MATERIALS SCIENCE

H. Adachi
T.Mukoyama
J.Kawai (Eds.)

Hartree-Fock-Slater
Method for

Materials Science

The DV-Xa Method
for Design and
Characterization

of Materials

@ Springer



Springer Series in

MATERIALS SCIENCE



Springer Series in

MATERIALS SCIENCE

Editors: R. Hull

R. M. Osgood, Jr.

J. Parisi

H. Warlimont

The Springer Series in Materials Science covers the complete spectrum of materials physics,
including fundamental principles, physical properties, materials theory and design. Recognizing
the increasing importance of materials science in future device technologies, the book titles in this
series reflect the state-of-the-art in understanding and controlling the structure and properties
of all important classes of materials.

71

72

73

74

75

76

77

78

Dissipative Phenomena

in Condensed Matter

Some Applications

By S. Dattagupta and S. Puri

Predictive Simulation
of Semiconductor Processing
Status and Challenges

Editors: J. Dabrowski and E.R. Weber

SiC Power Materials
Devices and Applications
Editor: Z.C. Feng

Plastic Deformation
in Nanocrystalline Materials
By M.Yu. Gutkin and L.A. Ovid’ko

Wafer Bonding
Applications and Technology
Editors: M. Alexe and U. Gosele

Spirally Anisotropic Composites
By G.E. Freger, V.N. Kestelman,
and D.G. Freger

Impurities Confined
in Quantum Structures
By P.O. Holtz and Q.X. Zhao

Macromolecular Nanostructured
Materials
Editors: N. Ueyama and A. Harada

8o

81

82

83

84

85

86

Magnetism and Structure

in Functional Materials
Editors: A. Planes, L. Manosa,
and A. Saxena

Ion Implantation
and Synthesis of Materials
By M. Nastasi and J.W. Mayer

Metallopolymer Nanocomposites
By A.D. Pomogailo and V.N. Kestelman

Plastics for Corrosion Inhibition
By V.A. Goldade, L.S. Pinchuk,
A.V. Makarevich and V.N. Kestelman

Spectroscopic Properties of Rare Earths
in Optical Materials
Editors: G. Liu and B. Jacquier

Hartree-Fock-Slater Method

for Materials Science

The DV-X Alpha Method for Design
and Characterization of Materials
Editors: H. Adachi, T. Mukoyama,
and J. Kawai

Lifetime Spectroscopy

A Method of Defect Characterization
in Silicon for Photovoltaic Applications
By S. Rein

Wide-Gap Chalcopyrites
Editors: S. Siebentritt and U. Rau

Volumes 20-70 are listed at the end of the book.



H. Adachi - T. Mukoyama - J. Kawai (Eds.)

Hartree-Fock-Slater Method
for Materials Science

The DV-Xa Method for Design
and Characterization of Materials

With 132 Figures and 33 Tables

@ Springer



Editors:

Professor Hirohiko Adachi

Kyoto University

Center of Fundamental Chemistry
34-4,Takano-Nishihiraki-cho
Sakyo-ku, Kyoto 606-8103, Japan
E-mail: adachi@fukui.kyoto-u.ac.jp

Professor Takeshi Mukoyama
Kansai Gaidai University

16-1 Nakamiya-Higashinocho
Hirakata, Osaka 573-1001, Japan
E-mail: mukoyama@kansaigaidai.ac.jp

Series Editors:

Professor Robert Hull

University of Virginia

Dept. of Materials Science and Engineering
Thornton Hall

Charlottesville, VA 22903-2442, USA

Professor R. M. Osgood, Jr.

Microelectronics Science Laboratory
Department of Electrical Engineering
Columbia University

Seeley W. Mudd Building

New York, NY 10027, USA

ISSN 0933-033X

Professor Dr. Jun Kawai

Kyoto University

Dept. of Materials Science and Engineering
Sakyo-ku, Kyoto, 606-8501, Japan

E-mail: jun.kawai@materials.mbox.media.
kyoto-u.ac.jp

Professor Jiirgen Parisi

Universitat Oldenburg, Fachbereich Physik
Abt. Energie- und Halbleiterforschung
Carl-von-Ossietzky-Strasse 9-11

26129 Oldenburg, Germany

Professor Hans Warlimont

Institut fiir Festkorper-
und Werkstofforschung,
Helmholtzstrasse 20
01069 Dresden, Germany

ISBN-10 3-540-24508-1 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-24508-7 Springer Berlin Heidelberg New York

Library of Congress Control Number: 2005924367

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned,
specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilm or in any other way, and storage in data banks. Duplication of this publication or parts thereof is
permitted only under the provisions of the German Copyright Law of September 9, 1965, in its current version,
and permission for use must always be obtained from Springer. Violations are liable to prosecution under the
German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com

© Springer-Verlag Berlin Heidelberg 2006
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

Typesetting by the editors

Production: LE-TgX Jelonek, Schmidt & Vockler GbR, Leipzig
Cover concept: eStudio Calamar Steinen

Cover production: design & production GmbH, Heidelberg

Printed on acid-free paper 57/3141/YL SPIN: 11383833 543210



Springer Series in

MATERIALS SCIENCE

Editors: R.Hull R.M. Osgood, Jr. J.Parisi H.Warlimont

20 Microcluster Physics 35 Macromolecular Science
By S. Sugano and H. Koizumi and Engineering
2nd Edition New Aspects
21 The Metal-Hydrogen System Editor: Y. Tanabe
By Y. Fukai 2nd Edition 36 Ceramics
L Mechanical Properties,
22 JTon Im'plantatlon in Dlamm}d, Failure Behaviour,
Graphite and Related Materlals. Materials Selection
By M. S. Dresselhaus and R. Kalish By D. Munz and T. Fett
23 The .Real Structure 37 Technology and Applications
of High-T Superconductors of Amorphous Sili
. phous Silicon
Editor: V. Sh. Shekhtman Editor: R, A. Street
24 Met:‘xl‘ Imp urltfes .. 38 Fullerene Polymers
in Silicon-Device Fal.)r.lcatlon and Fullerene Polymer Composites
By K. Graff 2nd Edition Editors: P. C. Eklund and A. M. Rao
25 Optical PFo.perties of Metal Clusters 39 Semiconducting Silicides
By U. Kreibig and M. Vollmer Editor: V. E. Borisenko
26 Gas Source Molecule}r Beam Epitaxy 40 Reference Materials
Growth :and Properties of Phosphorus in Analytical Chemistry
Containing I.II—V Heterostru;tures A Guide for Selection and Use
By M. B. Panish and H. Temkin Editor: A. Zschunke
27 Phys1cs of New.Materlals .. 41 Organic Electronic Materials
Editor: F E. Fujita 2nd Edition Conjugated Polymers and Low
28 Laser Ablation Molecular Weight Organic Solids
Principles and Applications Editors: R. Farchioni and G. Grosso
Editor: J. C. Miller 42 Raman Scattering
29 Elements of Rapid Solidification in Materials Science
Fundamentals and Applications Editors: W. H. Weber and R. Merlin
Editor: M. A. Otooni 43 The Atomistic Nature
30 Process Technology of Crystal Growth
for Semiconductor Lasers By B. Mutaftschiev
Crysta} Growth 44 Thermodynamic Basis
and Microprocesses of Crystal Growth
By K. Iga and S. Kinoshita P-T-X Phase Equilibrium
31 Nanostructures and Non—Stoichiometry
and Quantum Effects By J. Greenberg
By H. Sakaki and H. Noge 45 Thermoelectrics
32 Nitride Semiconductors and Devices Basic Principles
By H. Morkog and New Materials Developments
By G.S. Nolas, J. Sharp,
33 Supercarbon and H.J. Goldsmid
Synthesis, Properties and Applications
Editors: S. Yoshimura and R. P. H. Chang 46 Fundamental Aspects
of Silicon Oxidation
34 Computational Materials Design Editor: Y. J. Chabal

Editor: T. Saito



Springer Series in

MATERIALS SCIENCE

Editors: R. Hull

49

50

51

52

53

54

55

56

57

58

59

R. M. Osgood, Jr.

Alkali Halides

A Handbook of Physical Properties

By D. B. Sirdeshmukh, L. Sirdeshmukh,
and K. G. Subhadra

High-Resolution Imaging
and Spectrometry of Materials
Editors: E. Ernst and M. Riihle

Point Defects in Semiconductors
and Insulators

Determination of Atomic

and Electronic Structure

from Paramagnetic Hyperfine
Interactions

By J.-M. Spaeth and H. Overhof

Polymer Films
with Embedded Metal Nanoparticles
By A. Heilmann

Nanocrystalline Ceramics
Synthesis and Structure
By M. Winterer

Electronic Structure and Magnetism
of Complex Materials

Editors: D.J. Singh and

D. A. Papaconstantopoulos

Quasicrystals

An Introduction to Structure,
Physical Properties and Applications
Editors: J.-B. Suck, M. Schreiber,
and P. Haussler

SiO2 in Si Microdevices

By M. Itsumi

Radiation Effects

in Advanced Semiconductor Materials
and Devices

By C. Claeys and E. Simoen

Functional Thin Films

and Functional Materials

New Concepts and Technologies
Editor: D. Shi

Dielectric Properties of Porous Media
By S.0. Gladkov

J. Parisi

60

61

62

63

64

65

66

67

68

69

70

H. Warlimont

Organic Photovoltaics

Concepts and Realization

Editors: C. Brabec, V. Dyakonov, J. Parisi
and N. Sariciftci

Fatigue in Ferroelectric Ceramics

and Related Issues

By D.C. Lupascu

Epitaxy

Physical Principles

and Technical Implementation

By M.A. Herman, W. Richter, and H. Sitter

Fundamentals

of Ion-Irradiated Polymers

By D. Fink

Morphology Control of Materials
and Nanoparticles

Advanced Materials Processing

and Characterization

Editors: Y. Waseda and A. Muramatsu

Transport Processes

in Ion-Irradiated Polymers

By D. Fink

Multiphased Ceramic Materials
Processing and Potential

Editors: W.-H. Tuan and J.-K. Guo

Nondestructive

Materials Characterization

With Applications to Aerospace Materials
Editors: N.G.H. Meyendorf, P.B. Nagy,
and S.I. Rokhlin

Diffraction Analysis

of the Microstructure of Materials
Editors: E.J. Mittemeijer and P. Scardi
Chemical-Mechanical Planarization

of Semiconductor Materials
Editor: M.R. Oliver

Applications of the Isotopic Effect
in Solids
By V.G. Plekhanov



Preface

The aim of this book is to present and explain the discrete variational (DV) Xa
molecular orbital method for calculations of the electronic structure and prop-
erties of molecules. With recent advance of computers, several self-consistent
molecular orbital methods have been developed. The DV-Xa method is one
such method.

The approximation for the exchange potential, now denoted by the Xa
potential, was first introduced in 1951 by J.C. Slater. The Xa method is usu-
ally called as the Hartree-Fock-Slater method for atoms. J. Korringa (1947),
W. Kohn and N. Rostoker (1954) proposed the Korringa—Kohn-Rostoker
(KKR) method to calculate electronic states of solids with a translational sym-
metry by the use of the multiple scattering approach. Though this approach
was believed to be suitable for energy band calculations, K.H. Johnson (1967)
demonstrated that this approach is also applicable to isolated molecules, using
the Xa potential. Johnson’s method was called the multiple scattering (MS)
Xa or scattered wave (SW) Xa method. After the work of Johnson, compli-
cated molecules or surfaces, without any periodic boundary conditions, could
be calculated with a similar method of solid state physics.

The DV-Xa method first appeared in 1970 in Chicago and was devel-
oped by D.E. Ellis, H. Adachi (one of the editors and authors of this book),
and other young researchers at that time. In contrast, to multiply scattered
spherical waves used for the MS-Xa or SW-Xa method, the wave functions in
the DV-Xa method are expressed by a linear combination of atomic orbitals
(LCAO). The atomic wave functions are given in numerical form and the
matrix elements in the secular equation are calculated numerically with the
DV-integration method. The advantage of the DV-Xa method is the possibil-
ity to obtain realistic molecular potentials and wave functions with relatively
small basis set. This method is also applicable to molecules or clusters both
for ground and excited states, which have no translational symmetry.

Based on this merit, the DV-Xa method has been used for design of alloys
and ceramics, surface and interface chemistry, and core level spectroscopies,
because, in such systems, the added atoms, surface, or core hole are regarded



VIII  Preface

as an impurity to break the periodic boundary condition. Recently the DV-Xa
method has been applied to design of various kinds of industrial materials,
such as electric batteries, catalysts, etc.

The reason for such wide applications is in the fact that by using the
DV-Xa method it is easy to converge the electronic structure of clusters that
contain any atomic number elements up to Z = 115; any kind of unstable
valence states, such as Fe®t; any bond length, such as an iron in the earth’s
core; or a very short-lived transition state, such as the 1s core hole state.
The DV-Xa method is still advancing including the relativistic effect, spin
multiplet, and spin-orbital interaction.

This book presents various topics of the DV-Xa method from the ba-
sic concept to important applications and is divided into three parts. The
first part is fundamental and the basic principle of the DV-Xa method is ex-
plained in Chap. 1. The second part is devoted to materials science. Chapters
2 to 7 describe alloy design, lattice imperfections, ceramics, magnetic proper-
ties, optical materials and heavy elements. The third part covers applications
for spectroscopy. X-ray spectroscopy, core hole spectroscopy and Auger spec-
troscopy are discussed in Chaps. 8 to 10.

We wish to thank Dr. I. Kishida for his efforts to transform many compli-
cated mathematical formulae into TeX. It is also a pleasure to thank Claus
Ascheron of Springer for his encouragement and patience over the course of
preparing this book.

Kyoto, Oct. 2005 Hirohiko Adachi
Jun Kawai
Takeshi Mukoyama
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Part I

Fundamental



1
DV-Xa Method and Molecular Structure

Hirohiko Adachi

1.1 Molecular Orbital Theory

In a molecule, the potential acting on an electron can be expressed as a sum-
mation of the potentials of the constituent atoms. In such a model, the electron
moves about in the attracting field of their nuclei; in other words, the valence
electron can move all over the molecule, because the potential barrier is de-
pressed midway between the atoms where the atomic potentials overlap (see
Fig. 1.1).

Molecular orbital theory addresses such an electron system. The molecular
orbital corresponds to the wave function of the electron moving about in the
molecule. In order to obtain the molecular orbital ¢;, we need to solve the
Schrédinger equation for the molecule, written as

h¢l(r) 261(25[(7‘) s (1.1)

where h is the one-electron Hamiltonian for the molecule, given by
Lo
h(r) = —2V +Vi(r). (1.2)

Because it is impossible to solve the partial differential equation of (1.1)
rigorously, we need to make an approximation of the solution to the equation.
In most molecular orbital (MO) methods, an MO wave function ¢; is expressed
by a linear combination of atomic orbitals (LCAQO) written as

G => Caxi. (1.3)
l

where Cj; is the coefficient and x; the atomic orbital as a basis function.
In order to find a solution to the Schrédinger equation, the Rayleigh—Ritz
variational method is usually employed to obtain a secular equation. The
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valence level
atomic potential

core level

Fig. 1.1. Schematic diagram of the molecular potential resulting from superimpos-
ing atomic potentials

molecular orbital can be obtained by solving the secular equation written in
a matrix formula as
(H-—€e-5)-C=0, (1.4)

where H and S are the matrices whose elements are the so-called resonance
and overlap integrals, respectively. Solving the equation yields the eigenvalue &
and eigenvector C, which correspond to the one-electron energy and the coef-

ficient of the LCAO wave function for the molecular orbital, respectively. The
matrix elements H;; and S;; in the secular equation are given by integrals of
atomic orbitals as

Sij = /Xin dv, (15)

Hij = /XiHde’U s (16)

and are referred to as the “resonance integral” and “overlap integral,” re-
spectively, as mentioned above. For the case of i = j, we sometimes call the
integral H;; the “Coulomb integral.” In the MO calculation, we should first
evaluate the matrix elements H;; and S;; of (1.5) and (1.6) to construct the
secular equation and then solve it by diagonalizing the matrix to obtain €

and C' as the eigenvalue and eigenvector. Thus, we obtain the eigenvalue ¢,

which corresponds to the one-electron MO energy and the eigenvector to the
coefficient Cj; for the atomic orbital 7 in the LCAO wave function of the ith
molecular orbital.

Next, we try to understand the spatial distribution of electronic charge.
We can analyze the result of the MO calculation with the aid of the Mulliken
population analysis [1]. In this method, the total number of electrons in the
system can be written as

n= > > Q5. Qj=fiCuCuSi, (1.7)
TR
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where f; is the occupation number of the ith MO level. Qéj and Q! are re-
lated by

Q=> Q. (1.8)
J

are the contributions of the {th MO state to the orbital population @; and
the overlap population @;;, defined as

Qi=>_ > Ql, (1.9)
1
and

Qij = Q. (1.10)
l

They are regarded as the effective number of electrons in the ith atomic or-
bital, and the strength of the covalent interaction between atomic orbitals i
and j, respectively. When the value of ();; is positive, the interaction between
atomic orbitals ¢ and j is bonding, while an antibonding interaction occurs in
the case of a negative overlap population. The sum of ); over all ¢ belonging
to atom A,

Qa =) Qi, (1.11)

i€EA

is the effective charge of the atom. Thus, the net charge of atom A, Ny, is
given by the difference between the atomic number Z5 and @a; thus,

Nao=2Zx—Qa . (1.12)

The bond overlap population (BOP), Qag, which is defined as the sum of Q;;
over all 7 belonging to atom A and all j belonging to atom B — namely,

Qa=Y_> Qi, (1.13)

i€A i€B

is considered as a measure of strength of covalent bonding between atoms
A and B.

1.2 Discrete Variational (DV) Xa
Molecular Orbital Method

In the conventional first-principle molecular orbital method, an analytical
function such as the Gaussian-type orbital (GTO) or the Slater-type orbital
(STO) is utilized as the basis functions of the LCAO of (1.3), so that the
analytical integrations for H and S are feasible. In such a case, a large number
of basis functions is necessary to represent an atomic orbital. This means
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that a large-scale computation for the preparation of the matrix elements is
inevitable with this method.

In the discrete variational Xo (DV-Xa) method [2—4], we adopt an LCAO
MO function given by (1.3) similar to the usual MO method, but we use the
real atomic orbital for the basis function y; instead of the analytical function,
so that one can prepare basis functions, each of which corresponds to one
atomic orbital. This drastically reduces the required computational memory
and time. The atomic orbital used as the basis function can be obtained by
numerically solving the Schrodinger equation for an atom. The atomic orbital
wave function is given by

X = Bui(r) - yim(0, 9) , (1.14)

where y;, are the well-known spherical harmonics, and R,; is the radial wave
function, which we can calculate numerically with the following equation for
a given atom:

{ld2 1d

Tod?  rdr V(?")} Ruy(r) = entBui(r) - (1.15)

The numerical computation of the above equation is practicable by the use
of a computer code similar to that introduced by Herman and Skillman [5].
Figure 1.2 shows the radial wave functions R,; for C and O atoms, which can
be used for MO calculations of a molecule that contains these atoms.

The atomic orbital y is the product of Ry,; and the spherical harmonics Yy,
as shown by (1.14). We use the numerical atomic orbital thus obtained for the

Fig. 1.2. Radial wave function of atomic orbitals for C and O atoms
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basis function in the DV-Xa MO method; naturally, analytical integrations
for the resonance and overlap matrix elements, H;; and S;;, are impossible
to carry out. Instead, a numerical integration [4, 6] should be adopted for
the calculation of H;; and S;;. In this method, the integration is replaced by
a summation; namely,

N
/dr~g('r) =Y w(rk) - g(re) - (1.16)

k=1

Here g(r) is the integrand, and w(ry) is the weight of the sampling point 7.
For the integration, we first take a total of N sampling points in three-
dimensional real space to calculate the integrand values at each sampling
point, and then sum up the integrand values multiplied by the weight of the
point over all sampling points. The matrix elements are thus given by

N

Hij =Y w(re)xi(ri)h(ri)x; (ve) | (1.17)
k;l

Sij = Y wre)xi(ri)x; (re) (1.18)

>
Il

1

where h(r}) is the one-electron Hamiltonian given by
Lo
h(ry) = —2V +V(ry) . (1.19)

V(ry) is the effective molecular potential and is written by

o 1/3
V(ry) =— XV: - %VR,,| + / pr2) dry — 30[{8:;,0(71)} ) (1.20)

12

where Z, and R, are the atomic number and position of atom v, respectively.
The molecular charge density is given by

p(r) =Y o) = fileu(r) . (1.21)
l l

Thus, the first and second terms of (1.20) are the attractive potential from the
nuclei and the repulsive potential of the electron cloud of the whole system,
respectively. The third term is the exchange-correlation potential proposed by
Slater [7,8], and « is the scaling parameter, the only parameter used in this
method.

In performing the DV numerical integration described above, we have to
generate the N sampling points. We first take three random numbers, ay,
br, and cg, which are distributed between 0 and 1, to set the kth sampling
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point 7. We can choose these numbers, for example, to be the decimal parts
of ap =k x 22, by = kx3Y2 and ¢, = k x 5Y/2, for k = 1 to N. In order to
determine the point 7 (rk, 0k, ¢x) in polar coordinates using ay, by, and cg,
we set

cosfy =2b, — 1,

b = 2mey (1.22)
exp(ay/A)

e =In 1+ {1 —exp(ag/A)} exp(—Rp) ’

where A is an adjustable parameter and Ry is chosen to be a value near the
atomic radius. Both are parameters of the Fermi-like distribution function for
the sampling point (see Fig. 1.3).

Then, the density of the sampling point is given by

A

d(r) = . 1.23
) 47r2{1 + exp(r — Ro)} (1:23)
The sampling points are distributed around a given atom according to the
above equations. For a molecular calculation, we take these points around all
constituent atoms. The density of the sampling point r can be given by the

sum of contributions from all atoms in the molecule; thus,
D(r) = "t,-dy(r,), Y t,=1. (1.24)

Consequently, the weight of the sampling point is

1

“r) = N D) -

(1.25)

The distribution of the sampling points for a diatomic molecule is dis-
played in Fig. 1.4. The sampling points are relatively condensed near the nu-
cleus where the variations of the wave functions and the potential are rapid,
while the points are dilute far from the nucleus since these functions change
smoothly.

d(r) A

r
L > Fig. 1.3. Density of the sampling

point of a Fermi-like function
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Fig. 1.4. Projection of 2000 sampling points around the C and O atoms in a CO
molecule

Next, we should evaluate the integrand at a given sampling point con-
structed by the atomic orbital functions and potential function, as given in
(1.17) and (1.18). The radial part of the atomic orbital given by (1.14) is
previously calculated using (1.15). The molecular potential is also expressed
by (1.20); thus, we are able to evaluate the integrand value at the point.

Figure 1.5 illustrates how to estimate the values of atomic orbital functions
at a sampling point r locating around the nuclei. The integrand is multiplied
by the weight w(r) for each sampling point and then summed up over all
the sampling points to obtain the integral values of H;; and S;;. The secular
equation thus composed can be solved by an ordinary matrix diagonalization
to obtain the eigenvalues and eigenvectors.
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Fig. 1.5. Evaluation of the radial wave functions of atomic orbitals for C and O
atoms at a sampling point r

1.3 Molecular Orbital Calculation of Ho

Next we are going to perform an actual calculation of the molecular orbital.
The simplest case of a molecular problem is a hydrogen molecule. Consider
two hydrogen atoms A and B approaching each other to form a hydrogen
molecule. In this case, we have an LCAO molecular orbital given by

¢ =Caxa+Caxs, (1.26)

where xa and xp are H X 1s orbitals of atoms A and B. The secular equation
(1.4) can thus be expressed as

(HAA — E)CA + (HAB — ESAB)CB =0

(HBA - ESBA)OA + (HBB — E)CB =0 (127)

where we can set
€0 =Haa =Hpp, OSBa=5as, Hpa=Hagn, (1.28)

since the atoms A and B are equivalent. Then, the eigenvalue € can be obtained
by solving the determinantal equation

co—€  Hap—eSaB

Hap —eSap  c0—¢ = (e0 —€)* — (Hap — €SaB)* = 0. (1.29)

Then, we have two values
o + Hap

£ 1+ SaB

for eigenvalues; namely, the orbital energies for the Hy molecule. Because the
molecular wave function ¢; is normalized, we have

(1.30)

/|¢l|2du=cji+0§+2CA CpSap =1. (1.31)
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From (1.27) and (1.31), we obtain

1
Cph=Cp = 1.32
AT \/2(1 + Sap) (1.32)
for e = €4, and we also have
Ca = —C = ! (1.33)
A= B= 2(1 — SAB) '

for e = e_. As a consequence, the two MO functions

1
¢+ = \/2(1 + SAB)(XA +XB)

1
¢ = \/2(1 _ SAB)(XA - xB)

are given for these two energy states. These states are referred to as the
“bonding state” (4) and the “antibonding state” (—), respectively.

The values of Sag and Hag, as well as g, are the functions of the inter-
atomic distance R between A and B, and are calculated as shown in Fig. 1.6.
The overlap integral Sap takes a value between 0 and 1, as expected. The

(1.34)

1.0

0.5

-1.5

Fig. 1.6. Variation of Sap, Hap and o with R. Hap and ¢ are given in Ry
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Coulomb integral €¢ is the atomic energy of hydrogen perturbed by the po-
tential of another atom, and the resonance integral Hap is approximately
the product of £g and Sap.

At the equilibrium distance of the Hy molecule of 0.74A (1.4a.u.), we
obtain the values of 0.783, —0.765, and —0.703 for Sap, €0, and Hap (in units
of Ry, where 1Ry = 13.6€V), respectively, from the DV-X« calculation. The
MO energies and wave functions are calculated using these values. The level
of the bonding state is found to be depressed compared with £g, while that of
the antibonding state is elevated, as shown in Fig. 1.7.

Figures 1.8a,b are the plots of the wave functions and the contour maps
for these MO states. For a deeper understanding of these states, we look into
the charge densities and the difference charge densities, which are elucidated
in Fig. 1.9. The molecular charge density can be obtained by the square of
the MO function and summing up over the occupied states; it is expressed by

pr) = o), pulr)=alr)® . (1.35)
1

The difference density is defined to be the difference between the charge den-
sity of the molecule and the sum of atomic charge densities, and it indicates the
variation of charge density during the formation of the molecule. In the figures,
we note an increase in the charge density for the bonding state and a decrease
for the antibonding state midway between the two nuclei of A and B. In the
bonding state, the increase in the density of negative charge located around
the midpoint of the A—B bond attracts these two positively charged nuclei,

_ €. - B
| A
- .
e
&
m =
2 i & € ,
X I XB
g, >
— A B

Fig. 1.7. Molecular orbital levels and wave functions for the bonding state (¢4 and
¢+) and antibonding state (e— and ¢_) of an Ha molecule
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(@ (b)

Fig. 1.8. Plots of MO wave functions and contours for (a) the bonding and (b) the
antibonding state

and causes these two atoms to unite to form a molecule. This force can be
regarded as the essence of covalent bonding. By contrast, the increases of elec-
tronic charge in the antibonding state are located outside the A—B bond, and
serve to pull apart these two atoms.

1.4 Covalency and Ionicity

In addition to the covalent bonding described above, we should consider an-
other important concept — the ionicity — which is deduced from molecular
orbital theory. Consider the case of a diatomic molecule similar to the Hs
molecule, but where the two atoms are of different elements. Then, unlike the
case of the Hy molecule, the Coulomb integral Haa in (1.27) is not equal to
Hpg. In this case, we have two eigenvalues given by

(€A—|—€B — QSABHAB) + \/(éA +eg— QSABI'{AB)2 —4(1 — S/EB) (5A€B — HEB)

E4 = 2 )
2(1-S2p)

where we set e = Haa and eg = Hpp. In evaluating the eigenvalue, we need

four parameters — e, eg, Hap and Sap — in this case. However, having to vary

all of these parameters complicates the calculation of the eigenvalues. Thus,

we fix three parameters for simplicity; we set eg = —0.5, Hap = —0.5 and



i "‘ - .
LI 1N

(d) A :p(cuz)'zpatom

A\

/ (€) AP=p(Cg?)-EP 41om

Increase of electronic charge density

Fig. 1.9. Electronic charge density (p) and difference charge density (Ap) for bond-
ing (0g) and antibonding (ov) electronic states

Sap = 0.3, and then vary only ex. The MO wave functions can be calculated
by (1.27) and (1.31). Then, we implement Mulliken population analysis given
by (1.7)-(1.13) to clarify the charge density quantitatively. When we take
ea = 0,—0.5,—1.5, and —2.0, the results shown in Table 1.1 are obtained.

Figure 1.10 demonstrates the changes in MO wave functions, eigenvalues,
orbital populations, and overlap populations. It can be noted from the re-
sult that the chemical bonding between different elements consists of both
covalency and ionicity.

In case (a), @a = 0.486 and Qg = 1.514 are obtained. This means that
approximately half an electron is transferred from atom A to atom B. It is also

Table 1.1. Variations of MO wave functions, eigenvalues, and charge densities

€A et Ca Cg e_ Ca Cg Qa @ QaB

a) 0 —0.645 0.363 0.814 0.425 0.975 —0.660 0.487 1.514 0.377
b) —0.5 —0.769 0.620 0.620 0.000 0.845 —0.845 1.000 1.000 0.462
c) —1.0 —1.059 0.876 0.286 —0.259 0.575 —1.009 1.687 0.313 0.300
d) —2.0 —2.007 0.978 0.067 —0.415 0.247 —1.045 1.952 0.048 0.078

—~ e~ o~ —
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seen that the electronic charge transfers from the atom with a higher atomic
level to that with a lower level, by comparing cases (a) and (c). This effect
corresponds to the charge transfer from an electropositive to an electroneg-
ative atom. The larger the level separation of two atoms, the more amount
of charge transfer occurs; namely, the bonding becomes more ionic, as seen
in case (d). From the change in the overlap population Qap, the covalent
bonding is stronger when the level separation is smaller with maximum at
EA = EB.

1.5 DV-Xa Molecular Orbital Calculation
for CO Molecule

Next, we try to apply the DV-Xa method to a slightly more complicated
system like carbon monoxide, i.e., CO molecule. We assume that the C
and O atoms lie on the z-axis, and the internuclear distance is 1.128 A.
In this case, we take into account the 1s, 2s, and 2p orbitals for both

0.
A~ /. A_ M A ///.\ é ~” : ~
N /Z B 7~ B ~~%" "B ~ 7 B
€
&/ \ €
E; or € \ € €A € /8—-\ € €. €p
2 \p— X e /- ——
2 1% @, & o/ g [
-1 [=0as6 3, <1514 (0461) ~ee/ / l
: 1687 (30 0313
€A I +
21 -“J

1952 (0.078) 0.048

Fig. 1.10. Changes in MOs, levels, charge densities and bonding nature as ea is
varied
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C and O atoms in the basis functions. Then the molecular orbital ¢; is
given by

&1 = Cuxcis + Caxcas + Caixcep, + Carxois + Csixozs + Cerxozp.

+ Crixczp, + Caixozp, + Corxcep, + Crorxozp, - (1.36)

The molecular orbital calculation is carried out according to the procedure
described in Sect. 1.2. First, the atomic orbital calculations for C and O are

Table 1.2. Matrix elements of S;;, H;;, and Cj; in the secular equation for the CO
molecule

( 1.00000
I
! I 1.00000

000022 20.05249 -0.08946 1.00000
-0.05629  0.44001 :

S =
~ 0.10867 -0.40043
1.00000

-19.97042

| 0.01273 |-1.34577

| 0.03295 -0.59983| -1.23273

-0.00879 1.98593 3.38317 -37.75324
- 1.13662 -1.11027 -1.26833 |Foﬁs4?| -2.06514
~ -2. 18855 082106 059308 |-0.03064 046516| 136072

1 6:00000! ' 01 1-0.46074
0.50237 082941

1= 1 2 3 4 5 6 7 8 9 10

€= -37.75336-19.97046 -2.20137 -1.08878 -0.90714 -0.90713 -0.67008 -0.16282 -0.16282 0.96624

(OAOOOIS 1.00000 -0.07310
-0.00064 -0.00090 -0.17371
-0.00038 -0.00204 -0.18036
-1.00007 -0.00047 -0.02566
0.00067 0.00071 -0.74768
-0.00118 0.00030 027388

0.32881 l—ﬁ C)Dﬂl |0,61253 0.80259

0.78800 | 036002 1040948 053657
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performed using (1.15) with neutral charge densities as the initial step, to
obtain the numerical atomic orbitals previously shown in Fig. 1.2. Then, the
sampling points are randomly generated according to (1.22)—(1.25). In order
to evaluate the integrals S;; and H;;, we use numerical the integration scheme
given by (1.17) and (1.18). The integrand values in the equations are evaluated
in the manner shown in Fig. 1.5. Thus, the matrix elements S;; and H;; are
obtained. The results are shown in Table 1.2. In this case, 1 000 000 sampling
points are used for DV integrations.

The matrices H and S are symmetric; that is, S;; = S;; and H;; = Hy;.
Therefore, only the lower triangular parts are given in the table. The values
of the matrix elements in the shaded parts should be zero if the integration
is rigorously accurate. Then, the 10 x 10 matrices can be divided into one
6 x 6 matrix and two 2 X 2 matrices, which correspond to the irreducible o
and doubly degenerate 7 representations.

The next step in the molecular orbital calculation is to solve the secular
equation (1.4). The eigenvalue € and eigenvector C, which give the molecular

orbital energies and the coefficients of the LCAO wave function in (1.3) or
(1.36), respectively, are obtained by solving the matrix equation (1.4). Thus,
ten eigenvalues ¢; are equivalent to MO energies, six of which are of the o-
type and four are of the doubly degenerate m-type. The matrix elements Cy

Table 1.3. Orbital eigenvalues (g;) and occupation numbers (f;) for a CO molecule

l 9] fl
(Ry) (Hr) (eV)

1 1o —-37.753 —18877 —513.579 2.000
2 20 —-19.970 —9.985 —271.669 2.000
3 30 —2201 —-1.100 —29.946 2.000
4 40 —1.089 —0.544 —14.811 2.000
5 1m —0.907 —0.454 —12.340 4.000
7 50 —0.670 —0.335 —9.115 2.000
8§ 2m —-0.163 —0.081 —2.215 0.000

10 60 0.966 0.483 13.144 0.000

Table 1.4. Mulliken population analysis for the CO molecule

Initial Final

C-1s  2.00000 2.00034
C-2s  2.00000 1.59647
C-2p 2.00000 1.81375
O-1s  2.00000 2.00019
0-2s  2.00000 1.83141
O-2p 4.00000 4.75783
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of the eigenvector, as well as ¢, are also given in the table. The eigenvalues
g; are aligned from left to right in the order of increasing energy. The first
four levels are of o-type and can be labeled 10—40. The fifth and sixth levels
are doubly degenerate 1w. The seventh is 5o, the eighth and ninth are 2m,
and the tenth is 60. For the ground electronic state, 14 electrons occupy from
the lowest level 1o up to 5o, according to the Pauli principle, as indicated in
Table 1.3.

The coefficients of the MO wave function are given by matrix C in Ta-

~

ble 1.2. For example, the seventh MO (50) energy e7 is —0.67008 (Ry) as
shown in the table. The coefficients for the seventh MO are given in the sev-
enth column of matrix C. Then the MO can be written as

¢r = 0.0468xc15 — 0.8382x 25 + 0.5682x 2.
+0.0072x015 + 0.0120x02: — 0.4167x 02, -

The MO wave function can be visually illustrated in the form of a contour
map. Figure 1.11 represents the contour map of the 560 MO wave function and
its plot on the molecular axis.

The Mulliken population analysis is carried out along the (1.7)—(1.13),
to get the orbital populations for C and O atoms. The result is listed in
Table 1.4. The calculation is made assuming the charge density constructed
by neutral atomic charge as the first self-consistent field (SCF) iteration. Then,

plot on molecular axis and parallel lines

Fig. 1.11. Plots of the wave function and contour map of the 5 MO
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the initial orbital populations correspond to the electronic configurations for
neutral atoms. The result of the MO calculation shows that both intra- and
interatomic charge transfer take place, as seen in the table. In order to achieve
an SCF, the final orbital populations are fed back to construct the atomic
charge densities for the next SCF iteration. In practice, the initial charge
density is admixed with the final charge density; that is,

Prnext = (]- - x)pold + TPnew

where polq and ppew are initial and final charge densities of the MO calcula-
tion, respectively, and ppext is the charge density for the next iteration. The

20
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Fig. 1.12. Molecular orbital levels and atomic orbital components for CO

Table 1.5. Molecular orbital energies and atomic orbital components for CO
molecule as obtained via an SCF calculation

€l (eV) fl C O
2s 2p 2s 2p

lo  —512.432 2.000
20 —272.659 2.000
30 —29.486 2.000 0.1167 0.1186 0.6541 0.1105
40  —14.025 2.000 0.2033 —0.0065 0.2521 0.5511

1w —11.819 4.000 0.0 0.2830 0.0 0.7170
50 —9.812 2.000 0.4700 0.3921 0.0099 0.1279
2 —2.405 0.000 0.0 0.7170 0.0 0.2830

6T 13.763 0.000 0.2100 0.4959 0.0840 0.2104
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Table 1.6. Result of the Mulliken population analysis for CO molecule in an SCF

C o)
1s 2.0003  2.0002
2s 1.5801  1.8321
2% 2.1403  4.4470
Qa 4.4470  8.2793

Net charge +0.2793 —0.2793

MO calculation is repeated with the charge density ppext.- The iterations are
repeated until an SCF, where the final charge density coincides with the ini-
tial charge density, is achieved. Figure 1.12 displays the valence MO levels
obtained using the SCF calculation.

The atomic orbital components for each MO are indicated by the length of
the horizontal line. In the figure, the occupied levels are denoted by solid lines
and the empty levels are denoted by dotted lines. Thus, the highest occupied
MO (HOMO) is 50, and the lowest unoccupied MO (LUMO) is 27. The level
energies and the orbital components are also summarized in Table 1.5, and
the orbital populations and effective charges are listed in Table 1.6.
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Alloy Design Based on the DV-Xa Cluster
Method

Masahiko Morinaga, Yoshinori Murata, and Hiroshi Yukawa

Recently, there has been great progress made in a molecular orbital approach
to alloy design. This approach is based on electronic structure calculations us-
ing the DV-Xa cluster method. It is applicable not only to structural alloys,
but also to functional alloys. For example, new high-Cr ferritic steels for tur-
bine rotors have recently been developed using this approach. The hydrogen
storage alloy, which is an important functional alloy, has also been investigated
in a fundamental manner. The hydrogen absorption and desorption charac-
teristics of the alloy are well-understood according to this approach. Even
in oxides, this method is applicable, and we briefly present one example of
a perovskite-type oxide, SrTiOs, which shows protonic conduction when the
oxide is doped with acceptor ions.

2.1 Introduction

A theoretical method for alloy design has been developed on the basis of the
molecular orbital calculation of electronic structures. Employing this method,
we can consistently model a variety of materials (e.g., metals, semiconductors,
and ceramics) by making use of the common ground of electron theory. The
phase stability of nickel-based superalloys can be treated quantitatively using
this method [1,2]. In addition, even mechanical properties are predictable for
both aluminum alloys and magnesium alloys with multiple components [3,4].
Furthermore, new structure maps have been proposed to predict the crystal
structures of intermetallic compounds [5].

Employing this method, various materials have been developed — for exam-
ple, heat-resistant single-crystal Ni-based superalloys [6], high-strength tita-
nium alloys [7], implant titanium alloys [8], and heat-resistant high-Cr ferritic
steels for power plants [9]. It is applicable not only to these structural mate-
rials, but also to functional materials (e.g., hydrogen storage alloys). In this
chapter, recent progress in this method will be reviewed, with a focus on
Ni-based superalloys, high-Cr ferritic steels, and hydrogen storage alloys.
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2.2 DV-Xa Molecular Orbital Method

The DV-Xa cluster method is a molecular orbital calculation method assum-
ing the Hartree—Fock—Slater approximation [10,11]. The exchange-correlation
between electrons, Vxc, is expressed using Slater’s Xa potential [12],

Vo = —3(1{85;;)(7")} " 2.1)

where p(r) is the electron density at position r, the parameter « is fixed at 0.7,
and the self-consistent charge approximation is used in the calculation. The
matrix elements of the Hamiltonian and the overlap integrals are calculated
by a random sampling method. The molecular orbitals are constructed by
a linear combination of numerically generated atomic orbitals (LCAO).

Local electronic structures can be calculated using this method even for
large molecules. Depending on the crystal structure, appropriate cluster mod-
els are employed in this calculation. For example, a cluster model for bece Fe is
shown in Fig. 2.1. Here, “cluster” means a hypothetical molecule representing
the crystal structure of material.

As shown in Fig. 2.2, the density of states of electrons obtained from the
cluster calculation resembles the result of the band calculation despite the use
of a relatively small Feys cluster in the calculation. In either case, the Fermi
energy level lies at the peak position of the 3d band. The similarity is simply
interpreted as being due to the spatial localization of the d-orbitals around
each atomic site in bee Fe. Thus, the cluster approach is a good approximation
to the electronic structure of transition metals like iron. In order to get alloying
parameters, a variety of alloying elements, M, are placed at the center of the
cluster shown in Fig. 2.1. Further explanation of the calculation method is
given elsewhere [13].

O : Fe atom
@® : Alloying element, M

Fig. 2.1. Cluster model of bcc Fe em-
ployed in the calculation
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Fig. 2.2. Comparison of the electron density of states for bce Fe between (a) the
band calculation and (b) the cluster calculation

2.3 Alloying Parameters

2.3.1 d-Orbital Energy Level, Md

Two alloying parameters are obtained from the cluster calculation and used
for alloy design [14]. One is the d-orbital energy level of alloying transi-
tion metal, M, in a base metal, X. For example, the results of the level
structure of bcc Fe alloyed with various 3d alloying elements are shown
in Fig. 2.3. In the case of a pure Fe cluster (i.e., M = Fe) the levels of
8eg to 16t originate mainly from the Fe 3d orbitals, and form the Fe 3d
band where the Fermi energy level lies (indicated by the arrows in Fig. 2.3).
In the case of an alloyed Fe cluster, new energy levels due mainly to the
d-orbitals of the alloying transition metal appear above the Fermi energy
level. For instance, the 13e; and 16to, levels (drawn as broken lines) corre-
spond to these new levels. These levels are called Md levels, and their en-
ergy height changes systematically with the order of elements in the periodic
table.

The Md levels correlate with the electronegativity and the atomic radius
of elements. In fact, it is well-known that the energy eigenvalue determined by
the Xa method itself the negative of the Mulliken electronegativity. The Md
levels increase as the electronegativity of the alloying element decreases, as
shown in Fig. 2.4. In addition, as shown in Fig. 2.5, the Md levels increase
with increasing atomic radius of the element. The average energy of these two
d-orbital levels is hereafter referred to as Md. The Md values are listed in
Table 2.1 for various alloying elements in bcce Fe.
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Fig. 2.3. Energy level structures of pure and alloyed Fe with 3d transition elements.
The Fermi energy level is indicated by an arrow (<)

2.3.2 Bond Order, Bo

The other alloying parameter is the bond order. Here, the overlap population
Q.. of electrons between two atoms v and v/ is defined as

Qu=>.3.CY4 j”l’/w;’wj”’*dv. (2.2)
l 1%

Here, ¥} and Wj”, are the wave functions of the 7th and jth orbitals of atoms v

and v/, respectively. C}; and Cj”l, are the coefficients that show the magnitude
of the linear combination of atomic orbitals in the {th molecular orbital. In
this paper, Q.. is called the bond order and it is used as a measure of the
strength of the covalent bond between M and X atoms.

For example, the values of the bond order (hereafter referred to as Bo)
are listed in Table 2.1 for a variety of alloying elements in bce Fe. This bond
order also changes according to the position of elements in the periodic table.
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Fig. 2.4. Md levels versus electronegativity. The empty circles, o, refer to ez, while
the filled circles, o, refer to tog

A number of alloying parameters have been proposed for describing al-
loying behavior (e.g., the electrons-per-atom ratio (e/a), the atomic radius,
the electronegativity, and the electron vacancy number). However, most of
these parameters are used to describe pure metals and cannot properly de-
scribe alloying effects. In contrast, both the Md and the Bo are new alloying
parameters obtained for the first time from the molecular orbital calculation
of alloyed clusters. Both the Md and the Bo have been calculated for var-
ious metal systems — for example, Ni [15], Cr [16], Ti [7], Zr [17], NDb [18],
and Mo [18]. Such calculations have recently been extended to heavy metals
(e.g., W [19]) using a relativistic DV method. Here, for convenience, the values
of Md and Bo relevant to nickel alloys are listed in Table 2.2.

2.3.3 Average Parameter Values for Typical Alloys

For an alloy, the average values of Md and Bo are defined simply by taking
the compositional average, and Md and Bo are defined as

Md =Y X; - (Md); (2.3)
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Table 2.1. List of Md and Bo values for alloying elements in beec Fe

Element Md (eV) Bo

Ti 2.497 2.325
\% 1.610 2.268
Cr 1.059 2.231
Mn 0.854 1.902
Fe 0.825 1.761
Co 0.755 1.668
Ni 0.661 1.551
Cu 0.637 1.361

Zr 3.074 2.551
4d Nb 2.335 2.523
Mo 1.663 2.451

Hf 3.159 2.577
Ta 2.486 2.570
\WY% 1.836 2.512
Re 1.294 2.094

C -0.2300
Others N —0.400 0
Si 1.034 0

3d

5d
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Table 2.2. List of Md and Bo values for alloying elements in Ni

Element Md(eV) Bo

Ti  2.271 1.098
\% 1.543 1.141
Cr 1.142 1.278
Mn 0.957 1.001

3d Fe  0.858 0.857
Co  0.777 0.697
Ni  0.717 0.514
Cu 0.615 0.272
Zr  2.944 1.479
Nb 2117 1.594
Mo 1.550 1.611
4d Tc  1.191 1.535
Ru 1.006 1.314
Rh  0.898 1.068
Pd  0.779 0.751
Ag 0.659 0.391
Hf  3.020 1.518
Ta  2.224 1.670
W 1.655 1.730
5d Re  1.267 1.692

Os  1.063 1.500
Ir 0.907 1.256
Pt 0.764 0.920
Au  0.627 0.528

Al 1.900 0.533
Others .1 900 0.589

Bo =Y X (Bo)i . (2.4)

Here, X; is the atomic fraction of the ith component in the alloy, (Md),
and (Bo),; are the respective values for the ith component. The summation
extends over the components, i = 1, 2,..., n. For simplicity, unless otherwise
stated, the unit of the Md parameter, eV, is omitted in this paper.

2.4 Estimation of Alloy Properties Using Alloying
Parameters

2.4.1 Nickel Alloys

Ni-based superalloys are heat-resistant alloys widely used for the blades of jet
engines and industrial gas turbines.
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New PHACOMP Method

It is well-known that the precipitation of topologically close-packed (TCP)
phases (e.g., the o phase) in the fcc () matrix deteriorates the mechanical
properties of a material remarkably. The composition of alloys that are free
from such precipitates have been predicted by the phase computation (PHA-
COMP) method [20, 21]. The concept of “alloy design” was only solidified
when PHACOMP was developed in 1964. In this method, the precipitation of
the TCP phases in the alloy is predicted using the average electron vacancy
number, Nv. Here, the electron vacancy number, Nv, is the number of electron
vacancies or holes existing above the Fermi energy level in the d-band. It is
expressed approximately as Nv = 10.66— (e/a), where e/a is the electrons-per-
atom ratio. For example, the Nv value for the 4A group of elements, Cr, Mo,
and W, is 6.66. The compositional average of Nv is denoted as Nv, and when
the Nv value exceeds a certain value, the TCP phase is expected to be formed
in the v matrix. This Nv-PHACOMP method has been employed widely for
the design and the quality control of nickel-based superalloys. However, there
are many difficulties and contradictions in this method [2].

