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Abstract—The electronic structure of LaCoOs at finite temperatures is calculated using the LDA+GTB
method taking into account strong electron correlations and possible spin crossover upon an increase in tem-
perature. Gap states revealed in the energy spectrum of LaCoO; reduce the dielectric gap width upon heating;
this allowed us to describe the insulator—metal transition observed in this compound at 7= 500—600 K. The
temperature dependence of the magnetic susceptibility with a peak at 7= 100 K is explained by the Curie con-
tribution from thermally excited energy levels of the Co®* ion. At high temperatures, the Pauli contribution
from a band electron is added and the total magnetization of LaCoOQj; is considered as the sum M, = M. +
M,,g- The second term describes the band contribution appearing as a result of the insulator—metal transi-
tion and facilitating the emergence of a high-temperature anomaly in the magnetic susceptibility of LaCoO3.
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1. INTRODUCTION

Cobaltites of rare-earth metals with the general
chemical formula LnCoOQO;, where Ln stands for lan-
thanum (La) or a lanthanide (Gd, Ho, Eu, Sm, etc.),
as well as compounds with an alkali-earth element
partly substituted for a lanthanide, have been objects
of intense studies for more than three decades as mate-
rials with clearly manifested physical properties [1]
such as colossal magnetoresistance [2], high-tempera-
ture ferromagnetism [3], charge ordering [4], elec-
tronic phase separation [5], metal—insulator transi-
tions [6], memory effects [7], a cascade of magnetic
transitions [8], and the formation of giant polarons
[9]. In addition, prospects for practical application of
these materials as cathodes in solid-state power sup-
plies have been outlined recently. The basic represen-
tative of this cobaltite series is LaCoO; with the

2—
valence formula La’*Co’* 03 .

The LaCoO; compound has attracted the attention
of researches for the first time owing to a peculiar tem-
perature dependence of its magnetic susceptibility
% (T) [10], which has two broad peaks at 7', = 100 Kand
T, = 500—600 K. The high-temperature anomaly in
the magnetic susceptibility of LaCoO; is accompanied
by a smooth insulator—metal transition in its conduc-
tion, indicating delocalization of charge carriers [11,

12]. A substantial decrease in resistance is also
observed in the temperature range above 500 K. It
should be noted that the emergence of a high-temper-
ature singularity is often attributed in the literature to
the transition to the conducting state. Analysis of scat-
tering of polarized neutrons [13] in LaCoO; shows
that cobalt ions at low temperatures are in a nonmag-
netic low-spin state, while heating changes this to the
paramagnetic state. The competition between the low-

spin ('4,), tgg , high-spin (°T5), t;gez, and intermedi-

ate-spin (°T)), tgge;{ states of Co®* ion is responsible
for the main features of the magnetic, structural, and
transport properties of rare-earth cobaltites. In earlier
publications, it was initially assumed that the low-spin
state is formed instead of the high-spin state due to the
presence of the crystal field for the d®-configuration of
the Co’* ion, the energy interval between these states
being determined by the spin gap Ag= E(HS) — E(LS)
~ 100 K. Thermal population of the high-spin state
ensures a rapid increase in the magnetic susceptibility
with a peak near 100 K. The substantial difference
between the spin gap and the electrical conduction
activation energy E, = 0.1 eV for low temperatures
implies that LaCoQO; is not a simple band insulator
[11]. Moreover, a considerable difference between
charge gap 2F, = 2300 K and the temperature 7Tyt =
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600 K of the insulator—metal transition indicates that
the latter can hardly be explained in the model of a
narrow-gap semiconductor [14].

In spite of the large number of publications devoted
to problems of magnetic susceptibility and the insula-
tor—metal transition in LaCoQ;, it should be admitted
that no consensus has been reached in theoretical or
experimental results. This necessitates further investi-
gations. We propose a theoretical description of this
transition taking into account strong electron correla-
tions (SECs) playing an important role in the forma-
tion of various properties of transition metal oxides.
Traditional one-electron approaches do not provide a
description for many of these properties; in addition,
the fact that the orbital, spin, charge, and lattice
degrees of freedom must be taken into account in
describing these properties becomes more and more
obvious. Usually, the electron—electron interaction is
described even in multielectron model using at best
the Kanamori approximation, in which the density—
density and exchange interactions are preserved from
the entire set of the Coulomb matrix elements. The
importance of taking into account the total Hamilto-
nian for the electron—electron interaction is empha-
sized and substantiated in [15], where its role in the
formation of the Mott—Hubbard energy gap,

