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Doping ferroelectrics with carriers is often detrimental to polarization. This makes the design and discovery
of metals that undergo a ferroelectriclike transition challenging. In this Letter, we show from first principles
that the oxygen octahedral rotations in perovskites are often enhanced by electron doping, and this can be used
as a means to strengthen the structural polarization in certain hybrid-improper ferroelectrics—compounds in
which the polarization is not stabilized by the long-range Coulomb interactions but is instead induced by a
trilinear coupling to octahedral rotations. We use this design strategy to predict a cation ordered Ruddlesden-
Popper compound that can be driven into a metallic ferroelectriclike phase via electrolyte gating.
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Ferroelectrics, insulators with a spontaneous and switch-
able electric polarization, are promising for a wide range of
applications and pose a number of fundamental questions
[1-4]. While ferroelectricity is observed in a wide range
of material classes and can be driven by a variety of
mechanisms, the most studied ferroelectrics are transition
metal oxides, such as BaTiO;, where the emergence of a
polar order parameter is due to a crystal structural distortion
driven by the interatomic hybridization and long-range
Coulomb interactions [5,6]. Because of the role of the long-
range interactions in driving the polar structural distortion,
introduction of free charge carriers to ferroelectrics not only
screens the ferroelectric polarization, but it also suppresses
the structural distortion often [7].

While “structurally polar metals” (metals with a polar
point group) are rather common, “ferroelectric metals”
(metals that undergo a phase transition from a centrosym-
metric to a polar crystal structure [8]) are rather rare. It took
almost 50 years after the possibility of a ferroelectriclike
transition in a metal was first raised [9] for the unambigu-
ous experimental observation of such a transition in
LiOsO5 [10]. The first observation of polarization switch-
ing in a ferroelectric (semi)metal is even more recent
[11,12]. The interest in polar and ferroelectriclike metals
is continuing to increase in both bulk and heterostructures
[13-24], and they continue to promise both a fertile
playground for interesting emergent phenomena (includ-
ing, but not limited to, mixed singlet-triplet superconduc-
tivity [25] and novel optical effects [26]) and immediate
relevance to applications as polar electrodes [27].

Emergence of polarization in (Sr, Ca)Ru,0g, CazRu,05,
and ultrathin NdNiO; films has been studied in detail
[28-30], and it was shown that the polarization in these
materials is robust against metallicity because the polar
displacements are driven by their coupling to zone-
boundary phonon modes and are mainly decoupled
with the electrons around the Fermi level. “Metallized
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ferroelectrics” (insulating ferroelectrics that are doped to
introduce charge carriers) are also studied intensively,
and the effects of free carriers on the polarization and
polar instabilities have been analyzed recently, introdu-
cing ideas such as metascreening [31] and elucidating
the trends in the second-order Jahn-Teller effect under
carrier doping [32]. Barring a volume expansion, the most
common effect of charge doping in proper ferroelectrics is
the suppression of the ferroelectric polarization; for exam-
ple, ~0.11 electrons per formula unit is sufficient to
completely suppress the polarization in BaTiO3 and render
it centrosymmetric [7,33,34].

In this Letter, we show that a particular group of
ferroelectrics, the A;Sn,O; hybrid-improper ferroelectrics
(HIFs) [35-39] behave differently, and their structural
polarization is strongly enhanced by the free electrons
introduced by chemical doping or electrostatic gating.
This is related to an increase in the oxygen octahedral
rotation angles induced by the added electrons in the
parent perovskite compounds, which in turn leads to a
larger structural polarization in these layered perovskite
Ruddlesden-Popper (RP) phases [40]. We also show that it
is possible to exploit this mechanism to obtain free-carrier-
induced polarization, in other words, design a material that
develops a ferroelectriclike structural instability when free
electrons are introduced via, for example, electrostatic or
electrolyte gating.

