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Electronic structure and orbital ordering in perovskite-type 3d transition-metal oxides studied
by Hartree-Fock band-structure calculations
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We have studied transition-metati®xygen 2 lattice models, where full degeneracy of transition-metal
3d and oxygen p orbitals and on-site Coulomb and exchange interactions betweele8trons are taken into
account, by means of a spin- and orbital-unrestricted Hartree-Hdék 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 tBansition-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
GdFeG;-type distortions irRTiO 3, RVO 3, RMnO3, andRNiO 3 (R is a rare earth atom of) 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-typ#ransition-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 insul80163-1826)03432-7

[. INTRODUCTION tion between the transition-metatiand oxygen p orbitals,
were considered.

In recent decades, there have been many attempts to un- Following the development of photoemission spectros-
derstand a variety of electrical and magnetic properties otopy, Fujimori and Minami have shown that the band gap of
3d transition-metal oxides, especially their metal-insulatorNiO is not determined byl-d Coulomb interaction, but by
transitions: Mott and Hubbard have shown that the strongoxygen-to-metal 8 charge-transfer energy from the NiO
d-d Coulomb interaction is essential to explain why manycluster-model calculatiotf. Zaanen, Sawatzky, and Allen
3d transition-metal compounds with a partially filedd3 and Hifner have provided a clear classification scheme, a
band can exist as magnetic insulatbfeVhen the width of so-called Zaanen-Sawatzky-Allen scheme, based on the
the 3 band is larger than thé-d Coulomb interaction, the Anderson-impurity model* in which transition-metal com-
compound becomes metallic. When tthel Coulomb inter- pounds can be classified into two regimes according to the
action exceeds the bandwidth, thd 8lectrons are localized relative magnitudes of the ligand-to-metal charge-transfer
and the compound turns into an insulator with local magnetienergyA andd-d Coulomb energyJ. In the Mott-Hubbard
moment, the band gap of which is determined by the magniregime, whereA>U, the band gap corresponds to charge
tude of thed-d Coulomb interaction. The essential point of fluctuations of thed-d type, d"+d"—d"*1+d""! and its
the Mott-Hubbard-type metal-insulator transition is de-magnitude is essentially given byU. In the charge-transfer
scribed by the single-band Hubbard motielowever, inreal  regime, where A<U, charge fluctuations of the type
compounds, the degeneracy of thd 8rbitals makes the d"+d"—d""1+d"L constitute ap-d-type band gap, the
symmetry-broken state of the magnetic insulator complicatedhagnitude of which is-A. Therefore, in order to investigate
and might affect the metal-insulator transition. In order tothe metal-insulator transition in which the charge-transfer-
study the effect of the orbital degeneracy in the insulatingtype band-gap collapses, it is essential to explicitly include
state, a degenerate-band Hubbard model has been studiedtbg ligandp orbitals in the model. On the other hand, the
applying an unrestricted Hartree-Fo@#F) approximation to  cluster and Anderson-impurity models, which have suc-
the Coulomb-interaction term and by constructing an effecceeded in reproducing the photoemission spectra and extract-
tive Hamiltonian through second-order perturbation with re-ing the important electronic-structure paramet&rand U,
spect to the hybridization terfi® Castellani, Natoli, and neglect the translational symmetry of the crystals. Further-
Ranninger have applied the unrestricted HF calculation to aore, there has been ample experimental and theoretical evi-
realistic degenerate Hubbard model for,®;, where the dence that magnetic ordering and lattice distortion strongly
hopping term reflects the corrundum struct(réshkenazi influences metal-insulator transitions in thel 3ransition-
and Weger have also studied the metal-insulator transitionsietal oxides. Therefore, it is difficult to study the metal-
of Ti,O3 and V,03 using the HF methofi The validity of  insulator transition by using the cluster and Anderson-
the unrestricted HF approach to the Mott insulators has gerimpurity models.
erally been discussed by Branddwiowever, in those cal- Recently, we have studied transition-metal-8xygen
culations, the O @ orbitals were not explicitly included and 2p lattice models, where full degeneracy of transition-metal
the only transfer integrals between effectéverbitals, which  3d and oxygen P orbitals and on-site Coulomb and ex-
correspond to the antibonding band formed by the hybridizachange interactions for transition-metal sites are taken into
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account, by means of spin- and orbital-unrestricted Hartree3d transition-metal oxides, RMQ(M=Ti, V, Cr, Mn, Fe,
Fock (HF) approximations in order to refine the previous HF co, Nj, Cu. The organization of this paper is as follows. In
method~® by including oxygen  orbitals explicitly and to  sec. |1, we explain how to apply the unrestricted HF approxi-
extend the cluster-model calculation by including the transyation to the perovskite-type lattice model. In Sec. IlI, re-
lational symmetry of the 8 orbitals:”* We have shown that gyits of the HF calculation for the various perovskite-type
this method is powerful to study magnetic and orbital order3¢ transition-metal oxides are presented. Finally, we sum-
ing and the effect of lattice distortion on it and the band gapSmarize the results of the unrestricted HF calculations and

and applied the method tRTIO; (R=rare earth orY),  discuss the limitation of the HF approximation in Sec. IV.
RMnO3;, and RNiO ;. On the other hand, there have been

some attempts to study the orbital ordering ih tBansition-

metal compounds usingt_) i.n.itio band—strupture calculation. || UNRESTRICTED HARTREE-FOCK APPROXIMATION

It has been shown thatb initio HF calculation can correctly

predict the orbital ordering in KCuf*® The LDA+U We have applied the unrestricted HF approximation to the
method, in which the energy functional is that of the local-multiband d-p model, where tenfold degeneracy of the
density approximation plus parametrized HF terms as an agransition-metal 8 orbitals and sixfold degeneracy of the
proximation to the on-site Coulomb interaction tetfrhas  oxygen 2 orbitals are taken into account. The interatomic
also been applied to KCuFsuccessfully® Since theseab ~ 3d-3d Coulomb interaction is expressed by Kanamori pa-
initio calculations require relatively much computational rametersy, u’, j, andj’.® We have to assume the relation-
time, it is hard to study many compounds in a systematicship u’=u—2j and j’'=j in order to keep the rotational
manner. In this paper, we have systematically applied thévariance in real space of the Coulomb tert8.The
model HF calculation to a large amount of perovskite-typeHamiltonian is given by
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wheredﬁﬁmoz(1/N)Eaeik'RadLBma and pﬁjlg are creation operators for Bolch electrons constructed from the transition-
metal 3 and oxygen P orbitals, respectivelya andk 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 ttheitals on the transition-metal atom, respec-
tively. | denotes the @ orbitals in the unit ceII.\/E’ﬁ’l, andVEj’m are 20-2p and 2p-3d transfer integralsh,, m . represents

