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Various exotic phenomena have been observed in epitaxially grown films and superlattices of transition-
metal oxides. In these systems, not only the interface properties but also the strain-induced modification in the
bulk properties play important roles. With the recent experimental activities �Y. Hotta, T. Susaki, and H. Y.
Hwang, Phys. Rev. Lett. 99, 236805 �2007�� in mind, we have studied the epitaxial strain effects on the
electronic structure of Mott insulator LaVO3. The present work is based on the calculations using density-
functional theory supplemented by adding local Coulomb repulsion U for V d orbitals. The range of strain
studied here extends from c /a=0.98 �bulk LaVO3 case� to c /a=1.107 �LaAlO3 substrate case�. In this range
of the strain, we have found the following three different antiferromagnetic spin-ordering �SO� phases. For
0.98�c /a�1.005, the combination of C-type SO and G-type orbital ordering �OO� is the most stable. The
bulk LaVO3 belongs to this range. For 1.005�c /a�1.095, the ground state has A-type SO and G-type OO.
LaVO3 epitaxially grown on SrTiO3 is in this range. When c /a�1.095, G-type SO with ferromagnetic OO
becomes the ground state. This range includes the case of LaAlO3 substrate. The implications of these results
with regard to the experimental data for thin films of LaVO3 on SrTiO3 and LaAlO3 substrates will be
described. Detailed discussion is given on the mechanisms of stabilizing particular combination of SO and OO
in each of three phases.

DOI: 10.1103/PhysRevB.82.115105 PACS number�s�: 71.27.�a, 75.25.�j, 75.10.Dg

I. INTRODUCTION

The interface of two different transition-metal oxides has
attracted intensive studies since various unusual electronic
states have been observed in that region. The metallic n-type
interface between two band insulators LaAlO3 and
SrTiO3,1–5 as well as that between Mott insulator LaVO3 and
band insulator SrTiO3 �Ref. 6� has stimulated broad interests.
Both of the systems have the so-called “polar discontinuity”
problem once the perovskite LaAlO3 or LaVO3 grows on the
SrTiO3 substrate along �001� direction. The variation of va-
lence state of transition-metal ions brings a new degree of
freedom to resolve the polar discontinuity problem by ac-
cepting proper number of electrons in the n-type interface
region. In addition to the electronic reconstruction, oxygen
vacancy introduced during growth7 is also proposed to be
one of the origin of conducting interface. On the contrary, the
p-type interfaces of the above two are insulating even if
holes are believed to be introduced due to the same elec-
tronic reconstruction mechanism. In LaAlO3 /SrTiO3 case, it
is proposed that the induced holes are compensated by elec-
trons generated by oxygen vacancy. In fact, existence of ap-
preciable amount of O2− vacancies was detected.2 In
LaVO3 /SrTiO3 case, the possibility of existing oxygen va-
cancy is not fully excluded since annealing in oxygen will
lead to LaVO4 instead of LaVO3. Nevertheless, two dimen-
sional metallic conductivity was clearly observed for the
n-type interface while the p-type interface was insulating.6

Jackeli and Khaliullin8 addresses the mechanism of insulat-
ing behavior for the p-type interface. Considering the active
t2g electrons are strongly correlated and confined in the two-
dimensional VO2 layer, they proposed a combined orbital,
charge, and magnetic ordering in the VO2 interface layer

when it is half doped with holes. The resulted insulating state
is consistent with the experimental observation but the pro-
posed magnetic character has not yet been experimentally
verified. In LaVO3 /SrVO3 superlattice structure with a simi-
lar p-type interface, conducting and room-temperature ferro-
magnetic �FM� VO2 layer is observed.9

In addition to the carrier doping, the epitaxially grown
films may have another important effect, the epitaxial strain
effect. While, for the epitaxial film of LaAlO3, the strain may
produce only moderate effects on the electronic structure by
distorting the band structure to some extent, for that of
LaVO3, as well as many other transition-metal oxides with
partially occupied d bands, the epitaxial strain may induce
phase transitions and may serve as a way to tune physical
properties. For example, the strain effect is used to tune mag-
netic properties of SrRuO3 �Ref. 10� and to control the trans-
port properties through magnetic phase transition in
La1−xSrxMnO3 �Ref. 11� and Ca1−xCexMnO3.12,13 These are
the manifestation of the well-known strong coupling among
lattice, spin, orbital, and charge degrees of freedom of corre-
lated d electrons. We demonstrate in the following that the
strain effects on the magnetic and orbital orderings are cru-
cially important also for LaVO3 epitaxially grown on SrTiO3
and LaAlO3. We emphasize that the physics controlling the
strain effects in LaVO3 is quite different from those in
SrRuO3 and manganites. In SrRuO3, Ru is in 4+ state with d4

configuration. Because of relatively extended character of 4d
orbitals, SrRuO3 is in the low spin state and the Fermi level
lies in the minority-spin t2g band. However, there is no phase
transitions among different ordered magnetic states due to
weak Coulomb interaction. In contrast of SrRuO3, Mn 3d
orbitals have stronger localization and both of La1−xSrxMnO3
and Ca1−xCexMnO3 take high spin state with the Fermi level
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in the majority-spin eg band. However, despite its localized
nature of Mn 3d orbitals, eg orbitals can strongly hybridize
with the oxygen p orbitals to form eg band with appreciable
bandwidth and the electron correlation effect becomes
weaker. The strain effect on eg bands can be understood in a
straight manner in terms of lattice effects on the p-d hybrid-
ization. On the other hand, t2g band of LaVO3 is quite narrow
due to weak p-d hybridization. Because of this, the compe-
tition between the lattice distortion and strong correlation
effect produces the complexity in the physics of strain ef-
fects. As far as we know, no theoretical work is available to
date which addresses the strain effects in t2g systems of 3d
transition-metal oxides.

