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Interplay between orbital ordering and lattice distortions in LaMnO 3, YVO3, and YTiO3
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We have studied the interplay between orbital ordering, Jahn-Teller and GdFeO3-type lattice distortions in
perovskite-type transition-metal oxides using model Hartree-Fock calculations. It has been found that the
covalency betweenA-site cations and oxygens causes interaction between the Jahn-Teller and GdFeO3-type
distortions. The present calculations explain why thed-type Jahn-Teller distortion and orbital ordering com-
patible with it are realized in LaMnO3 , YVO3, and YTiO3. @S0163-1829~99!12633-X#
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I. INTRODUCTION

Orbital ordering and concomitant Jahn-Teller~JT! distor-
tions are observed in some perovskite-type 3d transition-
metal compounds such as KCuF3 and LaMnO3.1–4 In the
perovskite-type lattice, there are two possible JT distorti
depending on the stacking of the elongated octahedra a
thec axis as shown in Fig. 1~a!.2 In thed-type JT distortion,
the elongated axes of the octahedra are parallel along tc
axis. On the other hand, the elongated axes are rotate
90° along thec axis in the a-type JT distortion. While
LaMnO3 (d4), YVO3 (d2), and YTiO3 (d1) have thed-type
JT distortion,3,5,6 LaVO3 (d2) has thea-type JT distortion.7

In KCuF3, both thed-type and thea-type JT distortions are
observed.2 Hartree-Fock~HF! calculations which conside
the hybridization between the transition-metal 3d and oxy-
gen 2p orbitals predict that the orbital ordered state comp
ible with thea-type JT distortion is lower in energy than th
with the d-type JT distortion ford1 andd2 systems and tha
the two states are degenerate ford4 andd9 systems.8 There-
fore, one cannot explain why thed-type JT distortion is re-
alized in LaMnO3, YVO3, and YTiO3 by considering the
energy gain due to orbital ordering alone.

Perovskite-typeABO3 compounds with relatively smal
A-site ions undergo the GdFeO3-type distortion which is
caused by tilting ofBO6 octahedra as shown in Fig. 1~b!.9

While LaMnO3, YVO3, LaVO3, and YTiO3 are accompa-
nied by the GdFeO3-type distortion, KCuF3 has no
GdFeO3-type distortion. In addition, the magnitude of th
GdFeO3-type distortion becomes larger in going fro
LaVO3 and LaMnO3 to YVO3, and YTiO3. Here, one can
notice that the compounds with the larger GdFeO3-type dis-
tortion tend to have thed-type JT distortion. It has bee
pointed out by Goodenough that the covalency between
A-site and oxygen ions (A-O covalency! is important in the
GdFeO3-type distortion.10 In this paper, we have studied th
relationship between the GdFeO3-type and JT distortions
considering theA-O covalency and explored the reason w
orbital ordering compatible with thed-type JT distortion are
favored in LaMnO3, YVO3, and YTiO3 in terms of the in-
teraction between the two distortions.

II. METHOD OF CALCULATION

We have employed lattice models for the perovskite-ty
structure in which the transition-metal 3d, the oxygen 2p,
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s
ng

by

t-

he

e

and theA-site cationd orbitals are included. The on-sit
Coulomb interaction between the transition-metal 3d orbit-
als, which is essential to make the system insulating an
cause orbital ordering, are expressed using Kanamori par
etersu, u8, j, and j 8.11 The charge-transfer energyD is de-
fined by ed

02ep1nU, whereed
0 and ep are the energies o

the bare transition-metal 3d and oxygen 2p orbitals andU
(5u220/9j ) is the multiplet averagedd-d Coulomb inter-
action energy. The hybridization between the transitio
metal 3d and oxygen 2p orbitals is expressed by Slate
Koster parameters (pds) and (pdp). The ratio
(pds)/(pdp) is fixed at22.16.12 D, U, and (pds) can be
deduced from cluster-model analysis of photoemiss
spectra.8 Although the error bars of these parameters e
mated from photoemission spectra are not so small@;
61 eV for D andU and;60.2 eV for (pds)], the con-
clusions obtained in the present calculations are not chan
if the parameters are varied within the error bars.