U(d") = E(d" Y+ E(d""") - 2E(d"),

was demonstrated. The Hubbard parameter Uis deter-
mined the better, the more accurately and correctly we
determine the set of energy levels for the ¢~ !-, d"-,
and ¢"*'-configurations of the transition metal ion.
This becomes especially important in the presence of
crossovers between multielectron energy levels upon a
variation of certain external conditions (e.g., pressure
or temperature). It was shown in [16] how the spin
crossovers change the value of U(d") and affect the
Mott—Hubbard transition. One of appropriate ways of
considering such systems, which takes into account
the necessary remarks, is the generalized tight binding
(GTB) method [17] and its ab initio version LDA +
GTB [18], which are in fact the implementation of the
Hubbard ideas for multielectron and multiorbital sys-
tems. In Section 2, we briefly describe the main con-
cepts of this method. The Vanier functions are con-
structed and the parameters of the multiorbital p—d-
model are calculated in Section 3 using ab initio LDA
calculations. The results of the LDA + GTB calcula-
tions of the electronic structure of LaCoQO; are pre-
sented in Section 4. Section 5 is devoted to electronic
properties. The behavior of the magnetic susceptibility
and its features are considered in Section 6.
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2. LEHMAN REPRESENTATION
AND GENERALIZED TIGHT BINDING
METHOD

According to the Lehman exact spectral represen-
tation [19], the one-electron Green function with spin
projection o at 7'= 0 can be written in the form

Gk, 0) = 3 (Aentke @), Bonllo 0))
—~ 0-Q, o-Q,
where the quasiparticle energy is given by
Q, = E,(N+1)—E(N) -y,
Q, = E(N)-E,(N-1)—p,

and the spectral weights of quasiparticles are deter-
mined by the matrix elements

Acm(ka ('0) = |<0’ Makc|m7 N+ 1>|25

Bcsm(k’ (D) = |<m9 N- l|akc|05 N>|2

Here, |m, N) indicates the multielectron eigenstate of
the system with N electrons and serial number m,

Hlm, Ny = E,|m, N),
and index m labels a quasiparticle with a spin of 1/2,

charge e, energy Q,:(Q;) , and spectral weight A,

(Bom)-

The Lehman representation describes an electron
as a superposition of different quasiparticles for which
index m is the band index of the quasiparticle.

At finite temperatures, the Lehman representation
can be written, for example, for the retarded Green
function (see [20, 21]) in the form

+

G,(k, o) = ZWnA—"”"”(k’ ®) 1+ exp(—%) .
0-Q T

Here,
Q:r—m = Em(N+ 1)_En(N) - M

and the statistical weight of state |n) is determined by the
Gibbs distribution with thermodynamic potential 2,

Q-E,+uN
.

Since not only the ground state |0, N), but also
excited states |n, N) are populated at 7# 0, a quasipar-
ticle is labeled by two indices m and » and is defined as
an excitation in the multielectron system associated
with an addition of an electron to an N-electron sys-
tem in state |#, N), which is accompanied by a transi-
tion to the final state [m, N + 1).

In the Lehman representation, |m, N) is an
unknown state of the entire crystal. In the algorithm of
the GTB method, the Lehman representation is
implemented in perturbation theory. Local Green’s
function G has the same structure, but is determined
by local multielectron terms |m, N). In our case, for
LaCoO;, the energy levels with N =5, 6, and 7 corre-

W, = exp
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sponding to configurations &°, ¢°, and d’ of cobalt ion
are significant.

We write the Hamiltonian in the generalized multi-
band Hubbard model in the form

H=H,+H, H,= ZHc(f),
f

Hl = ZHcc(f; g)a
1z

where H, (f) is the intracellular part of Hamiltonian H
and H,(f, g describes the jump and interaction
between the fth and gth cells. We can schematically
represent the GTB method as a sequence of the fol-
lowing three steps.