the crystal field and spin-orbit interaction of thd 8rbitals. Using the unrestricted HF approximation, the mean-field Hamil-
tonian becomes
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If we concentrate on a homogeneous solution, the ordetransition-metal oxides are ranging from1.0 to —2.5 eV.
parameters can be written as The values of pdo) for the early transition-metal oxides
with the ey orbitals unoccupied tend to be larger than those
1 for the late transition-metal oxides with t orbitals
(Nma)=(dL pmoDapmor) = N; (Al pmoTi,omo)  (4) occupied??® Based on these results, we har\]/eg deduced the
values ofU and (pdo) as listed in Table 5.1. The ratio of
and (pdo) to (pdw) is fixed to~2, which is derived from the
linear combination of atomic orbitald CAO) fitting of the
B qdl 4 e EE WA e, tiand calculatiod? The (Ppo) and (ppm) and also fixed to
smm oo a,fmoa,fm’ o N4 k,pma-k,fm’ & 0.60 and 0.15 eV, which is also taken from the LCAO
(5) fitting.2* Ambiguity of the latter two parameters does not
change the conclusion. The Kanamori parameters can be
which are to be determined self-consistently. We have itertranslated to Racah parameters by the relation
ated the self-consistency cycles until successive differencag=A+4B+3C andj=5/2B+ C. The RacalB and C pa-
of all the order parameters converged to less tharl@ *  rameters are fixed to free ion values or 0.8 times of the
by sampling 51 points in the first Brillouin zone of the values deduced from the atomic Hartree-Fock calculafons.
GdFeG;-type structure. Typical error in the total energy is The GdFeQ-type structure is orthorhombic with or-
~*0.1 meV per formula unit cell. The HF wave function thogonala, b, and ¢ axes and the unit cell contains four
becomes a Slater determinant constructed from Bloch funaransition-metal ions. We have chosen they, andz direc-
tions. One can calculate the single-electron excitation spegions for atomic orbitals to be\(i/Z, — \/5/2, 0, (\/5/2,
trum from the HF results by using Koopmans’ theorem.  /2/2 0, and (0, 0, 1), respectively, with respect to te
The charge-transfer energy for the d" configuration is  p andc axes. Let us denote the four sites by sites 1, 2, 3, and
defined ase§—e,+nU, whereU(=u—20/9j) is the mul- 4 as shown in Fig. ). The GdFeQ-type structure is ob-
tiplet average of thel-d Coulomb interaction. We can also tained by tilting theMOg4 octahedra of cubic perovskite
define the charge-transfer enerdy and Ugy with respect  structure. Here, we simulate the GdRe®pe distortion by
to the lowest term of eack" configuration. The transfer rotating theM Q¢ octahedra by angl® and — 6 about the
integrals are given in terms of Slater-Koster parameterghreefold axes of the octahedra or tioe — \2/2, J2/2) and
(PPo), (PPm), (pdo), and (dm).!" The values forA, U (g, \2/2, \2/2) axes with respect to the, b, andc axes of

and (pdo) can be obtained from the cluster-model analyseshe GdreQ structure. As a result, the1-O-M bond angle
of valence-band and transition-metap Zore-level photo-

emission spectra, where systematic variation of the param-
eters have been revealed. The charge-transfer energy V)
creases as the atomic number of the transition meta‘? i

decreases. The charge-transfer energies have been estimated A U i (pdo)
to be~1 eV for PrNiO;, '8 ~3 eV for LaFeQ,,'° ~4 eV for
LaMnO3,1%2° ~5 eV for LaCrO; (Ref. 21), and~6 eV for

TABLE |. Parameters used for the Hartree-Fock calculatiams

LaTiO; (Ref. 21 from the cluster-model analyses of the RTi**O; 7.0 4.0 0.64 -22
valence-band and transition-metgb 2ore-level photoemis- RV3**0; 6.0 45 0.68 -2.2
sion spectra. It is reasonable to interpolate and extrapolateCr* O, 5.0 5.0 0.72 -22
them and to estimate th& for other as listed in Table I. RMn%*0, 4.0 55 0.76 -18
Although the systematic variation &f is not so clear as that RFe®" O, 3.0 6.0 0.80 -18
of A, U gradually decreases as the atomic number of th&co®*0, 2.0 6.5 0.84 -1.8
transition metal decreasetl have been estimated to be RNi3*O, 1.0 7.0 0.88 -1.8
~6—8 eV for late transition-metal oxid€s'*??and~3-5  Rrcu®*0, 0.0 75 0.92 ~18

eV for early transition-metal oxidé$-23 The transfer inte-
gral (pdo) obtained from the cluster-model analyses for the.




54 ELECTRONIC STRUCTURE AND ORBITAL ORDERING ... 5371

(a) site 4 L T T T T T
of
site 3 site 2 [ ]
& : f
| > ]
site 1 b a ) s ]
GdFeO5-type distortion E‘S -0.020 F :
2 ]
- ]
4
= [ [-e ¢ , FM T,exT,zxT,yzT NN ]
®) O S e G | BN
~ C > ]
F —o— typed, FM sz,xyT,xyT,sz N k
L —o— typed, AFM(G)  yzTxylxyl,zxT » ]
ba [ A~ type d, FM yz1,2xT,yzT 2zx 1
Y . : I 1 1 I 1
0.060 180 170 160 150 140
type a type d
Ti-O-Ti Bond Angle (degree)
Jahn-Teller distortion
© FIG. 2. Total energies of various spin and orbital arrangements
¢ for RTiO 5 as functions of the Ti-O-Ti bond angle.
C
B‘T’Z\ site. In the cubic perovskite lattice, an electron in an orbital
zw with a certain symmetryxy, yz, or zx) can be transferred to
X that with the same symmetry at the neighboring site. There-
FM AFM(A)  AFM(C) AFM(G) fore, the FM state where two or three of thg orbitals are

