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Ferroelectricity vs ferromagnetism

Both	are	types	of	“ferroics”

Ferroelectricity – spontaneous	polarization	P (switchable	with	an	electric	field	E)

Ferromagnetism – spontaneous	magnetization	M (switchable	with	a	magnetic	field	H)
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aspects of ferroelectric random access memory (FeRAM) and mag-
netic data storage, while avoiding the problems associated with
reading FeRAMand generating the large local magnetic fields needed
to write. Unfortunately, significant materials developments will be
required to generate magnetoelectric materials that couldmake a real
contribution to the data storage industry. But given the paucity of
serious competitors to contemporary memory technologies, the
study of novel materials remains important if disruptive technologies
are ultimately to emerge. In the shorter term, niche applications are
more likely to emerge in strain coupled two-phase systems of the type
that we describe later.
The purpose of this Review is to assess the current state of the field,

to remind readers of the relevant work performed in the latter half of
the twentieth century, and to discuss matters of scientific ‘hygiene’
pertaining to accurate measurements and analyses. For further
details we refer the reader to three reviews written at different stages
of this re-emerging field12–14.

Magnetoelectric coupling
The magnetoelectric effect in a single-phase crystal is traditionally
described13,15 in Landau theory by writing the free energy F of the
system in terms of an applied magnetic fieldHwhose ith component
is denotedHi, and an applied electric field Ewhose ith component is
denoted Ei. Note that this convention is unambiguous in free space,
but that Ei within a material encodes the resultant field that a test
particle would experience. Let us consider a non-ferroic material,
where both the temperature-dependent electrical polarization Pi(T)
(mC cm22) and the magnetization Mi(T) (mB per formula unit,
where mB is the Bohr magneton) are zero in the absence of applied
fields and there is no hysteresis. It may be represented as an infinite,
homogeneous and stress-free medium by writing F under the
Einstein summation convention in S.I. units as:

2FðE;HÞ ¼ 1

2
101ijEiEj þ

1

2
m0mijHiHj þaijEiHj þ

bijk
2

EiHjHk

þ gijk
2

HiEjEk þ · · · ð1Þ

The first term on the right hand side describes the contribution
resulting from the electrical response to an electric field, where the
permittivity of free space is denoted 10, and the relative permittivity
1 ij(T) is a second-rank tensor that is typically independent of Ei in
non-ferroic materials. The second term is the magnetic equivalent of
the first term, where m ij(T) is the relative permeability and m0 is the
permeability of free space. The third term describes linear magneto-
electric coupling viaa ij(T); the third-rank tensors b ijk(T) and g ijk(T)
represent higher-order (quadratic) magnetoelectric coefficients.
In the present scheme, all magnetoelectric coefficients incorporate

the field independent material response functions 1 ij(T) and m ij(T).
The magnetoelectric effects can then easily be established in the form
Pi(Hj) or Mi(Ej). The former is obtained by differentiating F with
respect to Ei, and then setting Ei ¼ 0. A complementary operation
involving Hi establishes the latter. One obtains:

Pi ¼ aijHj þ
bijk
2

HjHk þ · · · ð2Þ

and

m0Mi ¼ ajiEj þ
gijk
2

EjEk þ · · · ð3Þ

In ferroic materials, the above analysis is less rigorous because 1 ij(T)
and m ij(T) display field hysteresis. Moreover, ferroics are better
parameterized in terms of resultant rather than applied fields16.
This is because it is then possible to account for the potentially
significantdepolarizing/demagnetizing factors infinitemedia, and also
because the coupling constants would then be functions of tempera-
ture alone, as in standard Landau theory. In practice, resultant
electric and magnetic fields may sometimes be approximated17 by
the polarization and magnetization respectively.
A multiferroic that is ferromagnetic and ferroelectric is liable to

display large linear magnetoelectric effects. This follows because
ferroelectric and ferromagnetic materials often (but not always)
possess a large permittivity and permeability respectively, and a ij is
bounded by the geometric mean of the diagonalized tensors 1 ii and
m jj such that18:

a2
ij # 10m01iimjj ð4Þ

Equation (4) is obtained from equation (1) by forcing the sum of the
first three terms to be greater than zero, that is, ignoring higher-order
coupling terms. It represents a stability condition on 1 ij and m ij, but if
the coupling becomes so strong that it drives a phase transition to a
more stable state, then a ij, 1 ij and m ij take on new values in the new
phase. Note that a large 1 ij is not a prerequisite for a material to be
ferroelectric (or vice versa); and similarly ferromagnets do not
necessarily possess large m ij. For example, the ferroelectric KNO3

possesses a small 1 ¼ 25 near its Curie temperature of 120 8C (ref. 19),

Table 1 | Spatial-inversion and time-reversal symmetry in ferroics

Characteristic symmetry Spatial-inversion symmetry? Time-reversal symmetry?