Oxygen octahedral rotations in perovskites.—We start
by reviewing the symmetry and octahedral rotations in
ABO; perovskites. Most perovskite oxides have the ortho-
rhombic space group of Pnma at low temperature [41]. The
atomic displacements that lead to the Pnma symmetry can
be expanded in terms of the irreducible representations
(irrep) of the reference space group Pm3m [42,43]. The
Pnma structure has multiple nonzero strains (I'y, '}, I'J)
and atomic displacements (R;, R5, X5, M5, and M7).
Most of these distortions are “secondary”: they are nonzero
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FIG. 1. (a)-(c)The three normal modes in Eq. (1) that are

relevant to the Pnma phase of perovskites. (d) The phonon
frequencies of cubic (Pm3m) SrSnO; under doping and fixed
volume. The green and red spheres represent the A site and
oxygen ions, respectively, and the B-site atoms are in the center of
the blue octahedra. (a) In-phase rotation around the ¢ axis
(a°a’c™ in Glazer notation). (b) Out-of-phase rotation around
the ab axis a"a~c°. (c) The antipolar displacement in the ab
plane, where the irrep direction is X3 (a,a;0,0;0,0). With
increasing number of electrons, the unstable rotation modes
get more unstable, and the antipolar X5 mode gets softened (but
remains stable).

only because of couplings with other, “primary” distor-
tions. The Pnma structure can be obtained by a combina-
tion of only two primary irreps (R; and MJ), which
correspond to the out-of-phase and in-phase oxygen octa-
hedral rotations shown in Figs. 1(a) and 1(b) [44]. Both of
these space irreps are three-dimensional, where the three
orthogonal directions correspond to octahedral rotations
around the three cubic axes. The phonons corresponding to
both of these octahedral rotations are unstable in the cubic
reference structure of Pnma perovskites. The Pnma
structure (a~a”¢™ in the Glazer notation) has out-of-phase
rotations around [110] and in-phase rotations around [001],
which is equivalent to order parameter directions
Rs(a,a,0) and M7 (0,0,a). These two modes, which
we henceforth refer to as R and M for brevity, couple
with the X35 (a,a;0,0;0,0) mode (referred to as X for
brevity) at the trilinear order. Hence, the Landau free
energy up to third order is

F = agR? + ayM?* + axX> + yRMX. (1)

The X mode corresponds to an out-of-phase displacement of
the A-site cations as showed in Fig. 1(c) and is typically
stable, but it has a nonzero amplitude X = yRM /2« in
the low temperature structure. X can be referred to as a
“hybrid-improper” order parameter, because it is induced in
the ground state by a combination of two primary order
parameters.

In heterostructures where translational symmetry is
broken by layered cation ordering, or in layered perovskites
(RPs), modes that give rise to transverse out-of-phase
displacements of the A site (related to the X5 in perov-
skites) attain a polar character and are responsible for the
hybrid-improper ferroelectricity [35,45,46]. For this rea-
son, understanding the behavior of this mode in bulk
perovskites is essential for understanding the polarization
trends in HIFs. As an example Pnma perovskite system,
we consider SrSnO;. While SrSnOj; is orthorhombic at
room temperature, its Goldschmidt tolerance factor ¢t =
[(Rs, + Ro)/V2(Rs, + Rp)] = 0.96 is close enough to 1
so that it undergoes a series of phase transitions to the cubic
phase above 1295 K and its structural ground state can be
modified by biaxial strain [47,48]. In Fig. 1(d), we show the
phonon frequencies for the R, M, and X modes as a
function of doping from first principles density-functional
theory (DFT) calculations. (The technical details of the
calculations are discussed in the Supplemental Material
[49].) The phonon frequencies are proportional to the
square root of the a coefficients in Eq. (1) and can be
used to study the instabilities. Unstable modes have
imaginary frequencies, which are plotted as negative
numbers. We simulate the effect of free carriers in this
nominally insulating compound by changing the total
number of electrons in the calculation, while keeping the
system neutral by adding a homogeneous background
charge. Unlike chemical substitution, this approach does
not introduce any steric differences or disorder into the
system. In this respect, it is a better representation of
electrostatic or electrolyte gated systems rather than chemi-
cal doping. We consider a wide range of carrier doping up
to 0.5 electrons per Sn atom, which is larger than the typical
concentrations experimentally achievable [64]. We keep the
unit cell volume fixed in order to separate out the volume
expansion effects. The volume expansion does not modify
the trends we report significantly [49].

