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Preface

Metal oxides having the cubic (or nearly cubic), ABOj3 perovskite structure consti-
tute a wide class of compounds that display an amazing variety of interesting prop-
erties. The perovskite family encompasses insulators, piezoelectrics, ferroelectrics,
metals, semiconductors, magnetic, and superconducting materials. So broad and
varied is this class of materials that a comprehensive treatise is virtually impossible
and certainly beyond the scope of this introductory text. In this book we treat
only those materials that possess electronic states described by energy band the-
ory. However, a chapter is devoted to the quasiparticle-like excitations observed in
high-temperature superconducting metal oxides. Although principally dealing with
the cubic perovskites, tetragonal distortions and octahedral tilting are discussed in
the text. Strong electron correlation theories appropriate for the magnetic proper-
ties of the perovskites are not discussed. Discussions of the role of strong electron
correlation are frequent in the text, but the development of the many-electron the-
ory crucial for magnetic insulators and high-temperature superconductors is not
included.

This book is primarily intended as an introductory textbook. The purpose is
to provide the reader with a qualitative understanding of the physics and chem-
istry that underlies the properties of “d-band” perovskites. It employs simple linear
combinations of atomic orbitals (LCAQO) models to describe perovskite materials
that possess energy bands derived primarily from the d orbitals of the metal ions
and the p orbitals of the oxygen ions. The results are usually obtained analytically
with relatively simple mathematical tools and are compared with experimental data
whenever possible.

The book is considered appropriate for science and electrical engineering grad-
uate students and advanced undergraduate seniors. It may be used as a primary
text for short courses or specialized topic seminars or it can serve as an auxiliary
text for courses in quantum mechanics, solid-state physics, solid-state chemistry,
materials science, or group theory. The reader will need a basic understanding of
quantum mechanics, and should have had an introductory course in solid-state
physics or solid-state chemistry. Knowledge of group theory is not required, but
some understanding of the role of symmetry in quantum mechanics would be help-
ful. The material covered is considered a prerequisite for understanding the results
of more complex models and numerical energy band calculations. Research scien-
tists seeking a qualitative understanding of the electronic and optical properties of
the perovskites will also find this book useful.

The theoretical results are derived in sufficient detail to allow a typical reader
with a calculus background to reproduce the formulae and derive independent re-
sults. Because most of the results are presented in analytic form, the relationships
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among the physical variables are transparent and can easily be understood and ex-
plored. Using these analytical results the reader can obtain numerical results for the
electronic, optical, and surface properties of specific materials using nothing more
sophisticated than a programmable hand calculator or a desk computer equipped
with MS QuickBasic® software.

Many of the topics discussed in the book were originally published by the
authors in research papers and were formulated in terms of Green’s functions. In
order to keep the material in this book as simple as possible the same results are
obtained here by more rudimentary mathematical methods.

For the most part our understanding of the properties of metals is derived from
various versions of the free-electron model (often with imposed periodic boundary
conditions). The simplicity of this model does not diminish its applicability, and in
many instances, particularly in the case of BCS (Bardeen—Cooper—Schrieffer) su-
perconductors, the results obtained are quantitatively correct. Of equal importance
is the pedagogical utility of the free-electron model, which permits scientists and
students alike to make simple calculations and to develop scientific concepts and a
useful intuition about the electronic and optical phenomena of metals.

In the case of compounds whose properties are dominated by the atomic or-
bitals of the constituent ions, the free-electron model is not particularly useful.
For compounds such as the perovskites the physical and chemical properties are
largely dependent upon the crystalline structure and the symmetry of the atomic
orbitals involved in the valence bands and the bands near the Fermi level. The
purpose of this book is to provide a relatively simple but complete description of
the d-band perovskites based on atomic-like orbitals. Models of this type were de-
veloped many years ago by chemists and physicists alike using LCAO and other
similar localized-orbital approaches. Later, such models were “put on the shelf”
as theoretical solid-state physicists moved almost exclusively into the realm of
momentum-space theories. Indeed, for some time it could be said with justifica-
tion that solid-state physicists were the Fourier transform of solid-state chemists.

With the recent discovery of high-temperature superconductivity (HTSC) in
the cuprate compounds interest in the science of the transition metal oxides has
grown enormously. Interestingly, solid-state theorists have returned to real-space
theories to look for an understanding of these materials. It is somewhat ironic that
the original migration to E—space was driven, to a large degree, by the success
of the BCS theory in explaining (low-temperature) superconductivity in terms of
a free-electron model. Now, HTSC is leading solid-state physicists back to real-
space approaches. Not withstanding the extreme importance of strong electron
correlations, renormalization effects, holons, and spinons, HT'SC experimental data
are most often discussed in terms of local atomic-like orbitals, the symmetry of the
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orbitals and the interactions between them. That is, the data are discussed in the
jargon characteristic of LCAO models.

Although high-temperature superconductors are not, strictly speaking, per-
ovskites, they share many structural and electronic features in common with the
perovskites. For that reason we have included a chapter on the low-lying quasipar-
ticle bands of these exciting, new materials.
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Introductory discussion of the perovskites

1.1 Introduction

The mineral CaTiOg was discovered in the Ural Mountains by geologist Gustav Rose
in 1839 and given the name perovskite in honor of the eminent Russian mineralogist,
Count Lev Alexevich von Perovski. The name perovskite is now used to refer to any
member of a very large family of compounds that has the formula ABC3 and for
which the B ion is surrounded by an octahedron of C ions. Perovskites (MgSiO3
and FeSiOj3) are the most abundant compounds in the Earth’s crust.

The compounds with the formula ABOg3, with O = oxygen and B = a transition
metal ion, are a subclass of the transition metal oxides that belong to the perovskite
family. Table 1.1 provides a brief list of some well-studied ABO3 perovskites. Many
of the perovskites are cubic or nearly cubic, but they often undergo one or more
structural phase transitions, particularly at low temperatures.

The perovskite oxides are extremely interesting because of the enormous va-
riety of solid-state phenomena they exhibit. These materials include insulators,
semiconductors, metals, and superconductors. Some have delocalized energy-band
states, some have localized electrons, and others display transitions between these

Table 1.1. Some perovskite and related ozides.

Insulating Metallic Magnetic Superconducting
SrTiO3z(n-type)

WO3 R603 PbCI‘Og NawWO;g (t)
NaTaO;; NaW03 LaCr03 KxWO?, (t)
SI‘TiOg KM003 CaMnO;; KIWO,?, (h)
BaTiO3 SrNbOs LaMnOg Rb,WO3 (h)
KTaO; LaTiO3 LaCoOs3 Cs, WO3 (h)
Lle03 LaW03 LaFeOg LIIWO;), (h)
t = tetragonal, h =hexagonal



2 Introductory discussion of the perovskites

two types of behavior. Many of the perovskites are magnetically ordered and a large
variety of magnetic structures can be found.

The electronic properties of the perovskites can be altered in a controlled man-
ner by substitution of ions into the A or B sites, or by departures from ideal stoi-
chiometry.

The electronic energy bands of the perovskites are very unusual in that they
exhibit two-dimensional behavior that leads to unique structure in properties such
as the density of states, Fermi surface, dielectric function, phonon spectra and the
photoemission spectra.

The perovskites are also important in numerous technological areas. They are
employed in photochromic, electrochromic, and image storage devices. Their ferro-
electric and piezoelectric properties are utilized in other device applications includ-
ing switching, filtering, and surface acoustic wave signal processing.

Many of the perovskites are catalytically active. Development of perovskite
catalyst systems for the oxidation of carbon monoxide and hydrocarbons, and the
reduction of the oxides of nitrogen have been proposed. The perovskites are also
employed in electrochemical applications including the photoelectrolysis of water
to produce hydrogen.

Scientific studies of the perovskites date back many years. The physical prop-
erties of the tungsten bronzes were investigated as early as 1823 [1]. However, it is
only in recent years that experimental and theoretical information on the electronic
structure has begun to become available. Energy band calculations [2], neutron
diffraction and inelastic scattering data [3], photoemission spectra [4], optical spec-
tra [5], and transport data [6] are now available for materials such as ReO3, WOsg,
NaWO3, SrTiO3, BaTiO3z, KMoO3, KTaO3, LaMnOgs, LaCoQOgs, and a variety of
other perovskites.

Surface studies of single-crystal perovskites have been performed using pho-
toelectron spectroscopies that indicate that the surface properties are extremely
complex and interesting [7].

In this chapter we present brief discussions of some of the properties of the
perovskite oxides. The discussions are qualitative and intended only to give the
reader a general impression of the types of factors that must be considered. More
quantitative discussions are given in later chapters.

In Section 1.2 we describe the structural features of the perovskites. Sections
1.3 through 1.6 give a qualitative discussion of the electronic states starting from a
simple ionic model and then adding ligand field, covalency, and band effects. Section
1.7 deals briefly with localized d-electron states and why many perovskites do not
have conventional energy bands. In Section 1.8 we touch upon the multiplet config-
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urations of localized d electrons and their role in determining the magnetic prop-
erties. In Section 1.9 we discuss briefly superconductivity among the perovskites.
The last section, 1.10, is a summary of some of the technological applications of
the perovskites.

1.2 The perovskite structure

The formula unit for the cubic perovskite oxides is ABO3 where A and B are metal
cations and O indicates an oxygen anion. The structure, illustrated in Fig. 1.1, is
simple cubic (O}, Pm3m) with five atoms per unit cell. The lattice constant, 2a, is
close to 4 A for most of the perovskite oxides.

Figure 1.1. The crystal structure of perovskite oxides with ABO3s formula unit.

The B cation is a transition metal ion such as Ti, Ni, Fe, Co, or Mn. It is
located at the center of an octahedron of oxygen anions. The B site has the full
cubic (Oy) point group symmetry. The A cation may be a monovalent, divalent,
or trivalent metal ion such as K, Na, Li; Sr, Ba, Ca; or La, Pr, Nd. The A ion is
surrounded by 12 equidistant oxygen ions. The A site also has the point group Oy,.
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The oxygen ions are not at sites of cubic point group symmetry. Focusing
attention on the oxygen ion marked with an “X” in Fig. 1.1 it may be seen that
the site symmetry is Dyp,. The B-O axis is a fourfold axis of symmetry and there
are several reflection planes; the yz-plane and planes passing through the edges
containing A sites. The transition metal ion (B site) will experience a cubic ligand
field that lifts the fivefold degeneracy of the d-orbital energies. The oxygen ions
experience an axial ligand field that splits the 2p-orbital energies into two groups.
These splittings are described in the next section.

Well-known examples of cubic perovskites are SrTiO3z, KTaOs, and BaTiO3
(above the ferroelectric transition temperature). Many of the perovskites that we
shall want to include in our discussions are slightly distorted from the ideal cubic
structure. If the distortions are moderate the general features are not significantly
different from those of the cubic materials. BaTiO3z and SrTiO3 both have structural
transitions to a tetragonal symmetry at certain critical temperatures. Tetragonal
and orthorhombic distortions are very common among the perovskites.

Another class of compounds that we include in our discussions are the pseudo-
perovskites with the formula unit BO3. Such compounds have the perovskite struc-
ture except that the A sites are empty. Examples of pseudo-perovskites are ReOgs
and WOs;.

It is possible to form an intermediate class of perovskites from WOj3 by adding
alkali ions to the empty A sites. These compounds, known as the tungsten bronzes,
have the formula unit A, WO3 where x varies from 0 to 1 and A is H, Li, Na, K, Rb,
or Cs. The structure is often dependent upon the value of x. WOj3 is tetragonally
distorted but becomes cubic for x > 0.5. NaWOQs3 is cubic.

In our discussions we shall also include substituted or mixed compounds of the
form (A} A% ,)(BiBi_,)O3 and oxygen-deficient perovskites, ABO3_,. Including
distorted, substituted, and non-stoichiometric compounds, the class of materials
under consideration is very large. Within this broad class, examples may be found
that display almost any solid-state phenomena known.

1.3 Ionic model

The perovskite oxides are highly ionic, but they also possess a significant covalent
character. The ionic model is an oversimplified picture but it serves well as a starting
point for thinking about the electronic properties. The ionic model assumes that the
A and B cations lose electrons to the oxygen anions in sufficient numbers to produce
02~ ions. The usual chemical valence is assumed for the A cations; K+, Ca?*t, and
La3*, for example. The ionic state of the transition metal ion is determined by
charge neutrality. If the charge of the B ion is denoted by ¢g and that of the A ion
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Table 1.2. Cations commonly found in perovskite-type oxides. In parentheses is
the coordination number, Z, if the radii given are not for 12 coordination; HS and
SL refer to high spin and low spin, respectively. The effective ionic radii (in A) are
from Shannon [8].

Dodecahedral A site (Z =12) Octahedral B site (Z =6)
Ton Electrons  Radius Ton Electrons  Radius
Nat 2p° 1.39 Lit 152 0.76
K™ 3p® 1.64 Cu?* 3d° 0.73
Rb™ 40 1.72 Mg+ 2p° 0.72
Agt 2410 1.28 (8) Zn*t 3d'° 0.74
Ca?t  3pS 1.34 Ti3+ 3d* 0.67
Sr2+ 490 1.44 V3t 3d? 0.64
Ba?t  5pf 1.61 Cr3+ 3d° 0.615
Pb%t  6s? 1.49 Mn?t(LS)  3d* 0.58
La3t  44% 1.36 Mn?t(HS)  3d* 0.645
Pt 4f? 1.18 (8) Fe3*(LS) 3d° 0.55
Nd3+ 43 1.27 Fe3* (HS) 3d° 0.645
Bi3t 652 1.17 (8) Co3*(LS) 3d° 0.5456
Cett  5pf 1.14 Co3t(HS)  3d° 0.61
Th*t  6p° 1.21 Ni?*(LS) 3d” 0.56
Ni®* (HS) 3d” 0.60
Rh3* 4d° 0.665
Ti4* 3p° 0.605
Mn*+ 3d® 0.53
Ru** 4d* 0.62
| 5d° 0.625
Nb>+ 4pS 0.64
TaSt 5p° 0.64
Mo®+ 4p© 0.59
WO+ 5p° 0.60

by ga then gg = 6 — ga where the three oxygen ions contribute the factor of 6. A
list of the common A ions and their valence states is given in Table 1.2.

Once the charge state of the B ion is determined the number of d electrons
remaining is determined from the atomic electronic configuration (Table 1.2). For
example, for SrTiO3 we have Sr?* and O?~ so that the titanium ion is Ti**. The
electronic configuration of neutral titanium atom is [Ar] 3d?4s2. To form Ti** the
outer four electrons are removed leaving the closed-shell Ar core [Ar]. Since 02~
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has the [Ne] configuration, all of the ions of Sr'TiO5 have closed-shell configurations.
The electronic configuration of W is [Xe] 5d*6s2. Thus in WO3 the W%t ion has
a closed-shell [Xe] core; however, for NaWO3 the W5 ion has a d! configuration.
The electronic configurations of relevant transition metal ions are given in Table
1.2.

According to the ionic model when all of the ions have closed-shell configura-
tions the material is an insulator. If the B ion retains d electrons then the perovskite
may be a metallic conductor depending on other factors to be discussed. NaWQOj3
or ReO3 each have d' configurations and are good metals. For compounds such
as Na,WOs3 it is assumed that there will be x d electrons per unit cell. That is,
the Na donates its electron and the W ions donate the remaining electrons needed
to form O%~ ions. One may imagine that there are (1 —z) WS+ and W' ions
distributed at random or on an ordered array or that each tungsten ion has an
average valence of W(6=#)*_ The proper picture can not be decided from the ionic
model but depends on other considerations. For Na, WO3 experiments show that
metallic d bands are formed so that we may picture an average valency of (6 — x)+.
However, among the perovskites examples of ordered and random arrays of mixed
valence B ions can also be found.

1.4 Madelung and electrostatic potentials

Starting from the ionic model, other important effects that determine the electronic
properties can be added. The ionic model described above would apply to isolated or
free ions. The ions are, of course, not isolated but interact in several different ways.
One such interaction is through the electrostatic fields due to the charges on the
ions. The most important electrostatic effect is the Madelung potential. The A and
B ions are surrounded by negatively charged oxygen ions. The electrons orbiting
these ions therefore experience repulsive electrostatic (Madelung) potentials. Con-
versely, the electrons orbiting the oxygen ions are surrounded by positively charged
cations and they experience an attractive Madelung potential. The “site Madelung
potentials” are defined as the electrostatic potentials at the different lattice sites
due to all of the other ions. For example, the Madelung potential at a B site located
at RB is

B *lqo| e®|qal e*|qp|
VM(R%) = =y =y — =y = — - = . (11)
%IR%—RO %m%_m 2. - it

Rp#RY

In (1.1), eqo, €qa, and eqp are the charges on the oxygen, A, and B ions, re-
spectively, and Ro, RA, and Rp are the vectors for the corresponding lattice sites.
The site Madelung potentials are very large for the perovskites because of the
large ionic charges. Typical Madelung potentials are 30-50¢eV for the B site. For
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A2+ B*T 02~ perovskites the (full ionic) site potentials [9] are: Viy(B) =+45.6eV,
Vm(A)=+4+19.9eV, and V31(0)=-23.8eV. A table of Madelung potentials can be
found in Appendix D.

The stability of the perovskite structure is largely due to the energies associated
with the Madelung potentials. The attractive potential at the oxygen sites allows
the oxygen ions to bind a pair of electrons. In effect the site potential adds to the
electron affinity of the oxygen ion. The affinity of O~ for the second electron is
actually positive. This means that the second electron would not be bound on a
free oxygen ion. O?~ is stable in the lattice because of the attractive site Madelung
potential. Conversely, a d electron is bound to a Ti** ion with an (ionization)
energy of —43eV. In the absence of the repulsive site Madelung potential, donation
of an electron from the Ti?* to an O~ ion in SrTiO3 would be energetically very
unfavorable. The site Madelung potential adds to the ionization energy so that the d
electron would have an effective binding energy of —43 +45.6 =+2.6eV (unbound)
for SrTiO3 with the full ionic charges.

Thus, it is seen that the Madelung potentials are responsible for the ionic
configurations.

An orbital centered on an ion has a finite radial extent so that an electron in
such an orbital would sample the electrostatic field over a distance comparable to
the ionic radius. In order to determine the complete effect of the electrostatic field
on the electron state we need to know the behavior of the field as a function of
position near each ion site. If we use the point ion model then,

2
e
v = -1l Ly )
™ — R
B *lqs] €®|qal ’lqo
V:as("?)__z |—»_R’|_Z|~_ﬁ|+2|~_ﬁ|' (1.2)
L L L

The potential near ﬁ% can be found by expanding Ves(7) in terms of spherical
harmonics centered at ﬁ%. The potential Vos(7) then takes the form of an electric
multipole expansion. The monopole term is just the site Madelung potential. Thus,
as we have described, the site Madelung potential produces a shift in the energy of
an electron localized on the site.

The higher-order multipoles (dipole, quadrupole, etc.) create an electrostatic
field (with the point group symmetry of the site) which leads to a lifting of the
orbital degeneracies. The effect of the cubic electrostatic field at the B ion site is to
split the fivefold degenerate d states into two groups as shown in Fig. 1.2(c). The
eg group is doubly degenerate corresponding to the d orbitals having wavefunctions
with angular symmetry (2% — y?)/r? and (322 — r?)/r2. The threefold degenerate
tag group corresponds to the states (zy/r?), (zz/r?), and (yz/r?).
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s (1) s (1)
O — ion
eq (2)
d (5)
lag (3)
A — ion T
Eq
p1 (2) l
Vo223
p) (1)
B — ion
(a) (b) (o)

Figure 1.2. Effect of the electrostatic potentials on the ion states: (a) free ions,
(b) Madelung potential, and (c) electrostatic splittings.

The oxygen 2p states are split by the axial electrostatic field into a doubly
degenerate level denoted by p; and a non-degenerate pj state. The notation py
and p| refer to 2p orbitals oriented perpendicular and parallel to a B-O axis,
respectively.

The lowest unoccupied state of the A ion is an s state. Its energy is shifted by
the monopole (Madelung potential) but unaffected by the other multipole terms
because it is a spatially non-degenerate function with spherical symmetry at a site
of cubic symmetry.

The particular level ordering shown in Fig. 1.2 may be understood by consid-
ering the orientation of orbitals relative to the charge distributions on neighboring
ions. The e, orbitals have lobes directed along the B-O axis and directly into the
negative charge clouds of oxygen ions. The ¢, orbitals have lobes pointed perpen-
dicular to the B-O axis between the negative oxygen ions. As a result the e, states
experience a greater repulsion than the t54 states and consequently lie at a higher
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energy. Similar reasoning suggests that the p| states lie below the p, states when
it is noted that B ion cores appear as positively charged centers.

In insulating perovskites such as SrTiOg the p states are completely filled while
the d states are completely empty. The energy difference, E,, between the ¢y, and
p. states is approximately equal to the energy gap. Metallic and semiconducting
materials have the d states partially filled. NaWOQO3 or ReO3 have a single electron
in a tg4 state.

In most but not all cases the energy bands involving the s state of the A ion
are at energies much higher than the primary valence and conduction bands of a
perovskite and therefore these bands are unoccupied. As a result the s state of
the A ion usually does not play any significant role in determining the electronic
properties. This is not to say that the A ion is not important. The electrostatic
potentials of the A ions have a strong influence on the energy of the p—d valence
and conduction bands. Furthermore, the size of the A ion is a significant factor in
determining whether the crystal structure is distorted from the ideal cubic form.
Nevertheless, given a particular perovskite structure and the effective electrostatic
potentials acting on the B and O sites, the orbitals of the A ion may usually be
omitted from electronic structure calculations. This leads to a major conceptual
simplification because the electronic properties of the perovskites may be regarded
as arising solely from the BOgs part of the ABOg structure. This implies, for exam-
ple, that the electronic structure of BaTiOs and SrTiOg should be essentially the
same. According to the same reasoning the electronic structure of Na, WO3 should
be independent of x. This does not mean that the properties are the same, but only
that the available electronic states are the same. Obviously, the properties of WOj3
are completely different from those of NaWOs; the former is an insulator and the
latter is a metal. However, as a first approximation the only effect of the sodium is
to donate electrons which occupy the ¢, states of the tungsten ion.

1.5 Covalent mixing

In addition to electrostatic interactions, the ions can interact because of the overlap
of the electron wavefunctions. This leads to hybridization between the p and d
orbitals and the formation of covalent bonds between the transition metal ions and
the oxygen ions. It is frequently assumed that the covalent mixing in insulating
materials such as SrTiOg is negligible. This is not correct. Nearly all of the physical
and chemical properties of the perovskites are significantly affected by covalency.

To understand covalent mixing we consider a cluster of atoms consisting of a
transition metal ion and its octahedron of oxygen ions. The wavefunctions of the
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cluster can be written in the form:

V) =3 040 () + D00 (7 - By), (1.3)
« R‘7 B

where (™ (7) is the cluster wavefunction for the nth eigenstate. pg, (7) is a d orbital
on the B ion of a-type (o = 2y, 2, .. ., etc.) and @,5(F — ﬁl) is a p orbital centered
at an oxygen ion located at R; of the SBth-type (8 =z, y, or z). The coefficients
a&n) and bl(-g) are constants which specify the amplitudes of the different orbitals
which compose the nth eigenstate.
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Figure 1.3. Overlap between cation d orbitals and anion p orbitals. (a) Sigma overlap
and (b) pi overlap.

For the ionic model the wavefunctions are either pure d orbital (bgg) =0) or
pure p orbital (a&") = 0). For the cluster the wavefunctions are still predominantly
d or p orbital in character but there is a significant covalent mixing between the two
(both bgg) and al" # 0). The mixing comes about because of the overlap between
d orbitals centered on the cation and the p orbitals on neighboring oxygen ions.
There are two types of p—d overlap. The first is overlap between the d orbitals of
the e, type with p orbitals of the p) type. This overlap is called “sigma” overlap.
The second type, “pi” overlap occurs between ty4-type d orbitals and p, orbitals.
These two types of overlap are illustrated in Fig. 1.3. The overlap between ¢y, and
p| orbitals or between e, and p, orbitals vanishes by symmetry. If only the p and
d orbitals are considered then there are 23 cluster states for a transition metal ion
and the octahedron of oxygen ions. These 23 cluster states arise from admixtures
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Figure 1.4. (a) BOg cluster and (b) the cluster levels. The dashed levels are for the
electrostatic model. Acs is the electrostatic splitting.

of the 23 basis states; 5 d orbitals and 18 p orbitals, three on each of the six oxygen
ions.

The cluster energy levels [10] are illustrated in Fig. 1.4. The labels given to
the cluster energy levels indicate the group theoretical irreducible representations
to which the wavefunctions belong. The prefix numbers are used to distinguish
different levels which have the same symmetry properties. The degeneracies of the
levels are indicated by the numbers in parentheses.

It is noted that the cation d orbitals are still split into the e, and 24 groups.
These, so-called “ligand-field states” differ from those of the electrostatic model
(Fig. 1.2) in two significant ways. First, the wavefunctions are no longer just d
orbitals. They are admixtures of p and d orbitals. A second difference is that the
splitting between the e, and tp, groups is much larger than for the electrostatic
model. The cluster ligand-field splitting denoted by 10Dq is due to both electrostatic
and covalent effects. The covalent contribution to 10Dgq is usually much larger than
the electrostatic contribution, Ags. Typically 10Dgq is 2-3 eV in magnitude.

The ligand-field states, 3e, and 2¢54, have wavefunctions in which the d orbitals
combine out-of-phase with the p orbitals. The interference between the orbitals leads
to a depletion of charge between the B and O ions. For this reason these states are
called antibonding states. Bonding states are formed from in-phase combinations
of the d and p orbitals. These states have wavefunctions that correspond to an
accumulation of charge between the B and O ions. The bonding states are the 2e,
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and 1tag levels (shown in Fig. 1.4). These states have hybridized wavefunctions,
typically 70% p orbital and 30% d orbital. The percentage d-orbital admixture is a
measure of the covalent bonding.

The remaining cluster levels have wavefunctions that are combinations of p
orbitals located on the six oxygen ions. They do not hybridize with the d orbitals
and therefore they do not contribute to the metal-oxygen bonding. Such states are
called non-bonding states. Wavefunctions of the three types of cluster states are
illustrated in Fig. 1.5.
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Figure 1.5. Cluster states: (a) antibonding, (b) bonding, and (c) non-bonding.

It is important to note that electrons occupy d orbitals on the cation even when
the 3e, and 2ty4 levels are unoccupied. This is because of the covalent mixing of the
d orbitals into the filled valence states below the 2¢s, level. This covalency effect
is significant even for “ionic” insulators such as SrTiOg. The ionic model implies
that the titanium ion is Ti** with a d° configuration. Cluster models would give
an effective valence such as Ti**(d').

1.6 Energy bands

In the preceding section we considered a cluster model for the perovskites in which
the transition metal ion interacts with the nearest-neighbor oxygen ions. The co-
valent mixing between the cation and anion wavefunctions leads to a partial oc-
cupation of d orbitals which, in the ionic model, were empty. A mechanistic in-
terpretation of the covalent mixing is that the overlap between cation and anion
wavefunctions provides a means of transferring electrons back and forth between
the ions. Clearly, for an extended crystal structure the same mechanism will al-
low electrons to be shared between cations in adjacent clusters. Each oxygen of a
given cluster is shared by adjacent cations. Cations can interact with each other
through the intervening oxygen ion. An electron on a cation may be transferred
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to the oxygen ion and then from the oxygen ion to the second cation. When such
processes occur the electrons become delocalized and electron energy bands are
formed. It is important to note that the formation of d-electron bands requires two
independent electron transfer processes. The delocalization of d electrons therefore
is second order in the p—d overlap (or the probability of p to d electron transfer).
This is quite different from a typical monatomic metal where delocalization is first
order in the atomic overlap. For cubic perovskites the cation—cation separation is
nearly 4 A. This is too large for a significant direct overlap between cation orbitals
and therefore band formation occurs by transfer of electrons between cations and
anions whose separation is only about 2 A.

In considering the energy bands of a perovskite it is appropriate to divide the
crystal into unit cells each with the formula unit ABOgs. (The unit cell is shown
in Fig. 1.1.) As discussed previously, the s states of the A ion can be neglected.
Therefore, there will be 14 energy bands corresponding to the five d orbitals
and nine p orbitals of each unit cell. The wavefunctions of the band states are
characterized by a wavevector k and are of the form

V(@) =3 aalk) PR ao(F— R+ > S ba(R) €5 B o5(7 — R,). (1.4)
By © B, B

In (1.4), aq (k) eifRa and b (k) eFRo are respectively the amplitudes of the d and
p orbitals of symmetries o and 3 located at the lattice sites Ry and R,,.

An energy band diagram for a typical perovskite is shown in Fig. 1.6 for a
model which includes only the interactions between nearest-neighbor ions [11]. For
this simple model the energy bands divide into a set of sigma bands and a set of pi
bands. The sigma bands involve only the e, d orbitals and the p; oxygen orbitals.
The pi bands involve only the t54 d orbitals and the p; oxygen orbitals.

The sigma bands have five branches: two distinct o-type valence (bonding)
bands, two distinct o*-type conduction (antibonding) bands and a single o°-type
non-bonding band. The pi bands have nine branches: three equivalent 7-type va-
lence (bonding) bands, three equivalent 7*-type conduction (antibonding) bands,
and three equivalent 7°-type non-bonding bands.

The bonding and antibonding (o, o*, 7, 7*) bands have wavefunctions whose
p—d admixture varies as a function of the wavevector k. At F(E:O) in the first
Brillouin zone (see the inset in Fig. 1.6) the wavefunctions are pure p or pure d
orbital in composition. The states at I' have no covalent character and therefore
correspond to the levels derived from the ionic model including the electrostatic
potentials (Fig. 1.2(c)). As k varies along I' — X — M — R the covalent mixture
of the p and d orbitals increases. It is maximum at the point R, at the corner of
the Brillouin zone. The states at R are very similar to the “g” states of the cluster
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Figure 1.6. Energy bands for a typical perovskite showing the dispersion for k-vectors
along various lines in the Brillouin zone (inset) according to the LCAO model with nearest-
neighbor interactions. The lighter curves are the pi bands and the darker curves are the
sigma bands. The energies, Fgy, 10Dq, Ag4, and A, are the band gap, total (cluster)
ligand-field splitting, d-orbital ligand-field splitting, and the p-orbital ligand-field split-
ting, respectively.

model (i.e., 2ta4, 3e,, etc.). Thus the ionic model underestimates the covalency and
the cluster model overestimates the covalency of the perovskites. The separation
between the o* and 7* bands at I', Ae(d), corresponds to the electrostatic con-
tribution to the ligand-field splitting. The separation at R is the total ligand-field
band splitting and is approximately equal to 10Dq.
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The non-bonding band states for ¢° and #° involve only oxygen 2p orbitals
and therefore do not involve metal-oxygen covalent mixing. The band and cluster
models produce similar non-bonding states.

The energy separation between the 7* and 70 bands at T is the fundamental
band gap, E,. It varies between 1 and 4eV and is largest for the insulating per-
ovskites. Covalent mixing decreases with increasing band gap. The magnitude of
the band gap is a measure of the ionicity of a perovskite. For example, the band
gap of SrTiOg3 is 3.25eV and that of ReOgs is about 1eV. This means that SrTiO;
is much more ionic than ReQOs.

Insulating perovskites (e.g., SrTiOs, BaTiOs, or WOs3) have filled valence
bands; that is, the o, 7, ¢°, and 7° bands are completely occupied with electrons.
The conduction bands (¢* and 7*) are empty. Metallic perovskites such as NaWOQOs3
or ReOgs have one electron per unit cell in the 7* conduction band. Examples of
metallic compounds with two electrons in the 7* band are CaMoQO3, BaMoOs3, and
SrMoQOs3. Perovskites with more than two d electrons tend to form localized-states
similar to those of the cluster model rather than delocalized band states.

Insulating perovskites can be rendered semiconducting or metallic by several
means. Reduction in a hydrogen atmosphere produces oxygen vacancies. The vacan-
cies act as donor centers; two electrons being donated by each vacancy (hydrogen
itself may also remain in the lattice and act as a donor). Electron concentrations
in the range of 10'°-10% electrons/cm?® can be produced in this way. Reduced in-
sulating perovskites are n-type semiconductors with the Fermi level very near to
the bottom of the n* conduction band. n-type SrTiOs has been found to be a
superconductor at temperatures below 0.3 K [12].

Insulating perovskites can also be doped by substituting appropriate ions into
either the B or A sites. The tungsten bronzes Na,WO3, K,WO3, Li, WO3, and
H,WOg3 are special cases in which donor ions are substituted into the empty A
sites of insulating WO3. Electron concentrations of the order of 10?2 electrons/cm3
are obtained in this case. Many of the bronze compositions are superconductors.

One of the reasons perovskites are particularly valuable for research is that
the electronic properties can be varied in a controlled fashion to produce almost
any desired feature. The Fermi level in Sr'TiO3 can be varied over a 3eV range by
going from cation- to anion-deficient compositions. The basic band structure does
not change appreciably so the properties of such compositions are easily understood
and interpreted in terms of a fixed band structure; that is the “rigid-band” approx-
imation is valid. The rigid-band model is also applicable to the tungsten bronzes,
and mixed compounds of the Agcl)A@zBOg type where A and A®) are different
cations.
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1.7 Localized d electrons

In the preceding section we indicated how the localized cluster states are delocal-
ized because of the overlap of wavefunctions between adjacent clusters. The d-band
formation is due to the transfer of electrons between cations via intervening oxygen
ions. These electrons become delocalized and have an equal probability (propor-
tional to |e”;'é|2:1) of being found at any cation site. The band model neglects
any possible spatial correlation between d electrons. The potential experienced by
a given electron is assumed to be the same at every lattice site and equal to the av-
erage potential of the ion core and all other electrons. The usual one-electron band
model explicitly ignores the fact that at any given instant of time a non-average
number of electrons may be occupying the orbital of an ion. However, during the
lifetime of the “non-average” ionic state the electrons on the site will experience
a non-average potential. In particular, the intra-atomic Coulomb repulsion of an

electron on a non-average site will be different from that at an average site.

Consider the situation in which we start with two metal ions each having n
electrons. The electron—electron repulsion energy among the n electrons at each
site is 2Un(n — 1) where U is the Coulomb integral. If we transfer an electron from
one site to the other there will be n — 1 electrons on one site and n+ 1 on the
other. The electron—electron repulsion energy will be %U n(n + 1) on the site with
the extra electron and 1U(n —2)(n — 1) on the other site. There is a change in
the repulsion energy at one site of £U[n(n + 1) — n(n — 1)] = nU. At the other site
the change in energy is £U[(n — 2)(n — 1) — n(n — 1)] = —Un + U. Therefore, the
net change is an additional repulsive energy equal to U. Thus, there is a Coulomb
energy barrier to the creation of non-average ionic states.

Band formation is favorable because the delocalization of an electron reduces
its kinetic energy (provided that the electron can occupy a state near the bottom
of the band). For such a case the reduction in kinetic energy increases as the band
width increases.

It is clear from what has been said that energy band formation will only be
favorable if the reduction in kinetic energy is larger than the increase in the Coulomb
energy. A variety of models which include a form of the Coulomb correlation energy
have been used to find a criterion for the validity of the band model [13]. In general
it is found that band theory applies when W 2 U where W is the band width. For
W less than U, localized d-electron states are energetically favored. The precise
criterion is model-dependent.

The localized electron criterion leads to interesting possibilities for the per-
ovskites. The band width of the ¢* band is substantially larger than that of the
7 band and consequently, for a number of perovskites, the ¢y, states are localized
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while the e, states form o and o* energy bands; LaNiO3 with filled t5, states and
a single electron in the o* band is an example [14].

1.8 Magnetism in the perovskites

The occurrence of magnetism in the perovskites is closely connected to the exis-
tence of localized d electrons. In almost all cases where magnetism exists the d
electrons are localized and possess localized spins. In such cases the local electronic
configuration becomes an important consideration. One must be concerned with
the multiplet structure. The tendency toward the formation of a multiplet configu-
ration with a net spin arises from intra-atomic exchange and correlation. In atomic
theory, Hund’s rule states that the lowest-energy configuration corresponds to the
state of maximum multiplicity or maximum spin and orbital angular momentum.
Hund’s rule is qualitatively applicable to the perovskites with localized d electrons.
There are, however, some significant differences between atomic theory and the
theory applicable to ions of the solid. The major differences between free ions and
the cations in a solid perovskite are:

(1) the fivefold degenerate d states are split into the e, and ¢24 groups with a splitting of
10Dgq;

(2) the energy differences between different electronic configurations are not as widely
separated as for the free ions;

(3) there is significant covalent mixing between the d-ion orbitals and the neighboring
oxygen ion p orbitals.

As a consequence of (1) and (3) the electronic configuration of the cation
should be specified in terms of the one-electron cluster states 3e, and 2t5,. For

simplicity the numerical descriptors of these states may be omitted. The d-electron

m

'), where n and m are the occupations

configuration may then be specified by (¢35 e
of the 2t5, and 3e, levels, respectively.

The effect of (2) is that different valence states and different electronic con-
figurations of the cation are closer in energy to each other than for the free ion.
This is a result of polarization and electron screening of the Coulomb interactions.
On applying Hund’s rule to a perovskite cation the ligand-field splitting must be
taken into account. When the number of d electrons, m+n, is between 4 and 7,
Hund’s rule can be violated if the ligand-field splitting is greater than the intra-
atomic exchange energy. Consider, for example, LaMnO3 which has Mn>?* ions
with four d electrons. The intra-atomic exchange favors the “high-spin” configura-
tion 5Eg = (tag 13 eg 1). However, occupying the e, state involves a loss of binding
energy equal to the ligand-field splitting. Therefore, the “low-spin” configuration
3ng = (tag 13 tag |) is competitive. Assuming a constant exchange, J, between par-
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allel spin electrons, the intra-atomic exchange involves

where §; and §; are the spins of the occupied states. The °E, has an exchange
energy —%J while for the 3T29, Fo = —%J . However, the 3ng has a ligand-field
energy of 10Dq. Therefore, the difference in the energies of the two configurations
is

3
E(PE,) — E(*Ty,) = —/ +10Dg = AE.

When AFE < 0 the high spin state 5Eg (spin =2) is lower in energy than the low spin
state 3T29 (spin=1). If AE > 0 then the low spin state is favored. Experiments on
d* ions in perovskites show that the low spin state is usually favored. This indicates
that the ligand-field splitting is larger than the intra-atomic exchange and Hund’s
rule does not apply.

When the cations possess localized spins, then long-range magnetic ordering
can occur. The principal mechanism of spin—spin interactions is superexchange.
Superexchange involves the antiferromagnetic coupling between nearest-neighbor
cations by exchange of electrons with the intervening oxygen ion.

Examples of magnetically ordered perovskites are LaCrOs, PbCrO3z, CaMnOsg,
LaFeOg3, and many others. Those named above form the simple G-type magnetic
cell in which the spins of nearest-neighbor cations are antiparallel. Many other types
of magnetic ordering also occur among the magnetic perovskites.

As a final comment on localized d electrons we mention the importance of the
Jahn-Teller effect. This effect is the spontaneous distortion of a cubic structure
such as that of perovskites. When the cation electronic configuration is orbitally
degenerate, the ground state will in some cases, be unstable to small distortional
displacements. This Jahn-Teller distortion occurs because the electronic energy
decreases linearly with displacement while the elastic energy increases as the square
of the displacement. A minimum in the total energy always occurs for a small but
finite distortional displacement.

1.9 Superconductivity

Superconductivity has been observed for n-type SrTiOs and for many of the com-
positions of the tungsten bronzes: Li,WOg3, Na,WO3, K,WO3, Rb,WOj3, and
Cs; WO3. The occurrence of superconductivity in compounds whose elements are
not superconducting and for which more than three-fifths of the atoms are oxygen
is truly remarkable.
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WOj3; is an insulator with a tetragonally distorted perovskite structure. With
the addition of alkali ions to the empty A site a variety of metallic bronzes can
be formed. The tungsten bronzes occur with cubic, hexagonal, and two different
tetragonal perovskite-like structures [15]. For Na, WO3 the tetragonal I phase occurs
in the range 0.2 < z < 0.5. For values of z < 0.2 the tetragonal II phase exists. For
values of = > 0.5 the cubic perovskite structure is stable. Tetragonal I, Na, WOs5
and K, WOj3 are superconducting with transition temperatures of 0.57 K [16] and
1.98K [17], respectively. The cubic and tetragonal II phases are apparently not
superconducting. Except for Na,WO3 and K,WO3, superconductivity occurs for
the other bronzes when they are in the hexagonal phase [17-19]. The transition
temperatures of the hexagonal bronzes are close to 2 K.

It has been found that the transition temperature of the hexagonal bronzes
can be raised by a factor of 2 or 3 by etching in various acids [18]. The reasons for
this enhancement are not yet clear. The transition temperature of the tetragonal
I sodium tungsten bronze, Na,WO3, increases rapidly as x approaches 0.2 [19].
This enhancement occurs as the composition approaches the tetragonal II phase
boundary, and is presumed to be associated with a lattice instability.

More recently various alloys of barium bismuthates have been studied exten-
sively. The highest recorded T, for a non-layered metal oxide is about 30 K for the
alloy Ba;_,K;BiOg for z = 0.38. This superconducting material displays a tran-
sition to an insulating state at = < 0.38, but is a cubic, superconducting metal
for 0.38 < x < 0.6. The related compound BaPb;_,Bi,O3 is also a superconduc-
tor with a maximum T, of about 13 K. BaBiOj itself is an insulator even though
according to conventional band theory it possesses a half-filled conduction band
(antibonding Bi 6s-O 2p sigma band).

In 1986 Bednorz and Miiller [20] discovered a new class superconducting metal
oxides (LagCuOy4 doped with Ba?*, Sr?*, or Ca?") one of which possessed a criti-
cal temperature, T¢, in excess of 30 K. Their discovery was followed by a worldwide
research effort that turned up many other cuprate superconducting materials with
even higher critical temperatures, the record high being around 166 K, a temper-
ature that is above the boiling point of liquid nitrogen. These “high-7T. cuprate
superconductors” are characterized by sets (one or more layers) of “immediately
adjacent” planes of copper ions surrounded by four oxygen ions. Each set of “im-
mediately adjacent” layers is separated from the next set by “isolation layers”
(La—O planes in the case of LagCuQy4) that are poorly conducting. Despite inten-
sive experimental and theoretical research efforts, the mechanisms underlying the
high-temperature superconductivity as well as the properties of the “normal” state
above T;. are not well understood. However, there seems to be agreement that the
two-dimensional character of the Cu—O bonding and the resulting large density of
states are important. The question of whether the mechanism of electron pairing
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in these materials can be explained within the framework of “conventional”, BCS
(phonon-mediated) superconductivity theory [21] is still open and other significantly
different mechanisms have been put forward [22].

In general, these high-T,. superconductors do not have the perovskite structure.
However, they share an important characteristics with the metal-oxide perovskites.
Even though the perovskites are not layered in the way the high-T, superconductors
are, the electronic coupling between the transition metal d orbitals and the oxygen
p orbitals is two-dimensional because of the symmetry of the interactions.

1.10 Some applications of perovskite materials

The technological uses of perovskite and perovskite-related materials are extensive
and we will not attempt to review the field. In this section we shall only briefly
mention some of the common applications. References are given to only a few
representative papers in the vast literature.

The piezoelectric insulating perovskites such as BaTiOs, PbTiOs, PbZrOsg,
Pb(Zr,Ti;_,;)O3 (PZT), and LiNbO3 have been employed extensively as solid-state
device materials. Some solid-state applications include switching devices, infrared
detectors, and a large variety of signal processing devices [23]. These materials are
employed as substrates for the generation of bulk and surface acoustic (elastic)
waves. Because of their piezoelectric properties, acoustic waves are accompanied
by an oscillating electric field [24, 25]. It is possible to generate acoustic waves
by applying an oscillating electric field to the substrate and conversely an acous-
tic wave may be detected by the electric field it generates. The coupling between
the elastic displacement and the electromagnetic field is nonlinear and produces
second-harmonic electric fields [26]. These properties have been employed to design
a number of acoustic wave signal processing devices, including time delay lines,
filters, acoustic wave image devices and nonlinear convolution and correlation de-
vices.

The nonlinear optical properties of the perovskite insulators are used for the
generation of second-harmonic optical waves. The second-harmonic generation co-
efficient of PbTiO3 is among the highest known [27]. Other applications of the in-
sulators include photochromic, electrochromic, image storage, and display devices
[27]. In the photochromic applications the transparent host materials are doped
with impurity transition metal ions or rare earth ions. The impurity ions have sev-
eral localized levels lying within the band gap of the substrate that correspond
to different valence states. The valence state of the impurity ion can be changed
by photoexcitation. Impurity ions are selected for which one valence state has an
absorption band in the visible while the second does not. Colored images can be
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“written” by a light beam that causes photoexcitations of these metastable valence
states. The images can be erased by a second light beam of a different wavelength
which depopulates the metastable states. For electrochromic devices, the valence
states are changed by shifting the quasi-Fermi level or by reducing the material
electrochemically. A thin film of WO3 may be changed from transparent to a deep
blue color by electrochemically converting W%+ ions to W° ions.

There is also interest in the surface chemical properties of the perovskites.
Many are excellent gas-phase catalysts and in addition several are photocatalytic
and electrocatalytic.

Interest in the catalytic properties of the perovskites began with the suggestion
that the rare earth cobalt oxides, RCoOs (R =rare earth ion) might prove useful
as substitutes for Pt-based automotive exhaust catalysts [24, 25]. Strong catalytic
activity and a high degree of selectivity have been found for a large variety of
perovskite materials [28].

Many energetically favorable (exothermic) gas-phase reactions do not occur
spontaneously but require a catalyst in order to occur. The detailed mechanisms
of catalytic action are not known in most cases, but some general features are
understood. There are two principal factors which inhibit an exothermic reaction.
The first is related to the symmetry of the reactant and product states. As two
molecules come together in a chemical reaction the orbitals of the complex must
evolve from those of the reactants to those of the products. One can imagine a con-
tinuously changing set of hybridized molecular orbitals for the reacting molecules.
It frequently happens that the occupied orbitals of the ground state of the product
can not evolve from a hybridization of the occupied orbitals of the reactants. An
example is the hydrogenation of ethylene to form ethane. The bonds associated
with the hydrogen atoms of ethane evolve from a hybridization of empty anti-
bonding states of the reacting hydrogen and ethylene molecules, and not from the
occupied bonding states. Electron flow from the occupied bonding states to the
empty antibonding states is forbidden by symmetry consideration. Reactions can
be classified as symmetry-“allowed” or symmetry-“forbidden” in much the same
way as optical translations [29]. Reactions that are “forbidden” are inhibited by a
symmetry-imposed barrier.

Another barrier encountered is associated with the charge transfer involved
in the reaction. As charge flows from the reactant states to the ground state of
the product, the molecules must often pass through a transient polar configuration.
Such polar configurations are usually energetically unfavorable because the electron
affinity of a molecule is small compared to its ionization energy. The inhibition to
charge transfer acts as an additional barrier to the chemical transformation.

The catalytic properties of the perovskites are directly related to the presence
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of coordinatively unsaturated transition metal ions on the surface. The term coordi-
natively unsaturated, refers to the fact that an ion on the surface will often have less
than its normal complement of six oxygen ligands. Such ions provide active sites for
adsorption of reactant molecules because in this way the ion can attain its normal
number of ligands. The symmetry of the d orbitals is favorable for interaction with
both the bonding and antibonding states of most molecules.

It is generally believed that chemisorption of one or more of the reactant
molecules to form a surface complex is a precursor to a catalyzed reaction. The
role of the surface complex in catalysis is twofold: d orbitals can hybridize with the
reactant molecule orbitals in such a way as to provide a symmetry-allowed path
for the reactions [30]. In addition, the adsorption of the reaction species greatly
facilitates charge transfer processes. When molecules condense on a solid substrate
the ionization energy of the molecular levels is reduced due to a process known as
extra-atomic relaxation [31]. Furthermore the barrier to charge transfer is reduced
by the solid-state effects of polarization and electron screening. It is also possi-
ble for charge transfer to occur via the transition metal ion. The catalyst ion acts
as an intermediary to accept (donate) electrons from the reactants and to donate
(accept) electrons to the product. This process involves a valence fluctuation of
the cation. Such fluctuations are of low energy compared to fluctuations of charge
on free molecules. The energy required for a valence fluctuation can be minimized
in systems such as the mixed or non-stoichiometric perovskites since they already
contain mixed valence transition metal ions.

There are several factors that make the perovskites particularly attractive as
catalyst systems for research. One factor is that they form a large class of struc-
turally similar compounds whose electronic properties can be varied in a controlled
way. This permits a systematic study of the effects of variations in electronic pa-
rameters on catalytic rate, for example. (Pt is an excellent catalyst but there is
little that can be done to vary its electronic state and therefore to discover why
it is such a good catalyst.) A second factor making the perovskites important as
catalysts is that they are highly stable at high temperatures and in hostile chemical
environments.

Voorhoeve et al. [28] have reported extensive studies on a variety of perovskite
catalysts. Co, Mn, and Ru perovskites have been investigated as catalysts for the
oxidation of carbon monoxide and hydrocarbons and for the reduction of the ox-
ides of nitrogen. (Such catalytic conversions are important in removing pollutants
from auto exhaust.) Particular examples of perovskite catalysts investigated include
SrRuOs3, LaRuOs, and the substituted system (La,K;_;)(RuyMn;_,)Os. The cat-
alysts are very active and highly selective in the reduction of nitrogen oxides. The
use of substituted systems permits a controlled variation of valence states for the
cations. The electronic properties can be tailored for a particular application.
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Another important feature of perovskite catalysts is that they can be designed
to simultaneously catalyze reduction and oxidation reactions. An example of such a
catalyst is (Lag.gSrg.2)(Cog.9Rug.1)O3. Several perovskite compositions have been
found to be superior or comparable to commercial catalysts.

It is also noted that surface oxygen vacancies on a perovskite can serve as
catalytically active sites. NO is believed to dissociate into adsorbed N by reaction at
a vacancy site on manganite catalysts. The liberated oxygen from the NO molecule
can fill the empty surface oxygen site. The vacancy can be restored by reaction
with an reducing agent such as CO. Such sites are useful in catalysis systems where
both reduction and oxidation processes are desired.

The perovskites have not yet emerged as commercially competitive catalysts,
but have proved valuable in the study of the possible mechanisms of catalysis.

As a final topic in the applications of perovskites we mention their use as
electrochemical electrodes.

Materials such as LaCoOg3, n-type SrTiO3 and the tungsten bronzes have been
utilized as anode materials in electrochemical cells. They are particularly useful
because of their stability in an electrolyte. Nearly ideal reversible electrode behavior
has been shown for LaCoO3 and related compounds such as (Lag 5Srq.5)CoO3 [32].

A particularly interesting application is the photoelectrolysis of water. The
electrochemical cell consists of an n-type anode such as SrTiO3z, BaTiO3 or some
substituted perovskite and a Pt counterelectrode [33—-36]. The electrolyte may be
either alkaline or acid aqueous solution. The electrodes are connected through an
external circuit and the electrolysis process is driven photocatalytically by photons
incident on the anode surface.

In alkaline aqueous solution the anode reaction is
n _ 1
2pT +20H —)§OQ+H20,

where pt designates a hole. Electron-hole pairs are generated in the oxide anode
by absorption of incident photons with energies equal to or greater than the band
gap. The electrons and holes are separated by the internal electric field of the
oxide (due to band bending at the oxide—electrolyte interface). In n-type materials
such as SrTiOg the band bending creates an electron depletion (hole accumulation)
region at the surface. The holes combine with adsorbed hydroxyl ions to produce
molecular oxygen and water as indicated by the anode reaction above. The electrons
are discharged at the cathode, producing hydrogen.

The feasibility of photoelectrolysis for the production of hydrogen has been
demonstrated using band-gap photons with hw ~ 3 eV for several oxides. The first
such experiments utilized n-type TiOs [36]. Later studies employed perovskites
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such as SrTiO3 [33, 34]. These experiments have raised the exciting possibility
of developing a solar-driven electrolysis system for the production of hydrogen
fuel. The band-gap energy of SrTiO3 or TiOs is too large for efficient solar-driven
devices and therefore interest has been stimulated to search for another oxide with
a smaller band gap. Methods of reducing the energy for creating electron—hole
pairs in large band-gap materials are also being considered. One such method is
the use of adsorbed sensitizing dye molecules. Surface states in the band-gap region
offer another way for the generation of electron—hole pairs with less-than-band-gap
radiation. Such surface states may also be involved in electrocatalyzing the anode
reaction.

Suggested additional reading material
General survey
J.B. Goodenough, Metallic oxides. Prog. Solid State Chem. 5, 145 (1971).

T. Wolfram, E. A. Kraut, and F.J. Morin, Qualitative discussion of energy bands.
Phys. Rev. B 7, 1677 (1973).

Reference texts

S. Sugano, Y. Tanabe, and H. Kamimura, Multiplets of transition metal ions (New
York, Academic Press, 1970).
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Problems for Chapter 1

1. The perovskite structure is often depicted as an array of octahedra. Each octahedron
consists of the B ion at the center and six oxygen ions, one at each corner (shared
by adjacent octahedra), along the tx, ty, and +z axes. The A ions are located in
the spaces between the octahedra. Make a sketch of the perovskite structure using an
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array of octahedra and indicate the positions of the different ions.

. Using the ionic model discuss the electronic structure expected for KTaO3. What are

the electronic configurations of the ions? Would you expect this material to be metallic
or insulating?

. For the perovskites why are the electronic states derived from the A ion usually less

important than those of the B and O ions?

. The notation, M: ABQOs3, indicates an ABQOgs perovskite doped with M ions. Classify

the following materials as n-type or p-type semiconductors: Nb:SrTiOs, La:BaTiOs,
Na:WOg3, KTaO3_5 (oxygen deficient).

. Using information contained in the chapter what would you expect for the ionic

energy gap in eV between the p- and d-levels in BaTiO3? Assume covalency reduces
the effective charges to 80% of their full ionic charges and that the electron “affin-
ity” for adding an electron to the O ion is a repulsive energy of 9eV. What effect
would you expect ligand-field splitting to have on the energy gap? Explain your answer.

1))

. The notation “g” and “u” for the levels of the BOg cluster comes from the German

words “gerade” and “ungerade” meaning even and odd or symmetric and unsymmetric.
For a cluster with cubic symmetry the states must be either “g” or “u”, and “g” and
“u” functions can not be combined. The “g” cluster states are symmetric with respect
to inversion through the center of the B ion. The d orbitals are all symmetric under
inversion. Specify the combinations of neighboring p orbitals that will covalently mix
with the d orbitals to form “g” states.

T where ks
the wavevector for the state. For k=0 the phase of an orbital is the same in
all unit cells. Thus the oxygen orbitals have the same phase on either side of
the B ion. Explain why the BOg cluster can never have a wavefunction involving
p and d orbitals for which the p orbitals have the same phase on either side of the B ion.

. The energy bands for the ABOs3 structure are illustrated in Fig. 1.6. Discuss why the

parameter 10Dq is shown as the energy difference between the 7" and ¢* bands at
M or R rather than at I'. The components of the wavevectors for I', M, and R are
(0,0,0), (1,1,0), and (1,1, 1), respectively, in units of 7/2a.

. The density of states, p(E), is defined to be the number of electronic states in the

energy range between E and E + dE. In Fig. 1.6, the energy bands have flat bands
along various symmetry directions. What happens to p(F) at an energy for which one
of the bands is flat?
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Review of the quantum mechanics
of N-electron systems

This chapter is intended as a brief review of the quantum theory of V- electron sys-
tems. It also serves to introduce the linear combinations of atomic orbitals (LCAO)
method.

2.1 The Hamiltonian

The total N-electron Hamiltonian, Hr, for an atomic, molecular, or solid system
is of the form:

- ZAZBe
HT_EA:{ A+Z|RA RB|}
4 v2+Z o X ZA;A| (2.1)

|7'z

where R4 and Ry are the nuclear positions and 7; and ; are the electron coordi-
nates. The terms in the first set of brackets are the kinetic energies of the nuclei
(having mass M4) and the Coulomb repulsions among them. The terms in the
second brackets are the kinetic energies of electrons and the electron—electron re-
pulsions. The last term is the electron—nuclear attractions. eZ,4 is the charge of the
nucleus located at EA, —e is the charge of an electron and m is the electron mass.

For our purposes we consider the nuclei fixed at their equilibrium positions
in the crystal and seek the solutions of Schrodinger’s equation for the electronic
wavefunction (Born—Oppenheimer approximation [1]). The electronic wavefunctions
satisfy the equation

HU(r) = EU(r) (2.2)
Z V2 +ZZ 7 — 7] ZZ T7ZA;A| (2.3)

27
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where U(7) is the N-electron wavefunction with 7 representing the N electron
spatial and spin coordinates. The electronic energy, F, is determined by

B f\I/*(T) HY(r)dr

E = 2.4
[ () ¥(r) dr (2:4)
2.2 The Slater determinant state
The N-electron wavefunction ¥(7),
\I/(T) = \I/(’Fl, ’172,7737 e ,’FN; $1,82,83,-.-, SN), (25)

is required to be antisymmetric under the set of operations which interchange the
space and spin coordinates of any pair of electrons.

The Slater determinant wavefunction is an approximate N-electron wavefunc-
tion, constructed from one-electron spin orbitals, that satisfies the antisymmetric
property. Let ¢;(7), i = 1,2, ... be a complete set of orthonormal one-electron func-
tions and y;(s) the spin functions corresponding to either “spin up” or “spin down”.
The spin orbitals ;(7) are the product states

Vi(7) = ¢i(7) xi(s) (2.6)

where T represents the space and spin coordinates of an electron. The orthogonality
condition is

/ W3 (r) 5(7) dr = 65 @7

The Slater determinant wavefunction for an N-electron system is

Y1(1) Pa(1) -+ Yn(1)
1 | ¥1(2) ¥2(2) - YN (2)

AN = —
Y /NI

(2.8)

b1 (V) (N - iy (N)

where v symbolizes the set of N spin orbitals used in constructing AZX.
The factor 1/v/N! ensures that the wavefunction is normalized so that
J (AN Al dridry - - dry = 1. A different Slater determinant can be constructed
from each different set of IV spin orbitals. The wavefunction of an N-electron system
can be approximated by a linear combination of such Slater determinants

U=> a,Al (2.9)

where a, are the constant coefficients specifying the amplitude of different “con-
figurations” comprising the total wavefunction, ¥. Use of more than one slater de-
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terminant is referred to as configuration interaction. In many applications to solids
and molecules, configuration mixing is omitted and W is approximated by a single
Slater determinant. We shall limit this discussion to a single Slater determinant
wavefunction.

The electronic Hamiltonian, H, includes one-electron operators f(4),
h2 ZA 62
fiy= - vioy S (2.10)
2m g |7 — Ral
and two-electron operators g;;,

62

= = 2.11
T 240

The expectation or average value of the energy of a particular N-electron Slater
determinant wavefunction is

(EY) = [y HAY ar
=Y e e
= > [ 6@ 020 - P 6@ e dndn @212

where the sums are over all N states appearing in the set v. The operator, Pis is
the exchange operator defined by

Prp 95(2) ¢i(1) = 95(1) ¥i(2). (2.13)

2.3 Koopman’s theorem

Consider two Slater determinant wavefunctions A and Ai\i;)l where the set of
(N —1) spin orbitals in v(k) is the same as those of v except that the state 15, does
not appear.

We want to compare the average energy of these two approximate wavefunc-
tions. The energy difference, according to (2.12), is
N _ /N N-1
er =(B)) — <Ey(k;) )

= 65 au) dr
+ 30 [ [0 62 o (- ) v, (V) dr dra. (214)
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el is the energy difference between the N and (INV —1)-electron states having (N —1)
common spin orbitals. As we shall see Eév is closely related to, but not equal to, the
binding energy of an electron of the N-electron system.

2.4 Hartree—Fock equations

The Hartree—Fock equations are obtained by application of the variational princi-
ple to a Slater N-electron wavefunction. Given an approximate wavefunction con-
structed from one-electron spin orbitals, the best choices of basis orbitals are those
that minimize the average energy. We therefore seek the minimum value of (E2)
with variations in the spin-orbital functions. The variations are constrained by the
requirement that the states remain orthonormal:

/dT (7)1 (7) = 8

This constraint may be imposed by the method of Lagrange multipliers. Thus
we minimize the function F', where

F=(EY)-> 3" AN {/dT Wi (1) (1) — 5ij}. (2.15)

ioj<i
The constants, )\f\; , are the Lagrange multipliers. We require
oF
Pl 0
o

and find

{10+ [anwerama-rawe] oo =L uw. @)

J

Equations (2.16) are known as the Hartree-Fock equations and it is convenient
to transform them to a representation in which )\f\][ is diagonal. The set of numbers
)\ﬁ form a matrix that can be diagonalized by a unitary transformation:

eNoij = Cri A Cij (2.17)
ke

The unitary properties of the transformation are expressed by the relations:

Ch=0Cri, (2.18)

Z Cri Crj = 0ij - (2.19)
k
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We define the transformation of the spatial part of the spin orbitals by

1) = Z Cik ¢ (1), (2.20)
%

Z Cip (1 Z Cri b (1)". (2.21)
We note that the term

Z/de 1;(2)" g12 (1 — Pr2) 9;(2 Z/dTQT/J ) g12 (1 — Pi2) ¥5(2)

(2.22)
where
15(2) = ¢3(r2) x;(s2) -
Substituting (2.20) and (2.21) into (2.16) gives

S cufr+ | X [ an vy get - P i) uic)
k J
=Y Cp AN uL(1).  (223)
kj
Multiplying (2.23) by C}; and summing over all i gives

{0+ [anvier o0 -rove| fuo -2uwn. e

Equation (2.24) is the diagonal form of the Hartree—Fock equations. If we
multiply (2.24) by ;(1)* and integrate over 7, then we obtain

[ an v sy vi)
3 fan fan i) 6@ 02 (- P ) =< (229

Comparison of (2.25) with (2.14) shows that

= (B)) ~ (B ). (2.26)

Thus the eigenvalues of the Hartree—Fock equations are, by Koopman’s theorem,
equal to the difference between the energies of the N and N-1 electron systems
having (N-1) common spin orbitals. There are several reasons why sév is not the
true binding energy of an electron in the state ;. First, we note that the Hartree—
Fock equations are approximate. However, even if the Hartree—Fock equations were
exact, Eév would still not be the correct binding energy because the set of spin
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orbitals {v(k)} are not those which minimize the energy of the (N-1)-electron
system. If we solved the Hartree-Fock equations for the N and (N-1)-electron
systems separately we would find that the spin orbitals which result are different.
For small systems such as atoms and molecules this difference can be large. For
larger systems such as solids, 5?[ is a better approximation to the binding energy.
We shall return to the question of the relation of ) to the binding energy in a
later chapter where we discuss the interpretation of photoemission experiments.

2.5 Hartree—Fock potential

The Hartree—Fock equations, (2.24), may be written in the form

—v + Ve (7) + Vo7 } (7) — /Cx‘ (7 7Y s (F) dit’ = el ¢ (7)
(2.27)

where Vi (7) is the nuclear attraction potential, V() is the direct Coulomb poten-
tial and Ve(;) (7, 7') is the non-local exchange potential. These are defined by

Zae?
() = - Z ﬂAie ; (2.28)
Ra

Vo(7) = Z /d*’% T_TT ), (2.29)
and

D 85() 047
Ve(x)(r,r’) _ Zj: Zﬁ X(s5) x(s4) - (2.30)
The charge density at 7' due to an electron in the orbital ¢; is given by
e ¢j(7')*¢;(7"). The total charge density, p(7’), due to all occupied states is the
sum of the individual charge densities. The Coulomb potential may therefore be

written as

Vo (7) = e/dF’ o) (2.31)

]

which is recognized as the potential arising from a continuous charge distribution.
The Coulomb potential entering (2.27) (defined in (2.29)) includes the interaction
of an electron with itself. This self-interaction, however, is exactly canceled by one
of the terms in the exchange potential.

The exchange potential, Ve(;f)(f’, 7’), is seen to be a non-local potential acting

[39eb]

between electrons with parallel spins. The dependence on the superscript “i” is
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only that the states contributing to the exchange must have the same spin state
as x;. The potential is therefore the same for all states having the same spin and
is not dependent on the spatial orbital. The exchange potential may be written in
the form of a local potential,

/ VO @) 6:(7") di" = oD () u(7) (2.32)

where

p @5 (") &5 () di () o
2 = Z/ { G }(X(S])7 x(si)) - (2.33)

The local potential, e (7), depends explicitly on the spatial orbital ¢, (7).

For parallel spins the exchange reduces the Coulomb repulsion between two
electrons. This comes about because the antisymmetric wavefunction must vanish
whenever two electrons with parallel spins are at the same point. This may be seen
by noting that when the two coordinates of two electrons 77, and 77, are equal then
two of the rows of the Slater determinant are equal and the determinant vanishes.
This effect is expressed by the Pauli exclusion principle which prevents parallel spin
electrons from occupying the same point in space. The exchange potential is a form
of electron—electron correlation. The probability that one electron is at 7, and a
second electron is at 7, is

(T, Tim) = /dT’AiV*A]VV (2.34)

where the integration over dr’ is over all 7 except 7, and 7,,. For parallel spin
electrons the probability is found to be

TP, Tim) —N,ZZ{I@ )21 () I* = 65 () &5 (Fim) 63 (7om) 65(7) }- (2.35)

i jF#

For antiparallel spin electrons

La(Tn, Tm) = N'ZZ‘@ | |¢J )l . (2.36)

)

It is seen that the probability of antiparallel spin electrons at 7, and 7}, is equal
to the product of the individual probabilities. Thus there is no correlation between
antiparallel electrons. However, the parallel spin electron probability has an inter-
ference due to exchange-correlation. When 77, = 7,, the probability of parallel spin
electrons vanishes. If we fix one electron at 7, then the probability of finding an-
other (parallel spin) electron near 7, is small. The depletion of the probability due
to the second term in (2.35) is called the “exchange hole”. As an electron moves
through space it is always surrounded by the exchange hole which is the result of
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the correlated motion of same spin electrons as they avoid occupying the same point
in space.

Returning to the Hartree—Fock equations, (2.27), it is clear that the potential
is not known a priori. To construct the potential one must have the orbitals, but to
obtain the orbitals one must have the potential. Some type of self-consistent proce-
dure is required in order to obtain the solutions of the Hartree—Fock equations. In
practice the equations are solved iteratively. A starting potential V° is assumed and
the orbitals are determined by solution of the eigenvalue equation. These orbitals
are then used to construct a new potential, V1. The process is iterated until V" is
(sufficiently close) equal to V"™ *1. Tt is assumed that such self-consistent solutions
are unique.

2.6 Approximate exchange potential

The Hartree-Fock equations are difficult to solve self-consistently because of the
complex, non-local exchange potential. As a result an approximate form of the ex-
change potential is desirable. One approximation, known as the “Xa” approxima-
tion, has proved to be particularly convenient and it has been employed extensively
in solid-state calculations. The essential idea comes from the Fermi-Thomas [1-3]
model where the exchange energy is found to be proportional to the cube root of
the charge density. Slater [4] suggested that a semiempirical potential, Vx,, be used
in place of the Hartree—Fock exchange potential, where

A\ /3
Via () = g a <3g?) . (2.37)

Here the quantity « is a scaling parameter which is generally in the range % <a<l.
The X in X is shorthand for exchange. The X« approximation replaces the non-
local Hartree—Fock exchange potential by a local potential that is proportional to
the cube root of the charge density. The form in (2.37) is used for non-magnetic
systems. For magnetic systems spin dependent forms are used which are defined
so that their sum is equal to (2.37) when the number of spin-up and spin-down
electrons is equal. The form used is

1/3
(s) 9 3ps (1)
=22 2.
V@ =5 o (2 (2.39)
where p,(7) is the charge density for s =7 or s =]. When self-consistent solu-
tions are determined, the degree of spin polarization must also be determined self-
consistently. The optimum scaling parameter, «, appearing in (2.38) is usually not
the same as that in (2.37).