Ferroelastic Yes Yes
Ferroelectric No Yes
Ferromagnetic Yes No
Multiferroic* No No

*A multiferroic that is both ferromagnetic and ferroelectric possesses neither symmetry.

Figure 2 | Time-reversal and spatial-inversion symmetry in ferroics.
a, Ferromagnets. The local magnetic moment m may be represented
classically by a charge that dynamically traces an orbit, as indicated by the
arrowheads. A spatial inversion produces no change, but time reversal
switches the orbit and thusm. b, Ferroelectrics. The local dipole moment p

may be represented by a positive point charge that lies asymmetrically
within a crystallographic unit cell that has no net charge. There is no net time
dependence, but spatial inversion reverses p. c, Multiferroics that are both
ferromagnetic and ferroelectric possess neither symmetry.
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Eerenstein, Mathur & Scott Nature 442, 759 (2006)



  

Magneto-electric multiferroics

Claude Ederer

First principles studies of multiferroic materials

Magneto-electric multiferroics = ferromagnetic + ferroelectric

●Ferromagnetic:

M

●Ferroelectric:

P

●Domains:

●Hysteresis:

Non-volatile data-storage!

Possible	applications:

- Magnetoelectric RAM:	electric	write	/	magnetic	read

- 4-state	memory
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Multifunctional magnetoelectrics 

(Generalized) Magnetoelectric: cross coupled 
response to electric and magnetic fields 

i.e. control of the magnetic M (electric P) phase with an applied 
electric E (magnetic H) field 
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Multiferroic:	material	combining	two	or	more	ferroic parameters

Multiferroics
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Perovskites

Wide	range	of	properties

Due	to	coupling	degrees	of	freedom

Mixing 4+ and 3+ Titanates

Superlattices made of A

2+Ti4+O3 and A

3+Ti3+O3 ([001])

Atomic ordering
Eric Bousquet FM in Ti4+ /Ti3+ superlattices

ABX3

P. Zubko et al. Annu. Rev. Condens. Matter Phys. 2, 141 (2011). 



CaTiO3
Purely tilted ground state

PbTiO3
Pure FE ground state

Why are most perovskites NOT FE?
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Ferroelectricity as a lattice property 

+ 
– P 

cubic-paraelectric 
Space group Pm3m 

tetragonal-ferroelectric 
Space group P4mm 

FE lattice distortion, Q, has identical symmetry properties as the 
polarization, i.e. Q∝ P, involve small atomic distortions 
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Proper	phase	transition	(Landau)

1. INTRODUCTION

(LGD) theory (15; 16). In a simplified form (1D treatment of 3D system with

no anisotropy) in the absence of strain and an external electric field, the free

energy of a ferroelectric can be expressed as a function of polarisation, P , and

temperature, T ,

f(T, P ) = a1P
2 + a11P

4 + a111P
6, (1.2)

where the coe�cients are temperature dependent. Perhaps the most important

coe�cient, a1, takes the form, a1 = ↵(T �T0), where ↵ is a positive constant and

T0 is the phase transition temperature. Additionally the coe�cient, a11, deter-

mines the type of transition; first or second order. For a second order transition,

a11 is positive. When T > T0, a1 is positive, and the free energy is a single well

with minimum at P = 0, and the material therefore in the paraelectric state. If

instead T < T0, the free energy is a double well (see figure 1.2) with minimum

at P = ±PS, where PS =
p
�a1/(2a11) is the spontaneous polarisation of the

material in the ferroelectric phase. The polarisation evolves gradually with tem-

perature until reaching zero at the transition temperature, hence the transition

is second order. For a first order transition, a11 is negative, and the free energy

can have three local minima within a certain temperature range. Across the tran-

sition the global minimum switches from a location at PS to zero, producing a

discontinuous change in the polarisation, and hence the transition is first order.

BaTiO3 goes through several first order phase transitions.

In connection with the next section, we briefly highlight one of the many ways

that an interface can dramatically a↵ect a ferroelectric system. Take the simplest

example of an interface with vacuum, i.e. a surface, of a ferroelectric material. A

polarisation in the ferroelectric produces a net surface charge density, � = P.n̂.

In other words the surface charge density equals the magnitude of the polarisation

normal to the surface. For a free standing film, open circuit boundary conditions

can be assumed, i.e. the electric field in vacuum is zero. In the absence of

any external charges, it can be easily shown using Gauss’s law that a constant

electric field within the film appears, with magnitude �/✏0, pointing in opposite
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Figure 6: Second order phase transition. (a) Free energy as a function of the
polarisation at T > T

o

, T = T
o

, and T < T
o

; (b) Spontaneous polarisation
P
o

(T ) as a function of temperature (c) Inverse of the susceptibility ø, where
ø = @P/@E|

P

o

is evaluated at the equilibrium polarisation P
o

(T )

and so we have a relationship between the polarisability and the field (in
linear response, for small electric field) which defines the dielectric suscepti-
bility

ø =
P

E
=

1

a
(8)

The dielectric susceptibility is proportional to the capacitance you would
measure by putting the (insulating) ferroelectric in an electrical circuit.

