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Orbital and magnetic orderings in localized t2g systems, YTiO3 and YVO3:
Comparison with a more itinerant eg system LaMnO3
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The electronic structures of the narrowt2g band systems YTiO3 and YVO3 are studied using the generalized
gradient approximation~GGA! and local-density approximation~LDA !1U method. GGA fails in reproducing
the insulating nature of YTiO3 and the correct magnetic ordering of YVO3 . The LDA1U method improves the
GGA results in both of the above contexts through the enhancement in the orbital polarization. These results
are compared with those for the widert2g band system LaVO3 and more itineranteg system LaMnO3 . The
problems of GGA and LDA1U in predicting the ground-state magnetic ordering of LaMnO3 will also be
discussed.@S0163-1829~98!07332-9#
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I. INTRODUCTION

In a previous series of papers,1–6 we studied basic aspec
of the transition-metal oxides~TMO! with the perovskite
structure based on the band structure calculations. Partic
attention has been paid to the correlation among lat
distortion, orbital ordering, and magnetic ordering. W
adopted the local-spin-density approximation~LSDA!,
the generalized gradient approximation7,8 ~GGA! and the
local-density approximation~LDA !1U method9,10 as differ-
ent levels of approximations to treat the electron-elect
interaction. The perovskite TMO are categorized into t
groups, thet2g system and thee g system, where the Ferm
level is located in thet2g and eg manifold, respectively.
While the eg orbitals are more or less itinerant because
the strong hybridization with the oxygenp orbitals, thet2g

orbitals have much stronger localized character due to
weakp-d hybridization. With given crystal structures dete
mined experimentally, the calculated degree of orbital po
ization is nearly the same between LSDA and GGA
the eg system LaMnO3. On the other hand, for thet2g
systems (LaVO3, YVO3, YTiO3), the orbital polarization
is virtually nonexisting with LSDA and becomes appreciab
with GGA.4,11 These results seem to suggest that the cont
ling factor of the orbital polarization may be the Jahn-Tel
~JT! lattice distortion for theeg system and the electron
electron interaction for thet2g system. The total energy ca
culations based on GGA can correctly give the lowest ene
to the observed ground-state magnetic ordering in most c
we studied. However, there were two obvious problems
our study. First, we found that the ferromagnetic~FM! state
becomes more stable than the observedA-type antiferromag-
netic ~AF! state in LaMnO3 if we optimize the JT distortion
for the FM andA-type AF state separately even with th
experimental lattice constants for theA-type AF state.6 The
energy of the FM state decreases further with optimization
PRB 580163-1829/98/58~11!/6831~6!/$15.00
lar
e

n

f

e

r-
r

l-
r

y
es
n

f

the lattice constants. The LDA1U method with the effective
Coulomb parameterUeff common to botht2g and eg states
even worsens the situation.6 The reason for this is that th
AF coupling contributed by thet2g states is suppressed b
the enhanced energy splitting between the occupied and
occupiedt 2g states. Second, even if we use the experime
lattice structure, the energy ordering estimated by GG
among different magnetic structures is totally incorrect
YVO3, though GGA improves the LSDA result to som
extent.4,12 The failure of the GGA calculation in this cas
may be due to the very narrowd bands caused by the re
duced angle/V-O-V @144 ° in YVO3 ~Ref. 13! versus
156 ° in LaVO3 ~Ref. 14!#. ~Note that the ionic radii of Y31

and La31 with coordination number of 12 are 1.25 and 1.
Å, respectively.!

In the present work we study these system
YTiO3 , YVO3, and LaMnO3. Our previous calculation for
YTiO3 showed that although GGA can reproduce the m
netic order and orbital order qualitatively, it cannot repr
duce the insulating nature.11 In fact, YTiO3 is an FM Mott
insulator, a rare case. Note that LaTiO3 is an AF Mott insu-
lator. Mizokawa and Fujimori pointed out that the spin-orb
interaction plays an important role in LaTiO3 .15 We neglect
it in our study of Y compounds expecting that a larger crys
distortion in the Y case makes the crystal field more imp
tant than the spin-orbit interaction. Nevertheless, a poss
ity of an important role of the spin-orbit interaction will b
pointed out in the intermediate temperature phase of YVO3.
We will show below that the LDA1U method withUeff of
2;3 eV resolves the problems in YTiO3 and YVO3. These
values ofUeff are consistent with our previous estimation
the LDA1U2 method in which the Coulomb interaction be
tween t2g electrons are allowed to be screened by theeg
electrons.5 In the present work, we applied the sameUeff
both tot2g andeg states but theeg states are anyway empty

