Since the black areas cor-
respond to Dgypace =~ 0, we can conclude that the phases of nearly all wave
functions are pinned by the disorder. Otherwise, the minima would have an
intensity larger than zero. The fact that all wave functions are pinned is not
surprising, because it is well known that wave functions in 1D are weakly local-
ized, the terminus technicus for being standing waves.

As described above, each dI/dV image in Fig. 5.4 consists of several single-
particle wave functions. It is not clear, whether these standing wave functions spill
out of the image area, i.e., it might be that only part of the weight of an individual
wave function is measured. On the other hand, one can easily calculate the total
weight of wave functions within the image area, which turns out to correspond to
about 2.5 electrons in each image [22].

Basically, the dI /dV images of the 1DES can be reproduced by a single-particle
calculation. This is disappointing, since one of the most interesting effects in 1D
systems appears if the electron—electron interaction guides the system. Under these
conditions, the single-particle description breaks down leading to the so-called
Luttinger properties [25]. But indications of these intriguing properties have not
been found in this system probably due to the relatively strong disorder strength
(10 meV) with respect to the electron—electron interaction energy (20 meV).
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Fig. 5.4 a STM image of a [112] step edge on InAs(110); b same image after subtracting the
average apparent height of the step edge; dopants are visible as bright and dark spots; ¢ deduced
disorder potential along the step edge; d—o dI/dV maps measured at the voltages marked in meV
below the images; 1D standing waves indicating weakly localized states are visible; T = 6 K [22]

2D electron systems (2DES) can be either prepared by the growth of InAs on
GaAs(111) [26] or by depositing minute amounts of adsorbates on InAs(110) [21].
In the former case, the interface to the GaAs realizes the 2D confinement, while in
the latter case a surface accumulation layer is formed. Both systems provide
relatively large electron densities (~10'>/cm?) and a moderate disorder strength
(5-20 meV) [27]. However, the influence of the interaction of the electrons with
the disorder, which is known to lead to weak localization, can be measured on the
local scale. Figure 5.5a shows a dI/dV image of a 2DES [27]. A complex wave
pattern with a preferential wave length is visible. The Fourier transform of the real
space data is shown in the right inset. It is a representation of the wave vectors
contributing to the dI/dV image. The apparent ring structure demonstrates that the
majority of the contributing wave vectors has the same length.

Figure 5.5¢ shows a histogram of all dI/dV values obtained in Fig. 5.5a. The
histogram is broad, i.e., one finds many different Dy face(x, ¥, E) values within the
investigated sample area. Dy pace(X, ¥, E) spatially fluctuates between large values
and small values, respectivly, the Dy, pce(X, ¥, E) corrugation is large. Again, a
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Fig. 5.5 a dl/dV map of a
2DES at B = 0 T; insets: left
measured disorder potential
of the 2DES; right Fourier
transform of the LDOS with
dominating k-vector length
indicated [27]; b dI /dV map
of a 3DES measured at the
same kinetic energy as the
2DES at B = 0 T; inset:
measured disorder potential
of the 3DES at the surface
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single particle calculation using the measured disorder potential (left inset in
Fig. 5.5a) can reproduce the features of the dI/dV-image [27].

Since the pristine 3D InAs(110) system has also been measured [14], a direct
comparison between 2D and 3D behaviour of electrons is possible. A dI/dV image
of the 3D system and its histogram are shown in Fig. 5.5b, d. Note that both systems,
2D and 3D, are measured at the same temperature, with the same disorder strength
and at the same energy with respect to the band edge. Thus, the comparison is rather
direct. Obviously, the 3D pattern is much more regular, consisting of self-interfer-
ence rings around individual scatterers. Moreover, the corrugation of the 3D system
is an order of magnitude less. This is a direct visualization of the fact that 2D systems
tend to weakly localize, while 3D systems do not weakly localize [28]. In 3D, the
pattern results only from scattering processes at individual dopants, while in 2D
more complex scattering paths including several dopants lead to the observed
complex pattern. The fact that the scattering paths are closed in 2D [28] leads to the
complete phase fixing of all electronic states resulting in the observed strong cor-
rugation, and it induces the well-known weak localization in 2D.
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As an important thermodynamic parameter, a magnetic field up to 6 T has been
applied to systems from OD to 3D. Landau and spin quantization have been
observed for 2D and 0D systems [31, 32]. More interestingly, the transformation of
the wave functions in a magnetic field could be observed in real space. While 0D
and 1D systems did not show pronounced changes due to the relatively large
confinement, a distinct change has been observed for 2D [29] and 3D [30]. In both
cases, serpentine structures exhibiting strong corrugation appear as shown in
Fig. 5.5¢, f. The full width at half maximum of the serpentine widths is exactly the
magnetic length Iz = /h/(eB). Moreover, in 2D, the patterns are periodic in
energy having a periodicity of the Landau energy. Thus, the theoretically predicted
drift states [33, 34], which arise due to the interaction of Lorentz forces and
electrostatic disorder, are experimentally confirmed. The states run along equi-
potential lines of the disorder potential as predicted [35]. The fact that drift states
appear also in 3D, was surprising and could be linked to the appearance of a
Coulomb gap at the Fermi level [36]. Probably, a partial localization of the
electrons parallel to the magnetic field arises in the extreme quantum limit prior to
magnetic freeze out. This could lead to local 2D properties of the electrons [37].
Thus, electrons running along equipotential lines of the disorder also exist in 3D at
sufficiently strong magnetic fields.

The presented results demonstrate the possibilities of STS to directly image the
wave functions in interacting electron systems. Here, we used III-V-semiconductors
as an example, but other systems including such complex ones as Kondo systems
[38—40] or high-temperature superconductors [41-43] have been successfully
investigated on the local scale. A summary of recent results is given in [44].

5.4 Spin-Polarized Scanning Tunneling Spectroscopy

In the previous section, we described STS measurements which record the sum of
squared wave functions ‘¥ (E;, X, ¥) g q.ce at the selected energy E = eV. The squared
wave functions describe the charge distribution of the electronic states. However,
the spin of the electron might also be important for the behavior of the electron
system, respectively, might be used for information processing [45]. Consequently,
it is desirable to measure the spin distribution of the electrons as well.

A suitable extension of STS has been proposed by Wiesendanger et al. [46, 47]
and has been optimized recently [3]. Instead of using a conventional metallic tip,
one covers the tip with a thin layer of ferromagnetic material acting as a spin
filter. This leads to a difference of Dy,(E) for spin-down and spin-up electrons:
Diip,| (E) # Dyip 1 (E). Since the tunneling process is spin conserving (at least in
first order), (2) has to be replaced by:

d]/dV(l'ﬁp, V) X Z Dsamplej(E = EV, rtip) . Dtipﬁi(E = EF‘tip) (511)
i=T,|
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The differential conductance dI/dV is high if the preferential spins of sample
and tip are parallel, and low if they are antiparallel. This gives rise to a spatial
dI/dV(x, y) contrast between areas of parallel and antiparallel spin orientation. If
the charge distribution of the electronic states is spatially constant as, e.g., in
conventional ferromagnets, this contrast can be directly used to observe spin
domains.

In order to get quantitative information, one has to perform two measurements
with different spin orientations of the tip. For example, one can switch the prefer-
ential spin orientation of a ferromagnetic tip by applying an external B-field. Then,
the difference between the dI/dV-values measured by the two spin configurations
Adl/dV(V,x,y) =dl/dV(V,x,y) —dl/dV (V,x,y) corresponds to the spin den-
sity of the sample surface Ssurace (E,X,Y) := Dsurface,1 (E, X, ¥) — Dsurface.| (E, X, )
multiplied by the SpiIl density of the tip Stip (Ep,tip) = Dlip,T (Epﬁlip) — Dtip.L(EF,tip):

AdI/dV(V,x,y) X Ssurtace (E; X, Y) - Stip (EF.ip)- (5.12)

Similar requirements as in Sect. 5.2 are necessary, i.e., a spatially constant o is
required in order to measure the Sg,f.ce(*, ¥) dependance, and an energetically
constant o and Sy, are required in order to measure the Sgypace(E) dependance.
Moreover, the decay constant o has to be the same for both spin orientations of the
sample states. But even if o depends on the spin orientation, the measurement of
AdI/dV can be used to disentangle spin information and charge information.

The measurement of AdI/dV has been implemented by positioning a coil
around a ferromagnetic tip. An ac-current is applied to the coil in order to switch
the spin orientation of the tip. The resulting AdI/dV is directly measured by lock-
in technique [48].

Within these measurements, one has to take care of the fact that a ferromagnetic
tip produces a magnetic stray field, which can influence the sample. However, as
described in Sect. 5.2, the relevant Dy;(E) is the one at the symmetry point of the
tip ryp, which is usually the center of the atom closest to the sample surface. Thus,
one can use antiferromagnetic tip coatings (Cr), which do not exhibit stray fields,
but still provide a sufficient S, at the very last atom [49].

The above derivation implies that tip and sample provide the same spin axis.
This might not be the case for, e.g., ferromagnetic domain structures, for which the
spin axis spatially fluctuates. However, if the spin axis of the tip and the spin axis
of the sample include an angle 0(x, y), (12) rewrites [3]:

Adl/dV(V,x,y) X Ssurtace (E; X, ¥) - Stip(EF.ip) - cos 0(x, ). (5.13)

In conventional ferromagnets Sqyface(X, ¥) is spatially constant resulting in
AdI/dV(V,x,y) x cosB(x,y). Thus, one measures the spatial distribution of the
spin axis of the sample, which is called magnetization direction. Note that only the
polar angle 0 with respect to the spin axis of the tip is measured, i.e., the azimuthal
angle ¢ of the magnetization direction cannot be determined. If the magnetization
direction only rotates in the plane parallel to the surface, one needs a tip with a
spin axis parallel to the surface plane in order to observe a spin contrast. If the
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sample spins rotate between the parallel and the perpendicular direction, one needs
a tip with a perpendicular spin axis. These different types of tips can be prepared
reproducably by using different amounts of coating material (Cr) on the tip [49].
The technique to measure the local spin density of states either by dI/dV or by
AdI/dV is called spin-polarized scanning tunneling spectroscopy (SPSTS).

5.5 SPSTS on Ferromagnetic Nanostructures

As an example, the measurement of the magnetic domain configuration of Fe
islands deposited on W(110) is discussed [50]. The islands exhibit heights of
3—10 nm and lateral dimensions of several 100 nm. Due to the interplay between
stray field energy and magnetocrystalline anisotropy, different domain patterns
result from different island shapes [51].

First, a tip with a spin axis parallel to the sample surface is used in order to be
sensitive to the in-plane magnetization direction of the sample. Figure 5.6 shows
the results. The first column displays STM measurements showing the topography
of the islands. A line section across one island is given for each image in the third
column revealing that the islands exhibit different heights. The dI/dV maps are
visible in the second column. Here, it is sufficient to display dI/dV in order to
show the spin contrast, since it has been checked by STS measurements using
conventional W tips that the charge distribution of the density of states is
homogeneous on each island.

The following results have been found. The islands in the first row exhibit only
one shade of grey, i.e., the magnetization direction is constant on each island, as
indicated in the fourth column. However, islands of greyscale value are observed
corresponding to islands of spin direction parallel and antiparallel to the spin
direction of the tip. We conclude that each island consists of a single magnetic
domain. The islands in the second row are slightly higher, and the left one shows
two areas of different shade of gray corresponding to two domains. This is again
indicated in the fourth column. The island in the third row is even higher, and four
areas are detectable. These are assigned to the four domains displayed in the fourth
column. Note that the left and the right domain exhibit the same shade of gray,
since they both have a polar angle § = 90° with respect to the spin axis of the tip
(left-right direction), but only a different azimuthal angle of ¢ = +90° and ¢ =
—90°, which is not detectable. Finally, the fourth row shows the highest island and
the most complex pattern, probably consisting of seven domains as indicated in the
fourth column. Here, one needs additional micromagnetic calculations to reveal
the correct domain structure due to the fact that one is not sensitive to the azi-
muthal angle.

An interesting effect can be observed on the island in the third row. Here, all
spins are oriented parallel to the edge of the island resulting in a zero stray field.
Such a configuration is called a flux closure configuration. The energetic problem
of the flux closure configuration is the center of the island. The spins have to rotate
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Fig. 5.6 SPSTS measurements on Fe islands deposited on W(110); each row shows a different
height of the islands; first column STM measurements revealing the topography of the islands;
second column dI/dV maps measured with a tip being sensitive to the in-plane orientation of
magnetization; third column line sections measured along the lines in the first row; fourth column
schematic sketches of the magnetic domain configurations of the islands [50]

continuously on a circle around the center as in a vortex. If the circle gets smaller
towards the center, adjacent spins on the circle exhibit larger and larger relative
angles. In a usual 2D vortex the angle would diverge in the center leading to a
large exchange energy. It has been proposed that the exchange energy can be
reduced by turning the spins in the center out-of-plane as sketched in Fig. 5.7a
[52]. This is indeed observed by measuring the spin contrast in the central region
twice, once with a tip being sensitive to the in-plane spin orientation of the sample
(Fig. 5.7b) and once with a tip being sensitive to the out-of-plane orientation
(Fig. 5.7c). In the out-of-plane configuration, only a bright spot of 9 nm in
diameter is visible. This directly proves the theoretical prediction of spins turning
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Fig. 5.7 SPSTS measurements in the center of an Fe island exhibiting a flux closure
configuration: a sketch of the predicted spin configuration; b dI/dV map measured with a tip
being sensitive to the in-plane orientation of the spins of the sample as sketched in the inset;c
dI/dV map measured with a tip being sensitive to the out-of-plane orientation of the spins of the
sample [52]

out-of-plane. Indeed, the diameter of the out-of-plane area and the measured
distribution of 0(x, y) exactly reproduce the predictions from micromagnetic
analysis [53, 54].

It has been shown that the spin contrast can be observed down to the atomic scale,
e.g., by measuring the alternating spin orientation of adjacent atoms in antiferro-
magnets [55, 56]. Thus, SPSTS is currently the spin sensitive technique with the
highest spatial resolution. Other techniques such as, e.g., Lorentz microscopy have a
spatial resolution which is more than an order of magnitude worse.

5.6 Conclusions

The examples shown demonstrate that STS and SPSTS are powerful techniques to
measure the spatial distribution of the sum of single-particle wave functions. The
possible energy resolution is down to 100 peV, and the spatial resolution is down
to the atomic scale. STS is sensitive to the charge distribution of the wave func-
tions, while SPSTS is sensitive to the spin distribution of the wave functions.
Complex electronic structures can be measured provided they are located close
enough to the sample surface.

Certainly, the combination of these two techniques will continue to give
additional insight into the complex and fascinating quantum behavior of electron
systems guided by different interaction energies. This requires ongoing effort to
prepare the right samples in a fashion compatible with the UHV- and near-to-
surface requirements of STS and SPSTS.
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Chapter 6
Manipulating Single Spins in Quantum
Dots Coupled to Ferromagnetic Leads

Jiirgen Konig, Matthias Braun and Jan Martinek

6.1 Introduction

The study of single spins in quantum-dot spin valves resides at the intersection of
the two highly interesting and extensively pursued research fields of spintronics on
the one hand and transport through nanostructures on the other hand. Quantum
dots consist of a small confined island with a low capacitance such that a mac-
roscopic gate or bias voltage is needed to add a single electron, leading to Cou-
lomb-blockade phenomena [1-3]. The notion that not only the charge but,
simultaneously, also the spin degree of freedom of the electrons can be made use
of, for example by using ferromagnetic leads, defines the field of spintronics [4, 5].
A quantum-dot spin valve, i.e., a quantum dot coupled to ferromagnetic leads,
exploits both the spin polarization of the electrons and the sensitivity of the charge
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to Coulomb interaction. Therefore, electronic transport is governed by the
behavior of a single spin. To discuss the possibility to generate, manipulate, and
probe single spins via electronic transport through quantum-dot spin valves is the
goal of this chapter.

The capacitance C of a metallic or semiconductor island decreases when
shrinking its size. For small quantum dots, the energy scale to add a single electron
to the island, the charging energy U = ¢?/2C, exceeds the energy scales set by
temperature kg7 or bias voltage eV, and Coulomb-blockade phenomena arise, as
first observed by Fulton and Dolan [6]. If, in addition, the island size becomes
comparable to the Fermi wavelength then the level spectrum on the island will be
discrete. For sufficiently large energy-level spacings, only a single level may
participate in transport. Such as system can then be described by the Anderson
impurity model, which is introduced below.

Famous examples of spintronics devices are the spin valves based on either the
giant magnetoresistance effect [7] in magnetic multilayers or the tunnel magne-
toresistance [8] in magnetic tunnel junctions. These effects arise, when two fer-
romagnetic leads are in contact via a conducting layer or a tunnel barrier,
respectively. The transport characteristics of the device then depend on the relative
orientations of the lead magnetizations. If, in a magnetic tunnel junction, the lead
magnetizations enclose the angle ¢, the conductance through the tunnel junction is
proportional to cos¢ [9-11], i.e., it is maximal for parallel and minimal for anti-
parallel alignment of the leads’ magnetizations. This angular dependence simply
reflects the overlap of the spinor part of the majority-spin wave functions in the
source and drain electrode, which is given by the externally controlled leads’
magnetizations.

This picture changes once spin accumulation can occur. Let us consider
transport through a ferromagnet-nonmagnet—ferromagnet sandwich structure with
the thickness of the normal layer being smaller than the spin diffusion length. A
finite bias voltage applied between the two ferromagnets with nonparallel mag-
netization directions leads to a local imbalance of spin-up and spin-down electrons
in the nonmagnetic layer. This non-equilibrium polarization of the electrons in the
nonmagnetic region, known as spin accumulation, mediates the information of the
relative orientation of the leads’ magnetization through the middle part, such that
the transmission through the device is reduced for increasing angle ¢ between
directions of the leads’ magnetic moments.

An extreme limit of the above scheme is realized in a quantum-dot spin valve. It
consists of a quantum dot that is tunnel coupled to ferromagnetic leads, see
Fig. 6.1. In this case, the information about the leads’ relative magnetization
directions is mediated by a single quantum-dot electron that, as a consequence of a
finite bias voltage, is partially spin polarized, described by a finite quantum-
statistical average S = (%/2)(s) of the dot spin. It is the orientation of the dot spin
relative to the leads together with the degree of the dot spin polarization that
determines the transport, rather than just the relative orientation of the leads’
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Fig. 6.1 A quantum dot contacted by ferromagnetic leads with non-collinear magnetizations.
The lead magnetization directions enclose the angle ¢. By forcing a current through the system, a
non-equilibrium spin S accumulates on the otherwise non-magnetic dot

magnetization directions only. Any manipulation of the dot spin polarization will
change the transmission through the device.

