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We have studied transition-metal 3d-oxygen 2p lattice models, where full degeneracy of transition-metal
3d and oxygen 2p orbitals and on-site Coulomb and exchange interactions between 3d electrons are taken into
account, by means of a spin- and orbital-unrestricted Hartree-Fock~HF! approximation. The electronic-
structure parameters deduced from the cluster-model analyses of the photoemission spectra are used as input.
We have applied this method to perovskite-type 3d transition-metal oxides, which exhibit various electrical
and magnetic properties. It is shown that the HF results can explain the ground-state properties of insulating
oxides. The relationship between spin- and orbital-ordered solutions and the Jahn-Teller-type and
GdFeO3-type distortions inRTiO3, RVO3, RMnO3, andRNiO3 (R is a rare earth atom orY) is extensively
studied. Single-particle excitation spectra calculated using Koopmans’ theorem give us an approximate but
relevant picture on the electronic structure of the perovskite-type 3d transition-metal oxides. As a drawback,
the HF calculations tend to overestimate the magnitude of the band gap compared with the experimental results
and to predict some paramagnetic metals as antiferromagnetic insulators.@S0163-1829~96!03432-7#

I. INTRODUCTION

In recent decades, there have been many attempts to un-
derstand a variety of electrical and magnetic properties of
3d transition-metal oxides, especially their metal-insulator
transitions.1 Mott and Hubbard have shown that the strong
d-d Coulomb interaction is essential to explain why many
3d transition-metal compounds with a partially filled 3d
band can exist as magnetic insulators:2,3 When the width of
the 3d band is larger than thed-d Coulomb interaction, the
compound becomes metallic. When thed-d Coulomb inter-
action exceeds the bandwidth, the 3d electrons are localized
and the compound turns into an insulator with local magnetic
moment, the band gap of which is determined by the magni-
tude of thed-d Coulomb interaction. The essential point of
the Mott-Hubbard-type metal-insulator transition is de-
scribed by the single-band Hubbard model.3 However, in real
compounds, the degeneracy of the 3d orbitals makes the
symmetry-broken state of the magnetic insulator complicated
and might affect the metal-insulator transition. In order to
study the effect of the orbital degeneracy in the insulating
state, a degenerate-band Hubbard model has been studied by
applying an unrestricted Hartree-Fock~HF! approximation to
the Coulomb-interaction term and by constructing an effec-
tive Hamiltonian through second-order perturbation with re-
spect to the hybridization term.4–8 Castellani, Natoli, and
Ranninger have applied the unrestricted HF calculation to a
realistic degenerate Hubbard model for V2O3, where the
hopping term reflects the corrundum structure.7 Ashkenazi
and Weger have also studied the metal-insulator transitions
of Ti 2O3 and V2O3 using the HF method.8 The validity of
the unrestricted HF approach to the Mott insulators has gen-
erally been discussed by Brandow.9 However, in those cal-
culations, the O 2p orbitals were not explicitly included and
the only transfer integrals between effectived orbitals, which
correspond to the antibonding band formed by the hybridiza-

tion between the transition-metal 3d and oxygen 2p orbitals,
were considered.

Following the development of photoemission spectros-
copy, Fujimori and Minami have shown that the band gap of
NiO is not determined byd-d Coulomb interaction, but by
oxygen-to-metal 3d charge-transfer energy from the NiO6
cluster-model calculation.10 Zaanen, Sawatzky, and Allen
and Hüfner have provided a clear classification scheme, a
so-called Zaanen-Sawatzky-Allen scheme, based on the
Anderson-impurity model,11 in which transition-metal com-
pounds can be classified into two regimes according to the
relative magnitudes of the ligand-to-metal charge-transfer
energyD andd-d Coulomb energyU. In the Mott-Hubbard
regime, whereD.U, the band gap corresponds to charge
fluctuations of thed-d type, dn1dn→dn111dn21 and its
magnitude is essentially given by;U. In the charge-transfer
regime, whereD,U, charge fluctuations of the type
dn1dn→dn111dnL constitute ap-d-type band gap, the
magnitude of which is;D. Therefore, in order to investigate
the metal-insulator transition in which the charge-transfer-
type band-gap collapses, it is essential to explicitly include
the ligandp orbitals in the model. On the other hand, the
cluster and Anderson-impurity models, which have suc-
ceeded in reproducing the photoemission spectra and extract-
ing the important electronic-structure parametersD andU,
neglect the translational symmetry of the crystals. Further-
more, there has been ample experimental and theoretical evi-
dence that magnetic ordering and lattice distortion strongly
influences metal-insulator transitions in the 3d transition-
metal oxides. Therefore, it is difficult to study the metal-
insulator transition by using the cluster and Anderson-
impurity models.

Recently, we have studied transition-metal 3d-oxygen
2p lattice models, where full degeneracy of transition-metal
3d and oxygen 2p orbitals and on-site Coulomb and ex-
change interactions for transition-metal sites are taken into
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account, by means of spin- and orbital-unrestricted Hartree-
Fock ~HF! approximations in order to refine the previous HF
method6–8 by including oxygen 2p orbitals explicitly and to
extend the cluster-model calculation by including the trans-
lational symmetry of the 3d orbitals.12 We have shown that
this method is powerful to study magnetic and orbital order-
ing and the effect of lattice distortion on it and the band gaps,
and applied the method toRTiO3 (R5rare earth orY),
RMnO3, andRNiO3. On the other hand, there have been
some attempts to study the orbital ordering in 3d transition-
metal compounds usingab initio band-structure calculation.
It has been shown thatab initio HF calculation can correctly
predict the orbital ordering in KCuF3.

13 The LDA1U
method, in which the energy functional is that of the local-
density approximation plus parametrized HF terms as an ap-
proximation to the on-site Coulomb interaction term,14 has
also been applied to KCuF3 successfully.

15 Since theseab
initio calculations require relatively much computational
time, it is hard to study many compounds in a systematic
manner. In this paper, we have systematically applied the
model HF calculation to a large amount of perovskite-type

3d transition-metal oxides, RMO3 (M5Ti, V, Cr, Mn, Fe,
Co, Ni, Cu!. The organization of this paper is as follows. In
Sec. II, we explain how to apply the unrestricted HF approxi-
mation to the perovskite-type lattice model. In Sec. III, re-
sults of the HF calculation for the various perovskite-type
3d transition-metal oxides are presented. Finally, we sum-
marize the results of the unrestricted HF calculations and
discuss the limitation of the HF approximation in Sec. IV.

