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The electronic structure of the perovskite LaCoO3 for different spin states of Co ions was calculated in the
local-density approximation LDA1U approach. The ground state is found to be a nonmagnetic insulator with
Co ions in a low-spin state. Somewhat higher in energy, we find two intermediate-spin states followed by a
high-spin state at significantly higher energy. The calculations show that Co 3d states oft2g symmetry form
narrow bands which could easily localize, whileeg orbitals, due to their strong hybridization with the oxygen
2p states, form a broads* band. With temperature variation which is simulated by a corresponding change of
the lattice parameters, a transition from the low- to intermediate-spin state occurs. This intermediate-spin
~occupationt 2g

5 eg
1! can develop an orbital ordering which can account for the nonmetallic nature of LaCoO3 at

90 K,T,500 K. Possible explanations of the magnetic behavior and gradual insulator-metal transition are
suggested.@S0163-1829~96!07632-1#

I. INTRODUCTION

Among the systems showing a semiconductor-to-metal
transition, LaCoO3 is especially interesting because of its
very unusual magnetic behavior, often associated with a low-
spin ~LS!–high-spin~HS! transition.1 Although a large num-
ber of investigations have been carried out since the early
1960s, the character of the transition and the nature of the
temperature dependence of the spin state is still unclear. For
example, the temperature dependence of the magnetic sus-
ceptibility shows a strong maximum at around 90 K followed
by a Curie-Weiss-like decrease at higher temperatures,2

which was interpreted by the authors as a LS-to-HS transi-
tion. The semiconductor to metal-like transition occurs in a
range of 400–600 K, well above this transition. The insulat-
ing nature of LaCoO3 below 400–600 K was attributed by
Raccah and Goodenough to an ordering of LS and HS Co31

ions in a NaCl-like structure,1 with the itinerant electrons in
a broadband formed by the transition-metaleg orbitals. This
structural change, however, has not been observed in crys-
tallographic studies. Recent neutron-scattering experiments3

suggest that the semiconductor-metal transition is not pre-
dominantly magnetic in origin, but a clear picture of its na-
ture is absent.

X-ray photoemission~XPS! and x-ray-absorption~XAS!
studies, on the other hand, have been interpreted in terms of
a spin change at the semiconductor-metal transition.4 There
are, however, several discrepancies in the interpretation. The
Co 2p XAS line shape at room temperature looks like LS
Co31, which is not consistent with a spin state transition at
90 K. Also, the valence-band XPS spectrum at 300 K is quite
different from that of a HS compound. So the interpretation
of the two transitions is still uncertain.

In most previous studies one has assumed a rather ionic
and ligand-field-like starting point. In this picture the possi-
bility of intermediate-spin~IS! states as well as local sym-
metry lowering, orbital ordering, and the large bandwidth of

the eg states, were not considered. It has recently been
pointed out by several authors that the oxides corresponding
to high formal oxidation states may be negative charge-
transfer systems in the Zaanen-Sawatzky-Allen scheme,5 re-
sulting in an essential modification of the electronic struc-
ture, in particular in a possible stabilization of an IS state.6

A first physical model to explain the transitions in
LaCoO3 was proposed and recently revised by Goodenough
in Ref. 1. It was suggested that for trivalent cobalt in LaCoO3
the crystal-field energyDcf is only slightly larger than the
intraatomic~Hund! exchange energyDex. Thus the ground
state of the Co ion is LS1A1 ~S50!, and the excited HS state
5T2 ~S52!, according to Ref. 1, is only 0.08 eV higher in
energy. The corresponding one-electron configurations are
t 2g
6 eg

0 for the LS state andt 2g
4 eg

2 for the HS state. The in-
crease in temperature leads to the population of the HS states
which is reflected in the magnetic susceptibility measure-
ments. The semiconductor-metal transition was interpreted
qualitatively as a formation of as* band from the localized
ionic eg states. The long-range order of the LS and HS Co
ions was assumed based on the results of x-ray-diffraction
measurements. Recent neutron-diffraction experiments3 did
not confirm this, but also did not exclude possible short-
range order of this kind.

The theoretical description of LaCoO3 is a difficult task,
because this system exhibits a transition from localized to
delocalized behavior, and the two main existing methods—
one-electron band-structure calculations based on the local-
density-approximation~LDA ! and ‘‘model Hamiltonian con-
figuration interaction’’ approaches~which were both used for
the compound under consideration4,7!—were constructed for
the completely itinerant and fully localized cases, respec-
tively.