On the other hand, if the parameters are such that a < 0, while b, c > 0,
then the free energy will look like the second figure in Fig. 5, which has a
minimum at a finite polarisation P . Here, the ground state has a spontaneous
polarisation and is thus a ferroelectric.

The demarcation between these two curves comes if a changes continu-
ously with temperature, and changes sign at a temperature T

o

. This sug-
gests a simple description of the ferroelectric transition might be obtained
by assuming that a(T ) varies linearly with temperature, say of the form
a0 ¢ (T † T

o

).
A little bit of thought (see also the question sheet) will then show that this

phenomenological description will predict the behaviour of the free energy,
polarisation, and susceptibility shown in Fig. 6

This is an example of a second-order, or continuous, phase transition
where the order parameter (here the spontaneous polarisation) vanishes con-
tinuously at the transition temperature T

c

= T
o

.

8

Curie-Weiss	law
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Energy landscape
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Competing FE and AFD lattice instabilities
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Why are most perovskites NOT FE?

Tilting often wins!



research papers
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38 Interestingly, the mineral perovskite, CaTiO3, does not

adopt the aristotype cubic structure. The symmetry of CaTiO3

is lowered from cubic (Pm�3m, Z = 1) to orthorhombic (Pnma,
Z = 4) by a cooperative tilting of the titanium-centered octa-
hedra (Sasaki et al., 1987). This distortion is driven by the
mismatch between the size of the cubo-octahedral cavity in the
corner-sharing octahedral network and the undersized ionic
radius of the Ca2+ ion. The octahedral tilting distortion lowers
the coordination number of Ca2+ from 12 to 8, reduces the
tension in the remaining Ca–O bonds (Brown, 1992) and
increases the lattice energy. However, there is very little
perturbation of the local octahedral coordination of the Ti4+

ion. It is Ætting that the mineral perovskite adopts a distorted
structure, since distorted perovskites far outnumber undis-
torted cubic perovskites (Fig. 1). In fact, the prevalence of the
perovskite structure type can be directly attributed to the
inherent ability of the corner-sharing octahedral framework to
undergo cooperative octahedral tilting distortions in response
to the size mismatch between the A and B cations.
The presence and magnitude of an octahedral tilting

distortion affects not only the crystal structure, but also has a
profound inØuence on a number of physical properties, such as
electrical conductivity, magnetic superexchange interactions
and certain dielectric properties. For example, Ln0.7A0.3MnO3

perovskites undergo a transition from a paramagnetic insu-
lating state to a ferromagnetic metallic state upon cooling.
This coupled electronic/magnetic transition is of great interest
due to the fact that the magnetoresistance reaches a maximum
value as the temperature approaches this transition. Further-
more, it is known that the transition temperature can be tuned
from ⇠350 K to below 100 K by changing the magnitude of
the octahedral tilting (Hwang et al., 1995). This remarkable
sensitivity to a relatively subtle structural distortion originates
from the decrease in orbital overlap that occurs as the octa-
hedral tilting distortion increases (To»pfer & Goodenough,
1997). Another example of coupling between the octahedral
tilting distortion and a physical property of technological
signiÆcance occurs in perovskites used for microwave dielec-
tric applications. Colla et al. (1993) have shown that the sign

and magnitude of the temperature coefÆcient of the dielectric
constant is quite sensitive to changes in the octahedral tilting
distortion.
The prevalence and importance of octahedral tilting

distortions provide clear motivation to develop software
capable of predicting distorted perovskite crystal structures.
One step toward this goal was the development of the
program POTATO (Woodward, 1997a), which was used in the
high-pressure, high-temperature synthesis of two new
perovskites containing monovalent silver (Park et al., 1998).
Unfortunately, POTATO cannot easily be used for structure
prediction because the required input data (the B–X bond
distance, the octahedral tilt system and the magnitude of the
tilting distortion) are not known in advance of synthesis and
structural characterization. This shortcoming motivated our
efforts to develop a more advanced software package capable
of predicting perovskite crystal structures directly from the
composition. The fruit of this labor is a new software package
entitled SPuDS (Structure Prediction Diagnostic Software),
which is described and evaluated in this study. We anticipate
that SPuDS will Ænd a number of useful applications,
including:
(i) Predicted structures can be used to estimate physical

(magnetic, dielectric and other) properties of both hypothe-
tical compositions and those materials for which accurate
structural data is not available.
(ii) SPuDS can be used as a guide for exploratory synthetic

efforts. It should be particularly useful for compounds with
multiple cations on the A-site (i.e. CaCu3Ti4O12), as well as
high-pressure synthesis, where access to experimental facilities
is limited.
(iii) Predicted structures can serve as the starting point for

Rietveld reÆnements in the course of structurally character-
izing new materials.
(iv) Structures generated by SPuDS can be compared with

experimentally determined structures in order to deconvolute
the effects of octahedral tilting distortions from other struc-
tural distortion mechanisms.