II. UNRESTRICTED HARTREE-FOCK APPROXIMATION

We have applied the unrestricted HF approximation to the
multiband d-p model, where tenfold degeneracy of the
transition-metal 3d orbitals and sixfold degeneracy of the
oxygen 2p orbitals are taken into account. The interatomic
3d-3d Coulomb interaction is expressed by Kanamori pa-
rameters,u, u8, j , and j 8.16 We have to assume the relation-
ship u85u22 j and j 85 j in order to keep the rotational
invariance in real space of the Coulomb terms.9,16 The
Hamiltonian is given by
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† are creation operators for Bolch electrons constructed from the transition-
metal 3d and oxygen 2p orbitals, respectively.a and k label the unit cell and the wave vector in the first Brillouin zone.
b andm are indices for the transition-metal atoms in the unit cell and the 3d orbitals on the transition-metal atom, respec-
tively. l denotes the 2p orbitals in the unit cell.Vk,l l 8

pp andVk,lm
pd are 2p-2p and 2p-3d transfer integrals.hms,m8s8 represents

the crystal field and spin-orbit interaction of the 3d orbitals. Using the unrestricted HF approximation, the mean-field Hamil-
tonian becomes
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which are to be determined self-consistently. We have iter-
ated the self-consistency cycles until successive differences
of all the order parameters converged to less than 231024

by sampling 512k points in the first Brillouin zone of the
GdFeO3-type structure. Typical error in the total energy is
;60.1 meV per formula unit cell. The HF wave function
becomes a Slater determinant constructed from Bloch func-
tions. One can calculate the single-electron excitation spec-
trum from the HF results by using Koopmans’ theorem.

The charge-transfer energyD for the dn configuration is
defined as«d

02«p1nU, whereU(5u220/9j ) is the mul-
tiplet average of thed-d Coulomb interaction. We can also
define the charge-transfer energyDeff andUeff with respect
to the lowest term of eachdn configuration. The transfer
integrals are given in terms of Slater-Koster parameters
(pps), (ppp), (pds), and (pdp).17 The values forD, U
and (pds) can be obtained from the cluster-model analyses
of valence-band and transition-metal 2p core-level photo-
emission spectra, where systematic variation of the param-
eters have been revealed. The charge-transfer energyD in-
creases as the atomic number of the transition metal
decreases. The charge-transfer energies have been estimated
to be;1 eV for PrNiO3,

18 ;3 eV for LaFeO3,
19 ;4 eV for

LaMnO3,
19,20;5 eV for LaCrO3 ~Ref. 21!, and;6 eV for

LaTiO3 ~Ref. 21! from the cluster-model analyses of the
valence-band and transition-metal 2p core-level photoemis-
sion spectra. It is reasonable to interpolate and extrapolate
them and to estimate theD for other as listed in Table I.
Although the systematic variation ofU is not so clear as that
of D, U gradually decreases as the atomic number of the
transition metal decreases.U have been estimated to be
;628 eV for late transition-metal oxides11,19,22and;3–5
eV for early transition-metal oxides.21–23 The transfer inte-
gral (pds) obtained from the cluster-model analyses for the

transition-metal oxides are ranging from21.0 to22.5 eV.
The values of (pds) for the early transition-metal oxides
with the eg orbitals unoccupied tend to be larger than those
for the late transition-metal oxides with theeg orbitals
occupied.21,23 Based on these results, we have deduced the
values ofU and (pds) as listed in Table 5.1. The ratio of
(pds) to (pdp) is fixed to;2, which is derived from the
linear combination of atomic orbitals~LCAO! fitting of the
band calculation.24 The (pps) and (ppp) and also fixed to
20.60 and 0.15 eV, which is also taken from the LCAO
fitting.24 Ambiguity of the latter two parameters does not
change the conclusion. The Kanamori parameters can be
translated to Racah parameters by the relation
u5A14B13C and j55/2B1C. The RacahB andC pa-
rameters are fixed to free ion values or 0.8 times of the
values deduced from the atomic Hartree-Fock calculations.25

The GdFeO3-type structure is orthorhombic with or-
thogonala, b, and c axes and the unit cell contains four
transition-metal ions. We have chosen thex, y, andz direc-
tions for atomic orbitals to be (A2/2, 2A2/2, 0!, (A2/2,
A2/2, 0!, and ~0, 0, 1!, respectively, with respect to thea,
b, andc axes. Let us denote the four sites by sites 1, 2, 3, and
4 as shown in Fig. 1~a!. The GdFeO3-type structure is ob-
tained by tilting theMO6 octahedra of cubic perovskite
structure. Here, we simulate the GdFeO3-type distortion by
rotating theMO6 octahedra by angleu and2u about the
threefold axes of the octahedra or the~0,2A2/2,A2/2) and
~0, A2/2,A2/2) axes with respect to thea, b, andc axes of
the GdFeO3 structure. As a result, theM -O-M bond angle

TABLE I. Parameters used for the Hartree-Fock calculations~in
eV!.

D U j (pds)

RTi 31O3 7.0 4.0 0.64 22.2
RV 31O3 6.0 4.5 0.68 22.2
RCr31O3 5.0 5.0 0.72 22.2
RMn31O3 4.0 5.5 0.76 21.8
RFe31O3 3.0 6.0 0.80 21.8
RCo31O3 2.0 6.5 0.84 21.8
RNi 31O3 1.0 7.0 0.88 21.8
RCu31O3 0.0 7.5 0.92 21.8
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becomes 18022a @cosa5(2/3)cosu11/3#. In addition to
the GdFeO3-type distortion, some of the perovskite-type ox-
ides show a Jahn-Teller distortion in which theMO6 octa-
hedra are alternatingly elongated along thex andy direction
within the c plane. There are two types in the Jahn-Teller
distortions as shown in Fig. 1~b! depending on the way of
stacking the elongated octahedra along thec axis.26 Basic
magnetic structures for the perovskite-type transition-metal
oxides are ferromagnetic~FM!, A-type antiferromagnetic
~AFM!, C-type AFM, andG-type AFM arrangements as
shown in Fig. 1~c!.27 Here, it should be noted that, in Ref. 12,
the GdFeO3-type distortion was simulated by rotating the
MO6 octahedra around thea axis and that only thea-type
Jahn-Teller distortion was considered. In this paper, the
GdFeO3-type and Jahn-Teller-type distortions are included
in a more realistic way.