Even in bulk LaVO3, understanding of coexistence of
C-type spin ordering �C-SO� and G-type orbital ordering
�G-OO� is still a matter of controversy. There have been
many arguments on which of Jahn-Teller �JT� distortion14,15

or orbital fluctuations16–18 is dominant. The V3+ ion sur-
rounded by an oxygen octahedron has two electrons on the
t2g orbitals, which are threefold degenerate in the cubic sym-
metry. Energy gain can be achieved by lifting this orbital
degeneracy through cooperative JT distortion of VO6 octahe-
dra and put the electrons into the lower-energy orbitals. The
fluctuation of orbital degrees of freedom thus is suppressed
by forming corresponding orbital ordering regardless of spin
ordering. On the other hand, it is generally expected that the
JT distortion in the t2g system is rather small18 and that Cou-
lomb interaction between localized t2g electrons leads to
quite strong correlations among the orbital, spin, and charge
degrees of freedom. This is the background of theoretical
works treating the orbital degrees of freedom and the spin
degrees of freedom on the equal footing using Kugel-
Khomskii superexchange �SE� interaction models.16,19,20

Such SE interaction is strongly frustrated on a perovskite
lattice, leading to enhanced quantum effect like orbital fluc-
tuations. Khaliullin et al.16 proposed that orbital fluctuations
stabilize G-OO and C-SO in cubic vanadates. On the other
hand, Fang et al.15 have argued that the JT distortion sup-
presses the quantum orbital fluctuations in LaVO3, as well as
in YVO3. The SO and OO in both vanadates can be well
understood in terms of JT distortion within their density-
functional theory �DFT� calculations. In addition, the split-
ting of spin-wave dispersions in YVO3 with C-SO is attrib-
uted to the reduced geometrical symmetry instead of orbital-
Peierls state.17 Their prediction of the similar splitting of
spin-wave dispersion in LaVO3 is observed experimentally
by Tung et al.21 While again orbital fluctuations have been
shown to be quite strong in LaVO3 and can be suppressed
only in the monoclinic phase by both JT and GdFeO3-type
distortion by using DFT+dynamical mean-field theory
calculations.22 Recently, Kugel-Khomskii SE model im-
proved by including GdFeO3-type distortion18 is used to ex-
plain the observed phase diagram of a serials of RVO3 �R is
rare earth element or Y� perovskites. It is found that the
lattice strain effect can partially suppress the orbital fluctua-
tions, although JT distortion is not considered there. In real-
ity, the situation is more complicated by the coexisting of
both JT and GdFeO3-type distortions.

In this work, we will tune the strength of lattice distortion
directly by applying external tetragonal strain and study how

lattice distortion and SE work together to lead to evolution of
different SO and OO in LaVO3 as c /a is varied. This analy-
sis will sever as the starting point to understand the interface
of the thin film of LaVO3 grown on SrTiO3 and LaAlO3. We
predict that the stable SO for the tetragonal strain corre-
sponding to SrTiO3 �LaAlO3� substrate will be A type �G
type� keeping the insulating state unchanged. The result is at
least qualitatively consistent with the experimental observa-
tion that the interface with the SrTiO3 substrate can be
metallic6 while that with LaAlO3 is insulating23 because the
FM intraplane SO within the interface VO2 layer will be-
come metallic more easily than the antiferromagnetic �AF�
intraplane SO when holes or electrons are doped. Moreover,
the observation of anomalous Hall effect for the interface
with SrTiO3 implies that the FM SO must exist at the inter-
face. This is compatible with A-SO but incompatible with
C-SO and G-SO. Nevertheless, more elaborate calculations
are needed to clarify the effects of interface and they are left
as our next step task.

We also try to clarify the crystal-field effect coming from
GdFeO3-type distortion and point out that the detailed geo-
metrical structure is important to determine the SO and OO
in LaVO3. In the next section, we will describe the setting up
of the problem, computational details of the DFT+U calcu-
lation and the basic theoretical framework for the analysis of
stability of SO and OO. The results and discussion will be
given in Sec. III. Finally, we make a summary in Sec. IV.

II. METHODOLOGY

Experimentally, LaVO3 grown on SrTiO3 �Ref. 6� and
LaAlO3 �Ref. 23� is found to be fully constrained to the
substrate and the lattice volume is found to be close to its
bulk in LaAlO3 case.23 Thus, the a and b lattice constants of
LaVO3 are taken as those of the substrate and c lattice con-
stant is taken by keeping the unit-cell volume the same as the
experimental monoclinic LaVO3.24 The strained tetragonal
LaVO3 with c /a ranging from 0.98 to 1.11 are studied. The
calculations are done with QMAS �Ref. 26� code based on the
projector augmented-wave �PAW� method. The pseudopoten-
tials are generated with the valence configurations of
5s25p65d06s26p1 for La, 3s23p63d34s24p0 for V, and 2s22p4

for O. The expression for the exchange-correlation energy is
the one parametrized by Perdew et al.27 within generalized
gradient approximation �GGA�. The cut-off energy for the
plane-wave basis is taken as 35 Ry. A grid of 6�6�5 is
used to sample the full Brillouin zone during the self-
consistent calculation. To take account of the strong on-site
Coulomb interaction of V 3d electrons, rotationally invariant
+U method28 is used with effective Ueff parameter being 3.0
eV, which can properly reproduce the band gap of bulk
LaVO3.15 In order to study AF ordering, a pseudocubic su-
percell of �2��2�2 is used, which includes four V ions
with V1 and V2 in one ab layer while V3 and V4 on top of
V1 and V2, respectively. The global axes x, y, and z at V

sites are defined as the �110�, �1̄10�, and �001� directions of
the unit cell �see Fig. 6�, respectively. With these settings,
calculations are performed for the free bulk LaVO3 at 10 K
and it is found that the energy differences among four stud-
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ied SOs, including FM, A-type �AF stacking of FM ab lay-
ers�, C-type �FM stacking of AF ab layers�, and G-type �AF
staking of AF ab layers� AF spin orderings, are comparable
with those in Ref. 15. For LaVO3 under different epitaxial
strain, the atomic position is fully relaxed within each SO
until the forces are less than 0.01 eV /Å.