A quantum-dot spin valve is, thus, a convenient tool to generate, manipulate,
and detect spin polarization of single quantum-dot electrons. Both the generation
and the detection of spin polarization on the quantum dot occur via electrical
transport as a consequence of spin-polarized charge currents from and to the leads.
One of the intriguing features of a quantum-dot spin-valve device is the possibility
to further manipulate the dot spin. This can be done directly via an externally
applied magnetic field [12]. But also the gate and transport voltages influence the
dot spin [13-17]. To understand this, it is important to notice that the strong
Coulomb interaction on the quantum dot yields many-body correlations. As for the
spin degree of freedom, the quantum-dot electrons are subject to an exchange field
that arises as a many-body effect due to the tunnel coupling to spin-polarized leads.
This exchange field sensitively depends on the system parameters such as the gate
and bias voltage. The latter, therefore, provide suitable handles to manipulate the
quantum-dot spin.

Combining ferromagnetic (typically metallic) leads with quantum dots, which
are usually semiconductor structures, is experimentally challenging. Recent
experimental approaches to such a quantum-dot spin valve involve metallic islands
[18, 19], granular systems [20, 21], carbon nanotubes [22-24] as well as single
molecules [25] or self-assembled quantum dots [26, 27] coupled to ferromagnetic
leads. Another possible realization would rely on contacting a surface impurity
acting as quantum dot with a spin-polarized STM tip [28].

Successful demonstration of tunnel magnetoresistance through a strongly
interacting system has been reported by Sahoo et al. [29] in single-walled carbon
nanotubes contacted by PdNi leads, and by Zhang et al. in Al grains sandwiched
inside a tunnel junction between two Co leads [30].

The article is organized as follows: In Sect. 6.2 we define the Hamiltonian of the
quantum dot coupled to ferromagnetic leads. In Sect. 6.3 we address the dynamics
of the dot spin and charge. Starting from a rigid calculation of the spin and charge
current through a tunnel junction, we construct the master/Bloch equation for
the charge/spin degrees of freedom from the charge/spin continuity equation. From
the Bloch equation, we discuss, how to prepare, and modify the dot spin via bias
voltage, gate voltage and an external applied magnetic field. The so prepared dot
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spin can be measured by its imprint on the conductance of the quantum dot
spin-valve device as shown in Sect. 6.4. We summarize our findings in Sect. 6.5.

6.2 Model Hamiltonian

We describe the quantum-dot spin valve by the following Hamiltonian [13, 14]:

H= tnclcna+ 3 eadldy + Udldyald,

rko. n

+ Z (V,kanc:fkad,, + hc) (6.1)

rkon

The first term in (6.1) treats the ferromagnetic leads »r = L/R as large reservoirs
of itinerant electrons. The Fermion creation and annihilation operators of the lead

M

r are labeled by c,;,, where k labels the momentum and « = = the spin. The spin-
quantization axis for the electrons in reservoir r is chosen along its magnetization
direction m,. In the spirit of the Stoner model, the property of ferromagnetism is
incorporated by assuming an asymmetry in the density of states &, for majority (+)
and minority (—) spins. The degree of spin polarization in lead r is characterized
by the ratio P, = (&, — &,_)/(&,. — &,_). The lead magnetization directions my
and mg can enclose an arbitrary angle ¢. Furthermore, the leads shall be so large,
that the electrons can always be described as in equilibrium, i.e., with a Fermi
distribution f,(w). An applied bias voltage is taken into account by a symmetric
shift of the chemical potential in the left and right lead by +eV/2.

The quantum dot can be modeled as an Anderson impurity with a single orbital

level, where d,]: and d,, are the Fermion creation and annihilation operators of the
dot electrons with the spin n =T, |. The spin quantization axis of the dot is, in
general, chosen to be different from the quantization axes of both the left and the
right lead. If an external magnetic field is applied, the spin quantization axis is
chosen parallel to this field. The energy ¢, of the atomic-like electronic level is
measured relative to the equilibrium Fermi energy of the leads, and double
occupation of the dot costs the charging energy U > kgT.

Electron tunneling between the leads and the dot is described by the last term in
(6.1). As we have chosen different spin quantization axes for the lead subsystems,
parallel to the respective magnetization, the tunneling matrix elements V,,, are
not diagonal in spin space. However, we require that tunneling is spin conserving.
The tunneling amplitudes can, then, be separated in Vi, = tx x U}, i.e., a spin-
independent tunnel amplitude ¢, and a SU(2) rotation matrix U},. The explicit
shape of the matrix is determined by the choice of the dot spin quantization axis of
the dot system.

The tunnel-coupling strength is characterized by the transition rates I',,(w) =
2ny, |trk|25(a) — &ny)- For simplicity, we assume the density of states &, and the
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tunneling amplitudes 7. to be independent of energy, which implies constant
tunneling rates I',,. The spin asymmetry in the density of states in the leads yields
spin-dependent tunneling rates, which are related to the leads’ spin polarization by
P, = (Fr+7rr7)/(rr+7rr7)

Throughout this article we focus on the limit of dot-lead coupling I',, < kgT, eV
when transport is dominated by first-order tunneling, i.e., it is sufficient to calculate
all expressions for the charge and spin current up to first order in I". This excludes the
regimes of second-order transport (cotunneling) in the Coulomb-blockade region
[31, 32] or the Kondo regime (see, e.g., Ref. [33, 34]).

6.3 Quantum-Dot-Spin Dynamics

The tunnel coupling of the quantum-dot levels to spin-polarized leads yields a
transfer of angular momentum across each of the tunnel junctions. This, together
with a change of angular momentum due to an externally applied magnetic field,
defines the dynamics of the quantum-dot spin polarization. The stationary value of
the latter is determined by balancing all currents of angular momentum. As we
discuss in detail below, the total spin current, i.e., transfer of angular momentum
from the leads to the dot, consists of two qualitatively different contributions. One
is associated with the fact that charge currents from or to a ferromagnet is spin
polarized. This current, thus, transfers angular momentum that is oriented along
either the magnetization direction of one of the ferromagnets or the direction of the
accumulated quantum-dot spin. There is, however, also an additional contribution
of transfer of perpendicular angular momentum, which can be expressed in terms
of a many-body exchange field acting on the quantum-dot electrons.

For a careful treatment of the total transfer of angular momentum, we first present
arigid calculation of the spin current through a single tunnel junction [35] in terms of
non-equilibrium Keldysh Green’s functions. This will help us to identify under
which circumstances spin currents with perpendicular components will contribute.
Afterwards, we specify our result to the weak-coupling regime of a quantum-dot spin
valve and derive in this limit Bloch-like rate equations for the quantum-dot spin.

The currents will be functions of the unknown density matrix elements. To
derive the stationary density matrix in a non-equilibrium situation, we set the
change of charge and spin on the dot equal zero. Then, the Bloch equation for the
spin and the continuity equation for the charge degree of freedom from a system of
master equations.

6.3.1 Spin Current Expressed by Means of Green’s Functions

Our calculation of the spin current in this subsection will be in close analogy to the
derivation of the charge current according to Meir and Wingreen [36]. Let us first
consider the spin current through one, say the left, tunnel barrier. For a clearer
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notation, we mostly drop the lead index in this section. The spin current J, = (jL>
from the lead into the dot is defined by the negative of the time derivative of the
total lead spin S = (h/2) ka C,LO'a/;Ck/f, where 6,5 denotes the vector of Pauli
matrices. From the Heisenberg equation we get

Ju= *%SL = *% [SL,H]~ (6.2)

Making use of the Fermion commutation relation, we can find the spin-current
operator as

Z Vkomo'xﬁ ckﬁ V:;na“ﬂ d:[ck/;. (6.3)
kxﬁn
By introducing the Keldysh Green’s functions G, s we can write the expec-
tation value of the spin current as

dco
=33 [ (VehGige) - ViouGh @) (64
kaﬁn

Since the Green’s functions obey the Dyson equations Gg, =>_, Vium8h,
Gow—85Ghyyl and G =30 VE (285Gl — 81,Grrl, We can replace the

n,m

Green’s functions in (6.4) with the dot Green’s functions G, (1) = i(d,]:,dn(t»
and the free Green’s functions of the lead. The latter are given by g5 =
iy (0) (0 = &), 8 = —2mifi (0)0(0 — &), gy =1/ (0 — &k +107),
and g — (gi)*. Here, ;" stands for the Fermi distribution function in the lead
Land fi =1-f".

If we choose the dot spin quantization axis parallel to the lead magnetization we
can substitute the tunnel matrix elements by Vi, , = t;0,,. After a lengthy but
straightforward calculation, the spin current can be written as

i dw -

+0'mn(Fm—Fn)[ () (G, + G —/dE } (6.5)

with the tunnel rates I',(w) =21, |t,k|25(w — &k)Oom

This is the most general expression for the spin current flowing through a tunnel
barrier. Since the Green’s functions G, ,, were not specified during the calculation,
(6.5) holds also for other electronic systems than single-level quantum dots.

If the dot state is rotationally symmetric about my, all dot Green’s functions
G,» non-diagonal in spin space vanish. Only in this case, the spin current is
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proportional to the difference between charge current I] = i(e/h) Jdol'; [ (w)
Gi; +/i (w)G] carried by spin-up electrons and charge current Iﬁ carried by
spin-down electrons,

J=Je = %(1{ 1 )e.. (6.6)

If the dot system breaks this rotational symmetry, for example due to spin
accumulation along an axis different from my, the simple result of (6.6) is no
longer correct. In such a situation, the second line in (6.5) yields an additional
spin-current component, oriented transversal to both, the magnetization of the
lead, and the polarization of the dot. This spin-current component describes the
exchange coupling between lead and dot spin, causing both to precess around each
other. Since the lead magnetization is pinned usually, only the dot spin precesses
like in a magnetic field.

Brataas et al. [37] showed, that at normal metal-ferromagnet interfaces,
incoming electrons, with a spin orientation non-collinear to the magnetization
direction, may experience a rotation of the spin direction during backscattering.
This mechanism is described by the so called spin-mixing conductance, and also
generates a transverse component of the spin current.

6.3.2 Spin Current Between Ferromagnetic
Lead and Quantum Dot

We now specify the above expressions for a quantum-dot spin valve for weak
tunnel coupling. Since the expression for the spin current in (6.5) does already
explicitly depend linearly on the tunnel coupling I',,, we only need the zeroth-
order Keldysh Green’s functions of the dot system to describe the weak-coupling
regime. They are given by

G, (w) = =2niP;0(w — ¢ — U) — 2miPyd(w — &) (6.7)
G (w) = 27iP,0(w — &) + 27iP0(w — ¢ — U) (6.8)
G, (w) =2miPlo(w — e — U) (6.9)
G (w) =2niPlé(w — ¢) (6.10)
ret Pg P?r adv x
— = = — 11
Goo(@) = o or Yo —er v rior — (Gor (@) (6.11)

where P are the matrix elements of the reduced density matrix of the dot system,
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PQ 0 0 0

0o PP 0
= [ 6.12
Pdot 0 P% Pi 0 ( )
0 0 0 P

The diagonal, real entries P} = P, are the probabilities to find the dot in the state

empty (0), occupied with a spin up (1) or down (|) electron, or doubly occupied (d)
with a spin singlet. The zeros in (6.12) in the off diagonals are a consequence of the
total-particle-number conservation. The inner 2 x 2 matrix is the SU(2) represen-
tation of the dot spin. The reduced density matrix contains five independent
parameters. For convenience, we describe the quantum dot state by the probabilities

for the three charge states Py, P; = P% + Pi, and P4 (with the normalization con-
dition Pg+ P; + Py = 1), and the average-spin vector S = (PI + Pl,iPI—
ipl pl 18
Py, P — Pl)/Z.

Similarly to deriving the expression for the spin current, we can get a formula
for the charge current I, through tunnel contact r as

=——Z/dco rkon nrkot( ) V;ZMGEM( )) (613)

kon

After choosing a spin quantization axis for the dot spin and making use of the
Dyson equation for the Green’s functions, we can plug in the dot Green’s function
given above to obtain the result

=125 gy Y 0

) Pi—f (+ U)Pq

(6.14)
—pr[f7 (&) + £ (e + U)]S-m,|,

that, of course, is independent of the choice of the dot spin’s quantization axis.
Here, we defined I', = (T'y + 1)) /2.

It is worth to mention that the dot spin S influences the conductance via the
scalar product (S - m,). Therefore the tunnel magnetoresistance depends cosine-
like on the relative angle enclosed by lead magnetization and spin polarization,
i.e., it just resembles the behavior of a tunnel junction between two ferromagnetic
leads [8-11].

The first-order spin current, on the other hand, is given by evaluating (6.5),
which leads to

h S — p?(m, - S)m,
3, = pm, — S Pr(m-S)m
2e Ter

)

+S xB,. (6.15)



6 Manipulating Single Spins in Quantum Dots Coupled to Ferromagnetic Leads 111

The first term describes spin injection from the ferromagnetic lead into the
quantum dot by a spin-polarized charge current. The injected spin is proportional
to the lead polarization and the electrical current crossing the junction. This spin
current contribution vanishes for vanishing bias voltage.

The second term describes relaxation of the dot spin due to coupling to the
leads. Since neither an empty nor a doubly occupied dot can bear a net spin,
the spin relaxation time t,! = I',/h(1 — f,(¢) + f,(¢ + U)) equals the life time of
the single-occupation dot state. This relaxation term is anisotropic [38]. The spin
polarization of the lead suppresses the relaxation of a dot spin, which is aligned
collinear to the lead magnetization.

The third term in (6.15) describes transfer of angular momentum perpendicular
to the spin-polarization directions of lead and dot. The structure of this terms
suggests the interpretation of B, as being an effective magnetic field that acts on
the quantum-dot spin S. Its value, in the absence of an external magnetic field, is

given by [13, 39]
/ + _
B, — p / dw( S ) (w)>, (6.16)
h w

T —e—U w-—¢

where the prime at the integral indicates Cauchy’s principal value. From (6.16) it
is clear that this field is an exchange field that arises due to the fact that the
quantum dot levels are tunnel-coupled to a spin-polarized lead. It is a many-body
effect as all degrees of freedom in the leads contribute to the integral, and the
Coulomb interaction in the dot is important not to cancel the first with the second
term in the integrand. The exchange field persists also for vanishing bias voltage.
A signature of this exchange field in the Kondo-resonance splitting of transport
through a single molecule has been observed recently [25], with reported values of
the field of up to 70 T.

6.3.3 Dynamics of the Quantum-Dot Spin

We use the expressions for the charge and spin current, (6.14) and (6.15), to
calculate the dynamics of the dot’s charge and spin. Strictly speaking, the above
calculation holds only for static systems. To emphasize the physical origin of the
following equations, we keep all time derivatives in this section, even if they
should have the numerical value of zero.
The continuity equation of the average dot charge (n) = >, nP, is given by
6% = IL + IR, (617)
see Fig. 6.2a. Moreover, not only the total charge current through the dot is
conserved, but also the charge current through the individual charge levels.
Therefore we can split the charge continuity (6.17) into the two contributions
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Fig. 6.2 a The dot charge a

changes according to the v I, v
electrical current through the _Y — e<n> - ~
tunnel barriers. b The dot 2 — - 2
spin changes according to the
spin currents through the
tunnel barriers. In addition,
an external magnetic field
acts as additional source and
the intrinsic spin relaxation as
sink of angular momentum

associated with transport processes in which either double occupied or an empty
dot is involved. The affiliation to either contribution is indicated by the arguments
of the Fermi functions, where the presence of the interaction energy U indicates
processes with double occupation and the absence signals processes involving an
empty dot. We get

uil =300 @F 7 @P2 = pf (S m)

de (6.18)

ZF (FF(e+ UP /2 —f7 (e + U)Pa — pfit (e + U)S - m,).

Similar to the charge continuity equation, the continuity equation for the dot
spin, see Fig. 6.2b, reads

ds S
—=JL+IJrR+S X Bext ——
d el (6.19)
_h Pmmh—giﬁgﬁiﬂ&»+SX&m—§<
2e Te,r Trel

with By = (B + Br + B). In addition to the spin currents entering the
quantum dot from the left and right lead, there is one term describing spin pre-
cession due to an external magnetic field B.,,. It enters the equation in the same
way as the exchange field with the left and right reservoir, so that all three of them
add up to the total field B,. Furthermore, we phenomenologically took into
account the possibility of intrinsic spin relaxation, e.g., due to spin-orbit coupling,
hyperfine interaction with nuclei in the quantum dot, or higher-order tunnel pro-
cesses such as spin-flip cotunneling, with a time scale 7. The total spin-deco-
herence time of the dot spin is, therefore, given by

(Ts)_l = (Trel)_l+(fc,L)71+(Tc,R)

The different handles to manipulate the quantum-dot spin are comprised in the
total field B,,. It contains the external magnetic field B, as a direct tool to initiate

- (6.20)
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a spin precession. However, also the exchange fields can be used for this task [14].
As we see from (6.16), the exchange field depends on both the gate and bias
voltage via the level position ¢ and the Fermi distribution functions f(w).

6.4 Manipulation and Detection of the Quantum-Dot Spin
via Electrical Transport

Since the spin state of the quantum dot enters the expressions for the charge
current in (6.14), any manipulation on the quantum-dot spin can be detected in
measuring the dc-charge current through the device.

In order to calculate the charge current, we need to determine the stationary
solution for the density matrix, i.e., for the dot spin S and the charge occupation
probabilities P;. For these six variables, we need six independent equations: the
probability normalization condition >_,P, = 1, the Bloch equation dS/dt =0
(contains three equations), and the two equations originating from the charge
continuity.

In the following three subsections we consider the effect of the gate and
transport voltage as well as an external magnetic field on the quantum-dot spin,
and how this is reflected by electric transport through the quantum-dot spin valve.
Then, in reversal, by experimentally measuring the transport characteristics of the
device, one can conclude the spin state of the quantum dot.

In the stationary transport situation under consideration, neither the average
charge nor the average spin of the dot change with time, and the currents through
the left and right tunnel junction are equal /;, = —Ix = I. In order to simplify the
following discussion, we choose symmetric coupling I';, = I'r = I'/2, equal spin
polarizations p; = pr = p, and a symmetrically applied bias Vzx = —V, = V/2.

6.4.1 Gate Voltage Effect in the Linear-Response Regime

To study the effect of the gate voltage on the quantum-dot spin via the gate-voltage
dependence of the exchange field, we analyze the linear-response regime in the
absence of an external magnetic field. Without any applied bias voltage V = 0, i.e.,
in equilibrium, the stationary solution of the rate equations for the charge occu-
pation probabilities (6.18) is given by the Boltzmann distribution,
P.~ exp(—E,/kgT), and no current flows. Since the dot itself is non-magnetic, the
dot spin vanishes S = 0. For a small bias voltage eV < kgT, we can expand the
master equation (6.19) and (6.18) up to linear order in V. With symmetric couplings
to the left and right lead, the charge probabilities (Py, P, P4) become independent
of V, thus, the occupation probabilities are given by their equilibrium value, but the
spin degree of freedom is not. In linear response, the linear charge current,
Lin = V - 01 /OV|y,_,, which is polarized due to the lead magnetizations generate a
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Fig. 6.3 Spin dynamics in the linear-response regime. Spin accumulates along the y direction.
The spin precesses due to the exchange field that is along the x direction. Therefore, the stationary
solution of the average spin on the dot is tilted away from the y axis by an angle «, plotted in
Fig. 6.4b

finite dot-spin polarization along p(m; — mg), i.e., along the y axis in the coor-
dinate system defined in Fig. 6.3.