III. RESULTS AND DISCUSSION

A. d1 compounds

Experimentally, LaTiO3, where the GdFeO3-type distor-
tion is rather small, is aG-type AFM insulator with the mag-
netic moment of 0.45mB , which is accompanied by weak
ferromagnetism due to spin canting.28 The optical gap of
LaTiO3 has been found to be;0.2 eV.29,30 More distorted
YTiO 3 is a FM insulator with the magnetic moment of
0.84mB ,

31 which has a relatively large optical gap of;1
eV.30 Their solid solution La12xY xTiO3 is a FM insulator
for x.0.6 and is an AFM insulator forx,0.6. As x goes
from 1.0 to 0.0, the magnitude of the optical gap decreases
from 1.0 to 0.2 eV.31,32

In the insulatingd1 system, one of the threefold degener-
ate t2g orbitals should be occupied at each transition-metal

site. In the cubic perovskite lattice, an electron in an orbital
with a certain symmetry (xy, yz, or zx) can be transferred to
that with the same symmetry at the neighboring site. There-
fore, the FM state where two or three of thet2g orbitals are
alternatingly occupied is always favored by the intra-atomic
exchange interactionj compared with theA-type, C-type,
andG-type AFM states. The GdFeO3-type distortion relaxes
the symmetry restriction and makes it possible that an elec-
tron in an orbital with one symmetry is transferred to that
with other symmetry at the neighboring site. Therefore, the
distortion reduces the energy difference between the FM
state and the AFM states. At this stage, we cannot explain
why the less distorted LaTiO3 is G-type AFM and the more
distorted YTiO3 is FM. In order to explain why theG-type
AFM state is realized in LaTiO3, we have taken account of
spin-orbit interaction represented by the parameter
zd50.018 eV. With the spin-orbit interaction, the spins and
orbitals cannot order independently. The spin-orbit interac-
tion favors thez8x8↑1 iy8z8↑ andz8x8↓2 iy8z8↓ type spin
orbitals, in which the spin points in thez8 direction and the
orbital angular momentum is antiparallel to that of the spin.
A G-type AFM solution, where the two spin orbitals are
alternatingly occupied with thez8 axis pointing in the
~1, 1, 1! direction in terms of thex, y, andz axes, is expected
to be favored both by the spin-orbit interaction and by the
superexchange interaction.33 Actually the AFM solution is
the lowest in energy among the solutions that we have inves-
tigated. However, the magnetic moment of the AFM state is
calculated to be;0.1mB , which is too small compared with
the experimental value of LaTiO3. In order to resolve this
discrepancy, Jahn-Teller distortion will be taken into account
below.

It has been reported that YTiO3 shows a Jahn-Teller dis-
tortion of the typed ~Fig. 1!, where the longer and shorter
Ti-O bonds are;2.08 and;2.02 Å, respectively.34,35 Al-
though, in LaTiO3, the difference between the longer and
shorter Ti-O bonds is smaller than 0.01 Å, LaTiO3 may have
a small Jahn-Teller distortion of typed.34 We have calcu-
lated the total energies of the FM andG-type AFM solutions
with the Jahn-Teller distortions of typesa and d ~Fig. 2!.
Here, we have assumed that@(pds)s /(pds) l #

1/3, here
(pds)s and (pds) l are transfer integrals for the shorter and

FIG. 1. ~a! GdFeO3-type lattice distortion.~b! Two types of
Jahn-Teller lattice distortion.~c! Typical magnetic structures for the
perovskites.

FIG. 2. Total energies of various spin and orbital arrangements
for RTiO3 as functions of the Ti-O-Ti bond angle.
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longer Ti-O bonds, is;1.053. This value is somewhat larger
than that estimated using the Harrison’s rule36 for YTiO 3,
;1.035. While thexy andyz orbitals are stabilized at sites 1
and 4 and thexy andzx orbitals are stabilized at sites 2 and
3 in the Jahn-Teller distortion of typea, xy, andyz orbitals
are stabilized at sites 1 and 3 andxy and zx orbitals are
stabilized at sites 2 and 4 in the Jahn-Teller distortion of type
d. That is, with the Jahn-Teller distortion, one of the doubly
degenerate orbitals is occupied at each site. Without the Gd-
FeO3-type distortion, an orbital ordering in which sites 1 and
4 are occupied byyz and sites 2 and 3 are occupied byzx is
favored by the Jahn-Teller distortions of typea. As shown in
Fig. 2, the FM solution with the orbital ordering is lower in
energy than theG-type AFM solution. As the GdFeO

3-type distortion increases, thexy orbital is mixed into the
occupied zx and yz orbitals and the energy difference
between the FM and AFM solutions hardly changes.
With the Jahn-Teller distortion of typed, a FM solution
with the yz, xy, xy, zx-type orbital ordering, in which
sites 1, 2, 3, and 4 are occupied byyz, xy, xy,
and zx, respectively, is the lowest in energy when the
GdFeO3-type distortion is small. As the GdFeO3-type dis-
tortion increases, the energy difference between the FM and
AFM solutions with theyz, xy, xy, zx-type orbital ordering
decreases and the two become almost degenerate in energy
for /Ti-O-Ti5147.4°, as shown in Fig. 2. On the other
hand, FM and AFM solutions with the orbital ordering in
which sites 1 and 4 are occupied byyz and sites 2 and 3 are
occupied byzx are unstable without the GdFeO3-type dis-
tortion. As the GdFeO3-type distortion increases, thexy
orbital is mixed into the occupiedzx and yz orbitals
and these solutions are strongly stabilized. As a result,
the FM and AFM solutions in which sites 1, 2, 3, and 4
are occupied byc1yz1c2xy, c1zx1c2xy, c1yz2c2xy, and
c1zx2c2xy(c1

21c2
251), respectively, become lower in en-

ergy than the FM and AFM solutions with theyz-, xy-,
xy-, zx-type orbital ordering for /Ti-O-Ti5139.3°.
Here, c1 is ;0.8 and c2 is ;0.6. In YTiO3, with
/Ti-O-Ti of ;140° and thed-type Jahn-Teller distor-
tion, the orbital ordering, in which sites 1, 2, 3, and 4 are
occupied by c1yz1c2xy, c1zx1c2xy, c1yz2c2xy, and
c1zx2c2xy (c1

21c2
251), respectively, may be realized.