As explained earlier, the Md parameter is concerned with the electronega-
tivity and the atomic radius of elements, both of which are classical parameters
to be used as measures of the solid solubility in alloy. So, instead of the Nv
parameter, this Md parameter is applied to the prediction of the occurrence
of the TCP phases in nickel alloys [1,2,22]. Two typical phase diagrams of
Ni—Co—Cr and Ni—Cr—Mo are shown in Fig. 2.6. In each phase diagram, the
iso-Md line of 0.925 (V) traces closely the v/~ 4 o phase boundary, whereas
the iso-Nv line is far away from the boundary. This Md method is called the
new PHACOMP and has been applied successfully to practical alloys with
multiple components [23,24]. It has also been applied to the prediction of
solidification microstructures in the weld nickel alloys [25,26].

In Table 2.2, recently calculated values of Md are given for several elements
of interest (e.g., Ru, Ir, Y). The third-generation single crystal superalloys con-
taining some addition of Ru [27] and Ir [28] seem to show a reduced tendency
to form undesirable TCP phases [29]. The Md values of these elements are
relatively low.

Alloying Vector

The concept of alloying vectors is also important for practical alloy design. As
shown in Fig. 2.7, the vector starts from the position of pure Ni and ends at
the position of Ni-10 mol%M binary alloy in the Bo—Md diagram, where M is
an alloying element in Ni. The directions and the magnitudes of these vectors
vary with alloying elements [30]. It is noted that the vector directions are
similar among the same group elements in the periodic table — for example,
among Ti, Zr, and Hf (4A group elements); V, Nb, and Ta (5A elements);
and Cr, Mo, and W (6A elements). This is attributable to the fact that both
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Fig. 2.6. Phase diagrams of (a) Ni—Co—Cr and (b) Ni—Cr—Mo. Here, R is the
compositional average of atomic radii of elements in the alloy

the Bo and the Md parameters change according to the order of elements in
the periodic table, as explained before.

Any superalloy consists of the ' (NizAl) phase and the v (fcc) matrix
phase; and the 7/ phase is a precipitation hardening phase in the alloy. The ~/
stabilizing elements such as Al, Ti, V, Nb, and Ta have relatively lower
angles than the ~ stabilizing elements such as Cr, Mo, W, and Re, as shown
in the figure [31]. Thus, the 6 angle is an indication of the stability of the ~/
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phase with respect to the v phase, and hence, it is related closely to the ~/
volume fraction of the alloy [31].

Target Region for Alloy Design

Nineteen conventional cast superalloys are plotted in the Bo—Md diagram as
shown in Fig. 2.7 [30]. The contour lines showing the 0.2% yield strength level
at 1255 K are indicated in the figure. The 0.2% yield strength shows a maxi-
mum Md value of about 0.98 and a Bo value of about 0.67. The creep strength
also shows a maximum around this position. Furthermore, all of the single-
crystal superalloys are located near the maximum position, as indicated by the
shaded area in Fig. 2.7. Every alloy lying on such a maximum position contains
a large volume fraction (about 60%) of the 4/ phase without any TCP phases
precipitating in it, resulting in the high strength of the alloy. Thus, a target
region for alloy design can be specified concretely on the Bo—Md diagram.

The Md value in the target region, 0.98, is calculated using the alloy com-
position, so it is higher than the value for the v phase, 0.925, shown in Fig. 2.6.
However, assuming that the Md value is 0.925 for the v phase and 1.02 for
the v/ phase, and also that the volume fraction of the 7/ phase is 60%, then
the Md value for the whole alloy becomes about 0.98, in agreement with the
Md value of the target region.

Alloy Modification Using the Bo—Md Diagram

The concept of alloying vectors is, for example, useful for alloy modification.
In order to keep the alloy position on the Bo—Md diagram nearly unchanged

0.2%Yield

0‘80 T T T T T T AIIOy stress, 1255K
(DINCONEL 600 28Mpa

@ (2)INCONEL 702 48
0.75 | (DHASTELLOYR235 | 124
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GMR 235D -
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o (9m-22 359
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Fig. 2.7. The locations of commercial conventional cast Ni alloys in a Bo—Md
diagram
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with the modification, alloy compositions may be adjusted among the elements
having a similar vector direction. For example, the Re addition may require
the reduction of the Cr content in the alloy, since their vectors are pointed
in the similar direction. Such a compositional change is actually seen in the
modification from PWA 1480 (the first-generation superalloy) to PWA 1484
(the second-generation superalloy). Namely, the Cr content of PWA 1484 de-
creases by 6 mol%, whereas the Re content increases by 1 mol% compared to
the respective values of PWA 1480. Further decrease of the Cr content and cor-
responding increase of the Re content is seen in René N6 (the third-generation
superalloy) [32].

2.4.2 High-Cr Ferritic Steels

Recently, there have been increasing demand for operating power-generating
plants under ultra-super-critical conditions [33]. For this reason, there have
been strong requests for the development of advanced ferritic steels that tol-
erate the severe operating conditions found in power plants.

Alloying Vector

In Fig. 2.8, characteristics of each alloying element are represented by an al-
loying vector starting from the position of pure Fe and ending at the position
of the Fe-1 mol%M binary alloy in the Bo—Md diagram for Fe-based alloys [9].
These alloying vectors are drawn using the Md and Bo values listed in Ta-
ble 2.1. All of the ferrite stabilizing elements (e.g., Cr, and Mo) are located
in the upper-right region (except for Mn), whereas all of the austenite stabi-
lizing elements (e.g., Ni and Co) are located in the lower-left region in this
diagram.

1.770

1.765

1.760

1.755 L L
0.82 0.83 0.84 0.85

Md

Fig. 2.8. Alloying vectors of elements in bce Fe
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It is known empirically that the elements having high Bo and low Md
are principal alloying elements in most structural alloys. The high Bo ele-
ment strengthen alloys by forming strong chemical bonds with the neigh-
boring atoms, and the low Md element increase the phase stability without
forming any undesirable phases in the alloy. This is also true in the ferritic
steels. In other words, principal alloying elements have a high Bo/Md ratio;
namely, a large slope of alloying vectors shown in Fig. 2.8. The ratio changes
in the following order: Cr > Mo > W > Re >V > Nb > Ta > Zr > Hf > Ti.
Consistent with this order, Cr, Mo, W, V, and Nb are indeed principal alloying
elements in most ferritic steels. The only exception lies in Re. But recently,
the addition of Re has been found to improve creep strength significantly [9].
On the other hand, for austenite stabilizing elements, the alloying vector has
the opposite direction, and the Bo/Md ratio changes in the following order:
Ni > Co > Cu.

0 Ferrite Formation

It is desirable to suppress the formation of the § ferrite in ferritic steels because
of the detrimental effect on their creep resistance and fracture toughness. The
measured volume fraction of the ¢ ferrite existing in the steels normalized
at 1323 K, are plotted against the Md parameter as shown in Fig. 2.9. For
Ni-free steels, the ¢§ ferrite starts forming as the Md value exceeds 0.852, and
its volume fraction increases with increasing Md value. Also, as is evident
from this figure, the existence of Ni in the steel increases the critical Md value
for the § ferrite formation. This is also the case of other austenite stabilizing
elements, Co and Cu. Thus, the addition of Ni, Co, or Cu into the steel gives
room to increase the amount of ferrite stabilizing elements such as Mo and W
without J ferrite formation, resulting in an increase in creep properties at high
temperatures. In fact, any advanced steels contain such austenite stabilizing
elements (e.g., 3mass% Co). In addition, it is stressed here that ¢ ferrite
formation is predicted more accurately by the Md parameter than the Cr
equivalent, a parameter widely used in steels [34].

Evolution of Ferritic Steels

Masuyama [35] has shown the evolution process of ferritic steels for boiler
applications. For example, 9% Cr steels have been developed in the sequence,
T9 — (F9) — T91 — NF616. Here, T91 (Mod. 9Cr—1Mo) is modified from
T9 (9Cr—1Mo) by optimizing the contents of V and Nb, both of which form
carbonitrides and strengthen the steel. Then NF616 is obtained from T91
by decreasing the Mo content, while increasing the W content. As shown in
Fig. 2.10, this evolution is traceable in the Bo—Md diagram [9]. The evolution
of T9 — (F9) — T91 — NF616 is interpreted as the alloy modification toward
higher Md and higher Bo in the diagram. Similarly, the evolution of the steels
for turbine rotors can be traced in the Bo—Md diagram [9]. Thus, this Bo—Md
diagram provides us a clue to alloy design.
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2.5 Design of Structural Alloys

2.5.1 Nickel-Based Single-Crystal Superalloys

A single-crystal superalloy, TUT92, has been designed using the new PHA-
COMP method [1] while taking into account fabrication conditions [6]. The
chemical composition of TUT92 is Ni—10%Cr—12%Al—-1.5%Ti—2.05%Ta—
2.30%W—0.77%Mo—0.25%Re (in mol%). It shows a better combination of
creep resistance and hot corrosion resistance than PWA 1484 and CMSX-4.
Also, it is stressed here that TUT92 and other second-generation single-crystal
superalloys such as PWA 1484 and CMSX-4 are located in a very limited re-
gion around an Md value of 0.985 and a Bo value of 0.665 in the diagram,
as shown in Fig. 2.11 [30,31]. René N6 (the third-generation superalloy) is,
however, located at the slightly lower Md position so as to avoid solute segrega-
tion [32] which is induced by the existence of a large amount of Re (5.4 mass%
Re) in it.

Recently, in order to reduce the cost of materials, high-Cr but Re-free alloys
have been designed for the use in blades in industrial gas turbines [36]. The
creep rupture strength is measured at a stress of 196 MPa and a temperature
of 1193 K, close to the service conditions of a gas turbine. The measured life of
the designed alloy is found to be comparable to that of the second-generation
superalloy containing 3 mass% Re.

2.5.2 High-Cr Ferritic Steels

A high-strength high-Cr ferritic steel for steam turbine rotors has been de-
signed using this approach [9]. A ten-ton turbine rotor has been made as shown
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Fig. 2.11. Locations of single-crystal superalloys in the Bo—Md diagram
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Fig. 2.12. Ten-ton turbine rotor

in Fig. 2.12. The chemical composition of the steel is Fe—0.09%C—10%Cr—
4%W—3.5%Co—0.2%Ni—0.1%Mo—0.15%V —0.06%Nb—0.08 %Mn —0.08%Si—
0.007%B—0.018%N in mass%. The creep rupture life of this alloy is longer
than 4000 hours (14.4 Ms) in the creep test conditions of a temperature of
923 K and an applied stress of 157 MPa, which is the longest lifetime among the
turbine rotor steels so far developed in the world. It is also found experimen-
tally that the addition of 0.2%Re increases the creep rupture life considerably.

2.6 Crystal Structure Maps for Intermetallic Compounds

Intermetallic compounds (e.g., TiAl, LaNis) are promising materials expected
to be used for various applications in future. The Bo—Md diagram is useful
for predicting crystal structure of intermetallic compounds such as aluminides
and silicides containing transition metals, M [5]. One example is shown in
Fig. 2.13 for MAIl compounds. The crystal structures are clearly separated in
this diagram. As explained earlier, both the Bo and the Md parameters change
according to the position of elements in the periodic table. Recalling that the
crystal structures of any compounds also change according to the periodic
table, we may say that these Bo and Md values are indeed suitable parameters
for constructing structure maps. Bo—Md structure maps have been made for
a variety of compounds. The physical properties of the compounds are so
sensitive to the crystal structure that these structure maps will provide us
a convenient tool for the design of intermetallic compounds [37].

2.7 Hydrogen Storage Alloys

Hydrogen storage alloys are key materials for the development of future clean
hydrogen energy systems. A large amount of hydrogen is stored in the alloy
through metal hydrides. Many hydrogen storage alloy have been developed,
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Fig. 2.13. Bo—Md structure maps for MAI, where M’s are transition metals

but the total amount of hydrogen stored in any alloys is still low in view
of practical applications in automobiles. In order to get a clue regarding the
development of new alloys, a series of calculations has been performed by
employing appropriate cluster models. For example, a cluster model used for
the LaNis system is shown in Fig. 2.14. This model is constructed based on
the crystal structure of LaNisHg [38].

. Fig. 2.14. Cluster model used in the calculation for
@ La @ Ni e H the LaNis system

2.7.1 Metal-hydrogen Interaction

Most hydrogen storage alloys such as LaNis (AB5-type), ZrMny (ABo-type),
TiFe (AB-type), and MgoNi (AsB-type) consist of hydride forming elements,
denoted by A, and non-forming elements, denoted by B. Needless to say, the
A element has a larger affinity for hydrogen than the B element in the binary
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metal-hydrogen system. Therefore, the role of each element in the alloy has
been understood in the following way: the hydride-forming element (e.g., La)
may make a strong chemical bond with hydrogen, whereas the hydride non-
forming element (e.g., Ni) may work to reduce such a strong A—H bond, so
that hydrogen is released readily from the A atom in the hydrogen desorption
process.

However, this naive understanding is not true according to our calcula-
tions [39-47]. For example, a contour map of the electron densities is shown
in Fig. 2.15 for the LaNis hydride on the atomic plane containing La, Ni,
and H atoms. As is evident from this figure, a relatively high electron-density
region near hydrogen extends to the Ni atom site, but not to the La atom
site. This result clearly indicates that hydrogen interacts more strongly with
Ni atoms than La atoms in the LaNi; system [39,40], despite the larger affin-
ity of La atoms for hydrogen than Ni atoms in the binary metal-hydrogen
system. Similar results are also obtained for the MgoNi system [41], ZrMny
system [42], and TiFe system [43,44]. In all cases, hydrogen interacts more
strongly with B atoms (Ni, Mn or Fe) than A atoms (La, Mg, Zr or Ti).

However, it is noted that the B—H (e.g., Ni—H) interaction in the alloy
is still weaker compared to the A—H (e.g., La—H) interaction in pure metal
hydride, AHs, (e.g., LaHs), judging from the values of the heat of forma-
tion of the hydride. It is —209.2kJ/mol Hy for LaHy and —30.1kJ/mol Hy for
LaNis;Hg. The hydrogen desorption process can be activated readily because of
such a weak B—H interaction operating in every hydrogen storage alloys [45].
On the other hand, LaHs is too stable to be dehydrided at moderate tem-
peratures. Therefore, we may say that the existence of weak hydrogen-metal
interactions is characteristic of hydrogen storage alloys [37].

Fig. 2.15. Contour map of the electron densities in the LaNis system. The numbers
indicate the numbers of electrons per a.u.® (1a.u. = 0.529 nm)
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2.7.2 Roles of Hydride-Forming and Non-Forming Elements

The hydride-forming element, A, does play an important role in the forma-
tion of the B—H chemical bond [48,49]. In order to make clear the roles of
hydride forming and non-forming elements in hydrogen storage alloys, a se-
ries of calculations has been performed using a Ni-based octahedral cluster,
M3NigH (inset in Fig. 2.16), where M’s are various elements presented on the
horizontal axis.

From this figure, it is apparent that the Ni—H bond order is large when
the M—H bond order is small. In particular, the Ni—H bond order is en-
hanced when M’s are hydride-forming elements such as Na, Ca, and La. This
means that hydrogen interacts strongly with Ni atoms if the hydride-forming
elements exist in the neighborhood. On the other hand, when M’s are the
hydride non-forming elements such as Fe, Co, and Ni, the Ni—H bond order is
very small, and hydrogen may not be absorbed in such an octahedral cluster.
Thus, it is evident from Fig. 2.16 that the magnitude of the Ni—H bond order
correlates well with the heat of hydride formation of the M metal or the heat
of hydrogen dissolution in the M metal, AH.

Similar results are also obtained for the Ti-based and the Mg-based oc-
tahedral clusters [48-51]. Thus, there is a general trend that the B—H bond

(A Ni-H bond order @ heat of hydride formation
|4 M-H bond order O heat of hydrogen dissolution
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Fig. 2.16. Bond orders between Ni and H atoms and between M and H atoms in
the MaNisH cluster, and comparison with the heat of hydride formation of M metal
or the heat of hydrogen dissolution in M metal, AH
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becomes strong only when the hydride forming element, A, exists adjacent to
B and H atoms. Otherwise, it remains weak or even antibonding, such that it
is difficult for hydrogen to be absorbed in the alloy. Thus, both A and B are
indeed essential elements in hydrogen storage alloys.

The trend mentioned above is probably due to the fact that the B—H inter-
atomic distance is shorter than the A—H interatomic distance, because of the
smaller atomic size of the B element than the A element in most cases. Since
hydrogen occupies an interstitial site at the center of a distorted octahedron
or tetrahedron with unequal edge lengths, the B—H interaction is inevitably
strengthened, while the A—H interaction is weakened. Thus, a polyhedron
made of A and B elements provides a unique interstitial space for hydrogen
in the A—B alloy, which is very different from the situation in pure A metal.
Furthermore, the H-1s energy levels appear in the energy range much closer
to the valence band of the B element than to that of the A element. This
phenomenon also causes a stronger B—H interaction, compared to the A—H
interaction. For example, in the case of the LaNis system, the H-1s level
appears below the Ni-3d band, and the Ni—H bond is formed preferentially
in it.

2.7.3 Criteria for Alloy Design
Alloy Cluster Suitable for Hydrogen Storage

As explained above, the B—H bond is formed when atoms of the A element
exists in the neighborhood. Therefore, the effective number of the B—H bonds
is supposed to be large when the concentration of A element is high in the
alloy. In other words, the total amount of hydrogen absorbed in the alloy will
increase with increasing A /B compositional ratio. However, a disproportiona-
tion reaction tends to take place if the concentration of A element is too high
in the alloy.

This phenomenon can be explained assuming that there are three types of
tetragonal clusters in the A—B binary alloy as shown in Fig. 2.17(a)—(c) [50,
51]. If the A/B compositional ratio is high, or when the A—A bond is stronger
than the A—B or the B—B bond, the clusters shown in Fig. 2.17(a) are domi-
nant in the alloy. In such a case, hydrogen will interact mainly with A elements
when hydrogen is introduced into the alloy, resulting in the formation of strong
A—H bonds. The disproportionation reaction, AB+ H — AH + B, will thus
take place easily. In this case, AH is so stable that the onset of this reaction
is undesirable in view of the activation of the hydrogen desorption process.

By contrast, when the A/B compositional ratio is low, or when the B—B
bond is stronger than the A—A or the A—B bond, the clusters shown in
Fig. 2.17(c) are dominant in the alloy. In this case, it is very hard for hydrogen
to be absorbed in such a B-atom-abundant cluster.

Therefore, in order to absorb and desorb hydrogen smoothly without the
onset of a disproportionation reaction, the A/B compositional ratio should
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be controlled in a proper manner, depending on the chemical bond strength
between the A and B elements. In other words, optimum clusters shown
in Fig. 2.17(b) may be made in the alloy only when the bond order ratio,
2Bo(A—B)/[Bo(A—A) 4+ Bo(B—B)], takes a suitable value for a given A/B
compositional ratio.

Alloy Compositions

A series of calculations is performed to obtain the bond order ratio, 2Bo
(A—B)/[Bo(A—A) + Bo(B—B)], for various alloy systems using the tetrahe-
dral cluster, and the results are shown in Fig. 2.17(d) [47,48]. Here, this bond
order ratio has a physical meaning similar to the ordering energy parameter,
Qap(=Vap — 1/2(Vaa + VaB)), where Vap, Vaa, and Vg are the respective
bond strengths between the atoms given in the subscript. Needless to say, the
atomic arrangement shown in Fig. 2.17(a) or (c) is present in the clustering-
type alloy system, but the one shown in Fig. 2.17(b) is present in the ordering-
type alloy system. The hydrogen storage alloys except for bee V alloys [52,53],
have an ordered atomic arrangement, so that their characteristics can be rep-
resented using an ordering energy parameter, Qap. But instead of Qap, the
bond order ratio is used here, because it is a parameter that can be easily esti-
mated from the calculations, but still holds a similar physical meaning to Qap.

As shown in Fig. 2.17(d), there exists a strong correlation between the
A /B compositional ratio and the bond order ratio. For example, all the typ-
ical hydrogen storage alloys, LaNis, ZrMno, TiFe, and MgsNi, are located on
a narrow band illustrated in the figure. Here, for Mg, Ni, the bond order ratio
is high, because the Mg—Ni bond order is much larger than the Mg-Mg bond
order. Also, for LaNis, the bond order ratio is low, because the La—Ni bond



2 Alloy Design Based on the DV-Xa Cluster Method 43

order is smaller than the La—La bond order. All the alloys located in the up-
per region above this narrow band tend to decompose during hydrogenation
and/or tend to form a stable hydride. One example is the MgsCu system,
in which a disproportionation reaction, MgoCu + 2Hs — 2MgH, + Cu, takes
place, and a stable hydride, MgHs, is formed during hydrogenation. There-
fore, the region lying above the narrow band is called the disproportionation
reaction region or hydride stable region. On the other hand, the alloys located
in the region below this narrow band, tend to form unstable hydrides; YNi5 is
an example of this. Therefore, this region is called the hydride unstable region.

Similar results are also obtained for the octahedral clusters as shown in
Fig. 2.18. Thus, the present result is independent of the clusters used for
the calculation. Once A and B elements are chosen, the A/B compositional
ratio is determinable from the relationship with the bond order ratio shown
in Figs. 2.17(d) and 2.18.

Mg-Based Alloys

This method is applied to the Mg-based alloys. The results obtained from the
calculation using octahedral clusters are shown in Fig. 2.19. In this figure, the
decomposition temperatures at a constant hydrogen pressure of 0.1 MPa are
also denoted for some hydrides. The location of the narrow band is extrapo-
lated from Fig. 2.18 and shown here as a dotted band.

The hydriding properties of the Mg-based alloys correlate well with the
bond order ratio as shown in Fig. 2.19. For example, in the case when the A/B
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Fig. 2.18. Correlation between the A/B compositional ratio and the bond order
ratio for an octahedral cluster
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Fig. 2.19. Correlation between the A/B compositional ratio and the bond order
ratio for Mg-based alloys

compositional ratio is fixed at 2, the total amount of hydrogen stored in the hy-
drides changes in the order MgoFeHg > MgoCoHs > MgoNiH, = MgoRuH, >
MgoRhH, so that it decreases with increasing bond order ratio. This means
that the hydrogenation proceeds further in an alloy that has a lower bond
order ratio. This is reasonable, since an alloy with a lower bond order ratio
is located in the hydride stable region, whereas an alloy with a higher bond
order ratio is located in the hydride unstable region. Even for the other A/B
compositional ratios, the alloys located in the region above the dotted band
tend to form hydrides with a high H content (e.g., MgsReH7). On the other
hand, the alloys located in the region below the band tend to form hydrides
with the low H content (e.g., MgRhH). These results are consistent with the
results shown in Figs. 2.17 and 2.18.

2.8 Proton-Conducting Perovskite-type Oxides

The molecular orbital method presented is also applicable to a proton con-
ducting oxide, SrTiO3. The level structures have been simulated, and the
results are shown in Fig. 2.20(a)—(f) [54].

As shown in Fig. 2.20(a), in pure SrTiOgs, there is a band gap of about
3.5eV between the O-2p valence band and the Ti-3d conduction band, in
agreement with experiments. As shown in Fig. 2.20(b), when the Sc ion is
doped into SrTiOs, an acceptor level appears just above the valence band.
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On the other hand, when hydrogen is introduced into SrTiOgs, a donor level
appears below the conduction band as shown in Fig. 2.20(c). The molecular
orbital of the donor level is composed mostly of the Ti-3d and O-2p electrons,
but still there is a small occupancy of the H-1s electrons. When both the Sc
ion and hydrogen coexist in SrTiO3 as shown in Fig. 2.20(d), charge transfer
takes place from the donor level to the acceptor level. As a result of this charge
compensation, the effective ionicity of hydrogen becomes about +0.2. Also,
the chemical bond strengths between constituent ions are modified largely by
dopants. For example, the Sc doping tends to strengthen the chemical bond
between hydrogen and oxygen ions, but weakens the chemical bond between
the oxygen ion and the surrounding metal ions.

In addition, as shown in Fig. 2.20(e), when an oxygen ion vacancy exists
in the Sc-doped SrTiOg, the defect level appears below the conduction band
and acts as a donor level. Therefore, when an Sc ion, oxygen ion vacancy, and
hydrogen coexist in SrTiOg, charge compensation takes place among their
donor and acceptor levels, as is shown in Fig. 2.20(f).

Similar results are also obtained in SrZrOs [55,56]. The local electronic
structure around hydrogen is found to change largely with the acceptor
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dopants in SrZrQOs, which probably induces a large displacement of oxygen ions
near hydrogen, and affects protonic conductivity of the doped oxide [57,58].

2.9 Conclusion

A molecular orbital approach is useful for the design and development of not
only structural alloys but also for functional alloys. In the super-computer age,
such a computer-aided approach is superior to the trial-and-error approach to
save time and cost necessary for alloy development.
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Chemical Bonding
Around Lattice Imperfections
in 3d-Transition Metal Compounds

Masataka Mizuno

3.1 Introduction

One of the central paradigms in modern materials science is that lattice im-
perfections dominate the macroscopic properties of materials. Each material
has its own advantages, but most single materials are not appropriate for
practical use. One of the most promising ways of modifying the properties of
materials is to dope them with other elements. Interfaces play a key role in
the joining of different types of materials. Great efforts to reveal the behavior
and nature of lattice imperfections, such as point defects, dislocations, planar
faults, and interfaces, have therefore been made in the past few decades. In
order to discuss the influence of lattice imperfections, the change of the ge-
ometric and electronic structures induced by lattice imperfections has to be
considered. Around lattice imperfections, there are lattice strains that arise
from lattice mismatch between the matrix and the additional elements. The
chemical bonding around lattice imperfections is expected to be different from
that of perfect crystalline elements or compounds due to the change of the
electronic structure. Therefore, theoretical approaches to study lattice im-
perfections can be classified into two categories: one is based on strain en-
ergy analyses, and the other is based on electronic structure analyses. Al-
though the strain energy approach is more widely used to study imperfections
in general, it does not mean that the electronic structure’s contribution to
the behavior of imperfections is minor. These two approaches are mutually
dependent, since the strain originates from the spatial distribution of elec-
tron clouds around the imperfections. The major deficiency of electron the-
ory for the study of imperfections is that it is difficult to obtain physical
insight into electronic mechanisms behind the behavior and nature of im-
perfections. Electrons obey the Schriodinger equation whose solution is not
easy to imagine without special training. In polyatomic systems, we need
to perform numerical calculations to solve the Schrédinger equation accu-
rately. In particular, when imperfections are included in the system, the cal-
culation becomes large, and we need to work with very fast computers that
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were not available until recently. In the present work, we focus on the solute
atoms in Fe3C and the Fe/TiX interfaces as examples of lattice imperfections.
These lattice imperfections play important roles in the production of practi-
cal steel products. The electronic structures of model clusters for these lattice
imperfections are found by first-principle molecular orbital calculations us-
ing the DV-Xa cluster method. We discuss the chemical bonding of solutes
and interfaces as lattice imperfections based on the mechanism of chemical
bonding.

3.2 Computational Method

In this work, the DV-Xa cluster method [1,2] is used to calculate the electronic
state of the model clusters from first-principles. The molecular orbital wave
function is expressed as a linear-combination of atomic orbitals (LCAO) and
is written as

= Zcilxi s (3.1)

where ¢;;’s are coeflicients. As the basis function x;, we use the numerical
atomic orbitals obtained by solving the radial part of the Schrédinger equation
for individual atoms in a given cluster. The matrix elements H;; and S;; in
the secular equation HC = ESC are evaluated as

Hi; =Y w(ro)xi(ro)h(ri)x;(re) | (3.2)
K

Sij = _w(re)xi(re)x; (re) » (33)
K

by the DV numerical integration scheme [3], where h is the one-electron Hamil-
tonian operator, ry is one of the sample points, and w(ry) is the integration
weight for the sample point.

In order to evaluate the magnitude of chemical bondings, the Mulliken
population analysis [4] is employed. The orbital population, @;(l), and the
overlap population, Q;; (1), of the {th molecular orbital between x; and x; are
defined by

ZZflCleng w(re)xi(re)x; (rx) (3.4)
Qz] Zflcllcjl Z Tk Xz Tk Xj (Tk) (35)

where f; is the occupation number of the I[th molecular orbital. The orbital
population is useful in determining the effective atomic charge. The bond
overlap population between A and B atoms is given by
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Qap =Y Y > Qu(l). (3.6)

i€A jeB 1

The overlap population can be used as a measure of strength of the covalent
bonding.

3.3 Effect of Solute Atoms on the Chemical Bonding
of Fe;C

In steel technology, FesC (cementite) plays a very important role in controlling
or improving various properties of steel. Usually FesC contains some alloying
elements such as Cr and Mn when it is present in steel. The influence of the
solute atoms on various properties of FesC, i.e., the lattice parameter [5],
magnetic behavior [6, 7], mechanical properties [8,9], has been studied exper-
imentally. On the theoretical side, with these structural features in mind, the
chemical bonding of FesC was discussed without detailed electronic structure
calculations nearly fifty years ago. Petch [10] suggested that Fe3C structure
is more dominated by the Fe—Fe bonding than by the Fe—C bonding. On the
other hand, Pauling [11] suggested that the Fe—C bonding was twice as strong
as the Fe—Fe bonding. There have only been a few calculations performed on
Fe3C because of its complicated crystal structure. The band-structure of FegC
was calculated in two papers [12,13]. Tight-binding calculations of a series of
iron carbides was done by Cottrell [14]. As for solute atoms in Fe3C, the in-
fluence of additional elements on the graphitization of FesC was discussed
using the idea of cohesive energy obtained by the extended Hiickel molecu-
lar orbital method [15]. Yamamoto et al., however, suggested that the Fe—C
bonding could be changed by additional elements. In this section, we dis-
cuss the effect of the solute atoms on FesC from the viewpoint of chemical
bonding.

3.3.1 Crystal Structure and Cluster Models for Fe3C
with Solute Atoms

The crystal structure of FesC was first studied by Westgren and Phragmén
[16,17]. The position of atoms was first established by Lipson and Petch [18],
and afterwards, a large number of studies have been made to determine the
lattice parameters and the positions of atoms exactly [19-23]. In many works
discussing Fe3C, the lattice parameters are given in the cab setting using
the extended symbol Pmcn, which is the same spacegroup as Pnma. If the
cab setting is employed for FesC, the lattice parameters are a = 4.5248 A
b = 5.0896A, and ¢ = 6.7443A. The primary slip plane [24], plane de-
fects [25] and the orientation relationship with ferrite [26,27] are usually
discussed using the cab setting. In crystallographic databases, the standard
setting, a = 5.0896 A, b =6.7443A, and ¢ = 4.5248 A, is employed. In this
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work, the cab setting is employed for consistency with previous works. The
crystal structure of Fe3C in the cab setting is shown in Fig. 3.1. It has an
orthorhombic unit cell with four C atoms, four Fe; atoms, and eight Fe,
atoms [23]. Fe; and Fes denote Fe atoms at two different crystallographic
sites: 8d and 4c sites in Wyckoff notation, respectively. Every C atom is sur-
rounded by six Fe atoms at an average distance of 2.018 A, forming a trig-
onal prism (Fig. 3.1(c)). In a trigonal prism of FesC, two Fe; sites and four
Fes sites exist. The Fe; has 12 nearest-neighbor Fe atoms at an average dis-
tance of 2.630 A, and two nearest-neighbor C atoms at an average distance
of 1.978 A. The Fe, has 11 nearest neighbor Fe atoms at an average distance
of 2.591 A, and two neighbor C atoms at an average distance of 2.038A.

(a) (b)

«—C—p <-4 —ﬁ
6.7443A 4.5248A

e—b—>»
5.0896A
JN

(001)
(c) (d)

7 X

Fig. 3.1. The structure of FesC (cementite). (a) The (100) projection. (b) The
(001) projection. (c¢) Local structure around carbon atom, consisting of a trigonal
prism composed of six Fe atoms and one carbon atom. (d) The arrangement of the
trigonal prisms in a layer, as described in the text
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The arrangement of Fe atoms is nearly closed-pack. The Fe—Fe distance in
Fe3C is only 2% (Fep) and 0.5% (Feq) greater than that in fcc-Fe (y-Fe), i.e.,
2.579 A.

The prisms are joined together by sharing their corners and edges to make
a layer (Fig. 3.1d). These layers are stacked along the c-axis with the sequence
ABAB... The two types of layers, A and B, have the same trigonal prism ar-
rangement and are mutually related by inversion symmetry. Between these
layers in the unit cell, there are 28 Fe—Fe bonds whose average distance is
2.544 A. There are eight Fe—C bonds with a distance of 2.372 A, which is 18%
longer than the nearest-neighbor Fe—C bond length. Therefore, the Fe—Fe
bonding should be dominant for the adhesion of these layers. There is virtu-
ally no C—C direct bonding in FesC because the nearest neighbor distance
between C atoms is 3.09 A, which is 100% greater that the C—C covalent bond
length, 1.54 A.

The model cluster, Fey6C10—X2 (X = Ti, V, Cr, Mn, Fe, and Co), em-
ployed in this calculation for FesC, is shown in Fig. 3.2. The FeysC19—X>
cluster has two layers composed of five trigonal prisms by sharing their edges
and corners. According to the Mossbauer study by Schaaf et al. [7], Cr and
Mn atoms prefer occupying the Fes sites in FegC. Therefore, we substituted
one Fes atom in each layer with 3d transition metal atoms, i.e. Ti, V, Cr, Mn,
Co, and Ni. In order to maintain the inversion symmetry of the model clus-
ter, two Fe atoms were substituted with the other metal atoms. Computation
time is remarkably saved in this way. Two solute atoms, which are drawn as

(a) (b)

L
z X . Solute Atom
(Ti, V, Cr, Mn, Co, Ni)

Fig. 3.2. The structure of the model cluster employed in this work. (a) The model
cluster, FessC10—X2. The large gray circles denote Fe atoms; the large solid circles
denote solute atoms; the small open circles denote carbon atoms. (b) The arrange-
ment of trigonal prisms in the model cluster
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large solid circles in Figure 3.2, in the cluster are so separated that there is
practically no interaction between them.

3.3.2 Pure Fe3zC

Figure 3.3 shows the total and partial density of states (DOS) curves for the
valence states of the FeysCyo cluster which is a model of pure FesC. These
DOS curves are made by broadening the discrete energy levels by a Gaussian
function of 1.0eV FWHM. They are shifted so as to set the Fermi level at
zero. The large band around the Fermi level is mainly composed of the Fe-3d
orbitals. The lower part of this band which shows two peaks at about —5eV
corresponds to the C-2p orbitals interacting with the Fe-3d, 4s, and 4p orbitals.
The band located at about —12€V is mainly composed of the C-2s orbital
interacting with the Fe-3d, 4s, and 4p orbitals. The basic features of our
DOS agree with those in the use of the LMTO (Linear Muffin Tin Orbital)
calculation by Héglund et al. [13].

The metal-metal (M—M) and metal-C (M—C) overlap population dia-
grams for the FeygCyqg cluster are shown in Fig. 3.4. They are obtained by
convoluting the overlap population at each molecular orbital with a Gaussian
function of 1.0eV FWHM. The bond overlap population can be obtained by
summing the overlap population on each molecular orbital up to the Fermi
level. In this figure, metal-metal refers to an average of overlap populations
between the Fes atom near the center of the cluster and its nearest neigh-
bor Fe atoms. Metal-C refers to an average of overlap populations between
the C atom in the prism located near the center of the cluster and its nearest
neighbor Fe atoms. The values written in each panel are the bonding and the
antibonding contributions to the bond overlap population, which were ob-

5

Energy (eV)
&

-15 L L L L L L
0 10 20 0 10 20 0 50 50 50 5

Density of States (1/eV unit cell)

Fig. 3.3. Total and partial density of states for the FessCio cluster
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Fig. 3.4. Density of states and the overlap population diagrams for the FessCio
cluster. (a) Total and partial density of states. (b) Overlap population diagram for
the M—M bond; (c¢) for the M—C bond

tained by summing the positive and negative values of the overlap population
up to the Fermi level, respectively.

Regarding the M—M bonding, there is a large bonding band and a small
antibonding band. The upper part of the bonding band is mainly composed
of the Fe-3d orbitals and the lower part is composed of the C-2p-Fe-3d, 4s,
and 4p hybridized orbitals. The antibonding band is mainly composed of the
Fe-3d orbitals. The large bonding band is occupied by electrons completely.
The Fermi level lies at the middle of the antibonding band. On the other
hand, for the M—C bonding, there are two large bonding bands under the
Fermi level. The upper bonding band is formed by the C-2p—Fe hybridization.
The lower bonding band is formed by the C-2s—Fe hybridization. A large part
of the antibonding band exists above the Fermi level. Therefore, around the
Fermi level, the M—C bond is nearly non-bonding in character.

3.3.3 Fe3C with Solute Atoms

The partial density of 3d and 4sp states of solute atoms are plotted for the
Fe46clo—Tig, Fe46Clo—Cr2, Fe48010, and Fe46Clo—Nig clusters in Fig. 3.5.
The 4sp band becomes slightly larger as the atomic number of the solute
atoms increases. However, the shape of the 4sp band does not change with
the solute atoms. On the other hand, the 3d band is shifted downwards and
more electrons occupy the 3d orbitals as the atomic number of the solute
atoms increases.
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Fey6C10-Ti, Fey6C19-Cry Fe48C10 Fey6C19-Nip
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Fig. 3.5. Partial density of 3d and 4sp states of solute atoms

In order to estimate the influence of solute atoms on the M—M and M—C
bondings in the Fe sC19—Xs clusters, we calculated the bond overlap popula-
tions of the M—M and M—C bondings, and the results are shown in Fig. 3.6. In
this figure, metal-metal refers to an average of the bond overlap populations
between the solute atom and its nearest neighbor Fe atoms. Metal-C refers to
an average of the bond overlap populations between the carbon atom and its
nearest neighbor metal atoms in the trigonal prism containing the solute atom.
The bond overlap population of M—C is about 0.34 irrespective of the solute
atoms. On the other hand, the bond overlap population of M—M strongly
depends on the atomic number of the solute atom. It shows a maximum value
of 0.22 when the solute is Cr.
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The net charge of the solute atoms and C atoms are plotted in Fig. 3.7. In
the undoped cluster, a small charge transfer from Fe to C is found. The ionicity
of the C atom is —0.3, which is almost independent of the atomic number of
the solute atom. The net charge of the solute atom decreases almost linearly
with the atomic number of the solute atom. As a result, a solute atom that
has a smaller atomic number than Fe, i.e., Ti, V, Cr, and Mn, becomes more
ionic than Fe in FesC.

N Solute Atom i

Carbon .

_.—.——0—0—“.—_.——._

Net Charge
S &6 o o 9o
F N (=] N H
o o o o o

Ti \Vj Cr Mn Fe Co Ni Fig. 3.7. Variation of
net charge with solute
Solute Atom atom

3.3.4 Effect of Solute Atoms on Fe3zC

As seen in Fig. 3.6, the solute atoms have a larger influence on the M—M
bonding than the M—C bonding. In order to consider the solution effect in
detail, the M—M overlap population diagram of the clusters with the so-
lute atoms were examined. Figure 3.8 shows the results for the Fe sC19—Tia,
Fe46010—CI‘2, Fe4gclo, and Fe46C10—N12 clusters. In the Fe48010 cluster, the
Fermi level lies in the antibonding band of the M—M bond. When two Ni
atoms are substituted for the Fe atoms, the antibonding band is shifted down-
wards. Consequently the Fermi level moves up, and more electrons occupy the
antibonding orbitals. As a matter of fact, the bonding contribution decreases
from 0.227 to 0.207 and the antibonding contribution increases from 0.030 to
0.048 when Ni is substituted for Fe as shown in Fig. 3.5-3.8. On the other
hand, when Cr is substituted for Fe atom, the antibonding band is shifted
upwards. Therefore, the Fermi level moves down, and the number of electrons
occupying the antibonding orbitals is decreased. As a result, the bonding
contribution increases from 0.227 to 0.233, and the antibonding contribution
decreases from 0.030 to 0.013. When Ti is doped, the Fermi energy becomes
much lower in energy; it crosses the bonding band. The bonding contribution
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Fig. 3.8. Variation of overlap population of the M—M bond with solute atom

therefore decreases concurrently with a decrease in the antibonding contribu-
tion. The balance of the bonding and the antibonding contributions is found
to determine the atomic number dependence of the bond overlap population
shown in Fig. 3.8.

In order to elucidate the mechanism of the M—M bonding in more detail,
the partial overlap populations between atomic orbitals are examined. Fig-
ure 3.9 shows the partial overlap population diagram for 3d-3d, 3d—4sp, and
4sp—4sp of the M—M bond. The component 3d—4sp is the sum of (solute) 3d-
4sp (Fe) and 4sp (solute)-3d (Fe). Two things can be learned from Fig. 3.9.
One is that the antiboding contribution of the 3d—3d and 3d—4sp increase no-
tably with an increase in the atomic number of the solute atom. This is not
the case for the 4sp—4sp antibonding. With an increase in the atomic number
of the solute, the nuclear potential is deepened as the number of electrons
increases: they change the shape and position of the 3d band considerably,
as shown in Fig. 3.5. The effects are much smaller for the 4sp band. The
other point we should emphasize in Fig. 3.9 is the bonding contribution of
the 3d—4sp and the 4sp—4sp. The magnitude of the 4sp—4sp bonding increases
with increasing atomic number of the solute. On the other hand, the bonding
contribution of the 3d-3d simply decreases with increasing atomic number.
This decrease is due to the contraction in the size of the 3d orbitals with an
increase in the atomic number of the solute atoms.
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Fig. 3.9. Partial overlap population diagrams of 3d-3d, 3d—4sp, and 4sp—4sp for
the M—M bond
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In contrast to the M—M bond, the M—C bond exhibits little dependence on
the atomic number. As shown in Fig. 3.4, the bonding band and the antibond-
ing band of the M—C bond are largely separated, and molecular orbitals near
the Fermi level are nearly of non-bonding character. Therefore, the changes
of the number of electrons in both bonding and antibonding orbitals for dif-
ferent solute atoms are very small. This is the reason the magnitude of the
M~—C bond is almost independent of the atomic number. As a consequence,
the M—M bond is expected to play a more important role on the effect of the
solute atoms in Fe3C than the M—C bond.

The Vickers hardness of Fe3C-based solid solutions as measured by Inoue
et al. [8] is shown in Fig. 3.10. Vickers hardness decreases when there is Ni
doping. On the other hand, Vickers hardness increases with Cr and Mn doping.
The concentration dependence is greater for Cr than for Mn. The dependence
has been explained by the weakening of the M—C bond associated with an
increase in the atomic number from Ti to Ni [8], since bulk TiC has the
highest hardness and melting point among 3d transition-metal carbides. Later
transition elements such as Fe, Co, and Ni do not form stable carbides in
equilibrium. It may be natural to suspect that the M—C bond is weakened
with an increase in the atomic number of M even when 3d transition metals are
present in Fe3C. However, we found that the M—C bond strength in Fe3C does
not depend on the atomic number of the solute atom. It is the M—M bond-
not the M—C bond-that shows the great solution effects. The experimental
results shown in Fig. 3.10 can be well-explained assuming that the Vickers
hardness is determined by the magnitude of covalent bond strength around
the solute atoms, because the M—M bond overlap population decreases with
the order of Cr, Mn, Fe, Ni according to the model being presented.

The primary slip plane of Fe3C is (001) [24]. The (001) plane is parallel to
the layers composed of trigonal prisms (Fig. 3.1a). As described previously,
the dominant chemical bonds between these layers are the M—M bonds. The
strength of the M—M bond-rather than that of the M—C bond-may determine
the critical stress for dislocation motion in FezC. The result of geometric
consideration is therefore consistent with our conclusion obtained by electronic
calculations.

3.3.5 Effect of Solute Atoms in Other Transition Metal Carbides

Let us now consider the effect of solute atoms in other transition metal car-
bides. Before we come to that, we should discuss the electronic structure of
pure transition-metal carbides without solute atoms. The electronic struc-
ture calculations for other 3d transition-metal carbides have been performed
using model clusters composed of about 100 atoms. As an example of the re-
sults, the total and partial density of states (TDOS and PDOS) and the over-
lap population diagrams for the metal-C (M—C) and metal-metal (M—M)
bonds of model clusters for Cr;Cs, Mn3C, Co3C, and NisC are shown in
Figs. 3.11-3.14. Regarding the M—M bonding, Er in Cr7;Cs lies between the
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Fig. 3.11. Density of states and the overlap population diagrams for Cr7Cs. (a)

Total and partial density of states. (b) Overlap population diagram for the M—M
bond; (c¢) for the M—C bond
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Fig. 3.12. Density of states and the overlap population diagrams for Mn3C. (a) To-

tal and partial density of states. (b) Overlap population diagram for the M—M bond;
(c) for the M—C bond



62 M. Mizuno

CO3C
(a) (b) (©)
Co-C 0.296 Co-Co 0.156

S
3 R | | n
>
(o))
.
[ 1L 1L
c
Ll
; Cods | B 4L i
P — Co3d
C1C2p
Bl C2s
-15 1 1 1 L 1 1
0 10 20 01 0 041 01 0 041

DOS (1/eV unit cell) Overlap Population (1/eV)

Fig. 3.13. Density of states and the overlap population diagrams for CosC. (a)
Total and partial density of states. (b) Overlap population diagram for the M—M
bond; (c¢) for the M—C bond

bonding and antibonding bands, and the antibonding band contributes nearly
nothing to the Cr—Cr bonding. When going from Cr;Cs to NigC, Er moves
upwards, and more electrons occupy the antibonding orbitals. From Mn3zC
to NizC, the strength of the M—M bonding decreases with increasing atomic
number of the metal atoms. However, the bond overlap population of the
Cr—Cr bond in Cr;Cjs is smaller than that of the Mn—Mn bonding in Mn3C
in spite of a smaller antibonding contribution in Cr7Cs. The reason is that
the carbon content of Cr;Cs is larger than that of other carbides. Because
the formation of the M—C bond decreases the strength of the M—M bond, an
increase of the carbon content leads to a decrease of the bond overlap popu-
lation of the M—M bond. Another feature is that the 3d-band gets narrower
with an increase in the atomic number of the metal atoms. This trend is simi-
lar to pure metals. As one proceeds leftward on the periodic table, the nuclear
potential gets larger and contracts the size of the 3d orbitals. The interaction
between 3d orbitals decreases because of the contraction of the 3d orbitals.
In contrast to the M—M bonding, the antibonding component of the M—C
bonding is located above Fr, and the bonding character around Er is nearly
non-bonding in all carbides considered here. The bond overlap populations
of the M—C bond are nearly same values in MngC, FesC, and Co3zC, which
crystallize into the same structure. However, because the crystal structures
of Cr;C3 and NizC are different from the other carbides, the bond overlap
population of the single M—C bond is not applicable to the comparison of the
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strength of the M—C bond. In all carbides in question, the carbon atom is
located in a trigonal prism or an octahedron composed of six metals. Every
carbon atom in Cr;Cs, Mn3C, and NisC has three, two, and zero the second
or third nearest neighbor atoms, respectively. In order to take the difference
of the local structure into account, the total bond overlap population was
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evaluated by summing up the bond overlap populations for the M—C bond
around the carbon atoms and plotted in Fig. 3.15. Irrespective of the sort
of metal atoms or the carbon content, the total bond overlap populations
are almost constant. This result indicates that the covalent bondings formed
around the carbon atoms in 3d transition-metal carbides is almost independent
of the kind of metal atoms or the carbon content. One of the reasons is that
throughout the 3d transition-metal carbides from TiC to NizC, the bonding
character around EF is non-bonding, and there is no antibonding contribution
to the M—C bonding. These features about the M—C and M—M bonding in 3d
transition-metal carbides are illustrated in Fig. 3.16.