The damping term in (6.19) limits the magnitude of spin accumulation. The term
S x (BL + Br) yields an intrinsic precession of the spin around the exchange field
BL + Br = By cos(¢/2)e,. Inthe steady state, the average dot spin is rotated by the angle

Fig. 6.4 a Linear
conductance normalized by
I'/kgT as a function of the
level position ¢ for different
angles ¢. b Angle o enclosed
by the accumulated spin and
the y axis as defined in

Fig. 6.3. ¢ Derivation of the
magnitude of the
accumulated spin on the dot
with respect to the source-
drain voltage V. Further
parameters are p =

0.9,7 =0,and U = 10 kgT
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o = — arctan (BorS cos %) . (6.21)

Therefore the accumulated spin acquires both y and z components as seen in
Fig. 6.3. This precession also leads to a reduction of the magnitude of the accu-
mulated spin.

The precession angle « is plotted in Fig. 6.4b as function of the level position ¢,
that can be tuned by the gate voltage. The angle o changes its sign at ¢ = —U/2,
due to a sign change of the exchange field at this point. The level position
& = —UJ/2 is special, since then the particle- and hole-like processes generating the
exchange field compensate each other.

As pointed out above, in the linear-response regime under consideration the
charge occupation probabilities do not depend on the spin polarization of the leads.
In particular, they are independent of the relative angle ¢ of the leads’ magneti-
zation. This means that the ¢ dependence of the conductance is determined by the
product S - m; = —S - mg, as can be seen from (6.14). It is the relative orien-
tation of the accumulated spin and the drain (or source) that produces the ¢
dependence of the current, rather than the product m; - mg, as in the case of a
single magnetic tunnel junction. Therefore, the ¢ dependent linear conductance
Giin = (OI/OV)ly — o directly reflects the accumulated spin. The effect of the
exchange field for the normalized conductance is seen from the analytic expression

Gunl) _ | _ o5 sin’(¢/2) (6.22)

Giin(0) e 1+ (Bots)” cos?(¢p/2)’

which is plotted in Fig. 6.5 for different values of the level position e.

For ¢ > 0, the quantum dot is predominantly empty, and for ¢ + U < 0 doubly
occupied with a spin singlet. In these regions, the life time of a singly-occupied dot
7. is short, and so is the lifetime of the dot spin. Therefore, the rotation angle « is
small and the normalized conductance as a function of the relative angle ¢ of the
lead magnetizations shows a harmonic behavior, see, e.g., the curve for ¢ = 5
kgT in Fig. 6.5.

Fig. 6.5 Normalized
conductance as a function of
the angle ¢ enclosed by the
lead magnetization for
different level positions and
the parameters U =
IOkBT,‘cr’e]l =0,and p =09
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For —U < ¢ < 0 the dot is primarily singly occupied, so the spin dwell time is
increased and the exchange field becomes important. It causes the above described
spin precession, which decreases the product S - my since the relative angle
between my and S is increased and the magnitude of S is reduced. Thus, the spin
precession makes the spin-valve effect less pronounced, leading to a value of the
conductance that exceeds the expectations made by Slonczewski in Ref. [9] for a
single magnetic tunnel junction.

For parallel and antiparallel aligned lead magnetizations, ¢ = 0 and ¢ = 7, the
accumulated spin and the exchange field also get aligned. In this case, the spin
precession stops, even though the exchange field is still present. The ¢-dependent
conductance is not affected by the exchange field at this alignment, see Fig. 6.5.

6.4.2 Bias Voltage Effect in Non-Linear Regime

We now turn to the non-linear response regime, eV > kg7, in order to discuss the
effect of the bias-voltage dependence of the exchange field on the quantum-dot
spin. Again, we assume that there is no external magnetic field, and no spin
relaxation.

Fig. 6.6 Current—voltage 0.5 T T T T T T T T
characteristics for antiparallel L J
(a) and perpendicular aligned 04 |
(b) lead magnetizations. ’
Further parameters are i i
I'n=TIr=T/2, P, = & 03+ —
Pr =p, e=10kpT, and E | i
U =30 kgT 2L P
— 021 / 3
L / i
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In Fig. 6.6a we show the current / as a function of the bias voltage V for an
antiparallel configuration of the leads’ magnetizations and different values of the
leads’ spin polarization p.

For non-magnetic leads, the current—voltage characteristic shows the usual
Coulomb staircase. At low bias voltage, the dot is empty and transport is blocked.
With increasing bias voltage, first single and then double occupancy of the dot is
possible, which opens first one and then two transport channels. A finite spin
polarization p leads to spin accumulation and, thus, to a reduction of transport. A
reduction of transport with increasing p is also seen for noncollinear magnetiza-
tion. But there is a qualitative difference as can be seen in Fig. 6.6b. A very
pronounced negative differential conductance evolves out of the middle plateau as
p is increased. To understand the negative differential conductance we first neglect
the exchange field and then, in a second step, analyze how the exchange field
modifies the picture.

At the intermediate bias voltages (¢ < eV/2 < e + U) the dot can only be
empty or singly occupied. Since double occupation is forbidden, the transport
through the dot is limited by the dot state with maximal dwell time in the dot. Due
to the finite bias voltage, the dot electrons can only leave the dot to the drain (right)
lead. Therefore, the electron with the longest dwell time is the one with its spin
polarized antiparallel to the drain lead magnetization direction. For this antipar-
allel spin alignment the tunneling to the drain lead is maximally suppressed, while
the tunneling from the source lead is not as much affected. When the tunneling to
the drain lead is weak, but strong to the source lead, then the dot is primarily
occupied by one electron (charge accumulation). The spin accumulation as
function of the charge occupation P; given by

I P
S=p|=(1—Py)m, —— mg|, (6.23)
I'r 2

directly relates an increased probability P, to find the dot occupied by one electron
to an average dot spin S, aligned nearly antiparallel to the drain lead.

The behavior is different from that in the linear-response regime, where the
direction of the accumulated spin is along m; — mg rather than —mg. This is
related to the fact that in the linear-response regime, the dot electrons can both
tunnel to the source (left) and drain (right) lead (where tunneling to the drain is
only somewhat more likely than tunneling to the source). The direction of the
accumulated spin does, therefore, not only depend on the magnetization of the
drain but also on that of the source electrode. To minimize transport, the accu-
mulated spin will be aligned along m; — mg.

Due to the fact that double occupation is forbidden, P4 ~ 0, all electrons
entering the dot through the left barrier must find an empty dot, i.e., the current
I = (el'/h)Py explicitly depends only on the probability to find the dot empty.
Therefore, any additional charge accumulation, ~P;, on the dot reduces the
conductance of the device proportional to Po = 1 — P;. So this mechanism is a
type of spin blockade but with a different physical origin compared to the
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Fig. 6.7 For electrons B:
polarized antiparallel to the
drain lead, the influence of the
effective field generated by the
source lead is dominant. By

rotating the spins, the spin

blockade is lifted and therefore & z

<S>

the conductance recovers

Fig. 6.8 a The absolute
value of the effective
exchange field contributions
from the left and right leads.
b The current—voltage
dependence, with and without
the influence of the exchange
field. For both plots the
parameters ¢ = /2,
I'n=Tg=1/2,¢=10
kBT, U =30 kBT, and

p = 0.95 were chosen
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systems described in literature [40-42]. The suppression defines the local min-
imum of the current in Fig. 6.6b. At this point of the minimal current, the
relevant exchange-field component generated by the coupling to the source (left)
lead vanishes, see Fig. 6.8. Away from this point, the exchange field component
perpendicular to the spin, (originating from the source lead) will induce a pre-
cession of this spin about my as illustrated in Fig. 6.7, and effectively diminish
the spin blockade.

The particular value of the non-linear conductance is a consequence of the two
competing effects. Spin blockade reduces, while spin precession, which reduces
the spin blockade, again increases the conductance. Since the strength of the
exchange field, which generates precession, varies as a function of bias voltage,
see Fig. 6.8a, this recovery is non-monotonous function, what leads to a negative
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Fig. 6.9 Angular 1 S T I T I T I T
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differential conductance. To illustrate this further, we plot in Fig. 6.8b the current
which we obtained when the spin precession contribution has artificially been
dropped in (6.19), and compare it with the total current. In the absence of the
exchange field, a wide plateau is recovered, whose height is similar to the current
one would expect if the lead magnetizations were aligned antiparallel. The peak at
the left end of the plateau indicates that, once the dot level is close to the Fermi
level of the source electrode, the spin blockade is relaxed since the dot electrons
have the possibility to leave to the left side.

However, this negative differential conductance occurs only at relatively high
values of the lead polarization. For symmetric tunnel coupling a spin polarization
of p ~ 0.77 is needed, while for a strong asymmetry in the tunnel coupling the
required spin polarization is reduced.

The effect of the spin blockade on the ¢-dependence of the current is depicted
in Fig. 6.9. We choose the bias voltage according to ¢V/2 = ¢+ U/2, such that
the influence of the exchange field is absent. For p = 0.5 still a sin2% dependence
can be recognized. For higher values of the spin polarization the conductance
drops faster and stays nearly constant at its minimal value due to spin blockade.
This is just the opposite behavior than predicted for the linear-response regime as
seen in Fig. 6.5.

If such a high bias voltage is applied, that the dot can also be doubly occupied,
the step-like behavior of the current—voltage characteristic is recovered, see
Fig. 6.6b. Away from the step, all appearing Fermi functions can be approximated
by 0 or 1, and following (6.14) the current is given by [ = (el /2h)
[1 — pS - (my, — mg)]. Far away from the resonance, where the exchange field can
be neglected, the accumulated spin is S = p(m; — mg)/4 from which we get

_el 229
12h<1 p”sin 2). (6.24)
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The suppression of transport due to the spin polarization p of the leads is
comparable with the case of a single tunnel junction, when charging effects are of
no importance.

We close this section with the remark that while we plotted only results for the
case ¢ > 0, in the opposite case ¢ < 0 the current—voltage characteristics is qual-
itatively the same.

6.4.3 External Magnetic Field

In the previous subsections we studied quantum-dot spin dynamics evoked by the
exchange field. But one can also make use of an externally-applied magnetic field
B... It turns out that with an external field one can measure the spin-decoherence
time 7>. To emphasize this point, we explicitly allow intrinsic spin relaxation on

the dot. Then, we observe a separation of the inverse charge life time 7! =

7.1 + Tor and the inverse spin life time on the dot 7 D=4 o]

An external field leads to the Hanle effect [12], i.e., the decrease of spin
accumulation in the quantum dot due to precession about a static magnetic field.
Indeed, this was the effect used by Johnson and Silsbee [43, 44] and others [19] to
prove non-equilibrium spin accumulation.

Optical realizations of such Hanle experiments [45] always involve ensemble
averaging over different dot realizations, so the outcome of the measurement is 75
rather than 7,. By measuring the Hanle signal via the conductance through a
quantum dot attached to ferromagnetic leads, this ensemble averaging is avoided.

In a recent experiment Zhang et al. [30] realized this kind of setup but with a
whole layer of aluminum dots in a tunnel junction between two Co electrodes.
Although the measurements involve averaging over different realizations of the
dots, multi levels and local magnetizations, they clearly observe a Hanle resonance
in the magnetoresistance of the device.

Fig. 6.10 Differential 1.0 T T T T
conductance, for
ferromagnetic leads with
antiparallel magnetization, as
a function of the strength
[Bex( of the magnetic field
applied perpendicular to the
accumulated spin. The half
line width of the Hanle
resonance directly determines
the spin-decoherence time T,

G/ G,

BEX{t S
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For simplicity we assume symmetric couplings I'y = I'g, equal degree of lead
polarizations p;, = pg = p and consider the linear-response regime only. There is a
variety of possible relative orientations of the external field and the leads’ mag-
netizations to each other. In the following, we consider two specific cases in detail,
as they are convenient to extract useful information about the spin-decoherence
time in one case, and to prove the existence of the exchange field in the other.

6.4.3.1 Antiparallel Aligned Leads’ Magnetizations

We first focus on two ferromagnetic leads with magnetization directions antipar-

allel to each other, see Fig. 6.10, and an arbitrary aligned external field. The

configuration has the advantage that the exchange field contributions from the two

leads cancel, and the spin dynamics is only governed by the external field By,
The linear conductance, then, is

G|t BB

— = 6.25
Go P T 1+ Boury)? (6:23)

where Gy = €*Py/t.kpT is the asymptotic value of the conductance for a large
magnetic field, |Bex| — oo, for which the spin accumulation is completely
destroyed. The latter is proportional to the single occupation probability P;.

If we assume the field to be aligned perpendicular to the lead magnetizations
(see Fig. 6.10), we find the Lorentzian dependence on the external magnetic field
that is familiar from the optical Hanle effect. The depth of the dip is given by

0.4

o
w

lin

G, (k,T/T) [e'/h]

o
=

| ©

/T e/ k,T e/kyT

Fig. 6.11 Linear conductance of the dot for an applied external magnetic field B, along
m; + mg. a Linear conductance as a function of the applied field for ¢ = 0. b Linear
conductance as a function of the level position ¢ without external field (dotted) and for the applied
field |Bex| = 0.1/ (solid). Further parameters are ¢p = 3n/4, p = 0.8, U = 7TkgT, and 7,¢; = 0.
The vertical lines indicate the conductance increase of the dot at ¢ = 0 due to the applied
magnetic field
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p?ts/7. while the width of the dip in Fig. 6.10 provides a direct access to the spin
lifetime 7,. Of course, the conversion of applied magnetic field to frequency
requires the knowledge of the Lande factor g, which must be determined sepa-
rately like in Ref. [27].

6.4.3.2 Magnetic Field Applied Along m;, + mg

Finally, we discuss the case of a non-collinear configuration of the leads’ mag-
netizations with a magnetic field applied along the direction m; + mg as shown in
Fig. 6.11.

In this case, both the exchange field and the external magnetic field are pointing
along the same direction my + mg, so their magnitude is just added. The linear
conductance is, then,

G 2 Ts sin’ %

Tl , 6.26
Gy Tc 1 + (Bexe + BL + BR)%g ( )

where ¢ is the angle enclosed by m; and mg. The conductance as function of
applied magnetic field as plotted in Fig. 6.11a reaches its minimal value when the
sum of external and exchange field vanishes. The exchange field leads to a shift of
the minimum’s position relative to |Bex| = 0 [14]. In real experiments, depending
on the particular sample geometry, one can expect a magnetic stray field, which is
not considered to be part of the experimentally applied magnetic field B.,,. These
stray fields also lead to a shift of the conductance minimum. However, the ana-
lyzed setup of external field and magnetizations’ directions allows for a stringent
experimental verification of spin precession due to the exchange field. To separate
the exchange field from the influence of possible stray fields its gate voltage
dependence can be used. The exchange interaction as function of the dot gate
voltage is plotted in the inset of Fig. 6.11b. While the stray fields does not depend
on gate voltage, the exchange field does. In the flat-band limit it even changes sign
as a function of gate voltage. By plotting the conductance as function of the gate
voltage in Fig. 6.11b, we can observe the typical Coulomb blockade oscillations,
when the energy level of the empty or singly-occupied dot becomes resonant with
the lead Fermi energy. The interplay of exchange and external field leads to an
increase of conductance for one resonance peak, but to a decrease for the other
resonance.

6.5 Conclusions

We discussed the possibility to generate, manipulate, and probe single spins in
single-level quantum dots coupled to ferromagnetic leads. A finite spin-polariza-
tion of the quantum-dot electron is achieved by spin-polarized charge currents
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from or to the leads at finite bias voltage. Any manipulation of the accumulated
spin, e.g., by an external magnetic field or by an intrinsic exchange field, is
detectable in the electric current through the device. The occurrence of the
exchange field is a consequence of many-body correlations that are one of the
intriguing features of nanostructures with large Coulomb interaction.

We determine the dynamics of the quantum-dot spin by deriving expressions
for the spin currents through the tunnel barriers. In addition to a contribution that is
associated with the spin-polarization of the charge currents from or to ferromag-
nets, there is a second contribution describing transfer of angular momentum
perpendicular to the leads’ and dot’s magnetization that can be expressed in terms
of the exchange field.

In order to manipulate the quantum-dot spin we suggest to make use of the
gate- and bias-voltage dependence of the exchange field or to apply an external
magnetic field. In particular, the spin precession modifies the dependence of the
linear conductance on the opening angle of the lead magnetizations. The degree of
modification is tunable by the gate voltage. In nonlinear response, the bias-voltage
dependence of the exchange field can give rise to a negative differential conduc-
tance. An application of a tunable external magnetic field allows one to determine
the dot-spin lifetime and to verify the existence of the intrinsic spin precession
caused by the exchange coupling.
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Chapter 7
Adiabatic Spin Pumping with Quantum
Dots

Eduardo R. Mucciolo

7.1 Introduction

In the past few years we have seen important advances in the coherent control of
micro- and nano-electronic devices. The experimental effort, driven by the quest
for the implementation of quantum computation in semiconductor and supercon-
ductor devices, has increased substantially the breath and scope of the study of
mesoscopic systems. Progress has been particularly remarkable in lateral semi-
conductor quantum dots [1]. In these systems, electrons within a two-dimensional
gas (2DEG) are confined to small “puddles” by the application of gate voltages.
The shape and size of these puddles can be controlled and fine tuned by the same
or additional gate voltages. Electrodes also allow one to vary the width of the point
contacts that connect the electron puddle to the 2DEG. By acting on these points
contacts one can operate the quantum dots in “open” (at least one propagating
channel per point contact) or “closed” (fully pinched point contacts) regimes.

A great variety of stationary transport phenomena has been observed in these
systems over the past 15 years, from discrete Coulomb blockade [1] to signatures
of chaotic orbits [2—4] and the Kondo effect [5, 6]. Recently, a new generation of
experiments has started to probe the dynamical transport properties of quantum
dots. A remarkable attempt to explore phase-coherent, pulsed response of an open
quantum dot was led by Switkes et al. [7]. Their motivation was the observation of
the so-called adiabatic quantum pumping effect, first discussed by Thouless more
than 20 years ago in the context of one-dimensional electronic systems [8]. Adi-
abatic quantum pumping takes place when one slowly modulates two or more
external parameters of a quantum system, resulting in a net dc current without the
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application of any bias [9-13]. The effect requires phase-coherent electrons and a
system well coupled to reservoirs. Since appearance of Thouless’ proposal,
quantum pumping has been explained, reinterpreted, discussed, and extended by
many authors. Nowadays, a complete and fair review of the literature would take a
large portion of this book. Therefore, here we will only refer to those works which
are of significance to the main subject of this lecture.

