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The recent discovery of ’polar metals’ with ferroelectric-like displacements offers the promise of
designing ferroelectrics with tunable energy gaps by inducing controlled metal-insulator transitions.
Here we employ first-principles calculations to design a metallic polar superlattice from non-polar
metal components and show that controlled intermixing can lead to a true insulating ferroelectric
with tunable band gap. We consider a 2/2 superlattice made of two centrosymmetric metallic
oxides, La0.75Sr0.25MnO3 and LaNiO3, and show that ferroelectric-like displacements are induced.
The ferroelectric-like distortion is found to be strongly dependent on the carrier concentration (Sr
content). Further, we show that a metal-to-insulator (MI) transition is feasible in this system via
disproportionation of the Ni sites. Such a disproportionation and hence a MI transition can be driven
by intermixing of transition metal ions between Mn and Ni layers. As a result, the energy gap of
the resulting ferroelectric can be tuned by varying the degree of intermixing in the experimental
fabrication method.

Ferroelectrics are insulating materials with sponta-
neous microscopic polarization, which can be reversed
by the application of an electric field [1, 2]. However,
in 1965, Anderson and Blount first suggested that po-
lar displacements, which drive a material from a high-
symmetry paraelectric phase to a low-symmetry ferro-
electric phase, could exist in a metal [3]. Recently, the
observation of a ferroelectric-like structural transition in
the metallic oxide LiOsO3 [4] generated an interest in po-
lar metals [5–11]. Fundamentally, there is no incompat-
ibility between metallicity and polar or ferroelectric-like
displacements [5]. However, successful coupling between
an external electric field and polarization requires that
the system is an insulator because a nonzero electric field
cannot be sustained in a metal. The question then arises
if it is possible to design a material that undergoes a tran-
sition from a ferroelectric-like metallic (FEL/M) phase to
a true ferroelectric insulating (FE/I) phase. The mecha-
nism that underlies such a transition would reveal options
for the design of ferroelectrics with tunable energy gaps.

To achieve a transition from a FEL/M phase to a
FE/I phase, two conditions need to be satisfied: First,
the polar displacements need to be present in both
phases and second, the system has to acquire a metal-
to-insulator transition. In this context, interfaces be-
tween metallic oxides can be compelling, as transition-
metal oxide (TMO) heretostructures in the perovskite
architecture offer many functional properties including
metal-insulator transitions, ferroelectricity, magnetore-
sistance, etc. [12–22]. In the context of ferroelectricity
(FE), the appearance of an electrical polarization is usu-
ally driven by a second-order Jahn-Teller (SOJT) mech-
anism [2]. However, recent studies have shown that,
with proper choice of materials and by taking advan-
tage of heterostructures, alternative mechanisms are also
possible [13–15, 22]. TMO heretostructures are equally

promising for metal-insulator transition, as conductivity
has been shown strongly driven by structural and elec-
tronic asymmetries at the interface [17, 21]. In partic-
ular, charge transfer between two dissimilar interfaces
was reported to induce either ferroelectricity or metal-
insulator transition in different systems [15, 17]. Thus,
TMO heterostructures built from metallic components
are certainly a promising starting point where the possi-
bility of a FEL/M-to-FE/I transition can be explored.

In this paper, we use first-principles density-functional-
theory (DFT) calculations to consider superlattices (SLs)
constructed from metallic components and formulate a
mechanism to functionalize a polar metal into an insu-
lating ferroelectric with tunable energy gap. We investi-
gated short-period SLs of the form (La0.75Sr0.25MnO3 )m
/(LaNiO3 )n, where, m/n = 1/1, 2/2, 3/1. The 2/2 SL
was found to be a polar metal (i.e., FEL/M phase) that
can undergo a metal-insulator transition. The trigger for
such a metal-insulator transition is a small dispropor-
tionation of the oxidation state on the Ni sites. In the
case of 2/2 SL, disproportionation can be brought about
by Mn/Ni intermixing, a phenomenon that is known
to occur in similar systems. Finally, we have found
that the polar mode in the non-intermixed 2/2 superlat-
tice strongly depends on the concentration of delocalized
holes in the system, which can lead to a new family of
tunable polar metals.