Based on the effect of the solute atoms on FeszC, we can figure out the
effect of the solute atoms on 3rd transition-metal carbides. As illustrated in
Fig. 3.17, if the 3d transition-metal carbides containing the solute atoms have
a large atomic number, Er is shifted upwards. In the case of solute atoms with
a smaller atomic number, EFr moves downwards. From the overlap population
diagrams for the M—M bond, the change of the M—M bonding induced by
the solute atoms can be estimated. In the case of FezC, the solute atoms with
a larger atomic number weaken the Fe—Fe bonding because of the increase
of the antibonding contribution. When the solute atoms contained in FesC
have a smaller atomic number, the Fr moves downwards, and the strength of
the Fe—Fe bond increases because of the decrease of the antibonding contri-
bution. In the case of chromium carbides, any solute atoms in 3d transition
metals decrease the strength of the M—M bond, because in pure chromium
carbides, EFr is located between the bonding and antibonding band, and the
shift of Er always induces a loss of bonding components. Another factor is
the change in the magnitude of the bonding and antibonding components be-
cause of the change of the M—M interaction. The 3d-3d interaction, which is
the dominant component in M—M bonding, decreases with increasing atomic

(a) M-C bonding in carbides (b) M-M bonding in carbides
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Fig. 3.16. Schematic illustrations of overlap population diagrams for 3d transition-
metal carbides. (a) For the M—C bond. (b) For the M—M bond. Arrows denote the
position of the Fermi level
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Fig. 3.17. Schematic illustrations for the effect of solute atoms in 3d transition-
metal carbides. (a) Effect of solute atoms on the M—M bonding. Black and gray
arrows denote the effect of the solute atoms which have larger and smaller atomic
number, respectively. (b) The change in the strength of the M—C and M—M bonding
induced by solute atoms

number of the metal atoms. This decrease is due to the contraction in the
size of the 3d orbitals with an increase of the atomic number of the metal
atoms. However, a trend of the interaction among 4sp orbitals is opposite to
the 3d-3d interaction. Consequently, the M—M interaction has a maximum
around Cr. In comparison with the effect of the shift of Ep, the change of
the magnitude of the bonding and antibonding components induced by solute
atoms has a similar effect on the strength of the M—M bonding. Therefore, the
M—M bonding strongly depends on the atomic number of the solute atoms.
On the other hand, the solute atoms have a smaller influence on the M—C
bonding than on the M—M bonding, because the M—C bonding is nearly non-
bonding in character around Er. As mentioned above, the M—M bonding is
more dominant in carbides with a smaller C content. Therefore, the influence
of the solute atoms on the M—M bonding is more significant in carbides with
a smaller C content.

3.4 Chemical Bonding at the Fe/TiX (X = C, N, or O)
Interfaces

Interfaces play a key role in the control of material properties and in the join-
ing of different types of materials. Some compounds that have good coherence
with an Fe matrix have been used for precipitation hardening or as an intra-
granular ferrite nucleation site in the steel industry [28-30]. One group of the
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most popular compounds for this application is composed of the compounds
with a rock-salt-type structure, such as TiC or VC. In order to select the com-
pounds for these applications, the lattice-misfit strain at the metal/compound
interface have often been taken into consideration. However, there have been
no discussions about the chemical bonding at the interface of these systems.

Metal/oxide ceramic interfaces play key roles in a number of structural
and electronic applications. In recent years, in order to understand the inter-
faces, several electronic structure calculations have been performed for some
model systems, such as the metal/MgO(001) [31-38] and metal/Al,O3(0001)
interfaces [39-46]. In these works, the equilibrium interfacial distance or the
stable configuration of atoms at the interfaces were evaluated by minimization
of total energy using supercell models or image-interaction models. Regard-
ing the chemical bondings at the interfaces, the basic feature of the inter-
action between metal and oxygen atoms was shown by Johnson and Pep-
per [39]. They made the calculation of (Fe, Ni, Cu, Ag)/Al;O3 interfaces
using a self-consistent scattered-wave method with small cluster models com-
posed of seven atoms and found that the strength of covalent bondings at
the interface was decreased in the series Fe, Ni, Cu, and Ag because of an
increase in the occupation of antibonding orbitals established by the metal—
oxygen interaction. Regarding the metal-oxygen bonding, a similar trend was
pointed out by Schonberger et al. who made a more realistic first-principle
calculation of (Ti, Ag)/MgO interfaces [32]. However, strength of covalent
bondings is determined by the balance of the bonding and antibonding con-
tributions. It is important to discuss not only the occupation of antibonding
orbitals but also the variation of bonding contributions due to the presence
of metal atoms. In these previous works, little attention has been given to the
metal-metal bond at metal/ceramic interfaces except for Heifets et al. [35],
who reported that the Ag—Mg bond at the Ag/MgO interface was negligi-
bly small using an ab initio Hartree—Fock calculation with a supercell model.
However, it does not mean that the metal-metal bond is negligible in general.
In this section, we discuss the chemical bonding at the Fe/TiC, Fe/TiN, and
Fe/TiO interfaces with Baker—Nutting orientation relationship. These inter-
faces have been used for precipitation hardening or as intragranular ferrite
nucleation sites in the steel industry. The electronic structures of these inter-
faces were calculated in order to investigate the mechanism of the interfacial
bond with interests of the difference among Fe/TiC, Fe/TiN, and Fe/TiO
interfaces.

3.4.1 Model Clusters for the Fe/TiX Interfaces

The orientation relationship often observed between bce Fe and rock-salt-
type carbides or nitrides is (001)Fe//(001)MX and [110]Fe//[100]MX, which
is called the Baker—Nutting orientation relationship [47, 48], as shown in
Fig. 3.18. In accord with this relationship, we employed two model clus-
ters shown in Fig. 3.19 for the calculations of the Fe/TiX interfaces. The
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(001) MX // (001) o-Fe
[100] MX // [110] o-Fe

Lattice parameter Misfit
* TiC (4.329A) 6.6%
* TiN (4.239A) 4.5%
* TiO (4.177A) 3.0%

Fig. 3.18. Baker—Nutting orientation relationship between rock-salt-type MX com-
pounds and a-Fe (bcc)

model clusters are composed of two bee Fe metal layers and two TiX com-
pound layers. The left model cluster in Fig. 3.19 is the Fe-on-X model
where Fe atoms are present on the top of X atoms. The middle model
cluster is the Fe-on-Ti model where Fe atoms are located on the top of
Ti atoms. The table in Fig. 3.18 shows lattice parameters of bulk crys-
tals as measured by experiment and the lattice misfit between bce Fe and
TiX with the Baker—Nutting orientation relationship. In our calculation, the
lattice parameter of the Fe matrix parallel to the interface was expanded
so as to fit it with the lattice parameters of TiX for simplicity. Therefore,

Interfacial
Distance

X=GCN,O
(a) Fe/TiX interface (b) Fe/TiX interface (¢) Bulk TiX
(Fe-on-X model) (Fe-on-Ti model)

Fig. 3.19. The structure of model clusters employed in this work (X = C, N, or O).
(a) Feg—TigXy cluster for the Fe/TiX interfaces where the Fe atoms are on X atoms.
(b) Feg—Ti9Xy cluster for the Fe/TiX interfaces where the Fe atoms are on Ti atoms.
(c) Ti14X13 cluster for bulk TiX
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all Fe atoms at the interface are positioned on the top of either Ti or X
atoms in these clusters. In order to estimate the influence of the interfa-
cial distance, the calculation of these models with various interfacial dis-
tances between Fe and TiX layers in contact were performed. For the cal-
culations of bulk TiX, model clusters composed of 27 atoms were employed.
In the case of TiO, the model cluster was embedded in the Madelung po-
tential generated by approximately 2500 point charges. Spin polarization
was taken into account in the calculations of the interfaces containing Fe
atoms.

3.4.2 1 Bulk TiC, TiN, and TiO

Initially, the chemical bondings in bulk TiC, TiN, and TiO were investigated.
Several authors have already reported a series of calculations for the rock-salt-
type structure compounds, including TiC, TiN, and TiO [49-56]; TiC and TiN
[57-62]; TiC and TiO [63,64]; and TiO [65-73]. In addition, many calculations
for TiC have been performed using the band-structure method [74-78] and the
cluster method [79-87]. The band-structure method has been generally used
to calculate the electronic structure of perfect crystalline materials, whereas
a cluster calculation provides a good approximation for the bulk electronic
structure when valence orbitals are localized to a range of a few ionic shells.
The cluster calculation is more flexible and useful applied to imperfections
such as interfaces.

The PDOS of the valence band and the overlap population diagrams for
the Ti—Ti and Ti—X bonds of these model clusters are shown in Fig. 3.20. The
PDOS curves are made by broadening the discrete energy levels by a Gaussian
function of 1.0eV FWHM. The overlap population diagrams are obtained by
convoluting the overlap population at each molecular orbital with a Gaussian
function of 1.0eV FWHM. These curves of the DOS and overlap population
are shifted so as to set the Fermi level (Er) at zero. The value written in each
panel is the bond overlap population obtained by summing up the overlap
population at each molecular orbital up to Fg.

In TiC, there are two large bands below Ep. The upper band located
from —5 to 0eV is mainly composed of the C-2p levels interacting strongly
with the Ti-3d, 4s, and 4p orbitals. The lower band located at about —10eV
is mainly composed of the C-2s levels. The component of the Ti-3d, 4s, and
4p orbitals in the C-2s band is smaller than that in the C-2p band. As can be
seen in the overlap population diagram, these two bands contribute greatly to
the Ti—C bonding. The Ti-3d band above Ef is antibonding for the Ti—C.

In TiN, the basic feature of the PDOS and overlap population diagrams is
similar to those of TiC. The separation between the Ti-3d and N-2sp bands
in TiN is larger than that between the Ti-3d and C-2sp in TiC by 1.8€V.
The Ti orbitals show slightly less interaction with the N-2sp orbitals than
in TiC. Consequently the magnitude of overlap population for the N-2s and
N-2p bands are smaller than in the case of TiC.
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In TiO, the O-2p band is widely separated from the Ti-3d band. The
component of the Ti-3d, 4s, and 4p orbitals in the O-2p band is very small.
Therefore, the covalent interaction for the Ti—O bonding is much smaller
than that for the Ti—C bonding in TiC or the Ti—N bonding in TiN. The
0-2s band located at —23 eV has a small antibonding contribution to the
Ti—O bonding because of the repulsive interaction between the O-2p and Ti-
3p core. The Ti-3d band located above Er reduces the bonding nature of the
Ti—X bond and is considered to be an antibonding band. The antibonding
band is empty in TiC and nearly empty in TiN. However, it is partially oc-
cupied in the case of TiO. This is the reason the bond overlap population
of Ti—O is much smaller than that of Ti—X in TiC and TiN, and shows
rather negative value. The feature of the PDOS for TiC, TiN, and TiO in
this chapter agree well with previous band-structure calculations as referred
to previously.

The Ti—Ti bond is much weaker than the Ti—X bond in TiC and TiN. In
TiC and TiN, bonding components for the Ti—Ti bond are composed of the
C-2p or N-2p band and the Ti-3d band, though these bonding contributions
are very small. On the other hand, in TiO, the Ti—Ti bonding contribution
is essentially zero in the O-2p band, but in the Ti-3d band, its magnitude is
somewhat larger than that of TiC and TiN.

3.4.3 Preferred Position of Fe Atoms at the Fe/TiC Interface

We have performed the calculations for the Fe/TiC interface with various in-
terfacial distances ranging from 1.6 to 2.4 A. Figures 3.21 and 3.22 show bond
overlap populations for the Fe-on-C and Fe-on-Ti models, respectively. The
labels Fe—C and Fe—Ti respectively refer to the bond overlap populations for
Fe—C and Fe—Ti bonds at the interface. The label Fe—TiC denotes the sum
of bond overlap populations for Fe—C and Fe—Ti bonds, which corresponds
to the magnitude of the total of interfacial bond. The coordination number
is taken into account for the Fe—TiC bond, as seen in Figs. 3.21 and 3.22,
the Fe atom has one first nearest-neighbor (NN) and four second NN atoms
of TiX at the interface. The bond length between the Fe atom and the first
NN atom is equal to the interfacial distance. In the range of the interfacial
distances, 1.6 to 2.4 A, the second NN are about 1.5 times farther than the
first nearest neighbors.

In the Fe-on-C model, the Fe atom at the interface has one first NN C atom
and four second NN Ti atoms. The Fe—C bond strength is increased with
a decrease in the interfacial distance and achieves the highest value at 1.8 A.
The bond overlap population of the Fe—Ti bond is about one fourth of that
of the Fe—C bond. However, taking account of the coordination number, the
Fe—Ti bond has as large contribution to the Fe—TiC bond as the Fe—C bond.

In the Fe-on-Ti model, the Fe atom at the interface has one first NN Ti
atom and four second NN C atoms. In comparison with the Fe-on-C model,
both first and second NN bonds are weaker than those in the Fe-on-Ti model.
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Fig. 3.21. Bond overlap populations of the Fe-on-C model for the Fe/TiC interface
as a function of the interfacial distance

Therefore, the strength of the Fe—TiC bond in the Fe-on-C model is about
twice that in the Fe-on-Ti model at the same interfacial distance. From metal-
lic radii [88], the Fe—Ti bond length is considered to be longer than the bond
length of Fe—C. In iron carbide, FesC, the Fe—C and the Fe—Fe bond lengths
are 2.018 A, and 2.611 A, respectively. At a suitable interfacial distance for
the Fe—Ti bond in the Fe-on-Ti model, the Fe—C bond length is too long for
formation of the Fe—C bond. On the other hand, when the interfacial distance
is suitable for the Fe—C bond in the Fe-on-C model, the Fe—Ti bond-length is
still within the range of the bonding interaction. Since the number of second
NN bonds is four times greater than the first NN bonds, the Fe-on-X geome-
try is expected to be more preferable from the viewpoint of interfacial bond
strength. However, the accurate determination of the interfacial distance is
rather difficult. The Fe—TiC bond strength calculated in this work does not
display a maximum value. In order to estimate the equilibrium interfacial dis-
tance, it is necessary to include the bonding interactions near the interface
that are ignored in above discussion. They are the Fe—Fe bond in Fe layers
and the Ti—C bond in TiC. However, the model clusters employed in this
work are not large enough to account for and to quantitatively discuss the
strength of these bonds. In the following section, we employ Fe-on-X models
with a fixed interfacial distance of 2.0 A for simplicity and examine the origin
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Fig. 3.22. Bond overlap populations of the Fe-on-Ti model for the Fe/TiC interface
as a function of the interfacial distance

of the chemical bonding at these interfaces. The Fe—X distances are 2.018 A,
1.899 A and 2.163 A, in FesC, FeyN, and FeO, respectively. The value 2.0 A,
for the interfacial distance is determined as an approximate average of Fe—X
distances in bulk Fe—X compounds.

TiO layers of the Fe/TiO cluster was embedded in an ionic TiO lattice
in the same way as the bulk TiO cluster. In order to estimate the influence
of the Madelung potential on the chemical bonding, we have also performed
the calculation of the Fe/TiO cluster without the Madelung potential and
compared the calculated results with or without the Madelung potential.

3.4.4 Analysis of the Chemical Bonding at the Fe/TiC, Fe/TiN,
and Fe/TiO Interfaces

Figure 3.23 shows the bond overlap populations of the Fe/TiC, Fe/TiN, and
Fe/TiO clusters. At these interfaces, one Fe atom has one Fe—X bond and four
Fe—Ti bonds. The marks labeled “4 (Fe—Ti)” in Fig. 3.23 denote the bond
overlap population of the Fe—Ti bond multiplied by a factor of four. The
Fe—Ti bond strength is increased in the sequence, Fe/TiC, Fe/TiN, Fe/TiO.
Regarding the Fe—X bond, the Fe—C and Fe—N bonds display strong covalent
bonding. On the other hand, the bond overlap population of the Fe—O bond
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Fig. 3.23. Bond overlap populations at the Fe/TiX interfaces (X = C, N, or O).
Solid marks denote bond overlap populations of the Fe/TiO cluster without the
Madelung potential

is —0.1, which means the Fe—O bond is slightly antibonding in character.
Summing up the bond overlap populations of the Fe—X and Fe—Ti bonds,
which correspond to the total of interfacial bond strength, the value is de-
creased in the order of Fe/TiC, Fe/TiN, Fe/TiO. In our calculation, we take
into account the effect of the Madelung potential only in the case of Fe/TiO.
However, when the Madelung potential in the Fe/TiO cluster is not taken into
account, the bond overlap-populations do not change remarkably. Therefore,
the difference of the chemical bonding between the Fe—O and the Fe—C or
Fe—N bond cannot be ascribed to the inclusion of the Madelung potential.
In what follows, we only discuss the chemical bonding of the Fe/TiO cluster
with the Madelung potential for the Fe/TiO interface.

The net charges of atoms in the clusters are plotted in Fig. 3.24. The net
charges of Ti atoms at the interfaces are almost the same as those in bulk TiX.
On the other hand, the net charges of X atoms at the interfaces are slightly
smaller than those in bulk TiX. The Fe atoms at the interfaces are charged
negatively, though the values of the net charges are very small for all of the
interfaces. Furthermore, these results show that no significant charge transfer
takes place between Fe and TiX layers at the interface. Therefore, the ionic
interaction between Fe and TiX seems to be small even in the case of TiO,
which is more ionic than TiC and TiN.

The PDOS of Fe, Ti (3d+4s+4p), and X (X = C, N, or O) atoms in the
valence band at the interfaces and the overlap population diagrams for the
Fe—X and Fe—Ti bonds are shown in Fig. 3.25. In all of the interfaces, the
Fe component in the up-spin band appears below Er and peaks at —1.8¢eV,
while in the down-spin band, the Fe component lies around Er and peaks at
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1.5¢eV. The shapes of the PDOS of the Ti and X atoms at the interfaces are
similar to those in bulk TiX.

At the Fe/TiC interfaces, the Fe band strongly interacts with the C-2p
orbital. This causes a large bonding component in the valence band from —7
to 0eV and a small antibonding component around Ep with respect to the
Fe—C bond. From —13 to —10€V a small bonding contribution exists mainly
composed of the C-2s interacting with Fe orbitals.

The PDOS and overlap population diagrams at the Fe/TiN interface have
similar features to those at the Fe/TiC interface. However, the bonding in-
teraction is slightly smaller, and the antibonding component is larger, than
at the Fe/TiC interface. Therefore, the bond overlap population of the Fe—N
bond is smaller than that of the Fe—C bond.

At the Fe/TiO interface, the O-2p band is located at around —10 eV, which
is just below the bottom of the Fe band. Regarding Fe—O bonding, the O-2p
band is completely bonding, but the bonding contribution is much smaller
than the other two interfaces. In contrast, the Fe band is completely anti-
bonding. The antibonding band below Fr is larger than the bonding one.
This makes the bond overlap population of Fe—O a negative value, —0.098.

As seen before, the position of the X-2s and 2p bands become lower in the
order of C, N, O. As a result, the bonding interaction becomes smaller while
the number of electrons occupying the antibonding state increases. This is the
reason the bond overlap population of the Fe—X bond is smaller in the order
of C, N, O.

As for the Fe—Ti bond, at all of the interfaces, the Fe band below Eg
displays a small bonding tendency. At the Fe/TiO interface, the Fe—O bond
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is antibonding; therefore, the dominant chemical bond is the Fe—Ti bond. As
mentioned above, previous theoretical calculations pay little attention to the
metal-metal bonding at metal/ceramic interfaces. In fact, in the case of the
Ag/MgO interface, it was reported that the Ag—Mg bond at the interface
was negligibly small [35]. In the other calculation for the Ag/MgO interface,
it was shown that the Ag band was located at the almost same energy range
as the O-2p band, but there was no apparent overlap between the Ag and Mg
bands [32]. In the present work, at the Fe/TiO interface, the Fe band interacts
with the Ti band around Er to contribute to the Fe—Ti bonding. In recent
work for the V/MgO interface [89] through the use of the DV-Xa molecular
orbital calculation, it was suggested that the V—Mg bond displays covalent
bonding, and the strength of the V—Mg bond is much larger than that of the
V-0 bond, in contrast to the Ag/MgO interface. Therefore, it seems to be
important to consider the metal-metal bond formed at the interface between
transition metals with unfilled d-bands and some ceramics.

The TiX compounds act as preferential nucleation sites of ferrite (bcc Fe)
when steels are cooled from the austenite (fcc Fe) region. However, experi-
mental data on the nucleation potency are not well-established. Yamamoto
et al. concluded that TiN was a good ferrite nucleant because of its small lat-
tice mismatch with ferrite [30]. Gregg and Bhadeshia, however, reported that
TiO acted as a good nucleant, while TiN did not [90]. Although the mismatch
is smaller by 1.5% in Fe/TiO than in Fe/TiN, they were reluctant to accept
the lattice-matching model. Recently, Zhang et al. investigated the ferrite nu-
cleation effectiveness of pure polycrystal ceramics (TiC, TiN, TiO, VN, AIN,
and AlyOs3) [91]. Their results contradicted the data by Gregg and Bhadeshia.
They reported that VN, which has the smallest mismatch with ferrite, is the
most effective, while TiO, which has the second smallest mismatch, is the least
effective. Regarding TiC, TiN, and TiO, they reported that the ferrite nucle-
ation effectiveness was decreased in the order of TiC, TiN, TiO. This order
is opposite to that expected from the lattice mismatch with ferrite. In other
words, good lattice coherence could not be the major requirement for a good
ferrite nucleant. According to the present calculation, the Fe/TiX interfacial
bond strength decreases in the order of TiC, TiN, TiO, which is the same as
that in the report by Zhang et al. It suggests that the chemical bonding would
be more important than the lattice mismatch for the ferrite nucleation in the
Fe/TiX system.

3.4.5 Other Interfaces

To gain systematic physical insight into the interfacial bonding mechanism,
calculations of the Cr/TiX, Ni/TiX, TM/MgO (TM = Cr, Fe, or Ni) inter-
faces have been made using the same type of model clusters. The interfacial
distances in these interfaces were set to the same value, 2.0 A, as in Fe/TiX in-
terfaces. The PDOS of the atoms at the interfaces and the overlap population
diagrams for the TM—M and TM—X bonds are shown in Figs. 3.26-3.28. The
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density of states. The middle panels, (b), (e), and (h), show overlap population dia-
grams for the Ni—X bond. The right panels, (¢), (f), and (i), show overlap population
diagrams for the Ni—Ti bond
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Fig. 3.28. Partial density of states and the overlap population diagrams for the
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the density of states. The middle panels, (b), (e), and (h), show overlap population
diagrams for the TM—O bond. The right panels, (c), (f), and (i), show overlap
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overlap population diagrams for the Cr/TiX and Ni/TiX interfaces show the
same features observed in the Fe/TiX interface. One of the clear differences
is that the PDOS of the TM moves downwards, and the separation between
the Ti and TM bands increases in the sequence Cr, Fe, Ni. This effect leads
to the decrease of the TM—T1i bond strength. Regarding the TM—X bonding,
both increases of the magnitude of the bonding band and the occupation of
the antibonding band occur as the TM band moves downwards. Because these
two changes have opposite contributions to the TM—X bonding, the TM—X
bonding does not change remarkably with the kind of TM used. In the case
of the TM/MgO interfaces, the bond overlap populations of the TM—0 bond
have positive values in contrast to the TM/TiO interfaces. In comparison with
the TM/TiO interfaces, the O-2s and 2p bands in the TM/MgO interfaces are
located close to the Fermi level, and the occupation of the antibonding band
is small. Consequently, the antibonding contributions to the TM—O bonding
are smaller, which leads to an increase of the TM—O bond strength.

Figure 3.29 shows the bond overlap populations of all the interfaces ap-
pearing in this study. The TM—M bond strength decreases with an increase
in the atomic number of TM due to the downward shift of the TM band.
This is a common tendency of the M—M bonding in 3d transition-metal car-
bides discussed previously. However, the change in the TM—X bond strength
is more significant because the change in the position of the X-2s and 2p
bands is larger than the TM bands. At all the interfaces, importance of the
TM—M bonding compared with the TM—X bonding should be a general fea-
ture, whereas the difference of the bonding character at the interfaces mainly
arises from the TM—X bonding.
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3.5 Conclusions

First-principle calculations using model clusters have been made in order to
study the effect of solute atoms on FezC and the Fe/TiX (X = C, N or O)
interfaces as examples of lattice imperfections. The change in the chemical
bonding between metal atoms plays an important role in FegC-containing
solute atoms. On the other hand, the Fe—X bonding at the Fe/TiX interfaces
characterize the chemical bonding at the Fe/TiX interfaces.

The strength of the M—C bond in FezC shows little change with a change
in solute atoms, but the M—M bond strength strongly depends on the atomic
number of the solute atoms. The results can be well-explained using overlap
population diagrams for the M—M and M—C bonds. The Fermi level lies at
the middle of the antibonding band of the M—M bond in pure FesC. When
the solute atoms are present, the position of the M—M antibonding band
changes. The number of electrons occupying the antibonding orbitals is there-
fore altered; the net overlap population of the M—M bond decreases with
increasing atomic number of the solute. On the other hand, the M—C bond
is nearly non-bonding in character around the Fermi level. The solute atoms
have a smaller influence on the M—C bonding than on the M—M bonding.

We found a good correlation between the magnitude of the M—M bond
strength and the experimental Vickers hardness of the FezC solid solutions.
Since the M—M bond is dominant between (001) planes in FesC, it is natural
that the M—M bond strength shows strong effects on the hardness, which is
mainly determined by the (001) slip. The present result is contrary to the
previous views: it was believed that the M—C bond strength rather than the
M~—M bond determines the hardness of the FezC solid solutions.

At the Fe/TiX interfaces, no significant charge transfer occurs between the
Fe atoms and the TiX. Ionic interaction between Fe atoms and TiX is small,
and covalent bonding is predominant at the interface. At these interfaces, the
Fe-on-X geometry is more preferable than Fe-on-Ti because of the long-range
interaction of the Fe—Ti bond. The reason is that the Fe—Ti bond is found to
be effective even at the second nearest neighbor (NN) sites and the number of
second NN bonds is four times greater than the first NN bonds. The strength
of the Fe—Ti bond is increased in the order of Fe/TiC, Fe/TiN, Fe/TiO. On
the other hand, the strength of the Fe—X bond is decreased in this order. In
particular, at the Fe/TiO interface, the Fe—O bond is slightly antibonding
in character. The change of the strength of the Fe—X bond is much larger
than that of the Fe—Ti bond. Therefore, the interfacial bond-strength, which
is the sum of the strength of the Fe—X and Fe—Ti bonds, decreases in the
order of Fe/TiC, Fe/TiN, Fe/TiO. There is a similar tendency for the chemical
bonding at the Cr/TiX and Ni/TiX interfaces.

Several compounds, including TiC, TiN, and TiO, have been applied as
intragranular ferrite nucleation sites in steels. However, experimental data on
the nucleation potency are not well-established. The interfacial bond-strength
as obtained by our calculation agrees well with the ferrite nucleation potency
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most recently found by experiments — the result which is not predicted by

th
co

e lattice mismatch with ferrite. This suggests that the chemical bonding
ntribution seems to be larger than the mismatch strain contribution for the

ferrite nucleation in these systems.
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Ceramics

T. Kamiya, N. Ohashi, and J. Tanaka

4.1 General Introduction

The development of ceramics science and technology has made huge con-
tributions to recent progress in engineering, including electronics, mechan-
ics, biotechnology, etc. For example, the miniaturization of electronic devices
(e.g., mobile phones, video cassette recorders, and so on), has been supported
by amazingly small circuit elements achieved by the development of ceramic
technology. It is also known that ceramic technology has opened up a number
of frontiers. For example, aerospace technology, (e.g., space shuttles), can-
not keep developing unless the ceramics for extreme environments are real-
ized. Moreover, an aging society, which is a serious social matter in developed
countries, has large needs for reliable and non-toxic artificial bones and teeth.
Indeed, advances in engineering and solutions for technological and social
problems are addressed by ceramic science and technology.

A number of new ceramic materials were discovered and synthesized in the
past century, e.g. high-T¢ superconductors (HT'SC), relaxor-ferroelectrics, p—n
diodes, etc. The synthesis has mostly been done by trial-and-error procedures,
empirical predictions and intuition. The HTSC hunters in the 1980s studied
almost all elementary oxide reagents and a number of mortars in their lab.
Some researchers have sought to design materials non-empirically, but have
not achieved the same success. Needless to say, material design and charac-
terization must be implemented together to realize advancement in ceramics
engineering. The science and technology of material characterization has been
developed, but the interpretation of the results in most cases has been based
on a researcher’s experience.

It should be noted that a ceramic system is complicated as shown in
Fig. 4.1. The system is inhomogeneous and thermodynamically metastable,
and further, the materials contain a lot of defects and interfaces, i.e., non-
ideal materials. Moreover, elements in useful ceramics are heavy. For example,
the high-performance piezoelectric compound of Pb(Ti, Zr)O3 contains lead
(atomic number 82). Computer simulation of electronic states in a solid with
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Grain bouddary Fig. 4.1. Schematic diagram of de-
fects and interfaces in ceramics
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a huge electron number requires huge amount of memory, high-speed proces-
sors and a highly stable operating system. Thus, the complete simulation of
ceramic material is dependent upon the frontiers of computational material
science. However, recent developments in both computer hardware and soft-
ware technology have enabled us to apply ab initio calculations to ceramics
research. It is a great advancement for ceramic science and technology.

In this section, we introduce several examples of the use of the DV-Xa«
code for ceramics research. In the following section, the DV-Xa method is
applied for the peak assignments of some spectroscopic characterizations.
The transition state calculation is appropriate for the simulation of elec-
tron spectra, and thus, the spectral profiles were calculated taking into con-
sideration the electron relaxation. Auger electron spectra calculated by the
DV-Xa method will be described in 4-2-a. An application of the DV-Xa«
calculation to a magnetic resonance study is also introduced in 4-2-b. For
this case, the partial density of states was used for the estimation of the
super-hyperfine interaction tensor, and the simulated values were compared
with those found from the observed parameters. Another important feature
of the DV-Xa calculation is the evaluation of the bond overlap population
(BOP) as the result of charge analyses. The magnitude of the BOP corre-
sponds to the bond strength (covalency) of the chemical bonds, and it is
useful for the qualitative prediction of the structural stability of the com-
pounds. In 4-2-c, estimation of the most stable surface structure was done
using the DV-Xa method and was used for the interpretation of ion-scattering
spectroscopy.

In Sect. 4.4, several examples of the design and the property prediction of
materials using the DV-Xa method are introduced. Most ceramic materials
have the characteristic feature of ionic crystals. This is why stable atomic con-
figurations in ionic crystals can be predicted by classical molecular dynamics
(MD) calculations. The improvement in accuracy of the classical MD calcula-
tion assisted by the DV-Xa« calculation is introduced in 4-3-a. Recent progress
in oxide fabrication techniques, e.g., molecular beam epitaxy (MBE) methods,
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etc., enables us to artificially synthesize modulated superlattice structures.
However, it takes a large amount of time for optimization of the growth con-
ditions, and hence, a trial-and-error procedure is not appropriate for material
exploration using MBE. The prediction of the structure—property relation-
ship is thus very important for this kind of material synthesis. In 4-3-b, use
of the DV-Xa method to obtain tight-binding band calculation parameters
are introduced, and the result of the band calculation for the SrZrO3—SrTiO3
super-lattice system will be described as an example. Another example of
the property prediction is introduced in 4-3-c, where the dielectric properties
of perovskite oxide materials are estimated from the results of the DV-X«
calculation.

4.2 Characterization of Ceramics with the Assistance
of DV-Xa Calculations

The advancement of the fine-powder preparation technique for ceramic sources
and integration technology in ceramic fabrication processes are exemplified by
the miniaturization of electric circuit elements. One of the typical examples
is multi-layer ceramic capacitors (MLCCs). MLCCs have a layered structure,
composed of alternating stacks of oxide dielectric layers and metal electrode
layers. In particular, in the most highly integrated MLCCs, the thickness of
the oxide dielectric layer is on the order of microns, and one layer is com-
posed of a few grains of the oxide crystal. It is said that the next target of
ceramic fabrication technology is the mounting/growth of ceramic chips di-
rectly onto silicon-based integrated circuits. The decrease in the thickness and
the increase in complexity mean that an increase in the interfacial region per
unit volume of the devices. Consequently, controlling the surface and interface
is getting more important. Moreover, the artificially integrated or fabricated
stacking structures are in non-equilibrium states, and they sometimes involve
nonstoichiometric composition and structures. This means that the behavior
of nonequilibrium defects plays important roles in these materials; for exam-
ple, aging behavior is mostly caused by such kinds of defects.

One of the most useful probes for the analysis of the micro- or nanore-
gion is the focused electron beam, found in transmission electron microscopes
(TEMs), secondary electron microscopes (SEMs), electron spectrometers in,
for example, electron energy-loss spectroscopy (EELS) and Auger electron
spectroscopy (AES). These instruments are designed for the characterization
of chemical and electronic states in microregions. However, the sensitivity of
these techniques is rather low. Indeed, an impurity or defect concentration
of at least a few percent is necessary for quantitative analysis. Thus, other
sensitive methods for the detection of defects are consequently necessary for
complete characterization and understanding of the minor impurities and de-
fects in materials. In this article, electron spin resonance (ESR) is introduced
as a method for the detection of minor impurities and defects.
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The interpretations of the obtained spectra are usually given empirically
or semi-empirically. For an example of a semi-empirical assignment of AES
spectra, it is well-known that the so-called Auger parameter, evaluated from
the difference between the kinetic energy of the Auger electron peak and the
binding energy of the peak of the X-ray photoelectron spectra, is a useful
parameter to characterize the chemical state of the specimen. Comparing the
Auger parameter of unknown species with that of the well-known species, we
can discuss the chemical state empirically. In order to investigate the chemical
or electronic states in detail, an electronic state calculation is one of the most
powerful approaches. This is also the case for the assignment of ESR spectra;
that is, the defect structure can be obtained empirically from the observed
spectra, but the use of an ab initio calculation enables us to describe the
defect structure more precisely. In the following subsections, the application
of the DV-Xa calculations for spectral assignments and the interpretation of
the spectra of ceramic materials will be introduced.

4.2.1 Assignments for Electron Spectroscopy
Introduction

Figure 4.2 is a schematic diagram of AES and X-ray photoelectron spec-
troscopy (XPS). In this figure, the K LagLos Auger transition of oxygen and
an O-1s core-level XPS in zinc oxide (ZnO) are illustrated. XPS is a relatively
simple process in which an incident energy injection, by an electromagnetic
wave, causes the ionization of molecular orbital (MO) @y — namely, the O-1s
orbital. On the other hand, the emission process of AES is a three-electron
process. After the ionization of MO @, one of the other electrons in the outer
core, e.g., an electron at @5, transfers to the MO @, and the extra energy cor-
responds to the energy difference between @5 and @, which causes a second
ionization, e.g., ionization of MO ®g.

On the basis of the linear combination of atomic orbitals (LCAO), the
MOs (©,’s) in ZnO are described as follows:

b, = Z CnjkPik + chzm¢1m : (4.1)
.k l,m

Here, ¢j, is the kth AO of the jth O, ¢y, is the mth AO of the {th Zn, and the
value of @,, is normalized as |$,|2 = 1 for spin-polarized AOs and |&,,|2 = 2
for spin-unpolarized AOs.

The intensity of an AES transition for the jth O can be estimated from
the coefficients of the MO [1], as shown in (4.2).

T pipfn , (4.2a)
Pn = ank s (4.2b)
Pm = Cmjk (420)
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Fig. 4.2. Schematic diagram of Auger and photoelectron emission processes

Here, we assume that the AO of O-1s is completely localized, and the O-1s
core-level (@g) is the AO of O-1s. The result of a population analysis using
the DV-X« code is therefore appropriate for the simulation of AES transition
intensity. In order to simplify the material in this chapter, the simplest cluster
model, [Zn4O]%*, is employed for the estimation of AES transition intensity.
The observed AES spectrum of ZnO ceramic [2] doped with Bi is shown
in Fig. 4.3. It seems that the oxygen K La3La3 spectrum is composed of three
peaks, at 508, 514, and 518 eV. This indicates that the L shell of the oxygen
ion in ZnO consists of two major states — the bonding (B) and anti-bonding
(aB) states — which give way to three possible combinations: B-B, B-aB, and
aB-aB. Two AES profiles are plotted in Fig. 4.3: one is obtained from the grain
boundary doped with Bi and the other from a ZnO grain. The difference in
the two spectral profiles is caused by the modification of the chemical bond
between Zn and O ions due to Bi doping. The DV-Xa calculations are useful
for spectral assignments of this kind of variation in electron spectra.
Another important issue for describing AES transitions is the estimation of
the degree of electronic relaxation. The process of Auger electron emission is
a three-electron process, as mentioned previously. This means that electronic
relaxation takes place in a complicated way during the transition process. In
other words, the relaxation process makes interpretations of the AES profile
difficult. The DV-Xa code enables us to calculate the electronic transition
state by using its transitional calculation subroutine. Ionization potential can
be estimated with this method. The transitional state in the DV-Xa calcu-
lation introduces half-filled MOs — namely, an intermediate electronic config-
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Bi-doped Fig. 4.3. K L3 Las spectra of ZnO ceramic
grain boundary
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uration between the initial and final states — as illustrated in Fig. 4.4. For
a transition state of a photoelectron emission (PES) process, only the target
MO is set to a half-filled MO for the transition state calculation of the DV-X«
method, since the transition state (Fig. 4.4b) is defined as the intermediate
state between the initial ground state (fully occupied state, Fig. 4.4a) and
the final ionized state with one hole (Fig. 4.4c). On the other hand, for the
simulation of the AES process, three half-filled holes are necessary, since the
AES transition is a three-electron process. For the AES process, the initial
state is set to the core-hole state (Fig. 4.4d) after the first ionization by irra-
diation and the final state to the two-hole state (Fig. 4.4f) as a result of Auger
electron emission. Thus, three half-filled MOs appear in the transition state
(Fig. 4.4e), which is an intermediate state between initial and final states.

PES

(a)lnitial  (b)Transition (c)Final

s a0 '(;
a s &

Fig. 4.4. Initial and final states of
a2 &

Auger and photoelectron emission pro-
cesses and corresponding the “transi-

N . ) tional state” for the DV-Xa calcula-
(d)Initial  (e)Transition (f)Final tion



4 Ceramics 91
Calculation

The cluster model for the KLiy3La3 AES simulation examined in [2, 3] was
[Z1n40], as illustrated in Fig. 4.5. Three half-filled MOs are introduced into
the cluster model for the transitional state calculation. Since Auger electron
emission is an intra-atomic process, all of the half-filled MOs should be mostly
localized at the target ion/atom. If we use the cluster model [Zn,O], the half-
filled MOs are always localized at the O(1) site of this cluster and, it is easy to
calculate the AES transition. On the other hand, in the [ZnsO4] cluster, the
hole generated at the O(1) site sometimes transfers from the O(1) site to the
0O(2) site during an iteration to obtain a state of minimum energy. Thus, the
use of the simplest cluster model is the easiest and simplest way to calculate
the AES profiles.

The compounds used in ceramics, including ZnO, are mostly ionic crystals.
Thus, the Madelung potential is an important issue for the description of ionic
crystals. As illustrated in Fig. 4.6, the cluster model [ZnyO] is surrounded by
dummy atoms, which gives an electrostatic potential to the cluster.

0(2)
gom O(1)

[zn4o] Izn404] Fig. 4.5. Cluster models [ZD40] and
[ZD404]

Fig. 4.6. [Zn4O)] cluster
surrounded by dummy
ions yielding a Madelung
potential

Zn
p-a Cluster !
0

(vilelle

Dummy|
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Results

Figure 4.7 shows three AES spectra simulated by the DV-Xa method. Here,
three kinds of results are compared. The spectrum obtained from the ground
state calculation is considerably different from the other two simulated spec-
tra. In particular, the center peak is the most intense for the ground state
calculation, while the low-energy peak is the highest in the other spectra.
This indicates that an electron relaxation after the initial ionization of the
core level is essential for the profile of AES. Figure 4.7 also indicates that
the calculated kinetic energy for the core-hole state is different from that of
the transition state, though their peak shape is almost the same. Since the
transition to a spin-triplet final state (3P) is not allowed in K LL Auger tran-
sitions, the correlation energy between the resultant holes is expected to be
low. This means that the difference in kinetic energy between the core-hole
state (Fig. 4.4d) and transition state (Fig. 4.4e) is ascribed to the difference
in relaxation energy for the core-hole.

The variation of the AES profile, i.e., Fig. 4.3, was ascribed to a change
in ionicity of the Zn—O bond by doping. The DV-Xa calculation for the
[BiZn3O] cluster indicates that the ionic charge of the oxygen ion changes by
Bi doping in ZnO and that the change in ionicity results in a variation of the
AES profile.
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Fig. 4.7. Auger electron spectra simulated by assuming 4.2. The coefficients in 4.2
were evaluated by DV-Xa calculation. The spectra a, b, and ¢ corresponds to the
ground state calculation, the core-hole state (initial state of the AES transition)
calculation, and the transition-state calculation, respectively

Remarks

The simulation of the AES profile using the DV-Xa method was intro-
duced. This method, in combination with the addition of Madelung poten-
tial (Fig. 4.6) and the transition state calculation of the DV-Xa method
(Fig. 4.5), is actually useful for the assignments of AES profiles. The authors
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calculated AES profiles of a nitride system, e.g., boron nitride. The simu-
lated AES profiles for nitrides qualitatively agreed well with the observed
profiles. The systematic change in nitrogen K LozLo3 spectra was ascribed
to the ionicity and covalency of nitrides. The focused electron beam tech-
niques are getting more important, since the nano-sized grains and struc-
tures are attractive topics in ceramic technology. Thus, AES analyses, espe-
cially those excited by finely focused electron beams, will be a key technology
for the development of the next generation of ceramic science and technol-

ogy.

4.2.2 Prediction of Atomic Arrangements
Introduction

The absence of periodicity is the most important issue in the study of solid
materials. Point defects are the zero-dimensional examples of a break in pe-
riodicity, dislocation is a one-dimensional example, and an interface is a two-
dimensional example. The controlling of such periodicity imperfections is the
most important issue for the fabrication of ceramic devices and materials.
For example, electron or hole doping is necessary for semiconductor materi-
als in order to achieve adequate conductivity and sufficient barrier height at
the junction. However, doping causes imperfections in the crystal periodic-
ity, which result in a low carrier mobility, low chemical stability, etc. More-
over, the defects and impurities cause structural distortion around the defects.
For example, a defect with a lone pair of electrons causes a Jahn-Tellar dis-
tortion, which is an enhancement of the crystal periodicity imperfection by
doping. In this subsection, structural relaxation around the defects in dia-
mond will be introduced as an example of the application of the DV-Xa«
calculation.

Diamond is a representative of wide-gap semiconductors and thus, it is
appropriate for use as a transparent semiconductor and switching devices in
high-temperature environments. A lot of applications and devices using dia-
mond have been proposed, but the difficulty of synthesizing n-type diamond
is a great barrier in the fabrication of diamond-based semiconductor devices.
Since diamond has the same crystal structure as silicon, it is expected that
nitrogen and phosphorus in diamond form donor states in the same way as
electron doping in a silicon crystal. In fact, boron in diamond forms a shallow
acceptor state, and high hole conductivity is possible [4]. However, nitrogen
in diamond is not an effective donor. It is believed that localization of doped
electrons takes place due to lattice relaxation around nitrogen and/or seg-
regation of impurities. For example, electron paramagnetic resonance (EPR)
spectra measurements suggest that doped nitrogen has not T4 but Cg, sym-
metry and the nitrogen atoms tend to form a cluster of N in diamond [5].
Indeed, the relaxation of the local structure is essentially important in doping
phenomena.
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Several defects in diamond have been studied by molecular orbital (MO)
calculation methods [6-11], because the MO calculation using cluster mod-
els is more convenient for calculating electronic states of localized defects
than the band calculation methods based on Bloch’s theorem. The elec-
tronic states of nitrogen [6-10] and phosphorus [11] in diamond have been
calculated by ab initio or semi-empirical MO calculation methods. Most of
those calculations have been performed to elucidate the electronic structure
or mechanism of structural relaxation around those dopants. In this sec-
tion, use of the DV-Xa method for the structural relaxation will be intro-
duced.

The structural stability of solids is usually discussed on the basis of total
energy calculation. However, the evaluation of total energy to discus structural
stability requires a lot of time and computer resources. From the viewpoint
of material design and property predictions, real-space images are sometimes
more helpful than the k-space images given by band structure calculations.
Taking real-space images into account, the use of the bond-overlap population
(BOP) evaluated by the DV-Xa calculation is an efficient solution for material
design. BOP is a measure of the strength of a chemical bond, since it corre-
sponds to covalency. Hereafter, the use of the DV-Xa method is introduced
as a tool for the prediction of structural relaxation.

4.2.3 Theory and Calculation

The nature of the chemical bonds in the cluster was quantitatively character-
ized by the BOP. The electron population of the ith MO, abbreviated to P,
is given by

P= / ()2 dr (4.3)

Here, ¥;(r) and f; represent the wave function and electron number occupied
at the [th MO, respectively. The wave function ¥;(r) is defined by a linear
combination of atomic orbitals (LCAO) as

wi(r) =) CHOX! - (4.4)

i

Here, x!'denotes the uth atomic orbital in the ith atom. The orbital population
P, is thus re-written as

Pl:fl/

The overlap population between the jth and kth atoms in the {th MO, O;x(1),
can be given by

2
dr . (4.5)

PP ERUIG

i

Or(1) = £ > D> _(CHX) - (Cr()xF) - (4.6)
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The BOP between the jth and kth atoms, Bjy, is defined as a summation of
the overlap populations over all occupied MOs:

Bjx = fiy_ (CHOX)) - (CRWXE) - (4.7)
l

vip

As found in (4.6), the sign of the overlap population O;i corresponds to the
character of the chemical bonding, i.e., antibonding for negative O;; and
bonding for positive Oj;. In a similar way, a chemical bond with a negative
BOP Bj, < 0 is unstable, since such a chemical bond has, on the whole, an
antibonding nature.

A cluster [Co9Hgg] of Ty symmetry, shown in Fig. 4.8, was used for the
calculation of pure diamond. As for the impurity-doped diamond, a central
carbon atom in the [CogHsg| cluster was substituted by nitrogen, boron, or
phosphorus, i.e., [ACosHss] (A = N, B, or P). Dangling bonds on the cluster
surface were terminated by hydrogen atoms as shown in Fig. 4.8.