The generation of spin currents in semiconductor heterostructures is a topic of
great interest presently [14, 15]. It is believed that spin currents may find appli-
cations in in-chip quantum communication, where light propagation is not prac-
tical. The full control of the electronic spin degree of freedom in semiconductors
also promises to have a large impact in the future of conventional technologies by
increasing processing speed, storage capacity, and functionality. While our work
does not explore these issues, it does show that quantum dots are versatile enough
to yield spin currents with high efficiency, albeit only at low temperatures.

The remaining sections are divided as follows. In Sect. 7.2 we provide a general
discussion of adiabatic quantum pumping based on the scattering matrix
formalism. In Sect. 7.3 we show that pumping in the presence of a sufficiently
strong magnetic field breaks spin symmetry and produces spin-polarized currents.
We also estimate the magnitude of the effect under realistic assumptions.
The detection of pure spin currents generated with a quantum dot spin pump is
discussed in Sect. 7.4, together with an analysis of spurious rectification effects
and dephasing. Finally, in Sect. 7.5 we point out to unexplored aspects of quantum
pumping and to some promising directions.

7.2 Adiabatic Quantum Pumping

Let us suppose that a certain quantum system is connected to two or more particle
reservoirs. Quantum pumping can be defined as the production of net dc currents
between reservoirs by acting solely on the quantum system with ac perturbations.
No bias is applied between reservoirs. For open quantum systems, when no sub-
stantial potential barriers exist between the system and the reservoirs, adiabatic
pumping is achieved when the frequency of the ac perturbations is much smaller
than the inverse particle dwell time, @ < 1/14. (14 is defined as the typical time a
particle spends inside the quantum system.) For adiabatic pumping one needs to
vary at least two independent parameters, say, X; and X, to induce a dc current. In
Fig. 7.1 we show schematically how a quantum pump can be implemented with a
lateral quantum dot.

Is everything quantum in pumping? Actually, no. There are also classical
mechanisms that allow one to parametrically drive currents through a system
without applying any bias. However, these classical pumps usually require
opening and shutting “valves”, namely, acting directly on the coupling between
the system and the reservoirs. For instance, the human heart pumps blood by a
sequence of steps that involve closing and opening valves in coordination with
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Fig. 7.1 A quantum dot electron pump. The dark gray elements represent electrodes and the
arrows indicate electron flow through the dot-reservoir contact regions. The two gate voltages
Xi(H) and X,(f) act as pumping parameters, continuously deforming the dot shape. On the
right-hand side: a pumping cycle in parameter space. The voltages sweep a closed area A with
contour 2 in parameter space. After a cycle is completed, a net charge is transfered between the
two reservoirs

contracting and expanding internal chambers. In a quantum mechanical system,
phase coherence allows one to pump matter without acting directly on the system-
reservoirs couplings; in that sense, the system is open during the entire pumping
cycle. Another difference between classical and quantum pumping is that the
former usually requires varying three or more independent parameters (at least two
valves and some internal parameter such as potential energy or pressure), while the
latter needs only two.

7.2.1 Scattering Matrix Formulation

There is a simple and elegant way to formulate quantum pumping in the language
of scattering matrices [11]. Let us define dq, as the amount of charge that passes
through the channel o in one of the contacts during a time interval §¢. During this
interval, the external parameters X; and X, vary by 0X; = X,dr and 0X, = X,dt,
respectively. Assuming that 0X; and 60X, are small, we can use linear response
theory and write

5qa(l‘) = e[A“ﬂX] (I) +Am;2X2(l‘)] 51‘, (71)

where e is the electron charge and the quantities A,.; » are called emissitivites. The
emissivities depend implicitly on time through X;(#) and X,(7). They can be written
in terms of the scattering matrix of the quantum system (see below). Notice that (7.1)
assumes that the response is instantaneous (local in time). This is correct provided
that we are in the weak perturbation, adiabatic regime: |X;| < |X;|/7q forj = 1, 2.If
we now want to calculate the net charge that flowed through channel o after a full
pumping cycle is completed (namely, after a period equal to 27/w), we have that
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2n/w
Gy = / 0q,(t) = e / dt(X1Ay1 + X0A,0). (7.2)
cycle 0

We can use Green’s theorem to convert the integral over time into an area integral
in parameter space. The result is

gu=e / dX,dX, (8A°‘?2 - 8A“*1>. (7.3)
A

19).4 1 15).¢ 2

Notice the similarity between (7.3) and the expression defining a magnetic flux
through a loop of area .A. Here, the integrand plays the role of a fictitious magnetic
field pointing perpendicularly to the X; — X, plane and whose vector potential has
in-plane components A,.; and A,.>.

The connection to the quantum system scattering matrix S occurs through the
following expression, first derived by Biittiker et al. [16]:

(7.4)

oL

It is then straightforward to derive the following expression for the total charge
pumped through channel o [11]:

e NN
qu = E/dX]dXZ Im |:8—)(28—)(1:| xa, (75)
A

There are several alternative ways to arrive at (7.5). We would like to refer in
particular to the insightful derivation presented by Avrom et al. [17], who also give
an interesting physical interpretation of (7.4). The large sensitivity of the scattering
matrix elements to interference inside the quantum dot makes the pumped charge a
strongly fluctuating quantity.

At this point, the message is that knowing how the quantum dot scattering
matrix depends on the external parameters X; and X, allows one to compute the
pumping current in the adiabatic regime. However, there are a few subtle aspects
that have been omitted in this discussion. First is the assumption that particles keep
their energy as they go in and out of the quantum dot, namely, that the adiabatic
process is elastic. This is not exactly true since the system + reservoir Hamilto-
nian is time-dependent. However, it should be a reasonable approximation in the
adiabatic regime, when incoming and outgoing particles see the quantum dot
essentially as a nearly static scatterer. Thus, the pumped charge in (7.5) depends on
a single, fixed particle energy.

Second, since the reservoirs are Fermi seas, at finite temperatures the particles
participating in the transport will have their energies distributed over a continuum.
To account for that, we integrate g, = q,(E) over energy, appropriately weighted
by the derivative of the Fermi—Dirac distribution,
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0. =/ocd8<—%>qa(8)
0

e[ [ as ost
= E/ de (—a) /XmdXZ Im |:a—)(28—)(1:| N
0 A

with f(e) = 1/[exp(e — u)/ksT + 1]. Above, it is implicitly understood that
S = S(e, X;, X») and that the two reservoirs have the same equilibrium properties,
namely temperature 7 and chemical potential u (i.e., no bias is applied). It is clear
that (7.6) is reduced to (7.5) evaluated at the Fermi energy as T — 0.

At this point it is worthwhile deriving an expression for the dc component of the
pumping current in some simple situation. For instance, let us assume that the
pumping parameters vary as X;(f) = Xo; + 0X; cos(wf) and X,(f) = Xpo +
0Xpcos(wt — ¢), with amplitudes 6X; and 60X, so small that the integrand in (7.6)
is essentially constant over the pumping cycle. It is not difficult to show that, in
this case,

I, = Q;—Q ~ ew sin g 0X,0X:T,, (7.7)
where
1 f a8 oSt
=—|d 7.
TC/ 8( ) |:8X2 8X1:| ( 8)
0

In this regime, the pumping current is a bilinear function of the pumping ampli-
tudes and has a sinusoidal dependence on the phase difference ¢.

The small-amplitude approximation ceases to be valid when IXJ] > X9,
i =1, 2, where X(f) and X% are the characteristic parameter scales over which the
scattering matrix elements change substantially. For large parameter amplitudes,
the integrand in (7.6) will fluctuate and change sign many times within the inte-
gration area A. As a result, the pumping charge will depend on the parameter
amplitudes as /0X;0X, rather than bilinearly [11]. Moreover, one expects to
observe a more complicated dependence on ¢.

Most of these features were observed in a experiment by Switkes et al. [7] using
an open lateral quantum dot subjected to two ac, shape deforming gate voltages. In
that experiment, the electron dwell time in the quantum dot was estimated to be
under 1 ns, while the pumping frequency used was in the tens of MHz. Therefore,
the pumping regime was certainly adiabatic. However, a few aspects of the
experimental data were in conflict with the theoretical predictions [11, 13]. The
discrepancies involved the amplitude of the quantum pumping current and its
symmetry properties in the presence of an external magnetic field. In the next
section we briefly describe the statistics and symmetry of pumping currents.
As pointed out by Brouwer [18], that early experiment was likely plagued by
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spurious rectification effects due the capacitive coupling between gates and elec-
tron reservoirs.

7.2.2 Statistics and Symmetry Properties of Pumping Current

Phase coherence is at the heart of adiabatic quantum pumping. The pumping
current amplitude is a very sensitive function of the spatial structure of the wave
function inside the quantum dot. That structure in turn is a manifestation of
electron interference and therefore very sensitive to changes in the shape of the
confining potential. One expects that different realizations of the dot geometry will
lead to marked changes in the amplitude and direction of the pumping current.
A weak magnetic field that scrambles the electron phase with little effect on the
orbital motion will also cause a similar effect. Such mesoscopic fluctuations were
indeed observed in Ref. [7].

There is a vast literature treating the statistical properties of the scattering
matrix in chaotic mesoscopic systems (see Ref. [19] for a review). Using this
accumulated knowledge, it is possible to determine the full distribution of the
pumping current for all relevant universal symmetry classes and for any number of
propagating channels in the contacts [11]. At zero temperature, it was found that
the distribution ranges from nearly Gaussian when the contacts carry many
propagating channels (N = Ni 4+ N >1) to a singular form with power-law tails
when Ny = N, = 1 (one propagating channel per contact). For the single-channel
case, P(I) ~ | I 1" for large I, where k = 9/4 (3) when time-reversal symmetry is
present (absent). Thus, while the ensemble average of the pumping current is
always zero at zero bias, (I) = 0, the variance is always nonzero and actually
diverges for the Nr = Ny = 1 case. In practice, these very large mesoscopic
fluctuations are capped by the electron’s finite decoherence time [20, 21]. For
N > 2, thermal fluctuations also decrease the amplitude of the pumping current.

The effect of discrete spatial symmetries and magnetic field inversion on the
adiabatic quantum pumping current can also be understood through the scattering
matrix formalism described in Sect. 7.2.1. After some initial controversy in the
literature, this issue was lucidly discussed in Ref. [22]. The most important
property to mention in regard to symmetry is the following: For open quantum dots
with no discrete spatial symmetry, there is no particular symmetry in the pumping
current with respect to the inversion of the magnetic field:

I(B) #1(—B) for a completely asymmetric dot. (7.9)

In other words, there is no counterpart to the Onsager relation characteristic of
biased dissipative transport. The experiment of Ref. [7] was not consistent with
this prediction. This fact and others indicate that this early attempt to observe
quantum pumping was likely dominated by rectification effects (which should
yield I(B) = I(— B)).
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Interestingly, it is also possible to show that for a pump with inversion sym-
metry (left-right and top-bottom symmetries), there is always a perfect cancella-
tion of charge flow during the pumping cycle, yielding I = 0O identically.

7.3 Pumping Spin with Quantum Dots

The quantum pumping current described in Sect. 7.2 contained spin-degenerate
electrons. Therefore, the contributions coming from “up” and “down” spin
components of the charge current had identical direction and amplitude, leading to
zero net spin or angular momentum transport. In order to generate a net spin flow
out of spin-depolarized electron sources, one needs to add a spin-symmetry
breaking field to the system. There are two simple ways to do that: (1) creating a
Zeeman splitting in the spectrum by applying an external magnetic field, or (2)
using a pump with strong spin—orbit coupling. While the latter has been recently
studied theoretically in different contexts [23, 24], it remains very challenging to
implement experimentally. Here we will focus on the former case [25], which has
already been tested and shown to produce clear evidence of spin-polarized
transport [26].1

The main idea can be understood through the scheme shown in Fig. 7.2. Since
the materials underlying reservoirs and quantum dot is the same, upon the appli-
cation of an external magnetic field B, energy levels inside and outside the dot will
be spin split by the Zeeman energy E; = g*ugB/2, where g* is the effective
gyromagnetic factor and up is the Bohr magneton. Let us assume that E; is much
smaller than the Fermi energy yet sizeable in comparison to the mean level spacing
inside the dot, 4. The Zeeman splitting in the reservoirs amounts to a small shift in
the wavelengths of the “up” and “down” electron states at the Fermi surface and
nothing else. However, the effect in the quantum dot states can be much more
pronounced. Since there are marked differences in the spatial distribution of
eigenfunctions of states even if they are close in energy, changing the orbital
content of states near the Fermi level will strongly affect the pumping current.
Recall that the matrix elements of the scattering matrix fluctuate in energy for
systems which have a chaotic dynamics in the classical limit. Therefore, by having
E7 > A we make the “up” and “down” components of the pumping current close
to uncorrelated for a chaotic pump. If we define charge and spin pumping currents

382

Ic:IT+Il (710)

and

! Spin pumping in interacting nanowires was first discussed in Ref. [27] and further extended in
Ref. [28].

2 . . .
Here for convenience, we have adopted the same units for charge and spin currents.
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Fig. 7.2 Schematic view of the states involved in the quantum pumping current through a dot in
the presence of a Zeeman energy splitting E; of the order of the mean level spacing A. The solid
arrows indicate spin orientation. The Zeeman splitting does not significantly modify the nature of
the states in the reservoirs found near the Fermi level. However, if a and b are states with distinct
wave function content, the splitting can make Iy . I;

L=I -1, (7.11)

respectively, we see that while /(B = 0) =0 due to spin degeneracy, typically we
have I (B > B.) # 0, with B, being a characteristic Zeeman field related to the
pumping current correlation energy, E. B.= EJ/g*ug. For weakly coupled
quantum dots at very low temperatures E. is equal to 4. However, energy levels in
open dots are broad resonances instead of sharp discrete levels. Moreover, lowest
achievable temperatures with present technologies are comparable to the level
spacing found in all but the smallest quantum dots. Thus, in the general case,
E. = max{kpT, A, iy}, where y is the electron escape rate (i.e., the inverse dwell
time). This scale is not too large: for a ballistic GaAs quantum dot’ with a 1-um in
linear size and one open propagating channel per lead, one usually finds 4 =
nhy ~ 10ueV, leading to B, ~ 1 T at temperatures below 100 mK.

In practice, one should avoid using a magnetic field perpendicular to the 2DEG
underlying a lateral quantum dot. This is because even at fields of about 1 T there
is already a significant reduction on the sensitivity of the wave functions to
external perturbations (such as shape distortions) due to the formation of Landau
states. This in turn reduces the dependence of the scattering matrix elements on
parametric driving and, consequently, decreases the pumping current amplitude.
Thus, a parallel magnetic field that only couples significantly to the electron spin
and leaves the orbital motion unaltered is a more sensible choice for producing
spin-polarized currents. The drawback is that this choice limits the spin polari-
zation to only one direction.

3 Electron densities are usually around 10'' ¢cm™ in high-quality GaAs wafers.
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7.3.1 Pure Spin Currents

We have argued that phase coherence combined with wave function sensitivity to
parametric changes make “up” and “down” spin components of an adiabatic
pumping current nearly independent when even a moderate magnetic field is
applied. This effect can be explored to produce dc spin transport with zero net charge
transfer, the so-called pure spin current. The mechanism is illustrated in Fig. 7.3.
The idea here is again based on the large sensitivity of confined quantum states to
parametric changes when the underlying electronic motion is classically chaotic
[29]. If a third tuning parameter, X3 is provided besides the other two used to drive
the system adiabatically, X; and X,, such that H = H(X;, X5, X3), one can try to
search for a realization of the Hamiltonian when “up” and “down” spin components
of the pumping current have the same amplitude but opposite directions. This point
is denoted in Fig. 7.3 by X,;. Notice that I; # 0 while I. = 0 at this point.

7.3.2 Quantitative Analysis

When no spin-symmetric breaking field exists, both “up” and “down” spin
components of the pumping current are identical. For an irregularly shaped

A — ff a

v Bi=0

/N L
\‘X3

Fig. 7.3 Schematic plot of dc pumping currents as functions of a quantum dot tuning parameter
X. The plots in (a) and (b) show the spin up and spin down components of the pumping current,
I;,), the total charge /., and total spin currents /; when no parallel magnetic field is applied,
By = 0. Notice that in this case I, = 0. In plots (¢) and (d) By # 0, making I+ # I and I, # 0,
in general. There are values of the tuning parameter, such as X, where a finite spin current
occurs without net charge transport (/. = 0)
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quantum dot, as the amplitude of the external magnetic field is increased past the
characteristic field B,, the two spin components become uncorrelated. Since the
ensemble averaged value of the dc pumping current is zero in the absence of bias,
() = (I;) = 0, we can write that

2 —
corry | (B) = (I}1)) = { <10¢,>’ ?»%p (7.12)
For intermediate values of the magnetic field, the correlation interpolates mono-
tonically between the two limiting values.

The full spin polarization of the pumping current only occurs at those special
configurations where I; = I exactly, regardless to how large the magnetic field is
(provided it is nonzero). For all other configurations, the polarization will be
smaller, random, and dependent on the magnetic field. In order to quantify the
typical amplitude of the spin current in comparison to the charge current,
we introduce the quantity rpo1 = 1/ (I?)/(I?). Both charge and spin currents can be

written in terms of the correlation function corryg. It is then straightforward to
show that

. [corry(0) —corry(B) _ [0, B=0, (7.13)
pol corry | (0) + corry| (B) 1, B> B.. '

This means that a substantial spin polarization may be achieved for sufficiently
large magnetic fields, as we have anticipated using qualitative arguments in
Sect. 7.3.1. Therefore, it is important to be able to quantify this effect, as well as
the characteristic dependence of the spin current amplitude on temperature and on
the number of propagating channel in the leads.

The non-trivial aspect of evaluating corr;|(B) is that one needs to find a for-
mulation where information about the energetics inside the dot can be incorpo-
rated. In other words, one has to be able to track down how wave functions and
energy levels depend not only on the driving parameters but also on how scattering
matrix elements corresponding to different spin orientations become progressively
uncorrelated as the Zeeman splitting widens. Thus, a microscopic Hamiltonian
formulation is unavoidable and the calculation cannot be performed within the
static, random scattering matrix approach used by Brouwer [11].

Luckily, however, there are at least two ways to carry out the analytical cal-
culation of corry (B). Moreover, it is also possible to complement the analytical
calculations with numerical simulations when the former become too involved. In
our original work [25], we opted for suitably adapting a formulation developed by
Vavilov and coworkers for the spinless charge pumping [30] variance. Their
approach used the non-equilibrium Keldysh technique to relate the instantaneous
pumping current to the real-time scattering matrix of the dot. Being very general
and applicable beyond the adiabatic approximation, this formulation is rather
sophisticated. However, as we show below, the extension to the non-zero Zeeman
field case for the adiabatic regime is simple, can be worked out from the
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expressions found in Ref. [30], and yields the information about the correlation
between the spin components of the pumping current that we are seeking.