First-principles calculations were carried out using
density functional theory [23] with projector augmented
wave (PAW) potentials [24]. We used the rotationally in-
variant LSDA+U approach introduced by Liechtenstein
et. al. [25, 26], as implemented in the Vienna ab ini-
tio simulation package (VASP) [27]. We have included
the on-site d − d static Coulomb interaction parameter
U using values UMn ≤2 and UNi ≤6, as determined
by a procedure described in Supplemental Information,
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Figs. S1b and S1c. More specifically, calculations were
done using UMn=0.5 eV, and Ni, UNi=6.0 eV with an
exchange interaction parameter J=1.0 eV, but key re-
sults were tested using values UMn =1.5 eV and UMn

=2 eV and were found to remain unchanged (see be-
low). The exchange-correlation part is approximated
by the PBEsol functional [28]. The total energy and
Hellman-Feynman force were converged to 1.0 µeV and
1.0 meV/Å, respectively. Various supercells have been
constructed for this study. In case of non-intermixed
structures, a

√
2ap ×

√
2ap × 4ac supercell has been

used. We have fixed the in-plane lattice to cubic SrTiO3

(3.905 Å) and c lattice parameter was optimized. In the
case of intermixed structures, a series of supercells has
been constructed to represent different scenarios of inter-
mixing.

Our aim is to design a ferroelectric superlattice
from metallic oxide interfaces. We have chosen
(La0.75Sr0.25MnO3)m/(LaNiO3)nSLs (LSMO/LNO) as
both La0.75Sr0.25MnO3 and LaNiO3 are metallic oxides
while their electronic structure, i.e., the presence of de-
localized and/or ligand holes induced by TM3d-O2p hy-
bridization may lead to an insulating or near insulat-
ing state [29–33]. Furthermore, it was recently reported
that a metallic interface can drive a hidden ferroelectric-
like distortion [34]. In bulk La1−xSrxMnO3 (where,
x is concentration of holes), A site is populated ran-
domly by La3+ and Sr2+ cations which lead to B-cations
to have a mixed-valence of Mn3+(d4)/Mn4+(d3), with
x = 0.25, the system is reported to be antiferromagnetic
metal [29, 30]. On the other hand, RNiO3 family under-
goes metal-insulator (MT) transition driven by NiO6 oc-
tahedral distortions associated with complex charge dis-
proportionations. In case of LaNiO3, this transition oc-
curs at 40 K [31–33]. In the present study we have con-
sidered the metallic Pnma structure of LaNiO3, in which
a charge disproportionation mode is absent. Thus, both
of our building blocks, LSMO and LNO, are metallic.

In Figure1(a), and (b), we show the high-symmetry
P4/mmm and lowest-energy Pm structures of a 2/2 SL,
respectively. To relate the high-symmetry P4/mmm to
the low-symmetry Pm phase through a group-subgroup
relation, we have performed phonon calculations on the
P4/mmm structure in the ferromagnetic (FM) magnetic
configuration (supplementary information-II). The domi-
nant structural distortions in P4/mmm were found to be
driven by octahedral rotations. However, with the set of
parameters UMn=0.5 eV, UNi=6.0 eV and J=1.0 eV, the
lowest-energy magnetic state is found to be antiferromag-
netic (AF) for both structures. The AF configuration is
such that individually the Mn and Ni sublattices have
A-type AF alignment, while at the interface the Mn-
O-Ni coupling is FM, resulting in alternating magnetic
moments for neighboring interfaces and zero net magne-
tization. We will denote this configuration as AFA (sup-
porting information III). This particular AFA-type mag-
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FIG. 1. Structural and electronic properties of 2/2 SL. (a) &
(b) High symmetry P4/mmm and lowest energy Pm struc-
tures, respectively. Green, orange, read, blue and black balls
represents La, Sr, Mn, Ni and O atoms, respectively. The
magnetic configuration AFA implies that Mn and Ni sublat-
tices are aligned AFA-type while at the interface the Mn-O-Ni
coupling is ferromagnetic. (c) Relative energetics of dominant
distortions with respect to a−a−c0 (QT ) distortion. Here,
’in’ and ’out’ represent ’in phase’ and ’out of phase’ sense of
rotation of BO6 octahedra at the interface (Supplementary
Information-II). The polar space groups are shown in green.
(d) Density of states (DOS) calculated for UMn =0.5 eV,
UNi =6.0 eV and J= 1.0 eV.

netic ordering is also found to be the lowest-energy mag-
netic configuration for the (LaMnO3)2/(LaNiO3)2 super-
lattice [35–38].