Lattice relaxation effects were taken into account by reducing the symme-
try of the cluster from T, to C3, in the manner shown in Fig. 4.9: an A atom
was displaced from its initial position to the position where the A—C(Ib) bond
length elongates or shortens. The displacement of C(Ia) atoms was disregarded
in this study.

The effective charge of each atom in a cluster was evaluated by the Mul-
liken population analysis. The stability of doped atoms was estimated from
the BOP between a substituted A atom and an adjacent carbon atoms, C(Ia)
and C(Ib).

C(0) or A
® C(l)
-0 ()
o (Il
O H(l)
Q H(Il
O H(ill)

Fig. 4.8. A cluster model
[C29Hsg]. A carbon atom, indi-
cated by C(0) was substituted
292 a.u. by a nitrogen, boron, or phos-
phorus atom

C

\s
(Ib)

(la)
C(la)
C(Ia) Fig. 4.9. Assumed
A\. relaxation with
symmetry-lowering

Shorten(C3v) Initial(Td) Elongate(C3Vv)  from T, to Cs,

C
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4.3 Results

The spin-orbital population for a [NCogHsg] cluster evaluated by assuming Cs,
symmetry is different from the result assuming T,; symmetry, though all of the
atoms are fixed at the ideal position. For the cluster model of [C29Hgg], which
corresponds to pure diamond, the evaluated population assuming Cs, sym-
metry agrees with the population assuming Ty symmetry. The BOP values for
the A atom in [ACssHsg] (see Figs. 4.8 and 4.9) are summarized in Table 4.1.
These results are given for the ideal diamond structure without any atomic
displacements. The BOP value is always anisotropic in the cluster [Cao9Hsg],
even when (s, symmetry is assumed. On the other hand, the BOPs for N—C
bonds are anisotropic when assuming C's,, symmetry. This indicates that the
nitrogen atom forms an anisotropic bond even though it is in an isotropic po-
sition. The formation of an anisotropic bond means that a nitrogen atom in
a diamond lattice prefers to occupy a lower-symmetry site. Thus, examining
the DV-Xa calculation is a conventional way to realize structural relaxation.

Figure 4.10 indicates a relation between lattice relaxation and the BOP
of N—C bonds in the [NCysHsg] cluster. As indicated in Fig. 4.10, the BOP
for N—C(Ia) bonds is much larger than the BOP for N—C(Ib) bonds. This
result suggests that a nitrogen atom makes chemical bonds with only three
C(Ia) carbon atoms like an NHj3 molecule and has little interaction with other
C(Ib) carbon atoms. The value of the BOP is saturated with an increase of

2.20i 0.20
Ay 0.10
o 180 \“4_" ON-C(1a) "o
m N B N-C(1b) m
@ N-C(total) 0.00
1.400,7
--------------------- -0.10
1.00 I : I : -0.15 Fig. 4.10. Relation between
100 102 104 106_ 108 110 bond order and lattice relax-
N-C(1b) elongation / % ation for [NCaogHse]

Table 4.1. BOP for the A—C(Ia) and A—C(Ib) bonds in the [AC2sHszs] (A = C
or N) clusters. “Sym” indicates the assumed symmetry of the MOs. All of the
calculations were done assuming ideal atomic positions

Cluster [C29H36] [C29H36] [NCQBHSﬁ] [NCQBHSﬁ]
Sym. Ta Cl3y Ta Cl3y
A-C(Ia) (227)  2.23 (0.94) 1.24
A-C(Ib) (0.75)  0.74 (0.31) 0.16

Total 3.02 2.97 1.25 1.30
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the N—C(Ib) distance and is constant over 106% elongation. The saturation
is due to a simultaneous increase of bonding and antibonding components of
N—-C(Ia) bonds caused by the shortened N—C(Ia) distance. The elongation
of the N—C(Ib) distance in diamond is estimated from EPR observations to
be 120-128% [5]. However, a converged result is not achieved for a cluster of
over 110% elongation. It is indicated that the displacement of the C(Ia) and/or
C(Ib) atom must be taken into account to estimate the best arrangement of
the nitrogen center.

As for the cluster [BCagHgzs], the MO calculation converges for Ty symme-
try but not for Cs, symmetry, in which atom positions are the same as in Ty
symmetry. This is due to the splitting of an impurity level by symmetry-
lowering. The hole introduced by boron doping occupies the molecular or-
bital to in Ty symmetry, while the t5 orbital splits into a;- and e-orbitals in
Cs, symmetry. Since the energy splitting of the a;- and e-orbitals is small,
the hole transfer can take place between them, resulting in an oscillation in
the calculated result. Therefore, the lattice relaxation is taken into account in
the same way as the nitrogen-doped cluster.

The possibility of structural relaxation around a boron atom at a substi-
tutional site was examined. The value of the BOP for B—C bonds shown in
Fig. 4.10 is almost the same as the BOP value calculated for C—C bonds in
the [Ca9Hsg] cluster and larger than the BOP value of N—C bonds.

As for Bo, the most stable position of boron in diamond could not be deter-
mined, since Bo for B—C bonds is almost independent of relaxation, as shown
in Fig. 4.10. However, a hole is located in the a;-orbital when the B—C(Ib) dis-
tance is shortened, while the hole is located in the e-orbital when the B—C(Ib)
distance is elongated. As for the cluster with an elongated B—C(Ib) distance,
the occurrence of Jahn—Tellar (J-T) distortion is expected, since a hole oc-
cupies the doubly degenerated e-orbital. It is expected that the symmetry
of the boron center is reduced from Cjs, to lower symmetry by elongation of
the B—C(Ib) distance. The EPR spectra for a boron center are very broad in
comparison with a nitrogen center in diamond. It was conjectured that the
broadening of the EPR spectra is due to a dynamical J-T effect or to lattice
relaxation. Taking the results of the DV-Xa calculation into consideration, it
is expected that boron in diamond causes structural relaxation making the
B—C(Ib) distance longer, since this type of displacement causes J-T distor-
tion, as described above.

Remarks

Examples of the application of the BOP calculation for the evaluation of struc-
tural stability and prediction of lattice relaxation were introduced. The de-
scriptions in this subsection were focused on the atomic arrangements around
point defects in solid. However, the BOP is also a measure of the structural
stability of phases. For example, the prediction of the stability of alloy is also
possible using this technique. This BOP technique is appropriate for metals,
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organic compounds, as well as ceramics as a measure of structural stability
and is one of the most useful functions of the DV-Xa method.

4.3.1 Assignments for the ESR Spectra Using Electron Density
Calculations by DV-X«

Introduction

Electron spin resonance (ESR) is one of the useful techniques for the detection
and analysis of defects in materials. Several examples for ESR analysis were
introduced in the previous subsection. In this subsection, simulation of metal
impurities in diamond is introduced as an example of the application of the
DV-Xa calculations for magnetic interactions [12].

Synthetic diamond is grown by the temperature-gradient method [13,14]
under high-pressure conditions, e.g., over 5 GPa, or by the chemical vapor
deposition method [15]. In the former method, diamond crystals are grown
using metal solvents such as Fe, Ni, Co, Mn, or their alloys. Among these
transition metal elements, only nickel ions in diamond give electron para-
magnetic resonance (EPR) spectra [16]. According to Isoya et al. [17], two
kinds of Ni centers have been identified by measuring EPR and electron
nuclear double-resonance (ENDOR) spectra. They used a 3C source for
diamond synthesis, since observation of the super-hyperfine interaction be-
tween '3C nuclei and electrons give rise to a precise understanding of the
electronic state of defects. One of the Ni centers is the substitutional Ni~
ion, which has T; symmetry and an effective spin of S = 3/2: this center
is hereafter designated as Ni;, and the other center is assigned to intersti-
tial Nit ions with an electronic configuration of 3d” [18]. For the substitu-
tional Ni~ ion, it was conjectured that the four electrons, 4s4p® formed sp?
hybrid orbitals to form chemical bonds with the four nearest-neighbor car-
bons [17].

Theory and Calculation

The DV-Xa method is an all-electron method; it is able to find the wave
functions of all of the electrons in the assumed cluster model. This feature is
important for the simulation of super-hyperfine (SHF) tensors.

The cluster used for the calculation of a Ni ion at a substitutional site
is [NiCggHsg] ™ in which an A-site of the cluster model shown in Fig. 4.8 is
substituted by a Ni ion. The bond distance between a Ni ion and nearest-
neighbor carbon atoms is fixed to the same value as the C—C bond length,
dc-c, of diamond except for the calculation to elucidate the effect of structural
relaxation. The structural relaxation examined in the present study is that due
to the displacement of the C(I) atom to elongate the Ni—C(I) bond length:
positions of the other atoms are kept fixed without displacement, and the
cluster is assumed to have T; symmetry.
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In the EPR study, the spin delocalization onto nearest-neighbor carbons
was estimated from the '3C SHF interaction (4,, = 1.339mT and A, =
0.340 mT) by using the LCAO approximation [17,19]. According to the LCAO
approximation, which neglects both the delocalization onto carbons, beyond
the nearest neighbors and the overlap between metal d-orbitals and carbon
orbitals. The wave functions of the unpaired electrons in the Ni center are
given by

1 1
Wyy = adyy + 25(31 — 89— 83+ 84) + 2w(01 — 09— 03+ 04)

1
+ 45[(_7T1X + Tox + T3x — 71—4)() + \/3(7T1y — T2y — T3y + 7T4y)] 5 (483)

1 1
Uyy = Ozdxy‘f‘Qﬂ(Sl — 8o+ 83— 84)+ 2’)/(01 — 09+ 03_04)

1
+ 45[(—7T1x + Tox — Tax + Tax) + V3(m1y — Toy + T3y — may)] , (4.8b)

1 1
ny = Oédxy + 26(81 + 89 — 83 — 84) + 2'7(0-1 + 09 — 03 — 0-4)

1
+ 25[(7T1x + Tox — M3x — 7r4x)] . (48(3)

Here, 1, 2, 3, and 4 refer to the nearest-neighbor carbons located in the
directions of [111], [111], [111], and [111], respectively, and the wave functions
involve spin functions. The orbitals designated by o are C-2p orbitals, which
have lobes pointing toward the central Ni ion, while the orbitals designated
by 7 are C-2p orbitals with lobes perpendicular to the carbon-nickel axis [20].
The value of 3% + 72 + §2 gives the sum of the spin densities on the four
nearest-neighbor carbons. The 3C SHF couplings of the nearest carbons, A //
and A, , are given by

A// ZAS—I—Q(Ad-i-AU —Aﬂ) R (4.98,)
Al = A —2(Aa+ As—Ar) (4.9b)
where
Ay = 2546 Jibao , (4.9¢)
1
Ad = 2S3a29ubbdd s (4.9d)
13
Ao = o,V 91mbo , (4.9e)
13
A = 258529/%50 , (4.9f)
2
ap = Slu’ogn//fn |Q/(O)‘§S ) (49g)
2 1o -
by = 5 g Jukin (r 3>2p ) (4.9h)

baa =" gapm RS . (4.9i)
47
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Table 4.2. LCAO parameters of the NiJ center estimated from the *C super-
hyperfine interaction of the EPR spectra from [17]. The spin delocalization onto
carbons beyond the nearest neighbors was neglected (a? 4+ g3% + gy? = 1), and it
was taken to be 62 =0

Atom Orbital Population
R=154AR=160A
Ni 3d  (?)  0.746 0.721
C(I) 2s (%) 0.024 0.024
2p (%) 0.230 0.255

Here, S, ¥(0), r, R, g, and g, are the total spin S = 3/2, the wave function at
the nucleus, the electron-nucleus distance, the Ni-C bond length, the g-value
for the electron, and the g-value for the nucleus, respectively.

The dipolar interaction between the magnetic moment of the electrons on
the central Ni ion and the '*C nuclear magnetic moment, Ay, depends on both
the spin density of the Ni ion, &, and the Ni—C bond length, which might be
increased from the normal C—C distance by structural relaxation. Since A,
and A, which cannot be separated experimentally, counteract each other,
only the minimum value of the spin density of C-2p orbitals is estimated. The
spin delocalization estimated in [17] is listed in Table 4.2.

The '3C SHF couplings of the twelve second-nearest-neighbor carbons
(A1 =0.382mT, Ay =0.382mT, A3 = 0.382mT with the principal value A
associated with the principal axis along [110] and A; = 0.340mT) have been
reported [6]. From the observed value of the isotropic part (0.308mT), the
total spin density on C-2s orbitals of the second-nearest-neighbors was esti-
mated to be 0.033.

The spin delocalization onto the nearest carbons cannot be determined
uniquely from the '3C SHF couplings observed, since the LCAO contains pa-
rameters that cannot be separated experimentally. On the other hand, the
spin delocalization onto the nearest carbons is obtained from the Mulliken
population analysis in the MO calculation. The '3C SHF couplings are calcu-
lated based on the Mulliken population analysis and are compared with those
obtained experimentally. In the calculation, the spin density, e.g., njca4, is
used instead of 32 in Eq. 4.9¢c, since the overlap population between Ni and
nearest-neighbor carbons is not negligibly small. The parameters, ag, by, and
baq, are taken from [17] and [21].

4.3.2 Results

Figure 4.12 is the energy-level diagram for the [NiCogHjzg]~ cluster. As marked
by “a” and “b,” two types of levels appear in the mid-gap. The energy level
“a” belongs to a ty-class of T; symmetry, which is triply degenerate and is
split into spin-up and spin-down levels. The lower energy level, with spin-
up of 20ty, is fully occupied by electrons, and another higher level, with



4 Ceramics 101
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spin-down of 20ty, is empty. The spin-up level of 20¢2 is consequently the
unpaired electrons of the Ni; center with S = 3/2, which could be ob-
served by EPR [17]. The level “b” belongs to an e-class of T; symmetry
and is also split into spin-up and spin-down levels (9e levels), which are
fully occupied by electrons. Therefore, the electron configuration e*t3 is ob-
tained from the DV-Xa calculation for the cluster [NiCogHsg]™ and is con-
sistent with the identification of the W8 EPR spectrum arising from the Ni
center [17].

The C SHF couplings of nearest-neighbor carbons, i.e., Ay, and Ay,

were calculated: in the calculation, the value of ag = 2 fiognpin \W(O)@S for the
C-2s orbital of C(I) and by = 24° gnpun(r=3)s, for the C-2p orbital of C(I)
are cited from [17] and [21]. A,, and A were found to be 1.72 and 1.06 mT,
respectively, while they were determined by the EPR measurements to be
1.339 and 0.347mT, respectively. One of the possible reasons for the discrep-
ancy between the observed and calculated SHF couplings is the structural
relaxation associated with Ni ion substitution.

The structural relaxation is incorporated into the calculation by simply
varying the Ni—C(I) distance. The DV-Xa calculation is well-defined for the
cases in which dy;_c(r) is less than 1.06 X dcc; further displacement of the C(I)
atoms prevents convergence for the cluster model being studied, due partly
to the relaxation of the next-nearest-neighbors. Figure 4.13, shows the SHF
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constants as a function of dyj_¢ distance. As shown in Fig. 4.13, the SHF
constants approach the values (broken lines) determined via EPR measure-
ment. This result suggests that the Ni—C(I) distance is elongated in com-
parison with the C—C distance in diamond. On the other hand, the bond
order of the Ni—C(I) bond increases with an increase in the Ni—C(I) dis-
tance from 1.31 for dni ¢ = dc ¢ to 1.50 for dnic = 1.05 X dc_¢. This also
suggests that the Ni; center can be stabilized by elongating the Ni—C(I)
distance.

A slight discrepancy between the observed and calculated SHF couplings
remains even after the structural relaxation is taken into account. The most
important reason is probably that the relaxation of the second nearest-
neighbor is not taken into account in the calculation considered here: the
relaxation of the C(I) site plausibly makes C(I)—C(II) bonds unstable unless
the relaxation of the C(II) site takes place.

4.4 Property and Structure Predictions for Ceramics
Using DV-Xa

Recent progress in computer power and computing techniques has enabled
us to design new materials using computer simulations based on quantum
mechanics. These simulations have been intensively applied to semiconduc-
tors, metals, and organic molecules. Nonetheless, the property calculation
of inorganic crystals such as Pb(Ti, Zr)Os, BaTiOs, TiO3, and SnOs have
been limited though they have various interesting, useful functions such as
piezoelectricity, opto-electronic effects, extremely high dielectric constants,
opto-catalytic effects, and so on. This is partly due to the fact that these
materials contain heavy metal ions and have a complex structure and that
many important properties are closely related to the dynamic motion of ions,
which requires high computation costs, including time and memory capacity.
Therefore, these approaches have been carried out using molecular simulations
such as lattice dynamics and molecular dynamics methods based on classical
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mechanics and use with empirical parameters or empirical interatomic poten-
tials [22-24].

The status in quantum calculations for complex inorganic materials has
been improved because of the rapid improvement in computation capability,
which helps to solve the above difficulties. However, the materials that we are
interested in have been getting much more complex. Development in ultra-thin
film fabrication technologies has allowed the fabrication of new materials such
as “artificial superlattices” and mesoscopic quantum structures. This means
that we can create new materials at atomic scales to achieve improved and/or
new functions. We may predict their properties using computer simulations;
however, their specific dimensions are in mesoscopic scales which are quite
large for typical quantum calculation methods even if the computation ca-
pability is drastically improved. As for empirical molecular simulations, they
can be applied to such complex systems; however, they require empirical pa-
rameters, which may change according to material structure. This means that
we cannot guarantee the accuracy of the calculation results if we apply the
empirical techniques to new materials with structures that are significantly
different from conventional materials.

Thus, we are still required to develop new methods to calculate the prop-
erties of these materials. In the following sections, we introduce some non-
empirical approaches, including (i) a method to calculate structural and elec-
tronic properties, (ii) a fast electronic band structure calculation, and (iii) the
indirect prediction of piezoelectric properties of inorganic solid solution mate-
rials. A fundamental, common idea is to remove empirical parameters and/or
procedures from conventional calculation procedures. We mainly use the DV-
Xa method because it is one of novel non-empirical techniques to calculate the
electronic structures of clusters. It requires some trivial empirical parameters
as input data, but these are not essential. One of its distinguishing features
is that it requires rather inexpensive computer resources than other ab initio
approaches because it adopts Slater’s Xa approximation and a numerical ap-
proach using actual atomic wave functions in the clusters, which allows us to
develop new calculation techniques without sacrificing the advantages of the
above empirical approaches.

4.4.1 Calculation of Structural and Dielectric Properties
of Inorganic Crystals Using DV-Xa Basis Functions

Introduction

In this section, we introduce a calculation method for structural and dielectric
properties based on an ab initio approach. We have to know the total energy
of crystals to calculate these properties (see [25] for a practical approach);
however, the DV-Xa method usually does not provide the total energy value
to sufficient degree of precision because it uses three-dimensional numerical
integration with a finite number of integration points for the calculation of ma-
trix elements required to solve a proper equation. Yamamoto et al. improved
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the accuracy of the numerical integrations [26]. In contrast, the ab initio tech-
niques such as Gaussian03 [27], WIEN2k [28,29] and Crystal03 [30, 31] can
calculate total energy precisely. However, the calculated results depend on
the selection of the basis functions, contracted Gaussian-type orbitals (CG-
TOs) [32]. Also, the optimal CGTOs may differ according to the nature of
chemical bonding. In this section, we apply the DV-Xa method to determine
appropriate CGTOs for subsequent ab initio calculations to determine struc-
tural and electronic properties.

Calculation

Figure 4.14 illustrates the structure of rock-salt-type A" X"~ crystals. It can
be seen that they are composed of (AXg)®"~ clusters with O, symmetry. We
calculated the atomic wave functions in the constituent cluster by the DV-X«
method. We simulated the Madelung potential, incorporating point-charges
in the range of £3.5 lattices.

The atomic wave functions obtained, ¥ (r), were expanded with Gaussian-
type functions, g; (ay;7) [32]:

Y (r) = Zdigi (agsr) .

The parameters «; and d; are determined so as to minimize the following
function by a least-squares method:

S = Z (1/} (r) — Zdigi (%’H‘z)) .
1 [

Crystal structure, and dielectric and elastic properties were calculated using
the program Crystal88 [31,33] with the CGTOs obtained above. Bulk modu-
lus, Cy, is calculated from its definition using the total energy U:

1 dv\?
w=le (")

where dU is the total energy density change invoked by the volume change dV'.

Fig. 4.14. Schematic illustration of the structure of

O A" @X™ a rock-salt-type A"~ X" crystal. Arrows represent the
ionic displacement pattern of the optical phonon
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Similarly, dielectric permittivity € is calculated from

1
dU = _x7'P?,
2
where x is electric susceptibility and P is the electric polarization change
invoked by the ionic displacement (a typical displacement pattern is illustrated
in Fig. 4.14 with arrows).

Results

Figure 4.15 shows the O-2s and 2p orbitals calculated by the DV-Xa method
and the fitted results with CGTOs. It demonstrates that O-2s and 2p or-
bitals calculated by the DV-Xa method can be reproduced by combination of
CGTOs, when 7 GTOs are used for O-2s and 9 GTOs for O-2p. It was also
confirmed that 5 to 9 GTOs could reproduce other basis functions as well.

The total energy of the crystals were calculated with Crystal88 using the
CGTO obtained. Figure 4.16 shows the variation of the total energy den-
sity of MgO crystal with respect to the lattice volume. The total energy has
a minimum value at the lattice parameter 4.197 A, which agrees well with
the experimental value of 4.21 A measured at room temperature. The bulk
modulus calculated at the room-temperature value for the lattice parame-
ter is 2.16 x 10'! Pa, which is ~ 30% larger than the experimental value of
1.53 x 10*! Pa.

Table 4.3 summarizes the calculation results obtained for MgO, NaCl,
and NaF crystals. We can see that this technique of using the DV-Xa basis
functions can provide good agreement with experimental values. The last line
in Table 4.3 (indicated as MgO*) shows the result calculated using the re-
optimized CGTOs after the determination using the DV-Xa basis functions.
The variational principle tells us that the optimal basis function must give the
minimum energy, which means that the MgO* basis should be better than the

210 210
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Fig. 4.15. O-2s and O-2p basis functions calculated by the DV-Xa method and the
results fitted with CGTOs. The calculated and the fitted results are overlapped as
thick lines, and thin lines show primitive GTOs used for the fitting
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Table 4.3. Lattice parameter, bulk modulus, and dielectric constant measured and
calculated using the DV-Xa bases. In the case of MgO™, the re-optimized CGTOs are
used for the calculation. “Calc.” and “exp.” indicate the calculated and experimental
values, respectively

Lattice constant (A)  Bulk modulus (Pa)  Dielectric permittivity

calc. exp. calc. exp. calc. exp.
NaCl 5.622 5.64 26.7 x 1011 24.6 x 101* 4.93 5.62
NaF  4.580 4.62 57.4 x 10 4.18 5.05
MgO  4.197 4.21 2.16 x 10" 1.53 x 10 7.98 9.77
MgO* 4.193 4.21 1.97 x 10** 1.53 x 10** 10.3 9.77

MgO basis determined by the DV-Xa method. In fact, the MgO™* basis gives
slightly better results. Nevertheless, the CGTOs found via the DV-Xa method
are still good basis functions for these calculations.

We did not describe other techniques to calculate the above properties in
which the DV-Xa method was not used because we think that we should con-
centrate on the actual application of the DV-Xa method in this chapter. We
should note that similar ideas can be used for the calculation of piezoelectric
constants and applied to the molecular dynamics [25,34,35]. Other approaches
using a combination of the DV-Xa method and ab initio techniques to find
the determinant factor of the battery voltage of Li(Ti,Ni)Oz have been re-
ported [36].

30

25F
20f
15f

10f

Fig. 4.16. Energy density calculated
5t . .
as a function of cell volume. The ori-
gin of the volume change dV is taken
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 02  at the experimental lattice parameter
aviv at room temperature, 4.21 A

Energy density / 108 J/m?

4.4.2 Tight-binding Approach Using the DV-Xa Method

Introduction

In this section, we introduce a fast electronic band structure calculation tech-
nique [37]. The tight-binding method [38,39], the popular semi-empirical tech-
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nique, is used in combination with the DV-Xa method to remove empirical
parameters required in the procedure. Finally, we apply it to find the elec-
tronic structure of virtual artificial superlattices.

Calculation

In the DV-Xa method, the one-electron approximation and the linear com-
binations of atomic orbitals (LCAQO) are used for convenience in practical
calculations. In the LCAO approach, the molecular orbitals |¥) are expressed
as follows, using the ith atomic wave function |&;):

@) = Zci ;) (4.10)

The parameters C; are determined by the variational principle as
HC =¢eSC, (4.11)

where Hij = <¥7]| H ‘Lpl> and Sij = <¢] | Lpz> .

For periodic systems like perfect crystals, the Bloch’s theorem reduces the
number of electrons required for the calculation to those in the unit lattice. In
the tight-binding approach, the following function is used to represent a basis
function |¥;) as a function of wave vector k:

1 ikers
7 (k)) = N > RN (r—1;+R)), (4.12)
* all lattice
vectors R

where R is a lattice translation vector, |¥; (r —r;)) is the ith atomic wave
function centered at the jth atomic site r;, and NN; is the number of wave
functions used in (4.12). Finally, the following proper equation gives energy
eigenvalues € and crystal orbitals C' as functions of k.

H(k)C =S (k)C (4.13)
1 )
Hi' k — 7.k<(ri/—1‘j/)Hi/ .,
(k) \/NiNji/z,j:/e 3’
1 ik-(r,,—r;/
Sij (k) = VNiN; Soet g, (4.14)
Y] i/,j/

in which ¢’ and j' are summed up for all equivalent atoms to the ith and jth
atoms.

The tight-binding method simplifies the calculation of the integrations S;;
and H;; using empirical parameters. We can obtain all S;; and H;; without
empirical parameters by calculating the electronic structure of the constituent
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clusters using the DV-Xa method. In order to fix the origin of the energy for
various clusters, which can’t be determined absolutely because the clusters
have finite net charge, we assume that the O-1s energy in each cluster has
the same value. Subsequently, S;; and H;; are normalized using the energy
shifts g as

(H+e0S5)C=(e+e9)S. (4.15)

That is, the S;; and H;; in (4.13) and (4.14) should be replaced with (H + ¢¢.5)
and S, respectively.

4.4.3 Results

We start from the calculations for rutile-type crystals, TiOy and SnOg, be-
cause these have a simple structure composed of a cluster (MOg)®~ (M = Ti,
Sn). The crystal structure is illustrated in Fig. 4.17. Atomic basis functions
used in the DV-Xa calculation are: orbitals up to 2p for O, orbitals up to 4p
for Ti, and orbitals up to 5p (except for 4f) for Sn.

Figure 4.18 shows the density of states (DOS) near the highest occupied
molecular orbital (HOMO) with the tight-binding model in comparison with
the X-ray photoemission spectra (XPS) measured. We can see that the cal-
culated DOS agrees well with the XPS spectra, which guarantees that the
technique presented here can be used to calculate the electronic structure of
the valence band to a good accuracy. Compared with the DOS calculated for
the [MOg)®~ clusters (M = Ti**, Sn*t), the cluster calculation (see Fig. 4.19)
gives the result that the DOS peaks in the [SnOg]®~ cluster at the highest
energy and at the middle energy have almost the same height (Figure 4.19),
while the highest-energy peak is the strongest in the tight-binding result,
demonstrating that the tight-binding calculation gives better agreement with
the XPS spectra. This result also implies that the small [SnOg|®~ cluster is
not enough to describe the electronic structure in the crystal.

Now, we proceed to the calculation of more complex oxides. We study
perovskite-type crystals, SrTiOs, BaTiOgs, and SrZrOs because these crys-
tals have various interesting electronic and optical properties. Figure 4.20
shows the crystal structure of Sr'TiOg, which is a cubic perovskite composed

Fig. 4.17. Schematic illustration of
the structure of a rutile-type crystal,
MOq
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Fig. 4.18. DOS calculated (top) by the tight-binding method and XPS spectra
measured (bottom) in the vicinity of valence band for TiO2 (a) and SnO2 (b). The

HOMO energy is normalized to 0eV

of [TiOﬁ}S_

and [SrO12]?2~ clusters. In the case of BaTiO3, which is a fer-

roelectric crystal at room temperature, we need to substitute Sr for Ba and
deform the lattice to be tetragonal.

Thus, we calculate the electronic structures in the [TiOg]®~, [ZrOg]®~,
[SrO12])?2~, and [BaO13]??~ clusters using the DV-Xa method. The Madelung
potentials are calculated from point-charges in +3.6 lattices.
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Fig. 4.20. Schematic illustrations of
the structure of perovskite-type crystal
ABOj. Constituent clusters, [BOg]Bf and
[A012]22_, are explicitly shown

First we calculated the band structure of SrTiOs either by neglecting or
by incorporating Sr (Fig. 4.21a,b, respectively) to extract the effect of the Sr
on the electronic structure. We can see that the band structures near the
band gap (i.e., around 0€V) do not change remarkably, and the result agrees
well with the results calculated by the self-consistent OLCAO method [40]
even if the Sr is not considered in the calculation, suggesting that the Sr
does not heavily affect the electronic structure near the band gap. This result
is consistent with that reported by Tsukada et al. using the DV-Xa cluster
calculation [41].

In contrast, we found that the incorporation of the Ba is necessary for
BaTiOg, indicating that the Ba-5p is strongly hybridized with O-2p, which is
thought to be related to the appearance of ferroelectricity in BaTiOs. Miura
et al. also reported the similar conclusion for PbTiO3 [42,43]. Comparing

10 10 W 10
|1 - | ] | .
NN I 2 N I B P LN
> > >
5 > N andb N ~
PSS TS| 2T o | & o3
2 W=7 o2 P P g
g 3 AZR -_§ g " =
g 10 g0 K £ 10 a BaSp
) Seip_
5] | i 02s 15 N 02s
I g [~ |
/ﬁ\ 02s 2
X7 T A s VA7 = _ A s X Z - K S
r X m T R X r xm T R X r X M T R X
Wave vector Wave vector Wave vector
(@) (b) ©)

Fig. 4.21. Band structures calculated for cubic SrTiOs (a and b) and tetragonal
BaTiO3 (c). For results shown in (a) Sr is neglected in the tight-binding calculation.
The inset in (a) shows the notation of symmetry points in the Brillouin zone. The
band structure is not significantly changed by incorporation of Sr ions for SrTiO3,
while incorporation of Ba changes the valence band structure largely in BaTiO3.
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the band structure of cubic and tetragonal BaTiOg, the energy levels in the
tetragonal BaTiOg are split because it has lower crystal symmetry. Conse-
quently, it has a bandgap smaller by ~ 0.1eV than that of cubic BaTiOs.
As for the XPS spectra (inset in Fig. 4.22), the shape of the O-2p bands is
different between SrTiO3 and BaTiO3(Fig. 4.22). The SrTiO3 has two strong
peaks while the BaTiO3 has three peaks that are strongly overlapped. The
third peak appearing in BaTiOs was not observed when the band structure
was calculated without Ba. Also, the effective mass at the I' point at the
HOMO along the A direction becomes larger when the Ba is incorporated.
These results indicate that the difference in the XPS spectra originates from
the difference in the chemical bonding nature of Sr and Ba.

Now let us come back to the band structure of SrTiOjz. It shows an in-
direct transition between the I" point and M or R points. Figure 4.23 shows
the band structures of SrTiO3/SrZrOs superlattices along the [001], [011],
and [111] directions, respectively. Note that the [001], [011], and [111] super-
lattices have different symmetries, i.e., tetragonal, orthorhombic, and hexag-
onal, respectively. The different symmetries split the electronic levels that
are degenerate in cubic SrTiOs. It is also found that the energy dispersion
in the conduction band becomes less than that of SrTiOs, especially when
the [111] superlattice is formed. In the superlattices, Zr replaces half of Ti,
which breaks the Ti—O—Ti bonding network along the superlattice direction.
It makes the interaction between Ti orbitals weak, resulting in less dispersion
of the conduction bands (i.e., a larger effective mass for the electron).

The [001] superlattice still shows an indirect transition similar to the case
of the original lattice, while the band structures of the [011] and [111] super-
lattices show a direct transition at the I" point. These results arise from the
fact that the Brillouin zone (BZ) of the double-period superlattices is half the
size of the BZ of the original lattice, and the band structure folds up on the
new boundary of the superlattice’s BZ.

We should note that the transition probability at the direct band gap in
the [011] and [111] superlattices may not be large, although the band structure
changes to a direct transition, because the HOMO is almost the O-2p orbital,
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Fig. 4.22. DOS calculated by the tight-binding method for SrTiOs and BaTiOs.
Insets show the corresponding XPS spectra measured
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Fig. 4.23. Band structures of SrTiOs/SrZrOgs superlattices along [001], [011], and
[111] directions

which has the same period as the original SrTiOg lattice. Thus, for practical
design of new photo-electronic functional materials, we need to choose a more
suitable superlattice structure so as to achieve a smaller effective mass at the
conduction band and to modify the valence band for improved carrier mobility
and transition probability. The present tight-binding approach combined with
the DV-Xa method would help the procedure.

4.4.4 Indirect Prediction of the Piezoelectric Property Change
of Pb(Zr,Ti)O3 Induced by the Addition of Impurities

Introduction

As previously described, it is usually hard to apply quantum calculation meth-
ods to dielectric and piezoelectric properties in which the dynamic motion of
ions play an essential role. We have reported the calculation of these properties
via ab initio band calculations for AIN and ZnO [44]. However, it is very dif-
ficult to apply the same approach to solid-solutions such as Pb(ZryTi;_x)Os3
(PZT), which is one of the most popular piezoelectric materials, because Zr
and Ti are distributed randomly in the B-sites of the perovskite lattice, and it
is also known that the ordering or disordering of these B-site ions changes the
electric properties completely [45]. In addition, cooperative lattice vibration
referred to as soft-mode phonons play an important role in the appearance of
ferroelectricity [46].

In the practical application of PZT, various oxides such as MnQOs and
Nb2Os are used as additives in order to control its electronic properties [47,48].
We found that the electromechanical coupling factor of Pb(Zrg 5Tig.5)O3 was
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increased by the addition of MnOy [49]; this was caused by the decrease in the
axial ¢/a ratio, which represents how much the crystal lattice deforms from
tetragonal. It is also known that the ¢/a ratio affects the Curie temperatures
of perovskite ferroelectrics [50]. The Curie temperature is a measure of the
ferroelectric and piezoelectric properties of perovskite-type oxides, and are
closely related to the crystal structure, especially the axis ¢/a ratio. This leads
us to expect that we can know the effect of additives on piezoelectric properties
if we can estimate the c/a ratio change by computer simulation. Another
indirect approach to evaluate the dielectric property change has been carried
out by Fujita et al. using the bond overlap population as an indicator [51].
In this section, we apply the DV-Xa method to estimate the effect of
additives in PZT on electronic properties through the estimation of the crystal
structure change due to the addition of impurities. The relationship between
the results of the DV-Xa calculations and the axis ¢/a ratio was investigated.

Calculation

DV-Xa calculations are performed with cubic and tetragonal clusters [MOg)™~
(M = Ti*", Zr*t, Mn*t, Nbo*, Mg+, A3+, Crét, Fe?t, Co?t, Ni?t), as
illustrated in Fig. 4.24. The configuration of the tetragonal cluster is extracted
from the actual crystal structures of impurity-doped PZT determined by X-ray
diffraction. The configuration of the cubic clusters is supposed to have a lattice
parameter of 0.4064nm. These clusters were placed in the Coulomb potential
formed by surrounding ions in the range of £2.6 lattices to approximately
simulate the Madelung potential. The formal charges are assumed to be +2e,
+4e, —2e (e is the elemenary electric charge, 1.602 x 1071 C) for Pb, B-site
cations, and O anions, respectively.

To discuss the stability of the tetragonal lattice, it is better to compare
the total energy difference between tetragonal and cubic [MOg]™~ clusters.
However, it is difficult to determine an absolute value of the energy level

Fig. 4.24. Cluster models used for the calculation of electronic states of impurities
in PZT. a MOg cluster. b MOs cluster with an oxygen vacancy
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using the DV-Xa method because a cluster has a finite net charge. We used
O-1s energy to normalize energy levels in different clusters. In addition, we
introduce the following index AFE to estimate the stability of a tetragonal
lattice because it is hard to obtain total energy at enough precision using the
DV-Xa method:

AFE = Z n- (Etet - Ecub,HOMO) )

Etet > FEeub,HOMO

where n is the number of electrons occupied, Ecub HOMO represents the energy
level of the HOMO in the cubic cluster, and Fie; represents the energy level
of the orbital occupied in the tetragonal cluster. Note that a lower AE value
indicates that the tetragonal lattice is more stable.

Results

Figure 4.25 shows the DOS for cubic and tetragonal [MOg]™~ clusters nor-
malized using O-1s energy levels. In this figure, we assumed a Gaussian-type
distribution of 0.05eV FWHM for each energy level. The broad bands near
0eV are attributed to the hybridized orbitals made of O-2p and d-orbitals in
transition metals. The O-2p bands in the tetragonal clusters are broader than
those in the cubic clusters because the energy levels degenerate in the cubic
clusters are split in the tetragonal clusters. The d electrons are in high spin
states for all transition metal clusters, i.e., those of M = Fe?T, Cr3t+, Co?t,
Mn*t, and Ni?*.

Figure 4.25(b) shows that the HOMO of the cubic clusters is lower than
that of the tetragonal clusters, though the tetragonal lattice is actually more
stable than the cubic lattice for PZT. This discrepancy could be caused by
the fact that the long-range Coulomb potential is not considered. However,
a considerable difference can be found in the DOS near the HOMO between
the tetragonal and the cubic clusters, leading us to introduce the AE value
to estimate the stability of the tetragonal lattice.

Figure 4.26 shows the relationship between the AFE value and the change
of the ¢/a ratio resulting from the addition of impurities. We can find a certain
relationship between them, indicated with a solid line, for clusters of closed-
shell cations, i.e., Cr and Mn cations; the ¢/a ratio decreases with increase
in the AE value. This relationship indicates that the change in the ¢/a ratio
due to addition of impurities can possibly be estimated using the AFE value.
However, a deviation from the relationship is also found in transition metal
additives (Fe, Co, Ni). That is, the transition metals have a small ¢/a ratio
compared with those estimated from the above relationship shown with a solid
line in Fig. 4.26.

In the cases of PZT doped with Fe3t, Ni?T, Co?*, there are two potential
causes which may affect the ¢/a ratio; one is the coexistence of cations with
different valence states, and the other is the formation of oxygen vacancies



4 Ceramics 115

(a) (b)
Mg2(1) : Meg2(1)
N 1| “t i\ ﬂ‘h
Meg2'(c) _ Mg*(c)
Lol gl
_ [Mat@ . [Mn¥®
s L g ;
. - P
] N MJMH Hrhj A .JUJ M oedi
ﬁ Mn*(c)! g Mn#(c)!
g § N
o '
Ti*(1) i Fl“(l} ;
] I § J MJ’[ JL J[ "
Ti*"(c) | 02p Tit*(c) |
L A
2 45 -8 5 0 5 10 2 0 2 4 6
Binding energy / ev Binding energy / eV

Fig. 4.25. Calculated DOS of [MOg]"~ clusters. Solid lines denote occupied states;
dashed lines denote unoccupied states. Right side (b) is an expanded view of left side
(a) in the vicinity of the HOMO levels. (t) and (c) represent tetragonal and cubic
clusters, respectively. Symmetries of clusters used in the calculation are tetragonal
and cubic and are indicated in the figures by (t) and (c), respectively.

introduced when an acceptor-type ion is doped. Fig. 4.27 superimposes the
results calculated for clusters with different valency cations on Fig. 4.26. We
can see that the decrease in the valency tends to the decrease in the AFE value,
which corresponds to an increase in the ¢/a ratio (note that the AE value of
Fe?* is negative). For Co, the change of the AFE value is too small to explain
the deviation. Thus, a different valency model cannot explain the deviation
found in Fig. 4.26 for transition-metal clusters.

Next, we calculate the AFE values for clusters with an oxygen defect using
the cluster shown in Fig. 4.24(b). In [FeOs]”~, the Mulliken population anal-
ysis shows that about two electrons occupy the Fe-5p orbital but no electron
occupies the Fe-5s orbital. The deficit of an oxygen forms a strong electric field
at the Fe site and attracts electrons into the defect site. Therefore, electrons
in the defect cluster occupy the polarized Fe-5p levels, which are not occupied
in the cluster without the defect. As a result, it is found that the AFE values
for [FeO5]"~, [NiO5]8~, and [CoO5]®~ clusters are much larger than the solid
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Fig. 4.26. Relationship between the axis c¢/a ratio and the AE value for
Pb(Zro.5Ti0.5)03 + 1.2%MO,,. Names in the figure indicate additive cations to
Pb(Zro.5Ti0.5)O3
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Fig. 4.27. Relationship between the axis c¢/a ratio and the AE value for
Pb(Zr0.5Ti0.5)03 + 1.2%MO,, in which additive cations have different valencies

line in Fig. 4.28. This suggests that the additions of Ni, Fe, or Co increase the
¢/a ratio if no oxygen vacancy is formed; however, the formation of an oxygen
defect destabilizes the tetragonal lattice, resulting in a small axis ¢/a ratio in
actual crystals.

In order to confirm the effect of oxygen vacancies on the c¢/a ratio, we ex-
perimentally investigate the effect of counter-doping with a donor to suppress
the formation of oxygen vacancies introduced by acceptor doping. Figure 4.29
shows the ¢/a ratio of PbTiO3 (PT) doped with Fe and La, in which Fe and La
act as acceptor and donor, respectively. The ¢/a ratio decreases when either
Fe or La is doped. The c¢/a ratio increases at an Fe content of < 1.2% and
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Fig. 4.28. Relationship between the axis c/a ratio and the AFE value for
Pb(Zro.5Tip.5)03 + 1.2%MO, compared with the AE value of the clusters with
an oxygen defect

decreases at an Fe content of > 2.0% when Fe is doped to (Pbg.gsLag.o2)TiO3
(PLT). Oxygen vacancies are formed when Fe is added to pure PT, while they
are suppressed when Fe is added to PLT due to charge compensation. Taking
the condition of charge neutrality into consideration, oxygen vacancies are
introduced when Fe content is larger than La content. This is why the ¢/a
ratio begins to decrease when Fe content is larger than 2.0%. In addition, the
previous discussion of the relationship between the valency of additive ions
and the AFE value suggests that Fe addition to PLT would also form a large
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amount of Fe?*, which may increase the ¢/a ratio. It was also confirmed that
the ¢/a ratio decreases when Fe, Co, or Ni doped in PZT is reduced in vac-
uum, demonstrating that the introduction of oxygen vacancies makes the ¢/a
ratio small. Similar results are obtained for Nb- and La-doped PZT.

The above results suggest that we may control the axis ¢/a ratio by choos-
ing an additive with an appropriate valency and defect structure. In particular,
the combination of donor and acceptor doping would provide a flexible way to
modify structure, which would subsequently lead to modification piezoelectric
properties in a wide range.

4.5 Remarks

Examples of DV-Xa calculations in the field of ceramics research were intro-
duced. It is needless to say that we cannot survey all of the DV-Xa papers on
ceramics. Some of the examples were done at the beginning of 1990s. Quan-
tum chemical calculations were state-of-the-art in 1980s because of a lack of
computer resources. Nowadays, the power of calculators, especially personal
computers, has increased, and most of these examples can be done with the
PCs in any laboratory or office. The computer simulation of ceramics is like a
“simplified cluster model with a simplified theory.” However, the developments
of both hardware and software resources enable us to compute a “complicated
cluster model with a simplified theory” or a “simplified cluster model with a
complicated theory.” We described the prediction of material structure and
properties via computer simulation. As a conclusion to this chapter, we pre-
dict that real material design with PC simulations will be realized in the near
future.
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Magnetic Properties

Kimichika Fukushima

The DV-Xa method has been successfully applied to study of a variety of
materials. This chapter focuses on magnetic properties — in particular, an-
tiferromagnetic properties. It has thus far not been fully reported whether
or not antiferromagnetic properties may be properly represented by the local
density approximation. It is shown that, even within the scheme of the con-
ventional Xa method, the molecular orbital method properly describes the
antiferromagnetic state with the use of localized atomic orbitals. We present
calculated antiferromagnetic properties for artificial hydrogen clusters, which
have a rather long interatomic distance, as well as for Cu oxides.

5.1 Introduction

The DV-Xa method has been successfully used for the understanding of the
properties and designs of a variety of materials, such as metals, semicon-
ductors, ceramics, and so on, including a recently reported thermoelectric
material with an anomalous high thermoelectric power [1]. Electronic struc-
tures of metallic, semiconducting, as well as ferromagnetic states are properly
described by means of the local density approximation (LDA), which is de-
veloped based on the Slater’s Xa method. Concerning the antiferromagnetic
state, a ground-breaking neutron diffraction experiment was performed for
MnO around 1951 [2], and the spin structure of the antiferromagnetic state
was observed for the first time. After discovery, the description of the antifer-
romagnetic state became an important task in solid state physics.

In 1963, Hubbard succeeded in presenting a semi-empirical theory to de-
scribe the antiferromagnetic state based on the band structure model [3]. This
theory is now called the Hubbard model and has a Hamiltonian expressed as

H=—t Z ZCIJCJ'U + UZniTnil R (5.1)

(i.4) @ @
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where cza and ¢;, are creation and annihilation operators for an electron with

spin ¢ (0 =1, ]) on the atomic site i, respectively, and n;, is the number of
electrons. The quantities ¢t and U are the transfer integral and on-site Coulomb
repulsion, respectively. The summation with (i, j) is carried out over a set of
nearest-neighbor sites. In the case where the number of localized conductive
electrons per atom is unity, and the on-site Coulomb repulsion U is weak with
respect to the transfer integral ¢, the Hubbard model leads to a gapless band,
with a bandwidth proportional to t. However, where the on-site Coulomb
repulsion is strong with respect to the transfer integral, two electrons cannot
exist on the same atomic site, and an antiferromagnetic state with an energy
gap becomes stable in this model. The energy gap in this case is caused by
the Coulomb repulsion between electrons on the same atomic site.

It has thus far not been fully reported whether or not the antiferromagnetic
state may be described properly via first-principles by the local density ap-
proximation. For band structure calculations, some improvements have been
proposed [4-6]: one is a modification using the self-interaction correction, and
another is the LDA+U model, with U being a strong on-site Coulomb repul-
sion. These methods describe the antiferromagnetic state to some extent, but
there remain problems. Concerning a molecular orbital method, it has not yet
been shown whether or not the antiferromagnetic state may be represented
properly by the LDA.

This chapter aims to show that with the use of localized atomic orbitals,
the molecular orbital method can properly describe the antiferromagnetic
state even by means of the conventional Xa method. The spin-polarized molec-
ular orbital method is used to derive the antiferromagnetic state as follows:
we examine a system where the number of localized conductive electrons is
the same as that of atoms, and atomic orbitals with up and down spins have
a different energy from each other, as shown in Fig. 5.1.

Then, the antibonding molecular orbital orbitals can be localized. Roughly
speaking, there is no spin-up electron on an atomic site next to a site without
a spin-down electron in the antiferromagnetic state.

