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a b s t r a c t

We propose a method of controlling the metal–insulator transition of one perovskite material at its
interface with another ferroelectric material based on first principle calculations. The operating principle
is that the rotation of oxygen octahedra tuned by the ferroelectric polarization can modulate the
superexchange interaction in this perovskite. We designed a tri-color superlattice of (BiFeO3)N/LaNiO3/

structure is to be tuned, and LaTiO3 layer is inserted to enhance the inversion asymmetry. By reversing
the ferroelectric polarization in this structure, there is a metal–insulator transition of the LaNiO3 layer
because of the changes of crystal field splitting of the Ni eg orbitals and the bandwidth of the Ni in-plane
eg orbital. It is highly expected that a metal-transition can be realized by designing the structures at the
interfaces for more materials.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In transitional metal oxides, the strong correlation between
lattice, charge, orbital, and spin leads to many novel properties. At
their interfaces, even richer physics bring about emerging prop-
erties. Technical advances in the atomic-scale synthesis of oxide
heterostructures make it possible for these interfaces to be artifi-
cially designed [1–3]. In perovskite oxide heterostructures where
the oxygen octahedra share their vertices, the interplay among
different distortion of octahedral units can dictate many novel
functional properties [4]. One kind of interfaces between ferro-
electric and other materials, of which the electronic properties are
to be controlled, is very interesting because of the bi-stable
property, with which two states can be reached by reversing the
ferroelectric polarization with an electric field, with both changes
from structure and from electric polarization involved. The con-
trolling of the electronic structure can be through either the
change of electric boundary condition [5], or structural distortion
[6]. In this paper, we propose a strategy to control the electronic
bandwidths and to achieve a metal–insulator transition in a
material by stacking it onto a ferroelectric layer resulting in a
modulation of structural distortion.
atory for Condensed Matter
nces, Beijing 100190, China.
In this work, we use LaNiO3 as the electronic active material, of
which the band gap is to be controlled. Nickelates, with the che-
mical formula RNiO3, have a prominent feature that there is a
metal–insulator transition connected to the sizes of the R site ions
by the rotation angles of octahedra [7]. The rotation of the octa-
hedra can also be controlled by a strain, causing many works on
the straining control of the electronic structure of nickelates such
as in Refs. [8–10]. In addition, nickelate heterostructures have
drawn great attentions since Chaloupka and Khaliullin proposed
the possible superconductivity by modulating the orbitals [11].
With the proposed structure, the orbital occupations can also be
tuned. We chose BiFeO3 as the ferroelectric material because of its
large polarization. It has a relative small band gap, which enables
it to be used as semiconductor materials such as in switchable
diodes [12–15], therefore it is easier for charges to transfer from or
to BiFeO3. One can make use of this effect to manipulate the charge
transfer.

By stacking a ferroelectric and non-ferroelectric layers together,
it is natural to think that the electronic properties can be tuned by
reversing the ferroelectric polarization. While it is true for the
asymmetric thin films, in a periodic superlattice, the structures of
the two polarization states are the same (or very similar) by a 180°
rotation if the two interfaces of a non-ferroelectric to the ferro-
electric are the same (or very similar). For example, in a (BiFeO3)N/
LaNiO3 superlattice, the two sides of LaNiO3 are the LaO and BiO
planes. Since the La and Bi ions are close in radius and the same in
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Fig. 1. (Color online) The structure of the BiFeO3/LaNiO3/LaTiO3 superlattice in the
ac plane view. The purple, brown, red, green, gray, and blue balls represent the Bi,
Fe, O, La, Ni, and Ti atoms, respectively.
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valence states, large difference in electronic properties caused by
reversing the polarization is not expected.