The results in Fig. 1(d) show that both the rotation modes
Rs and M7, which have imaginary frequencies in the
undoped compound, become more unstable with the
introduction of free electrons, in other words, ap and ay,
become more negative with added electrons. Similarly, the
frequency of the stable X5 mode decreases with increasing
electron concentration, and so ay becomes smaller. The
trilinear coupling y does not change significantly under
doping, and the changes in the higher-order coefficients are
qualitatively insignificant [49]. As a result, the softening of
X5 and the strengthening of the R and M7 instabilities
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FIG. 2. Results of DFT structure optimizations under fixed
volume. Both (a) the octahedral rotation angles and (b) the
antipolar mode amplitudes increase with increasing number of
electrons, as expected from the phonon frequencies in Fig. 1(d).

under electron doping lead to larger rotation angles and
antipolar amplitudes as shown in Fig. 2. This trend is
observed not only in Pnma perovskites SrSnO; and
CaSnOs;, but also in cubic perovskites like BaZrO5, which
develops a R3 instability when electron doped [49]. A
similar enhancement of octahedral rotations was predicted
by DFT in SmNiOj; [65] and both DFT and x-ray diffraction
points to enhanced octahedral rotations in photodoped
EuTiO; [66].

This effect of carriers on octahedral rotations can be
explained by considering the densities of states. The
valence bands in stannates consist of oxygen-p bands,
whereas the conduction band is formed by Sn-s [67]. The
added electrons fill states with Sn-s character, and the
valence of Sn** becomes Sn™#~%. This decreases the Sn-O
electrostatic attraction, decreases the Sn-O hybridization,
and increases the ionic radius of Sn. This reduces the
tolerance factor 7. Added holes, on the other hand, occupy
the O~ anions and make them O~2%%. This reduces the
attraction between the A site cation (Ba, Sr, or Ca) and
oxygens, which is the driving force of rotational instabil-
ities. Hence, rotation modes become less unstable.

Hybrid-improper ferroelectrics.—We now move on to
A3B,0; HIFs and consider Sr3Sn,O; as an example.
Sr3Sn,O; is an n =2 RP compound, which can be
considered as a layered perovskite with an extra SrO layer
after every pair of SrSnO; bilayers. It is experimentally
verified to be a ferroelectric [36,37], and its polarization is
induced through the hybrid-improper mechanism, which
involves the trilinear coupling between the polar mode
(I's, which we denote as P) and two octahedral rotation
modes (X3 and X3, which we denote as Q; and Q) shown
in Fig. 3(a). These modes are the counterparts of the
antipolar A-site displacement X5 mode and the octahedral
rotation modes R5 and M7 in bulk perovskites. Two crucial
differences between the A3;B,0O; RP and the ABO;
perovskite structures are (i) in the smaller Brillouin zone
of the RP structure, both the octahedral rotation modes Q;
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FIG. 3. (a) The structure of Sr3Sn,0O5 includes three structural
distortion modes with respect reference /4/mmm structure: Two
oxygen octahedral rotation modes (X; and X73) and a polar mode
(I'5). (b) The structural polarization strength of Sr;Sn,0; as a
function of doping level. The structural polarization is as the sum
of the products of the nominal charge and polar displacements of
ions [49]. (c) The doping-strain phase diagram of Sr3;Sn,0O,. The
nonpolar(a) and nonpolar(b) phases have Aeaa and P4,/mnm
space groups, respectively [49].