From the point of view mentioned above, we performed molecular orbital
calculations for artificial hydrogen clusters Hs, layered Hg and Hig, which
have a rather long interatomic distance, and the CusO;; cluster composed
of two octahedra. In hydrogen clusters, localized conductive electrons occupy
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Fig. 5.1. Energy level structure for the an-
A AB B tiferromagnetic state
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Fig. 5.2. Hydrogen clusters with a rather
long interatomic distance

Fig. 5.3. Model cluster for Cu ox-
ide

the states comprising the 1s atomic orbital, where the number of electrons
per atom is unity. In the case of transition metal oxides, the interatomic
distance between metal atoms is long. It is then reasonable to expect that
the hydrogen clusters with a rather long interatomic separation will become
antiferromagnetic.

This chapter is organized as follows: Sect. 5.2 presents the computational
method and the model clusters; Sect. 5.3 describes the calculated results for
the hydrogen clusters and Cu-oxide clusters; and Sect. 5.4 offers some conclu-
sions.

5.2 Computational Method and Models

We carried out electronic structure calculations by using the spin-polarized
molecular orbital theory where the Xa method was used. The value of
exchange-correlation parameter used was 0.7 except in specific cases. The
basis atomic orbitals were numerically calculated, and they were composed of
1s for the H atom; 1s, 2s, 2p, 3s, 3p, and 3d for the Cu atom; and 1s, 2s, and
2p for the O atom. For the H atom, a well potential was added, where the
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1~ - Fig. 5.4. Magnetic moment per atom
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radius of the well was 0.8 times the interatomic separation with a depth of
—2.0a.u. For the O?~ ion, which is not stable in a vacuum but is stabilized in
a crystal, it is not easy to present atomic basis functions. We used two types
trial functions as a basis set for O2~. One, which we call the type-I basis
function, was derived by using a well potential with a radius of 0.8 times the
distance between the Cu atoms and a depth of —0.5a.u. The other, which we
call the type-II basis function, was calculated without a well potential, but
the basis function has the same number of nodes and the same properties near
the nucleus and at the region away from nucleus as the atomic orbital. In this
case, discontinuity in the derivative was seen at a connecting point between
the inner solution and the outer solutions. However, the solution used had
a smooth derivative because it was interpolated by a polynomial. As for the
Cu?? ion, basis functions were easily calculated without well potential. The
initial charges in self-consistent iterations were +2e and —2e for the Cu and
O atoms, respectively.

Atomic configurations for calculated clusters were as follows, as shown in
Fig. 5.2: H atoms for Hy were at (Lam,0,0); those for layered Hg were at
(£au, tan, £1.25ay); and those for layered Hig were at (bu, bjy, cu), where
bu, by = £2ap, 0 and cy = £1.25ay, and ag was set to 0.126 nm.

As for the cluster CuyO7; shown in Fig. 5.3, positions for the Cu atoms
were (+ac, 0,0), and those for the O atoms were (tac, tac,0), (+2ac,0,0),
(0,0,0), and (+ac,0,+cc), where ac and c¢c were set to 0.189nm and
0.243 nm, respectively.

Although symmetry orbitals were not produced for the H clusters, the
configuration of electrons for the atoms on the equivalent site was taken to be
identical. For CusO11, we considered only the symmetry with respect to the
zy-plane (two independent Cu atoms were on the z-axis) and adopted Cs as
the point group. The O atoms on the symmetry orbital in the zy-plane and
at the apex were regarded as two equivalent atoms.
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In the integration for the matrix elements of the Hamiltonian and overlap
integral, 500 sampling points per atom for the H clusters were used. We carried
out calculations for CusO1; by using the type-I and type-1I basis functions at
9000 and 18 000 sampling points, respectively. The errors we estimated in the
orbital energy were 0.01 eV for the former case and 0.04 eV for the latter case.
In the calculation for CusOq1, the ionic interaction effect from the surrounding
ions were considered by adding the Madelung potential produced by the atoms
in the KoNiFy structure within a volume of 4.02ak x 3.02ax X 2.74ck in the
z-, y-, and z-directions, with ax and ck being the unit cell length along the
a- and c-axes, and ck being 1.33 nm.

5.3 Results and Discussion

We first investigated a dependence of cluster size on the antiferromagnetic
state. Figure 5.4 shows the calculated results for the H clusters and indicates
that the magnetic moments averaged on the H atom were 0.97, 0.94, and
0.93 up for Hso, Hg, and H;g, respectively.

The antiferromagnetic configuration was seen between the nearest H
atoms. The antiferromagnetic state is stable within the volume of the clusters
above. The spin-unpolarized calculations were also performed for the same
clusters with the same electronic configurations, and it was found that the
energy gap between the top of the bonding states occupied by electrons (that
is, the highest occupied molecular orbital, or HOMO) and the bottom of the
unoccupied antibonding states (that is, the lowest unoccupied molecular or-
bital, or LUMO) were 1.2, 0.4, and 0.3 eV for Hy, Hg, and Hyg, respectively,
as shown in Fig. 5.5.

AEg : Spin-polarized
AEy : Spin-unpolarized
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This suggests that the spin-unpolarized calculation may lead to quite
a small energy gap for a large system, whereas the spin-polarized calcula-
tion shows that the energy gap between the HOMO and LUMO were 7.1,
6.4, and 6.0eV for Hy, Hg, and Hyg, respectively. The differences in the en-
ergy gap seen between the spin-polarized and spin-unpolarized calculations
were 5.9, 6.0, and 5.7€V for Ho, Hg, and H;g, respectively. Half of this energy
difference is the localization energy, which will probably remain finite in an
infinitely large system. We have determined that there is a discernible corre-
lation between the electronic structure and the size and atomic configuration
of H clusters. When we derive electronic structures for an infinitely large sys-
tem by the molecular orbital method, the result coincides with that of a band
structure calculation at the I' point taking into account a corresponding su-
percell. We note that the set of increased a and the advanced renormalization
of the mass enhancement — for example, by an electron-phonon interaction —
result in the stabilization of the antiferromagnetic state. Additionally, in this
chapter, we attempt to set an unrealistic value beyond unity for « for the
specific case mentioned below.

For the Cuy0q; cluster, the magnetic moment averaged on the Cu atom
was 0.59 up in the case where 0.7 was set to « and a type-I basis function
was used. We can also see the antiferromagnetic state in this case. The energy
gap between HOMO and LUMO was 0.83€V for a« = 0.7, and the gap for
a = 0.9 was 1.2 times larger compared to that for a = 0.7. As the value of «
increased, the magnetic moment of the Cu atom changed little. With a type-I1
basis function, the magnetic moment averaged on the Cu atom was 0.98 up
for a = 0.9, and the antiferromagnetic state was more stabilized compared to
the case where a type-I basis function was used. Figure 5.6 depicts the energy
level structure near the HOMO.

The origin of the energy for molecular orbitals is the energy of the HOMO.
In the figure, the states occupied by electrons comprise the Cu-3d and O-2p
atomic orbitals. The unoccupied states are antibonding states between the
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Fig. 5.6. Energy levels for Cu oxide
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Cu-3d and O-2p atomic orbitals as well as between Cu-3d atomic orbitals. For
an unrealistic value of & = 1.4, the energy gap between HOMO and LUMO
was 1.2 eV and the magnetic moment averaged on Cu atom was 0.77 up. (For
Ha, the energy gap was 14.6 eV with a = 1.4.)

5.4 Conclusions

This chapter has described an approach to modeling magnetic properties using
the Xa method which has been successfully applied to a variety of materi-
als; in particular, we focused on antiferromagnetic properties. It has thus far
not been fully reported whether or not antiferromagnetic properties may be
properly described by the local density approximation. It was shown that
the molecular orbital method, with the use of the conventional X« method,
properly represents the antiferromagnetic state by means of localized atomic
orbitals. Additionally, a good description of the antiferromagnetic state in
Cu oxides needs proper calculations of the O%~ state. For instance, the basis
function, which behaves like a wave function of a free electron at the region
away from nucleus, may be suitable for transition-metal oxides.
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Optical Materials

Kazuyoshi Ogasawara and Hirohiko Adachi

6.1 Introduction

6.1.1 Optical Materials Based on Transition-Metal Ions

Transition-metal (TM) ions in transparent crystals are known to exhibit a va-
riety of beautiful colors [1]. For example, a crystal of a-Al,O3 with Cr3+ ions
has a beautiful red color and is widely known as a precious gemstone, ruby.

Similarly, a crystal of Be3Aly(SiO3)g (beryl) with Cr3* ions has a beautiful
green color and is known as another gemstone, emerald. The colors of these
gemstones originate from the absorption of light in the visible wavelength
region due to the excitation of the impurity Cr3* ions.

The absorption spectra of ruby and emerald are shown in Fig. 6.1 [2]. There
is a characteristic spectral anisotropy and the spectra for different polariza-
tions are shown together. All of them exhibit characteristic broad absorption
peaks called the “U band” and the “Y band” in the visible region. In ruby,
the U band mainly absorbs green light and the Y band mainly absorbs blue
light. Accordingly, only red light is transmitted through the crystal, which is
the phenomenological origin of the red color of ruby. In emerald, the shapes
of the absorption spectra are quite similar. However, slightly lower peak ener-
gies give green color to the crystal instead of red because the U band mainly
absorbs red light while the Y band still mainly absorbs blue light in this case.
These peaks in the absorption spectra correspond to the energy levels of the
impurity Cr3* ions.

The eigenstates of a Cr3* ion in crystals are basically dominated by the
correlations among the three electrons occupying the Cr-3d orbitals and are
generally called “multiplets,” borrowing the terminology of atomic physics.
However, the multiplet energy levels are strongly influenced by the proper-
ties of the host crystal through two factors: (1) crystal field splitting of the
originally degenerate Cr-3d orbitals, and (2) partial delocalization of Cr-3d
orbitals due to covalent interaction.
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Fig. 6.1. Experimental absorption spectra of ruby and emerald for two different
polarizations reported by Fairbank et al. [2]

Since the energy separations between multiplets of TM ions tend to be
in the visible region, TM-doped crystals are frequently used as optical ma-
terials such as solid-state lasers, display materials, optical amplifiers, optical
recording materials, etc., among which the first two applications are the most
popular.

Ruby is actually famous as the first solid-state laser in history [3] and
emerald is also known as an important tunable solid-state laser [4]. Other TM-
doped tunable lasers such as Cr37:BeAloO4 (alexandrite) [5], Cr?*:MgsSiOy
(Cr**:forsterite) [6], and Cr3:LiSrAlFg (Cr®*T:LiSAF) [7] are also quite useful
and are commercially available.

On the other hand, semiconducting crystals with TM ions can be easily
linked to already established electronics technology and are frequently used as
display materials. There are many types of displays, which function according
to a variety of excitation mechanisms. For example, cathodoluminescence (CL)
is utilized in cathode-ray tube displays (CRTs), while electroluminescence
(EL) is utilized in electroluminescent displays (ELDs). For ELD materials,
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full-color displays are currently realized with ZnS or SrS hosts doped with
TM activators. The best phosphors currently used are a combination of (Cu,
Ag)SrS and Mn:ZnS [8].

The multiplets are essentially many-electron correlation effects and cannot
be reproduced by the ordinary electronic structure calculations based on the
one-electron approximation.

6.1.2 Ligand-Field Theory

The multiplets of TM ions in crystals have traditionally been analyzed by
a parameter-fitting method based on the ligand-field theory developed by
Sugano et al. [1]. In the original formulation of ligand-field theory, only the
octahedral (Oy) crystal field is considered through a parameter A describing
the energy difference between the ty, state and the e, state. The effect of
covalency is also taken into account through an electron—electron repulsion
parameter, B. Accordingly, the multiplet energy levels can be expressed in
terms of only two parameters, A and B. The energy levels of all dV systems
under an octahedral crystal field have been calculated as a function of A
and summarized as the well-known Tanabe-Sugano diagrams [1], where both
the energy and A are normalized with respect to B. These diagrams are
quite popular for the analysis of multiplet structures of TM ions in crystals

Tanabe-Sugano Diagram (¢/3, O;)  Absorption spectrum
of ruby

T

50

E/B

—
=
T

4A,

0 10 20 30
A/B

Fig. 6.2. Tanabe-Sugano diagram for the d® ion [1] and a schematic illustration to
determine the values of B and A from the observed absorption spectrum of ruby
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since the values of two parameters can be determined simply by comparing
the observed spectrum with the corresponding diagram. The Tanabe-Sugano
diagram for Cr3* (d3) is shown in Fig. 6.2, together with the corresponding
analysis procedure for the absorption spectrum of ruby.

6.1.3 First-principle Calculation of Multiplets

Although ligand-field theory has been quite successful applied to the interpre-
tation of the optical spectra of TM ions in crystals, it is an empirical method
where the parameters are determined by the observed spectrum. Therefore, it
cannot predict the optical properties of unknown or hypothetical materials.
Since TM-doped crystals have quite important applications as optical materi-
als such as solid-state lasers or display materials, non-empirical (first-principle
or ab initio) prediction of multiplet structures of TM ions in crystals is quite
important for theoretical design of new materials with improved properties.

Historically, the first non-empirical prediction of entire multiplet struc-
tures of TM ions in crystals was put forth by Watanabe and Kamimura based
on a combination of the local density approximation (LDA) calculation and
ligand-field theory [9-11]. They derived an analytic expression of the multi-
plet energies under Ty symmetry, where all multiplet energies are expressed
in terms of ten independent electron—electron repulsion integrals. These inte-
grals were calculated by cluster calculations based on LDA. They investigated
the multiplet structures of TM ions in various semiconductors and reasonably
reproduced the energies of the lower-lying multiplets. However, since the cal-
culated multiplet energies tend to be overestimated, this type of calculation
has not been conducted extensively.

A Hartree-Fock-type calculation combined with configuration interaction
(CI) was recently performed by Seijo and Barandiardn et al. They calcu-
lated the multiplet structures of Ni?* in MgO [12] and V3* in some fluoride
crystals [13,14], and they achieved reasonable agreement with experiment.
Although this approach is mathematically exact, an unfeasibly large number
of Slater determinants are generally required for accurate calculation. Due
to the computational requirements, only crystals with high (Oy) symmetry
have been investigated so far. Density-functional-type calculations have been
also utilized by taking the symmetry-reduction approach developed by Daul
et al. [15], where an energy of a certain multiplet state is expressed in terms of
energies of single-determinants. Although only the single-determinant energy
can be obtained by a density-functional calculation, calculations for several
different configurations can provide the multiplet energy levels. Moreno et al.
calculated the multiplet structures of Cr*t in some oxides by this approach
and reproduced the energies of some lower-lying multiplets [16]. However,
due to the absence of explicit many-electron wave functions, they could not
calculate the transition probability between the multiplet states. Moreover,
the symmetry-reduction procedure for the lower-symmetry systems is still
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somewhat ambiguous. Therefore, this approach has also only been applied to
high-symmetry (Oy, or Ty) systems.

6.1.4 DV-ME Method

Recently, we generalized and improved the approach by Watanabe and
Kamimura and proposed a new hybrid method involving density-functional
theory and a CI calculation [17-20]. Since the DV-Xa method is used for one-
electron calculations, we called our method the discrete variational multielec-
tron (DV-ME) method. In this approach, the many-electron Hamiltonian is
slightly modified to include the electron correlation effects efficiently. However,
this modification is made to satisfy the consistency between the one-electron
density-functional calculation and the many-electron CI calculation without
requiring any empirical parameters. Since the many-electron wave functions
are obtained explicitly as a linear combination of Slater determinants, the
transition probability between the multiplets can be also calculated numeri-
cally. In this chapter, we will show the first non-empirical calculation of ab-
sorption spectra of ruby [20] and Co?*:ZnS [19] based on the DV-ME method,
as examples of solid-state laser materials and display materials, respectively.

6.2 DV-ME Method

6.2.1 Configuration Interaction

In the discrete variational multielectron (DV-ME) method, molecular orbitals
(MOs) are calculated based on ordinary DV-Xa cluster calculations [21].
Within a subspace spanned by the selected electrons and the selected or-
bitals, all of the possible Slater determinants are prepared and used as the
basis-functions to describe the many-electron states. By diagonalizing the
many-electron Hamiltonian, the many-electron wave functions are expressed
as a linear combination of Slater determinants. The interactions between
Slater determinants are generally called “configuration interactions” (CIs) in
the terminology of quantum chemistry.

The many-electron Hamiltonian is constructed based on the ground state
charge density obtained by an ordinary DV-Xa« cluster calculation as follows:

M
H:Zh(ri)—i-ZZg(m,rj) , (6.1)
i=1

i j>i
where M is the number of the selected electrons, and h and g are the one-
electron and two-electron operators expressed as

h (’I‘i) = — ;V3 + Vaue (7'1) + Vo (rl)
1 (6.2)

rT;,ri) = .
g( (2] j) Tij
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Here, r; is the position of the ith electron, r;; is the distance between the ith
electron and the jth electron, Vi, is the potential due to the nuclei, and Vj is
the potential due to the other electrons (frozen electrons). The explicit form
of Vy was derived by Watanabe and Kamimura as

Vi 1(r , 6.3
peel (1) velpsel(T)} (6.3)
where p, psel, and pg represent the charge density of all electrons, the charge
density of the selected electrons, and the charge density of the other electrons,
respectively, and V. is the Slater’s X« potential [22].

The matrix elements of H can be generally expanded as

43 {p(T)ch{p(r)} = po(r)Vielpo(r)}
4

Hypg = (Py | H | Pg) (6.4)
L L L L L L
i=1 j=1 i=1 j=1k=11=1

where L is the number of selected orbitals, and A?? and BY?, are coefficients
obtained by the expansion of the Slater determinants. Here, (i | h | j) and
(17 | g | kl) are defined by

i1k j) = / 67 (Ph(r)dy(r) dr | (6.5)
and )
Gilg k)= [[ 6o | anrosradndrs, (60

respectively, where ¢ denotes the selected orbitals obtained by the cluster
calculation.

These matrix elements are calculated numerically using the DV integration
scheme [23] as follows:

(i | hj) =) wra)d; (ra)h(ra)d;(ra) , (6.7)

and

(719 | k) = Y wlra)éi(ra) | 3 wra)jms), | alms)| oulre).

(6.8)

where 7, is a sampling point, and w is a weight function proportional to the
inverse of the sampling point density. The multiplet energy levels can be easily
obtained by diagonalization of the Hamiltonian matrix.
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6.2.2 CDC Approach

In the DV-ME method, all Slater determinants are constructed using the
ground-state MOs, and the many-electron Hamiltonian is also constructed
based on the ground-state charge density. However, the relaxation of the elec-
tronic structure during transition is sometimes not negligible. In fact, direct
diagonalization of (6.1) tends to result in an overestimation of crystal-field
splitting typically by about 20% [20]. On the other hand, the energy difference
between different configurations can be well estimated by one-electron cal-
culations using Slater’s transition-state method [22]. Therefore, we introduce
a configuration-dependent correction (CDC) approach, where a configuration-
dependent correction term is added to the diagonal matrix elements of the
many-electron Hamiltonian. This correction term is determined from the con-
sistency between the one-electron MO calculation and the CI calculation with-
out introducing any empirical parameters [20].

For example, in the case of d"V ions under O, symmetry, the Slater deter-
minants can be classified into several configurations specified by (to2g)™(eg)"
(m +mn = N). In this case, the matrix elements can be expressed as

Hpq = (Pp |H‘¢> (6.9)

ZZAP(I i|h|j)+ dpgDcpc(m,n)

=1 j=1

L L L L
+ZZZZB13M Z-] ‘g ‘ kl>a
=1

i=1 j=1 k=1

where Dcpce(m,n) is the CDC to the electronic configurations specified by
(t2g)™(eg)™. In order to determine the value of Dcpc(m,n), the contribu-
tion of the average value of the electron—electron interaction term should be
subtracted. This procedure can be accomplished as follows.

According to the Slater’s transition-state method, energy separation be-
tween adjacent configurations, (fog)™(eg)™ and (t2g)™ ! (eg)" !, can be well-
approximated by the one-electron energy difference, A(m,n;m —1,n+ 1) =
Eeg — Et2g, in the Slater’s transition state, (tog)™ % (eg)"T0-5. Then the value
of Depe(m,n) can be determined by the relation

1
N(m,n) Z Hup

(mP,nP)=(m,n)

1
— E H,=A ym—1 1 .1
N(im—-1,n+1) bp (m,nsm —1n+1), (6.10)
(mP,nP)=(m—1,n+1)

where N(m,n) is the number of Slater determinants belonging to the
(tog)™(eg)™ configuration, and mP and nP are the numbers of electrons oc-
cupying the ¢y, and e, states in the pth Slater determinants, respectively.
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In the actual calculation, the value of A(m,n, m—1,n+1) does not strongly
depend on the configuration (m, n). Therefore, in the work presented here,
A(m,n,m — 1,n+ 1) for all configurations is approximated by the value ob-
tained in the ground state, i.e.,

Alm,n;m—1,n+1) = —t2g = A, (6.11)

as has been done in [20] Then (6.11) can be simplified to,

1
Hyp = ndeg . (6.12)
N(m7n) (mp n;_(mn) pp

6.2.3 Correlation Correction

In the DV-ME method, we generally consider only electrons occupying the
impurity state orbitals. However, in this subspace, the number of Slater de-
terminants is insufficient to describe the effect of electron correlations ac-
curately, and the electron—electron repulsion energies are overestimated sig-
nificantly. Mathematically, the remaining electron correlation effects can be
taken into account by gradually increasing the number of Slater determinants.
However, this approach is computationally quite inefficient. Therefore, we in-
troduce a more efficient approach to take into account the remaining electron
correlations. In this approach, all matrix elements of the electron—electron
repulsion operator are multiplied by a certain reduction factor ¢ (correla-
tion correction factor). Then the matrix elements of H can be finally ex-
pressed as

Hpq

<¢p|H|¢>

ZZA i| h|j)+ dpgAcpc(m,n)

i=1 j=1

L L L L
+D DD D Blclij gl k). (6.13)
j=1k=11=1

=1

The value of ¢ can be also determined from the consistency between the
one-electron MO calculation and the many-electron CI calculation. How-
ever, in this case, a spin-unrestricted (spin-polarized) calculation is uti-
lized.

For example, in the case of a d® system under O;, symmetry, we consider
a spin-flip transition within the (tgg)3 configuration, Within the one-electron
approximation, this transition energy can be calculated by es25) — €42¢1 in
the Slater’s transition state, (f241)%° (f2)°. On the other hand, in the
multiplet energy levels, the same transition corresponds to transitions from
145 (S, = 3/2) to four different states: *As, 2E, 2Ty, 2Ty (S, = 1/2). B
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Fig. 6.3. Schematic illustration of a spin-flip transition energy within a (t24)% con-
figuration in the one-electron energy levels (left) and in the multiplet energy levels
(right)

setting the average transition energy of these transitions equal to the value
obtained by the transition-state calculations, we obtain

Zk ngk (C) G TS TS
—E¥(c) =¢;)° —e47, 6.14
Zk . ( ) t] t] ( )

where gy, is the degeneracy of the state k. In this case, the sum of k is taken
over k =*Ay, 2E, 2Ty, ?°Ty (S, = 1/2) with g = 1, 2, 3, 3, respectively. This
condition is schematically shown in Fig. 6.3.

6.2.4 Transition Probability

Using the eigenvector obtained by the diagonalization of the many-electron
Hamiltonian, the many-electron wave functions corresponding to each mul-
tiplet state can be obtained explicitly as a linear combination of the Slater
determinants. Therefore, the oscillator strength for the electric-dipole transi-
tion between multiplets can be calculated directly using

Ly =2E;—E) | Wy | Y re-e| ), (6.15)

where v; and ¢y are the many-electron wave functions of the initial and final
states, while E; and E; are the energy eigenvalues of these states. r; denotes
the position of the kth electron, and e denotes the unit vector parallel to the
direction of the electric field.



138 K. Ogasawara, H. Adachi
6.3 Calculation of the Absorption Spectrum of Ruby

6.3.1 Model Cluster

In ruby, a chromium ion substitutes for an aluminum ion, and has six nearest-
neighbor oxygen ions. This oxygen octahedron is slightly distorted, and the
actual site symmetry is C3. A model cluster composed of 63 atoms with Cs
symmetry (Fig. 6.4) was adopted for the calculation of the absorption spec-
trum of ruby. The impurity chromium ion is located at the center of the cluster,
and 14 aluminum ions are considered. All of the nearest-neighbor oxygen ions
to these aluminum ions are considered. In order to reproduce the effective
Madelung potential, several thousand point-charges are located at atomic po-
sitions outside the cluster. The MO calculation was performed using a nearly
minimal basis set (1s—4p for Cr, 1s-3d for Al, and 1s—2p for O), with 40 000
sampling points.

C r 3+
Al 3
Fig. 6.4. Model cluster
adopted for the calcu-
lation of the absorption
spectrum of ruby

6.3.2 One-Electron Energy Level

The calculated one-electron energy level is shown in Fig. 6.5. The valence band
mainly consists of O-2p orbitals and the conduction band mainly consists of
Al-3s, 3p, and 3d orbitals. The impurity states mainly consisting of Cr-3d
orbitals are formed within the band gap, which splits into the ¢y, state and
the ey state due to the presence of the octahedral crystal field. Although
a slight trigonal crystal field further splits the to, state into an a state and
an e state, this splitting is quite small compared to the octahedral crystal field.
The octahedral crystal field splitting, A, calculated by the difference between
the energy of the e, state and the average energy of the ¢o, state was 2.11¢eV.

6.3.3 Multiplet Energy Level

For the calculation of the multiplet structures of ruby, three electrons and ten
impurity-state orbitals are considered. Therefore, the many-electron Hamil-
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Fig. 6.5. Calculated one-electron molecular orbital (MO) energy levels of ruby. The
energy of the highest occupied molecular orbital (HOMO) is set at the origin

tonian is expressed in terms of 10C3 = 120 Slater determinants. Although
there is a slight trigonal field, the multiplet energy levels are still dominated
by the octahedral crystal field. Therefore, in the case being considered, the
spin-flip transition in the (t24)® configuration described in Fig. 6.3 is used for
the determination of the correlation correction factor c¢. The obtained value
of ¢ is 0.844, indicating that the electron—electron repulsion energy is reduced
by a factor of 0.844 due to the remaining effect of electron correlations.

The calculated multiplet energy levels with and without correlation cor-
rection (CC) are shown in Fig. 6.6 together with the peak positions in the
observed absorption spectra [2]. Each multiplet energy level is labeled by the
symmetry in the octahedral approximation. Due to the presence of the trig-
onal field, each T state splits into A and E states. When CC is taken into
account, the theoretical multiplet energies decrease significantly, especially in
doublets, and the experimental multiplet energy levels, including the trigonal
splittings, are excellently reproduced without any empirical parameters.

6.3.4 Absorption Spectra

Under exact octahedral symmetry, the electric-dipole transitions between the
multiplets (d—d transitions) are completely forbidden. However, in the case of
ruby, the presence of a slight trigonal field allows electric-dipole transitions
between multiplets through the trigonal distortion of the many-electron wave
functions. In the DV-ME method, the trigonally distorted many-electron wave
functions are treated explicitly. Thus, the transition probabilities for electric
dipole transitions from the ground state to all excited states are calculated
directly. For easy comparison between the theoretical transition probabilities
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Fig. 6.6. Calculated multiplet energy levels of ruby without correlation correction
(CC) (left) and with CC (center), together with the peak positions in the experi-
mental absorption spectrum reported by Fairbank et al. [2] (right)

and the observed absorption spectra, each peak is broadened by a Gaussian
function with a full-width at half-maximum (FWHM) of 0.3eV, and the con-
tributions from all excited states are summed up. The 7w spectrum is obtained
by setting the electric field vector (e) parallel to the Cs axis, while the o
spectrum is obtained by setting e perpendicular to the Cs axis. The final
theoretical absorption spectra are shown in Fig. 6.7, together with the exper-
imental spectra reported by Fairbank et al. [2]. In the experimental spectra,
a characteristic anisotropy is observed, where the intensity of the U band is
stronger in the o spectrum while the intensity of the Y band is stronger in the

g Ruby (0-Al;05 : Cr3+)
= Experimental
g‘ Fairbank ef al. (1975)
s Y
> Theoretical
-g n(El C)
's U i g (E_]_ Q) -
.-P_:-;":'N‘__ 1e” \ N at "
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Fig. 6.7. Theoretical absorption spectra of ruby for two different polarizations,
together with the experimental absorption spectra reported by Fairbank et al. [2]
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7 spectrum. The peak positions in the o spectrum shift toward lower energies
compared to the 7w spectrum. All of these features are clearly reproduced in
the theoretical spectra shown in Fig. 6.7.

6.4 Calculation of the Absorption Spectrum of Co?*:ZnS

6.4.1 Model Cluster

In Co?*t:ZnS, a cobalt ion substitutes for a zinc ion, and is tetrahedrally
coordinated by four nearest-neighbor sulfur ions. A model cluster composed
of 41 atoms with T,; symmetry (Fig. 6.8) was adopted for the calculation
of the absorption spectrum of Co?*:ZnS. In order to reproduce the effective
Madelung potential, several thousand point charges are located at atomic
positions outside the cluster. The MO calculation was performed using nearly
minimal basis set (1s—4p for Co and Zn, and 1s-3p for S), with 99 999 sampling
points.

Fig. 6.8. Model cluster adopted for the calcu-
lation of the absorption spectrum of Co?*:ZnS

6.4.2 One-Electron Energy Level

The calculated one-electron energy level is shown in Fig. 6.9. The valence band
mainly consists of S-3p and Zn-3d orbitals, and the conduction band mainly
consists of Zn-4s and 4p orbitals. The impurity states mainly consisting of
Co-3d orbitals are formed within the band gap. Since cobalt has four nearest-
neighbor sulfur ions, these impurity states split into the ¢, state and the e state
due to the tetrahedral crystal field. The tetrahedral crystal field splitting, A,
calculated by the difference between the energy of the e state and the energy
of the t, state, is 0.62¢€V.

6.4.3 Multiplet Energy Level

For the calculation of the multiplet structures of Co?t:ZnS, seven electrons
and ten impurity-state orbitals are considered. Therefore, the many-electron
wave functions are expressed in terms of 19C7 = 120 Slater determinants. In
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the case being considered, the spin-flip transition in the (e)*(t5)® configura-
tion is used for the determination of the correlation correction factor c. The
obtained value of ¢ is 0.844, indicating that the electron—electron repulsion
energy is reduced by a factor of 0.822 due to the remaining effect of electron
correlations.

The calculated multiplet energy levels with and without CC are shown in
Fig. 6.10 together with the peak positions in the observed absorption spec-
trum [24]. As shown in the figure, when CC is taken into account, the theoret-
ical multiplet energy levels slightly decrease and approach the experimental
values.

6.4.4 Absorption Spectrum

In the absence of covalency between the impurity cobalt ion and the host ma-
terials, the electric-dipole transitions between the multiplets (d—d transitions)
are completely forbidden. However, in the case of Co?*:ZnS, the covalent in-
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teraction with the tetrahedrally coordinated sulfur ions breaks the inversion
symmetry and allows the electric-dipole transitions between the multiplets.

In the DV-ME method, the covalent effects are automatically taken into
account by the use of molecular orbitals. Thus, the transition probabilities
for electric-dipole transitions from the ground state to all excited states
are calculated directly. For easy comparison between the theoretical tran-
sition probabilities and the observed absorption spectra, each peak is broad-
ened by a Gaussian function with a FWHM of 0.1eV, and the contributions
from all excited states are summed up. The theoretical absorption spectrum
is shown in Fig. 6.11, together with the experimental spectra reported by
Weakliem [24]. In the experimental spectrum, there are two broad peaks.
The analysis of the configuration interaction shows that the peak near 1eV
mainly consists of the (e)?(t2)® configuration (a two-electron excited state),
while the peak near 2eV mainly consists of (e)?(t2)* configuration (a one-
electron excited state). Although the transition to the former is forbidden
in the one-photon absorption process, a transition is possible in the pres-
ence of a CI due to the small composition of the one-electron excited state.
In the theoretical spectrum, the relative intensities of these peaks are re-
produced quite well, indicating that CI is included appropriately in our
calculations.

=
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6.5 Summary

In this chapter, we showed two examples of first-principle calculations of the
absorption spectra of optical materials.

In the case of ruby, the transitions are caused by a combined effect of
covalency and trigonal distortion of the ligand oxygen coordination, which re-
sults in the trigonally distorted molecular orbitals. The absorption spectrum
of ruby has been calculated directly using trigonally distorted wave functions.



144 K. Ogasawara, H. Adachi

The theoretical spectra excellently reproduced the peak positions, their rela-
tive intensities, and the characteristic spectral anisotropy without any empir-
ical parameters. This is actually the first non-empirical reproduction of the
absorption spectrum of ruby.

In the case of Co?T:ZnS, the transitions are purely caused by the cova-
lent effects with tetrahedrally coordinated sulfur, which breaks the inversion
symmetry of the system. The theoretical spectrum reproduced the relative in-
tensities of two peaks excellently, indicating that the CI is taken into account
appropriately in our calculations.

As optical materials, rare-earth ions are also widely utilized, as shown by
the great success of the Nd:YAG laser or the erbium-doped fiber amplifier
(EDFA). In these heavy elements, relativistic effects should be also taken into
account. To this end, we have recently developed a relativistic version of the
DV-ME method, and an analysis of rare-earth doped optical materials is also
in progress.
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Heavy Elements

Tomohiko Ishii, Masahiro Yamashita, Rika Sekine, and Toshiaki Enoki

7.1 Introduction

For heavy elements with atomic numbers greater than 50, such as gold, rela-
tivistic effects become significant in the electronic structure and in chemical
bonding [1,2]. Namely, the direct relativistic effects due to the finite speed of
light and spin-orbit interaction lead both to radial contraction and energetic
stabilization of s and p shells and to the spin-orbit splitting of the molecu-
lar orbital (MO) levels. The contraction of the s and p orbitals increases the
screening of nuclear charge for outer d and f electrons, resulting in the ex-
pansion of the radial distribution of d and f orbitals. The magnitude of the
expansion depends upon the magnitude of contraction. These two kinds of
relativistic effects affect the valence levels relevant to chemical bonding.

In this chapter, we will show an example of a molecular orbital calculation
including relativistic effects, using AuCls as the target complex, since it con-
tains gold, a heavy element. Graphite intercalation compounds (GICs) have
a variety of novel physical properties associated with graphite-intercalate-
graphite sandwiched layered structures [3]. Transition-metal chloride GICs
are known as typical acceptor GICs, with triple atomic layers of chlorine-
metal-chlorine composite in graphitic galleries [4]. In the acceptor-type GICs,
it has been reported that the magnitude of the charge transfer rate from
the graphitic m-band is considerably small [5], reflecting the weak interaction
between the graphitic layers and intercalates. Such a small charge transfer
changes only slightly the Fermi level of the graphitic m-band with no mixing
of the electronic states between graphitic layers and the intercalate, which val-
idates the use of the rigid-band concept. Therefore, the electronic structure
of the acceptor-type GICs in the vicinity of the Fermi energy is described in
terms of the graphitic two-dimensional 7-bands. In fact, the optical reflectance
for the SbCls and AsF5 GICs are explained by the analysis of the electronic
structure of the graphitic m-band model [6].

On the other hand, experimental investigation [7] reveals that AuCls GICs
have exceptional features in the electronic structure among acceptor-GICs.
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A large plasma frequency w, in optical reflectance measurements suggests
the existence of an overlap of the intercalate band and the graphitic m-band
near the Fermi level. The possibility of the existence of the intercalate band
is also suggested from the observation of the large Pauli paramagnetic sus-
ceptibility and electronic specific heat coefficient, which indicate an enhanced
density of states at the Fermi level. In addition, the c-axis conductivity value
for the first-stage compound reaches 23 (Qcm)~! at room temperature, which
is the highest value ever observed in acceptor GICs [8], and which implies
that the orbital overlapping between the graphitic m-band and the intercalate
band enhances the conductivity along the c-axis. These experimental find-
ings suggest a strong coupling between the graphitic m-electron system and
the intercalate, which is related to the essence of the intercalated molecule
AUQCIG.

Meanwhile, in donor-type GICs, in which the charge transfer rate is consid-
erable, the intercalate band is reported to overlap with the graphitic 7*-band
in the vicinity of the Fermi level. The coexistence of the intercalate band and
the graphitic m-band around at the Fermi energy is confirmed by strong inter-
actions between them. The large charge transfer rate generated by the strong
interaction between the graphitic layers and the intercalate in AuClg GICs is
reminiscent of the situation in donor-type GICs. In this chapter, we discuss the
electronic properties of an intercalate AuyClg molecule calculated by means of
the DV-Xa molecular orbital method in order to clarify the electronic struc-
ture and the chemical character of the AuyClg molecule, which will help us
understand the peculiar features of AuCls intercalate in graphitic galleries.
The system being studied, AusClg, includes gold, a heavy element. Therefore,
in this calculation, we also use a relativistic version of the DV-Xa method,
compare the results with those obtained by the non-relativistic calculation,
and discuss the relativistic effects on the electronic structure of AusClg.

7.2 Method of Calculation

In the analysis of the electronic structure of intercalate AuCls, we carried
out an electronic structure calculation using the DV-Xa molecular orbital
method. The computation details of both methods used in our work have
been described elsewhere [9-12].

We apply the DV-X«a method to the calculation of the electronic structure
of planar molecule AuyClg.

Figure 7.1 shows the structural model of a dimerized planar molecule of
AuyClg based on the pristine AuCls crystal [13].

In our calculation, we assume that intercalate AuCls has the same molec-
ular structure as the AuyClg molecule in the pristine crystal [14]. As shown
in Fig. 7.1, there are two kinds of chlorine atoms — one is located between
two gold atoms (bridge Cl) and the other is at the terminal of the molecule
(terminal Cl). The four terminal chlorine atoms form an isosceles trapezoid,
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Fig. 7.1. The structural model of
a dimerized planar molecule Aus2Clg
based on the AuCls pristine crystal

6.60A

terminal
Cl

which encloses two gold atoms. We look upon this trapezoidal structure as
a rectangular one, because the difference in length between two sides is very
small (~ 0.3%). On this assumption, the symmetry of this molecule can be
regarded as a Dayp, point group [15]. As the spin function is included, the Doy,
group reduces to a D, double group in a calculation with relativistic effects.
The symmetry orbitals corresponding to irreducible representations of the
D3, symmetry are constructed from the atomic orbitals using the standard
projection operator method [16]. The relativistic and non-relativistic DV-Xa
calculations are performed by means of a special program, which takes into
account relativistic effects. The Slater exchange parameter, «, is set to 0.7
for all atoms, and 5000 DV sampling points are used, which provides valence
electron energy eigenvalues to a precision of better than 0.1eV. We employ
basis functions up to the 3p orbital for the chlorine atom, up to the 6p or-
bital for the gold atom. In order to investigate the effect of the high-order
shell orbits, calculations employing basis functions up to the 4p orbital for the
chlorine atom are also done. The calculations are carried out self-consistently
until the difference in orbital populations between the initial and final states
of the iteration is less than 0.01.

In AuCls GICs, we assume that the intercalate AuCls has the same molec-
ular structure as the AusClg molecule in a pristine crystal. This assumption
is considered to be valid in view of the available electron microscope results
on the in-plane superstructure of intercalate and the EXAFS results [14]. The
charge transfer rate per carbon atom f¢ is estimated to be ~ 0.017 from the
Raman spectrum measurement performed on the first-stage AuCls-GIC [7].
About 0.5 electrons are considered to be transferred from 28 carbon atoms to
a unit of AusClg in the first-stage compound of CogAuyClg.

The electronic structure of [AusClg] ~%-% was calculated assuming the same
structure as a pristine AuyClg molecule, since the difference in structures
before and after the electron transfer is small and negligible.
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7.3 Results and Discussion

Table 7.1 summarizes the energy levels and the characteristics of the molec-
ular orbitals of the pristine AuyClg molecule, which are obtained by the non-
relativistic DV-Xa calculation with the basis functions of the chlorine atom
up to the 3p orbital.

In the HOMO level, which is assigned to the 17by, orbital in the Day,
symmetrical AuyClg molecule, the terminal Cl-3p atomic orbital (see Fig. 7.1)
plays a major role in comparison with those of the bridging chlorine and the
gold atoms. Meanwhile, about 23% of the Au-5d atomic orbital contributes
to the LUMO level assigned to the 21bg, orbital, while the proportions of the
terminal and bridge Cl-3p atomic orbitals compared to the LUMO are about
54% and 20%, respectively. The HOMO-LUMO band gap is estimated to
be 1.5V (i.e., —=5.26eV — (—6.75€V)), which is consistent with the fact that
the color of the AuCls crystal consisting of the AusClg molecule is brown-
ish red.

In order to make the calculation more exact, we employ the basis functions
of the chlorine atom up to the 4p orbital. Comparing between this calcula-
tion and the one done previously, in which only basis functions up to the 3p
orbital were considered, we find that the essential features of the electronic

Table 7.1. The energy levels and the characteristics of the molecular orbitals of the
AuzClg molecule near the HOMO and LUMO levels obtained by means of the non-
relativistic DV-Xa calculation. The basis functions of the chlorine atoms were used
up to the 3p orbital. The character “e” in the table denotes the electron occupation
number

Orbital population(%)

Energy Au Cl (bridge) Cl (terminal)
Orbital (eV) e 5d 6s 6p 3p 3p
(HOMO) 11by, —7.55 2.0 0.0420 0.0723 0.8857
29a4 —7.26 2.0 0.0829 0.0018 0.0007  0.0404 0.8745
13b1y —7.20 2.0 0.0747 0.0103 0.1719 0.7431
26bs,, —7.19 2.0 0.0437 0.0010 0.0001 0.0465 0.9089
20ba,  —7.09 2.0 0.0171 0.0244  0.0235 0.9312
6a, —7.05 2.0 0.0359 0.9641
8bsg —7.04 2.0 0.0456 0.0146 0.9397
17b1g —6.76 2.0 0.0000 0.0004  0.0381 0.9619
(LUMO) 21bs, —5.26 0.0 0.2312 0.0150  0.2029 0.5423
18b1g —4.93 0.0 0.2267 —0.0004  0.2501 0.5221
14b1, —0.54 0.0 0.0001 0.8843 0.0634 0.0521
12bag —0.32 0.0 0.0005 0.9284 0.0711
30a4 0.12 0.0 0.0250 0.6719 0.0538  0.1056 0.1050
27bszy, 1.21 0.0 0.0193 0.7473 —0.0223 0.1311 0.1115

22bay, 2.95 0.0 0.0023 0.8949  0.0003 0.0634
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structure are almost the same, while the absolute value of each energy level is
slightly different between the two cases. The values in the higher-order case
are shifted by ~ 0.3eV from the values in Table 7.1 with little change in the
electronic structure. This implies that the use of basis functions up to the 4p
orbital for the chlorine atom is not necessary, and that the calculation using
basis functions up to the 3p orbital is valid enough to discuss the electronic
properties of the AuyClg planar molecule.

Next, we introduce the DV-Xa calculation that takes into consideration
relativistic effects, in which we employ the basis functions of the Cl atom up
to the 3p orbital, taking into account the fact that the the relativistic DV-Xa«
calculation using basis functions up to the Cl-4p orbital does not converge.
Table 7.2 summarizes the energy levels and the characteristics of the molecular
orbitals of the pristine AuyClg molecule, which are obtained by the relativistic
DV-Xa calculation with the basis functions of the chlorine atom up to the 3p
orbital.

In the region below the HOMO level assigned to the 65vs4 orbital in the
D3, double group, the terminal Cl-3p atomic orbital plays a major role, sim-
ilar to the case calculated by the non-relativistic DV-Xa method. The most

Table 7.2. The energy levels and the characteristics of the molecular orbitals of
the Au2Clg molecule near the HOMO and LUMO levels obtained by the DV-X«
calculation involving relativistic effects. The basis functions of the chlorine atom
were used up to the 3p orbital. The character “e” in this table denotes the electron
occupation number. The atomic orbitals 5d, 6s, 6p, and 3p correspond to 5ds/» or

5ds/2, 65172, 6p1/2, or 6ps/2, and 3py 2 or 3ps3 2, Tespectively

Orbital population(%)

Energy Au Cl (bridge) Cl (terminal)
Orbital  (eV) e 5d 6s 6p 3p 3p
(HOMO) 6254 —7.55 2.0 0.078 0.002 0.069 0.005 0.846
6275, —7.27 2.0 0.068 0.002 0.009 0.076 0.846
63754 —719 2.0 0.119 0.000 0.003 0.040 0.839
6375, —7.15 2.0 0.067 0.000 0.008 0.039 0.886
64vs, —7.10 2.0 0.070 0.001 0.014 0.078 0.837
65vs, —6.98 2.0 0.105 0.001 0.002 0.028 0.863
6454 —6.96 2.0 0.113 0.000 0.001 0.035 0.851
65vsq —6.85 2.0 0.006 0.000 0.000 0.035 0.959
(LUMO) 66ys5. —4.79 0.0 0.330 0.000 0.020 0.188 0.448
66vsq —4.49 0.0 0.309 0.000 0.000 0.229 0.457
67754 —1.01 0.0 0.044 0.542 0.047 0.148 0.185
67vs., —0.78 0.0 0.007 0.099 0.731 0.093 0.069
6875, —0.60 0.0 0.031 0.490 0.148 0.161 0.163
68754 —0.59 0.0 0.001 0.011 0.905 0.001 0.082

69754 291 0.0 0.003 0.001 0.882 0.002 0.078
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important difference between the relativistic and the non-relativistic results
is the ratio of the Au-5d atomic orbital contribution to the HOMO.

In the LUMO level assigned to the 665, orbital, there is a contribution of
about 33% of the Au-5d atomic orbital, while the proportions of the terminal
and bridge Cl-3p atomic orbitals to the LUMO are about 45% and 19%,
respectively. These values are considerably different from the values obtained
from the non-relativistic calculation, suggesting that the relativistic effect is
very important for the orbital of AusClg molecule, in which the heavy Au
atom is included.

Figures 7.2, 7.3, and 7.4 show the basis functions rR(r) of the Au-6s, 6p
and 5d atomic orbitals, respectively, obtained by the non-relativistic and rel-
ativistic calculations. The relativistic results show the energy-splitting due to
the spin-orbit interaction.

Comparing the non-relativistic basis functions with the relativistic ones,
one can see that the 5d3/5 and 5d5/, orbitals are more extended due to the
indirect relativistic effect, and the 6s; /o and 6p; /5 orbitals show remarkable
contraction due to the direct relativistic effects. The 6ps/o orbital is almost
the same as the non-relativistic 6p orbital. The basis function rR(r) of the
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chlorine 3s atomic orbital obtained by the non-relativistic method is also com-
pared with those found via the relativistic calculation. It is revealed that the
relativistic effect is not apparent for a light atom like chlorine, since the energy
difference of core levels between the relativistic and non-relativistic models is
relatively small for chlorine. These results suggest that the contribution of the
Au-5d atomic orbital at the LUMO level changes from 23% to 33% mainly
due to the indirect relativistic expansion.

Figure 7.5 shows the molecular orbital energy levels of the AusClg molecule
with contributions from the consistent atomic orbitals. Generally, the energy
levels of the gold 5d atomic orbital are located around —12 €V, while those of
the chlorine 3p atomic orbitals are located around —7€V.

The LUMO (66s5,) level of the AusClg molecule is calculated to be
—4.79 eV, as summarized in Table 7.2. This suggests that the AusClg molecule
works as an acceptor to the pristine graphite, taking into account the fact that
the electron affinity level of graphite is reported to be —4.43 €V [17], which is
consistent with the results of the in-plane Raman FEsgo mode [8].