A method to enlarge the difference is to make the structure
more asymmetric by inserting another layer. By inserting a LaTiO3

layer, tri-color superlattices of (BiFeO3)N/LaNiO3/LaTiO3 are formed
as shown in Fig. 1. According to Chen et al. [16], in LaTiO3, the Ti3þ

ion has a 3d electron with energy higher than that of the unoc-
cupied Ni eg band in LaNiO3. Therefore electrons can transfer from
Ti to Ni, forming a Ti d0 and a Ni d8 configuration [17], so there is
an electric polarization pointing from LaNiO3 to LaTiO3 at their
interface. Thus the structures with opposite ferroelectric polar-
izations also differ in polarization continuity, which offers another
way of controlling the electronic property by reversing the ferro-
electric polarization. In the LaNiO3/LaTiO3 heterostructures, the
crystal field splitting of the Ni eg orbitals is largely affected by the
distortion of the oxygen octahedra caused by the polarity of the
structure [16]. Thus the control of the ferroelectric polarization in
the tri-color superlattice can also tune the electronic structure by
influencing the octahedra distortion.
Fig. 2. (Color online) The structure near the LaNiO3 layer. (a) The �P state, the a–c
plane view. The brown arrows on the Bi and La atoms show the shifts of them. The
blue arrow shows the shift of the Ni atom. (b) The þP state, the a–c plane view.
(c) The �P state, the a–b plane view. (d) The þP state, the a–b plane view. The red
arrows show the rotation of the oxygen octahedron.
2. Methods

We carried out first principle calculations to investigate the
ferroelectric controlled metal–insulator transition in the super-
lattices. We set 6 layers of BiFeO3 in one supercell of (BiFeO3)N/
LaNiO3/LaTiO3 (N¼6) in our models as shown in Fig. 1. The
spontaneous polarization of the bulk BiFeO3 is along the [111]
direction of the pseudo-cubic unit. With the compressive strain,
the in-plane polarization tends to be suppressed so that the total
polarization rotates towards [001]. When the in-plane lattice
constant is about 3.71 Å, the BiFeO3 only films tend to transform to
a “T-like” phase with a large c/a ratio about 1.2 to 1.3 and a large
polarization approximately along [001] [18,19]. However, in the
(BiFeO3)6/LaNiO3/LaTiO3 structure, the cooperative shift of the Bi
ions along the out-of-plane direction is impeded by the LaNiO3

and LaTiO3 layers. Thus, the BiFeO3 layers are in the “R-like” phase
with the c/a ratio of about 1.1 and the out-of-plane polarization of
about 60 μC/cm2, which is alike to the BiFeO3 films with in-plane
lattice constants larger than 3.71 Å. Here we only make use of the
out-of-plane component of the polarization, because the only
change of the structure by reversing of the in-plane component is
a rotation around the out-of-plane axis and there is no difference
in the electronic structure. Therefore we refer the polarization to
the out-of-plane component of it in this paper. We define the state
which the ferroelectric polarization orientation pointing from
LaNiO3 to LaTiO3 as þP, while the state with opposite polarization
as -P. A
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pseudo-cubic in-plane lattice was used so that
the oxygen octahedra can rotate freely. We kept the ab in-plane
lattice parameters fixed as 3.71 Å, which is the LDA value of the
substrate of LaAlO3, and relax all the other degrees of freedom of
the structure. The G-type antiferromagnetic structure was found
to be stable in the (BiFeO3)6/LaNiO3/LaTiO3 structure.

We performed the density functional theory (DFT) calculation
based on the projected augmented wave [20] (PAW) and local spin
density approximation (LSDA) [21] þHubbard U method [22] as
implemented in the Vienna ab initio simulation package (VASP)
[23]. The filled valence states include the orbitals 5d6s6p, 3d4s,
5p5d6s, 3s3p34d4s, 3s3p3d4s, and 2s2p for Bi, Fe, La, Ni, Ti, and O,
respectively. A plane-wave basis set with energy cutoff of 500 eV
and a 5�5�2 Γ-centered k-point grid were used. The structures
were relaxed until the forces are less than 0.03 eV/Å. Though the
LSDA þU method cannot well describe the paramagnetic and
insulating ground state in bulk LaTiO3 simultaneously, it can
describe the LaNiO3/LaTiO3 structure [16]. Effective U(Ni)¼0 eV, U
(Ti)¼4 eV, and U(Fe)¼6 eV are used throughout the work we
presented here unless otherwise stated. The U(Fe) is used only to
make the band gap of BiFeO3 close to the experiment value. By
following Ref. [16], U(Ti)¼4 eV was used to better align the Ti and
Ni bands. We also found that U(Ti) has no significant effect on the
overall results, because the Ti 3d bands are higher than the Ni 3d
bands and are thus almost empty no matter how large the U(Ti) is.
Disa et al. [24] used the U(Ni) of 0 in a similar structure of LaAlO3/
LaNiO3/LaTiO3 and they found good agreement with the experi-
mental results. We also compared the results with a series of U(Ni)
ranging from 0 to 6 eV to see the effect of the Coulomb repulsion.