(a) Using exact diagonalization of the intracellular
part H.(f) of the Hamiltonian, multielectron eigen-
states |m, N) = |p) are determined for various sectors of
the Hilbert space labeled by number N of electrons in
a cell. A method for constructing such a set of wave
eigenfunctions in the secondary quantization repre-
sentation [22] taking into account electron correla-
tions, spin—orbit interaction, and covalence was
described in our previous publication.

(b) The X-operator at site fis defined as
X' = |p)gl = |m, N(m', N'|.

We assume that eigenstates |p) for neighboring cells are
orthogonal. Otherwise (like for cobaltites in which two
adjacent CoQg clusters contain a common oxygen
atom), the orthogonalization procedure must be used.
For LaCoQO;, we explicitly wrote Vanier functions
instead of oxygen-group molecular orbitals classified
in accordance with irreducible representations of the
0, group.

In the standard notation of X-operators, we are
dealing with cumbersome and awkward notation for
the initial and final states. To simplify this notation, we
will employ Zaitsev’s idea [23] and introduce the so-
called root vector (p, g) < o(p, q) = o instead of the
pair of indices (p, g). Moreover, since the set of such
vectors is countable, we will label each of these vectors
as o =— o, and will henceforth indicate only the num-
ber n of the root vector:

I S
X e O e e X

We define vectors o so that they correspond to electron
annihilation (i.e., N, — N, = +1). Then the annihila-
tion (production) operators for an electron in state
|fAo) can be written exactly in the X-representation in
the form

aﬂc = Z’Y}»G(H)X;’
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Gho = S 1M, (1)

Yas(n) = plapsla)-

Index A runs through the entire set of the electron
orbitals considered here.

(c) In the representation of X-operators, the total
Hamiltonian assumes the form

H= Y X+ 3K @
fip

Jf& nn'
Since Hamiltonian H, in the representation of Hub-
bard operators has a diagonal form, the local Green
function can be calculated directly and is given by

Gtk 0) = Yol g 3)

where QQ, = E,,(N + 1) — E,(N) and the filling factor
is Fln) = (X) + (X0

Obviously, Green’s function (3) implements the
Lehman representation in the unit cell; however, in
contrast to energies and matrix elements in the Leh-
man representation, which cannot be estimated, all
quantities appearing in expression (3) can be calcu-
lated in terms of the local characteristics of energy lev-
els. Here, index n denotes quasiparticles with charge e,
a spin of 1/2, energy €2,,, and spectral weight

A1) = |1,4(n)|* F(n).

At the same time, in view of the completeness of the
basis of multielectron states |p), the total spectral
weight is preserved in the same way as for free elec-
trons. The obvious similarity between expression (2)
and the Hamiltonian in the Hubbard model makes it
possible to apply many methods in perturbation theory
in parameter /U << 1, which are familiar in the Hub-
bard model.

In the diagrammatic technique for X-operators
[24, 25], the series in perturbation theory are con-
structed not for the electron Green function

G ok, ©) = ({@0a15:0))
but for the matrix Green function
N
D, (k,®) = (XX Mo

which are connected, by virtue of relations (1), by the
equality

G?x.k',c(k7 ('0) = Z’YXG(n)’Y;»k'c(n')Dnn'(ka ('0)

nn'
We can express in terms of the Fermi one-particle
Green function the spectral density of one-particle
excitations,
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Ay, ©) = =2 3 3, (n)io(n)

Aon,n'
<MD,y (k, 0 +18) = =3 1m(Gy o(k: ©)),
T s

and the density of one-particle states for the given spin
projection

No(©) = =3 Ak, @)
k k

(N, is the normalization factor).

For Green’s function D, we can write the general-
ized Dyson equation [24]

Dok, ) = {[G2(k, ©)] ' +Zo(k, @)}
x Po(k, ).

Here, X, (k, ®) and Ps (k, ®) are the mass and force
operators, respectively. The presence of the force
operator is connected with the spectral weight redistri-
bution and is an SEC effect. Green’s function

Gg (k, ®) in Eq. (4) is defined by the relation

C))

[Gok, )] = Gy (0) = Po(k, ®) To(k),
where éo (o) isthe local (intracellular) propagator and

Ts (k) is the matrix element of the interaction.