Before going into the details of the calculation, it is important to highlight the
assumptions used in the model. Vavilov and coworkers computed the pumping
current assuming that: (1) the electron eigenstates of a non-interacting dot could be
described by the unitary ensemble of Gaussian random matrix and (2) that the
leads contained many propagating channels. These assumptions are well justified
for the case of open dots with sufficiently complicated geometry, large contacts,
and in the presence of a time-reversal symmetric breaking field. In practice, the
latter condition can be enforced by letting the external magnetic field have a weak
(tens of mT) perpendicular component.

Following Ref. [30], let us divide the total Hamiltonian of the total system into
three parts,

Hioa1 = Hyor + Hicads + Hiot—1eads- (714)

For the dot Hamiltonian we have

M
E,
Hi: = Z Z <Hn,m + 5n,m 0-22) algamm (715)

nm=1 o==+1

where a ,a,, are creation and annihilation electron operators defined over a
single-particle basis of size M and {H,,,} denote matrix elements of the orbital
contribution to the electron energy on that basis. The spin-dependent, diagonal
term accounts for the Zeeman energy. Notice that H = H(¢). For the leads

Hamiltonian we have

e = 350 3 |09 + 722l (7.16)

o=1 k o==%I1

where cikg, Cako are creation and annihilation electron operators in the leads, the
index o runs over all N = N + N, propagating channels in the right and left
leads, and E,(k) is the electron energy dispersion relation in the channel o. Finally,
for the dot-leads coupling Hamiltonian, we have

Hot—leads = Z (Wmc Clkg aye + hC) ) (7 17)

akn,o

where W, are coupling matrix elements related to the overlap between dot and
lead single-particle wave functions at the contact regions. These matrix elements
are assumed energy and spin independent.*

* Tt is not too restrictive to assume that W,,, does not depend on the incoming or outgoing particle
energy. The pumping current will still depend on the chemical potential in the leads through the
Fermi distribution functions and the fact that W, depends on the dot state through n.
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The dot single-particle Hamiltonian is separated into static and time-dependent
or driving terms,

H(t) =Ho+ ﬂvl(t)Xl + ;uz(l‘)Xz. (718)

The static or unperturbed term H) is taken to be a member of the Gaussian unitary
ensemble with variance <| [Hol,ml > = MA*/7?, where M >> 1 is the matrix rank

and A4 1isthe level space near the band center and where the Fermi level is located. The
scalar functions 4;(¢) and A,(f) modulate the amplitude of the time-dependent per-
turbation. One usually chooses phase-locked, harmonic functions: 4,(f) =
cos(wt) and A,(t) = cos(wt + ¢). It turns out that for sufficiently large dots, the
diagonal parts of X; and X are strongly suppressed and these matrices can be taken
traceless. The strength of the perturbation is then fully characterized by only three
numbers, namely Tr (X}, Tr(X3),and Tr (X, X5). These quantities can be related to
the so-called “velocity” correlator [31], which measures how energy levels in the
quantum dot respond to a linear, static perturbation of the form 4,X; + A,X5:

2Tr(XiX;)  /Oe, Oe, Oe,\ /Og,
M <az,» az,> a <a/1,-><az,>’ (7.19)

where {e,(41, 4»)} are the energy eigenvalues of the isolated quantum dot. This
velocity correlator can be measured, thus providing information about the traces.
Two fundamental relations have to be used in this approach to write the
pumping current in terms of the dot Hamiltonian. The first one is the standard
connection between the scattering matrix and the scatterer (dot) Hamiltonian,

Supo(t, 1) = 3,501 — 1) vaZ G (1,8 Wig, (7.20)

where v is the density of states at the Fermi level and Gﬁ,’,ﬁf;a(t, ?) is the retarded
Green’s function of the open dot, satisfying the matrix equation

{ihgt —H(t) — %EZ + mvww*] GP(1,1) =(t—1). (7.21)

The second relation is a connection between the total current flowing into one of
the reservoirs® and the scattering matrix in real time,

- f)=€z/1m//dt1dlz [Zsaﬁ:a(ml)ﬁz(ﬁ —1)S} 5 (12,1)=f2(+i0) |,
z ;
(7.22)

where ﬂ(t) is the inverse Fourier transform of the electron Fermi-Dirac distri-
bution function in the o« channel,

5 Since charge is not accumulated during the pumping cycle, all current that flows from one of
the reservoirs enters the other: /'™ = — yieht
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; [ de I I ik Tttt/

0 T L ) [ — 7.23

falt) / 2 el 11 2 2 sinh(nkpTt/h) (7.23)
—00

and A is the auxiliary matrix

(7.24)
— N /N, o € left lead.

{NR /N, o € right lead,
aff = 50( B

Equation (7.22) was derived in Ref. [30] under the standard assumption that the
dispersion relation in the leads can be linearized: E(k) = vgk, where v = 1/27v is
the Fermi velocity. Inserting (7.20) into (7.22) and assuming that no bias is present
(such that we can drop the index o in both yu, and f,), it was found that

1) = e//dtldtzf(tl — 1) Tr[Ry (1,11, 12)], (7.25)

where we have introduced the matrix
R, (1,11, 1) = 2miv WIGR (1,1, [H(1)) — H(12)] GX) (2, )W AL (7.26)

At this point, there is an trick that can used when dealing with spin currents:
Since the Zeeman energy splitting is uniformly present (inside and outside the
quantum dot), it can be accounted for by a spin-dependent shift of the chemical
potential. More specifically, if we make the substitution

oFE
p— pt TZ (7.27)
we can easily see that
Flt) = e 1), (7.28)

We can then drop the spin index from the Green’s functions in (7.26) and set the
Zeeman energy to zero inside the dot. This allows us to reduce the ensemble-
averaged correlator of dc spin components of the pumping current to

2n/w 2n/w

) / dt / dl‘ IT Il >
= @) / / / / dty dt, df, dt #1210 =1)/2
2 !

21/ 2n/w

x O/ dto/ di' (Tr[R(t,11, )| e [R(7, 11, 15)] ). (7.29)

S’IS

COI’I'“
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Thus, except for the Zeeman energy-dependent exponential factor in the integrand,
the calculation amounts to same one performed by Vavilov and coworkers. They
used a diagramatic technique based on random-matrix theory to evaluate the
correlator (Tr[R(z,11,5)]Tr[R(7,#],7,)]) in the limit of N > 1 and for perfectly
transparent leads. The dimensionless parameter 1/N was used to regroup diagrams
to leading order, yielding two-particle diffusion propagators similar to those used
in the theory of disordered mesoscopic systems. The steps involved in their der-
ivation are quite lengthy and we encourage the reader to check Ref. [30] for the
details.

We can take their expression for (Tr[R(z,1;,1)]Tr[R(¢, 1}, 1)]) [see (7.29) in
Ref. [30]] and add the Zeeman-energy dependent exponential factor into the time
integrations present in (7.29). In the adiabatic bilinear regime, the final expression
for the spin current correlator becomes relatively compact:

2.2 det(C) si 2 0
corry| (B) = A 2e;r§ ) sin (p/o drer/fd(l —l—%)

2
[%} cos(zEz/2h), (7.30)

where g = NixN;/N is the dot dimensionless conductance, tq = 2n/i/NA is the
dwell time, and
T
Cj= mTr(Xin). (7.31)

It is important to remark that (7.30) can also be derived using a semiclassical,
trace formula representation of the scattering matrix. In that case, the validity of
the semiclassical formulation is guaranteed by the large number of channels in the
leads and the presumed chaotic electronic motion inside the dot. Details of the
semiclassical calculation can be found in Ref. [21].

In Fig. 7.4 we show the resulting rp,, as a function of magnetic field for dif-
ferent temperatures and escape rates. Notice that thermal fluctuations have a rel-
atively stronger effect on the polarization than the energy spreading due to the
finite electron dwell time in the dot. The curves for the smallest values of N should
be taken just as a qualitative indication of the dependence since (7.30) is only valid
in the large-N limit.

7.4 Spin Current Detection

Once a spin-polarized current is generated through the mechanism presented in
Sect. 7.3, the question that naturally arises is how to detect or measure the spin
polarization. One could imagine using ferromagnetic leads to spin filter the cur-
rent, like polarizers are used to filter out any component of a light beam. However,
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Fig. 7.4 The dependence of the relative spin polarization on the Zeeman splitting energy for
(a) different temperatures and (b) for different number of propagating channels in the leads.
Notice the different scales in the horizontal axes

adding ferromagnetic leads is not yet a realistic option for lateral quantum dot
setups. A more appropriate and readily available option is to use quantum point
contacts (QPCs) where the width of the constriction can be controlled by gate
voltages [32]. A schematic view of such device connected to a spin pump is shown
in Fig. 7.5.

The detection works as follows. At sufficiently low temperatures and in the
absence of a spin-splitting magnetic field, the conductance in the QPC is spin
degenerate and presents steps at even values of the conductance quantum e*/A [33)].
When the spin-splitting field is turned on, the degeneracy is broken and inter-
mediate steps appear at odd values of e?/h. In this case, if one operates the QPC in
the range where just one propagating channel is allowed, only the “up” spin
component of the current will be transmitted and the “down” component will be
filtered out. When the quantum pump is set to work at a configuration where
I = — I as to have a zero net flow of charge, the QPC will block /|, resulting in
I. # 0 through the constriction and a nonzero voltage drop across it (Vgpe # 0).
However, if the QPC conductance is brought to the second plateau at 2e%/h,
both spin components are allowed to flow, making /. = 0 and Vg, = 0 as well.
Thus, by monitoring the voltage across the QPC the number of propagating
channels goes from odd to even, it is possible to detect the spin current. When the
pump works away from the pure spin configuration, /; and /; do not fully com-
pensate each other and the charge current never drops to zero when the number of
propagating channels in the QPC is even.
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Fig. 7.5 a Schematic illustration of a quantum dot spin pump connected to a spin filtering point
contact. The arrows indicate the direction of the current. b Linear conductance of the point
contact as a function of the constriction width in the absence and in the presence of a parallel
magnetic field

This scheme was implemented experimentally by Watson et al. [26]. In their
setup a moderate perpendicular magnetic field was used to focus the current flow
into the QPC (the cyclotron radius was considerably larger than the linear size of
the effective well inside the dot, thus Landau level quantization was not suffi-
ciently strong to impair parametric pumping). Their results show clear evidence
that spin polarization is achieved by parametrically driving the quantum dot in the
presence of a parallel magnetic field. The spin current observed corresponded to
tens of 7 per cycle at a frequency of 10 MHz. While this seems to confirm at least
qualitatively our proposal, a complete test would also require collecting enough
statistics to compare the statistics of the spin current to the theoretical predictions
based on random matrix theory, as discussed in Sect. 7.4. This has yet to be done.

7.4.1 The Effect of Rectification

Giving the dominant presence of rectification effects in the earlier quantum
pumping experiment by Switkes et al. [7], one could expect that a similar situation
occurred in the experiment described in Ref. [26]. Indeed, this possibility cannot
be discarded without a careful symmetry and statistical analysis of the pumping
current. However, it turns out that the generation of spin-polarized currents is
somewhat insensitive to the predominant mechanism, namely, even rectification
due to spurious capacitive coupling between gate electrodes and the 2DEG would
still lead to spin polarization. This can be easily understood if we recall that the
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conductance in the dot is susceptible to mesoscopic fluctuations during the
pumping cycle. Therefore, dot conductance will vary in time as the pumping
parameters run over a cycle. Now, if a certain spurious bias voltage V() occurs
during the pumping cycle, an instantaneous rectification current

311, (1) = Gr (DSV (1) (7.32)

will be added to the quantum pumping current. When the parallel magnetic field is
present, Gy(t) # G,(?) since each spin component of the current is carried through
the dot by a different composition of electronic states. As a result, after averaging

over a full cycle, we will find d1;(¢) # 01, (¢), leading to an additional contribution
to the dc spin current.

A quantitative study of rectification effects requires a model circuit where the
capacitive coupling between electrodes and leads is incorporated in a realistic way.
Following the circuit model suggested by Brouwer [18], we have attempted to
characterize the statistical properties of spin currents generated by rectification in
Ref. [21]. The model circuit is shown in Fig. 7.6 for the case of a current setup.
It is straightforward to find that [18, 21]

dX, dX2> (7.33)

ol (1) =R - a2
11(2) AGN(CZL 7 +CiL 7

Using the semiclassical method, the correlation between “up” and “down” spin
components of the rectified current was calculated under the same assumptions
that led to (7.30). We have found that

COI’I‘rﬁCt (B) = <(SIT 5Il>

o0

_ ksTt/h 1° (7.34)
C/dre Linh(nkBT‘c/h)] cos(tEz/2h),

0

Fig. 7.6 Circuit model for
the quantum pumping current
measurement (current setup).
The spurious capacitances
between the electrode gates
and the leads are denote by
Cir, Ci, Cyr,and Cy. Ry
denotes the ammeter internal
resistance
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where C incorporates the characteristics of the dot and model circuit. Notice that
this expression is very similar to (7.30). Indeed, using (7.34) instead of (7.30) to
evaluate the polarization coefficient r,, as a function of the magnetic field
amplitude, we have found nearly identical curves to those shown in Fig. 7.4 [21].
Experimentally, it would be difficult to distinguish between pure quantum
pumping and rectified spin currents on the basis of the magnetic field dependence
of the correlations alone. Moreover, it turns out that even pure spin currents can be
generated through rectification using the circuit model show in Fig 7.6. Thus, the
most effective way to find out by how much the spin pumping current is con-
taminated by rectification remains the symmetry analysis described in Sect. 7.2.2.

7.4.2 Dephasing

Orbital decoherence will limit the amplitude of spin pumping currents much in
the same way it does for charge pumping. Since quantum pumping of charge is
based on having phase coherence within the dot, it disappears altogether when
the electron dephasing length is smaller than the dot linear size. In this case,
driving the quantum dot parametrically may still produce currents, but the
mechanisms involved are either merely classical or simply related to
rectification.

In fact, the effect of decoherence is even more drastic in the case of spin
transport. That is because decoherence also washes out the spatial features of wave
functions, causing all states to carry very similar pumping currents. This makes the
Zeeman splitting less effective in uncorrelating “up” and “down” components of
the current, decreasing the amplitude of the spin current. Notice that the same is
true even if rectification is the main source of spin currents: as wave function
“speckles” are smeared by dephasing, Gy(f) and G () become very similar,
reducing the amplitude of oI, = 0I;(¢t) — oI (r) as well (the bar here denotes
average over time).

We have studied how decoherence impacts spin pumping in Ref. [21]. We
followed the approach pioneered by Biittiker [34] where dephasing inside the dot
is accounted for within the scattering matrix formalism by adding a third lead to
the dot. The third lead carries no net current and has the sole purpose of ran-
domizing the electron phase. The number of channels in the third lead, N, is taken
to be very large, but their coupling to the dot, p, is assumed very small. We can
adjust the product pNy to produce the desired dephasing rate.

Our results show that for dots with a large number of propagating channels,
setting pN,, to yield realistic dephasing rates does not impact the amplitude of the
spin current fluctuations as much as thermal fluctuations do. Thus, for the
experimental conditions found in Ref. [26], dephasing plays a minor role in
comparison to thermal smearing.
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7.5 Summary and Future Directions

In this lecture we have argued that adiabatic pumping in open, lateral quantum dots
can be used effectively to generate spin-polarized currents. The method is based on
the phase coherence and the sensitivity of wave functions and energy levels inside
the dot to changes in the shape of the confining potential. Realistic estimates based
on random-matrix theory were presented and critical shortcomes such as spurious
rectification and decoherence were addressed. Recently, the proposal passed its first
experimental test. We hope that more groups will become interested in this subject.

During our presentation, we also left out some aspects which deserve further
investigation. First, it is clear that the spin currents generated by this method can
only be polarized parallel to the dot planar structure. In order to achieve polar-
izations perpendicular to the plane or along any arbitrary direction one could
explore the spin—orbit coupling intrinsic to asymmetric heterostructures (Rashba
effect) and to semiconductors with no crystalline inversion symmetry (such as
GaAs). A proposal along this direction already exists [24], but so far has not been
implemented experimentally.

We have also not discussed spin relaxation as well as dissipation. There is
strong evidence that spin-polarized currents travel considerable distances in GaAs
2DEG [35]. While pure dc spin currents lead to zero net charge or discharging, it is
erroneous to believe that they are accompanied by no Joule dissipation. The
electric power, when averaged over a full cycle, is nonzero. It is important to
emphasize that dissipation increases substantially in the non-adiabatic regime.

A third aspect is how quantum pumping is affected by electron—electron
interactions. It is well-known that the Coulomb interaction does not play an
important role in transport properties of open quantum dots, namely, when
channels in the leads are fully propagating [36, 37]. The Coulomb interactions
becomes important when the contacts are pinched so strongly that electrons have
to tunnel to enter or leave the quantum dot [12]. When the number of electrons in
the dot is constrained to be an integer, charging effects take over and transport
occurs only one electron at a time. In this case, the system resembles a classical
turnstile pump and quantum interference plays essentially no role.