Two sets of maximally localized Wannier functions (MLWFs)
[25] were constructed to investigate the mechanism of the metal–
insulator transition using the Wannier90 package and its interface
to VASP [26]. The first set of MLWFs is d band only, each function is
of hybridized transitional metal 3d orbital and the neighboring O
2p feature. The other set of WLWFs, which is constructed to cal-
culate the layer resolved polarization, consists of all the occupied-
orbital-like wave functions.
3. Results and discussion

In the (BiFeO3)N/LaNiO3/LaTiO3 structure, the bands near the
Fermi energy are eg bands of Ni. We first look into the local
structural distortions near the LaNiO3 layer as shown in Fig. 2. The
charge transfer between the LaTiO3 and LaNiO3 stays the same as
in LaNiO3/LaTiO3 superlattices. La ions between NiO and TiO
planes move towards the NiO plane to compensate the dipoles
caused by the charge transfer. Bi ions at the BiFeO3/LaNiO3 inter-
face shift away from the NiO plane in the �P state because of the
ferroelectric polarization, while they shift towards the Ni–O plane



Fig. 3. (Color online) The band structures near the Fermi energy along the high
symmetry lines of the Brillouin zone of the superlattice structure. (a) The �P state.
(b) The þP state. The widths of the green and blue lines represent the projection
onto the Ni dx2 �y2 and d3z2 � r2 , respectively.

Table 1
The on-site energy of the Ni eg states. The energies are shifted so the Fermi energy
is 0 eV. The unit is eV.

P state dNi13z2 � r2 dNi1x2 �y2 dNi23z2 � r2 dNi2x2 �y2

�P �1.22 0.53 0.16 0.94
þP �1.08 �0.15 0.16 0.8
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in the þP state. As compared to the þP state, the distances
between the Bi and La ions are larger in the �P state, and the
diagonals of the oxygen octahedra along the out-of-plane direction
in the frame of Bi and La ions are also longer; the in-plane Ni–O
bond lengths are reduced from about 1.90 Å in the þP state to
about 1.88 Å in the �P state to compensate the increasing of the
volume of the oxygen octahedra caused by the elongation in the
out-of-plane direction. Relative to the þP state, the larger Jahn–
Teller distortion of the octahedron shifts the energy of the Ni
dx2 �y2 orbital up and that of the Ni d3z2 � r2 orbital down in the �P
state. Thus, the band gaps of the þP and �P states are different.

The shorter in-plane Ni–O bonds in the �P state requires the
Ni–O–Ni bond angles to be increased to accommodate the lattice
constant fixed to the substrate. The details of the distortion and
rotation patterns of the Ni–O octahedra are shown in Fig. 2. In the
�P state, the rotations of the octahedra are suppressed with the
rotation angles less than 1°. The directions of the ferroelectric
polarization and the polarization caused by the LaNiO3/LaTiO3

charge transfer are opposite, leading to a polar discontinuity as
shown in Fig. 4. The Ni ions shift relative to the O ions to com-
pensate the polar discontinuity, thus the O–Ni–O bond angles
along the x (or y) direction are about 164° in the Ni–O octahedra.
The oxygen octahedra in the tri-color superlattice rotate and tilt
with the pattern a�b� c� in Glazer notation [27]. The oxygen
octahedra tilt clockwise and anticlockwise alternately, with the
tilting angles about 8°. So the Ni–O octahedra in a chain are con-
nected in clockwise–anticlockwise and anticlockwise–clockwise
mode alternately. This shifting of Ni ions increase the Ni–O–Ni
bond angles at the clockwise–anticlockwise connection, while
decrease the angle at the anticlockwise–clockwise connection.
Therefore, there are two kinds of Ni–O–Ni bond angles about 173°
and 157°, respectively. In the þP state, the rotation (with the angle
about 10°) and tilting (with the angle about 6°) of the octahedra
are the predominant distortion patterns, which make the Ni–O–Ni
bond angles about 157°.