In the Hubbard I approximation, the structure of
exact Green’s function (4) is preserved, but the
mass operator is set at zero, while force operator

PZ’” (ka (D) - Oc;l = SmnF;n ’ where
Fo=F(p,q) = (X") + (X}

is the filling factor referred to as the end factor in the
diagrammatic technique for X-operators [23]. Using
the Hubbard I approximation, we obtain from Eq. (4)

~ (0 -1 ~ -1

DS (k, ®) = {Go' (@) = Poo To(k)} Poo.
As a result, we obtain the following dispersion equa-
tion from the dispersion relation for quasiparticles:

det|)3,,,(0 - Q,)/F(n) - T, (k)| = 0.

This equation resembles in its form the dispersion
equation in the tight binding method in the one-elec-
tron band theory and differs from it in the following
aspects: indices m and #n label one-particle excitations
(quasiparticles) in a multielectron system; local ener-
gies ), now contain intracellular Coulomb interac-
tions and not one-electron energies; the band struc-
ture of quasiparticles depends on the electron concen-
tration, temperature, and external fields via filling
factors F(n); and the hard band for quasiparticles can-
not exist in the one-electron model.

To determine the occupation numbers and factors
F(n), we must solve the equation for the chemical
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potential, which can be written in the X-representa-
tion in the form

Ne — Z N<X;nN,mN>‘
fim, N

Here, (X MmNy is the occupation number for energy

level with number m of configuration d" at site f; each
term of configuration d" makes a contribution equal to
N to the number of electrons, and the sum of these
contributions over all states is equal to the number of
electrons N,

3. ONE-ELECTRON BAND STRUCTURE
OF LaCoO; AND PARAMETERS
OF THE MULTIBAND HAMILTONIAN

The results of calculations based on the GTB
method depend quantitatively on the set of the macro-
scopic parameters used (such as metal—oxygen 7,, and
oxygen—oxygen f,, hopping integrals). Using the for-
malism of Vanier functions, we can calculate the
parameters of the corresponding model on the basis of
the actual crystalline structure of the systems under
investigation and thus relating the model approach to
characteristic features of actual chemical compounds.
Figure 1 shows the results of LDA calculations of the
band structure of LaCoO; in the basis of linearized
muffin-tin orbitals (LMTOs) [26] using structural data
[27]. The LDA bands themselves obtained without
taking into account SECs beforehand describe the
metal state incorrectly, which is typical of LDA calcu-
lations for all 3D oxides with SEC effects. We use LDA
functions y, (k) to calculate the Vanier functions with
the help of projection technique [28] (one-electron
parameters of the tight binding Hamiltonian are cal-
culated in the basis of these functions). The band
structure shown by dashed curves in Fig. 1 is also cal-
culated using these parameters. The coincidence of
the results of two different calculations indicates the
reliability of the calculated hopping parameters and
one-center one-electron energies. These parameters

are as follows: 7,, = 1.57 eV, t,, =0.84 ¢V, 1,,=0.3 ¢V,
Ex)hyz,xz = 2.356 eV, E3z2—r2,x2—yz = 1.902 eV, pr =

3.744 ¢V, E,, = 3.961 eV, and E,, = 3.792 eV.

4. ELECTRONIC STRUCTURE OF LaCoO;
AT FINITE TEMPERATURES

We consider schematically the formation of the
electronic structure of LaCoO; taking SEC into
account. It is well known that due to such correlations,
3d-electrons of the transition metal ion can be treated
as almost localized. Therefore, we can speak of a set of
ions with the d”" electron configuration (n = 6 for Co’*)
in the crystal field. As in the Mott—Hubbard insulator,
the kinetic energy of an electron is much lower than its

Vol. 112 No. 1 2011
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r F

Fig. 1. Solid black and gray curves show the Band LDA structure of LaCoOj3. Dashed curves are bands obtained with the projec-
tion procedure for five d-orbitals of cobalt and three p-orbitals of oxygen, which completely reproduce LDA bands. The Fermi

level corresponds to zero energy on the graph.