Although our proposed pump operates far from this regime, it would be very
interesting to understand how one can interpolate between the fully open and the
closed, Coulomb blockade regime. The difficulty lies in finding a formalism where
both charging, many-body effects, phase coherence, and time-dependent driving
can be put together. A few recent attempts along this direction have already been
taken [38, 39]. Perhaps the most fascinating issue to be studied is the interplay
between Kondo correlations and external driving. Such investigations might allow
one to devise more efficient and controllable mechanisms to generate spin currents
with quantum dots [40-42].
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Chapter 8
Spin Relaxation: From 2D to 1D

Alexander W. Holleitner

8.1 Introduction

Semiconductor spintronics seeks to gain extra functionality compared to con-
ventional electronics by exploiting the carrier spin degree of freedom [1, 2]
(Fig. 8.1). For a potential processing scheme, which combines quantum
mechanical and classical information, it is of particular interest to manipulate and
to control carrier spin dynamics in non-magnetic materials by utilizing the spin—
orbit interaction [3—6]. Datta and Das [7] proposed the concept of a spin-polarized
field-effect transistor in narrow-band-gap semiconductors such as InGaAs. On the
one hand, the structure inversion asymmetry in these materials allows controlling
the electron spin precession by an electric field [8—14], and it appears when the
layers of a semiconductor heterostructure are not symmetrically arranged with
respect to the conducting layer. On the other hand, the range of operation of the
spin transistor is limited by the spin relaxation mechanism induced by the spin—
orbit interaction [15-17]. Here, we describe the possibility of an effective sup-
pression of the spin relaxation in the two-dimensional conducting channel of a spin
transistor [18-21]. As a precursor of the one-dimensional limit, long spin relax-
ation times are expected when the channel width w is smaller than the electronic
mean free path /, (w <1,). As a result, spin relaxation mechanisms, which are
intrinsic to the two-dimensional electron systems (2DES), can be suppressed very
efficiently [22].
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Fig. 8.1 In semiconductor spintronics, information is encoded via the spin polarization of the
conduction electrons. a If the distribution of the electron spin is in equilibrium, no information is
encoded. A non-equilibrium spin polarization can carry the information b one or ¢ zero

8.2 The Spin—Orbit Interaction in Zinc-Blende Structures

In inversion asymmetric heterostructures, the spin—orbit interaction is determined
by the interplay between the bulk inversion asymmetry (BIA) and the structural
inversion asymmetry (SIA) and the interface asymmetry (IA) [23-26]. For zinc-
blende crystals, the corresponding effective mass Hamiltionan can be written as
[27]

H=1- [axkx(ki — k2) + cycl.perm.], (8.1)

where o, , . are the Pauli matrices, and 7 is a constant which reflects the strength of
the spin—orbit interaction in the conduction band. In the case of a quasi two-
dimensional quantum well, the wave vector k, of allowed states along the growth
direction is typically much larger than the two in-plane components k, and k.
To describe the spin—orbit interactions in a semiconductor quantum well correctly,
energy terms with higher orders in k need to be considered [28]. However, the
energy terms which are linear in k are sufficient for the discussion below. Usually
two Hamiltonians linear in k are assumed to describe the spin—orbit interactions in
a quantum well. The corresponding Hamiltonian, which refers to the BIA in a
quantum well, was first described by Dresselhaus [29]

Hgia =1 - [O'xkx + Gyky]. (82)

In principle, the Dresselhaus Hamiltonian is derived from (8.1), by considering
only terms with k2 [19]. In asymmetric quantum wells and deformed bulk systems,
the structure inversion asymmetry gives rise to the Bychkov—Rashba spin orbit
coupling [30-32]

Hgia = f7 . [O’xky — O'ykx] = fqa . [k X Z]. (83)

If an angular frequency Q is defined as Q(k) = o - [v(k) x z] with v(k) =
hk/m* the electron velocity, this Hamiltonian can be rewritten as
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>
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Fig. 8.2 Schematics of the conduction band of a heterostructure containing an asymmetric
quantum well. In the example, a two-dimensional electron system (2DES) is formed in an InGaAs
layer in between two GaAs layers. If an electric field E is applied along the growth direction of
the heterostructure, the resulting spin—orbit interaction induces an effective magnetic field
B.s(k) which is orientated in the plane of the quantum well and perpendicular to the velocity
v(K) of the electron

In this way, the energy splitting for electrons with opposite spin directions can
be regarded as an effective magnetic field B.g (k), which depends on the wave
vector of the electron. During a ballistic flight, the spin of an electron will precess
with the angular frequency (k) while 1/o defines the length, at which the spin of
the electron rotates by an angle of . Figure 8.2 depicts the situation in which an
electric field is applied across an asymmetric quantum well. The resulting SIA of
the quantum well gives rise to the effective magnetic field which is oriented
in-plane. For asymmetric GaAs/Al,Ga;_,As quantum wells with an electron
concentration of 10'* cm™2, the spin splitting in the conduction band is measured
to be of the order of 0.2-0.3 meV at the Fermi energy, corresponding to
o =6-9 x 10* cm™! [19, 33]. The orientation of the effective magnetic fields due
to the BIA and the SIA could recently be characterized by optoelectronic mea-
surements, in accordance with (8.2) and (8.3) [12].

8.3 The Datta-Das Spin Transistor

Based upon the voltage tunable Rashba Hamiltonian of (8.3), Datta and Das
proposed the concept of a spin-polarized field effect transistor in narrow-band-gap
semiconductors such as InGaAs [7, 34]. In such a spin transistor, the source and
drain contacts are made of ferromagnetic materials (Fig. 8.3). As demonstrated by
recent experiments [35-37], such contacts inject and collect preferentially spin
polarized electrons; they act as spin polarizers and detectors. The injected spin-
polarized carriers precess in transit through the 2DES due to the Rashba effect.
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Fig. 8.3 Spin field-effect transistor, redrawn from ref. [7]. Spin polarization is injected into a
2DES via a ferromagnetic contact. The spin precession is controlled by the application of a
voltage to the Schottky gate, while the final orientation of the electron spin is read-out by the
second ferromagnetic contact. Black arrows denote the orientation of the electron spin

The transverse electric field can be tuned by applying a voltage to the Schottky
gate on top of the heterostructure. If the magnetization in the drain and source
contacts are parallel to each other, and the carriers perform an integral number of
precessions, then the device conductance is high. In the case of opposite orien-
tation for the electron spin and the drain magnetization, the device conductance is
minimized. In addition to the gate voltage, the transconductance can also be
controlled via an external magnetic field. The spin transistor initiated many studies
on spin-polarized transport and spin-injection phenomena in semiconductor/fer-
romagnetic junctions [8—12, 14-17].

8.4 Spin Relaxation Mechanisms in Semiconductors

The spin transistor relies upon controlling the precession of the electron spin in the
conducting channel due to the influence of the Rashba term. If an electron is being
scattered in multiple events, the orientation of Q(k) changes randomly. Since the
elementary rotations do not commute in the plane of a quantum well (nor in the
case of a three-dimensional system), the final spin orientation varies for an electron
being scattered along two different trajectories from one point in space to another.
Considering an ensemble of trajectories, the total spin polarization is randomized
after a certain number of scattering events. The corresponding spin relaxation
mechanism is named after D’yakonov and Perel’ [38]. In the motional narrowing
regime, i.e., when the spin rotation angle is small during the ballistic flight of an
electron (7,2<1), the spin relaxation time 5 is inversely proportional to the
momentum scattering time tp, i.e., 75~ 1 oc p Q* (k) [39]. In Fig. 8.4a, the spin
precession is sketched for an electron moving along a certain trajectory. Every
time the electron is scattered, the orientation of 2 changes. Another source of spin
relaxation in spin-orbit materials is given by the fact that spin relaxation due to
momentum relaxation is possible directly through the spin—orbit coupling [40].
Generally, the Bloch states are not eigenstates of the Pauli matrixes. Thus, a
lattice-induced spin—orbit interaction, e.g., influenced by phonons, can directly
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Fig. 8.4 Schematics of electron trajectories (dotted lines) in the case of a the D’yakonov—Perel’
mechanism and b the Elliot—Yafet mechanism. The orientation of the spin eigenfunction is
presented with black arrows

couple the (Pauli) spin up states to the spin down states [41]. Similarly, scat-
tering at impurities and boundaries of the electron system can lead to instanta-
neous spin flip events (Fig. 8.4b) [42]. A further spin-relative relaxation
mechanism was suggested by Bir et al. [43]. A simultaneous spin flip of electron
and hole spin, which is intermediated by the electron hole exchange interaction,
can induce an effective spin relaxation of the electron spin polarization. Last but
not least, the hyperfine interaction can also cause a spin flip between electrons in
the conduction band and the nuclear magnetic moments of the crystal. The latter
is of particular relevance for heterostructures with a nuclear magnetic moment,
such as GaAs (see ref. [17] for a detailed review on spin relaxation processes in
semiconductors).

8.5 Transition from 2D to 1D

In two and three dimensions the elementary rotations do not commute. As a result,
scattering processes tend to randomize the spin polarization (see Sect. 8.4).
Bournel et al. [18] were the first to consider a 2DES with a finite width as the
conducting channel of a spin transistor. They studied an asymmetric quantum well
made of Ing 53Gag 47As; a system well known for its spin—orbit interactions due to
SIA [8]. As a precursor of the one-dimensional limit, the results suggest long spin
relaxation times, when the channel width w is comparable to the electronic mean
free path [, (w < [,). Bournel et al. used a Monte-Carlo transport model which is
based upon the collective motion of individual particles. In between instantaneous
scattering events, e.g., with phonons and alloy impurities, the ballistic flight of an
electron is only determined by the influence of the Rashba term. For their simu-
lation, the authors assumed specular reflection at the boundaries of the conducting
channel. At the same time, the two spin populations, injected by the source con-
tact, are supposed to be non-intermixing. The latter condition means that other spin
relaxation mechanisms than the D’yakonov—Perel’ mechanism, such as the one by
the Elliott—Yafet, are neglected. As a result, their simulations suggest almost
negligible spin relaxation in the conducting channel of an Ings3Gag47As spin
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Fig. 8.5 Phase diagram of 5
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transistor for widths of the order of 100 nm and electric fields smaller than
200 kV/cm [18].

In a similar Monte-Carlo transport study, Kiselev and Kim identified different
regimes of the spin relaxation in a 2DES with a finite width (see Fig. 8.5) [19]. The
authors assume in their work that the D’yakonov—Perel’ mechanism is the dom-
inant spin relaxation mechanism in a 2DES, in which the spin—orbit interaction is
dominated by the SIA term. For a very large spin splitting constant, i.e., [, o > 1,
the assumptions for motional narrowing are not fulfilled anymore (see Sect. 8.2 for
the definition of «). Here, scattering events randomize the spin information, since
the precession angle of the electron spin is large during the ballistic flight of the
electron (tpQ > 1). In turn, spin relaxation time is proportional to the momentum
scattering time 75~ 7p. In the motional narrowing regime, where /.« < 1, the spin
relaxation time is given by 13 ~ tp(l,a)"> (upper range in Fig. 8.5 which is
marked as 2D’). The authors claim that if the width w of the conducting channel is
reduced, a transition occurs at wo.~ 1 (marked as a dashed line in Fig. 8.5). Kiselev
and Kim find that this transition can occur at widths which are ten times larger than
the mean free path. For wo. < 1, the width of the channel acts as an effective mean
free path of the system. In this quasi one-dimensional regime, the spin relaxation is

suppressed very efficiently as g ~ t2? (wor) 2.

Another approach to the problem was given by Mal’shukov and Chao [20], by
solving the spin diffusion equation for electrons in the conducting channel. Their
solutions showed that there are certain spin diffusion modes with slow spin
relaxation rates if the conducting channel of the spin transistor has a finite width.
In their model, they assume that the electron motion perpendicular to the channel
can be described semi-classically. On the one hand, the width w needs to be much
shorter than the spin precession length 1/, and on the other hand, it needs to be
larger than the Fermi wavelength. Similar to ref. [18, 19], Mal’shukov and Chao
neglect the BIA, because it is assumed that in narrow gap semiconductors, the spin
dynamics are dominated by the SIA. As a main result, the spin relaxation of the
waveguide modes is slowed down as 7, ~ (1/wa)’, in accordance with the
simulation of ref. [19]. In addition, the authors point out that the BIA term, being
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cubic in k, gives rise to an additional spin relaxation which is independent of the
channel width w. Thus, the slowing-down and finally the suppression of the spin
relaxation is limited by this cubic BIA term. In a recent publication, Winkler
calculated the magnitude and the orientation of B.g for an infinite two-dimensional
InGaAs quantum well by considering higher order terms of the electron wave-
vector [28]. Combining both results for semi-classical wires, one expects an
anisotropy of the spin relaxation times for electrons moving into different crys-
tallographic directions.

Pareek and Bruno [21] used a recursive Green’s function method, which takes
into account the quantum effects at the single particle level. In the case of motional
narrowing, the authors again see an enhancement of the spin polarization, if the
electrons are confined to a channel width of the order of the mean free path.
However, they can not corroborate the result predicted by the real-space Monte
Carlo simulations, that this enhancement should be detectable even for widths ten
times the mean free path. In the quasi-ballistic regime, i.e., [,a >> 1, Pareek and
Bruno find that the spin diffusion length can be even longer than the spin pre-
cession length. At the same time, the spin relaxation rates depend on the initial
orientation of the electron spin. As a result, the largest current modulation can be
obtained, if the electron spin is injected perpendicular to the plane of the quantum
well of the spin transistor.

Generally speaking, all theory work, which covers the effect of the transition
from 2D to 1D on the spin relaxation, predicts increasing spin relaxation times as a
result of a dimensionally constrained D’yakonov—Perel’ mechanism due to the SIA
term. However, as Mal’shukov et al. pointed out, other mechanisms can limit the
eventual suppression of the spin relaxation, e.g., the BIA induces a component of
the D’yakonov—Perel” spin relaxation which is independent of the channel width
[20]. We would like to note that in a first experimental study, an effective slowing
of the D’yakonov—Perel’ spin relaxation mechanism has been observed in con-
ducting channels of n-InGaAs quantum wires [22, 44]. The results are consistent
with a dimensionally-constrained D’yakonov—Perel’” mechanism. For the narrow-
est wires with a width of only a few hundred nanometers, the authors find that an
interplay between the spin diffusion length and the wire width determines the spin
dynamics, and that channels along the crystallographic directions [100] and [010]
show longer spin relaxation times than channels along [110] and [—110]. The
anisotropy can be interpreted such that the cubic spin—orbit coupling terms due to
BIA start to dominate the spin relaxation in the narrowest channels [24-26, 28].
We would like to further point out that a similar dimensional crossover has been
observed by means of a weak anti-localization analysis of magnetotransport
studies on InAs channels [45-49], and by means of Shubnikov-de Haas oscilla-
tions in narrow InAs-based heterostructures [50]. Based upon these experimental
results, recent theory work substantiates the interpretation that the dimensional
crossover can be understood in terms of an interplay between the channel width,
the spin precession length, inter-subband scattering, and the effect of spin scat-
tering at the boundaries of the channels [51-57].
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8.6 Summary

In semiconductors without inversion symmetry, the precession of the electron spin
can be influenced via the spin—orbit interaction. At the same time, spin relaxation
mechanisms based on the spin—orbit coupling limit the range of control on the spin
dynamics. Particularly in 3D and 2D electron systems, momentum scattering gives
rise to a spin relaxation mechanism which was proposed by D’yakonov and Perel’.
We describe recent theoretical results, which suggest that the D’yakonov—Perel’
mechanism can be suppressed by decreasing the width of a two-dimensional
electron system down to the electronic mean free path. In such quasi one-
dimensional systems long spin relaxation times are expected.
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Chapter 9

Electronic Transport Properties

of Superconductor-Ferromagnet Hybrid
Structures

Detlef Beckmann

9.1 Introduction

Superconductivity and ferromagnetism are in most cases antagonistic long-range
orders. In conventional singlet superconductors, the electrons have a pairwise
antiparallel spin alignment, whereas ferromagnetism prefers parallel spin align-
ment. This prevents the coexistence of ferromagnetism and superconductivity in
bulk materials, except for some exotic materials with unconventional supercon-
ducting pairing symmetry. In hybrid structures, however, the competition of
superconductivity and ferromagnetism leads to a variety of interesting phenomena,
some of which have potential applications in spintronics or quantum information
processing devices. The typical intrinsic length scales of superconductivity and
ferromagnetism are in the nanometer regime, and the advent of nanofabrication
techniques has boosted the experimental advance in the field.

Here, we will focus on electronic transport properties of superconductor—fer-
romagnet (S/F) hybrid structures. Equilibrium properties will be presented only
where they elucidate the main subject. The article is organized as follows: First,
current transport through a single interface between a superconductor and a fer-
romagnet will be treated. Then, structures with two S/F interfaces will be dis-
cussed, namely S/F/S Josephson junctions and F/S/F spin-valve structures. For
each section, an introduction to the corresponding superconductor/normal metal
structures (S/N) will be given, and then the changes due to ferromagnetism are
discussed. The aim is to give a self-contained picture of the relevant physical
mechanisms, which will be presented along with recent experimental highlights.
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The theoretical background will be kept at an elementary level, and the reader is
referred to specialized reviews for further details.

9.1.1 Ferromagnetism

The electronic band structure of paramagnetic metals is spin-degenerate, and in its
simplest form can be modeled by a free-electron parabola. In an applied magnetic
field, spin degeneracy is lifted, and the sub-bands for spin-up and spin-down are
rigidly shifted by the Zeeman energy, leading to Pauli paramagnetism. The itinerant
ferromagnetism of transition metals can be described by the Stoner model [1]. It is
based on the above picture, with the addition of the exchange interaction, yielding an
intrinsic exchange field /., which acts like the Zeeman energy (Fig. 9.1). The typical
energy scale is .y & 1 €V, i.e., a sizeable fraction of the Fermi energy eg. A very
interesting special case are half-metallic ferromagnets, which have only one spin
species delocalized at the Fermi energy, and in terms of our simple model are
characterized by hex > eg. Two consequences of the spin-split dispersion relation
relevant here are that the density of states at the Fermi energy and the Fermi wave
vector are spin-dependent. For a practical quantitative analysis of experiments, it is
usual to define a degree of spin polarization in the form Py = (X' — X!)
(X" + X'), where X is some spin dependent quantity related to ferromagnetism,
like the density of states at the Fermi energy or conductivity.

9.1.2 Superconductivity

Superconductivity is characterized by the formation of electron pairs, the Cooper
pairs, which are bosonic and condense into a macroscopic quantum state, thereby
eliminating single-particle scattering and yielding a vanishing electric resistance

Fig. 9.1 Simplified model of e
the dispersion relation in a

ferromagnet. The band

structure is split into spin-up

and spin-down bands, shifted

rigidly by the exchange field

hex
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[2]. For conventional superconductors, the binding energy of the Cooper pairs is
provided by electron—phonon interaction, and they are formed of electrons of
opposite spin and momentum, described by the theory of Bardeen, Cooper and
Schrieffer (BCS) [3]. The single-particle excitation spectrum exhibits an energy
gap, 4 = 1.76 kgT, for weak electron—phonon coupling at 7' = 0, where kg is the
Boltzmann constant and T is the critical temperature. There is a finite length scale,
s, the coherence length, over which superconducting order, i.e., the spatial den-
sity of Cooper pairs can vary. Typical energy and length scales are
A = 0.1-1 meV and &g = 100-1,000 nm, respectively.

9.2 Single S/F Interfaces

Charge transport through the interface between a normal metal and a supercon-
ductor is mediated by two elementary processes: quasiparticle tunneling and
Andreev reflection.

9.2.1 Tunneling

Tunneling of individual quasiparticles between a normal metal and a supercon-
ductor can be described in terms of the so-called semiconductor model of super-
conductivity, shown in Fig. 9.2. On the right hand side, a scheme of the
quasiparticle density of states in the superconductor is shown. There are no states
inside the energy gap from —Ato A. Below this interval, all states are filled,
whereas at positive energy, all states are empty. The density of states exhibits a

EJL :

ev r Y A :
0 E >

=-A ;
Nu(e) Ns(0)  Nsf(e)

Fig. 9.2 Schematic view of quasiparticle tunneling in the semiconductor model of supercon-
ductivity. The left hand side shows the density of states Ny(¢) of the normal metal, shifted by the
applied voltage. The right hand side is the superconducting quasiparticle density of states Ns(e),
with an energy gap 4 and sharp peaks near the gap edges. ¢ = 0 refers to the chemical potential of
the superconductor
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sharp peak near the gap edges, and falls off to the (constant) normal state density of
states Ng(0) at high energies. On the left hand side, the density of states in the
normal metal, offset by the applied voltage eV, is shown. Tunneling occurs hori-
zontally from occupied states of the normal metal to unoccupied states in the
superconductor (and vice-versa). The occupation probabilities are described by
Fermi functions. The total current is found by integrating over energy, and is
given by

o0

Ins = aNx (0)Ns(0)] ] / naes(Of(e — eV) — f(e)lde,  (9.1)

—00

where « is a proportionality constant, T the tunneling-matrix element between N

and S, e the electron charge, npcs(€) = |¢|/Ve2 — A% is the normalized BCS
density of states, and f(e) is the Fermi function. The factor 2 is included because
we take the density of states per spin direction for later purposes. The information
obtained from tunneling experiments can be seen most clearly in the differential
conductance, given by

% = OnN / npcs(€)(—f' (e — eV))de, (9.2)

—00

where

_ aVn(O)Ns(O)]<f

GnN (9.3)
is the tunneling conductance of the contact when the superconductor is in the
normal state, i.e., at T > T, and f’ is the derivative of the Fermi function.
Hence, the differential conductance is a thermally broadened image of the single-
particle density of states of the superconductor. This simple interpretation has
been employed since the pioneering experiment of Giaever [4] performed in
order to test the predictions of the BCS theory and to measure the energy gap 4
(Fig. 9.3).