The Ni–O–Ni bond angles are larger in the �P state, thus the
overlapping of the Ni dx2 �y2 and the O 2p orbitals is larger. What
we can expect from this is a wider dx2 �y2 bandwidth and hopefully
a metal–insulator transition.

We calculated the band structure for the both the �P and þP
states. The þP state has a band gap of about 0.2 eV, whereas the
�P state is metallic. To see the detail of the change of the band
structure, we constructed MLWFs and extracted an effective d
band only tight-binding Hamiltonian with the MLWFs as the basis
set. Thus the MLWFs are of hybrid d�p features. The band struc-
ture was calculated with this Hamiltonian, with one of the two
spin channels (spin up) shown in Fig. 3. The band structure of the
other spin channel is the same because the structure is anti-
ferromagnetic. The two Ni atoms in the calculated supercell with
total spin up and down are denoted as Ni1 and Ni2 here, respec-
tively. The two spin up eg states of Ni1 have lower energies than
those of Ni2. The projection of the eigenstates to the Ni eg bands is
shown. The four eg bands with spin up of the two Ni atoms are
near the Fermi energies. It can be clearly seen that the metal–
insulator transition is related to the change of the Ni dx2 �y2

bandwidths. The d3z2 � r2 bands are flat because the bands in the
out-of-plane direction are confined. Whereas the in-plane dx2 �y2

bands can be seen as the bonding and antibonding states of the
two Ni in-plane eg orbitals. The width of the band is proportional
to the hopping integral t. In the �P state, the hopping integrals are
�0.41 eV and �0.36 eV corresponding to the Ni–O–Ni bonds with
the angles 173° and 157°, respectively. While in the þP state, the
hopping integral is �0.37 eV corresponding to the Ni–O–Ni bonds
with the angles 157°. It can be seen that the tp cos 2θ rule is well
fitted. Therefore, the change of the bandwidths can be attributed
to the structural distortion.
The relative shift of the Ni eg bands also largely affect the band
gap. The on-site energies of the eg Wannier functions are listed in
Table 1. In the �P state, the Janh-Teller type splitting εðdx2 �y2Þ�εð
d3z2 � r2 Þ is larger than that in the �P state, as the oxygen octahedra
are more elongated in the z direction. Consequently, the on-site energy
of dx2 �y2 of Ni1 is raised even higher than that of the d3z2 � r2 of Ni2,
leading to the crossover of the corresponding dx2 �y2 and
d3z2 � r2 bands.

We examined the possible effect of electron repulsion by add-
ing an effective Hubbard UðNiÞ ranging from 0 to 6 eV. The Hub-
bard U pushes the occupied eg bands down and the unoccupied
bands up, which inhibits the crossing over of these bands and the
metallic state. With UðNiÞ of above 4 eV, the metal–insulator
transition is absent. Whether the metallic state can survive still
needs experimental tests and better theoretical descriptions of the
electron correlation effect. Nevertheless, the control of the band-
widths and band gap should be robust.

It should be noted that the carrier localization effect sometimes
plays a role in 2D thin film structures, which make the structure
with zero gap behave like insulators, like in Refs. [28,29]. We



Fig. 5. (Color online) The band alignments of the (a) �P state and (b) þP state. The
densities of states of the 3d electrons, which are near the Fermi energy, are shown.
The BFO IFn means the nth layer from the BiFeO3/LaNiO3 interface.
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cannot rule out the possibility within our DFT calculation. Even so,
a change in the conducting mechanism should be still observable.

From Fig. 3, the Ni dx2 �y2 a few Fe t2g bands at the BiFeO3/
LaTiO3 interface cross the Fermi energy, showing a transfer of
electrons from the LaNiO3 to the BiFeO3 layers. This can be
understood as the result as the polarization discontinuity. The
charge transfer from the LaTiO3 to the LaNiO3 layer caused a
polarization pointing from LaNiO3 to LaTiO3, the orientation of
which is the same as the ferroelectric polarization of BiFeO3 in the
þP state, while is different in the structure of �P. Though partly
compensated by structural relaxation, the discontinuity can still
lead to the charge transfer.