2. Octahedral tilt systems: description and notation

As previously noted, octahedral tilting reduces the symmetry
of the A-site cation coordination environment and results in a
change in A–X bond lengths. However, there are multiple
ways in which the octahedra can tilt, each leading to a
different coordination environment for the A-site cation(s).
The coordination number and geometry of the Ærst coordi-
nation sphere has been described previously for some
common tilt systems (Woodward, 1997b).
A standard notation has been developed to describe octa-

hedral tilting distortions in perovskites (Glazer, 1972). An
alternative, but equally valid, notation was developed by
Aleksandrov (1976). For the sake of clarity we will use the
Glazer notation throughout this paper. The notation describes
a tilt system by rotations of BX6 octahedra about the three
orthogonal Cartesian axes, which are coincident with the three

Figure 1
Distribution of tilt systems among known perovskites with a single
octahedral cation.

Lufaso and Woodward Acta Cryst. B57 725 (2001)

AFD (M-point) : f+
AFD (R-point) : f-

They	often	tilt	instead

Why are most perovskites NOT FE?
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the octahedral tilting (Hwang et al., 1995). This remarkable
sensitivity to a relatively subtle structural distortion originates
from the decrease in orbital overlap that occurs as the octa-
hedral tilting distortion increases (To»pfer & Goodenough,
1997). Another example of coupling between the octahedral
tilting distortion and a physical property of technological
signiÆcance occurs in perovskites used for microwave dielec-
tric applications. Colla et al. (1993) have shown that the sign

and magnitude of the temperature coefÆcient of the dielectric
constant is quite sensitive to changes in the octahedral tilting
distortion.
The prevalence and importance of octahedral tilting

distortions provide clear motivation to develop software
capable of predicting distorted perovskite crystal structures.
One step toward this goal was the development of the
program POTATO (Woodward, 1997a), which was used in the
high-pressure, high-temperature synthesis of two new
perovskites containing monovalent silver (Park et al., 1998).
Unfortunately, POTATO cannot easily be used for structure
prediction because the required input data (the B–X bond
distance, the octahedral tilt system and the magnitude of the
tilting distortion) are not known in advance of synthesis and
structural characterization. This shortcoming motivated our
efforts to develop a more advanced software package capable
of predicting perovskite crystal structures directly from the
composition. The fruit of this labor is a new software package
entitled SPuDS (Structure Prediction Diagnostic Software),
which is described and evaluated in this study. We anticipate
that SPuDS will Ænd a number of useful applications,
including:
(i) Predicted structures can be used to estimate physical

(magnetic, dielectric and other) properties of both hypothe-
tical compositions and those materials for which accurate
structural data is not available.
(ii) SPuDS can be used as a guide for exploratory synthetic

efforts. It should be particularly useful for compounds with
multiple cations on the A-site (i.e. CaCu3Ti4O12), as well as
high-pressure synthesis, where access to experimental facilities
is limited.
(iii) Predicted structures can serve as the starting point for

Rietveld reÆnements in the course of structurally character-
izing new materials.
(iv) Structures generated by SPuDS can be compared with

experimentally determined structures in order to deconvolute
the effects of octahedral tilting distortions from other struc-
tural distortion mechanisms.

2. Octahedral tilt systems: description and notation

As previously noted, octahedral tilting reduces the symmetry
of the A-site cation coordination environment and results in a
change in A–X bond lengths. However, there are multiple
ways in which the octahedra can tilt, each leading to a
different coordination environment for the A-site cation(s).
The coordination number and geometry of the Ærst coordi-
nation sphere has been described previously for some
common tilt systems (Woodward, 1997b).
A standard notation has been developed to describe octa-

hedral tilting distortions in perovskites (Glazer, 1972). An
alternative, but equally valid, notation was developed by
Aleksandrov (1976). For the sake of clarity we will use the
Glazer notation throughout this paper. The notation describes
a tilt system by rotations of BX6 octahedra about the three
orthogonal Cartesian axes, which are coincident with the three

Figure 1
Distribution of tilt systems among known perovskites with a single
octahedral cation.
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In this context, the observed sequence of structural phase
transitions of SrRuO3 can be understood as a successive
appearance of different unstable tilt patterns in the cubic
structure:

Pm3̄m(a0a0a0) ! I4/mcm(a0a0c�)

! [Imma(a0b�b�)] ! Pnma(a�b+a�).

But why does this material evolve to a specific Pnma ground
state structure? The strengths of the M+

3 and R+
4 instabilities

in the cubic structure are almost equal, and it is not a priori
trivial to understand why a specific combination of tilts is
preferred over others. It is worth noticing that the structures of
the various possible tilted phases are not restricted to M+

3 and
R+

4 octahedra rotations: for a specific combination of tilts, the
condensation of a given tilt pattern will lower the symmetry
to a certain space group within which the system will further
relax through anharmonic couplings with other modes that
might further stabilize that phase.