In the case of tunneling between a ferromagnet and a superconductor, both
the density of states in the ferromagnet and the tunneling-matrix element are
spin-dependent. As all quasiparticle tunneling events are independent of each
other, the total current Igs can be simply written as the sum of spin-up and spin-
down currents, each given by (9.1) with Ny and t replaced by their spin-
dependent counterparts. This means that (9.2) remains valid, and no qualitative
change is observed. The picture changes, however, when spin degeneracy in the
superconductor is lifted by an externally applied magnetic field. The sharply
peaked density of states in the superconductor acquires an additional Zeeman
splitting of the spin-up and -down populations, and the differential conductance
is now given by
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Fig. 9.3 Normalized
differential conductance
(dI/dV)/Gpy as a function of 15
applied voltage V of an N/S
tunnel junction, which
reflects a thermally
broadened image of the
quasiparticle density of states.
Reprinted figure with
permission from [4].
Copyright (1960) by the
American Physical Society
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where
aNg (0)Ns (0) [

e

Gl = 9.5)
are the spin-resolved conductances of the contact in the normal state, and gugH is the
Zeeman energy. To observe these effects, a magnetic field of typically several Tesla
is required to achieve a sufficiently large Zeeman splitting. Here and in the following
we neglect spin-orbit splitting. In bulk material of conventional low-temperature
superconductors, such large fields exceed the critical field above which supercon-
ductivity is destroyed. This problem is solved by using superconducting films much
thinner than the London penetration depth, and applying the magnetic field parallel
to the film. In that configuration, the field penetrates the superconductor with
strongly reduced screening currents, thus eliminating orbital pair-breaking.
In Fig. 9.4, the results for a thin film tunnel junction between aluminum and nickel
are shown [5]. At zero magnetic field (solid line), the data resemble the tunneling
spectrum in Fig. 9.3, with a peak at the gap both for positive and negative voltages.
At the largest field (dotted line), the peaks are clearly split into four sub-peaks,
corresponding to the rigid shift of the spin sub-bands by the Zeeman energy.
The peaks are asymmetric with respect to spin, i.e., peaks b and c, corresponding to
spin down, are systematically higher than peaks a and d, corresponding to spin up.
Thereby, a spin polarization Pyye = (Gly — Gin)/(Gin + Giy) can  be
determined, typically ranging from 10-50% for elementary ferromagnets. Spin
dependent tunneling has been reviewed by Meservey and Tedrow [6].
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Fig. 9.4 Normalized
differential conductance of an
F/S tunnel junction. In an
applied magnetic field, the
Zeeman-splitting of the
density of states is observed.
The peak heights a—d can be
used to determine the degree
of spin-polarization of the
interface conductance.
Reprinted figure with
permission from [5].
Copyright (1971) by the
American Physical Society

(d1/4V), /(AT /4 V),

9.2.2 Andreev Reflection

When an electron from a normal metal, with an energy smaller than the energy
gap 4, hits the interface to a superconductor, it cannot be transmitted as a
quasiparticle. However, it can team up with a second electron to form a Cooper
pair. This is described as Andreev reflection: An electron from the normal metal
with an energy egr + Je slightly above the Fermi energy and a momentum
kg + ok slightly outside the Fermi surface, is reflected as a hole of opposite
spin, with energy e — de and momentum — kg + Jk slightly inside the Fermi
surface, on the opposite side. Thus, a net charge of 2e is transferred through the
interface. The (almost exact) reversal of the momentum (retro-reflection) is a
peculiarity of Andreev reflection, and is caused by the opposite-momentum
pairing of electrons in the superconductor. It is remarkably different from the
normal reflection of an electron at an interface, where only the perpendicular
components of the momentum are reversed [7]. While the double charge transfer
is the salient feature of Andreev reflection seen in conductance measurements,
the retro-reflection aspect has been probed only in elaborate electron focussing
experiments [8]. As Andreev reflection is a second-order process, requiring the
transfer of two quasiparticles through the interface, it is suppressed in the
presence of imperfections at the interface, like oxide layers, disorder, or Fermi
wave-vector mismatch (Fig. 9.5).

Both tunneling and Andreev reflection can be treated on an equal footing by
using the Bogoliubov—de Gennes (BdG) equations. Here, we will briefly describe
the procedure following the classical treatment by Blonder, Tinkham and Klapwijk
(BTK) [9]. The BdG equations for the electron- and hole-like quasiparticle wave
functions u(r) and v(r) are

() S () = (1) 00
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Fig. 9.5 Schematic view of
Andreev reflection. An
electron incident on the
normal metal/superconductor
interface is retro-reflected as
a hole with opposite spin and
momentum

Here

1 €A
H V—-—— U 9.7
o= (27 -2 v - ©7)
is the single-particle Hamiltonian in the absence of superconductivity and A(r) is
the superconducting pair potential, which, in general, has to be calculated self-
consistently using

A(r) = V(r)F(r), 9.8)

where V(r) is the attractive pairing interaction, and the pair amplitude F(r) is given
by

Zv —2f,). 9.9)

The sum runs over all solutions of the eigenvalue problem (9.6), and f, is the
occupation probability of the eigenstate, which in thermal equilibrium is given by
the Fermi function.

In the BTK treatment, a quasi-onedimensional system along the x-axis is
considered, with a normal metal at x < 0 and a superconductor at x > 0. Self-
consistency is ignored and 4 is set equal to its bulk value 4 in the superconductor
and to zero in the normal metal. This corresponds to the experimentally relevant
situation of a point contact between S and N with an orifice which is much smaller
than the coherence length. Furthermore, a repulsive delta-function potential of
variable strength Hd(x) located at the N/S-interface is introduced, modeling the
effects of finite interface transparency or interfacial disorder. The interface barrier
can be expressed by the dimensionless parameter Z = H /hvg, which ranges from
zero for a perfectly transparent interface to infinity for a tunnel barrier.

Figure 9.6 shows a schematic view of the dispersion relations for electrons in
the normal metal and quasiparticles in the superconductor near the Fermi energy.
The calculation is performed by considering an incoming plane wave of unity
amplitude labeled O in Fig. 9.6 and all the possible outgoing waves subject to
energy conservation. These are (A) Andreev reflection as a hole below the Fermi
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Fig. 9.6 Schematic view of
the dispersion relation of a
normal metal (left) and a
superconductor (right). The
possible transmission and
reflection processes are

indicated, as described in the -kt -Ik'" % K okt
text. Reprinted figure with EN e
permission from [9]. _ /-\
Copyright (1982) by the
American Physical Society

N S

surface, normal reflection as an electron (B), and transmission as a quasiparticle
either without (C) or with (D) branch crossing. The amplitudes of the respective
waves are found by matching the wave functions on both sides of the interface
using the BAG equations. These processes are elastic and phase-coherent, which
means that the reflected and transmitted waves not only have a magnitude, but also
a well-defined phase relation to the incoming wave. Especially, the hole created by
Andreev reflection picks up a phase factor equal to the phase of the macroscopic
wave function of the superconductor. For the problem of charge transport through
a single interface treated in this chapter, these phases are unimportant, but we keep
them in mind as they will be crucial for the discussion of Josephson effects in
Sect. 9.3. Further, Andreev reflection does not take place exactly at the interface.
An electron wave incident below the superconducting gap enters as an evanescent
wave, decaying roughly over the length scale &g. This will be discussed further in
Sect. 9.4.

After obtaining the energy-dependent transmission and reflection probabilities
A(e), B(e), C(e) and D(e) from the solution of the BAG equations, we are left with
the calculation of the charge current for a given voltage. As current is conserved
through the interface, the calculation can be performed on either side of the
interface, and is conveniently done on the normal metal side, where there is no
supercurrent and only electrons contribute. The result is the integral

Ins = 2N(0)eveS / [f(e—eV) —f(e)][1 +A(e) — B(e)]de, (9.10)

where f(e) is the Fermi function, N(0) the density of states at the Fermi energy per
spin direction, vg the Fermi velocity, S the cross section of the contact, and € the
energy relative to the chemical potential of the superconductor. The first factor of
the integrand is the difference in the occupation of states on the left and right side
of the interface, whereas the second factor includes a unity term for the incoming
wave, plus the probability of Andreev reflection as a hole, adding to the right-
going current, minus the probability of normal reflection.

In Fig. 9.7, the differential conductance (dI/dV) normalized to the normal state
resistance Ry = (1 4+ Z2)/(2N(0)e*vgS) is shown. For high interface transparency
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Fig. 9.7 Normalized differential conductance of a S/N-interface, for different values of the
interface barrier parameter Z. Reprinted figure with permission from [9]. Copyright (1982) by the
American Physical Society

(Z = 0), a doubling of the subgap conductance is predicted, corresponding to the
intuitive picture that Andreev reflection transfers a charge of 2e in a single event.
At higher energy, where transfer of single quasiparticles dominates, the differential
conductance drops to the normal state value. Upon decreasing transparency (larger
Z), Andreev reflection gets supressed compared to quasiparticle transmission, as it
requires the transfer of two particles through the interface. For low transparency
junctions (Z — o0), the tunneling limit is recovered.

The spectroscopic investigation of Andreev reflection is a bit more complicated
than tunnel junctions. For the latter, it is natural to assume that the applied voltage
essentially drops at the high-resistance tunnel barrier. However, for Andreev
reflection, high-transparency, i.e., low-resistance, contacts are needed. To insure a
well defined voltage drop at the interface, contacts of very small cross-section
between bulk materials must be formed. The ideal case is a ballistic point contact,
or Sharvin contact, where the dimensions of the contact are smaller than the
electron mean free path in the material [10]. The simplest way of forming such a
contact is gently pressing a needle or wedge of one material onto the other, and
relying on the surface roughness for the creation of a sufficiently small contact. A
more elaborate way is to use nanofabricated pores in inorganic membranes, e.g.,
silicon nitride. After forming the small pore by lithography and subsequent
reactive ion etching, the membranes are coated with two different materials from
either side, thus forming the heterocontact. Both methods have been used for
comparative investigations of Andreev reflection in N/S and F/S contacts [11, 12]
(Fig. 9.8).

In F/S contacts, Andreev reflection is suppressed by the lack of spin-reversed
partners [13]. This can be taken into account in the framework of the BTK model
a posteriori by a simple phenomenological argument [12]: Andreev reflection is
possible only for the fraction of incoming electrons which find a spin reversed
partner. For the others, only quasiparticle tunneling is possible. Therefore, the total
current can be written as Igs = P X Ipoparizea + (1 — P) X Lunpolarizea> Where P is
a phenomenological parameter describing the degree of spin polarization.
The unpolarized current is calculated using the ordinary BTK model, while for the
polarized current, the Andreev reflection coefficient A(¢) is set to zero, and the
other coefficients are renormalized to ensure current conservation. Several authors
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Fig. 9.8 a Nanofabricated point contact between a superconductor (Pb) and different normal
(Cu) or ferromagnetic (Co,Ni) metals. b Normalized differential conductance of these point
contacts. The solid lines are fits to a modified BTK model (see text). Reprinted figure with
permission from [10]. Copyright (1998) by the American Physical Society

have modeled their experimental data in the spirit of this simple argument with
good success in terms of the quality of the fits, and the consistency of the obtained
parameter P. However, the situation is unsatisfactory insofar as the physical
meaning of P is not obvious. A microscopic re-derivation of the current—voltage
characteristics going back to the BdG equations (or up-to-date Green’s function
methods, see, e.g., [14]) is required. One such example has been presented in Ref.
[15], where spin polarization was modeled microscopically by spin-dependent
interface transmission probabilities ' and ¢! replacing the spin-independent
parameter Z of the BTK model. The experimental data together with the fits are
shown in Fig. 9.9. The data can be consistently modeled as a function of bias
voltage, temperature, and magnetic field, with a single set of parameters.

9.2.3 The Proximity Effect

In the previous section, we have dealt with electronic transport through a metallic
contact much smaller than the coherence length, where the equilibrium properties
of the normal metal and the superconductor are not affected by their mutual
presence. However, for extended interfaces, this assumption is no longer valid, and
the so-called proximity effect has to be taken into account.

The microscopic origin of the proximity effect is Andreev reflection. Due to the
facts that the electron and hole involved in Andreev reflection have a well-defined
phase relation, and that 6k < Kg, the two waves will stay in phase over a long
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Fig. 9.9 Normalized differential conductance and fits for nanofabricated Co/Al point contacts as
a function of temperature (a) and magnetic field (c). b Shows the normalized resistance as a
function of temperature for different Co/Al contacts compared to a Cu/Al contact. Reprinted
figure with permission from [15]. Copyright (2004) by the American Physical Society

distance, limited by the small Jk, and by inelastic scattering leading to decoher-
ence. As all the incoming electrons below the energy gap are Andreev reflected
and thereby correlated, a finite pair amplitude F(r) is induced in the normal metal.
The relevant length scale is the normal metal coherence length &y = five/kgT.

Seen from the superconducting side of the interface, Andreev reflection means
that the Cooper pairs make excursions into the normal metal, thereby eventually
breaking up due to the lack of the pairing interaction. In return for inducing
superconductivity into the normal metal, superconductivity is therefore weakened
inside the superconductor over the length scale of the coherence length
fs =~ hvg / A.

A special case of the proximity effect is a thin normal metal film on top of a
bulk superconductor. In addition to Andreev reflection at the N/S interface, the
electrons and holes are reflected at the surface of the film. Thereby, closed tra-
jectories including two normal reflections at the surface and two Andreev reflec-
tions at the superconductor are formed (see Fig. 9.10a). Following a simple semi-
classical argument, the wave functions on the closed trajectories have to be unique,
which means that the phase acquired on the loop has to be a multiple of 27. Thus,
bound states are formed, and the equilibrium density of states of the film is
modified [16].

The above picture of electron—hole correlations induced by Andreev reflection
has been formulated for a clean, ballistic metal, where momentum is a good
quantum number. Real thin metal films, however, often have strong elastic scat-
tering by impurities, grain boundaries, and surface roughness, leading to a diffu-
sive motion of electrons. But even in that case, the electron and hole involved in
Andreev reflection follow (nearly) time-reversed trajectories, as indicated in
Fig. 9.10b. Thus, the picture of induced superconducting correlations remains
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Fig. 9.10 Schematic view of the proximity effect in a ballistic thin film (a) and in diffusive bulk
material (b). The solid and dashed lines represent electron and hole trajectories, respectively

valid. The relevant length scales in the diffusive regime are &y = \/AD/kgT and

& =+/AD/A in the normal metal and superconductor, respectively, where
D = vgl/3 is the diffusion constant, and [ is the elastic mean free path.

An experimental investigation of the proximity effect in a thin normal metal
film is shown in Fig. 9.11 [17]. A wedge-shaped superconducting film is coated by
a normal metal layer. The local density of states is investigated at several points a—
j by means of quasiparticle tunneling, using a low temperature scanning tunneling
microscope. In the bilayer region a—d, the electron-hole pairs effectively diffuse
back and forth between the superconductor and the surface, and the thin-film
picture of bound states is valid. In this region, a superconducting gap is observed.
In the proximity region e—j, the electron-hole pairs diffuse away from the super-
conductor, and instead of a gap, only a small depression of the density of states at
low energy is seen. The transition between the two regimes is continuous.

The proximity effect is affected by ferromagnetism in a much more severe way
than charge transport through the interface, as it depends on the time-reversed
propagation of electron—hole pairs of opposite spin. In a ferromagnet, the Fermi

2 &
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Fig. 9.11 a Experimental setup for the investigation of the proximity effect. A wedge-shaped
superconducting niobium film is coated by a thin gold layer. The tunneling density of states is
investigated at several points a—j. b Normalized tunnel conductance at points a—j. Figure reused
with permission from [17]. Copyright (2001) EDP Sciences
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wave-vector for spin up and down is split by the exchange field h.,, where the
splitting Sk, = hex/hive is a significant fraction of the Fermi wave-vector for
elementary ferromagnets. Therefore, the relative phase of the electron and hole
involved in Andreev reflection oscillates rapidly. As the pair amplitude F(r) (9.9)
contains pairwise products of all electron and hole wave functions, the smooth
exponential decay seen in the N/S proximity effect turns into a rapid oscillatory
dependence in the F/S case. Therefore, in ferromagnets the single length scale &y
is replaced by two different scales, the decay length &g, of the superconducting
correlations, and the oscillation period &g,. In the ballistic limit, &gy = hive/kgT (=
&n) and &gy = hvp/hex. In the diffusive limit, the momentum scattering leads to a

quick averaging of all phase factors, and &gy = &gy, = /hD/he. For diffusive
films of elementary ferromagnets with exchange fields of the order of 1 eV, the
proximity effect is expected to be suppressed a few nanometers away from the
interface [18].

In order to study the proximity effect in ferromagnets experimentally, dilute
magnetic alloys like Pd; Ni, can be used. Palladium is a paramagnetic metal
very close to a ferromagnetic instability. Upon doping with a few percent of
nickel, it becomes ferromagnetic, with an exchange field that can be tuned by the
nickel concentration. The density of states in a thin PdNi film on top of
superconducting Nb has been studied by tunneling spectroscopy in Ref. [19], as
a function of the thickness of the ferromagnetic film. The results are shown in
Fig. 9.12a for two different film thicknesses. For a thin film (50 A), a modulation
of the density of states is found which is similar to the BCS-like behavior seen a
normal metal film (Fig. 9.11), albeit with a much reduced modulation amplitude.
However, for a thicker film (75 A, a weaker “capsized” modulation is found,
with an enhanced DOS at low energy, and two dips at the gap. For this thick-
ness, the electrons and Andreev reflected holes acquire an average phase shift of
7 due to the exchange field. This turns the interference condition for the bound
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Fig. 9.12 a Normalized differential conductance of a dilute ferromagnetic film (PdNi) on top of
a superconductor (Nb) for two different film thicknesses. b Density of states N(0) as a function of
film thickness. Reprinted figure with permission from [19]. Copyright (2001) by the American
Physical Society
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states from constructive to destructive (and vice-versa). The low-energy DOS as
a function of film thickness is shown in Fig. 9.12b, where the oscillatory decay
can be directly seen. As predicted, the decay length is the same as the oscillation
period.