There are two points worth noting with regard to the use of the X« approx-
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imation. The first is that the exact cancelation mentioned in the preceding sec-
tion between the Coulomb and exchange self-interaction terms is lost. The second
point is that Koopman’s theorem no longer applies to the eigenvalues. That is, the
eigenvalues 5?’ of the Hartree-Fock equations with Vi replaced by Vx, do not
correspond to the energy difference between the Slater determinant states AY and
Af/](\;)_l). On the other hand, the Hartree-Fock eigenvalues do not correspond to the
true binding energy of an electron because of the neglect of the relaxation of the
orbitals of the (N-1) electron system. In many cases the eigenvalues found for the
Xa approximation compare reasonably well with experimental ionization energies.

Orbital relaxation effects are sometimes included by means of what is called
the “transition state” approximation. With this method, Xa solutions are obtained
with one half of an electron assigned to the orbital whose ionization energy is sought.
The ionization energy is therefore approximated by the eigenvalues of a system with
(N—3) electrons.

The difference between an N-electron (ground state) eigenvalue £ and the
ionization energy I, is often found to be nearly independent of £. In such a case,
ground state energy differences, 5?’ — skN , compare well with ionization energy dif-

ferences, Iy — I},.

2.7 The LCAO method

The Hartree—Fock equations with or without the X« approximation are the basis
for many current electronic structure calculations. Many different methods are em-
ployed in the solution of Hartree-Fock equations. Each method has its advantages
and disadvantages. The LCAO method for finding the solutions is particularly valu-
able because it provides a very simple and intuitive interpretation of the electronic
structure. With the LCAO method the spatial parts of the spin orbitals comprising
the Slater determinant are expressed as linear combinations of atomic orbitals. The
Hartree—Fock equations are then transformed to matrix equations which determine
the amplitudes of the atomic orbitals that make up an eigenstate.

The orbitals, ¢;(7), which form the basis of the Slater determinant, A, are
written in the form

6i(7) =33 O pali— Ry) (2.39)
ﬁn «

where ¢, (7 — ﬁn) is an atomic orbital for an atom located at ﬁn The subscript
o labels the different atomic states; oo = 1s,2s, 2p,, 2p,, 2p., ... . The coefficients,
Cr(ﬁ;)“ specify the amplitudes of the atomic orbitals for the state whose eigenvalue is

N = ¢,;. The Hartree-Fock equations with the local exchange potential Vx, are of

&
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the form
H ¢i(7) = & (7). (2.40)
Using (2.39) we have

, —h2 . =
>l {2mv2+VN<m+vc<f>—vxm}som—m
=& Z na 5004 - _‘n)'

Multiplying (2.40) by ¢ (7" — R,,) and integrating over 7 leads to the result

S~ {Hupa = i Smpina JOL, = 0. (2.41)

no

where the matrix elements are

Y . .
Hta= [ 0G5 ) |57 4 W)+ Vel?) = Vi 7))

and

—

Smpina = /dFapg(F— B) ali— Ry). (2.43)

The atomic orbitals belonging to a given atom are orthonormal, but orbitals on
different atoms have overlap that is specified by Sy.gna. If we denote the matrix
of the Hamiltonian whose elements are H,,3 o by H and the overlap matrix by S
then (2.41) is

(H-¢eS)CP =0 (2.44)

where the components of the vector C@ are the 07(12. Because of the overlap matrix,
S, the eigenvectors of (2.44) are not orthogonal. Instead they satisfy the condition

(CD,sCD) =337 C0 Snaump CL) = b (2.45)

na mg

The diagonal elements of H are of the order of the ionization energy of the cor-
responding atomic state. The off-diagonal matrix elements are called transfer or
resonance integrals or simply LCAO integrals.

In the use of the LCAO-Xa approach, the atomic orbitals are usually taken
from prior calculations which are available for most atoms. The “Herman—Skillman”
orbitals [5] are frequently used. To find self-consistent solutions some type of iter-
ative procedure has to be employed. Very often, the charge density of the non-
interacting atoms is used to generate initial potentials for Vi and Vx,. Each itera-
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tion produces a set of C’T(,Q’s which may be used to calculate a new charge density
for the interacting atoms.

The charge density is given by

=D WU =Y 3N Gl Cis (T — Ry o7 — Ry)
i k ita gp

/ dip(i) = Y (CW, sCW)=N (2.46)

E(occ)

where (occ) means that the sum is over the occupied eigenstates. For an N-electron
system the N lowest-energy eigenstates are the occupied states.

The LCAO-Xa self-consistent method is as rigorous as any other method em-
ploying the Xa approximation. The advantages of the method are twofold. First, the
wavefunctions are very easy to conceptualize and the interpretation of the results
in terms of elementary chemical concepts is immediate. A second advantage is the
absence of the necessity to employ artificial boundary conditions such as those em-
ployed in most other methods. For example, the “multiple scattering” [6] or linear
combinations of “muffin-tin” orbitals (LCMTO) [7] methods currently employed
use artificial spherical boundaries about the atoms and surrounding the molecule
itself. These methods are not well suited for systems such as planar molecules.

The disadvantage of the LCAO-Xa method seems to be principally the amount
of computational time required to obtain accurate numerical solutions. On the other
hand, and of primary importance in our discussions, is the fact that the LCAO-Xa
method is ideally suited as a basis for the development of simpler, empirical models.

The LCAO method provides a rigorous solution to the self-consistent problem
only if the atomic orbital basis set includes all of the atomic states. In practice, the
set of atomic states employed is finite and restricted to only a few atomic states
beyond those occupied for a free atom. This introduces an error which is difficult
to assess. All methods which express the orbitals ¢;(7) in terms of a finite set of
basis states suffer from this type of “truncation error”.

2.8 Orthogonalized atomic orbitals

It is often convenient to work with localized orbitals that are orthogonal in order
to eliminate the overlap between orbitals localized on different atomic sites. This is
accomplished by the transformation:

D® = si/2 k)| (2.47)

H' =S Y2HS V2, (2.48)
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which leads to the new matrix equation

[H' —e,1] D® = 0. (2.49)

It is always possible to make this transformation because the eigenvalues of S

1/2

are real, positive numbers and therefore S'/2 and S~1/2 can always be constructed.

Equation (2.49) is in the standard eigenvalue form and the eigenvectors, ﬁ(k),
form an orthonormal set

(DM, DOy = 64, . (2.50)

The new localized orbitals corresponding to the transformation (2.47) are called
Lowdin orbitals [8]. They are related to the atomic orbitals by the relation

EalF = Ri) = Y (57V%)j5a wo(F — Ry) . (2:51)
i

The Lowdin orbital, &, (7 — Ek), is localized near Rj but it is somewhat more
extended than the atomic orbital ¢, (7 — Ry).

An important property of the transformation (2.51) is that it preserves the
symmetry properties. That is, &, (7 — ﬁk) has symmetry transformation properties
that are identical to those of po (7 — Ry). Proof of this property will be given in
Chapter 3.

Suggested reference texts

C.J. Ballhausen and H.B. Gray, Molecular orbital theory (New York, W.A.
Benjamin Inc., 1965).

J.C. Slater, The self-consistent field for molecules and solids, Vol. 4, Quantum
theory of molecules and solids (New York, McGraw-Hill, 1974).

G. A. Segal, ed., Semiempirical methods of electronic structure, Part A: Methods
(New York, Plenum Press, 1977).



Problems for Chapter 2 39

References

[1] L. H. Thomas, Proc. Camb. Phil. Soc. 23, 542 (1927).

[2] E. Fermi, Z. Physik 48, 73 (1928).

[3] P. A. M. Dirac, Proc. Camb. Phil. Soc. 26, 376 (1930).

[4] J.C. Slater, Phys. Rev. 81, 385 (1951).

[5] F. Herman and S. Skillman, Atomic structure calculations (Englewood Cliffs,
NJ, Prentice-Hall, 1963).

[6] K.H. Johnson, J. Chem. Phys. 45, 3085 (1966), Int. J. Quantum Chem. 51,
361 (1967); ibid 52, 223 (1968).

[7] O.K. Andersen, Phys. Rev. B 12, 3060 (1975).

[8] P.-O. Léwdin, J. Chem. Phys. 18, 365 (1950).

Problems for Chapter 2

. Show that the Slater determinant for an N-electron system vanishes if ¢; = ¢; for any
1 # j. Explain how this result is related to the Pauli exclusion principle.

. In x-ray photoelectron spectroscopy a photon impinges on a solid surface. An electron
in an initial state of energy FE; absorbs the photon and is ejected from the solid into
a high-energy electronic state Ey. Discuss the connection between the Hartree-Fock
energies and Koopman’s theorem in this photoexcitation process? Under what
conditions is the Born—-Oppenheimer approximation valid?

. Explain the following terms:
(a) overlap integral
(b) transfer or resonance integral
(¢) Xa approximation
(d) exchange hole.

. Consider two Slater determinant wavefunctions, AY and A}, with different configu-
rations. Assume the orthogonal basis orbitals for AY are (Uq, s, -+, ¥y) and those
for A} are (Uy, Uy, -, Wy), with U}, # W,. Show that AL is orthogonal A .

. Empirical LCAO models use adjustable parameters for the diagonal and two-center
interaction integrals between neighboring atoms lying within some cutoff radius Ro.
Interactions beyond Ry are assumed to be negligible. In addition, overlap integrals are
often ignored. Give reasons why both of these assumptions may be approximately valid.

. Consider two empirical models, model I and model II. Assume I and II use orbitals
with the same symmetry properties. Model I assumes the overlap integrals between
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orbitals on different sites vanish. Model II uses the overlap integrals between different
sites as adjustable parameters. As a result, model II has many more adjustable
parameters than model I. Which model is capable of the most accurate representation
of the electronic states?



3
Empirical LCAO model

The LCAO method described in the previous chapter forms the basis for a num-
ber of empirical or qualitative models. In such models the LCAO matrix elements
are treated as “fitting” parameters to be determined from experiment or in some
empirical way. Such models have provided a great deal of physical insight into the
electronic properties of molecules and solids.

One of the first and simplest LCAO models was used by Hiickel [1] to discuss
the general qualitative features of conjugated molecules. Later, Slater and Koster
[2] introduced an LCAO method for the analysis of the energy bands of solids. The
Slater—Koster LCAO model has been used extensively as an interpolation scheme.

The LCAO parameters are determined by choosing the model parameters to
give results that approximate those of more accurate numerical energy band calcu-
lations at a few points in the Brillouin zone. Once the parameters are determined
the LCAO model gives approximate energies at any point in the Brillouin zone.

LCAO models have been remarkably useful for ordered solids and molecules
having a high degree of symmetry. The reason for this is that in many cases the
electronic structure is qualitatively determined by symmetry or group theoretical
considerations. The group theoretical properties of a system are preserved in LCAO
models and therefore they are able to correctly represent the general features of the
electronic states.

3.1 LCAO matrix elements

The LCAO matrix elements (see (2.42)) were derived in Chapter 2. They are of the
form:

Huosn = [ ealr = B) H() palr — ) dr. (3.1

h2 2 T
H) =~V + V(7). (3.2)

41
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where ¢, may be taken as an atomic orbital or a Léwdin orbital and where VT (7)
consists of the nuclear attraction, Coulomb, and exchange potentials. VT may be
expressed in terms of a sum of potentials localized at each atomic site,

VI => v(F - R). (3.3)

Using (3.2), the LCAO matrix element may be decomposed into a kinetic
energy matrix element and a potential energy matrix element:

Hiajp = Thays + Vs - (3.4)
R oL

Tka,jﬁ = /QDQ(T’ — Rk) <_2’[7LV2> QOﬁ(T — Rj) dr, (35)

VI = /%(f’— Ry V() ou(F— Ry) dr. (3.6)

Using (3.3) VkE,jﬁ takes the form
Vs = [ alr= By ol =B palr - ) dr. (3.7
R

The kinetic energy matrix elements in (3.5) have two types of integrals. The matrix
elements for Ry, = R}- are “one-center” integrals, while for Ry, #* Ej they are “two-
center” integrals. The potential energy matrix elements have three possible types of
integrals; one-center integrals for Ry = R= ﬁj, two-center integrals when two of the
position vectors are the same, and three-center integrals for Ry # R #* ﬁj. Since
the amplitudes of atomic orbitals decrease exponentially with distance from the
nucleus, it is clear that the integrals involved in the matrix elements will decrease
rapidly with increasing |}§k — §j| and may therefore be neglected beyond some
cutoff distance. In a similar fashion, the localized potential v (7 — FE) will decrease
with distance away from R. Therefore the integrals also decrease rapidly as either
|R — Ry| or |R — ﬁj\ increases. In general then, one expects the one-center integrals
to be the largest, followed by the two-center integrals and with the three-center
integrals being the smallest. However, there are many three-center contributions
and for accurate calculations they must be retained.

3.2 Slater—Koster model

In order to reduce the number of integrals involved in calculating the LCAO matrix
elements certain approximations must be employed. One approximation already
mentioned is to neglect matrix elements for which | Ry, — R|, \R} — R|, or |Ry, — §j|
exceed some chosen distance.
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Figure 3.1. Coordinate system with the z-axis along the internuclear axis of atoms lo-
cated at R; and Ry showing that ¢r = ¢;.

Slater and Koster suggested that the three-center contributions be neglected
altogether for the purpose of establishing a workable empirical model. As a further
simplification they assumed the local potentials to be spherically symmetric about
the atomic center so that

v(F— R) = v(]F— R|). (3.8)

This approximation is not accurate because the charge density around a given
ion in a molecule or solid is seldom spherical. Nevertheless it is a reasonable start-
ing point. Use of this approximation does not mean that the final, resulting charge
density will be spherically symmetric about the atomic sites. Instead, the charge
density calculated from the resulting wavefunctions will reflect the bonding symme-
try between the neighboring atomic orbitals. Therefore, this approximation can be
considered as the first step of a self-consistent procedure. With these assumptions
we may express the matrix elements of H with Ry, # ﬁj as

— —

Hiojp = Trap+ / ol — By) o(F — R)ps(F - By)dr
R

e . B L 3 R
= [ali=Fa)t | o T2 ol = Bal)4o(l7 - )| a7~ ) a7 (3.9

The atomic orbitals will be of the form

¢a(7— Ry) = Ry (1) P} (cos O) e % (3.10)
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where ng,¢,, and m, are the principal, orbital, and magnetic quantum numbers,
respectively, R, _(r) is the radial part of the wavefunction, and the angular part,
P, (cos 0), is an associated Legendre polynomial. If the z-axis is chosen along
the line joining two atoms, R; — Ry, as shown in Fig. 3.1, then it is clear that the
¢r is equal to ¢;. Therefore, the integral of (3.9) contains a part,

2m
/ 67i(ma7mﬁ)¢ d¢ = (Smamg'

0
This means that the only non-vanishing two-center integrals are those for which the
orbitals have the same symmetry about the internuclear axis. That is, the matrix
elements are non-zero only if there is a non-vanishing overlap between the two
orbitals involved. Some pictorial examples are shown in Fig. 3.2 to illustrate this
principle. In practice it is a trivial matter to sketch the angular parts of the orbitals
and to determine whether the matrix element vanishes by symmetry.

A useful nomenclature for describing the nature of the overlap of two atomic
orbitals has been developed. Non-zero overlap exists when m, = mg = m. For these
cases the overlap is called 0,7, and § for m=0, 1, or 2, respectively. Examples
of these are illustrated in Fig. 3.3. The atomic orbitals generally employed are
chosen to be real by taking linear combinations of atomic states. Thus p, o cos ¢
and p, x sin ¢ are employed instead of functions involving e™™?. In all cases, the
functions combined have the same |m|. Thus, when we use these real atomic orbitals,
the rule for deciding whether the overlap vanishes becomes |mq| = |mg|, where |m,|
is the magnitude of the magnetic quantum number associated with the functions
that make up the real atomic orbital ¢,

The overlap integrals are denoted by S(Sat). For example, S(pdn) represents
the overlap between a p orbital with a d orbital where each has |m| = 1. The inter-
action matrix elements themselves are represented by (Bat) alone. Both overlap and
interaction matrix elements are defined by convention for the specific configurations

L9 s
z z

x x

(a) (b)

Figure 3.2. (a) Overlap between an s orbital and a p orbital. The overlap vanishes by
symmetry ms =0, mp, = 1. (b) Non-zero o overlap between an s orbital and a p. orbital:
ms=my, =0.
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Pa ¥B
S S Pz S
2 <@—V 2
(sso) (spo) (sdo)
Pz Dz
Cd >O—
(ppo)
Y
Y dy: Py z

O S dbddgb y
ey doomp dey
Qﬂ 4N Z
4@
/ ' Y (ddd)

and derived from the above definitions by symmetry:

@ (sdo) (pdo)

Figure 3.3. Fundamental types of overlaps (or matrix elements).
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as shown in Fig. 3.3. Other configurations are related to these basic interactions.
For example, a (pdm) overlap changes sign if the positions of the orbitals are in-
terchanged as shown in Fig. 3.4. The relative signs of particular interactions are
usually obvious. The relation, between the definitions in Fig. 3.3 and the various
basic interactions is

(Bat) = /%(ff R))* H pp(F — R;) dF (3.11)
S(Bat) = /%(F— R)*ps(F — R;) di (3.12)
(t =0,m, ord)

where éj ,R’i is a vector with components along the positive z-axis. The matrix
element for d,2_,» with s or p, shown in Fig. 3.3, have been deduced from the
basic matrix elements by rotating the coordinate system and then re-expressing
the transformed orbitals in terms of those which have basic definitions. To do this
one must pay attention to the fact that the normalization of the angular part of the
wavefunctions for different orbitals is sometimes different. Table 3.1 lists the forms
of the orbitals. For compactness we shall often use the notation dg» for d;2_,» and

oo O Qaop
IO IO

(pdm) ~ (pdr)

Figure 3.4. Definition of (pdrw) overlap and interaction integral.

Consider the overlap of the d,>_,» with the s orbital as shown in Fig. 3.3. We
can relabel the z-axis as 2z’ and y= y . Then the relevant angular part becomes

15 [z —y
dyz = )/ —
i 167r< 2 >
15 Z/Z_y/2
SN B
167 /2
_F 1 /322 —¢2 +1 x'? — y?
T V6w |2 r'2 2 /2

V3 1
- 7dz/2 + idxm .

The s orbital has no angular variation and so it remains unchanged by the coordi-
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nate transformation. Then
3 1 3
/d;;Q s dif = g /d;,2 sdr+ /d;,g 5 dif = g(sda). (3.13)

The second integral on the right-hand side of (3.13) vanishes by symmetry.

Table 3.1. Forms of atomic orbitals.

Orbital q# Angular function Radial function

ns ﬁ Rg") (r)
nps Z(2) rRy ()
np, =) rRy (r)
np. = (2) rRy" (r)
nd,2 % (322;;’”2) TQRgln) (r)
€g
ndge 116—5; (igrgyg) TQRE;L)(T)
ndazy Vi (%) 2RV (r)
ndy: (%) PRV (r) § by
ndz i (%) 2Ry (r)

In more general cases we shall have LCAO integrals between orbitals displaced
from one another in an arbitrary direction. It becomes tedious to perform the trans-
formations of the orbitals. To ease this discomfort, Slater and Koster worked out a
table which gives matrix elements for displaced orbitals in terms of the fundamen-
tal integrals. Their results are given in Table 3.2. To use the table to evaluate the
interaction integral of the form:

Ego = /%(r— R;)*H @s(7 — R;) dr, (3.14)

one need only calculate the direction cosines ¢, m, and n of the vector R}i = R}- 7]%,-;

X Ty _ Y Y _ R TR
=J_ =2 __= n=—-5—.
| Rji | Rjil | Rjil

(3.15)
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For example, if @3(7 — R;) is a p, orbital with B; = a(1,—1,1) and . (7 — R;) is

a d 2 orbital at R = a(—1,1,2) then |Rji| =3a, (= +%, m = —%, and n = —3.

=

In Table 3.2 we find the line labeled F, 3,2_,2 and the integral is

/ d.» Hp, dif = e[nQ — %(52 - mZ)} (pdo) — V/3¢n*(pdr)

S 3G o G e
)

Il

|

\

—

S
s
2
+

} . (3.16)

3.3 Symmetry properties of the Lowdin orbitals

When using the LCAO method as an empirical model it is often convenient to use
the orthogonalized Lowdin orbitals [3] discussed in Section 2.8. With the Lowdin
orbital basis the overlap matrix elements between orbitals on different sites vanish
and the interaction matrix elements are between Lowdin orbitals rather than atomic
orbitals. The formalism described in the preceding section can then be used without
change. This is allowed only because the symmetry properties of the Léwdin orbitals
are identical to those of the corresponding atomic orbitals. In the remainder of this
section we give a proof of this.

We want to show that the Lowdin orbital &, (7 — 1%4) has precisely the same
symmetry properties as the atomic orbital, ¢, (¥ — Ry). They are related by

fa("?_ é@) = Z (Sil/Q)mv,éoz Qay(F_ R'm) (317)

mv

where S is the overlap matrix
St = /%(f’— Ro) ool — Ry) dF. (3.18)

The symmetry properties of ¢ are completely determined by their transformation
properties under a symmetry operation of the group corresponding to the system
in question. If Q is a symmetry operator of the group then from group theory we
know that

@g&a T’ — R/ Z F kg,ga (,0[3(1?7 Ek) (3.19)

where I'(0) is a unitary representation matrix for O F(@)Zoikﬁ = I'(0)} 4 44 For
the Lowdin orbitals to have precisely the same symmetry properties as the atomic
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Table 3.2. LCAO two-center integrals [2] for orbitals centered at R; and R The
variables £, m, and n are the direction cosines of (R — R ).

E; s (sso)
E; o {(spo)
Eq £2(ppo) + (1 — £2)(ppm)
E. .y Im(ppo) — €m(ppm)
Es.x n(ppo) — Ln(ppm)
E; &y V3m(sdo)
E, 2_,2 1V3(£2 — m?)(sdo)
B, o [n? — (€ + m?)](sdo)
Es 2y V302 m(pdo) + m(1 — 20%)(pdr)
Eyz,yz V3tmn(pdo) — 20mn(pdm)
Eg :x V302n(pdo) + n(1 — 2£2)(pdr)
By a2_y2 V302 — m?)(pdo) + £(1 — €2 + m?)(pd)
E, 2 2 %\/gm(ﬁ —m?)(pdo) — m(1 + £2 — m?)(pdm)
B, 2,2 %\/gn(ﬂ — m?)(pdo) — n(£?> — m?)(pdr)
B, 32,2 {n® — 3(€% +m?))(pdo) — V/3en® (pdr)
Ey1322,7,2 mln? — %(52 + m?)](pdo) — vV/3mn?(pdm)
E, 3,2_,2 n[n? — %(22 + m?)](pdo) + V3n(? + m?)(pdr)
Eoy oy 302m?2(ddo) + (02 + m? — 402m?)(ddr) + (n? + £2m?)(dds)
Epy,y- 3¢m?n(ddo) + £n(1 — 4m?)(ddr) + tn(m? — 1)(dds)
Eoy 2z 302mn(ddo) + mn(1 — 442)(ddr) + mn(€% — 1)(dds)
By w2 y2 %Em(IZZ — m?)(ddo) 4+ 2¢m(m? — £2)(ddr) + %Zm(@2 — m?)(dds)
E, . 2,2 %ﬂln(l2 — m?)(ddo) — mn[1 4+ 2(£% — m?)](ddx) + mn[1 + & (ZZ m?)](dds)
By n2_y2 2nL(€% — m?)(ddo) + nl[l — 2(¢* — m?)](ddr) — nl[l — 7(e2 — m?)](ddd)
E,, 3.2 .2 V3tmn? — %(Zz + m?)]|(ddo) — 2+/3tmn?(ddn) + %\/gém(l + n?)(dds)
E,  3.2_,2 V3mn[n? — %(ZQ + m?)(ddo) + V3mn(£2 + m? — n?)(ddr)
——\frnn(l2 + m?)(dds)
E 3.2 .2 V3tn[n? — 1 (€% + m?)(ddo) — 2v3en(€* + m? — n?)(ddn)
+3V3en(? + m?)(dds)
Em2_y27w2_y2 %(52 — m2)2(dda) + [Z2 +m? — (Z?‘ — m2)2](ddﬂ') + [n2 + %(42 - m2)2}(dd5)
E,2_ 23,2 ,2 V32 — m?)[n® — 1 (€® + m?)|(ddo) + V3n® (m® — £7)(ddr)
+1v3(1 + n?)(€? — m?)(dds)
Ey2_,2 3.2_,2 [n? — 3(€2 + m?)](ddo) + 3n> (€2 + m?)(ddr) + 2(£2 + m?)?(dds)

orbitals, we require that

O & (7 - Z I(O)kp.ta £5(F — Ry). (3.20)
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However, from (3.17) we know

O talF— F0) = 3 () musta O 0 (F— Fim)

mrv

=> S mvta Y T(O)kgmy 0p(F — By)
mv kB

=9 [r(@)s—l/z] s 80— Ry). (3.21)

On the other hand, substitution of (3.17) into (3.20) gives

0 &a (= Z I'(O)g,ta <Z<S_l/2)my,kﬁ o (7 — ﬁm)>

mv

= Z [S720©)] (- Fn)

muv, o
my

—Z[ S121 (0 }Wa 0s(7 — By). (3.22)

Now comparison of (3.21) with (3.22) shows that the equations are compatible only
if
S™Y2r(Q) = r(Q)s—/2
or
rO)='s—2r)=s"2 (3.23)

According to (3.23) the Lowdin orbitals can possess the same symmetry as the
atomic orbitals only if S™'/2 is invariant under the unitary transformation, I". We
shall prove that this is true for physical systems.

The overlap matrix S has the form,
S=1+A (3.24)

where I is the unit matrix and A has zero diagonal elements. This form results
because the atomic orbitals are normalized and therefore the overlap of the orbital
with itself is unity. The non-vanishing off-diagonal elements of A correspond to the
overlap between atomic orbitals centered on different atoms. These overlap integrals
are not necessarily small but they are necessarily less than the diagonal overlap for
any atomic orbitals. That is,

|Akﬁ7ga| <1. (3.25)

Therefore, it is possible to expand S™!/2 in a convergent power-series as follows:

1 3 5
1/2 _ 1/2 4 O N2 3
5712 = (I+8)7/7 =T- JA+ A% - A%
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If we can prove that every power of A is invariant under transformation by
I'(0) then it will follow that S~/? is also invariant. The proof is easy:

[L7HO)AT(©)] 55 = D D T Ok Aravinn T (O s

myv ny

[ (S @ = ) S 1@ - )
= / [0a(7~ Bi)]" [Ops(7 — By)] di

= /%(F— Ri)"¢p(F = Bj) di = Akajs (3.26)
Equation (3.26) shows that A is invariant, and therefore so is every power of A, since
r~(©)ANT(0) = [F(0)Ar(©)] [~ (©)Ar(®)] - [ (0)AL(0)]
=AYV,
This completes the proof.

A few comments on the use of the LCAO method for building an empirical
model are now in order. In particular, we note that it is not necessary to employ
atomic orbitals as the basis functions. Any set of orbitals that possess the symmetry
of the atomic orbitals can be used. If the interactions are to be treated as empirical
parameters, the results are independent of the actual basis orbitals (assuming the
same number of basis orbitals are employed). The symmetry types and degeneracies
of the electronic states do not depend on the actual basis orbitals, provided they
possess the same transformation properties as the atomic orbitals. For example, s—p
hybrids are often used when deriving molecular electronic states. The symmetry and
degeneracies of the resulting electronic states are no different from those obtained
when one employs atomic p orbitals or Lowdin orbitals. Including overlap integrals
in an empirical model does not improve the results even though it appears there are
more empirical parameters (the overlap integrals). The two models (one without
overlap integrals and one with overlap integrals) are equivalent because they are
related by a unitary transformation.
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Problems for Chapter 3

1. Construct the matrix eigenvalue equation for a d,2_,2 orbital at (0,0,0) interacting
with p orbitals at (a,0,0) and (—a,0, 0).

(a) Find the eigenvalues and eigenvectors. Classify the resulting states as bonding,

)

non-bonding, or antibonding. Use E4 and E, for the diagonal energies.

(b) Determine the amount of covalent mixing, that is, the ratio of the d to p amplitudes
squared for the various states.

(c) Using E, = —9eV, Eq = —5¢eV and (pdo) = 1€V, calculate the eigenvalues and d
to p ratios of the amplitudes squared.

2. Show that the angular function for nd,, in Table 3.1 is properly normalized.

3. Using the definitions of the angular functions in Table 3.1 express the orbital function

2 as a linear combination of the two orbitals d,> and d-.

3y? —r
4. Using Table 3.2 express the interactions of the following orbitals in terms of the Slater—

Koster parameters:

(a) po orbital located at (0, a,0) with a p, orbital located at (a,0,0),

(b) p. orbital at (0,a,0) with a d,2_,2 orbital at (0,0,0),

(¢) dz- at (0,0,0) with a d,. at (0,a,0).

5. Derive the Slater-Koster formula for E, ,2_,2 shown in Table 3.2.

2—y
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LCAO energy band model for cubic perovskites

In Chapter 1 a qualitative description of the energy bands of perovskites was devel-
oped starting from a simple ionic model. It was argued that the essential electronic
structure of the perovskites is derived from the BOj ions of the ABO3 compound.
The A ion was shown to be important in determining the ionic state of the B
ion. Also, the A ion contributes to the electrostatic potentials. However, the energy
bands associated with the outer s orbitals of the A ion were found to be far removed
in energy from the lowest empty d bands and were unoccupied. As a result of these
considerations the electronic structure of the A ion can be neglected in discussing
the principal features of perovskite energy bands.

The energy bands that are electronically and chemically active are derived from
the d orbitals of the transition metal (B) cation and the 2p orbitals of the oxygen
anions. The deep core states of the ions produce atomic-like levels at energies far
below the valence bands and may also be omitted in our discussion.

One of the first energy band calculations for perovskites was carried out by
Kahn and Leyendecker [1] for SrTiOs. They employed a semiempirical approach
based on the method of Slater and Koster [2] (described in Section 3.2). The model
presented in this chapter follows closely the work of Kahn and Leyendecker.

4.1 The unit cell and Brillouin zone

The BOg unit cell is shown in Fig. 4.1. The B ion is located at the origin and the
three oxygen ions are located at a distance, a, along the three coordinate axes. The
A ion (not shown in Fig. 4.1) is located at (a,a, a).

Let €%, €y, and €, represent unit vectors along the z, y, and z axes, respectively,
then the perovskite lattice can be described as a single cubic lattice of unit cells
with lattice vectors

—

Rp(n) = 2a(n.€y + nyé€y + n.€,). (4.1)

53
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(0,0,a)
©,0,0) (0,a,0)
” M
N

Figure 4.1. BOs3 unit cell for a perovskite.

The symbol 7 represents the three integers n;, n,, and n,, which may be positive,
negative, or zero. The oxygen ions are located at

- —

R () = Rp(f) + aé; (j== y, orz) (4.2)

where €; is one of the unit vectors, €, €y, or €.. The A ions are located at the
positions

— —

RA(7) = Rp(n) + (a€y + a€y + aes) . (4.3)

For each unit cell we shall consider 14 basis states; five d orbitals centered at
Rg (7)) and three 2p orbitals centered on each of the three oxygen ions. These 14
basis states produce 14 energy bands. Each energy band has N states, where N is
the number of unit cells in the solid. Each of the 14N energy band states is specified
by a band index, v, and a wavevector, k. The wavevector is chosen to lie in the first
Brillouin zone of the perovskite structure. This Brillouin zone is a cube in E—space
as shown in Fig. 4.2.

We can assume that the k-vectors corresponding to the N states of each band
lie on a cubic lattice obtained by dividing the first Brillouin zone into N equal sized
cubes.

In the limit as N — oo, the spacing between these k vectors becomes arbitrarily
small and k may be treated as a continuous variable.

The points of high symmetry in the zone are shown in Fig. 4.2(a). These points
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(a) (b)

Figure 4.2. (a) Brillouin zone for a simple cubic perovskite showing the points of high
symmetry, (b) 1/48 segment of the Brillouin zone.

have the coordinates in E—space as follows:

(%) 0,0,0)

(%) (£1,0,0); (1) (0,£1,0); (%) (0,0,£1)

r
X

2a

(2%) (£1,£1,0); (21@) (£1,0,+£1); (2%) (0,£1, 1)

R = (1) (1,41, +1). (4.4)
2a

Figure 4.2(b) shows a representative segment of the first Brillouin zone having 1/48
of the volume of the full zone. The entire zone can be constructed from 48 of these
segments joined in an appropriate manner. If the 48 operations of the cubic point
group (Oy) are performed on a segment with I’ as the origin, then the segment
will be rotated, reflected, or inverted in such a way as to map out the entire first
Brillouin zone. This means that every E-vector point inside a segment is related
to 47 equivalent points in the 47 other segments by a (cubic) symmetry operation.
Consequently, it is necessary to find the energy band solutions only for the k-vectors
which lie inside and on the surface of one of the segments of the Brillouin zone.
Solutions for symmetry-equivalent k-vectors can then be obtained by performing
the symmetry operation of Oy, on the wavefunctions from the segment. The energies
of symmetry-equivalent k-vector states are the same.

M
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4.2 LCAO matrix equation for an infinite lattice

In Section 2.8 we obtained the LCAO matrix eigenvalue equation:
(H'— E;1)D® =0 (4.5)

where the matrix elements of H' are integrals of a one-electron Hamiltonian between
Lowdin (orthogonalized) orbital basis states.

The Loéwdin orbitals are specified by a symmetry index, a, and a position
vector. For compounds such as the perovskites it is convenient to specify the atomic
position by a lattice vector ﬁm which locates the unit cell and a vector 7; which
locates the position of the jth atom within the unit cell. Thus, we write the Lowdin
orbitals as

EalF = Ry = 75) = Eal7 = Riny) (4.6)

where

—

Rpj = R + 7.

For a solid having N unit cells, each unit cell having n basis orbitals, (4.5) is

an nsN x ngsN matrix equation. The eigenvector D® has ns/N components, d;?ja,

which specify the amplitudes of the Lowdin orbitals comprising the ith eigenstate.
() 2

mja|

alent atomic position. Therefore the amplitudes for a particular symmetry type

orbital of equivalent atoms can differ at most by a phase factor. According to

Bloch’s theorem for periodic systems the amplitudes can be taken in the form

In an infinite, periodic solid the modulus |d must be the same for every equiv-

T — —

i 1 = .
i = ——eF g (Fv)  (i=kw). (4.7)

For convenience we also introduce a phase factor within the unit cell and write
dja(/g, v) = etk T ajo. The eigenstates are characterized by the wavevector, E, and
a band index v and therefore on the right-hand side of (4.7) we have replaced the
eigenstate index i by (k,v).

The LCAO Bloch wavefunction then assumes the form
1 7B - -
U = = 20D e a0k, v)a (T = Bng) (4.8)
\/N m  jo
For a periodic solid the matrix elements of the Hamiltonian between a given pair of

orbital types depend only upon the difference in the position vectors locating the
orbitals so that

—

[H]mjﬁ,nia = j[},ia(Rn - Em) . (49)

Equation (4.5) may be reduced to a matrix of ng X ng dimensions by using
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(4.7) and (4.9), which reflect the translational invariance of the solid. One has for
the matrix eigenvalue equation:

Z Z {Hj[},ia(ﬁn - Em) - Ek’yéaﬁdnméij}eil_c‘.ém(lia(l_ﬂ‘, I/) =0.

n  ia

s
VN
(4.10)

We multiply (4.10) by \/iﬁe_“;'ﬁmj and sum over all R, to obtain

1 >3 = ik (B —R. -
N Z { Z Z Hjgia(Ry — Rim) — Eg 0030nm0ij }e Felfini=Fomi) g, (k1)
=> {hjﬁm(/g) - E,;,ﬁaﬁ%} aia(k,v) = 0. (4.11)
2t
In obtaining (4.11) we have defined

higia(k) = eF e ™ EoTH g 0 () (4.12)

and used the relations

SO et U H o (B — R) = N> e* ) Hyg 0 (Ry),
n o m p

S ) <
5ij BiE.(?iiFj) = 5ij .

Equation (4.11) is the desired result. It shows that the energies and wavefunctions
are determined by an ng X ng secular equation. In this form the matrix elements,
h;a,ia(k) are the lattice Fourier transforms of the LCAO integrals.

4.3 LCAO matrix elements for the perovskite

In order to solve (4.11), we must specify the elements h;zio(k) and hence

H jg,m(ﬁp). The lattice-space matrix elements can be parameterized by using the
Slater—Koster method described in Section 3.2. We must consider the matrix ele-

ments between the 14 basis states within a unit cell and in neighboring unit cells.

For the perovskites an excellent model is obtained if only matrix elements
between first and second nearest neighbors are retained. With this approxima-
tion, cation—anion (nearest-neighbor) interactions and anion—anion (second-nearest-
neighbor) interactions between adjacent oxygen ions are retained and all other in-
teractions are neglected.
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The Hamiltonian is of the form

2
H(F) = —;—mw + vest (7) (4.13)
where veg includes the nuclear, Coulomb, and exchange potentials. For our purpose
here it is not necessary to know the explicit form of veg. We need only know that
it possesses certain symmetry properties. In particular, veg(7) must be invariant
under the operations of the cubic point group Op when the origin for 7 is at a B-
ion site. Similarly, when the origin is at an oxygen site then veg (7) must be invariant
to the operations of the point group Cy,.

(a) Diagonal LCAO matriz elements

The symmetry properties of the Lowdin orbitals are identical to those of the cor-
responding atomic orbitals as was proved in Section 3.3. As a consequence, the
forms of the atomic wavefunctions listed in Table 3.1 will also be the forms of the
Lowdin orbitals. Table 3.2, for the LCAO two-center integrals, may therefore be
used without change for either atomic or Lowdin basis orbitals.

The functions listed in Table 3.1 are the linear combinations of the spherical
harmonics appropriate for cubic symmetry. According to group theory, the e, and
tag type d orbitals belong to different irreducible representations of the Oy point
group. This means that the matrix elements of a Hamiltonian (which is invariant
under Oyp,) between e, and to, orbitals centered on the same B ion site must vanish.
Furthermore, the two e, orbitals (three to, orbitals) belong to different rows of
the same irreducible representation. This means that the matrix elements of the
Hamiltonian between different ey (to4) orbitals centered on the same site must also
vanish. No such symmetry restrictions apply to matrix elements between orbitals
centered on different sites.

Similar symmetry considerations show that the matrix elements of the Hamil-
tonian between the different p orbitals centered on the same oxygen ion must also
vanish.

The above discussion shows that the only non-vanishing LCAO integrals be-
tween orbitals centered on the same atomic site are the diagonal matrix elements.

The diagonal matrix elements are of the form
Haol0) = [ ul®) H)pa(r) dr. (4.14)

From the discussion given in Section 1.3 we know that these integrals will be
approximately the sum of an ionization energy plus a Madelung potential plus an
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electrostatic splitting resulting from the non-spherical part of veg (7). For the d
orbitals we define these elements as

Eq+Va(B) +n(5)A(d) (J = eg or tag). (4.15)

The energy Eg is approximately equal to the ionization energy of a d electron
for the free transition metal ion having the appropriate charge state (e.g., Ti** —
Ti** for SrTiO3). The term Vjy(B) is the Madelung potential at the B-ion site
and 7n(j) is a numerical parameter which determines how the electrostatic splitting,
A(d), is shared between the e, and ty4 levels. According to group theory the total
energy of a manifold of degenerate levels is unchanged by the non-spherical part of
vett (7), that is the “center of gravity” of the levels is unchanged by the electrostatic
splitting of the d states. This requires that

2n(eqg) +3n(t2g) =0,
A(d) n(eg) — A(d) n(tzg) = A(d) . (4.16)

Thus we find that n(e,) = % and 7(tag) = 7%

In a similar manner, we define the diagonal matrix elements for the 2p oxygen
orbitals by

Ey + Vm(O) +n(5) Alp) (J=pL pp), (4.17)

where E, is the (fictitious) electron affinity of the O~ ion to form O%~, Vj;(O)
is the oxygen-site Madelung potential and A(p) is the electrostatic splitting due
to the non-spherical part of veg(7). Invariance of the center of gravity of the 2p
manifold requires that n(p.) = 1, while n(p;) = —2 where p, and pj refer to 2p
orbitals oriented perpendicular and parallel, respectively, to the B—O internuclear
axis.

The consequence of (4.15) and (4.17) is that we can characterize the LCAO
diagonal matrix elements in terms of four parameters E, £y, F |, and E| which
are defined as follows:

Ee = Eq+ Vm(B) +n(eg) A(d),

Ey = Eq + Vum(B) +n(teg) A(d) ,

E, = E,+Vm(0) +n(pL) Alp),

Ey = E, +Vu(O) +n(p)) Ap) - (4.18)

(b) Off-diagonal matriz elements

For the model we are considering, which neglects the third nearest-neighbor interac-
tions, there are two types of off-diagonal matrix elements; cation—anion interactions
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and anion—anion interactions. The cation—anion matrix elements are of the type,
Hgo(£a€;) = /goa(r")*H pa(r+ae;)di  (j=ux,y, orz). (4.19)
The oxygen—oxygen off-diagonal matrix elements are of the type,
Hpo(+a€; £ a€;) = /(pa(Fj: a€;)"H pg(7 £ a€}) dif (4.20)

(27&]5 ivj:$7ya OI‘Z).

In (4.19), for the p—d matrix elements, ¢, is a d(p) orbital and ¢g is a p(d) orbital.
The p—d matrix elements can be calculated in terms of the (pdo) and (pdr) integrals
(shown in Section 3.2) with the help of Table 3.2. The to, d orbitals interact only
with the p | -type orbitals; the t55-p; LCAO integrals vanish by symmetry. Similarly,
the eg-type d orbitals have non-vanishing interactions only with the p|-type orbitals.
For the t94-p1 type matrix elements one finds

/daﬁ(m*H pa(F T a8s) dif = +(pdr), (4.21)

/pa(F)*H dop(T £ alp) di = F(pdr) (af = xy,xz, or yz). (4.22)

For the ey-p| type LCAO matrix elements we have

[ s H ol F 02 dF =55 (pdo) (@ =zory),  (123)
[ a0 H 7% a2 = (o). (4.24)
[ 07 H 7 0 dr = £ o), (4.25)
[ e 8 py 7 a2y = 5 5 (o). (1.26)

The remaining possibilities are determined by noting that
/p(F)*H d(F + ay) dF = —/d(F)*H p(F+ a&;) dF
for any p and d orbitals. It is noted that all of the possible p—d interactions are

described in terms of only two LCAQO integrals: (pdm) and (pdo).

Next, we consider the interactions between p orbitals on adjacent oxygen ions.
These interactions can be expressed in terms of the two LCAO integrals (ppm) and
(ppo). There are three types of integrals that give non-vanishing matrix elements.
They are

[ paleF a2 H w7 i) d =~ 3 00m) — o)) (420)
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(a# B; o, f=ux,y, or z),

where (F)(F) means the product of the signs occurring in the arguments of the
orbitals,

[ 9l a8y H ol a2) d7 = 5 (opm) + (090 (4.25)
(a# B a,f=1m,y, or2),
/pW(F:I: a€n)*H py(F+ aég) dif = (ppr) , (4.29)

(a#B#v a,B,y=uz,y, or z) .

It is helpful to visualize the various types of interaction described by (4.21)—(4.29).
Figure 4.3 shows schematic representations of some of these interactions. Equations
(4.21)—(4.29) give all of the possible matrix elements for interactions between first
and second nearest-neighbor ions. They are characterized entirely in terms of four
basic LCAO integrals: (pdo), (pdr), (ppo), and (ppr). There are also four diagonal
integrals: Ee, Fy, By, and E . For this approximate model the electronic structure
of the cubic perovskites is determined entirely by these eight parameters.

4.4 LCAO eigenvalue equation for the cubic perovskites

In the preceding section we determined the forms of all of the matrix elements
which enter the model. To find the energy bands and wavefunctions we must solve
the 14x14 matrix eigenvalue equation corresponding to (4.11).

At this point, it is convenient to make a choice of the labels for the rows and
columns of the 14x14 matrix (see Table 4.1). We make the following correspon-
dence:

d,2(7) = 1, (7 — ae,) = 2; dg2_ 2 (7) = 3;
Dz (T — afy) = 4; Py (T — agy) = 5
doy(7) = 6;  po(F—aly) =T,  py(F—aé;) = (4.30)
Ay (F) = 9; (7 —aéy) = 10;  p,(F— aéy) = 11
dy.(7) = 12;  py(F—a€.) = 13; pz(f' aéy) = 14.

This choice is suggested by the fact that in the absence of oxygen—oxygen in-
teractions, the 14x14 matrix block-diagonalizes into a 5x5 and three 3x3 matrices
where rows and columns 1-5 form the 5x5, rows and columns 6-8, 9-11 and 12-14
form the three 3x3 matrices. Since the oxygen—oxygen LCAO integrals are small
this choice of labels places the largest matrix elements in the diagonal blocks.

Next, we determine the matrix elements, hjg’m(l;), which enter (4.11). For the
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%% dog(F)*H po (7 — acg) d7 = (pdm) (4.21)

Jé] J pa(F)*H dop(F — aés) dF = —(pdm) (4.22)
[ dsz2_2(F)* H po(F — a€,) dF = —(pdo)  (4.23)

[ dz2_2(F)* H p. (7 — a€.) dF = (pdo) (4.24)

[ duz_ 2 (7F) H p, (7 — aéy) di = L2 (pdo) (4.25)

[ dy2_2(F)*H py (T — aé,) dF = (pda) (4.26)

fpa 7 — aéy)*H pg(7 — aég) dF
—3l(ppo) — (ppm)] (4.27)

J pa(F— ay)*H po(F — aés) dF
= 3l(ppo) + (ppr)] (4.28)

pr 7 — a€y)*H p,(F — a€g) dF = (ppm)  (4.29)

Figure 4.3. Schematics of the two-center integrals.
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Figure 4.4. (a) Energy bands for the parameters (all in eV): E. =-5.8, B, =—-6.4, E, =
—-10.0, By =-10.5, (pdo) =2.1, (pdm) = 0.8, (ppo) =—-0.2, (ppr) =—0.1. (b) Energy bands
for the same parameters as in (a) except (ppo) =(ppr) =0.

model considered here we need only retain the terms for which
IR, + 7, — 7j| < V2a~276A. (4.31)

Using the results of (4.18) and (4.21)—(4.29) we obtain the matrix shown in Table
4.1. The eigenvalues, Er, are determined by the matrix eigenvalue equation

det(H — E;I) =0, (4.32)
where I is a ng X n, unit matrix.

Before discussing the details of how solutions for the energy bands may be
obtained, it is helpful to have a picture of the general structure of the energy bands
[3]. This is best accomplished by displaying a typical set of bands obtained from
(4.32).

Figure 4.4(a) shows the energy bands using the eight LCAO parameters for
SrTiOs [4, 5]. Figure 4.4(b) shows a similar set of bands for the same parameters
as used in calculating the bands in Fig. 4.4(a) except that the oxygen—oxygen
interaction parameters, (ppm) and (ppo), are taken to be zero.

The basic structure of the bands is most easily explained by beginning with
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Fig. 4.4(b). There are basically three groups of bands. The first group consists of the
bands labeled ¢* and 7* which lie between -7 and —2eV. These are the d-electron
conduction bands. A second group, ¢ and 7, are the mirror images of the ¢* and
m* bands, respectively. They are oxygen valence bands. The last group consists of
flat bands labeled ¢ and 7°. These are non-bonding oxygen valence bands. The
wavefunctions for the o and o* bands involve only the LCAO parameter (pdo) and
those of the 7 and #* involve only (pdw). The widths of the o and o* bands are
determined by (pdo). For the m and 7* bands the widths are determined by (pdr).
The wavefunctions of the o, *, 7, and 7* bands are admixtures of p and d orbitals.
The non-bonding ¢® and 7° bands have wavefunctions that are entirely composed
of oxygen 2p orbitals.

When the oxygen—oxygen interactions, (ppr) and (ppo), are non-zero (as for the
bands in Fig. 4.4(a)) the non-bonding bands are no longer flat. They are broadened
into bands whose widths are controlled by (ppm) and (ppo). There is also some
minor changes in the o and 7 valence bands, because of interaction with the non-
bonding bands near crossing points. However, the general structure of Fig. 4.4(a)
is not qualitatively different from that of Fig. 4.4(b) and the o* and 7* bands are
essentially the same in both figures.

The above analysis suggests that the qualitative features of the energy bands of
the perovskites are determined by nearest-neighbor cation—anion interactions and
that the effects of the anion—anion interactions are small. In the remainder of this
chapter we investigate the analytic solution of (4.32) when (pp7) and (ppo) vanish.
Discussions and solutions of the secular matrix equation including the effects of the
oxygen—oxygen interactions are given in Chapter 5.

4.5 Qualitative features of the energy bands

In this section we obtain and discuss the solutions of (4.32) in the absence of
oxygen—oxygen interactions.

Inspection of the matrix in Table 4.1 shows that the matrix equation block-
diagonalizes into a 5x5 and three equivalent 3x3 blocks when (ppm) and (ppo) are
set to zero.

(a) Pi bands

The 3x3 blocks involve only E; and the (pdr) two-center integral and therefore we
refer to these bonds as the “pi bands”. Consider the 3x3 block obtained from the
rows and columns 6-8. The other two 3x3 blocks are equivalent since they may be
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obtained from the first by permutation of the coordinate axis labels; substitution
of z for y in the first 3x3 block gives the second and substitution of z for = gives
the last 3x3 block.

The secular equation for the 3x3 blocks is of the form

(Et — EEV) Qi(pdﬂ)SQ 2i(pd7T)Sa Qap
—2i(pdr)Sp (EL - Ep,) 0 ao | =0  (4.33)

where af = 2y, xz, or yz. The coefficients ang, aq, and ag specify the amplitudes
of the orbitals dog(7), pa(7— a€s), and pg(¥ — a€,) making up the eigenstates.
Requiring the determinant of the coefficients to vanish gives the eigenvalue condition
(secular equation),

(B, — Eg,)(EL — Eg,) — A(pdr)($2 + (L~ Bp,) =0, (4.31)
Since the term (£, — Ej ) can be factored out from (4.34), one eigenvalue is
By =FE, =FEp,. (4.35)
The eigenvector for this energy is easily seen to be

. 0
Se | . (4.36)

/g2 1 g2 9
Sa+55 \ =S5
The real-space wavefunction corresponding to (4.36) is

—

1 o
Vjo(F) = ———ee {Sa Da(F— By —acy) eF (Fmtaca)
N(S2+853) “m

— S5 pg(F— Ry —aély) eiE‘(E”"+“€a)} (4.37)

where the sum is over the lattice vectors, Rm, for the locations of the unit cells
only. It is clear from (4.37) that the wavefunction involves only the oxygen orbitals
and contains no d-orbital mixture. This solution correspond to the three symmetry
equivalent 7° non-bonding bands. Their energy, Ep, = E| is independent of the
k-vector so the bands are “flat”, that is without dispersion.

The remaining two eigenvalues of (4.34) are

s _ 1

Eg(w) 5 (Bl +Ey) £ \/B(Et — El)] +4(pdm)?(S2 + S3). (4.38)

For k=0 (at '), By, . = By and Ep = E . Therefore, we see that the energy gap
between the 7 (or 7°) valence band and the 7* conduction band is

E)T)=E, —E., (4.39)
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and the “mid-gap” energy, E°

m

(I), is
EY () = %(Et +E)). (4.40)

The energies, EJ(T') and EJ,(I'), shown in Fig. 4.4(b), allow the energies of the
and 7* bands to be expressed in a more physical form; namely,

2
Eg(i*) =E,)[T)+ \/BE;}(F)} + 4(pdm)?(S2 + S3) . (4.41)
For simplicity, in the remainder of this book, we shall use the notation, £, and
E,, for E)(') and E),(T), respectively. The center of gravity of the two bands is at
the mid-gap and the bands are mirror reflections of one another with the “mirror”
located at mid-gap. It is also to be noted that these bands have a two-dimensional
character in that each band depends only on two components of k. Thus ng . and

E;f are flat along the ~ direction in the Brillouin zone, where v # o # .
The eigenvectors for these bands are
(EL - E27)
Cr, | 2i(pdm)Sz |; (v=7"orm) (4.42)
2i(pdm) Sy

where

c-l= \/(EL — E2)2+ 4(pdm)2(S2 + 53).

v

=V2(E-E,)(E-E,). (4.43)

The validity of (4.42) is easily verified by substitution into (4.33) and use of (4.34).
The real-space wavefunctions are given by

—

« — Cﬂu iﬁ-_‘ « —
v (i) = \/7% Y e Rm{(EL — E2%) dog(7— Ry

+2i(pdm)Sp po(F— R —ac) 52
+2i(pdr) Sy ps(F— Ry —aés) eikaa} . (44

Except at T' the 7#* and 7 band wavefunctions are admixtures of d and p
orbitals. The admixture varies with k. At I'E; . = Ey and By = E|. Equation
(4.42) shows that the eigenvector for the 7* band is pure d orbital since S, = Sg =
0. For the m bands we must determine eigenvectors components by a limiting process
because (£, — Ep ) — 0 as k — 0, so all the components of (4.42) are tending to
zero. It is easily shown that (E — Ej_) tends to zero quadratically for small k|
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and thus the eigenvector tends to the form

. 0 0
= |28, | —— |coso |, (4.45)
482 +53) \2i85 ) F—=0 \sing

where cos ¢ = ko /4 /K2 + k% Therefore, the m bands become pure p orbital at I'.
We conclude that there is no mixing between the p and d orbitals at I'. This
turns out to be a general result (as we shall show later) and is not associated
with the approximations made in the secular equation. The eigenvalues of the three
symmetry-equivalent blocks are the same so each eigenvalue is triply degenerate.
As a result, arbitrary linear combinations of symmetry-equivalent eigenvectors are
also eigenvectors.

At other points in the Brillouin zone the wavefunctions are admixtures of p
and d orbitals. The mixing increases as |k| increases and is maximum at the point
R in the Brillouin zone.

The admixture, r4, is easily calculated. For the 7 valence band the d-orbital
probability rq(E), at ng = F is according to (4.42) given by

Td(E) _ |aﬂtﬁ|2 _ (EJ- B E)2
laas|? + laal® +lagl?  (EL — E)?* + 4(pdn)?(S2 + S3)
(E-E,)
= =7 4.46
2(E — By (4:46)
where E,, = 2(E; + E ). If we define E' = E — E,, the result is

1 E

n_ L g
ro(B) =5+ 1% - (4.47)

Equation (4.47) is valid for energies within the range of the valence band, that is for
—Ep < E' < —E,/2 with Eg = \/(E4/2)? + 8(pdn)?. The result shows that for a
given E’ the amount of mixing of the d orbitals into the valence band is dependent
only on the band gap, E,, and the p—d interaction, (pdr).

A rough measure of the d-orbital probability averaged over the valence band,
(rq), can be obtained if the density of states is taken to be constant (see Chapter
6 for detailed calculations of the density of states). For this approximation,

B 1 Bu (E—-E))
(rq) = EE. T B [EEB dE 2FE) (4.48)
1 “By2 1 E,
" (—E,/2+ Ep) /_EB b (5 + @) (4.49)
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1 1 n E
=—+- 1 ith = 4.50
2o, W "= 9Eg (4.50)

(rq) depends only on the ratio of the band gap, E,4, to Ep, a measure of band
width. The ratio, 7, lies between 0 and 1. Small values of 1 correspond to strong
covalent mixing. The behavior of (rq) versus E, for several values of (pdr) is shown
in Fig. 4.5(a). Figure 4.5(b) shows (rq) as a function of (pdm) for several values of
E,.

50
i (pdm)=2.0eV -

40

30
X X
3 &

20

10

0 | |
0 2 4 6 8 10

(a) Eq (eV) (b) (pdr) (eV)

Figure 4.5. The average d-orbital mixing in the 7 valence band as functions of F, and
(pdm). The two examples solved in the text are marked on the graphs.

For perovskites such as SrTiOg or BaTiOg3, E, is approximately 3 eV and (pdm)
about 1eV so that

Ep = \/(Ey/2)? +8(pdn)? = 3.2016 oV (4.51)
Eg
= 9 0.4685 4.52
"= 5p, (4.52)
1 1 7
— -4 -y =o0.1658 4.
(ra) 5 + 31— nn = 0.1658 (4.53)

This result means that the average valence-band wavefunction (for SrTiOsz or
BaTiOs3) is about 17% d orbital and 83% p orbital in content. For the average
7* conduction-band wavefunction it is just the reverse: 17% p orbital and 83% d
orbital in content.
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For the metallic perovskite ReOgs, the band gap is only about 1eV while
(pdr) ~1.5eV. In this case, Ep = 4.2720eV, n = 0.1170, and (rg) = 0.3578. Thus
the average valence-band wavefunction has about 36% d orbital and 64% p orbital.
Clearly, ReO3 is much more covalent than SrTiO3 or BaTiOs.

(b) Sigma bands

The upper 5x5 block in (4.32) determines the sigma bands. With (ppo) = (ppr) =0
the remaining three parameters involved are E,, Ej|, and (pdo). The matrix equation
is

(E.— E; ) 2i(pdo)S, 0 —i(pdo)S,  —i(pdo)S, a2

—2i(pd0’§;ygz (EH — E];V) 0 0 0 a,
0 0 (B — Eg,) V3i(pdo)S, —V/3i(pdo)S, || a2 | =0.

i(pdo)Sy 0 —V/3i(pdo)S, (Ey — Ef,) 0 ay

i(pdo) S, 0 V3i(pdo)S, 0 (B - Eg,) ay

The coeflicients specify the amplitudes of the orbitals as follows:

az2 = dz2(7)

a; = p.(F— aé)
Gy =y (7) (4.55)
ay = P (7 — aéy)

ay = py(F— agy).

This 5x5 matrix equation can be solved exactly. The eigenvalue equation ob-
tained from the determinant of the matrix is

{(Be — B, )*(B) — By,)* — A(pdo)*(Ee — Bg, )(B) — B, )(S; + Sy + 52)
+12(pdo)* (S257 + S22 + S282)} (B — Ef,) =0. (4.56)

Since the term (E) — Ey, ) can be factored from the result one obvious eigenvalue
is

E;, =E. (4.57)

This flat, non-bonding sigma band will be denoted by E; .. The eigenvector is
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easily found to be

0
. S.S,
o |. (4.58)
VS35 + 5352+ 5282 | g5,
SZS$

The corresponding real-space wavefunction is

1 = = )
Z etk Fom {SxSy p.(F— Ry —aéy) eth=a

U (7)) =
ke () 2 Q2 2 Q2 202
N(SmSerSySZ +5252)

8,5 palF— Ron—ady) €% + 8.5, py (P~ B —agy) ™} . (4.59)

Equation (4.59) shows that the wavefunction for the ¢° band is composed entirely
of p orbitals.

Returning to the eigenvalue equation (4.56), we see that after factoring out
the term (£ — Ej,) the remaining expression is quadratic in the variable (E. —
E; )(E) — Ej,). This allows an immediate solution with the result that

(e - By, )(E) - Ey,) = 2(pdo)?{ (82 + 52 + 52)

/(82 50+ 59 (5282 + 5252+ 5252) . (4.60)

Equation (4.60) is quadratic in the variable Ej so it can be solved to give the
eigenvalues. They are:

B =Lp, 4 B +\/B (Ee—Eu)} " 2(pdo)? [(5% + 55 +52) iSQ] (4.61)

ko* 2

p®_ Y i p le g 22d252 924 62y192] (462
O =S (Bt B~ [5(Be—B)| + 20pd0)? (53 + 53+ 52)£57]  (4.62)
$*= \/(S.% + S} + 84)— (5252 + 5252 + 5252). (4.63)

In general ES;E and Eg) depend on all three components of k. However, El%;z
and E’(;;) are flat along any I" to X direction. To see this let k= ko€o, where o =
x,y, or z, then S? = S2 and EI%;) =E); E}%;) = E, independent of the magnitude
of k.
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The eigenvectors are:

(B — Eg,)X./(pdo)

2iSZXl,
Cr, [-VB(E) — Ep,)(52 = 52)/(pdo)]| (4.64)
—iS,[X, +3(S2 )]
—iSy[X, — 3(S7 - S7)]

with v =o*(£) or o(£) and

X, = (B = B )(B. — Eg,)/(pdo)* = 3(S; + S3),,
=257 - 52— S; £257,

where the factor, C. ,
root of the sum of the squares of the components in (4.64), namely

the normalization coefficient is equal to the inverse square

~1/2
Cp = {X?[nﬂ +52 4+ 52 4 457 + (52 — S2)2[6X,, + 3nf +9(S2 + sj)]} (4.65)
where 7 = (E) — E,gy)/(pda). The real-space wavefunction is

—

”“ {azzd 2( ﬁm) + azeikzapZ(F—Rm—aé'z)

—

+age® x“pm(Fmefaé}) + ayeiky“py(Fmefaéy)} . (4.66)

The form of the eigenvector given by (4.64) is not convenient to use when
only one of the components of k is non-zero (that is along I'-X) because all of the
components vanish and a limiting process must be used. It is more convenient to
return to the original matrix equation, (4.54) and recalculate the eigenvectors.

If kg = ky =0 and k. # 0, then (4.54) becomes

(Ee — Ekzy) 2i(pda)Sz 0 0 0 Qa2
—Qi(pda)Sz (EH — Ekzu) 0 0 0 a
0 0 (Ee — Ex..) 0 0 az2| =0
0 0 0 (E| — Ex..)) 0 as
0 0 0 0 (Ey = Er.)/ \ay

(4.67)

It is immediately seen that two of the valence-band states have eigenvalues Fj and

that and are the eigenvectors. Similarly, one of the conduction bands

o= O OO
_ O O OO
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is flat with energy E,g:;* = E. and eigenvector . The two orbitals d,2(7) and

e Nol o No)

p.(F — a€,) are mixed. The 2x2 matrix may be diagonalized to obtain:

B+ 4(pd71')E2(kza)2 ,
(4.682)

4(pdr)?(k.a)?
E, '
(4.68b)

1 1 2
E,(f; = 5(Ee + E)) + \/[2(Ee - EH)] + 4(pdo)252 —

=—0

E -

—0

1 1 2
E,(ng = §(Ee + EH) — \/[2(Ee - EH)] + 4(pd0‘)253 T

The amplitudes a,2 and a, are the only non-zero components of the eigenvectors.
For the conduction band and the valence band the eigenvectors, respectively, are

(B - E1).) 1
1 2i(pdo)S, 0
0 k=0 0 s (4.69&)
\/(EH — EP))2 + A(pdo)2 2 0 0
0 0
2i(pdo) S, 0
. ~(E. - B{)) 1
V(B — EF))? + d(pdo)252 0 0
0 0

It follows from (4.68) and (4.69) that the mixing between the p and d orbitals
vanishes at I and increases linearly with |k| away from I" along the vector (0,0, k).
Similar results can easily be obtained for other symmetry directions.

4.6 Summary of the chapter results

In the preceding sections of this chapter we formulated a 14x 14 matrix energy band
problem for a model which includes cation—anion interactions (nearest-neighbor)
and anion—anion (second-nearest-neighbor) interactions. The cation—anion inter-
actions involved the LCAO two-center integrals (pdo) and (pdm). For the per-
ovskites, (pdm) is usually in the range of 1.0-1.5eV and (pdo) is usually two to
three times larger than (pdr). The anion—anion interactions involve the LCAO pa-
rameters (ppo) and (ppm). These parameters are usually 5-10 times smaller than
the p—d two-center integrals. Because of this, the qualitative features of the energy
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bands can still be obtained even when (ppo) and (ppr) are neglected.! This point
is demonstrated in Fig. 4.4 which shows that the major effect of (ppo) and (ppr)
is to broaden the flat non-bonding oxygen bands into bands of narrow widths.

The LCAO energy bands model was solved analytically for the approximation
(ppo) = (ppm) =0. For this approximation the matrix equation is block-diagonal. A
5x5 block involves only the ey-type d orbitals and the 2p orbitals oriented parallel
to the B-O axis. These orbitals interact only through LCAO integral (pdo). The
five bands resulting from the 5x5 block were designated as the “sigma bands”.
One band, a flat non-bonding band called ¢°, involves only the 2p orbitals. Two
conduction bands, termed ¢* bands, are formed whose width depends on (pdo).
Two valence bands, called ¢ bands, are also formed. The ¢ bands are the mirror
reflection of the o* bands with the mirror located at the mean energy (E. + E))/2.

The mixing between the p and d orbitals was shown to vanish at I', and to
increase with |Ig | near I'. The maximum covalent mixing occurs at R in the Brillouin
zone. The remaining 9x9 of the secular matrix is block-diagonal and consists of
three equivalent 3x3 blocks. Each block involves one of the three t54-type d orbitals,
dug, and the p orbitals which interact through the LCAO (pdrm) parameter. These
bands were named the “pi bands”. Each 3x3 yields one (7*) conduction band, one
(7) valence band and one flat non-bonding (7°) valence band. The 7 and 7* bands
are mirror reflections of one another with the mirror located at (E; + E)/2. The
m and 7* bands were found to possess two-dimensional character. The dispersion
(Ey,, versus k) depends only on two components of the three-dimensional k. This
results in flat bands along several lines in the Brillouin zone. Similar features were
found for one of the ¢ and ¢* bands. Such flat regions have significant effects
on the density of states and, as will be shown in subsequent chapters, produce
characteristics structure in the optical, photoemission spectra.

The p—d mixing of the eigenvectors of the m and 7* bands also vanishes at I
and also increases with increasing |E\ away from I'. Typical mixing ratios at R in
the Brillouin zone range from 65% to 85% d and 35% to 15% p for the conduction
bands and conversely for the valence bands. There is no d-orbital component for
the non-bonding (¢° and %) bands for the approximation (ppo) = (ppm) =0. Even
when (ppo) and (ppr) are finite there is only a very small d component so that the
non-bonding bands may be regarded as having pure p-orbital wavefunction for all
practical purposes.

In the next chapter we look at some analytical solutions of the energy
bands with (ppo) and (ppm) # 0 and determine in more detail the effect of the
oxygen—oxygen interactions.

1 An important exception to this rule occurs for the high-temperature superconductors. For these mate-
rials the effective oxygen—oxygen interactions may be comparable to the p—d interactions due to strong
electron—electron correlation effects. The d bands of the cuprate HTSCs are discussed in Chapter 11.



References for Chapter 4 75

Suggested references on “Group theory and ligand fields”

S. Sugano, Y. Tanabe and H. Kamimura, Multiplets of transition metal ions in
crystals. In Pure and Applied Physics, Vol. 33 (New York and London, Academic
Press, 1970).

M. Tinkham, Group theory and quantum mechanics, International Series in Pure
and Applied Physics (New York, McGraw-Hill, 1964).

References

[1] A.H. Kahn and A.J. Leyendecker, Phys. Rev. A 135, 1321 (1964).

[2] J.C. Slater and G.F. Koster, Phys. Rev. 94, 1498 (1954).