To analyze the underlying mechanism of obtained results,
maximally localized Wannier functions �MLWFs� �Ref. 29�
for t2g bands are constructed by using OPENMX code.30,31 We
have constructed MLWFs for V t2g bands in two ways. One
is done for the nonmagnetic state of LaVO3 within GGA
calculations. The crystal structure is assumed to be the one
optimized in the GGA+U calculation for the most stable SO
for a given c /a. In this approach, the crystal field and the
covalent effect are self-consistently taken into account. Since
t2g bands form isolated group of bands, disentangling proce-
dure is not necessary. The crystal-field orbitals �CFOs�, or-
bital energies, and hopping integrals can be obtained through
the Hamiltonian within the space of MLWFs. The Hubbard
model is then constructed by adding the U term. The SE
interaction among these CFOs is calculated within the Hub-
bard model where hopping between nearest-neighboring
�NN� sites is treated as perturbation.16,32 Considering V3+ ion
is in the high spin state, the initial configuration is such that
the two of the three CFOs are occupied with parallel spin
moment. The neighboring sites can be ferromagnetically or
antiferromagnetically ordered. Taking into account all the
possible virtual hopping paths, the energy gains for FM and
AF configurations within the second-order perturbation treat-
ment are

�EFM = �
j,j�

�
i=1,2

−
�ti,3

j,j��2

U

1

1 – 3
JH

U

�1�

and

�EAF = �
j,j� � �

i,i�=1,2

−
�ti,i�

j,j��2

U

1 +
JH

U

1 + 2
JH

U

+ �
i=1,2

−
�ti,3

j,j��2

U

1 – 2
JH

U

1 – 3
JH

U
	 ,

�2�

respectively. Here ti,i�
j,j� means the hopping integral from or-

bital i on site j to orbital i� on site j�. Among the three CFOs,
the first �i=1� one and the second one �i=2� are fully occu-
pied while the third one �i=3� is empty. We have neglected
the crystal-field splittings among these three CFOs in the
above derivation since they make only small contributions to
the SE interaction, though it is straightforward to include
them. In fact in order to compare total energies among dif-
ferent OO in the following section, we take account of the
difference in the on-site energy of occupied orbitals. JH and
U are the Hund coupling and intraorbital Coulomb interac-
tion of V3+ ion.

The approach described above can be straightforwardly
applied to the analysis in region �a� and region �c� in Fig. 1,
where OO and JT distortion are not sensitive to SO. On the

other hand, as will be shown later, the situation in the inter-
mediate case in region �b� is rather subtle in the sense that
OO and JT distortion depend on SO more sensitively. In
order to treat such a case, we adopt an alternative approach
in which the MLWFs are constructed for each SO within
GGA+U calculations.33 As the t2g bands are entangled with
V eg bands in this case, the minimum outer window is set to
cover all the t2g bands. At the same time the maximum inner
window including all the bands purely from t2g orbitals is
used. The crystal-field effect, covalent effect, and U effect
are now considered on equal footing self-consistently and
these MLWFs are used to evaluate the magnetic interaction
energy in each SO by using the SE mechanism. This treat-
ment will be found to be more precise than the first one if the
crystal field and SE interaction from spin-orbital coupling
are comparable with each other.

In both approaches, the obtained MLWFs with spreads
converging to 10−10 Å2 are mostly centered around each V
atoms and very similar to the atomic t2g orbitals. The inter-
polated band structure well reproduces the original band
structure.

III. RESULTS AND DISCUSSIONS

The total energies with different long-range SO, including
FM, A-, C-, and G-type AF orderings, for LaVO3 under dif-
ferent epitaxial strain �measured by c /a value� are plotted in
Fig. 1. Three regions can be easily identified. For �a� c /a
�1.005, C-SO is the most stable one, which is consistent
with the SE model result for ideal cubic structure with c /a
=1.0 �Ref. 16� and other DFT-based calculations for experi-
mental monoclinic LaVO3 with c /a nearly 0.98.15,34,35 Here,
the tetragonal LaVO3 with c /a=0.98 is denoted as t-LVO.

OS-MF

A OS-

C OS-

G OS-

A‘-SO

C‘-SO

��� ��� ���

FIG. 1. �Color online� The total energies of LaVO3 with FM-,
A-, C-, and G-AF SO under different epitaxial strain �measured by
c /a value�. A�-SO and C�-SO denote A-type and C-type SOs, re-
spectively, with the principal axis lying in the x direction �Fig. 6�.
The zero-energy point has been shifted to the total energy of C-SO
in LaVO3 with c /a=0.98. Note that the results are obtained with an
assumption that the volume of LaVO3 is conserved. See comments
in Ref. 24.
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For �b� 1.005�c /a�1.095, A-SO becomes the stablest one.
LaVO3 grown on SrTiO3 �denoted as LVO/STO� is located
in this region with c /a=1.01. For �c� c /a�1.095, G-SO
becomes the one with the lowest total energy and LaVO3
grown on LaAlO3 �denoted as LVO/LAO� is in this region
with c /a=1.107. In addition to A-SO and C-SO with the
principal axis along the c axis, we studied other possible
A-SO and C-SO with the principal axis along the x axis �Fig.
6� �called A�-SO and C�-SO here� only for the case of c /a
close to 1.04. Although the total energy of C�-SO is rather
close to that of A-SO as can be seen in Fig. 1, these SOs are
not the lowest energy ordering. In this paper, we do not dis-
cuss these SOs any further. In the following we discuss
mechanisms stabilizing particular SO and OO in each region
of Fig. 1 only in the case of the principal axis lying along the
c direction.