alternatingly occupied is always favored by the intra-atomic
exchange interactiof compared with theA-type, C-type,
andG-type AFM states. The GdFe&type distortion relaxes
the symmetry restriction and makes it possible that an elec-
N tron in an orbital with one symmetry is transferred to that
becomes 186 2a [cosy=(2/3)cog+1/3]. In addition t0  ith other symmetry at the neighboring site. Therefore, the
the GdFeQ-type distortion, some of the perovskite-type ox- distortion reduces the energy difference between the FM
ides show a Jahn-Teller distortion in which tMeO¢ octa-  state and the AFM states. At this stage, we cannot explain
hedra are alternatingly elongated along thendy direction  \yhy the less distorted LaTiQis G-type AFM and the more
within the ¢ plane. There are two types in the Jahn-Tellergistorted YTiO; is FM. In order to explain why th&-type
distortions as shown in Fig.() depending on the way of AFM state is realized in LaTiQ, we have taken account of
stacking the elongated octahedra along ¢hexis®® Basic  spin-orbit interaction represented by the parameter
magnetic structures for the perovskite-type transition-metal ;—0.018 eVv. With the spin-orbit interaction, the spins and
oxides are ferromagneti¢FM), A-type antiferromagnetic orpjtals cannot order independently. The spin-orbit interac-
(AFM), C-type AzEM’ and G-type AFM arrangements as tjon favors thez'x’ 1 +iy’z’1 andz'x’ | —iy'z’| type spin
shown in Fig. 1c).”" Here, it should be noted that, in Ref. 12, orpitals, in which the spin points in thg direction and the
the GdFeQ-type distortion was simulated by rotating the grhital angular momentum is antiparallel to that of the spin.
MOg octahedra around the axis and that only the-type A G-type AFM solution, where the two spin orbitals are
GdFeO;-type and Jahn-Teller-type distortions are included(1, 1, 1) direction in terms of the, y, andz axes, is expected

FIG. 1. (8) GdFeO;-type lattice distortion.(b) Two types of
Jahn-Teller lattice distortiorfc) Typical magnetic structures for the
perovskites.

in a more realistic way. to be favored both by the spin-orbit interaction and by the
superexchange interactidh Actually the AFM solution is
Ill. RESULTS AND DISCUSSION the lowest in energy among the solutions that we have inves-

tigated. However, the magnetic moment of the AFM state is
calculated to be-0.1ug, which is too small compared with

Experimentally, LaTiQ, where the GdFe@type distor- the experimental value of LaTi© In order to resolve this
tion is rather small, is &-type AFM insulator with the mag- discrepancy, Jahn-Teller distortion will be taken into account
netic moment of 0.4bg, which is accompanied by weak below.
ferromagnetism due to spin cantifyThe optical gap of It has been reported that YTiOshows a Jahn-Teller dis-
LaTiO4 has been found to be 0.2 eV?*3° More distorted  tortion of the typed (Fig. 1), where the longer and shorter
YTiO; is a FM insulator with the magnetic moment of Ti-O bonds are~2.08 and~2.02 A, respectively*3° Al-
0.84u,%! which has a relatively large optical gap of1  though, in LaTiQ,, the difference between the longer and
eV.3 Their solid solution La_,Y ,TiO3 is a FM insulator ~ shorter Ti-O bonds is smaller than 0.01 A, LaEi@ay have
for x>0.6 and is an AFM insulator fox<0.6. Asx goes a small Jahn-Teller distortion of type.>* We have calcu-
from 1.0 to 0.0, the magnitude of the optical gap decreasekated the total energies of the FM a@dtype AFM solutions
from 1.0 to 0.2 e\P132 with the Jahn-Teller distortions of typesandd (Fig. 2).

In the insulatingd® system, one of the threefold degener- Here, we have assumed tha{pdo)s/(pdo)]*3, here
atet,y orbitals should be occupied at each transition-meta(pdo)s and (pdo), are transfer integrals for the shorter and

A. d* compounds
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longer Ti-O bonds, is-1.053. This value is somewhat larger 0.0060 —— : : : : — 10
than that estimated using the Harrison’s iléor YTiO 5,
~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 type xy, andyz orbitals

are stabilized at sites 1 and 3 arg 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-
FeOs;-type distortion, an orbital ordering in which sites 1 and

0.0040 |

0.0020 £

(1) Juawo] dnpduSe

-0.0020 | SIS ATOTEIRS 102
. . . . E —o— AFM(G) —o— AFM(G)
4 are occupied byz and sites 2 and 3 are occupied byis E - FM-AFM(G) - FM- AFM(G)

Relative Energy (eV/f.u.)

favored by the Jahn-Teller distortions of tyaeAs shown in 00040 Bt 00
Fig. 2, the FM solution with the orblt_al ordering is lower in [(pdo)/(pda) ]
energy than theG-type AFM solution. As the GdFeO

s-type distortion increases, they orbital is mixed into the FIG. 3. Energy difference between the FM aGdtype AFM
occupied zx and yz orbitals and the energy difference solutions and the magnetic moment of the two solutions for
between the FM and AFM solutions hardly changes.RTiO; as functions of the Jahn-Teller lattice distortion of tyhe
With the Jahn-Teller distortion of typd, a FM solution
with the yz, xy, xy, zx-type orbital ordering, in which
sites 1, 2, 3, and 4 are occupied byz, Xy, Xy,
and zx, respectively, is the lowest in energy when the
GdFeO;-type distortion is small. As the GdFeQype dis-
tortion increases, the energy difference between the FM and ; ;
Thus the present HF calculation presents us the following