Recently Sarmaet al.8 presented results of the local spin
density aproximation~LSDA! calculations for LaMO3 ~M
5Mn,Fe,Co,Ni!. It was claimed there that LSDA results
gave good agreement with the x-ray photoemission spectra.
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Such an agreement is not necessarily proof of an adequate
description of the electronic structure. A well-known ex-
ample is NiO, where LSDA gives a sharp peak at the top of
the valence band in agreement with XPS, but the nature of
this peak is the Ni 3d t2g minority spin, while it is generally
accepted that this peak is derived from thed8L final state.
The real proof of the correctness of the one-electron approxi-
mation would be an absence of the satellites in the photo-
emission spectra. Also, the XPS spectra, with which a com-
parison was made in Ref. 8, were measured at room
temperature, where LaCoO3 is already not in the low-spin
state. So these XPS data must be compared with LSDA re-
sults corresponding to the magnetic solution and not to a
nonmagnetic one as in Ref. 8.

Anisimov, Zaanen, and Andersen proposed a so-called
LDA1U method9 which combines in one calculation
scheme LDA and Hubbard model approaches, and is able to
treat on a ‘‘first-principle’’ basis systems with a strong Cou-
lomb correlation. It was demonstrated that this method~in
contrast to the standard LDA! could describe the existence of
different states of the system under consideration which are
close in total energy~holes in doped copper oxides10 and
transition-metal impurities in insulators11!.

In this paper we present a study of the electronic structure
of LaCoO3 in the LDA1U approach. In contrast to the stan-
dard LDA there are several stable solutions corresponding to
different local minima of the LDA1U functional. We have
found a nonmagnetic insulating ground state in agreement
with experiment. We have also found two orbitally polarized
magnetic solutions corresponding to IS states~one of them is
a gapless semiconductor and the other is a metal! and a semi-
conducting magnetic solution corresponding to a HS state of
the system, which lies much higher in energy. In addition we
found that theeg states form broadbands, whereas thet2g
states exhibit narrow bands, split by Coulomb interactions
into lower ~occupied! and upper ~unoccupied! Hubbard
bands. Using the results of these calculations, we propose an
interpretation of the behavior of LaCoO3. According to our
scheme, with increasing temperature there first occurs a tran-
sition from a LS~nonmagnetic! insulating ground state to a
state with an IS~configuration t 2g

5 eg
1!. Due to the strong

Jahn-Teller nature of this configuration, this state may de-
velop orbital ordering. The orbitally ordered state turns out
to be nonmetallic~actually nearly a zero-gap semiconductor!
in our calculations. With a further increase of temperature
the orbital ordering may be gradually destroyed, which can
explain the transition to a metallic state observed in LaCoO3
at 400–600 K. We hope that this information will eventually
lead to a better understanding of LaCoO3 and other similar
materials.

II. CALCULATION METHOD

The LDA1U method9 is based on the assumption that it
is possible to separate all electrons in the system into two
subsets: the localized states~for LaCoO3 these are the Co 3d
orbitals!, for which Coulomb intrashell interactions are de-
scribed by the Hubbard-like term, and the itinerant states,
where the averaged LDA energy and potentials are good ap-
proximations.

It is known that LDA calculations can provide all the

necessary model parameters~such as the Coulomb parameter
U,12 the exchangeJ, hopping parameters describing hybrid-
ization, etc.! on a first-principle basis, but the one-electron
structure of the LDA equations with an orbital-independent
potential does not allow to use these parameters in the full
variational space. LDA1U overcomes this problem by using
the framework of the degenerate Anderson model in the
mean-field approximation. In this method, the trial function
is chosen as a single Slater determinant, so it is still a one-
electron method, but the potential becomes occupation de-
pendent, and that allows one to reproduce the main feature of
strongly correlated systems: the splitting of thed band to the
occupied lower Hubbard band and unoccupied upper Hub-
bard band.

The main idea of our LDA1U method is that the LDA
gives a good approximation for the average Coulomb energy
of d-d interactionsEav as a function of the total number ofd
electronsN5(msnms , wherenms is the occupancy of a par-
ticular dms orbital:

Eav5U
N~N21!

2
2J

N~N22!

4
. ~1!

But the LDA does not properly describe the full Coulomb
and exchange interactions betweend electrons in the samed
shell. So we suggest subtractingEav from the LDA total-
energy functional, and adding orbital- and spin-dependent
contributions to obtain the exact~in the mean-field approxi-
mation! formula

E5ELDA2SU N~N21!

2
2J

N~N22!

4 D
1 1

2 (
m,m8,s

Umm8nmsnm82s

1 1
2 (
mÞm8,m8,s

~Umm82Jmm8!nmsnm8s . ~2!

