PHYSICAL REVIEW B VOLUME 60, NUMBER 10 1 SEPTEMBER 1999-I

Interplay between orbital ordering and lattice distortions in LaMnO 5, YVOg, and YTiOg4
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We have studied the interplay between orbital ordering, Jahn-Teller and Gdifa®©lattice distortions in
perovskite-type transition-metal oxides using model Hartree-Fock calculations. It has been found that the
covalency betweer-site cations and oxygens causes interaction between the Jahn-Teller and;@gfeO
distortions. The present calculations explain why thtype Jahn-Teller distortion and orbital ordering com-
patible with it are realized in LaMng) YVOg, and YTiO;. [S0163-182009)12633-X]

[. INTRODUCTION and theA-site cationd orbitals are included. The on-site
Coulomb interaction between the transition-metdl &bit-
Orbital ordering and concomitant Jahn-Tel(éM) distor-  als, which is essential to make the system insulating and to
tions are observed in some perovskite-typg tBansition-  cause orbital ordering, are expressed using Kanamori param-
metal compounds such as KGuBnd LaMnQ.'™ In the  etersu, u’, j, andj’.** The charge-transfer energy is de-
perovskite-type lattice, there are two possible JT distortiondined by e5— €, NnU, where €§ and €, are the energies of
depending on the stacking of the elongated octahedra alorthe bare transition-metald3and oxygen § orbitals andU
the c axis as shown in Fig.(#).? In thed-type JT distortion, (=u—20/9)) is the multiplet averaged-d Coulomb inter-
the elongated axes of the octahedra are parallel along theaction energy. The hybridization between the transition-
axis. On the other hand, the elongated axes are rotated byetal 3 and oxygen P orbitals is expressed by Slater-
90° along thec axis in the a-type JT distortion. While Koster parameters pdo) and (pdw). The ratio
LaMnO; (d%), YVO3 (d?), and YTiO; (d') have thed-type  (pdo)/(pdw) is fixed at—2.161% A, U, and (pdo) can be
JT distortion®>® LaVO, (d?) has thea-type JT distortiod.  deduced from cluster-model analysis of photoemission
In KCuF;, both thed-type and thea-type JT distortions are spectré Although the error bars of these parameters esti-
observed. Hartree-Fock(HF) calculations which consider mated from photoemission spectra are not so srall
the hybridization between the transition-metal 8nd oxy- +1 eV forA andU and~=*=0.2 eV for (pdo)], the con-
gen 2o orbitals predict that the orbital ordered state compat-<clusions obtained in the present calculations are not changed
ible with thea-type JT distortion is lower in energy than that if the parameters are varied within the error bars.
with the d-type JT distortion fod! andd? systems and that In the present HF calculation, unoccupidrbitals of the
the two states are degenerate drandd® systemd. There-  A-site
fore, one cannot explain why trettype JT distortion is re-
alized in LaMnQ@, YVOg;, and YTiO; by considering the @ oxygen
energy gain due to orbital ordering alone.
Perovskite-typeABO; compounds with relatively small
A-site ions undergo the GdFg@ype distortion which is
caused by tilting oBOg octahedra as shown in Fig(k).°
While LaMnQ;, YVO3, LaVO;, and YTIO; are accompa-
nied by the GdFe@type distortion, KCuk has no
GdFeQ-type distortion. In addition, the magnitude of the

transition-metal

oxygen

transition-metal

GdFeQ-type distortion becomes larger in going from a-type JT distortion d-type JT distortion
LaVO; and LaMnQ to YVOgj, and YTIiO;. Here, one can
notice that the compounds with the larger Gdgégpe dis- (b) transition-metal

tortion tend to have thal-type JT distortion. It has been
pointed out by Goodenough that the covalency between thi
A-site and oxygen ionsA-O covalency is important in the
GdFeQ-type distortion'® In this paper, we have studied the
relationship between the GdFe®pe and JT distortions
considering thed-O covalency and explored the reason why
orbital ordering compatible with the-type JT distortion are
favored in LaMnQ@, YVOg;, and YTiG; in terms of the in- GdFeO -type distortion
teraction between the two distortions. 3