AFM solutions with theyz, xy, xy, zx-type orbital orde_rlng scenario to explain the difference between AFM LaJTi@nd
decreages a_nd the t\:vo become aI_mos_t degenerate in energy, YTiO ;: The GdFeQ distortion stabilizes the FM state
for £Ti-O-Ti=147.4% as shown in Fig. 2. On the other it the orbital ordering compared with the AFM state,
hand, FM and AFM solutions with the orbital ordering in \hich causes the Jahn-Teller distortion. The problem is why
which sites 1 and 4 are occupied py and sites 2 and 3 are the Jahn-Teller distortion of type is realized in YTiO,
occupied byzx are unstable without the GdFe@ype dis-  instead of the typa. The HF calculation cannot provide an
tortion. As the GdFe@type distortion increases, they answer to this question. In Y ,Ca,TiO3, the FM spin-
orbital is mixed into the occupiex and yz orbitals  ordering disappears>0.1 and the insulator-to-metal transi-
and these solutions are strongly stabilized. As a resultion occurs atx=0.438 The PM insulating region ranging
the FM and AFM solutions in which sites 1, 2, 3, and 4 from x=0.1 tox=0.4 may be attributed to a spin-disordered
are occupied by;yz+c,xy, C1ZX+CoXY, C1yZ—Coxy, and  and orbital-ordered state. On the other hand, spin and orbital
C1ZX— czxy(c§+ c§=1), respectively, become lower in en- orderings are strongly coupled through the spin-orbit inter-
ergy than the FM and AFM solutions with thgz-, xy-, action in LaTiO;. This is consistent with the fact that the
Xy-, zx-type orbital ordering for £Ti-O-Ti=139.3°. AFM to PM transition and the insulator-metal transition oc-
Here, ¢, is ~0.8 andc, is ~0.6. In YTiOs with cur at the same composition in La,Sr,TiO 3.
£ Ti-O-Ti of ~140° and thed-type Jahn-Teller distor- In Fig. 4, the density of states for the FM and AFM solu-
tion, the orbital ordering, in which sites 1, 2, 3, and 4 aretions is shown. The band gap opens between the occupied
occupied byc,;yz+c,oXxy, CiZX+CoXy, CiyzZ—C,Xy, and and unoccupied:zg orbitals, the magnitude of which is
C1ZX— CoXY (c§+ c§=1), respectively, may be realized. mainly determined by’ —j. From the HF calculation, the
This type of orbital ordering has also been found in #e  Magnitudes of the band gaps for the FM dBetype AFM
initio band-structure calculation for YTi§) using the solutions are estimated to be2.7 and~2.8 eV, respec-
generalized-gradient approximatidh. tively, which are considerably larger than the experimental
In Fig. 3, we have plotted the energy difference betweervalues:>*° The magnitude of the band gap for the FM and
the FM andG-type AFM solutions with the above orbital G-type AFM states is hardly changed by the distortion, con-
ordering and the magnetic moment of the two solutions a&adicting the experimental resuft$™In the present HF cal-
functions of the magnitude of the Jahn-Teller distortion ofculation, since the GdFeftype distortion makes some
typed. While theG-type AFM state has a lower energy than character hybridize into thiy band, the distortion does not
the FM state for/ Ti-O-Ti~155.5°, the FM solution is necessarily decrease the bandwidth and increase the band
lower in energy than theG-type AFM solution for 9ap as expected from a simple model where only a single
£ Ti-O-Ti~139.3°. This explains why the less distorted t2g Orbital is considered This discrepancy between the cal-
LaTiO5 is AFM and the more distorted YTiQis FM. With culated and experimental band gaps may indicate the limita-
the Jahn-Teller distortiori(pda)s/(pdo),]¥3~1.053, the tion of the HF approximation and the breakdown of Koop-
orbital angular momentum is now almost quenched and théans’ theorem.
magnetic moment becomes0.85ug, which is in good
agreement with the experimental value of YTEiOAs the
Jahn-Teller distortion decreases, the magnetic moment of the LaVO4 has a structural and magnetic phase transition at
G-type and FM solutions become smaller. With ~140 K. Below the transition temperature, tGetype AFM

[(pdo)s/(pdo)]¥3~1.006, the magnetic moment of the
G-type AFM state is calculated to be-0.55ug for

/£ Ti-O-Ti~155.5°, which is reduced fromulg, because of
the spin-orbit coupling and agrees with the experimental
lue of LaTiO;.28

B. d? compounds
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= sE 3 along thex andy directions are AFM. On the other hand, the
~ f superexchange interaction along thedirection, which is
Z F ‘ 3 mainly determined by the transfer of the electrons with the
§ ok pove 1 zx andyz symmetry, is FM because thex andyz orbitals
8 | site 1y 1 are alternatingly occupied along tkaedirection.
172 F E . p ] g ..
ot 35 site 1xy T " ] When the sp!n—orb|t mteracpon ogfd=0.0.25 e\( is in-
Q 1 cluded, thezx] +iyz1 andzx| —iyz| type spin orbitals are
_ r site 1:zxT A ] favored as discussed in the previous sectfoBonsequently,
10— ] a G-type AFM solution where the two are alternatingly oc-
E site 1:yzT 3 . o . .
ok N A ] cupied and thexy orbital is occupied in all the sites becomes
1'5 — '_1'0' — '5 T é — lower in energy than &-type AFM solution. The energy

difference between th&-type andC-type AFM states be-
comes smaller as the GdFe@ype distortion increases.

FIG. 4. Density of states fofa) LaTiO5 and (b) YTiO 5. The With the Jahn-_TeIIe_r distortion of typg, the orbital or-
shaded area indicates the transition-metdl\@eight. Thex2-y?,  dering where a site witiky andyz occupied and one with

xy, zx, andyz components at site 1 are shown in the lower panel. Xy andzx occupied are alternqting_ly arranged is regained.
Therefore, theC-type AFM solution is lower in energy than

magnetic ordering with the magnetic momenl.3ug is re-  the G-type AFM solution with the Jahn-Teller distortion of
alized and a distortion from the orthorhombic GdRet9pe type a as shown in Fig. 5. Here, we have assumed that
structure to a monoclinic one occuisThe distortion can be [(pdo)s/(pdo),]¥3, where pdo)s and (pdo), are transfer
viewed as a Jahn-Teller distortion of type LaVO5 is an  integrals for the shorter and longer V-O bonds~4.053.
insulator with an optical gap of-1.1 eV YVO,, which  This value is somewhat larger than those estimated using the
has a larger GdFegtype distortion than Lav@, and is ac- Harrison’s rule®® ~1.035 for LavO; and ~1.04 for
companied by a Jahn-Teller distortion of tydeThe mag- YVO ;. The calculated result can explain why La¥@c-
netic structure of YVQ is G-type AFM with the magnetic companied by the-type distortion isC-type AFM. On the
moment of ~1.6ug below 77 K and isC type with the other hand, in the orbital ordering driven by the Jahn-Teller
magnetic moment of-1.0ug between 77 and 118 #  distortion of typed, the same pair of orbitals is occupied
YVO ; is also an insulator with an optical gap 6f1.8 evV¥  along thec axis and the FM spin coupling along theaxis is