The derivative of Eq.~2! with orbital occupancynms
gives the expression for the occupation-dependent one-
electron potential:

Vms~r !5VLDA~r !1(
m8

~Umm82Ueff!nm82s

1 (
m8Þm

~Umm82Jmm82Ueff!nms

1Ueff~
1
22nms!2 1

4J. ~3!

The Coulomb and exchange matricesUmm8 andJmm8 are

Umm85(
k
akF

k, ~4!

Jmm85(
k
bkF

k, ~5!

ak5
4p

2k11 (
q52k

k

^ lmuYkqu lm&^m8uYkq* u lm8&, ~6!
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bk5
4p

2k11 (
q52k

k

z^ lmuYkqu lm8& z2, ~7!

whereFk’s Slater integrals and̂lmuYkqu lm8& are integrals
over products of three spherical harmonicsYlm .

For d electrons, one needsF0, F2, andF4, and these can
be linked to the parametersU ~direct Coulomb interaction!
and J ~intraatomic exchange! obtained from the LSDA su-
percell procedures12 via U5F0 and J5(F21F4)/14, while
the ratioF2/F4 is to a good accuracy constant;0.625 for 3d
elements.13 For LaCoO3 the Coulomb parameterU was
found to be 7.8 eV and the exchange parameterJ50.92 eV.

The LDA1U approximation was applied to the full po-
tential linearized muffin-tin orbital~FP LMTO! calculation
scheme.14 Crystallographic data being used in the calcula-
tions were taken from Ref. 3. According to them, LaCoO3
has a pseudocubic perovskite structure with a rhombohedral
distortion along the~111! direction. The unit cell contains
two formula units. Since this rhombohedral distortion is
small ~the largest rhombohedral angle is 60.990° at 4 K!, we
use the concept oft2g andeg orbitals, as referred to in the
cubic setting in the following discussion. Temperature was
introduced in our calculations only by the change of lattice
parameter and rhombohedral angle according to the data of
Ref. 3. The most detailed description of the technical aspects
of FP LMTO calculations for the perovskite-type complex
oxides can be found in Ref. 15. The optimal choice of the
basis set for describing the valence band and the bottom of
the conduction band of LaCoO3 is presented in Table I. Since
theU correction is applied to the Cod orbitals, the value of
the muffin-tin ~MT! radius for Co was chosen close to its
value in metallic Co in order to obtain the full 3d density
inside the sphere. For the correct description of the wave
functions in the interstitial region, we expanded the spherical
harmonics up to the value oflmax55, 4, and 3 for La, Co, and
O MT spheres correspondingly. The Brillouin-zone~BZ! in-

tegration in the course of the self-consistency iterations was
performed over a mesh of 65k points in the irreducible part
of the BZ. Densities of states were calculated by the tetrahe-
dron method with 729k points in the whole BZ.

As the potentials for the variousd orbitals of Co are dif-
ferent in LDA1U, it is not obviousa priori what will be the
final symmetry of the system under consideration. In prelimi-
nary calculations we assumed for simplicity that LaCoO3 has
a perfect perovskite-type cubic lattice. To allow the system
to choose the appropriate symmetry by itself, we perform an
integration not over148 part of the BZ as for cubic symmetry
but over 18 ~D2h symmetry group!. The resulting symmetries
were found to be cubic Oh for the ground~LS! state and
tetragonal D4h for the excited states. Practically the same
situation occurs in realR3̄c symmetry: the occupancies of
xy, yz, andzx orbitals are about the same for the low-spin
configuration as well as that of 3z2-r 2 and x2-y2 orbitals.
The degeneracy ofxy andyz andzx orbitals is broken in the
other spin states.

III. RESULTS AND DISCUSSION

A. Homogeneous solutions

We start by considering the results of the calculations for
the homogeneous regimes, without an extra superstructure.
The possibility of obtaining a solution with orbital ordering
is considered in Sec. III B.

The detailed results of the calculations with crystallo-
graphic data corresponding to 4 K are presented in Table II.
One must start with equal occupancies of all threet2g orbit-
als and also of twoeg orbitals~e.g.,t 2g

6 eg
0! to obtain the LS

configuration. The initial spin polarization vanished during
self-consistency iterations, resulting in a nonmagnetic final
solution. The charge excitation spectrum has a semiconduct-
ing character in accordance with experimental data16 ~and in
contrast to the LDA result7! with the energy gap equal to
2.06 eV. The top of the valence band~Fig. 1! is formed by
the mixture of oxygen 2p states with Cot2g orbitals, and the
bottom of the conduction band predominantly by theeg or-
bitals.