We calculated the layer resolved polarization following the
method of Stengel et al. by constructing maximally localized
Wannier functions [30,31]. The six Ni t2g and two eg electrons with
majority spin, the five Fe 3d electrons in the majority spin channel,
the O 2p electrons, and all the electrons at lower energies were
considered as bounded charge. The charge neutral condition is not
satisfied in the LaNiO3 and LaTiO3 layers because of the charge
transfer between them. Therefore, we considered them as a whole
and calculated the averaged polarization. As shown in Fig. 4, the
polarizations are almost unified in the þP state, whereas the
polarization discontinuity exists at both the BiFeO3 interfaces in
the �P state. The charge density at the interface is ρ¼ dP

dx, therefore
the charge transfer from the LaNiO3 layer to the BiFeO3 layers. It
should be noted that the polarizations in Fig. 4 are the formal
polarization [30], not the effective polarization which is commonly
used to describe the spontaneous ferroelectric polarization. In the
A3þB3þO2�

3 perovskite structures, due to the (AO)þ(BO2)� align-
ment, there is a component of the formal polarization of about
1
2jeR=Ωj (about 70 μC/cm2 in the BiFeO3 layers), where e is the
electron charge, R is the lattice constant along the out-of-plane
direction of the pseudocubic, andΩ is the volume of the volume of
the pseudocubic. By subtracting it from the formal polarizations,
the residuals (which are approximately the effective polarizations)
in the BiFeO3 layers are about þ60 μC/cm2 and �50 μC/cm2 in the
þP and �P states respectively.

We also calculated the band alignment of each layer, as shown
in Fig. 5. The polarization discontinuity causes the band shift in the
BiFeO3 in the �P state, whereas the much smaller polarization
discontinuity causes almost no shift in the þP state. The result
corroborated the charge transfer caused by the polarization dis-
continuity in �P state.

With the relative shift and the change of the width of the bands
controlled by the reversing of the ferroelectric polarization, the Ni
eg orbital polarization can also be modulated. The eg orbital
Fig. 4. (Color online) The layer resolved formal polarization. The polarization in the
LaNiO3 and LaTiO3 layers is the same because an averaged value of these are used.
The charge neutral condition is not satisfied in these two layers due to the charge
transfer between them.
polarization can be written as Porb ¼
n3z2 � r2 �nx2 � y2

n3z2 � r2 þnx2 � y2
, where n3z2 � r2

and nx2 �y2 are the occupations of the d3z2 � r2 and dx2 �y2 orbitals,
respectively, as opposite to that defined in Refs. [32,33]. From
Fig. 3, we can clearly see part of dx2 �y2 band which is beneath the
Fermi energy in the þP state goes above the Fermi energy. Porb is
0.41 and 0.12 in the þP and �P states.

The magnetic properties of the LaNiO3 can also be tuned.
Because of the charge transfer and possibly the change of electron
correlation effect which is related to the bandwidth, the local spin
on Ni site is also tuned. In the �P state, the net spin projected on
the Ni site is 0.66 μB, while that in the þP state is 1.05 μB.
4. Conclusion

In this work, we propose a strategy to control the electronic
bandwidths and the band gap of a material stacked on the ferro-
electric layer by reversing the ferroelectric polarization. This
strategy is demonstrated to be feasible by designing a (BiFeO3)N/
LaNiO3/LaTiO3 superlattice based on first principle calculations.
The lattice distortion pattern changes with the orientation of the



X. He et al. / Solid State Communications 229 (2016) 32–3636
polarization. The on-site energies of the Ni eg orbitals related to
the Jahn–Teller distortion of the Ni–O octahedron, and the widths
of the in-plane Ni dx2 �y2 bands related the oxygen octahedron
rotation angles and Ni–O–Ni bond angles, can both be thus be
controlled by the reversing of the ferroelectric polarization. We
also found the possibility of tuning of charge transfer between
LaNiO3 layers and the BiFeO3 layers due to the change of polar-
ization discontinuity condition. The eg orbital polarization and
local Ni magnetic moment can also be manipulated.
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