A. Region (a)

The self-consistent GGA+U calculation was performed
for c /a=0.98 �t-LVO� with structure optimization for all the
four SOs. The calculated partial density of states �p-DOS� for
the most stable combination of SO and OO is shown in Fig.
2. One electron occupies the dxy orbital on all V sites and the
other one occupies the dzx, dyz, dyz, and dzx orbitals at V1, V2,
V3, and V4, respectively. This G-OO is found for all the four
types of SO like in other calculations15,16,34,35 and consistent
with the JT distortion pattern. The p-DOS is qualitatively the
same for other SO. An important observation is that in con-
trast to the result of GGA calculation14 the present p-DOS is
well characterized by the Hubbard model with the rotation-
ally invariant form of the local Coulomb interaction as
shown in Fig. 3, which is a schematic view of the p-DOS at
V1 and V4 sites. For V2 and V3 sites, the dyz and dzx orbitals
are exchanged in Fig. 3. We can now discuss the intersite
magnetic coupling using the information in p-DOS in Figs. 2
and 3. Within the G-OO, if local moments on V1 and V2 �in
the x �y� direction� are arranged ferromagnetically as shown
in Fig. 4�a�, the energy gain comes from the dd�-type hop-
ping of electrons on dzx �dyz� orbitals. If they are arranged in
AF configuration �Fig. 4�b��, another dd�-type hopping of
electrons on dxy orbitals contributes to energy gain in addi-
tion to the hopping of dzx �dyz� electrons. This additional

energy gain makes the AF ordering more stable in the ab
layer in the reasonable range of JH. Along the c direction
�Figs. 4�c� and 4�d��, FM configuration has more kinetic-
energy gain from the dd�-type hopping of dyz /dzx electrons
than the AF one due to finite JH. Note that the hopping be-
tween dxy orbitals in the c direction is of dd� type and makes
only two orders of magnitude smaller contribution to the
magnetic interaction energy than the contribution from the
hopping of dd� type. The basic idea of the FM superex-
change along the c direction is that the alternating occupation
of dyz and dzx orbitals at V sites along the c direction pro-
duces the situation of superexchange between orthogonal or-
bitals. The above arguments imply that the SE interaction
evolves the C-SO with G-OO near the cubic lattice case16 if
temperature is low enough. The G-type orbital polarization
induces G-type JT distortion to gain more electronic energy.

The stability of C-SO and G-OO in region �a� is further
supported by an analysis based on Eqs. �1� and �2� �Ref. 36�
using a simple model cubic system as described in Appendix
A. In this analysis, the above combination of G-OO and
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FIG. 2. �Color online� The partial density of states of t2g orbitals
for V ions in LaVO3 with c /a=0.98 with C-SO and G-OO. Fermi
level is set at 0.0 eV.

U+JH
U-JH

U-3JH

xy

zx

yz

2JH

2JH

FIG. 3. �Color online� Schematic energy diagram of d2 t2g or-
bitals from the Hubbard model with the rotationally invariant form
of the local Coulomb interaction. This diagram corresponds to the
p-DOS at V1 and V4 sites in Fig. 2. Here U is the intraorbital
Coulomb interaction and JH is Hund’s coupling. The vertical single
arrow indicates the increasing of energy. Its left side is for the
spin-up channel and the right side is for the spin down. The hori-
zontal dashed line marks the Fermi level. The energy level separa-
tions are shown by vertical double arrows.
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FIG. 4. �Color online� Schematic pictures of magnetic coupling
between V1 and V2 ions along x direction ordered in �a� FM and �b�
AF configurations. Those between V1 and V3 along z direction
ordered in �c� FM and �d� AF configurations are also shown. The
virtual hopping paths bringing energy gain in each case are indi-
cated by solid arrows. The dashed arrows in �d� are the paths which
can make only negligible contribution to the magnetic coupling.
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C-SO is the most stable one for 0�JH /U�0.24, which is
consistent with the result of Ref. 16. In the actual LaVO3, a
reasonable value of JH /U is around 0.2.15,16,22,34,35

We now proceed to the step of estimating quantitatively
the magnetic coupling between neighboring magnetic mo-
ments using Eqs. �1� and �2�. In the actual systems, not only
JT distortion but also rotation and tilt of oxygen octahedron
are present. These lattice distortions will lead to splittings
and/or mixing among three t2g orbitals to form new basis set,
CFOs, which are more suitable basis set for the SE
analysis.32 The CFOs and their splittings are obtained by
diagonalizing the on-site real-space Hamiltonian in the sub-
space of MLWFs constructed from t2g bands within nonspin-
polarized GGA calculations.32,34 The linear combination co-
efficients of CFO in the t2g orbital basis is shown in Table I.
As shown in Fig. 5, for t-LVO the splitting between the high
and middle CFOs is 62 meV for V1 and V2 �48 meV for V3
and V4, not shown�. This splitting is much smaller than the
energy level splitting in Figs. 2 and 3 which is governed
mainly by Coulomb parameters. Nevertheless, the fact that
the crystal-field splitting pattern among different V sites is
consistent with the energy diagram in Fig. 3 implies that the
crystal-field splitting may be the trigger for producing the
orbital ordering which is strongly stabilized by the Coulomb
interaction. The neighboring hopping integrals between
CFOs can be estimated by using MLWF and are listed in

Table II.37 Substituting those for t-LVO into Eqs. �1� and �2�,
the magnetic coupling Jij between neighboring Vi and Vj
sites can be obtained within the assumption that the lowest
two CFOs are both singly occupied.16,22 For t-LVO with
JH /U=0.2 and U=3.0 eV, J12 �J34� is 6.8 �3.1� meV and
J13=J24=−10.2 meV, being consistent with the C-SO in the

TABLE I. The linear combination coefficients in the t2g orbital basis of crystal-field orbitals on V ions in
MLWF basis for t-LVO �c /a=0.98�, LVO/STO �c /a=1.01�, and LVO/LAO �c /a=1.11�. The bold numbers
indicate the largest component among three t2g-like MLWFs. The on-site energy increases from CF1 to CF3.
In each case, the optimized structure with SO in the ground state is used.

t-LVO �c /a=0.98� dxy dzx dyz dxy dzx dyz

V1 CF1 −0 .838 −0.507 −0.203 V2 0.838 0.204 −0.507

CF2 −0.352 0.218 0.910 −0.353 0.910 −0.217

CF3 −0.417 0.834 −0.361 −0.417 −0.361 −0 .834

V3 CF1 −0.849 0.512 −0.129 V4 −0 .849 −0.129 −0.512

CF2 0.471 0.626 −0.621 −0.472 0.621 0.626

CF3 0.237 0.588 0.773 0.238 0.773 −0.588

LVO/STO �c /a=1.01� dxy dzx dyz dxy dzx dyz

V1 CF1 0.159 −0.020 0.987 V2 −0.149 0.988 −0.024

CF2 0.158 −0 .986 −0.046 0.154 0.046 0.987

CF3 0.975 0.163 −0.154 0.977 0.145 −0.159

V3 CF1 −0.161 −0.019 0.987 V4 −0.174 −0 .984 0.026

CF2 0.163 0.986 0.050 −0.165 0.055 0.985

CF3 −0 .973 0.169 −0.155 −0 .971 0.167 −0.172

LVO/LAO �c /a=1.11� dxy dzx dyz dxy dzx dyz

V1 CF1 −0.145 −0.227 0.963 V2 0.145 0.963 −0.227

CF2 0.023 −0 .974 −0.227 0.023 0.226 0.974

CF3 0.989 −0.010 0.146 −0 .989 0.146 −0.011

V3 CF1 0.144 −0.229 0.963 V4 −0.144 0.963 −0.228

CF2 0.023 0.973 0.228 −0.023 0.227 0.974

CF3 −0 .989 −0.010 0.145 −0 .989 −0.145 0.010

(a) t-LVO (c/a=0.98)

