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The structure and properties of the 1:1 superlattice of LaVO3 and SrVO3 are investigated with a first-
principles density-functional-theory-plus-U (DFT+U ) method. The lowest energy states are antiferromagnetic
charge-ordered Mott-insulating phases. In one of these insulating phases, layered charge ordering combines
with the layered La/Sr cation ordering to produce a polar structure with a large nonzero spontaneous polariza-
tion normal to the interfaces. This polarization, comparable to that of conventional ferroelectrics, is produced
by electron transfer between the V3+ and V4+ layers. The energy of this normal-polarization state relative to
the ground state is only 3 meV per vanadium. Under tensile strain, this energy difference can be further reduced,
suggesting that the normal-polarization state can be induced by an electric field applied normal to the superlat-
tice layers, yielding an antiferroelectric double-hysteresis loop. If the system does not switch back to the ground
state on removal of the field, a ferroelectric-type hysteresis loop could be observed.

PACS numbers: 73.21.Cd, 75.25.Dk, 77.55.Px

The identification of novel mechanisms for ferroelectric-
ity and discovery of their materials realizations has attracted
much interest in recent years. One general approach, proposed
by Khomskii[1, 2] is to combine two symmetry-breaking or-
derings, neither of which separately lift inversion symmetry,
to generate a switchable polar structure [3]. In perovskite
oxides, development of the layer-by-layer growth techniques
[4–6] offers controlled symmetry breaking by cation layer-
ing [7–13]. (Multi)ferroelectricity in oxide superlattices can
then achieved by a second symmetry-breaking lattice distor-
tion, either an oxygen-octahedron rotation pattern or Jahn-
Teller-type oxygen-octahedron shape distortion [3, 14–17].
Symmetry breaking by charge disproportionation and order-
ing [18] has, in contrast, been much less explored [2, 19–
22]. Charge-ordering-ferroelectricity can in principle achieve
a large switching polarization due to the motion of charge
across the unit cell in the transformation between two variants
[23], and could reduce the time scale of switching to charac-
teristic electronic rather than lattice time scales [24].

In perovskite transition metal (TM) oxide
(ABO3)n(A′BO3)m (001) superlattices, the layered A/A′

cation ordering lowers the symmetry from cubic to tetragonal
and breaks up-down symmetry across BO2 layers. Control
of the TM d-orbital occupancy through choice of A cations
and layer thicknesses to obtain a mixed valence leads to
charge disproportionation and long-range charge ordering
[13, 16, 18, 25]. As we will discuss further below, layered
charge ordering breaks the up-down symmetry across the
AO and A′O layers. Thus, the combination of these two
symmetry-breaking orderings (TM site-centered charge
ordering and layered A-site cation ordering) can generate a
switchable polar structure with polarization normal to the
layers.

A 1:1 superlattice composed of LaVO3 and SrVO3 is a
promising candidate for this type of charge-order-induced
ferroelectricity. The low temperature phases of orthorhom-
bic LaVO3 and cubic SrVO3 are antiferromagnetic Mott-
insulating and correlated metallic, respectively [18, 26–28].

When they form the 1:1 superlattice, the average valence of
the vanadium has a fractional value of +3.5. Due to the strong
on-site Coulomb interaction, the Mott-insulating state with
charge, orbital, and magnetic order would be preferred where
the vanadiums disproportionate so that half of the vanadium
cations have nominal valence V3+ and the other half V4+

[29, 30].
In this paper, we use first-principles total energy calcula-

tions to investigate the low-energy charge-ordered phases of
the (LaVO3)1(SrVO3)1 superlattice. We show that there are
three competing low-energy phases with distinct charge-order
patterns, one of which is a layered charge ordering, and an-
alyze the density of states and local structure. The epitaxial
strain dependence of the relative energies is computed. For
the polar structure generated by the layered charge order, we
compute and discuss the spontaneous polarization normal to
the layers, and predict the stabilization of this phase by an
applied electric field.