[3] T. Wolfram, E. A. Kraut, and F.J. Morin, Phys. Rev. B 7, 1677 (1973).
[4] T. Wolfram, Phys. Rev. Lett. 29, 1383 (1972).

[5] L.F. Mattheiss, Phys. Rev. B 6, 4718 (1972).

Problems for Chapter 4

1. Calculate all of the matrix elements of the forth row of the 14x14 matrix given in
Table 4.1.

2. Show by direct matrix multiplication that the eigenvector of (4.42) satisfies (4.33).

3. Calculate the covalent mixing ratio,

I e
[a= 2+ Jax 2 + Jay 2

T'm
for the ¢* band at the symmetry point M = (7/2a)(1,1,0).

4. Find an analytic expression for the band width of the 7#* band and show that it is
dependent only on the energy gap Fy = Fr — E; and (pdm). (The band width is
defined as the difference between the highest and lowest energy of the band.) Assuming
a band gap of 3eV and (pdw) = 1€V, calculate the 7* band width.
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5. Find an analytic expression for the band width of the ¢* band and show that it is
dependent only on Ey, = (E. — E)) and (pdo). Assuming E,= 5eV and (pdo)=
3eV, calculate the o* band width.

6. The average, (sin®(k;a)), is defined as

1 » .2
— dk ks
(VBZ> /VBZ sin”(kya)

where the integral is over the entire first Brillouin zone and Vgz is the volume of the
first Brillouin zone. For the pi bands show that
1 (E - En)” - (By/2)°

(sin®(kea)) = D) 4(pdr)?

(Hint: Use symmetry arguments.)

7. Using the parameters of Fig. 4.4(b) to calculate the 7*-band energies corresponding to
the wavevectors at I', X, and M.
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Analysis of bands at symmetry points

In Chapter 4 the general features of the energy bands of the perovskites were
determined for the approximation in which (ppo)= (ppr)=0. In this chapter we
examine the solutions of the energy bands for k-vectors at points of high symmetry
in the Brillouin zone with (ppo) and (ppm) # 0. From these solutions the role of the
oxygen—oxygen interactions in determining the band gap and energy band structure
can be assessed.

It is possible to diagonalize the 14x14 energy band matrix exactly at all of
the points of high symmetry in the Brillouin zone including I", X, M, and R. In
what follows we present tables which give the eigenvalues, eigenvectors, and the
real-space wavefunctions for each of the 14 energy bands.

5.1 Energy bands at T

At T in the first Brillouin zone, k= (0,0,0) and many of the matrix elements of
secular matrix (4.32) vanish. The 14x14 matrix can be block-diagonalized by rear-
ranging rows and columns (equivalent to a unitary transformation).

Table 5.1 summarizes the results. The first column specifies a (arbitrary) nu-
merical label for each of the 14 states. The second column gives the rows and
columns of the 14x14 matrix of (4.32) involved in the block which determines en-
ergy band states. These numbers also specify the basis orbitals involved according
to the notation adopted in Chapter 4. The notation is given by (4.30). By rearrang-
ing the columns and rows of (4.32) in the order 1, 3, 6, 9, 12, 2, 11, 14, 4, 7, 10, 5, 8,
13 the secular matrix assumes a block-diagonal form. Rows and columns 1, 3, 6, 9,
12 correspond to 1x1 blocks. Rows and columns 2, 11, 14; 4, 7, 10; and 5, 8, 13 each
form 3x3 blocks. The 3x3 blocks are symmetry equivalent. The dimensionality of
the blocks can be inferred from column two of Table 5.1.

Column three of Table 5.1 specifies the type of energy band state in terms
of the “pi” and “sigma” notation discussed in Chapter 4. An entry such as 7 + o

7
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indicates a valence band involving both pi and sigma basis orbitals and 7* 4 o*
would indicate a conduction band involving pi and sigma basis orbitals.

Column four of Table 5.1 gives the energy of the band state, Er,. The eigenvec-
tor for the state (within the unit cell) is given in column five, where |n) represents
the orbital specified by n in (4.30). The total real-space wavefunction can be con-
structed by summing the local eigenvectors |n,m) over all unit cells, taking into
account the phase factors ek (Rm+75) of each orbital, and properly normalizing the
total state. For instance, the total real-space wavefunction for the 14th state in the

last row of Table 5.1 will read as follows:
1 oy o N N
VNS ; elk'Rm{ —4cl5,m) e + (B — Er1s) [\8, m) eF 7S 4 13, m) ezk»‘rls} } '
(5.1)

Since k=0 at T, the phase factors e“g'ﬁ’", ei’;'ﬁ’y e“g'ﬁ‘7 and €713 are all unity. The

total wavefunction reduces to
ffz{m%m @fﬁmmm+mmﬂ. (5.2)

Here the notation is

11,m) = d2(F— R,n), 12,m) = p.(F — Ry — aé.),
13,m) = dyz_ 2 (F— Rp),  |4,m) = po(F — Ry, — aéy),

|57m> = py(F_ Ry, — agy)v
‘Gam> :dmy(f‘* ﬁm)a |77m> :pm(f‘*]:%:mfaey)v

|87m> - py(F_ RnL - ae.L)7 (53)
19,m) = dys (7 — Rpn), 110, m) = pu(F — R — aé>),

[11,m) = p,(F — ﬁm — aéy),
112, m) = dy.(F — Ry), |13, m) zpy(F—}:%:m—agz),

[14,m) = p.(¥ — Ry, — aéy)

where R, = 2a[n,(m), ny(m), n,(m)].

The last column gives the symmetry labels of the irreducible representations
of the group of the wavevector in the notation of Bouckaert, Smoluchowski, and
Wigner [1].

Table 5.1 shows that the conduction bands, ¢* and 7*, have wavefunctions
that involve only d orbitals. There is no mixing between the p and d orbitals at
I". The energies at I" of these states are just the diagonal matrix elements which
correspond to the ionic model energies including the electrostatic splittings.

The nine valence bands consist of three sets of equivalent states. The 7¥ state
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4

Q]
8

(a) =°state (I'6,T9or I'12) (b) 7+ o state (I'7,T10or I'13)

9
0

(¢) m+ostate (I'8, T1l or I'l4) (d) 7w+ o state I'l4

Figure 5.1. Schematic representation of the eigenstates at I'. Symmetry equivalent states
can be obtained by switching axes. I'8 in (c) and I'l4 in (d) are presented as an example
of such an operation. The difference in relative sizes of the planar and apical orbitals stem
from the difference in the magnitudes of (£} — Ers) and (£ — Er14) as compared to —4c
(see Table 5.1 and Fig. 5.3).

is a non-bonding oxygen p-orbital band. Its energy is shifted by the oxygen—oxygen
interaction from E, to E; — 4(ppr). There are three degenerate 7° bands. The
wavefunction for a 7% band is illustrated schematically in Fig. 5.1(a). The wave-
function is repeated throughout the lattice. The w + o states, 7, 8; 10, 11; and 13,
14 are admixtures of p; and p| orbitals. Schematic representations of these states
are given in Figs 5.1(b) and (c).

The effect of the oxygen—oxygen interactions on the band-gap energies at I'
is shown in Fig. 5.2. For the usual case of |(ppm)| < |c|, the mixed states I'7 (or
I'10 or I'13) lie above the non-bonding 7° (I'6, I'9, or I'12) states when (ppr) and
(ppo) # 0, so that the true band gap, E, ("), is somewhat smaller than the ionic
gap ES(F). This feature is illustrated in Fig. 5.2. For example, for SrTiOg the
ionic gap is approximately 3.6 eV while E,(I') =3.24eV. Thus the oxygen—oxygen
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Figure 5.2. Splitting of the states at I' by the oxygen—oxygen interactions.

interactions cause a 10% reduction in the ionic band gap at I". The band-gap energy
at I' can be written in terms of A(p) = E; — E as

Ey(T) = Ey(T) — 6E,,

B, = — [%A(p) - 2(pp7r)} + \/{;A(p) + 2(ppm) ’ + 8c2. (5.4)

The energies at the various symmetry points are shown in Fig. 5.3. It is noted
that there is no mixing between the pi- and sigma-type (2, and e4) d orbitals but
the pi- and sigma-type p orbitals are mixed by the oxygen—oxygen interactions.

5.2 Energy bands at X

The X points in the Brillouin zone are at k = 5-(£1,0,0); 5-(0,%1,0); 5-(0,0, £1).

We consider the X point at k = 5-(1,0,0) for which S, = C, =C. =1 and C, =
Sy =S5, =0 where S, =sin k,a and C, = cos kqa.

The results of the analysis of the secular equation are summarized in Table 5.2.
The total real-space wavefunction can be constructed by summing the local eigen-
vectors, |n,m), over all unit cells, taking into account the phase factors gtk (Fm +75)
of each orbital and normalizing the total state. For instance, the 10th state in Table
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Figure 5.3. The symmetry states listed in Tables 5.1-5.4 indicated on the energy bands
diagram calculated from (4.32) with the parameters (all in eV): Ey=-6.5, E. =-5.5,
E; =-10.0, E; =-10.5, (pdo) =-2.0, (pdmw) = 1.0, (ppo) =-0.15, and (ppm) = 0.05.

5.2 will read as follows:

1
VNS,

> e [=2el5, m) ¢ 4 (B) — Exio)[13,m) 7] (5.5)
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Since k at X is equal to g-€;, we have

eiE-ﬁm — ei;—a[2anz(m)] _ 61'71'n55(m) — (_1)n1(m),

where n,(m) is the 1nteger n, in R, = 2a(nmé’w + ny€y, + n.ée,). Since 75 = aé, and
Ti3 = aé, we find that e”c s =1, and e’k 73 = 1. The resulting total wavefunction is

\/Nigl Z )" m) [—2¢[5,m) + (E| — Ex10)[13,m)]. (5.6)

Using the 14th state in Table 5.2 we find the total real-space wavefunction to be

1 Mg (T
A > (1) (pdo) [|1,m) = V3|3,m)] + (Ee — Ex14)[4,m)}.  (5.7)
In obtaining (5.7) we have used the fact that at X, eh T = 1, etk Ts = 1, and eth T =
ei3afe(a€e) = ¢5 = j Thus we have

—i(E. — Ex14)|4,m)e’* ™ = +(E, — Ex14)|4,m).

The energies at the X point are indicated in Fig. 5.3 for a typical set of energy
bands. The highest valence-band state depends upon the values of (pp7) and (ppo).
Usually X2 is the upper valence band when |(ppm)| < |(ppo)|. In such a case the
band gap at X, E,(X) is E;—E(X2). From Table 5.1 it can be seen that E(I'7) >
E(X2) and therefore the energy gap at I' is smaller than at X. There is some
controversy about whether the minimum band gap is the direct gap between I'7
and I'5 or an indirect gap between I'7 and X3. The model considered here gives
the same energy for either gap since E(I'5) = F(X3)=E; (because one of the 7*
bands is flat along I' to X). Other effects, such as the spin—orbit interaction and
more distant neighbor interactions may alter the equality of E(I'5) and E(X3). It
is noted that there is no mixing between the to, and e, orbitals, however, the pi
and sigma p orbitals are mixed by the oxygen—oxygen interactions.

5.3 Energy bands at M

The M points in the Brillouin zone are at k = 5o (£1,%£1,0); 5-(£1,0,£1);
7-(0,£1,£1). We consider the M point at k= 7-(1,1,0).

The secular matrix equation is block-diagonal as follows: three 1x1 blocks cor-
responding to non-bonding oxygen states, two equivalent 2x2 blocks corresponding
to pi conduction and valence bands, one 3x3 which yields a 7 non-bonding valence
band, a 7* conduction band and a 7 valence band, and one 4x4 involving only the
sigma-type orbitals which gives two ¢* conduction bands and two ¢ valence bands.
There is no mixing between pi- and sigma-type orbitals. (See Table 5.3.)
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The total real-space wavefunction, for example, for the 14th state is
1
VNS,

> (=1 mEn ) [3(pde)[1,m) + (Ee — Earia) ([4,m) +15,m))].

(5.8)

In obtaining (5.8) we used the following:

¢ B — 15 (Caty) 20(naytnyCatnads) _ ginlng(m)+ny(m)]
— (_1)nm(m)+ny(m)’

ek =1,

otR T g (BatE,)als _ gim/2 _ i,

oF T pigs (BatEy)ady _ gin/2 _

The energies at the M point are shown in Fig. 5.3 for a typical set of energy
bands, and the analytical results are given in Table 5.3.

5.4 Energy bands at R

The R points in the Brillouin zone are at Q’T—a(il, +1,+1). We consider the R point
given by k= 5-(1,1,1). The secular equation is then block-diagonal and consists of
a 5bx5 and three equivalent 3x3 blocks. The 5x5 block involves only the sigma-type
orbitals and the 3x3 blocks involve only the pi-type orbitals. There is no mixing
between the pi and sigma orbitals at R.

The energies and eigenvectors at the R point are listed in Table 5.4 and the
total real-space wavefunction can be constructed by summing the local eigenvectors
|n, m) over all unit cells and properly normalizing. The total real-space wavefunction
for the 14th state in Table 5.4 is, for example,

ng(m)+ny(m)+n.(m)

1
NS > (1)
[—2V/3(pdo)[3,m) + (Ee — Er1a) (|4, m) — |5,m))]. (5.9)

In obtaining (5.9) we used the following results:

eu?-ém _ (_1)n$(m)+ny(m)+nz(m)7
etk s =1,
eik~7’4 eik“l’\) eiTr/Q = 4.

Schematic representations of the wavefunctions are shown in Fig. 5.4(a)-5.4(g).

The splitting of the d bands at R is of interest since this quantity is the band-
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(a) =w° state (R1, R4, or R7) (b) =* state (R2, R5, or R8)
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(¢) = state (R3, R6, or R9) (d) o state (R10)

Z

(e) o* state (R11) (f) o state (R12)

(g) o* state (R13) (h) o state (R14)

Figure 5.4. Schematic representation of the real-space wavefunctions of the energy band
states at R in the Brillouin zone. To display the local symmetry, parts of the wavefunction
in neighboring unit cells are shown as well.
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Figure 5.5. Comparison of LCAO energy bands (thick lines) with LDA calculations [2]
(thin lines) for SrTiO3. The LCAO parameters used for the fit are Fy =-6.52, F. =-4.52,
E,; =-10.95, B =-12.10, (pdo) =-2.35, (pdm) =1.60, (ppo) =-0.05, and (ppm) =0.50 (all
ineV) .

theory analog of the ligand-field splitting of d ions. The splitting between the R11
and R2 energies is given by

Ag(d) = %(Ee—Et + B~ By +4b) + \/B (B~ By~ 2b) | " 6(pdo)?

+\/B (E¢ — E1 + 2b) } 4 8(pdm)? (5.10)
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It is readily seen that Ag(d) depends on the ionic splittings, A(d) and A(p), and
on the two-center LCAO integrals (pdo) and (pdm), which lead to covalent mix-
ing between the cation and the oxygen ions. As mentioned earlier, the splitting
at R is larger than at I". For SrTiOs, A(d) is about 2.4eV and Ag(d) is about
3.5eV. For KTaOg3, A(d)~3.4eV and Ar(d)~6¢eV, and for ReO3, A(d)~4eV
and Ag(d)~T7eV.

In Fig. 5.5, the energy bands for SrTiO3 obtained from LCAO model (in thick
lines) are shown. The band parameters are determined by fitting the important
bands to the results [2] of ab initio density functional calculations in local density
approximation (in thin lines). The 7* conduction band, lower part of o* conduction
band, valence-band width are in good agreement with the local density approxima-
tion (LDA) results.

5.5 Cluster electronic states

Calculations for a small cluster of atoms are used to explore the properties of small
particles. They are also sometimes used to infer the electronic and optical properties
of a solid with similar constituents. It is therefore useful to understand the electronic
states of a cluster and how they relate to the energy band states discussed in the
previous sections.

The local characters of band wavefunctions, when extended to the neighboring
unit cells (Figs 5.1 and 5.4), have a close resemblance to the localized wavefunctions
of a cluster of atoms composed of a B ion surrounded by an octahedron of oxygen
ions.

Figure 5.6. BOg cluster.

In order to analyze the cluster states, we consider the BOg cluster shown in
Fig. 5.6. There are 23 basis orbitals for the cluster: three p orbitals on each of the
six oxygen ions and five d orbitals on the central B ion. The orbitals are labeled as
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follows:
1) = d.2(7), 12) = p-(7" — ae), 2) = p. (7 + ae),
13) = dy2—y2(7),  [4) = pa(7 — aéy), 14") = p. (7" + aey),
5) :py(F_ a_.y)’ 5) :py(f‘ﬁ'a_‘y)v
|6) = duy (1), |7) = pa (7" — aey), |7") = pu(7'+ aéy),
8) = py(7—aéz),  [8) =py(F+aés), (5.11)
[9) = d,.(7), [10) = p, (7 — ae?), |10") = po(F+ a€,),
[11) = p.(F — aéy), [11") = p.(F+ aey),
112) = dy.(r), [13) = py(F—ae),  [13') = py(7'+ aé),
|14> :pz(f‘i agy)a ‘14I> = pz(F+ agy)

The LCAO matrix elements may be calculated as in the preceding section
with the neglect of interactions beyond second nearest neighbors. The resulting
Hamiltonian, shown in Table 5.5, is a 23x23 matrix.

The matrix of Table 5.5 possesses many zero elements, but straightforward
diagonalization is extremely tedious. The complexity of the problem can be greatly
reduced using well-known group theory methods [3, 4]. By transforming the Hamil-
tonian to a symmetry-coordinates representation the matrix can be reduced to a
block-diagonal form in which the largest blocks are 2x2s. We will not go into all
the details of the group theory method here, but a brief outline of the procedure is
described in the next subsection. Readers unfamiliar with group theory may wish
to skip the next subsection and go directly to Subsection (b).

A more detailed analysis of the BOg cluster states that includes overlap in-
tegrals as well as the B-ion s orbitals may be found in [5]. The results are not
qualitatively different from those presented here.

(a) Block-diagonalizing the Hamiltonian using symmetry coordinates

In this section we give a brief description of how group theory can be used to
block-diagonalize the matrix of Table 5.5. A central result of group representation
theory is that the matrix elements of a Hamiltonian vanish between functions that
transform according to different IRs (irreducible representations) of the symmetry
group or between functions which transform according to different rows of the same
IR. Thus, if we transform the Hamiltonian matrix to a representation labeled by
basis functions for the IRs of the point group of the cluster, non-zero matrix element
will occur only between the functions which transform according to the same row
of the same IR.

The BOg cluster possesses Oy, symmetry. To determine the nature of the block-
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Table 5.5. Hamiltonian matriz for the BOg cluster.

d_2|d 2 |dyy|dez|dy=| 2 2| 4| 4’| 5| 5| 7| 7’| 8| 8| 10[10"| 11|11’ 13|13’| 14|14’
d 2| Ee 2s|—2s|—s s|—s s
du2 E. t|—t|—t t
day By d|—d| d|-d
dy By d|—d| d|—d
dy- E. d|—-d| d|-d
2s Eq —v| v|—v| w ul| u u| u
2" |-2s Esl v|l—v]| vl|-v ul|l u ul|l w
4 —s t —v v| Eg —v| v| ul|l u u| u
4’ s|—t v| —v Es|l v|l—v| uw| u ul u
5 —s| —t —v v|l—v| v| Es ul|l u ul|l u
5 s t v| —v| v|—w Eq u| u u| u
7 d ul|l u E, —vl| v
7’ —d ul u E,| v|-v
8 d u| ul-v| v|E, p
8’ —d ul u|l v|-v E,
10 d ul|l u E, —vl| v
10’ —d u| u E,| vl|-v
11 d u u —v| v|E, P
11’ —d ul u v|—v E,
13 d u| u E, —v
13’ —d ul u Ey| vl|-v
14 d|l u u p| p|l=v| v|E,
14’ —d| u u pl p| v|—v E,
Ep=E,, d=(pdm), s = (pdo)/2, u = [(ppo) + (ppm)]/2 = c/2.
E, = By, p = (ppm), t = V3(pdo)/2, v = [(ppo) — (ppm)]/2 = b/2.

diagonal form of the Hamiltonian we need only know the numbers and types of IRs
that will occur in the solution of the cluster problem. That information can be
determined by decomposing the representation based on the 23 cluster orbitals (5 d
orbitals plus 18 p orbitals) into the IRs of Oy, point group. Using the character table
for the Oy, group and the calculated characters for the cluster—orbital representation
we arrive at the results shown in (5.12a-¢) and in the table that follows:

I'(orbital) = I'(B) + I'(oxygens) (5.12a)
I'(B) = €4+ tog (5.12b)
I'(oxygens) = a14 + €4 + t1g + tog + toy, + 2t14 (5.12¢)
I'(orbital) = a14 + 2e4 + t1g + 2tag + tou + 2t1y . (5.12d)

In the equations (5.12), I'(B) is the representation based on the five d orbitals of
the B ion, I'(oxygens) is the representation based on the 18 p orbitals of the six
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aig eg l1g lag lou b1
Number of states
that transform 1 4 3 6 3 6
as the IR (5.12e)

Dimensions of the
block-diagonalized | (1x1) 2(2x2) 3(1x1) 3(2x2) 3(1x1) 3(2x2)
Hamiltonian

oxygens. The Oy, irreducible representations (IRs) have the following dimensions:
a14 is one-dimensional, e, is two-dimensional, and all others in (5.12¢) are three-
dimensional representations. The subscript ‘g’ (gerade) indicates basis functions
that are invariant under inversion through the origin (the center of the cluster) and
‘0’ (ungerade) indicates functions that are antisymmetric. Since there can be no
non-zero matrix elements of the Hamiltonian between different rows of the same
IRs, the dimensionalities of the blocks in the block-diagonalized Hamiltonian will
be determined solely by the decomposition coefficients (i.e., the number of times an
IR is contained in the orbital representation). The number and size of the blocks
in the transformed Hamiltonian are shown in (5.12e). For example, e, is a two-
dimensional representation. It occurs twice in the decomposition formula, once in
I'(B) and once in I'(oxygens). Therefore, the block-diagonalized matrix will have
a 2x2 which involves the first-row e, d orbitals with the first-row ey, p orbital
combination. The second 2x2 involves the second-row IR basis functions for the p
and the d orbitals. Each of the 2x2 blocks will yield the same two eigenvalues, F
and E', even though the eigenvectors of the 2x2 blocks are different. Thus, the eg4
solutions consist of two pairs of doubly degenerate states. That is, two states with
eigenvalues E and two states with eigenvalues E’.

To calculate the block-diagonalized Hamiltonian we need to find combinations
of the cluster orbitals that form bases for the IRs of Oy that appear in the de-
composition. Group theory provides a method for doing this using that are called
projection operators [3, 4]. A brief description of the process is as follows. A set of
cluster orbitals is selected as a “trial” function. To generate a function which can
be used as the basis for the nth row of the jth IR, the trial function is subjected
to an operation of the group (a rotation, for example) and the resulting function
multiplied by the (n,n) diagonal element of the jth IR matrix representing that
operation. The sum obtained by repeating this procedure for all of the operations
of the group is either a null function or a function that transforms according to the
nth row of the jth IR. (Although it is usually not necessary, the trial function can
be taken as the sum of all of the cluster orbitals and that guarantees that a null
function will not be generated for any IR contained in the orbital representation.)
The orbital basis functions generated in this way are often referred to as symmetry
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coordinates or symmetry functions. A particular eigenfunction of the Hamiltonian
will always be a linear combination of symmetry coordinates which belong to the
same row of the same IR. The collection of symmetry coordinates, when normalized,
can be used to form a unitary matrix, U, which will block-diagonalize the cluster
Hamiltonian matrix; that is,

UTHU = | (a block diagonalized matrix).

The decomposition (5.12b) shows that the d orbitals are invariant under in-
version. Thus, the antisymmetric u states (ungerade) are composed entirely of p
orbitals. This means that the u states are non-bonding. That is, states that do not
contribute to the B—O chemical bond. Also, it is clear that the bonding and anti-
bonding states will have e, or to, symmetries because these are the only symmetries
that can produce an eigenstate with both p and d orbitals. Furthermore, the basis
functions of the IRs (a1, t14, and ta,,) which occur with a coefficient of unity in the
decomposition equation of (5.12¢) must be cluster eigenfunctions since they can
have no matrix elements with any other symmetry coordinate. Thus, group theory
gives the eigenfunctions for seven of the 23 cluster states. These eigenfunctions are
independent on the values of the parameters that enter into the Hamiltonian matrix
elements appearing in Table 5.5.

The 23 symmetry coordinates for the BOg cluster are given in Table 5.6.

(b) Calculation of cluster states

The Hamiltonian matrix in Table 5.5 can be block-diagonalized by transforming it
to the representation based on the symmetry coordinates listed in Table 5.6. The
matrix, U, which accomplishes this is given in Table 5.7.

(c) Types of cluster states

The block-diagonalized Hamiltonian is shown in Tables 5.8 and 5.9. The types
of states for the BOg cluster that result are briefly discussed in this section. For
convenience we denote a cluster-state eigenfunction by CN (N =1,2,...,23) and
the corresponding eigenvalue by F¢ .

The a,, state

The a1, state is a totally symmetric combination of p| orbitals that form a non-
bonding cluster state. The symmetry coordinate, S(1), is the eigenfunction of the
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Table 5.6. Symmetry coordinates for the BOg cluster.

Name IR Row Symmetry coordinates

S(1) aig 1 Zsl(12) = 127)) + (14) = [4)) + (I5) = |5")]*
5(2) €g 1 1)

5(3) €g 1 55(2(2) = [2) = (|4) = [47)) = (I5) = [5"))]
5(4) €q 2 3)

5(5) €g 2 3l(14) = 14)) = (I5) = [5"))]

5(6) tag 1 6)

S(7) tag 1 7 = 17)) + (18) = [8)]

5(8) tag 2 |9>

5(9) tag 2 3[(10) = [10)) + (|11) - [11))]
5(10) tag 3 |12)

S5(11) tag 3 31(113) — [137) + (14) — [14'))]
5(12) tig 1 31(111) = [117)) = (10) — [10"))]*
S(13) tig 2 3(114) — [14')) — (113) — [13))]*
5(14) tig 3 3l(8) =87) = (I7) = [7)]*
S(15) ot 1 75112 +12)]

S16)  t 1 L(110) + 1)) + (|14) + |14'))]
SAT) t 2 L [(14) + [4))

S5(18) thu 2 s[37) +17)) + (|10) + [107))]
S(19) a3 315 + 15)

5(20) tiu 3 31(18) +18)) + (113) +[13'))]
5(21) tou 1 L7 +17)) = (110} + [10')]*
5(22) tou 2 3[(113) + [137)) — (I8) + [8"))]*
5(23) tou 3 31(114) +[14')) — (111) + [11))]*

* Indicates that the symmetry function is also an eigenfunction.
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Table 5.7. Symmetry coordinate transformation matriz, U.
do|d 2 |dey|dos|dy-| 2| 2| 4| 4| 55| 7| 7|88 |10]10"|11]11"[13|13] 14|14
d2 1

dyg 1

10’ —t t t —t

o~
Il
Nl

_ 1 — N
9= 75 T= 55 5= 5

Hamiltonian with energy, Fc1:

Eci = Ej — 20,
Cc1=5(1). (5.13)

The e, states

The ey states are bonding and antibonding states involving admixtures of e,-type
d orbitals with p| orbitals. The two 2x2 blocks in Table 5.8 yield identical pairs of
energies, Foo and Eos where

Eco = —(E. + E“ +b)+ \/[%(Ee — E” — b)}z + 3(pdo)?,

N = N

Ecs = 5(Ee + Ej +b) — \/[%(Ee - B - b)r +3(pdo)?, (5.14)

Ecys5 = Eca,3.
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Table 5.9. Block-diagonalized u-cluster states.

E” \/EC

V2e¢  Ei+2(ppr)

E“ \/56

V2c¢  EL+2(ppr)

tiu

B Vae
V2c¢ Ej+2(ppr)
E, —2(ppm)
tou E, —2(ppm)

EL —2(ppr)

C2 and C4 are antibonding states and C3 and C5 are bonding states. The
eigenfunctions are given below:

(row 1 eigenfunctions):

2,3 = {V3(pdo)S(2) - (E. — Ec23)S(3) } /Neas (5.15)

Neog = \/(Ee — Ec2,3)? + 3(pdo)? (5.16)

(row 2 eigenfunctions):

C4,5 = {\/ﬁ(pda)S(zl) (B — ECQ,3)5(5)} /Neas . (5.17)

The t;, states

The ty4 states are bonding and antibonding states involving admixtures of t24-type
d orbitals with p, orbitals. The three identical 2x2 matrices in Table 5.8 yield a
pair of triply degenerate energies, Ecg and E¢7, where

1 1 2
Ecor = 5(Bu+ Bu - b)i\/[Q(Et B+ b)] + d(pdn)?, (5.18)

Ecso = Eci011 = Ece,r. (5.19)
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The six eigenfunctions are given by

06,7 = {2(pd7r)5’(6) + %(Et - EC6,7)S(7)}/NC@,7 (5.20)
08,9 = {2(pdm)S(8) + %(Et ~ Eeo)S(9) }/Neor (5.21)
C10,11 = {Z(pdﬂ')S(lO) n %(Et - EC677)S(11)}/NC6,7 (5.22)
Negr = \/B(Et ~ Eoer)| +4(pdr)?. (5.23)

The ¢, states

The t,, states are non-bonding combinations of p, orbitals. They form a triply
degenerate set with energy,

Eci21314 = E1 + D, (5.24)
C12 = 5(12), (5.25)
013 = 5(13), (5.26)
C14 = S(14). (5.27)

The eigenfunctions are the same as the symmetry coordinates.

The t,, states

The t1, states are non-bonding combinations of p orbitals, and p, orbitals. They
form a pair of triply degenerate states (Table 5.9). The energies are given by

1 2
EClS,lG = 5 [E” + FE, + 2(pp71‘)]ji\/[EH —F, — Z(ppﬂ)] +2c2. (528)

The eigenfunctions are:

C15,16 = {\/505(15) — (B - E(;H,,H,.)S(m)}/Nm,16 (5.29)
C17,18 = {\@cS(l?) — (B - E15,16)S(18)}/N015716 (5.30)
19,20 = {\/§CS(19) — (B - E15,16)5(20)}/N015716 (5.31)

Ncis,16 = \/262 + (B — Ec1s,16)? - (5.32)
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The t,, states

The ty, states are non-bonding combinations of p; orbitals. They form a triply
degenerate set with energy,

Ec21,2223 = E1 — 2(ppr), (5.33)
021 = 5(21), (5.34)
022 = 5(22), (5.35)
€23 = 5(23). (5.36)

The to, eigenfunctions are the same as the symmetry coordinates.

A schematic diagram of the cluster states is shown in Fig. 5.7. The ordering of
the states is dependent upon the values of the LCAO parameters.

0 —
eq(C2)
9 L
L t24(C6)
d
—~ 6 I
O
:s?o 8 t2u (C21)
Lﬁ 0k t1.(C15)
t19(012)
a14(C1) !
-12 |- tag(CT)
14 | t1.(C16)

Figure 5.7. Cluster states for the following parameters (in eV): E. = —4.0, E, = —6.0,
B =-12.0, E; = —10.0, (pdm) = —2.0, (pdo) = —4.0, (pp7) = —0.5, (ppo) = —1.0. The
levels are at: a1y = —11.0, g = —1.02 and —15.48, t2g = —3.38 and —12.12, t;, = —10.5,
t1w = —9.32 and —13.68, t2, = —9.0, all in eV.
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In some clusters or analogs of perovskite metals the states are completely
occupied below the ty4 levels, but have only one or two electrons in the triply de-
generate toq4 levels. In this case the cluster ground state is electronically degenerate
since several arrangements of the electrons in the ¢y, levels have the same energy.
According to the Jahn—Teller theorem [6] if a nonlinear molecule’s ground state
is electronically degenerate the molecule must distort to lower its symmetry and
energy. For example, a compression along the z-axis of the BO3 cluster would lower
the symmetry from cubic to tetragonal. It would also raise the energies of the xz
and yz levels, but lower the xy level. The xy level could then accommodate one
or two electrons. The total energy of the completely filled states below to, is often
nearly unchanged by the perturbation. Some levels move up, and some down in
such a way that “energy center of gravity” is nearly unchanged. Therefore, the new
ground state has a lower total energy than that for the cubic case.

(d) Comparison of cluster states with energy band states

A reasonable correspondence between an LCAO energy band states and the BOg
cluster states can be established by inspecting the symmetry and composition of
the eigenfunctions. In Fig. 5.4 the local symmetries of the band wavefunctions are
made evident by showing the orbitals in a unit cell and also those in neighboring
cells which would belong to a BOg cluster. We shall refer to this combination of
orbitals as the local band function. In what follows we shall show that there is a
one-to-one correspondence between the cluster eigenfunctions and the local band
functions.

The energy-band wavefunctions possess full O, symmetry at I' and R and
therefore we look for correlations with the cluster states at these points in the
Brillouin zone. In general, the u-cluster states will be correlated with band states
at I' and the g-cluster states correlated with band states at R. To understand this
assignment consider a p orbital, p(F—aé, ), involved in an energy-band wavefunction
in a particular unit cell. Its partner orbital, p(F+aé, ), will be located in an adjacent
unit cell and therefore the amplitude will differ by a phase factor of e?(2k2®) This
phase factor is +1 at " and —1 at R. For the u-cluster states p(F—a€,) is always
combined with +p(7+a€,) to form a function that is antisymmetric under inversion.
For the g states, p(F—aé,) is always combined with —p(F+aé,) to form a function
that is symmetric under inversion. Therefore the u states will correlate with energy-
band states at I and the g-cluster states will correlate with energy-band states at
R.

The eigenfunctions of the seven cluster states, C1, C12, C'13, C14, C21, C22,
and C23 are the symmetry coordinates S(1), S(12), S(13), S(14), S(21), S(22), and
S5(23), respectively. To illustrate how a correlation with a band state can be estab-
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lished consider the energy band state in Table 5.4 labeled R10. The wavefunction
for the unit cell is proportional to [|2) 4 |[4) + |5)]. The partner p orbitals (the p’
orbitals), which lie in adjacent unit cells, will have the negative of these amplitudes
because the phase factor e*(?=®) = —1 at R. Combining unit-cell orbitals with their
partner orbitals yields the local band function for R10 that is given by,

[12) = 127) + [4) — |4") +15) — |5")]  (R10 local band function) . (5.37)

The function in (5.37) is proportional to the symmetry coordinate S(1). Accord-
ing to (5.14) the eigenfunction for the C1 cluster state is S(1) (a1, symmetry).
Therefore, except for a constant normalization factor, the C1 cluster-state eigen-
function is identical to the local band function for the R10 energy band state. In a
similar fashion we can show that the local band functions for R4, R7, and R1 are
proportional to the symmetry coordinates S(12), S(13), and S(14) and hence are,
within a constant factor, the same as the eigenfunctions for the cluster states (t14
symmetry) C'12, C13, and C14, respectively.

Next, consider the band state, I'g. The unit-cell eigenfunction is proportional
to |7) — |10) so the local band function is

|7) +|7") — [10) — |10"), (5.38)

since the phase factor e?(?*«®= 41 at I'. The function in (5.38) is proportional to

the t9,, symmetry coordinate, S(21). Thus, the local band function for the energy
band state I'g is, apart from a constant, the same as the eigenfunction for the cluster
state C'21. Similarly, I'15, and I'¢ have local band functions that are proportional
to the symmetry coordinates S(22) and 5(23), respectively. That is, the local band
functions for I'15, and I'g are the same as the eigenfunctions for the cluster states
C22 and C23 (tg, symmetry).

The remaining cluster states have wavefunctions that are admixtures of two
different functions that transform according to the same row of the IR representa-
tion. As a last example, consider the band states in Table 5.4 labeled R11 and R12.
The local band functions are constructed as before except that we need to include
an internal phase factor e?(?«®) = for the p orbitals relative to the d orbital. The
orbitals of the eigenfunction in the unit cell take the form

6(pdo)|1) — (Ee — Erniz) [212) — 4) — [5)]
so the local band function is
6(pdo)|1) — 2V3(Ee — Eri1,12) [22) — 2|2') — [4) + |4) — |5) + [5)]
x V3(pdo)S(2) = (Ee — Er112)S(3). (5.39)

Comparison of this result with the ey cluster eigenvectors in (5.15) and (5.17) shows
that the band states R11 and R12 are identical in form to the cluster states C2
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and C3. They differ only by the eigenvalues that enter into the coefficient of S(3).
The band state R11 (R12) involves Eri1 (Egri2) and the cluster state C2 (C3)
involves the energy Eco (Ec3). In general, the band energies are not the same as
the cluster energies so the eigenfunctions are different. However, the wavefunctions
are identical with respect to their symmetry properties. We discuss the energy
differences between the cluster states and the energy band states at the end of this
section.

The correlations between the energy-band states and the cluster states is sum-
marized as follows:

C1(aiq) — R10 (¢ valence band at R)
C2,4(eq) — R11,13 (0" conduction band at R)
C3,5(ey) — R12,14 (o valence band at R)
C6,8,10 (t29) — R2,5,8 (7* conduction band at R)
C7,9,11 (t29) — R3,6,9 (7 valence band at R) (5.40)
C12,13,14 (t14) — R1,4,7 (7 valence band at R)
C15,17,19 (t1,,) — I'7,10, 13 (7 4 o valence band at I
C16,18,20 (t1,,) — I'8, 11,14 (7 + o valence band at I')
(

C21,22,23 (ty,) — 16,9, 12 (7Y valence band at T')
where the arrow indicates that the states have identical symmetry properties.

Figure 5.8 shows the locations of the energy-band states which correlate with
the cluster state symmetries.

As we have seen, the cluster eigenstates can be correlated with energy-band
wavefunctions at I' or R in the Brillouin zone. The eigenvalues of the cluster states
are also closely related to the energy band eigenvalues, but they are clearly different.
For example, the eigenvalue of the cluster state, C'l, is E| — 2b, but the energy
of the correlated band state, R10, is F) — 4b. Similarly, the energy of Eri; (see
Table 5.4) involves a term 6(ppo)?, whereas for the correlated cluster state, C2,
the corresponding factor is 3(ppo)?. These differences are due to the fact that an
oxygen ion in the cluster interacts with only one B ion while in the solid it interacts
with two B ions. Also each oxygen interacts with twice as many other neighboring
oxygen ions in the solid as in the cluster. If the following replacements

(ppm) — 2(ppr),
(

(ppo) — 2(ppo),
(pdo) — V2(pdo),
(pdm) — V/2(pdn)

are made in the expressions for the cluster energies to correct for the difference in the
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/ R11, R13 (e)

R2, R5, RS (ty,)

(t1,)T'13, T'10, T'7 R%O (ilg)
(ta,) T12, T9, T6 % R1, R4, R7 (t14)

(t,)T14, T11, T'8

R3, R6, R (t2)

R12, R14 (e,)

r X M R

Figure 5.8. Symmetries of energy band states and of corresponding cluster states (in
parentheses).

numbers of interactions, the cluster energies become identical to the corresponding
band energies.

In summary, there are remarkable similarities between the electronic states of
the BOg cluster and those of the corresponding perovskite solid. However, there are
also significant differences that must be borne in mind. For an insulating perovskite
(unoccupied conduction bands) the usual, direct band gap is the energy difference
between the top of the valence band at I" (¢1, in the Fig. 5.8 or tg,, in Fig. 5.7) and
the bottom of the 7* conduction band at I'. However, the cluster model does not
have a state corresponding to the bottom of the 7* (or ¢*) conduction band at T
The closest analog to the band gap for the cluster is the energy difference between
the to4 state a R and the ¢, state at I'. Consequently, the analogs of the electronic
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transitions involved to the onset of optical absorption are not represented in the
cluster model. Furthermore, the 7w, 7*, o, and ¢* band states at I" are composed
entirely of d orbitals. There are no analogs of these states in the cluster model. It
is sometimes argued that the cluster levels should occur roughly at the “center of
gravity” of the corresponding energy bands of the solid. This suggestion is certainly
not valid for the perovskites. As will be discussed in Chapter 6, the energy bands of
the perovskites possess critical singularities in the electronic density of states that
are responsible for structure in the optical and electronic properties. These impor-
tant characteristics can not be accounted for with a cluster model. One conclusion
of the above analysis is the cluster model can not give even a rough idea of the
electronic properties of the solid. Conversely, the band model can not give even a
rough idea of the electronic properties of an actual cluster particle. Clearly, such
particles can possess electronic and optical properties that are quite different from
those of the corresponding solid.
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Problems for Chapter 5

1. Derive the energies and wavefunctions for the m and 7* bands at I' and R given in
Tables 5.1 and 5.4.

Hints: (i) Rearrange rows and columns of the eigenvalue matrix to achieve a block-
diagonal form. (ii) Use unit-cell symmetry coordinates to transform the 5x5 to a 1x1
and two 2x2s.

2. Calculate the orbital amplitudes for the eigenvector of the state Ri1, using the LCAO
parameters given in Fig. 5.7.
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3. (a) Explain why there are no BOg cluster states corresponding to the pure d-orbital
energy band states at I'. (Hint: refer to Problem 7 in Chapter 1.)
(b) What symmetry does the infinite cubic array have that the BOg cluster lacks?

4. Using the symmetry coordinates of Table 5.6 derive the block-diagonals shown in
Table 5.8 for the a14 and to4 states.

5. (a) Calculate the energies of the t24(C6) and t2,(C21) states using the parameters of
Fig. 5.7.
(b) Compare the energy difference [E(C6) — E(C1)] with (Ex~ — E,) at .
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Density of states

The density of states (DOS) of a solid is of fundamental importance in determining
its electronic, optical, and transport properties. The DOS of an ideal perovskite is
unusual in that it possesses peculiar structures called van Hove singularities which
are associated with the two-dimensional character of the pi bands and portions of
the Brillouin zone where the sigma bands are flat. The effects of these singularities
show up in the optical reflectivity and absorption and in the photoelectron energy
distributions observed for perovskites.

In this chapter we determine the DOS functions and use them to calculate the
Fermi surface and effective masses for the d-band perovskites.

6.1 Definitions

A solid consisting of N unit cells will have ng X N electronic states, where ng is
the number of basis orbitals per unit cell. The electronic states are characterized
by a wavevector k; (i=1,2,...,N) and a band index v (v =1,2,...,n,). For an
infinite crystal (N — oo) the k;’s form a dense set. One simple way of choosing
the set of k; is to divide the Brillouin zone into N cells of equal volume and take
the k-vectors which lie at the center of each of the N cells. As N — 00, each cell
becomes a differential volume element in k-space with volume dk = Q/N where Q
is the volume of the first Brillouin zone. In this limit we may use the relation

1 1
N, = = | dkf(k
N Zz:; k,b Q B7 ( )

N—o0

where fV(E) is a continuous function with value f;  at k=k; and the integral is
over the first Brillouin zone.

We define the density of (electronic) states, p(E) by the condition that the
quantity p(F)AE is the number of states per unit cell in the energy range between

107
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E and E + AFE. If we consider one of the N cells of the first Brillouin zone with
wavevector k; then the number of energy band eigenvalues corresponding to k; with
energy less than E + AF is given by

i@ (E+AE—EEW), (6.1)
v=1

where O(z) is the unit step function; ©(xz) =1 for z > 0 and is zero otherwise.
Similarly, the number of eigenvalues with energy less than F is

n

s

>e(r-r,). (6.2)

v=1

It is then obvious that the number of eigenvalues corresponding to Ei which lie
in the energy range between E and E + AF is just the difference between (6.1)
and (6.2). If we sum this difference over all of the k;-vectors we will have the total
number of states with energies between F and E + AFE. Thus,

p(E) AE:;VEZ:{@ (B+ap-E;,)-0(B-E,)}, (6.3)

where the 1/N factor is introduced to give the number of states per unit cell.

In the limit as AE — 0 the difference term on the right-hand side of (6.3) can
be replaced by

% {@(E — E,;w)} AE, (6.4)
so that
B = D25 GO - B, (65)

The step function ©® may be written as

O(E - Eg,) = /E 5(t — Ey,,)dt (6.6)

— 00

where §(t — B ) is the delta function with its singularity at ¢t = Ej; . (A detailed
discussion of the delta function and properties of the DOS functions is given in
Appendix B.) From (6.6) it is apparent that

d
— O(E — E-
a5 Riv

Thus, we arrive at the result that

)=0(E—Ep,). (6.7)

p(E) = < 3B By, (©8)

v=1 1
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Next, we need to pass to the limit as N — oo and convert the sum over EZ into an
integral. This requires that we weigh each term by the volume it represents in k-
space. Each k; represents a volume /N = AI;, where Ak is the differential volume
element in E—space. Thus,

p(E) = éi/dﬁ (B — Ey,), (6.9)

where the integral is over the volume of the first Brillouin zone. It is clear from
(6.9) that

/OO p(E) dE = ng. (6.10)

— 00

It is often convenient to work with other density functions. For example, if
f(E) is a single-valued function of the energy, then

o1 = [ dRSUE) - £(ER,) (611)

p(f) =D p(f)w-
v=1
The relation between these densities is

o) = 1) | 95 (6.12)

In utilizing (6.9) or (6.11) the ¢ function can be represented as follows:

1. 1
“x‘“OZ‘WJm{x_xo+m+}

where 07 is a positive infinitesimal and Jm{- -} indicates the imaginary part of the
expression within the brackets. Thus, we have that

1.1 [ = 1
p(f)y:_ijﬂ/dk{f(E)—f(EEV)—i-iO*}’ (6.13a)

1, |df/dE| [ - 1
p(E)VWJm|/Q|/dk{f(E)_f(EEV)Hm}. (6.13b)

6.2 DOS for the pi bands

In Chapter 4 we derived simple analytical expressions for the 14 energy bands of
a d-band perovskite for the approximation (ppo) = (ppm) = 0. In this section we
make use of these formulae for the energy bands to derive the DOS functions.
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The energy bands are classified as pi and sigma bands and DOS expressions
can be derived for each type separately. We begin by considering the pi bands.
There are nine pi bands described by

B oapy = EL (non—bonding bands), (6.14)

1 1 2
Bty = 5 (Be + EL)+\/[2(E1‘, - EL)} + 4(pdr)? (Sg n Sg) (6.15)

1 1 2
Eprap) = 5B+ E1) = \/ (5B~ Bu)] + 4(par)? (524 83)  (6.16)
(af = zy, xz, or yz).

We can express both equations (6.15) and (6.16) in the dimensionless form:

[Bg, — 3B+ EL)]” - [3(Bi - By
2(pdm)?

where Ca, = cos(2kqa) and Cap = cos(2kga). If (6.17) is solved for Er , the two
solutions are Er ., and Ej . This strange form turns out to be a mathematically
convenient functlon for investigating the density of states of the 7* and 7 bands.
Rather than working with the actual energies, E; . and Er_, it is much easier to
calculate the density of state of the function on the left-hand side of (6.17). To do
this we define the dimensionless function

(B, — 3B+ BED)]” = [L(B - B
2(pdm)?

— (Cza + ng) (6.17)

en(k) = -2 (6.18)
so that (6.17) is given by
ex(k) = — (Coa + Cap). (6.19)

Now using (6.13a) we calculate the density, p(e,), defined by

1.1 dk
ple) =~ —Im g -
m er —ex(k) +i0F

1 m/2a dk,, dkg dk,
=——TJm 6.20
™ < ) /// 7/2a En + (Caa + C2p) +i0F ( )
where we have used the fact that Q = (2m/2a)? for the cubic perovskites, with a
being the B-O distance.

The integration over dk, may be performed immediately and then introducing
the variables = 2k,a and y = 2kga we find

() = —Tm = (L Q/Trd;z:/ﬂd ! (6.21)
PiEn) = m \ 27 0 0 y5ﬂ+Cx+Cy—|—iO+' '
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We proceed as follows:

T dy
o er+ Cy+Cy+i0t

Jm

-7 /7T dy d[(ex + Cy) + Cy) (6.22)

_ T d(_ Cy)
= —71'/0 Ty 0(en+Cr)—(=Cy)]

Ol (e +C) (6.23)

V1= (er +Cy)? .

The O function ensures that the value of e, is such that the § function is satisfied
in the integration range. Thus, we find that
1 [TO[l—(er +Cr)?
plex) = — > d
™ 1—(ex+Cy)

(6.24)

The © function is non-zero only when &, lies within the pi bands; that is
when |e, (k)| < 2. From (6.24) it is apparent that when |e,| > 2, then O[1 — (g, +
C:)?]=0 at all points in the range of the integration. Thus, the density of states
vanishes for e, outside of the range of the w or 7* bands, as of course it must. We
may then confine our attention to the range |e,| < 2. We make the substitution
z = e, + C, and obtain

1 b dz
plex) = 7r2/c \/(z_a)(z—b)(z—c)(z—d)7

where a >b>c>d. For —2<¢, <0, we have a=1,b=1+¢,,c=—1, and
d=er—1.For0<e, <2, wehavea=1+4¢e,,b=1,c=¢, —1,and d = —1. The
required integral is given by Gradshteyn and Ryzhik [1] (see 3.147.4) with the result
that

(6.25)

pler) = 5K (VI = En/27) Ol1 — (er/2)) (6.26)

where K (k) is the complete elliptic integral of the first kind:

/2
K(k) = / / S (6.27)
0o V1—k2sin®6

A graph of p(e) is shown in Fig. 6.1(a). It is seen that p(e,) has jump discontinuities
(designated as Py and P; critical points) at the band edges (¢, = £2). The peak
at e, = 0 is a logarithmic singularity (a P; critical point). The discontinuities arise
from the fact that the 7* and 7 bands depend only on two components k, and kg,
of the three-dimensional k-vector. They therefore behave as two-dimensional energy
bands and have constant energy with variation of k.. The logarithmic singularity
occurs at €, = 0 and arises from the saddle points in the energy band dispersion
near the X-points in the Brillouin zone.
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Figure 6.1. Density of states functions for the pi bands. (a) The three reduced bands
En (E) for a, B,y =z, y or, z; a # [, and (b) the corresponding reduced density of states
p(ex) with Py, Pi, and P> being van Hove singularities related to the critical points in 2D.
(¢) Energy bands Er (k) and (d) the corresponding density of states px(E) in E-space.

-

The function e, (k) defined by (6.17) and (6.18) describe both the 7* conduction
bands and the 7 valence bands.

To convert to the density of states in energy space, p(F), we employ (6.13b)
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and (6.18) to find that

1 |E—-3(Ei+E))
Pfr(E)—ﬁ W

™

K (V1= (e(B)/22) O[L - (+(E) /2.
(6.28)

The function p(E) has two regions where it is non-vanishing as illustrated in Fig.
6.1(b). The upper region is the DOS for a 7* conduction band and the lower region
is the DOS for a 7 valence band.

The DOS for a 7° non-bonding band is simply a § function since these bands
are flat. The broadening of the bands due to the oxygen—oxygen interactions can
be included approximately by replacing the § function with a Gaussian shape of
the form:

Ar
pro(E) & 70 e—)‘WO(E—EWO)2’ (6.29)

where A is a parameter that determines the band width and E o is the position of
the center of the 70 band. These parameters can be estimated from the results of
Chapter 5. An interpolation formula for the 7° bands is

Ep o~ E1 — 4(ppm)C2CH + 205257, (6.30)

where b = (ppo) — (ppm). At T, (6.30) gives a triply degenerate energy, Eo(I") =
E, — 4(ppr) and at M it gives Fro(M) = E| + 2b, and a doubly degenerate energy
E,. At R (6.30) gives a triply degenerate energy E o(R) = E| + 2b.

Thus (6.30) give exact energies at the I', M and R points. However, at X it gives
two energies at F , and one at E| — 4(ppw). The exact solution at X gives E =
E, +4(ppr) and E; — 4(ppr) for the two 7¥ energies. Despite this shortcoming,
(6.30) is a reasonably good approximation from which the band width and DOS
of the 7° bands can be estimated. If (ppr) and b have the same sign then the 7°
bands extend from E; — 4(ppn) to E; + 2b and the band width is |2b + 4(pp7)| =
|2(ppo) + 2(ppr)| = 2|¢|. If (ppr) and b differ in sign then the band extends from
E, to E; + 2b, and the band width is 2|b|. Since (ppm) is generally smaller than
(ppo) the band width will be approximately equal to 2|(ppo)].

If we define the band width to be the full-width at half-maximum of the
Gaussian of (6.29) then Ao = In2/(ppc)?. For SrTiOz, (ppo) ~ 0.2eV so one has
A~ 17eV~2

An analytical formula [2] for the DOS for 7° bands corresponding to the inter-
polation formula (6.30) can be obtained in terms of complete elliptic functions of
the first kind. The resultant DOS contains jump discontinuities and a logarithmic
singularity, shown in Fig. 6.2.

The total density of states arising from the nine pi bands can finally be written
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pro(€)

\

I 1 \
€1 €2 €3 €4

Figure 6.2. Density of states [2] for the 7° bands given by (6.30) with parameters b and
(ppm) opposite in sign. e1 = B, e2 = E| — 4(ppr) and e4 = E| +2b.
as

ppi(E) = 3pr0(E) + 3p:(E) . (6.31)
The units of py,; are electron states per unit cell per spin per unit energy or simply

states/(spin-cell-energy).

o) E
/“ poi(E)dE =9 and L/ poi(E)dE = 6. (6.32)

—00

Including spin there are 18 states. The 12 valence-band states are occupied in a
perovskite.

6.3 DOS for the sigma bands

According to (4.57) the eigenvalue equation for the sigma bands is

(. — E)(E) - E) = 2(pdo)*{($2 + 52 + 52)

i%%+%%ﬁf@%+%$+$%w.(M$
It is convenient to introduce the dimensionless variable, ¢, (F), defined by

er = (B — E)(E| - E)/(pdo)?] - 3. (6.34)
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Equation (6.33) can be expressed as, e,(E) — £ (k) = 0 where
ﬁ@%z%@m+@y+@g
+ \/0221 + + C(22 02w02y - CQyCQZ — CQZCQ$ (635)

with Chq = cos 2kqa. The function e, (k) describes two branches e (k) and e (k)
as shown in Fig. 6.3.

Along the line T'X, Coy = Co, =1 and

X (k) = —(Cow +2) £ /(1= Cop )2, (6.36)
eb(k) = —1—2C,, , (6.37)
e5 (k) =-3. (6.38)

Along the line XM, Cs, = —1 and Cs, = +1 so

(k) = —Coy £ /3 +C3, (6.39)
el (k) = —Coy+/3+C3,, (6.40)
e, (k) = —Coy—/3+C3,. (6.41)

Along the line MR, Cs, = Cyy = —1 and

eX(K) =2 — Oy + /(Caz + 1)2, (6.42)
et (k) = (6.43)
es (k) =1—2C,,. (6.44)

According to (6.38) €5 (k) is flat along TX and according to (6.43) eF (k) is flat
along MR. As we shall show shortly, these lines of constant energy produce jump
discontinuities in the DOS at the bottom (g, = —3) and top (¢, = +3) of the o*
and ¢ bands as shown in Fig. 6.3. Such jumps are designated as Py and P critical
points [3].

In order to determine the nature of the critical points we investigate the an-
alytic properties of the sigma energy bands near particular energies for which the
derivative of the density of states is infinite or discontinuous. The form of p(e,)
near €, = £3 and £1 can be determined by using a power-series expansion of the
band energies near these special points. We consider first the branch e (k) near

= —3. Along I'X the band is flat. Consider a cylinder with axis along I'X. The
contrlbutlon to p(ey) from this cylinder can be obtained by expanding the energy
ey (k) in powers of k, and k. near the I'X line along the k,-axis.

3 2,

3 3
=-3+= (2k a)? Z(21<:za)2 =3+
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r? = (2kya)? + (2k.a)? . (6.45)

Then the contribution Ap(e,) to p is

3 pm/2a
2 dk,, dk,
m (“) / dk, // il 2
2m —7/2a cylinder €o +3- 17‘2 +1i0%
1 2 o rdr
- Sdm—— | d
(2m)? /o ¢/0 (g0 +3) — 3r2 +i0+

T
2
1. 4/3 [7% da
——Jm —— — ith = (e, +3

T m47r/0 %f—x—&—iO‘* A £=(+3)

Aples) = —

1
m
1

3% ; dmé(if—x) 23%. (6.46)
The result of 1/(37) is valid provided the cylinder radius o > 1/4¢/3, where & =
(es + 3). We are interested in the result as e, — —3 so that £ — 0, therefore the
result is valid and independent of ry so long as ry is not identically zero. Thus, as
€, varies from —3+0~ to —3+07" there is a jump in the density equal to 1/(3).
Since there are three equivalent I'X lines the total jump is 1/7. Symmetry requires
that the same result holds for the ¢} behavior of the density near ¢, = +3 along
the MR lines along the edges of the first Brillouin zone. Each MR line is shared by
four zones so that the weight of each line is 1/4. Thus the 12 MR lines have a total
weight of 3 and the total jump in p(e,) is again 1/7.

The ¢ branch is quadratic near e, = —3 and contributes nothing to the jump
in p(e,) as e, — —3. Similarly, €, does not contribute to the jump in p(e,) as
£o — +3.

Next, we consider the behavior of the branches near ¢, = +1, where the e}

branch has the expansion

1
ef=1-a*+ 17"2 (6.47)

with a = (7 — 2kza) and r? = (2kya)? + (2k,a)?. Equation (6.47) describes a sad-
dle point region of the energy dispersion and the associated singular points are
designated as My and M, [3].

Consider a cylinder with radius r¢ extending from « = 0 to ag. The contribu-
tion to the DOS from this cylinder is

1 1\? [ "o rdr 2
Aple,) =——7T — d d
o) & m<27r) /o Cy/o Ea—1+a2—}17“2/o ¢

1. 2(27) /"“0 /7’3/ 4 da
=——TJm da
b (2m)3 Jo 0 ce—1l+a?—z
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r0/4
27r2/ da/ o —1+a?—2)dx

2 /A= (eo—1)
=53 / dov, (6.48)
L

1

where

0 ife, —1>0,
L, = (6.49)
V1—¢e, ife, —1<0.

Thus, apart from the numerical factor 1/(272)

ra/4— (e, — 1) if e, > 1,
Ap(es) — (6.50)
ViE/A+ (1 —er) — /(1 —e5) if e, < 1.
In the limit of ¢, — 17,
1 c—1
Aples) = Lpg— o= 1) (6.51)
2 To

which shows that Ap(e,) contains a contribution that decreases linearly as e,
increases from 1. On the other hand, as e, — 1~

Apley) = trg+ U280 _ oy, (6.52)

In this limit as €, approaches 1 from below, the second term on the right-hand
side of (6.52) is negligible compared to the square root term. Thus, we see that
Ap(eys) increases as €, increases towards 1 from below. More significantly, the
derivative d(Ap)/de, becomes infinite (tends to —oo) as e, — 17. At &, = 1T or
17, Ap =ry/(47?) and therefore the DOS near e, = —1 is the mirror reflection of
the analytic behavior near e, = +1.

A similar analysis of the e, branch near €, = —1 yields the result that:
%To-ﬁ-(Eg-i-l)/ro if e, < —1,
Ap(es) — (6.53)
%T0+(50+1)/7‘0—\/1+€U if e, > —1.

A schematic of p(e,) is shown in Fig. 6.3(b). The DOS in ,-space is symmetric
about ¢, = 0.

An exact result for p(e,) has not yet been obtained, but knowing the analytical
behavior at the critical points suggests a simple approximation. We express p(g,)
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)

r X M R 0 /7 p(es)

Figure 6.3. Schematic of p(e,).

as a linear combination of terms which have the correct analytical behavior:

p(es) for |e,| <1,
ples) = { (6.54)
p2(e5) for 1 < le,| < 3,
with
€o) = A+ By1—-e2+F(1—le])les], (6.55)
( o) =C+Dz* + F(1—2)Vz, (6.56)
x=(3—les])/2.
To determine the constants A, B,C, D, and F', we use the following conditions:
p2(£3)=1/m (jump at the band edges), (6.57)
p1(£1) = pa(£1) (continuity), (6.58)
3
/ ples) deg =2 (two sigma bands are represented), (6.59)
-3
p1(£1) = pNum(£1), (6.60)

where pnum(1) = 0.432 is the value of p;i(1) obtained by numerical evaluation of
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Figure 6.4. The function p(e,) of (6.54) compared with numerical calculations of the
exact DOS.

the density of states. Imposing equations (6.57)—(6.60) yields the following results:

A = prum(£1) &~ 0.432

B = —0.1646

c=1_03183 (6.61)
D= A-Cr~01136

F = —0.0151.

Figure 6.4 shows the sigma density of states computed from (6.54) and (6.61)
compared with results obtained by numerical integration. The approximation for
p(es) given by (6.55) and (6.56) is remarkably good [4], being within 1% of the
numerical value for all values of €,. A comparison of the approximate analytic
expression for p(¢) with numerical calculations is shown in Fig. 6.4.

To calculate the DOS in E-space we need only multiply the function in (6.54)
by |0e,/OE|. This gives

E - %(Ee +E||)

palE) = (pdo)?

ples(E)) (6.62)

The factor %(Ee + E)) is the mid-gap energy between the o and ¢* band edges at
I. Thus, the conversion factor |E — 1 (E, + E||)|/(pdo)? introduces a distortion of
the DOS which enhances the DOS at the bottom of the ¢ valence band and the top
of the ¢* conduction bands. A sketch of p,(E) is shown in Fig. 6.5.
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Figure 6.5. Sigma-band DOS as a function of E.
The non-bonding ¢° band may be treated in the same manner as the 7% bands.
Thus

)
poo(E) =4/ % e ro0 (B=E0)’® (6.63)

where Ao is a parameter that determines the band width of the ¢® band and E,o
is the center of the band.

The width of the ¢" band can be calculated approximately using first-order
perturbation theory to include the effects of the (ppr) and the (ppo) interactions.
We can write the Hamiltonian, H (discussed in Chapter 4), as H = H® + H’, where
H° is H with (ppm) and (ppo) set equal to zero, and H' is the part of H which
contains matrix elements involving (pprm) and/or (ppo). Using the matrix elements
described in Chapter 4 we find that

12052 52 52
(S35 + 5552+ 5252)

B0 = By + (0°|H'|0°) = By — (6.64)
The approximate band width is therefore 4b, which is about twice the band width

of the 7° bands. If we equate 4b to the full-width at half-maximum of the function
in (6.63) then we find that

In2

)\ao:@.

(6.65)

An analytical formula [2] for the ¢ DOS corresponding to the approximate
expression (6.64) gives the structure shown in Fig. 6.6 which has a base width of 4b.
With the analytic forms of the “pi” and “sigma” DOS functions we are now able to
give a simple expression for the total density of states including the contributions
from all of the 14 primary energy bands,

() = 2[3(pes () + s (B)) + (00 (E) + pigmn(E)) |, (0.00)
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Figure 6.6. Density of states [2] for the ¢° band given by (6.64) with parameters ¢ = 1
corresponding to ' = E, and € = —1 to £ = E|| — 4b.

where the factor of 2 accounts for the two spin states. We note that

(o)
/ Protal (£) dE = 28, (6.67)
—00
E,
/ Protal(E) dE = 18 . (6.68)
— o0

Equation (6.68) expresses the fact that there are 18 electrons per unit cell in the
occupied valence bands. The valence-band wavefunctions, however, are admixtures
of p and d orbitals so that d orbitals are partially occupied as a result of the filled
valence-band states.

Mattheiss [5] has carried out augmented plane wave (APW) calculations of
the energy bands of several of the perovskites. Using the numerical results he has
constructed histograms of the DOS for SrTiO3z, KTaO3, and ReOs. In Figs 6.7,
comparisons of the results of Mattheiss with the analytical result of (6.66) are
presented. Also shown is a similar comparison for NaWOg3 with the result of Kopp
et al. [6]. The model parameters have been selected to produce the prominent
structures in the same locations as in the histograms. It is seen that the analytical
density of states piotal(E) reproduces the DOS with considerable success.
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6.4 The Fermi surface and effective mass
(a) Semiconducting perovskites

The Fermi surface is an important feature of a metallic or semiconducting solid that
plays a vital role in determining the physical and chemical properties of the material.
The Fermi surface of a crystal is defined as the surface of constant energy in E—space
that separates the occupied states from the unoccupied states. At absolute zero
(T =0K) the lowest energy states are occupied up to a particular energy called the
Fermi energy, Er, and the states lying above Er are unoccupied. Hence at T =0,
the surface is sharply defined. At finite temperatures the surface will be fuzzy with
a few “holes” below Ep and a few electrons in states above Ep. The fuzzyness is
described by the Fermi distribution function, f(E,T) = [1 4+ e(F~Fr)/ksT]=1 where
kg is Boltzmann’s constant. In this section we discuss the shape of the Fermi surface,
the density of states at the Fermi energy, and the effective mass of electrons in the
conduction bands (7* bands) of a semiconducting cubic perovskite.

-,

Let Eqp(k) (af8==xy,xz, or yz) denote a particular 7* band of an insulating
perovskite. The crystal can be made conducting or semiconducting by any of a
number of “doping” methods. It can be converted to an n-type semiconductor by
heating in a hydrogen atmosphere, introducing oxygen vacancies, or adding cation
impurities. For example, SrTiO3 becomes n-type when doped with Nb atoms. For
an n-type material, the donated electrons occupy the lowest energy states of the 7*
bands. Typical n-type materials usually have electron concentration of the order of
10*8-10%° electrons/cm3. For a lattice parameter of 3.9 A this gives a concentration
of 6 x 107° to 6 x 10~ electrons per unit cell. Therefore, the occupied states will
be confined to a very small volume in E—Space near I'.

According to (6.28), at the bottom of the 7* bands (E = E;) the total density
of states is

1 E?
Protal(Et) = 2(spins) x 3(equivalent bands) x o (pd;)z'

(6.69)

Assuming a typical band gap, Eg, of 3.2eV, and (pdn) of 1.2eV, we find that

Protal(Et) = 1.06 states/(unit cell eV). (6.70)

For typical donor concentrations p,(E) can be taken to be constant for the small
range of occupied states near E; with [pr« (Er)]total = [pr+ (Et)]total = p°. We have
that App® = neer where Ap = (Er — E;) and ncey is the donor concentration per
unit cell. Thus,

AF = 0.943 Necell (in eV) . (671)
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(b)

Figure 6.8. Surfaces of constant energy for F near E;. For E = Er any wavevector on
the surface of the “jack” corresponds to a state of energy Er. k-vectors inside and on
the surface of the “jack” correspond to filled states while those outside the “jack” are
unoccupied at T'=0K. (a) For § =0: the surfaces are those of three circular cylinders
aligned along the three principal axes. Each cylinder extends between equivalent X points
of symmetry on the opposite faces of the Brillouin zone. The axes of the three cylinders
intersect at I'. (b) For § > 0: the arms of the “jack” become slender “cigars”. (c) For § < 0:
the arms of the “jack” flare out, forming six “trumpets”.

For a concentration of 1020 electrons/cm? (neen = 6 x 1073 electrons/cell) we find

that Ap = 5.6 x 1073 eV.
For E near E; we may write the energy of the af-type n* band as

2
gﬂ(/?) — B, ~ Zl(pELOW)(12[(1%4)2 + (k5)2] (aff = zy,xz,0r yz) (6.72)
g

From (6.72) it follows that for the 7*(zy) band the surface of constant energy in
l;—space is that of a circular cylinder with its axis along k.. Similarly, for 7*(zz2)
and 7*(yz) the surfaces of constant energy are those of circular cylinders oriented
along the k, and k, axes, respectively. The three cylinders form an object that
resembles a “jack” as shown in Fig. 6.8(a). The shape of the Fermi surface for a
free-electron model and for the energy bands of many materials is the surface of a
sphere or spheroid in E—space. Clearly, for the cubic perovskite the Fermi surface is
quite different.