Figure 7.6 shows contour maps of the HOMO (17b4) and LUMO (21bg,,)
levels of the AuyClg molecule for the cross section cut by the plane involving

0 F - — —
T sa 3 3p
spe=—  «= ]
z b ] N
- = _— ———————— . .
; — - Fig. 7.5. The electronic level
Fo= — — structure of AuaClg. The
10- — _ — 71 length of each bar denotes
- - the atomic orbital composition
r = = of each molecular orbital. The
[ . . levels indicated by asterisks (x)
F bridge C1 t 1C1
15 Au ncee erming are the LUMO levels
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HOMO LUMO
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Fig. 7.6. Contour maps of the HOMO (left) and LUMO (right) of the AusCls
molecule, for the cross-section cut by the molecular plane of an AuxClg. The white
and the black regions denote the positive and the negative signs of the wave func-
tions, respectively, ranging from —0.2 to 0.2 electrons per (a.u.)3

the molecular plane of AuyClg. Here, we draw the MOs for the non-relativistic
calculation since it is difficult to figure out the MOs for the relativistic calcu-
lation.

In the HOMO, the orbitals of the terminal chlorine atoms play a larger
role in comparison with those of the bridge chlorine and the gold atoms,
as mentioned before. Meanwhile, the atomic orbitals of gold atoms make an
important contribution to the LUMO in addition to those of the terminal
chlorine atoms. These contour maps (Fig. 7.6) suggest that all of the bonds
between neighbor atoms have an anti-bonding character in both the HOMO
and LUMO. In the figure, white and black denote positive and negative signs of
the atomic orbital phase, respectively. This implies that the bond lengths will
be elongated by a charge transfer from the graphitic m-band, which weakens
the bonds when AuyClg molecules are intercalated in graphitic galleries.

Figure 7.7 shows contour maps of the LUMO of the AuyClg molecule, for
the vertical sections cut by the plane perpendicular to the planar molecule
AuyClg. Figure 7.7a shows the cross-section involving two terminal Cl atoms
and one bridging Cl atom parallel to the molecular long axis, while Fig. 7.7b
shows the cross-section perpendicular to the long axis involving an Au atom.
The contribution of the terminal chlorine 3p atomic orbitals to the LUMO
wave function is spread out along the vertical planes wider than the contri-
butions of the bridge chlorine atom and that of the gold atom. This finding
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Fig. 7.7. Contour maps of the LUMO of the AusClg molecule for the vertical
sections cut by the plane perpendicular to the molecular plane. a The cross-section
involving two terminal Cl atoms and one bridging Cl atom parallel to the molecular
long axis. b The cross-section perpendicular to the long axis involving an Au atom.
The white and the black regions denote the positive and the negative signs of the
wave functions, respectively, ranging from —0.2 to 0.2 electrons per (a.u.)g. The “c”
indicates the direction of the c-axis, which is perpendicular to the AuzClg plane

suggests that the wave function of the terminal chlorine atoms will interact
strongly with the graphitic 7-band along the c-axis when the AusClg molecule
is intercalated in a graphitic gallery.

Next, we discuss the effect of the charge transfer on the electronic structure
of the AuyClg intercalate in AuClz GICs. As mentioned before, the amount
of electrons transferred from the graphitic m-band is estimated at 0.5 per
AuyClg molecular unit in the case of a first-stage compound. Table 7.3 sum-
marizes the energy levels and the characteristics of the molecular orbitals after
the transfer of 0.5 electrons from the graphitic layer to the AusClg molecule
(i.e., [AuzClg]~%?) near the HOMO and LUMO levels.

In this calculation, we employed the basis functions of the chlorine atom
up to the 3p orbital with relativistic effects, since consideration of the Cl-4p
orbital yields a divergent result for the AuyClg molecule, as mentioned before.
The LUMO (665,) level of the AusClg molecule is partially occupied by 0.5
electrons transferred from the graphitic m-band, as shown in Table 7.3. By
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Table 7.3. The energy levels and the characteristics of the molecular orbitals of the
[Au2016]70'5 molecule near the HOMO and LUMO levels obtained by the DV-Xa
calculation with relativistic effects, where the basis functions of the chlorine atom
up to the 3p orbital is employed. The character “e” in this table denotes electron
occupation number

Orbital population(%)

Energy Au Cl (bridge) Cl (terminal)
Orbital (eV) € 5d3/2,5/2 681/2 6p1/2,3/2 3171/2,3/2 3p1/2,3/2
(HOMO) 625, —5.86 2.0 0.068 0.002 0.060 0.004 0.866
6275, —5.59 2.0 0.064 0.002 0.007 0.079 0.848
63vsq —5.53 2.0 0.106 0.000 0.002 0.039 0.855
6375, —5.48 2.0 0.072 0.000 0.005 0.058 0.865
64vs, —5.41 2.0 0.046 0.001 0.014 0.054 0.884
65v5. —5.32 2.0 0.094 0.001 0.002 0.029 0.874
64vs¢ —5.31 2.0 0.103 0.001 0.001 0.035 0.861
65vs4 —5.15 2.0 0.002 0.000 0.000 0.033 0.964
6675, —3.20 0.5 0.319 0.000 0.016 0.191 0.459
(LUMO) 6675 —2.90 0.0 0.299 0.000 0.000 0.237 0.460
67754 0.51 0.0 0.044 0.572 0.040 0.137 0.177
67v50u 0.82 0.0 0.005 0.076 0.786 0.076 0.056
68754 1.00 0.0 0.030 0.537 0.103 0.163 0.160
6854 1.03 0.0 0.001 0.007 0.922 0.000 0.069
69754, 4.16 0.0 0.003 0.000 0.910 0.001 0.061

comparing Tables 7.2 and 7.3, one can see that the characteristics of the molec-
ular orbitals of [AugClg]~%® are not changed very much. The minor change
in the features of the molecular orbitals due to the charge transfer proves the
validity of the rigid-band concept in discussing the electronic structure of the
AusClg molecule.

Now, we discuss the density of states (DOS) at the Fermi level of the
AuCls GIC involving [AusClg] =05,

Figure 7.8 shows the DOS of the [AusClg]~%® molecule near the HOMO
level.

Since the integral of a Lorentzian function with respect to energy from —oo
to oo is estimated to be 7, a bandwidth of 1/7(= 0.31) €V was used in the
calculation of the DOS as a normalized coefficient of the Lorentzian function in
which both the peak height and the total number of electrons are normalized
to each level.

In this figure, the position of the Fermi level of the m-band in the AuCls
GIC is adjusted to coincide with the vacuum level. The electron affinity level,
which is —4.43 €V in pristine graphite, is shifted down by —0.97 to —5.4eV
after intercalating AusClg, according to the results of Raman spectra ex-
periments [8]. Meanwhile, the small charge transfer of ~ 0.5 electrons el-
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evates the Fermi energy of the AusClg molecule from —4.79 to —3.20€V,
as summarized in Tables 7.2 and 7.3. These values are elevated due to the
lack of consideration given to the Madelung energy generated between C;SO'S
and [AuzClg] 725, The energy level of the HOMO in [AuzClg] =% appears to
be lowered when [AuyClg] 75 is intercalated between the positively charged
graphitic layers through the Madelung energy. Moreover, the lack of informa-
tion on the energy level of graphite after the intercalation makes the calcu-
lation of the Madelung energy impossible. Therefore, we adjust the HOMO
level of [AuyClg] = to the Fermi level of the graphitic m-band of the AuCl;
GIC (Er = —0.97¢V) [8].

In Fig. 7.8, the position of the Fermi energy at ~ —5.8¢V (indicated by
the dashed line) is shifted up to —5.40€V, (indicated by the solid line), as
a result of the transfer of 0.5 electrons from the graphitic m-band. The local
density of states per carbon atom for the graphitic m-band is estimated at
D (Er) = 0.036 states/(eV atom of C) (= 0.17 states/(eVem?)) [8]. The inset
of Fig. 7.8 shows the electronic structure of the first-stage AuCls GIC with the
overlap of the graphitic m-band (solid line) and the AuyClg intercalate band,
where the value of the local DOS of the graphitic m-band is normalized by
multiplying by a factor of 28, taking into account the fact that the composition
of AuCl3 GIC is considered to be CogAusClg.

~

A
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Fig. 7.8. The electronic density of states (DOS) of the [AusCls] ™ molecule near
the HOMO level superimposed on the graphitic w-bands. In the calculation of the
DOS, a Lorentzian function with a bandwidth of 0.32 €V is employed so that each
level accommodates 2.0 electrons. Dashed and solid lines denote the Fermi levels
before and after the transfer of 0.5 electrons from the graphitic m-band, respectively.
The inset shows the band structure of the first-stage AuCls GIC, showing the overlap
of the graphitic m-band and the Au2Cls intercalate band, the latter of which has
a mixture of Au-5d and Cl-3p states
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The DOS plot in Fig. 7.8 exhibits a large contribution of the AuyClg
HOMO band, which is constructed mainly with 30% Au-5d and 40% terminal
Cl-3p orbitals, as mentioned in Table 7.3, exists at the Fermi level superim-
posed on the graphitic linear m-band. These results also suggest that the total
density of states at the Fermi level consisting of the graphitic m-band and the
AuyClg intercalate band is about three times larger than the value expected
from the graphitic w-band. This is in good qualitative agreement with the
optical reflectance, magnetic susceptibility, specific heat, and electrical con-
ductivity [7,8], which prove the overlap of the graphitic m-band and the AuCl;
intercalate band.

Next, we move on to the chemical features of the AusClg molecule in
relation to the charge transfer. Tables 7.4 and 7.5 show the results of Mulliken
population analysis [18], which show the orbital populations of the gold and
chlorine valence atomic orbitals.

It is worth noting that the Au-6p atomic orbital has electrons in both
AuyClg and [AuaClg) =%, although a free gold atom has no electrons in the 6p
orbital. This result implies that the energy levels of the Au-6p atomic orbital is
lowered in these molecules in comparison with the free gold atom [2] as a con-
sequence of bond-formation with chlorine and/or a ligand effect. From the
Mulliken orbital population, the valence of gold is calculated to be Aut0-236
suggesting that the bonding between gold and chlorine has a rather covalent
nature. In addition, the valence of the terminal chlorine is estimated to be
C179125 which is considerably smaller than the valance of an ordinary metal
chloride where chlorine atom has an almost complete negative charge C171.

This result suggests the possibility that the chlorine atom plays the role
of a strong acceptor to graphite, since the LUMO at the terminal CI-3p site

Table 7.4. The Mulliken orbital population of the gold atom in AuzClg and
[AuzClg]~0°

Au
Atom or molecule 5d 6s 6p  Valence electron
Au 10 1 0 Au®
AusClg 9.274 0.846 0.643 Auto236
[AuaClg]~0® 9.378  0.814 0.498 Ay t03H

Table 7.5. The Mulliken orbital population of the chlorine atom in AuyClg and
[Au2015]70'5

Cl (bridge) Cl (terminal)
Atom or molecule 3s 3p  Valence electron  3s 3p  Valence electron
Cl 2 5 cr 2 5 cr°
AuxClg 1.934 5.051 crto-or 1.951 5.174 Cro1%

[Au2Clg]~%® 1.952 5.139 Cro.091 1.962 5.272 C170-235
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spreads widely along the c-axis when AusClg is intercalated in graphitic gal-
leries, as mentioned in Fig. 7.7.

The valences of the gold and the chlorine atoms are calculated to be
AutO3t and C179235 respectively, in the case of the [AuzClg] =5 molecule.
This means that the charge transfer from graphite makes the AuyClg molecule
more ionic than the pristine AusClg molecule. Taking into account the fact
that all the bonds between neighbor atoms are anti-bonding in character, as
mentioned in Fig. 7.6, this enhanced ionicity of the AusClg molecules results
in the weakening of the bond strengths due to electron transfer. Experimen-
tal evidence supporting the proposition that the bond strength in AuyClg
becomes weak after intercalating into a graphitic gallery is that the ay mode
observed in Raman spectra (at 350 cm™1), associated with the Au—Cl terminal
and bridge stretching vibration [7], shows a red shift (to 342cm™!) in AuCl;
GICs in comparison with the measurements for pristine AusClg.

Finally, we discuss the results of the overlap population between gold atom
and two kinds of chlorine neighbors. Table 7.6 summarizes the overlap popu-
lation.

Comparison of the values before and after the transfer of 0.5 electrons per
Au,Clg results in a 30% decrease in the overlap population of the AuClsy GIC,
suggesting that the bond strength becomes weak by the charge transfer to the
antibinding orbital. This result is also supported by the low energy shift of
the intramolecular vibrational Raman mode measurement.

Table 7.6. The overlap population between gold and the two kinds of chlorine
atoms in AuzCls and [AuaClg]~%?

Molecule Au—Cl(bridge) Au—Cl (terminal)

AlmCla 0.274 0.404
[AuxClg] %5 0.187 0.302
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Radiative Transitions

Takeshi Mukoyama

The general theory of X-ray emission and absorption is described. The expressions
for transition probabilities are presented in the dipole approximation, and the dipole
matrix element is obtained for atoms. Theoretical models for molecular X-ray emis-
sion rates are explained. Various approximations used in the case of molecular X-ray
emission are tested with the DV-Xa method. The chemical effect on the K3/Ka
X-ray intensity ratios for chemical compounds of 3d elements is investigated with
the DV-Xa method. The calculated results are compared with the experimental
data, and information about chemical states is obtained. The validity of the DV-X«
method to calculate X-ray spectra is demonstrated.

8.1 Introduction

Since early days of X-ray physics, X-ray spectroscopy has been widely used to
investigate the electronic structures of materials. It is well-known that X-ray
absorption and emission spectra are sensitive to the chemical environments of
elements in molecules and solids [1-4]. Extensive experimental X-ray spectra
for various molecules and solids have been reported. With recent advances
in high-resolution X-ray spectrometers, high-power X-ray sources, and syn-
chrotron radiation facilities, X-ray spectroscopy has become one of the most
powerful experimental tools to study electronic structures. In particular, the
advent of third-generation synchrotron radiation facilities has made it possible
to produce strong energy-tuned photon beams and to obtain more elaborate
experimental spectra. However, in order to analyze these measured data and
to extract information about electronic structures, comparison with theoret-
ical calculations based on molecular orbital (MO) methods or band theories
is indispensable.

On the other hand, in the case of molecules and solids, most theoretical
studies have been performed only for transition energies and line profiles, and
exact calculations of X-ray absorption and emission spectra are rather scarce.
This can be attributed to two reasons: first, molecular orbital methods and
band theories are usually developed for the ground states and are difficult
to apply to excited states or to states with inner-shell vacancies. Second, in
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absorption and emission spectra of molecules, the matrix elements of electron
transitions should be calculated with multi-center integrations by the use of
molecular wave functions. Such calculations are tedious and time-consuming
even for high-speed computers with large memories.

The discrete-variational (DV) Xa method [5] has several advantages over
other theoretical methods for calculations of electron transition probabilities
in molecules. In this method, numerical wave functions, obtained by solv-
ing the self-consistent field (SCF) equation, are used as the basis functions.
This means that realistic molecular wave functions and molecular potentials
are obtained with a relatively small number of basis functions compared to
other methods. Furthermore, the matrix elements in the secular equations
are evaluated with the DV integration method [6], i.e., as the weighted sum
of the integrand values at the sampling points distributed randomly. This
DV integration method can also be applied to calculate the transition ma-
trix elements. In this way, we can avoid the difficulty inherent to multi-center
integration. The DV-Xa method has been successfully applied to X-ray and
electron spectroscopy [7].

The interaction between atoms (molecules) and an electromagnetic field
can be classified into two processes: X-ray emission and absorption. The X-ray
emission process corresponds to an electron transition between two bound
states. When there exists an inner-shell vacancy, one of the outer-shell elec-
trons makes a transition to the vacancy with the emission of electromagnetic
radiation or another atomic electron. The latter process, called the Auger
effect, is a non-radiative transition and is not discussed here.

On the other hand, in X-ray absorption, the electron is excited to an
unoccupied bound state or is ionized to the continuum. At a certain energy,
a sudden jump occurs in the absorption spectrum, and this energy is called the
absorption edge. When the incident X-ray energy is higher than the ionization
threshold, the electron is transferred to the continuum, and the photoelectron
is ejected.

In the case of molecules and solids, there also exist fine structures on the
high-energy side of the absorption edge; the X-ray absorption near-edge struc-
ture (XANES) is located in the energy region above the absorption threshold
to ~ 40€V, and the extended X-ray absorption fine structure (EXAFS) is in
the energy region up to ~ 1000eV. The latter is considered as a single scat-
tering of photoelectrons by the surrounding atoms and contains information
on the local structure of molecules. On the other hand, XANES is due to the
multiple scattering of ejected electrons by neighboring atoms and is strongly
sensitive to the electron density around the atom excited by X-rays.

Here, we confine ourselves to the case of electron transitions between two
discrete states and are mostly concerned with X-ray emission spectra, be-
cause we need special techniques to investigate continuum states in the DV-
Xa method. The calculations of the XANES spectra with the DV-Xa method
are described in [8,9]. The DV-Xa calculations for X-ray photoelectron spec-
troscopy (XPS) are reported in [10].
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In the following section, the general theory of the interaction between
electromagnetic radiation and electrons will be presented. The X-ray emis-
sion and absorption probabilities in the dipole approximation are discussed.
In Sect. 8.3, the dipole matrix element is estimated for wave functions in
a central potential. The X-ray emission rates for molecules are discussed in
Sect. 8.4, and the advantage of the DV-Xa method is elucidated. In Sect. 8.5,
the computational methods used to calculate X-ray emission rates with the
DV-Xa method, such as the DV integration method, the electronic relaxation
effect, and the contribution from interatomic transitions, are tested. The sub-
sequent sections are devoted to simple examples for the K3/Ka X-ray in-
tensity ratios in chemical compounds of 3d transition metals. Finally, it is
demonstrated that the DV-Xa method is useful to calculate X-ray emission
rates and spectra in molecules.

8.2 Transition Probability

The Hamiltonian for an electron of charge e and mass m in a static potential
V(r) and interacting with a radiation field is given by

1 e 2
H= ( ~C Al t ) V(r), 8.1
, (P CArD) + V) (5.1
where p is the momentum of electron, c is the velocity of light, and the electro-
magnetic field is described by the vector potential A(r,t). This Hamiltonian
can be expressed as

H=Hy+H, (8.2)

where Hj is the Hamiltonian in the absence of the electromagnetic field:

P2

H:
0 2m

+V(r). (8.3)
When we employ the Coulomb gauge V - A = 0, the interaction Hamiltonian
is given by

e

H =— Cp-A. (8.4)

m
Here, we neglect the small term proportional to A2,

When radiation field is expressed as the superposition of oscillators con-
fined within volume V', A can be written as

Zsl (az itk T—wt) _i_a;refi(kl-T‘fwt)) 7 (8.5)

4drc? ) 1/2
1

A(r,t) = ( o

where k; is the propagation vector, € is the unit vector in the direction of
polarization perpendicular to k, w is the frequency of the oscillator, and a
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and a' are the annihilation and creation operators for a photon, respectively.
The matrix elements of the operators not equal to 0 are given by

(n —1laln) = (;j)w : (8.6)

(n+ 1)}1 1/2 |

o (8.7)

(et tlall) = |
where n is the number of photons, and (n + 1|af|n) means that there are
(n 4+ 1) photons in the final state and n photons in the initial state. In the
case of X-ray emission, there is no photon (n = 0) in the initial state and only
the value of (1|a’|0) is allowed. On the other hand, only the value of (0|a|1)
is not equal to zero for X-ray absorption.

First, we shall consider of the X-ray emission process. The matrix element
for an electron that transfers from the state i to the state f can be written as

wiiaey - - © (7m) [rie kT e prar, (59

f YT me \ Vw f L :

where ¥; is the electron wave function in the initial state, ¥y is the electron
ik-r

wave function in the final state, and we omit the subscript I. The factor e~
in (8.8) is expanded as

e_ik'rzl—ik-r+ (k-r)?—--,

1
2!
where we call the term corresponding to (k-7) the electric 25+1-pole transi-
tion. In the case of X-ray emission, we can assume k- r < 1. When we retain
only the first term with L = 0 and replace otk by 1, this approximation is
called the dipole approximation for the reason described below.

Writing the matrix element of p as py;, considering p = mv = mdr /dt,
and applying the Heisenberg equation of motion to r [11], we have

1 d 1 1

mPri = "= g =,
where [ ] is the Poisson bracket, wys; = E; — Ef, and E; and Ey are the
energies of the electron in the initial and final states, respectively.

The operator er has a form equivalent to a classical electric dipole, and
its matrix element dy; = ery; is called the dipole matrix element. Using this
matrix element, we can write the matrix element of the dipole transition as
follows:

(Ei — Ef)rp =iwpiry;

oh 1/2
H}i:—i<‘;rw> wrie - dyi . (8.9)

According to the Fermi’s golden rule, the probability of X-ray emission
with an electron transition from the state ¢ to the state f is given by

27 2 472
Pri= "y |H| p(B) = |, wiile-dgl* p(E), (8.10)
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where p(F) is the final density of states of the photons. When a photon is
emitted into a solid angle df2, the density of states allowed in the energy
interval between E and F + dF is written as

2 2 2
PLE) = ddE (ph?;ig) - d:w (2?33;0 ) - 87‘:;203 ez,
because of ¥ = hw = pe. Setting wy; = w, we have
w3 2
=, / e (er)ul? A2 . (8.11)

For convenience, we assume that k, €, and r¢; are on a plane, and we let the
angle between € and 7¢; be 0 = (&, ;). Then the direction of photon emission
is expressed by the polar angle © = (k,r¢;) and the azimuthal angle . Since
the direction of polarization is perpendicular to the direction of propagation,
(e, k) = /2, we can write € - T¢; = |ry;|cos = |rs;|sin©. The probability
Py; is obtained as

27 ™ 3 2, .3
w 2 . .9 4 e“w 9
Py, = i dedo = i A2
jo= [ ppealenslsin a0 = i (812)
It is convenient to introduce the oscillator strength
2
f= Szw\rfiﬁ. (8.13)
Then, (8.12) becomes

E; — Ef]?

Pfi:8.0><109{ e f} [ (sec™!), (8.14)

where Re is the Rydberg constant.

In the case of X-ray absorption, the electron is excited from a lower energy
state to a higher one. However, when we put n = 1 in (8.6), the matrix element
for absorption is same as that for emission. In the dipole approximation, X-ray
absorption probability per unit time can be written in a form similar to (8.10):

4 2
Py = ‘T/r_ w|€-dfi‘25(Ei + hw — Ef) , (8'15)

where d(x) is the delta function, which takes care of energy conservation. It
should be noted that the initial state for absorption (i.e., the ground state)
corresponds to the final state for emission.

The cross-section o for absorption of a photon with frequency w is defined
as the ratio of transition probability per unit time to the incident photon flux.
When there is a single photon in a volume V', the photon flux is the density
of photons multiplied by their speed and is given by ¢/V. This yields

47 9
o(E) = oY le - (er)si|” 6(E; + hw — Ey)

= 4r’aE e -r*0(Ei + E — Ey) (8.16)



168 T. Mukoyama

where « is the fine-structure constant, and F = fw is the energy of incident
X-rays.

When the incident X-ray beam is not polarized, (8.16) should be averaged
with respect to the direction of . In the absence of an external field, we
can assume that the direction of the vector r is distributed uniformly in the
coordinate space. Then the average over € is replaced by the average over the
direction of r:

1
le-rsil* =, 75l

The X-ray absorption cross-section is given as a function of E:

4 2
o(E) = g aE|rsl . (8.17)

8.3 Dipole Matrix Element

Equations (8.14) and (8.17) indicate that we can calculate X-ray emission
rates and absorption cross-sections if the dipole matrix element 7 ; is known.
In this section, we assume an isolated atom and calculate the dipole matrix
element.

The one-electron wave function of the isolated atom with principal quan-
tum number n, orbital angular momentum quantum number [, and magnetic
quantum number m is expressed in polar coordinates as

Unim (1) = Rpi(r) Yim (0, ¢) , (8.18)

where Ry, (r) is the radial part of the solution to the Schrédinger equation
for the Hamiltonian Hy, and ¥}, (6, ¢) denotes the spherical harmonics. Since
z = rcosf, the z component of the matrix element corresponding to the
transition from the state with quantum numbers nlm to the state with n'l'm’
is given by

1y 7
zﬁlfnm z/u;;,l/m/zunlmdr

o0

- / ¥ dr Ry (r) R (1) / Vi (0,6)cos0Yim(0,6)d2 . (8.19)
0

From the definition of the spherical harmonics, integration of the angular part
is reduced to

4
I= / Vi, ¢80V A2 = \/ ; / Vit YioVim d12 (8.20)

where the variables 6 and ¢ are omitted for the sake of simplicity.
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Using the formula [12]

/ Y Yiamy Vi, A2

_ [(211 +1) (2l + 1)1

4 (2l5 + 1) C(lilals; mama)C(lilals;00)0m, 1z me

the angular integration can be performed as follows:

C1l'; m0)C(111";00)8mm (8.21)

C[a+1]?
20+ 1]

where C(l1l3l3;mims) is the Clebsch—Gordan coefficient.

According to the properties of the Clebsch—Gordan coefficient, (8.21) dif-
fers from zero only when [+ 1+ 1’ is an even number, and |l — 1| <1’ <1+ 1.
Thus, if [ #£0,1'=1—1orl'’ =1+ 1 is allowed. In the case of [ = 0,1’ =1 is
the only possible value. This is called the dipole selection rule.

Using the values of the Clebsch—Gordan coefficients [12], we obtain

1/2
n'l+1m __ (l +1- m)(l +1+ m) n'l4+1 29
Fnim [ (20 +1)(20 + 3) ™ (8.22)
/2
n'l—1m (l - m)(l + m) ' n’l—1
= .2

it =0 Al
with
RZZ” = /Rnl(T)Rn/l/ (ryr®dr .
The = and y components of the matrix element can be evaluated in a simi-

lar manner. Practically, it is more convenient to calculate the matrix elements
of the linear combinations

T +iy = rsinfe’ = —\/8;3/11(9#?5) J
' ) —ié 8
x — iy =rsinfe =\ 3 Yi-1(6,9) .
Then, we obtain

. \n/l+1m+1 (l+m+2)(l+m+ 1) n'l+1

n'l+1m—1 _ _\/(l —m+ 2)(l -—m+ 1) Rn/l+1 (825)

(@ =) im (20 +3)(20 + 1) nl
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i = [ Ve (820

. \n/l—1m—1 (l + m)(l +m — 1) n'l—1
- = R . 8.27
Finally, we have
gim! | "14+1 g ima |2
Z T L= Nz ] et ’
’ ’ 2 ’
+ lei‘jlmfl‘ + ZlirirlmﬁLl‘ + Zlf‘;rlmfl‘
L+ 1 | a2
_ R" +1‘ 8.28
20+11°m (8.28)
Similarly,
’ ’ l ’ 2
n'l—1m n'l—1
- R ‘ 8.29
; Tnim 204+ 1 ’ nl ( )
From (8.28) and (8.29), the general expression becomes
2 / 2
n'U'm’ N max(l,l ) n'l’
Z/ Tnim - 21_|_1 ‘ nl ’ (830)
so that the oscillator strength for an electron is expressed as
l/
2m n'l n'U'm’ 2
f = 35 Wht m;l, nlm
1 1,I") BEpy — B[R
_ max( ) ) l l | nl | (831)

3 2+1 Re a

where ag is the Bohr radius of hydrogen.

According to (8.14) and (8.31), the probability per second of X-ray emis-
sion for atoms due to electron transfer from the nl orbital to the n/l’ orbital
is given by [13]

2
Enl - En’l’

Pn’l’ml =8.0 x 109 |: Re :| fn/l’,nl . (832)

The oscillator strength for each atom is expressed as

Ny max(l,1') Eny — Enip |Rz;l/|2

3 2+1 Re ai (8:33)

fn’l’ml =
where N,,; is the number of electrons in the initial nl shell. This result was
used by Manson and Kennedy to prepare their tables of X-ray emission rates
for atoms [14].
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Similarly, the X-ray absorption cross-section for atoms is given by

(8.34)

8.4 Molecular X-Ray Emission

It is typical to approximate solids as a molecular cluster with a certain sym-
metry and calculate the X-ray transition probability for that cluster. In the
case of molecules, the X-ray emission rate is obtained using the molecular
wave functions in (8.12). However, it should be noted that the dipole matrix
element is evaluated with multi-center integration. When we are interested
only in the relative intensity ratio or shape of the X-ray spectra, the X-ray in-
tensity corresponding to the electron transition between ith and jth molecular
states in the dipole approximation can be written as

I; < B} D3, (8.35)
where E;; = E; — E; is the transition energy of the electron between the ith
and jth molecular states, and D;; is the dipole matrix element corresponding
to this transition.

The dipole matrix element is expressed as

Dij = <Lpl"!‘|g’]> s (836)

where ¥; and ¥; represent the wave functions of the ith and jth molecular
orbitals, respectively. Here we omit e for simplicity and use D to denote the
dipole matrix element for molecules. We assume that the initial vacancy is
produced in an inner shell . Then the wave function ¥; is approximated by
the atomic orbital ¢;. On the other hand, the wave function ¥; is expressed
by the sum of atomic orbitals in the LCAO (linear combination of atomic
orbitals) scheme:

W= cikdr (8.37)
k

where ¢y, is the atomic orbital, and ¢;, is the expansion coefficient. Using this
wave function, the X-ray intensity is written as
2

> cii(onlrlen
k

As described above, it is not easy to calculate the dipole matrix element Dj;
for molecules because of the computational demands of multi-center integra-
tion. To avoid this difficulty, several approximations have been proposed to
evaluate molecular X-ray emission rates. For carbon K X-rays in carbon com-
pounds, Manne [15] neglected the contributions from interatomic transitions,
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sometimes called “crossover transitions”, and used the single-center approxi-
mation. In this case, (8.38) reduces to
2

S e lenlrlss)
k

where Z/ represents the summation over only the atomic orbitals correspond-
ing to the atom in which an inner-shell vacancy is present. The calculations
of the dipole matrix elements between two atomic orbitals can be performed
as a single-center integral in a manner similar to the case of an isolated atom
described above.

When we are interested in relative intensities of the transitions from va-
lence shells to the core hole, and the dominant component of these valence
shells consists of only one atomic orbital, the matrix elements can be omitted
from (8.39), and the X-ray intensity is expressed as

/
Lij o B el (8.40)
k

Manne [15] made a further assumption that the energy-dependence of the
transition probability is small. Then (8.40) is simplified to

li
Lj o<y lenl” (8.41)
k

The validity of the single-center approximation has been tested by Stg-
gard [16] and by Agren and Nordgren [17] for K X-rays from simple chemical
compounds of light elements. Their results indicate that this approximation
can give the general trend of experimental X-ray spectra. However, more re-
alistic calculations are needed to study X-ray spectra in detail.

The theoretical calculations of molecular X-ray intensities based on (8.38)
have been performed by Agren et al. [18,19] and Larkins [20]. They used an
ab initio molecular orbital method and calculated the dipole matrix element
by multi-center integration. However, their results were limited only to simple
molecules of light elements. For heavy elements and large molecules or solids
with complex symmetry, the number of basis functions becomes large and the
multi-center integration becomes tedious and time-consuming.

On the other hand, in the DV-Xa method, the matrix elements in the
secular equation are calculated with the DV integration method [6] and the
complicated multi-center integration is bypassed. For calculations of the dipole
matrix elements between molecular orbital wave functions, it is also possible
to apply the DV integration scheme. Using this method, the dipole matrix
element can be written as

N
(W 5) ~ 3w s ridy () (8.42)

k=1
where N is the number of sampling points, rg is the kth randomly selected
sampling point, w(ry) is the weight at the point ry, and ¥; () is the value of
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the ith molecular wave function at rj. This means that the three-dimensional
multi-center integral is replaced by the weighted sum of the integrand at
sampling points. An advantage of the DV integration method is that (8.38) can
be easily calculated, and there is no difficulty in applying this method to heavy
elements and complex geometries.

8.5 Test for X-Ray Emission Rates

In the calculations of X-ray emission rates in molecules with the DV-Xa«
method, we use various approximations and numerical techniques. We ex-
amine here several factors that influence the molecular X-ray emission rates,
i.e., the validity of the DV integration method for dipole matrix elements,
the electronic relaxation effect, and the contributions from the interatomic
transitions.

8.5.1 Validity of the DV Integration Method

The validity of the DV integration method has been tested by calculating the
overlap integrals and dipole matrix elements for isolated atoms [21].

For the wave functions obtained with the DV-Xa method, the overlap
integral can be expressed as

S =D cincin(d;ld;) - (8.43)

4,3

In the case of a single isolated atom, the molecular wave functions reduce to
the atomic wave functions (A = ¢,u = j), and Sy, = 1 for A = p and 0 for
A # p. The calculation has been performed for a Cl atom. The result of the
square of the overlap integral, |Sy,|? is unity for A = y within an accuracy of
better than 1072 and less than 1075 for A # p for all possible combinations
of atomic orbitals. From this result, it can be said that the DV integration
method can reproduce the orthonormality of atomic wave functions quite well.

The square of the dipole matrix element, | D;;|?, according to (8.36), for C1
(Z = 17) and Mn (Z = 25) atoms was calculated with the DV integration
method for all possible dipole transitions. The obtained results are shown
in Table 8.1. For comparison, the nonrelativistic Hartree-Fock—Slater (HFS)
calculations were performed using the computer code of Herman and Skillman
(HS) [22], and the corresponding dipole matrix elements were evaluated by the
conventional numerical integration method for a single center. The calculated
values are also listed in Table 8.1 and compared with the DV integration
values obtained above.

However, it should be noted that in the original HS code, the exchange
scaling constant « is set to unity, and the Latter tail correction for the atomic
potential [23] is included. On the other hand, to compare with the DV-Xa
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Table 8.1. Comparison between the squares of dipole matrix elements (atomic
units.) obtained by the DV integration method and by numerical integration of HS
wave functions

Cl(x1072) Mn (x107%)

HS DV HS DV
2p — 1s 0417 0417 2181  2.181
2p — 2s 1750  17.52 66.37  66.15
3p —2p 1316  1.328 3.681  3.687
3p —1s  0.025  0.025 0.194  0.195
3p —2s 1150  1.169 8.701  8.684

calculations, the HS code was modified with o = 0.7 and without the Latter
correction. Accordingly, the X-ray emission rates calculated from the values in
Table 8.1 are different from the tabulated values of Manson and Kennedy [14]
with the HS wave functions.

It is clear from the table that the numerical values obtained with the DV
integration method are in good agreement with those calculated with the
numerical integration of the HS wave functions and that the DV integration
method is useful in calculating the X-ray emission rates.

8.5.2 Electronic Relaxation Effect

The X-ray emission process in atoms and molecules is described by three
stages. In the first stage, all of the electrons are in the lowest energy state of
a neutral atom — the ground state. Then, an inner-shell vacancy is created,
which produces an excited state of the positive ion called the initial state for
X-ray emission. After some period, the vacancy in the inner shell is filled by
one of the outer-shell electrons, and an X-ray photon is emitted. In the final
state, a vacancy remains in one of the outer shells of the positive ion.

In the Xa method, the dipole matrix element is often calculated using
the Slater’s transition state (TS) concept [24]. The TS for X-ray emission
corresponds to the state where the electron concerned with the transition
stays halfway in the initial state and halfway in the final state. The electron
configurations for the ground state, the initial state, the transition state, and
the final state are shown in Fig. 8.1.

Most theoretical calculations of X-ray emission rates in atoms and mole-
cules have been performed using the frozen-orbital (FR) approximation, where
the same atomic or molecular potential is used before and after transition. It
is usual to use the ground state (GS) configuration for this purpose. This
approximation is convenient because we need only one atomic or molecular
potential and the wave function of the initial state is orthogonal to that of the
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Fig. 8.1. Electron configurations for the ground state (GS), initial state (Init),
transition state (TS), and final state (Fin)

final state. However, the presence of a vacancy is not taken into account. The
TS method also has a similar advantage to the FR method, but the presence
of the vacancy is taken into consideration. However, Mukoyama and Adachi
have shown that while the TS method is useful in predicting X-ray transition
energies, it is not so good at approximating the absolute X-ray transition
probabilities in some cases [25].

It is more realistic to calculate transition matrix elements between the
initial and final states, taking into account the electron relaxation. In this
case, called the relazed-orbital (RX) approximation, we must calculate wave
functions separately for the initial state with an inner-shell vacancy and for the
final state with a vacancy in an outer shell. The wave functions for the initial
state are not orthogonal to those in the final state because of the difference
in potentials. A comparison was made between the K X-ray emission rates of
a CO molecule in the FR approximation with the GS configuration, the TS
approach, and the RX approximation [26].

The X-ray emission rates with a 1s vacancy in an O atom (1lo) for all
possible MO states are listed in Table 8.2. The X-ray transition energies were
calculated with the TS method, because the energy eigenvalues in the Xa
method do not correspond to the binding energy of the electron [24]. It can
be seen that the FR approximation gives the largest values for the transi-
tion from 30 and 40, while the RX values are larger for 17 and 50. The TS
approach always gives the smallest transition probabilities.

In Table 8.3, similar results for the 1s vacancy in C (20) are given. In this
case, the FR values are largest except for the 40 — 20 transition. The TS

Table 8.2. X-ray energy (e€V) and emission rates (arbitrary units) for the O-1s
vacancy in CO

Emission rate

Level Energy FR TS RX

30 512 30.63 22.09 26.60
4o 529 174.9 144.6 168.7
1m 531 472.5 423.7 490.4

50 534 52.23 37.74 64.66
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Table 8.3. X-ray energy (eV) and emission rates (arbitrary units) for the C-1s
vacancy in CO

Emission rate

Level Energy FR TS RX

30 265 10.71  8.04  8.45
4o 281 1.08 135 3.44
1m 283 52.69 48.11 44.03
50 287 51.30 31.26 39.37

gives the smallest values except for the transition from 40. The RX value for
40 is largest and others are between the FR and TS values.

In order to compare with other theoretical calculations and the experimen-
tal data, the relative intensity ratios of X-ray emission rates of the strongest
component from the 17 orbital are calculated. The results for the O-1s (10)
vacancy are listed in Table 8.4 and compared with the theoretical values of
Agren and Nordgren [17] and of Phillips and Larkins [27], as well as the
experimental data acquired by Werme et al. [28]. Agren and Nordgren [17]
performed ab initio calculations in the FR and RX approximations, but their
FR calculations were made for a state with a 1o vacancy. Theoretical values
of Phillips and Larkins [27] were also calculated with an ab initio method.
It should be noted, however, that their RX calculations include the effect of
exchange and overlap due to nonorthogonality of the initial and final wave
functions. The similar comparison is made for the case of the C-1s (20) va-
cancy in Table 8.5.

It is clear from Tables 8.4 and 8.5 that, although the absolute X-ray emis-
sion rates depend on the approximation used, the relative intensity ratios are
almost same for all theoretical calculations. The reason for the discrepancy

Table 8.4. Comparison of K X-ray energy intensity ratios for the oxygen atom in
CO
DV-Xo? Ab initio® AD initio®
Level FR TS RX FR? RX FR RX  Experiment®

3o 0.06 0.05 0.05 0.06 0.08 0.05 0.04

4o 0.37 0.34 0.34 0.37 0.51 0.42 0.20 0.38
1w 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 0.11 0.09 0.13 0.08 0.00 0.11 0.06 0.28

2 Refer to [26]. ® Refer to [17]. © Refer to [27]. ¢ 10! state. © Refer to [28]
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Table 8.5. Comparison of K X-ray energy intensity ratios for the carbon atom in

CcO

DV-Xa? Ab initio® ADb initio®
Level FR TS RX FR?Y RX FR RX Experiment®

3o 0.20 0.17 0.19 0.25 0.24 0.34 0.13
40 0.02 0.03 0.08 0.04 0.03 0.10 0.00
1m 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 0.97 0.65 0.89 091 0.84 1.11 091 0.59

2 Refer to [26]. ® Refer to [17]. ¢ Refer to [27]. ¢ 107! state. ® Refer to [28]

between the theoretical and experimental values can be attributed to the
satellites due to multiple ionization, which are not included in the theoretical
values [17].

It can be said that, when we are interested only in relative intensities for
major transitions or the spectral shapes of X-ray emission, all of the theoretical
models can give similar results.

8.5.3 Contributions from Interatomic Transitions

Most of the old theoretical calculations for molecular X-ray emission rates
have been performed using the single-center approximation, and contributions
from the interatomic transitions have been neglected. On the other hand,
Taniguchi and Adachi [29] and Larkins [20] pointed out that in some cases,
the contributions from the interatomic transitions are appreciable.

The X-ray emission rate in molecules is given by (8.38). On the other hand,
the rate without interatomic transitions can be obtained as follows: the X-ray
emission rate is computed with (8.38), but the summation over ¢ in the dipole
matrix element is restricted only to the atomic orbitals that belong to the same
atom where the initial inner-shell vacancy is created. Then the X-ray emission
rate is given by (8.39). This equation is different from the conventional single-
center approximation, in which the square of D) is expressed as

D% =" [(gulrlen)? (8.44)
k

where k£ denotes the atomic orbital in the same atom as ¢;.

We show the examples for K X-ray emission rates for C and O atoms in the
CO molecule [31]. The results with and without the interatomic transitions
and the relative change in the emission rates are listed in Table 8.6. In general,
the K X-ray emission rates increase by taking into account the existence
of the interatomic transitions. Only one exceptional case is the 50 — lo
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Table 8.6. K X-ray emission rates for the carbon and oxygen in CO using the
single-center approximation (I) and the two-center approximation (II) (arbitrary
units)

C 0
Level * I A° 1 II A

3o 3.218 8.157 153.5 21.44  25.66 19.2
4o 0.484 0834 704 132.9  145.0 9.1
1m 33.04  40.86 23.6 390.8  394.5 3.3
50 31.83 38.54 21.2 43.47 4314 -0.8

Total 68.57 88.43 29.0 588.6  608.2 3.3

& Without interatomic contributions
® With interatomic contributions
©cA=(II-1I)/Ix 100

transition in O atom. A similar effect has already been pointed out by Rowland
and Larkins [30] in their CNDO/2 (Complete Neglet of Differential Overlap
method) calculations.

The increase in the X-ray emission rates is significant for C K X-rays. In
this case, the single-center approximation is inadequate to predict the C K
X-ray emission process in CO. On the other hand, the interatomic transitions
play a less important role in O K X-ray emission.

As examples of more complex molecules, the interatomic contributions
to the K X-ray emission rates for chemical compounds of 3d elements were
studied [31]. For compounds with octahedral symmetry, such as CrCl; and
MnCly, the interatomic transitions play a minor role. On the other hand, in
the case of compounds with tetrahedral symmetry, such as CrO3 and KMnQOy,
the interatomic transitions increase the X-ray emission rates for 4¢s, 5to, and
6to components of the 3d transition metals. The 4fs component corresponds
to the K 3" peak and 6ty to the K32 5 peak, while the 5t component has not
yet been observed experimentally. These components are generally very weak
in comparison with the strong diagram lines. When we measure the K3/ K«
ratios for the chemical compounds of the 3d elements, the contributions from
the interatomic transitions are less than 0.3% and are almost negligible.

8.6 Chemical Effect of the K3/ K a Ratios
for 3d Elements

The chemical effect of the K(3/Ka X-ray intensity ratios has been stud-
ied experimentally for various chemical compounds of 3d transition metals.
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Mukoyama et al. measured the K X-ray spectra for several chemical com-
pounds of Cr and Mn with the high-resolution crystal spectrometer and cal-
culated the K 3/K« ratios with the DV-Xa method [32]. For simplicity, it is
assumed that all compounds are expressed as clusters with tetrahedral (Td)
or octahedral (Oh) symmetry, in which the central metal atom is surrounded
by four or six ligand atoms, respectively. The compounds and clusters used
in the calculations are listed in Table 8.7 together with the crystal symmetry
and the bond length between the metal and ligand atoms.

For metals, the 1s—4p atomic orbitals are used as the basis functions,
while the 1s—2p orbitals are used for the oxygen atom and the 1s-3p orbitals
are used for sulfur and chlorine. In all cases, the Slater statistical exchange
parameter was chosen to be a = 0.7. The calculations were made for the FR
approximation with the GS configuration. The X-ray transition energies were
obtained with the TS method.

In Fig. 8.2a, the experimental K spectrum for Cr in KoCrOy4 [32] is
compared with the calculated one. The energy scale is normalized to the
experimental value at the K [(3; 3 line. The theoretical shape is assumed to
be a Lorentzian function. There are two satellite lines in the high-energy
side of the K 31 3 diagram line, which originates from the 3p — 1s transition
in the Cr atom. These satellites can be attributed to the transition from
the MO levels. The K" line corresponds to the 4¢3 — 1s transition and

Table 8.7. Compound, symmetry, cluster, and bond length used in the calculations

Compound Symmetry Cluster ~ Bond length (A)

K2CrOy4 Td CrOZ- 1.65
K2Cr207 Td CrO3~ 1.70
CrO; Td CrO3~ 1.80
CrO; Oh CrO§~ 1.90
Cr203 Oh Crog™ 2.00
CrCl3-6H20 Oh CrCl1E~ 2.38
CrCly Oh CrClg~ 2.55
KMnOg4 Td MnOj 1.59
K2MnOy4 Td MnO2~ 1.81
MnO» Oh MnO§~ 1.89
MnO Oh MnOg"~ 2.22
MnClz-2H20 Oh MnClg~ 2.51

MnS Oh MnSg"~ 2.61
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the K355 line is due to the transition from the 6, orbital. This assignment
is same as that proposed by Best [33]. There is another line from the 5to
orbital in the theoretical calculation, but this line is too weak to be observed
experimentally. Fig. 8.2b shows similar experimental and theoretical spectra
for Mn in KMnO, [32]. It can be seen from the figure that the experimental
spectra are in good agreement with the theoretical ones.

The intensity calculations were made in the FR approximation with the
GS configuration. The calculated K3/ K« ratio for a single atom is 0.1144 for
Cr and 0.1184 for Mn. These values are slightly smaller than the HS values of
Manson and Kennedy [14] obtained with a similar model. This discrepancy is
attributed to the difference in the choice of the Slater statistical scaling pa-
rameter. Manson and Kennedy [14] used the original value of the HS program,
a =1, and a larger o value leads to a larger intensity ratio.
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On the other hand, according to the relativistic calculations by Scofield [34]
the K(3/K o« ratio is 0.1337 for Cr atom and 0.1385 for Mn. These values
are in better agreement with the experimental data. He pointed out that
neglecting the exchange and overlap effects underestimates the K3/ K« ratios
for 3d elements. Considering this fact, it is not favorable to compare the values
calculated above directly with the experimental results.

In order to compare with the measured values, the relative K3/Ka ra-
tios with respect to a standard compound were used. As for the standard
compound, KoCrO,4 was chosen for Cr and KMnQO, for Mn. The theoreti-
cal values for other compounds were divided by the theoretical value for the
standard compound, while the experimental values for other compounds were
also normalized with respect to the measured value for the standard com-
pound. In Table 8.8, the calculated relative K3/ K« ratios are compared with
the relative measured values and calculated values by Band et al. with the
multiple-scattering (MS) Xa method [35].