We performed first-principles density-functional-theory
calculations with the generalized gradient approximation plus
U (GGA+U ) method using the Vienna ab-initio simulation
package [31, 32]. The Perdew-Becke-Erzenhof parametriza-
tion [33] for the exchange-correlation functional and the rota-
tionally invariant form of the on-site Coulomb interaction [34]
are used with U = 4 eV and J = 0.6 eV for the vanadium d
states [51][35–37] and Uf = 11 eV and Jf = 0.68 eV for the
La f states to shift the La f bands away from the Fermi energy
[38]. We used the projector augmented wave method [39] with
an energy cutoff of 600 eV and k-point sampling on a 4×4×4
grid with a 2×2×2 unit cell chosen to accommodate the rele-
vant octahedral rotation distortions and charge-order patterns.
The ferroelectric polarization was calculated using the Berry
phase method [40] with 6 × 6 × 4 k-point grid.

To determine the lowest-energy crystal structures and mag-
netic orderings of the 1:1 superlattice shown in Fig. 2(a), we
first observe that with average valence +3.5, the vanadium
ions are expected to disproportionate to V3+ and V4+. We
considered the three cell-doubling charge-order patterns il-
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FIG. 1: (Color online) Schematics of the charge-order patterns for
(LaVO3)1/(SrVO3)1 superlattice. For descriptive purposes the oc-
tahedral rotations and tilts are omitted and the Jahn-Teller distor-
tions are exaggerated. The left, middle, right panels denote the
checkerboard-type charge order with the (π, π, π) ordering vector,
the stripe charge order with the (0, π, π) ordering vector, and the
layered charge order with the (0, 0, π) ordering vector, respectively.
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FIG. 2: (Color online) (a) Atomic arrangement in the
(LaVO3)1/(SrVO3)1 superlattice. (b) The Jahn-Teller distortions
and t2g level splittings for V4+ (left) and V3+ (right).

lustrated in Fig. 1. In checkerboard charge ordering (CCO),
which is the most common ordering in transition metal per-
ovskite oxides [41], all the nearest-neighbor B sites of V4+

are V3+ and vice versa. In stripe charge ordering (SCO), the
nearest-neighbor B sites of V4+ (V3+) are V4+ (V3+) in the
x direction and V3+ (V4+) in the y and z directions, form-
ing a 2D y-z checkerboard with vanadium ions of a given va-
lence forming lines along the x-direction. In layered charge
ordering (LCO), planes of V4+ and V3+ alternate along the
z-direction. We used the stacking method [42] to identify
the oxygen octahedron rotation patterns of starting structures.
Specifically, since bulk SrVO3 has the cubic perovskite struc-
ture and bulk LaVO3 has an orthorhombic Pbnm structure
with a a−a−c+ rotation pattern [26, 27], we imposed the lat-
ter rotation pattern in two inequivalent orientations: one with
the c axis along the z-direction (c oriented) and the other with
the c axis along the x-direction (ab oriented).

For each starting structure, we fully relaxed the lattice con-
stants and atomic positions for each of four magnetic order-
ings (ferromagnetic (F) and antiferromagnetic G-AFM, A-
AFM and C-AFM). All relaxed structures are found to be in-
sulating with a band gap larger than 1 eV. In all cases, the re-

laxed lattice has orthorhombic symmetry with lattice vectors
close to cubic; for example, the lattice constants for c oriented
LCO with C-AFM ordering are a = 5.65 Å, b = 5.62 Å, and
c = 7.83 Å for the 20 atom cell; full structural and energetic
information is given in the Supplementary Material. The en-
ergy difference between the two oxygen octahedron rotation
patterns for a given charge and magnetic ordering is found to
be small compared to the charge and magnetic ordering de-
pendence; in what follows, we discuss c-oriented patterns.

Analysis of the relaxed structures shows that each valence
state is found to drive a corresponding Jahn-Teller distortion
of its coordinating oxygen octahedron. Specifically, in Fig. 3
we compare the V-O bond lengths of the V3+ and V4+ octa-
hedra of the three charge ordering patterns with C-AFM mag-
netic ordering. The geometry of the in-plane oxygen positions
is close to square and is the same for all vanadium atoms, inde-
pendent of valence and charge ordering. The elongation in the
apical direction for V3+ and contraction and off-centering for
V4+ depend only on the valence and are nearly independent
of the charge ordering, suggesting that these distortions are
driven by orbital ordering of the vandadiums [16–18, 25, 43–
45], as shown in Fig. 2(b). Elongation/contraction along the
z axis is found to be energetically favorable for the charge or-
derings considered (see Supplementary Material Section VI).
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FIG. 3: (Color online) Distance between V and neighboring O atoms
of V 4+ and V 3+ cations compared for CCO, SCO, and LCO phases.
the labels x±, y±, and z± designate oxygen atoms by their octahe-
dron positions in the high-symmetry ideal-perovskite reference struc-
ture to which the actual structure is related by small distortions.