From x-ray photoemission and absorption spectra4 the gap
was estimated to be 0.960.3 eV. The optical measure-
ments17 gave'0.5 eV. The larger value of the calculated
gap can be explained by the well-known fact that a mean-

TABLE I. Basis set and MT-sphere radii used in the calculation.

Atom k1
2520.01 Ry k2

2521.0 Ry k3
2522.3 Ry RMT , Å

La 6s6p5d4 f 6s6p5d4 f 6s6p5d 1.77
Co 4s4p3d 4s4p3d 4s4p 1.26
O 2s2p 2s2p 2s 0.66

TABLE II. Total-energy difference, character of the energy spectrum, occupancies of variousd orbitals of
Co, and magnetic moments for various Co spin states in LaCoO3.

Configuration
d a

~eV!
Energy
gap ~eV!

d occupancies
md-Co

~mB!xy yz zx 3z22r 2 x22y2 total

t 2g
6 eg

0

low spin
2.06 ↑,↓ 0.98 0.98 0.99 0.32 0.33 7.20 0

t 2g
5 s* 0.24 0b ↑ 0.98 0.98 0.98 0.84 0.84 7.13 2.11
intermediate spin ↓ 0.07 0.98 0.99 0.23 0.24

t 2g
4 eg

2 0.65 0.13 ↑ 0.99 0.99 0.99 1.00 1.00 6.78 3.16
high spin ↓ 0.99 0.08 0.11 0.33 0.30

aTotal-energy difference relative to the energy oft 2g
6 eg

0 configuration.
bHalf-metal. Total magnetic moment per unit cell is 2mB .
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field approximation, which is the basis of our LDA1U ap-
proach, usually overestimates the tendency to localization
and hence the values of the gap.

The aim of our work was to find solutions corresponding
to the higher-spin states of Co ions. Usually the HS state is
described as at 2g

4 eg
2 configuration with the maximum value

of spinS52 ~magnetic momentmCo54mB!. This corresponds
to the purely ionic model, and hybridization of the Co 3d
orbitals with the oxygen 2p orbitals and band formation in a
solid can renormalize significantly this ionic value. Such a
renormalization was obtained in our calculations~see Table
II !. The initial t 2g

4 eg
2 configuration@two holes ond xz

↓ ,d yz
↓

orbitals of thet2g set and two ond3z22r2
↓ ,dx22y2

↓ of theeg set
with spin-down~minority! spin projection# results in the self-
consistent solution with a magnetic moment ofmd-Co
53.16mB . The total energy of this HS solution is 0.65 eV
per formula unit higher than the ground-state LSt 2g

6 eg
0 con-

figuration. The unexpected result is that there exists an
intermediate-spinsolution~second line in Table II, magnetic
moment valuemd-Co52.11mB! which is lower in total en-
ergy than the HS solution~0.24 eV per formula unit relative
to the LS ground state!. This solution was obtained when we
started from the initial configurationt 2g

5 eg
1, where only one

electron was transferred from thet2g to eg states. The final
self-consistent configuration is better described as at 2g

5 state
with a partially fileds* band~t 2g

5 s* ! with the occupancies
of the a3z22r2

↑ and ax22y2
↑ orbitals equal to 0.84. In a

configuration-interaction language used in the cluster calcu-
lations, this may be compared to ad61d7LI state, whereLI
denotes a hole on the oxygen.

The IS state in our calculations turns out to be metallic
~see, however, Sec. III B!, and the HS state is semiconduct-

ing ~Figs. 2 and 3!. The reason for this is that the antibonding
s* band~formed byeg orbitals! is very broad, and the band
splitting is not strong enough to create a gap in the case of an
IS state. When theeg

↑ band becomes completely filled~HS
state!, a small gap betweeneg

↑ andeg
↓ bands appears.

In Table II the occupation of different orbitals in different
configurations is presented. One notices that the actual occu-
pation is different from the formal ‘‘chemical’’ one, and cor-
responds on the average not to six but rather to seven elec-
trons in the d shell. The reason for this is the strong
hybridization of the emptyeg orbitals with oxygen 2p orbit-
als. In the LS ground state everyeg orbital, which is formally
empty, actually has an occupancy of about 0.33, resulting in
1.3 additionald electrons above the formal six-electron con-
figuration. In the case of the excited IS state we have a par-
tially filled broads* band, with the total number ofeg elec-
trons increased by 0.85 as compared to the LS, state and the
number oft2g electrons 0.92 less than in the LS state, having
as a result a practically unchanged total number ofd elec-
trons. Therefore, we used the notationt 2g

5 s* in the Table II
to prevent a misunderstanding, and in accordance with nota-
tion proposed in Ref. 1. One may also say that despite the
formal oxidation state Co31 the real configuration, e.g., in
the IS state, is a mixture oft 2g

5 eg
1 andt 2g

5 eg
2LI configurations.