The calculated results are qualitatively in agreement with the experi-
ment data, except for CrOs. The experimental value for CrOg is larger than

Table 8.8. Comparison of calculated and measured K(3/K« X-ray intensity ratios

Theory Experiment
Compound  Symmetry DV-Xa® MS-XaP MTA?

Cr (Relative to K2CrOy)

K2Cr207 Td 1.020 1.039  1.022+0.021°¢
CrO3 Td 0.980 1.040  1.029+£0.021°¢
CrO2 Oh 0.949
Crz03 Oh 0.952 0.975  0.978+0.020°
CrCl3-6H20 Oh 0.942 0.964 0.994  0.978+0.020°
CrCl, Oh 0.934

Mn (Relative to KMnOy)

K2CrOy4 Td 0.978 0.933+0.021°
MnOo Oh 0.960 0.973  1.007+0.021°¢
MnO Oh 0.944

MnClz-H20 Oh 0.937 0.9714+0.020°
MnS Oh 0.935 0.966 0.950+0.007¢

0.953+0.003°

® Refer to [32].  Refer to [35]. ¢ Refer to [36]. ¢ PIXE, Refer to [37].
¢ Fluorescence, Refer to [37]
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unity, while the calculated value is smaller. In the case of MnOs, the theo-
retical value agrees well with the measured value of Mukoyama et al. [32],
but is smaller than the experimental value of Tamaki et al. [36]. It should
be noted that the experimental studies of Tamaki et al. [36] and of Brun-
ner et al. [37] were performed with poor-energy-resolution Si(Li) detectors.
On the other hand, a double-crystal spectrometer with high-energy resolution
was employed by Mukoyama et al. [32]. In the latter experiment, the K /3"
and K3 5 peaks were separately observed from the diagram line Kf 3, as
shown in Fig. 8.2. The MS-Xa values of Band et al. [35] are larger than the
DV-Xa values, but only two values are available for the chemical compounds
listed in Table 8.8.

From Table 8.8, it is clear that the K 3/K « ratios of the compounds with
Td symmetry are in general larger than those with Oh symmetry. This trend
is explained as follows: as can be seen in Fig. 8.2, for compounds with Td
symmetry, the satellite lines due to 4t; and 6ty orbitals make considerable
contributions to the K 3 intensity, while in the compounds with Oh symmetry,
the intensity of the corresponding satellite line from the 5t1,, orbital in oxides
and from the 8t1, orbital in sulfides and chlorides is relatively weak.

8.7 Relation between K3/Ka Ratios and the Number
of 3d Electrons

The experimental values for the K3/Ka X-ray intensity ratios in 3d elements
are often plotted against the formal oxidation number of metals, and it is said
that the K3/Ka ratio increases with increasing oxidation number [38-40].
However, the oxidation number is not a good measure and can be used only
for qualitative discussions because it is defined as an integer, and the different
K3/Ka ratios are observed for compounds with the same oxidation number.

On the other hand, as has been shown above, the K3/ K « intensity ratios
for Cr and Mn compounds depend on the crystal symmetry in which the atom
of interest is located [32]. Recently Mukoyama et al. [41] have also shown that
in the same chemical environment for 3d elements, the K (/K « ratio follow-
ing electron-capture decay of radioactive sources is generally smaller than the
ratio following photoionization because of an excess of 3d electrons in the
former case.

The influence of 3d electrons on the K3/K« ratios has been discussed
by Brunner et al. for chemical compounds of Cr, Mn, Fe, and Cu [37]. They
pointed out that the influence of chemistry on the K(3/Ka ratio is caused
by a change in the screening of 3p electrons due to delocalization of the 3d
electrons and they derived a simple formula to predict the K3/Ka ratio as
a function of the 3d share of the valence-charge difference.

These facts indicate that the K3/ K« X-ray intensity ratios depend on the
number of 3d electrons as well as the crystal symmetry. However, it may also
be possible that these ratios are expressed as a function of other parameters,
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such as bond length and the effective number of 4p electrons. In order to
elucidate which parameter is most important, Mukoyama et al. [42] studied
the dependence of the K3/K« ratio in 3d elements on various parameters of
chemical compounds.

Unfortunately, most experimental studies on the chemical effect and the
excitation-mode-dependence have been performed with solid-state detectors
(SSDs). Due to the poor energy resolution of SSD, the fine structures in the
Ka and Kf lines cannot be resolved. In addition, most experimental data
have been analyzed under the assumption that the K« and Kf lines are ex-
pressed as a single Gaussian function. As was seen above, the chemical effect
is sensitive to the intensities of K325 and K 3" lines [32], which are less than
10% of the intensity of the K (3; 3 line. Without explicit observation of these
peaks, the experimental uncertainty would be large. Actually, many experi-
mental values reported for the same chemical compounds have a considerably
large amount of scatter. Considering this situation, it is more favorable to use
the theoretical K (3/K « ratios calculated with the MO method to study the
relation with various parameters.

Here, we focus our attention on the K (3/K« ratios for the Cr compounds
with Td and Oh symmetry and consider the case of simple clusters, where a
3d transition-metal atom is located at the center and is surrounded by four
or six ligand atoms. The excitation mechanisms by electron-capture decay
and by photoionization are considered. In the case of electron-capture decay,
the atomic charge of the central atom in the cluster of the parent atoms is
decreased by one, and the electronic configuration is kept unchanged [41].

The chemical compounds, the clusters used for calculations, the crystal
symmetry, and the bond length a between metal and ligand are listed in
Table 8.9. The symbol Cr[MnO3~] means that the Mn atom in MnO3~ is
replaced by the Cr atom, and this result corresponds to the experimental
value for Cr X-rays by the K-capture decay of 54MnOi*.

Table 8.9. Compound, cluster, symmetry, and bond length used for calculations

Compound  Cluster Symmetry a (A)
CrOo3~ CrOo3~ Td 1.65
Cr207~ CrO?2~ Td 1.70
Cr[MnO3~] Cr[MnO37] Td 1.81
Cr[MnO,]  Cr[MnOj] Oh 1.89
CrO- CrO§~ Oh 1.90
CrCl; CrCI3~ Oh 2.38
Cr[MnCly]  Cr[MnCl; ™| Oh 2.51

CrCly CrClg™ Oh 2.55
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In order to find the relation between various parameters and the calculated
K3/Ka ratios, the method of multivariate statistical analysis was employed.
For N pairs of data (z1,91),..., (zn,yn), the extent of their linear relation
can be measured by the correlation coefficient [43]:

- N iwayi — 3% ) i .
\/N D x% -2 xl)2\/N > y? - (X vi)?

The value of r ranges from 0, when there is no correlation, to r = £1, when
y; can be expressed as a linear function of x;. We take z; as the parameter of
the ith compound and y; as its K (/K « ratio.

We have already shown [32] that the K3/K « ratio depends on the crystal
symmetry. To confirm this, we assigned x; = 0 for the compounds with Td
symmetry and x; = 1 for those with Oh symmetry, and calculated the correla-
tion coefficient. The result is » = —0.879. This fact indicates that the K3/ K«
ratio is strongly correlated with the crystal symmetry, and it is more favorable
to classify the compounds into two groups according to their symmetry.

From this result, the compounds were separated depending on whether
they had Td or Oh symmetry, and the correlation coefficients were evaluated
for other parameters, i.e., bond length, N34, Nys, and Nyp,, where N; denotes
the effective number of i-shell electrons. The values of the parameters, the
K /K« ratios, and the correlation coefficients are listed in Tables 8.10-8.11.

It can be seen from the tables that N34 is linearly correlated with the
K /K« ratio for all cases and is the best parameter. The bond length is also
a good parameter, but worse than Ns4. Other values, Ny4; and Ny, are not
generally correlated with the intensity ratio.

Figure 8.3 shows the K3/K« ratios for Cr plotted against the effective
number of 3d electrons, N34. The straight lines were drawn by the least-squares
method for values of Td and Oh symmetry, respectively. It is clear from the
figure that the calculated results are separated into two groups, i.e., Td and
Oh symmetry, and for each symmetry, the K (3/K« ratios are on a straight
line as a function of N34 and decrease with increasing Nsg.

The results indicate that K3/ K« ratios for Cr are given as a linear func-
tion of N3gq with a negative slope, and the slope of the straight line is different

(8.45)

Table 8.10. K3/K« X-ray intensity ratios for Cr compounds with Td symmetry

Compound a(A) N3q Nys Niyp  Kp/K, ratio

Cro?- 1.65  3.45  0.062 0.284 0.1227
Cr,02~ 170 348 0123 0.336 0.1222
Cr[MnO?~]  1.81  3.61  0.158 0.280 0.1201

r —-0.992 -1 —0.879 0.394
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Table 8.11. K3/K« X-ray intensity ratios for Cr compounds with Oh symmetry

Compound

CrO2
Cr[MnO3]
CrCls
CrCl,
Cr[MnCls]

r

a (A)

1.90
1.89
2.38
2.55
2.51

—0.902

N3zq

3.56
3.59
4.21
4.42
5.04

-1

N4s

0.251
0.204
0.429
0.359
0.175
0.012

Ny

0.077
0.054
0.232
0.178
0.100
—-0.363

Kg/K, ratio

0.1172
0.1171
0.1152
0.1146
0.1127

for different crystal symmetries. This fact means that the 3d electrons play
an important role for the K3 X-ray emission process, though they do not di-
rectly take part in the X-ray emission process, and the screening effect due to
3d electrons for 3p and other valence electrons is thought to be the dominant
reason for the change in the K(3/K« ratio.
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Fig. 8.3. Kg/K, ratios for chromium compounds as a function of the effective
number of 3d electrons. The open circles represent the theoretical values for Td
symmetry, and the open squares for Oh symmetry. The experimental data are shown
by the solid triangles [36] and the solid squares [44]
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The above results were obtained in the frozen-orbital approximation, i.e.,
the same atomic potential both for the initial and the final states, and the
exchange and overlap effects were not taken into consideration. It is well-
known that this approximation underestimates the K 3/K« ratio for a single
isolated atom in the region of 3d elements and yields a smaller theoretical
value than the experimental one. This fact suggests that the calculated values
in the tables are systematically smaller than the experimental data, and direct
comparison between the calculated and measured values is difficult.

Furthermore, as has been pointed out above, most of the experimental data
are not very reliable because of the poor energy-resolution of SSDs and the
rough method of data analysis. However, by normalizing the experimental
data with respect to a certain chemical compound, in a manner similar to
that outlined in the previous section, it is possible to compare the calculated
results with the corresponding experimental ratios. In Fig. 8.3, the measured
values of Tamaki et al. [36] and by Kiigiikonder et al. [44] are plotted. The
experimental values were normalized with respect to CrgOi_. Although the
measured values scatter and their experimental errors are large, it can be
said that the general trend of the experimental data is in agreement with the
calculated results. Similar results are also found for vanadium compounds [42].

From the results obtained above, it is concluded that when the calculated
K(/Ka X-ray intensity ratios are plotted against the effective number of 3d
electrons, they are on a straight line and decrease with increasing Nsq. The
slope of the straight line is different depending on the symmetry of the cluster,
and the slope for Td symmetry is more steep than that for Oh symmetry. This
fact indicates that the screening effect of 3d electrons on 3p and other valence
electrons plays a dominant role in the K3/K« ratio for 3d elements. Using
these results, we can estimate the effective number of 3d electrons from the
K3/Ka ratio and vice versa.

8.8 Summary

General expressions for X-ray emission and absorption were given on the ba-
sis of the dipole approximation. The dipole matrix element for atoms was
obtained, and the X-ray emission rate and absorption cross-section for atoms
were given. Theoretical models for molecular X-ray emission rates were de-
scribed, and the advantages of the DV-Xa method over other molecular orbital
methods were discussed. Various approximations used in the calculations for
molecular X-ray emission were tested with the DV-Xa method. The K3/ K«
X-ray intensity ratios for chemical compounds of 3d elements were calculated
using the DV-Xa method, and the chemical effect on the K3/K « ratios was
studied.

In the examples shown here, the calculations were performed only for sim-
ple small clusters and for a limited number of symmetries. However, the ad-
vantage of the DV-Xa method is that the method can be easily applied to
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larger clusters and to compounds with more complex geometry. This feasibil-
ity is due to the fact that numerical wave functions are used as basis functions,
and the multi-center integration in the dipole matrix element calculation is
done by the use of the DV integration method.

There is a problem in cluster calculations for solids: the periphery effect of
clusters. In general, the clusters are not neutral, but positively or negatively
charged. In addition, the outermost atoms in the cluster are not completely
bonded. This effect may cause distortion of theoretical X-ray and electron
spectra. In order to improve termination and electroneutrality of the cluster,
the chemically complete cluster method has been developed within the frame-
work of the DV-Xa method and successfully applied for the analysis of X-ray
emission spectra and photoelectron spectra in solids [45].

Owing to recent advances in X-ray and electron spectrometers and the
advent of third-generation synchrotron radiation facilities, it is possible to
obtain high-resolution X-ray and electron spectra for molecules and solids
with relative ease. The DV-Xa method is quite efficient for the calculation
of theoretical spectra to compare with these experimental data and to obtain
information about the electronic structures of materials.
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Response to the Creation of a Core Hole
in Transition-Metal Compounds

Jun Kawai

9.1 Core-hole Spectroscopic Techniques

X-ray fluorescence spectroscopy (XRF) [1,2], X-ray photoelectron spectroscopy
(XPS, ESCA) [3], Auger electron spectroscopy (AES), and X-ray absorption
fine-structure (XAFS) spectroscopy or X-ray absorption near-edge structure
(XANES) spectroscopy [4] are extensively used to investigate the electronic
structure of materials. In these spectroscopic methods, the electronic struc-
tures are usually measured as a response to the sudden creation of a core
hole. Consequently, the electronic structures observed through these core-hole
spectroscopic techniques are different from those of the ground states of the
materials. However, we usually approximate the observed spectra as repre-
senting the ground state electronic structure of the system. This is because
the relaxation and the correlation energies cancel each other out [5]. For ex-
ample, in the 1s~! core hole state, the core orbital binding energy becomes
deeper by a finite value due to the lack of screening previously provided by
the photoionized electron. This energy is known as the relaxation energy. The
remaining 1s electron, therefore, is more strongly attracted by the positive
nuclear charge than before the other 1s electron was ionized. The correlation
energy is the electron—electron repulsion energy, which becomes absent after
one of the 1s electrons is ionized. The relaxation and correlation energies are
approximately 10—20 eV and have opposite sign; therefore, we can neglect the
presence of the core hole in these spectroscopic techniques, especially in the
analysis of valence electronic structure. However, the effect of a core hole on
the valence electron configuration is sometimes important in certain kinds of
materials, and such materials have particularly useful properties due to the
very effect of the change of valence electron configuration by a small pertur-
bation such as core-hole creation.

In XPS, an X-ray photon is absorbed by the system, and according to
a time-dependent perturbation, i.e., the interaction between a photon and an
electron, the core electron is photoionized. We measure via XPS the kinetic
energy of the ionized electron in vacuum. Since we know the incident photon



190 J. Kawai

energy, we can obtain information on the binding energy of the electron before
photoionization, using energy conservation. The binding energy of the core
electron is modified by the chemical environment of valence electrons, and the
binding energy is shifted by a few eV even for the core orbitals. The observed
binding energy is also modified by many-electron effects, such as relaxation
and correlation effects. However, they cancel each other out, as mentioned
above. This is the reason we usually assume that the binding energy measured
by XPS experiments is that of the ground state, i.e., we make the one-electron
approximation. The electronic binding energy information we get from an XPS
experiment is almost enough to characterize the material.

The electronic system of the material as a whole changes its total energy
when it loses an electron by photoionization. The exact electron binding en-
ergy is the difference of the total energy before and after photoionization.
The total energy is an eigenvalue of the system, and is the sum of all of the
one-electron energies (including the nucleus—electron attractive energy) and
the two-electron energy. The two-electron energy is the sum of the repulsion
energy and exchange energy of all of the combinations of any two electrons in
the system. We usually get information on the electronic structure of materi-
als, especially on the valence electronic structure, by the response of electrons
to the sudden creation of an electron hole in a core orbital in XPS. A Green’s
function [6] is a response function to the sudden creation of a core hole, i.e.,
a response to a unit test charge in a system. Once the response function is
known, the response of valence electrons of the system to any types of in-
put of the same order or stronger can be calculated by the convolution of
the Green’s function and the input. XPS is, in a sense, a method to measure
experimentally the Green’s function of the system, because the core hole cre-
ation is approximated to be a delta function or impulse; the Green’s function
is defined as the response function of a system to the impulse of the delta
function.

Though the meaning of the electronic structure of the ground state is
easy to understand, the meaning of the core-hole state is slightly compli-
cated. The core-hole state is, in a sense, the final state of XPS, but a more
sophisticated interpretation is that it is the Green’s function of the system.
However, we must clarify the difference between a sudden response and an
adiabatic response of valence electrons to the creation of a core hole. The
sudden creation of a core hole [7] means that the time required to photoion-
ize a core electron is infinitely short; the adiabatic response [8] means that
the core electron is photoionized over an infinitely long time, and the speed
of the photoelectron is slow. On the other hand, sudden core-hole creation
occurs in the case of photoionization with a high enough incident photon en-
ergy and the velocity of the photoelectron is fast. Adiabatic response occurs
during threshold excitation using synchrotron radiation [9-12] or electron cap-
ture decay [13-15]. Photoionization using threshold X-ray energy will reduce
the probability of double-electron photoionization due to shake-off or Coster—
Kronig transitions [16], but the charge-transfer effect cannot be avoided [17].
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The electron capture decay is a method to annihilate the 1s core electron by
an Fe — Mn nuclear conversion. Consequently, the potential energy felt by
the valence electron before and after the conversion is mostly the same, and
the Mn Ka and K X-ray fluorescence spectra we observe are pure X-ray
fluorescence spectra without the shake-off effect.

Also under consideration are the line shape and intensity ratio of the Lay 2
and L3, X-ray fluorescence lines. The Lo 2 and L3, X-ray fluorescence lines
are due to electron transitions as follows: Lay is due to the electron transi-
tion 3d5/2 — 2p3/2, LOZQ is due to 3d3/2 — 2p3/2, and Lﬁl is due to 3d3/2 —
2p; 2 [18] as shown in Fig. 9.1. The intensity can be estimated by the degener-
acy of the one-hole transition, and it is 9:1:5 if the energy interval of 2p; /» and
2p3 /2 is negligibly small. Here, we have also neglected a small contribution of
the 4s — 2p transition.

Chemical or solid state effects on the La and LG X-ray fluorescence lines
have been known for many years [17-24]. Chemical effects are complicated
because of the self-absorption effect, where the characteristic X-rays emit-
ted from deep within a solid are absorbed by other atoms in the solid be-
fore detection. The Lo and L3 X-ray absorption edges are situated at the
high-energy shoulder of the LS and La main peaks, respectively. Thus, the
line shape and the intensity ratio change as the take-off angle of X-ray
emission from the solid surface, concentration of the X-ray-emitting ele-
ment, and electron acceleration potential change if the characteristic X-rays
are excited by an electron beam. Though it is very difficult, once the self-
absorption effect is carefully removed, we still observe several chemical effects
on the shape of the spectra (e.g., in copper compounds, as is depicted in
Fig. 9.2 [21]) due to the electronic structure modifications of the materials as
follows:

1. The LS intensity relative to the L« intensity is stronger for Cu(II) com-
pounds than for Cu(I) compounds.

Lo 2pie!
Ls 2p32 !
Lp1 Lo Lo
5 9 1
Fig. 9.1. Electron
M4 Y Y 3dane 1 transitions associated
\ 4 "7 with the La and Lj3
Ms 3ds2!  X-ray fluorescence lines
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Fig. 9.2. Measured Cu La, 3 spectra of divalent and monovalent copper compounds
(reproduced from [21])

2. A strong hump exists at the La high-energy shoulder of Cu(II) compounds
but is weaker or almost absent for Cu(I) compounds. A similar tendency
is observable at the high-energy shoulder of the LG line.

The chemical effect on the high energy hump of La and Lg is explained by
Kawai et al. [17,18,21,25] as follows: The 2p XPS spectra of divalent copper
compounds, which have a 3d° valence electron configuration in the ground
state, have a main peak, which is attributed to the 2p~3d'® well-screened fi-
nal state, and have high-energy satellites, which are attributed to the 2p~'3d°
poorly-screened state or the charge-transfer final state [26]. The L X-ray fluo-
rescence spectral main line of divalent copper compounds corresponds to the
well-screened state of XPS and the high energy hump to the poorly-screened
2p~ ! hole state, as shown in Fig. 9.3 [17].

An objection was raised by Ohno [27] based on copper metal La,3 spec-
tra at threshold excitation, which was heavily smeared by the self-absorption
effect. Ohno proposed that the main source of the high-energy hump of diva-
lent copper compounds was due to the Coster—Kronig transition. Ohno did
not consider the charge-transfer effect, and he thought that the metal and
divalent copper compounds were similar spectral profiles based on an atomic
point of view. However Kawai et al. [28] found evidence to contradict Ohno’s
proposition using a DV-Xa calculation; an additional valence hole, if created
by the Coster—Kronig transition or other mechanism such as a shake-off pro-
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Fig. 9.3. Relation between Cu 2p XPS and Cu La X-ray fluorescence spectra of
divalent copper compounds, reproduced from [17]

cess, would be delocalized by the charge-transfer effect through the strong
covalence tentatively formed by the core hole. This tentative covalence will
be described later. Again, Magnuson et al. [29] raised doubts concerning the
charge-transfer mechanism put forth by Kawai et al. [17,28] based on the
threshold excitation measurement of the Lo spectra of copper metal. Magnu-
son et al. stated that their spectrum was not smeared by the self-absorption
effect. The Lo main line and the hump intensities observed by Magnuson
et al. were 1.00 and 0.69, respectively, and the LS main line and the hump
intensities were 0.22 and 0.14, respectively, consequently the L3/ La intensity
ratio observed by Magnuson et al. was 0.213. However, for metal, the L3/ La
intensity ratio free from the self-absorption effect was measured by Kawai
et al. [18] to be 0.27-0.28. Thus, the copper spectrum of Magnuson et al. was
still heavily smeared by the self-absorption effect. Most importantly, Magnu-
son et al. should have measured the divalent copper compounds in place of
copper metal, if they hoped to disprove the charge-transfer mechanism pro-
posed by Kawai et al. We have calculated many kinds of solid systems with
and without the presence of a core hole (157! hole), using the DV-Xa method
and cluster approximation. Here, a cluster approximation means that an infi-
nite solid is approximated by a central atom, where a core hole is created, and
its surrounding atoms. The central and its surrounding atoms form a cluster
molecule.

To calculate the electronic structure of a molecule or cluster using a molec-
ular orbital method such as the DV-Xa method [30] requires converging the
electron field into the minimum energy state. Thus, the calculated results of
the self-consistent field (SCF) method is equivalent to the adiabatic limit.
The XPS final state is between the sudden and adiabatic limits, but it is
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closer to the sudden limit; the speed of a photoelectron is fast enough in
typical experimental conditions. The sudden limit is an intermediate between
the ground-state SCF (but where the core electron is annihilated) and core-
hole SCF results (adiabatic limit). The sudden limit wave function is thus
expressed by a linear combination of the ground state (after the core electron
is annihilated) and core-hole SCF result. The final state measured by XPS is
sometimes closer to the ground state and sometimes closer to the core hole
state.

9.2 Ionic Chemical Bond as a Perturbation
of Atomic Structure

The electronic structure of an ionic solid is expressed as a perturbation of the
atoms. Suppose a two-atom molecule, e.g., potassium fluoride K-F, with an
ionic chemical bond, as shown in Fig. 9.4, forms two molecular orbitals, i.e.,
antibonding ¢, and bonding ¢y, orbitals.

The results of the time-independent perturbation theory are summarized
as follows:

The Oth order energy = E? . (9.1)
0

n *

The 1st order energy, E! = (ul|H'|ul) .

The Oth order wave function = u

0 H/ 0
The 1st order wave function, u, = u2 + Z <Qg0| _ |gg> o, (9.4)

k#n M k

O H/u0) 2
The 2nd order energy, E(?) = Z |<ubkj|0 _|2’é>| (9.5)
k#n n
¢a Ea
xa=K3p aa f

XB= F2s OB

% Ep

Fig. 9.4. Molecular orbital formation between potassium 3p and fluorine 2s atomic
orbitals. Other atomic orbitals are omitted because they are energetically separated
from these two atomic orbitals



9 Response to the Creation of a Core Hole in Transition-Metal Compounds 195

Suppose that the molecular orbital, ¢,, and its energy, E,, in Fig. 9.4, is
mostly determined by the atomic orbital xa, which is close to the molecular
orbital ¢,, then they are expressed using (9.1)-(9.5) as
2
Ey,=aa+ b (9.6)
A — OB
and

Pa = XA — 1 XB - (9.7)
apA — OB

In the same way, for the bonding orbital ¢}, we obtain

2
Eb = QB — O[Aﬁ_ on (98)

and

b =xB + i XB - (9.9)
apA — QB

Here, 3 is the transfer matrix element of the Hamiltonian of the system.
In these expressions, we omitted the overlap integral S, because we have
supposed that the system is ionic, and thus, S is small — for instance, less
than 0.1. 3 is usually small for an ionic system — for instance, less than 0.1 a.u.
In the above derivation, we obtained (9.6)—(9.9) by an inspection. However,
these expressions can be obtained in a more rigorous manner. The secular
equation of the two-level molecule is

aA—E ﬂ—ES
5—ES QB—E

' =0. (9.10)

The Hamiltonian of the system is thus

_ aa 8 —ES
H_<ﬂ—ES op ) '

If we decompose this Hamiltonian into two parts as follows,

B , (aa 0 0 B-ES
H_H0+H—<0 aB)+<5_ES 0 ) (9.11)
then
_ 2 _ 2
Bomayy BB _ L Braa ) (9.12)
ap — QB ap — ap
_ 2 _ 2
Eb = aB — (ﬂ ES) = aB — (ﬂ OZBS) B (913)
ap — ap ap — QaB
- S
A = XA — 15 = an ‘XB ; (9.14)
A — OB
—agS
¢B = xB + 6 = oz |XA . (9.15)
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9.3 Covalent Bond Formation Due to a Core Hole

When a core hole is created in the potassium 1s orbital in Fig. 9.4, since the
electron—electron Coulomb repulsion energy is approximately 10—15¢eV, the
one-electron energy of the K-3p orbital will become deeper by 10—-15¢€V, as
shown in Fig. 9.5. However, because the energy separation between the K-3p
and F-2s orbitals is less than a few eV, the energy ordering of K-3p and F-2s
becomes inverted [31].

In an intermediate state between the ground state and the core hole state,
it is possible that the K-3p and F-2s energies are incidentally degenerated. In
this case, since the energy denominator in (9.12)—(9.15) becomes zero, a very
strong covalent bond is formed between the K-3p and F-2s orbitals by reso-
nance. After photoionization occurs, the new orbital energy and eigenfunction,
o’y and X7}, respectively, are sometimes close to ag and xs.

The main component of a molecular orbital happens to change during
such a level inversion. The anti-bonding orbital is mostly due to the K-3p
orbital in the ground state, but it becomes F-2s in the K-1s~! core hole state.
The interpretation of the XPS spectra, the Auger electron spectra, and X-ray
fluorescence and absorption spectra are always very complicated for such a
level inversion. If both of the level-crossing orbitals are fully occupied by
electrons, then the situation is not complicated, but if one of them is partially
filled, then the hole in a valence orbital will be transferred to the central atom
from its neighbor atoms by the level inversion.

Several examples of partially filled orbital crossings have been found to be
associated with the photoionization shake-off phenomena as follows: Urch [32],
Benka et al. [33], and Hartmann et al. [34,35] found in their analyses of chem-
ical effects on the intensity of F K« satellites, such as the K L — L? transition
due to shake-off or heavy ion collision, that the covalency between the F-2p
and the ligand level-crossing is significant. Kawai et al. found several examples

¢a* Ea*
vs8=F2s g
\ 4
\ 4
%* Eb*
YA e K3p* (XA*

Fig. 9.5. Time-dependent deepening of the potassium 3p orbital due to the creation
of a 1s core hole
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of level-crossing for K K« [31], Cl K« [36,37], Ca K« [38], and Ti K« [39].
The most important feature is that such a level inversion involving a partially
filled valence orbital frequently occurs in useful materials, such as supercon-
ducting copper oxides, transition-metal borides (TiBy [39]), transition-metal
catalysts, and rare-earth compounds. To seek a level-inversim is a short cut
to find a useful material. The source of useful properties for us is the presence
of energetically close atomic orbitals, one of which is not fully occupied; the
hole moves easily from one site to another by a small perturbation rather than
a core-hole creation.

9.4 Charge Transfer Due to a Core Hole

When two levels are crossing each other, as shown in Fig. 9.6, if the central
atomic orbital, say K-3p., t1,, has a different symmetry block from that of
the linear combination of the surrounding orbitals, then they cross but do
not interact with each other. Here, the words “symmetry block” mean that
within ¢;,, symmetry, even the z,y, or z directions should coincide between
atoms A and B. This is because the transfer matrix element 8 = (xa|H'|xB)
equals zero when xa belongs to a different symmetry block than xg. By con-
trast, when the two atomic orbitals belong to the same symmetry block, they
interact each other, i.e., they form a molecular orbital. Through this molec-
ular orbital, electrons (or complementarily, holes) are transferred to another
site, if there is room. The interaction of the two atomic orbitals will split the
degenerate orbital eigenvalue into two different levels. The energy gap of this
interaction is 23. The so-called “avoided crossing” takes place [40,41]. We
often encounter this kind of avoided-crossing in chemical reactions or atomic
collisions. In chemical reactions, the time of crossing is long enough, but in
photoionization, the time-scale of the level-crossing is very short (almost sud-
den) compared with adiabatic limit. Some of the electrons remain in the same
atomic orbital because they have no chance to move or be rearranged during
the level-crossing. In this case, the molecular orbital profile (number of holes
belonging to an atom) does not change.

atom A 2p

Q

atom B

atom A Fig. 9.6. Level-crossing of
two atomic orbitals after
> time the creation of a core hole
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The problem is to determine the ratio of charge transfer to non-transfer
after the photoionization. Once this ratio is known, we can estimate the re-
sponses to any input to the system, even with large perturbations, by Auger
electron spectra, X-ray absorption spectra, or X-ray fluorescence spectra. Such
a level crossing frequently occurs in transition-metal and rare-earth com-
pounds [42-45] in XPS experiments. The avoided crossing and subsequent
charge-transfer effect is also important for interpreting the X-ray fluorescence
spectra of transition-metal compounds.

9.5 Calculation Details

The author and his colleagues have calculated the valence electron density
of states for the ground state and the 1s~! core hole state for many kinds of
transition-metal and rare-earth compounds. However, the DV-Xa calculations
were first investigated to ascertain the impact of the following:

Cluster size

Difference between 1s| ! and 157! hole states
Difference between 1s~! and 2p~! hole states
Effect of bond length difference

=W

In what follows, these calculation details as well as the results of the calcula-
tions are described.

9.5.1 Cluster Size

The calculations for a molecule are usually not difficult because we can cal-
culate the electronic structure of a whole molecule. However, for solids, it is
sometimes difficult to calculate an electronic structure of infinite size without
some approximations. The most frequently used approximation for solids is
the assumption of periodic boundary conditions. In this approximation, the
calculation is usually performed on a small cluster rather than on a solid of
infinite size, or in Fourier space. Though this kind of calculation seems to yield
quite an exact solution, it is still a crude approximation, because if we examine
a gold crystal, for example, the electronic structure cannot be reproduced by
only one gold atom cluster with periodic boundary conditions. The situation
becomes much more complicated with an atom with a core hole, because it
is considered an impurity atom that is different from the surrounding atoms
in the solid. To solve this kind of an impurity problem, it is appropriate to
use the cluster molecule model and to express the molecular orbital (MO) by
a linear combination of atomic orbitals (LCAQO). The meaning of the LCAO-
MO results is straightforward, and it is easy to understand the value of the
molecular orbital coefficients. However, there exists difficulties in how to cut
the cluster from the infinite solid and how to define the boundary (and the
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corresponding electric charge, for example) of the cluster. To estimate these
conditions, various kinds of clusters are calculated and compared with the
X-ray fluorescence spectra [46] (A review has been published on the molec-
ular orbital calculation of X-ray fluorescence spectra in Japanese [47]). The
conclusion of these studies is summarized as follows:

1. If we need X-ray spectra of a cation in a solid, it is enough to consider
a cluster made of a central cation and nearest-neighbor anions.

2. If we need X-ray spectra of an anion in a solid, one must consider
a cluster made of the central anion, its nearest-neighbor cations, and
the second nearest-neighbor atoms (anions). This is because the over-
lap integral between anions is not negligibly small, and their energy is
degenerate.

3. The charge of the cluster ion should be equal to the sum of the formal
charge of each atom in the cluster.

4. The boundary of the cluster is left as dangling bonds and need not to be
terminated by hydrogen or other atoms.

5. If we want to calculate valence X-ray spectra such as the K« spectra
of boron, carbon, nitrogen, or oxygen, where K« X-ray lines are emit-
ted by the electron transition from the valence 2p to the 1s orbital,
or the K[ spectra of Mg, Al, Si, P, S, or Cl, where the K spec-
tra are emitted by the 3p — 1s transition, the 2p or 3p DOS of the
ground state of the cluster is enough to reproduce the X-ray spectral pro-
files.

However, if we need to know the response to the core-hole calculation, we must
consider a cluster with a core hole state; if we need to know the transition
energy, we must perform calculations on the half-electron state, or the Slater’s
transition state.

These criteria do not always hold, but are a good starting point to calculate
the X-ray spectra of solids using the cluster molecule approximation.

9.5.2 Difference Between 1s| ™' and 1s7~' Hole States

The core-hole state does not need to be calculated to reproduce the valence
X-ray profiles. However, if we need to know the response of valence electrons
to the creation of a core hole, we must calculate the core-hole state. The
15! core hole has two spin configurations due to 1s| ™! or 1s77! electron
photoionization. If the material we are studying has no extra spin in the
valence orbital, then these two hole states are not different from each other.
If the material has an incomplete valence shell such as in 3d transition-metal
compounds, there is a difference between the effect of 1s] ™' versus 1577}
electron photoionization. We calculated the valence electron density of states
of [FeOg]'*~ and [FeOg]%~ for the ground state and for the 1s| ™' and 157!
hole states, and the results reveal that the difference between 1s| ™ and 1577
hole states is negligible, as is shown in Table 9.1 [48].
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Table 9.1. Calculated effective number of valence electrons of the [FeOg]'%~ clus-
ter [48]

Ground state 1s] 'hole state 1s]|™' hole states

3d7 5.00 5.00 5.00
3d| 1.20 1.78 1.78
4s1 0.00 0.07 0.07
4s] -0.03 0.04 0.03
4p1 ~0.05 0.04 0.04
4p| -0.03 0.02 0.02
Sum 6.09 6.95 6.94

Therefore, in what follows, we shall mostly consider the 157" hole state.

9.5.3 Difference Between 15~ ! and 2p—! Hole States

The Ka X-ray fluorescence process involves the 1s and 2p hole states. Thus,
we must perform calculations for both of these core hole states. However,
usually the difference between these two core hole states is negligibly small.
This is due to the fact that, for a 3d transition-metal atom, both the 1s
and 2p orbitals are core orbitals and are strongly localized. For example, we
calculated the difference in the electron charge between the 1s and 2p core
hole states of the CuOy4 planar Dyy, cluster, as shown in Table 9.2 [49]. The
2p~! hole was created at the p, orbital, which is perpendicular to the Dyy,
plane. For the two other p orbitals in the Dy, plane, the effect may be again
negligible. However, for a 2p~! hole, there are complications, since there are
always three ways to create a 2p~—! hole. Thus, for the sake of simplicity, we
focus on the creation of a 1s~! hole in what follows.

Table 9.2. Calculated effective charges on Cu of CuOy4 clusters [49]

Cluster Ground state 15~ hole state 2p; ! hole state

Cu(Il) 3d° [CuO4]®~ Cu'tt-40 Cut07 Cuto-80
CU(I) 3d10 [CUO4]77 Cu+0.89 Cu+0.62 Cu+0.64

9.5.4 Effect of Bond Length Difference

In calculating the electronic structure of the cluster molecule, we fixed the
length of the Fe-O bond to 0.21 nm for both the ground state and the core
hole state, for both FeO and Fe;Os. However, the equilibrium distance in



9 Response to the Creation of a Core Hole in Transition-Metal Compounds 201

4 Fig. 9.7. The effect of Fe-O
— distance in the [FeOg)'°~ clus-
ter on the calculated number
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a real crystal is not always the same for all six Fe—O bond lengths in a cluster
with O symmetry. It is not the same between FeO and Fe;Ogs, nor is it
the same between the ground state and the core hole state. The creation of
a core hole and the filling of the core hole occurs over a very short period
(e.g., 10716 sec.). By contrast, the phonon vibration period is a few orders
of magnitude longer. Therefore, an observed X-ray spectrum is the sum of
many X-ray spectra weighted by the phonon density of states. However, the
effect of bond distance is usually negligible as is described below. Thus, the
effect of bond distance difference between the core-hole and ground states is
negligible. The vibration in the ground state and the statistical distribution of
the bond distance are manifested in the X-ray spectra as phonon broadening.
However, we have neglected this effect. This phenomenon is elaborated upon
in the following references: XPS phonon broadening is described in detail
in [50], XRF broadening is discussed in [51], and XANES broadening is briefly
described in [4].

When the spin state or charge-transfer is sensitive to the bond length, the
discussion becomes very complicated. To investigate this, we calculated the
bond-length effects on the electronic structure of a cluster molecule, as shown
in Fig. 9.7 [48], where the Fe—O distance in the solid is around 0.21 nm, and
the spin state is conserved down to 0.17 nm.

Based on the calculation shown in Fig. 9.7, we can calculate the electronic
structure of a cluster molecule with quite a rough estimation of the bond
length. An error of up to 30 pm from the equilibrium distance is allowed.

9.6 Charge-Transfer Effect

The electron number of Cu in the ground state and the core hole state has
been calculated for copper oxides [49]. Divalent copper has extra one electron
in the core hole state, whereas the monovalent copper is unchanged in elec-
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tron number. This is well described by Lenglet [52,53]. In accord with the
copper calculation, we extended the interpretation of charge transfer effect to
Ni K3 spectra [54,55]. The K’ line of a transition metal is interpreted many
ways, such as exchange-splittings or plasmon satellites; many other possible
explanations are described by Gamblin et al. [56]. Kawai et al. clarified that
the K3’ [54] and Lo satellites [55] of late transition-metal compounds such as
NiO originates from the charge-transfer satellites based on the atomic multi-
plet calculations of Ni?* and NiT. The K3 is due to the multiplet structure
of Nit, though the compound is Ni?* in the ground state of such materials
as NiO.

The charge transfer concept has extended to the interpretation of the Cu
La high-energy satellite [17,57-61], although this satellite was later inter-
preted as a shake-up satellite by Magnusson [29], as described above. We still
believe that the spectral line is due to the charge transfer satellite [28], because
the satellite is more strongly observed in nickel compounds [55], as shown in
Fig. 9.8.

The charge-transfer effect is a common interpretation of the chemical effect
of the shake-off satellite in transition-metal compounds, as reviewed in [62,
63]. De Groot et al. [64] recalculated in a similar manner the Ni K line
shape with the inclusion of the charge transfer effect, and their results support
the assumption of the charge transfer effect on the line shape of the X-ray
fluorescence spectra proposed by Kawai et al. De Groot and his colleagues
studied spin-selective X-ray absorption spectroscopy using the high-resolution

] 1 |

Theory Lorentzian function I'=1.5 eV

1.0

0.8+

0.6

T

0.4

Intensity (normalized)

T

0.2

0.0
-10

Relative x-ray energy [eV]

Fig. 9.8. Ni La and L3 spectra of Nil, and a multiplet calculation of NiT, repro-
duced from [55]
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Kawai et al. also calculated the charge transfer effect on the line shape of
Fe K« [28]. However, when Kawai et al. extended the calculation into all 3d
transition-metal compounds, they found a very strange effect — the spin-flip
effect due to core-hole creation [71] for some kinds of cobalt oxide, as shown
in Fig. 9.9.

They synthesized LaCoOg as a possible compound of spin-flip cobalt oxide
and measured the line shape of Co Ka. They observed that the line shape
was anomalously narrow despite the fact that the compound was a high-spin
compound. This was explained as a spin-flip-type charge transfer [72].

Oku and his colleagues measured XPS and high-resolution K« spectra of
Fe [73], Mn [74], and Ni [75]. They interpreted that several spectral features
originate from the charge-transfer effect using the DV-Xa calculations.

The charge-transfer effect was summarized by Suzuki et al. [76] (Fig. 9.10),
where the ground state 3d spin and the 15! hole state 3d spin are plotted. For
the early transition-metal compounds, the charge-transfer effect is negligible.
This means that for compounds from Ti to Mn, the 3d electron number of
the ground state is conserved in the 1s~! hole state. By contrast, for the late
transition-metal compounds, from Mn to Cu, the 3d electron number increases
by one, and sometimes, the 3d spin becomes diminished, as is seen in Fig. 9.10.

The classification of the charge-transfer compounds and non-charge-transfer
compounds is quite similar to that determined by the Zaanen—Sawatzky—Allen
diagram [77], which separates charge-transfer insulators and Mott-Hubbard
insulators.

9.7 Concluding Remarks

Core-level spectroscopic techniques are very useful in characterizing the
electronic structure of compounds. However, we demonstrated that charge-
transfer—type many-body effects are important for the interpretation of these
spectra, though usually only shake-off-type many-body effects are considered
from the atomic physics point of view. Though the charge-transfer effect de-
scribed above was for 3d transition-metal compounds, Suzuki extended the
calculation into La [78] and all of the 4f rare earth elements [79]. The charge
transfer effect is again important for other compounds that have partially
filled valence orbitals.

Finally, I would like to comment on the sum rule, which, mathematically,
states that the sum of the diagonal matrix element is unchanged during a
physical process [80]. There is an important sum rule involved in shake-up and
shake-off processes [81]. Since the charge-transfer effect is a kind of shake-off or
shake-up process, we can expect the existence of the same sum rule. The shake-
up, shake-off, and charge-transfer processes are responses to the removal of one
core electron; the sum of the intensity in the spectrum is always conserved.
If the charge-transfer effect becomes strong, then extra electron ionization
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obability, such as shake-off, becomes small. Plasmon oscillation should be

included in the responses.
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Determining Electronic Structure
from Auger Spectra in the Cluster
Approximation

Laszlé Kovér

Following a short discussion of the effects of the atomic environment on Auger
spectra emitted from solids, it is demonstrated how X-ray-excited Auger spec-
troscopy can be used to obtain information on the electronic structure near the
initial core hole and on electron correlation. Local charges determined using
the cluster approximation are compared to those obtained from Auger param-
eter analysis, while relaxation/polarization effects and satellite structures in
Auger spectra are interpreted in the cluster approach. The advantages of the
combined use of the X-ray induced-Auger and photoelectron spectroscopies
with theoretical cluster molecular orbital models in the studies of chemical
and solid state effects on Auger processes are emphasized. The power of these
methods is illustrated by recent results obtained for metals, alloys, and oxides
of great practical importance.

10.1 Introduction

Auger spectra of solids can contain important information on the chemical
states and local electronic structure of materials [1]. The local electronic struc-
ture in the atomic environment surrounding an atom of a key element in a solid
has a determining role on its macroscopic (mechanical, electronic, magnetic,
optical, and chemical) properties. Auger spectra obtained from molecules,
clusters, and solid surfaces reflect the effects of changes in the potential of the
atomic cores and in the local density of electronic states of the core-ionized
atoms. By its two-electron nature, the Auger process sensitively indicates the
strength of electron correlation. In recent years, significant progress has been
made in the understanding of the origin, nature, and magnitude of the effects
of the atomic environment on Auger transition energies and probabilities [2,3],
as a consequence of the rapid development of spectroscopic methods and the-
oretical models. These studies lead to a deeper insight into the Auger process
itself in the case of polyatomic systems and at the same time enhance the
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possibilities of chemical state identification. Photon excitation of Auger spec-
tra from solids has many advantages over inducing such spectra by charged
particles [4]. In this chapter, some recent examples are provided for the com-
bined application of high-resolution X-ray-induced photoelectron and Auger
spectroscopy of metals, alloys, and insulators, with cluster MO models for
interpretation of the spectroscopic data.

10.2 Effects of the Atomic Environment
of Auger Spectra Excited from Solids

The transition energy F; ;; of the atomic Auger process involving the levels 4
(with the initial vacancy), j, and k (with the final state vacancies) can be
approximated by the following equation:

Eijr=Ei— Ej — Ex —Uji ,

where E;, E;, and Ej are the binding energies of the respective electrons,
and Uj; denotes the repulsion or correlation energy between the final state
holes. For Auger transitions in the atomic core, usually it is a good assump-
tion that the binding energy shifts due to different atomic environments are
similar, while in the case of core-valence Auger transitions, this assumption
is generally invalid. Theoretical estimates of E; ; can be obtained from the
difference in total energies of the initial and final states calculated using ab
initio methods. However, for polyatomic molecules or clusters, the convergence
of the total energy calculation is not always guaranteed [5], and determining
small differences of large energy values requires high accuracy, which is some-
times very difficult to achieve. The transition probability I;;; of the Auger
process involving the 4,5, and k atomic levels, in the simplest approxima-
tion — the frozen core independent particle approximation with the Wentzel
Ansatz-approach — can be expressed as [5]

Lij, = |y (ie)|e? /ria| i (5F)) |*

where ¢ is the energy of the ejected Auger electron, e?/ry5 is the Coulomb in-
teraction between the two electrons participating in the transition, and ¥;(jk)
and Wy (i) are the wave functions of the initial and final states, respectively.
This simple picture reflects the highly local character of the Auger process.
The probability of the interatomic Auger transitions (involving levels of dif-
ferent, neighboring atoms) is usually orders of magnitude smaller than the
probability of the transitions taking place inside the atom with the initial
core hole (intra-atomic transitions) [5]. Therefore, strong effects of the atomic
environment on Auger transitions can be expected first of all as a consequence
of environmentally induced changes in the atomic initial and final states. Due
to various initial- and final-state excitation processes accompanying the Auger
process (initial- and final-state shake, with spectator or participator electrons
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in the excited state [2,6]), satellite structures can appear in the Auger spec-
tra. Fast Coster-Kronig processes, involving a valence electron with varying
localization and preceding the decay of the initial core hole can also strongly
influence the respective relative Auger intensities [7]. Different hybridizations
between the XPS core-hole state and the Auger final state can also lead to
Auger satellites with relative intensities depending on the atomic environment.
Further changes in the Auger lineshape can appear due to phonon broaden-
ing induced by core-hole creation [9] and due to intrinsic or extrinsic plasmon
loss or other inelastic energy-loss processes in the solid. Auger chemical shifts,
local electronic structure, and electron-related effects on core-valence Auger
lineshapes are discussed in more detail below.