For LaMnO3, problems are rather complex. As alrea
6831 © 1998 The American Physical Society
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mentioned, we know at least one possible reason for
failure of the LDA1U method. Therefore, just as an attem
we applyUeff only to theeg states and show that this pre
scription significantly improves the situation. With th
LDA1U2 method,5 we demonstrated that the effective Co
lomb interaction betweent 2g electrons in LaMnO3 is van-
ishingly small by the efficient screening by theeg states.
Perhaps this argument can be a rationale for the neglec
Ueff for the t2g states. Nevertheless, the present purely e
pirical prescription requires justification with a more fund
mental approach.

The details of the computational method are descri
elsewhere,6 and here we only mention two aspects. First,
number ofk points is 144 in the first Brillouin zone, which
corresponds to 48, 56, 60, and 56k points in the irreducible
Brillouin zone for the FM,A-type, C-type, andG-type AF
orderings, respectively. Second, the LDA1U method in the
present calculations is the one implemented in the Vande
pseudopotential framework with the plane-wave ba
set.16,17 Note thatU and J are simply parameters andUeff
5U2J is set to be 3.2 eV and 2.8 eV for YTiO3 and YVO3,
respectively. These values ofUeff , which are applied to both
t2g andeg electrons, give reasonable band gaps.18

TABLE I. Crystal structures and magnetic properties of YTiO3

~Refs. 19–21!, YVO3 ~Ref. 13!, and LaVO3 ~Refs. 14, 22, and 23!.
a, b, andc are lattice constants in Å, M-O denotes the bond d
tance in Å between the transition metal~M! and oxygen, and
/M-O-M is the bond angle in degree. M.O. denotes the magn
order andM the magnetic moment inmB . T N andTC are Nèel and
Curie temperature, respectively.

YTiO3 YVO3 LaVO3

T,77 K T.77 K

a (Å) 5.316 5.279 5.272 5.592
b 5.679 5.589 5.620 5.562
c 7.611 7.548 7.542 7.752
M-O ~Å! 2.02 1.98 1.98 1.98, 1.98

2.02 1.98 2.01 1.98, 1.99
2.08 2.05 2.02 2.04, 2.04

/M-O-M (°) 140 145 144 157
144 144 145 158, 156

M.O. F G C C
M (mB) 0.84 1.6 1.0 1.3
TN or TC (K) 29 77 118 140

TABLE II. The total energies (ET)(meV/f.u.) measured from
the experimentally obtained one and magnetic moments (M ) (mB)
of various spin orderings.

YTiO3 YVO3

GGA LDA1U GGA LDA1U
ET M ET M ET M ET M

FM 0.0 0.80 0.0 0.82 267.4 1.76 48.3 1.81
A-type AF 8.1 0.71 2.0 0.81245.7 1.69 33.8 1.78
C-type AF 54.5 0.19 9.8 0.77241.8 1.61 15.6 1.77
G-type AF 37.0 0.23 10.5 0.76 0.0 1.56 0.0 1.7
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II. RESULTS AND DISCUSSION

Table I summarizes the experimental information ab
the crystal structures and the magnetic properties
YTiO3 , YVO3, and LaVO3. The most important feature
to be noticed is the large deviation from 180 ° for the ang
/Ti-O-Ti and /V-O-V for the Y case. It is also interesting
to note the change in the V-O bond length distribution
YVO3 associated with the change in the magnetic orderi
Table II shows the total energies of YTiO3 and YVO3 for
different magnetic structures, namely, ferromagnetic~FM!,
A-type antiferromagnetic~AF!, C-type AF, andG-type AF
structures, obtained in GGA and LDA1U. In these calcula-
tions, the experimental crystal structure for the ground s
magnetic order is assumed. As for YTiO3 , the FM state is
the most stable both in GGA and LDA1U, being consistent
with the experimental observation. However, the energy

-

ic

FIG. 1. Comparison of the total DOS for YTiO3 obtained in
GGA and LDA1U.