1. METHOD OF CALCULATION FIG. 1. Schematic drawings for two types of Jahn-Teller distor-
tions (a) and for GdFe@-type distortion(b). The arrows indicate
We have employed lattice models for the perovskite-typeshifts of the oxygen and-site ions. In the GdFe{type distortion,
structure in which the transition-metal3the oxygen $,  the six oxygen ions nearest to thesite ion are shown.
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cation such as Y d and La 5 are taken into account. The
hybridization term between the oxygenp 2orbitals and
A-site cationd orbitals is expressed by@o), and (dwm) 4.
The ratio pdo)a/(pdm), is also fixed at—2.16. The hy-
bridization term between the oxygem drbitals is given by
(ppo) and (pp) and the ratio ppo)/(pp) is fixed at
—412 1t is assumed that the transfer integrajsd¢) and
(pdo), are proportional tod 3° and (ppo) is to d 2,
where d is the bond length? Without the JT and
GdFeQ-type distortions, the bond length between two a-type
neighboring oxygens and that between the oxygen and the FIG. 2. Two types of orbital ordering for LaMnQcompatible
A-site cation are\/ﬁa, wherea is the bond length between it the a-type andd-type JT distortions.
the transition-metal ion and the oxygemp.do) and (pdo)a
for bond length ofy2a are assumed to be0.60 and-1.0 hedra, i.e., the magnitude of the GdRe@pe distortion.A,
eV, respectively. S _ U, and (pdo) are 4.0, 5.5, and-1.8 eV, respectively, for

.In the GdFeQ-type distortion, the four octahedralln the LaMn03_8 Without the JT distortion and the shift of the
unit cell are rotated by angle ab around the axes in the A gjte jon, the two states are degenerate within the accuracy

(0,1, plane in terms of the orthorombic unit cell. Here, we of the present calculations(1 meV/formula unit cell. This
model the GdFe@type distortion by rotating the octahedra gegeneracy is lifted when the JT distortion is included. With

around the(0,1,0 axis or theb axis [see Fig. )]. The  the 3T distortion and the shift of tha-site ion, the orbital
subsequent small rotation around taeaxis is required 10 orgered state with the-type JT distortion is lower in energy
retain the corner-sharing network of the octahedra. The magnan that with thea-type JT distortion. If we tentatively
nitude of the GdFe@type distortion is expressed by the gyjitch off the shift of theA-site ion and include only the JT
tilting angle  around theb axis. It is important that the gjsiortion, the orbital ordered state with tagype JT distor-
A-site ions are shifted approximately along thexis to de-  tion pecomes slightly lower than that with trietype JT
crease the distance from tiesite ion to the three closest jistortion as shown in Fig. 3. Therefore, one can conclude
oxygen ions and increase the distance to the three next clogyat the shift of theA-site ion driven by the GdFe@ype

est oxygen ions as shown in Figbl. Here, it is assumed istortion is essential to stabilize the orbital ordered state
that the shift is along theX1/8,7/8,0) direction. The mag- \ith the d-type Jahn-Teller distortiot:

nitude of the shift is proportional to the tilting angle and is  The qualitative explanation of this behavior is as follows.
assumed to be-0.0%, 0.1a, and 0.18 for the tilting angles | the d-type JT distortion, the four oxygen ions nearest to
of 5°, 10°, and 15°, respec_uvely, which are realistic valueshe A-site ion[shaded in Figs. () and Xb)] shift approxi-

for the compounds studied in the present wfis for the ‘mately in the same direction and, consequently, the system
Jahn-Teller distortion, it is assumed that the longest bond iggp gain the hybridization energy between #site and

by 0.1a longer than the shortest bond which is reasonable fopyygen ions effectively. On the other hand, in taéype JT
LaMnO; and is relatively large for Lav@and YTiQ,.>"®

d-type

LaMnO,
IIl. RESULTS AND DISCUSSION 10
A. LaMnO 4 %E;
In the high-spird* system, in which one of the, orbitals ;a; Oy