In the present HF calculation, unoccupiedd orbitals of the
A-site

FIG. 1. Schematic drawings for two types of Jahn-Teller dist
tions ~a! and for GdFeO3-type distortion~b!. The arrows indicate
shifts of the oxygen andA-site ions. In the GdFeO3-type distortion,
the six oxygen ions nearest to theA-site ion are shown.
7309 ©1999 The American Physical Society
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cation such as Y 4d and La 5d are taken into account. Th
hybridization term between the oxygen 2p orbitals and
A-site cationd orbitals is expressed by (pds)A and (pdp)A .
The ratio (pds)A /(pdp)A is also fixed at22.16. The hy-
bridization term between the oxygen 2p orbitals is given by
(pps) and (ppp) and the ratio (pps)/(ppp) is fixed at
24.12 It is assumed that the transfer integrals (pds) and
(pds)A are proportional tod23.5 and (pps) is to d22,
where d is the bond length.12 Without the JT and
GdFeO3-type distortions, the bond length between tw
neighboring oxygens and that between the oxygen and
A-site cation areA2a, wherea is the bond length betwee
the transition-metal ion and the oxygen. (pps) and (pds)A

for bond length ofA2a are assumed to be20.60 and21.0
eV, respectively.

In the GdFeO3-type distortion, the four octahedra in th
unit cell are rotated by angle ofv around the axes in the
~0,1,1! plane in terms of the orthorombic unit cell. Here, w
model the GdFeO3-type distortion by rotating the octahed
around the~0,1,0! axis or theb axis @see Fig. 1~b!#. The
subsequent small rotation around thea axis is required to
retain the corner-sharing network of the octahedra. The m
nitude of the GdFeO3-type distortion is expressed by th
tilting angle v around theb axis. It is important that the
A-site ions are shifted approximately along theb axis to de-
crease the distance from theA-site ion to the three closes
oxygen ions and increase the distance to the three next
est oxygen ions as shown in Fig. 1~b!. Here, it is assumed
that the shift is along the (61/8,7/8,0) direction. The mag
nitude of the shift is proportional to the tilting angle and
assumed to be;0.05a, 0.1a, and 0.15a for the tilting angles
of 5°, 10°, and 15°, respectively, which are realistic valu
for the compounds studied in the present work.3,7 As for the
Jahn-Teller distortion, it is assumed that the longest bon
by 0.1a longer than the shortest bond which is reasonable
LaMnO3 and is relatively large for LaVO3 and YTiO3.3,7,6

III. RESULTS AND DISCUSSION

A. LaMnO 3

In the high-spind4 system, in which one of theeg orbitals
is occupied at each site, theA-type antiferromagnetic~AFM!
states with 3x22r 2/3y22r 2-type orbital ordering with con-
siderable mixture of 3z22r 2 are predicted to be stable b
theoretical calculations1,8,13 and are studied by x-ray an
neutron diffraction measurements.4 Here, thez direction is
along thec axis. The amount of the 3z22r 2 component de-
creases with the JT distortion.8 Different ways of stacking
the orbitals along thec axis give two types of orbital order
ing: the one compatible with thed-type JT distortion and the
other with thea-type JT distortion. These two types of o
bital ordering are illustrated in Fig. 2. While, in the orbit
ordering of thea type, the sites 1, 2, 3, and 4 are occupied
3y22r 2, 3x22r 2, 3x22r 2, and 3y22r 2 orbitals, the sites 1
2, 3, and 4 are occupied by 3y22r 2, 3x22r 2, 3y22r 2, and
3x22r 2 orbitals in the orbital ordering compatible with th
d-type JT distortion.

In Fig. 3, the energy difference between the orbital
dered states compatible with thed-type anda-type JT distor-
tions is plotted as a function of the tilting angle of the oc
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hedra, i.e., the magnitude of the GdFeO3-type distortion.D,
U, and (pds) are 4.0, 5.5, and21.8 eV, respectively, for
LaMnO3.8 Without the JT distortion and the shift of th
A-site ion, the two states are degenerate within the accu
of the present calculation (61 meV/formula unit cell!. This
degeneracy is lifted when the JT distortion is included. W
the JT distortion and the shift of theA-site ion, the orbital
ordered state with thed-type JT distortion is lower in energy
than that with thea-type JT distortion. If we tentatively
switch off the shift of theA-site ion and include only the JT
distortion, the orbital ordered state with thea-type JT distor-
tion becomes slightly lower than that with thed-type JT
distortion as shown in Fig. 3. Therefore, one can conclu
that the shift of theA-site ion driven by the GdFeO3-type
distortion is essential to stabilize the orbital ordered st
with the d-type Jahn-Teller distortion.14

