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Electronic structures of perovskite-type oxide mixtures are studied on the basis of
the coherent potential approximation (CPA), one of the most powerful methods for
random systems. A multi-band formulation is given for a typical case of mixed
perovskites, ABO;-AB’O,, and the results are compared with predictions of model
calculations.

§1. Introduction

Recently, an electronic theory for the ferroelectric phase transition has been devel-
oped and applied to some perovskite type oxides’?. The theory is based on the
so-called two-band theory and has been successful in explaining the ferroelectric phase
transitions in the quantum-paraelectric mixed perovskites. The essential ingredient of
the theory may be summarized as follows.

The temperature dependence of the frequency of the soft mode ws is expressed as

ot = wif1 - LS B G PAERZHED L, Bo cotn(-2). W

Here wo is the soft mode bare frequency without perturbation due to electron-phonon
coupling. N is the number of unit cell, G(k), the electron-phonon interaction constant,
f(E), the Fermi distribution, B, a constant characterizing the strength of the anhar-
monicity, and &, the temperature of a cross-over from the classical high temperature
to quantum low temperature behaviors.

The ferroelectric phase appears when the soft mode frequency vanishes. The transi-
tion temperature, 7T¢, is thus determined by

6 _ _1{ w§ (164> >
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Here the electron-phonon coupling constant g is assumed to have no wave-number
dependence and we write the remaining wave-number-dependent part as
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The electronic structure of the crystal plays an important role in determining the
phase transition temperature ; it is expected that a small change in 1/4, induces phase
transitions either at lower or higher temperatures. In order to analyze the effect of
mixing on ferroelectric phase transition it is therefore necessary to calculate the
electronic band structure of mixed crystals.

Based on model calculations for mixed crystal, we have shown that the balance
between the broadening of the band width and the narrowing of the energy gap is
mainly responsible for the modification of the phase diagrams®. When the former
effects is large enough to overcome the latter, the phase transition temperature
reduces dramatically.

In this paper, we calculate the energy band structure of some mixed perovskites and
show that the above model calculations is applicable to real substances.

§2. Tight Binding Hamiltonian for Perovskite-Type Oxide

As in the previous paper?, we follow Wolfram’s simple LCAO tight-binding method*
to calculate the band structure. In the perovskite structure, which is usually written as
ABOQO,, A-site ions at the corner are mostly either alkali metals, alkaline-earth metal,
or rare-earth metals. A transition metal atom is at the body center (B-site) and six
oxygen atoms are at each face center forming an octahedron. These atoms, metal
atoms at B-site and oxygen atoms, mainly determine the electronic band structure
related to interesting properties of perovskite-type oxides. We thus have to take into
account only nine p-orbitals of three oxygen atoms and five d-orbitals of a transition
metal atom in a unit cell in our calculation.

For the sake of simplicity, we consider p-d coupling and neglect small p-p overlap
integrals. This treatment nonetheless reproduces the essential part of the energy bands
of perovskite structures. As a result, we have 14 X 14 Hamiltonian matrix which can be
reduced to a 5X5 matrix and three 3 X3 matrices.
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Here Vihas and Viar are overlap integrals between neighboring oxygen and transition
metal atoms and d is the lattice constant. E: and E. are diagonal matrix elements for
d-orbitals : They contain the ionization energy of an electron in the free ion of the
transition metal, the Madelung potential at the site of this metal ion, and the electro-
static shift in the energy of the d-levels, t;, and e,, due to the cubic crystalline field. For
p-orbital, we similarly denote the diagonal energies by E; and E,. In this case the
electrostatic shift is due to the axial crystalline field.

In Fig. 1, the energy bands of SrTiO; are shown as an example and the density of
states is given in Fig. 2.

§3. CPA Formulation

Let us now consider the mixture containing B-site randomness. We define the
Green’s function Fy(z) by

Fi2) = }—VTr[zl — ()], 7)

where z is the complex energy, and e(k) is the energy of unperturbed Hamiltonian.
The averaged Green’s function is written in terms of the self energy u(z) in the form

Fo(z—u(z)) = JNTr[zl—u(z,)— (k)] (8)

The random potential w, at [-th site appears to have the effective potential @,
written by

W= Z{)z“U(Z). (Q)

This potential works as a perturbation in the uniform substance giving the scattering
expressed by ¢-matrix as

_
h=ye T (10

The t-matrix describes the effect of the scattering of an electron due to an atom on
site [ embedded in the effective medium Fu. We therefore require, on the average,
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In the two-component system, AB.B’,_.0;, the probability distribution of w can be

Density of States (arbitrary scale)
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Fig. 1 Energy bands for SrTiO, given by simple tight binding method.
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Fig. 2 Density of states calculated from energy bands shown in Fig. 1.
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expressed as P(w) = ¢ or 1—c. In this case, we have

_ (Es—u(2)) (1—c)(Ey—u(2))
(t = 1—Fo(zc—u(z)l)l(2‘3—u(z)) + 1—Fo(z—cu(z))(bgsfiu(z))' 1

Then CPA requires average {-matrix to vanish as
<t = 0. (13)

Now we apply the above formalism to the mixed perovskite containing B-site
randomness. We assume that the mixing does not affect the electronic energy of
oxygen ions nor interaction energy between the electrons on B-sites and those on
oxygen sites. Hamiltonian of our system is written as

H= XWL;U > [E(Es—u(2)+(1— &) Er—u(2))] < jl. {14

where |; > is the Wannier wave functions. The diagonal part of Eq. 6 in each material
is given by

EM 0 0
EB,B’ = O EJ_ 0 y (15)
0 0 E.

and that of Eq. 5, by

e¥ 0 0 0 0
0 E* 0 0 0
0

EB,B’ = 0 0 Eu 0 (16)
0 0 0 E; 0
0 0 0 0 E,
In Eq. 14, K contains the off-diagonal components without randomness or
0 a B
ek)=|—a 0 0/, 1n
-8B 0 0
a = 21 Vpdnsin kxd, B - 21 Vpdnsin /fyCi,
and
0 0 —a —8 —y
0 0 3¢ —V38 0
ek)=|a —V3a 0 0 0 |, 19
B 38 0 0 0
0

Y 0 0 0
a = —1VoaoSin kxd, 8 = —1VeaeSin kyd, y = 21 Voassin k.d.