The transport properties of the electrons (holes) in a crystal can often be
expressed in terms of the effective mass of the carriers. It can be shown that in an
external electric field an electron acquires an acceleration, @ given by

1 d*E(k) &
e a2 1°

a=

(6.73)

where A is Planck’s constant divided by 27, ¢ is the electron charge, and & is the
external electric field strength. The effective mass, m*, is defined so that a Newton-
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like equation, (1/m*)F = &, applies to the motion of an electron in a solid. For
electronic bands with the energy dependent only on the square of the magnitude
of the wavevector, E(k) = E(k?), the surfaces of constant energy are spherical in
E—space and one needs only a single number, m*, given by
11 8%B(k)
m*  h? Ok?
For more complex energy bands a tensor is required to describe the electron’s
dynamics in a magnetic or electric field. The inverse mass tensor is defined so that

8a = Z [n];*:|aBFﬁ7

where
1 1 9?E(k)
=2 : 74
[m*}a,@ h? Ok 0ks (6.74)
Using (6.74) we find that for an n-type perovskite,
1 71 _ 8(pdm)?a? .
{m*]m - [ELQ = “regy  lorm(af)band (6.75)
1 1 1 .
|:m*:|'Y’Y B |:m*i|ocﬁ - |:m*:|a'y =0 form (aﬁ) band’ (676)

where Eg = (Fy — E,) is the energy gap at I" and “a” is half the lattice constant.
With E(g) =3.2¢V, (pdr)=1.2¢V, and a =1.95 A, numbers appropriate for SrTiOs,
we find m* = 0.56 mg, where my is the free-electron mass, 9.11x10~28 g. This result
means, for example, that an electron in the bottom of the 7* (/) band moves under
the influence of an electric field oriented along the a- or [-axis as if it had only
56% of its free-electron mass. Conversely, in a field oriented along the 7-direction
the electron behaves as if it had an infinite mass.

Of course, there are three symmetry-equivalent 7*(a3) bands so the effective
mass is isotropic for cubic perovskites. It should also be mentioned that different
average effective masses are employed in the analysis of different types of experi-
ments. In the case of conductivity, for example, the quantity (m*)eong is employed,

(1+1+1*). (6.77)

(s = 3
m*/cond 3 \mi, mpz M3,

where

For the example above, this would yield (m*)cona = %m(’;a.

As can be seen from (6.75), the effective mass increases linearly with increas-
ing energy gap, ES, but decreases quadratically with (pdm). Therefore the result
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is strongly dependent on the LCAO parameters employed. This is not true for
all quantities. For example, Ap/[1/m*]qo =Apm},, =mh*neen/(12a7) involves only
physical constants and the electron concentration and is therefore independent of
the LCAO parameters, (pdr), and Ej.

The interesting shape of the Fermi surface (Fig. 6.8) is a direct result of the
two-dimensional character of the 7 and 7* bands. In a more elaborate theory (with
more distant interactions, additional orbitals, or spin-orbit effects), the 7*(a3) and
m(3) bands would have at least a weak dependence on k.. The dispersion would
be expected to take the form

M (0 + () + 008, (6.78)

where § is a dimensionless number that is small compared to 1. The effect of the
d-term would be to convert the circular cylinders in Fig. 6.8 into thin, cigar-shaped

rods (Fig. 6.8(b) for ¢ > 0) or flare the cylinders into trumpet-shaped objects
(Fig. 6.8(c) for § < 0). Using (6.75) we find for n-type SrTiO3 that

[nll*]w: 5[;*}%:5(%) or my, = %- (6.79)

Recent numerical calculations for SrTiO3 reported by Marques et al. [8] give
M, = 0.408 mg (light mass) and m?., = 7.357 mg (heavy mass),! while older cal-
culations by Kahn [9] give “bare”? .
Frederikse et al. [10] deduced values of 1.5mg and 6.0 mg from magnetoresistance

values of m%,, = 0.96 mg and m?_, = 4.7mg and
measurements. The scatter of these results is great, but they have in common the
existence of a “light” and “heavy” effective mass which is predicted by the simple
LCAO model to result from the two-dimensional character of the 7* bands. Refer-
ring to (6.79) it is seen that a small value of 4, for example 6 =0.1, would bring the
heavy mass into the range of the numbers quoted above.

It should be mentioned that my,, (mZ,) is often referred to as the transverse

(longitudinal) effective mass, m{ (m;) because it applies to motion transverse (lon-
gitudinal) to the long axis of the Fermi surface.

Since the 7 valence bands are the mirror reflection of the 7* conduction bands,
the results for the effective mass tensor of a hole at the top of the 7 valence band
are the same as for the 7* band (but opposite in sign because the hole acts as a

1 Marques et al. [8] reports both relativistic and non-relativistic values for the effective masses. The

results quoted above are their non-relativistic masses. Relativistic effects have only a very small effect
on the light mass, but greatly reduce the heavy mass according to these authors.

The effective mass tensor components derived here are called the “bare” effective masses because they
do not include the effects of phonons or polarons. Such lattice effects can in some cases “clothe” an
electron, greatly increasing its effective mass. This is particularly important when the crystal has a
“soft” phonon mode as is the case for crystals that become ferroelectric at lower temperatures.



6.4 The Fermi surface and effective mass 127

positive charge). However, the non-bonding bands usually lie near to or above the
top of the 7 valence bands. Consequently, the effective mass at the Fermi surface
will likely be determined by the curvature of the non-bonding bands. Since the
non-bonding bands have little curvature, heavy hole masses are expected.

(b) Metallic perovskites

Next, we consider a metallic perovskite with a significant density of electrons in the
7* conduction band. In this case the Fermi energy is well above the conduction-band
edge and the two-dimensional cross-section of the Fermi surface will depart from
circularity. Figure 6.9 shows the cross-section of the constant energy surfaces in k-
space for any one of the three 7* conduction bands. The contours would correspond
to the Fermi surface cross-section as the number of electrons per band increases from

ks

P

\ X

Figure 6.9. Cross-section of the constant energy surfaces for the 7*(a8) band for a
cubic perovskite. The figure is a plot of the curves S2 + S?; = () for various values of 2.
For small © (curves inside A) the cross-section is nearly circular. The square cross-section
(B) occurs for 2 =1 and corresponds to the cross-section of the Fermi surface for a half-
filled band. For 2 increasing beyond 1 the surfaces curve around the four X points in the
Brillouin zone. For a nearly filled band, (C) the cross-section in the first Brillouin zone
consists of four, quarter-round rods. In an extended Brillouin-zone view the Fermi surface
would consist of four circular rods each centered on one of the X points and extending
perpendicular to the plane of the diagram.



128 Density of states

0 up to 1 (2 including spin). Using the definition (6.74) we find that the effective
mass is given by

(pdm)? sin?(2kqa)
(E— Ep)? ’

1 4 2.2
[ *} - _Alpdm)“a” cos(2kqa) —
m-Jloa

(B (6.80)

for the m(a3) band. An equivalent expression holds for [1/m*|gs with kg replacing
kq in (6.80) and as before [1/m*],, =0. In contrast to the results of the previous
section for low electron densities, it is clear that the effective mass components
depend upon the magnitude of the wavevector and will therefore vary on the Fermi
surface. In addition, it can be seen from (6.80) that the sign of [1/m*],, may
change from positive to negative for a value of k,a sufficiently large (but still
< 7/2). In such a case an electron would be accelerated by an electric field as if it
had a positive charge (hole-like behavior). The effective mass will change sign at
the point for which [1/m*],, =0 on the Fermi surface. The condition for this is

(E — Ep,)?

%(2 2 2koa) — 1 =0, where 28 =
cos”(2kqa) + 20 cos(2kqa) 0, where 23 (pdr )2

(6.81)

The solution to (6.81) is
1
kea = 5 arccos ~B8+VB3+1], (6.82)

where k. is the “critical” value of k, for which [1/m*|,q =0.

As a concrete example consider the compound NaWOQg, a metallic, cubic per-
ovskite at room temperature. For this compound we have Wb+, Na!'t and 02~
ions so that there is one electron in the 7* conduction bands (1/6 of an electron in
each of the six degenerate 7* bands including the two spin states). To determine
the Fermi energy, Fr, we make use of the DOS function and write,

53 1
/ prr(g)de = = | (6.83)
—9 6
where p«(g) is given by equation (6.26) and e is defined by (6.19). For the
case of NaWOj3 the relevant parameters are, 2a=3.87 A, |(pdr)|=1.54eV and
E,=3.72¢eV. Using these values we find with the help of (6.26) that ep =-1.086.
Figure 6.10(a) shows the density of states and the number of electrons as a function
of €. The position of e is shown in the figure. Using the definition in (6.19) we can
also write,

By — Ey = \/(E,/2)? + 2(pdn)2(ep +2) =279 V. (6.84)

For the 7(zy) band, we define Qp to be the projection of the Fermi surface on
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Figure 6.10. (a) Total density of states/cell for the 7* bands and the total number of
electron states/cell as a function of . The arrow indicates the value of the Fermi energy,
er, for one electron occupying the bands. (b) The upper curve is the projection of the
Fermi surface on the kisk, plane, Qr. The lower curve is the effective mass, m”*, as a
function of k, for wavevectors on Qr. k. is indicated. (c¢) Expanded plot of m* > 0.
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the k&, plane. For NaWOs, er is defined by the equation

S24 S = @ = 0.457, (6.85)
which gives an upper limit of 0.742 radians for k,a and (6.82) gives k.a = 0.643
radians. The pairs of wavevectors (k, and k,) lying on Qg can easily be found.
For example, one can pick a value for k, then use (6.85) to calculate k, with the
requirement that k, must be real. Once the values of the two-dimensional vectors,
(kz, ky) lying on Qp are determined the effective mass can be calculated from (6.80)
as a function of k, or k.

Figure 6.10(b) shows the right-hand, upper quadrant of the Brillouin zone with
the values of m* (the inverse of [1/m*],,) as a function of the value of k,a on Qp
for the 7*(xy) conduction band of NaWOs.

The singularity in m* occurs when kya=k.a=0.643. At that point
[1/m*],, =0 so m* diverges to plus infinity on one side and minus infinity on
the other. Both m* and Qp are independent of k£, and do not depend upon the sign
of k; or ky, so the results for the entire £k, plane of the Brillouin zone can be
obtained by reflecting the results in the quadrant through the k, and k, axes. From
Fig. 6.10(b) it can be seen that the effective mass is positive for kya less than kca
and negative in the range k.a < kya < 0.742. The upper limit is the largest value
of kya which lies on Qp. The average effective mass, (1/m*)~!, averaged over the
Fermi surface is 1.66 mg for NaWOs;.

It should be noted that as the number of electrons in the 7* bands is decreased
the critical value of k,a given by (6.82) will eventually be larger than the maximum
value of k,a on Qr. When this happens, the electron effective mass will be positive
everywhere on Q.

(c) Electronic properties of Nay WOs3

In this section we discuss some of the electronic properties of the sodium—tungsten
bronze alloys, Na, WOs3, as a function of z. In particular, we use our LCAO model
to calculate the = dependence of the effective mass, the electronic specific heat, and
the magnetic susceptibility.

The properties of Na, WO3 depend strongly upon the value of x. To a very
good approximation each Na atom contributes one electron to the 7* conduction
bands. Thus, the conduction-band electron concentration is equal to x. For x < 0.24,
Na,WOj3 is believed to be a Mott-type insulator [11-13]. For 0.24 < x < 0.49, it
is a superconductor with a tetragonal structure [14-16]. In the range 0.5 < z <1,
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Na,WOs3 is metallic and has the aristotype, cubic structure [17, 18]. We confine
our discussions to the latter range of x values where the material is cubic.

Specific heat

The specific heat due to the conduction electrons, Cp, is defined as the rate of
change of the average total electronic energy with temperature per unit cell at
constant volume:

Ca = = /E p(E) f(E,T) dE = /E p(E) % dE (6.86)

where T is the temperature, E is the electronic energy, p(E) is the electronic den-
sity of states, and f(E,T) is the Fermi distribution function. Since df (E,T)/dT is
negligible except in a small range of thermal energies about the Fermi energy, Er,
the limits of the integral can be taken arbitrarily as F; and Fs as long as they are
far from the Fermi energy. In the small thermal range where df /dT is significant,
the density of states is nearly constant and hence it may replaced by p(Er). It is
convenient to measure all of the energies from the Fermi energy so that

(E2—EF) _ 2 ox — Er)/kp — Ep)/kp
Cu=2at0) (B — Br)/koT]? expl(E — EBr)/kT1d|(E — Er) /ksT)]

—(F1—Er) [1+exp[(E — Er)/kpT]?
Ly .2
2 da
= k3T / aZexpla)da _ o, .
kB p(o) L [1 I exp(a)]2 YL, (6 87)
1
7T=3 12k p(0) = 2.36 p(Fr) in  mJ/mole K. (6.88)

In (687) o = (E — EF)/]CBT, p(O) = p(EF)7 L1 = (E1 — EF)/kBT, and L2 = (E2 -
Er)/kpT. The specific heat coefficient, v, given in (6.88) is the well-known result
for metals, but care must be used when employing it. The integrand in (6.87)
vanishes as a2e~1®l when o — +o00. Therefore, if L; and Ly are sufficiently large
the actual limits become unimportant provided there are no energy gaps near Ef;
that is, provided |Er — Eeqge| 2 10kgT, where Eeqqc is the edge of an energy band
beyond which there is an energy gap. At room temperature kg7 = 0.026eV so
that the criterion would require |Ep — Eeqge| 2 0.25€¢V. At higher temperatures
the requirement is more demanding. In the previous section on doped insulators
we found that |Ep — Eeqge| &~ 0.006 €V and therefore (6.86) can not be used for the
electronic specific heat of these materials.

Specific heat of Na,WOj3; as a function of =

The Fermi energy of Na, WOs5 lies in the 7* conduction bands and for x ~ 0.5, Fp —
E; ~0.55€eV so the above criterion, |Er — Eeqge| = |Er — Et| 2 10kgT is satisfied
for T'< 600 K. The application of (6.88) requires p(Er) as a function of x. One
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approximation often made is the so-called “rigid-band model” (RBM). According
to this model the band structure itself is independent of x. That is, the energy
bands are “rigid” and as x increases the added electrons donated by the Na atoms
simply occupy the fixed (in energy) 7* states. This is not a good approximation for
Na, WOs3 [19]. Optical experiments [20] show that the band gap at T" for x = 0.5 is
about 0.5eV smaller than for  =1.0. In addition, the lattice constant 2a increases
by 0.04 A [18] over this same range.

To calculate v we make use of the results for the density of states for the 7*
bands,

pr(e) = % K(«/l - (5/2)2), (6.89)

er (2)
number of conduction electrons = z = / px(e) de, (6.90)
-2

V(E,/2)? + 2(pdm)?(er + 2)
(pdm)?

Equation (6.89) gives the total DOS in terms of the dimensionless variable, e. The

prefactor 6 accounts for the three degenerate bands and two spin states. Equation

pr(Er) = prler) (6.91)

(6.90) expresses the number of conduction electrons, z, in terms of the integral over
the dimensionless density of states. This expression determines the dimensionless
Fermi energy, er(z). The DOS, p.(Er) (in real energy) is then obtained by use of
(6.91). It should be noted that the result for p,(Fr) (and hence ) depends only on
two energies, E, and (pdm). Specific energies such as E;, and E| are not required.
For the specific heat coefficient in units of mJ/(mole K?) we have:

V (Ey(2)/2)? + 2(pdn (x))?(er () + 2)
(pdm(x))?

The calculation can be simplified by making use of approximate formulae for the

x dependence of the quantities. The following approximate relationships have been

shown to agree well with a wide range of experiments [19]:

v(z) = 2.36 pr(er(z)), (6.92)

Eq(x) =2.8540.84z, (in eV) (6.93a)
(pdm(z)) = 2.44 — 0.86 x, (in eV) (6.93b)
a(x) = %(3.785 +0.0818 x), (W-0 distance in A) (6.93¢)
ep(z) = =2+ (2 — 1.086) x, (in eV) (6.93d)
pr(z) = 0 (14 0.326 %), (total density of states/cell). (6.93¢)

2

The results obtained from equations (6.92) and (6.93) for v(z) are shown in
Fig. 6.11 where they are compared with experimental data [21-23]. The dashed lines
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Figure 6.11. Electronic specific heat coefficient, v, as a function of x for Na, WOgs. The
solid line gives the result of (6.92). The dashed lines show the results for the rigid-band
model fits at =0.6 and 0.8. The experimental data are from Hochst et al. [21] (V), Vest
et al. [22] (o), and Zumsteg [23] (A).

marked ‘RBM’ result from applying the rigid-band approximation [21] where the
band structure is assumed to be independent of x. The x-dependent model clearly
fits the experimental data better than the RBM.

Magnetic susceptibility and effective mass of Na, WOQO3
as functions of z

The magnetic susceptibility consists of a paramagnetic contribution from the elec-
tron spins (Pauli paramagnetic term) and a diamagnetic contribution due to the
orbital motion of the electrons. An approximate expression that combines these two
terms (in units of emu/mole), is

-6 2 1 /mo\?
X = 40424 x 1070 a2 (1= 2 (Z0) ) N (Bp), (6.94)
3\m
where N, (Er) is the total density of states at Er and my is the electron rest mass.
To calculate x the inverse effective mass averaged over the Fermi surface, (mg/m*),
is required. This quantity can be obtained from the expression given for the inverse
of the effective mass in (6.80). The averages, (cos(2kqa)), and (sin?(2kqa)) are given
by line integrals around the curve that is the projection of the Fermi surface on the
af-plane:

(cos(2kqa) g/ cos[2k,, (0)a] d¢ , (6.95)
(sin? (2ka)) = 7 /0 sin?[2ka(0)a] df, (6.96)
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where ¢ is the length of the Fermi-surface curve in the af-plane. The average,
(cos(2kqa)), can be obtained by symmetry arguments. The Fermi surface for our
LCAO energy bands is defined by the equation, S? + 53 = Qr(er) = i(er+2), a
constant for k,a and kga on the Fermi surface. Since cos(2k,a) = 1 — 2sin’(k,a)
we have that

(cos(2kqa)) = 1 — (2sin?(kqa)). (6.97)

Whatever shape the Fermi-surface curve has on the a8-plane it must be symmetric
in the variables along o and (3 because these “directions” are physically equivalent
and indistinguishable. Thus, the average (sin(kqa)) must be equal to the average
(sin®(kga)). That being the case, (6.97) may be written as

(cos(2kqa)) = 1 — (sin®(kqa) +sin?(kga)) = 1 — Qp(ep) = —% EF. (6.98)

The other average, (sin?(2kqa)), can not be obtained analytically, but a simple
interpolation formula that errors by less than 0.3% over the cubic range is given by

(sin?(2kqa)) ~ Qp(x)[2 — 1.49 Qp(z)]. (6.99)

Using (6.99), (6.80), and (6.84) yields

2

< mg > _ 4mo(pdr(x))*a(x)
m*(z) h2[(Ey(x)/2)? + 4(pdr(2))?Qp ()] /2

(pdm(z))*Qp(z)[2 — 1.49 Qp(x)] }

X3 |1—Qp(z)| — 6.100

- 00 - B lpan | 1

The z-dependent quantities in (6.100) are given by (6.93) and (6.99). The results

for (m™*(x)/mo), shown in Fig. 6.12, agree well with the data of Camagni et al. [24]
but lie well above the data of Owen et al. [20].

Use of equation (6.100) in (6.94) yields an expression for the magnetic suscep-
tibility as a function of z:

B 9 1 m 2
X(z) = 4.0424 x 1076 a(x) (1 - §<m*((;)> ) Ne(z),  (6.101a)
_ (E *Enz)
Ny (z) = W pr(er(z)) (6.101b)
V(Ey(x)/2)? + 2(pdr(x))? (e (z) + 2)

= (pdn (@) pr(T) (6.101c)

where the x dependence of the parameters on the right-hand side of (6.102) is given
by equations (6.93a-¢). The results of (6.101) are shown in Fig. 6.13 and compared
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Figure 6.12. Effective mass averaged over the Fermi surface as a function of z for
Na,;WOs3. The solid curve is obtained from the results of equation (6.100). The Dashed
curves show the RBM results fixed at £=0.6 and 0.8. The experimental data are from
Camagni et al. [24] (A) and Owen et al. [20] (O).

with experimental data. The theoretical curve is somewhat higher than the exper-
imental data but follows closely the general shape. Also shown in Fig. 6.13 is the
susceptibility calculated from the effective mass data of Owen et al. [20]. The data
of Greiner et al. lie about equally between the LCAO model results and those from
Owen et al. The above results show that the simple empirical, nearest neighbor,
LCAO model is able to predict reasonable values for the electronic properties of the
cubic perovskites including the effective mass, specific heat, and magnetic suscepti-

14

x(107% emu/mole K?)

0.5 0.6 0.7 0.8 0.9 1.0

Na concentration z

Figure 6.13. Contribution of the conduction electrons to the magnetic susceptibility, x,
as a function of = for Na, WO3. The solid curve gives the result of (6.101). The dashed
curve is the result obtained using the data for the effective mass from Owen et al. [20]
(V). The other data are from Kupka et al. [25] (O) and Greiner et al. [26] (O).
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bility. In addition, the model shows that these electronic properties are principally
determined by two parameters, the (pdm) integral and the band gap E,. The den-
sity of states, p(g), is a dimensionless function determined entirely by symmetry. It
is a universal function in that it applies to all cubic perovskites and is independent
of the values of the empirical parameters.
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Problems for Chapter 6

. Find expressions for the DOS, p(E), for the following energy bands whose dispersion
is given by:
(a) E = Eo+ +/E} 4+ E3S2, where S, = sin(kza), and —3 < kza < 5.
(b) E = Eo + F:1S..
(Hint: Make use of the expression p(E) = p(f(E))|df (E)/dE|.)
(c) What is the energy dependence of p(E) for
E = Eo + E1[sin®(kya) + sin?(kya) + sin?(k.a))
when F is near Fy?

. Discuss the nature of the singularities (if any) of the DOS for (a), (b), and (c) in
Problem 1.

. A saddle point is said to exist at Ey if the dispersion takes the form E = FEq 4+ ak? — ﬁkz
near Fy, where o and 3 are real positive numbers. Show that this form leads to a
logarithmic singularity at as £ — Fo.

. Show that the m and 7* energy bands have saddle points at the X points in the
Brillouin zone. (For simplicity ignore the oxygen—oxygen interactions.)

. Show that for Q:S§+S§ <1, the minimum value of the dimensionless
Fermi energy, er, for which 1/m* has a zero, is determined by the condition

—B+4++/B?+1=—(er + 1), where § = [(wg/2)2 + 2(er + 2)]/2, and wyg = E4/(pdr).

. For Na, WO3 the total number of electrons in the 7* bands, n, is described accurately
by the expression n = (er + 2)/(1.828) for 0 < n < 1. Use this result and the result of
Problem 5 find an expression for the minimum total number of electrons per unit cell,
Nmin, for which 1/m™ has a zero. Using E, =3.72eV and (pdm) =1.54€V find the value

of Nmin.



7
Optical properties of the d-band perovskites

Light interacts with the electrons of a solid through the electromagnetic field as-
sociated with the light wave. The electric field exerts an oscillating force on the

electrons and ions which produces electronic transitions and other excitations in
the solid.

There are several different types of optical adsorption mechanisms for ionic
solids such as the perovskites. In the infrared region the electromagnetic field of the
photons is strongly coupled to the polarization field of the vibrating ions and “op-
tical” phonons can be created. If the solid is magnetic then adsorption of light can
occur due to the excitation of spin waves or magnons. absorption by free electrons
(or holes) is also important in the infrared optical region for metallic or semicon-
ducting perovskites. Another important source of absorption is the excitation of
plasmons. In doped semiconducting perovskites, plasmon absorption may occur in
the infrared region while for metallic materials it is in the visible to ultraviolet
region.

Photons with energy greater than the electronic band gap between the highest
occupied and the lowest unoccupied bands can cause interband transitions. An
interband transition involves the excitation of an electron from a filled valence
band to an unoccupied state in another band. For an insulating material interband
transitions can occur for photon energy iw > F,, where Fy is the fundamental band
gap. The optical properties of insulating perovskites in the visible and ultraviolet
regions are mainly determined by such interband transitions. This chapter deals
principally with the nature of interband transitions in the insulating perovskites.

There are many other mechanisms of importance to the optical properties
such as absorption by excitons and indirect interband transitions, which involve an
electronic transition accompanied by the simultaneous creation or absorption of a
phonon or magnon. These topics will not be discussed.

The optical response of a solid to higher-energy photons (fuw of the order of
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103 eV) such as are employed in x-ray photoelectron spectroscopy (XPS) will be
discussed in Chapter 8.

7.1 Review of semiclassical theory

In this section we briefly review the semiclassical theory of the optical properties
of solids. More detailed discussions may be found in the references given at the end
of this chapter.

In the presence of an electromagnetic field the kinetic energy operator for an
electron, p?/2m, must be replaced by the new operator

o [ Saw ] (7.1)

where g’ = —ihV, A(F,t) is the vector potential of the electromagnetic field, e is the
magnitude of the electron charge, and c is the velocity of light. The electromagnetic
field may be described in the Coulomb gauge where V- A = 0.

The vector potential is usually a small perturbation on the electrons of a solid
so that the term in A(7,¢)? in (7.1) may be neglected and the term linear in A(7,t)
may be treated by means of first-order time-dependent perturbation theory.

The one-electron Hamiltonian for the solid is written as

H=H"+ H'(7,t) (7.2)
H0:ﬁ+v(,7)
2m
= (LY AF D 5
H'(7, 1) = () AR 1) - 5.

The vector potential for a field of angular frequency w is
A7) = Ady el @7t 4 e, (7.3)

where A is a scalar amplitude, d@j is a unit vector (the polarization vector) perpen-
dicular to the propagation vector ¢, and “c.c.” means the complex conjugate. The
electric field strength, £(7, t) is related to A(7,t) by the equation

- 1d -
Fot) = —— — A(F, t
£ty = A
= (%)A&’O @™ 4 ¢ e, (7.4)

It is useful to write £(7,t) = & (F,t) + &1(7,t)*. The electric displacement field
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—

D(7,t) can then be written as
D(7,t) = e(T,w) EL(Fr 1) + e(q,w)* & (7, t)* (7.5)

where £(q,w), the frequency- and wavevector-dependent dielectric function, is a
3 x 3 tensor whose elements are complex:

e(qyw)ap = €1(q,w)ap +ie2(q,w)ap - (7.6)

Since we are concerned here with cubic crystals we may assume that € is a multiple
of the unit tensor and consequently it may be treated as a scalar quantity.

According to electromagnetic theory, the average rate of loss of energy density
(energy/volume/s) from an electromagnetic field in a medium with a dielectric

1 /5 dD

— (& — 7.7

4dr < dt >’ (77
where (---) means the time average over a period of oscillation, T' = 27 /w. Using
(7.4) and (7.5) one finds the total energy loss per second

1 - dD w [Ze s 4D
4w<5'dt>—2wo (“’a)d’f

1 |A]2w? .
- A ), (73)

function (g, w) is

Equation (7.8) provides a means of relating macroscopic electromagnetic the-
ory to microscopic quantum theory. The approach is to find the rate of electronic
transitions, dW/dt, due to the perturbation H’ of (7.2). Each transition corresponds
to the absorption of a photon of energy hw and therefore to a loss rate, (dW/dt)hw,
of energy from the electromagnetic field. By equating this loss to that given by (7.8)
one can find an expression for €5 in terms of the quantum states of the solid.

According to first-order time-dependent perturbation theory, an oscillating per-
turbation of the form H'(7)e~™* where H’(7) is a constant or operator function
of 7, will cause transitions between the unperturbed states of the system at a rate
(transitions per second) given by

MVt Be) 20 11592 605 — B — ) s, s, (79)

dt

In (7.9), |i) and (f| designate the initial and final states, respectively, E; and E are
the corresponding energies and S; and Sy indicate the spin states. Equation (7.9)
shows that the strength of the transition is proportional to the absolute square of
the matrix element and the § function ensures conservation of energy in the process.
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Using (7.2), the rate of energy loss per unit volume is

ﬁ "M(CZZF Nap 2 2 (dW’f) F(E) (1~ f(Ey)]

if SiSy

__fw Am e )2 T2 =2
= v 1 AP Goe) 21T 710

X 0(Ey — Ei — hw) f(E;) [1 = f(Ef)], (7.10)

where f(FE) is the Fermi distribution function. The term f(F;) is the probability
that the initial state was occupied and the term [1 — f(EY)], is the probability that
the final state is empty.

Then equating (7.10) to the result of (7.8) and solving for €2(¢,w) one has

7T2 e g
2(80) = 507 () 310177 - gl
><5(Ef—Ei—7iw)f( Ei)[1 = f(Ep)]- (7.11)

Equation (7.11) is the fundamental relation between macroscopic electromag-
netic theory and the energy band states of quantum theory. Once €5 is known, all
of the optical constants can be derived from it.

The real part of the dielectric function £ is calculated from €5 by means of

Kramers—Kronig dispersion relation:

sl(q”,W)HiP/Oo%m(iw’, (7.12)
where P indicates the principal value.
The complex index of refraction N (7, w) is related to e = &1 + i€y by
N*(q,w) = &(q,w) (7.13)
N(q,w) = n(q,w) +ir(q,w) (7.14)

where n and x being the index of refraction and the extinction coefficient, respec-
tively. The absorption coefficient, «, is given by

OZ((j, (.d) _ (w/c) 62(@7‘”) )

n(q,w)

Finally, we note that for radiation incident normal to the solid surface the
reflectance is

(7.15)

| vEEe) ’
Velqgw)+1

(7.16)
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7.2 Qualitative theory of e2(w)

In the preceding section we saw that the dielectric function depends upon the
transition matrix elements M;; where

Mg = (f| €77 d@y - 7 i) (7.17)

The initial and final states are to be energy band states which are of the form

]_ - »*_ oo 5 —
'I’Z}EU(F’) = 7N Z aja(k; I/) elk R j EOL(T. — ij) (7.18)
v mjo
where aja(E, v) are the eigenvector components of the band state with wavevector
k and band index v. The quantity R,,; = Ry, + 7j, where R, is the position vector
of the mth unit cell and 7; locates the jth atom relative to the origin of the mth
unit cell. The function &, (7 — R.,;) is a Lowdin orbital with symmetry index «,
centered at R,,;.

The matrix element M;; = MEV,“'V' is
Mg, 5 = /1#5,”/(?)*6“7'? (do - p) Yz, (7) dF. (7.19)
Using (7.18) it is easily shown that M Fv involves a factor
Zei%[ﬁ—l&w]-é _ NZ 5t (7.20)
R é

where G is any reciprocal lattice vector including zero. Thus, M; , vanishes un-

kv,k'v
less k' =k + q+ G. The wavevector of the light, ¢, is in most cases small compared
with any G # 0. For example, the |g] for a 1-eV photon is about 5 x 10* cm~!, while
|G| = 27/a ~ 2 x 108 cm ™. Thus Mg, ., will be small unless k' =k + G. How-
ever, if both k' and k are confined to the interior of the first Brillouin zone, then
their vector difference or sum can not be equal to a (non-zero) reciprocal lattice vec-
tor. Thus the only non-zero matrix elements are those for which k'~Fkand G=0
in (7.20). A schematic of the situation is shown in Fig. 7.1. It is apparent that the
interband transitions are essentially “vertical” on an energy band diagram such as
that of Fig. 7.1. On the other hand, the intraband transition is nearly “horizontal”.
If hw = (Ey,,,— Ej,) and is large compared with (Ey, — Er ) or (Ey,,,— Er )
then the intraband transition is far from “resonance” and can not occur. In the case
of insulating perovskites the energy gap between the filled valence bands and the
empty conduction bands is about 3eV. Interband transitions can occur then only
for hw = 3eV. Intraband transitions are not possible because there are no empty
final states in the valence bands and no occupied initial states in the conduction
bands.
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Figure 7.1. Interband and intraband transitions.

For metallic perovskites such as alkali tungsten bronzes or ReO3 or for n-type
semiconducting materials the conduction band is partially occupied. This allows the
possibility of intraband transitions at low photon energies; namely, hw =~ |Ej; gy T
E,;,V\. Such intraband transitions lead to what is called “free-carrier” absorption.

In addition, in metals, collective excitations of the conduction electrons in
the form of plasmons can also absorb energy. For Na, WOj3 or ReOg, the plasmon
energy is about 2eV while for n-type SrTiO3 with 109 electrons/cm? it is only a
few hundredths of an eV.

In view of the preceding discussion it is clear that for hiw 2 1eV the optical
properties of the insulating perovskites are determined principally by interband
transitions. The same is true for the metallic systems except that plasmon absorp-
tion must also be considered. In either case, the magnitude of the photon wavevector
may be neglected when fiw < 100eV and the interband transitions are essentially
“vertical”. Consequently, the transition matrix elements that are required are

(k,v'|d@o - Pk, v) vV (7.21)

The expression for the dielectric function due to interband transition takes the
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form

1/ e \2/2m\31 - L
£2(w) =e2(0,w) = - (m) (?a) N Z |(kv'|dy - 7|kv)|?
kvv’

x 8(Bg,, — By, —hw) f(Eg)[1— f(Ep, ). (7.22)

In the following subsection we shall show that the function, e3(w), for the per-
ovskites has pronounced structure which reflects the nature of the van Hove singu-
larities in the electronic density of states.

(a) Joint density of states

Before launching into a detailed calculation of the matrix elements needed for 2(w)
we shall explore a simple, but frequently employed model for the purpose of demon-
strating how the structure of the electronic density of states manifests itself in the
optical properties. We begin by expressing the matrix elements of the momentum
in terms of those of 7 by making use of the relation

oy

(St ==

Then we write (7.22) in the form

x) = G (50) & 22 Mo (OB, ~ B, P

Ey — E;) (fIri) - (7.23)

kvv’
x 0(Ep,, — Ey,—hw) f(Ep,)[1- f(ER, )] (7.24)
with
- 2 — N
(M ()P = = |(R, o - 7IR, ). (7.25)

In (7.24) we have used Ef — E; = E};,, — Er . Because of the delta function in
(7.24) we may replace (Ey,, — Ef,)? by (hw)? and obtain

2m\3 1 -
@) = (52) 7 2 1Mo (B)? 8(Eg, , — B, — hw) f(Eg,) [1 = F(Eg, )] (7:26)

kvv!

Now consider an insulating perovskite for which the valence bands are filled
and the conduction bands are empty. In this case the only allowed transitions
are between an initial state in one of the valence bands to one of the unoccupied
conduction bands. With the convention that v refers to a valence band and v’ to a
conduction band, f(E; )= [1—- f(E;,,)] =1 and

(W) = (%)3% Z My (B)26(Ez,, — Ep, — hw). (7.27)

kvv!
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In order to proceed further we need to know the transition matrix elements. The
k dependence of MW/(E) is discussed later in this chapter. For our purpose in this
section we shall simply replace the matrix element by its average value over the
Brillouin zone, (M, /). With this approximation we have

52(w):{z<|MW\ }( )31 Za - — Ep — hw). (7.28)

vv!

The quantity & >, 6[w — (Ey,, — Ez )] is similar to the density of states function
defined in the preceding chapter by (6.8). However, in this case we have two energies,
Er,, and E} rather than a single energy. The function is called the joint density of
states, abbreviated by “JDOS” and denoted by [J(w)],, . It specifies the number of
pairs of valence- and conduction-band states with an energy difference in the range

between fiw and fw + d(fw).

We now show that the JDOS has the same van Hove singularities that the DOS
has and therefore that these structures are expected to be reflected in the optical
properties of the cubic perovskites.

The JDOS is easily calculated for interband transitions from non-bonding
bands to conduction bands. The non-bonding state energy is constant (indepen-
dent of E) for the model developed in Chapter 4. The initial and final state energies
to be considered are

Ep, = Ej for v =0"  (sigma non—bonding bands),
= E, for v =n" (pi non—bonding bands),
Ep, , = Ep . for v/ =0¢* (sigma conduction bands),
= By for v/ =7n*  (pi conduction bands). (7.29)

The JDOS for such transitions is

@ = 5 32 81, — By, — ] = 1 30w — (Bg,. — B, )
k E
= plg*(hw +Ep) = pﬁ(hw + E0) (7.30)

where o = 70 or ¢¥ and 8* = 7* or ¢*. In particular, we have the JDOS for four

interband transitions:

[J(W)]g00+ = po(hw + Ey) (threshold for ¢” — ¢*: hw = E. — E))),
[J(W)]g0r+ = pr(hw + E)) (threshold for 0° — 7*: hw = F; — E)),
[J(@)] 00+ = po(hw + E) (threshold for 7° — o*: hiw = E, — E),
[J(W)]goms = pr(hw + E1) (threshold for 7% — 7*: hw E)).

(7.31)
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The functions p, and p, are the DOS functions given in Chapter 6 by (6.28)
and (6.62), respectively.

Equation (7.31) shows that in the case of transitions from the non-bonding
bands, the JDOS degenerates into a DOS function and therefore possesses the
same critical structure as the DOS. This result is not limited to transitions from
the narrow, non-bonding bands, but is also true for transitions from the o or 7
valence bands as well. For example, the JDOS for interband transitions from the
m(af) valence band to a 7*(af) conduction band (af= xy, xz, or yz) is

[Jaﬂ(w)]mr* = 725 Eaﬁ - ng)]

1 1
- . 7.32
N Z 20— E2%) it (7.52)

The calculation is greatly simplified if we add a null term to (7.32); namely,

1
~—m
N Z hw + (B29 — E2P) 4 i0+

(7.33)

The term of (7.33) is zero for hw > 0, because the denominator can not vanish.
Now, combining (7.32) and (7.33) and using

(E7Y, — BR?)? = (B, — E1)* + 16(pdm)*(S7, + 53), (7.34)
we find
2hw
a3 L — _—Am
[J (W)]'frﬂ' T Jm N ; (ﬁuj)Q _ (Et — EJ_)Q _ 16(pd71')2(5§ + Sg) + 0+
1 (3hw) 1 1
- 7.35
77'3“12(d)2N21/1/4'02044-0254-20+ (7.35)
where
(3hw)? — [3(By — E1)]?
= - 2. )
W 2(pdm)? (7.36)

The sum in (7.35) converges to an integral for large N and is easily evaluated by
using (6.20) and (6.26). The result is

(%hw) 1 W2 W2

—K 1—(— Ol1—(— . 7.37
2(pdm)? ©2 ( 2 ) ( 2 ) (7.37)
It will be recalled from Chapter 6 that the complete elliptic integral K (z) has a

jump discontinuity of 7/2 at =0 and a logarithmic infinity at z=1. For the K
function in (7.37) this means that the jump discontinuity occurs at W/2 = £1 and

[Jaﬁ (w)]mr* =
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the logarithmic singularity at W/2 = 0. For W/2 = +1 we have

=2\/[(E; — E1)/2]2 + 8(pdr)? (for the plus sign),
hw=(E;—E)) (for the minus sign). (7.38)

The first energy corresponds to the energy separation of the m and n* band at
R and the second energy of (7.38) to the energy difference between the 7 and
7* band at I'. That is, at the top and the bottom of the bands. The singularity at
W/2 = 0 occurs for hw = 21/[(E; — E1)/2]?> + 4(pdm)2. This corresponds to vertical
transitions from w(af3) to the 7*(af) band states whose wavevector is such that
S2 + S% = 1. Wavevectors satisfying this condition arise from the surface of a rod
of square cross-section oriented along k. with corners at the X symmetry points in
the ko—kg plane. Since the (o) and 7* () bands are mirror image of each other
with respect to the mid-gap, the shape of the JDOS is similar to the DOS functions,
but twice as wide. A similar result can be obtained for the JDOS corresponding
to the ¢ — ¢* transition. Figure 7.2(a) shows the JDOS for all the possible 45
interband transitions and the total of all transitions is indicated by the dashed line.
Figure 7.2(b) shows a comparison of the (total JDOS)/w? with the experimental
result of e5(w) for SrTiO3 [1].

JDOS functions can be derived for the many different types of interband tran-
sitions and each contribution to 5 reflects a convolution of the critical structure
of the bands involved. However, it should be remembered that the approximation
which leads to the JDOS result does not take into account the k dependence of the
transition matrix elements. Imbedded in the transition matrix elements are selec-
tion rules and shapes that can possibly modulate and smooth out sharp structure
that occurs in the JDOS. In the next section we develop a more detailed model
that takes the k dependence into account.

(b) LCAO transition matriz elements

The optical response of a cubic crystal is isotropic and consequently we may choose a
particular direction of the polarization of the electric field without loss of generality.
We assume that the polarization of A and £ is along the x-axis:

A=Aé,.
The interband matrix elements of concern are then

<E7V > - Z [aj/a'(E’V/)]*aja(an) Z ¢ (B =R 1)

jj/aa ! é7n, 7é

[ (=ings ) ol = (R = Fo) = (7~ 7). (7.39)

0
8
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Figure 7.2. (a) Contributions to JDOS. (b) Comparison of JDOS/w? with the experi-
mental result for e2(w) (dashed line) for SrTiOs [1].

The integral on the right-hand side of (7.39) is the matrix element of the z-
component of the momentum operator between Lowdin orbitals centered at the
origin and at (ﬁmj - Rm/j/). The integral depends on the vector difference R, =
(ﬁm — ﬁmr) but not on the individual unit-cell vectors, R,, and ﬁmr. The symbol
> A. denotes a sum over ]:’,m — ﬁm/. It is convenient to define the matrix elements

of the momentum operator between Lowdin orbitals by

—

= d
0 (Fs) = / di §5(T) <Zhax> EalF— Rs — (T — 7)) . (7.40)
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Then, the matrix element of (7.39) takes the form
- 0 |» (];:yl) * (E V) E[f": — (7 —71)] -
! = ’ 7 s T5 ‘r ’
<I{?U o > = Z [aj,a, :| aja Z e J Pma ]Q(RS) (741)

Jj' o

According to (7.39), the interband transition matrix element is a sum of contribu-
tions of electron transitions between localized Léwdin orbitals. The optical excita-
tion of an electron between the Lowdin orbitals is, according to (7.40), dependent
upon the overlap of the final state orbital with the derivative of the initial state
orbital. Because of the localized character of the Lowdin orbitals one expects that
this overlap will decrease rapidly with increasing distance between the two orbitals.
Therefore the optical transitions are determined by electron excitation between
Lowdin orbitals centered on sites near one another.

s

A qualitative LCAO theory similar to that employed for energy bands in Chap-
ter 4 will be developed in the remainder of this chapter. This model considers only
the optically induced transition between Lowdin orbitals centered on the same site
and those between cation and anion orbitals on adjacent atomic sites.

There are two types of electron excitations to consider; site-diagonal and
nearest-neighbor transitions. The site-diagonal transitions are between Lowdin or-
bitals on the same atomic site and involve the integrals

Jare (-ing. ) et (7.42)

while the nearest-neighbor transitions, involving p to d (or d to p) transitions, are
of the form

/ dF €, (7) (—m 0 ) €ulF £ a?) (7.43)

where €; is a unit vector along any of the coordinate axes.

The simple LCAO band model we have been employing in previous chapters
includes only the d orbitals on the B-ion sites and the p orbitals on the anion sites.
Consequently, the only types of site-diagonal transitions that can occur in our model
are “d to d” or “p to p” transitions. It can easily be shown by symmetry arguments
that the matrix elements of (7.42) for such transitions vanish. If other orbitals,
representing core states or higher-lying atomic states, were included in the basis
set for the energy bands then site-diagonal transitions would occur. For example,
the matrix elements for nd to (n+ 1)p or (n — 1)p to nd orbital transitions on a
B-cation site do not vanish. Such transitions are indeed important for the optical
properties of the perovskites; however, the photon energy at which they occur is
usually higher than for the p to d transitions between adjacent ions. The effect
of neglecting these higher-energy site-diagonal transitions is to limit the validity
of our description of e2(w) to a photon energy range below the threshold for such
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transitions. The method we shall use in the remainder of this chapter to discuss
interband transitions can easily be generalized to include site-diagonal transitions,
but we shall not include them in our discussion.

We now focus our attention on the p to d (or d to p) transitions between
nearest-neighbor ions. To determine the character of these matrix elements we first
consider their symmetry properties. The Lowdin orbitals (as in Table 3.1) are of

the form:
3 (Ta
Ep(a) (T) = Vi (7)

Ei(ap) (F) = \/E V3 (r‘:#) r2Ry(r) (ts orbitals)  (7.44)

Eaony (7) = 1(%””)ma>

r2

ateny () = /“(x‘y)mm>

where r, is the ath Cartesian component of 7, r = |F] and R,(r) and Rq(r) are
spherically symmetric radial functions normalized so that [&*¢ dif = 1.

(e4 orbitals)

We are concerned with integrals of the type
0
/ dF &5(7) (—max) & (7 + ay)., (7.45)

/ G (—m ) ca(Ft gy, (7.46)
where {4 and &, are any of the d or p orbitals, respectively.

Integration by parts shows that the matrix elements are Hermitian so that
/df’f;(F) (—zhi) &i(FLae;) = {/ dr & (7 + a€j) <—zh > fp(f’)] (7.47)
Also by a shift of the origin:
Jareio (< )t = [areir e (<ing-) g, (a5
and again by symmetry conditions
/dF{:}(F-I— aej) ( >§p 7)) = /dr £1(T7— a€j) < ih— > &p(7) . (7.49)

Therefore we need only investigate the symmetry properties of the integral on the
right-hand side of (7.48). To proceed further in the analysis it is convenient to define
a fictitious set of localized orbitals which have the angular symmetries of atomic
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orbitals. We define a set of “bar” orbitals with s and d atomic-orbital symmetries
by

_ ) V5 -
Ry(r)=r ERP(T) = TRd(T) (7.50)
in terms of which
S = | (Bylr) + 5 By(1) (7.51)
T Var P 37 '
- . 3 . Talg =
dos(F) = UE 2 3 R,(r) (7.52)
31 (32—
d,2(7) = PPy S R,(r) (7.53)
Do) =) 2 ) R (754)
V=V an T2 P '
Now consider the derivative of the Lowdin orbital;
0 3 T =
5 St () = [ 1= (Rolr) 8as + =5 Ry(r). (7.55)
Then using the bar orbitals of (7.51)—(7.54) we have
2 by (7) = 57) — o dea () 3 oo () (7.56)
axp(m)T—ST 2\/3 22T 21;27“ .
0 1-
3750w (1) = 5day(7) (7.57)
0 1-
%fp(z)(f‘) = idwz (F) . (7'58)

Equations (7.56)—(7.58) show that the derivatives of the £, orbitals have the
angular symmetries of s and d atomic orbitals. Consequently, we can use the Slater—
Koster results in Table 3.2 to determine which matrix elements vanish by symmetry
and also to express the various non-vanishing elements in terms of a minimum set
of parameters. To do this we need to define four parameters which are analogous
to the Slater—Koster overlap parameters. We define

L(sdo) = / €5 (7 £ ad2) 5(7) dF, (7.59)
Lddo) = / €5 (£ 082) doa (7) dF, (7.60)
%(de) = /gg(zy)(r*i ay) dyy (7) dF, (7.61)
%(c]dé) - / €y (7 082) oy (7) dF (7.62)
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All of the integrals of the type in (7.48) can be expressed in terms of the four
parameters (5do), (ddo), (ddm), and (ddé), with the help of Table 3.2. As examples,

0 1 - .
/Sd(m (F+ aéy) ( th— ) Ep(x) (7) dF = —zh/gd (o2 (T a€3) B dy. (7) dF
—ih
=5, —— (ddn)

/fd (F+ ac) (—zﬁ )fp ) (7) dif = —zh/fd L2) (7 £ ae)

[(m—f )+ 30| a7
:_% [(sda - dda}

8 -

Proceeding in this manner it is easily found that there are only four non-zero
types of integrals:

[ it (£ a) (—m 0 ) &) () dF, (7.63)
/ I GES D) (—zh 5 ) Ep(=) (7) dF, (7.64)
/ ENGETD) (—ih;x) Ep(z) (P) dF, (7.65)
/ G (—ihi) Ep(a) (F) dF. (7.66)

The integrals of (7.63)—(7.66) involve a d orbital of (o/3’) type located at
7= +a€j; and a p orbital of the ~ type at the origin, where (¢/3’) = xy, zz, 2% or
2% and v = x, y, or z. Therefore, dropping also the superscript o of P?, the notation

for the momentum matrix elements can be simplified as follows:
X L, 0
/gd(alﬂ/)(r — aej/) <Zh > gp('y) (77) dr = P(oz’ﬁ’)j v (767)

The phase factors appearing in (7.41) are simply e*?*’® since we are including
only the nearest-neighbor interactions. Finally, the transition matrix elements of

(7.41) may be written as

<E1/ (— ih— )‘k‘y> Z [agil,/g,)} *ag,yv)) Py~ 2 cos(kja). (7.68)
(20 33
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Table 7.1. Momentum operator matriz elements P g1y (defined in (7.67)) for
nearest-neighbor Lowdin orbitals, in units of (—ih/2a).

(o8 ¥ i'=a i'=v i'=z
(zy) y (ddm) (ddm) (ddé)
(x2) z (ddr) (dds) (ddr)
(22) T —(3do) — 7X=(ddo) —(3do) — 2= (ddo) — Y3 (dds) 2(s5do) — 2=(ddo)
(z?) x V3(3do) + (ddo) —V3(5do) + (ddo) + 3(dds) (dds)

In order to proceed with the analysis it is necessary to specify the bands in-
volved in the interband transition. There are a large number of possible transitions
corresponding to just the p to d and d to p transitions. For example, for an insu-
lating perovskite the nine valence bands (three 7, two o, three 7°, and one ¢°) are
occupied and the five conduction bands (three 7* and two ¢*) are empty. There are
45 possible interband transitions; transitions from any of the nine valence bands to
any of the five conduction bands. The contributions to e3(w) due to some interband
transitions are shown in Fig. 7.3. For a given polarization of the electric field many
of the 45 transitions are forbidden and many are symmetry equivalent so that the
number of transition matrix elements that must be considered is greatly reduced.
Nevertheless, the number of distinct transitions is still quite substantial.

In the following sections we consider the character of different interband tran-
sitions.

7.3 Interband transitions from non-bonding bands

There are four types of interband transitions from the non-bonding bands to the

0 0

conduction bands: 7% — 7*, 70 — ¢*, 0® — 7*, and ¢° — o*.

(a) ©° — ©* interband transition

There are three 7° and three 7* bands; 7°(af3) and 7*(a3) where a8=uzy, 2,
or yz. Thus there are nine possible 7° — 7* transitions; arising from 7°(a3) and
m*(ary). For an x-polarized electric field, Table 7.1 shows that non-zero matrix
elements occur only for transitions between an d,, orbital and a p, orbital and
between an d,, orbital and a p, orbital. Consequently, there are only four allowed
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Figure 7.3. Major contributions to optical transitions.

70 — 7* transitions:

70 (xy) — 7 (zy) (7.69a)
70(x2) — 7% (x2) (7.69b)
7%(yz) — 7 (zy) (7.69c¢)
7 (yz) — 7 (22) (7.69d)

The restriction of the transitions to those in (7.69) shows that selection rules
for optical transitions are contained in the transition matrix elements.

Transitions (a) and (b) of (7.69) are “unmixed” transitions in that they involve
initial and final band states derived from the same 3x3 block of the Hamiltonian
(see Chapter 4). Transitions (7.69¢) and (7.69d) are “mixed” transitions that in-
volve initial and final states from different 3x3 blocks of the Hamiltonian. The
unmixed transitions, (7.69a) and (7.69b), are symmetry-equivalent and make iden-
tical contributions to e5(w). Similarly, the mixed transitions (7.69¢) and (7.69d) are
also symmetry-equivalent. Consequently, it is necessary only to consider (a) and (c).

The 7° band wavefunctions have zero amplitudes for the d orbitals. Therefore
the only non-vanishing matrix element between Léwdin orbitals that contributes
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to (a) is P*

(o), According to (7.68) the transition matrix element for (a) is

. 0 - e * B0
<k7f (aﬁy)‘(—ma—z)‘mo(xy)> - [a;’fy (wyﬂ} aF @l P 2C, . (1.70)
For the mixed interband transitions, (c), we find

= 0 — Er* * 10
<k37T (my)‘ ( - ma?) ‘k‘ﬂ'o(yz)> = {a&ky (‘”y)]} a?[f (y2)] Ployy2y2C..  (7.71)

In calculating e2(w) the matrix elements of (7.70) and (7.71) should be multi-
plied by 2 in order to account for the equivalent transitions (7.69b) and (7.69d).

(b) ©° — o* interband transitions

There are six possible 7° — o* interband transitions; 7°(a3) — o*(£), where
0*(+) and o*(—) are the two distinct branches of the ¢* conduction bands.

The wavefunctions for the ¢* band states involve the z? and 22 type of d
orbitals and hence, according to Table 7.1, have matrix elements only with the x
type of p orbital. This limits the allowed transitions to those between 7°(xy) or
7%(z2) and o*(4). The four allowed transitions are:

— o*(%) (7.72a)
70(z2) — o (&). (7.72b)

The two types of transitions represented by (7.72a) and (7.72b) are equivalent
and hence we need only consider (7.72a). The interband transition matrix elements
are:

<Ea*(j:)‘ ( - ma%) ‘Ewo(xy)>
_ { [ N Py, o+ [ally @] P(xz)xym}ag?ﬂ“(wy)l 20,. (1.73)

In calculating eo(w) these matrix elements should be multiplied by 2 to account
for the symmetry-equivalent transitions of (7.72b).

(¢) Tabulation of interband transition matrix elements

Proceeding in the manner described above, the matrix elements for all of the inter-
band transitions can easily be found. The results for all of the distinct transitions
are given in Table 7.2. The first two columns specify the initial and final bands.
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The third column labels the inequivalent transitions and the forth column, labeled
“weight”, gives the number of symmetry-equivalent transitions. In calculating e9(w)
the matrix element should be multiplied by the weight factor. In Table 7.2 it should
be noted that the row corresponding to 7°(xy) — o* (&) specifies two inequivalent
transitions and the row corresponding to o(+) — o*(4) specifies four inequivalent
transitions.

7.4 Frequency dependence of e3(w) for
insulating and semiconducting perovskites

In the preceding section we obtained the forms of the matrix elements for interband
transitions in terms of the parameters (5do), (ddo), (ddS), and (ddr). The matrix
elements may be used to calculate e2(w) from (7.22). However, it should be kept in
mind that the model we are employing includes only matrix elements between 2p
and nd orbitals located on adjacent cation and anion sites.!

The goal of this section is to describe the dominant optical properties of the in-
sulating and semiconducting cubic perovskites. For photon energies less than about
10V these properties are dominated by interband transitions. That is, transitions
in which an electron in one of the valence-band states absorbs a photon and is pro-
moted to one of the conduction-band states. There are numerous other processes
that contribute to the optical properties. These include exciton, defect, impurity,
and free-carrier absorption. In addition, processes in which an electron and a col-
lective excitation such as a phonon are simultaneously excited. However, for the
range of photon energies being considered these other processes only add fine detail
or tend to broaden and smear out sharp structure associated with the interband
transitions. We do not discuss these other processes here.

The band-gap energy, E,, for typical insulating perovskites (e.g., SrTiOs,

BaTiO3 or KTaOs3) is 3-3.5eV. The lowest-energy interband transitions are the
70 — 7* and ¢ — 7* type transitions. These occur for a photon energy of fiw in
the range Ey < hw < Ey + Wy, where Wy is the 7*-band width; 3-4eV. Interband
transitions from the top of the 7 and o bands to the 7* band also occur in this

range. In addition, transitions from 7% and ¢° to the bottom of the ¢* band may

1 The reader is cautioned not to take the language of this description literally. The model does not imply
that the actual optical transitions consist of transferring an electron from one ion to its neighbor. The
optical transitions involve electrons making transitions from one delocalized energy band state to
another delocalized energy band state. The method of evaluating the momentum integrals in terms of
nearest-neighbor Lowdin orbitals is a mathematical convenience which leads to a real-space description
of the contributions to the transition matrix elements. The same can be said for the band model.
Even though only nearest-neighbor matrix elements of the Hamiltonian are included, the resulting
states are delocalized energy band states. By contrast, in a strong correlation model, hopping of a
localized electrons between neighboring ions involves a substantial Coulomb repulsion energy and a
consideration of the orbital and spin quantum numbers of the initial and final atomic states.
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occur in the upper portion of the previously mentioned photon energy range. Some
of these transitions are illustrated in Fig. 7.2.

At higher photon energies, F, + W, < hw < E,; 4+ Wo, transitions from the
bottom of the m or ¢ bands to the 7* and ¢* bands become possible, where W,
is 10-12¢€V. In this range, however, other types of transitions not included in our
model can also occur. For example, interband transitions from the 7° and ¢° bands
into bands associated with the (n+ 1)p and (n + 1)s states of the B ions and the
s states of the A ions can occur. Also, at even higher hw, transitions from the
core states of the oxygen and B ions become possible. For SrTiOg these transitions
would be into the energy bands derived from the Ti(4p), Ti(4s), and Sr(4s) orbitals.

At lower energies, w < Eg, there are a number of other processes that can
contribute to optical absorption, including excitonic state absorption, defect and
impurity state absorption, and low-frequency plasmon absorption. These processes
will add additional fine structure to the absorption spectrum, particularly in the
energy gap region.

In the following sections we shall derive approximate results for the frequency
dependence of e3(w) using our model based on the 2p—nd transitions. The effect
of neglecting other types of transitions is to limit the validity of our description of
ga(w) to values of fiw less than the threshold for these other processes. The 2p—nd
transitions will dominate the optical properties for hw < 10eV. For perovskite met-
als, such as Na, WO3 or ReQOg, interband transitions can initiate from the partially
filled 7* bands.

(a) Band-edge behavior of e2(w)

The onset of strong optical absorption in perovskite insulators or semiconductors
for hw 2 Eg4 is due to interband transitions from the non-bonding bands into the
empty 7* conduction bands. Usually the 7° band is higher than the ¢° band so that
for iw just above E, the absorption is due to the 7 — 7* interband transitions. In
this section we shall show that e5(w) has an abrupt rise from zero to a large value
at fiw = E,. We shall also show that the band edge value of e2(w) is determined by
the parameter (ddn).

With the help of (7.22) and Table 7.1 we find for the (unmixed) 7°(xy) —
m*(xy) transitions per spin state that

2N et(ey (o) = = (i)z @Z)S%

x zk: <12 ﬂ*(xy)‘ (-még)

£t
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X 0 [EE,W*(IQ) - EE,wo(my) B hw}

_ % (%)2/ i ’a%w*(xw]ag%we(xy)]r
BZ
« (%)?&m)?(z )6 [Bp gy — (B +h0)] . (1.74)

where the integral is over the first Brillouin zone. In obtaining the final result in
(7.74) we have set

1 2a\° -
f(EE,ﬂ'O(:Ey)) =1- f(EE,'rr*(zy)) =1, N Z = (27T> /BZ dk’
k

and have used the flat band approximation E}; , = F, described in Chapter 4. The
initial factor of 2 on the right-hand side of (7 74) accounts for the two symmetry-
equivalent transitions and the factor of (h/2a)? results from the units employed in
Table 7.1.

The required wavefunction amplitudes were determined in Chapter 4. They

are
E, —FE;
alfm )] — BL — By , (7.75)
! \/[El — B ]+ 4pdm)2(S2 + 52)
k,m* (zy) x y
[F,7° )] Sy ~
ay” =-——7 (Sq = sinkqa). (7.76)
\/SE+S2

Because of the § function, the amplitude azy ™ (2y) may be evaluated at E; ., =

E| + hw in the integrand of (7.74). Then we obtain the result

2 /e \2h?
[52(W)]W0(zy)~>7r*(:vy) = — ( ) (ddﬂ')

7 \mw/ a2

x /B ] AR Gay.oy(Frw) 6 [E,;m*(my) (B + hw)} (7.77)

where

i Czs, (w)® ] . (7.78)

gewan(h:0) = gz ) [marecr )

The integral of (7.77) is similar to those encountered in calculating the DOS
(density of states) functions in Chapter 6. For example, the DOS function for the

(0 band ib
27( BZ k’ ’ ’
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For E > E, , py«(F) is the same as the function p,(FE) given by (6.28). It is evident
from (7.77) that gxy@y(lg, w) contains the k dependence of the interband transition
matrix elements and as may be seen from (7.78), it is not constant over the Brillouin
zone. On the other hand, gy 2y (E, w) is a very smoothly varying function of k and
consequently any sharp structure in p,(E) will be replicated in e5(w). As was shown
in Chapter 6, p,(E) has very pronounced structure due to the two-dimensional
behavior of the 7 bands. In particular, p,(F) possesses jump discontinuities at the
edges of the m bands and a logarithmic singularity at the center of the bands. These
van Hove singularities will also appear in €5 (w).

Let us consider in detail the behavior of eo(w) for fuw very near to the band-
gap energy, B, = E; — E| . Under this condition, the only possible 7°(zy) — 7*(zy)
transitions are those which arise from a small cylinder oriented along the k,-axis
from the I' to the X point in the Brillouin zone. Within this small cylinder, k,a
and kya are small so that

- Sz

ay.ay(k,w) > 2152 (7.80)
z Ty

The integral of (7.77) is unchanged if k;a and kya are interchanged so that we
may make the substitution

S2 1 2 S2 1
Y — ( Sz Y ) =—. (7.81)

sZrsr a\sre Teasr) T2

This gives

21\ ? hie? (ddm)?
[E2(W)lro (2y) e () — 2a) mm2a? (hw)?

x{ (;‘i)g/m k6B .~ (EL + hw)] } L (7.82)

In (7.82) the arrow signifies an equality in the limit as 7w tends to E,. Using (7.79)
we obtain

277) P ple? (ddm)?

[e2(W)] 70 (zy) - (ay) — (2(1 pre (L + hw),

mm?a? B2
1 _
=5 Xr (ddm)* ©(hw — E,), (7.83)

with

nh*(e? /a)
2m2a*E4(pdm)?

X (7.84)
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where we have used (6.28) to evaluate py:

_ 1 %Eg
pre(EL + ) = pr(EL + hw) — — T K(0) O(hw — E,)
E,
= dr(pdr)? Ohw = Ey).-

Equation (7.83) shows that e2(w) due to the unmixed 7% — 7* interband tran-
sition possesses a jump at fiw = E;, the magnitude of which is determined by the
optical parameter (ddr) and by the energy band parameters E, and (pdr). The
jump in e(w) decreases with increasing band gap. This is the opposite of the be-
havior of the JDOS, which increases with increasing band gap. On the other hand,
ea(w) decreases as the square of (pdr) which is the same dependence that the JDOS
has. Thus, we see that matrix-element effects are significant [2].

To obtain the total jump in e2(w) at the band edge we must also include
the contributions from the mixed 7% — 7* transitions. A calculation similar to that
described above, using (7.71) and Tables 7.1 and 7.2, gives for the mixed transitions

2/ e \2R?* -
[52(w)]wo(yz)—>7r*(gcy) = = ( ) — (dd5)2

™ \mw/ a?

x [ dE gy (F.0) 6 Bty — (BL+1w)| - (7.85)

with

k 50 (o) } (7.86)

Gyz,x (kv w) = l:
yery (52 4 52) | (hw)? + 4(pdm)?(S2 + S2)
For hw very near to the band-gap energy, E,, the transitions arise from the same
cylindrical region described above. In that region S, and S, are small

- 5202
y“z
Do) = Tz sy
In the integral of (7.85) only gyz’xy(l;;',w) contains a k, dependence and

™/2a . /2 ,
/ dk= gyz oy (k, w) = Sy / Ak, cos*(ksa)

—x/2a Y ) x)2a S+ sin?(k.a)

_ g [\/s;;Ts;— s;] . (7.87)

As S, tends to zero, the result of (7.87) vanishes and hence the mixed transitions
make no contribution to e2(w) as hw tends to E,. Therefore, the contributions of
all of the 7° — 7* interband transitions at the band gap, hw = E,, produce a jump
in e5(w) given by (7.83).
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Later in this chapter (see (7.132)) we show that the contribution to e2(w)
due to the m — 7* transitions at hw = Fy, is exactly one-half of the contribution
from 7% — 7*. Moreover, if F| and Ey are close to each other then the contri-
butions by the 0 — 7* (see (7.113)) and o(—) — 7* (see (7.139)) transitions at
hw = E; ~ F, should also be added. Therefore the total jump at hw = F, will be
2.5 — 3 times that given by (7.83). It is of interest to estimate the jump in e2(w). Us-
ing (e?/a) ~ 1(e?/2an) = (13.6/2) eV, E, =3.85¢eV, (pdr) =1.15eV, E;, =5.7eV,
(pdo) = —2.6eV, m = 9.11 x 10728 g, and A = 1.055 x 10727 ergs we obtain a total
jump (~ 2.78 times that of (7.83), and an extra factor of two for the two spin states)
at the band edge,

hop, = 211 (ddr)?. (7.88)

[52(w)}ﬂ,ﬂ0—>ﬂ*

To obtain a numerical value we need to estimate (ddm). This dimensionless
parameter is the overlap integral between a Lowdin d orbital and a neighboring
fictitious d orbital derived from the derivative of a Lowdin p orbital. Therefore,
it should be a number between zero and one. Experimentally, Cardona [1] has
observed a very sharp rise in the optical absorption and reflectivity of BaTiO3 and
SrTiOg3. His result for e2(w) is shown as dashed line in Fig. 7.4(b). The behavior of
g9(w) for these two perovskites is quite similar, in agreement with our simple model.
There is an abrupt rise in es(w) for hw between 3 and 4eV. It is not actually a
jump discontinuity because the 7% bands are not actually dispersionless (flat) as we
have assumed here. The magnitude of e5(w) at 4eV is about 6 for either BaTiO3 or
SrTiO3. According to (7.88) this implies that (ddr) is about 0.5. This value is large
for a nearest-neighbor overlap. However, the Lowdin orbitals are more extended
than atomic orbitals and the empirical parameter (ddr) has to compensate for the
interactions of more distant neighbors that have been neglected in our model.

Experimentally, the index of refraction (real part) is about 2.5 at fw = E, for
BaTiOg or SrTiOg [1]. According to (7.15) the absorption coefficient « is given by

_w £2(w)
aw) = ¢ n(w)’

If we set w = Ey, n(Ey/h) ~ 2.5 and use the value e2(E,/h) ~ 6 we find that
a >~ 4.67 x 10° cm~! which is also in good agreement with Fig. 7 of [1].

0

b) Frequency dependence of ex(w) from w° — w* transitions
( y

In the preceding section we obtained the contribution of the 70 — 7* transition to
g2(w) for hw =~ E,. To obtain e, as a function of w we must evaluate the integrals in
(7.77) and (7.85) including the functions ggy oy (k, w) and gy 4y (k,w) which contain

=

the k dependence of the transition matrix elements. Consider first the unmixed
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Figure 7.4. (a) Major contributions to €2(w) and (b) comparison with the experimental
result (dashed line) for SrTiO3 [1].