Distortions in cubic perovskites are usually understood as
a way to improve cationic coordinations and are rationalized
in term of atomic radii through the empirical Goldschmidt
tolerance factor, t [40]. In fact, most cubic perovskites
(typically with t < 1, i.e., in which the A cation is small and
under-coordinated) exhibit a Pnma tilted ground state [41].
Thomas [13] and Woodwards [14] reported that anti-polar
A-cation motions, allowed by symmetry in the Pnma phase,
can play an important role in improving A-atom coordination
and contribute to stabilizing that phase over other distorted
structures. This was recently highlighted at the first-principles
level by Benedek and Fennie [15], from the study of a series
of insulating ABO3 compounds with t < 1. It is not obvious
if these latter results generalize to SrRuO3, which is metallic
and exhibits a tolerance factor very close to 1 (t = 0.994).
In order to provide a more comprehensive and quantitative
understanding on the origin of the Pnma ground state structure
of SrRuO3, we propose below an original decomposition of
the energy gain produced independently from oxygen and
cationic motions in many metastable phases.

We performed systematic structural relaxation calcula-
tions of various tilted systems including one, two, or three
distinct tilts. The results are reported in figure 4 (also see
tables A.1 and A.2 in the appendix), where we decompose the
total energy gain from the undistorted cubic structure to each
tilted system in terms of the contributions Eoxygen, Ecation, and
Estrain (as defined in the caption of figure 4). In the following,
we will attempt to rationalize the relative stability of each
tilted system by considering each of these contributions.

First we notice that, out of the various tilt systems, the
a�b+a� phase indeed produces the largest gain of energy,
which corresponds to the Pnma ground state of SrRuO3
as seen in experiments. The calculated relative energy for
the fully relaxed Pnma phase is �219 meV/f.u. using the
WC-GGA (�201.6 meV/f.u. from the LSDA), comparable
with the previous LSDA calculations of �188 meV/f.u.

by VASP, while being slightly larger than the value of
�150 meV/f.u. obtained by SIESTA [25] as well as
�140 meV/f.u. obtained by LAPW [16].

Figure 4. The calculated gains of energy, with respect to the ideal
cubic SrRuO3 phase taken as reference, for different relaxed phases,
labeled in terms of the compatible tilt pattern. Eoxygen corresponds to
the gain of energy that can be achieved from the relaxation of
oxygen atomic positions only. Ecation corresponds to the
supplemental gain of energy that can be achieved when allowing for
additional concomitant cation motions. In this latter case, the
oxygen distortions are modified through the coupling with cation
motions: the dashed line identifies the reduced gain of energy
(E0

oxygen) produced by pure oxygen motions in this fully relaxed
phase. All the previous calculations are done when keeping the unit
cell fixed. Estrain corresponds to the additional gain of energy when
allowing for simultaneous strain relaxation. The sum
(Eoxygen + Ecation + Estrain) is the maximum gain of energy than can
be achieved from full structural relaxation for each phase.

The next immediate observation from figure 4 is that the
appearance of the first rotation provides the largest gain of
energy—the condensation of a second or third rotation in a
different axis does not proportionally increase the gain of
energy, due to a positive biquadratic (competitive) coupling
between them. It is also immediately clear that, out of
all of the energy contributions, Eoxygen, which is related
to M+

3 and R+
4 oxygen motions4, dominates the total gain

of energy—anti-polar motions and strain relaxation (related
to the contributions Ecation and Estrain, respectively) have a
smaller effect. However, whilst all these contributions (from
second and third rotations, strain, and anti-polar motions)
are smaller, they are of the scale of the relative energy
difference between phases, i.e., their contributions are crucial
in determining the ground state, as we will explore next.

When looking more closely at the contribution of the
energy gain from only oxygen motion (Eoxygen) across all the
phases it is apparent that the combination of two ‘�’ rotations
is the most favorable. In other words, if the structures could
only allow for oxygen rotations, the a0b�b�, a�b+a� and
a�a�a� phases would be nearly at the same energy, as a
third ‘+’ or ‘�’ rotation does not noticeably reduce the energy
further.

When including oxygen atomic relaxation and strontium
motions, the a0b+c�, a�b+a� and a+a+c� phases obtain
the greatest additional energy gain (Ecation). To understand
the origin of this energy gain from Ecation, we present in

4 In some phases (see table 2) additional oxygen motions (M+
2 and M+

4 ) are
allowed by symmetry. However in practice the amplitude remains negligible.
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In this context, the observed sequence of structural phase
transitions of SrRuO3 can be understood as a successive
appearance of different unstable tilt patterns in the cubic
structure:

Pm3̄m(a0a0a0) ! I4/mcm(a0a0c�)

! [Imma(a0b�b�)] ! Pnma(a�b+a�).