FIG. 2. The orbital population in the majority spind-states for
~a! YTiO3 and ~b! YVO3 .
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FIG. 3. ~Color! The spatiald
electron distribution in ~a! FM
YTiO3 and~b! G-type AF YVO3 .
The colors denote up-spin~blue!
and down-spin~red! contributions.
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ference among these magnetic structures may be too lar
GGA to account for the low Curie temperature of 29 K. T
LDA1U method suppresses the energy difference by ab
factor four. The neutron diffraction experiment for YVO3

~Ref. 13! shows that theG-type AF state is the lowest-energ
phase. The first-order phase transition at 77 K from
G-type to theC-type AF state suggests that the second lo
est energy phase may be of theC-type AF state. Table II
clearly shows that the ordering of the stability among diff
ent magnetic structures is totally incorrect in the results
tained by GGA. On the other hand, the LDA1U method
resolves this problem of GGA. In the following we will ana
lyze the origins of the difference between the GGA a
LDA1U calculations for both YTiO3 and YVO3 by exam-
ining the density of states~DOS! and the orbital population

The total DOS for the FM YTiO3 is shown in Fig. 1 for
both GGA and LDA1U. In contrast to the LSDA resul
shown in Ref. 11, the GGA result has a clear dip in DOS
the Fermi level. The LDA1U method produces a well
defined band gap being consistent with the experiment.
magnetic moment of Ti within a sphere of 1.16 Å is al
shown in Table II. Although LDA1U gives a slightly larger
value for the magnetic moment than GGA for the FM sta
both are in fair agreement with the experimental value
Table I. However, the magnitude of magnetic moment of
strongly depends on the magnetic structure in the GGA
sults. The trend observed in Table II is such that the m
netic moment shrinks as the number of antiparallel pairs
creases. This is because in the AF ordering the majority s
state on a given site can hybridize with the minority sp
state on the neighboring site with antiparallel magnetic m
ment and this hybridization is strong in the Ti case due
small exchange splitting in GGA. Such hybridization reduc
the magnitude of the magnetic moment. In the LDA1U cal-
culation, the exchange splitting is significantly enhanced
thereby the intersite majority-minority hybridization is r
duced. This explains the reduction not only in the variat
of the magnetic moment among different magnetic orderi
but also in the variation of the total energies. The latter c
be associated with reduction in the kinetic exchange c
pling that is roughly proportional tot2/Dex with t the effec-
tive d2d hopping integral between neighboring Ti atom
andDex the exchange splitting. The orbital population in t
majority spin d states are shown in Fig. 2~a!. Clearly,
LDA1U enhances significantly the orbital polarization.
GGA, the orbital polarization also depends on the magn
ordering sensitively, and the small orbital population in t
majority spin state for theC- andG-type AF states is due to
the small magnetic moment. The totald electron number
does not depend on the magnetic ordering. The spa
d-electron distribution as a result of the orbital polarizati
in the FM state obtained by LDA1U is shown in Fig. 3~a!.
As suggested by Fig. 2~a!, only onet2g orbital is occupied at
each Ti site. An interestng feature of Fig. 3~a! is that the
orbital ordering is ofG-type, which is required in order to
stabilize the FM state as suggested by the consideration
ing the diagrams like Figs. 15–17 in Ref. 4. As the crys
structure is available only above the Curie temperature,19 the
bond arrangement in the crystal structure used in our ca
lation is ofC-type, being inconsistent with the orbital orde
ing. This clearly suggests that the orbital ordering is co
in
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trolled by the electron correlation rather than by the electr
phonon interaction in thet2g systems.