9.2.4 Triplet Proximity Effect?

As the proximity effect induces a weak form of superconductivity in the normal
metal, it also leads to a reduction of its electric resistance, even in geometries
where no net current flows through the N/S interface [20]. A number of experi-
ments [21-24] have been designed to search for similar changes in F/S structures.
In the left inset of Fig. 9.13, the setup of one of the experiments [21] is shown.
A long ferromagnetic nickel wire is attached to a superconductor, and its resistance
is measured as a function of temperature. At the critical temperature of the
superconductor, a resistance drop AR is observed (main frame of Fig. 9.13). From
this resistance drop, the length over which the nickel wire becomes supercon-
ducting due to proximity is estimated. It is argued that the resistance drop is too

large to be consistent with the small range &g = +/hD/hey. The interpretation of
this type of experiment is complicated by two factors: first, the measured
resistance includes the F/S interface resistance, which is known to be modified by
Andreev reflection, and second, the superconductor overlaps the ferromagnet over
some length, and a current redistribution (superconducting short circuit) over that
length is expected. Other experiments have been designed to overcome these
problems, some showing contradictory [23] or confusing [24] results.

These experiments have stimulated an ongoing debate on whether a long-range
proximity effect exists in ferromagnets, and what its nature could be. The short
range of the ordinary proximity effect is a consequence of the destruction of
opposite-spin pairing in conventional superconductors by the exchange field of the
ferromagnet. An equal-spin (triplet) pairing might not be susceptible to the
exchange field [25]. Many proposals have investigated under which circumstances

Fig. 9.13 Experimental AR
setup (left inset) and results

(main frame) of an 0
experiment on the proximity

effect in F/S structures. -2r
Reprinted figure with

permission from [21]. -4
Copyright (1999) by the

American Physical Society -6

-8

04 06 08 10
TIK]
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(inhomogeneous magnetization [26], spin-dependent scattering [27]) a triplet
order-parameter component might be induced at an S/F interface, yielding a long-
range proximity effect. On the experimental side, the difficulties associated with
the conductance measurements described here may be overcome by looking at
phase-sensitive transport, i.e., the Josephson effect, which is the subject of the next
section.

9.3 Double Interfaces I: S/F/S Josephson Junctions

In the previous section, we have seen how the weak superconductivity induced by
the proximity effect in a normal metal manifests itself in the single particle
excitation spectrum and the conductance near an N/S or F/S interface. In this
section, we will see that in an S/N/S or S/F/S junction, the same mechanism leads
to the occurrence of a dissipationless supercurrent. This is the DC-Josephson
effect, which was originally predicted for superconductor/insulator/superconductor
junctions [28], and occurs generally in any type of weak link between two
superconductors.

9.3.1 Critical Current and n-State

The microscopic mechanism of the Josephson effect in an S/N/S junction is the
formation of Andreev bound states. The situation is similar to the proximity
effect in a thin film: An electron from the normal metal gets reflected as a hole
from the right superconductor, travels to the left, and gets reflected back as an
electron. Again, a standing wave is formed, i.e., an Andreev bound state. This
state carries an equilibrium supercurrent from right to left. However, for each
right-going electron, there is an electron of equal energy going left, such that
there is a degenerate Andreev bound state carrying a supercurrent in the opposite
direction, i.e., no net supercurrent flows. Here, it becomes important that during
Andreev reflection, the hole picks up a phase factor equal to the global phase of
the superconducting wave function, as mentioned in Sect. 9.2.2. When there is
phase difference between the superconductors on both sides of the junction, the
degeneracy of the left- and right-going Andreev bound states is lifted, and a net
supercurrent begins to flow. This supercurrent Ig is 2m-periodic in the phase
difference ¢, — ¢, and in the simplest case obeys the sinusoidal Josephson
relation

Is = I sin(¢p, — ¢y), (9.11)

where I, is the critical current. In general, the current—phase-relation of S/N/S or
S/F/S junctions depends on the spectrum of Andreev bound states, and may be
strongly non-sinusoidal (see, e.g. [29]).
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For S/F/S junctions, the phase differences of the single-particle wave functions
between the electron and Andreev reflected hole introduced by the exchange
splitting of the wave vector modify the resonance condition for the Andreev bound
states in the same way as they did for the proximity effect. This means that the
Josephson current in an S/F/S junction has the same oscillatory dependence on film
thickness as the density of states of an F/S bilayer [30]. Especially for certain
thicknesses, the direction of the Josephson current is reversed compared to the
normal situation. In other words, the Josephson relation (9.11) acquires a phase
shift of .

The critical current of S/F/S junctions has been investigated by several
groups [31-33], again using dilute ferromagnetic alloys. The results of such an
experiment, obtained again for a dilute PdNi alloy, is shown in Fig. 9.14. The
critical current as a function of ferromagnetic film thickness shows a steep
decrease, drops to zero, and then recovers to a local maximum, before it
disappears at large thickness. This is in good agreement with the theoretical
prediction for the magnitude of the critical current (solid line), and it is very
tempting to interpret the second maximum as reflecting the n-state of the
junction. However, it should be noted that in this type of experiment, the
applied current is controlled, and the phase difference across the Josephson
junctions adjusts itself to the current, but can not be measured directly. Strictly
speaking, this type of experiment can not confirm the reversed sign of the
current—phase-relation predicted for the m state. When the exchange field of
the ferromagnet /., is not much larger than the critical temperature 7. of the
superconductor, temperature itself is a relevant energy scale, and the length
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scales of the proximity effect are &py, = \/ hD/(y/h2, + (nksT)* & mkgT). This

makes the zero-to-m transition observable not only for different samples as a
function of film thickness, but also as a function of temperature for a single
sample [32, 33].

The observed fast oscillatory decay of the Josephson current is fully consistent
with the picture of the short-range singlet proximity effect described in the pre-
vious section. Recently, experiments on Josephson junctions incorporating CrO, as
ferromagnet have been reported [34]. CrO, is a half-metallic ferromagnet, which
means that only one spin species is present at the Fermi energy. In this material,
the singlet proximity effect should be completely absent. However, a finite
Josephson supercurrent has been observed, giving strong evidence that an induced
triplet proximity effect (Sect. 9.2.4) might be present. A Josephson effect based on
induced triplet superconductivity in half-metallic ferromagnets has been explicitly
predicted in [27].

9.3.2 Spontaneous Currents in Loops

Phase-sensitive experiments on Josephson junctions can be performed by
incorporating the junction into a superconducting loop. In this case the magnetic
flux @ through the loop controls the phase difference across the junction, where
one flux quantum @y = h/2e corresponds to a phase shift of 27. Similar to the
Andreev bound states, the uniqueness of the macroscopic wave function of the
superconductor requires that the overall phase shift going once around the loop
is an integer multiple of 2x. If the applied magnetic flux is zero, this condition is
fulfilled for ordinary Josephson junctions. However, for n-junctions, the loop has
to generate an additional phase shift of = to satisfy the condition [30, 35]. This is
accomplished by generating a spontaneous supercurrent, which is just large
enough to produce an additional half flux quantum in the loop, as indicated in
Fig. 9.15a.

In Fig. 9.15b, an experiment demonstrating the spontaneous flux of a
m-junction is shown. Superconducting niobium loops incorporating either
conventional or m-junctions, the latter again based on dilute PdNi alloy, were
nanofabricated on top of a Hall cross etched out of a GaAs-based twodimen-
sional electron gas. The Hall voltage Vi measures the total magnetic flux
through the loop, including both the applied flux and the flux generated by the
supercurrent in the loop. The upper panel shows the generated flux as a function
of temperature for a normal and a m-junction. In the latter, upon decreasing the
temperature below the critical temperature of the niobium ring, a spontaneous
flux of @(/2 is observed, while no flux is seen in the zero-junction. When a flux
of ®y/2 is applied externally, the situation is reversed. Now the 7m-junction is
satisfied, but the zero-junction has to generate an additional half flux quantum to
make the macroscopic wave function unique.
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Fig. 9.15 a A superconducting loop incorporating a n-junction. b Generated flux of the n-loop,
compared to an ordinary loop, as a function of temperature for different externally applied flux.
Reprinted figure with permission from [36]. Copyright (2004) by the American Physical Society

9.4 Double Interfaces II: F/S/F Structures

The investigation of transport in F/S/F structures can be divided into two aspects,
non-equilibrium effects due to quasi particle injection above the energy gap, and
coherent non-local processes below the energy gap.

9.4.1 Non-Equilibrium Effects

Non-equilibrium effects in F/S/F structures are closely related to two independent
lines of research, spin imbalance in F/N/F systems and charge imbalance in N/S/N
structures. We will describe both as a precursor to understanding the main subject.

The non-equilibrium situations we are interested in occur when there are dif-
ferent types of charge carriers in our structures, the two spin species in the case of
F/N/F structures, and the Cooper pairs and quasi-particles in the case of N/S/N
systems. Each species is characterized by its own chemical potential, and in
thermal equilibrium, these are equal. However, if a steady state current with an
imbalance between the different species is injected, then the chemical potentials
are driven out of equilibrium. The amount of non-equilibrium is governed by the
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injection and decay rates, and generally becomes larger with decreasing sample
volume. Therefore, non-equilibrium situations are easily realized in nanostruc-
tures, and have a tendency to become a nuisance to the observation of other effects.

If a charge current /; is passed through a normal metal, it is carried equally by
spin-up and spin-down electrons. In a ferromagnet, however, the current is spin-
polarized due to the different conductivities of the spin-up and spin-down sub-
bands. At an F/N interface, this spin-polarized current is injected into the normal
metal, leading to an accumulation of one spin species, and a depletion of the other.
This spin imbalance is equivalent to a non-equilibrium magnetization, and splits
the chemical potential of the two spin species. The injection rate in this case is
given by the current polarization in the ferromagnet, whereas the decay is gov-
erned by spin-orbit scattering. The latter transfers the angular momentum asso-
ciated with the non-equilibrium magnetization to the crystal lattice. The typical
relaxation length, the spin-diffusion length A, is a few 100 nm in thin films of
copper or aluminum.

The detection of non-equilibrium situations can be done by means of a non-
local voltage detection scheme, shown in Fig. 9.16 for the case of spin imbalance
in an F/N/F structure [37]. One ferromagnetic contact is used to inject a current,
creating the non-equilibrium. A second ferromagnetic contact is attached as a
voltage detector outside the current path. The magnetizations of injector and
detector can be switched either parallel or antiparallel, making the detector more
sensitive to the chemical potential of either spin up or spin down, where up and
down are defined by the injector magnetization. The voltage is measured relative
to a point far to the right side of the structure, where the non-equilibrium has
relaxed. This setup is referred to as a non-local spin-valve geometry.

In the case of an N/S/N structure with tunnel junctions, current is injected
selectively in the form of quasiparticles, as described in Sect. 9.2.1. These quasi-
particles have to recombine into Cooper pairs inside the superconductor, emitting
their extra energy in the form of phonons. This process is slow at low temperatures,
and in a small superconducting volume the quasiparticle distribution can differ
significantly from the Fermi function assumed in (9.1). Charge imbalance has been

—<

injector ferromagnetic detector

® N %

magnetization
parallel or

antiparallel

>

Fig. 9.16 Schematic view of a non-local spin-valve, designed to measure spin-imbalance in a
normal metal. Two ferromagnetic leads are in contact with a normal metal wire. One contact is
used to inject a spin-polarized current, while the second is used as a voltage detector
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Fig. 9.17 a Non-local voltage as a function of the applied magnetic field in an F/S/F spin valve
for two temperatures close to 7. ¢ is the reduced temperature 7/7.. b Spin-dependent signal
amplitude as a function of injector current (main frame) and reduced temperature (inset). Figure
reused with permission from [40] Copyright (1994) American Institute of Physics

investigated by Clarke and Tinkham [38, 39]. Here, a second tunnel junction has
been used to selectively probe the chemical potential of quasiparticles relative to
the chemical potential of the Cooper pairs. The charge imbalance relaxation length
Ag- 18 typically of the order of 10 pm.

In F/S/F structures, both spin- and charge-imbalance effects combine [40]. The
non-local detector voltage for an F/S/F spin-valve structure is shown in Fig. 9.17a
as a function of applied magnetic field for two different temperature close to the
critical temperature 7. of the superconductor. The magnetic field is swept from
negative to positive values. The voltage remains constant up to a field of about
30 G, above which it exhibits a dip. At larger field, it returns to its initial value.
The magnetic-field dependence is explained by the hysteretic switching of the
injector and detector magnetizations at their individual coercive fields. In the
“dip” region around 50 G, the alignment is antiparallel, while in the flat regions, it
is parallel. The amplitude of the dip is a measure of the imbalance of spin-up and
spin-down chemical potentials. In Fig. 9.17b, the dip amplitude is shown as a
function of injector current (main frame) and reduced temperature 1 — 7/7.
(inset). The signal exhibits a non-linear dependence on injector current, and
quickly decays as the temperature is lowered below the critical temperature. Both
features differ from F/N/F structures, where the current dependence is linear, and
the signal is (almost) independent of temperature. These observations are related to
the strong temperature and energy dependence of both spectral and scattering
properties of quasiparticles in the superconductor.

9.4.2 Crossed Andreev Reflection

In Sect. 9.2.2, we have already mentioned that an electron at sub-gap energies
enters the superconductor as an evanescent wave over the length scale &g, and that
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Cooper pair formation, i.e., Andreev reflection, takes place inside the supercon-
ductor. This spatial dependence opens the possibility to observe non-local effects
in a geometry where two N/S or F/S interfaces are present at a distance of the order
of &s. In addition to local Andreev reflection as a hole or normal reflection as an
electron, the evanescent electron can be transmitted to the second interface, or
even be Andreev reflected as a hole to the second contact. The latter process has
been labeled “crossed Andreev reflection” (CAR) [41]. The investigation of CAR
is interesting for two reasons: First, as the incoming electron and the non-locally
reflected hole are “linked” by the superconducting order parameter, CAR can be
used as a powerful tool to investigate unconventional superconductors [42].
The second motivation is that a Cooper pair is a quantum-mechanically entangled
two-particle state. CAR separates the two particles spatially, creating a non-locally
entangled Einstein—Podolsky—Rosen pair. CAR as a mechanism for a solid-state
entangler might become a useful resource for quantum information processing.
Experimentally, evanescent quasiparticle propagation has been investigated
both in N/S/N [43] and F/S/F [44, 45] structures. In Fig. 9.18a, the setup of the
experiment in Ref. [45] is shown. The samples consist of a superconducting
aluminum bar connected to several ferromagnetic iron wires. The non-local spin-
valve scheme of Fig. 9.16 has been used, as for the investigation of non-
equilibrium effects described in the previous section. Here, however, the contacts
are highly transparent, diffusive point contacts. At low temperature and energy,
current injection into the contact is mainly by Andreev reflection, i.e., the above
mentioned non-equilibrium effects of quasiparticles are neglectable. While the
transmission of an evanescent electron from contact A to B conserves spin, the
hole created by CAR has opposite spin. Therefore, the former has a higher
probability when the electrode magnetizations are parallel, whereas the latter is
preferred for antiparallel alignment. This results in a signal difference ARxp
between parallel and antiparallel alignment, similar to the spin-dependent dip

o

AR, (MQ)

200 400 600 800
d (nm)

Fig. 9.18 a A non-local superconductor—ferromagnet spin valve used to investigate crossed
Andreev reflection. b Spin dependent non-local resistance difference as a function of contact
distance. Reprinted figure with permission from [45]. Copyright (2004) by the American Physical
Society
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seen in Fig. 9.17a. Figure 9.18b shows AR, for two different samples as a
function of the distance d between the contacts. The signal decays on the length
scale of & ~ 150 nm, as expected for evanescent waves. This decay length is
different from the typical length scales for non-equilibrium spin relaxation
(~500 nm), and charge imbalance relaxation (~5,000 nm), obtained for the
same samples at higher temperatures. The precise quantitative contribution of
CAR, evanescent electron transmission, and non-equilibrium quasiparticles in F/
S/F spin-valves is the subject of ongoing investigations.

9.5 Beyond Conductance: Noise and Correlations

In the previous sections, the discussion of transport properties has been restricted
to (differential) conductance, i.e., the relation of the average current to the applied
voltage. In general, however, due to thermal fluctuations and the discreteness of
the electron charge, the instantaneous current at a given moment will deviate from
the time-averaged value [46]. In other words, the current is noisy. Noise can be
quantified by current—current correlation functions of the form

SAB(‘L') = <AIA(Z)AIB(I + ‘C)>, (912)

where Al g(f) = Inp(?) — (Inp(9) is the instantaneous deviation from the
average current through a contact A or B. This definition includes both noise, i.e.,
the auto-correlation function Sa, involving only one contact, as well as cross-
correlations for different contacts.

In tunnel junctions at low temperature, noise is entirely due to the uncorrelated
tunneling of individual electrons, i.e., the current consists of a statistically dis-
tributed series of d-function peaks. This shot-noise has a magnitude S = 2el in the
limit of low tunnel-barrier transparency. For superconducting structures, however,
Andreev reflection leads to a correlated tunneling of pairwise electrons. This is
expected to result in a doubling of shot-noise, S = 4el.

In Fig. 9.19a, an experimental setup for the detection of shot-noise in a contact
between a superconductor and a two-dimensional electron gas based on InAs is
shown [47]. In the experiment, a current is injected into the contact, and the
voltage fluctuations are measured by means of a sensitive broad-band amplifier
and a spectrum analyzer. From these data, the current fluctuations are calculated.
The results are shown in Fig. 9.19b as a function of injector current. The noise
varies linearly with injector current, and changes slope at some finite current,
indicated by arrows. At this point, the voltage reaches the superconducting gap.
Even though the slopes do not exactly correspond to the 2el and 4el mentioned
above, the steeper slope at low current can be explained by the double charge
transfer of Andreev reflection, whereas the smaller slope at high current is due to
uncorrelated tunneling of single quasiparticles.
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Fig. 9.19 a Setup for the detection of noise in a superconductor—semiconductor junction. b Shot
noise as a function of injector bias. Reprinted figure with permission from [47]. Copyright (2005)
by the American Physical Society

The structure shown in Fig. 9.19a has been designed as a two-branch beam
splitter. Even though only shot-noise, i.e., current auto-correlation, in one arm was
investigated, this type of structure is intended to detect cross-correlations between
the two arms. Especially, positive correlations are expected when the electron and
hole involved in Andreev reflection are transmitted through different arms of the
beam-splitter, similar to CAR described in Sect. 4.2 in Chap. 4. No experiments
have been reported on noise in F/S contacts so far, but spin-selection by ferro-
magnets is expected to be a valuable tool for the investigation of current corre-
lations due to non-locally entangled pairs produced by crossed Andreev reflection.
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