This type of orbital ordering has also been found in theab
initio band-structure calculation for YTiO3, using the
generalized-gradient approximation.37

In Fig. 3, we have plotted the energy difference between
the FM andG-type AFM solutions with the above orbital
ordering and the magnetic moment of the two solutions as
functions of the magnitude of the Jahn-Teller distortion of
typed. While theG-type AFM state has a lower energy than
the FM state for/Ti-O-Ti;155.5°, the FM solution is
lower in energy than theG-type AFM solution for
/Ti-O-Ti;139.3°. This explains why the less distorted
LaTiO3 is AFM and the more distorted YTiO3 is FM. With
the Jahn-Teller distortion@(pds)s /(pds) l #

1/3;1.053, the
orbital angular momentum is now almost quenched and the
magnetic moment becomes;0.85mB , which is in good
agreement with the experimental value of YTiO3. As the
Jahn-Teller distortion decreases, the magnetic moment of the
G-type and FM solutions become smaller. With

@(pds)s /(pds) l #
1/3;1.006, the magnetic moment of the

G-type AFM state is calculated to be;0.55mB for
/Ti-O-Ti;155.5°, which is reduced from 1mB , because of
the spin-orbit coupling and agrees with the experimental
value of LaTiO3.

28

Thus the present HF calculation presents us the following
scenario to explain the difference between AFM LaTiO3 and
FM YTiO 3: The GdFeO3 distortion stabilizes the FM state
with the orbital ordering compared with the AFM state,
which causes the Jahn-Teller distortion. The problem is why
the Jahn-Teller distortion of typed is realized in YTiO3
instead of the typea. The HF calculation cannot provide an
answer to this question. In Y12xCaxTiO3, the FM spin-
ordering disappearsx.0.1 and the insulator-to-metal transi-
tion occurs atx50.4.38 The PM insulating region ranging
from x50.1 tox50.4 may be attributed to a spin-disordered
and orbital-ordered state. On the other hand, spin and orbital
orderings are strongly coupled through the spin-orbit inter-
action in LaTiO3. This is consistent with the fact that the
AFM to PM transition and the insulator-metal transition oc-
cur at the same composition in La12xSrxTiO3.

38

In Fig. 4, the density of states for the FM and AFM solu-
tions is shown. The band gap opens between the occupied
and unoccupiedt2g orbitals, the magnitude of which is
mainly determined byu82 j . From the HF calculation, the
magnitudes of the band gaps for the FM andG-type AFM
solutions are estimated to be;2.7 and;2.8 eV, respec-
tively, which are considerably larger than the experimental
values.29,30 The magnitude of the band gap for the FM and
G-type AFM states is hardly changed by the distortion, con-
tradicting the experimental results.29,30In the present HF cal-
culation, since the GdFeO3-type distortion makes someeg
character hybridize into thet2g band, the distortion does not
necessarily decrease the bandwidth and increase the band
gap as expected from a simple model where only a single
t2g orbital is considered.

29 This discrepancy between the cal-
culated and experimental band gaps may indicate the limita-
tion of the HF approximation and the breakdown of Koop-
mans’ theorem.

B. d2 compounds

LaVO3 has a structural and magnetic phase transition at
;140 K. Below the transition temperature, theC-type AFM

FIG. 3. Energy difference between the FM andG-type AFM
solutions and the magnetic moment of the two solutions for
RTiO3 as functions of the Jahn-Teller lattice distortion of typed.
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magnetic ordering with the magnetic moment;1.3mB is re-
alized and a distortion from the orthorhombic GdFeO3-type
structure to a monoclinic one occurs.39 The distortion can be
viewed as a Jahn-Teller distortion of typea. LaVO3 is an
insulator with an optical gap of;1.1 eV.30 YVO 3, which
has a larger GdFeO3-type distortion than LaVO3, and is ac-
companied by a Jahn-Teller distortion of typed. The mag-
netic structure of YVO3 is G-type AFM with the magnetic
moment of;1.6mB below 77 K and isC type with the
magnetic moment of;1.0mB between 77 and 118 K.40

YVO 3 is also an insulator with an optical gap of;1.8 eV.30

In thed2 compounds, since two of thet2g orbitals should
be occupied at each site, a possible orbital ordering is that in
which one of thet2g orbitals is occupied in all the sites and
the other two are alternatingly occupied. Previously, this
type of the orbital ordering has been investigated in
V 2O3.

7,8 Without the Jahn-Teller and GdFeO3-type distor-
tions, the HF calculation predicts that theC-type AFM state
with the orbital ordering where a site with thexy and yz
orbitals occupied and one with thexy andzx orbitals occu-
pied are alternatingly arranged, is the lowest state. The rea-
son why theC-type AFM spin arrangement is favored by
this orbital ordering is as follows. Since thexy orbital is
occupied in all the sites, the superexchange interactions

along thex andy directions are AFM. On the other hand, the
superexchange interaction along thez direction, which is
mainly determined by the transfer of the electrons with the
zx andyz symmetry, is FM because thezx andyz orbitals
are alternatingly occupied along thez direction.

When the spin-orbit interaction ofzd50.025 eV is in-
cluded, thezx↑1 iyz↑ andzx↓2 iyz↓ type spin orbitals are
favored as discussed in the previous section.16 Consequently,
a G-type AFM solution where the two are alternatingly oc-
cupied and thexy orbital is occupied in all the sites becomes
lower in energy than aC-type AFM solution. The energy
difference between theG-type andC-type AFM states be-
comes smaller as the GdFeO3-type distortion increases.