potential energy, but it still leads to charge fluctuations
of the type

d'+d ~—d"'+d". (5)
The existence of ligands with their electronic struc-

ture leads to the effects associated with charge transfer
and fluctuations of the type

dn - dn +1 L ( 6)
(L is the spectroscopic notation for a hole in ligands).
Therefore, we must speak of the configuration of the d”
ion as a superposition of the type d" + d"*'L . Such a
superposition can be referred to as covalence or the
covalent mixing effect. The state of an ion will hence-
forth be analyzed taking this superposition into
account. This study is devoted to a description of
propagation of perturbations (5) and (6) in LaCoO;
using the Green functions and quasiparticle represen-
tations based on the GTB method. For this purpose,
Fig. 2 shows the required set of low-energy terms d”
(n= 135, 6, 7) in the configuration of cobalt ions in an
octahedral field. The well-developed mathematical
apparatus of the crystal field theory makes it possible
to find the position of multielectron terms of various
configurations and their wavefunctions in the presence
of the spin—orbit interaction and crystal field compo-
nents with symmetry lower than cubic. However, the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 112

electronic structure of ligands is disregarded in a
purely ionic pattern such as crystal field theory. The
above-mentioned covalent mixing was considered in
[22], which is a predecessor of this work and serves as
a methodological introduction. The wavefunctions of
the multielectron terms in Fig. 2 were determined tak-
ing into account the orbitals of oxygen surroundings.

The position of terms in the d° sector (N, = 6 in the
figure) corresponds to that in [29]. The main term at a
low temperature is the low-spin singlet '4, separated
from the triplet energy level by a gap A,_, = 140 K.
Using this diagram, we can describe the EPR spectra
for LaCoO; [30] and obtain the g-factor coinciding
with the experimental value. The important general
conclusion drawn in [29] is that the orbital moment in
LaCoO; is “unfrozen” in contrast to that in the con-
ventional pattern of spin magnetism in 3d-metal
oxides.

At zero temperature, only the ground term (low-
spin singlet '4,) is populated; therefore, a nonzero
contribution comes only from transitions (excitations)
shown by solid curves in Fig. 2 (the remaining transi-
tions are forbidden by the selection rules for spin and
spin projections). Their filling factor is equal to unity.
Transitions

& '4,— & T, T = 1/2,J = 32

No. 1 2011
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Fig. 2. Set of low-energy terms for d °, N, =35, 6,7 electronic configurations in the crystal field. At 7= 0, only the ground low-
spin singlet lAl (N, = 6) is populated; Fermi excitations forming the bottom of the conduction bands and the top of the valence
band are shown by solid lines. The dashed lines mark the transitions responsible for the formation of gap states upon an increase

in temperature. Their spectral weight is determined by the population of the high-spin state of the

with energies
Qy = E(d,'4)) - B(d,’T,, T = 1/2),
Q,, = E(d",'A) - E(d’, Ty, J = 3/2)

form the valence band, while transitions

Q¢ = E(d,’E)- E(d", 'A))

form the conduction band (Fig. 3). The transition
energies determine the positions of the centers of
bands. The valence band is completely filled, and the
chemical potential lies in a gap of width E, ~ 1.5 eV.
Obviously, bands Q}, , and Q. are analogs of the lower
(LHB) and upper (UHB) Hubbard subbands in the
Hubbard model.

The total spectral intensity A(k, ) can be written
as the sum of the spectral intensities

A(k, ®) = ZAk(k,m),
A

where index A labels orbitals of a transition metal ion
as well as group oxygen orbitals classified into the lines
of irreducible representations e, and #,, of the O, group.
It can be seen that the nonzero contribution comes

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

-configuration.

from the orbitals of the e, subsystem for the conduc-
tion band and from the orbitals of the #,, subsystem for
the valence band. Indeed, writing wavefunctions |p) of
the energy levels shown in Fig. 2 in the secondary
quantization representation [22] explicitly, we can cal-
culate matrix elements v, ,(m) = (p|a, ;|q) of the tran-
sition amplitude of the corresponding root vectors
a,,(pq). The nonzero matrix elements for the transi-

tions d° '4; — d’ 2E are those for which A = x? — )?,
372 — 12, while for the transitions d® 'A, — & 2T, J =

1/2, J = 3/2, these are the matrix elements for which
A=Xxy,yz, xz.

Upon an increase in temperature, the quasiparticle
spectrum experiences considerable modifications.