Some other points concerning the results obtained are
worth mentioning. As one can see from Fig. 1, the occupied
states closest to the Fermi energy in a LS state are mainly
formed by oxygen states~note that in Figs. 1–3 the partial
densities of states of constituent atoms are given per atom,
and there are three oxygen atoms per formula unit!. Conse-
quently the final state of XPS for a LS state formally corre-

FIG. 1. The total ~in states/eV cell! and partial ~in
states/eV atom! densities of states obtained in LDA1U calculations
for LaCoO3 with Co ions in the low-spin state~t 2g

6 eg
0 configura-

tion!. For thed-Co partial density of states, the solid line denotes
t2g orbitals, and the dashed line aneg orbital.

FIG. 2. The total ~in states/eV spin cell! and partial ~in
states/eV spin atom! densities of states obtained in LDA1U calcu-
lations for LaCoO3 with Co ions in the intermediate-spin state
~t 2g
5 s* configuration!. The Fermi level is denoted by the vertical

dashed line. Arrows corresponds to spin-up and spin-down spin
projections. The other notations are the same as in Fig. 1.
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sponds to ad6LI configuration. At the same time the elec-
tronic excitations mostly reside on Coeg orbitals hybridized
with p states of oxygen. However, in the IS case, which in
our calculations is metallic~Fig. 2!, the states at the Fermi
level contain comparable weights of both Coeg and O p
orbitals.

The IS state obtained is fully polarized, which is due to
the half-metallic ferromagnetic nature of the solution: the
magnetic moment per formula unit is 2mB , i.e., it corre-
sponds to the spinS51. In that sense the calculation agrees
with the ionic picture, in which the IS configuration of Co is
d6 (t 2g

5 eg
1), with S51.

The IS state of LaCoO3 in our results turned out to be a
half-metallic18 ferromagnet, in which only the electrons of
one spin projection are at the Fermi level~the other spin
subbands are fully occupied!. A ferromagnetic arrangement
of the magnetic moments may of course be an artifact of the
scheme used. In principle, the LDA1U method is intended
to describe local correlation effects such as a formation of
Hubbard gaps and local magnetic moments, which should
still be present in the paramagnetic phase. However, techni-
cally in the calculations we have to assume a long-range
magnetic order in accordance with the translational symme-
try of the crystal. The results obtained in such a way indicate
whether or not there is a gap, and provide an estimate of the
local magnetic moment.

Although the IS state in the calculations turns out to be
metallic, the density of states at the Fermi level is very low,
n(EF)50.36 states per eV per one formula unit. This prob-
ably indicates that it would not be so difficult to make this
state semiconducting; see the discussion below~Sec. III B!.

The results presented above show that the first excited
configuration lies only 0.24 eV above the ground state with

LS. Experimentally it is established that there is a transition
from a LS nonmagnetic state to the magnetic one with in-
creasing temperature. According to Ref. 2, this transition oc-
curs in the vicinity of 90 K. As the closest magnetic state is
that with IS~the HS state lies, according to our results, much
higher at 0.65 eV!, we ascribe the nonmagnetic-magnetic
transition in LaCoO3 to the LS-IS transition.

It is well known ~see, e.g., Ref. 1! that Co in the HS state
has a larger ionic radius than in the LS one, and the LS-HS
transitions are accompanied by an increase of volume. Keep-
ing that in mind, we carried out calculations of the electronic
structure of LaCoO3 for different lattice parameters which
can imitate the influence of temperature~via thermal expan-
sion!. In Fig. 4 we plot the total energies for various spin
states of Co as a function of the lattice parameters relative to
the energy of thet 2g

6 eg
0 state for the lattice parameter corre-

sponding to 4 K. In this figure the actual lattice parameters
used in the calculations are shown on the horizontal axis,
together with the corresponding temperature scale~we used
the lattice parameters including the lattice constant and
rhombohedral angle as a function of the temperature mea-
sured in Ref. 3!. One sees that with increasing specific vol-
ume ~or with increasing temperature! the energy of the IS
state crosses that of the LS state, which corresponds to the
LS-IS transition. In our calculation this crossover occurs at
lattice parameters corresponding to 150 K—somewhat larger
than the experimental value of about 90 K. Note that the HS
state still lies very high in energy even at temperatures above
600 K.