With the Jahn-Teller distortion of typea, the orbital or-
dering where a site withxy and yz occupied and one with
xy and zx occupied are alternatingly arranged is regained.
Therefore, theC-type AFM solution is lower in energy than
theG-type AFM solution with the Jahn-Teller distortion of
type a as shown in Fig. 5. Here, we have assumed that
@(pds)s /(pds) l #

1/3, where (pds)s and (pds) l are transfer
integrals for the shorter and longer V-O bonds, is;1.053.
This value is somewhat larger than those estimated using the
Harrison’s rule,36 ;1.035 for LaVO3 and ;1.04 for
YVO 3. The calculated result can explain why LaVO3 ac-
companied by thea-type distortion isC-type AFM. On the
other hand, in the orbital ordering driven by the Jahn-Teller
distortion of typed, the same pair of orbitals is occupied
along thec axis and the FM spin coupling along thec axis is
not favored. Therefore, with the Jahn-Teller distortion of
typed, theG-type AFM solution is lower in energy than the
C-type AFM solution, which agrees with the experimental
result that YVO3 with the d-type Jahn-Teller distortion
showsG-type AFM. However, in the present calculation, the
energy gain by thea-type Jahn-Teller distortion is larger
than that by thed-type irrespective of the magnitude of the
GdFeO3-type lattice distortion, as shown in Fig. 5. The HF
calculation fails to explain why the less distorted LaVO3 has
the Jahn-Teller distortion of typea and the more distorted
YVO 3 shows the Jahn-Teller distortion of typed. In thed1

system, the more distorted YTiO3 is also accompanied by
the Jahn-Teller distortion of typed. In order to explain why

FIG. 4. Density of states for~a! LaTiO3 and ~b! YTiO 3. The
shaded area indicates the transition-metal 3d weight. Thex2-y2,
xy, zx, andyz components at site 1 are shown in the lower panel.

FIG. 5. Total energies of various spin and orbital arrangements
for RVO3 as functions of the V-O-V bond angle.
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the d-type Jahn-Teller distortion is realized in YVO3, we
have to assume that the GdFeO3-type lattice distortion fa-
vors the Jahn-Teller distortion of typed compared with that
of typea.

The magnetic moment at theV site is calculated to be
;1.8mB for the C-type AFM state with thea-type Jahn-
Teller distortion and theG-type AFM state with thed-type
Jahn-Teller distortion. This value is in good agreement with
the experimental value for theG-type AFM state in YVO3,
but is much larger than those observed for theC-type AFM
states in YVO3 and LaVO3. In Fig. 6, we have plotted the
energy difference between theC-type andG-type AFM so-
lutions and the magnetic moment of the two solutions as
functions of the magnitude of thed-type Jahn-Teller distor-
tion for /V-O-V;139.3°. As the Jahn-Teller distortion de-
creases, the energy difference between theC-type and
G-type AFM states and the magnetic moment of the two
solutions decrease. Without the Jahn-Teller distortion, the
C-type AFM solution is lower in energy than theG-type
AFM solution and the calculated magnetic moment is
;1.5mB for the C-type AFM state, which is close to the
experimental value for theC-type AFM states in YVO3 and
LaVO3. This result suggests that the transition from the
G-type AFM state to theC-type one in YVO3 may be re-
lated to the reduction of the Jahn-Teller distortion.

In Fig. 7, the density of state for theC-type andG-type
AFM solutions is shown. The band gap opens between the
occupied and unoccupiedt2g orbitals, the magnitude of
which is mainly determined byu82 j . The character of the
band gap is of the typical Mott-Hubbard type. From the HF
calculation, the magnitudes of the band gaps for theC-type
AFM andG-type AFM solutions are found to be;3.3 and
;3.4 eV, respectively, which are by 1–2 eV larger than the
experimental results,30 indicating the limitation of the HF
approximation. Recently, Sawada, Hamada, and Terakura41

have performedab initio band-structure calculations for
YVO 3 and LaVO3, using the generalized gradient approxi-
mation, which correctly predict the spin and orbital ordering
for LaVO3. In contrast to the present model HF result, the
magnitude of the band gap is underestimated in the
generalized-gradient-approximation calculation.

C. d3 compounds

In high-spind3 compounds, where thet2g orbitals are half
filled, there is no orbital degree of freedom. Therefore, the
G-type AFM state is expected to have the lowest energy.
Actually, the G-type AFM solution is the lowest for the
parameter set appropriate for LaCrO3. Experimentally,
LaCrO3 is aG-type AFM insulator with the magnetic mo-
ment of ;2.8mB ~Ref. 42! and with the optical gap of
;3.5 eV.30 The calculated magnetic moment is;3.0mB , in
good agreement with the experimental value. In Fig. 8, the
density of states for LaCrO3 is shown. The magnitude of the
band gap is calculated to be;4.5 eV, which is also larger
than the experimental value by;1 eV, as in the Ti and V
oxides. The character of the band gap is of the Mott-Hubbard
type. However, a large amount of oxygen 2p character is
mixed into the 3d orbitals just above and below the band gap
compared with LaTiO3 and LaVO3, implying a crossover
from the Mott-Hubbard regime to the charge-transfer regime
with atomic number.

FIG. 6. Energy difference between theC-type andG-type AFM
solutions and the magnetic moment of the two solutions for
RVO3 as functions of the Jahn-Teller lattice distortion of typed.

FIG. 7. Density of states for~a! LaVO3 and ~b! YVO3. The
shaded area indicates the transition-metal 3d weight. Thex2-y2,
xy, zx, andyz components at site 1 are shown in the lower panel.
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D. d4 compounds

In d4 high-spin compounds, one of theeg orbitals is oc-
cupied and there is also interesting interplay between the
orbital ordering and the Jahn-Teller distortion. The Mn31

perovskite-type oxide LaMnO3 is accompanied by a Jahn-
Teller distortion of typed and is anA-type AFM insulator
with the magnetic moment of;3.7mB .

27,43 It is possible to
estimate the effect of the Jahn-Teller distortion by scaling the
transfer integrals with respect to the distance between the
transition-metal ion and the oxygen ion. The magnitude of
the Jahn-Teller distortion is again represented by the ratio
(pds)s /(pds) l .