The thermal population of sublevels J=1land J =2
of the T, term increases and, as a result, contributions
from various transitions which are not forbidden by

the selection rule for spin and spin projections appear.
The transitions

&ETI=1, J=2—4d 4
shown by the dashed lines in Fig. 2 with energy

5= E(d, Ty, J= 1) - E(d,°A)),

g°

Q% = E(d,°T,, J=2)- E(d’,°4))

Vol. 112 No. 1 2011
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Fig. 3. Quasiparticle spectrum and density of states at 7= 0, LaCoOj is the insulator with charge transfer and gap width Eg =~
1.5eV. G(0, 0, 0), M(n, =, 0), X(m, 0, 0)/(0, =, 0), R(w, , T) are symmetric points of the Brillouin zone.

are responsible for the emergence of gap states (excita-
tions QF, and Qj, are larger than Q,, and Q,,, but
smaller than Q) and for the decrease in the dielectric
gap. The results of self-consistent calculation of the
band structure and the position of chemical potential
p (dashed lines) for temperatures 7 = 100 and 600 K
are shown in Fig. 4. The spectral weight and the width
of the band gap are proportional to the occupancies of

the sublevels J = 1 and 2 of the high-spin state. At 7=
100 K, LaCoO; preserves its dielectric properties, and
the gap width is slightly larger than 0.2 eV. An increase
in temperature to Ty = 600 K leads to overlapping of

the bands formed by transitions d® °T, J = 1, J =
2D AL T, T =1, =2 — d T, T = 1)2,

J =3/2,J =5/2and d® 'A, — d °E, and the dielec-
tric gap disappears altogether (see Fig. 5) when
LaCoO; acquires metallic properties.

It should be noted that the transition from the insu-
lator to the metal (to be more precise, semimetal) state
is not a phase transition in LaCoQOs, and the dielectric
gap is not a thermodynamic order parameter.

A distinguishing feature of rare-earth cobaltites is
their anomalous thermal expansion. In addition, it is
well known that LaCoO; exhibits an anomalously high
compressibility of length L of the Co—O bond, B; =
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—L"Y(OL/OP); = 4.8 x 1073 GPa~! [31]. This is a
record-high value for the compressibility of the B—O
bond in all ABO; perovskites. Such a high compress-
ibility apparently leads to a strong temperature depen-
dence of the bond lengths. For example, L = 1.9254 A
at T=5Kand L = 1.9446 A at T= 550 K [27]. It fol-
lows hence that the crystal field Dq must noticeably
decrease upon heating. In the conventional crystal
field theory, splitting A = 10 Dq is defined as

A = s(E)~&(Ty) = JeqFi(R).

where R is the distance between six negative charges ¢
and the central atom. The authors of [32] believe that
such a suppression of the crystal field leads to a
decrease in A,_, to zero at 7' = 500—600 K. In other
words, a crossover takes place between the low-spin

singlet ', and triplet J = 1. Such features of the
behavior can be taken into account in calculating the
electronic structure of LaCoQO; with the help of a sim-
ple linear temperature dependence of the crystal field.
Indeed, the characteristic size in atomic physics is the
first Bohr radius a, = 0.53 A, and the change in the
length of the Co—O bond is approximately 0.02 A.
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Fig. 4. Quasiparticle spectrum and density of states for two characteristic values of temperature. (a) At 7= 100 K, the increase in
the gap states is observed, while (b) at 7= 600 K, the band structure is of the metal type.

5. ELECTRONIC PROPERTIES
5. 1. Temperature Dependence of Conductivity

Assuming that the mobility of charge carriers
depends on temperature, while the concentration at
T< Tiur is determined by the activation excitation
through gap £,, we define the conductivity ¢ using the
classical formula

c=o0 exp( E")
= o, - .
kT

Here, k is the Boltzmann constant and E,, is the con-
duction activation energy. We try to describe the
experimentally observed behavior of resistivity of
LaCoO; using this formula.

The resistivity is defined as
p = 1. p expi
o VT 2kT

It is important to note that the gap width in our case is
a function of temperature (see Fig. 5). The value of p,
is taken from experiment at 7= 800 K.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

The results of calculations and experimental data
[11] are compared in Fig. 6. It can be seen that the the-
oretical curve describes the general regularity exclud-
ing the singularity at 7'~ 300 K. This discrepancy can
be due to additional interactions disregarded by us.
For example, the thermal expansion coefficient has a
similar singularity in the same temperature range [33];
consequently, the spin—phonon and the electron—
phonon interactions are probably responsible for the
observed discrepancy.