The total energy for all three solutions~LS, IS, and HS!
decreases with increasing volume and minima are achieved
only for lattice parameters corresponding to high tempera-
ture. At this value of the volume the total energy of the IS is
slightly lower than the LS. It is well known that equilibrium
values of the volume calculated with LSDA are always a few
percent less than the experimental volume, because LSDA
overestimates cohesion. LDA1U, on the other hand, under-
estimates cohesion due to its treating thed states as local-
ized. In both cases the calculated lattice parameters signifi-
cantly deviate from the experimental values. Goodenough
suggested that the magnetic transition in LaCoO3 is caused
by the fact that the crystal-field energyDcf is only slightly
larger than the intra-atomic~Hund! exchange energyDex.

FIG. 3. The total ~in states/eV spin cell! and partial ~in
states/eV spin atom! densities of states obtained in LDA1U calcu-
lations for LaCoO3 with Co ions in the high-spin state~t 2g

4 eg
2 con-

figuration!. Notations are the same as in Figs. 1 and 2.

FIG. 4. The total energies for various spin states of LaCoO3
relative to the energy of thet 2g

6 eg
0 state at 4 K vs theR3̄c lattice

constant. The corresponding temperatures are also marked.
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The crystal-field energy is determined by the 3d-2p hopping
parameters, which strongly depend on crystal volume. Hence
if one will perform calculations with lattice parameters cor-
responding to the calculated equilibrium volume, then the
delicate balance betweenDcf andDex will be destroyed. Our
results show that for low-temperature lattice parametersDcf
is larger thanDex, but already a small increase in volume
~corresponding to increasing the temperature to 150 K!
would reverse this ratio.

Thus from the results obtained we conclude that the
nonmagnetic-magnetic transition in LaCoO3 most probably
occurs not between LS and HS states, but betweenlow- and
intermediate-spinstates. The reason for the stabilization of
the IS state may be understood from the following consider-
ation. Different configurations of Co31 ~d6! are illustrated in
Fig. 5. Heret2g andeg are atomicd states split by the crystal
field ~the splittingD510Dq!. In a purely ionic picture one
should expect that, depending on the ratio betweenD and
intraatomic exchange interactionJ either LS or HS states
should be stable~if the energy of the LS stateELS is taken to
be zero, thenEIS5D2J andEHS52D26J, so that the LS
state is the ground state forD.3J and the HS state—if
D,3J; the IS state in this scheme would always lie higher!.
However, as we mentioned in Sec. I, oxides with unusually
high valence of transition metals have a tendency to have a
d-shell occupancy corresponding to a lower valence, with the
extra hole being predominantly located on oxygen~one ob-
tains a configurationd7LI instead ofd6!. In this situation the
d-p hybridization is especially strong, and plays a crucial
role. These considerations are also supported by our calcula-
tions; see Table II.

Especially important is the hybridization with theeg or-
bitals. One can show that it is stronger for the IS state than
for the HS one: there are more channels ofp-eg hybridiza-
tion in this case~the most favorable configurations of the
typed7LI , admixed tod6, are also shown in Fig. 5!. In other
words, if these configurations (d7LI ) are dominant, then the
state corresponding to the ground state of thed7 configura-
tion would have the lowest energy. It is known that ford7

~Co21! this is exactly the configuration of Fig. 5~b!—i.e., the
one giving a total IS state. This is a possible physical reason
why the IS configuration may lie below the HS one, and may
become the ground state for an expanded lattice~higher tem-
peratures!.

The nonmagnetic-magnetic transition occurring at;90 K,
which we now associate with the LS-IS transition, is de-
scribed reasonably well by our model. The transition tem-
perature obtained in our calculations~;150 K! lies not so far
from that experimentally observed. In Ref. 2 the relative
change of the lattice parameter (Da) at this transition was fit
by the relation~see Ref. 19!

Da5
n exp~2Eq /kT!

11n exp~2Eq /kT!
, ~8!

whereEq is the energy gap~it was taken in Ref. 2 as a fitting
parameter!, andn is the degeneracy of the magnetic state. As
the high-temperature magnetic ground state was believed to
be the HS state in Ref. 2, the degeneracy was taken asn515
@triply degeneratedt2g orbital times the spin degeneracy~2S
11! with S52; see Fig. 5~c!#. In our interpretation the de-
generacy will ben518 @triply degeneratedt2g orbital times
double degeneracy ofeg orbital times~2S11! with S51, see
Fig. 5~b!#. Thus the fit ofDa would be as successful with
this interpretation as with the one given in Ref. 2, with ac-
tually nearly the same value of the energy gapEq .