70

only on the surface in E—space where hw = Er_, (

SZ

— 7* transitions. Referring to (7.77) one sees that the integrand is evaluated

vy) E . On this surface,

2 _ ENU_W_EQ) — 02
+82 = = 02(w) (7.89)
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so that
2/ e \2 K2 (hw)? 1
oo = 7 (75) Gz (dam® {(mﬁ +4(Pd7r)2§22(w)] ()
x| akcisys (B oy — (B + 1) - (7.90)

The factor, C2S? in the integrand may be written as

11
2 Q2 2 2 2\ Q2 2
ClSy =25, — (57 +5))8; — 7+ 705,

- (2_92(w))s2 — 4 02y (7.91)

where S, = sink,a, C, = coskya, and Cs, = cos2k,a. From symmetry consider-
ations, it follows that SZ may be replaced by %(Sﬁ + SZ) in the integrand of (7.90),
thus we find the integral of (7.90) is

{;(2—92@;))92(@—i}/Ede(S[ ooy — (BL + 1))

1 = 9
+1 /BZ dk Cs, 0 [Elgﬂ*(xy)— (EL+ hw)} . (7.92)
Using the expression
fuw(hw — Ey) 9
=——2-2=2(Q -1 .
Aw) 2(pdr)? [ (w) ] , (7.93)

which is obtained from (6.19) at (Aiw + E, ), the first term of (7.92) may be imme-
diately evaluated from the definition of the density of states, p-(F), to give

{i {1 B A(;)Q]} (ZZ)?’ pre (B1 + hw) . (7.94)

Calculation of the remaining term of (7.92) must be evaluated directly. The calcu-
lation is simplified by employing a mathematical manipulation.

We note that for hw > 0 the quantity 6[E,;W(Iy)— (EL + hw)] vanishes since
the valence-band states all have energy Ekﬂ(my) < FE, . Therefore, we may add this
null term to the integrand of the second term of (7.92). We then write:

72
/B R0 | B oy~ (Bi + )|

= | ka3, {0 [Bree gy~ (Br +1)] + 8 | By — (B + 1) }

. hw 2(hw — E,/2) cos?r
=—Jm dr dt
3(pdm)? o ) + cost + cosr + i0F
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_ 8w — E,/2)
~ (20)3(pdr)?
In obtaining the result of (7.95) we have employed the expressions for EEW*(W) and

EEW(W), and defined r = 2kya, t = 2k,a. The integration over ¢ in (7.95) can be
performed with the result that

/ dr/ dt cos®r §[A(w) + cost + cosr] . (7.95)
0

72
| dRCE, s (Bt oy — (Bo + 1)

_ 8m(hw—Ey/2) [t p2dpO[l — (A + p)?

T (20)3(pdm)® o O D= A+ )]
Because of the © function the integral of (7.96) is non-vanishing only in the
region —2 < A(w) < 2. This range is equivalent to E, < fw < E, + W,, where
W, = \/(%Eg)2 + 8(pdm)? — L E, is the m*-band width.

(7.96)

The integral may be evaluated in terms of complete elliptic functions and for
[A(w)| < 2 we find

/B ] dk C3, [E,;,r*(w) —(EL+ m)}
_ (%)3 W { {1 + AQ;“’)}K(@ - 2E(k)}, (7.97)

where k? =1 — A\?(w)/4. The functions K (k) and E(k) are the complete elliptic
integrals of the first and second kind, respectively,

w/2 d
K(k) = B —— (7.98)
0 1 - k2sin o
/2
E(k) = / da V1 —k2sin® . (7.99)
0
Combining the results of (7.94) and (7.97) in (7.90), we obtain:
1 E,(ddrm)?

2l = 5 X G 4 i (pdm PP )

E(k)] 4n(pdr)?
x {1 - K(k)] Sy Pe(BLthe). (1.100)

As hw — E4, 9*(w) — 0 and

so that [e2(w)]x0(zy)—n*(ay) correctly tends to the result of (7.83). Approaching the
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center of the absorption band where hw — E,/2 4+ \/(E,/2)? + 4(pdr)? = hw., we
have Q%(w) =1, k* =1, E(k)/K(k) =0 and
1 (ddr)* E
[52(“})]7r0 zy)—7* (zy) — 5 X
(0= ) = 37 (i) ol — By

pre(EL +hw).  (7.101)

The function pr« (£ 4 hw) produces a logarithmic infinity in [e2(w)]0 (zy)—r=(2y)
at hw(hw — Ey) = 4(pdm)?.

At the top of the absorption band, fiw — E,/2 + \/(E4/2)? + 8(pdn)? = E, +
W, for which Q?(w) = 2, k* = 0, E(k)/K (k) = 1, so that [£2(w)] 0 (zy)—r*(ay) = O
Therefore the jump discontinuity in the DOS function at the top of the 7* band does
not manifest itself in [g2(w)]x0 (zy)—m*(zy)- The reason for this is that the momentum
matrix element, which varies as C2, vanishes for transitions to the top of the 7*
band.

Next, we consider the contribution of the mixed 7%(z2z) — 7*(xy) transition
to ea(w). Using (7.85)—(7.87), and the definitions (7.89) and (7.93), we have

K2 huw)?
eo(otuerr o) = = g (0 (nmui(p;w)m?(w)

[ [y 5]

SHIE

x3[E — (By +1w)| (7.102)

Em* (zy)

where the Brillouin zone integral in the second and third lines can be expressed as

)
/ dr/ dt(5 —I—cosr—i—cost]
a (pdm)? 2a

X 1 V(3 —cosr)(1 — cosr) — 1 02 (w)
{2 2

with r = 2kya and t = 2k;a. This expression can be put into form

3 { (hw — E,/2) / m@[l’ O+ )] —QQ(w)pw*(Ethw)}'

27 L m(pdn)? O+ =0 pp]

(7.103)

The integral in the first term of (7.103) can be solved in terms of incomplete elliptic
integrals of the first and third kind as

\/3 1) O1— (A + p)?] 1 9
R — N+ ) F(p, ko) — X IT(p, a2, k
[ Y e = 5[ k) < X 1.0, k)
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with a? =1-X/2, k¢ = a?(1+A/4), and sing = /(1 + A/2)/(1 + A/4) within
the interval —2 < A < 0, and sinp =1 for 0 < A < 2. Hence, combining this with
(7.103) we get

B - o 2m(pdm)?E,
[e2(w)]r0 () (ay) = X (ddO) (hw)? + 4(pdm)?Q?(w)

X {W {()\ +4)F(p, ko) = X 11, aQ,ko)}

— () poe(BL + ﬁw)} : (7.104)

As hw — By, Q*(w) =0, A — =2, ¢ — 0, F(0,ko) — 0, and II(0,a2, ko) — 0.
Therefore, the transition from 7°(yz) to 7*(zy) does not contribute any jump at
hw = Ej.

As hw — E, + Wy, i.e., transition to the top of the 7* band, Q%(w) — 2, A — 2,
p=m/2, F(r/2,0) = II(7/2,0,0) = 7/2, and a jump of
E

g ) (7.105)

(V2 —1) xx (ddo)? (m

occurs at fiw = E; + W, (see Table 7.3).

7.5 Frequency dependence of 5 (w)

(1]

from o — w* transitions

The ¢° band lies at E = E) according to our simple energy band model. Usually
E) is about the same as E, or 1eV or so lower in energy. Thus the o — 7*
interband transitions are important in contributing to e2(w) near the band-gap
energy, hw = Fy — E |, or within an eV of it. In this section we derive expressions
for the contributions of the 0 — 7* transitions to g2(w).

We begin by calculating the contribution at the threshold energy hw = Eg =
E; — E)|. From Table 7.2 we have

[52(w)]00—>ﬂ'* =2 [EQ(W)]UO%W*(xy)

- (o) G)vE

k

o (o) (R0 [ P\2, -
affm @)l gffe’) (27) (ddr)? (2C,)?

a

X6 By = (B + 1) - (7.106)

Making use of (4.42) and (4.58) for the wavefunction amplitudes and using Table
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7.1, we can rewrite (7.106) as

2
(EEW*(zy) - EJ—)
2
T () EJ_) + 4(pd77)2(55 + S;)

erlor—r =2 () [

S352 W2 o 2
(szsz T5252+ 575z (a3
X 8| B gy~ (B + )] (7.107)

Because of the § function we may make the following replacements:

B (ayy = B +hw=EL +ho, (7.108)
_ hw(hio — Ey)
2 2 2 _ g
(Sz + Sy) — Q% (w) = 1(pdr)? (7.109)
h@Ehw—l—E” —-FE, (7.110)
and by symmetry,
2o teziery—1- L r ey —1-tore 7.111

Only the factor F = S252/[S252 + S2(S2 + S2)] = 55202 /[S257 + S20°] has
a dependence on k. and its integral Ip = [dk.a F =7/2{1 — \/A/(1 + A)} with
A=82S2 /0.

The analytical evaluation of (7.107) can be accomplished but is rather tedious.
Therefore, let us first consider an approximation for Ir that simplifies the calcula-
tion.

For the integration in (7.107) over k,—k, plane, the values of k, and k, are
constrained to lie on an curve on k,—k, plane defined by the ¢ function. This
energy surface is determined by Q2 and therefore we look for an approximation
for Ir in terms of Q2. We note that Ir — 7/2 for near I' and X, and near M
it tends to (7/2)(v/3 —1)/v/3. An approximation that matches these results is
Ir = (1/2)[1 + (22 — Q*)/(2V/3)]. With this approximation the integral of (7.107)
is easily evaluated as

o, TN /a)(dd)? (ho)?
eo@)]o—m = = 2 [(m)2+4(pdw)292(w)]
Q-
2V/3

Just above threshold, as hw — E,, hw — Ej, and 02(@) = 0. This leads to a jump

X [1 - %QQ(J))} [1 n } prelio +EL).  (7.112)
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discontinuity contribution to €5 of

nh*(e? /a)(ddn
4m2a* Ey(pdm

2

2 (Eg+gj —E|)2

~—

[e2(wW)]p0ps —

mlE X

Q<

_ %xw (ddr)? ( )2. (7.113)

At hw = Ep + /(Ey/2)? + 8(pdn)? — E| = E, + Wy, corresponding to the
transition from ¢ to the top of the 7* band, the contribution vanishes (see Table
7.3) because the factor Cy2 in (7.107) vanishes at that energy.

Returning to (7.107), the analytical solution can be found as follows:
2 h? - e \2 (hiv)?
G0 = = — (ddm)*(—
[e2(w)]ow 7 o2 ddm) (mw) |:(ﬁw)2—|—4(pdﬂ')292(w):|

L 025282
yMxz .

oy~ (B + hw)} . (7.114)

Integration over the variable k, gives

w2528 28 5252
/ T i il L . (7.115)
—m/2a z”y z a A /QQS%SZ + S;%S;

Therefore the contribution of the first term to e2(w) can be obtained using the same
procedure in Subsection 7.4(b) as

w2 (e fa) (ddr)? (ho)?
oo = G| G sl
ER] 1 i
x {1 - K(k)] ) pu-(E1 + h) (7.116)
with k2 =1 — A\2/4 and
(h‘:) (ﬁ&) — Eg)

ANw) = -2 =2[0w)-1].

)
2(pdm)?

The second term of (7.115) can be put into form

T/2a 7/2a C? 52 54
” dk, dk, vy Se
/282874 518

ﬁ —m/2a

2 1 (ho- E,)2)
T @
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where
! ) 24 (A=2)t+ (1—N\)
_/_1dt9[1+()\+t)] VI+)A=A=t)(r—t)(A+7+1) (7.117)
with
A1

The integral in (7.117) can be solved in terms of the incomplete elliptic integrals of
the first and second kind to give

I(\) = 2[F' (¢, ko) — E' (¢, ko)) + (A +2) cos
+ (1 —r)[E'(¢, ko) — ko F' (¢, ko)] (7.118)
with kg = (A+7—1)/(1+r), sinp = 1 within the interval 0 < A < 2, and

(A +2)(1+7)
S +r—1)—A(r—1)

sinp = for —2<A<0.

Therefore, the total contribution of the o® — 7*(xy) transition to e(w) can be
written as

_ ddw (h)? 2m(pdr)*E,
[e2(W)]o0—re (ay) = X [(m (pdm)2Q%(@ )} 22(w)

E(k) (ho — Ey/2)
x{[l ©) (5, + 10y + 2502 1) i

As hw — Ey, Q*(@0) — 0, A(@) — =2, k — 0, k*/Q*(©) — 2, [1 — E/K]/Q?* (@) —
1, r—1, p =0, kp — 1, and I(—2) = 0. Hence, as before (in (7.113)) we get a
jump of

N

1 By\°
[e2(W)]60 —r*(y) — 3 X X (ddr)? <E’) per spin state. (7.120)
Ashw — Eg+ Wy, Q*(@) — 2, \(®@) — 2,k — 0, k?/Q*(©0) — 2, [1 — E/K]/Q%*(@)
—1,r—1,¢—m/2, kg — 1, and I(2) = 0. Hence, we get no jump from the tran-
sitions to the top of the 7* band. The results for the two limiting cases are the
same as those obtained previously using the approximation for I (see (7.113)).

7.6 Frequency dependence of £3(w)
from m — 7* transitions

The top of the m valence band coincides with the 7° band at £ = E,. Conse-
quently, transitions from the top of the = band to the bottom of the 7* band will
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contribute to e2(w) for iw near to the band-gap energy. In this section we consider
the contributions of the m — 7* interband transitions to e2(w).

According to Table 7.2, there are three types of such interband transitions:
m(xy) — 7*(zy), m(zy) — 71*(yz), and 7(yz) — 7*(xy). For the unmixed transi-
tions, 7(zy) — 7*(zy), we find from (7.22) and Tables 7.1 and 7.2 that

2 /e \2h? -
e2(@)nan-mtan) = = (=) 73 (ddm) /BZ AE C2 8| B 1)~ Fiagany ~ 1)

7 \mw/ a2

-, * - -, %2
% ’(a%w <wy>1) alF @] _ gl mzy) (a[ykm (wy)}) ’ . (7.121)

The minus sign within the absolute signs comes from the fact that P* = — P, since

the Lowdin orbitals, &, are real. The amplitude, a[wky7r @] i given by (7.75) and

Q[,;kyw(zy)] is obtained by substituting E_ (2v) for F: in that equation. The

remaining amplitudes are determined from
V(BL = B, )? + d(pdm)>(52 + 53)

R (ay)

(7.122)

for v = w(zy) or *(zy). Using (7.75) and (7.122) together with the expressions for
EEW*(W) and EEW(W) gives

[e2(w)]x () 7+ (ay (7)2 { ddw)Q} 4(pd7r)2E§

- Sz c2
X / dk
Bz 4(pdm)?(S2 + S2)[E2 + 16(pdm)?(S2 4 S2)]

X J[E,;W*(my) ~ Bty hw] . (7.123)
The ¢ function is satisfied when
1 2 hw
- 2002 2y _
\/(QEQ) + 4(pdm)* (52 + 53) = (7.124)
or
(hw)? — ES 5 5 9
16(pdm)? (S; + Sy) (w) (7.125)

These relations allow the integrand to be simplified considerably and the result is

2 2 p? £y
[E2(W)lr(@y)—n (@y) = = (mw) (ddr)* (hw)[(hw)? — E2]

T a?

y / dF (20, 5,)? S[AW) + Cou + Cay] . (7.126)
BZ
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where
Aw) ()~ By _ 2[0%(w) — 1] (7.127)
w) = -2= . .
(pdm)?
In obtaining (7.126) we have employed the relation
hw
Tpdr)? §[Mw) + Coy + Cyy| = 5[E,;ﬁ*(£y) ~ Efray) — hw] (7.128)
which is valid for Aw > 0. Another useful relation is
Fuw 2a\3 hw -
(5 20) - (o b [ v
1 hw
=—=——-K 12
Ty K0 O) (7129)

with k%2 = 1 — \2(w)/4. Use of (7.129) gives

w2t e?/a) .. o EZ hw 1
2o = oty T 5 {pﬂ* (% + jE+ B0)

(7.130)

p2 O — (A +p)? du }

27T2pd7T / \/ 1_)\_‘_“)}
The second term of (7.130) can be immediately evaluated by using the result of
(7.97). The final result for eo(w) is

1 - 4n(pdn)? E3
[e2(W)]x(zy) - (ay) = wa(ddﬂ)Qm

x Li((l]?) - AQZ(L‘”)} e (h; + %(Et + EL)> . (7.131)

In the limit as Aw — Ej, the quantity

20 -] )

Kk) 4
and
ho 1 E
(L (B 4+ E -
p (2 Bt L)) " dr(pdm)?
so that,
[&2()]r(ey) e o) | i, = 7 X (ddm)? O (T — B) (7.132)

It is exactly one-half of the 7°(zy) — 7*(wy) band-edge contribution (per spin
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state) given by (7.83). As hw — 2\/ (3E4)? + 8(pdm)? = 2W1, namely the top of
the absorption band, one has

AMw) =2 -«
k- a
(20 2] s
K(k) 4 2’
where
o Wi (2W; — hw)
~ (pdm)?

One finds that apart from a numerical factor

(7.133)

E, >2 E,(2W; — hw)
2W, 2(pdr)?
Thus, the contribution to €s(w) vanishes linearly in this limit. This behavior of

e9(w) for transitions to the top of the band is not what is expected on the basis of
the constant-matrix-elements approximation.

[EQ(W)]ﬂ(my)—ﬂT*(my) X Xn (CZd’]T)Q (

All of the mixed transitions have coefficients in terms of (dd§)?, which is much
smaller relative to (ddr)? < (pdr)? < (pdo)?. Therefore they do not lead to con-
siderable contributions, especially at the band edge.

7.7 o0 — w* interband transitions

Calculation of the contributions of ¢ — 7* transitions to es(w) are difficult to treat
analytically because they involve complicated transition matrix elements. From
Table 7.2 one may see that the o(+) — 7*(xy) transition involves three terms
in the matrix element. In addition, the o band amplitudes are themselves quite
complex as may be seen from Subsection 4.5(b) in Chapter 4.

Fortunately, to obtain the threshold behaviors at I' and R we need only the
dominant term of the transition matrix element, the term involving ‘a ,=Y) U(i)
The other two terms in Table 7.2 are negligible at the thresholds. The domlnant
term of the transition matrix element for o(+) — 7*(ay) is

* 2 h2
0%, Playyyy 2Cyay®| = —(ddm)*Cy a7, o i>‘ (7.134)

Both ag;(my) and az(i) are finite as k — 0. For the two transitions we have approx-
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Table 7.3. Band-edge behavior of interband contributions to e9(w) including a

factor of 2 for the two spin states. [ea(w)]y—v = X Towr f(Aw).
v v’ Edge (Fo) T, f(hw)
7 (zy) ™ (zy) Ey (ddm)? O(hw — Eo)
E9\ (ddr)? Wy (Bg—hw)
Ey + W (EO ) (ddr) ( s )
0 * T a2 (hw—Eg)Eg\1/2
m (yz) " (zy) Ey (ddé) (W)
Eg+ W 2(V2 - 1) (32) (dds)? O(Eo — hw)
* E 2
o® ™ (zy) E, (E—g) (ddm)? O(hw — Eop)
, Eg(Eg+Wnx) 7, \2 Wi (Eg—hw)
B, + W, B2 (dd) ( 2(pdm)? )
m(zy) ™ (zy) Eq 1(ddn)? O(hw — Eyp)
By 2 P Eg(Eg—hw)
Eq +2W. (E ) (ddr) ( T2(pamZ )
w(oy) 7 (y2) E (Bdm )% (dds)? (Le=Boro)®/
Y Y g By 2(pdm)2
(pdm)? 7 Eg(Eg—hw))3/2
Eg +2W % (%) (das) (FaZo=s=)
* T2 (hw—Eg)Eg \ /2
w(yz) (o) E, (dds) (Le—toifo)
(Bg+Wx)(pdm)? 2 Eg(Eg—hw)\3/2
By +2W Wa W ( ) (ddd) ( 2(pdm)2 )
a(-) T (zy) E! T (E—O) (dd)? O(hw — Eo)
’ 772\2 Wo (Bg—hw) \3/2
B+ Wa + W, C1n Jg(n) (ddm) (Falfospe)
« Eg\2 , + hw—Eg)E 1/2
o(+) 7 (ay) E, 261(6) (22)” (ddm)? (Pzee)
, 201 M [ T5.82 Wo (Bg—hw)
Eg+ We+ Wo aniaz (ddm) ( (pdo)2 )
(a) x= =mwhi(?/a)/[2m®a’ By(pdr)®], (b) Eg=E:—Ei, (c) Wi=/(3E)?+8(pdn)?,
(d) We = W1 — 1Eg, (¢) B, = E: — E, (f) Eqo = Ec — B, (8) W2 = /(3E4,)? + 6(pdo)?,
(h) Wy = Wy — 2 B4, (i) The ratios &, n, Cy and the functions I;(£), Js(n) are defined in the text.
(j) T, are exact only for the cases with jumps. For the cases with power law behavior, the numerical

factors that vary according to the shape of the small volume chosen for integration, are not included.

imately

ag;(xy)az(i) )2 C; 6{E~

R (ay)

—-F

fo(a)—w| - (7.135)
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The o(=+) energy bands are given by

1 1 2
Eppsy = §(Ee + E)) — \/[2(E6—E|)] +2(pdo)? [S2 4 S7 + 52 + 52,
(7.136)

52 = \/(s;g + S8+ 51) — (5252 + 5252 + 5252). (7.137)

Equation (7.136) shows that the o(—) branch is flat along the k,, k, or k.-axis.
Since B (2 18 als0 flat along the k,-axis there will be a jump in es(w) at hw =
Eg = F; — E) arising from transitions where the k-vectors are located in a small
cylinder about the k,-axis. To calculate the jump contribution, we write, for k near

the k,-axis:

4 2

EW*(my) Eg [(kﬂia)Q + (kya)Z] )

E

1
5% — Sg - 5[(1%‘1)2 + (kya)2] )

3(pdo)?
Py = By = = [(hea)* + (kyo)°],
E“QUEE‘E—E‘”7 E;EEt—EH,
* 2 2
a1, Jag@ 1, 2o,

It then follows that

7. 2
A;mga@%wwf@ﬂﬂfm}

G/B 0
72 [A(pdr)?  3(pdo)?] "
=— hw — E! 1
|+ ) e i), (7.138)
and hence
, 26 E,\?
_ 2 g
[52((“))}0(7)%#*(:@) hw—E, — Xﬂ(ddﬂ') (4£+3) (E';) @(ﬁw — E;)
2
with ¢ = P9 Foo (7.139)

B (pd‘7>2Eg .



176 Optical properties of the d-band perovskites

The o(+) branch behaves quite differently; the energy Er depends on all

ko(+)
three components of k. As |k| — 0,

2(pdo)?
Eyo

E-

Fo(r) — B~

[(kza)? + (kya)® + (k.a)* + S?]. (7.140)

The contribution to es(w) is

1 2 2 27
[52(W)]g(+)ﬁ,r*(my)—>—(i Un = (ddr) / r dr/ d<p/ sin 6 do

™ \1Tw

x 5{(m By (2(%i:)2)f(9, <p)} (7.141)

where we have used spherical coordinates defined by

kya — x =1 sinf cosy
kya — y = r sinf sinp

k.a — z =1 cosf (7.142)

and

f(0,) = 2¢ sin®6 + 1—|—\/1—3sin29 cos? @ —3sin* 6 cos? p sin? ¢ .

One then obtains

L, (E, (hw = E})Byp /2
E2()la ) (o |y = X (dl)? (E) $1r8) {2(pd7r)}

(7.143)

2m sin 6 do
Is(& =53 / / 70 3/2 (7.144)

The integral, I¢(§), can not be evaluated analytically but is approximately given
by

where,

4.01/7
I5(€) ~ 32 (7.145)
(& +2.4869)
or a quadratic fit will give
I7(€) ~0.05526 £2 — 0.1834 € + 0.3247 . (7.146)

The analytical behavior of the contributions to e3(w) for energies near the pi
and sigma band gaps are summarized in Table 7.3. Inspection of the table shows
that the contributions to e9(w) for Aiw near a particular threshold (edge), Fy = hwo,
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obey a power law of the form |Ey — Aw|P, where p = 0 (jump), an integer, or n/2
(n=o0dd integer). We can understand how these power laws arise. A particular
contribution to e3(w) has the form

ga(w) x |P(a/ﬁ/)j/ﬁ’2/dlg | [a?g:ﬂ,)]*aff; 2cosz(k‘jfa) §[Ex

()~ By~ ]

(7.147)
where the ‘P-factor’ and the ‘a-factors’ are given in Table 7.2. The ‘P-factor’ is
a constant and therefore may be ignored for our purpose here. The power laws of
Table 7.3 apply to the thresholds at I or R. Each of the factors of the integrand of
(7.147) are functions of sin?(k;a) and cos?(k;ja), (j = x,y, and 2). For a threshold
at T, cos?(kja) — 1 and sin®(k;ja) — (k;ja)?. Therefore each of the factors will be a
non-zero constant or expressible as a power series in the small parameters, (k;a)?.
If the integrand involves all three components of the wavevector, E, the integrand
is conveniently expressed in spherical coordinates defined by (7.142). The delta
function will then assume the form §[hw — Ey — A(0, ¢) r?] and the remainder of
the integrand can be written as B(6, ¢) r® so that,

es(w) o /sin9 de/d@/rz dr {B(0, )" §lhw — Eo — A(6,0) 1]}
- [amoas o | 365 [arrro| S -

T 2 B(G 90)
i I S A— _ (s+1)/2
= {/0 sin 0 d9/0 dy [A(G,(p)(s“‘?’)/z}} (hw — Eyp)

= constant x (hw — Eo)®TV/2 (as hw — Ey). (7.148)

For a threshold at R in the Brillouin zone a similar procedure can be used by writing
a power series for the integrand factors in terms of the small parameters, x,y, 2,
where kga =7/2 — x, kya =7/2 — y, k,a = m/2 — z. In this case the delta function
assumes the form 6[Ey — hw — A(0, ¢)r?] and the result is

£9(w) o constant x (Eg — hw)® /2 (as hw — Ey). (7.149)

When [E,;(a, gy~ El?v] depends on only two components of the wavevector, E, cylin-
drical coordinates may be used to arrive at similar results. However, in this case
the power-law exponent will be an integer. It may also be zero, meaning that there
is a jump in the contribution to e3(w) as fuw — Fy. The transition from o(—) to
7 (zy) for Ey = Ej, (at T') is an example for such a singular case (see (7.139)).

The above general rule can be applied easily to the behavior of the contributions
by the o(4+) — 7* transitions to e2(w) at R, namely, as fiw — Ey = W, + W, + E;.
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At this limit one has
2(pdrm)*

1
EEﬂ*(my) - g(Et + EJ_) + Wl - W1 (1'2 + y2) ’
1 (pdo)?
Eﬁa(i)_)i(Ee+E|\) Wy + A [$2+y2_~_22$5’2}7

S2 \/(x4 + oyt 24) — (222 + 4222 + 2222),

Eyo = E. — E, Cz—>y2:7“zsin20$in2<p,(s:2),
x;@cy)r B+ Wa a;(i)’g _, Ege tWo

2wy 2Wy

The contribution to eg(w) is

1 2 h2 27
[€2(W)]o(£)—m*(wy) — = (L ddw / r dr/ dgo/ sin 6 df

™ \mw

FE E
( 9+W7r)< gU+W0) r? sin20sin2¢

2W; 2Wo
d 2
X 5{(150 — hw) — 12 <(p"))f(9, <p)} (7.150)
W,
where
FE0,0) =2nsin20+17F \/173 sin? @ cos2? —3sin® § cos? ¢ sin® ¢ ,
: (pdm)*Wo
th = 151
wi n (pdo) W, (7.151)
First, let us define
do
A0 = (Z22) 0.0 (7.15)
and
B(6,¢) = (Egﬁgvﬂ) (Eg‘; VT/ZW"> sin? 0 sin . (7.153)
One then obtains
Ci o Wa(Eo — hw) 1%
2o @) |p, = 5 X (ddm)* 0 Tp() {(pda)z (7.154)
where
E, (B, + W) (E; + Wy

E2W, ’
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2m
sin? 6 sin? ¢
Jr(n 27r2/ dgp/ 81n9d9 S0 )5/2 (7.156)

The integral, J¢(n), can be evaluated numerically and an approximate expression
is

0.669/m
Iy = — 2 (7.157)
(n+ 2.042)
or a quadratic fit will give
Jt(n) =~ 0.016371% — 0.03897 + 0.0356 . (7.158)

For the case of o(+) — 7*(2y) transition near R, the function f(+)(0,¢) =0
when € = 0 and this will cause the integral over the spherical angles to diverge. To
treat this case we can use a small cylinder around the k.-axis at R instead of a
sphere around R. Near R this gives

3
By = 5 Ee + By) = W2 +

The BZ integral will then be
72
/BZ dk C2 5 [EEW*(W) ~ B - hw}

27 [e's]
m 2 2
a3/0 d¢/0 pdppsno

2 2
y 5{(WW+WU+E;M {2(;;?) +£’>(§>€lvcr) }pz}
1 2

72 [2(pdm)?  3(pdo)? -2 ,
- { (Wl ) (2W2) } (W + W, + B} — fiw) (7.159)

and hence the behavior is linear as hw — Eqg = W, + W, + E;

} (7.160)

_ Cin Wa(Ey — hw
E2@lot e o, =X (07 N

(4n+3)° (pdo)?

where the parameters 77 and C; are defined in (7.152) and (7.156), respectively.
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7.8 Summary

Light interacts with the electrons of a solid through its electromagnetic field causing
a variety of electronic processes. absorption of photons by the solid is accomplished
by direct and indirect transitions between electronic band states, excitation of op-
tical phonons, magnons, and plasmons. For photon energies between 1 and 10eV,
absorption of light by insulating, cubic, d-band perovskites is determined princi-
pally by interband electronic transitions of electrons from occupied valence-band
states to unoccupied conduction-band states.

In this chapter a semiclassical theory of the optical properties was described in
which classical electromagnetic theory was joined with quantum theory by equat-
ing the classical energy loss to the quantum mechanical rate of transitions between
quantum states. The resulting theory provided a description of the dielectric func-
tion, £2(w), in terms of the electronic transition between energy band states of the
solid. The frequency-dependent optical constants were then calculated from the
dielectric function.

A qualitative theory of e5(w) based on replacing the transition matrix elements
by their average value led to a description of the optical properties in terms of joint
density of states (JDOS) functions. It was shown that the JDOS possessed the
same characteristic structures as the DOS, including jump discontinuities at the
band edges and a logarithmic singularity in the center of the band. As a result
these structures are apparent in the frequency-dependent dielectric function, eo(w).

A method based on the LCAO approximation was developed to calculate the
matrix element for interband transitions. This method involved the use of overlap
integrals between fictitious localized orbitals and led to a description of the transi-
tion matrix elements in terms of three fundamental parameters: (ddr), (ddé), and
(5do). Detailed calculations were carried out for the contributions to e2(w) from
the various interband transitions. It was shown that the DOS singularities show up
in e9(w) even when the frequency dependence of the matrix elements is included. Tt
was also shown that matrix-element effects lead to significant changes in e5(w) from
what was calculated assuming a constant matrix element. Explicit results for eo(w)
and the absorption coefficient for BaTiOg and SrTiOs for hw = E, (the band-gap
energy) were found to be in reasonable agreement with the experimental observed
values.
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Problems for Chapter 7

. The theory presented in this chapter is called a semiclassical theory, meaning that it
combines classical electromagnetic theory with quantum theory. Identify the key steps
that connect the classical theory with the quantum theory.

. Prove (7.23).
. Derive the results of (7.55)—(7.58).

. Explain why the optical properties of insulators or doped insulators are determined
principally by interband transitions for hw > E4. For infrared light what new processes
might be expected to play an important role?

. Let the initial state belong to the energy band described by Ei(k) = a(kza)?, and the
final state belong to the band described by Ej(k) = Eo + 8(kya)?. Calculate the joint
density of states, J(w), defined by

J(w) = <2a>3 / ke / iy / 7 ik 5(ho — (B4 () — B(R))).

™ —m/2a —m/2a —m/2a

Evaluate the behavior of J(w) for fiw — EJ and hw — Eo + 3(r/2).
. Derive the result for ;. , shown in Table 7.1.

. If a complex function f(z) = f1(z) + i¢f2(z) is analytic in the upper half-plane, the real
and imaginary parts of f(z) are related by

Iz &2’ .
—p [ EEE s,

given that f(—z) = f*(z) show that
w f2
P/ wz _ w/2 ’

f2(w) / hw) do _w/g

. Show that the contribution to e2(w) due to the transition 7(zy) — 7*(yz) obeys the
power law (fiw — Eo)®/? in the limit as fiw — Eo = E,, and (Eo — hw)®/? in the limit
as iw — Eo = 2W; (see Table 7.3).
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Photoemission from perovskites

In Chapter 7 we discussed interband transitions in which an electron occupying
an energy band state was excited to a final state in a higher band by a photon of
energy hw. The relation between the electronic structure of the solid and optical
properties such as reflectivity or absorption was established through the optical
dielectric function.

If the photon energy is sufficiently large, the final state of an excited electron
may be above the vacuum level of the solid. That is, the final state may be an
unbound or continuum state in which the electron can escape from the solid. Such
processes are called electron photoemission.

The kinetic energy of a photoemitted electron, Fy;y, is
Eyin = tw — |E;| — @, (8.1)

where E; is the initial (bound) state energy and ® is the work function of the
solid. A considerable amount of information about the electronic states of the solid
can be obtained by analyzing the kinetic energy distribution of the photoemitted
electrons. Consequently, photoelectron spectroscopy has become a very important
method for studying the electronic structure of solids and solid surfaces.

Recently, high-resolution electron-energy analyzers have become available
which allow finer detail of the emitted electrons to be measured in using ultravio-
let photoelectron spectroscopy (UPS). This advance coupled with the development
of tunable, polarized synchrotron radiation sources have made it possible to track
both the kinetic energy and the angle of photoemitted electrons. Angle-resolved
photoemission spectroscopy or ARPES is now routinely used to determine the ini-
tial state energy and the wavevector with some precision. An energy resolution of
about 2meV and an angular resolution of 0.2° (about 1% of the Brillouin zone
reciprocal lattice vector) are obtained experimentally.

The application of ARPES to the study of high-temperature superconductors
is one of the most important methods of probing the electronic structures of the
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superconducting cuprates. Detailed features of the superconducting gap and the
Fermi surface have been mapped out for many of the high-T. materials [1] (see
Chapter 11).

The range of electronic states that can be probed by photoemission depends
upon the energy of the incident photon. UPS experiments make use of photon
energies in the range 5-50eV. The energy bands associated with the outer (or
valence) electrons of the solid can be investigated by UPS.

To probe the deep core levels of the solid the photon energy must be in the
x-ray region. X-ray photoelectron spectroscopy (XPS) studies employ x-ray photon
sources such as the aluminum K, line at 1486 eV. XPS experiments can probe both
the valence electron energy bands and the deep core levels of the solid.

In this chapter we shall be mainly concerned with the interpretation of pho-
toemission data for the valence electron energy bands.

8.1 Qualitative theory of photoemission

In photoemission the excitation of an electron proceeds through the same mecha-
nism as in ordinary optical excitation. According to (7.10) the rate at which elec-
trons make transitions due to photons of energy Aw is

%V ATy (mc) Z| €7y - F1i)26(Ey — Ei — hw) f(ED[L — f(Ey)],

(8.2)
where A is the amplitude of the vector potential, ¢ and f denote initial and final
states, ¢'is the wavevector of the photon and f(FE) is the Fermi distribution function.

In the usual optical experiment one is interested in how the rate of transitions
varies with the photon energy Aw. On the other hand, in a typical photoemission
experiment, the photon energy is held constant and the energies of the photoemit-
ted electrons are analyzed. Thus in photoemission, one measures the number of
electrons with kinetic energy in a range between E and E + dE (per second). It is
seen from (8.1) that the kinetic energy of a photoemitted electron is directly related
to the initial state energy, E;. Photoemission data are usually presented in the form
of an electron energy distribution, I(E), where E is the energy of the initial state
from which the electron was emitted.

The rate of transitions from an initial state of energy E to a final state of
energy E + hw is

I(BE)=>" %ﬁh@a(ﬁ: —E), (8.3)
if
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where the § function, 6(E — E;), projects out transitions from the initial states with
energy F; [2]. The emission rate per unit cell, I(E), is

NQZZWW (k,K)[*6(hw — Ep,,, + Ez )0(E — B ) f(E),  (8.4)

k}' 2%

where we have set 1 — f(Ey, ,) = 1, since the final states are unoccupied prior to
emission and the matrix element is
RN 47 e B
My (B, )2 = AP (%) KV |77 g - IRV (8.5)
If we make the constant matrix element approximation (CMEA) so that
|M,,(k,k")|? is independent of k& and k', then,

I(E) ~ f(E) Y (| M. [?) Zé E - E; {;VZ&[(MJFEEV) — Ek]} (8.6)
127% Y

The term in curly brackets may immediately be identified as the final state DOS
function, p,/(hw + Ej, ). The dependence of this function on Ej  is very weak. The
reason for this is that Aiw ~ 1.5 x 10%eV (the Al K, line, for example, is 1486eV)
while |E;: | $ 1.5 x 10 eV for a typical valence-band width. Thus, hw + Ej varies
by only about 1% as the initial states range over the valence bands. Furthermore,
since the final states have Er ~ hw they are continuum states which may be ap-
proximately described as plane waves that are slightly distorted by the periodic
potential of the solid. Since plane-wave states will have a DOS function that varies
as the square root of the energy it follows that

pu(hw + B ) o< y/(hw + By ) ~ Vhw . (8.7)

According to (8.7) p,s is approximately a constant that is independent of Ej .
Therefore, writing p,/(hw + E};,) = p.(hw) we obtain from (8.6),

Z <Zpu |MVV/ ) Za )
= Mp,(E)f(E) (88)

where M2 =%, (|Myy|?) pur(hw) and p, = 1/N > 6(E — Ej ) is the initial DOS.

Equation (8.8) shows that CMEA leads to the result that the energy distri-
bution of photoelectrons in an XPS experiment is proportional to the density of
filled states, p,(E)f(E). This conclusion appears to be approximately valid for a
number of materials. A detailed comparison of I(E) with theoretical DOS functions
for the d bands of gold has been carried out by Shirley [3] and Freeouf et al. [4].
The agreement is remarkably good and suggests that the constant matrix element
approximation is valid for gold.
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The results of the CMEA are reasonably good for monatomic materials and
for bands whose wavefunctions are composed of orbitals predominantly of one type;
d orbitals for example in the case of gold. By contrast, application of (8.8) to the
analysis of the XPS spectra of compounds such as the perovskites is not successful
[5]. The principal difficulty is that the probabilities of exciting electrons from p
and d orbitals are substantially different; at XPS energies the d-orbital probability
appears to be 3—10 times larger than the p-orbital probability [6]. In order to take
this effect into account it is necessary to formulate the CMEA in a different way.

An alternative approximation is to assume that the energy distribution is a
sum of contributions arising from transitions from each of the basis orbitals which
enter the wavefunctions. Then,

E) = Z Z Njow (E), (8.9)

o (B NQZZ (F,vs jal =7 (@ - p)|F'V/) 2
]{3/ v’

xf(E) d(E - Ey,) 0(hw — B, + Ef,) (8.10)

where C' is a collection of constants and (E,l/; ja| denotes the amplitude of the
(jo)th orbital in the wavefunction v . For the LCAO wavefunctions the (jo)th
component is

Z Bimd a]a k?’/) fa('F_ ﬁmj) . (8.11)

If (8.11) is employed in (8.10) and the final DOS taken to be constant, then one
finds that

e (B (Zpu ([ My ) Z\amkun? 8(E — Eg ) f(E). (812)

For this model (|Mjq./ |2) is an empirical parameter representing the average value
of the square of the matrix element

Mo (K k') = fz eth-Fms / &1 Ea(F — Rmj) €707 (@o - §) Yp, (7). (8.13)

The quantity,

>~ oo () (M 2) = 0ja(he) (8.14)

is the effective cross-section for emission from the (ja)th type orbital into the
final continuum states. There are two cross-sections for the perovskites, o, (7uw) and
o4(fw) for the p and d orbitals, respectively. The partial energy distributions of
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photoelectrons of (8.12) can now be expressed in the form
njau(E) ~( crja(hw) pjay(E) (815)

where the quantity
1 .
piov(E) = 5= > laja(k.v)[* 6(E —e,) (8.16)
E

is the partial density of states function, abbreviated as PDOS. It specifies the
portion of the DOS of the vth band that is associated with the Lowdin orbitals of
the (ja)th type. The PDOS functions satisfy the relations

pu(E) = Z pjav(E), (8.17)
pE) =) pu(E), (8.18)

where p, is the DOS for the v band and p(F) is the total density of states. The

sum of the PDOS functions for the d-symmetry orbitals (dgy, dy,, dsq, dg2—y2, and

—y?
d3.2_,2) is defined as pg, while the sum of the PDOS functions for the p-symmetry
orbitals (x,y, 2z functions on each of the three oxygen sites of a unit cell) is desig-

nated by pp.:

B = Y paE),
d—symmetry

p(E)= Y piaw(E). (8.19)

p—symmetry

With these definitions the energy distribution of photoelectrons can be written in
the convenient form:

I(B) ~ c{admw) S panl(B) + o) 3 ,,W@} . (8.20)

Equation (8.20) indicates that the electron distribution can be expressed as a
weighted sum of the PDOS functions where the weighting factors are the effec-
tive photoionization cross-sections for the p and d orbitals.

The validity of (8.20) depends on, among other things, the assumptions im-
plicit in writing (8.9); that there is no interference between emission from the dif-
ferent basis orbitals. However, when the squared matrix element is summed over
the Brillouin zone (over all initial states) the cross-terms are subject to destructive
interference while the diagonal terms always add constructively. This suggests that
the diagonal contributions will dominate the cross-terms and therefore (8.9) is a
reasonable approximation. In the latter portion of this chapter we shall show that
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XPS experiments on perovskites appear to be in good agreement with the form of
(8.20).

8.2 Partial density of states functions

In the preceding section it was found that the photoelectron energy distribution
could be expressed approximately in terms of the PDOS functions. The PDOS
functions can easily be obtained from the DOS functions given in Chapter 6.

The PDOS, ppro or p,so associated with the oxygen orbitals of the non-bonding
bands are the same as the corresponding DOS functions since there is no d-orbital
component:

PprO (E)
Ppco (E)

For the w (or 7*) bands we have from (8.16) that

pro(E) (see (6.29)), (8.21)
po0(E) (see (6.63)) . (8.22)

02 §(E ~ )

. 8.23

pax(E) = 5 Z Eaﬁ + 4(pdr)2(S2 + 52) (8.23)

; Z pd7r (S2 +53) 6(FE - Ep,) (8.24)
o(B) = 5 2 4 4(pdm)2(S2 + S3) '

These PDOS can be obtained easily by using (4.34) and replacing £y by E in the
coefficients of 0(& — Er ) in (8.23) and (8.24). The result is that

1
3(E—-EL)
<(E 2 <(E 8.25
1
3(E— Ey)
(B) = —> <(E), 8.26
poe(B) = e v iy o) (5.26)
where pr(F) is given by (6.28).
Similarly for the sigma bands we find
(E )2X2
Z W~ PRe) Ao _ -
pis(E -N C2( pda oE -~ Ey,)
1 [B(Ey — Ey,)(S2 - S2))?
N2 C2(pdo)? OF ~ Ey)
3(E—Ey)
= _2 1 | p,,(E) (827)
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2 v 2
o) = 1 SC;X" 5(E — Ep,)
k
3(52 — 522
NZ SO S s py)
72 S2[X, +3S - S82))? 5(E — By, )
%(E E.)
- LE + By )

The quantities Ej;_,

(8.28)

X,, and p,(E) are defined by (4.62)—(4.64), (6.54), and (6.62)

respectively. C, is the normalization coefficient for the eigenstates given by (4.65)

The PDOS functions are more conveniently written in terms of the dimension-

less DOS functions (see Sections 6.2 and 6.3):

(E-E,)
2(pdm)?
(E — Ey)

pdﬂ'(E) -

ppr(E) =

(E—-Ey)
(pdo)?
(E - Ee)
(pdo)?

pdo'(E) =

Ppo(E) =

where

1
2K

pﬂ(&r) = pﬂ(eﬂ(E)) =

pa(50> = Po (EU(E))

pw(

2(pdm)? ™"

1-[ex(E)/2]%) ©

7r)a
(ex),

Po(Es) s

pU(€U) ’

(8.29)

(1 - [ex(B)/2%) .

[0.3183 4 0.1136 2* — 0.0151 (1 — 2) vz | ©(1 — [e,(E)/3]?)

with

x=(3-les])/2,

(E—-E)(E—-E))
en(B) = 2(pdm)? -
_ (E-E.)(E-E))
eo(B) = (pdo)?

n [0.432 ~0.1646/1 — 22 — 0.0151(1 — |e, ) |ag|} (1- =2, (B)?),

-2

)

-3.

(8.30)
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Finally, we can write the total (all-bands) PDOS functions as

pa(E) = 3pax(E) + pis(E), (8.31)
Pp(E) = 3ppr(E) + ppo (E) + 3pro (E) + poo(E) - (8.32)

(Note that the function pg4, gives the DOS of both sigma bands.)

8.3 The XPS spectrum of SrTiO3;

The XPS spectrum of SrTiO3 has been reported by Battye et al. [7] (and also by
Kowalczyk et al. [8] as well as Sarma et al. [9]) and analyzed by Wolfram and
Ellialtioglu [6]. The result of Battye et al. [7] is shown in Fig. 8.1 (dotted curve).
Since there are no electrons occupying the conduction bands the emission arises
entirely from the valence bands. The data represent I(FE) the rate of emission of
electrons from initial state of energy E. Also shown in Fig. 8.1 (solid curve) is
the theoretical I(E) curve obtained from (8.20) with o,(fiw)/o4(fw)=1/3. The
theoretical I(E) possesses several features (labeled 1 through 6) which are related
to the energy band structure. The peak centered at about —1.7eV and labeled 1, is
due to the 7 and ¢® non-bonding bands. The edges labeled 2 and 4 are the top and
bottom of the 7 valence bands, respectively. Feature 3 is the logarithmic singularity

SrTiO; XPS (1486 eV)

I(E) (arbitrary units)

Energy E — Ey (eV)

Figure 8.1. XPS photoelectron energy distribution I(E) for SrTiOs. The initial state
energy is measured from the top of the valence band, Ev. (hw=1486¢eV for Al K, line.)
The theoretical I(E) is indicated by the solid curve. The XPS data is from [7].
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in pr(E) at the center of the 7 band. The top and bottom of the ¢ valence bands
correspond to features 5 and 6, respectively.

In order to make a direct comparison between I(E) and the XPS data the the-
oretical curve should be broadened to account for the experimental resolution. The
broadened curve, denoted by (I(FE)), may be obtained from I(FE) in the following
manner:

(I(B)) = %ﬁ /_O; I(E) exp{—(E ;E/)z} dE’ (8.33)

where the parameter R determines the resolution. The resolution decreases as R
increases. The FWHM (full-width at half-maximum)

FWHM =2RvVIn2 = 1.665R. (8.34)

The instrumental resolution for most XPS data is about 0.55eV so that Rins;. =
0.33eV. Figure 8.2 shows (I(E)) (thin dashed line) compared with the experimental
data for SrTiO3 using R = Rjnst. = 0.33eV. The solid curve passing through the
data is (I(F)) with a resolution of 1.34eV (R=0.8eV). The agreement between
the data and (I(E)) with R=0.8eV is excellent and suggests that the effective
experimental resolution is less (is not as good) than the instrumental resolution.

SrTiO; XPS (1486 eV)

(I(E)) (arbitrary units)

Energy E — Evy (eV)

Figure 8.2. XPS photoelectron energy distributions (dots [7] and little circles [9])
compared with (I(F)) for resolution parameters of R=0.33e¢V (FWHM 0.55¢V, thin
dashed line) and R=0.8eV (FWHM 1.34 €V, thick solid line). The cross-section ratio is
op/oa~1/3.
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The theoretical fit, (I(F)) in Fig. 8.2 indicates that the cross-section ratio is
0p(1486 V) /04(1486 €V) ~1/3. The cross-sections are dependent on the energy of
the photons used in the photoemission experiment. For most XPS experiments with
10® < hw < 3 x 103 eV the cross-sections probably do not vary much. However, UPS
photoemission is performed with much lower photon energies (typically 5-50€V)
and o,/04 can differ substantially from that found in XPS. As an example of this
effect consider the UPS spectrum of SrTiO3 for fiw = 21.2eV. The spectrum (open
circles) reported by Henrich et al. [10] is shown in Fig. 8.3. The solid curve is (I(E))
calculated for the same parameters as used for the (solid curve) (I(E)) in Fig. 8.2
except that 0, /04 = 1. The agreement between theory and experiment is essentially
exact. Thus, it appears that ¢,(21.2eV)/04(21.2eV) =1 and therefore the 21.2eV
UPS spectrum closely resembles the total valence-band DOS of SrTiOs.

SrTiO3 UPS (21.2 eV)

(I(E)) (arbitrary units)

Energy E — Ey (eV)

Figure 8.3. UPS spectrum of SrTiO3 from [10] (open circles) compared with (I(E)) for
op/oa=1and R=0.8¢eV.

Some further comment on the UPS analysis is needed since 21.2eV is not
sufficiently large to use the arguments employed in Section 8.1. In particular, it can
not be argued that the initial state energy is small compared to hw, since hw =
21.2eV is comparable to the valence-band width.

In addition, modulation of the spectrum by varying matrix elements can also
be expected. The reason that the partial DOS model still applies is that the UPS
final states are energy bands derived from the Ti(4p), Ti(4s), and Sr(4s) orbitals.
These bands are presumably very broad and produce an approximately constant
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final state DOS. The similarity of the UPS and XPS spectra tend to support this
conclusion. Further evidence comes from the studies of Powell and Spicer [11],
Derbenwick [12] and Henrich et al. [10] which suggest that the spectrum is not
changing rapidly with hw for 12 < hw <21eV.

8.4 NamW03

In Chapter 6, Section 6.4 we discussed the z dependence of the electronic proper-
ties of Na, WO3. These properties also influence the photoelectron distributions. In
addition to the x dependence the electronic parameters, the effective photoioniza-
tion cross-section ratio, 04/0, is approximately 12, for high-energy XPS and of the
order of 1 for UPS experiments [6].

For convenience the z-dependent parameters described in Section 6.4 (see
(6.93)) are given below:

Ey(r) = 2.85+0.84x, (in eV) (8.35a)
(pdr(z)) = 2.44 — 0.86 (in eV) (8.35b)
a(r) = %(3.785 +0.0818z), (W—O distance in A) (8.35¢)
er(r) = =2+ (2—1.086)x,  (ineV) (8.35d)
pr(z) = %(1 +0.326 x). (8.35¢)

Using (8.20), (8.33), and (8.35) the XPS photoelectron distributions as a function of
x can be calculated. The results for I(E) are shown in Fig. 8.4 for several values of
x [13] and compared with the UPS experimental results of Hollinger et al. [14]. The
scale factor, C, of (8.20) was chosen so that the theoretical peak intensity matched
the experimental peak for = 0.4. All other factors are known. The photo-emitted
electron distributions arise from electrons occupying the 7* bands. The energies of
these bands relative to the top of the valence band and the band widths change with
x because of the x dependence of E, and (pdm). The shifting of the peak intensity
toward higher energy as z increases is quite evident in Fig. 8.4.

The agreement between theory for XPS and the experimental UPS results
is quite remarkable considering that strong transition matrix elements effects can
modulate the UPS intensity curves. The areas under the theoretical curves compare
well with the areas of the experimental curves even though no adjustment have been
made to normalize the areas. Plasmon effects which contribute to the intensity tail in
the band-gap region on the low-energy side are not included in the theoretical curves
of Fig. 8.4. In addition, o4/0, =12 for the theoretical curves while for UPS energies
it should be approximately 1. However, this difference does not have a strong effect
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Figure 8.4. Comparison of the theoretical (solid curves) [13] and experimental (dashed
curves) [14] photoemission energy distribution curves for several values of .

on the Na, WO3 theoretical curves because the amount of p-orbital mixing into the
band states of the lower part of the 7* bands is small. The contribution of the
plasmons is discussed in the next section.

8.5 Many-body effects in XPS spectra

When an electron is photo-ejected from a metallic solid, there is simultaneously
created a “hole” in the Fermi sea of electrons. The hole produces a number of
effects which are observed in the photoemission spectra of a solid.

If an electron is instantaneously ejected from a solid the state of the remaining
(N-1)-electron system will not in general be the ground state. If we define the
binding energy FEyinq of the emitted electron as the difference between the ground
state energies of the N- and (N—1)-electron system, then it is clear that the energy,
E, deduced from the kinetic energy of the emitted electron is not Eyinq. In fact,
E < FEhing because the (N—1)-electron system is left in an excited state after pho-
toemission process. The difference E; = |Fying — E| is called the relaxation energy.
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The quantity F. is the decrease in the energy of the (N—1)-electron system after
it “relaxes” to its ground state. Relaxation shifts of electrons emitted from core
levels are often observed in photoemission experiments and have been the topic of
theoretical discussions [15-18].

The particular manner in which a solid manifests hole relaxation in photoe-
mission depends upon the photon energy, the electronic structure of the solid, and
the state from which the electron is emitted. If hw is near to the photoionization
threshold the kinetic energy of the photoelectron will be small. It will move slowly
away from the ion core and consequently its dynamics will be strongly influenced
by the attractive potential of the hole it leaves behind. If the emission were slow
enough to justify adiabatic relaxation of the (N—1)-electron system then the ki-
netic energy of the emitted electron at the onset of photoemission would approach
Eping — ®. (However, this energy would not be that calculated by the usual one-
electron energy band theory; that is, it is not the eigenvalue based on Koopman’s
theorem which was discussed in Section 2.3.) For XPS experiments the photoelec-
tron kinetic energy is large and the “sudden approximation” is nearly valid. The
hole potential appears to be suddenly switched-on. According to the sudden ap-
proximation of perturbation theory the (N—1)-electron system may be described
as a superposition of the eigenstates of the new Hamiltonian; the original Hamilto-
nian for the N-electron system plus the hole potential. Therefore, there is a specific
probability for each excited state of the (N—1)-electron system. If E, is the excited
state energy and Ej is the ground state energy then there will be a distribution of
peaks in the kinetic energies, Eiyin o, of the emitted electrons at

Ekin,a =hw—-o— (Ea - EO) . (836)

For emission from core levels these series of peaks of (8.36) are called “shake-
up” peaks. In addition, during relaxation from the ath excited state to the ground
state there is a probability of a second electron being ejected. The latter spectrum
is called a shake-off satellite.

In a metallic material the conduction electrons will move rapidly to neutralize
a photohole. The adjustment of the conduction electrons to the hole has two im-
portant effects. First, electrons with energies near the Fermi energy will relax by
making transitions from states just below the Fermi level to excited single-particle
states above the Fermi level. A large number of low-energy electron—hole pairs can
be generated and their effect is to produce a “tail” on the low-energy side of any
characteristic peak in the XPS spectrum [19].

In addition to single-particle excitations, collective excitations in the form of
plasma oscillations can also be stimulated by hole relaxation of the conduction elec-
trons [20]. The excitation of plasmons produces satellite lines and structure in both
core-level and valence-band spectra. These plasmon effects are particularly strong
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in metallic perovskites such as ReOs and alkali tungsten bronzes. For example,
in Na,WOj3 and H,WOg3; intense core-level satellite lines and band-gap emission
associated with plasmon creation have been observed [21, 22].

In order to analyze the XPS spectra of metallic perovskites it is necessary to
include the effect of plasmon creation on the photoelectron distribution. When hole
relaxation is accompanied by the creation of a plasmon an electron emitted from
an initial state of energy F will appear to have originated from a state at £ — Epy,
where Ep; is the plasmon energy. This effect can be included in the theoretical model
of I(E) by using an apparent distributions I’(E) which includes the plasmon-shifted
electrons. We define

I'(E) = (1 8)I(E) + F\ﬂﬁ _O:O dE’ exp {— (E ;E/>Q}I(E’+Ep1),

(8.37)

where [ is the plasmon creation probability. The factor (1 — ) is the fraction of
emitted electrons not accompanied by plasmon creation. The second term accounts
for the photoelectrons that are down-shifted in energy because of the plasmon effect.
The plasmon band is represented by a Gaussian distribution centered at E,;. The
band width FWHM= 2T v/In 2. In the limit as I' — 0, since then

I'(E) - (1-8) I(E)+ BI(E + Ey) (8.38)

which states that the apparent number of photoelectrons from initial states at F is
the sum of contributions due to unshifted photoelectrons from states at F plus the
number from states at I/ + Ey; which were down-shifted in energy due to plasmon
creation.

In comparing I'(E) with experiment the distribution must be convolved with
an experimental resolution function precisely as in (8.33) to produce the function
(I'(E)).

A theoretical analysis of the XPS spectrum of Na, WO3 [21, 22] has been carried
out by Wolfram and Ellialtioglu [6] using (8.37). Their results are shown in Fig. 8.5.
The data is the dotted curve, the function I'(E) is the dashed curve and (I'(E))
is the solid curve. The analysis provides a simple interpretation of the XPS data.
The peak near the Fermi level, Fr, is due to electrons emitted from the partially
filled 7* bands, which contain 0.8 electrons per unit cell. The small peak in the
band-gap region (~—1 to 3eV) is due to conduction-band electrons shifted down
in energy due to plasmon creation associated with hole relaxation. The plasmon
energy Ep,; =2.0eV [21, 22]. The peak in I'(E) (the shoulder in the data) near
—4.8¢V is due to emission of electrons from the non-bonding (7° and ¢°) bands.
The large central peak is produced by the logarithmic peak in the 7 valence-band
DOS. The lowest peak, near —10 eV, arises from the jump discontinuity in the DOS
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Figure 8.5. Comparison of the XPS valence-band spectrum of NagsWO3 with theory.
Data is the dotted curve [22], function I'(E) is the dashed curve and (I'(E)) is the solid

curve.

at the bottom of the o valence band. The tail from about —10 to —12€V is due to o
band electrons shifted down in energy by the plasmon effect. The analysis indicates
that 0,/04(1486 V) is about 1/12 and that 3, the probability of plasmon creation,
is 0.2. Similar results are obtained from the theoretical analysis of the XPS spectra
of ReO3 and H,WOj3 [5, 21, 22].

The PDOS model, (8.20), appears to provide a useful method for analyzing
the XPS spectra of the perovskites. Application of the model indicates o,/oq
varies roughly between 0.3 and 0.1 for many of the perovskites. For the metallic
perovskites the many-body plasmon excitation probability is about 0.2 for both
core-level and valence-band emission.
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Problems for Chapter 8
1. Derive (8.25) and (8.26) from (8.23).

2. Make a graph of pgr(FE), given in (8.25), using the parameters (pdmw)= 1eV, F;=
-5eV, and E; = —8.2eV. A table of K(z) is given in Appendix B, and p(E) is given
in (8.30). Discuss the results in terms of covalency of the band states.

3. The angular frequency, wp, for plasma oscillations of a metal is given by the relation
w; = 4mnee® /me, where ne is the electron density. Show that in Gaussian (CGS) units
wp = 5.65 X 10* ni/2 rad/s when n. is the number of electrons per cm?®. Calculate the

plasmon energy for NaWQOs3 in eV.
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4. The constant matrix element approximation for e2(w) discussed in Chapter 7 leads to
a description involving the JDOS. The constant matrix element approximation for the
XPS energy distribution curve leads to a description involving the DOS. Explain the
major factors that cause this difference.

5. Explain the following terms used in the description of photoemission:
(a) hole relaxation;
(b) shake-up peaks;
(c) shake-off satellites.
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Surface states on d-band perovskites

When a crystalline solid is terminated by a surface new types of energy bands
can form that are localized at or near the surface. A geometrically perfect surface
may have “intrinsic” surface states with energies lying within the band-gap region,
above or below the bulk energy bands. These surface bands have wavefunctions
that decrease exponentially with increasing distance into the crystal. The further
the energy of the surface state is from the bulk band-edge energy, the more rapidly
its wavefunction decreases with distance from the surface. Localized surface states
associated with defects such as oxygen vacancies can also occur. Such surface bands
and states can play an important role in chemisorption and catalysis in transition
metal oxides.

In this chapter we will review the theoretical concepts that underlie the forma-
tion of surface bands and defect states based on our empirical LCAO model. The
material is essential to the understanding of more fundamental and accurate calcula-
tion methods. A comprehensive review of the experiments on transition metal-oxide
surfaces is available [1], but only those relevant to doped insulating perovskites and
metallic Na, WOj3 will be discussed here.

9.1 Perturbations at a surface

Figure 9.1 illustrates the two types of (001) surfaces for the perovskite structure.
For the type I surface the B and oxygen ions are on the surface. For the type II
surface the lattice starts with a layer of A and oxygen ions.

A number of different perturbations occur when a surface is formed even if the
lattice is terminated in a geometrically perfect way. In many cases the atomic layers
near the surface will “relax” by changing their interlayer and interatomic distances.
For example, the distance between the first and second layers of SrTiO3 differ by
about 5% from the interior layer spacing [1-3]. The LCAO interaction parameters

199
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Type I (001) surface Type IT (001) surface

Figure 9.1. Type I and type II (001) surfaces of the cubic perovskite ABOg3 structure.
The small circles represent B ions, and the large circles are the oxygen ions. The A ions
are not shown.

such as (pdm) and (pdo) depend exponentially on distance, therefore an expansion
or contraction of 5% can lead to substantial changes in the parameters.

A surface can “reconstruct” by forming atomic patterns unlike those of the
interior or by forming steps and terraces or a puckered surface. Patches of type
I and type II surfaces can be expected on fractured surfaces. These perturbations
alter not only the LCAO parameters, but also the electrostatic potentials. Occupied
surface states occurring in the band gap can create a surface dipole layer, cause band
bending, and may in some cases “pin” the Fermi energy.

The surface ions have missing neighbors (unsaturated bonds) that alter the
potentials experienced by the ions at and near the surface. For example, at a per-
fectly terminated type I (001) surface of ABQOg, cubic perovskite, the Madelung
potential at a surface B-ion site is a few eV less repulsive than at an interior site
[4]. On the other hand, the Madelung potential for a surface oxygen ion is essen-
tially unchanged from its bulk value. For a type II surface the change in the oxygen
potential is large and that for the B ion much smaller (see Appendix D for details).

The point group symmetries of the surface ions are also different from that
of the interior ions, causing additional splitting of the electronic levels. The point
group of a B ion on a (001) surface is Cy, rather than Op. As a result the ty,
group, threefold degenerate for Oj symmetry, is split into a doubly degenerate “e”
level and a singlet, bs level. The point group symmetry of a surface oxygen is also
different and splitting of the doubly degenerate oxygen pi level (p, ) occurs. Figure
9.2 shows schematically how the ion splittings are changed at the surface.

In general, the effects of the surface perturbations are largely confined to the
first one or two layers of the solid, but some surface effects may extend for large
distances. For example, for ferroelectrics such as BaTiOg the surface creates a large,
long-range depolarization field.
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Figure 9.2. Electrostatic splitting of ion levels at a (001) surface. The left-hand side
shows the bulk splitting and the right-hand side shows the splittings of ions on the surface
for a type I surface: (a) d-orbital splittings and (b) p-orbital splittings. AVir is the shift
in the Madelung potential.

In addition to “natural” changes that occur when a surface is formed, the
surface properties are also strongly influenced by the method of preparation and
surface treatment. Surfaces are formed by cleaving, fracturing, or by chemical or
epitaxial growth. In the performance of experiments a surface is often subjected to
various surface treatments such as polishing, annealing, or bombardment with ions.
Annealing in the presence of a reducing atmosphere (hydrogen for example) or an
oxidizing agent results in n- or p-type doping. Bombardment of a surface with ions
(argon ions, for example) is commonly used to clean the surface of impurities, but
also results in surface oxygen vacancies, leading to surface defect states.
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9.2 Surface energy band concepts
(a) The (001) surface

In this section we shall be concerned with an ideal, semi-infinite perovskite termi-
nated by a (001) surface. As mentioned above there are two possible configurations
designated as type I and type II. The type I surface has the B ion and O ions
exposed on the first atomic layer forming a BOs surface layer. The second atomic
layer has A cations and oxygen ions present and forms an AO layer. Therefore,
the semi-infinite, type I, perovskite lattice consists of atomic layers parallel to the
surface in the sequence BO3—AO-BOy—AO- - --. The type II (001) surface begins
with the AO layer and forms the sequence AO-BO3s—AO-BOy— - - -.

n=1
n=2
— @ o o o O—
n=3
O O O O
® Tiion (O Oxygen ion

Figure 9.3. Schematic of a type I (001) surface showing the displacement of the surface
oxygen ions normal to the surface. The interlayer spacings are designated by di2(Ti) and
d23(T1). Two atomic planes make up a unit-cell layer. They are indicated on the right-hand
side of the diagram. Also shown are the perturbed LCAQO parameters (pdr) and (pdr)”.

A schematic type T (001) surface is shown in Fig. 9.3. For SrTiO3 it is found
that the surface oxygen ions are slightly displaced perpendicular to the surface and
the first two layers deviate from the bulk interlayer spacing by a few percent.

Beginning at the surface, each pair of successive atomic layers forms a unit-
cell layer with the composition ABOj3. If we number the unit-cell layers starting
from n =1 at the surface to n = oo, the position of any atom, R; ,, + 7j.m, can be
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specified by

—

Rjm = pjm + Zj(n) 9.1)

where fjm = (2jm + 710,) € + (Yjm + 7],,) € is the projection of Rjm on the
ry-plane, and Zj(n) = [z, + 77 (n)] €. Here z, is the distance of a B ion from the
surface, which for the infinite lattice is 2(n — 1)a, where 2a is the lattice spacing.
For the semi-infinite lattice the interlayer spacing may not be uniform. The notation
allows for the lattice spacing perpendicular to the surface to depend upon n, but
assumes that the x — y spacing is the same as in the bulk.

To begin our study of the surface energy bands we shall use the same nearest-
neighbor model employed for the discussion of the bulk bands. Since the electronic
and surface properties are principally determined by the 7* bands and the band-
gap surface states we shall limit our discussion to the pi bands. A more complete
discussion of the various types of surface bands that are possible can be found in
references [4] and [5].

We need to specify the types of surface perturbations to be considered. It might
be supposed that long-range Coulomb potentials such as the Madelung potentials
could be altered over many atomic layers near the surface. However, as mentioned
earlier, calculations [4] show that the Madelung potentials approach their bulk
values after the first atomic layer.

The changes in the d-orbital site potentials and the electron—electron repulsion
energy are the largest energies involved in the surface problem. For n-doped insu-
lators the density of d electrons at the surface is much larger than for the interior
ions when states form in the band-gap region. Therefore special attention must be
paid to the Coulomb repulsion effects.

The next largest energies are the changes in LCAO two-center integrals such
as (pdm). We shall consider the perturbations in the first unit-cell layer, but assume
that all other layers are described by the same parameters as for the infinite lattice.

For a geometrically perfect, (001) surface the pi and sigma bands do not mix
and may be considered separately just as in the case of the bulk energy bands.
When there are small displacements of the surface oxygen ions the pi and sigma
orbitals are coupled by two-center integrals that are first order in the displacement,
but the energy is affected only in second order. In this chapter we shall ignore the
small mixing between the pi and sigma orbitals.