Fig. 4 shows the total energies for the various magnetic or-
derings of each charge ordering pattern. The C-AFM order-
ing has the lowest energy for all three patterns, though for the
CCO phase, the total energies of A-AFM and FM ordering are
very close to that of C-AFM. It is remarkable that the energy
differences between the lowest energy CCO, LCO, and SCO
phases are quite small, with SCO computed to be lower in en-
ergy than LCO by only 3 meV per vanadium (in the Supple-
mentary Material it is shown that this result is robust against
the precise choice of the parameter U ). This is much smaller
than the classical electrostatic energy differences between cor-
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responding arrangements of 3+ and 4+ point charges in a fixed
compensating background, suggesting that there is substantial
screening by the other charges in the system.

perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as

t ij5t@cos~u i/2!cos~u j/2!1sin~u i/2!sin~u j/2!ei~f i2f j!
# ,

(2.391)

where f is the phase of the wave function. Neglecting
the phase fluctuations, this leads to

FIG. 38. Types of lattice distortion and antiferromagnetic or-
der. (a) GdFeO3-type tilting distortion of MO6 octahedron; (b)
types of Jahn-Teller distortion in 3D perovskite structure; (c)
types of antiferromagnetic order in 3D perovskite structure.
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as
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the phase fluctuations, this leads to
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
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through the JH term if the localized t2g spins are disor-
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as
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# ,
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where f is the phase of the wave function. Neglecting
the phase fluctuations, this leads to
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as

t ij5t@cos~u i/2!cos~u j/2!1sin~u i/2!sin~u j/2!ei~f i2f j!
# ,

(2.391)

where f is the phase of the wave function. Neglecting
the phase fluctuations, this leads to
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as

t ij5t@cos~u i/2!cos~u j/2!1sin~u i/2!sin~u j/2!ei~f i2f j!
# ,

(2.391)

where f is the phase of the wave function. Neglecting
the phase fluctuations, this leads to
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as

t ij5t@cos~u i/2!cos~u j/2!1sin~u i/2!sin~u j/2!ei~f i2f j!
# ,

(2.391)

where f is the phase of the wave function. Neglecting
the phase fluctuations, this leads to
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perovskite compounds. In the 3D perovskite com-
pounds, RMO3, in addition to the Jahn-Teller distor-
tion, tilting of the MO6 octahedron, illustrated in Fig.
38(a), plays an important role in determining the hybrid-
ization of different orbitals on adjacent sites and conse-
quently in controlling the bandwidth. Considering this
tilting as well as the Jahn-Teller distortion and spin and
orbital orderings, Mizokawa and Fujimori (1996a,
1996b) performed unrestricted Hartree-Fock calcula-
tions on RMO3. In general, the spin and orbital order-
ings obtained were in good agreement with those of the
experimentally observed results when the observed
Jahn-Teller and tilting distortions were assumed. Elec-
tronic structure calculations with the local spin-density
approximation (Hamada, Sawada and Terakura, 1995;
Sarma et al., 1995), with GGA (Sawada, Hamada, Tera-
kura, and Asada, 1996) and with the LDA1U method
(Solovyev, Hamada, and Terakura, 1996b) also suc-
ceeded in improving and reproducing general tendency
of spin and orbital orderings by assuming the proper
Jahn-Teller and tilting distortion. However, these two
approaches show different tendencies for the band gap.
The Hartree-Fock and LDA1U calculations in general
overestimate the band gap, while the LSDA and GGA
calculations tend to underestimate the gap, as is ex-
plained in Sec. II.D.3. At the moment, self-consistent
determination of lattice distortion, orbital occupation,
and spin ordering have not been attempted successfully
except in the case of KCuF3 by Liechtenstein, Anisimov,
and Zaanen (1995). Detailed discussions of each com-
pound are given in Secs. IV.A.3, IV.B.1, IV.B.2, and

IV.F.1. Various types of Jahn-Teller distortions and an-
tiferromagnetic order realized in 3D perovskite struc-
ture are shown in Figs. 38(b) and 38(c), respectively.