When considered individually, the distortion mode cor-
responding to the lowest energy has Pmm2 space group,
which has a−a−c0 rotation. Other BO6 octahedral dis-
tortions are found to be much higher in energy, as shown
in Figure1(c). The symmetry of the lowest-energy Pm
phase is established by two symmetry-lowering struc-
tural distortions of the tetragonal P4/mmm perovskite
structure:an out of phase tilt of the BO6 octahedra (QT ,
Glazer notation [39] a−a−c0) about the cubic [110] axis
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and an in-phase rotation of the BO6 octahedra (QR,
Glazer notation a−a−c0) about the cubic [001] axis.
Together these distortions stabilize the a−a−c+ rota-
tion pattern via. a trilinear coupling of the from F ∼
QT QR QAFE, where QAFE is the anti-ferroelectric A-
cation displacement. Here, to note that in case of bulk
La0.75Sr0.25MnO3 the rotation pattern is a0a0c−. How-
ever, in case of 2/2 SL the rotation pattern is a−a−c+

as there is an additional energy gain due to trilinear cou-
pling.

Considering the electronic structure, Pm-AFA phase
is found to be metallic as shown by the density of states
(DOS) plot in Figure1(d). In case of a pure Mn (4+)/Ni
(2+) system with (3d3 : t32ge

0
g/3d

8 : t62ge
2
g) electronic

configuration, the system is expected to be an insu-
lator. However, from previous theoretical studies on
(LaMnO3)2 / (LaNiO3)2 SL, it was predicted that the
system remains metallic and additional structural dis-
tortions are required to remove this portion of DOS from
fermi level (Ef ) [40]. In case of 2/2 SL due to presence
of a delocalized hole (a La3+ ion has been replaced by a
Sr2+ in the unit cell) both Mn and Ni becomes slightly
mixed valance and TM3d-O2p hybridization give rise to
finite DOS at the Ef . All other intermediate metastable
phases also show similar electronic structure and thus
remain metallic.

Here we note that the lowest-energy phase Pm
(a−a−c+) and the intermediate phase Pmm2 (a−a−c0)
are in non-centrosymmetric space groups and thus can
be polar. Further analysis of phonon modes reveals a
’ferroelectric-like’ (FEL) mode as shown in Figure2(a).
Due to a−a−c0 (QT ) mode, both La3+ and apical O2−

ions are displaced from their respective centrosymmetric
positions. In the case of a 2/2 SL, the magnitude of dis-
placements of La3+ and apical O2− in the LaNiO3 block
is significantly larger when compared to other layers due
to coupling between QT and FEL. Due to the absence of
coupling with the FEL mode, an intermediate Cmmm
phase that represents a a0a0c+ (QR) rotation remains
centrosymmetric. When we ’freeze in’ the amplitude of
the FEL mode and compute the corresponding total en-
ergy as a function of the mode amplitude, a double well
potential is obtained as shown in Figure2(b). The FEL
mode couples to QT and, together, these two distortions
(QT + FEL) establish a polar space group. Reversing
the sense of QT can also reverse the direction of the FEL
mode.