YVO3 has a small band gap at the Fermi level in t
G-type AF state as shown in Fig. 4~a!, but it becomes me-
tallic with other magnetic orderings in GGA. However, th
band gap does not control the energetics significantly in
present case. In contrast to this, the variation in the majo
spin t2g bandwidth, estimated in GGA as 1.85 eV~FM!, 1.52
eV ~A-AF!, 1.21 eV~C-AF! and 1.05 eV~G-AF!, correlates
with the variation in the total energies. A largert2g band-
width results in a larger gain in the band energy. Anywa
as shown in Table II, the total energy calculations by GG
are totally incorrect for YVO3. Experimentally, YVO3 is
an insulator with an energy gap of 1.2 eV, which is comp
rable to thet2g bandwidth obtained by GGA. This sugges
that YVO3 is a strongly correlated Mott insulator and GG
fails in describing its electronic structure. The situati
should be compared with that of LaVO3 where GGA can
predict the ground-state magnetic ordering correctly at le
with the given experimental crystal structure. The differen
between these two systems comes from the difference mo
in the ionic radius between La31(1.36Å) and Y31(1.25Å).
The smaller ionic radius of Y31 causes a smaller/V-O-V
and thereby a smallert2g bandwidth. LaVO3 and YVO3 form
good instructive examples showing how GGA fails as t
bandwidth becomes narrower.

The correct energy ordering among different magne
structures is obtained by the LDA1U method at least with
the given experimental crystal structure corresponding to
G-type AF state. The corresponding DOS is shown in F
4~a! by broken curves. The calculated magnetic momen
slightly overestimated compared with the experimen
value. The orbital population among the majority-spind or-
bitals is shown in Fig. 2~b! for different magnetic orderings
and for both GGA and LDA1U. Again, the orbital popula-
tion depends strongly on the magnetic ordering in GG
while it is quite insensitive to the magnetic ordering in LD
1U. The failure of GGA and success of LDA1U in the
prediction of the ground-state magnetic ordering can be
derstood by the diagram of Fig. 15 in Ref. 4 with the orbi
population shown in Fig. 2~b!. The diagram tells us that th

FIG. 4. Comparison of the total DOS for~a! G-type and~b!
C-type AF YVO3 obtained in GGA and LDA1U.
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AF coupling between the neighboring V moments along
c axis will be stabilized if the orbital polarization is stron
The condition is satisfied by the orbital polarization obtain
by LDA1U but not by the one obtained by GGA as can
seen in Fig. 2~b! for the FM state. The spatiald-electron
distribution as a result of the orbital polarization in th
G-type AF state calculated by LDA1U is shown in Fig.
3~b!. Clearly the orbital ordering is ofC-type, the same as
the bond arrangement in this case. If the localx axis is taken
along the longest V-O bond, the electron density distribut
in Fig. 3~b! corresponds to the nearly equal occupation ofxy
andzx orbitals.

As mentioned already, YVO3 undergoes the first-orde
phase transition from theG-type to theC-type AF state at 77
K. An important difference in the crystal structure betwe
the two phases is the fact that one longer V-O bond lies
the ab plane in the low-temperature phase while there
two longer V-O bonds in theab plane in the high-
temperature phase. Judging from this V-O bond-length
tribution for theC-type AF state in Table I, we speculate th
thexy orbital will be most preferentially occupied and theyz
and zx orbitals will be both half filled in the majority spin
state. With the above orbital population, an argument ba
on a diagram similar to Fig. 15 in Ref. 4 predicts a F
coupling between V magnetic moments along thec axis. On
the other hand, a diagram similar to Fig. 17 in Ref. 4 su
gests that the magnetic coupling within theab plane may be
little affected by the small rearrangement of the orbital p
larization associated with the phase transition. Therefore,
bond arrangement above 77 K is favorable to the magn
ordering of theC-type AF. However, the present tota
energy calculation is not totally consistent with the abo
speculation. TheG-type AF is still slightly lower in energy
than theC-type AF even with the crystal structure for th
C-type AF. The energy difference is, however, only 5 me
per formula unit, being1

3 of the energy difference shown i
Table II where the total energies for YVO3 were estimated
for the structure for theG-type AF. There are two possibl
ingredients to be considered in the arguments on the tra
tion from the G-type to C-type AF. First, considering the
near degeneracy betweenyz andzx orbitals with the struc-
ture for theC-type AF, we expect an important role of th
spin-orbit interaction. In fact, the spin-orbit coupling ener
is the order of 10 meV. Second, the transition from t
G-type to C-type AF may be partly caused by the entro
gain in theC-type AF, which we have not estimated. In Fi
4 the DOS for theC-type AF shows wider Vd band than
that for G-type AF, reflecting the FM ordering along thec
axis in theC-type AF.