Although the spin degrees of freedom have been stud-
ied rather thoroughly on the level of their fluctuations in
the paramagnetic phase, fluctuations of the orbital de-
grees of freedom have been neither experimentally nor
theoretically well studied. These fluctuation effects may
be important when the system is metallized away from
the end material.

Orbital ordering phenomena are also widely observed
in f-electron systems, where they are called quadrupole
orderings. An example is seen in CeB6. The interplay of
spin and orbital fluctuations may be very similar in d-
and f-electron systems, though it is not fully understood
so far.

2. Ferromagnetic metal near a Mott insulator

When the Jahn-Teller distortion is absent in LaMnO3,
the antiferro-orbitally ordered 3x22r2 and 3y22r2

states strongly hybridize with the 3z22r2 orbital be-
cause of high symmetry and hence enhance the ferro-
magnetic coupling, basically the same as in the Hund
mechanism. It has been argued that this is also the origin
of ferromagnetism in metallic doped systems like
La12xSrxMnO3 because the static Jahn-Teller distortion
seems to disappear in the metallic phase. The basic
physics of this mechanism was pointed out by Kanamori
(1959).

Although the underlying physics and the mechanism
are similar, a slightly different way of explaining the fer-
romagnetism in metallic La12xSrxMnO3 is the so-called
double-exchange mechanism (Zener, 1951; de Gennes,
1960; Anderson and Hasegawa, 1955). Because the lo-
calized 3t2g electrons are perfectly aligned due to the
Hund’s-rule coupling, the double-exchange Hamiltonian
defined in Eqs. (2.9a)–(2.9c) may be a good starting
point if degeneracy of the eg orbitals can be neglected.
In the completely ferromagnetic phase, eg electrons can
hop coherently without magnetic scattering by t2g spins,
while they become strongly incoherent due to scattering
through the JH term if the localized t2g spins are disor-
dered. In other words, if t2g spins on adjacent sites have
different directions, the eg electron feels a higher energy
on one of the two sites because of Hund’s-rule coupling.
The gain in kinetic energy due to coherence favors the
ferromagnetic order in the metallic phase. When the t2g
orbital electrons are treated as a classical spin coupled
with eg electrons by very large Hund’s-rule coupling, the
spin axis of the quantization may be taken in the direc-
tion of the t2g spins as in the discussion below Eq.
(2.156). Then the transfer between the sites i and j in
Eq. (2.9b) is modified through the relative angle of the
t2g spins at the i and j sites as

t ij5t@cos~u i/2!cos~u j/2!1sin~u i/2!sin~u j/2!ei~f i2f j!
# ,

(2.391)

where f is the phase of the wave function. Neglecting
the phase fluctuations, this leads to
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FIG. 4: (Color online) Total energy with respect to the lowest-energy
configuration versus the charge ordering and magnetic ordering pat-
terns. The symbols G, C, A, and FM represent the type of magnetic
ordering of V-cations illustrated in the right column.
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FIG. 5: (Color online) (a) Density of states of CCO (black solid line),
SCO (red dashed line), and LCO (blue dotted line) phases with C-
AFM ordering. The positive and negative sign of the vertical axis
correspond to spin up and down states. The shaded (from -6 eV to
-1.15 eV) and unshaded regions (from -1.15 eV to 5 eV) are oxygen
p- and vanadium d-derived states, respectively. (b-c) PDOS in the
LCO phase with C-AFM ordering for V t2g with positive magnetic
moment. (b) PDOS of the contracted octahedron (V4+) with spin up
polarization. (c) As in (b), on the elongated octahedron (V3+).