A Similar type of asymmetric distortion has been
shown to lead ferroelecricity with a net measur-
able in plane polarization for (YTiO3)2/(YFeO3)2 and
(LaTiO3)2/(LaVO4)2 magnetic superlattices. Charge
transfer across the interface is reported to be the ori-
gin of such ferroelectric mode [11, 15]. Moreover, the
FEL mode in a 2/2 SL demonstrates strong carrier con-
centration dependence, which is also a key characteristic
of a polar metal [5]. However, in the case of a 2/2 SL,

(a)	

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5-40

-20

0

20

40

60

80

100

120

140

160

180

Q (Å)

En
er

gy
 (m

eV
) 

LSMO/LNO (Sr 25%)
+1e

LSMO/LNO (Sr 50%)-1e

LMO/LNO 

(b)	

FIG. 2. (a) Schematic depiction of the ferroelectric-like (FEL)
mode and (b) Carrier concentration (Sr content) dependency
of the FEL mode distortion. Green, orange, red, blue and
black spheres represent La, Sr, Mn, Ni and O atoms, respec-
tively.

the lowest-energy Pm phase remains metallic and the
polarization cannot be measured using the Berry-phase
method. We, therefore, refer to this mode as ’ferroelec-
tric like’.

As both the individual building blocks are metallic as
illustrated in Figure 3(a) and the pristine 2/2 SL is also
metallic as shown by the DOS is Figure 1(d), the im-
portant question now is how to open a gap so that the
polarization becomes measurable. We note that the dou-
ble perovskite La2MnNiO6 is insulating both in the or-
thorhombic and the monoclinic structure, with the Mn
and Ni ions ordered in a rocksalt pattern [41]. Hence,
two questions arise: (a) Can Mn/Ni intermixing open an
energy gap in the 2/2 SL? And, if an energy gap opens
up, (b) will the ferroelectric mode persist and can the
ferroelectric polarization be measured in an intermixed
structure? To explore the effect of intermixing we have
considered various types of ordered intermixing (compu-
tational constraints do not allow us to consider disor-
dered intermixing, but the results suggest that disorder
would not change the main conclusions; supplementary
information-IV). The results are summarized in Table 1.
For a 25% intermixing concentration, the lowest-energy

TABLE I. Finite band gap (B.G) and polarization (when
ferroelectric) of (La1−xSrxMnO3)m/(LaNiO3)n superlattices
(LSMO/LNO SLs). Metal-insulator transition has dual origin
i.e, intermixing and charge disproportionation (CDP).

(LSMO)m / (LNO)n Intermixing CDP Finite Polarization
Sr doping SL Period B.G

(x%) (m/n) (%) (eV) (µC/cm2)
50 1/1 No Yes 0.25 No
25 2/2 No No No No

12.5 Yes No No
18.75 Yes 0.09 4.21

25 Yes 0.51 9.31
16.67 3/1 No No No No
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configuration is shown in Figure 3(b), which we define as
’column intermixing’. The intermixed structure is found
to be much lower in energy (∼0.35 eV) compared to the
pristine interface [37]. Though this result means that
intermixing is an exothermic process, employing kinetic
constraints during growth can control the amount of in-
termixing. Gibert et al. in Ref. [19, 37] have demon-
strated that, by controlling the growth conditions and
temperature, it is possible to control the degree of inter-
mixing in experiments.

As shown in Figure 3(c), after structural relaxation, Ni
sites are no longer equivalent, forming Ni1 and Ni2. At
the Ni1 sites, the NiO6 octahedron is slightly contracted,
while at the Ni2 sites, the octahedron is slightly elon-
gated in the crystallographic ab-plane. The presence of
two different types of Ni sites has also been confirmed by
calculating local magnetic-moments. For an ideal inter-
face without intermixing the magnetic moment on each
Mn and Ni is found to be 2.64 µB and 1.54 µB , respec-
tively. In the case of 25% intermixing, Ni sites have two
distinct magnetic moments of 1.70 µB and 1.31 µB for
Ni2 and Ni1, respectively.