In thed? compounds, since two of thg, orbitals should not favored. Therefore, with the Jahn-Teller distortion of
be occupied at each site, a possible orbital ordering is that ityped, the G-type AFM solution is lower in energy than the
which one of thet,q orbitals is occupied in all the sites and C-type AFM solution, which agrees with the experimental
the other two are alternatingly occupied. Previously, thisresult that YVO; with the d-type Jahn-Teller distortion
type of the orbital ordering has been investigated inshowsG-type AFM. However, in the present calculation, the
V ,03.8 Without the Jahn-Teller and GdFg@ype distor- energy gain by thea-type Jahn-Teller distortion is larger
tions, the HF calculation predicts that thetype AFM state than that by thel-type irrespective of the magnitude of the
with the orbital ordering where a site with they andyz  GdFeO;-type lattice distortion, as shown in Fig. 5. The HF
orbitals occupied and one with they andzx orbitals occu-  calculation fails to explain why the less distorted Lay@as
pied are alternatingly arranged, is the lowest state. The redhe Jahn-Teller distortion of typa and the more distorted
son why theC-type AFM spin arrangement is favored by YVO ; shows the Jahn-Teller distortion of tyge In thed?
this orbital ordering is as follows. Since they orbital is  system, the more distorted YTiOis also accompanied by
occupied in all the sites, the superexchange interactionthe Jahn-Teller distortion of type. In order to explain why

Energy Relative to Fermi Level (eV)
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solutions and the magnetic moment of the two solutions for

RVO; as functions of the Jahn-Teller lattice distortion of typhe Energy Relative to Fermi Level (eV)
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105 1) vyvo,

the d-type Jahn-Teller distortion is realized in Y\Owe E A=60eV
have to assume that the GdFg@pe lattice distortion fa- F U=d5ev
vors the Jahn-Teller distortion of tymecompared with that 5p
of typea. a

The magnetic moment at thé site is calculated to be
~1.8up for the C-type AFM state with thea-type Jahn-

DOS (states/eV f.u.)
—3

[ ocifn 1ou2 o2
Teller distortion and th&-type AFM state with thed-type 3f site Laxy"T A A
Jahn-Teller distortion. This value is in good agreement with E site 1ixyT A
the experimental value for th@-type AFM state in YVG;, 2t site Lizx] n ]
but is much larger than those observed for @wype AFM 1E i 3
states in YVQ, and LaVG;. In Fig. 6, we have plotted the  site LyzT ]L 3
energy difference between ti@type andG-type AFM so- N T
lutions and the magnetic moment of the two solutions as -15 -10 -5 [} 5
functions of the magnitude of tha-type Jahn-Teller distor- Energy Relative to Fermi Level (eV)
tion for £V-O-V~139.3°. As the Jahn-Teller distortion de-
creases, the energy difference between @wype and FIG. 7. Density of states fof@ LavO; and (b) YVO,. The

G-type AFM states and the magnetic moment of the twoshaded area indicates the transition-metd!\@eight. Thex2-y?,
solutions decrease. Without the Jahn-Teller distortion, th&y, zx, andyz components at site 1 are shown in the lower panel.
C-type AFM solution is lower in energy than the-type

AFM solution and the calculated magnetic moment is

’\“1.5/..115 for the C-type AFM state, which i; close to the C. d® compounds

experimental value for th€-type AFM states in YVQ and

LaVO;. This result suggests that t_he transition from the |, high-spind® compounds, where tHg, orbitals are half
G-type AFM state to theC-type one in YVO; may be re-  jjaq there is no orbital degree of freedom. Therefore, the
lated to the reduction of the Jahn-Teller distortion. G-type AFM state is expected to have the lowest energy

In Fig. 7, the density of state for the-type andG-type ) o
AFM solutions is shown. The band gap opens between thég::z:gt’e:hig t)épe r?Fr'i\gtsoulgr'o?_;atgelziogﬁrite:lc,:;"the
occupied and unoccupiet,y orbitals, the magnitude of b pprop ‘ P Y,

which is mainly determined by’ —j. The character of the LaCrOs is aG-type AFM insulator with the magnetic mo-

band gap is of the typical Mott-Hubbard type. From the HFMENt 0f3~0/2.8,u5 (Ref. 42 and with the optical gap of
calculation, the magnitudes of the band gaps for@Gagpe -2 €V The calculated magnetic moment+s3.0ug, in
AFM and G-type AFM solutions are found to be 3.3 and good_ agreement with the (_axperlmental value. .In Fig. 8, the
~3.4 eV, respectively, which are by 1-2 eV larger than thedensity of _states for LaCrQis shown. The_ ma_gmtude of the
experimental result® indicating the limitation of the HF band gap is calculated to be4.5 eV, which is also larger
approximation. Recently, Sawada, Hamada, and Ter&kurathan the experimental value byl eV, as in the Ti and V
have performedab initio band-structure calculations for oxides. The character of the band gap is of the Mott-Hubbard
YVO ; and LaVQ;, using the generalized gradient approxi- type. However, a large amount of oxygem Zharacter is
mation, which correctly predict the spin and orbital orderingmixed into the & orbitals just above and below the band gap
for LavVO3. In contrast to the present model HF result, thecompared with LaTiQ and LaVG;, implying a crossover
magnitude of the band gap is underestimated in thdérom the Mott-Hubbard regime to the charge-transfer regime
generalized-gradient-approximation calculation. with atomic number.
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In d* high-spin compounds, one of tfeg orbitals is oc- 80040 ¢ 17 %
i 1 i 1 i o0 E ]
cup|ed and Fhere is also interesting mterp]ay between the £ : T AFMA) iR
orbital ordering and the Jahn-Teller distortion. The ¥n S 0.060 L - FM E
perovskite-type oxide LaMn@is accompanied by a Jahn- : -x- FM-AFM(4)]
1 1

Teller distortion of typed and is anA-t;/pe AFM insulator ! ! L ) 1o

with the magnetic moment of 3.7ug .2"* 1t is possible to 0ot 1z 13 14 1S 1

estimate the effect of the Jahn-Teller distortion by scaling the [(pdo)/(pdo),]

transfer integrals with respect to the distance between the _

transition-metal ion and the oxygen ion. The magnitude of FIG- 9. Energy difference between the FM aAdype AFM

the Jahn-Teller distortion is again represented by the rati§tates and the band gaps of the FM akdype AFM states for

(pdo)</(pdo), . LaMnO; as a function of the Jahn-Teller lattice distortica of
Without the Jahn-Teller distortion, the HF calculation YPea and(b) of typed.