The densities of states (DOS) of the superlattice in CCO,
SCO, and LCO phases with C-AFM ordering are shown in
Fig. 5 (a). Consistent with the small energy difference be-
tween the phases, they are almost identical, the main differ-

ence being in the occupied dxy states, with a sharp peak for
SCO and a broader distribution for CCO and LCO. The effect
of the Jahn-Teller distortion can be seen from the projected
density of states (PDOS), shown here for the LCO pattern
(again, the corresponding PDOS for the other two phases are
almost identical except for the occupied dxy states as noted
above). For the contracted octahedron (panel (b)) the occupied
V-derived t2g states have xy orbital character with full spin-
polarization with xz/yz states lying about 1.5 eV above the
Fermi energy. For the elongated octahedron (panel (c)), the xz
and yz orbitals are occupied with empty xy states. The site-
projected magnetic moment for the contracted and elongated
octahedra are 1.02µB and 1.78µB , respectively. Since the
occupied d-states are fully spin polarized, the site-projected
magnetic moments are close to the d-occupancy. This, in ad-
dition to the Wannier function analysis [46] showing an extra
occupied Wannier function on the V ion with the larger mag-
netic moment (see Supplementary Material Section V), sup-
ports the identification of V4+/V3+ valence states.
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FIG. 6: (Color online) Total energy per vanadium with respect to the
lowest energy configuration as a function of (001) epitaxial strain.
The lines are obtained from quadratic fits to the data points. The
zero-strain in-plane lattice constant is taken as the cube root of the
volume of bulk LaVO3 per f.u. obtained from the GGA+U calcula-
tion.

Next, we consider the symmetry and electric polarization
of the various phases. The layered A-site cation ordering in
the 1:1 superlattice lowers the cubic symmetry of the ideal
perovskite structure to tetragonal P4/mmm (#123). A c-
oriented oxygen octahedron rotation pattern, combined with
the layered A-site cation ordering, produces a Pb21m (#26)
structure with a small in-plane electric polarization resulting
from non-cancellation of alternating A and A′ in-plane dis-
placements [15, 16]; the computed value for the systems con-
sidered here is close to 4 µC/cm2 (see Supplementary Mate-
rial). A CCO charge ordering pattern lowers the symmetry
further. The resulting P21 (#4) space group contains a reflec-
tion in z (x̄, y + 1

2 , z̄) and thus the out-of-plane polarization
is zero by symmetry. The SCO charge ordering in the Pb21m
(#26) structure results in the space group Pn (#7) which con-



4

tains a reflection in z (x + 1/2, y + 1/2, z̄) and thus has zero
out-of-plane polarization. In contrast, LCO charge ordering
results in the space group Pb (#7) with (x̄, y + 1

2 , z), which
allows a nonzero polarization along z. We obtain the spon-
taneous polarization of the LCO phase by comparing the po-
larization change between two symmetry variants related by
the operation (x̄, y+1/2, z̄), interpreted using a Wannier cen-
ter analysis (Supplementary Material Section V). The change
arises primarily from uniform transfer of electrons from V3+

to V4+, which give a value of 29 µC/cm2 if the transfer is
across the LaO plane and 22 µC/cm2 if the transfer is across
the SrO plane. Adding the contributions from small displace-
ments of the oxygen ions and associated Wannier centers, we
obtain 34 and 17 µC/cm2, the corresponding values obtained
by Berry phase computed with appropriate branch choices.
While for most ferroelectric systems, the choice of branch pre-
dicting the measured spontaneous polarization is clear [47],
this system is unusual in that both choices are valid; this and
other subtleties of the polarization in this system will be fur-
ther discussed elsewhere [48].
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FIG. 7: (Color online) (a) Total energy per vanadium (blue solid
line) with respect to the lowest energy configuration and band gap
(red dashed line) for structures linearly interpolated between the SCO
phase (λ = 0) and the LCO phase (λ = 1). (b) λ dependence
of magnetic moments of the two V ions that have different nominal
valence in SCO and LCO.