There are three different pi-type surface bands: those involving d,. orbitals,
those involving d,, orbitals and those involving d,, orbitals. We shall refer to these
bands as the pi(yz), pi(zz), and pi(zy) surface bands. The parameters for the type
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I, pi(yz) surface bands are:

Et(n) = Et + [AEt + UNS] 6n,1 (92)
EJ_(n):EJ_+AEJ_6n71 (9.3
(1+ A" 6,,1)(pdr) between surface d and p orbitals
!
(pdr) — (1+ A’ 6,,,1)(pdm)  between surface d and the (9.4)

first subsurface p orbitals

(pd) otherwise

AFE; and AFE, are the changes in diagonal matrix elements for the B and O sites,
respectively, and A’ and A" are the fractional changes in the p—d interactions. In
(9.2) U is the Coulomb repulsion among the electrons occupying the same surface
d orbital and N, is the number of electrons occupying the surface state per spin.

The surface energy bands and the potential, UN,, must be calculated self-
consistently. The total number of electrons occupying surface states is N; =
Ng(xy) + Ng(yz) + Ns(zz), where Ny(af) is the number of electrons occupying
the pi(af3) surface band per spin state. The self-consistent solutions for the surface
bands require that all three surface bands be considered simultaneously.

(b) Pi(yz) surface energy bands

Surface states involving the d, ., p, (¥ — a€>), and p, (7 — aéy) orbitals are symmetry
equivalent to those states involving d,., p. (¥ — aé- ), and p, (¥ — aé), and therefore,
we need only consider the pi(yz) states.

The LCAO equations that determine the eigenvalues and eigenvectors for the
semi-infinite lattice are:

(w; — w) ¢y (1) + 208y (1 + A") c.(1) + (1 + A”) ¢y (1) = 0, (9.5)
(W —w) e (1) =208, (1+ A") ¢, (1) = 0,
(wi —w)ey(1) + (1+ A") ¢yz(1) — ¢y2(2) = 0,

and for n > 1

(we — w) cyz(n) + 2iSy c.(n) + cy(n) — cy(n —1) =0 (9.8)
(w1 —w) ex(n) — 208, ¢y=(n) =0,
(w1 —w)ey(n) +cyz(n) — cyz(n+1) =0, (9.10)

with S, = sinkya. The terms c¢y.(n), c.(n), and cy(n) are the amplitudes of the
dy-(n), p-(n), and py(n) orbitals, respectively. In (9.5)—(9.10) we have introduced
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a number of dimensionless quantities,

w = E/(pdr), (9.11a)
wr = Ey/(pdn), (9.11b)
wy = E\/(pdn), (9.11c)

Aw, = AE,/(pdr), (9.11d)
Aw, = AE, /(pdr), (9.11e)
u=U/(pdr), (9.11f)

wy = wt + Awy + ulNg, (9.11g)
Wl =w +Awy, (9.11h)
wg = Ey/(pdm). (9.11i)

The amplitudes ¢, and ¢, can be expressed in terms of ¢, using (9.6), (9.7),
(9.9) and (9.10). Substitution of these results into (9.5) and (9.8) yields the reduced

secular equation,

[—2cos b + Ap(w, ky)] ¢y-(1) + (1 + A') ¢,2(2) = 0, 9.12)
—2c080 ¢y, (n) + cyz(n+ 1) +¢yz(n—1) =0, (9.13)
where
—2cosf = (wy —w) (wL —w) — 457 —2 (9.14)
and

Ap(w, ky) = (Awt + uNS) (CUJ__ w) — (1 + A’)2— 455{@& _ w) (1 + AN) — 1} + 2,

(W) —w)
(9.15a)
A" = [(pdr) — (pdm)]/(pdr), (9.15Db)
A" = [(pdr)" — (pdr)]/(pdr). (9.15¢)

Equations (9.12) and (9.13) are simple second-order difference equations and
the general solutions are:

cyz(n) = \/% (ema + Ae_i"9>7 (9.16)

Ao 1 — Ap(w, ky)e®? — Ale??
N 1 — Ap(w, ky)e=10 — Ale=20

(9.17)

where N is a normalization constant.
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(¢) Classification of the states

The solutions of (9.16) can be classified as volume states or surface states depending
upon the behavior of the wavefunction amplitudes at large n. The volume states
have wavefunctions whose amplitudes extend unattenuated throughout the entire
semi-infinite lattice while the wavefunctions for the surface states have amplitudes
that decrease exponentially with increasing distance into the solid.

Volume states

The conditions for a volume state are that its wavefunction remains bounded and
non-vanishing as n — oo. These two conditions can be met only if the factor, 8, in
equation (9.16) is a real number. For real 0 the denominator in (9.17) is the negative
complex conjugate of the numerator and hence A is a complex number with unit
modulus. Therefore we may write A = —e~%, where § is a real number and

1
¢yz(n) = N

Since 6 is a real number it follows that | cos 8| < 1. Using this result with (9.14)
yields the inequality:

(eme 7 efi(n0+6)). (918)

(et —w)(eL —w) — 457 —2| < 2. (9.19)

This equation may be solved to determine the possible values of the dimensionless
energy, w, for which volume states can exist. One finds two regions of (w, k, )-space
which satisfy (9.19):

wr (kys 0) < wiar(ky) < wre (s 5 ). (9.20)
wiky,0) < wyor(ky) < we (ky 21@) (9.21)

where wyo1(ky) is a volume state energy and wx- (ky, k.) and wx(ky, k.) are the bulk
(infinite lattice) dimensionless energy band dispersion relations,

2
w(;*) (ky, k) = %(wt +wy) =+ \/[;(wt - CLU_):| +4(52 + 52). (9.22)
Thus the volume state energies are confined to the same w — k, regions as the
bulk (infinite-lattice) energies. These regions are between the bottom and top of
the 7*(yz) and between the bottom and top of the m(yz) bands as shown in Fig.
9.4. We shall refer to these regions as the “bulk continuum of states” or just the
“bulk continuum”. The volume states form the same continuum of energies as the
infinite-lattice states. For every pair (w,k,) for which there is a solution of the
infinite lattice, there is also a volume state solution. The energies of the volume
states are the same as those of the infinite lattice, but the wavefunctions are quite
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Figure 9.4. Surface energy band and volume energy band regions of (w, ky) space for the
pi(yz) states.

different. For example, the square of the d-orbital amplitude is not uniform on the
various layers since

lepe(m)]2 = % 1 cos(2n6 + 8)]. (9.23)

In fact, for a given volume state the square of the d-orbital amplitude will have
maxima or minima on the nth layer whenever

n= ‘72—2 — 5, where j=0,+1,42 +3,.... (9.24)
When j is even the d-orbital probability on the nth layer vanishes, while for j

odd the d-orbital amplitude is twice the average value. Since the positions of these
maxima and minima vary with the particular volume state (i.e., vary with ) the
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average d-orbital probability inside the lattice quickly approaches the infinite-lattice
average.

Surface states

The wavefunctions for the surface states have the property that c,.(n) — 0 as
n — oo, but is non-vanishing for at least one value of n. It is obvious from (9.16)
that these conditions are met if
Jm 6 >0,
A=0. (9.25)
inf

The requirement that the imaginary part of § > 0 means that ¢ — 0 with increas-

ing n as e="(™%) The second requirement, A = 0, imposes an eigenvalue condition,
namely the surface state condition that

1 — Ap(w, k) e — A’ €2 = 0. (9.26)
The surface energy bands are specified by pairs, (w,k,), that satisfy (9.26).

These pairs define the surface state dispersion curves, w,(k,). The surface states
are highly localized since |cy,(n +m)/cy.(n)* = e—2m(Imb)

According to (9.25), we may write
0=a+if,
where a and 3 are real numbers and 3 > 0. This gives
cosf = cos« cosh 3 — 7 sin« sinh (. (9.27)

However, for real energy, w, (9.14) requires that cos@ be real. This is compatible
with (9.27) only if

o = I, (0=0,41,+2,...). (9.28)

There are two distinct cases: £ is 0 or an even integer, and ¢ is an odd integer. We
shall use £ = 0 and ¢ = 1. Other choices lead to equivalent results. We have
e =e P (=0 (9.29)
el = —eF (=1. (9.30)
In either case e is real and 0 < |e?| < 1.

Consider the case for which 0 < % < 1. We have ¢, (n) oc e~ and decreases
uniformly with increasing distance into the semi-infinite lattice.

Since cos @ = cosh 3, and cosh 8 > 1 for 8 > 0, we have the inequality
(W —ws) (Wi —ws) — 45’5 —2< -2 (9.31)
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If (9.31) is solved for ws; we find that these surface state energies must be in the
band-gap region between the 7* and 7 volume bands (region I in Fig. 9.4)

wi(ky, 0) < wy(ky) < w(ky,0). (9.32)

For the case that —1 < €' < 0, the d-orbital amplitude, ¢y-(n), alternates in
sign from one unit layer to the next,

cy=(n) o< (=1)"e™"P, (9.33)

The quantity cosf = —cosh 8 < —1 so that the surface states of this type have
ws(ky) that satisfies the equation

(wp — ws) (Wi —wg) — 452 —2>2, (9.34)

The allowed regions for wg(k,) are

v
we(ky) > Wi (k:y %) (9.35)
and
s
wslky) < wr (ky %) . (9.36)

These amplitude-oscillating surface states occur only above the 7* band or below
the 7 band. The regions are designated as regions ITa and IIb in Fig. 9.4.

(d) Pi(yz) density of surface states
The density of surface states (DOSS) can be found from the eigenvalue equation,
(9.26), which may be written as

Ap — 2cosf 1+ A
1+ A Ap —2cosf

+2cosf =0, (9.37)

where —2cosf and Ap are defined by (9.14) and (9.15), respectively. Equation
(9.37) may be solved for the variable S7 (which appears in both Ap and —2 cos6)
to obtain the quadratic equation

A(—48})* + B(—45;) + C =0, (9.38)
with
A =nt+n?, (9.39a)
B = 2yn + &nt + 1, (9.39b)
C =2+ 12 +4¢t, (9-39¢)
7= (Awy + uNy)(wy —w) — 12+ 2+ (1 — t)E, (9.394)
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 (we —w)r? B
n= (Wj_ _ w) ta (9396)
= (w —w)(wy —w)—2, (9.39f)
t=(1+A"), (9.39g)
r=(1+A"). (9.39h)
From (9.38) we obtain
1 B B\’ )
The DOSS is then
2 (dQ\ ' 1 1
=202 =2 = 9.41
ps(8Y) = (dky) T /o0 =) (841)

and the DOSS, ps(w), as a function of w, is given by

pl) =@ L =@ f - i { - 5 (§>AC}} (9.42)

The surface band is one-dimensional, depending only on k,, and therefore the
DOSS has square-root singularities at 2 =0 and Q = 1.1

The number of electrons occupying the surface band can be written as

Ny(yz) = /OQF p(Q)dQ = % — %arcsin(l —20F), (9.43)
where Qp corresponds to the Fermi energy
Qr = Q(wr), (9.44)
with
wr = B/ (pdr). (9.45)

Consider the case of the “perfect” surface defined to be a surface for which
all of the perturbation parameters, Aw;, Aw,,A’, and A" are zero. In this case
Ap(w, ky) = 1 and the eigenvalue condition, (9.26), gives e = 1 which violates the

surface state requirement that e — 0 as n — co. Therefore we can conclude that

there are no surface states on a “perfect” type I (001) surface. That does not mean
that the states are the same as those of the infinite lattice. It means that all of the

1 Equation (9.41) is valid so long as the quantity D = (B/2)2 — AC > 0. If D < 0 it indicates that the
surface energy band is truncated by intersecting the volume continuum. The truncation occurs at
the value of k, for which D = 0. 2 =0 and £ = 1 correspond to the bottom and top of the surface
state band, respectively. In the case of a truncated surface band, one of the singularities occurs at the
truncation energy.
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states belong to the volume continuum. The energies are the same as those of an
infinite lattice, but the wavefunctions are modified by the presence of the surface.

Of course, a “perfect” surface as we have defined it here is not the same as an
“ideal” surface which is defined to be a surface that is geometrically perfect. The
ideal surface will have non-zero perturbations even though it is atomically perfect.
Furthermore, the energies of the surface states will depend upon the position of
the Fermi energy and the number of electrons in the surface states. The Coulomb
repulsion between electrons of opposite spin occupying the same surface d orbital
will shift the energy calculated for the unoccupied surface state.

As a simple tutorial example consider the solution of (9.26) when the only
non-zero parameter is k = (Aw; + ulN;) and examine the solutions as k — 0. From

(9.26) we obtain
, 1
i0
= 9.46
¢ klwy —w)+17 (9.46)

2 cosf = 2 + k?(w, — w)? + higher —order terms. (9.47)

Using (9.14) yields the surface state eigenvalue equation,
(W —w)(wy —w) — 455 + kA (wy —w)? 0. (9.48)
For k =0, (9.48) describes the bottom of the 7* band as a function of k,.
Therefore, for small x the surface band must lie near the 7* band edge, wx-(ky, 0).

As a result, we may replace w in the last term of (9.48) by wx«(ky,0) so that to
second order in k the surface band is given by

1 1 2
Wems A §(wt +wi)+ \/{2(% - LUJ_):| +482 — w2 (wy — w,r*(k:y,O))Q, (9.49)

K% (w1 — wee(ky, 0))
2&)77* (k'y,O) — (wt erl)'

2

~ wre (ky, 0) — (9.50)
The denominator in (9.50) is positive because the 7* band edge necessarily lies
above the mid-gap energy, 3(w; +w, ). Therefore it follows that there is an entire
surface band below the 7* band edge, wr«(ky,0), that lies in the band-gap region.
This result is valid only for values of x that are negative.?

For a doped, n-type perovskite, the Fermi level will be near the bottom of
the 7* band edge at I', within a few meV of E; (i.e., wp very close to w;) and
the surface band will be partially occupied as indicated in Fig. 9.5(a). The pa-
rameter kK = Aw; + ulNy is a balance between the additional negative electrostatic
potential and the positive electron—electron repulsion and must be calculated self-
consistently. However, we can see that for negative values of k there will always

2 For positive k the surface band is located above the top of the volume continuum. That is, above the
top of the 7* band (Region Ila) and/or below the bottom of the m band (Region IIb).
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Figure 9.5. (a) Schematic showing the occupied surface states with the Fermi energy
Er = E, the bottom of the bulk conduction band. (b) DOSS and (c) Ns versus  for
pi(yz) or pi(zz) surface states.

be a surface band below the bulk band in the band-gap region. If we keep Awy
fixed and increase the value of u, the value of k¥ becomes less negative. That will
move the surface band closer to the bulk band-edge and reduce N,. The effect of
reducing N, is to make x more negative and to counteract the effect of increasing w.
Therefore, the surface band will find a self-consistent solution between the energy
of the unoccupied surface state (N5 = 0) and the lower edge of the 7* continuum.
With the mean-field representation of the Coulomb repulsion we are using here, U
would have to be infinite to force the surface band completely out of the band gap.
Because of the canceling effects between uNg and Aw; the surface bands tend to
be near to the edge of the 7* continuum even when Aw; is a few eV negative.

It should be noted that for an n-doped insulator, the average number of elec-
trons in a surface d orbital is much larger than for the interior d orbitals. For
example, for a doping level of 10'® ecm™3, the average occupation (beyond that due
to covalent bonding) of an interior d(ts,) orbital is 6.4x 107> electrons. On the other
hand, a surface d(t24) orbital’s occupation is of the order of unity when a surface
band lies within the band gap. Therefore, for the insulators, electron—electron cor-
relation effects are more important for the surface energy bands and surface defect
states than for the volume states.

(e) Pi(xy) surface energy bands

The surface band involving the d,, orbitals is easily derived since in the approxima-
tion of nearest-neighbor interactions, the unit-cell layers are uncoupled. Therefore
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we can immediately express the energy bands for the surface unit-cell layer as

E! +UN, + E' E' +UN,—E,\?
Ej(kz,ky):(t+ i i)i\/(f > i)+4[(pdw)~}2(sg+sg),

2
(9.51)
where the primed and double primed symbols are the perturbed surface parameters.
The form of the surface energy band dispersion is identical to the dispersion of the
bulk 7 and 7* bands and therefore the DOSS, ps(E), can be obtained by making
the following substitutions:

pr(E) = ps(E), (9.52a)
E, — E. + UN,, (9.52b)
(pdr) — (pdr)”, (9.52¢)
E, — E, (9.52d)

(here A — B means replace A by B),

into the expression for the pi DOS given by equation (6.28). This yields,

ps(E) = % |E* %(ﬁi};ﬂ?f;‘z +Ej_)| K( (E(QE))Z> 9{1 - <€(2E))2} )

where
E - YE,+UN,+E)]* - E?
2[(pdm)"]?

E; = E; + AFE; is the perturbed site Madelung potential at the d ion and E!'] =
E; +UN, — E'| is the perturbed energy gap for the surface unit layer.

e(E) = [ —2. (9.54)

The DOSS for the pi(zy) surface band has jump discontinuities at its band
edges and a logarithmic singularity at its band center just as in the case of the
bulk states. The energies at which these discontinuities occur depend upon the
perturbation parameters. The jump in the DOSS per spin state at E = Ej is,

1 By
po(Br) = oo ———y. (9.55)
) 21 [(pdm)"]”

9.3 Self-consistent solutions for the band-gap
surface states: SrTiO3

The (001) surface of SrTiOs is typical of the surfaces of the insulating perovskites.
Low-energy electron diffraction (LEED) and reflection high-energy electron diffrac-
tion (RHEED) experiments have been used to investigate the geometry of the sur-
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face [1, 2]. It is found that the surface oxygens move slightly upward, creating
a puckered surface. LEED [1] experiments indicated 2% expansion of the distance
d12(Ti), but a contraction by 2% of da3(Ti) (see the definitions in Fig. 9.3). The sur-
face oxygen displacement, dg, is 4% of the Ti—O spacing. For the type II surface the
first layer Sr—O distance, d12(Sr), is contracted by 10%+2% and do3(Sr) expanded
by 4%42%. The surface oxygen displacement was 8.2%42%. Later RHEED [2]
experiments confirmed the puckering due to displacement of the surface oxygens,
but found expansion of both dy2(Ti) (3.6%) and da3(Ti) (5.1%). The displacement
of the ions near the surface creates a static dipole moment whose polarization is
estimated [1] to be about 0.17 cm™2.

In this section we consider only the largest surface perturbations, Aws, the
change in the electrostatic potential at the surface d-orbital site and ulN, the
average additional Coulomb repulsion at the B-ion site due to the occupation of the
surface states. The effects of other surface perturbations are discussed in references
[4] and [5]

As mentioned previously, because Ny is the total number of electrons per spin
state in all of the surface bands we must calculate the electronic occupations of the
pi(zy), pi(yz), and pi(zz) surface bands simultaneously to achieve self-consistent
solutions. To begin with we assume that the surface oxygen site potential and p—
d interactions are unperturbed. That is, F; = E'|, and (pdr)’ = (pdr)" = (pdr).
The only perturbation is then the change in the diagonal energy at the surface
B-ion site, Aw; + ulNg. The actual value of U for various perovskites is not known.
For the Ti ion the difference between the ionization potentials for Tit* and Tit3,
AI,=15.75¢eV. This value, appropriate for atomic states, should be an upper bound
on the possible value of U for this material. A reasonable estimate is that U is one-
half to one-third of AI,. For SrTiOs, the band gap is 3.2eV and (pdr) is between
0.84 and 1.3eV based on LCAO fits to different energy band calculations [4, 6].
The change in the Madelung potential, Aw;, for the ideal surface is about —2eV
at a surface Ti ion. Because the actual (001) surface is puckered, the precise value
is uncertain, but most likely it is negative (less repulsive than at interior ions). We
will explore the self-consistent solutions as a function of Aw; and u and for the
examples here assume (pdr) =1eV.

To find self-consistent solutions we need to calculate N, as a function of k. For
the pi(yz) or pi(zz) surface bands we have the eigenvalue equation

1
(wt—w)(wl—w)—4S§—2+Ap+Kp=0, (9.56)

with

Ap(w) = k(w —w) + 1. (9.57)
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For doping concentrations less than or equal to about 10'® cm™2 we may use

Er/(pdn) = wp = wy, the bottom of the bulk 7* band. This means the occupied
surface states lie in the range w; < w < wy as illustrated schematically in Fig. 9.5.

The contribution to N (per spin state) from pi(yz) or pi(zz) surface bands is
given by

o) 11
Nqs(aB) = /0 p(Q) dQ2 = 3 = arcsin (1 — 2Q(wy)), (9.58a)

and from (9.56) and (9.57) we have

Qwr) = 4(5’“0% : (9.58b)
For the pi(zy) band the DOSS (per spin state) is
peul) = 5w — ) K (@), (9.59a)
2?=1— (%w))? (9.59b)
(W) = %[(w W) (%)2} _9, (9.59¢)

where K (z) is the complete elliptic integral of the first kind, w/,, = +(w; + £ + w1 ),
and w’g = wy + K. The number of electrons occupying the surface band is

Ny(xy) = / Pay(w) dw. (9.60)
wi+K
N, (zy) may be approximated by
T 1 2 2 1 3
Ny(zy) ~ g (K% —wyk) + Ton (wy)?K* + yr Wik (9.61)

Equation (9.61) errs less than 2% for values of k? < 0.2. The total number of elec-
trons occupying all three surface states is then,

Wi

Ng= Ng(xy) + 2N4(yz) :/ Pay(w) dw + 2[% — % arcsin (1 — ZQ(wt))]. (9.62)

t+K

The procedure for obtaining self-consistent solutions is to first choose a value
for k, calculate N using (9.62), then for a given value Aw; use the expression

K — Awt
= 9.63
u= 20 (9.63)

to obtain the self-consistent value of u.

Figure 9.6 shows the self-consistent solution of Ny versus . The kink in the
curve at £ = —2(1 + v/2)/w, (& —1.5 for SrTiO3) corresponds to the point at which
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Figure 9.6. Self-consistent parameters for the surface energy bands. (a) N, versus k,
(b) u versus k (for these plots, wg = 3.2 and Aw; = —2).

the pi(zz) and pi(yz) bands lie entirely below the conduction-band edge so that
they are completely occupied. Beyond this point the occupation of the pi(yz) and
pi(zz) surface bands do not change. The dispersion of the pi(xy) band is larger than
that of the pi(yz) surface band because it is two-dimensional. Therefore, it takes a
larger negative value of k to drop it entirely below the conduction-band edge. The
parameters u, x, and Aw; are in units of (pdr). For SrTiO3 with (pdr) =1eV, the
results may be read in units of electronvolts. Figures 9.7(a) and (b) show the pi(zy)
and pi(yz) surface energy bands, respectively, for AF;, = —2eV with v =0 and
u =6 (U = 0and6eV for SrTiO3). As can be seen, the Coulomb repulsion forces the
surface bands toward the edge of the continuum of states. For U = 6 eV, the pi(yz)
and pi(xz) surface bands lie within 0.053 eV of the edge of the conduction band.
The pi(zy) band lies lower in energy than the pi(yz) and pi(zz) bands but is still
within 0.055 eV of the conduction-band edge for U = 6eV. The energy displacement
of the pi(zy) surface band at I below the bulk conduction-band edge is in general
equal to k(pdm). Some results are summarized in Table 9.1. They show that N, per
surface unit cell is in the range of 10'* cm™2 for a wide variety of the parameters.
The entries in the table can be used for any value of (pdm), but the energy gap is
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Figure 9.7. Self-consistent surface bands. (a) Pi(zy) surface band for v =0 and v = 6
and (b) pi(yz) surface band for u = 0 and v = 6.

fixed at 3.2eV and the electron concentration is calculated for a lattice spacing of
3.905 A: values appropriate for SrTiOs.

Table 9.1. Self-consistent surface state parameters.

Surface concent.

U Aw K Ni(total)  Ng(zy)  2Ns(yz) (10* ecm=2)
15  -2.0 -0.0609 0.1293 0.0157 0.1136 0.8481
15 -1.0 -0.0294 0.0648 0.0075 0.0572 0.4249
15 -0.5 -0.0144 0.0324 0.0037 0.0287 0.2125

6 2.0 -0.1589 0.3070 0.0415 0.2654 2.0132

6 —-1.0 -0.0738 0.1545 0.0191 0.1355 1.0132

6 -0.5 —0.0354 0.0775 0.0091 0.0684 0.5082

3 20 0323 05589  0.0861  0.4729 3.6652

3 10 01458  0.2849  0.0381  0.2468 1.8683

3 05 00684 01441 00177  0.1264 0.9450

The results obtained here do not explicitly include the effects of surface charge.
A high density of occupied surface states in the band gap can cause “band bend-
ing” if the bulk density of electrons is insufficient to screen these surface charges.
However, the term U N has the same effect and therefore no explicit surface charge
term needs to be added to the model.
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(a) Other types of surface bands

In the previous discussion it has been assumed that AE}; is negative. This prejudice
is based on model calculations of the electrostatic (Madelung) potential for a B ion
on a ideal type I (001) surface for which AF; is several eV negative. However, for
non-ideal surfaces there is the possibility that AF; and k could be positive; that is,
more repulsive than at an interior site. (See Appendix D for a table of Madelung
potentials.) In this case, the surface theory produces truncated surface bands that
lie just above the top of the 7* conduction band. Surface bands are also produced
just above the 7 valence band, but they do not lie in the fundamental band-gap
range (i.e., I-band-gap region between F; and E ). Such states would be difficult
to observe optically or by photoemission. The surface bands near the top of the
conduction band will be unoccupied and close to the jump in the bulk density of
states at the top of the band. The surface bands split off from the valence bands
would be very near to the bulk non-bonding band energies. Thus their contribution
in optical or photoemission experiments could also be obscured by the high bulk
density of occupied valence-band states. Figure 9.8(a) shows the surface bands for
both positive and negative values of k with U = 0. More details on these types of
surface bands can be found in [4].

On type II surfaces calculations of the electrostatic potentials indicate that
AF; is nearly unchanged, but that AF, is several eV positive (less attractive). For
this perturbation nearly flat surface bands appear in the fundamental band-gap
region above the 7 valence bands whose wavefunctions are composed primarily of p
orbitals [4]. These bands are illustrated in Fig. 9.8(b). For the p-like surface bands
the electron—electron repulsion is much smaller than that for the d orbitals and
because the bands are flat a large DOSS results. In n-doped insulators and metallic
perovskites such band states would be occupied.

For metallic perovskites such as Na,WOs3 (z > 0.3) the theory of the surface
bands described above applies with some modifications. First, the Fermi level is no
longer pinned at the bottom of the conduction band and hence the surface bands
will have much higher electron concentrations. Second, the concentration of bulk
electrons is sufficient to screen the surface charge associated with the occupied
surface states. Third, although the Coulomb repulsion energy is still large, the dif-
ference between the bulk and surface state density of electrons is much smaller.
The Coulomb repulsion, U Ny is still operative for both the bulk and surface states,
but it is roughly the same for both types of bands. For our empirical LCAO model
this means that the correlation effects can be assumed to be incorporated into the
parameters of the model and therefore the effects of self-consistency are less im-
portant when employing the theory. As a first approximation, we can calculate the
surface band energies in the same manner as the bulk energy bands are calculated,
as though the Coulomb repulsion parameter, U, were zero. Therefore, we expect
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Figure 9.8. Type I (001) surface bands with U = 0. (a) Pi(yz) surface band for xk =
+1, -2, and —4. For negative values of k surface bands lie in the fundamental gap and
below the valence band. For positive values of x, surface bands lie above the top of the
conduction band and above the valence band. (b) Band-gap surface bands for the type II
(001) surface for different values of the perturbed p-orbital site potential.

that the calculated surface bands for the metallic perovskites will lie deeper in the
band gap than for the insulating perovskites. For example, referring to Figs 9.7(a)
and (b), the positions of the surface bands for u =0 would apply to a metallic
perovskite while the surface bands pushed up to the edge of the conduction band
would apply for n-type doped insulating perovskites. One would expect the metallic
behavior to dominate for electron concentrations greater than or about 102! cm=3
and insulator behavior for electron concentrations less than or about 108 cm™3.

(b) Experimental results: SrTiOz, TiO2, and Na, WOs3
The range of concentrations of electrons in the surface bands displayed in Table 9.1
for n-doped perovskites should be detectable in photoemission experiments.

Angle-resolved photoemission studies have been carried out for several
Na,WQO3 samples. Surface bands in the band gap were not found for insulating
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WO3 but a surface band was reported [6] for metallic Nag g5 WOs3. In this latter
case, the surface band has a band width of about 0.9eV and dispersion similar to
the surface band shown in Fig. 9.7(a) with U = 0. However, UPS and XPS pho-
toemission experiments [7-9] performed on SrTiO3 and on the closely related oxide
TiO, as well as WO3, have not detected the presence of any “intrinsic” surface
states in the band-gap region. The Fermi energy appears to be pinned at or near
the conduction-band edge. Whether this is pinning by the bulk conduction band or
a nearby surface band is not known, but in either case the concentration of electrons
must be below the detection threshold of about 10 cm™2 for the photoemission
experiments. (For n-type materials with concentrations of the order of 108 elec-
trons per cm ™3, the surface concentration in the absence of band-gap surface states
is only about 4x101%cm=2.)

Inverse photoelectron spectroscopy has also been used to search for unoccupied
surface states; however, these experiments probably did not have the energy reso-
lution required to separate bulk states from the unoccupied surface band near the
edge of the volume continuum. For example, the rise in the photoemission at the
conduction-band edge seen in the inverse photoelectron experiments is spread out
over an energy interval of 1.6eV and the quoted energy resolution [7] was 0.7¢eV.

Why “intrinsic” band-gap surface states are not observed for SrTiOj3, TiOs,
or WO3 but are observed for metallic Na, WO3 is unclear. As mentioned above,
surface charge may play a role for the doped insulators. For WOg3 it has been
suggested that band bending due to surface charge depletes the surface bands of
electrons [6]. However, unless the charge is due to sources other than electrons
in the surface states, band-bending is already effectively included in the Coulomb
repulsion parameter, U.

Many conjectures can be put forth for why surface states are not seen in the
band gap of the n-doped insulators. First, there is the question as to whether
energy band theory can be applied to these materials since the correlation energy
among the surface electrons is large compared to the bulk. The mean-free path in
photoemission is less than 10 A and therefore photoemission samples principally
the first few layers. Nevertheless, the bulk electronic structure predicted by band
theory is clearly evident. Thus it is difficult to argue that the band theory applies to
the bulk but not the surface. One may wonder if the LCAO model is too simplistic
to correctly describe the surface electronic structure. This is certainly a possibility,
particularly since the model employed here has only nearest-neighbor interactions.
However, the addition of more distant interactions will not change the qualitative
features of the surface bands. Furthermore LCAO models correctly describe most
features of the bulk electronic structure observed in photoemission and optical
experiments on insulating perovskites as well as the electronic dispersion observed
in high-temperature superconducting metal oxides [10, 11].
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There is the possibility that the mean-field approximation used for the
electron—electron repulsion is inadequate to treat surface states. A dynamic the-
ory may be more aggressive and force the surface bands to within a few meV of
the bottom of the conduction band instead of a few hundredths of an eV. That
would reduce the electron concentration in the surface band to nearly that of the
bulk, a concentration that is below the threshold for detection in photoemission
experiments.

Fracturing the crystal in high-vacuum conditions would be expected to produce
both type I, the surface type II surfaces. Surface bands split off from the valence
bands on the type II surface are also predicted to lie in the fundamental band-gap
region but are also not seen experimentally for the n-doped insulators. Depending
upon the size of the various patches of type I and type II surfaces it is conceivable
that the long-range Madelung potentials of the two different surfaces cancel one
another approximately, leaving the surface with an average potential of the bulk.
In such a case surface bands would not occur.

In summary, the band-gap surface bands expected on the basis of the LCAO
model have been observed in metallic Na, WOz but not for SrTiOz, TiOs, or WO3.
The reason why surface bands are not detected for the doped insulators is not
certain. Stronger electron correlation at the surface or the approximate cancelation
of changes in the site potentials are possibilities.

9.4 Surface—oxygen defect states

Bombarding the surface of a perovskite with Ar™ (argon ions) results in the removal
of oxygen from the surface layer and, at high doses, from subsurface layers as well.
According to an ionic model each oxygen removed donates two electrons to the
material.

UPS and XPS measurements on SrTiO3 (also TiOs and TizO3) exhibit emis-
sion from oxygen defect states in the band-gap region, centered roughly 1.0-1.3eV
below the conduction-band edge. The intensity of the emission increases with in-
creasing ArT dose until saturation occurs (sometimes accompanied by reconstruc-
tion or formation of a different phase on the surface). Since the emission from these
states is reduced rapidly by exposing the surface to oxygen, the states are believed
to result from oxygen vacancies. The wavefunctions for these defect states involve
the d orbitals on the B ions that are adjacent to one or more of the oxygen vacancies.

When an oxygen ion is removed from the surface of a perovskite several pertur-
bations occur: (1) electrons are released into the bulk conduction bands; (2) the two
B ions adjacent to the vacancy will have unsaturated bonds and lowered symmetry;
(3) the removal of the O?~ ion makes the electrostatic potential at the two B-ion
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sites much more attractive (negative); (4) but the occupation of the band-gap de-
fect states leads to a repulsive electron—electron potential between electrons in the
same orbital; (5) unless the vacancies form an ordered array, translation symmetry
is destroyed and the defect states are not characterized by a wavevector.

Theories of the surface defect states are beset with difficulties because the
actual surface geometry, surface defects, and surface potentials are not known. In
addition, the electron—electron correlation energy for surface d ions is much larger
than for an interior ions when defect states lie in the band gap.

Theoretical analysis of vacancy-induced states center around two different ap-
proaches. The first is an atomic-like picture. It is supposed that the electrons do-
nated by the removal of an oxygen ion are retained by the d orbitals of the B ions
adjacent to the vacancy site. This approach suggests the formation of different B-ion
oxidation states for the surface ions. For the oxides of titanium, SrTiO3, TiO2, and
Ti, O3 for example, the model supposes that Ti** (or even Ti?*) ions are formed on
the surface with energies in the band-gap region. The bulk states are assumed to be
band states, but the defect states are assumed to have atomic-like wavefunctions.
This picture can be conceptually useful, but treating electrons occupying surface
states on a different footing from these occupying bulk states is difficult to justify
theoretically.

The second approach is band theory. In this model spatially localized vacancy-
induced states are derived from delocalized energy band wavefunctions. The oxygen-
donated electrons are not necessarily retained by the surface ions alone, but may
spread throughout the bulk conduction bands. The number of extra electrons re-
siding in surface defect states is determined by the energy of the defect state/band
relative to the Fermi energy. However, if the vacancy-induced state/band lies com-
pletely within the band gap it will be occupied in n-type, doped insulators, so that
the state may begin to resemble a Ti**t ion state. In this case the localized, atomic
view and the band theory picture are conceptually similar.

With either the atomic approach or the band theory approach, the electron—
electron repulsion energy is large for the surface ions. The difference in ionization
energies of different oxidation states is large. For example, the difference in the
ionization energies of Ti** and Ti*t is nearly 15eV and for Ti** and Ti%*t it
is nearly 30eV. Therefore, if the vacancy-induced state is to appear in the band
gap, there must be a correspondingly large decrease in the Madelung/electrostatic
potential for the surface sites. While it is easy to see that such a reduction is
likely to result when repulsive O~ ions are removed, calculating these long-range
electrostatic potentials requires detailed knowledge of the arrangement of the ions
and their charges. A large surface charge can result if all of the oxygen-donated
electrons reside on the surface ions. This charge can lead to band bending if it is
not canceled by other local charges. For SrTiOg3 the excess charge may be partially
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neutralized by surface and subsurface Sr’>* vacancies. For TiOs it is suggested that
the Ti** ions are converted to Ti3* ions by forming a surface layer of TipOs3.

There is currently no reliable theory for accurately treating surface defect states
such as oxygen vacancy states on the surface of actual crystals. However, the quali-
tative features of oxygen vacancy states can be understood by studying some simple
LCAO energy band models. In this section we look at two such models that relate
to the oxygen vacancy states.

(a) A line of oxygen vacancies on a type I (001) surface

The planes containing d,., py, and p, orbitals that are perpendicular to the sur-
face of a cubic perovskite are uncoupled in the nearest-neighbor approximation.
Therefore the surfaces states discussed in Section 9.2(d) are actually “edge” states
or “line” states, and that is why they behave as one-dimensional systems. Figures
9.9(a) and (b) show schematically the geometry of a yz-layer before and after re-
moving p, surface orbitals along a line in the y-direction. The resulting surface line
consists of only d, . orbitals on B ions. Since the layers are uncoupled we can assume
all the other yz-planes have their full compliment of surface p, orbitals. Therefore
the model is a single line of alternating B ions and surface oxygen vacancies on an
otherwise normal (001), type I surface. For the layer with the line of vacancies the
surface parameter, (pdm)”, is equal to zero. That is, A” = —1 in (9.15b). Clearly,
the same model applies to the symmetry-equivalent xz-planes with a line of p,
vacancies along the z-direction.
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Figure 9.9. Schematic of a yz-layer (a) without vacancies and (b) with oxygen vacancies
extending along the y-direction.

Using the surface state condition, A = 0, of (9.17) and the definitions of the
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surface perturbations of (9.15) with A’ =0, A” = -1, E/ = FE, gives:

1 — Ap(w, ky)e =0 (eigenvalue condition), (9.64)
where
—2cosf = (w —w)(wp —w) — 455 -2 (9.65)
Ap(w, ky) = k(w —w) + 14487, (9.66)
Kk = Aw; + ulNs.

For this model it is expected that the parameter, Aw,; is much more negative than
in the case of the ideal surface because an entire row of repulsive, O?~ ions has been
removed. Consequently, we would expect that the “line” energy band will lie deeper
in the gap than the pi(yz) surface states previously discussed (Table 9.1). Exactly
where the band lies depends upon the balance between the Coulomb repulsion and
increased negativity of Awy.

The DOSS for the line energy band is given by (9.41).

2a\ dQN-1 1 1
pvac(Q) - (?) (diky) = ; m (967)
Qw, ky) = i(n+ nig) (9.68)
n==rlw, —w)+1,
k= (AE; + UN,)/(pdr), (9.69)
= (W —w)(wL —w) —2. (9.70)

In (9.69) N, is the number of electrons occupying the vacancy-induced surface
band. The square root singularities occur at 2 = 0 and 2 = 1, corresponding to the
bottom and top of the line band. The eigenvalue condition, Ap 4+ 1/Ap — 2cosf =
0, can be written as a cubic equation in the variable F = (w); — w):

KE3 + F2[k(k 4+ wy) + (1 = 2)] + F(k + wg)(1 = Z) — K] + Z = 0, (9.71)

with Z = —455. Solutions may be obtained using the standard formulae for the
roots of a cubic equation. The three vacancy-line bands are shown in Fig. 9.10. The
two vacancy bands, labeled V1 and V2 will be completely occupied with electrons,
but do not enter the fundamental band-gap region between E; and F | .

The line band at —6eV, labeled C1, has wavefunctions composed of nearly
pure d orbitals and is nearly dispersionless. This oxygen-vacancy-produced band
lies about 1eV below the conduction band for k = —1.3e¢V and (pdm) = 1eV. Be-
cause the band lies totally within the band gap it would be completely occupied
by electrons in an n-type, doped insulator such as SrTiOg. That is, N, = 2 includ-
ing both spin states. Here we have a situation of an extremely narrow d-electron
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Figure 9.10. Surface bands due to a line of vacancies. The C'1 band, derived from the
d orbitals centered on the surface B ions, lies in the band-gap region. V1 and V2 are
p-orbital bands.

band with large correlation energy. The surface B ions neighboring the vacancies
are forming atomic-like states. Therefore, the first electron occupying the state en-
counters a Coulomb repulsion energy roughly equal to the Tit* — Ti*3 ionization
energy of about 15eV. Placing a second electron in the state costs 30 eV relative to
occupying a bulk state. Therefore, the Coulomb repulsion parameter is U for the
first electron and 2U for the second electron. As a result the C'1 band for double
electron occupation lies well above the conduction band. Consequently, the vacancy
line-band will have only a single electron per d orbital and the Ti ions are, roughly
speaking, Ti*t ions while the bulk Ti ions are Ti** ions.

(b) Isolated vacancy states

The previous section dealing with a line of vacancies applies when the vacancy
concentration is high. At the other extreme, that of low concentration, the vacancies
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% oxygen
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Figure 9.11. Schematic of an isolated vacancy on the zy-plane. For the pi(zy) band the
vacancy is represented by the absence of a p, orbital in the unit cell at the origin. The unit
cells are indicated by the x—y coordinates in parentheses and their locations are specified
by two-dimensional vectors pj,m. The values of j and m are shown in the figure.

are non-interacting and may be considered as isolated. The model for an isolated
oxygen vacancy on a (001) type I surface is illustrated in Fig. 9.11. The surface
unit-cell layer, parallel to the zy-plane, is uncoupled from the other unit-cell layers
in the nearest-neighbor approximation. The orbitals for the pi(zy) states are shown
schematically. In this case the oxygen vacancy takes the form of a missing p, orbital.
The B ions are located on the xy-plane by the set of two-dimensional vectors,
Pjm = 2a(j€y + mey), where m and j are integers. The p, orbitals of the O ions
are located at pj ., + aé, and the p, orbitals at pj ,, + a€y. If we assume the missing
D, orbital is in the unit cell at the origin, then, the equations for c;, ¢y, and cuy,
the amplitudes of the p,, py, and d,, orbitals respectively, are

—

(Wi + K — W) cay(P0,0) — cx(Po,—1 + aey) + cy(po,0 + aez)

—cy(p-1,0 +aey) =0, (9.72a)
(Wt + K — w) cay(Po,1) + ca(Po + aéy) + cy(Po,1 + aéy)

ey (Fr + ady) = 0, (9.72b)
w1 —w)cy(Po,0 + a€z) + cay(Po,0) — Czy(p1,0) =0 )
(Wi —w)ea(Po,1 + aey) + cay(Po,1) — Cay(po2) =0, (9.72d)
wi —w)ey(Po,1 + afz) + Caoy(Po,1) = Cay(P1,1) =0 )
k = (AEy + UN,)/(pdn). )

For j #0, m#0or 1:

(Wt — w) Cay(Fjm) + a(Pjm + a€y) — ca(Pjm—1 + acy)
+ey(Pjm + a€z) = cy(Pj—1,m + aéy) =0, (9.73a)
(Wi —w) cg(Pj,m + a€y) + oy (Dim) — Cay(Pjms+1) =0, (9.73Db)



9.4 Surface—oxygen defect states 227
(Wi —w)ey(Pjm + a€a) + coy(Pjm) = Coy(Pj+1,m) = 0. (9.73¢)

In (9.72f) AE, is the change in the Madelung potential and N, is the number
of d electrons occupying the vacancy states. By direct substitution we can elim-
inate the p-orbital amplitudes and obtain equations involving only the d-orbital
amplitudes,

[(wt +h—w)(wl —w) - 3] Cmy(ﬁo,o) + ny(ﬁo,—l) + ny(ﬁl,O)
+euy(P-1,0) =0, (9.74a)
[(Wt +h-w)(wr —w) — 3] Cay(fo,1) + Cay(fo,2) + Cay(p11)

+Cwy(ﬁ_1,1) =0 (974b)
For j #0, m#0or 1:
[(wt - w)(wl - W) - 4] ny(ﬁ],m) + Cry(ﬁ}-‘,—l,m) + Cmy(ﬁj—l,m)
+Czy(ﬁj,m+1) + Cwy(p_’j,mfl) =0. (974C)

The equations represented by (9.74a)-(9.74c¢) can be written in matrix form:

[Hi(w) + AH4] Cyy = 0, (9.75)

where Hy(w) is the effective Hamiltonian describing the interactions between the
d orbitals for the unperturbed surface unit-cell layer, AH, describes the perturba-
tions due to the vacancy, and éry is a vector whose components are the d-orbital
amplitudes, czy(0j,m)-

Referring back to (9.74a) and (9.74b) we see that AHy is a null matrix except
for a 2x2 block centered on the diagonal.

(AH(O, 0 AH(O, 1))
AH, = , (9.76)
AH(1,0)  AH(1,1)

where

Equation (9.75) can be rewritten as

Hyll + G.AHy) C,y =0, (9.79)
where [ is the unit matrix and G. = G¢(w) = [Hg] ! is the d-orbital lattice Green’s
function. The matrix elements of G.(w) are derived and their behavior discussed in
Appendix C.
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The eigenvalues are given by the zeros of the determinant of (9.79),
det{Hy[I + G:AH4|} = {det Hy}{det[I + G:AH ]} = 0. (9.80)

Since the zeros of {det Hy} occur at the unperturbed energies it follows that the
perturbed energies are given by the zeros of the 2x2 determinant, det[I + G.AHy].
Thus the energies of the vacancy states are given by

t<1+Ah G(0) — G(1) Ah G(1) — G(0) )_0
)

(9.81)
Ah G(1)* — G(0) 1+ Ak G(0) — G(1

where G(0) = G.(p, p) and G(1) = G.(p, f+ aeéy) = G<(p, p + aéy). For energies in
the band gap, G(0) and G(1) are real functions and G(1) = G(1)*. Equation (9.81)
yields two solutions for the vacancy states corresponding to symmetric and anti-
symmetric combinations of the d orbitals adjacent to the vacancy.

[G0)+G)][(Ah—1)+1=0 (9.82)
and
[G(0) — G(1)](Ah+1)+1=0. (9.83)
In Appendix C it is shown that in the band gap
G(0) = % K(g) (9.84)
and
G(1) = % [% e G(O)} (9.85)
where
- %(wt C W) (wr —w)— 2. (9.86)
So that (9.82) and (9.83) take the form
[co(1-2)+ ﬂ (AR —1)+1
- [% K(§> (1 - g) + ﬂ [k(wy —w)] +1=0, (9.87)
o)1+ %) - ﬂ (AR +1)+1
_ [% K(g) (1 n g) - ﬂ [k(w) —w)+2] +1=0, (9.88)

where K is the complete elliptic integral of the first kind.

Figure 9.12 shows the solutions of (9.87) as a function of the perturbation,
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Figure 9.12. Energy of the oxygen defect state as a function of the perturbation param-
eter, k. The gray areas at the top and bottom indicate the bulk continuum of states.

k = Aw; + uN4. The solutions of (9.87) and (9.88) are virtually identical.® For zero
or positive values of k there are no vacancy states in the band-gap region. For
negative x the vacancy states move downward into the band gap with increasing
negative values of k. The energy moves down rapidly at first then approaches the top
of the valence band asymptotically for very large negative values of k. For an n-type
insulator such as SrTiOs with (pdm)=1eV, the abscissa of Fig. 9.12 corresponds
to energy in eV. As mentioned earlier, vacancy states appear about 1eV below
the conduction band. In Fig. 9.12 a vacancy state 1eV below the conduction band
corresponds to k of about —2.05eV. As in the case of the vacancy line band, N,
will be equal to 1 per unit cell since the doubly occupied state will lie above the
conduction-band edge and the Fermi level. For SrTiO3 each of the pair of Ti ions
adjacent to the vacancy will correspond approximately to a Ti*t ion while the
interior ions are approximately Ti%*.

The vacancy states provide coordinatively unsaturated bonds that are chem-
ically active. These states provide d orbitals that can act as a source or sink for
electrons to catalyze surface chemical reactions. A more complete discussion of the
surface reactive properties can be found in [5].

3 If the second-neighbor oxygen-oxygen interactions are included the two solutions will be slightly
different, corresponding to symmetric and antisymmetric combinations.
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Problems for Chapter 9

1. For the pi(xy) surface bands with the only non-zero perturbation, A” = —1, (a) find
the eigenvalue equation for the two surface bands. (b) Give analytic expressions for
the eigenvalues. (¢) Show that the two surface bands are not truncated, that is, those
surface bands that exist for all values of k.

2. Make graphs of the pi(xy) bulk band edge (ky =0) and the two surface bands of
Problem 1 for w; =-5 and w; =—8.

3. Using the eigenvalue expressions of Problem 1, find an analytical expression for the
DOSS, ps(w), for the surface bands and show that ps(w) has square-root singularities
at the top and bottom of both surface bands.

4. Make a graph of ps(w) in Problem 3 for w; =-5 and w, =-8.

5. If the Fermi energy corresponds to wr =—4.9, find the number of electrons per spin
occupying the surface bands in Problem 4. (Hint: use ps(Q2) rather than ps(w) for the
calculation.) If U =6 eV, what is the surface Coulomb repulsion potential for electrons
occupying the surface band?
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Distorted perovskites

The majority of perovskites are not cubic, but many of the non-cubic structures
can be derived from the cubic (aristotype) structure by small changes in the ion
positions. Several types of distortions occur among the perovskites. The most im-
portant types are those involving (a) ion displacements in which, for example, the
B ion or A ion (or both) moves off its site of symmetry; (b) rotations or tilting of
the BOg octahedra; and (c) both tilting and displacements.

Departure from the cubic perovskite structure will occur whenever distortions
lead to a lower total energy. The lowering of the total energy in most cases is small,
typically of the order of a tenth of an eV/cell and dependent upon the tempera-
ture. The additional stabilization energy of one structure over another depends in
a subtle manner upon the competition between a number of electronic factors in-
cluding changes in the Coulomb interactions (Madelung potentials), changes in the
degree of covalent bonding, and the number of electrons occupying the antibonding
conduction bands. In many cases changes in the A-O covalent bonding is thought
to play a key role in determining the distorted structure.

Clearly it is not possible to predict structures based on the simple LCAO model
we have been studying. However, given a particular structure that is close to the
cubic structure one can examine the changes in the electronic states with the goal
of understanding why the distorted structure is more stable. In addition, there are
important new electronic features that result from small changes in the structure
that can be explored with the simple LCAO model.

10.1 Displacive distortions: cubic-to-tetragonal
phase transition

A number of perovskites that have the ideal cubic structure undergo a cubic-to-
tetragonal phase transition as the temperature is lowered. BaTiOs and SrTiOsg, for
example, are cubic at temperatures above their transition (or Curie) temperatures

231
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Tc =408 and 378 K, respectively, but are tetragonal below T¢.! For BaTiO3 the
tetragonal structure is achieved by what is called a “displacive transition”. The B
ions and A ions are displaced from their cubic positions in one direction and the
oxygen ions in the other direction as shown in Fig. 10.1. In this tetragonal phase
BaTiOj is ferroelectric. The situation for SrTiOj is different. Its transition involves
the rotation of alternate octahedra in opposite directions as well as displacements

Figure 10.1. Tetragonal displacements: the displacements of the ions for the cubic-to-
tetragonal phase transition. The A and B ions move upward along the z-direction while
the oxygens move down. The cubic symmetry changes to tetragonal as a result of the
displacements of the ions.

The spontaneous displacements (or octahedral rotations) are usually associated
with the existence of a “soft” optical phonon. That is, a particular lattice vibra-
tion belonging to an optical phonon branch whose frequency tends to zero at 7T¢.
As the phonon frequency decreases the vibrational motions increase and become
anharmonic. Conceptually, one can imagine the vibrational motions of the ions in
the soft mode becoming “frozen in” as T approaches T¢.

The magnitudes of the displacements in a displacive transition can be different
for the different ions. For BaTiOg the magnitude of Ti-ion displacement is larger
than that of the A ion and O ions [1]. Also, the O, displacement is larger than that
of the O, and O, ions so that the oxygen octahedron becomes slightly elongated
in the z-direction. The displacements reduce the symmetry to tetragonal, but the
departure from cubic symmetry is small.

1 Additional structural transitions can occur at even lower temperatures. For example, BaTiO3 is tetrag-
onal in the range 285 < T' < 400 K, but undergoes a tetragonal-to-orthorhombic transition at 285 K.
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For a displacive transition the B ion of the ABOg3 structure is no longer at a site
of inversion symmetry. As a result the electronic charge distribution is asymmetric
and hence there is an electric dipole associated with each unit cell. In the ferroelec-
tric state applying an external electric field can orient all the dipoles. The field of
the dipoles produces long-range effects which, in fact, depend upon the macroscopic
shape of the sample (or domains that form within the sample). The polarizability of
the dipoles leads to a low-frequency dielectric function that is extremely large and
temperature sensitive, particularly as the temperature approaches T¢. For BaTiO3
the dielectric “constant” ranges from 1200 to 1600 at a frequency of 1 kHz. By con-
trast, in Chapter 6, we found e3(w) = 6 at the band-gap energy where w ~ 5 x 10'2
kHz. Understanding the low-frequency behavior of the dielectric properties of the
perovskites requires consideration of the lattice dynamics and polarizability of the
dipoles and is not described by conventional band theory.

Many of the ferroelectric perovskites are also piezoelectric. If electrodes are at-
tached to opposite faces of such crystals and a voltage applied, the electric field will
induce dimensional changes. Conversely, application of an axial compressive force
can produce a voltage on the electrodes. Because of these properties piezoelec-
tric perovskites are used in electronic devices such as transducers and electrooptic
modulators, and for the fine control of scanning tunneling microscope (STM) tip
motion.

In Fig. 10.1 it can be seen that the B ion moves up along the z-axis toward one
of the neighboring O, ions and away from the other. As a result the (pdo) and (pdm)
interactions are increased for one of the B—O bonds and decreased for the other.
Also, the line joining the O, (or O,) ions to the B ion is no longer perpendicular to
the z-axis. Consequently, the wavefunctions at I', which are pure d orbital or pure
p orbital in the cubic case, will have a small p—d mixing in the tetragonal phase.
Another related effect is the splitting of the energy band degeneracies at I'. The
tetragonal displacement splits the to, states into a doubly degenerate group, d..
and d,., and a non-degenerate d, state. Similarly, the doubly degenerate c* states
are split into non-degenerate d 2 and d,2= states. This splitting, however, is not the
same as the Jahn—Teller splitting that occurs in molecules.

For perovskites that undergo cubic-to-tetragonal phase transitions the displace-
ments of the ions are small, usually less than a few percent of the lattice constant.
For example, the calculated displacements for the Ba, Ti, O,, Oy, and O, ions
in BaTiO5 are 0.012, 0.039, 0.014, 0.014 and 0.025 A, respectively [1]. The exper-
imentally observed ¢/2a ratio is 1.0086, indicating that the departure from cubic
symmetry is very small [2]. The displacements are larger for PbTiO3 where Ti-
ion displacement is calculated to be 0.1006 A and the experimental ¢/2a ratio is
1.0649. The stabilizing energy per unit cell for the tetragonal phase is calculated to
be about —0.4 meV for BaTiO3 and —40 meV for PbTiO3 [1].



234 Distorted perovskites

To explore the effects of the displacements on the energy levels we can specify
the ion locations for the tetragonal structure as:

B ions at: 2a(ng, ny, nz)

Aions at: 2a[( ) (ny+;) ( z+%—5A)],

0, ions at: 2a[( ) ny, (n, — 501)}, (10.1)
0, ions at: 2a[na, (my + ) (n= —do,)],

0. ions at: 2a{nm,ny,(nz+§—5ozﬂ,

where n,n,, and n, are positive or negative integers and

04 = (dp —da)/a,
o, = do, = (dp —do,)/a, (10.2)
do. = (dp —do.)/a.
Here, dp, da, do,, and do_ are the displacements of the B, A, O,, and O, ions,
respectively, and a is the B—O distance in the cubic phase. Equation (10.1) can be
understood in the following way. Each type of ion can be assigned to a simple cubic

sublattice, but not all of the atoms are on the lattice points. We choose a B ion as
the origin, and then displace each of the sublattices relative to the B sublattice.

The Hamiltonian, H, for the cubic perovskite is given in Table 4.1. The changes
in the matrix elements at I' to first order in the displacements are:
AH(1,2) =27, =d
AH(1,11) = AH(1,14) = o, [(pdo) — 2v/3(pdr)] = e
AH(3 11) = —AH(3,14) = —do, [V3(pdo) — 2(pdr)] = f
H(9,4) = AH(5,12) = =20, [V3(pdo) — (pdr)] = g (10.3)
7)
)
)

H(9,7) = AH(8,12) = —20¢0, (pdm) = h
( 10) = AH(12,13) = 2A, = u
H(I,J)=AH(J,I).

In equation (10.3) A, x do, is the increase (decrease) in (pdo) along the positive
(negative) z-axis. Similarly, A, o do, is the increase (decrease) in (pdr) along the
positive (negative) z-axis. We have neglected the tetragonal perturbation on the
oxygen—oxygen interaction in (10.3).

By rearranging rows and columns (H + AH) can be reduced to block-diagonal
form. There is a 5x5 block (rows/columns 1, 2, 3, 11, 14), a 1x1 (row/column 6)
and two symmetry-equivalent 4x4 blocks (rows/columns 9, 4, 7, 10 and 12, 5, 8,
13).
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We label the energies as in Table 5.1. The “primed” energies of the form, E,,
indicate energies for the tetragonal phase and those without a superscript “prime”
are for the cubic phase.

The block-diagonalized secular equation, (H + AH — E[.) takes the forms
shown below.

(a) 1x1; row/column 6. This solution is the 7*(xy) band edge.
El4 = Erg = E, (unshifted eigenvalue) . (10.4a)

(b) 4x4; rows/columns 9, 4, 7, 10. Solutions yield the shifted 7*(zz) band
edge and shifted valence-band energies.

Orbital | 9 4 7 10 |
9 E, - EL. g h u
4 g B - E} 2 2 (10.4b).
7 h 2c E, — E} D

10 u 2c P E, — E}

(c) 4x4, rows/columns 12, 5, 8, 13. Solutions yield the shifted 7*(yz) band
edge and shifted valence-band energies. These solutions are symmetry-equivalent
to the solutions of (10.4b) (10.4c)

(d) 5x5, rows/columns 1, 2, 3, 11, 14. Solutions yield the shifted ¢* band
edges and shifted valence-band energies:

Orbital 1 2 3 11 14
1 E. — E}. d 0 e e
2 d E” - Ell—\ 0 2c 2c

10.4d
3 0 0 E. - E. f _f (10.4d)
11 e 2c f E, — E}. D
14 e 2c —f P E, — E}.

The matrix elements d, e, f, g, h, and u are defined in (10.3). The elements,
p = 4(ppr) and ¢ = (ppo) + (ppm) are the oxygen—oxygen interactions for the cubic
phase.

The solutions of det(H + AH — E},,) = 0 involve first-order changes in the
eigenvectors and second-order changes in their eigenvalues from their cubic values.

As an example we consider the case of BaTiOg for which do,= 0.027, o =
0.033. The LCAO parameters for BaTiO3 are (in eV):
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E, =-6.70
E.=-5.40

E. = -10.00
Ej = -10.50

(pdm) = 1.00
(pdor) = ~2.00

(ppm) = 0.05
(ppo) = -0.15
To estimate the change in (pdw) and (pdo) integrals (A, and A,) we made use of

hydrogenic orbitals to calculate the change in the overlap due to the displacements
and then scaled LCAO parameters accordingly.

Ar = 0.038
A, = -0.076.

(a) Pi-like tetragonal states

The solutions of the 4x4 secular equation are given in Table 10.1. The splittings
caused by the tetragonal distortion are shown schematically in Fig. 10.2. An im-
portant result in Table 10.1 is that to second order in the displacements there is
no effect on the Ers (the band edge for 7*(xy) at T'). This result can be seen by
inspection since the angular integral of d,, with any pair of neighboring p orbitals
except pg (7 — aéy) and p, (¥ — aé,) vanishes by symmetry independent of the dis-
placement along the z-direction. Furthermore, the change in the interaction with
the p, (7 — a€,) and p, (7 — aé,) orbitals is second order in the displacements and
hence higher order in the perturbed energy.

Table 10.1. Pi-like states at T'. (Here p=x,y,z and v =1y, z2.)

Band at " Orbitals Orbitals Energy AEp,
(Table 5.1 involved involved Er,, (eV) shift

notation) Cubic case Tetragonal case Cubic case (meV)
Epg(m) day iy ~6.70 0.00
Epy(m™) dyz dyz Do (7 — a€)) -6.70 17.63
Erg(°) pe(F—a€,)  dpeype(F— ) -10.20 2.33
Efo(m+0)  pe(F—a€y)  dups,pe(7 — aéy) -9.70 ~1.40
Ery(m+o)  pue(F—a€,)  dezype(7—aé)) ~10.60 ~13.90

The perturbed wavefunction for the 7*(xz) state, El,, is an admixture of
(mostly) d,. with a small amount of p, (7 — €,) orbitals (1 = z,y, and z). Symmetry
equivalence tells us the same energy shift occurs for the d,. state and mixing occurs
between the d,. and the oxygen p, (7 — €,) orbitals (u = z,y, and z).

Table 10.1 shows that the triple degeneracy of the 7* band is split into
an unshifted singlet Ef4(7*(zy)) and a doublet Ef,(7*(zz)) and the symmetry-
equivalent Ef;(7*(yz)). The n*(xz) and 7*(yz) band edges are shifted upward in
energy as shown schematically in Fig. 10.2. The shift increases quadratically with
the relative displacements of the oxygen ions.
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Ta(22), Tse(yz)

T3(zy), Ta(x2),T5(yz) T3 (zy)

0,3

o6, 13
Iy, T2

Loy, 1oy
1,y

Ti1e, Trae

Figure 10.2. Tetragonal splitting of the pi-like states at I': the labeling of the levels is
according to the convention of Table 5.1. The subscript ‘t’ refers to the tetragonal phase.
The threefold degeneracy of the 7™ band edge is split into a doubly degenerate and a non-
degenerate level. The twofold degenerate o* band edge is split into two non-degenerate
levels.

For insulating BaTiO3 (with empty 7* bands) one can see that the energy of
the system is lowered because all of the filled valence states are lowered in energy. To
calculate the actual stabilization energy we would need the perturbed energies over
the entire Brillouin zone. The results at I" are only suggestive and likely overesti-
mate the effect since the perturbations vary as cos(k,a) and are therefore maximal
at I'. Nevertheless, it is interesting to look at the contributions from the states
at I'. The stabilization energy due to these occupied valence states amounts to
—35.26 meV /cell (2x(—13.90—-1.40—-2.33) meV/cell) and results from the increased
Ti—O bonding. From Table 10.1 it is also obvious that the stabilizing energy will
decrease if electrons are added to the 7* bands.

The change in the degeneracy of the 7* band edge at the phase transition can
produce important effects. For example, a lightly n-doped material may have its
Fermi energy within a few meV of the bottom of the 7* band. A concentration
of 10%° electrons per cubic centimeter (6.4x1072 electrons per unit cell) produces
a Fermi energy about 5.6 meV above the bottom of the 7* band edge at I" (see
Subsection 6.4(a)). In the cubic phase the electrons reside equally at the bottom of
the three degenerate 7* bands. During the cubic-to-tetragonal transition the Fermi
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energy, Ep, will change abruptly because the degeneracy of the band edge changes
from 3 (above T¢) to 1 (below T¢). Below T¢ all of the electrons must now reside in
the 7*(zy) band. To achieve the same number of occupied states the Fermi energy
must change as shown schematically in Fig. 10.3. In addition, if Fr < Ey + AE},,
the Fermi level will not intersect the E[,, (7*(xz)) or the Ef., (7*(yz)) bands so
the Fermi surface loses two of its arms. The three-dimensional “jack” described in
Chapter 6 and shown in Fig. 10.3(a) degenerates into the surface of a single circular
rod oriented along the k,-axis as shown in Fig. 10.3(b). The radius of the rod must
increase by a factor of /3 to accommodate the same number of electrons. The above
comments would be strictly true at low temperature. However, the thermal energy,
kgT, is about 35 meV at 400 K and 25 meV at 285 K so the thermal energy is larger
than the splitting throughout the temperature range of the tetragonal phase. Thus,

(a) T > Tc (b) T < T¢

Figure 10.3. Splitting and the Fermi surface. (a) Above the Curie temperature, Tc. The
three 7* bands are degenerate and the Fermi surface is the “jack” described in Chapter
6. (b) Below the Curie temperature. The 7*(zz) and 7" (yz) energies are raised while the
7*(zy) is unshifted. Abrupt changes occur in the Fermi energy and the Fermi surface at
Tc that lead to abrupt changes in the electron transport properties.
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one would expect thermally excited electrons in the Ef,, Ef; bands and holes in
the Ef5 band.

Nevertheless the abrupt change in the Fermi energy and the sudden appearance
of electric dipoles will produce abrupt changes in the electron transport properties.?
For example, one might expect to see the sudden appearance of anisotropy in the
conductivity or in the Hall effect. In fact, such effects are seen experimentally in
samples of BaTiO3. Measurements on single-crystal BaTiO3 [3] show a step-like
increase of the resistivity by a factor of 2 at T¢ as the crystal passes from the cubic
to the tetragonal phase. In addition, measurements of the Hall-effect mobility, u,
indicate pi,/1e = 10 for electrons [4, 5] in the tetragonal phase.

~

(b) Sigma-like tetragonal states

The secular equation resulting from the 5x5 matrix equation can be condensed into
the following form:

[EEEI — 2f2] {ES(E”EI —8%) — d’EtT — 262 + 8cde} -0, (10.5)

where Ef_ = FE, +4(ppm) — Ef

E.=E.—E},
By = Ej — Er.
The first factor in brackets yields
, 1 Lt EREI
EF2,6:§(E€+EJ_):|: |:§(E6_EJ_):| +2f2. (10.6)

The second factor is a cubic equation in Ef.. The solutions are given in Table 10.2.

The energies, Ef,, and Ef, correlate with the e, d-orbital states, d,» and d,2,
which are degenerate in the cubic case with energy E. (equal to —5.40€V in this
example). In the tetragonal phase they are split with the d,: raised in energy
by 13.64meV and the d,2 by 9.05 meV. All of the valence states are lowered in
energy. The contribution to the stabilization energy from these valence states at
I is —22.69meV, an amount that is about two-thirds of the contribution of the
pi-like states. The total stabilization energy from all the valence states at I is
~57.95 meV /cell.

The energy shifts due to the tetragonal distortion are a result of increased B—
O covalent bonding (and antibonding) They are not analogous to the Jahn—Teller
effect that occurs in molecules. Here both the ¢5, and e, antibonding states are

2 The energy band description for electron transport in BaTiOgs is appropriate as recent experiments
have shown [3]. Older results have been interpreted in terms of transport by small polarons [6].
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Table 10.2. Sigma-like states at T'. (Here p = x,y,2, and v = x,y.)

Band at I Orbitals Orbitals Energy AFEr,
(Table 5.1 involved involved Ery, (eV) shift

notation) Cubic case Tetragonal case Cubic case (meV)
Bl (0%) d,z d,2,p, (7 — aé,) ~5.40 +13.64
El5(c*) dy2 dy2,p. (T — aé)) -5.40 +9.05
Efg(m) P (T — aé,) dy2,p, (T — aéy) -10.20 -9.05
Efr(m+0) P (7 — aé,) d.2,p. (7 — a€,) -9.70 -4.90
El{g(m+0) P (7 — aé,) d.2,p.(F— a€,) -10.60 -8.74

pushed up in energy whereas for Jahn—Teller splitting generally one of the d-orbital
levels is lowered and other is raised in energy.

While it is not expected that the LCAO model can yield accurate results for the
stabilization energy, it is expected that the results reflect the dominant energy-band
mechanisms that act to stabilize the distorted structure.

10.2 Octahedral tilting
(a) Classification of tilting systems and space groups

Many of the cubic perovskites distort by tilting their oxygen octahedra. Phase tran-
sitions involving octahedral tilting alter the symmetry and can result in tetragonal,
orthorhombic, rhombohedral, or monoclinic structures. The occurrence of a large
number of different perovskites is often attributed to the fact that the octahedral
structure can tilt to accommodate metal cations of widely varying sizes.