is occupied at each site, tietype antiferromagnetiCAFM) 5
states Wlth 32_[_2/3}/2_r_2_type 0rb|ta| ordermg Wlth con- uw _10 OO PO PPI S RPPTOPIUCTPTDRTOT NPT UCT PR
siderable mixture of 2—r? are predicted to be stable by 3
theoretical CalCUlati0ﬁ§'13 and are studied by X-ray and g 220 Frrrre e N
neutron diffraction measuremetftsdere, thez direction is "g S— without JT and A-site shift
along thec axis. The amount of theZ8—r? component de- 2 -30 {| —a— with JT, without A-site shift [~ 1
creases with the JT distorti§nDifferent ways of stacking < —@— with JT and A-site shift
the orbitals along the axis give two types of orbital order- T . . . .
ing: the one compatible with théttype JT distortion and the 0 5 10 15

other with thea-type JT distortion. These two types of or-
bital ordering are illustrated in Fig. 2. While, in the orbital
ordzerlnzg of gheaztype,z the23|tes 1, 22 3,2and_4 are OCCPp'ed by FIG. 3. Energies per formula unit cell of the orbital ordered state
By —r?, 3x°—r*, 3x°—r*, and 3/2 -r Zorblztals,zthe 25|tes 1, compatible with thed-type JT distortion relative to that with the
2,3, and 4 are occupied b_wé—r » 3x5—r%, 3y*—r?,and  atype JT distortion for LaMn@as a function of the tilting angle,
3x?—r? orbitals in the orbital ordering compatible with the je. the magnitude of the GdFe@ype distortion. Closed circles:
d-type JT distortion. with the JT distortions and with the shift of thesite cation, open

In Fig. 3, the energy difference between the orbital or-diamonds: without the JT distortions and without the shift of the
dered states compatible with tdeype anda-type JT distor-  A-site cation, closed triangles: with the JT distortions and without
tions is plotted as a function of the tilting angle of the octa-the shift of theA-site cation.

Tilting Angle (degree)
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FIG. 4. A rough sketch of the shifts of the oxygen ions and the @

forces to theA-site ion for thea-type andd-type JT distortions. The
oxygen shifts due to GdFeQype distortion are exaggerated. Only
the shifts and forces relevant for the present discussion are shown.
In the a-type JT distortion, the oxygen ions in the upper and lower
planes push thé-site ion in different directions. In thd-type JT
distortion, the oxygen ions push thecite ion in the same direction.

Tilting Angle (degree)

FIG. 5. Energies per formula unit cell of the orbital ordered state
compatible with thed-type JT distortionclosed circlesrelative to
that with thea-type JT distortion(open circleg for YVO; and

distortion, the two of the four oxygen ions move in the other;ac\l{%e:s a function of the tilting. The shift of thé-site cation is

direction and the energy gain due to the hybridization is
small compared to thé-type JT distortion. Another possible
picture is that, in thel-type JT distortion, these four oxygen
ions can push thé-site ion in the same direction since the
JT distortion along the axis is in phase. On the other hand
in the case of the-type JT distortion, the two oxygen ions in
the upper plane push thesite ion in the other direction than

a-type JT distortion is lower in energy than tietype AFM
state, indicating that the energy gain due to the orbital order-
ing is larger in theC-type AFM state than in th&-type

' AFM state. The energy difference becomes smaller with the
tilting or the GdFe@-type distortion. Finally, with the tilting

of 15°, theG-type AFM state with thed-type JT distortion
Secomes lower in energy than tiietype AFM state. The
Ipresent calculation is in good agreement with the experimen-
tal result that the less distorted La¥@ C-type AFM below
140 K57 and the more distorted YVQOs G-type AFM below

7 K.

This situation is illustrated in Fig. 6. When the
GdFeQ-type distortion is large, the interaction between the
%—type JT distortion and the shift of th&-site ion, namely,
the energy gain due t&O covalency becomes dominant just
as in LaMnQ and, consequently, th@-type AFM with the
d-type JT distortion is favored. On the other hand, when the
CiSdFeQ;type distortion is small, the energy gain due to or-

stronger the GdFeftype distortion is, the more it stabilizes
the d-type Jahn-Teller distortion and corresponding orbita
ordering.