The epitaxial strain dependence of the energies of the SCO
and LCO phases with C-AFM magnetic ordering is shown in
Fig. 6. We find that the energy difference increases with com-
pressive strain, while for tensile strain above 1%, it is close
to zero. This suggests that in films under tensile strain, the
polar LCO phase could be induced by an applied electric field
normal to the layers, and a antiferroelectric double hysteresis
loop could be observed for polarization normal to the layers.
It is also possible that if the LCO phase does not switch back
to the ground-state SCO phase on removal of the field, the
system would exhibit a pseudo-ferroelectric hysteresis loop.

To investigate the energetics of the coupling between
charge ordering and crystal structure, we computed the en-
ergy, band gap, and magnetic moments for structures obtained
from a linear interpolation between the SCO (λ = 0) and the
LCO (λ = 1) phase at 1% tensile strain, with results shown in

Fig. 7. At about the midway point, there is a pronounced cusp
in the energy. As the cusp is crossed, the magnetic moments
change sharply. This suggests that the charge disproportion-
ation drives the structural relaxation, rather than vice versa.
We note that the calculated energy barrier [52] along the path
is about 56 meV per vanadium, lower than the barrier calcu-
lated for small polaron hopping for LixFePO3 (88-108 meV)
and hematite (85-120 meV) [49, 50]. While we do not suggest
that this is the actual switching path, the low barrier is consis-
tent with the possibility of electric-field-induced polarization
switching.

The stabilization of a polar phase by the combination of A-
site cation layering and layered charge ordering is expected to
operate in other transition metal oxide superlattices, the key
ingredient being stable multiple valence states with an aver-
age valence controlled by the A cations and a mechanism for
screening the electrostatic energy differences of the relevant
point charge arrangements. First-principles high-throughput
searches should be useful in identifying promising candidate
systems for further theoretical and experimental investigation.

In summary, we predict a charge-order-driven polar phase
in the 1:1 superlattice composed of perovskite oxides, LaVO3

and SrVO3. We find three low-energy antiferromagnetic
Mott-insulating states with distinct charge ordered patterns;
the SCO and CCO phases with zero out-of-plane polariza-
tion and the LCO phase with a sizable out-of-plane polariza-
tion. We find that the out-of-plane spontaneous polarization
of the polar phase is comparable to that of conventional fer-
roelectric perovskite oxides and is much larger than in other
charge-order-driven ferroelectrics. It can be understood as a
transfer of electrons between V ions in the transformation be-
tween up and down polarization states. The energy differ-
ence between the normal-polarization phase and ground-state
phase with zero normal polarization is small and can be con-
trolled by (001) epitaxial strain. This suggests that the normal-
polarization phase can be induced by an applied electric field
and that the critical field will decrease under tensile strain.
Such phases are expected also to occur in other layered super-
lattices with transition metal ions stable in multiple valence
states.

We thank C. Dreyer, R. Engel-Herbert, V. Gopalan, D. R.
Hamann, H. N. Lee, J. Liu, B. Monserrat, D. Vanderbilt, M.
Ye, and Y. Zhou, for valuable discussion. First-principles cal-
culations were performed on the Rutgers University Parallel
Computer (RUPC) cluster. This work is supported by ONR
N00014-11-1-0666 and ONR N00014-14-1-0613.

∗ Electronic address: sypark@physics.rutgers.edu
[1] D. V. Efremov, J. van den Brink, and D. I. Khomskii, Nat Mater

3, 853 (2004).
[2] J. van den Brink and D. I. Khomskii, Journal of Physics: Con-

densed Matter 20, 434217 (2008).
[3] J. Young, P. Lalkiya, and J. M. Rondinelli, J. Mater. Chem. C 4,

4016 (2016).



5

[4] A. Ohtomo, D. A. Muller, J. L. Grazul, and H. Y. Hwang, Na-
ture 419, 378 (2002), ISSN 0028-0836.

[5] P. Zubko, S. Gariglio, M. Gabay, P. Ghosez, and J. M. Triscone,
2, 141 (2011).

[6] H. Y. Hwang, Y. Iwasa, M. Kawasaki, B. Keimer, N. Nagaosa,
and Y. Tokura, Nat Mater 11, 103 (2012), ISSN 1476-1122.

[7] C. H. Ahn, K. M. Rabe, and J.-M. Triscone, Science 303, 488
(2004), ISSN 0036-8075.