Finally, we would like to make two brief comments o
LaMnO3. First, we have demonstrated so far that the el
tronic structures of thet2g system like YTiO3 and YVO3 are
significantly modified by the approximations used for t
electron-electron interaction. However, the basic feature
the electronic structure of LaMnO3, a typical example of the
eg system, are fairly insensitive to the approximations. W
demonstrated this in our previous paper3 in detail, and here
we only show in Fig. 5 the orbital population estimated
some different approximations. It is clear that the orbi
population is hardly affected by different approximations a
e
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different parameter values in LDA1U. Second, we pointed
out in the Introduction one serious problem of our ba
structure calculation for LaMnO3: if we optimize the crystal
structure, the FM state rather than theA-type AF state be-
comes the ground state. As long as we use the commonU eff
for both t2g andeg orbitals in the LDA1U method, the situ-
ation is never improved or even becomes worse than G
calculations. If we adopt the orbital dependentUeff and solve
the LDA1U equations within the Hartree-Fock approxim
tion, one of the possible ways to make theA-type AF more
stable is to applyUeff only to theeg orbitals. This seems to
contradict with the expectation that theeg states are more
itinerant than thet2g states. However, in the LDA1U2
approach3 developed by us where the electron-electron int
action in thet2g orbitals is allowed to be screened by theeg
electrons, the screenedUeff for the t 2g orbitals is vanishingly
small in LaMnO3 because of very efficient screening by th
eg states located just at the Fermi level. However, a prob
is that any hint aboutUeff for the eg orbitals is not given by
the LDA1U2 method. The efficient screening of thet2g elec-
trons byeg electrons in LaMnO3 will be a real fact irrespec-
tive of the approaches. Therefore, just as an attempt,
applyUeff only to theeg orbitals. Figure 6 shows the energ

FIG. 5. The orbital population in the majority spind-states for
LaMnO3 . In LDA1U~1!, Ueff of 2 eV is applied to thet2g andeg

electrons. In LDA1U~2! and LDA1U~3!, Ueff of 2 eV and 4 eV is
applied only to theeg electrons, respectively.

FIG. 6. The energy difference betweenA-type AF and FM
states for LaMnO3 estimated by some different approximation
The experimental crystal structure was used for circles. For
angles the internal coordinates are optimized with the experime
lattice parameters. In LDA1U~1!, Ueff of 2 eV is applied to thet2g

andeg electrons. In LDA1U~2! and LDA1U~3!, Ueff of 2 eV and
4 eV is applied only to theeg electrons, respectively.
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6836 PRB 58H. SAWADA AND K. TERAKURA
difference between theA-type AF and FM states estimate
by some different approximations. For circles we used
crystal structure obtained experimentally. For triangles
optimized the internal coordinates with the experimental l
tice parameters for theA-type AF state. It is clear that afte
the internal coordinate optimization the LDA1U method
with Ueff only to theeg orbitals can stabilize theA-type AF.
Nevertheless, this is nothing but a simple empirical analy
of the problem and more fundamental approaches are
quired to check its validity.

III. SUMMARY

We demonstrated that GGA is not sufficient for the d
scription of the narrowt2g band systems YTiO3 and YVO3.
For example, it totally fails in predicting the stability of th
magnetic structure of YVO3 and overestimates the stabilit
of the ground-state magnetic state of YTiO3 . The LDA1U
method with the effective Coulomb interaction parame
Ueff chosen to reproduce the band gap can resolve mos
the problems of GGA. The LDA1U method also describe
n
a

d

.

s

R

v.

th

y
-

u

e

e
e
t-

is
e-

-

r
of

properly the correlation between the magnetic structure
small lattice distortion in two different phases of YVO3.

For both YTiO3 and YVO3 the crystal structures obtaine
experimentally are assumed in the present calculations.
the eg system LaMnO3, GGA, and even LSDA can predic
the ground-state magnetic structure properly for the exp
mental crystal structure.1 However, the problem is not so
simple. Once we optimize the crystal structure theoretica
GGA and even LDA1U cannot predict the ground state co
rectly. We have introduced an empirical corrections in t
LDA1U method in order to solve this problem.
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