But why does this material evolve to a specific Pnma ground
state structure? The strengths of the M+

3 and R+
4 instabilities

in the cubic structure are almost equal, and it is not a priori
trivial to understand why a specific combination of tilts is
preferred over others. It is worth noticing that the structures of
the various possible tilted phases are not restricted to M+

3 and
R+

4 octahedra rotations: for a specific combination of tilts, the
condensation of a given tilt pattern will lower the symmetry
to a certain space group within which the system will further
relax through anharmonic couplings with other modes that
might further stabilize that phase.

Distortions in cubic perovskites are usually understood as
a way to improve cationic coordinations and are rationalized
in term of atomic radii through the empirical Goldschmidt
tolerance factor, t [40]. In fact, most cubic perovskites
(typically with t < 1, i.e., in which the A cation is small and
under-coordinated) exhibit a Pnma tilted ground state [41].
Thomas [13] and Woodwards [14] reported that anti-polar
A-cation motions, allowed by symmetry in the Pnma phase,
can play an important role in improving A-atom coordination
and contribute to stabilizing that phase over other distorted
structures. This was recently highlighted at the first-principles
level by Benedek and Fennie [15], from the study of a series
of insulating ABO3 compounds with t < 1. It is not obvious
if these latter results generalize to SrRuO3, which is metallic
and exhibits a tolerance factor very close to 1 (t = 0.994).
In order to provide a more comprehensive and quantitative
understanding on the origin of the Pnma ground state structure
of SrRuO3, we propose below an original decomposition of
the energy gain produced independently from oxygen and
cationic motions in many metastable phases.

We performed systematic structural relaxation calcula-
tions of various tilted systems including one, two, or three
distinct tilts. The results are reported in figure 4 (also see
tables A.1 and A.2 in the appendix), where we decompose the
total energy gain from the undistorted cubic structure to each
tilted system in terms of the contributions Eoxygen, Ecation, and
Estrain (as defined in the caption of figure 4). In the following,
we will attempt to rationalize the relative stability of each
tilted system by considering each of these contributions.

First we notice that, out of the various tilt systems, the
a�b+a� phase indeed produces the largest gain of energy,
which corresponds to the Pnma ground state of SrRuO3
as seen in experiments. The calculated relative energy for
the fully relaxed Pnma phase is �219 meV/f.u. using the
WC-GGA (�201.6 meV/f.u. from the LSDA), comparable
with the previous LSDA calculations of �188 meV/f.u.

by VASP, while being slightly larger than the value of
�150 meV/f.u. obtained by SIESTA [25] as well as
�140 meV/f.u. obtained by LAPW [16].

Figure 4. The calculated gains of energy, with respect to the ideal
cubic SrRuO3 phase taken as reference, for different relaxed phases,
labeled in terms of the compatible tilt pattern. Eoxygen corresponds to
the gain of energy that can be achieved from the relaxation of
oxygen atomic positions only. Ecation corresponds to the
supplemental gain of energy that can be achieved when allowing for
additional concomitant cation motions. In this latter case, the
oxygen distortions are modified through the coupling with cation
motions: the dashed line identifies the reduced gain of energy
(E0

oxygen) produced by pure oxygen motions in this fully relaxed
phase. All the previous calculations are done when keeping the unit
cell fixed. Estrain corresponds to the additional gain of energy when
allowing for simultaneous strain relaxation. The sum
(Eoxygen + Ecation + Estrain) is the maximum gain of energy than can
be achieved from full structural relaxation for each phase.

The next immediate observation from figure 4 is that the
appearance of the first rotation provides the largest gain of
energy—the condensation of a second or third rotation in a
different axis does not proportionally increase the gain of
energy, due to a positive biquadratic (competitive) coupling
between them. It is also immediately clear that, out of
all of the energy contributions, Eoxygen, which is related
to M+

3 and R+
4 oxygen motions4, dominates the total gain

of energy—anti-polar motions and strain relaxation (related
to the contributions Ecation and Estrain, respectively) have a
smaller effect. However, whilst all these contributions (from
second and third rotations, strain, and anti-polar motions)
are smaller, they are of the scale of the relative energy
difference between phases, i.e., their contributions are crucial
in determining the ground state, as we will explore next.

When looking more closely at the contribution of the
energy gain from only oxygen motion (Eoxygen) across all the
phases it is apparent that the combination of two ‘�’ rotations
is the most favorable. In other words, if the structures could
only allow for oxygen rotations, the a0b�b�, a�b+a� and
a�a�a� phases would be nearly at the same energy, as a
third ‘+’ or ‘�’ rotation does not noticeably reduce the energy
further.