The qualitative explanation of this behavior is as follow
In the d-type JT distortion, the four oxygen ions nearest
the A-site ion @shaded in Figs. 1~a! and 1~b!# shift approxi-
mately in the same direction and, consequently, the sys
can gain the hybridization energy between theA-site and
oxygen ions effectively. On the other hand, in thea-type JT

FIG. 2. Two types of orbital ordering for LaMnO3 compatible
with the a-type andd-type JT distortions.

FIG. 3. Energies per formula unit cell of the orbital ordered st
compatible with thed-type JT distortion relative to that with the
a-type JT distortion for LaMnO3 as a function of the tilting angle
i.e., the magnitude of the GdFeO3-type distortion. Closed circles
with the JT distortions and with the shift of theA-site cation, open
diamonds: without the JT distortions and without the shift of t
A-site cation, closed triangles: with the JT distortions and with
the shift of theA-site cation.
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distortion, the two of the four oxygen ions move in the oth
direction and the energy gain due to the hybridization
small compared to thed-type JT distortion. Another possibl
picture is that, in thed-type JT distortion, these four oxyge
ions can push theA-site ion in the same direction since th
JT distortion along thec axis is in phase. On the other han
in the case of thea-type JT distortion, the two oxygen ions i
the upper plane push theA-site ion in the other direction tha
the two in the lower plane as shown in Fig. 4. Therefore,
stronger the GdFeO3-type distortion is, the more it stabilize
the d-type Jahn-Teller distortion and corresponding orb
ordering.

In the charge-ordered state of Pr0.5Ca0.5MnO3, the Mn31

and Mn41 sites are arranged as a checkerboard within thc
plane and the same arrangement is stacked along thec axis.15

The Mn31 sites are accompanied by the JT distortion and
elongated axes are parallel along thec axis just as in the
d-type JT distortion. Since theA sites are occupied by Pr an
Ca ions in Pr0.5Ca0.5MnO3, we cannot simply apply the
present model calculation to it. However, it is reasonable
speculate that the stacking along thec axis in Pr0.5Ca0.5MnO3
is also determined by the interaction between the JT dis
tion and the shift of theA-site ion in the same way as i
LaMnO3.

B. YVO3

In thed2 system, theC-type AFM state in which the site
1, 2, 3, and 4 are occupied byxy andyz, xy andzx, xy and
zx, and xy and yz orbitals and theG-type AFM state in
which the sites 1, 2, 3, and 4 are occupied byxy andyz, xy
and zx, xy and yz, and xy and zx orbitals are competing
While theC-type AFM state is favored by the orbital orde
ing which is compatible with thea-type JT distortion, the
G-type AFM state is favored by the orbital ordering of thed
type. The relative energy of theG-type AFM state with the
d-type JT distortion to theC-type AFM state with thea-type
JT distortion,Ed2Ea , is plotted as a function of the tilting
angle in Fig. 5.D, U, and (pds) are 6.0, 4.5, and22.2 eV,
respectively, for LaVO3 and YVO3.8 Without the
GdFeO3-type distortion, theC-type AFM state with the

FIG. 4. A rough sketch of the shifts of the oxygen ions and
forces to theA-site ion for thea-type andd-type JT distortions. The
oxygen shifts due to GdFeO3-type distortion are exaggerated. On
the shifts and forces relevant for the present discussion are sh
In the a-type JT distortion, the oxygen ions in the upper and low
planes push theA-site ion in different directions. In thed-type JT
distortion, the oxygen ions push theA-cite ion in the same direction
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a-type JT distortion is lower in energy than theG-type AFM
state, indicating that the energy gain due to the orbital ord
ing is larger in theC-type AFM state than in theG-type
AFM state. The energy difference becomes smaller with
tilting or the GdFeO3-type distortion. Finally, with the tilting
of 15°, theG-type AFM state with thed-type JT distortion
becomes lower in energy than theC-type AFM state. The
present calculation is in good agreement with the experim
tal result that the less distorted LaVO3 is C-type AFM below
140 K7 and the more distorted YVO3 is G-type AFM below
77 K.5