gives us two types oA-type AFM insulating solutions ac-

companied by the&-r?/3y?-r*-type orbital ordering with a ings of the two into the 82-r2/3y>-r2-type orbital ordering

considerable mixture of Z-r?, which can be regarded as a with a mixture of Z2-r2, which is the same as that found in

mixture of the X*-r?/3y*-r-type andz’-x*/z*-y*-type or-  the A-type AFM solutions. The magnitude of the band gap

bital orderings’** One has the orbital arrangement compat-fo; the EM solution compatible with the-type Jahn-Teller

ible with the d-type Jahn-TeIIerzdisztortion, in W?icg sites 1 istortion is reduced and becomes almost equal to that for

and 3 are occupied by (1/5)_(32 - )+(1/‘/§2)(X2 -Y9) and e FM solution compatible with tha-type Jahn-Teller dis-

sites 2 and 4 are occupied by ()(3z ! )'(1/}/5) tortion, as shown in Fig. 9. Although the energy difference

X(x*-y?), and the other has that compatible with the ponveen the FM andA-type AFM solutions becomes

a-type Jahn-Teller distortion, in which sites 1 and 4 aré 0Cgajier, the FM solutions are still lower in energy than the

cupied by (14/2)(3z%-r%) + (1/4/2)(x?-y?) and sites 2 and 3 A-type AFM solutions

are occupied by (1/2)(3z%-r%)-(1/12)(x*-y?). The two As the Jahn-Teller distortion increases, the orbital order-

solutions are exactly degenerate in enetifye can also ob- ing becomes purely of thexd-r2/3y2r2type. As a result

tain two types of FM insulating states. One is accompanie FM coupling between tha-b planes becomes more fé_

by the orbital ordering in which sites 1, 2, 3, and 4 are ; L
o}c/cupied byz2-y2 3x2?r2 3y2-r2, and Z2-x2 orbitals, re- vored than FM coupling and tha-type AFM solution is
spectively, and the other is by that in which sites 1, 2, 3, an&trqngly stabilized, as shown in Fig. 9. Thg calculated mag-
4 are occupied by?-y?, 3x2-r2, 3x2-r2, andz2-y? orbitals netic moment of theA-type AFM state is~3.9ug for

respectively. As shown in Fig. 9, the former FM solution [(pda)sl(pda)|]1/_3=_1.43, which agrees with the experi-

consistent with thel-type Jahn-Teller distortion is lower in Mental value. This indicates that the disappearance of the

energy and has a larger band gap than the latter one compa@hn-Teller distortion by hole doping turAstype AFM into

ible with thea-type Jahn-Teller distortion. The total energies@ FM arrangement. Actually, in La,Sr,MnOg3, the Jahn-

of the FM solutions are lower than those of theype AFM  Teller distortion is suppressed by hole doping and the system

solutions. This is because FM coupling is favored both in thddecomes FM? Figure 9 also shows that the magnitude of

a-b plane and between tha-b planes, due to the orbital the band gap of the FM state is smaller than that of the

ordering. A-type AFM state, indicating that the metallization in
A small Jahn-Teller distortion makes the two FM solu- La;_,SryMnO; by hole doping is favored by the changes in

tions almost degenerate in energy and turns the orbital ordethe spin and orbital ordering.
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FIG. 10. Density of states for LaMnO FIG. 11. Density of states for LaFgOThe shaded area indi-

[(pdo)s/(pdo),]¥3=1.43. The shaded area indicates the cates the transition-metald3weight. Thex-y?, xy, zx, andyz
transition-metal 8 weight. Thex?-y?, xy, zx, andyz components components at site 1 are shown in the lower panel.
at site 1 are shown in the lower panel.

t541t5,8g7 OF high-spint3, t,g €5, configurations. There-

In Fig. 10, the density of states for tifetype AFM so-  fore, it is interesting to study the effect of orbital ordering in
lution is shown. The band gap opens between the occupietthe intermediate- and high-spin states. For the intermediate-
and unoccupiede, orbitals. In contrast to LaTiQ and  spin and high-spin states, FM metallic, aGtype AFM
LavO;, LaMnO; falls into the charge-transfer regimes. insulating solutions are the lowest in energy, respectively,
Therefore, the magnitude of the band gap is mainly deteraccording to the HF calculation. The low-spin state, where
mined byA. However, a large amount of Mnd3character is  the e, orbitals are mixed into theé,, orbitals through the
mixed into the states just above and below the Fermi levej’ term, is lower in energy by~0.15 eV per formula unit
and the character of the band gap deviates from the typicaell than that without thé,4-e, mixing. However, since the
charge-transfer type or thed type. As shown in Fig. 9, the energy gain due to thg’ term is underestimated in the HF
magnitude of the band gap of the-type AFM state in- approximation, the HF calculation fails to give the energy
creases as the Jahn-Teller distortion increases. The magnlifference between the states with different total spins. Ac-
tudes of the band gap for thetype AFM solution with the tually, for the parameter set listed in Table |, the high-spin
Jahn-Teller distortion, which makes tifetype AFM solu-  state is much lower in energy than the low-spin state, al-
tion lower in energy than the FM solution, is calculated to bethough the low-spin and high-spin states are almost degen-
~3 eV, which is larger than the experimental valuel.3  erate in the configuration-interaction cluster-model
eV 3046 calculation?®

Here, tentatively, the relative energies of the intermediate-
E. d° compounds and high-spin states to the low-spin state are calculated as

High-spin d® compounds, wherd,, orbitals are half
filed, have no orbital degree of freedom. Therefore, the
G-type AFM state has the lowest energy in the HF calcula-
tion. Experimentally, LaFe@ is a G-type AFM insulator
with the magnetic moment of 4.6ug (Ref. 42 and with the
optical gap of~2.5 eV3® The calculated magnetic moment
is ~4.6ug and is in good agreement with the experimental
value. In Fig. 11, the density of states for LaFei® shown.
The magnitude of the band gap is estimated to~bt eV,
which is larger than the experimental valuebyL.5 eV. The
character of the band gap is of the charge-transfer type.

= LS$=0
6 4F -+ IS (S=1) FM
F. d® compounds E —o— HS (S =2) AFM(G)

Relative Energy (eV/f.u.)