The picture of an IS state can also help to resolve one
more problem mentioned in Ref. 2: that the correlations be-
tween magnetic sites in LaCoO3 are not antiferromagnetic
but ~weakly! ferromagnetic. One should expect only antifer-
romagnetic correlations betweenhigh-spin Co31 ions in
which theeg shell is half-filled (eg

2). However, in IS Co,
ions have a nominallyeg

1 configuration, and especially if
theseeg orbitals are ordered~see discussion below! one can
have a ferromagnetic exchange interaction@the well-known
example is, e.g., ferromagnetic K2CuF4 ~Ref. 20!#.

B. Possible orbital ordering in LaCoO3

The concept of the LS-IS transition describes quite rea-
sonably the nonmagnetic-magnetic transition observed in
LaCoO3. At the same time it was established that the first
transition at;90 K leaves this compound semiconducting,
whereas our calculated IS has a metallic character of the
energy spectrum. Is it possible to overcome this disagree-
ment?

As is clear from Fig. 5~b!, the IS state has a strong double
degeneracy~eg

1 configuration!. For localized electrons this
would be the typical Jahn-Teller situation. In particular for
KCuF3, it was proposed in Ref. 20 and confirmed by calcu-
lations in Ref. 21 that there exists a special kind of orbital
and magnetic ordering ofd ions in a simple cubic lattice with
one electron or hole in a doubly degenerateeg level. The
situation in IS LaCoO3 is very similar to the case of KCuF3
~keeping in mind that there exists a permanent rhombohedral
distortion, and that there are already two Co ions in an el-
ementary cell in LaCoO3, the ‘‘antiferro’’ orbital ordering
may be consistent with the existing structural data!.

We checked this possibility by repeating the calculations,
assuming now that there exists an orbital ordering. The struc-
ture of the corresponding ordered IS state was taken as con-
sisting of ferromagnetic planes~001! with an antiferromag-
netic coupling between planes. The occupiedeg orbitals
were assumed to alternate; as a starting point the orbitals in
two sublattices were taken asdx22z2 anddy22z2; see Fig. 6.
To supplement this figure with information about the otherd
orbitals, let us consider the Co ion in thet 2g

5 eg
1 configura-

tion, which has ady22z2
↑ occupiedeg orbital ~corresponding

site is marked as 1 in Fig. 6!. For this state the other threeeg
orbitals are empty, and allt2g orbitals are occupied, with the
exclusion ofd yz

↓ . This choice minimizes the Coulomb inter-
action energy oft2g andeg electrons. For the neighboring Co
ion ~site 2 in Fig. 6! the eg electron is placed in thedx22z2

↑

FIG. 5. Schematic representation of various Cod61d7LI con-
figurations in low-~a!, intermediate-~b!, and high-~c! spin states.
The open circle denotes a hole in the oxygenp shell.

5314 54M. A. KOROTIN et al.



orbital, and thet2g hole is placed in thed xz
↓ orbital. Calcu-

lations were made for the real rhombohedral crystal structure
with lattice parameters corresponding to 71 K. With this
state as a starting point the self-consistent calculation was
now carried out. The resulting densities of states correspond-
ing to such an orbital-ordered IS state are presented in Fig. 7.

First of all it is necessary to point out that this kind of spin
and orbital ordering is stable with respect to the self-
consistency iterations, and hence that there exists a solution
with such symmetry. The nature of the energy spectrum

turned out to be gapless semiconductinglike. The wideeg
band which crossed the Fermi level in the case of an IS state
without orbital order~see Fig. 2! is now split. The top of the
valence band is formed~for one sublattice, e.g., for Co site 1!
by dy22z2 states, and the bottom of the conduction band by
d3x22r2 states@Figs. 7~b! and 7~c!# hybridized with the oxy-
gen states. As for thet2g densities of states, the character of
their energy distribution is practically unchanged in compari-
son with the case of the IS state without orbital ordering. The
spin magnetic moment of Co is found to be 1.87mB in this
orbitally ordered IS state, and it is less than that without
orbital order~2.1mB!.