Without the Jahn-Teller distortion, the HF calculation
gives us two types ofA-type AFM insulating solutions ac-
companied by the 3x2-r 2/3y2-r 2-type orbital ordering with a
considerable mixture of 3z2-r 2, which can be regarded as a
mixture of the 3x2-r 2/3y2-r 2-type andz2-x2/z2-y2-type or-
bital orderings.4,44 One has the orbital arrangement compat-
ible with thed-type Jahn-Teller distortion, in which sites 1
and 3 are occupied by (1/A2)(3z2-r 2)1(1/A2)(x2-y2) and
sites 2 and 4 are occupied by (1/A2)(3z2-r 2)-(1/A2)
3(x2-y2), and the other has that compatible with the
a-type Jahn-Teller distortion, in which sites 1 and 4 are oc-
cupied by (1/A2)(3z2-r 2)1(1/A2)(x2-y2) and sites 2 and 3
are occupied by (1/A2)(3z2-r 2)-(1/A2)(x2-y2). The two
solutions are exactly degenerate in energy.4 We can also ob-
tain two types of FM insulating states. One is accompanied
by the orbital ordering in which sites 1, 2, 3, and 4 are
occupied byz2-y2, 3x2-r 2, 3y2-r 2, and z2-x2 orbitals, re-
spectively, and the other is by that in which sites 1, 2, 3, and
4 are occupied byz2-y2, 3x2-r 2, 3x2-r 2, andz2-y2 orbitals,
respectively. As shown in Fig. 9, the former FM solution
consistent with thed-type Jahn-Teller distortion is lower in
energy and has a larger band gap than the latter one compat-
ible with thea-type Jahn-Teller distortion. The total energies
of the FM solutions are lower than those of theA-type AFM
solutions. This is because FM coupling is favored both in the
a-b plane and between thea-b planes, due to the orbital
ordering.

A small Jahn-Teller distortion makes the two FM solu-
tions almost degenerate in energy and turns the orbital order-

ings of the two into the 3x2-r 2/3y2-r 2-type orbital ordering
with a mixture of 3z2-r 2, which is the same as that found in
the A-type AFM solutions. The magnitude of the band gap
for the FM solution compatible with thed-type Jahn-Teller
distortion is reduced and becomes almost equal to that for
the FM solution compatible with thea-type Jahn-Teller dis-
tortion, as shown in Fig. 9. Although the energy difference
between the FM andA-type AFM solutions becomes
smaller, the FM solutions are still lower in energy than the
A-type AFM solutions.

As the Jahn-Teller distortion increases, the orbital order-
ing becomes purely of the 3x2-r 2/3y2-r 2-type. As a result,
AFM coupling between thea-b planes becomes more fa-
vored than FM coupling and theA-type AFM solution is
strongly stabilized, as shown in Fig. 9. The calculated mag-
netic moment of theA-type AFM state is;3.9mB for
@(pds)s /(pds) l #

1/351.43, which agrees with the experi-
mental value. This indicates that the disappearance of the
Jahn-Teller distortion by hole doping turnsA-type AFM into
a FM arrangement. Actually, in La12xSrxMnO3, the Jahn-
Teller distortion is suppressed by hole doping and the system
becomes FM.45 Figure 9 also shows that the magnitude of
the band gap of the FM state is smaller than that of the
A-type AFM state, indicating that the metallization in
La12xSrxMnO3 by hole doping is favored by the changes in
the spin and orbital ordering.

FIG. 8. Density of states for LaCrO3. The shaded area indicates
the transition-metal 3d weight. Thex2-y2, xy, zx, andyz compo-
nents at site 1 are shown in the lower panel.

FIG. 9. Energy difference between the FM andA-type AFM
states and the band gaps of the FM andA-type AFM states for
LaMnO3 as a function of the Jahn-Teller lattice distortion~a! of
typea and ~b! of typed.
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In Fig. 10, the density of states for theA-type AFM so-
lution is shown. The band gap opens between the occupied
and unoccupiedeg orbitals. In contrast to LaTiO3 and
LaVO3, LaMnO3 falls into the charge-transfer regimes.
Therefore, the magnitude of the band gap is mainly deter-
mined byD. However, a large amount of Mn 3d character is
mixed into the states just above and below the Fermi level
and the character of the band gap deviates from the typical
charge-transfer type or thep-d type. As shown in Fig. 9, the
magnitude of the band gap of theA-type AFM state in-
creases as the Jahn-Teller distortion increases. The magni-
tudes of the band gap for theA-type AFM solution with the
Jahn-Teller distortion, which makes theA-type AFM solu-
tion lower in energy than the FM solution, is calculated to be
;3 eV, which is larger than the experimental value;1.3
eV.30,46

E. d5 compounds

High-spin d5 compounds, wheret2g orbitals are half
filled, have no orbital degree of freedom. Therefore, the
G-type AFM state has the lowest energy in the HF calcula-
tion. Experimentally, LaFeO3 is a G-type AFM insulator
with the magnetic moment of;4.6mB ~Ref. 42! and with the
optical gap of;2.5 eV.30 The calculated magnetic moment
is ;4.6mB and is in good agreement with the experimental
value. In Fig. 11, the density of states for LaFeO3 is shown.
The magnitude of the band gap is estimated to be;4 eV,
which is larger than the experimental value by;1.5 eV. The
character of the band gap is of the charge-transfer type.

F. d6 compounds

LaCoO3 is a nonmagnetic insulator, where thet2g orbitals
are fully occupied and there is no orbital degree of freedom.
However, the magnetic susceptibility studies of LaCoO3 in-
dicate that the nonmagnetic-to-paramagnetic transition oc-
curs at;90 K,47 which can be regarded as a transition from
the low-spint2g↑

3 t2g↓
3 configuration to the intermediate-spin

t2g↑
3 t2g↓

2 eg↑ or high-spin t2g↑
3 t2g↓eg↑

2 configurations. There-
fore, it is interesting to study the effect of orbital ordering in
the intermediate- and high-spin states. For the intermediate-
spin and high-spin states, FM metallic, andG-type AFM
insulating solutions are the lowest in energy, respectively,
according to the HF calculation. The low-spin state, where
the eg orbitals are mixed into thet2g orbitals through the
j 8 term, is lower in energy by;0.15 eV per formula unit
cell than that without thet2g-eg mixing. However, since the
energy gain due to thej 8 term is underestimated in the HF
approximation, the HF calculation fails to give the energy
difference between the states with different total spins. Ac-
tually, for the parameter set listed in Table I, the high-spin
state is much lower in energy than the low-spin state, al-
though the low-spin and high-spin states are almost degen-
erate in the configuration-interaction cluster-model
calculation.48

Here, tentatively, the relative energies of the intermediate-
and high-spin states to the low-spin state are calculated as

FIG. 10. Density of states for LaMnO3.
@(pds)s /(pds) l #

1/351.43. The shaded area indicates the
transition-metal 3d weight. Thex2-y2, xy, zx, andyz components
at site 1 are shown in the lower panel.