and O, have the same wave vector, and hence can couple to
zone center modes at the trilinear order, and (ii) the out-of-
phase A-site displacement is now a polar I' mode because
the dipole moments induced by the symmetry inequivalent
A sites do not cancel. The shortest free energy that explains
the polarization up to third order is

F =01 + 2,03 + apP* + y0,0,P. (2)

The trilinear coupling y between the unstable Q; and Q,
rotations with a;, <0 and the stable polar mode P
with ap > 0 gives rise to a nonzero polarization P =
70,0,/2ap in the ground state.

In order to elucidate the change in the structural
polarization in Sr;Sn,O; when free carriers are introduced,
we optimize the crystal structure again with different
numbers of added electrons or holes. The results in
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Fig. 3(b) show that added electrons increase the polariza-
tion, similar to the increased antipolar X mode amplitude in
SrSnO;. This can be explained by the fact that the
mechanism that leads to enhancement of octahedral rota-
tions in the electron doped SrSnOj is essentially a local
mechanism that also applies to Sr3Sn, 05, which also has a
similar DOS with Sn-s bands on the conduction band.
Filling the conduction band increases the effective ionic
radius of the Sn ions, which in turn increases the amplitude
of 0, and Q, octahedral rotations and hence enhances the
polarization P. In the HIF Cas;Ru,0; or the proper geo-
metric ferroelectriclike LiOsO;, the polarization is per-
sistent against free carriers because of the absence of
significant coupling between the electronic states near
the Fermi level and the unstable phonons [28,68]. In
Sr3Sn,04, there is a strong effect of the conduction band
occupation on the lattice instabilities, which is not reported
in these other metallic ferroelectriclike compounds.

The enhanced rotations also expand the biaxial strain
range where Sr3Sn, 05 is structurally polar. In Fig. 3(c), we
show the strain-doping phase diagram of Sr;Sn,0-, calcu-
lated by fixing the in-plane lattice parameters and relaxing
the out-of-plane one to simulate the boundary conditions on
a thin film lattice matched to a substrate. Insulating,
undoped Sr3;Sn,0; is known to undergo a transition to a
nonpolar phase above ~ F 2% biaxial strain [50] like many
other compounds [69]. Figure 3(c) shows that not only
doping enhances polarization at fixed volume, but it also
stabilizes the polar phase at wider strain ranges. The polar-
nonpolar transition induced by epitaxial strain is driven by
the disappearance of one of two rotation modes in the polar
phase [50]. The free electrons increase the stability of both
rotation modes, which make this phase transition occur at a
higher strain value.

Ferroelectriclike transition induced by free electrons.—
The strong effect of free electrons on stabilizing a metallic
ferroelectriclike phase in Sr3Sn, O leads to the question of
whether it is possible to drive a centrosymmetric compound
to a polar phase by doping it with free electrons without the
help of biaxial strain. We scanned a number of A3B,0;
oxides, but could not find an example that undergoes a polar
phase transition for dopings up to 0.5 e~ per B-site cation,
which is already beyond what is experimentally achievable
via methods such as electrostatic gating. In order to design a
material that is closer to a structural phase transition than
Sr3Sn, 05, we turn to “targeted chemical pressure,” which
involves selectively substituting part of Srions with larger Ba
cations [70]. While it is not always possible to order same
charge cations in bulk, molecular beam epitaxy has been
successfully used to obtain targeted chemical pressure in
other RP phases (SrTiO3),,(BaTiO3),,SrO [70]. In Sr3Sn, 05
ceramics, up to 10% of Ba ions are reported to preferentially
substitute inequivalent St sites, however, the ordering tend-
encies depend sensitively on changes in the substitution
amount [39]. We consider a structure where the 2/3 of Sr
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FIG. 4. (a) The structure and (b) a doping-strain phase diagram
of Ba,SrSn,0;. Yellow spheres represent Ba atoms. The non-
polar(a) and nonpolar(b) phases have Aeaa and P4,/mnm
symmetries, respectively.