This situation is illustrated in Fig. 6. When th
GdFeO3-type distortion is large, the interaction between t
d-type JT distortion and the shift of theA-site ion, namely,
the energy gain due toA-O covalency becomes dominant ju
as in LaMnO3 and, consequently, theG-type AFM with the
d-type JT distortion is favored. On the other hand, when
GdFeO3-type distortion is small, the energy gain due to o

e

n.
r

FIG. 5. Energies per formula unit cell of the orbital ordered st
compatible with thed-type JT distortion~closed circles! relative to
that with the a-type JT distortion~open circles! for YVO3 and
LaVO3 as a function of the tilting. The shift of theA-site cation is
included.

FIG. 6. Energy scheme of the orbital ordered states with
d-type anda-type JT distortions as a function of tilting or th
GdFeO3-type distortion. While, for the small GdFeO3-type distor-
tion, the energy gain due to the orbital ordering is dominant,
energy gain due to theA-O covalency becomes relevant for th
large GdFeO3-type distortion.
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bital ordering becomes dominant and thea-type JT distortion
and the orbital ordering compatible with it are realized. T
JT distortion may be suppressed if the system is located
the crossing point where thea-type andd-type JT distortions
are almost degenerate. An interesting experimental resul
lated to this point is that YVO3 becomesC-type AFM be-
tween 77 and 118 K.5 The present model calculation su
gests that, if the JT distortion is switched off, theC-type
AFM state is favored because of the orbital ordering.8 There-
fore, YVO3 is expected to be close to the crossing point a
becomeC-type AFM when thed-type JT distortion is sup-
pressed at elevated temperature. In this sense, betwee
and 118 K, YVO3 may be an ideal orbitally ordered syste
without JT distortion.

C. YTiO 3

For the d1 system, the ferromagnetic~FM! states with
orbital ordering are favored in the model HF calculation
There are two possible orbital orderings compatible with
a-type andd-type JT distortions. The model HF calculatio
without the covalency between theA-site cation and the oxy
gen ion predicted that the orbital ordering of thea type is
lower in energy. However, the recent neutron diffracti
measurement by Akimitsuet al. have shown that the orbita
ordering compatible with thed-type JT distortion is realized
in the FM insulator YTiO3.6 YTiO3 has the considerabl
GdFeO3-type distortion and the tilting angle is expected
be larger than 15°. In Fig. 7, the relative energy of the F
and orbital ordered state of thed type to that of thea type is
plotted as a function of the tilting.D, U, and (pds) are 7.0,
4.0, and22.2 eV, respectively, for YTiO3.8 With the tilting
of 15°, the orbital ordered state of thed type is lower in
energy, in agreement with the experimental result. In t
state, the sites 1, 2, 3, and 4 are occupied byc1yz1c2xy,
c1zx1c2xy, c1yz2c2xy, and c1zx2c2xy orbitals (c1
;0.8 andc2;0.6). However, experimentally, less distorte
LaTiO3 has no or very small JT distortion and has aG-type
AFM state.16 The present calculation cannot explain why t
G-type AFM state can be stable compared to the FM stat
LaTiO3.
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IV. CONCLUSION

In conclusion, we have studied the relationship betwe
orbital ordering and the JT and GdFeO3-type lattice distor-
tions. It has been found that the covalency between theA-site
cations and oxygen makes thed-type JT distortion~same
orbitals along thec direction! lower in energy than thea-type
JT distortion~alternating orbitals along thec direction! in the
presence of the large GdFeO3-type distortion. As a result, the
orbital ordered states compatible with thed-type JT distor-
tion are favored in LaMnO3, YVO3, and YTiO3 which have
the relatively large GdFeO3-type distortion. On the othe
hand, in less distorted LaVO3, the orbital ordering compat
ible with the a-type JT distortion is favored because of th
pure superexchange effect.
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FIG. 7. Energies per formula unit cell of the orbital ordered st
compatible with thed-type JT distortion~closed circles! relative to
that with thea-type JT distortion~open circles! for YTiO3 as a
function of the tilting. The shift of theA-site cation is included.
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