62

45

(b) LVO/STO (c/a=1.01)

44

10

(c) LVO/LAO (c/a=1.11)

180

33
CF1(dxy 70%)

CF2(dzx 83%)
CF2 (dyz 97%)

t-LVO LVO/STO LVO/LAO

4tab2/U 30 32 34

4tc2/U 36 32 20

CF3(dyz 70%)

CF3(dxy 95%)

CF2 (dyz 95%)

CF3(dxy 98%)

CF1 (dzx 93%)CF1 (dzx 97%)

FIG. 5. �Color online� The CFOs and their splittings in �a�
t-LVO �b� LVO/STO, and �c� LVO/LAO listed in Table I. The main
component of each CFOs is indicated in the parentheses. Here only
V1 site is shown for each case. In each of three cases �a�, �b�, and
�c�, the position of CFO mostly composed of dxy orbital is the same
for all V sites �the lowest for �a� and the highest for �b� and �c��,
while those of dzx and dyz are altered from site to site as shown in
Table I. tab is the averaged hopping integrals between CFOs in the
ab layer and tc is that in the c direction from Table II. U is taken as
3.0 eV and all other energies are in millielectron volt.
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ground state. The nonequivalent J and CF splittings in two
ab layers indicate the different lattice distortion in two
layers.15

We give here a brief discussion about the effect of tetrag-
onal distortion on SO within the SE model given by Eqs. �1�
and �2�. For simplicity, rotation and tilt of oxygen octahedron
are neglected. Then tetragonal distortion will not mix the
three t2g orbitals as long as only the nearest-neighbor hop-
ping is taken into account. With flattened octahedron distor-
tion �c /a�1.0�, the energy level of dxy orbital is lowered and
the hopping integral along c direction tc is larger than that
along a and b directions tab. This modification in the hopping
integral stabilizes C-SO more strongly so long as G-OO is
stable. Moreover, as dxy orbital is commonly occupied at all
V sites, the lowering of its energy level is favorable to
G-OO. On the other hand, elongating distortion �c /a�1.0�
has a tendency to destabilize G-OO and therefore C-SO be-
cause of the destabilization of dxy orbital, Appendix B.

B. Region (c)

Before discussing region �b�, we analyze the situation of
region �c� in which LVO/LAO is located. With the strong
epitaxial strain, the lattice distortion pattern in LVO/LAO is
such that the longest V-O bonds at all sites are aligned in the
c direction. This FM lattice distortion is observed in all four
SOs and induces FM-OO, where dyz and dzx are occupied and

dxy is empty for all four V ions, which is directly reflected by
the p-DOS of V d orbitals �not shown�. G-SO is the most
stable magnetic state in this region because such FM-OO
produces AF SE interaction mediated by dyz and dzx orbitals.
Similarly, using the nonspin-polarized MLWFs in Tables I
and II and Fig. 5, the magnetic coupling parameters J12
=J34=10.7 meV and J13=J24=8.5 meV are obtained from
Eqs. �1� and �2� and obviously they are consistent with the
G-SO ground state.

C. Region (b)

Region �b� is a transient case from region �a� to region �c�
as c /a increases. From the discussions so far, we have al-
ready noticed that the relative position of dxy energy level
plays quite important roles in the determination of the
ground-state OO and SO. For c /a�1.005, the energy level
of dxy is lower than at least either of dyz or dzx after structural
optimization, which is consistent with the G-OO in cubic
LaVO3 and t-LVO. As c /a increases beyond 1.005, dxy level
becomes higher than dyz and dzx levels destabilizing the
G-OO and also C-SO. If c /a increases further, dxy orbitals
will not be occupied at any V sites and G-SO will be stabi-
lized as already discussed in the preceding section. In either
of the cases for dxy orbitals to be fully occupied �region �a��
or fully empty �region �c��, the magnetic coupling within the
ab plane is antiferromagnetic. Therefore, partial occupation

TABLE II. The hopping integrals �in meV� between crystal-field orbitals for t-LVO �c /a=0.98�, LVO/
STO �c /a=1.01�, and LVO/LAO �c /a=1.11� listed in Table I.

t-LVO �c /a=0.98� CF1 CF2 CF3 CF1 CF2 CF3

V1-V2 CF1 −161.59 67.39 38.89 V1-V3 2.67 38.01 99.32

CF2 62.25 −40.11 138.17 −40.93 40.19 −162.62

CF3 −9.63 26.91 24.19 −82.78 −161.62 −65.81

V3-V4 CF1 124.35 85.81 −31.06 V2-V4 −2.79 38.02 −99.42

CF2 −68.23 −4.19 35.09 −41.20 −39.90 −161.88

CF3 118.03 −110.66 13.93 −82.80 161.88 −65.93

LVO/STO �c /a=1.01� CF1 CF2 CF3 CF1 CF2 CF3

V1-V2 CF1 80.60 −0.69 −83.00 V1-V3 −164.86 11.47 64.23

CF2 134.95 72.37 −76.30 −9.08 141.63 17.57

CF3 −47.25 −49.25 −141.46 62.27 −17.36 11.00

V3-V4 CF1 −81.69 140.22 44.71 V2-V4 165.24 −10.04 61.18

CF2 −2.61 −70.77 −49.23 9.33 −140.93 15.94

CF3 −80.14 75.21 −139.12 −65.96 17.97 10.93

LVO/LAO �c /a=1.11� CF1 CF2 CF3 CF1 CF2 CF3

V1-V2 CF1 90.56 −20.78 −62.34 V1-V3 −135.30 3.61 5.19

CF2 163.77 −102.73 −95.30 −3.96 107.38 1.98

CF3 −40.68 −2.78 −157.14 5.05 −2.01 29.65

V3-V4 CF1 91.03 −163.93 −40.49 V2-V4 −135.43 −3.53 5.17

CF2 −21.16 102.97 −2.80 −4.00 −107.35 2.00

CF3 62.65 −95.27 157.12 −5.05 −1.95 −29.66
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of dxy orbitals may be the only possible way of realizing the
FM coupling within the ab plane which is the case in A-SO
in region �b�.