Since we take into account the randomness only in B-sites, we define unknown
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functions with self energy as follows ;

u(z) = 0 E, 0], (19
0 0 E.

and

u+E|| 0 0 0 0
0 u+E|| 0 0 0
0

u(z) = 0 0 E, 0 (0)
0 0 0 E, 0
0 0 0 0 E

We now apply above functions to obtain density of states (DOS) in mixed crystal.
Since ¢-band states can be treated in the same manner, only z-band states are shown
hereafter.

We first calculate the right hand side of Eq. 8 as

zl—u(z)—e(k)

z 0 0 ut+E, 0 0 0 a B
=10 =z 0| — 0 E. 0|+|—a 0 0
0 0 =z 0 0 E. -8 0 0
z—FE, 0 0 u a B
= 0 z—E, 0 —|—a 0 0 @1
0 0 z2—FE, -8 0 0
The inverse of Eq. 21 is given as
1
o 0 0
_ _ -1 1 ¢
[z1—u(2)—e(k)]'=TU 0 iy 0 U, 22)
1
0 0 Z_EJ_ /i+
where A+ = %(ui«/ u*—4(a*+B?) ), and
0 At A
Jul—4(?+ ) Jul— 4P+ )
U= |-—E— , 23
va'r+ B
___a
J P+ B?

Averaged Green’s function, Eq. 8, can then be expressed as

FMz—u&D=:%ﬂ¥kl—u&%—dkﬂ”
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- ]I_V;U[zl—u(z) —&(k)]'U

fu fiz fis
= | fa fao fal, 24)
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and

1—AES®—u—E) 0 0
l—Fo(Z‘u(Z))'(EB,B'—U(Z)) = _fzx(EtB'B’—u—EL) 1 0
_,f:SI(EtB'B,_u_E_L) O 1

Using the inverse of the right hand side of this equation, we have

&F —u(z)

1—Fo(z—u(2)-(Esp—u(z))

1

sv_ g o o) | I-mEF-u—E) O "
_ —le(EtB'B'—u—El)
= 0 0 0 1=/ (EF" —u—FE.) 1 0
0 0 0 _fsl(EtB,B’,_ u— E_L) 0 1
1—f11(EtB’B —Uu ~EJ_)
__ (E¥*—u—FE)
1_f11(EtB’B’_ M_EL)'
Finally, CPA condition of Eq. 12 is written as
(Ef—u—FE.) _*_(l—c)(EtB"—u—EL) 0 %)
l—fll(EtB*u*EL) 1_][11(EtB*Zl“EJ~) ’
From Eqgs. 22, 23, and 24, we obtain fi, as
iy
— LZ z—FE,
N& (z—E)—u(z—E)+(*+ 5%
— (i)z //”“’ (2= E)dkxdky a0
27 —wa(z—E ) —u(z—E)—2V?2%:(—cos 2k.d —cos 2k,d+2)"
From Eq. 25, fi1 is also given by
fu= < + 1-c @n

EtB'—u_EL EtB_u-’E_L

To obtain the electronic density of states in mixed crystal, we only have to calculate
the imaginary part of fi; using Egs. 26 and 27 : The imaginary part of Green’s function
is precisely the electronic density of states.

§4. A Simple Example and Results
Since it is difficult to execute numerical computations in the form presented in the
previous section, we now confine ourselves within the analysis of mixing effect by
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Fig. 3 Electronic density of states in B.B’,_cO,.
(EE—E.)/ Voan = 4.25, (EE—E.)/ Voar = 4.50, and E, = 0.0.
(a) valence bands and (b) conduction bands.

simplified model of two-dimensional BO, system. The problem reduces to 2X2
matrices with one conduction band (out of five d-orbitals of a transition metal ion) and
one valence band (out of six p-orbitals of two oxygen ions). In this case, Eq. 26 becomes

_d (] 20z—E. ) —(z—E)u
=5r _Wu{ 2t G E ) =(z—EJu—2 Viax(1—cos de)} o

With dimensionless variables
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Eqgs. 27 and 28 reduce to
ce®+(1—c)e”—v—F(e?—0v)(e®”—v) =0, 29
and
(vF+2)(e—ve—4)e—v) = e(2e—v)> 30)

The imaginary part of the solution F' of Egs. 29 and 30 gives the electronic density
of states (DOS). We illustrate some examples in Fig. 3. Since the oxygen p-orbital
energy is assumed to be the same in both component, the valence band DOS is slightly
affected by mixing. The DOS of conduction band, on the contrary, is considerably
changed ; the band width are apparently broadened. We also observe that energy gaps
in mixed crystal has become narrower than those in pure crystals.

§5. Discussions

We have calculated the electronic band structures of mixed perovskites taking the
randomness in B-site into account. It has been shown that the mixing has an effect on
the electronic structure inducing such changes in the phase diagrams as we have
predicted in Ref. 3.

In order to compare the results of this scheme with phase transitions of real
substances in more detail, we may have to take into account the randomness in both
conduction and valence bands. In this case, the CPA analysis requires much more
complicated computation and we also need further data on energy bands of pure
perovskite metarials. These detailed treatments are left as a problem in the future.
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