In the charge-ordered state of,B€& MnO;, the Mt *
and Mrf" sites are arranged as a checkerboard withincthe
plane and the same arrangement is stacked alongakis®
The Mr™ sites are accompanied by the JT distortion and th
elongated axes are parallel along thexis just as in the
d-type JT distortion. Since th& sites are occupied by Pr and

speculate that the stacking along thaxis in PgsCa gMnO;
is also determined by the interaction between the JT distor-
tion and the shift of theA-site ion in the same way as in
LaMnGs.

{ a-typeJT distortion

/
\

d-type JT distortion

B. YVO,

In the d? system, theC-type AFM state in which the sites
1, 2, 3, and 4 are occupied by 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 occupiedXlyyandyz, xy orbital ! A-O

andzx, xy andyz, andxy and zx orbitals are competing. ordering |  covalency

While the C-type AFM state is favored by the orbital order-

ing which is compatible with the-type JT distortion, the GdFeO3-type distortion

G-type AFM state is favored by the orbital ordering of the

type. The relative energy of the-type AFM state with the FIG. 6. Energy scheme of the orbital ordered states with the
d-type JT distortion to th€-type AFM state with theé-type  g.type anda-type JT distortions as a function of tilting or the
JT distortion,Eq—E,, is plotted as a function of the tilting  Gdreq-type distortion. While, for the small GdFg@ype distor-
angle in Fig. 5A, U, and (pdo) are 6.0, 4.5, and-2.2 eV, tjon, the energy gain due to the orbital ordering is dominant, the
respectively, for Lav@ and YVO;® Without the energy gain due to thé-O covalency becomes relevant for the
GdFeQ-type distortion, theC-type AFM state with the large GdFe@type distortion.
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bital ordering becomes dominant and #agy/pe JT distortion YTiO
and the orbital ordering compatible with it are realized. The 3
JT distortion may be suppressed if the system is located near
the crossing point where thetype andd-type JT distortions

are almost degenerate. An interesting experimental result re-
lated to this point is that YV@ becomesC-type AFM be-
tween 77 and 118 R.The present model calculation sug-
gests that, if the JT distortion is switched off, tkketype

AFM state is favored because of the orbital ordefifignere-

fore, YVO; is expected to be close to the crossing point and
becomeC-type AFM when thed-type JT distortion is sup-
pressed at elevated temperature. In this sense, between 77
and 118 K, YVQ may be an ideal orbitally ordered system , . .
without JT distortion. 0 5 10 15
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C. YTiO3 FIG. 7. Energies per formula unit cell of the orbital ordered state
For the dt system, the ferromagneticeM) states with compatible with thed-type JT distortionclosed circlesrelative to
orbital ordering are favored in the model HF calculations.iat With thea-type JT distortion(open circles for YTiO; as a

There are two possible orbital orderings compatible with thé‘unctlon of the tilting. The shift of theé\-site cation is included.

a-type andd-type JT distortions. The model HF calculation IV. CONCLUSION
without the covalency between tlesite cation and the oxy- ) ] ] .
gen ion predicted that the orbital ordering of theype is In conclusion, we have studied the relationship between

lower in energy. However, the recent neutron diffraction©rPital ordering and the JT and GdFg@pe lattice distor-
measurement by Akimitsat al. have shown that the orbital tions, It has(,jbeen found ttat thgovaleqc;(;_betw_eerﬁ\th&e
ordering compatible with thd-type JT distortion is realized catl_ons and oxygen makes t ype JT distortion(same
in the FM insulator YTIQ.® YTiO; has the considerable orbitals along the direction lower in energy than tha-type