LaCoQ; is a nonmagnetic insulator, where thg orbitals E ]
are fully occupied and there is no orbital degree of freedom. I % Iy
However, the magnetic susceptibility studies of LaGa@® pdc (eV)
dicate that the nonmagnetic-to-paramagnetic transition oc-
curs at~90 K,*” which can be regarded as a transition from  FIG. 12. Total energies of the low-, intermediate-, and high-spin
the Iow—spintgthggl configuration to the intermediate-spin solutions for LaCoQ as functions of pdo).
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functions of pdo) as shown in Fig. 12. In order to make the G. d’ compounds
low-spin state lower in energy than the high-spin state, |, the Ni3* (low-spin d7) perovskite-type oxides, the

|(pdo)| should be larger than 2.3 eV. Fqpdo) < —2.3€V,  |oaqt distorted LaNiQ is a PM metal and more distorted
the low-spin state is the lowest and the intermediate-Spifn;io . with the R ion smaller than La are AFM insulato?s.
sta_lte is the second Iovv_est, suggestlng that the mtermr-,fdlatg—r,\lio3 and NdNiO, show unusual magnetic structures, the
spin state may play an important role in the nonmagnetic-toy it ce|l of which includes 16-Ni ions and in which each Ni
paramagnetic transition observed in LaGp®ecently, KO- o is ferromagnetically coupled to three-nearest neighbors

rotin et al. have found that the total energy of the FM 5 antiferromagnetically coupled to the other tHfek or-
mtermedlate-s.pln state is lower than that of the high-spiryg; 1 explain this magnetic structure, Gardluroz, Rodf
stqte by applying the LDAU method tc_) LaCoQ a_md have guez-Carvajal, and Lacorre have proposed thatetherbit-
pointed out the importance of orbital ordering in the 55 5/ polarized intoZ-r2 andx2-y? for the ferromagneti-

mter_medlate-_spm s‘gaf@.ln our calcul_atlon, forA=2.0 eY, cally coupled Ni pairs and are polarized into the same orbit-
the intermediate-spin state is metallic and has no orbital or;

, > ‘ : als for the antiferromagnetically coupled Ni paifs.
dering. However, fold=3.0 eV, we can obtain a FM insu- o\vever, in Ref. 15, we have performed the HF calculation

lating state with the orbital ordering where sites 1, 2, 3, ando; the actual magnetic structure with possible orbital order-
4 are occupied by?-y?, 3x*-r?, 3y*-r?, andz®-x* orbitals,  ings and have found that the solutions with the observed
respectively. This orbital Ordering is the same as that fOUnqinagnetic structure is h|gher in energy than the FM and
in the FM solution for LaMnQ. A-type AFM solutions. Here, we present the results for the
The magnetic moment of the intermediate-spin and highFM and A-type, C-type, andG-type AFM states in detail,
spin states are calculated to be2.2ug and ~3.5ug, re-  which may give us a clue to find another possible spin- and
spectively. Since the magnetic moment observed in the FMrbital-ordered state compatible with the experimental result.
metallic phase of La ,Sr,CoO; is ~1-2ug,*” the As discussed in Ref. 12, fak=1.0 eV, the high-spin AFM
intermediate-spin FM solution may also be closely related tdnsulating state is lower in energy than the low-spin states
the FM metallic state in the La ,Sr,CoO; system. and the low-spin FM state, which is the lowest in energy
In Fig. 13, the density of states for the low-, intermediate-,2mong the low-spin solutions, is metallic. This discrepancy
and high-spin states are shown. The magnitude of the barf@#@y be due to the lack of “Heitler-London-type” or
gap of the low-spin state is calculated tob&.5 eV, which (71— 1T)-type electron correlation between thd 8lectron
is considerably overestimated compared with the experimernd the oxygen @ hole with antiparallel spins in the HF
tal value ~0.6 ev350 Whereas the parameter set for ground state. We prgsent belqw the re_sultsﬁiof 2.0 eV,
LaCoO; falls in the charge-transfer regime, the Ca &nd O where all the Ipw-spm insulating solutlons_ eX|st_ as meta-
2p orbitals are strongly hybridized for states just below theStaPle states, in order to show the relationship between
Fermi level in the low-spin state. On the other hand, thethe spin apd 7orb|tal orderings more clea}rly. _Smce, n
character of the band gap in the high-spin state is of théhe onv-spm d” system, the_tZQ orbitals mix with the
typical charge-transfer type. The density of states for th&g Orbitals thro%gh the off-diagonal Coulomfiterms as
low-, intermediate-, and high-spin states are quite differentn the low-spind® system, we denote the, orbitals ;’th'ffh
Therefore, it may be interesting to compare the three calcu@ve ) 2m|>2<t,l’Jres of tpy orbitals as “For
lated results with the photoemission and inverse@nd “x“y“” The FM and C-type AFM solutions,

photoemission spectra of LaCa@nd La,  Sr,C0O,.485 which have FM coupling along the axis, favors the
“3 Z2-r?"[* x2-y?"-type orbital ordering. In the FM solution,

sites 1, 2, 3, and 4 are occupied by?y?” “3 x%-r2”

I A B A L “3y2r2” and “z?>-x?" orbitals. This orbital ordering is
1o LaCo0s ] similar to that obtained for the FM state in LaMgQin the
F A=20eV ] C-type AFM solution, sites 1, 2, 3, and 4 are occupied by
~  5p U=6sev ] “xZoy?r t x2y2 7 3 7212 and “3Z%-r2” orbitals. On
2 [ low-spin il ] the other hand, th&-type andG-type AFM solutions have
> o ] the “3x2-r2”/*3 y?-r?’-type orbital ordering. Namely,
7 st ] in the A-type andG-type AFM solutions, sites 1, 2, 3, and
= [ intermediate-spin m ‘J : i | ] 4 are occupied by “g?-r?” “3 x*r%" “3 y%r2" and
2 of ] “3 x2-r?” orbitals into which “3z%-r?” is mixed. This or-
8 r ] bital ordering is essentially the same as that found in the
a 10 A-type AFM solution for LaMnQ. The total energies of the
5:_ various solutions forA=2.0 eV are plotted in Fig. 14 as
[ high-spin functions of the Ni-O-Ni bond angle. The FM solution and
e e —ra r— ——— the A-type AFM solution are very close in energy to each
-15 -10 -5 0 5 other, suggesting that complicated magnetic structures,
Energy Relative to Fermi Level (eV) where both the FM coupling and AFM coupling coexist and

the FM coupling within thea-b plane and that between the
FIG. 13. Density of states of the low-, intermediate-, and high-a-b planes are competing, may be realized in these com-
spin solutions for LaCo@ The shaded area indicates the transition-pounds. In Fig. 14, the band gaps for these solutions are also
metal 3 weight. plotted as functions of the Ni-O-Ni bond angle. As the bond
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orbital arrangements for thBNiO5; system as functions of the
Ni-O-Ni bond angle. FIG. 16. Density of states of tH@-type AFM and PM solutions

for LaCuQ;. The shaded area indicates the transition-methl 3

angle decreases, the band gaps increases for any spin- ameight.
orbital-ordered structures, which is essentially the same as
the result in Ref. 12 and explains the increase of the metals much smaller than that of the high-sfiintype AFM state.
insulator transition temperature in going from PrNi@ Nd-  Inthe FM and PM states, they-type bands with the width of
NiO 3.5t ~3 eV, in which the Ni 3 and O 2 orbitals are strongly