10.3 X-ray Excited Auger Spectroscopy for Studying
Chemical and Solid State Effects on Auger Spectra

Exciting Auger spectra of solids using photons has many advantages over ex-
citation by electrons. In the case of photoinduced Auger spectra, the peak-to-
background ratio (mainly due to the lack of primary electron-beam scattering)
is usually much higher, facilitating lineshape analysis with high-energy resolu-
tion. Intensity of the peaks can be optimized using exciting X-rays with energy
near the photoionization threshold, where the photoionization cross-section is
high. X-ray-induced Auger spectra usually show fewer alterations of the chem-
ical state of the surface components in the analyzed sample due to radiation
effects and smaller charging effects, which makes possible the analysis of the
Auger spectra of insulators. A great benefit of photon excitation is, however,
the possibility of the use of continuum (synchrotron, bremsstrahlung) or wide-
band radiation, which ensures efficient production of Auger spectra in a very
wide energy region [10]. Excitation of high-energy (> 5keV) Auger spectra us-
ing electrons is difficult because of the required primary beam energy, which
must usually be 3-4 times higher than in the case exciting by photons. From
thin films deposited on low-atomic-number substrates, good-quality spectra
(suitable for lineshape analysis) can be obtained at these high transition en-
ergies [11] using X-ray excitation. When studying local electronic structures
of surfaces and interfaces, the above advantages generally outweigh the higher
exciting flux and spatial resolution of electron-induced Auger spectroscopy.

10.4 Local Charges in Binary Alloys

Charge transfer between constituent atoms of crystal structures as well as the
local electronic configuration is determinant for the mechanical and chemical
stability of these structures and the knowledge of the charge transfer process
is important in the understanding of alloying and catalytic processes at alloy
surfaces.
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To calculate charge distributions and construct the ground-state local den-
sity of electron states (LDOS), the discrete variational Xa (DV-Xa) molecular
orbital model [12] is used (non-relativistic and relativistic [13] versions), with
a numerical basis set and the self-consistent charge (SCC) scheme.

The Slater exchange potential Vi. = —3a(3p(r)/87)1/3 is applied, where o
(fixed to 0.7 for all calculations) is the exchange scaling parameter and p is the
charge density. Within the DV-Xa model, instead of calculating multicenter
integrals, the integrand is computed in discrete points, and therefore, the
accuracy of the value of the integral is limited only by the capacity of the
computer. The LDOS is obtained by replacing the computed MO levels with
their respective energy distribution functions. Independent information on
local charges can be obtained from high-accuracy experiments measuring the
alloy—pure metal environmentally induced Auger parameter energy shifts and
applying a simple atomic structure model to derive the transferred charge [3].
The comparison of the differences in the partial atomic charges computed
by cluster molecular orbital models and the transferred charge derived from
experiments is of crucial importance from the point of view of the consistency,
reliability, and limits of our understanding concerning local charges in binary
alloys.

Alloy-metal Auger parameter shifts can be obtained from the measured
Auger kinetic and photoelectron binding energy shifts using the following
definition [3]:

AL()) = AE(ijj) — AE(i) + 28E(j) , (10.1a)

where AEj(ij7) is the environmentally induced shift in the kinetic energy of
an Auger transition involving the ¢ and j core levels and AFE} is the difference
in the binding energy of a core level between two atomic environments. If AFE
is similar for all core levels, (10.1a) corresponds to the conventional definition
of the modified Auger parameter shift Ao’ = AFEy(ijk) + AEy(core) [14]. In
this case, A =2 Ao/ = 2AR® is the environmentally induced change in the
final-state extraatomic relaxation energy, R°*. Using a different definition for
the Auger parameter,

AB(j) = AEL(ijj) + AEy(i) + 2AEy(j) ~ 2AV (10.1b)

where AV is the change in the core potential as a consequence of the changes
in the valence charge. To estimate charge transfer from an analysis of the
final-state Auger parameter shifts, A&, between a pure metal and its binary
alloy using a model based on atomic structure parameters, it can be shown
that [3]

A¢ = Afg(dk/dN) + (k — 2dk/dN)(dg/dN) + (dU/dN)] , (10.2)

where ¢ is the valence charge, k is the change in the potential in the core
when a valence electron is removed, IV is the occupancy of the core orbitals,
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and U is the contribution from the atomic environment. It is assumed that
k and ¢ depend linearly on N. In the case two conductors, because of the
efficient screening, A(dU/dN) = 0, and due to the on-site core hole screening
(dg/dN) = 1; therefore, A(dg/dN) = 0, giving

A& = Aq(dk/dN) (10.3)

for the case when the valence electrons belong to a single band. The parameter
dk/dN can be obtained from the results of atomic structure calculations for
free atoms [16]. It should be noted that the core potential model is expected
to provide a good approximation mainly for deep core transitions although
the Auger parameter concept is extended in some cases to core-valence transi-
tions with “atomic-like” Auger lineshape. Experimental Auger parameter shift
determination can result in accurate data, because the measured Auger pa-
rameter values are not dependent on surface charging or on energy calibration
of the spectrometer.

10.4.1 Experimental

Core photoelectron and Auger spectra were excited from polycrystalline
Al3Ni and AlNis, as well as from single-crystal (100) CuPd alloys and
high-purity polycrystalline metal samples, using Cu Ka, Ag La; X-rays,
and bremsstrahlung radiation from Cu, Ag, and Mo targets. Measurements
of high-energy electron spectra were performed using a home-built, high-
luminosity electron spectrometer [17] based on a 180° hemispherical analyzer
with a resolution of 0.4eV. High-resolution monochromated Al K«a X-ray-
excited core photoelectron and Auger spectra were obtained using a SCIENTA
ESCA-300 spectrometer with a spectrometer energy resolution of 0.4 eV. En-
ergy calibration of the electron spectra was performed in the XPS region
with the aid of photo- and Auger lines from polycrystalline Cu and Ag sam-
ples [18,19] and in the high-energy range by measuring the Cu Ka-excited
Cu-2p lines.

10.4.2 Charge Transfer in CuPd Alloys

The nature, value and sign of the transferred charge in Cu—Pd alloy sys-
tems have recently become controversial issues [18]. Table 10.1 contains the
alloy-metal Auger parameter shifts determined experimentally and the trans-
ferred charges derived using the linear potential model, in comparison with
the charge derived from our relativistic DV-Xa calculations [20].

From the results in Table 10.1, it can be seen that the initial-state Auger
parameter § is more sensitive to the changes in the valence charge than is
the final-state parameter. On the basis of our measurements of deep core
transitions (Cu KLL, Cu-2p, Pd-2s, 2p, Pd LasM M), we can conclude that
a very small, ~ 0.05e overall charge is transferred from the Pd to the Cu site,
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Table 10.1. CuPd Auger parameter shifts (V) and transferred charges Ag [20]

Aq(Cu) Aq(Pd)
Ag(Cu) 0.03 —0.01
AB(Cu) —-1.30 —0.05(0.08"; —0.23?)
AB(Pd) 0.70 0.05
DV-Xa cluster
MO theory (g.s.) —0.03* 0.03°

dk“"/dN = —3.30"; est. err. < [0.10jeV k"9 (average) = 11"
! Refer to [19]
2 Refer to [18]
3 Refer to [21]

and the results obtained from Cu and Pd Auger parameters is consistent with
the charge neutrality in the alloy. The magnitude and the direction of the
transferred charge is confirmed by the DV-X« calculations estimating ground
state charges. In Pd, the increase of the d occupancy is overcompensated by
the loss of s charge.

10.4.3 Charge Transfer in A13Ni and AINiz Alloys

Effects of alloying on electronic structure are expected to be manifested in
the case where an atom of a metal can be almost entirely surrounded by
atoms of the other constituent. In the case of simple metal-transition metal
alloys, filling of the d bands of the transition metal can take place through
hybridization and charge transfer. The Al—Ni alloy systems are particularly
interesting from the point of view of obtaining information on these pro-
cesses.

Estimating charge transfer from the measured Al alloy—metal Auger pa-
rameter shifts, an improved model (assuming k depends linearly on ¢ and N)
was used [22].

From this model,

AL =Aq-b, (10.4)

where b is a model parameter obtained from atomic structure calculations [22].
To derive charge distributions from the DV-Xa calculations, the experimental
lattice constants [23,24] were used for the cubic-ordered (Op) intermetallic
compound AlNiz and for the orthorhombic (DOgq) structured Al3Ni alloy,
with the atomic sphere radii given by Slater [25].

Table 10.2 shows the values of the transferred charge calculated from (10.3)
and (10.4) using the parameters dk/dN = —2.3 for Ni [16] and b, = —3.18
for Al [22], together with the values derived from the cluster MO theory;
the table indicates the charge values obtained assuming charge conservation,
Agaizal = —Agni(1 — za1), where © denotes atomic concentration.
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Table 10.2. Transferred charges Ag (alloy-metal) [22]
Atom in the alloy AlNi3 Al3Ni

Exp. Theory Exp. Theory

Al 0.37  (0.60%) 0.50 (0.12%)
Ni -0.11*  -0.20 -0.15' -0.36
(-0.11%) (-1.5%)

! average of values obtained from A&(3p, LsMM)
and A¢(3p, Lo M M)

2 derived from the result for Al on the basis
of charge-conservation between neighbors

It should be noted that the experimental final-state Auger parameter shifts
are rather small for Ni [22], comparable to the experimental error. From the
respective Aa’ modified Auger parameter shifts, the assumption that a change
in the valence charge has a similar effect on the core binding energies seems
to be invalid for these systems.

2 —
0 - J _ _ o _
72 - — — — — -
15t 1, N - - - —
o la o4 —— il —— _ _
T 4 11a —_— —— —_— — -
> g = —= = = — =
& 4ty I _ _
° 13t 4, u - — - z
rf! -6 7 - _ _
. eq - = - = _ =
o
5 4a - _ _
= Tt 2u e — — = e
2 -8 b 2e E— - —
12t |, - I -
710 -
9a 1g - — _ —
-12 - N T NilNif® Al L AL

Fig. 10.1. Molecular orbital levels and spin components for AlNisz alloys [28]
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In the case of AINig, the experimental results show a small charge transfer
from the Al to the Ni site (Table 10.2); the direction of this transfer agrees
with the expectations on the basis of the difference in electronegativity of
Al and Ni. The value determined for the charge on a Ni site in AlNiz from
the Ni alloy-metal Auger parameter shifts is consistent with that obtained
from the charge determined for the Al site and assuming conservation of total
charge on Al and Ni neighbors. The MO theory predicts a small (although
a factor of two higher) charge transfer in the same direction (Table 10.2).
Large discrepancies can be seen in the case of AlsNi, where the experimentally
derived charges are inconsistent with charge conservation, and their differences
from the values predicted by the theory are also larger. There is agreement
on the direction of the charge transfer, however, between the experiment and
the model calculation. The calculated charge transferred from the Al-s and p
orbitals to the Ni-d band shows that the charge transfer plays only a minor
role in the filling of the Ni-3d band in the case of both alloys. On a Ni site,
the charge transfer between d and s orbitals might be more important than
charge transfer between Al and Ni [26]; furthermore, we might expect that the
influence of this hybridization effect would be larger for Al3Ni than for AINis.

To obtain more detailed information on the particular orbitals involved
in the charge-transfer process, non-relativistic spin polarized DV-Xa calcula-
tions [12,27] were also performed for these Al—Ni systems. Using the “true”
positions of the atoms in the Al3Ni cluster (i.e., not a CugAu-like structure)
resulted in a much smaller (by a factor of four) derived transferred charge in
the case of non-spin-polarized calculations for Al3Ni [28]. Our spin-polarized

AINi; DOS
10 T T

Total DOS (Arb. Units)

-6 Spin Down N / B

-16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6
Binding Energy (V)

Fig. 10.2. DOS and spin components for AlNiz alloy [28]
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calculations for Al3Ni provided a zero magnetic moment, in agreement with
the observation [28]. Fig. 10.1 shows the calculated level structure and spin
components, and Fig. 10.2 shows the density of states for the AlsNi alloy. The
“up” spin component in Fig. 10.2 is slightly shifted compared to the “down”
spin component, resulting in a non-zero magnetic moment of the AlNis alloy.
In the case of Ni-d valence electrons, our calculated spin-magnetic moment
value of 0.032up (where up is the Bohr magneton) agrees with the results of
earlier calculations [29].

10.5 Generalized Electrostatic Model
for Interpreting Auger Parameter Shifts
and Final State Relaxation/Polarization

For interpretation of Auger parameter environmental shifts, the most success-
ful theoretical models include the “excited atom model,” developed by Weight-
man et al. [30] based on parameters obtainable from atomic structure calcula-
tions (successfully applied to interpretation of metal—free atom and alloy—pure
metal Auger parameter shifts [30]), and the “electrostatic model” [31,32] de-
veloped by Moretti.

Within the electrostatic model [31,32] the relaxation/polarization is de-
scribed by the interaction of the electric field due to the core-ionized atom
(F;) and the induced dipole on the ligands (M ;). The induced dipole on the
ligand 4 is given by a; F'r;, where «; is the electronic polarizability of the lig-
and, and F; is the total electric field on the ligand 4 given by the field (F;)
and the field (F p;;) corresponding to the effect of the dipoles induced on all
the other ligands:

Fi;,=F;+ Fp;

=1/ (4meo) |eRi/R} + Y {[3(M,Ri;) /R};] — (Mi/R};)}| , (10.5)
J#i

where R; is the bond length, and R;; is the minimum distance between the lig-
ands ¢ and j. From classical electrostatics, the extraatomic relaxation energy,

Re® is:
n F;
Rea:Z/ M;dF; . (10.6)
i=170

With some strong assumptions — i.e., the use of the same ligands with same
distance R from the core ionized atom, as well as high symmetry — we ob-
tain [31,32]

Ad' = 14.4na/ (R* + RDa) , (10.7)

where n is the number of nearest neighbors, and D is a geometric factor.
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The electrostatic model described above, however, is not able to deal with
the local screening mechanism, when strongly localized orbitals of the core
ionized atoms like d orbitals of transition metal ions are involved in the charge
transfer. This, together with the strong assumptions used in obtaining (10.7),
puts severe limitations on the application of the electrostatic model. These
limitations can be removed by generalizing the model and using matrix for-
malism [33, 34]. Rearranging the N equations in (10.5), we have a matrix
representing the electrostatic field on the ligands due to the central hole:

[FLi][Dij] = [F}] - (10.8)

Solving the corresponding system of linear equations, the total extraatomic
relaxation energy is

F;
Rea = ZA MldF/ = ZOéle (FLz - (Fszzl/Q)) ) (109)

where D;;* denotes the diagonal matrix elements of the inverse of the matrix
D;j;, and oy is the polarizability of the ith ligand. To calculate R°*, computer
codes written in C and FORTRAN languages were developed in Debrecen
and Rome, respectively [33,34]. With these programs, it is now possible to
calculate Auger parameter shifts for core-ionized atoms with different nearest-
neighbor ligands arranged in an arbitrary local geometry, giving the coordi-
nates of the core-ionized atom and of its nearest-neighbor ligands, as well as
the electronic polarizability of the ligands as input parameters. Alternatively,
using the Auger parameter shifts as input data (e.g., the experimentally de-
termined values), information can be obtained on the ligands and their local
geometry.

The generalized electrostatic model was applied to estimate AR for Si
atoms located at different positions on the Si(001) surface [33]. Despite the
fact that the Si(001) surface has been studied extensively, the local electronic
and geometric structure of the surface and subsurface Si atoms is still under
debate. In our calculation, the lattice constants and relaxed atomic coordi-
nates were taken from [35] assuming that the electronic polarizability of Si
atoms are independent of the atomic coordinates and are the same as in the
free atom [36]. Taking the experimental value of AE}, (Si-2p), the surface-bulk
Si-2p binding energy shift [37] values, and our calculated values for AR, the
initial state energy shifts are —0.93, 0.20, +0.06, and —0.32¢V for the asym-
metric dimer-up atom, the asymmetric dimer-down atom, the second atomic
layer, and the third atomic layer, respectively. In strong contrast to the elec-
trostatic model, the density functional calculations [38] show that AR®* is
increased at the surface and largest for the down atom. However, in the case
of Si, only extended 3p orbitals should be involved in the screening and (Si
being a semiconductor) the response to the presence of a localized Si core-hole
can be well described by the dipoles induced on the neighboring Si atoms.
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10.6 Interpretation of K-Auger Satellite Structures
in 3d Metals and in Fluorides,
Using the MO Cluster Approach

In the previous parts of this review, the importance of the accurate determi-
nation of core Auger kinetic energy shifts in deriving charge transfer in binary
alloys has been demonstrated. The detailed knowledge of the respective Auger
spectra is necessary to achieve the requested accuracy. Understanding initial-
and final-state excitation and relaxation processes in solids is indispensable
in the correct identification and interpretation of satellite structures in Auger
spectra. It is well-known since the beginning of the development of X-ray
photoelectron spectroscopy that satellite structures change significantly de-
pending on the chemical environment, however, the efforts to describe these
effects often lead to controversial results. Below, through examples of K-Auger
spectra of the 3d transition metals Cu and Ni and of fluorides, it is demon-
strated, that using the cluster molecular orbital model, considerable chemical
effects on the satellite structures can be explained.

10.6.1 KLL Auger Spectra of Metallic Cu and Ni:
Calculation of the Satellite Main Line Energy Separation
Using the DV-Xa Cluster Molecular Orbital Model

Although earlier experimental X-ray-excited K LL Auger spectra of metallic
Cu [39] already indicated the presence of a satellite at the lower-kinetic-energy
side of the main ' D, line, attributing it to energy-loss effects, our recent stud-
ies of Cu and Ni KLL spectra photoexcited from metallic and alloy sam-
ples [40,41] revealed the localized intrinsic excitation origin of these satellites.
In the latter experiments, Mo and Cu X-rays were used to acquire excita-
tion K LL Auger spectra from metallic Cu and Ni layers of 10 nm thickness,
vacuum-evaporated onto Si wafer substrates [40,41], and the spectra were ob-
tained with a home-built electron spectrometer based on a high-luminosity
hemispherical analyzer [17] using an energy resolution of 1.3€V. In our most
recent study [42], high-intensity measurements of thin-layer Cu and Ni samples
of varying thickness and the use of a modified Tougaard-type correction for
the background from inelastically scattered electrons helped to identify a dif-
ferent intrinsic satellite line at lower kinetic energies [42]. Figs. 10.3a and 10.3b
show the decomposition of the background-corrected X-ray-excited Cu KLL
and Ni K LL spectra, and Table 10.3 [43] contains our experimental and cal-
culated data for the energy separation between satellite 2 and the main Cu
and Ni K LL lines. On the basis of our Dirac—Fock—Slater-type ground-state
atomic calculations, satellite 2 was attributed to a 3ds/,—4ds/2 spectator va-
cancy initial-state shake-up process [41,43] However, as it can be seen from
Table 10.3 [43], the free-atom unscreened calculations overestimate the exper-
imentally derived energy separation and provide similar energy separation in
the case of Cu and Ni, in sharp contradiction with the experiment. The large
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Table 10.3. Energy separation between satellite 2 and the main Cu and Ni KLL
Auger lines (eV) [43]

Atomic Dirac—Fock—Slater model

Sample Exp. Transition  Unscreened Screened
Cu 11.9 3ds;2 — 4ds)o 15.8 10.5

DV-Xa MO cluster model

Sample Transition Uncompensated Compensated

Cu 8¢y — 15¢, 129  10.9 10.2
8tag — 162y 13.8 10.6

Ni 8ey — 15¢5 10.2 5.9 5.7
8tag — 16t24 11.6 6.4

1 29 e, — 42¢, excitation, calculated for a cluster of 43 atoms

deviations between atomic theory and experiments indicate considerable solid
state effects on the shake process.

Accounting for screening, first the semiempirical “excited atom” approxi-
mation of Kleiman et al. [44], where the core holes are treated as completely
screened extra protons, was used [41,43], resulting in a very good agreement
with experiment (Table 10.3) and confirming the significant role of screening
effects. In these metals, according to this picture, screening plays an important
role, and the conduction electrons move rapidly to the attractive potential of
the core hole(s) affecting the energy of the outgoing Auger electron by a change
in the screening. On the basis of this model, the difference in the satellite—
main Auger line energy separation for Cu and Ni metals can be explained
with the occupation of the 3d vacancies by screening electrons ([43] and ref-
erences therein). To study the phenomenon in more detail and to control the
predictions of the “excited atom” model, the non-relativistic DV-Xa« cluster
molecular orbital calculations [12] were performed. The calculations used an
fcc lattice and a cluster of 13 atoms for Cu and Ni, with lattice constants
of 0.361nm and 0.352nm, respectively, and near-minimal basis sets: 1s—4d
atomic orbitals for the central atom and 1s—4p orbitals for the 12 equiva-
lent neighboring atoms [43]. Assuming an intraatomic 3d — 4d excitation on
the central atom, the energy separation between the main K LozLoz Auger
line and the satellite due to the 3d spectator vacancy was calculated using
the transition-state method [43,45]. The results of this calculation are given
in Table 10.3 in the “uncompensated” column, falling between those of the
screened (excited atom model) and unscreened atomic models. This indicates
that the 13-atom model clusters are too small to provide enough conduction
electrons to screen the holes induced by photoionization and Auger decay.
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Fig. 10.3. Decomposition of the background-corrected X-ray-induced spectra (a) for
Cu KLL, (b) for Ni KLL (dots) [42]



222 L. Kovér

The lack of the flow of electrons to the cluster from its environment can be
compensated by neutralizing the charge on the cluster, allowing the screen-
ing charges to adapt themselves to the local changes of the potential and to
develop the charge distribution freely [43]. The results of this “compensated”
cluster MO calculation, shown in Table 10.3, are in a satisfactory agreement
with experiment. Using larger, 43-atom clusters, our “uncompensated” results
(Table 10.3) justify the applicability of the method of charge neutralization for
small clusters mentioned above. It should be noted that the larger energy sepa-
ration satellite (satellite 1, Fig. 10.3), according to our present results, is likely
attributable (on the basis of our Dirac-Fock atomic calculations) to final-state
shake-up (e.g., 3d5/2-4d5,2) processes [42]. In our recent work [42] very large
differences were found between experiment and the sudden-approximation
atomic theory concerning the intensity of the initial state shake-up satellite
lines (satellite 2 in Fig. 10.3) compared to the intensity of the main K LoLj
(1 D5) line, confirming the presence of very strong solid state effects.

10.6.2 F KLL Spectra in Fluorides: Determination
of the Resonance Energy and Multiplet Structure
Using DV-Xa Cluster Molecular Orbital Calculations

Strong variations — depending on the chemical environment — in the satellite
structure of the F KLL Auger and F Ka X-ray spectra of ionic fluorides
excited by X-ray photons, electrons, or high-energy ions, have been reported
so far [46]. Showing a very strong change in its intensity (1-70%, relative to
the main diagram line), a new satellite line was found at the higher-kinetic-
energy side of the main F' K Loz L3 line in the spectra of a series of alkali and
alkanine-earth fluorides [47-49]. The K'L' (the superscript denotes the num-
ber of vacancies in the given shell) satellite of the respective photon-excited F
K« X-ray spectra was observed to change in the opposite way compared to the
F K LL satellite line mentioned above [46,50,51]. Resonant Auger spectroscopy
studies indicated that this Auger satellite is not induced by the photoexcita-
tion process itself [49], while another study showed no presence of the satellite
in the F K LL spectra of free KF molecules, although it was found to be the
most intense among those of fluorides in polycrystalline phase [47,48]. These
observations suggest that the process leading to the appearance of this Auger
satellite is probably part of the decay or relaxation. Initial explanations [47,48]
attributed this phenomenon to a resonant electron transfer between the metal
and the fluorine atoms [50]; however, later it became clear that this scheme
is inadequate to explain the low intensity of the corresponding K'L' F Ka
X-ray satellite peak [51].

To explain more comprehensively the changes in the X-ray and Auger
satellite intensities in the spectra of solid fluorine compounds, the concept of
the orbital rearrangement prior to X-ray and Auger emission — the “resonant
orbital rearrangement (ROR)” — has been proposed [46, 52,53]. Here, ROR
denotes a resonance between two states existing during the ionization and the
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decay /relaxation process; namely, between the highest-occupied molecular or-
bital (HOMO) of the KYL? ground state and the lowest unoccupied molecular
orbital (LUMO) of the K'L ionized state [46]. In the resonant transition an
electron of the F~ ion in a fluoride, occupying an orbital of mainly F-2p
character in the ground state (HOMO) moves to an orbital of the ionized
state (LUMO) having mostly F-3s character. The ROR concept proved to be
successful in interpreting the intensity changes of the new satellite in the F
KLL Auger spectra of alkali fluorides [46]. In our recent work [54] we studied
the structure of the Auger satellites induced from rutile-type difluorides and
from NakF.

F KLL Auger spectra were excited by Al Ka and Cu La X-rays from
polycrystalline powder samples of CoFg, MgFs, NiFs, ZnFs, and NaF and
measured by a high-luminosity hemispherical electron spectrometer [17] using
an energy resolution better than 0.6 eV [54]. The use of the Cu L« excitation,
with a photon energy close to the F-1s ionization threshold, resulted in a very
significant improvement in the peak-to-background ratio. Figure 10.4 shows
the measured F K LL Auger spectrum induced by Cu La radiation from the
NaF sample [54]; M denotes the new satellite peak.

To remove the background due to inelastically scattered electrons, two
different models were used in order to estimate the systematic error in the
evaluation of the spectra [54].

The resonance energy, AFE, assuming resonant orbital rearrangement
(ROR) [46] following F-1s photoionization, was estimated as the energy
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w
c
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(M)
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0 . . . . . ,
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Energy, eV

Fig. 10.4. F KLL Auger spectrum excited by Cu La X-rays from the polycrystalline
NaF sample [54]
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difference between the highest occupied MO level having a F-2p contribution,
and the lowest-unoccupied MO level having a F-3s contribution. To obtain
AFE, the non-relativistic DV-Xa cluster MO calculations were performed using
numerical basis functions and the self-consistent charge scheme [12]. A near-
minimal basis set (1s-3s for F, 1s-3d for Mg and Na, 1s—4p for Co, Ni, and
Zn atoms, respectively) was used, with the model clusters NagF®t with Oy,
symmetry and M3F5* with Cy, symmetry, where M represents Mg, Co, Ni,
and Zn [54].
Within the ROR model, the probability of the ROR process is [46]

a(h/27)*

) (10.10)
(AE)? + (h/27)

Pror ~

where a is a constant, and 7 ~ 2.4 x 10713 5 is the lifetime of the F-1s vacancy,
i.e., Pror ~ 1/(AE)2. This means that the ratio between the intensity Ip; of
the M satellite peak and the intensity 4 of the main diagram line A in the
F KLL spectra, Ip;/I4 (see Fig. 10.4), should be proportional to (1/AE)?
if AE > h/27. For alkali fluorides, a very good linear correlation was found
between Iy;/I4 and (1/AE)? [46].

From the evaluation of our measured F K LL Auger spectra we arrived
at an interesting observation. Although the experimental errors are large,
the energy width (FWHM, full-width at half maximum) of the M satellite

CoF, i
ZnF, NiF

L1 %

MgF, i
L NeF g |

0 \ \ \ \
0 0.2 0.4 0.6 0.8 1

(/AE), eV

Fig. 10.5. Relative intensities Ips/Ia of the M satellite peaks as a function of
(1/AFE)?, where AE is the resonance energy obtained from the DV-Xa calcula-
tions [54]
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peak seems to be proportional to its relative intensity, Ins /14 (Fig. 10.5 and
Table 10.1 in [54]), and the measured energy widths for the different samples
differ by a factor of almost two [54]. This suggests that the intensity of the M
satellite line depends on the local density of electron states available for the
Auger transition, resulting in the M satellite.

Figures 10.5 and 10.6 show our experimentally derived relative intensity,
Ing /14, and the energy width (FWHM) of the satellite peak M as a function
of (1/AE)? [54]. Although the results in these figures suggest some corre-
lation between I;/I4 or the energy width and (1/AF)?, the existence of
a linear relationship for the rutile-type difluorides, which was obtained for
the monofluorides earlier [46], cannot be definitively proved. To decrease the
scatter of the data in Figs. 10.5-10.6, more accurate calculations with larger
cluster sizes, a reduction of the systematic errors in the evaluation of the ex-
perimental spectra, and probably a more detailed description of the resonant
process assumed to yield the M satellite line in the F K LL Auger spectra of
fluorides are needed.

In the case of polycrystalline KF, the energy separation of the M satellite
line from the main ! Dy line is much smaller and I; /L4 is much higher than for
other fluorides [46,54]. The multiplet structure of two holes in the valence band
of KF was calculated using the KgF®* cluster (initial state: KgF°T, final state:

11

10 - -

ZnF COF2 §

NiF

FWHM, eV

0 \ \ \ \
0 0.2 0.4 0.6 0.8 1

(1/AE), eV™

Fig. 10.6. Energy widths (FWHM) of the M satellite peaks as a function of
(1/AE)? where AE is the resonance energy obtained from the DV-Xa calcula-
tions [54]
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KgF™) in octahedral symmetry and with molecular orbitals in the ground
state as well as in the final state [54]. The multiplet structure calculations
were based on the configuration-interaction model [55]. In this calculation,
the correlation correction was not included; its inclusion would reduce the en-
ergy splitting. From the results of the multiplet structure calculations, the pre-
dicted splitting of the ! D state is negligible compared to the observed satellite-
main line energy separation [46]; therefore, the multiplet splitting is not ex-
pected to explain the origin of the M satellite in the F K LL spectrum of KF.

10.7 Information on Local Electronic Structure
and Correlation from Core-valence
Auger Lineshapes

The lineshapes of core-valence Auger spectra of solids can be determined on
the basis of the final-state rule, following the model of Ramaker [2]: in the
absence of significant configuration mixing (localization) and shake processes,
the initial state determines the relative [ or Il Auger intensities (where, for
example, [ = s or p); the shape of each component distribution is determined
by the final-state DOS. The experimental lineshapes A(FE) for the core-core-
valence (CCV) and for the core-valence-valence (CVV) Auger processes can
be described as

Acov(E) = Copl(B) + Cyp)(E) (10.11)

and

Acvv(E) = CssR3ps(E) @ ps(E)
+ CspRsRyps(E) ® pp(E) + CppR;z%Pp(E) ®pp(E), (10.12)

where ® denotes convolution integral, p;(p;) is the local LDOS (screened
DOS) of the final state without (with) a core hole, C;, C;; denote atomic Auger
intensities (Auger transition matrix elements) normalized per filled shell, and
the R; factors provide the ratio of local charges in the screened initial state
to that in the unscreened final state of the CVV process.

Correlation effects on CVV Auger lineshapes Acyy(F) can be approxi-
mated using the Cini-Sawatzky theory assuming on-site hole-hole interaction
and completely filled bands [56,57]:

p®p(E)

Acvv(E) ~ - AUI(E)]2 + [AUmp ® P'(E)]2

, (10.13)

where I(E) = [(p @ p(E)/(E — ¢€))de, and AU is the effective hole-hole
correlation parameter.

Interpreting lineshapes of core-valence Auger transitions of solids, we ap-
plied the semiempirical approach outlined above using atomic Auger transi-
tion matrix elements. To calculate the LDOS distribution, the DV-X« cluster
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molecular orbital method [12] was applied using the self-consistent charge
scheme. The LDOS was obtained by replacing the MO levels with energy
distribution functions of Lorentzian shape with fixed energy width.

10.7.1 Local Electronic Structures in Phosphorus Oxyanions

Our experimental P K LV spectra [4,5], obtained from polycrystalline NagPOy,
(NaPOg;),, and LisPO4 using Mo X-rays for excitation and a high-luminosity
electron spectrometer [17] based on a hemispherical analyzer, reflect the dom-
inance of the effect of the common 7y symmetry. Describing the P K LV line-
shapes, effects of the final state core holes were accounted for by performing
the POiJr Ty symmetry DV-Xa cluster molecular orbital calculations with the
corresponding final-state (Lq or La 3) vacancies [58]. A reasonably good agree-
ment between the experimental and calculated spectra demonstrates that by
using LDOS from our MO cluster calculations and atomic Auger transition
probabilities, the main structure of the KLV Auger spectra of phosphates can
be explained [58]. The same applies to the case of the P LVV spectra of these
phosphorus oxyanions [4,59], where both the energy separation between the
two most intense (ss and pp) peaks and the lineshape of the highest-intensity
line are well-reproduced by our calculations [4, 59].

10.7.2 Core-valence K-Auger Spectra of Metallic Al

The Auger spectra of phosphates show strong group localization, therefore it
is interesting to see the case of a simple metal with high conductivity.

The experimental Mo X-rays excited Al KLV and KVV spectra [60] were
obtained from high purity polycrystalline Al samples using our home-built
electron spectrometer [17] based on a hemispherical analyzer, with the en-
ergy resolution of 0.4eV (KLV) and 2.0eV (KVV). High resolution Al valence
band XPS spectra were excited by monochromated Al Ka X-rays of 0.5¢eV
linewidth [61].

In the DV-Xa calculations Op symmetry and a cluster of 19 atoms was
used [60]. The final state core hole effects in the case of the KLV Auger peaks
were accounted for in two ways: by applying the Cini-Sawatzky model and the
ground state DOS, and performing the DV-Xa cluster calculations with the
corresponding final state (L or L) core hole, respectively [60]. Figures 10.7
and 10.8 show the comparison of the experimental and calculated Al KLV
and Al K Lo3V spectra, respectively, including both models. For obtaining the
experimental K L1V and K Lo3V Auger lineshapes, structures due to plasmon
losses were subtracted from the measured Al KLV spectra and corrections
for the inelastic background were made using the Shirley method [62]. The
calculated K L1V and K LosV Auger lineshapes show a good agreement with
the experimental spectra (Figs. 10.7 and 10.8) proving that the lineshapes
reflect the screened local DOS and that the Cini-Sawatzky model is a quite
good approximation for these cases [60]. It is clearly indicated in the spectra
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Fig. 10.7. Comparison of experimental and theoretical Al KL,V spectra [60].
(a) Experimental and Cini-Sawatzky model. (b) Experimental and cluster MO
model with a final-state L1 hole

that the difference in the K L1V and K Lo3V lineshapes is mainly due to the
increase of the contribution from the s type partial DOS in the case of the
KL,V spectrum.

According to the final-state rule, the CVV Auger and the valence-band
photoelectron spectra should reflect the ground-state DOS. In Fig. 10.9, the
high-resolution Al valence-band photoelectron spectrum [61] is shown, in com-
parison with the result of our DV-Xa cluster MO calculations (using the
photoionization cross-sections given by Scofield [63]). The agreement between
theory and experiment is quite good, proving the correctness of the ground-
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Fig. 10.8. Comparison of experimental and theoretical Al K L3V spectra [60].
(a) Experimental and Cini-Sawatzky model. (b) Experimental and cluster MO
model with a final-state La3 hole

state DOS obtained by the cluster MO calculations. Figure 10.10 shows the
experimental Al KVV spectrum in comparison with our theoretical spectra
obtained from the cluster model calculations.

The results demonstrate that the cluster MO model describes the CVV
lineshapes quite well in Al, and no correlation effects can be identified in
the spectra. From further cluster MO calculations, it became clear that the
strong effect of the oxygen chemisorption on the Al KVV spectra, which was
observable even at normal emission, was due to the contribution of the O-2p
level [4,64].
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Fig. 10.10. The experimental KVV Auger spectrum of polycrystalline Al (cor-
rected for inelastic background but adding the contribution from plasmon losses)

compared to the results obtained by the DV-Xa cluster MO model [60]

10.7.3 Local Electronic Structure in AI-Ni Alloys

Studying alloy effects on the local electronic environment and on atomic tran-
sitions in alloys is very important for understanding of electronic properties
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of these materials. Investigations of the electronic structure of 3d transition
metal-simple metal binary alloy systems, such as Al—Ni alloys, provide in-
teresting information on Ni-d band filling and the strength of hybridization
effects. Furthermore, these studies are relevant to clarify issues like the appli-
cability of the final-state rule [65] for the interpretation of the Al core-valence
Auger lineshapes in the case of AI—Ni alloys, and the effect of the transition-
energy dependence of the Auger matrix ele ments on Al K-Auger spectra [66].

Al K Lo3V Auger spectra of AINiz and Al3Ni polycrystalline alloy samples,
induced by Mo X-rays, were obtained using a home-built, high luminosity
electron spectrometer [17], based on a hemispherical analyzer, with an energy
resolution of 0.4eV [67]. Valence band monochromated Al Ka XPS spectra
were measured by a SCIENTA ESCA-300 spectrometer with a spectrometer
resolution of 0.4 eV [67].

To derive DOS and LDOS distributions, the DV-Xa cluster molecular
orbital calculations [12] were performed using the experimental lattice con-
stants [23,24], a 14-atom cluster and cubic Oy, symmetry for AlNis, a 16-atom
cluster and orthorhombic DOsq structure for Al3Ni, with the outermost or-
bitals Al-3d and Ni-4p [67]. The DOS profile was computed by replacing each
discrete energy level by a Lorentzian of 0.8 eV in width, weighted by the degen-
eracy of the orbitals. In the case of Al K Lo3V spectra, an additional broaden-
ing of 0.9V, due to the Al-1s and Al-2p energy widths [68], the contribution
of the finite energy resolution and of the phonon broadening [69], was taken
into account. To obtain the model XPS spectra, the atomic components of
the DOS were weighted by the corresponding photoionization cross-sections
as presented by Scofield [63]. The Al K Lo3V Auger lineshapes were derived
using the calculated LDOS with a final-state Log core hole and the final-state
rule; for the ratio of the Al K Lozs and Al K Lagp Auger transition matrix
elements, the atomic value of 0.25 [70] was used [67].

In Fig. 10.11, the comparison of the measured and calculated valence band
XPS spectra can be seen, showing a satisfactory agreement between theory
and experiment regarding the bandwidths and proving the correctness of the
calculated ground-state DOS and the model applied for simulation of the
valence-band photoelectron spectra [67]. Figure 10.11 indicates that with in-
creasing dilution of nickel in aluminum, the dominating Ni-3d bands become
narrower and pull away from the Fermi level [71,72], while the d° corre-
lation satellites (at about —9€V) disappear, due to the filling of the Ni-3d
band [73]. For Al3Ni, our calculations predict the energy position of the maxi-
mum correctly, in agreement with experiment and with recent band-structure
calculations [74], while for AlsNi, this maximum is shifted by 0.5eV towards
the higher binding energy compared to experiment (Fig. 10.11a). The dom-
inating Ni-d contributions have different ratios in the two alloys. From our
calculations, in the case of Al3Ni, the total number of electrons around the
Fermi level is in better agreement with the experimental value than the the-
oretical value reported earlier [67]. Our results suggest the presence of strong
hybridization effects.
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Figure 10.12 shows the comparison of the calculated Al K Loz in compar-
ison with the measured spectra, indicating the domination of the p density
around the site with a core hole. The Al p/s ratios of the contributions to the
K Ly3V spectra are 3.4 and 3.9 for Al3Ni, and AlNis, respectively [67]. The
very similar shape of the K L3V Auger peaks in the two alloys suggest weak
electron—electron interaction. Due to hybridization effects, the Al DOS and
the Ni-d energy position is reduced in the alloys relative to the case of the
metal, causing a small energy shift.
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Comparing the calculated Al K LogV Auger spectra obtained for alloys to
the spectra obtained for metallic Al [60], a difference occurs in the s PDOS,
as it is pulled away from the Fermi level with increasing Al content. For AlNis
(Fig. 10.12b) the calculated lineshape agrees well with experiment, correctly
giving the position of the maximum and the width of the energy distribution
and the energy position and the relative intensity of the contributions from
the s PDOS. The calculation also reproduces the slight decrease in the p
PDOS as a consequence of the Ni-d—Al-p hybridization, causing a shoulder at
the low- and high-kinetic-energy part of the spectrum. In the case of Al3Ni,
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the calculation describes well the position of the maximum and the position
of the shoulder due to the s PDOS; however, it gives a somewhat lower energy
width compared to experiment, and it cannot account for the shoulder at the
higher kinetic energy side [67]. From the results, the energy-dependence of the
KLV Auger matrix elements seems to be negligible.

10.8 Summary

The power and advantages of the cluster approximation and the DV-Xa clus-
ter molecular orbital model have been demonstrated through a series of recent
studies. These advantages include the interpretation of photoinduced Auger
spectra, the extraction of information on the electronic structure of solids
from these spectra, the determination of local charges in binary alloys, the
description of core-hole-induced excitations in 3d transition metals as well
as relaxation/polarization effects, and the characterization of local electronic
structure in oxyanions, metals, and alloys.
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Index

K@/Ka ratio
X-ray 179,182
a (Exchange-correlation parameter)
126
6 phase 34,36

Ab initio 104

Absorption
X-ray 164,167,171

Acceptor 115

Adiabatic limits 193

AlgNi  213-217, 231-233

Alloy design 23, 30, 32, 41
Bo—Md diagram 30, 32-37
New PHACOMP 30
PHACOMP 30

Alloying element 25

Alloying elements 24

Alloying parameter 25,27
Alloying vector 30, 33
Atomic radius 25, 27
Bond order 26, 40
d-orbital energy level 25
Electron vacancy number 27, 30
Electronegativity 25,27
Electrons-per-atom ratio 27

AIN 112

AlNiz 213-217,231-233

Antibonding 5

Antibonding state 11

Antiferromagnetic state 121

AuCls 147

Auger Electron Spectroscopy (AES)

87,92, 189

Auger parameter, initial-state 213
Final-state 212,215

Auger process 209, 210, 226
Chemical effects 219
Matrix element 231, 234
Solid state effects 209, 211, 220, 222
Transition energy 210
Transition probability 210

Auger spectroscopy 209-211, 222
Lineshape 211, 213, 226, 227, 231
Multiplet structure 222,225, 226
Satellite 211, 219, 222, 223

BaTiOs 108
Bond order ratio 42
Bond overlap population 51
F63C 56
Fe/TiC 71,72
Fe/TiX (X = C, N, O) 73
Transition metal (TM)/MgO 80
Transition metal (TM)/TiX (X = C,
N, O) 80
Transition metal carbides 63
Bond-overlap population (BOP) 94
Bonding 5
Bonding state 11
Boron nitride 93
Bulk modulus 104

Ceramic 85

Charge transfer 15
Charge-transfer effect 190
Chemical bonding 50
Chemical effect



238 Index

X-ray 178
Cluster Molecular Orbital calculation
220, 222, 227, 231
Spin polarized 216
Cluster size 198
CoFy 223
Configuration interaction (CI) 132
Configuration-dependent correction
(CDC) 135
Core-hole state 90
Correlation correction 136
Coster—Kronig transition 192
Covalent bonding 13,15
Covalent interaction 5
Crystal structure 37
Structure map 23, 37
Cu oxides 121
CuPd 213,214
Curie temperature 113

Dangling Bond 95
Density of states (DOS)

CO3C 62
Cr7 Cg 61
Cr/MgO 79

Cr/TiX X=C,N,0) 77
FesC 54,55
Fe/MgO 79
Fe/TiX (X=C,N,0) 75
MngC 61
NisC 63
Solute atom in FesC 56
Ni/MgO 79
Ni/TiX (X =C,N,0) 78
TiX (X=C,N,0) 69
Diamond 93
Dielectric constant 102
Dipole matrix element 166, 168,
171-173
Discrete variational multielectron
(DV-ME) method 133
Discrete variational Xa (DV-Xa)

method 6,7
Displacement 97
Dopant 94
Doping 93

Double group 149

DV integration method 164,172,173

Electric Polarization 105
Electric susceptibility 105
Electric-dipole transition 137
Electron nuclear double-resonance
(ENDOR) 98
Electron paramagnetic resonance (EPR)
98, 101
Electron spin resonance (ESR) 98
Emerald 129
Emission
X-ray 164,166, 170,171
Energy gap
Antiferromagnetic state 126
Exchange-correlation potential 7
Excited atom model 217, 220

Final state rule 226, 228, 231
Functional material 23
Hydrogen storage alloy 23, 37, 38,
40-42
Proton conducting oxide 44

Gaussian 104
GIC 147
Green’s function 190

Highest occupied MO (HOMO) 20
Hybridization 211, 214, 216, 231-233
Hydrogen clusters 121

Interatomic transitions
X-ray 177

Intermetallic compound 37

Tonic crystal 86,91

Jahn—Tellar 97
K5NiFy structure 125

Lattice parameter 105
LCAO 3-5,10
LDOS 212,226, 227, 231
Level-crossing 196
LisPOy 227
Ligand-field theory 131
Local electronic structure
226, 227, 230, 234
Lowest unoccupied MO (LUMO) 20

209, 211,

Madelung Potential 91,104, 125



Magnetic moments 100
Antiferromagnetic state 125
MgF, 223
MgO 105
MnO, 112
Model cluster
FesC 53
Fe/TiX (X =C, N, O) 67
TiX (X=C,N,0) 67
Molecular dynamics 86
Mulliken 100, 115
Mulliken population analysis 4, 18
Multiplet 129

Na3P04 227
NaCl 105
NaF 105, 223
(NaPOs3), 227
Nb2Os 112
Net charge 5
F63C 57
Fe/TiX (X=C,N,0) 74
Ni metal 220
NiFy 223
Numerical atomic orbital 6
Numerical integration 7

Orbital population 5,14, 18, 19, 50
Ordering energy parameter 42
Overlap integral 4, 11
Overlap population 5,14, 15, 50
Overlap population diagram
COgC 62
Cr;Cs 61
Cr/MgO 79
Cr/TiX (X=C,N,0) 77
FesC 55
Fe/MgO 79
Fe/TiX (X=C,N,0) 75
Mn30 61
NisC 63
Ni/MgO 79
Ni/TiX (X =C,N,0) 78
Solute atom in FegC 58, 59
TiX (X=C,N,0) 69
Oxygen vacancies 116

Pb(Zr,Ti,_,)Os (PZT) 112
PDOS 233,234

Index 239

Perovskite 108
Perovskite-type oxide 44
Perturbation theory 194
Phase stability 23

¢ ferrite 35

6 ferrite 34

~' phase 31

o phase 30

TCP phases 30
Point defect 93
Polarization 209, 217, 234
Population analysis 50

Relativistic effect 147

Relaxation 93,209, 212, 217-219, 222,
223,234

Resonance and overlap integrals 4

Resonance energy 223-225

Resonance integral 4,12

Resonant orbital rearrangement (ROR)
222,223

Ruby 129

Rutile 108

SCF 19,20
Screening of nuclear charge 147
Secular equation 4,9
Secular equation and overlap integrals
3
Self-consistent field (SCF) iteration 18
Shake-off 196
Shake-up 202
SnO2 108
Spin structure 121
Spin-flip 204
Spin-orbit interaction 147
Spin-polarized calculations 123
SrTiOs 108
SrZrOs 108
Structural material 23
Aluminum alloy 23
High-Cr ferritic steel 23, 33, 36
Magnesium alloy 23
Ni-based superalloy 23, 29, 36
Titanium alloy 23
Structural Relaxation 97
Structural relaxation 101
Sudden limit 194
Sum rule 204



240 Index

Super-hyperfine coupling 101
Super-hyperfine interaction 86
Super-hyperfine tensors
Superlattice 103
Superlattices 111

Symmetry 95

98

Symmetry-reduction approach

Tanabe-Sugano diagram
Tight binding 106, 112

TiO2 108

Total Energy 105

Transition metal carbides

Transition state

Well potential

90, 174
123, 124

131

64

132

X-ray 163

X-ray absorption fine-structure (XAFS)
189

X-ray absorption near-edge structure
(XANES) 189

X-ray fluorescence spectroscopy (XRF)
189

X-ray photoelectron Spectroscopy
(XPS, ESCA) 88,189

Zaanen—Sawatzky—Allen 204
Zinc Oxide (ZnO) 89
ZnF, 223

ZnO 112
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