When including oxygen atomic relaxation and strontium
motions, the a0b+c�, a�b+a� and a+a+c� phases obtain
the greatest additional energy gain (Ecation). To understand
the origin of this energy gain from Ecation, we present in

4 In some phases (see table 2) additional oxygen motions (M+
2 and M+

4 ) are
allowed by symmetry. However in practice the amplitude remains negligible.
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In this context, the observed sequence of structural phase
transitions of SrRuO3 can be understood as a successive
appearance of different unstable tilt patterns in the cubic
structure:

Pm3̄m(a0a0a0) ! I4/mcm(a0a0c�)

! [Imma(a0b�b�)] ! Pnma(a�b+a�).

But why does this material evolve to a specific Pnma ground
state structure? The strengths of the M+

3 and R+
4 instabilities

in the cubic structure are almost equal, and it is not a priori
trivial to understand why a specific combination of tilts is
preferred over others. It is worth noticing that the structures of
the various possible tilted phases are not restricted to M+

3 and
R+

4 octahedra rotations: for a specific combination of tilts, the
condensation of a given tilt pattern will lower the symmetry
to a certain space group within which the system will further
relax through anharmonic couplings with other modes that
might further stabilize that phase.

Distortions in cubic perovskites are usually understood as
a way to improve cationic coordinations and are rationalized
in term of atomic radii through the empirical Goldschmidt
tolerance factor, t [40]. In fact, most cubic perovskites
(typically with t < 1, i.e., in which the A cation is small and
under-coordinated) exhibit a Pnma tilted ground state [41].
Thomas [13] and Woodwards [14] reported that anti-polar
A-cation motions, allowed by symmetry in the Pnma phase,
can play an important role in improving A-atom coordination
and contribute to stabilizing that phase over other distorted
structures. This was recently highlighted at the first-principles
level by Benedek and Fennie [15], from the study of a series
of insulating ABO3 compounds with t < 1. It is not obvious
if these latter results generalize to SrRuO3, which is metallic
and exhibits a tolerance factor very close to 1 (t = 0.994).
In order to provide a more comprehensive and quantitative
understanding on the origin of the Pnma ground state structure
of SrRuO3, we propose below an original decomposition of
the energy gain produced independently from oxygen and
cationic motions in many metastable phases.

We performed systematic structural relaxation calcula-
tions of various tilted systems including one, two, or three
distinct tilts. The results are reported in figure 4 (also see
tables A.1 and A.2 in the appendix), where we decompose the
total energy gain from the undistorted cubic structure to each
tilted system in terms of the contributions Eoxygen, Ecation, and
Estrain (as defined in the caption of figure 4). In the following,
we will attempt to rationalize the relative stability of each
tilted system by considering each of these contributions.

First we notice that, out of the various tilt systems, the
a�b+a� phase indeed produces the largest gain of energy,
which corresponds to the Pnma ground state of SrRuO3
as seen in experiments. The calculated relative energy for
the fully relaxed Pnma phase is �219 meV/f.u. using the
WC-GGA (�201.6 meV/f.u. from the LSDA), comparable
with the previous LSDA calculations of �188 meV/f.u.

by VASP, while being slightly larger than the value of
�150 meV/f.u. obtained by SIESTA [25] as well as
�140 meV/f.u. obtained by LAPW [16].

Figure 4. The calculated gains of energy, with respect to the ideal
cubic SrRuO3 phase taken as reference, for different relaxed phases,
labeled in terms of the compatible tilt pattern. Eoxygen corresponds to
the gain of energy that can be achieved from the relaxation of
oxygen atomic positions only. Ecation corresponds to the
supplemental gain of energy that can be achieved when allowing for
additional concomitant cation motions. In this latter case, the
oxygen distortions are modified through the coupling with cation
motions: the dashed line identifies the reduced gain of energy
(E0

oxygen) produced by pure oxygen motions in this fully relaxed
phase. All the previous calculations are done when keeping the unit
cell fixed. Estrain corresponds to the additional gain of energy when
allowing for simultaneous strain relaxation. The sum
(Eoxygen + Ecation + Estrain) is the maximum gain of energy than can
be achieved from full structural relaxation for each phase.

The next immediate observation from figure 4 is that the
appearance of the first rotation provides the largest gain of
energy—the condensation of a second or third rotation in a
different axis does not proportionally increase the gain of
energy, due to a positive biquadratic (competitive) coupling
between them. It is also immediately clear that, out of
all of the energy contributions, Eoxygen, which is related
to M+

3 and R+
4 oxygen motions4, dominates the total gain

of energy—anti-polar motions and strain relaxation (related
to the contributions Ecation and Estrain, respectively) have a
smaller effect. However, whilst all these contributions (from
second and third rotations, strain, and anti-polar motions)
are smaller, they are of the scale of the relative energy
difference between phases, i.e., their contributions are crucial
in determining the ground state, as we will explore next.