In Fig. 15, the density of states for the high-s@rtype  hybridized, cross the Fermi level. Tleg-type bands are half
AFM, low-spin A-type AFM, FM, and PM solutions are filled and quarter filled for the FM and PM solution, respec-
shown forA=1.0 eV andZ Ni-O-Ni=180°. In the low-spin tively. As mentioned above, the FM metallic state is the
A-type AFM states, the band gap opens between the occigecond lowest among the four solutions and the PM metallic
pied e,-type orbitals, which mainly has Op2character, and  State is much higher in energy than the FM state. However,
the unoccupiea,-type orbitals, in which Ni 8 character is ~experimentally, the metal-insulator transition of H&liO;
dominant. Therefore, the character of the band gaps is of theystem as a function of the size of tReion is that from a
charge-transfer type in the HF calculation. The band gap oPM metal to an AFM insulator and there is no region in
the high-spinG-type AFM state is also of the charge-transferWhiCh a FM metallic state is realizéd This discrepancy is
type. Since the dispersions of the energy bands consisting Pnsidered to be due to the lack of spin and orbital fluctua-
the e,-type orbitals are very strong in the low-spin state, thetions in the HF approximation. The energy of the PM metal-

magnitude of the band gap of the low-spirtype AFM state 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.

Fr 0T T T T T T T4
£ RNiO, A=10eV ]
105 ) U=7.0eV 7 H. d® compounds

F  high-spin E ; i i

£ AFM(G) “ b In high-spind® compounds, where the,, orbitals are
- 0F . fully occupied and theey orbitals are half filled, there is no
=5 3 E orbital degree of freedom because the high-spin state is al-
; “’g low-spin ] ways realized in the octahedral coordination. Therefore, the
L 3 AFM‘()A) EMQ E G-type AFM state is the lowest in energy in the HF calcula-
8 ot NV - tion. This result is consistent with the LDU calculation
g 105_ E by Czyzyk and Sawatzky, which predict tetragonally dis-
s E 3 torted LaCuQ@ as an insulator with theG-type AFM
Qe Y E ordering®® However, experimentally, rhombohedrally dis-
Ry E 1 torted LaCuQ is a PM metal and the tetragonally distorted

oE F LaCuOs; also shows metallic behaviét As mentioned in the

E M ] previous section, the HF calculation fails to describe the PM

e E metallic state near the metal-insulator transition. The energy

OF _ lefhla 48 el 3 of the PM metallic state may significantly be lowered by

-15 -10 -5 0 5 correlation effect beyond the HF approximation compared
Energy Relative to Fermi Level (eV) with the G-type AFM state.

The density of states for th&-type AFM and PM metal-
FIG. 15. Density of states of the high-sp@type AFM, low-  lic states is shown in Fig. 16 forA=0.0 eV and
spin A-type AFM, FM, and PM solutions foRNiO 5. The shaded £ Cu-O-Cu=180°. In theG-type AFM state, the character of
area indicates the transition-metal 8veight. the band gap is of the charge-transfer type. The density of
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states is similar to that of the LDAU calculation by structure is so complicated that the present HF calculation
Czyzyk and Sawatzky? On the other hand, in the PM me- cannot give a clear description. However, in the HF calcula-
tallic state, both the Cudand O 2 orbitals are strongly tion, the GdFeQ-type distortion makes the magnitude of the
hybridized near the Fermi level. The density of state is simihand gap larger, which can explain the metallic versus insu-
lar to that of the LDA calculatiort® lating behavior ofRNiO ; as a function of the size of the

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-
plain th_e various magljetlc and el_ectronlc_ propertlgs_ Ohation fail to explain the experimental results. We should
perovskite-type 8 transition-metal oxides, which are origi- cjyge the fluctuation around the HF solution in order to

nated from the tenfold degeneracy or the spin and orbitaéx lain the maanitude of the band gap and single-particle
degrees of freedom of thed3orbitals. The HF calculations efxcr:)itation spect?urﬁ‘? gap gep

have revealed the interesting interplay between the orbital
and spin ordering in the perovskite-typd &ansition-metal
oxides with the partially filled,4 or ey orbital. It has also
been found that the orbital-ordered states are strongly af-

fected by the Jahn-Teller distortion and the Gdkd@pe The authors wish to thank Dr. K. Tomimoto, Dr. H.
distortion. In thed! system, the FM solutions with the orbital Noma, Professor J. Akimitsu, Dr. N. Hamada, Dr. H.
ordering are stabilized both by the Jahn-Teller distortion andsawada, Dr. I. V. Solevyev, Dr. V. |. Anisimov, and Profes-
by the GdFeQ-type distortion compared with th&-type  sor D. I. Khomskii for useful discussions on orbital ordering
AFM. In the d? system, theC-type andG-type AFM solu- in perovskite-type transition-metal oxides. We also appreci-
tions with the orbital ordering are stabilized by theype  ate Dr. H. Sawada, Dr. N. Hamada, and Dr. K. Terakura for
andd-type Jahn-Teller distortions, respectively. In the high-showing us their numerical data of YTiQprior to publica-
spin d* compounds, while the FM state with theg-y?, tion. Part of the calculations in this work were performed on
3x2-r2, 3y?-r?, z22-x?-type orbital ordering is favored with- a VAX computer in Meson Science Laboratory, University
out the Jahn-Teller distortion, the Jahn-Teller distor-of Tokyo. The present work is supported by a Grant-in-Aid
tion makes anA-type AFM state with the 82-r?, 3y?-r2,  for Scientific Research from the Ministry of Education, Sci-
3x2-r2, 3y2-r2-type orbital ordering lower in energy than the ence and Culture and by the New Energy and Institute Tech-

IV. CONCLUSION

The spin- and orbital-unrestricted HF calculations can ex
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