The above results indicate that the cause of the sym-
metry breaking is disproportionation of the Ni oxidation
states. The difference between the two resultant oxida-
tion states is not large; the respective oxidation states
can be thought of as +2 ± δ. However, this change is
enough to generate p−d repulsion and remove finite DOS
from EF , opening a energy gap of magnitude 0.51 eV as
shown in Figure 3(d). In order to check that this re-
sult is not sensitive to the value of UMn, we optimized
the 25%-intermixed and non-intermixed structures using
UMn = 1.5 eV, UNi = 6.0 eV and J=1.0 eV. The con-
clusions remain unchanged i.e. the non-intermixed struc-
ture is a polar metal and the 25%-intermixed structure is
an insulating ferroelectric (with band gap 0.4 eV). Here,
the metal-insulator transition may be viewed as being
driven by an internal volume collapse where one NiO6

octahedron shrinks around its central Ni, while the other
octahedron expands accordingly. Similar behavior has
been reported for LaNiO3 in Ref. [31]. However, in this
present case the electronic driven charge disproportiona-
tion could be related to the presence of a of a differently
sized cation (Mn) in the Ni layer

We have found that, in the case of a
La0.75Sr0.25MnO3/LaNiO3 2/2 SL, a critical level
of intermixing (∼18.75%) is required to open a gap
(see Table I). Conversely, in a La0.5Sr0.5MnO3/ LaNiO3

1/1 SL , Ni sites undergo charge disproportionation
without any intermixing, opening a gap of 0.25 eV.
Therefore, in (La1−xSrxMnO3)/(LaNiO3) superlattices,
the metal-insulator transition is governed by a complex
interplay of disproportionation, carrier concentration
and intermixing. In the case of a 2/2 SL, due to
intermixing-driven disproportionation, the metallic Pm
phase converts into an insulating P1 phase. Once we
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FIG. 3. (a) Engineering a metal-insulator transition in a su-
perlattice of two metallic oxides. (a) Schematic representa-
tion of the problem. (b) Column intermixing configuration,
(c) Two nonequivalent NiO6 octahedra arising from charge
disproportionation. At the Ni1 sites, the NiO6 octahedron is
slightly contracted, (as indicated by white arrows) while at
the Ni2 sites, the octahedron is slightly elongated in the crys-
tallographic ab-plane. White arrows highlight the compressed
NiO6 octahedra. (c) DOS for intermixed structure computed
for UMn =0.5 eV, UNi =6.0 eV and J= 1.0 eV. Here, Green,
orange, red, blue and black spheres represent La, Sr, Mn, Ni
and O atoms, respectively.

are able to open the energy gap, we are able to measure
the total (atomic + electronic) ferroelectric polarization
using the Berry-phase method. We have found that,
for 25% and 18.75% intermixing, the calculated polar-
izations are 9.31µC/cm2 and 4.21µC/cm2, respectively,
with the polarization vector in the crystallographic ab
plane.

One of the key characteristics of ferroelectricity is
switching of the polarization. In the case of a
2/2 SL, the polarization can in principle be switched
via a (a−a−c++ FEL) mode. The switching bar-
rier can roughly be extracted from Figure 1(c). In
a simple picture, switching of the a−a−c0 mode in
Pm (a−a−c+) requires the structure to go through
the intermediate Cmmm (a0a0c+) phase [+ (a−a−c+)
→ (a0a0c+) → -(a−a−c+)]. Thus, the energy
to switch is ∆E = E(a0a0c+)−E(a−a−c+). From
Figure 1(c), ∆E=[E(a0a0c+)-E(a−a−c0)]-[E(a−a−c+)-
E(a−a−c0)]∼(0.65 + 0.15)eV = 0.8 eV, is very high.
Thus switching of a−a−c++ FEL is not likely.
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In conclusion, in this paper we have investigated en-
gineering a system where two distinct functional prop-
erties, metal-insulator transition and ferroelectricity, can
coexist. We have chosen La0.75Sr0.25MnO3/LaNiO3 su-
perlattices as a promising system since both of its build-
ing blocks are metallic in bulk form. We have found that
an intermixed 2/2 SL can be ferroelclectic with a large
spontaneous polarization. Small disproportionation of
the oxidation state on Ni sites is found to be the origin
of a metal-insulator transition, driving the system from
ferroelectric-like metallic phase to ferroelectric insulat-
ing phase. The ferroelectric distortion persists even when
the system is metallic and strongly depends on the carrier
concentration, which can lead to the possibility of design-
ing carrier-concentration tunable ferroelectrics. Finally,
it will be interesting to investigate the strain dependence
of the calculated properties, which can be addressed in
future.
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