As discussed in Appendix A, a simple SE model without
tilt and rotation of octahedron can also predict a possible
stability of A-SO in a certain range of elongated tetragonal
structure by occupying dxy orbitals alternatingly among the
four V sites from V1 to V4 despite the highest orbital energy
of dxy among the three t2g orbitals. In this case, the energy
cost by the occupation of a higher energy level is compen-
sated by the energy gain in the SE coupling. In this sense, the
crystal-field effect and SE coupling are competing. This sce-
nario implies that the appearance of A-SO in the phase dia-
gram of Fig. 1 may be a natural consequence of certain de-
gree of tetragonal strain in the strongly correlated d2 system.
However, in this simple model, the stability of A-SO is lim-
ited in a much narrower range of c /a compared with the
result shown in Fig. 1.

In the real system of LaVO3 epitaxially constrained on
SrTiO3, coexistence of tilt and rotation of octahedron can
produce mixing of dxy with dyz and dzx. However, the effect
of such mixing is rather weak as can be seen in Table I and
is not sufficient for stabilizing A-SO. Using the information
about CFOs within nonspin-polarized GGA calculation pre-
sented in Fig. 5 and Tables I and II, we estimated the ex-
change coupling parameters Jij from Eqs. �1� and �2�: J12
�J34� being 5.7 �6.2� meV and J13=J24 being 12.1 meV, re-
spectively. These values correspond to G-SO instead of
A-SO.

The spin-polarized GGA+U calculations show that the
dxy occupation depends strongly on SO as clearly seen in the
charge density and p-DOS of V ions in Fig. 6. �For FM and
A-AF, V1 and V4 are in the same category with regard to
electron distribution while V2 and V3 are in another cat-
egory. Therefore, p-DOSs of FM and A-AF are shown only
for V1 and V2. Similarly only V1 and V3 are shown for
C-AF and G-AF.� As a result, the pattern of oxygen octahe-
dron distortion also depends on SO. It is obvious that under
FM SO, dxy orbital is alternatingly occupied on V1 and V2
sites within the ab plane, which brings FM in-plane coupling
and is consistent with the model analysis mentioned above.
On the other hand, in A-SO which has the lowest total en-
ergy, all the three t2g orbitals are strongly mixed and nearly
equally occupied. �Still appreciable variation in the popula-
tion distribution among four V sites makes OO the G type as
seen in Fig. 6�b�.� Therefore, in order to understand the basic
nature of magnetic coupling in region �b�, we construct a
new set of spin-dependent CFOs which are obtained from
MLWFs for spin-polarized t2g bands in GGA+U calculations
for each SO of LVO/STO. The on-site energy relative to the
Fermi energy and the linear combination coefficients of ML-
WFs for both spin channels are listed in Table III. One can
find that both the on-site energy and the components of each
CFO are consistent with the p-DOS shown in Fig. 6. In the
energy diagram corresponding to Fig. 3, the t2g atomic orbit-
als are now replaced with CFOs. The hopping parameters
among these CFOs on neighboring sites are also listed in
Table IV. Therefore, it is straightforward to calculate the
energy gain − t2

� �t being the hopping parameter between two
orbitals separated by energy �� in each SO due to virtual

hopping paths indicated in Fig. 4. It is found A-SO configu-
ration has the largest energy gain, −131.5 meV, among all
the four SOs. The smallest one is −91.6 meV in FM case.
C-SO and G-SO have nearly the same energy gain,
−113.0 meV and −115.2 meV, respectively. This well ex-
plains the total-energy order for LVO/STO in Fig. 1. We have
also done similar calculations for t-LVO �region �a��, LVO/
LAO �region �c�� as well as c /a=1.04 �region �b��. The
ground state of each case does have the largest energy gain
and the energy order of the four SOs can also be properly
reproduced.

For better understanding of the largest energy gain in
A-SO, the contribution from each pair to the above energy
gain is listed in Table V for LVO/STO. It is interesting to see
that the different scheme of dxy occupation between FM-SO
and A-SO produces comparable energy gain for the FM cou-
pling within the ab plane. The main difference in the total-
energy gain between them comes from the coupling in the c
direction. The energy gains by the AF coupling in the ab
plane for C-SO and G-SO are also comparable with that of
the FM coupling in A-SO. Again the stability of A-SO with
respect to C-SO and G-SO is due to the coupling in the c
direction.

As c /a increases, the orbital occupation becomes less sen-
sitive to SO and the details in the contribution from each pair
to the total magnetic interaction energy are slightly modified.
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FIG. 6. �Color online� �Upper� The charge density of occupied
t2g orbitals in �a� FM, �b� A-, �c� C-, and �d� G-AF LVO/STO.
Isovalue for plotting is 	0.05 e /a.u.3 �Lower� The partial density
of states of t2g orbitals for selected V ions in FM, A-, C-, and G-AF
LVO/STO. Four V sites are labeled as V1, V2, V3, and V4, respec-
tively. The local axes x, y, and z at V sites are defined as the �110�,
�110�, and �001� directions of the unit cell.
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Nevertheless, it is important to note that the partial occupa-
tion of dxy orbital is crucial to the stability of A-SO state. The
mixing of three t2g orbitals is not only related to the lattice
distortion but also controlled by strong Coulomb interaction.
If the crystal-field splitting and the SE magnetic coupling are
comparable in magnitude and they produce competing ef-
fects, the lattice distortion and SO should be treated on the
equal footing.