A system for classifying the tilt structures and determining their space-group
symmetries has been developed by Glazer [7] and extended by others [8]. To under-
stand this system we need to look at the aristotype (cubic) structure as an array
of oxygen octahedra as depicted in Fig. 10.4(a). The oxygen ions are located at the
corners of the octahedra. The B ions are located at the center of the octahedra and
the A ions nestle in the spaces (interstices) between the octahedra. The tilting of
an octahedron in a particular layer can be defined by specifying the angle of tilt
(rotation) about each of the three pseudocubic axes. That is, the cubic axes before
tilting has occurred. Since each oxygen (corner) is shared by two octahedra, it is
clear that the tilting of one octahedron will require tilting of all the octahedra in a
given plane. For example, rotating one of the octahedra about the z-axis will cause
its neighbors to rotate oppositely, leading to an entire layer in which alternate oc-
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Figure 10.4. Octahedral tilting: ABO3 cubic perovskite showing the oxygen octahedra.
The oxygen ions are at the corners of the octahedra. The B ions are at the center of the
octahedra and the A ions reside in the interstices between the octahedra. (a) Untilted,
cubic case. (b) View looking down the c-axis of the a’a’c™ tilt system. The sense of
rotation about the c-axis is the same in adjacent layers. (¢) View looking down the c-axis
of the a®a’c™ tilt system. The sense of rotation about the Gaxis is opposite in adjacent
layers.

tahedra are rotated in opposite senses. The tilts in the adjacent layers must also be
specified. The octahedra in the next layer may be rotated in the same sense or in
the opposite sense.

In Glazer’s system the octahedra themselves are assumed to remain regular
and tilts of a particular octahedron are described by specifying three symbols, &,
l_;, ¢ which relate to the magnitude of the rotation about the d, l_;, and ¢ (z,y, and
z) axes in a given layer. A repeated symbol indicates that the tilts are equal. Thus
“aac” would indicate equal rotations about the @ and b axes and a different rotation
about the c~axis. To specify the sense of rotation in the adjacent layer each of the
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wo»

symbols is assigned a superscript, “+”, , or “0”. If there is no rotation about a
given axis the superscript 0 is used. A “+” superscript indicates rotation in the same
sense in the adjacent layer and a superscript indicates rotation in the opposite
sense. With this system the cubic structure is represented by “a®a®a’”, indicating
no rotation relative to @, l;, or ¢in the layer and none in the adjacent layer. Consider

“.»

the triad, a™b~¢~. The first symbol, a™, indicates a rotation about the d-axis in
the first layer and the same rotation in the second layer. The second symbol, b,
indicates a different amount of rotation about the b-axis and the opposite rotation
in the adjacent layer. The third symbol, ¢, indicates a third amount of rotation
about the c-axis and the opposite amount in the adjacent layer. The tilt systems
a®a®ct and a%a%¢~ are shown in Figs 10.4(b) and (c), respectively.

Glazer’s system has proven very useful for characterizing the space-group sym-
metry of distorted perovskites in a compact and convenient way. One should note,
however, that it is assumed that the repeat of the interlayer pattern is no more
than two layers of octahedra and the octahedra are assumed to remain (nearly)
undistorted, or “regular”. Furthermore, displacements of the ions are not described
by Glazer’s notation.

Others [8] have extended the system to include displacements of the B cation
by adding a subscript to each of Glazer’s three symbols. According to this notation,
agagc(}r is an untilted tetragonal system (because all the superscripts are zero) with
displacement of the B ion along the positive ¢-axis (4 subscript). This notation
would apply, for example, to the displacive phase transition we discussed for BaTiO3
in Section 10.1. SrTiO3 in its antiferroelectric tetragonal phase would correspond
to agagc;. This notation describes a crystal with tetragonal distortions consisting
of opposite tilting about the c-axis in adjacent layers and a B ion displaced along

the positive c-axis.

Glazer’s system leads to 10 distinct tilt systems and 23 space groups. The
extended notation, including displacements, yields 61 distinct space groups. Crys-
tals representing 15 of Glazer’s 23 tilt systems have been found experimentally.
The most common system for the perovskites appears to be a~b*a™ (55%) while
cubic crystals with a’a®a’ account for about 10% of the identified structures [9].
Of course, the actual structure depends upon the temperature. It is not unusual
for a perovskite to go through several different octahedral-tilting transitions with
increasing temperature, ending up in the cubic phase at the highest temperature.
NaNbOs, for example, undergoes seven transitions with increasing temperature, fi-
nally taking on the cubic structure above 923 K. A few examples of tilting systems
are shown in Table 10.3.
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Table 10.3. Examples of tilt systems. (Tc =110K for SrTiOs.)

a®a®a® a®a¢™ a~bta™ @ a"a”

SrTiO3 (T'>T¢) SrTiO3 (T'<Te) CaTiOs;  LiNbOg3
ReOs NaTaOs3 SrZrOs5 NdAlO;3
NaWOg3 BaTiOg3 YCoO3 LaCoOj3

(b) Causes of octahedral tilting

Perovskites will have a tilted structure whenever tilting lowers the total energy of
the system. Understanding exactly how the energy is reduced is not a simple matter.
The physical and chemical forces (energies) that come into play are large in number
and often competitive in action. A delicate balance between these various energies
determines the structure with the lowest energy. This balance of energies changes
with temperature, indicating that we are dealing with stabilization energies of a
few tens of meV/cell at most.

The physics and chemistry of octahedral tilting in perovskites is a topic receiv-
ing a great deal of attention. Woodward [10] has given an overview of the factors
that influence the tilt systems. Approaches to understanding the phenomenon are
varied and include: (1) empirical correlations focused on ion sizes, coordination
spheres, and various geometrical considerations; (2) empirical model calculations of
total lattice energy; and (3) energy band calculations using various approximations.
Each of these different approaches has its strengths and weaknesses and each offers
a different perspective on the problem.

(c) Geometric considerations

From a geometrical point of view, the largest effect of octahedral tilting is the
change in the immediate environment of the A ion. Tilting can substantially al-
ter the A-O distances and the coordination spheres of the A ion, while the B-ion
coordination sphere remains roughly octahedral. Figure 10.5 shows the oxygen co-
ordination spheres for the cubic, a®a’a® and the a®b~b~ tilt systems. For the ideal
cubic system the A ion is surrounded by 12 equidistant oxygen ions. For the a®b~ b~
tilt system there are seven nearest and next nearest-neighbor oxygens (Fig. 10.5(b)).
The nearest five enclose the A ion in a pyramidal cage and the remaining two lie
further out. The nearest-neighbor A-O distances are less than for the cubic case,
suggesting increased orbital interaction between the A and O ions. Such interactions
tend to depress the energy of the non-bonding oxygen valence states and therefore
lower the total energy of the system if the antibonding states are unoccupied.
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(a)

Figure 10.5. A-ion coordination spheres. (a) A cubic perovskite showing the 12 oxygen
ions that form the coordinations sphere of the A ion. (b) The first and second nearest-
neighbor oxygen ions for the a6~ b tilt structure. The first coordination sphere consists
of five oxygens that enclose A in a tetrahedral cage. The A-O distance for these nearest
neighbors is less than in the cubic case. Two oxygen ions at a greater distance constitute
the second nearest oxygens.

Some theories focus on the size of the A ion as the key factor in tilting. The
geometrical “fit” of the A ion in the structure is measured by the Goldschmidt
tolerance factor, “t”, which is defined in terms of the ionic radii R4, Rp, and Ro
of the constituent ions:

p— BatRo) (10.7)
V2(Rp + Ro)
The ideal fit occurs for ¢t = 1 and significant departures from unity suggest the
crystal will tilt to accommodate the mismatch. Most of the known perovskites have
0.78 < t < 1.05 [8]. Most cubic crystals are in the range 0.986 < ¢ < 1.049, but many
tilted structures also lie in this range. The tolerance factor is suggestive of when
tilting might be expected but gives no information about what tilt system should
occur. Thomas [8] has proposed an empirical, geometric approach that yields a
predictive relationship between the tilt angles and the polyhedral volumes:
Va =6 cos2 6, cos 0, — 1, (10.8)
Ve
where V4 is the volume of the A-O12 coordination polyhedron and Vg is the volume
of the BOg polyhedron, 6,, is the average of the tilt angles in the zy-plane and
0, is the rotation angle about the z-axis. According to equation (10.8) V4/Vp is
maximized for untilted structures where V4 /Vp = 5, and decreases with increasing
tilt angles. For a number of perovskite structures good agreement is found between
the predicted volume ratio and measured tilt angles. For example, for NaNbOg
(293 < T < 773K) the measured tilt angles are 6,,= 3.617° and 6, = 4.209° and
(10.8) yields V4 /Vp =4.964. The ratio calculated from the actual structure is 4.956.
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Thomas defines the degree of tilt by the parameter ® = 1 — cos?§,,, cos 8, which is
zero for untilted systems. The experimental data points for most of the perovskites
examined lie on the straight-line plot of V4 /Vg versus ®. Those data which do not
fall on the line (e.g., NaTaOgs) correspond to structures believed to have significantly
distorted octahedra.

(d) Lattice energy calculations

Models that use empirically derived atomic potentials to represent Coulombic and
short-range forces have been employed to examine the stability of various tilting
systems [11, 12]. Woodward [10] used this approach to obtain results for idealized
YAIOj3 subject to various normalizing constraints in order to compare the repulsive,
attractive, and total lattice energy of different tilt systems. The repulsive energy
is minimized by the cubic structure, but the attractive potential is maximized for
the atb~b~ system. Table 10.4, second column, shows the stabilization energies
relative to the cubic structure for several of the tilt systems [10].

Table 10.4. Total energies of tilt systems relative to the cubic phase [10].

Tilt Empirical lattice Extended Hiickel Extended Hiickel
system  energy YAlIO; (eV) YAIO;3 (eV) AlO;3 (eV)
atb™b~ -0.72 -1.76 +0.08
a~a"a” -0.61 —-1.60 +0.07
a’b= b~ —0.55 -1.62 +0.05
aalc -0.20 -1.49 +0.19
aalct -0.19 -1.44 +0.19
a’a’a® 0.00 0.00 0.00

The total lattice energy difference between different tilt systems ranges from
0.19 to 0.72eV. The Al-O-Al angles were found to vary from 145.4° (for a®b=b~
and a®a’c™) to 180° for the cubic case. Woodward suggested that oversized A
cations (t > 1) are best accommodated by the cubic structure because that structure
minimizes the repulsive energy. When the A ion is small (¢ < 0.975) the tilt rotation
angle becomes large and the orthorhombic a™b~ b~ tilt system is favored according
to Woodward [10].
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(e) Electronic structure considerations

For many of the tilted structures the BOg octahedron remains nearly undistorted.
The energy band structure will differ from the cubic structure for a number of
reasons: (1) the interaction of the A-ion orbitals with the oxygen orbitals may be
substantially increased and (2) the changes of the ionic site potentials shift the
diagonal energies, (3) the angles of the O-B-0 and O-O interactions change, and
(4) splitting of degeneracies occur because of lower symmetry. All of these effects
change the energy band structure from that of the cubic crystal. Most of the changes
are minor in terms of the overall band structure but are of vital importance for
properties such as ferroelectricity or magnetic order, metal-insulator and structural
phase transitions. The decreased A-O distance can lead to admixing the A orbitals
into the wavefunctions for the p—d valence and conduction bands and the p—p non-
bonding bands. If the A-orbital state is at an energy higher than the d-orbital
diagonal energy, as is usually the case, the effect of A-O interactions is to lower
the energy of the valence bands and raise the energy of the A-orbital antibonding
bands. In extreme cases where the A orbitals are strongly interacting even in the
untilted phase, the basic structure of the energy bands is substantially altered. For
example, for BaBiOg the 6s Bi orbitals hybridize with the oxygen sigma orbitals to
form an antibonding band that is partially occupied. Similarly, for PbTiO3 the Pb
6s and 6p orbitals are involved in the primary electronic structure. In these cases,
tilting further enhances the roles of the A-ion orbitals.

Calculations of the total energy using the extended Hiickel band structure
model [10] have also been carried out for YAIO3. The stabilization energy relative
to the cubic phase is shown in the third column of Table 10.4. The results are
quite different from those of the empirical potential calculations. In order to isolate
the contribution of the Y ion, similar calculations were carried out for AlOg_. The
results are shown in the fourth column of Table 10.4. Omitting the Y (A ion)
resulted in much smaller differences in the energies of the various tilt systems.
More importantly, the results indicate cubic structure is the most stable system.
Comparing columns three and four of Table 10.4 indicates that the majority of
the tilt stabilization energy for YAIOj is derived from the presence of the Y ion.
These results might suggest that tilting is mainly due to the A ion, but that is
certainly not true. On the contrary, the perovskite, WO3, has no A-site ion yet
undergoes four phase transitions between 0 and 950 K. Furthermore, displacement
of the W ion from its center of symmetry appears to occur in all of the phases [13—
15]. Therefore, electronic effects alone are sufficient to cause tilting. For example,
theoretical energy band calculations using density functional theory [14] for WO3
as a function of electron doping produce all four of the tilting phases observed for
NaWOg3 despite the fact than the A ion (Na) is omitted from the calculation. In
this case adding electrons to the conduction bands drives the phase transitions.
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As the number of electrons is theoretically increased from zero to one, the charge
goes into the W 5d-like antibonding bands. This reduces the stabilization energy of
the filled valence bands and allows tilting structures to compete. Doping above %
electron per unit cell leads to displacement of the W ion along the z-axis. The 5d,,
and 5d,, bands are then preferentially filled in a manner similar to that discussed

in Section 10.1 for tetragonal BaTiOs.

In summary, octahedral tilting occurs in most perovskites. Tilting provides
the perovskite structure a way to accommodate a wide range of cation sizes
and to lower its total energy. Typical stabilization energies are small, usually in
the range 0.01-0.1eV per unit cell. Despite the small energies involved, tilting
phase transitions can lead to dramatic changes in the physical properties of the
perovskite (e.g., ferroelectricity, magnetic order, superconductivity). Theoretical
prediction of which tilting system will occur at a given temperature is a formidable
task because there are a large number of different, competing mechanisms at
work. Calculations of energy differences must be accurate to better than 0.01eV
to identify the lowest-energy tilt system with certainty.
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Problems for Chapter 10

1. Calculate the magnitude of the spontaneous polarization (dipole moment/unit volume)
in C/m? for BaTiOs using the displacements given in this chapter (see Fig. 10.1)
and assuming charges of +2e, +4e, and —2e for the Ba, Ti and O ions, respectively
(a=3.992A, c=4.036 A).

2. The perturbation matrix element AH(1,14) is the change in the LCAO interaction
between the d_2(7) orbital and the two orbitals p. (7 + aéy) and p. (¥ — aé€y) due to the
relative oxygen-ion displacement. Show that AH(1,14) = §O.[(pdo) — 2v/3(pdr)] to
first order in 6O;.

3. Show that the unitary transformation, U, block-diagonalizes the 5x5 matrix of (10.4d)
into a 2x2 and a 3x3 block, where

OOOO&
OOOEO
OOEOO

= O O O
—_ =0 O O

—_

Using this transformation derive the eigenvalue equations and find the eigenvectors (in
terms of the amplitudes of the orbitals) for the 2x2 block.

4. Describe the tilting and ion displacements of a crystal with the ag bScT structure.

5. Consider the interactions between an s orbital on the A ions and the d orbitals on a
B ion. The B ion at a(0,0,0) has eight nearest-neighbor A-ion s orbitals located at
(+a, +a,+a). Find the Slater-Koster parameters for the s—d interactions for the five
types of d orbitals. What effect would you expect this to have on the (a) = and ©*
bands at I" and (b) the o and ¢* bands at I'?

6. Suppose the B ion in Problem 5 is displaced by a small amount, da, along the positive
z-axis. Find the new Slater—Koster s—d parameters to first order in §. What effect would
you expect this to have on the (a) 7 and 7* bands at I and (b) the o and o* bands at
7
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High-temperature superconductors

11.1 Background

In 1986 Bednorz and Miiller [1] made the surprising discovery that the insulating,
ceramic compound, LayCuQOy, was superconducting at low temperature when suit-
ably doped with divalent ions. In fact, all of the members of the class of copper
oxides, Lag_,M,CuO4 (where M is Ba?T, Sr?*, or Ca?* ions), were found to be
superconducting for z in the range, 0.1 < z <0.25. At optimal doping of = = 0.15,
the superconducting transition temperature, T¢, of Las_,Sr,CuO4 was about 38 K.

Since 1986 there has been an enormous scientific effort focused on copper oxides
with similar structures. Over 18000 research papers were published in four years
following Bednorz and Miiller’s report. As work progressed around the world, new
compounds were discovered with higher T¢.’s. In 1987 doped samples of YBayCuzO7
(“YBCO”) were found to be superconducting at 92 K, thus becoming the first super-
conductors with 7. higher than the boiling point of liquid nitrogen (77 K). Recent
studies [2] on mercuric cuprates report T¢ in excess of 165 K.

A very brief list of some of the most studied high-temperature superconduc-
tors (HTSC) and their transition temperatures is given in Table 11.1. In column
two “alias” refers to the frequently used name of the undoped, “parent” composi-
tion. For example, T11223 refers to: one T1, two Ba, two Ca, and three Cu atoms.
The tetragonal structure for the LasCuQy, is shown in Fig. 11.1(a). The copper
ions are located at the centers of the octahedra and the oxygen ions occupy the
corners of the octahedra. The La ions fill the spaces between the octahedra. The
figure also shows the details of one of the octahedra. It is similar to the perovskite
metal-oxygen octahedron, but elongated in the z-direction. The Cu-O;, (in-plane
oxygen) distance is about 1.9 A, while the Cu-O, distance is significantly greater
at around 2.4A. As a result the O, ions interact only weakly with the central
copper ion compared with the Oj, ions. The strongly interacting Cu-Oj,’s of the
octahedral arrays form planar sheets. Each sheet consists of a square copper-oxygen
lattice whose unit cell contains one Cu and two oxygen ions. The Cu-Og sheets are

249
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Table 11.1. Some high-T. superconductors and their T. values. The formula for
the undoped compound and its alias in the scientific literature are given along with
the number of Cu—04 layers, n, in close proximity.

Compound formula  Alias n T (K)
LasCuOy4 La214 1 38
TIBay;CuOs TI11201 1 50
TI,BasCuOg TI12201 1 80
BisSryCaCusOg BiSCO 2 85
YBagCu307 YBCO 2 92
T1BayCasCuszOg T11223 3 110
TIBayCa3Cus011 T11234 4 122
HgBasCagyCuzOg Hg1223 3 166

separated by a large distance, about 6.6 A. Figure 11.1(b) shows the structure of
LasCuQy4 projected onto the ac-plane.. The Cu—O4 superconducting layers are in
the ab-plane separated from each other by O, and La ions. Other high-T, cuprates
have two or more Cu—Os sheets in close proximity. For example, Y123 (YBayCu3zOy,
T.=92K) has two copper-oxygen layers about 3.2 A apart. This pair of adjacent
layers is separated (8.2A) from the next pair by three Y-Ba-O isolation layers.
Generally, it is found that T; increases with, n, the number of adjacent Cu-oxygen
layers. The schematic phase diagram, T versus acceptor (hole) concentration, for
Lag_,Sr,CuO4 shown in Fig. 11.2 is typical for the cuprates. The undoped parent
compound from which the HTSC material is derived by acceptor doping' with Ba,
Sr, or Ca is antiferromagnetic with the nearest-neighbor Cu spins aligned in op-
posite directions. The Neel temperature, Ty, for undoped LasCuQO, is 340 K, but
decreases sharply with hole-doping. The magnetic phase exists up to about x = 0.04.
There is a small region between the antiferromagnetic phase and the superconduct-
ing phase in which LasCuQy, is a non-magnetic insulator. In the antiferromagnetic
and insulating phases the carrier dynamics are described by a Hubbard model or
the so-called “t—J model” (discussed later). The mobile holes tend to hop between
sites on the same spin sublattice and have large effective masses due to the antifer-
romagnetic correlations. Increased doping begins to interfere with the long-range
antiferromagnetic order resulting in some cases in the formation of a spin glass.
Further doping produces a poor metallic material that becomes superconducting
at low temperatures. In the under-doped region the material is no longer antifer-
romagnetic but the spin correlations persist. The coexistence of antiferromagnetic

1 Not all HTSC materials are hole-doped. The superconducting compound Nda_,Ce, CuOy is electron-
doped. Similar to the hole-doped cuprates this compound is antiferromagnetic, but structurally it
lacks the apical oxygen and superconductivity exists only over a narrow range of doping.
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& Copper

o Oxygen

O Lanthanum

(a) (b)

Figure 11.1. (a) Structure of LaaCuO4. The Cu ions are located at the center and the
oxygen ions occupy the corners of the tetragonally distorted octahedra. The O, (apical)
oxygens are 2.4 A above or below the central Cu, but the in-plane oxygens are at a distance
of only 1.9 A. The La and apical oxygens act as isolation layers separating the Cu-in-plane-
oxygen layers. (b) Projection of the structure onto the (001) plane showing the layers
end-on.

correlations and superconductivity appears to be common in all the HTSCs and
both phenomena may arise from the Coulomb repulsion effects at the Cu site.

As the doping increases, T, increases in the region, 0.1 < x < 0.15. At the “op-
timal doping” concentration, z ~ 0.15, T;, is maximized. Beyond that point further
doping results in a decrease in T, (“over-doped” region). At even higher doping con-
centrations (x > 0.25 or so) the material is no longer superconducting. The “normal”
metal phase is characterized by extreme anisotropy in the transport properties. The
conductivity parallel to the Cu—QOs planes is orders of magnitude greater than that
perpendicular to the layers. While the resistivity of conventional metals typically
varies as A + BT® at low temperatures due to phonon scattering, HT'SC materials
display a nearly linear decrease with temperature of the form C + DT (or in some
cases C/T + DT) down to the temperature at which superconductivity sets in. The
in-plane conductivity is unaffected by the addition of some impurities, but modified
by others. Dopants that increase resistivity and reduce T, are those which substi-
tute for Cu and form localized spins in the Cu-Og layers. Also shown in Fig. 11.2
is a structural phase boundary (dashed line) which separates the tetragonal phase
from the orthorhombic phase. The occurrence of such structural transitions in the
HTSC materials is typical.

Although the scientific literature dealing with the electronic properties of
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Figure 11.2. Schematic phase diagram for Las_,Sr, CuO4. The dashed line running diag-
onally across the sketch separates the tetragonal from the orthorhombic structures. Three
regions in the superconducting phase are identified as “under-doped”, “optimally doped”,
and “over-doped”. There is a small insulating region between the antiferromagnetic and
superconducting phases at small doping.

HTSCs is large and rapidly growing, there is as yet no single, complete, and widely
accepted quantitative theory. Theoretical understanding of how the electronic struc-
ture evolves from an antiferromagnetic insulator to a superconductor and then to
a “normal” metal as a function of the doping concentration is still incomplete. It
is generally agreed that electron pairs are responsible for the superconductivity,
but the mechanism of pairing is still uncertain. BCS (Bardeen—Cooper—Schrieffer)
theory, which has been so successful for “conventional” (lower-temperature) super-
conductors, does not appear to adequately describe the behavior of HT'SC materi-
als. It is also generally agreed that the superconducting energy gap is anisotropic
in E—space and usually has d-wave symmetry. Theoretical explanations of the elec-
tronic properties of the “normal” state are still controversial. A variety of models
for transport in the normal state have been proposed including the total absence
of coherent states and collective modes in which charge and spin are separated and
propagate at different velocities [3].

The development of a quantitative theory for the HTSCs has been difficult
because not only are the systems in the strong electron-correlation regime, but
also there are a large number of competing phenomena with small but comparable
stabilization energies to be considered. These phenomena include magnetic order,
superconductivity, charge density waves, spin density waves, formation of charge
and spin stripe domains, as well as structural phase transitions. In addition, the
number of different HTSC compounds discovered is growing rapidly. Perhaps the
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most remarkable thing is not the differences displayed by this highly diverse collec-
tion of compounds, but rather the striking similarities.

A review of the field of HT'SC in general, and the various current candidate
theories in particular, is beyond the scope of this introductory text. Instead, in this
chapter we shall concentrate on discussions of some of the qualitative electronic
models that can be related to experimental results, particularly results obtained
from angle-resolved photoemission. For this purpose we will relate our results
mainly to the Las_,Sr,CuO4 (LSCO) system because it has a relatively simple
crystal structure, has single, isolated Cu—oxygen layers, and can be reliably doped
up to a hole concentration of x =0.35.

11.2 Band theory and quasiparticles

The application of conventional energy band theory to the electronic structure
of the Cu—oxygen layer leads to the prediction that the parent cuprate materials
should be metals with half-filled, d-like conduction bands. This is not the case. Band
theory fails because the electron correlation energy associated with two electrons
occupying the same copper site is large.

A simple ionic model of LayCuQy, for example, would have La?t, Cu?*, and
02~ ions. Thus, the copper ions would have the electronic configuration [Ar] 3d°
while the La3t and O?~ ions have closed-shell or subshell configurations. In the
solid the d orbitals are split into the ¢, and e, states that can accommodate six
and four electrons, respectively (including spin states). The tetragonal symmetry
further splits the levels. The tq, states split into a singlet, d,,, and a doublet d.
and d,.. The e, states split into d,> and d,2_,»> levels. According to energy band
theory these states are broadened and covalently admixed with oxygen p orbitals
to form one-electron pi and sigma bands. The valence-band states below the p—d
gap are filled and the nine outer electrons of the copper ion are distributed among
the antibonding ¢* and 7* bands. Six of the outer nine d electrons will occupy
the 7* bands, two will occupy the lowest ¢* band, and the remaining electron will
reside in the upper ¢* band. Since each ¢* band can hold two electrons per unit
cell, the highest occupied band is half-filled and therefore the material should be
metallic. However, a transition metal oxide with a half-filled d band usually forms
a Mott—Hubbard antiferromagnet insulator as a result of the strong correlation
effects. In the antiferromagnetic regime the Hubbard model for strong correlations
[4, 5] leads to splitting (of what would have been the upper conduction band) into
two bands separated by a gap of several electronvolts.? The lower Hubbard band is

2 Depending on the relative magnitudes of the band gap, repulsive correlation energy, and band width,
the filled, non-bonding bands may hybridize with the upper Hubbard band. This contributes additional
structure to the filled bands [6]. Nevertheless, the upper Hubbard band remains empty and is still
separated from the filled states by a sizable energy gap.
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fully occupied and the upper band is empty so the material is an insulator and the
states are localized rather than extended as in band theory. In this situation the
p—d interaction causes virtual “hopping” of electrons between the metal and oxygen
ions rather than forming delocalized energy band states. Acceptor dopants such as
Sr?* that substitute for the trivalent ions introduce holes in the lower Hubbard
band (as for example in LSCO = Lag_,Sr,CuQOy4). The holes reduce the effect of
the correlation energy. As x increases, a point is reached where delocalized electron
states are competitive with the localized Hubbard states. Further acceptor doping
results in superconductivity at low temperatures. This, however, does not mean
that conventional band theory applies. Strong correlations still operate and must be
taken into account in any description of the electronic states. Experimental results,
however, suggest that a quasiparticle-like description of the low-energy electronic
excitations is appropriate in the superconducting phase.

The details of the low-energy excitations and the Fermi surface (FS) of the
HTSCs have been investigated extensively using angle-resolved photoemission spec-
troscopy (ARPES) [7]. These experiments show that in the doped materials a F'S or
at least portions of a FS and quasiparticle peaks can be identified that are related
to states derived from the d- and p-orbital bands. The quasiparticle states are sim-
ilar to the one-electron states of energy band theory, but their energies are much
smaller than what would be expected from band theory. These quasiparticle states
include electron correlation effects that spread the spectral weight of a state over
a range of energies and k-vectors and introduce lifetime effects. Such quasiparticles
are described by Landau’s Fermi liquid theory, which, for example, provides a jus-
tification for mean-field theories of electronic structure and a starting point for the
BCS theory of superconductivity [8].

The character of Fermi-liquid quasiparticles can be explained heuristically by
extending the density of states (DOS) concept. In one-electron energy band theory
the states have sharp energies in k-space. The DOS for a single band state is

. 1 1 .
pw,k)=—-Im{ ———— L = §(w— E(K)). 11.1

(w0 F)=—1 {w_m)ﬂm} (v~ B() (1L1)
The effects of electron—electron interactions lead to a complex, proper self-energy
correction, E(k) — E(k) + X(k,w) with

—

Sk, w) = ¥ (k,w) + %" (k,w) . (11.2)

The DOS takes the form

. 1
p(k,w) = _ij{w _ (E(E) + ¥ (K, w) + Z'E'/(va)) }
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2 (F,w) (11.3)

[w— (B(F) + =/ (k,w))]” + [27(F,w)]*

3=

The result in (11.3) is the one-particle spectral function, usually denoted by A(E, w).
It includes the effects of electron—electron interactions, which broaden the energy
and introduce lifetime effects. The spectral weight described by A(E,w) is dis-
tributed according to the k¥ and w dependences of 3 (k,w) and ¥”(k,w). The Fermi
liquid quasiparticle state is not an eigenstate of the system. Instead it is coherent
superposition of eigenstates with a narrow spread of energies and momenta. As a
result, the quasiparticle has a finite lifetime that is related to X" (E,w)_l. Never-
theless, there remains a FS similar to that for non-interacting electrons, but in this
case the sharp edges of the Fermi distribution function are smeared out, even at
T=0K. The “line shape” described by (11.3) consists of a Lorentzian peak and
a broad, relatively smooth background. In fact, A(E,w) can be separated into two
parts [9, 10]:

A(E, w) = A(E, w)coherent + A(E, w)incoherent ) (11'4)

representing the “coherent” and “incoherent” parts of the spectral function. The
coherent part is given by

" r(k)/x

Akvw co. erent:Z]; - = .
(F)eon R e (115
. oY (k,w)\
20 = (1- : (11.6)
( Ow ) w=e(k)
(k) = Z(k)]Z”(k,w)”wzs(E), (11.7)
e(R) = Z(F)[E(F) + z’(aw)}‘ (11.8)

w=e(k) '

-

For non-interacting electrons the occupation number of a state, n(E(k)), has a

-

discontinuity of 1 as F(k) passes through the Fermi energy. For quasiparticles the

-

discontinuity is reduced due to electron—electron interactions. Z(k) is a measure of

-,

the discontinuity in n(k) across the FS surface and of the validity of the quasipar-

-

ticle representation. Small Z(k) indicates that the quasiparticles undergo strong
interactions and have short lifetimes, while Z (E) =1 indicates a sharp Fermi dis-
tribution, sharp energies, and infinite lifetimes. Equation (11.8) shows that the
“quasiparticle” energy, €(k), is smaller than the bare energy, E(k), when Z(k) < 1.

Fermi liquid theory is rigorously applicable only when the effects of correlation
are weak. This does not seem to be the case for the HT'SCs at low temperatures. The
electron—electron repulsion on the Cu ions, Uy, is comparable to or greater than the

p—d interaction parameters. On the other hand, ARPES experiments clearly show a
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well-defined F'S and electronic excitations with the characteristics of quasiparticles
exist for the HT'SC materials in the superconducting phase.

11.3 Effective Hamiltonians for low-energy excitations

The shortcoming of band theory is that the total wavefunction contains states that
have finite probabilities of two electrons of opposite spin simultaneously occupying
the same Cu orbital, but the one-electron Hamiltonian either ignores this situation
or includes a repulsive energy through the introduction of a mean-field potential.
The LDA or local density approximation method, often used to calculate the elec-
tronic structures, assumes that the exchange and correlation can be represented by
a potential that is a function of the average local density of charge. The potential
is obtained self-consistently by iterative calculations. Unfortunately, the LDA does
not capture the full effect of strong electron correlations.

A different approach is to exclude the double occupation states from the sys-
tem’s wavefunction (e.g., by using a reduced Hilbert space for the possible solu-
tions). The problem may be treated by a variety of methods including “renormal-
ization” schemes and so-called “slave-boson” formulations. The slave-boson scheme
uses two separate particle operators to describe the spin (spinon) and charge (holon)
degrees of freedom of the electrons [11-14]. In many cases the Hilbert space used
excludes the doubly occupied d orbitals. Both renormalization and slave-boson ap-
proaches lead to the same type of effective Hamiltonian for the case when the re-
pulsion parameter Uy is large (usually taken to be infinitely large). The “extended
Hubbard model” Hamiltonian, Hep, obtained in this manner has the form:

Hoy = Zhij a;rgajg Z Ui, a S Qi a]a/a]g , (11.9)
ijo z]aa

where h;; are the “renormalized”, metal-oxygen interactions for ¢ # j and the
“renormalized” diagonal site energies for ¢ = j. U;; are the electron—electron
Coulomb repulsion parameters of which Uy;; = Uq or Up,. In (11.9), the subscript, o,
indicates the spin state. Equation (11.9) looks relatively simple, but the solutions
are extremely complex even with a myriad of approximations. Exact solutions have
been found for one-dimensional systems but not otherwise. Because of the com-
plexity of finding meaningful approximate solutions, usually only a single band is
considered. Approximate effective Hamiltonians can be obtained from (11.9) by
retaining nearest- (and sometime next nearest) neighbor interactions. An approx-
imate effective Hamiltonian called the “Rice model” is also often employed. This
Hamiltonian is of the form

1
HR =P Z tij aza Ajo P+J Z |:§; . §j — E’I’Lig Nj—o| - (11.10)

ijo ijo
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The operator, P, projects out the zero and single occupancy states and J is the
effective exchange energy. The parameters, ¢;; are the renormalized tight-binding
(LCAO-like) parameters and §; is the electron spin operator. For a half-filled band
the second term of the Hamiltonian is dominant and the low-lying quasiparticles are
antiferromagnetic spin excitations. For small doping, mobile holes become possible.
In this regime the holes acquire a sizable effective mass due principally to the
“resistance” of the ordered spin system through which they move. At higher hole
concentration the first term of (11.10) becomes competitive with the second term,
resulting in the loss of long-range spin order.

Effective Hamiltonians (essentially equivalent to the Rice model) called the
“t—J” model (nearest neighbors) and the “tt'~J” model (nearest- and next-nearest-
neighbor interactions) are also commonly used. The Rice or “t—J” model recasts the
calculation of the electronic/spin structure and low-energy excited states into a form
that is similar to conventional tight-binding (LCAQO) band theory. However, the ef-
fective parameters such as Fy, (pdo) and (pdr), are typically 5-10 times smaller
than those of conventional band theory [6, 15, 16]. On the other hand, it has been
argued [17, 18] that the O-O parameters, (ppo) and (ppr), which govern the hop-
ping between oxygen orbitals are much less affected than the p—d parameters. In our
previous discussions of the band structure of the perovskites these O—O interactions
were of minor importance since they were roughly an order of magnitude smaller
than the (pdo) and (pdw) parameters. For the cuprates, after renormalization, it
is likely that the effective (ppo) (oxygen—oxygen, second-neighbor parameter) is
comparable to (pdo) and therefore the O-O interactions must be considered in
calculating the quasiparticle band states.

In general, it is found that the energy scale for the effective Hamiltonian is of
the order of 0.1eV when the band is approximately half-filled and the scale for the
superconducting gap is of the order of a few times kg7, a few hundredths of an eV.
These scales are much smaller than typical band structure parameters that tend to
be of the order of 0.5eV to several electronvolts.

11.4 Angle-resolved photoemission

Angle-resolved photoemission spectroscopy (ARPES) is one of the most important
tools for investigating the electronic properties of the HT'SC materials. The process
of photoemission and its relation to the energy band states was described in Chap-
ter 8. In that discussion we concentrated on the emitted electron intensity, I(E),
versus the energy of the initial state. In practice a beam of monochromatic ultra-
violet photons of energy, fuww (usually less than 100eV), is incident on the surface
of the sample. Photoelectrons are emitted from the surface in all directions with a
distribution of kinetic energies. For a fixed kinetic energy the photoelectron inten-
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sity is measured as a function of the polar angle, 0, relative to the surface normal of
the sample. Using this information the initial state energy and wavevector parallel
to the surface can in principle be inferred if the momentum perpendicular to the
surface is assumed to be conserved,

-

Eyin = hw — ® — E(k), (11.11)

k| = \/2m By, sind. (11.12)

If Eyin is fixed and 6 varied, a peak in the photoelectron intensity is expected when
EH corresponds to an initially occupied state on the energy-band dispersion curve
defined by (11.11). Conversely, if EH is fixed and FEy;, varied, a peak in the intensity is
expected when the energy corresponds to an initially occupied state on the energy-
band dispersion curve. For a typical solid with three-dimensional energy bands,
such peaks are broadened because the component of momentum perpendicular to
the surface, k) is not conserved. Therefore the photoemitted electrons arriving at
the detector are coming from a range of states with different k, values. On the other
hand, for the HT'SCs the CuOs-layer energy bands are two-dimensional and F (EH)
is the same for all values of £, . As a result, the two-dimensional dispersion curve
E(k) = E(E||) for states below the Fermi energy can be mapped with reasonable
accuracy.

In the BCS theory of superconductivity the formation of Cooper pairs opens
a small gap, 2A, in the quasiparticle density of states near the Fermi energy. The
DOS is given by

E — FEp
(E - Ep)?2 - A2

pees(E) = p(Er) (11.13)

where p(EF) is the DOS at Er in the normal state. The DOS has a square-root sin-
gularity at £ = Fr + A that is clearly observed in electron tunneling experiments.
HTSC material may not be described by BCS theory, but in the superconducting
phase they possess a similar energy gap that can be measured by ARPES experi-
ments.

Figure 11.3 illustrates the type of data obtained from ARPES experiments.
Figure 11.3(a) shows energy distribution curves for a typical HTSC for T' > T, and
T < T.. The wavevector /_z:” is fixed at a point on the FS and the energy scanned.
The midpoint of the leading edge of the intensity curve (indicated by horizontal
tick marks) is taken as the position of the quasiparticle energy. For T > T, the
midpoint of the intensity edge corresponds to the state £ = Ep. For T' < T, the
midpoint moves away from Eg to a lower energy leaving an energy gap, A, in
which no quasiparticle states exist. By choosing different wavevectors on the FS
the dependence of A on EH can be determined. In many cases A(EH) possesses
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Figure 11.3. Typical ARPES data for a typical HT'SC. (a) Photoemission intensity ver-
sus energy for T'> T, and T < Ti, showing the formation of a superconducting energy
gap, A, near the Fermi surface. (b) Energy distribution curves. Each curve is data taken
along a line in the Brillouin zone that cuts across the Fermi surface. The locus of the peaks
defines the energy dispersion, E(I;”).

approximate d-wave symmetry given by the expression, A(EH) = constant-| cos kya —
cos kyal.

Figure 11.3(b) is an illustration of a series of ARPES energy distribution curves.
Each curve corresponds to a particular EH along a line segment in the Brillouin zone.
The intensity, I(E), shows two features. On the right-hand side of the figure it can
be seen that I(F) drops to zero as the energy scans across the Fermi energy. In
the middle of the figure are a series of quasiparticle peaks, one for each energy
distribution curve. Therefore the locus of these peaks is the energy dispersion of

the quasiparticles, E(EH ).

It should be mentioned that the vector EH’ determined by Ej;, and 0 in (11.11)
and (11.12), often lies in the second Brillouin zone, but the results can be projected
back to the first Brillouin zone by symmetry considerations.

It is evident that tracking the quasiparticle dispersion up to the Fermi energy
along different line segments in the Brillouin zone provides a means of determining
the shape of the FS. Thus, ARPES experiments are extremely important because
they provide direct measurements of both the quasiparticle dispersion and the FS.

Finally, we mention that photoemission is a many-body process. The pro-
cess may be equated to the operation of the initial-state destruction operator
a7 initial (0) acting on the N-electron state followed by the final-state creation oper-
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ator, a% ﬁnal(t), acting on the (N — 1)-electron state. Ignoring final-state effects, the
shape of the quasiparticle peak is directly related to the spectral intensity function,
A(k,w) discussed above. Approximate results for real and imaginary parts of the

self-energy function have been derived from ARPES energy distribution curves [16].

11.5 Energy bands of the Cu—O; layers

As mentioned above, an empirical LCAO model with effective parameters that
approximately include correlation effects can be employed to investigate the nature
of the Fermi surface and density of states when the high-T. material is sufficiently
doped so that the FS and quasiparticle peaks are identifiable experimentally in
ARPES data.

In this section we use our LCAO model to describe the energy bands of the
Cu-O; layers. The results can not be applied to the parent (undoped) cuprates
because of the strong correlation effects discussed above. They can, however, be
used to describe the cuprates when they are suitably doped. That is, when the
materials are in the superconducting phase.

We begin by considering the square, planar array formed by the Cu and in-plane
oxygen ions. The LCAO Hamiltonian can be derived directly from the Hamiltonian
for the perovskites given in Chapter 4 by setting to zero the matrix elements asso-
ciated with the O, ions. That is, by simply deleting the rows and columns labeled
2, 10, and 13 in Table 4.1. This eliminates the orbitals p, (¥ — aé>.) (o = z,y, and
z) and reduces the matrix to that appropriate for the square, copper—oxygen layer
whose unit cell is CuO4. The result is the 11x11 matrix in Table 11.2. We have
introduced the notation £, and E, for the diagonal energies of the d,» and d,2_,2
orbitals in place of the cubic parameter, E.. Due to Jahn—Teller and tetragonal
ligand-field effects, E, is expected to be more negative than F, and therefore the
uppermost, half-filled band is derived from d,2_,2. For convenience we show in Ta-
ble 11.2 the orbitals involved as well as retaining the labeling used in Table 4.1.

[1P )

(We remind the reader that we use “a” as the metal-oxygen distance, a distance
that is half of the lattice spacing, ag. Discussions in the scientific literature use “a”
as the lattice spacing. As a result the high symmetry points such as X and M are
designated by wavevector components apparently larger by a factor of 2. Also it
should be mentioned that most papers seem to neglect the factor of ag altogether.
Thus one sees the wavevector for X written as k = (m, 0) instead of kag = (,0). In

our notation the X point is ka = (7/2,0).)

To begin with we consider the solutions neglecting the oxygen—oxygen interac-
tions. Then, as can be seen from Table 11.2, the Hamiltonian reduces to a block-
diagonal form. There is (a) a 4x4 sigma block involving the o-type p orbitals,
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Table 11.3. Energy bands for the Cu—0Os plane in the nearest-neighbor approxima-
tion. AB, B, and NB stand for antibonding, bonding, and non-bonding, respectively.

Band#  Band Type  Energy band Ej; Er
Pi-type bands

6 (zy)  AB Bt \/(% Eye)® +4(pdm)2(S2 + 52)  E,
7 r(zy) B Enur — ) (3Egn)? + 4(pdm)2(S2 + 52) By
8 mo(zy) NB E, Ey
9 = (x) AB B+ \/ (LE,»)? + 4(pdm)25?2 E,
11 (z) B Eppr — \/ (LEyx)2 + 4(pdr)2S2 E.
12 7 (y) AB E,x+ \/(%ngf + 4(pd7T)QS§ E,
14 (y) B e~/ (3Egn)? + 4(pdr)252 E.
Sigma-type bands

1 o* AB Ey + E; cos(p/3) E,
3 o2, NB  Ey+ Ejcos(p/3 — 21/3) E,
4 o B Ey + Ey cos(¢/3 + 271/3) E)
5 0'0 NB E” EH

p=—(Ex+ By +E.), q=E.E|+E.E.+E,E|—4(pdo)?Q, s=(p*>—3¢)/9, Eo=—p/3.
r=—E,E.E| + (3E. + E,)(pdo)?>Q, t= (9pq —2¢° — 27r)/54, cos(p) =t/Vs3, E1=2/s.

and the d,» and d,2_,2 orbitals, (b) a 3x3 block involving the oxygen m orbitals,
Pz (7 — a€y), py (7 — aéy), and dgy, (c) a 2x2 block involving the oxygen 7 orbital,
p- (7 — aéy), and dg, (d) a 2x2 block involving the oxygen 7 orbital, p, (7 — a€y),
and dy,. The eigenvalues of the block-diagonalized matrix are easily obtained.

(a) Filled valence bands: the pi bands

The pi-band energies are given in Table 11.3. There are several interesting features.
The n*(2y) and w(zy) bands have the same type of energy dependence as the
perovskite pi bands and hence the DOS is the same as that given by equation
(6.28). Therefore, we expect two dimensional, logarithmic singularities in the 7* (zy)
and 7(zy) density of states. The 7*(a) and 7(a) (o =z or y) however, are one-
dimensional (depend on only one component of the wavevector) and therefore their
DOSs will have square-root van Hove singularities at the top and bottom of the
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band. The DOS is given by

1 /2 dx 1 0(g)0(—-1)
p(s) - 772/7r/2 m - ; ﬂ (11.14)
_ 2 _ (1 2
e(E) = & Ezadﬂ)z(ﬂg”) 7 (11.15)
o(B) = ple) (11.16)

where E,» = 2(E, + E,) and E,r = (B, — E)).

The ideal logarithmic, square-root and flat band singularities in the DOS will
be broadened in actual data, but should be observable in photoemission from the
filled valence bands below the Fermi level [19].

(b) Sigma bands for the Cu—02 layer

The secular equation for the four sigma bands yields one flat band with F = E)
and three bands whose energies are given by the solution of the cubic equation,

(E. — E)[(E, — E)(E| — E) — 3(pdo)*Q] — (E, — E)(pdo)*Q =0, (11.17)

Q = sin®(kya) + sin®(kya). (11.18)
Analytical expressions for the three roots are given in Table 11.3.

The band or bands that intersect the Fermi energy determine the topology
of the FS in the cuprates; that is, the highest partially occupied bands. In the
case of the Cu—Os layer, this is usually the antibonding ¢* band. We shall refer to
the four sigma bands in Table 11.3 above as the four-band model. This model is
generally not the model used to discuss the electronic properties of the cuprates.
Instead, it has been customary to ignore the role of the d,2 orbitals. A three-
band model is employed that considers only the dy2_,2, p, (7 — a€,) and p, (7 —
aé,) orbitals and the interactions among these three orbitals. The model is defined
by the matrix elements shown in Table 11.4, which includes the second-neighbor
interactions between the two oxygen orbitals. It should be noted, however, that the
model neglects other comparable oxygen—oxygen interactions such as the interaction
between p, (7 — aéy) and p, (7 — aé,). The justification for neglecting these other
oxygen—oxygen interactions is that the orbitals p, (7 — aéy) and p, (¥ — aé;) have
no direct interaction with the d,2_,» orbital. As a result, they have only a very
minor effect on the o* band (see Problem 11.7). In Table 11.4 (and Table 11.3) we
use the simplified notation py, = p, (¥ — aéy) and pyy = py (7 — aé).

Again, ignoring the oxygen—oxygen interaction (i.e., setting b =0) the resulting
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Table 11.4. Matrix for the three-band model, with vanishing determinant.

d(IQ) Pz Pyy
d=?) | E,—E(k)  3i(pdo)S, —3i(pdo)S,
Pew | —V3i(pdo)S. By — E(k) —2bS,.S,
Dyy V3i(pdo)S, —2bS,5, By — E(k)

solutions include one non-bonding band with £ = E), together with an antibonding
band and a bonding band:

E,o(k) = B, (11.19)
- 1 2

Eg-(k) = Emo + \/(2Egg> + 3(pdo)?(S2 + 52), (11.20)

Eo() = Enno — \/ (32u0) + 3(pdo)2 (52 + 53). (11.21)

The parameters in (11.20) and (11.21) are defined as Ey,e = 3(E; 4+ Ej) and Egp =
(Ez — Ey). In Fig. 11.4 the energy bands for the four-band model are compared with
those of the three-band model using the same parameters. For the figure we plot
the dimensionless energy, € = (E — E,)/|(pdo)|. As can be seen the bonding and
antibonding bands are similar for both the three- and four-band models with the
four-band model having somewhat larger dispersion. The non-bonding band labeled
o corresponds to the state with E(k) = E) (that is, at € = (B — E.)/|(pdo)| =
—2.3333). It is the same for both models. However, the nearly flat band derived
from d,» and labeled 022 does not occur in the three-band model. This band has
weak dispersion, indicating weak covalent bonding to the oxygen ions, but it is not
entirely dispersionless. The Fermi energy for the undoped material, ep, is at the
center of the ¢* band, the energy at the X-point,

E(kr) —

€p = |

W, k'F:(T(/2CL,O)

For the cuprates all of the bands are filled except for the o* band, which for the
parent material is half-filled. Since the electronic and superconducting properties
are determined by the states near the Fermi level the only band that is significant
is the ¢* antibonding band. Therefore it can be argued that the three-band model
is sufficient. This argument will be wvalid provided the 022 band is well below the
o* band. If not, hybridization of the two bands will change the composition of the
wavefunctions. We shall return to this point later in this chapter.

Much of the theoretical work in the field is based on the three-band model
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Figure 11.4. Comparison of the energy bands of the three-band and four-band mod-
els. The dotted curves are for the three-band model. The solid curves are for the four-
band model. The flat, non-bonding, ¢° band occurs in both models. The nearly flat band
022, derived from the d,2 orbitals occurs only in the four-band model. The parameters
used for the calculations of the curves are Eys/|(pdo)|=2.3333, E,/|(pdo)| = —1, and
E./|(pdo)| = —1.6667.

because it is simpler to work with than the four-band model. The energy bands
of the three-band model given by (11.20) and (11.21) are of the same analytical
form as those encountered for the pseudo-two-dimensional pi bands of the cubic
perovskites. Therefore we can use (4.41) and (6.28) to immediately obtain the DOS
for the o* band by the replacement (pdm) — @(pda). This gives

1B 1B (B)? ()2
po(B) = — o) K( 1—( 3 )) for ( : ) <1, (11.22)
e(E) = [E_E"Sj‘gd;)LEg"/ 2 2, (11.23)

where K is the complete elliptic integral of the first kind. It follows that the DOS
for the o* band of the three-band model has the same van Hove singularities as
the DOS for the perovskite m* band including the jump discontinuities at the band
edges and the logarithmic singularity at the center of the band. There is, however,
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a critical difference. For the perovskites the three, symmetry-equivalent 7* bands
can accommodate six electrons so the possibility of a half-filled conduction band
is not realized for any known perovskite oxide. For example, to half-fill the 7*-
conduction bands of WO3 would require doping of 3 electrons per unit cell. On the
other hand, for the cuprates, the ¢* band is a single band that can accommodate
only two electrons and hence the parent compounds invariably have a half-filled Cu-
O conduction band. Therefore, if energy band theory were applicable to the parent
materials it would predict that the Fermi energy is always precisely at the logarithmic
singularity in the DOS. This common feature is undoubtedly an important factor
in the electronic properties of the high-T, superconductive materials.

(c) Effects of the oxygen—oxygen interactions

Now we consider the effect of the second nearest neighbor, oxygen—oxygen interac-
tions on the three-band model. Using the full matrix of Table 11.4 gives the secular
equation

(E.— E)[(E|— E)*— 46*S252] — 3(pdo)*(E| — E)(S2 + S2) + 12b(pdo)*S252 = 0.
(11.24)

Figure 11.5 shows the results for the three-band model for different values of b.
Since the oxygen—oxygen interaction parameters b and b? in (11.24) are multiplied
by S:%Sg the dispersion along the I' — X (along the k, or k, directions) in the
Brillouin zone is unchanged from the case with b = 0. In the interior of the Brillouin
zone the dispersion is larger for b > 0 than for b = 0, while for b < 0 the dispersion
is reduced. The parameter b = (ppo) — (ppm) enters (11.24) linearly through the
last term and hence the results are sensitive to the sign of b. Negative b leads to a
fairly flat dispersion as can be seen in the figure.

DOS plots are shown in Fig. 11.6. Several features are evident. First, the peak
position always occurs at the same energy regardless of the value of b. That is
because the logarithmic singularity in the DOS occurs at a saddle point in the
two-dimensional energy dispersion. The saddle points are the X-points where the
energy is independent of the value of b. The proof of this is not difficult. In two
dimensions a saddle point occurs at Ey when the energy dispersion has the form
E(E) — Ey + E10? — E53%, where a and §3 are small, orthogonal components of the
wavevector and E; and Fs are positive constants. Writing a power-series expansion
of (11.24) near the X point with kya = 7/2 4+ «, and kya = 3, we obtain

(B — E)(E. — E) — 3(pdo)?|(Ey — E) + 30*(pdo)*(E) — E)
—B*{[3(E| — E) — 12b] (pdo)? + 4b*(E, — E)} = 0. (11.25)
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Figure 11.5. Energy bands for the Cu-—oxygen layer (three-band model) showing
the effect of the oxygen-oxygen interaction parameter, b. The parameters used are
Eyo/|(pdo)| = 2.3333, Ex/|(pdo)| = —1, and E./|(pdo)| = —1.6667.

Next, write F = Ey + AFE, where Ej is the energy at X and satisfies the equation
(B, — Eo)(E| — Eo) — 3(pdo)® =0 at X. (11.26)

Using (11.25) and (11.26) we find that AE = E1a? — E;3%, where E; and Es are
positive coefficients. Therefore, if (pdo) # 0, X is a saddle point. Furthermore, the
saddle-point energy at X is unaffected by the value of b since 5,5, =0 at the X
points. We can conclude that (i) there is a logarithmic singularity at X and (ii)
it occurs at Fj independent of the value of b. This does not mean that the Fermi
energy, €p, is the same for different values of b. On the contrary, e depends on
the magnitude and sign of b. It is clear from Fig. 11.6 that for a fixed number of
electrons in the band, ep moves to higher energy for b > 0 and to lower energy for
b < 0. The effect of b on the shape of the F'S is illustrated in Fig. 11.7. The straight
line is the edge of the FS for b =0 and er = ¢g = €(7/2a,0) corresponding to the
van Hove singularity and exactly one electron. The curves for b/|(pdo)| = 1 and —1
are calculated for the same Fermi energy, er = €. For b/|(pdo)| = 1 the curve is
bowed inward (concave) compared to the b = 0 curve. For b/|(pdo)| = -1 the curve
is bowed outward (convex).

The Fermi level will also shift with the number of holes. Clearly, as the hole
concentration increases ep must decrease, therefore qualitatively hole-doping coun-
teracts the effect of b > 0 interactions. Arguments have been advanced that the
optimal hole-doping occurs when the effect of the holes just offsets the effect of
the oxygen—oxygen interactions leaving the Fermi energy at the logarithmic sin-
gularity. The positions of the Fermi energies are indicated in Fig. 11.6 for a hole
concentration of 15%, an amount that is usually near optimal hole-doping. The
results of Figs 11.6 and 11.7 assume that the LCAO parameters are unchanged by
the doping. That is unlikely to be the case. In Chapter 6, Subsection 6.4(b) we
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Figure 11.6. Density of states for different values of the oxygen—oxygen interaction pa-
rameter, b=0, 1, and —1 (in units of |(pdo)|). The logarithmic singularity occurs at the
same value of € for all values of b. For b > 0 the band is expanded. For b < 0 the band is
contracted. The positions of the Fermi energy, e¢r, are shown for a hole concentration of
0.15, corresponding to optimal doping.

discussed the z dependence of the LCAO parameters for NaWO3 and found sub-
stantial changes, particularly in the energy gap and the p-d interaction parameter
[20]. Band calculations [21] for the cuprates indicate that the parameters change,
but that ep remains near the logarithmic singularity as the hole-doping varies. The-
oretical studies indicate that Ey,/b and (pdo)/b decrease by a factor of about 6
and 3, respectively, as the hole concentration varies from 0.3 to 0.05 in LSCO [17].
This dramatic reduction presumably results because the correlation effects increase
as the band approaches a half-filled condition.

(d) Extended singularity in the DOS

Returning to the energy bands of Fig. 11.5, for the case of b < 0 it can be seen
that the dispersion curve is flattened. In fact, it turns out that there is a value of b
for which the energy band is mathematically flat along the entire line X — M with
energy fixed at Ey. Consider (11.24) with kya = 7/2 and E = Ej. For this choice
of parameters the secular equation reduces to

{[12b — 3(E| — Eo)](pdo)* — 4b*(E, — Eo)}S, = 0. (11.27)
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Figure 11.7. Fermi surface for different values of, b, the oxygen—oxygen interaction pa-
rameter. The upper right-hand quadrant of the Brillouin zone shows the effect of b on the
shape of the Fermi surface with the energy fixed at its value (ep = 0.9217) at the X-point.
For b < 0 the surface bows outward, while for b > 0 it bows inward. The parameters used
are Fy, /|(pdo)| =2.3333, E./|(pdo)|=-1, and E./|(pdo)| =—1.6667.

If there is a value of b that satisfies the equation then F = Ejy independent of the
value of k,. That is, the band is flat along X to M. The solutions to the quadratic
equation for b are doubly degenerate with the root, b, given by

3 (pdo)?
bcrit = (

B (11.28)

This critical value of b is necessarily negative because FEj, the energy at X, is
always greater then F,, the energy at I'. For the parameters used for Fig. 11.5 this
corresponds to beyit =—1.6275 in units of |(pdo)|. For this special value of b, the
energy is independent of k, along X — M. Furthermore, according to (11.25), near
the X — M line, the energy varies as Ey — 302(pdo)?/|(E) — E,)| for small values of
«. That means the energy behaves as a one-dimensional system along the line from
X to M. Therefore the DOS singularity changes from logarithmic to a square-root
singularity as E approaches Ey and has the form

p(E) x |(E — Eo)|"Y2, as E — E. (11.29)

This type of singularity is called an “extended singularity” [25, 26] because the
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Figure 11.8. Energy bands showing the flat antibonding band that occurs for the critical
value, b=-1.6275 (in units of |(pdo)|). The flat portion of the upper band along X to M
leads to an extended singularity of the inverse square-root type. The other parameters
used are Fyo/|(pdo)|=2.3333, E,/|(pdo)|= -1, and E./|(pdc)|=—1.6667. Inset: Fermi
surface for er = 0.7, below the top of the upper band, ¢y = 0.9217.

singularity is extended from a point at X to a line passing through X. Extended
singularities have been reported for a number of HT'SCs including Bi2212, Bi2201,
Y123, and Y124. However, it seems that these features are not consistent with the
extended singularity of the three-band model. The problem is discussed in the fol-
lowing sections. The energy bands for b = b, are shown in Fig. 11.8. As is evident
the upper band is flat along X — M. Another new feature is that the previously flat
non-bonding band develops dispersion along X — M and touches the upper band at
M. An interesting result is that for Er = Eg the FS for b = by is the entire first
Brillouin zone and includes exactly two electrons while for b = 0 the same energy
corresponds to exactly one electron. Because of the dispersion of the second lowest
band, the FS for fewer than two electrons consists of two areas; one centered at I’
due to the highest band and a second centered at M due to the lower band. The
FS is illustrated in the inset in Fig. 11.8 using an extended zone scheme to show
the symmetry.
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Figure 11.9. Equi-energy contours (Fermi surfaces) when the oxygen—oxygen interaction,
b, is zero. The rectangle in the center occurs when the ¢* band is half-filled (one electron).
Contours external to the rectangle correspond to increasing electron concentrations for
which the Fermi surface consists of four empty pockets centered on the M points in the
Brillouin zone. This is called a “hole-like” Fermi surface. Contours internal to the rectangle
correspond to decreasing electron concentrations for which the Fermi surface consists of a
single filled pocket centered on I' called an “electron-like” Fermi surface.

(e) Comparison of the three-band results with Fermi surface
experimental data

The shape or topology of the FS of the HTSC materials can be determined exper-
imentally by careful ARPES measurements. It is important to know if empirical
tight-binding (LCAO) models are capable of reproducing the FS topologies in or-
der to establish whether the models are qualitatively useful in understanding the
electronic properties of the cuprates. Before discussing the experimental results it is
worthwhile recalling some of the important features of the F'S. First, in the absence
of oxygen—oxygen interactions the density of states, p(¢), for the Cu—Og layer is a
universal function just as it is for the perovskites. This means that the F'S topol-
ogy is independent of the empirical parameters. The shape of the FS is determined
entirely by the number of electrons occupying the band. Figure 11.9 shows the uni-
versal FSs for b = 0 for different numbers of electrons occupying the ¢* band. The
figure is an extended zone scheme with the constant-energy curves continued into
the adjacent Brillouin zones. The square curve is the F'S for exactly one electron in
the ¢* band. Moving inward toward the center starting from the side of the square
corresponds to decreasing the number of electrons. Moving outward from the square
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Table 11.5. LCAO parameters for Las_,Sr, CuOy.

x Ey /b (pdo)/b  p/dratio at X  p/d ratio at M

0.05 0.33 0.33 0.53 0.93
0.10 0.50 0.50 0.66 1.11
0.15 1.00 0.84 0.64 1.18
0.22 1.50 1.00 0.75 1.78
0.30 2.33 1.00 0.75 2.45

toward the edges of the diagram corresponds to increasing the number of electrons
in the ¢* band. Thus if the number of electrons in the band is increased beyond
one, the FS is bounded externally by four areas each centered at an M point. This
is often referred to as a “hole-like” Fermi surface. On the other hand, starting from
one electron, the addition of holes leads to a FS, that is a single area centered on
T". This is called an electron-like F'S.

When the oxygen—oxygen interaction, b, is added to the model, the universality
of the FS is lost. The F'S shape becomes dependent upon both the size and the sign
of b. For the three-band model, the spectrum of FS topologies are determined by
only two parameters. We shall take the two parameters to be the ratio, Fg, /b, and
the ratio, |(pdo)|/b. For b > 0 the hole-doped FS is concave, bowing inward toward
T'. For b < 0 it is convex, bowing out toward M.

Some experimental results for the FS of Las_,Sr,CuO4 (LSCO) are compared
with theoretical results in Fig. 11.10. The solid lines and shaded areas are theo-
retical F'Ss and the tick marks indicate the experimental data and its uncertainty.
It is apparent that the FSs bow inward and therefore the parameter b > 0. The
empirical parameters used to fit the data are shown in Table 11.5. Similar results
have been reported by Mrkonjic and Barisic [17, 18] for both Las_,Sr,CuO4 and
YBasCu3zOg.95. Within the accuracy of the experimental data the LCAO param-
eters are not precisely determined and variations of 10%-15% in the parameters
can lead to fits to the data that are equally “good”. The first column of Table 11.5
lists the hole concentration per CuOg unit cell. The second and third columns give
the ratio of the energy gap and p—d interaction parameter to the oxygen—oxygen
interaction parameter, b. These ratios show a reduction in (pdo) and the energy gap
as the doping decreases which is consistent with the idea that correlation increases
as a half-filled band is approached.

The last two columns of Table 11.5 show the ratio of the p-orbital to d-
orbital composition of the wavefunction at X and M. The ratios are defined as

\/{a2m +a3 |/|a3|, where the wavefunction is ¥ = ap,, Pox + ap,, Pyy + Ga dy2.
The values obtained indicate bonding similar to that of the d-band perovskites
with a trend toward less covalency as x decreases.
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b = +3(pdo)
er = 0.863
r=0.15

b= +3(pdo)
e = 1.32

r =0.05
b= +3(pdo)
ep = 2.14

Figure 11.10. Fermi surfaces (extended into the adjacent Brillouin zones) versus the hole
concentration, z, for Lag_,Sr;CuO4. The shaded areas are the filled states. The shapes are
calculated from the three-band theory with oxygen—oxygen interaction, b, included. The
parameters employed in the theoretical calculations are summarized in Table 11.5. The
“I-shaped” tick marks are ARPES data from [22, 23]. (a) x=0.30 (over-doped region)
showing an isolated “electron-like” Fermi surface. (b) z=0.15 (optimal doping) show-
ing the Fermi surface evolved into a large “hole-like” surface. (¢) £ =0.05 (under-doped)
showing a “hole-like” Fermi surface.
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In Fig. 11.10, the agreement between experimental and theoretical FSs is quite
encouraging, especially considering that there are only two free parameters. How-
ever, there are other aspects of the experimental data that do not agree with the
three-band model. One important disagreement is that experiment shows a definite
flattening of the dispersion curve near X for low hole concentrations. This implies
an extended singularity. The problem is, as discussed above, that b is required to be
negative in order to achieve the flat-band condition near X. On the other hand, b
must be positive to match the inward curvature of the experimental F'S curves. This
contradiction can not be resolved within the framework of the three-band model.

It should also be mentioned that obtaining good theoretical agreement with
the measured FSs does not guarantee that the theoretical energy bands are also
in agreement. Choosing parameters to fit the F'S only fixes certain ratios and does
not fix the absolute energy scale. For example, in Table 11.5 for x =0.30 two sets
of LCAO parameters with the same ratios are {b =1, E;, =2.33, (pdo) =1} and
{b=3, Eg4o =7, (pdo)=3}. The two sets of parameters give c* band widths that
are very different, but yield the same FS. Therefore, the parameters should be
determined from the experimental energy band dispersion curves when they are
available. Unfortunately, complete dispersion curves can not be obtained experi-
mentally because the data is cut off at the Fermi energy. In addition, very near
the F'S the dispersion curve is distorted by the formation of the energy gap in the
superconducting state.

Figure 11.11 shows a sketch of the energy band dispersion curves obtained
by ARPES experiments [22, 23] on Lag_,Sr,CuQOy4 for values of the hole-doping
ranging from x = 0.05 to 0.30. As should be expected the Fermi energy moves down
the dispersion curve as doping is increased. The FSs and dispersion curves for
2 >0.15 (metallic and superconducting phases) can be fitted by the simple three-
band model we have been discussing above. However, for z <0.10 the dispersion
is flat near the X point. For the three-band model this flat behavior can only be
achieved with the oxygen—oxygen interaction negative (b < 0). However, it is clear
that the Fermi energy is well above the energy of the X-point energy for x =0.10
and 0.05 and this feature requires b > 0. In fact, b/|(pdo)| must be large and positive
to position the Fermi level as far above the X-point energy as shown for x=0.05
in Fig. 11.10(c). This failure suggests that other many-body mechanisms [27] such
as antiferromagnetic spin correlations that are not represented by the three-band
model are operative in the insulating phase of LSCO.

(f) Possible role of the d,» non-bonding band

As mentioned earlier in this chapter the validity of the three-band model rests on
the assumption that the non-bonding d.» band is sufficiently far removed from the



i;

S

<3}

[S§]

|

= 0.0

=

g

M= -0.1

=

£ 02
0.0
0.1
0.2
0.0
0.1
0.2

T

11.5 Energy bands of the Cu—0Os layers

z=0.30
x=0.22
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
z=0.15
|~
x =0.10
xr = 0.05
X

M

275

Figure 11.11. A sketch of ARPES data for the energy band dispersion as a function of
the hole concentration, x. As x decreases Er moves up the quasiparticle dispersion curve. A
flat band (extended singularity) occurs for < 0.15. The energy band parameters change

as z changes (Table 11.5). The experimental results are from [22, 23].

o* band to be neglected. If E, lies within the energy range of the ¢* band the
two bands will hybridize and repel one another. Figure 11.12 illustrates the results
of the nearest-neighbor four-band model for F, > E,, at an energy that intersects
the o* band. The wavefunctions for the two bands are mixed. Starting from I" on
the left, the d-orbital composition of the lower band is mostly x2 — 3?2 in character
while the upper band is mostly d,=. Proceeding left to right, toward X, the d-
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Figure 11.12. Hybridization of the d,» and d,2_,2 bands in the four-band model. The
non-bonding band (lower band) hybridizes with the antibonding band (upper band). From
I' to X the upper band d-orbital composition is predominantly d,2_,2 and the lower
band mostly d,2. Along X to M the d-orbital character reverses, then reverses again
along M to I'. The Fermi energy for hole-doped material will lie below the energy at
X and therefore the F'S states are predominantly of d,2_,2 character. The values of the
dimensionless parameters used for the calculation of the three examples are E, /|(pdo)| =—
1, (E: — E)/|(pdo)| =1.0000, 1.3333, and 1.6667, E4s/|(pdo)| =2.3333.

orbital composition of the lower band evolves into mostly d,= and vice versa for the
upper band. Near M the wavefunctions again reverse their d-orbital characters. In
the absence of the oxygen—oxygen interaction this hybridization does not alter the
shape of the FS. The lower band will be fully occupied and the DOS as well as the
FS of the upper band are still universal curves, independent of the parameters. The
addition of the oxygen—oxygen interactions will have the same effect as described in
the previous section. Because there is always a sizable gap between the upper and
lower curves, erp always intersects the upper band and never intersects the lower
band.