When we compare the two IS states with the fixed spin
magnetic moment 1.87mB , the total energy of the orbitally
ordered IS state is 0.11 eV lower. The necessity of using a
fixed magnetic moment is due to the limitation of the band-
structure scheme. The actual magnetic state of LaCoO3 is
known to be paramagnetic~with possible short-range spin or
orbital ordering!. At the same time, as we already mentioned
above, it is necessary to set a long-range magnetic order in
the calculations~antiferromagnetic for an orbitally ordered
IS state and ferromagnetic for one without orbital order!.
This long-range magnetic ordering imposed~in addition to
the intra-atomic exchange! somehow influences both the lo-
cal magnetic moment and the total energy. In the case of
long-range antiferromagnetic order the value of the magnetic
moment is apparently underestimated in comparison with the
real paramagnetic state; for the ferromagnetic one it is over-
estimated. Thus to estimate the relative stability of different
phases we compare the energies calculated for the same
value of the magnetic moment. Our calculations show that in
the case of equal spin values the orbitally ordered IS state is
more preferable than the one without orbital order.

One can now interpret the first nonmagnetic-magnetic
transition~at about 90 K! as a transition of Co ions from the
LS to IS states with a specific orbital ordering of occupiedeg
orbitals. Our results show that this transition occurs at tem-
peratures lower than 150 K. Under this transition a magnetic
moment on Co sites appears, whereas the material is still
nonmetallic. The spin-only value of theeffectivemagnetic
moment, in the case of an IS state~S51!, is
meff52.83mB—somewhat below the experimental value of
3.1mB–3.4mB . It will be increased by the orbital contribu-
tion, because there is in principle an unquenched moment of
t2g electrons for the configurationt 2g

5 eg
1 ~which, e.g., for

Co21 ions increases the value ofmeff by typically ;0.3mB!.
We cannot treat this effect numerically because our codes do
not include the spin-orbit interaction; however, on physical
grounds we expect that this effect should be present. An
extra change ofmeff may be due to the very strongd-p hy-
bridization which leads to a large contribution to the total
wave function of a stated7LI (t 2g

5 eg
2LI ). In this state the ef-

fective moment of the Co ion is that of the high-spin Co21

~S53/2! compensated by the opposite polarization of the
oxygenp shell ~S521

2! @note that this picture is supported
by calculations~see Table II! where the local Co spin mo-
ment is 2.1mB and the total spin moment per unit cell is
2mB#. This fact may significantly change the value ofmeff
measured in the susceptibility experiments.

FIG. 6. Spin and orbital ordering in an orbital-ordered interme-
diate spin state for occupiedeg orbitals. For simplicity the perfect
cubic structure of Co ions is shown.

FIG. 7. The total ~in states/eV cell! and partial ~in states/
eV spin atom! densities of states obtained in LDA1U calculations
for LaCoO3 with Co ions in an orbitally ordered intermediate-spin
state.~a! Total density of states~per four formula units and both
spins!. ~b! Partial Coeg densities of states, e.g., for Co site 1 in Fig.
6: the solid line is fordy22z2 states, the dashed line ford3x22r2

states.~c! The same as~b! in the vicinity of the Fermi level. The
notations are the same in Fig. 2.
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The IS state with a nominal configurationt 2g
5 eg

1 may have
an orbital ordering because of the doubly degenerateeg or-
bitals ~the strong Jahn-Teller nature of this configuration!.
This turned out to be the case in our calculations: the orbit-
ally ordered state may be crudely described as an alternation
of the occupieddz22x2 anddz22y2 orbitals.

According to our calculations, this ordering leads to a
splitting of theeg ~s* ! band, leading practically to the zero-
gap situation, with the Fermi level lying in the gap. The
second gradual transition to a metallic state~;600 K! with
an increase of the effective magnetic moment value up to
meff54.0mB may then be associated with the disappearance
of the orbital ordering with increased temperature still within
the IS state. This IS state without orbital order is calculated
to be a metal with a larger magnetic moment. Our calcula-
tions show that the second transition has no relation to the
HS state of Co ions because the HS solution still lies high in
energy, and if realized would have been a semiconductor
state.

IV. CONCLUSION

Calculations of the electronic structure in the LDA1U
approximation for LaCoO3 were presented. At 4 K the non-
magnetic insulating solution with Co ions in a low-spin state
has the lowest total energy. Three excited-state configura-

tions ~two of intermediate spin and one of high spin! are also
found to be stable, with local magnetic moments on Co sites.
The t2g states exhibit narrow bands, while theeg states form
broad bands. With an increasing lattice parameter corre-
sponding to a thermal lattice expansion, two transitions can
be expected: the first occurs from the LS state to the IS state,
with orbital ordering, which in our calculation is a zero-gap
semiconductor. The second transition occurs within the IS
state and is connected with a gradual disorder of occupiedeg
orbitals. We believe that although many details are not yet
clear, the concept of the nonmagnetic-magnetic and
semiconductor-metal transitions in LaCoO3 as connected
mainly with intermediate-spin states, is a good candidate to
explain the puzzling properties of this interesting material.
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