IV. CONCLUSION

Based on the GGA+U calculations, we have studied the
evolution of SO and OO of LaVO3 as a function of tetrago-
nal strain in the range of 0.98 �bulk LaVO3 case� 
c /a
�1.107 �LaVO3 /LaAlO3 case�. For 0.98
c /a�1.005,
LaVO3 has G-OO and C-SO. In this case, G-OO induces

G-type JT distortion, which stabilizes C-SO further. In this
sense, crystal field works collaboratively with SE interaction
to enhance the stability of G-OO and C-SO. For 1.005
�c /a�1.095, A-SO is the lowest energy configuration.
LaVO3 grown on SrTiO3 corresponds to c /a=1.01. In this
range, the dxy level becomes higher than those of dyz and dzx.
An analysis based on a simple SE model also predicts stabil-
ity of A-SO when c /a is slightly larger than 1.0. In this
analysis, dxy orbital is alternatingly occupied among four V
sites. The energy cost of occupying higher level of dxy is
compensated by SE interaction. In this sense, crystal-field
effect and SE interaction competes. In the GGA+U calcula-
tions with full structural optimization, the occupied orbitals
and unoccupied one are characterized by strong mixture of
three t2g orbitals and the OO is fairly sensitive to SO. An
analysis based on the MLWFs constructed from spin-

TABLE III. The crystal-field orbitals on V ions in MLWF basis for LVO/STO �c /a=1.01� in each spin ordering within GGA+U
calculations. The on-site energy �in meV� is relative to the Fermi level in each case. Similar as in Fig. 6, only two V sites are shown for each
SO.

SO Site CFO

Spin up Spin down

On-site energy dxy dzx dyz On-site energy dxy dzx dyz

FM V1 CF1 −1149.5 0.025 −0.607 0.795 1702.5 −0.992 −0.120 −0.041

CF2 −1118.1 −0.291 0.756 0.586 2519.2 0.008 −0.387 0.922

CF3 597.3 0.956 0.246 0.158 2597.1 −0.126 0.914 0.385

V2 CF1 −1138.0 0.748 −0.575 0.330 1719.5 −0.370 0.046 0.928

CF2 −1120.0 −0.587 −0.806 −0.076 2458.8 −0.737 0.593 −0.323

CF3 593.9 −0.310 0.137 0.941 2578.9 0.565 0.804 0.186

A V1 CF1 −988.8 0.381 −0.512 0.770 1805.0 0.702 0.709 0.066

CF2 −964.2 −0.688 0.399 0.606 2598.6 0.428 −0.495 0.756

CF3 745.9 0.618 0.761 0.200 2701.6 0.569 −0.503 −0.651

V2 CF1 −989.1 0.371 −0.768 0.522 1803.5 0.725 −0.077 −0.685

CF2 −963.7 −0.680 −0.607 −0.411 2599.2 0.376 −0.789 0.486

CF3 744.8 −0.633 0.202 0.747 2700.5 −0.578 −0.610 −0.543

TABLE IV. The hopping integrals �in meV� between spin-polarized crystal-field orbitals for LVO/STO �c /a=1.01�.

SO Spin

V1-V2 V4-V3 V1-V3 V2-V4

CF1 CF2 CF3 CF1 CF2 CF3 CF1 CF2 CF3 CF1 CF2 CF3

FM Up CF1 −98.3 −39.7 83.6 −71.2 −46.5 96.7 −122.0 −156.9 34.1 −131.8 49.4 −44.4

CF2 91.2 25.8 −124.0 9.5 −33.9 127.2 52.6 −82.7 −133.9 −149.0 −85.5 24.6

CF3 −77.8 159.0 22.9 181.9 −50.7 −9.5 45.5 −22.1 −14.7 −31.4 133.0 −13.9

Down CF1 −38.4 −45.4 152.5 −8.0 169.9 −80.3 7.4 29.3 −46.3 −7.2 28.0 −112.0

CF2 77.6 102.4 −2.1 88.6 −53.7 −34.0 −30.2 154.7 98.0 −29.1 −156.4 51.5

CF3 −131.8 −66.5 −26.7 118.1 −6.0 18.2 113.4 −50.8 86.7 46.5 −95.8 −88.4

A Up CF1 −89.6 −14.9 144.7 2.7 −144.8 −122.0 42.2 173.9 −37.1 −41.3 −173.2 40.5

CF2 26.2 −37.9 −109.1 15.4 84.1 11.1 −92.8 26.5 −115.7 94.5 −24.2 115.6

CF3 9.3 158.1 16.9 −143.0 7.5 6.2 −23.5 −42.6 −87.6 −23.4 −42.5 −86.0

Down CF1 −26.3 23.1 145.9 −98.0 14.4 −47.6 65.6 −67.8 −22.3 67.2 64.1 22.3

CF2 −147.3 −78.2 −4.6 25.5 48.0 −149.2 −154.7 −86.6 43.0 −150.5 98.3 −39.5

CF3 −123.0 −5.1 −7.5 172.7 −50.5 −1.0 −7.6 121.3 92.0 18.1 117.4 95.0
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polarized GGA+U calculations can successfully explain the
stability of A-SO. It is important to note that in both ap-
proaches, dxy orbitals are partially occupied and that this as-
pect is crucial to the stability of A-SO. For c /a�1.095,
crystal-field effect overwhelms the SE interaction and G-SO
becomes the ground state. LaVO3 grown on LaAlO3 is in this
range.

These results are at least qualitatively consistent with the
experimental observation that the interface with SrTiO3 can
be metallic while that with LaAlO3 is insulating because the
FM intraplane SO within the interface VO2 layer will be-
come metallic more easily than the AF intraplane SO. More-
over, the observation of anomalous Hall effect for the inter-
face with the SrTiO3 substrate implies that the FM SO must
exist at the interface. This is compatible with A-SO but in-
compatible with C-SO and G-SO.