cations are substituted with Ba to form Ba,SrSn,0,, where
the Ba cations are on the double-rocksalt layers of the RP
structure, as shown in Fig. 4(a). While this structure is not
energetically the most stable one [49], it may in principle be
synthesized via layer-by-layer growth. The lowest energy
structure of Ba,SrSn, 05 is centrosymmetric when undoped
and strain relaxed, but introducing electrons to the conduc-
tion band leads to a transition to a polar structure with space
group Cmc2, [Fig.4(b)]. Thus, Ba,SrSn, 05, is a free-carrier-
induced metallic ferroelectric. Like in undoped A3;B,0,
compounds, biaxial strain also modifies the stability range of
the polar phase of Ba,SrSn,0.

Experimental verification of this prediction is possible.
Ba;Sn, 05 is stable in bulk [71], and thin films of both Sr
and Ba stannate perovskites were grown by multiple groups
[48,72,73]. If the free charge is constrained in the top
~10 A of a Ba,SrSn, 05 film, the charge density needed to
stabilize the polar phase is ~5 x 10" cm™2. Dielectric
based gating allows densities of ~10'> cm™ [74], and it
is possible to obtain densities exceeding ~10'* cm™? via
ionic liquid gating [64,75,76]. Thus, it is possible to induce
in-plane structural polarization using electrolyte gating.
The polarization can be observed by second harmonic
generation, as was done in LiOsO5 [77].

Other A3B,0; compounds.—This mechanism is very
general, and it could be expected to be applicable to many
other HIF oxides. However, our calculations on Ca;Ti,O5
and Sr;Zr,0;, which we discuss in the Supplemental
Material [49], indicate that this is not the case. Even
though the parent CaTiO3 and SrZrO; compounds behave
very similar to SrSnO; under doping, the structural
polarization of both Ca;Ti,O; and Sr3Zr,0, decrease upon
electron doping. The reason is a subtle difference in the
nature of polarization in these compounds: While both
Ca3Ti,07 and Sr3Zr,0O; have HIF ground states, in their
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14/ mmm reference structure they also display weak polar T’
point instabilities [51,52]. As a result of this instability,
Ca3Ti, O has a significant Ti contribution to polarization.
This contribution is reduced as electrons are introduced to
the system, because free carriers suppress the Ti-O hybridi-
zation and harden this soft mode in Ca;Ti,O5 as they do in
titanate perovskites CaTiO5 or BaTiO5 [7,8,49]. Sr3Sn, 04,
on the other hand, has no I' instabilities and has only a
negligible SnO, layer polarization. This suggests the
stannate perovskites as a unique group of compounds that
can display free-carrier-enhanced (or induced) hybrid-
improper ferroelectricity.

Summary.—Using first principles calculations and study-
ing the oxygen octahedral rotations in Pnma perovskites
under doping, we showed that the structural polarization in
stannate HIFs is not only robust against free carriers, but it
is also enhanced. We furthermore predicted a yet-to-
be-synthesized compound Ba,SrSn,0, that undergoes a
centrosymmetric to polar transition under electron concen-
trations that are experimentally achievable by ionic liquid
or gel gating. While our calculations are strictly at zero
temperature and finding temperature dependence of lattice
distortions requires molecular dynamics or effective
Hamiltonian studies, the large energy gains we find suggest
the possibility of observing this effect even at room
temperature [49]. Our results show that the improper
ferroelectricity driven by steric lattice instabilities can serve
as a means to obtain carrier-induced ferroelectricity in
compounds where those instabilities are strengthened by
the free carriers.

The data and metadata for the first principles calculations
reported in this study are available in the Data Repository
of the University of Minnesota (DRUM), and can be
accessed at [78].
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