5.2. Temperature Dependence of the Average
Magnetic Moment

Let Q be an arbitrary operator. The representation
of the one-site operators in terms of the Hubbard
operators can be written in the simplest form using the
Dirac notation. This gives

0=10-1= w0 = 3 GloRX",
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Fig. 5. Temperature dependence of dielectric gap width Eg;

E,=0at T= Tyyp~ 587 K.

where matrix element (p|Q|g) can be treated as the
classical quantitative measure determining the inten-
sity of the transition from state |g) to state |p) under the

physical action described by operator Q. Ket vectors

|p) and |g) define, as before, the complete set of
orthonormal or one-cell eigenstates.

For operator Q, we take the square of the operator
of the total angular momentum. Then we obtain the
following expression for the mean square of the angu-
lar momentum:

) = @ (X,
pq
In our case, states |p) and |g) are the eigenstates of

operator 7 (see Fig. 2); therefore, we can write

() = 35 GV (M),

N p(N)
where the sum over N is the sum over the vectors of the
Hilbert space (N =5, 6, 7).
As the measure of the mean value of the angular
momentum operator, we take the square root of the
average value of the squared angular momentum:

Jo = m

since mean values (X”’) are functions of temperature,
J,, is also a function of temperature (see Fig. 7).

At low temperatures, the average value of the angu-
lar momentum is close to zero, which corresponds to
the nonmagnetic state of LaCoOj;. The value of J,, = 2
expected for the high-spin state is attained only at 7T~
1000 K. At a temperature of 100 K, the average value
of the angular momentum is close to unity. We believe
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Fig. 6. Temperature dependence of resistivity. The solid
curve represents experimental data [11], and the dotted
curve reflects theoretical results.

that this can be the reason for the popular opinion that
the intermediate state makes a decisive contribution to
the spin transition in LaCoOj; at 100 K.

6. MAGNETIC SUSCEPTIBILITY

In recent years, LaCoQO; has attracted considerable
attention because it experiences two broad magneto-
electron transitions upon an increase in temperature,
which are often referred to as crossovers. The first
crossover, which is clearly manifested in the behavior
of magnetic susceptibility 7, is considered as a spin
transition. At low temperatures (7'< 30 K), cobalt ions
in LaCoO; exist in the nonmagnetic low-spin state
'4,, v = 0. A sharp increase in the magnetic suscepti-
bility to the maximal value near 7 = 100 K indicates
thermal excitation of a state with a higher spin and
with a nonzero magnetic moment. When the temper-
ature increases above 100 K, the magnetic susceptibil-
ity decreases again. The second high-temperature
crossover (7'~ 600 K) is observed during the insulator—
metal transition.

Solving the self-consistent equation for the mean
value of magnetic moment () per site in the mean
field theory, the authors of [34] succeeded in describ-
ing the experimental behavior of magnetic susceptibil-
ity at 7= 200 K taking into account short-range anti-
ferromagnetic correlations. Only the ground nonmag-
netic singlet '4, and triplet J/ = 1 were taken into
account, which, in the opinion of the authors of [34],
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| 1 | |
0 200 400 600 800 1000

7. K

Fig. 7. Temperature dependence of average angular
momentum. Transition from low-spin state at 7 = 0 to
paramagnetic state upon heating. At spin transition tem-
perature 7~ 100 K, J,, = 1.

limited their analysis of the temperature behavior of
the material. However, in the proposed approach, the

upper-lying quintet level J = 2 can also be considered
easily. Following [34], we show by the solid curve in
Fig. 8a the result of calculation of () /gug in a mag-
netic field of 10 T. The quantities used in calculations
were as follows: A;_, = 145 K, uniaxial trigonal distor-
tion (splitting in zero crystal field) D=7 K, Lande fac-

torsg= 3.4 fortriplet J =landg' =3.1andg" = 1.8

for quintet J = 2, and the antiferromagnetic interac-
tion constant is /= — 28 K. The type of the interaction
between the cobalt ions in LaCoQO; is not completely

149

clear; however, the Curie—Weiss behavior of the mag-
netic susceptibility typical at 7> 130 K suggests that

the antiferromagnetic correlations considered and
noted initially in [5, 11, 35] take place.