ACKNOWLEDGMENTS

The authors thank S. Ishibashi for the use of QMAS code
and T. Ozaki for the use of OPENMX code in the present
work. Their valuable discussions and comments are also ap-
preciated. H.W. acknowledges the Research Promoting Ex-
pense from JAIST. The numerical calculations were per-
formed using supercomputers at the Center for Information
Science in JAIST and the Information Initiative Center in
Hokkaido University. This work is partly supported by the
Next Generation Supercomputing Project, Nanoscience Pro-
gram from the Ministry of Education, Culture, Sports, Sci-
ence and Technology, Japan.

APPENDIX A: MODEL ANALYSIS OF MAGNETIC
PHASES OF LaVO3 WITH TETRAGONAL STRAIN

In this appendix, we try to analyze the general trend seen
in Fig. 1 using a simple SE model in which only the tetrag-
onal strain of the lattice is taken into account and tilt and
rotation of octahedron are absent. In the evaluation of
crystal-field splitting and hopping integrals, we perform
nonspin-polarized GGA calculations for artificial LaVO3
with only tetragonal strain for a given c /a and obtain the
corresponding CFOs through the construction of MLWFs.
Then using Eqs. �1� and �2� supplemented by the crystal-field
splitting, we search all the possible combinations of OO and
SO for the four V ions.

In the cubic symmetry case �c /a=1.0�, as already pointed
out in the text, the combination of G-OO and C-SO is the
most stable for 0�JH /U�0.24. The actual LaVO3 is in this
range. For 0.24�JH /U�0.33, FM-SO is the most stable.
This result suggests that even cubic LaVO3 without JT dis-
tortion will take the G-OO and C-SO as the ground state.

In a weak tetragonal case with 1.0�c /a�1.04, the A-SO
becomes the most stable phase if JH /U is in a proper region
�this depends on the c /a value, e.g., when c /a=1.01 �corre-
sponding to LVO/STO�, 0.16�JH /U�0.24�. The A-SO is
accompanied by alternating occupation of dxy orbital on
neighboring sites in the ab plane. The energy cost of occu-
pying higher dxy orbital is compensated by energy gain from
SE interaction involving virtual hopping between occupied
dxy orbital on one site and the empty one on the neighboring
site.

If c /a�1.04, G-SO becomes the most stable phase for
JH /U�0.24 and the corresponding orbital ordering is FM
type with dzx and dyz occupied on all four V sites. Occupation
of higher dxy orbital is unfavorable because the crystal field
overwhelms the SE interaction and suppresses the orbital
fluctuation.

These results presented above are qualitatively consistent
with the phase diagram in Fig. 1. Therefore, the sequence of
C-SO, A-SO, and G-SO with increase in c /a may be a natu-
ral trend. However, in this model analysis, the intermediate
region �b� is too narrow compared with that obtained by the
GGA+U calculations with full structural optimization. As
pointed out in the text, partial occupation of dxy orbital is
crucial to the stability of A-SO. The tilt and rotation of oc-
tahedron enhance the mixture of three t2g orbitals, not only
through the direct mixture of orbitals due to lower symmetry
but also through the local relaxation of the tetragonal con-
straint on each octahedron.

APPENDIX B: TETRAGONAL DISTORTION AND
GdFeO3 DISTORTION

The model analysis in Appendix A with only tetragonal
distortion taken into account gives a very narrow range of
c /a �1.00�c /a�1.04� in which A-SO can be ground state.
In the phase diagram of Fig. 1, region �b� is quite broad. In
addition to the effect of strong correlation effect, it is also
interesting to see how other type of lattice distortion affects
the CFOs. In all the cases studied the oxygen octahedra ro-

TABLE V. The energy gain �in meV� from each virtual hopping between spin-polarized crystal-field
orbitals in LVO/STO �c /a=1.01� in different SOs.

LVO/STO c /a=1.01

FM-SO A-SO C-SO G-SO

Spin up/down Spin up/down Spin up/down Spin up/down

ab plane V1-V2 −31.2 /0.0 −33.7 /0.0 −20.0 /−15.2 −18.4 /−14.8

V3-V4 −35.4 /0.0 0.0 /−33.0 −15.5 /−15.5 −15.3 /−15.1

c direc. V1-V3 −12.6 /0.0 −16.4 /−16.0 −24.7 /0.0 −13.3 /−12.2

V2-V4 −12.4 /0.0 −16.3 /−16.0 −22.3 /0.0 −11.7 /−14.2

Total-energy gain −91.6 −131.5 −113.0 −115.2
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tate and tilt in the GdFeO3 type. As c /a increases from 0.98
to 1.11, the rotation angle increases from 9.1° to 11.4° while
tilting decreases from 13.1° to 9.5°. The distances from V to
its eight neighboring La change by 
0.04 Å, about 1%. One
can expect that the main changes in the electronic structures
mostly come from the local octahedron distortion, which var-
ies from being flattened by about 4% �measured by the dif-
ference between the longest V-O bond length and the shortest
one� in t-LVO to being elongated by 1% in LVO/STO and
9% in LVO/LAO. In Refs. 18 and 22, the role of
GdFeO3-type distortion in the observed SO and OO in RVO3
�R being rare-earth elements or Y� was discussed. To sepa-
rate the effect of octahedron rotation and tilting, and local
tetragonal octahedron distortion, we have studied several
LaVO3 with hypothetical structure which have either tetrag-
onal octahedron distortion or octahedron rotation or tilting.
We take the average V-O bond length of LVO/STO,
2.005 Å, and construct the cubic LaVO3, rotated LaVO3 by
about 12° �a0a0c+� and tilted LaVO3 by 12° �a−a−c0�.38 All
of them have undistorted octahedra. The angle 12° is taken
from experimental LaVO3 structure.22 Another two LaVO3
experience the compressive �c /a=1.09� and tensile �c /a
=0.96� strain to the extent similar to LVO/LAO and t-LVO,
respectively, with neither rotation nor tilting. The obtained

CF splittings and orbitals are shown in Fig. 7. Except in the
tilting case, the CF orbitals are the same as the MLWFs. In
the tilting case, the dyz and dzx orbitals form new CF orbitals
lying in two perpendicular La-V planes, formed by the La3+

ions which have short and long La-V distances, respectively.
Rotation and tilting of octahedra have different effects on dxy

orbital. Obviously, in real system when all these distortions
coexist, the CF orbitals and splittings closely depend on the
details of the geometrical structure.
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