Although the shape of the F'S is not significantly altered by the hybridization
with the d,» non-bonding band, the matrix elements that govern the ARPES in-
tensity as well as resolution effects can be significantly modified. However, if ep
lies reasonably near the energy of the logarithmic singularity (energy at X) the
portion of the hybridized ¢* band that determines the FS will be predominantly of
22 — 92 character. Therefore it appears that the qualitative F'S results based on the
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three-band model are not invalidated by hybridization with the d,2, non-bonding
band.

Theoretical justification for why E, may lie above E, has been given by Perry
et al. [24] based on including certain “static correlations” omitted in local-density-
approximation band calculations. These authors propose a model in which the 22
band possesses modest dispersion in the k,-direction and intersects the 22 — y?
band at the Fermi energy. In their model the interaction is weak and the resulting
hybridization gap is very narrow. This model does not seem to be compatible with
the wide gap that occurs naturally in the four-band model when E, > F,.

11.6 Chains in YBa;Cu30Og. 95

The high-temperature superconductor, YBasCusOg g5, is slightly orthorhombic
with (b/2a) =1.025 (2a =lattice spacing). It has a pair of closely spaced, Cu-Oq
planes parallel to the a—b plane separated by Y ions. In addition to these super-
conducting planes it also has copper—oxygen chains oriented along the b-axis. A
schematic of the structure is shown in Fig. 11.13(a). Figure 11.13(b) and (c) illus-
trate the Brillouin zone and one of the chains, respectively. It is evident that the
unit cell has one copper and three oxygen ions. Using the LCAO model including

Figure 11.13. YBayCu3Os.95. (a) Crystal structure. (b) Unit vectors and the Brillouin
zone. (¢) Cu—Os chain showing the orbitals.
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3
Y r

Figure 11.14. Chain dispersion curves for different values of the oxygen—oxygen inter-
action, b. Other parameters used are w, = 3 and w) = 0.

oxygen—oxygen interactions give the following matrix equation for the chain bands:

(We —w) —p 1 -1 C,2
-6 (v —w) b —bp Ch,
Y = 11.
1 bﬁ* (wH - w) 0 Cp;r 0 ( 30)
-1 —bﬁ* 0 (w” - w) sz—
where wy = Eq, /0, wj=E/o, #=1-exp(2ikya), b= 1(ppo) — (ppm)) /o,
and o = (pda) n (11.30) Cy2, Gy, C ,+» and C - are the amplitudes of the

dy2_y2, py, p} and p; orbitals for the chaln Wavefunctlon One of the eigenvalues
is w = w)| corresponding to a non-bonding band for the combination f(pz +p7).
The secular equation determining the three remaining eigenvalues is

(wa — w)(w) —w)? = 2w —w) — {(w) — w) — 4b+ 26*(w, — w)}4S§ - 32b5;1 =0.

(11.31)
The roots of (11.31) can be obtained by use of standard formulae for the roots of a
cubic equation. The root of principal interest is the partially occupied antibonding
chain energy band. Its dependence on the oxygen—oxygen interaction parameter,
b, is illustrated in Fig. 11.14. Positive values of b depress the dispersion relative
to b = 0. Negative b results in a curve with an initial flat portion and then a very
sharp transition to a rapid rise that eventually results in an enhancement of the
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Figure 11.15. Comparison of experimental and theoretical dispersion curves. The tri-
angles represent the data [28].The solid curve is for b = —1.5 and the dashed curve is for
b = —1.3. Other parameters used are Er = 2.1750 (eV), w, = 0.5, and w] = 0.

dispersion compared to b = 0. The antibonding energy band of the Cu-Oj3 chain
is one-dimensional and the dispersion along I' = Y (and I' — S) in the Brillouin
zone have been observed experimentally [28, 29]. The bottom of the chain band lies
about 0.5eV below the Fermi level and appears to be rather flat as it approaches I,
suggesting that the oxygen—oxygen interaction, b, is negative. Figure 11.15 gives a
comparison of the LCAO chain band with the experimentally observed band. The
theoretical curve for b = —1.5 yields an excellent fit to the experimental data.

11.7 Summary

Since the discovery of HTCS in LSCO by Bednorz and Miiller in 1986 a large
number of similar Cu—oxygen layered compounds have been discovered. With time
the record superconducting transition temperature has increased from 30 K to over
165 K for the mercuric cuprates. Essentially all of these compounds are antiferro-
magnetic in the undoped condition and become superconductors when the dop-
ing concentration is greater than about 0.10 holes per unit cell. Optimal dop-
ing at around 0.15 maximizes T. and above this concentration 7. decreases. For
hole-doping in excess of about 0.25 the material is no longer a superconductor.
The superconducting energy gap is anisotropic and usually has d-wave symmetry.
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Tunneling and other experiments indicate that electron pairs are responsible for
the superconductivity. The mechanism(s) for electron pair formation is uncertain
but likely results from electron—electron correlations instead of (or in addition to)
phonon-mediated pairing. The HTSC materials are unstable to the formation of
charge density waves, spin density waves, and charge and spin segregation into
stripes [20].

Conventional energy band theory does not describe the HTSCs because of
strong electron correlations. The antiferromagnetic and insulating phases are de-
scribed by the Mott—Hubbard theory and renormalized effective Hamiltonians that
include correlation effects approximately. At temperatures above T, the HTSCs are
poor metals with highly anisotropic transport properties and a nearly linear de-
pendence of the resistivity on temperature. Conductivity parallel to the Cu—oxygen
layers is several orders of magnitude greater than that perpendicular to the lay-
ers. Despite strong electron—electron correlations, Fermi-liquid-like quasiparticles
are seen in ARPES experiments that are reasonably well defined in the super-
conducting phase. In addition, Fermi surfaces have been mapped out by ARPES
experiments and fitted to tight-binding models based on the three-band energy
band model with renormalized parameters. In the antiferromagnetic and insulating
regions the dispersion curves for the electron excitations display a flat region in the
neighborhood of the X-point in the Brillouin zone that can not be explained by the
three-band model. The utility of the quasiparticle description is questionable in the
“normal” metal phase and it has been suggested that in that phase there are no
coherent excitations and that collective modes, holons, and spinons, involving the
separation of the spin and charge are operative.

The field of HTSC is moving at a rapid pace both experimentally and theoret-
ically. New materials are being discovered and explored. Experiments are becoming
more precise and able to distinguish between different proposed theories. As a re-
sult one can expect that a better understanding of the physics and chemistry of the
HTSC materials will emerge in the near future.
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Problems for Chapter 11

1. The electron creation and destruction operators, a}, and a;,, anticommute:

t i _ /
Gio Gy, + Ay Gic = i 600,

T

T T T —
2P a’ko" + ako—/ Q;; = Qio Ao’ + Ao’ Qic = 07

the latter equations require that a;rais = —aisais, and a} a} = —a}
Gistic = aiai. = 0. If [A, B] = AB — BA, show that

10 10
{aw, E Hjy, a;G/ akv/:| = E Hix aro.
&

Jik,o!

a}; and therefore

2. The time derivative of an operator A is given by ih dA/dt = [A, Hop), where H,p, is the
Hamiltonian in operator form. Find the time derivative of a;, for the Hamiltonian

Hop = Z Ej a}a, Ao’ —+ Z ij a;o_, Qo' -

o’ 3 k#j,0”
3. The operator form of the three-band model for Cu—O2 can be expressed as

— E qt . § aat )
chreefband = Ea,z aaﬂ‘ Aa,i + Ha,z;ﬂ,] aa,i ag,j
a,i a,2;3,7(nn)

+
+ Y Hausjalas,

a,i;3,5(nnn)

where «, i denotes an a-type (dz2, pzz, and py,) orbital centered at R‘Z The notation
a,1; 3,7(nn) indicates a sum over (3, 7)th orbitals that are nearest neighbors of the
(e, 4)th orbital. Similarly, the notation «,3;0,j(nnn) indicates a sum over (8,7 )th
orbitals that are the next-nearest neighbors of the (a,¢)th orbital. The Hamiltonian
components, Hy 3,; are the LCAO two-center interactions between the a-type
orbital centered at R; and the [B-type orbital centered at Ej. (a) Find the equations
for the time derivatives of the three aa: (o =d,2, Pz, and pyy). (b) Assume
Ga,i(t) = ca exp(—iwt—i—ﬁﬁﬂ and show that the equations are equivalent to the
matrix equation of Table 11.4.

4. Consider the three-band model of Table 11.4 and suppose (pdo) =0.
(a) Find expressions for the three energy bands and make a graph of them for k along
the linesI' = X =M — T for b=1, B, = —3, and E| = —T.
(b) Show that the density of states for the two dispersive energy bands, is given by

p(§) = (4/7*) K(\/1 - €2), where €= (E—E})/(20).

5. Make a graph of the curves of constant energy (Fermi surfaces) in k,—k, space for the
two dispersive energy bands in Problem 4 for £ = 0,0.01,0.25,0.5,0.75,0.99, and 1.

6. For the three-band model, assume b=-3, E, =-3, £ =-7, and (pdo) = 0.707eV.
(a) Make a graph of the three energy bands for k along the linesI' = X —-M — T
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(b) Discuss the nature of the wavefunction of the upper band along I' — X — M.

7. Using the five unit-cell basis orbitals, d,2_,2(7), pz (7 — aéz), py (¥ — a&y), p= (7 — aéy),
and py (7 — a€z) construct the 5x5 matrix eigenvalue equation. Find the eigenvalues at
T', X, and M in the Brillouin zone. Show that the energies for the o* band are identical
to those of the three-band model at I'; X, and M.






Physical constants and the complete elliptic integral

Appendix A

of the first kind

A.1 Selected physical constants

Symbol  Constant Value Unit
c Speed of light in vacuum 2.9979x 108 m/s
Me Electron rest mass 9.1094x1073! kg
mp Proton rest mass 1.6726x1072" kg
My Neutron mass 1.6749x1072" kg
mp/me  Proton mass/electron mass  1836.1527
e Electron charge 1.6022x1071  C
eV electronvolt 1.6022x1071 J
e/me Electron charge/mass ratio  —1.7588x 10! C/kg
h Plank constant 6.6261x 10734 Js
h Reduced Plank constant 1.0546x 1034 Js
6.5821x 1016 eVs
lhe Electron magnetic moment — -9.2848x10724  J/T
1B Bohr magneton 9.2740x10724  J/T
5.7884x107° eV/T
ap Bohr radius 5.2918x 10!t m
A Angstrom 1x10710 m
Na Avogadro constant 6.0221x10%3 mol !
kg Boltzmann constant 1.3807x1072%  J/K
8.6173x10~5  eV/K
Ry Rydberg 2.1799x 10718 J
13.6057 eV
Cal Mean Calorie 4.1868 J
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Physical constants and the complete elliptic integral of the first kind

A.2 The complete elliptic integral of the first kind

/2 d¢
K(x) = —_—_
(=) /0 V1—22sin?¢
K'(z) = K(z2'), ¥ =+1— 22

1
1 1 1
1 2
K'(z) do ="
() do =7

(A7)

(A.8)

(A.9)
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Table A.1. Numerical table of K(x).

z? K(z) K(z') x'? x? K(x) K(z') x?
0.00 1.570 796 00 1.00 0.26 1.691 208 2.138 970 0.74
0.01 1.574 746 3.695 637 0.99 0.27 1.696 749 2.122 132 0.73
0.02 1.578 740 3.354 141 0.98 0.28 1.702 374 2.105 948 0.72
0.03 1.582 780 3.155 875 0.97 0.29 1.708 087 2.090 373 0.71
0.04 1.586 868 3.016 112 0.96 0.30 1.713 889 2.075 363 0.70
0.05 1.591 003 2.908 337 0.95 0.31 1.719 785 2.060 882 0.69
0.06 1.595 188 2.820 752 0.94 0.32 1.725 776 2.046 894 0.68
0.07 1.599 423 2.747 073 0.93 0.33 1.731 865 2.033 369 0.67
0.08 1.603 710 2.683 551 0.92 0.34 1.738 055 2.020 279 0.66
0.09 1.608049 2627773 091 | 0.35 1.744351  2.007598  0.65
0.10 1.612441 2578092 0.90 | 0.36  1.750754  1.995303  0.64
0.11 1.616889 2533335 0.89 | 037 1.757269 1983371  0.63
0.12  1.621393 2492635 0.88 | 0.38 1.763898 1971783  0.62
0.13  1.625955 2455338 0.87 | 0.39 1.770647 1.960521  0.61
0.14 1.630576 2420933 0.86 | 0.40  1.777519 1949568  0.60
0.15  1.635257 2389016 0.85 | 0.41  1.784519 1938908  0.59
0.16 1.640000 2359264 0.84 | 0.42  1.791650 1.928526  0.58
0.17 1.644806 2331409 0.83 | 0.43  1.798918  1.918410  0.57
0.18 1.649678 2305232 0.82 | 0.44  1.806328 1908547  0.56
0.19 1.654617 2280549 0.81 | 0.45 1.813884  1.898925  0.55
020 1.659624 2257205 0.80 | 0.46  1.821593  1.889533  0.54
021  1.664701 2235068 0.79 | 0.47  1.829460 1.880361  0.53
0.22 1.669 850 2.214 022 0.78 0.48 1.837 491 1.871 400 0.52
0.23  1.675073 2193971  0.77 | 049 1.845694 1.862641  0.51
024 1.680373 2174827 0.76 | 0.50 1.854075  1.854075  0.50
0.25  1.685750 2156516  0.75 | 0.50  1.854075  1.854075  0.50
z? K(x') K(x) x? z? K(a') K(x) x?




Appendix B
The delta function

As we have seen in Chapter 6 the ¢ function (sometimes called the Dirac delta
function) is a useful mathematical tool. In this Appendix we derive formulae for
the representation of the delta functions employed in Chapter 6.

The § function is defined by its properties:
d(x—m0) =0 for = # xo, (B.1)
/§(z —xq) f(z)dx = f(xo), (B.2)

where f(z) and its derivative are continuous, single-valued functions and the inte-
gral is over any range containing xzy. The result, f 0(x — xo) dx = 1, follows from
(B.2) for f(x) =1. Another property, §(z — x¢) — oo as x — xg, is implied by (B.1)
and (B.2). Clearly if (B.1) holds, the ¢ function must be arbitrarily large at zq if
(B.2) is valid.

There are numerous analytical representations of the delta function. We shall
use a frequently employed representation wherein 6(z — ) is the limit of a partic-
ular function:

1 1

[2a? 7

where “Jm” indicates the imaginary part of the quantity and A is a small positive
number. In using this representation there is an implied order of doing things.
The limiting process A — 0 (A > 0) is to be performed last. This means one must
calculate the imaginary part first, then take the limit as A — 0. This limiting process
is often indicated by using the symbol 0" as we did in Chapter 6.

The imaginary part of (B.3) is

5(x — x0) = lim > ! (B.4)

A—0 T ($7I0)2+A2 ’
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It is easy to show that the delta function defined by (B.4) satisfies the equations
(B.1) and (B.2). For x # xg, in the limit as A — 0 the right-hand side of (B.4) tends
to zero as the first power of A and hence §(z — xo) = 0. However, when x = x¢, then
the right-hand side tends to infinity as 1/A. To show that (B.2) holds we use (B.4)
and write

/5(x — 20) f(z) dz = lim (3) /W (B.5)

A—0 \7T T — )2+ N2

The integration range in (B.5) may be taken as a small interval around zg, say
from xg —a to xg+ a. For our purposes we may assume that f(z) possesses a
convergent power-series expansion near g,

oo

F) = 30— 1 o)~ wo)" (.6)

n=0

where the constant, f(")(x), is the nth derivative of f(z) with respect to x eval-
uated at xo. Inserting (B.6) into (B.5) and changing the integration variable to
z = (x — x0) /A, we obtain

X yn +a/X p(n) n

A—0 T o, n! —a/\ 22+1

The nth term of the sum vanishes as A" and therefore only the n =0 term will
survive in the limit as A — 0. Thus, (B.7) becomes

Lo [T = L ) wetana)| T = g )
. To OOZ2+1_7T o arcanz_oo_ o) - .
This result shows that the delta function defined by (B.3) satisfies condition (B.2)
that [ §(z — x¢) f(x) dx = f(xo) and that [ §(z — z¢) dz = 1 (by choosing f(z)=1).

As mentioned in Chapter 6 it is often convenient to work with a function, f(x),
rather than . If (df(:v)/dac)‘gJO = fW(xq) # 0, we can define §[f(z) — f(x0)] in the
same way as d(x — ),

o1f() = fao)] = fim { = = m e}

= lim — { A 5 } (B.9)
A0 L[S O @) (= wo)"]” 4+ A2

For x # xo, 0[f(x) — f(zo)] — 0in the limit A — 0. As z — z¢ we have two limiting
processes, but as mentioned earlier, the limit A — 0 is to be performed last. There-
fore, for x sufficiently close to xg only the linear term of the power-series expansion
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of f(x) need be retained. Thus,

.1 A
S1f(x) ~ Flao)] = lim { e }
. 1 1
= jin {_%"m f(l)(mo)(x—xo)JrM}‘ (B-10)
Equation (B.10) can be rewritten as
S[f(x) — f(xo)] = ! - lim Jm 1 (B.11)

1 fM(zg) A0 T (@ — xo) + N

where N = \/f( (). We note that when f(M)(zq) < 0, X' will approach zero from
the negative side as A — 0 from the positive side. As a result the imaginary part
will also change sign. This change in sign is canceled by the change in sign of the
multiplying factor, 1/[xf()(x0)]. Thus, the final result can be written for either
case by using the absolute value of f()(x):

1 1 .o~ 1
O (@) = flao)l = == maroy Fm I™ =y v
1 1 1

= T @) ™ @ wo) +i0F (B.12)

where i07 is shorthand for the limiting process. The relationship between ¢ func-
tions is then,

SLf(z) = f(zo)] = gy (@ — @0) - (B.13)



Appendix C

Lattice Green’s function

We first consider the lattice Green’s function for the d orbitals alone. In Section
C.3 we calculate the total Green’s function including the p-orbital functions. The
lattice Green’s function, G, for the pi(zy) states of the cubic perovskite is defined
here as the inverse of the matrix, Hy, that describes the interactions between the d
orbitals for a unit-cell layer parallel to the xy-plane. Within the nearest-neighbor
approximation different unit-cell layers are uncoupled and may therefore be treated
as two-dimensional systems. The B ions are located on the zy-plane by the set of
two-dimensional vectors, pj ., = 2a(jé, + mé,), where j and m are integers. The
p, orbitals of the O ions are located at p; ., +aéy and the p, orbitals at g} ., + aéy.
For the pi(zy) states the equations for ¢;, ¢,, and cgy, the amplitudes of the p,,
Dy, and dg, orbitals, respectively, are

(Wt — W) oy (ﬁj,m) + o (ﬁam + aéy) —Ca (ﬁj,mfl + aé’y)

+cy (ﬁj,m + aé’z) — ¢y (ﬁj_l,m + aé'x) =0, (C.1)
(Wi —w) ey (ﬁj,m + a€y) + Cay (ﬁj,m) — Cay (ﬁj,m+1) =0, (C.2)
(Wi = w) ey (Phm + aés) + oy (Fjm) = Cay (Pj+1,m) = 0. (C.3)

Using (C.2) and (C.3) to eliminate the p-orbital amplitudes from (C.1) we
obtain an equation involving only the d-orbital amplitudes.

[(wr —w)(wr = w) = 4] eay (Pjm) + Cay (Pj+1m) + Cay (Fj—1,m)
0.

+ay (Pm+1) + oy (Fjm-1) = (C4)
The equations represented by (C.4) can be written in matrix form:
Hg(w) éxy =0, (C.5)

where Hy(w) is the effective Hamiltonian describing the interactions between the
d orbitals and C,, is a vector whose components are the d-orbital amplitudes,
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Cay(Pjm). The matrix elements of Hy(w) are given by

Hd[ﬁj,m; ﬁj',m’] = (w —w)(wy — w)5j,j’5m,m' + 41,5 Om,m/
+0;-1,5/0m,m’ + 05,j'Omt1,m’ + 0,5/ Om—1,m’- (C.6)

Using a more compact notation (C.6) can be expressed as

Hy(p,7') = (w — w)(wi —w)dz
05,57 +az.) T 05,5 —azs) + 05,57 +ae,) T 05,5/ —az,)  (C.7)

In this notation eigenvectors, C*, are characterized by a two-dimensional wavevec-
tor, k. The components of C* are

k() = %N (C.8)

Our aim here is to construct the matrix elements of the function [Hy]~!. To do
this we note that Hy(k, &) is diagonal in k-space and hence its inverse also diagonal.
Then, transforming H; 1(12, K ) back to lattice space we obtain the desired matrix.
Using (C.8) we have,

- = 1 77;—‘__, 5 72»"/_—‘/
Hd(kvk,)zﬁz kad(pvﬁ)e e

PP
= {(w —w) (w1 —w) — 4+ 205, +2Coy } 0 1. (C.9)

Therefore for the matrix elements of the inverse:

,1(];/:7 E/) = {(u)t — UJ)(UJJ_ — LU) — 4 + 26‘23j + 202:[/}_1(5]—57]—5” (ClO)
where Cy, = cos(2k,a) and a is the B-O distance. Since we know the matrix ele-
ments of Hy in k-space, we can easily obtain the desired lattice space function, G.
We transform the matrix from the k-space representation of (C.10) to lattice-space
representation using the eigenvectors.

k im e —ik' p] m'(5~~

I il 11

Gelp,p'] \FZZ (wr — w)(w, —w) — 4+202x+202y (10
ik (F=7") C

12

N Z 2e + 2C5, +202y ( )

where ¢ has its usual definition 2 = (w — wp,)? — (wy/2)? — 4. Because of trans-
lational symmetry, G.(p, ') depends only on the difference p'— 5’. Since Hy is a
hermitian matrix so is G, and therefore G (g, p’) = G<(p’, p)*. In the limit of large
N, the sum can be converted to an integral,

6.5 5 = 2 / R (=) = )
S P )T 0m)E | 2407 + 205, + 205, O '
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where the integration is over the two-dimensional Brillouin zone. We now make use
of an integral representation of the Bessel function

TP [T . .
Jp(t) = —/ da et cos@) give (C.14)
2 J_ .
and
1 o
- = —z'/ dt OOt (C.15)
A 0
to arrive at the result
Gel s Ppe) =100 [0 g, (0) 10 (C.16)
OOO
= jlatr= 1)/ cos(e ) Jn(t) dt
0
ila+m) / sin(e ) Jp(t) dt (C.17)
0

where g = j — j' and r = m — m/.

C.1 Function G.(0)

For p'= p’ in (C.13) we obtain the diagonal d-orbital, lattice Green’s function,

1 T dzx dy
Ge(0) = (2m)2 /,ﬂ /,,r 2e + 0+ + 2 cos(x) + 2 cos(y) (C.18)

2 dz dy
(2m)? /0 /0 2¢ +i0T + 2 cos(z) + 2 cos(y) - (C.19)

Inside the pi(zy) band, |e] < 2, the imaginary part of G.(0) is related to the
DOS function. In fact, from (6.21) we see that,

—=ImG.(0) =2p(e) = p(2e). (C.20)

™

Making use of (C.16) and (C.17) we have

= —f/ dtemJ

B _5/0 dt cos(et) Jo(t)* + ;/OOO dt sin(et) Jo(t)*. (C.21)
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The result may also be written in terms of the complete elliptic integrals:

1| (k) K (k1) lel > 2,

G:(0) (C.22)

o sign(e) K(k) —iK (k') |e] < 2,

with k =¢/2, k¥ =1 —k?, and k; = 1/k. The imaginary part of G.(0) vanishes
for |e| > 2. Inside the band, the relation between the imaginary part of G-(0) and
the DOS is

p(2¢). (C.23)

N | =

2 IMGL(0) = ple) =

0.50

0.25

0.00

Re G.(0)

Figure C.1. Real part of Green’s function G.(0).

Figure C.1 shows a graph of the real part of G.(0). The function possesses
logarithmic singularities at the band edges (¢ = £2) and a jump discontinuity of
magnitude 1/2 at € = 0. For large values of € the function decays as 1/(2¢). It is
antisymmetric about € = 0.

C.2 Function G.(1)

We define

G.(1) = G.(p, P+ 2aé,), (a==zory), (C.24)
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and obtain the result:

1 T e dx dy
G.(1) = —— : 7 C.25
(1) 2(2m)2 /_77 /_,r € +i0t 4 cos(z) + cos(y) ( )

= /cos(st) Jo(t) J1(t) dt + i / sin(et) Jo(t) J1(t) dt. (C.26)

The imaginary part of G.(1) vanishes for € outside the pi energy band, that is for
le] > 2. From (C.25) it follows that

G.(1)+ Ga(—1) = % _G(0), or

),
1r1
Re{G(1)} = Re{G(~1)} = 5 [5 . sGE(O)] (C.27)

Using (C.22) we can write

L (m2-Ke) e > 2,
Re{G. (1)} = — (C.28)
T /2 k| K(k) |e| <2

0.00

Re G.(1)

-0.25

-0.50 |-

Figure C.2. Real part of Green’s function G(1).

Figure C.2 shows a graph of real part of G¢(1). The function possesses logarithmic
singularities at the band edges and a cusp at € = 0. For large ¢ it tends to zero as
—1/(4£?). Unlike Re G.(0), Re G (1) is symmetric about & = 0.
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C.3 Lattice Green’s function for the pi bands

In the previous sections we obtained the Green’s function for the d orbitals. In this
section we calculate the Green’s function for the pi bands including the Green’s
functions for the p orbitals. From these results we calculate the “partial” DOS
functions associated with the square of the amplitudes of each of the orbitals in-
volved in the pi bands. The partial DOS functions provide a way of quantifying the
degree of covalent mixing for the pi bands and are employed in obtaining the XPS
photoelectron cross-sections in Chapter 8.

(a) The pi-band lattice Green’s function

According to Chapter 4, equation (4.43), the matrix equation that determines the
pi(aB) bands, with o = zy, xz, or yz, is

[h(k) — E]C(k) = 0, (C.29)
where the 3x3 matrix [fl(lg) — E] is given by

E,—E 2iSg(pdm)  2iS,(pdm)
_2iSy(pdr) E, —E 0 (C.30)
—2iSq (pdr) 0 E,-F

-

with S, = sin(k,a). The components of the vector, C(k), are the amplitudes of
the dug, Do, and pg orbitals. The total Hamiltonian [H — E} is a 3N x 3N matrix
given by

[H B E] K,k r,s = [B(E) o E] r,s 5/;,1;/' (031)
We define the lattice Green’s function by the equation,
[H—E] G(E) =1 or G(E)=[H-E] ", (C.32)

where I is a 3N x 3N unit matrix. In %—space the matrix elements of the inverse
are given by

1 ror -1
[H - E] E.K'sr,s = [h(k) - E] r,s (SE’]ZI- (033)
The matrix elements of the inverse,
P -1 1
h(k) - E| = 5 Mo, C.34
[ ( ) ]r,s D ’ ( )

where

D = det(k,E) = (E, — E) [(EL _ E)(E, — E) — 4(pdm)2(S2 + Sf;)] (C.35)
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is the determinant and Mj , is the (s, r) element of the matrix of the minors, given
by

(EL — E)? —2i(E, — E)Sg(pdm) —2i(E| — E)S,(pdrm)
2i(E, — E)Sg(pdm) (EL — E)(E; — E) — 45%(pdm)?]  4S.Ss(pdn)?
2i(E1 — E)Sa(pdm) 48,85 (pdm)? (EL — BE)(E, — E) — 4S5 (pdr)?]

(C.36)

The lattice-space Green’s function is obtained by transforming G(E); i, . . to
lattice-space by means of the unitary transformation

G(E; Rop, By)rs = NZ@ (ERn=F"Ro) G(E)g 21,0 - (C.37)
kk’

The d-orbital Green’s function discussed earlier in this Appendix is related to the
(1,1) elements of the full lattice Green’s function in (C.37) as follows:

G.(7,7") = (pdr)? G(E; Ry, Bn)11 (R — Rn=p5—7"). (C.38)

(b) Relation to the density of sates

An important result is the relationship between the DOS and the trace of the
3N x 3N Green’s function matrix. Consider

™

—ljm{zt G(E + i0+)} - —%Jm{% S Te[h(k) - E +i0*] ‘1} (C.39)
7

where Tt indicates the trace. Since the trace of a matrix is invariant under unitary
transformation it follows that we may evaluate the trace of [h(k) — E + i0"] “lin
its diagonalized form. This gives
Te[h(k) — E+i07] " =Y [B;(F) — E+i0t] (C.40)
J

where EJ(E) are the pi-band energies for the 7°, 7* and 7,

Ei(k) = En=E,, (C.41)
By(R) = Ere (k) = By + 1/ (Ey/2)? + 4(pdr)*(S2 + S2), (C.42)
Es(R) = Ex(K) = Eyy — \/(Eg /2)? + A(pd)2(S2 + 52). (C.43)

With these results, equation (C.39) takes the form

2“ Z/dk — E+i0%]" } ij (C.44)
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where the integration is over the first Brillouin zone. Thus, — % Jm {Tt G(E +i0")}
is the sum of the density of states functions for each of the three bands and therefore
it is the total density of states for the pi(a3) bands.

(¢) Partial density of states

The “partial” DOS functions associated with each type of orbital involved in the pi
bands can be obtained from the lattice Green’s function. From (C.36) and (C.37)
we have

- — o ~ = -1 2a\3 —'(EJ__E)Q
L 2a\3 [ ~[(EL —E)(E,—E)—4 262
G@J@megz(ﬁ)/ﬂﬂ(l (B = B) Z4pdm)"Sa] (45
2 D(k, E)
L 2a\3 [ - [(EL — E)(E, — E) — 4(pdr)252
G(E; B, Rn)ss = (5 /dk (B = E)E: = B) Z4pdm)7S5)
2 D(k, E)
The partial DOS functions are given by
1 0t
pas(E) = == Im{GE+i0") 5, 7 11} (C.48)
1. .
palB) = ——Im{G(E+i0")5 7 5.}, (C.49)
™ ’ 34
1. -
pﬁgm::—;Jm{Gu;+zo)Rmﬁmﬁﬁ}, (C.50)

where pog(E) is the part of the total DOS that the d orbitals participate in. Simi-
larly po(E) and pg(FE) are the parts of the total DOS that the p, orbitals and pg
orbitals participate in. Since pag(E) + pa(E) + pg(E) = —LIm{Tr [G(E + i07)]}
it follows that pr(E) = pag(E) + pa(E) + ps(E), where pr(E) is the total pi-band
DOS for all three bands together. From (C.35) and (C.36),

1
(E. — E+i0%)

2aN\3 [T/ [7/? dk, dky [(E1 — E) + (E; — E)]
+(%> /Tr/z /Tr/z [(EL — E+i0%)(Ey — E +i0%) — 4(pdm)?(S3 + S3)] }

i (C.51)

sl ) + pulE) + p3() =~ o]

The first term on the right-hand side of (C.51) is §(E . — E), the DOS for the flat,
non-bonding, 7% band. The second term on the right can be evaluated from (6.28)
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as

|E — Em|
E)="—"—"™
pﬂ'( ) (pdﬂ_)Q

The function in (C.52), discussed in Chapter 6, is the DOS for the 7 and the 7*
bands. It is given by

px(e(E)). (C.52)

pr(e(E)) = 7321(< 1- (6(5))2>, (C.53)
(B — En)® = (Ey/2)?
(E) = T _2. (C.54)

For E < E.,, pz(E) gives the DOS of the m band and for E > F,, it gives
the DOS of the 7* band. This proves that pr(E) = pag(E) + pu(E) + ps(E) =
pﬂ.o(E) + pﬂ'(E) + Prx (E)

(d) d-Orbital and p-orbital partial DOS functions

The d-orbital partial DOS, pag(E), is given by (C.45). The integral can be evaluated
immediately in terms of p,(E). We have

1 o 1 2a\ 3 - (E, — E)?
2 9m G(E; B, R)11 = —Jm{( “) /dk: (L)}
Vi

7r 2 D(k, E)
1. f2a\3(F (% dk, dk, (E, — E)
- WJm{(zw)/_g/_g (EL — E +i0)(E, — E + i0+) —4(pdﬂ)2(5§+5g)]}
_|E—-E/]|
= Wﬂw(E(E))~ (C.55)

The final result of (C.55) for the d-orbital partial DOS gives the contribution of
the square of the d,g-orbital amplitude to the states in the range E to E + dE.
For convenience we shall name this function p.4(E). It is clear that prq(F) = 0 at
FE = F, , showing that pi bands are pure p orbital in composition at £ . In contrast
to this result, at E = Et, pra(E) = pz(E:) (the total DOS at E;), showing that the
states are pure d orbital in composition at the edge of the conduction bands.

For the p-orbital partial DOS, prp, (E) and pap, (E), we have

— % Im{G(E; R, Rn)22+ G(E; Ry, R)s3} = 0(E — Ey) + m pr(e(E)).

(C.56)
The first term of (C.56) is the partial DOS for the pure non-bonding p bands.
The second term is the sum of the two p-orbital partial DOS functions for the =
and 7* bands. Symmetry indicates that the two partial DOS functions are equal,
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Prpe = Prpys thus

HE =Bl () = prpy (). (C.57)

1
Prp. (E) = 55(E - B+ 1 (par)2

As may be seen from (C.57), these partial DOS functions vanish at E = E; because

the states are pure d orbital at that energy. For E = E |, pqp, (E) = %p,r (EL). The
partial DOS functions are obtained in Chapter 8 directly from the wavefunction

amplitudes.

(e) Cowvalency ratio

For the m and 7* bands we define

1B - B

prp(E) = 5 Wﬂw(E(E)), (C.58)

the sum of the p-orbital partial densities excluding the non-bonding delta function.
Figure C.3 shows pr«(E) and pr,(E) as functions of E. The parameters used for
the figure are appropriate for SrTiO3z or BaTiO3. The total area under the two
curves for each function is 1. For p,4(F) the conduction-band area is 0.82 and
the valence-band area is 0.18. For p,(E) the valence-band area is 0.82 and the
conduction-band area is 0.18.

14 [
pm'd(E)

prp(E) ———

1.2

1.0 -

0.8 - Valence Conduction

band band
0.6 [~

04

0.2 -

0.0 -

Energy (eV)

Figure C.3. Partial density of states. Parameters used are £, =—8.2eV, Ex =-5.0€eV,
and (pdm)=1.0eV.
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The d-orbital mixture into the 7 valence band is

pra(E) (E—-FE.)
R(E) = - for Ey<E<E, C.59
)= GoedlB) + 9y ()]~ 2E— ) (€%
where Ey = E,, — \/(E,/2)? + 8(pd)? is the bottom of the valence band. Equation
(C.59) is a measure of the covalent mixing of the d orbitals into the valence band
as a function of E. If we make the substitution, B/ = E — E,, in (C.59) the result
is

(B4 E,/2)
R(E" = Yol
This result was obtained in Chapter 4 by other means and (R), the value of R(E)
averaged over the valence band is shown in Fig. 4.5 as a function of E; and of (pdr).
Equation (C.60) shows that for a given E’, the d-orbital mixing into the valence
band is dependent only on the energy gap, Fy, however, the total mixing for the
entire band depends on both E, and (pdm) because the band width depends on
both of these parameters. Symmetry demands that the probability of the p orbitals
in the m* conduction band is the same as the probability of the d orbitals in the
valence band. That this requirement is met is evident in Fig. C.3.

for E,—E, <E<-E,/2. (C.60)



Appendix D

Surface and bulk Madelung potentials
for the ABQO; structure

The electrostatic potentials (Madelung potentials) due to the ionic charges of the
ABOg3 perovskite structure are given in this appendix for the infinite and semi-
infinite lattices. The potential for an electron at the point 7 due to the charged ions
is

where ﬁB, R 4 and FEO are the vector positions of the B, A, and O ions respectively.
For the infinite lattice the sum extends over all of the lattice sites, while for the
semi-infinite lattice the sum extends over the half-space bounded by a type I or
type II (001) surface. In (D.1), ¢p, g4, and go are the magnitudes of the charges
on the B, A, and O ions, respectively.

A bit of finesse is required to carry out these sums and various methods are
discussed in the scientific literature [1-4]. The potentials at the sites are summarized
in Table D.1 for a perovskite such as SrTiO3 with ¢g = 2g4 = 2q0.

In Column 1, the notation “Site(z)” indicates the type of site and z, the dis-
tance below the surface for the type I and type II (001) surfaces. The convention
is that a positive potential is repulsive to an electron and a negative potential is
attractive. The reduction in the B-ion potential at the type I surface means that
the surface site potential is less repulsive.

The potentials in Table D.1 are in units of e?/2a and the charge is e =
4.802 x 10719 esu. To convert these potentials to electronvolts multiply the entry by
(14.3942/2a), where 2q is the lattice constant in angstroms. For SrTiOg, for exam-
ple, 2a = 3.92 in angstroms and the conversion factor is 3.6720. Thus, the Madelung
potential at the Ti site for a type I (001) surface is: 11.7045 x 3.6720=42.9789 V.
For the infinite crystal the value is 12.3775 x 3.6720 =45.4502¢V. The reduction
of the repulsive potential at the surface is 2.4713eV. These values are for the full

302



Surface and bulk Madelung potentialsfor the ABOs structure 303

Table D.1. Bulk and surface electrostatic potentials.

Ton site(z) Infinite lattice ~ Surface =~ Change from
potential potential bulk value
Type I (001)
B(0) 12.3775 11.7045 -0.6730
A(a) 5.3872 5.4159 0.0287
0(0) —6.4559 -6.4590 -0.0031
O(a) —6.4559 —6.4845 -0.0029
Type II (001)
B(a) 12.3775 12.4092 0.0317
A(0) 5.3872 4.9783 ~0.4089
0(0) ~6.4559 —5.5127 —0.9432
O(a) —6.4559 —6.4590 0.0031

ionic charges qs; =2, gri =4, and go = 2. The charge may be adjusted for covalent
effects, however charge neutrality must be maintained. This means that

qa +4qp — 390 = 0. (D.2)

For bulk SrTiOj it is found that due to covalent mixing the effective charge
is approximately 85% of the ionic charge so that g4 =1.7 for the Sr ions, g =3.4
for the Ti ions, and go =1.7 for the oxygen ions. With this covalency reduction,
the change in the Madelung potential on the type I (001) surface is 2.1003 eV (less
repulsive).

Using Table D.1, the surface unit-cell site potentials can be calculated for the
type I and type II (001) surfaces. Additional tables and results may be found in
[1-4].
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ABOg structure, 9, 26, 199, 232, 300 APW, see augmented plane wave method
absorption, 20, 23, 106, 137, 139, 140, 142, 156, ARPES, see angle-resolved photoemission
165, 172, 179, 181 spectroscopy
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allowed transitions, 143, 154
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AlOs, 244

. L augmented plane wave method (APW), 120, 121
amplitude-oscillating surface states, 208
angle-resolved photoemission spectroscopy
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272-275, 279 BaBiOg, 19, 245
antibonding band bending, 23, 199, 216, 219, 221
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chain energy bands, 277, 278 band-edge behavior, 157, 173
cluster states, 12, 95, 97 band-edge contribution, 171
o* bands, 19, 262, 263, 269, 275 band gap, 14, 15, 20, 23, 67-69, 74, 76, 79, 103,

122, 135, 137, 199, 211, 213, 216, 227, 252
states, 11, 21, 22, 51, 93, 238, 242

at I', 80, 131, 208
antiferroelectric, SrTiOgz, 231, 241

. . at X, 83
antiferromagnetic

ionic, 80
coupling, 18

. band-gap defect states, 221
correlations, 249, 279

band-gap emission, 194
phase, 249, 251, 252, 278, 279

band-gap energy, 24, 80, 156, 159, 160, 166, 179,
spin excitations, 256 239

antiparallel spins, 33 band-gap photons, 24
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band-gap region, 24, 191, 194, 198, 202, 208, 210,

211, 217, 219, 220, 221, 223, 224, 228
band-gap surface states, 202, 218-220

band width, 16, 68, 74, 75, 112, 119, 194, 219,
252, 299

basis orbitals, 30, 50, 57, 76, 77, 89, 106, 184,
185, 281

basis states, 11, 37, 53, 56

BaTiOs, 1, 2, 4, 9, 15, 20, 23, 26, 68, 69, 156,
161, 179, 230-233, 235-237, 242, 298

dipole moment, 213
ferroelectricity, 245, 246
Hall effect, 238
mobility, 238

phase transition, 241

polarization, 17, 22, 34, 137, 138, 146, 152,
213, 247

BizSraCaCuzOg, 249

Bi2201, 269

Bi2212, 269

binding energy, 17, 30-32, 192

BiSCO, 249

Bloch’s theorem, 55

BOg cluster, 11, 26, 89-91, 93, 94, 100, 103
bonding states, 11, 21, 97

Brillouin zone

extended, 126

first, 13, 53, 54, 75, 76, 106-108, 115, 141, 158,

258, 269
I’ point, 76, 100, 102, 159, 281
M point, 83, 270, 281
R point, 67, 73, 85, 87, 100, 102, 176
second, 258
symmetry points, 76, 80, 146, 259
two-dimentional, 291
X point, 80,110, 126, 136, 159, 279, 281

Brillouin zone integration, 165, 296

Index

bulk band-edge, 211
bulk continuum, 205, 216, 224, 228

bulk energy bands, 198, 202, 212, 215, 217,
219-221, 229

bulk potential, 199, 201, 220, 300, 301

Cyv, 57, 199

CaMnOg, 1, 18

catalysts, 2, 21-23, 198

CaTiOs, 1, 242

charge density, 32, 34, 36, 37, 42, 251, 279
chemisorption, 22, 198, 229

cluster model, 12, 14, 15, 103, 104

cluster states, 10-12, 17, 26, 89, 93, 99-104, 105

CMEA, see constant matrix element

approximation
coherent excitations, 279
collective excitations, 142, 193
collective modes, 251, 279

conduction band, 9, 64, 71, 77, 83, 89, 102, 142,
144, 156, 194, 157, 221, 223, 224, 230, 245,
252

empty (unoccupied), 15, 103, 141, 143, 152,
157, 179, 188

half-filled, 19, 265

7*, 15, 65, 68, 73, 112, 122, 125-127, 129, 130,
145, 217, 297-299

o*, 72, 73, 118, 154

conduction band edge, 126, 211, 215, 218-220,
228

conduction electrons, 130, 131, 134, 193
configuration interaction, 39
constant energy surfaces, curves, 126, 281

constant matrix element approximation (CMEA),
183, 184

coordination number, 5
coordination polyhedron, 243

coordination sphere, 242, 243
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core levels, 182, 193
correlation energy, 16, 219, 224, 252, 253
correlations, 16, 156, 217, 220, 254, 271
antiferromagnetic, 249, 259, 267
cluster states with band states, 100, 102
electron—electron, 33, 73, 211, 221, 279
exchange and, 17, 37, 255
static, 276

Coulomb repulsion, 16, 33, 156, 202, 203, 210,
211, 215, 217, 219, 223, 224, 250, 255

covalency, 2, 9, 12, 14, 26, 196, 271, 301
covalent, 4, 13, 69, 211
covalent bonding, 230, 238, 263

covalent mixing, 9, 10, 12, 15, 17, 51, 68, 73, 74,
89, 294, 299, 301

critical points, 110, 111, 114, 116

cubic perovskites, 4, 13, 52, 60, 109, 124, 135,
144, 156, 239, 264

cubic-to-tetragonal transition, 237
cubic symmetry, 8, 57, 231, 232

Curie temperature, 237

d bands, 52, 73, 85, 183

d-orbital mixture, 12, 299

decomposition coefficients, 92, 93
decomposition formula, 92

defect, 156, 157, 198, 200, 211, 220-222, 228
defect states, 198, 200, 211, 220-222
degeneracy, 4, 236, 237

delocalization, 13, 16, 156, 253

delta function, 107, 108, 110, 112, 139, 158, 167,
170, 176, 183, 286, 287, 298

density of states (DOS), 2, 19, 26, 67, 73, 104,
106-114, 118-122, 136, 143, 158, 163, 165,
183, 184, 191, 194, 253, 257, 262, 270, 281
291, 292, 295

joint (JDOS), 144-147, 160, 179, 180, 197

partial (PDOS), 185-188, 190, 195, 294
206-298

% band, 112, 113

m band, 108-112, 122, 127, 128, 130-132, 135,
261, 264

° band, 119, 120, 296

o band, 113-116, 118, 119, 264, 265, 267, 268,
275

surface states (DOSS), 208, 209, 211, 212, 214,
217, 223, 229

destruction operator, 258

diagonal blocks, 63

dielectric function, 2, 139-142, 179, 181, 232
dipole moment, BaTiOgs, 213

dispersion, 14, 65, 73, 110, 115, 125, 136, 140
205, 257, 258, 263, 265, 267, 269, 273, 274,
276-279

surface state, 207, 212, 215, 219,
dispersion curves, 273, 277
displacement field, 138
displacive transition, 231, 232
distortions, 4, 230, 241
donor centers, 15
DOS, see density of states

DOSS, see density of states, surface

e2(w), 141, 143, 146-148, 152-154, 156, 157,
159-162, 165, 166, 168-177, 179, 180, 196

ey states, 8, 17, 83, 95, 252, 260

effective cross-section, 184

effective mass, 122-129, 132, 134, 256
tensor, 125

eigenvalue condition, 65, 207, 209, 223

eigenvalue equation, 34, 51, 55, 56, 60, 63, 69, 70,
113, 208, 210, 213, 229, 281

electrochromic, 2, 20, 21
electrolysis, 23, 24

electromagnetic theory, 139, 140, 179, 180
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electron affinity, 21, 58

electron concentration, 122, 125, 129, 216, 220
electron screening, 17, 22

electron—electron interactions, 253, 254

electron—electron repulsion, 16, 202, 210, 217,
220, 221, 254

electron-like Fermi surface, 271, 272
electronic configuration, 6, 17, 18, 252
electron correlation, 156, 252, 255, 259, 279

electronic structure, 9, 25, 35, 38, 40, 52, 60, 181,
219, 245, 251, 253

electronic transitions, 104, 137, 139
electrostatic field, 7, 8

electrostatic interactions, 9
electrostatic potential, 7, 210, 213, 220
electrostatic splitting, 11, 58

elliptic integrals, 110, 112, 145, 164, 165, 169,
214, 227, 264, 283, 284

emission rate, 183
empirical parameters, 50, 135, 270, 271

energy band, 2, 9, 12, 26, 40, 53, 54, 60, 63, 64,
72, 101-105, 107-111, 119, 120, 123, 124,
130, 131, 140, 148, 157, 160, 179-182, 190,
256

bulk, 198, 202, 217

chain, 277, 278

Cu-0O2 layer, 257, 259, 261
degeneracy, 232
delocalized, 1, 156, 221, 253
four-band model, 263, 264
LCAO, 52, 73, 88, 100, 133, 222
line, 223

mechanisms, 239

pi, 136, 293

sigma, 17, 114, 174
SrTiOgz, 89

surface, 201-203, 206, 207, 209, 211, 212, 215

three-band model, 263, 264, 266, 267, 269, 279,
281

energy band calculations, 2, 52, 213, 242, 245
energy band diagram, 13, 14, 82, 141

energy band dispersion, 205, 212, 273, 274
energy band model, 52, 73, 166, 222

energy band structure, 76, 188, 245

energy band theory, 193, 219, 252, 253, 265, 279
energy bands at I', 76, 78, 105

energy bands at X, 80, 81

energy bands at M, 83, 84

energy bands at R, 85-87

energy distribution curve, 196

energy gap, 9, 26, 66, 74, 83, 124, 125, 130, 141,
157, 215, 299

superconducting, 251, 252, 257, 258, 267, 271,
273, 278

energy loss, 139, 140, 179

exchange energy, 17, 18, 256

exchange hole, 33, 39

exchange operator, 29

exchange potential, 32-35

excitations, 137, 142, 148, 193, 253, 255, 256, 279
extended singularity, 268, 269, 273, 274

extended zone scheme, 269, 270

extinction coefficient, 140

Fermi distribution function, 122, 130, 140, 254

Fermi energy, 122, 126-128, 130, 131, 136, 193,
199, 209-211, 219, 221, 229, 237, 238, 254,
257, 258, 262, 263, 265-267, 273, 275, 276

Fermi level, 15, 193, 194, 210, 217, 228, 237, 262,
263, 266, 273

pinned, 217, 219
quasi-, 21
Fermi liquid, 253, 254, 279

Fermi surface (FS), 106, 122, 123, 125129,
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132-134, 182, 237, 253-255, 257259, 262,
266, 268-273, 275

electron-like, 271, 272
hole-like, 127, 270-272
Fermi-Thomas, 34
ferroelectric, 2, 4, 125
BaTiOs, 231, 232
ferroelectricity, 245, 246
FeSiOs3, 1
final state, 139-141, 144, 148, 153, 180-183, 190
finite lifetime, 254
four-band model, 263, 264, 274-276
free-carrier absorption, 142, 156
frequency-dependent dielectric function, 156-179
FS, see Fermi surface

FWHM (full-width at half-maximum), 112, 119,
189

g states, 100, see gerade
Gaussian, 112, 194, 196

gerade, 26, 92

Glazer’s system, 240, 241
Goldschmidt tolerance factor, 243

ground state, 18, 21, 35, 100, 192, 193

half-filled band, 19, 126, 252, 256, 259, 263, 265,
267, 270, 271

Hall effect, 238

Hamiltonian, 27, 29, 36, 55, 57, 90-93, 95, 119,
138, 153, 156, 193, 233, 261, 281, 294

effective, 226, 255, 256, 259, 289
Hg1223, 249
HgBasCazCusOsg, 249
high spin, 5, 18

high-temperature superconductivity (HTCS),
248252, 255-258, 270, 279

CuOg2 unit cell, 259, 271

Cu-0, layer, 248-250, 252, 257, 259, 262, 266
270, 276

Cu—Og3 chain, 276-278

cuprate superconductors, 19

FS (Fermi surface), 262, 266, 267, 273, 278
hole-doping, 249, 266, 267, 273, 278
holons, 279

optimal doping, 248, 250, 251, 266, 267, 272,
278

over-doped, 250, 251, 272
quasiparticles, 252-259, 274, 279
under-doped, 249, 251, 272
hole-like Fermi surface, 127, 270-272
hole potential, 193
hole relaxation, 193, 194, 197
optimal, 266
HTSC, see high temperature superconductivity
Hubbard model, 249, 252, 255
Hund’s rule, 17, 18

hybridization gap, 276

impurity, 20, 156, 157
index of refraction, 140, 161
infinite lattice, 55, 202, 205, 207, 209, 300

initial state, 39, 139-141, 143, 148, 153, 180-182,
188, 190, 194, 256, 257

insulating perovskites, 9, 15, 20, 137, 156, 198,
212, 218, 219

interband transitions, 137, 142, 144, 146, 148,
149, 152, 154, 156, 166, 170, 172, 179-181

interlayer, 198, 201, 202, 241
interlayer spacing, 201, 202
interpolation formula, 112, 133
intrinsic surface states, 198, 219
inverse mass tensor, 124
inversion, 26, 92, 93, 100, 232

ion splittings, 199
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ionic band gap, 79, 80
ionic charges, 6, 7, 26, 301

ionic model, 2, 4, 6, 10, 12-14, 25, 52, 77, 220,
252

ionic radius, 5, 7, 243

ionic site potentials, 245

ionicity, 15

ionization energy, 21, 22, 35, 36, 58, 224

IR (irreducible representations), 11, 57, 90-94,
101

isolation layers, 19, 249, 250

Jahn—Teller effect, 18, 100, 232, 238, 239, 259

JDOS (joint density of states), 144-147, 160, 179,
180, 196

kinetic energy, 16, 41, 138, 181, 182, 192, 193, 256
KKR (Korringa—Kohn-Rostroker method), 121
KMoOs, 1, 2

Kramers—Kronig relation, 140

KTaOs, 1, 2, 4, 26, 89, 120, 121, 156

LapCuOy, 19, 248-250, 252
Lag_,Sr,CuOs, 249
La214, 249

LaCoOs, 1, 2, 23, 242
LaCrOs, 1, 18

LaFeOg3, 1, 18

LaFeOs, 1, 18

Lagrange multipliers, 30
LaMnOsg, 1, 2, 17
LaMnOs, 1, 2, 17

Landau, 253

LaNiOs, 17

LaRuOg, 22

lattice constant, 3, 124, 232, 300

lattice energy, 242, 244

Index

lattice space function, 290
LaWOsg3, 1
LCAO, see linear combinations of atomic orbitals

LCMTO, see linear combinations of muffin-tin
orbitals

LDA, see local density approximation
LEED, see low-energy electron diffraction
ligand field, 259

splitting, 14, 17, 18, 88

states, 11
LiNbOs3, 1, 20, 242
line band, 223, 228
line of oxygen vacancies, 222, 224

linear combinations of atomic orbitals (LCAO),
43, 184, 213, 278

energy bands, 88, 100, 133
equation, 55, 60, 203

integrals, 36, 46, 48, 56, 57, 59, 60, 63, 72, 73,
89, 202, 281

matrix elements, 40, 41, 56-59, 90, 146, 247

model, 14, 27, 35, 37, 39, 40, 47, 50, 52, 73, 89,
121, 125, 129, 134, 148, 179, 198, 217, 219,
220, 222, 230, 239, 256, 259, 270, 276

parameters, 40, 63, 64, 72, 73, 88, 99, 104, 125,
198, 199, 201, 235, 256, 266, 267, 271, 273

-Xa, 36, 37

linear combinations of muffin-tin orbitals
(LCMTO), 37

local band function, 100, 101

local density approximation (LDA), 88, 89, 255
local exchange potential, 35

local potential, 33, 34

local symmetry, 87

localized d electrons, 3, 17, 18

localized electrons, 156

localized wavefunctions, 89

logarithmic infinity, 165, 194
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low spin, 5, 18 NdAlOg, 242

low-energy electron diffraction (LEED), 212, 213 nearest-neighbor approximation, 202, 222, 225,

261
low-energy excitations, 253, 255

L . nearest-neighbor interactions, 59, 151, 211, 219
Loéwdin orbitals, 38, 47, 49, 55, 57, 141, 147-150,

152, 153, 185 nearest-neighbor ions, 13, 18, 60, 149

Neel temperature, 249
Madelung potential, 6-8, 58, 199, 200, 202, 212,

213, 220, 226, 300, 301 non-bonding bands, 13, 15, 51, 63-65, 73, 79, 83

126, 144, 145, 152, 157, 186, 188, 194, 217,

magnetic susceptibility, 129, 132, 133, 135 242, 252, 297

magnetism, 17 cluster states, 12, 93, 98, 99
magnetoresistance, 125 delta function, 112, 298

magnons, 137, 179 7r0, 65, 112, 296

matrix-element effects, 160, 179 0'0, 69, 119, 263, 264, 269, 273, 275-277
metal-oxygen bonding, 12 non-local exchange potential, 32, 34
metallic bronzes, 19 normalization, 45, 71, 101, 149, 187, 204

metallic perovskites, 194, 218

On, 3, 54, 55, 57, 90-92, 100
MgSiOs, 1

. octahedral rotations, 231
mixed compounds, 15

octahedral tilting, 239, 242, 246
mobility, 238

octahedron, 1, 3, 9, 10, 25, 89, 231, 239, 240, 245,

molecular levels, 22 248

momentum matrix elements, 165 .
one-center integrals, 41

momentum operator, 147 one-electron Hamiltonian, 138, 255

linic, 2
monoclinic, 239 one-electron operators, 29

Mott-Hubbard, 252, 279 optical absorption, 104, 157, 161

Mott- i 1 12
ott-type insulator, 129 optical constants, 179

multiplet, 17 optical properties, 20, 89, 104, 137, 138, 142-144

148, 156, 157, 179-181

N-electron system, 28, 30, 37, 39 optical transitions, 148, 153, 156

n-doped insulators, 202, 217, 219, 220 optimal doping, 248, 250, 267, 272

n-type SrTiOs, 15, 18, 23, 125, 142 over-doped, 250, 251, 272

Na,WOs, 1, 6, 9, 15, 18, 19, 121, 120-132, 134,

overlap, 9, 10, 12, 13, 16, 37, 43, 45, 50, 90, 148,
136, 142, 157, 191, 192, 194, 217-220

150, 179, 235

Nag.g5 WO3, 219 overlap integral, 39, 161

NaNbOs, 241, 243 overlap matrix, 36, 47, 49

T 1
NaTaOs, 1, 242, 244 oxygen defect states, 220

NaWOs, 1, 2, 4, 6, 9, 15, 120, 127, 129, 196, 242,
245, 267
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oxygen ion, 4, 7, 10, 12, 13, 17, 18, 57, 102, 199, cubic-to-tetragonal, 232

220, 221
phonon-mediated pairing, 279

oxygen site, 23, 57, 213
phonons, 125, 137, 179

oxygen vacancy, 222, 225
e ¥ ’ photochromic, 2, 20

isolated, 225
photoelectrolysis, 2, 23

oxygen—oxygen interactions, 63, 64, 73, 79, 80,

83, 112, 136, 228, 234, 261, 262, 265, 266, photoemission, 2, 32, 73, 181, 182, 190, 192, 193,

197, 217-220, 252, 253, 256, 258, 262

270, 275, 277
photoexcitation, 20, 39
p—d mixing, 73, 232 photohole, 193
parallel spins, 32, 33 photoionization, 185, 191, 193
partial density of states (PDOS), 185-188, 190, threshold, 193

195, 294, 296-298
pi band, 13, 14, 65, 73, 106, 108-112, 202, 261,

PbCrOs, 1, 18 264, 294, 296, 297

PbTiOs, 20, 232, 233, 245 pi(zy), 202, 212-215, 225, 229, 289, 291
PbZrO3, 20 pi(yz) and pi(zz), 215

PDOS, see partial density of states piezoelectric, 2, 20, 232

perovskite oxides, 1-5, 20, 265 plane waves, 183

perovskites, 6, 7, 12-23, 25, 26, 53-56, 64, 68, 72, plasma oscillations, 193, 196
76, 104, 106, 108, 113, 120, 127, 148, 161,
179, 181, 184, 186, 201, 213, 220, 229, 232, plasmon, 193

240-246, 248, 256, 259, 261, 270, 271, 300 plasmon absorption, 137, 142, 157

cubic, 3, 4, 13, 19, 52, 54, 60, 109, 122-124,
126, 134, 135, 144, 156, 199, 222, 230, 233,
239, 240, 264, 289 plasmon effect, 191, 194

plasmon creation, 194, 195

insulating, 9, 15, 20, 103, 122, 137, 141-143, plasmon energy, 142, 194, 196

152, 156, 157, 198, 212, 218, 219 point group, 3, 4, 7, 54, 57, 90, 91, 199
metallic, 15, 69, 100, 126, 137, 142, 157, 194, polarizability, 232
195, 198, 217, 218

polarization, 17, 22, 34, 137, 138, 146, 152, 213,

semiconducting, 122, 137, 156 247

distorted, 19, 230, 241 polarons, 125, 238

n-type, 124, 210, 218 polyhedron, 243

perturbation, 100, 220, 227-229 potential, 16, 203, 244, 245, 255

surface, 198, 199, 202, 210, 213, 217, 223 Madelung, 6, 7, 8, 57, 58, 199, 200, 202, 212,

tetragonal, 233, 236, 247 213, 217, 218, 220, 221, 226, 230, 300, 301

surface vacancy, 226 electrostatic, 6, 7, 8, 9, 13, 52, 199, 210, 213,
217, 220, 221, 300, 301
perturbation parameters, 209, 212
Coulomb, 32, 202, 229
perturbation theory, 119, 138, 139, 193
local, 33-35, 42
phase transitions, 230, 231, 241
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non-local, 32, 34 resolution, 181, 189, 194, 219, 275

localized, 41 resonance integral, 39

ionization, 213 RHEED, see reflection high-energy electron
diffraction

periodic, 183

Rice model, 255, 256
nuclear, 32

rigid band model (RBM), 131, 132, 134
exchange, 32-35, 41, 57

Hartree—Fock, 32, 34 saddle points, 110, 115, 136, 265, 266

vector, 138, 182 scanning tunneling microscopy (STM), 232

hole, 193 secular equation, 65, 80, 85, 204, 235, 238, 262,
site, see Madelung 265, 267, 277
surface, 221 block-diagonalized, 234
mean-field, 225 secular matrix, 64, 73, 76, 83
power-law exponent, 176 selection rules, 146, 153
projection, 92, 127, 128, 132, 202 self-consistent solutions, 34, 36, 213, 214
puckered surface, 213 self-energy, 253, 259
PZT, Pb(Zr;Tii_,)O3s, 20 self-interaction, 32, 35

semi-infinite lattice, 202, 203, 205, 207, 300

qualitative theory, 179 semiclassical theory, 138, 180

quantum numbers, 43, 156 semiconducting perovskites, 122, 137, 156

quantum states, 139 shake-off, 193, 197

quasi-Fermi level, 21 shake-up peaks, 193, 197
dial £ . 149 sigma band, 13, 14, 19, 69, 70, 73, 106, 109, 113,
radial functions, 114, 175, 186, 188, 202, 252, 262
RBM, see rigid band model singular points, 115

real-space wavefunctions, 66, 87 singularities, 104, 107, 112, 129, 209, 223, 229,

reflectance coefficient, 140 262, 293

reflection high-energy electron diffraction extended, 268, 269, 273, 274

(RHEED), 212, 213 jump discontinuity, 115, 145, 160, 161, 165,

reflectivity, 106, 161, 181 168, 194, 292
relaxation energy, 192 logarithmic, 110, 136, 146, 159, 179, 188, 212,
265-267, 275

relaxation shifts, 193
square-root, 257, 268
ReOs, 1, 2, 4, 6, 9, 15, 69, 89, 120, 121, 142, 157,
194, 195, 242 van Hove, 106, 111, 143, 144, 159, 261, 264, 266

representation, 30, 39, 47, 57, 79, 87, 90-93, 101, site potential, 7, 300, see Madelung potential

211, 254, 286, 290, 291 Slater and Koster, 40, 42, 46

resistivity, 238, 250, 279 Slater determinant, 28, 29, 33, 35, 39
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Slater—Koster
model, 41, 56, see LCAO model
parameters, 51, 247, see two-center integrals
soft optical phonon, 231
space groups, 239, 241
specific heat
coefficient, 130-132
electronic, 129, 130
spherical harmonics, 7, 57
spin orbitals, 28, 29, 32, 35
spin waves, 137
splitting, 80, 85, 200, 245, 252
electrostatic, 8, 11, 58, 77, 200
ionic, 89, 199
Jahn—Teller, 232, 239
ligand-field, 11, 14, 17, 18, 26, 88
tetragonal, 235-237, 260
spontaneous polarization, 247
SrNbOs3, 1
SrRuOs, 22

stabilization energy, 230, 233, 236, 238, 239, 245,
246

static correlations, 276

static dipole moment, 213

step function, 107

STM, see scanning tunneling microscopy
structural transitions, 4, 231, 250
sublattice, 233, 249

subsurface layers, 220

sudden approximation, 193

superconducting energy gap, 182, 251, 256, 258,
278

superconductivity, 3, 18-20, 25, 246, 249-251,
253, 257, 279

surface bands, 198, 202, 203, 207, 211, 213-220,
229

surface charge, 216, 217, 219, 221
surface defect states, 200, 211, 221, 222
surface dipole layer, 199

surface geometry, 221

surface layer, 201, 220, 222

surface oxygen displacement, 213
surface oxygen vacancies, 23, 200, 222
surface perturbations, 199, 202, 213, 223

surface states, 202, 203, 205, 207-212, 216, 217,
221, 223, 229

intrinsic, 198, 219
surface state condition, 222
surface state requirement, 209

symmetry, 10, 20, 40, 46, 59, 72, 82, 87, 92-94,
115, 135, 150, 163, 167, 220, 221, 230, 235,
245, 269, 290

allowed, 21, 22

atomic orbitals, 42-44, 185

cubic, 8, 26, 54, 57, 100, 231, 232
d-wave, 251, 258, 278

forbidden, 21

inversion, 232

point-group, 3, 4, 7, 199

tetragonal, 4, 100, 231, 232, 239, 252

symmetry coordinates, 90, 93, 94, 98-101, 104,
105

symmetry-equivalent, 54, 65, 67, 76, 124,
152-154, 156, 158, 203, 222, 234-236, 265

symmetry group, 90, 199, 241
symmetry index, 55, 77, 141
symmetry points, 53, 54, 74, 76, 80, 123, 146, 259

symmetry properties, 11, 38, 39, 47, 49, 50, 75,
102, 133, 148, 149

tag states, 8, 9, 16, 17, 57, 58, 97, 100, 105, 232

tetragonal, 19, 129, 234-238, 241, 246, 248, 250,
251



tetragonal perturbation, 233

tetragonal symmetry, 4, 100, 231, 232, 239, 252
thermal energy, 237

thermally excited electrons, 238

three-band model, 263-266, 269, 271, 273, 276,
279, 281

three-center integrals, 41
threshold energy, 166
Tiz O3, 220222
tight-binding method
conventional, 256
empirical, 270
renormalized, 256 see LCAO model
tilt angles, 243
tilting systems, 239, 241, 244, 246
TiO,, 23, 24, 218-222
Tl;BasCuOg, 249
T11201, 249
T11223, 248, 249
T11234, 249
T12201, 249
T1BazCazCuzOg, 249
T1Ba;CazCusO11, 249
T1BaCuOs, 249

transition matrix elements, 141, 142, 144, 146,
148, 151-156, 159, 161, 172, 179, 191

transition metal ions, 9, 21, 22, 24, 74
transition metal oxides, 198, 252
transition temperature, 4, 19, 248
transitions

electronic, 104, 137, 139

equivalent, 154

inequivalent, 156

interband, 137, 148, 152, 154, 159, 160

mixed, 160, 172

Index 315

nearest-neighbor, 148
rate of, 179, 182
site-diagonal, 148, 149
symmetry-equivalent, 156, 158
unmixed, 153, 170
transport, 2, 106, 123, 237, 238, 250, 251, 279
transverse effective mass, 125
triply degenerate t24, 100
trivalent, 3, 253
tungsten bronzes, 2, 4, 15, 18, 19, 142, 194
two-center integrals, 39, 41, 43, 48, 57, 61, 72
two-dimensional Brillouin zone, 291

two-dimensional behavior, character, 2, 19, 73,
106, 125, 159

two-electron operators, 29
type I surface, 198, 200, 201, 222, 225, 300

type II surface, 198, 199, 213, 220

u states (ungerade), 26, 92, 93, 100

van Hove singularity, 106, 111, 143, 144, 159, 261,
264, 266

volume continuum, 210, 219, see bulk continuum

volume states, 205, 206, 211, see bulk energy
bands

WOs3, 1, 2, 4, 6, 9, 15, 19, 21, 219, 220, 245, 265

Xa method, 36, 37

Y123, 249, 269

Y124, 269

YALO3, 244, 245
YBayCuszO7, 248, 249
YBasCusz0Og.95, 271
YBCO, 248, 249

YCOOg, 242
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