. . oS . JT distortion(alternating orbitals along thedirection in the
GdFeQ-type distortion and the tilting angle is expected to . .
be larger than 15°. In Fig. 7, the relative energy of the I:Mpresence of the large GdFe®ype distortion. As a result, the

i . orbital ordered states compatible with tbeype JT distor-
and orbital ordere_d state of F@ype fo that of thea type is tion are favored in LaMng@, YVO,, and YTiO; which have
plotted as a function of th_e tilting, U,_ar;d ([.’d(’) are 70 the relatively large GdFe@type distortion. On the other
41.E0,l§1°ndt;]2.2 %\{ Ires%ectl\éelyi, Ior \;-I;'h%tw'th. thle t||t|n_g hand, in less distorted LaVQthe orbital ordering compat-
0 » the orbital ordered state of tREtype IS IOWer IN 16 with the a-type JT distortion is favored because of the
energy, in agreement with the experimental result. In thi

state, the sites 1, 2, 3, and 4 are occupiedchyz+ c,xy, ure superexchange effect.
C1ZX+CoXY, C1yZ—CoXY, and c;ZX—C,Xy orbitals (c,
~0.8 andc,~0.6). However, experimentally, less distorted
LaTiO5 has no or very small JT distortion and ha&dype The authors would like to thank useful discussions with
AFM state'® The present calculation cannot explain why theK. Tomimoto, J. Akimitsu, Y. Ren, and P. M. Woodward.
G-type AFM state can be stable compared to the FM state iThis work was supported by the Nederlands foundation for
LaTiOs. Fundamental Research of Mat{@&OM).

ACKNOWLEDGMENTS

1K. 1. Kugel and D. I. Khomskii, Zh. Eksp. Teor. Fiz., Pis’'ma Red. 8J. Akimitsu (unpublishedl
15, 629 (1972, [JETP Lett.15, 446 (1972]; Usp. Fiz. Nauk.  7P. Bordet, C. Chaillout, M. Marezio, Q. Huang, A. Santoro, S.-W.
136, 621 (1981 [Sov. Phys. Usp25, 231(1982]. Cheong, H. Takagi, C. S. Oglesby, and B. Batlogg, J. Solid State
2A, Okazaki, J. Phys. Soc. Jp81, 4619(1969; M. T. Hutchings, Chem.106 253 (1993.

, Phys. Rev. B188 919 (1969. 8T. Mizokawa and A. Fujimori, Phys. Rev. B1, 12 880(1995;
J. B. Goodenough, Phys. Rel50, 564 (1955; J. B. A. A. El- 54, 5368(1996
emans, B. van Laar, K. R. van der Veen, and B. O. Loopstra, J'9M. O’Keefee and B. G. Hyde, Acta Crystallogr., Sect. B: Struct.

Solid State Chem3, 328 (1971).
43. Rodfquez-Carvajal, M. Hennion, F. Moussa, A. H. Moudden, ~ Cystallogr. Cryst. ChemB33, 3802(1977; P. M. Woodward,

L. Pinsard, and A. Revcolevschi, Phys. Rev. 3, R3189 0 ibid. B53, 32(1997. _ _ _
(1998; Y. Murakami, I. Koyama, M. Tanaka, H. Kawata, J. P. ~J- B. GoodenoughMagnetism and the Chemical Boriwiley,
Hill, D. Gibbs, M. Blume, T. Arima, Y. Tokura, K. Hirota, and New York, 1963; Prog. Solid State Chend, 145 (1971.
Y. Endoh, Phys. Rev. Let81, 582 (1998. *1J. Kanamori, Prog. Theor. Phy0, 275 (1963.

SH. Kawano, H. Yoshizawa, and Y. Ueda, J. Phys. Soc. 8@n. 12\, A. Harrison,Electronic Structure and the Properties of Solids
2857(1994. (Dover, New York, 1988



PRB 60 INTERPLAY BETWEEN ORBITAL ORDERING AND . .. 7313

135, Ishihara, J. Inoue, and S. Maekawa, Phys. Re®%5B8280 d-type. This is opposite to the effect of the covalency between
(1997; L. F. Feiner and A. M. Olesunpublishedt D. Feinberg the A-site cations and oxygens.
et al, Phys. Rev. B57, R5583(1998. 157, Jirak, S. Krupicka, Z. Simsa, M. Dlouha, and S. Vratislav, J.

14we have evaluated the Madelung energy of the model perovskite Magn. Magn. Mater53, 153 (1985.
lattices with the JT and GdFe@ype distortions and have found ®J. P. Goral and J. E. Greedan, J. Magn. Magn. Ma&&@&r.315
that thea-type JT distortion is slightly lower in energy than the (1983.