The total magnetization of LaCoO; can be written
as the sum

Mtot = Mlol + Mband'

The first term M,,, = N,{u) describes the contribu-

tion of localized magnetic moments of Co>* ions; the
second term is the band contribution of collectivized
electrons observed in the vicinity of and above the
transition to the metal state. To estimate this contribu-
tion, the behavior of the valance and conduction
bands in the vicinity of the points of their intersection
(see Fig. 4) in the temperature range near 7yt is con-
sidered using the effective two-band model shown
schematically in Fig. 9 with a quadratic dispersion
relation Ej, = fi%k?/2m* and effective mass m* ~ 4.5m,.

In a magnetic field H, bands 1 and 2 split into two
subbands with opposite spin projections. The low-
lying (low-energy) subband in which the spin moment
of electrons is directed along the field is populated
more strongly, which leads to the formation of mag-
netic moment M, ,,4 = X p.uifl- Pauli susceptibility ¥ p,u;
is determined in the standard manner [36]. The
dashed curve in Fig. 8a shows the Pauli contribution of
band electrons to the average value of the magnetic
moment per structural unit of the substance. The
resultant (overall) behavior of the magnetic suscepti-
bility (solid curve) against the background of experi-
mental dependence [37] (dots) is show in Fig. 8b. It
can be seen that both curves have similar singularities.
Remarkably, the temperature plateau is associated
with a smooth insulator—metal transition and is prob-

(1)/gup %, 1073 G cm?/mol
0025 T T T T T T T T
(@) 4
0.020 | —
3
0.015| —
2
0.010 | —
0.005 - 11
l 1 T e — l 1 l |
0 200 400 600 800 1000 O 200 400 600 800 1000
T.K T.K

Fig. 8. (a) Average magnetic moment per site (cell) in units of Bohr magneton pg for localized (solid curve) and collectivized
(dashed curve) electron states. (b) Curie susceptibility of Co>* ions. Dots correspond to experimental dependence [37]; solid

curve is the result of model calculations.
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Ly,

r

Fig. 9. Effective two-band model for analyzing the Pauli
magnetization. In the magnetic field, bands 1 and 2 (solid
curves) split into two subbands (dotted and dashed curves)
with opposite spin projections; p is the position of the
chemical potential.

ably due to the emergence of additional magnetization
from conduction electrons.

7. CONCLUSIONS

The Hubbard model describes transition metals in
which atomic magnetic moments of 3d-shells are
partly collectivized in the crystal so that the same d-
electrons are responsible for conduction (together
with s-electrons of the outer atomic shell) and for local
magnetic moments. This model simplified so that fine
details are disregarded makes it possible to describe the
most general effects in substances with SECs. If a
more detailed description of a narrow group of sub-
stances is required, the model can be extended by add-
ing multiorbital schemes and specific interactions
(e.g., magnetic anisotropy, spin—orbit interaction, and
crystal field). Various types of interaction and cova-
lence effects were taken into account in analyzing the
properties and electronic structure of LaCoQO;. The
correct description of an electron in a strongly corre-
lated system in the form of a linear combination of
quasiparticle excitations between various multielec-
tron states makes it possible to calculate and analyze
the behavior of the band structure. The mathematical
language that makes such an approach possible is the
representation of Hubbard X-operators. The spectral
weight of quasiparticle excitations is determined by
the population of local multielectron states. For exam-
ple, in the case of LaCoO;, gap states associated with
transitions from the high-spin state of the d°-configu-
ration to the high-spin state of the &> configuration are
of special interest. With increasing temperature, the
contribution from such states becomes decisive, which
leads to a decrease in the dielectric gap width and ulti-
mately to the insulator—metal transition. Thus, in
spite of the temperature difference between the spin
transition (7 = 80—120 K) and the metal—insulator
transition (7' = 500—600 K), the basic mechanism of

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 112 No. 1

these effects remains unchanged and is determined by
the thermal population of the ° T, high-spin state.
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