FIG. 11. Density of states for LaFeO3. The shaded area indi-
cates the transition-metal 3d weight. Thex2-y2, xy, zx, and yz
components at site 1 are shown in the lower panel.

FIG. 12. Total energies of the low-, intermediate-, and high-spin
solutions for LaCoO3 as functions of (pds).
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functions of (pds) as shown in Fig. 12. In order to make the
low-spin state lower in energy than the high-spin state,
u(pds)u should be larger than 2.3 eV. For (pds),22.3 eV,
the low-spin state is the lowest and the intermediate-spin
state is the second lowest, suggesting that the intermediate-
spin state may play an important role in the nonmagnetic-to-
paramagnetic transition observed in LaCoO3. Recently, Ko-
rotin et al. have found that the total energy of the FM
intermediate-spin state is lower than that of the high-spin
state by applying the LDA1U method to LaCoO3 and have
pointed out the importance of orbital ordering in the
intermediate-spin state.49 In our calculation, forD52.0 eV,
the intermediate-spin state is metallic and has no orbital or-
dering. However, forD53.0 eV, we can obtain a FM insu-
lating state with the orbital ordering where sites 1, 2, 3, and
4 are occupied byz2-y2, 3x2-r 2, 3y2-r 2, andz2-x2 orbitals,
respectively. This orbital ordering is the same as that found
in the FM solution for LaMnO3.

The magnetic moment of the intermediate-spin and high-
spin states are calculated to be;2.2mB and;3.5mB , re-
spectively. Since the magnetic moment observed in the FM
metallic phase of La12xSrxCoO3 is ;1–2mB ,

47 the
intermediate-spin FM solution may also be closely related to
the FM metallic state in the La12xSrxCoO3 system.

In Fig. 13, the density of states for the low-, intermediate-,
and high-spin states are shown. The magnitude of the band
gap of the low-spin state is calculated to be;3.5 eV, which
is considerably overestimated compared with the experimen-
tal value ;0.6 eV.30,50 Whereas the parameter set for
LaCoO3 falls in the charge-transfer regime, the Co 3d and O
2p orbitals are strongly hybridized for states just below the
Fermi level in the low-spin state. On the other hand, the
character of the band gap in the high-spin state is of the
typical charge-transfer type. The density of states for the
low-, intermediate-, and high-spin states are quite different.
Therefore, it may be interesting to compare the three calcu-
lated results with the photoemission and inverse-
photoemission spectra of LaCoO3 and La12xSrxCoO3.

48,50

G. d7 compounds

In the Ni31 ~low-spin d7) perovskite-type oxides, the
least distorted LaNiO3 is a PM metal and more distorted
RNiO3 with theR ion smaller than La are AFM insulators.51

PrNiO3 and NdNiO3 show unusual magnetic structures, the
unit cell of which includes 16-Ni ions and in which each Ni
ion is ferromagnetically coupled to three-nearest neighbors
and antiferromagnetically coupled to the other three.52 In or-
der to explain this magnetic structure, Garcı´a-Muñoz, Rodrı´-
guez-Carvajal, and Lacorre have proposed that theeg orbit-
als are polarized into 3z2-r 2 andx2-y2 for the ferromagneti-
cally coupled Ni pairs and are polarized into the same orbit-
als for the antiferromagnetically coupled Ni pairs.52

However, in Ref. 15, we have performed the HF calculation
for the actual magnetic structure with possible orbital order-
ings and have found that the solutions with the observed
magnetic structure is higher in energy than the FM and
A-type AFM solutions. Here, we present the results for the
FM andA-type, C-type, andG-type AFM states in detail,
which may give us a clue to find another possible spin- and
orbital-ordered state compatible with the experimental result.
As discussed in Ref. 12, forD51.0 eV, the high-spin AFM
insulating state is lower in energy than the low-spin states
and the low-spin FM state, which is the lowest in energy
among the low-spin solutions, is metallic. This discrepancy
may be due to the lack of ‘‘Heitler-London-type’’ or
(↑↓2↓↑)-type electron correlation between the 3d electron
and the oxygen 2p hole with antiparallel spins in the HF
ground state. We present below the results forD52.0 eV,
where all the low-spin insulating solutions exist as meta-
stable states, in order to show the relationship between
the spin and orbital orderings more clearly. Since, in
the low-spin d7 system, thet2g orbitals mix with the
eg orbitals through the off-diagonal Coulombj 8terms as
in the low-spind6 system, we denote theeg orbitals which
have mixtures of t2g orbitals as ‘‘3z2-r 2’’
and ‘‘x2-y2.’’ The FM and C-type AFM solutions,
which have FM coupling along thec axis, favors the
‘‘3 z2-r 2’’/‘‘ x2-y2’’-type orbital ordering. In the FM solution,
sites 1, 2, 3, and 4 are occupied by ‘‘z2-y2,’’ ‘‘3 x2-r 2,’’
‘‘3 y2-r 2,’’ and ‘‘ z2-x2’’ orbitals. This orbital ordering is
similar to that obtained for the FM state in LaMnO3. In the
C-type AFM solution, sites 1, 2, 3, and 4 are occupied by
‘‘ x2-y2,’’ ‘‘ x2-y2,’’ ‘‘3 z2-r 2,’’ and ‘‘3 z2-r 2’’ orbitals. On
the other hand, theA-type andG-type AFM solutions have
the ‘‘3x2-r 2’’/‘‘3 y2-r 2’’-type orbital ordering. Namely,
in the A-type andG-type AFM solutions, sites 1, 2, 3, and
4 are occupied by ‘‘3y2-r 2,’’ ‘‘3 x2-r 2,’’ ‘‘3 y2-r 2,’’ and
‘‘3 x2-r 2’’ orbitals into which ‘‘3z2-r 2’’ is mixed. This or-
bital ordering is essentially the same as that found in the
A-type AFM solution for LaMnO3. The total energies of the
various solutions forD52.0 eV are plotted in Fig. 14 as
functions of the Ni-O-Ni bond angle. The FM solution and
the A-type AFM solution are very close in energy to each
other, suggesting that complicated magnetic structures,
where both the FM coupling and AFM coupling coexist and
the FM coupling within thea-b plane and that between the
a-b planes are competing, may be realized in these com-
pounds. In Fig. 14, the band gaps for these solutions are also
plotted as functions of the Ni-O-Ni bond angle. As the bond

FIG. 13. Density of states of the low-, intermediate-, and high-
spin solutions for LaCoO3. The shaded area indicates the transition-
metal 3d weight.
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angle decreases, the band gaps increases for any spin- and
orbital-ordered structures, which is essentially the same as
the result in Ref. 12 and explains the increase of the metal-
insulator transition temperature in going from PrNiO3 to Nd-
NiO3.