[8] M. Dawber, K. M. Rabe, and J. F. Scott, Rev. Mod. Phys. 77,
1083 (2005).

[9] D. G. Schlom, L.-Q. Chen, C.-B. Eom, K. M. Rabe, S. K. Streif-
fer, and J.-M. Triscone, Annual Review of Materials Research
37, 589 (2007).

[10] J. M. Rondinelli, S. J. May, and J. W. Freeland, MRS Bulletin
37, 261 (2012).

[11] H. Chen, A. J. Millis, and C. A. Marianetti, Phys. Rev. Lett.
111, 116403 (2013).

[12] J. Chakhalian, J. W. Freeland, A. J. Millis, C. Panagopoulos,
and J. M. Rondinelli, Rev. Mod. Phys. 86, 1189 (2014).

[13] A. L. Krick, C.-W. Lee, R. J. Sichel-Tissot, A. M. Rappe, and
S. J. May, Advanced Electronic Materials 2, 1500372 (2016).

[14] T. Birol, N. A. Benedek, and C. J. Fennie, Phys. Rev. Lett. 107,
257602 (2011).

[15] N. A. Benedek, A. T. Mulder, and C. J. Fennie, Journal of Solid
State Chemistry 195, 11 (2012).

[16] N. C. Bristowe, J. Varignon, D. Fontaine, E. Bousquet, and
P. Ghosez, Nat Commun 6, 6677 (2015).

[17] J. Varignon, N. C. Bristowe, E. Bousquet, and P. Ghosez, Sci-
entific Reports 5, 15364 (2015).

[18] M. Imada, A. Fujimori, and Y. Tokura, Reviews of Modern
Physics 70, 1039 (1998).

[19] S. Ishihara, Journal of the Physical Society of Japan 79, 011010
(2010).

[20] K. Kobayashi, S. Horiuchi, R. Kumai, F. Kagawa, Y. Murakami,
and Y. Tokura, Phys. Rev. Lett. 108, 237601 (2012).

[21] K. Yamauchi and P. Barone, Journal of Physics: Condensed
Matter 26, 103201 (2014).

[22] X. He and K.-j. Jin, Phys. Rev. B 93, 161108 (2016).
[23] M. Alexe, M. Ziese, D. Hesse, P. Esquinazi, K. Yamauchi,

T. Fukushima, S. Picozzi, and U. Gsele, Advanced Materials
21, 4452 (2009), ISSN 1521-4095.

[24] S. Iwai, S. Tanaka, K. Fujinuma, H. Kishida, H. Okamoto, and
Y. Tokura, Phys. Rev. Lett. 88, 057402 (2002).

[25] R. Pentcheva and W. E. Pickett, Phys. Rev. Lett. 99, 016802
(2007).

[26] M. Rey, P. Dehaudt, J. Joubert, B. Lambert-Andron, M. Cyrot,
and F. Cyrot-Lackmann, Journal of Solid State Chemistry 86,
101 (1990).

[27] P. Bordet, C. Chaillout, M. Marezio, Q. Huang, A. Santoro, S.-
W. Cheong, H. Takagi, C. Oglesby, and B. Batlogg, Journal of

Solid State Chemistry 106, 253 (1993).
[28] T. Yoshida, K. Tanaka, H. Yagi, A. Ino, H. Eisaki, A. Fujimori,

and Z.-X. Shen, Phys. Rev. Lett. 95, 146404 (2005).
[29] Y. Quan, V. Pardo, and W. E. Pickett, Phys. Rev. Lett. 109,

216401 (2012).
[30] W. E. Pickett, Y. Quan, and V. Pardo, Journal of Physics: Con-

densed Matter 26, 274203 (2014).
[31] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[32] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[33] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
[34] A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B

52, R5467 (1995).
[35] H. Sawada, N. Hamada, K. Terakura, and T. Asada, Phys. Rev.

B 53, 12742 (1996).
[36] Z. Fang, N. Nagaosa, and K. Terakura, Phys. Rev. B 67, 035101

(2003).
[37] S. Biermann, A. Poteryaev, A. I. Lichtenstein, and A. Georges,

Phys. Rev. Lett. 94, 026404 (2005).
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