51

In Fig. 15, the density of states for the high-spinG-type
AFM, low-spin A-type AFM, FM, and PM solutions are
shown forD51.0 eV and/Ni-O-Ni5180°. In the low-spin
A-type AFM states, the band gap opens between the occu-
piedeg-type orbitals, which mainly has O 2p character, and
the unoccupiedeg-type orbitals, in which Ni 3d character is
dominant. Therefore, the character of the band gaps is of the
charge-transfer type in the HF calculation. The band gap of
the high-spinG-type AFM state is also of the charge-transfer
type. Since the dispersions of the energy bands consisting of
theeg-type orbitals are very strong in the low-spin state, the
magnitude of the band gap of the low-spinA-type AFM state

is much smaller than that of the high-spinG-type AFM state.
In the FM and PM states, theeg-type bands with the width of
;3 eV, in which the Ni 3d and O 2p orbitals are strongly
hybridized, cross the Fermi level. Theeg-type bands are half
filled and quarter filled for the FM and PM solution, respec-
tively. As mentioned above, the FM metallic state is the
second lowest among the four solutions and the PM metallic
state is much higher in energy than the FM state. However,
experimentally, the metal-insulator transition of theRNiO3
system as a function of the size of theR ion is that from a
PM metal to an AFM insulator and there is no region in
which a FM metallic state is realized.50 This discrepancy is
considered to be due to the lack of spin and orbital fluctua-
tions in the HF approximation. The energy of the PM metal-
lic state may significantly be lowered by the inclusion of spin
and orbital fluctuations beyond the HF approximation com-
pared with the other spin- and orbital-ordered states.

H. d8 compounds

In high-spin d8 compounds, where thet2g orbitals are
fully occupied and theeg orbitals are half filled, there is no
orbital degree of freedom because the high-spin state is al-
ways realized in the octahedral coordination. Therefore, the
G-type AFM state is the lowest in energy in the HF calcula-
tion. This result is consistent with the LDA1U calculation
by Czyzyk and Sawatzky, which predict tetragonally dis-
torted LaCuO3 as an insulator with theG-type AFM
ordering.53 However, experimentally, rhombohedrally dis-
torted LaCuO3 is a PM metal and the tetragonally distorted
LaCuO3 also shows metallic behavior.

54 As mentioned in the
previous section, the HF calculation fails to describe the PM
metallic state near the metal-insulator transition. The energy
of the PM metallic state may significantly be lowered by
correlation effect beyond the HF approximation compared
with theG-type AFM state.

The density of states for theG-type AFM and PM metal-
lic states is shown in Fig. 16 forD50.0 eV and
/Cu-O-Cu5180°. In theG-type AFM state, the character of
the band gap is of the charge-transfer type. The density of

FIG. 14. Total energies and the band gaps of various spin and
orbital arrangements for theRNiO3 system as functions of the
Ni-O-Ni bond angle.

FIG. 15. Density of states of the high-spinG-type AFM, low-
spinA-type AFM, FM, and PM solutions forRNiO3. The shaded
area indicates the transition-metal 3d weight.

FIG. 16. Density of states of theG-type AFM and PM solutions
for LaCuO3. The shaded area indicates the transition-metal 3d
weight.
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states is similar to that of the LDA1U calculation by
Czyzyk and Sawatzky.53 On the other hand, in the PM me-
tallic state, both the Cu 3d and O 2p orbitals are strongly
hybridized near the Fermi level. The density of state is simi-
lar to that of the LDA calculation.53,55

IV. CONCLUSION

The spin- and orbital-unrestricted HF calculations can ex-
plain the various magnetic and electronic properties of
perovskite-type 3d transition-metal oxides, which are origi-
nated from the tenfold degeneracy or the spin and orbital
degrees of freedom of the 3d orbitals. The HF calculations
have revealed the interesting interplay between the orbital
and spin ordering in the perovskite-type 3d transition-metal
oxides with the partially filledt2g or eg orbital. It has also
been found that the orbital-ordered states are strongly af-
fected by the Jahn-Teller distortion and the GdFeO3-type
distortion. In thed1 system, the FM solutions with the orbital
ordering are stabilized both by the Jahn-Teller distortion and
by the GdFeO3-type distortion compared with theG-type
AFM. In the d2 system, theC-type andG-type AFM solu-
tions with the orbital ordering are stabilized by thea-type
andd-type Jahn-Teller distortions, respectively. In the high-
spin d4 compounds, while the FM state with thez2-y2,
3x2-r 2, 3y2-r 2, z2-x2-type orbital ordering is favored with-
out the Jahn-Teller distortion, the Jahn-Teller distor-
tion makes anA-type AFM state with the 3x2-r 2, 3y2-r 2,
3x2-r 2, 3y2-r 2-type orbital ordering lower in energy than the
FM state. For the low-spind7 system, the observed magnetic

structure is so complicated that the present HF calculation
cannot give a clear description. However, in the HF calcula-
tion, the GdFeO3-type distortion makes the magnitude of the
band gap larger, which can explain the metallic versus insu-
lating behavior ofRNiO3 as a function of the size of theR
ion.

Although these HF results for the ground states are gen-
erally in good agreement with the experimental results, the
magnitudes of the band gaps calculated by the HF approxi-
mation fail to explain the experimental results. We should
include the fluctuation around the HF solution in order to
explain the magnitude of the band gap and single-particle
excitation spectrum.56
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