When looking more closely at the contribution of the
energy gain from only oxygen motion (Eoxygen) across all the
phases it is apparent that the combination of two ‘�’ rotations
is the most favorable. In other words, if the structures could
only allow for oxygen rotations, the a0b�b�, a�b+a� and
a�a�a� phases would be nearly at the same energy, as a
third ‘+’ or ‘�’ rotation does not noticeably reduce the energy
further.

When including oxygen atomic relaxation and strontium
motions, the a0b+c�, a�b+a� and a+a+c� phases obtain
the greatest additional energy gain (Ecation). To understand
the origin of this energy gain from Ecation, we present in

4 In some phases (see table 2) additional oxygen motions (M+
2 and M+

4 ) are
allowed by symmetry. However in practice the amplitude remains negligible.
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FIG. 1: (Color online) Superlattice geometry, major structural distortions, and resulting ferroelectric, charge and orbital
ordering. The ATiO3-RTiO3 digital superlattice 10-atom high symmetry tetragonal P4/mmm reference structure undergoes
two major structural distortions; AFD motions and a breathing Jahn-Teller distortion. The rocksalt arrangement of large
(blue) and small (grey) octahedral cages of the breathing Jahn-Teller are shown in the 20-atom cell. The AFD motions induce
ferroelectricity through a unique anharmonic coupling to an in-plane polar mode. The combination of the AFD motions and
breathing Jahn-Teller allows for an unusual charge and orbital ordering. Blue, grey, red and green spheres represent R, A, O
and Ti respectively. Distortions are exaggerated for illustrative purposes.

is also found to drive the ferroelectricity. The results
are found to be general across the whole ATiO3-RTiO3

(k=l=1) series, allowing for universal physical principles
to be rationalized and new multiferroic design guidelines
to be proposed. The subtle interplay between electronic
and structural degrees of freedom are compared with the
manganites and novel features are highlighted.

In order to unravel the unexpected ferroelectric and
ferromagnetic behaviour, we begin by focussing on the
atomic structure of the superlattice (see figure 1). In all
cases, we find a P21 symmetry ground state that consists
of a complex combination of several lattice distortions
(see table I) of the high-symmetry (P4/mmm) cube-
on-cube double perovskite. Out of all the distortions,
the largest in amplitude are oxygen octahedral rota-
tions, both in-phase around the out-of-plane (z) axis, Φ+

z ,
and anti-phase around the in-plane (x and y) axes, Φ−

xy

(Φ−
x + Φ−

y ). These so-called antiferrodistortive (AFD)
motions are ubiquitous in perovskites, appearing through

steric effects described by the Goldschmidt tolerance fac-
tor [20]. The particular AFD pattern found here, a−a−c+

in Glazer’s notations [21], is the most common pattern
shown by perovskites [22], certainly with tolerance fac-
tors between 0.8-1.0, the case studied here. This partic-
ular AFD pattern is stabilised over others in simple bulk
perovskites through unique anharmonic couplings allow-
ing the subsequent appearance of anti-polar A-cation mo-
tions [23–25], located at the zone-boundary of the cubic
ABO3 Brillouin zone. In the ATiO3-RTiO3 digital super-
lattices, this A and R-cation motion transforms to the
zone-center, becoming polar in nature. The precise form
of the anharmonic coupling is trilinear, Φ+

z Φ
−
xyPxy, which

is the signature of the so-called rotationally driven hybrid
improper ferroelectricity [26–28]. Indeed we calculate all
superlattices to exhibit spontaneous polarisations in the
range of 7-23 (µC/cm2) (see for example Table I), ap-
proaching that of BaTiO3, which is among the highest
reported in hybrid improper ferroelectrics. Since the Pxy
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(k=l=1) series, allowing for universal physical principles
to be rationalized and new multiferroic design guidelines
to be proposed. The subtle interplay between electronic
and structural degrees of freedom are compared with the
manganites and novel features are highlighted.

In order to unravel the unexpected ferroelectric and
ferromagnetic behaviour, we begin by focussing on the
atomic structure of the superlattice (see figure 1). In all
cases, we find a P21 symmetry ground state that consists
of a complex combination of several lattice distortions
(see table I) of the high-symmetry (P4/mmm) cube-
on-cube double perovskite. Out of all the distortions,
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ing the subsequent appearance of anti-polar A-cation mo-
tions [23–25], located at the zone-boundary of the cubic
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lattices, this A and R-cation motion transforms to the
zone-center, becoming polar in nature. The precise form
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Experimental demonstration of hybrid improper
ferroelectricity and the presence of abundant
charged walls in (Ca,Sr)3Ti2O7 crystals
Yoon Seok Oh1,2†, Xuan Luo3, Fei-Ting Huang1,2, YazhongWang1,2 and Sang-Wook Cheong1,2,3*

On the basis of successful first-principles predictions of new functional ferroelectric materials, a number of new ferroelectrics
have been experimentally discovered. Using trilinear coupling of two types of octahedron rotation, hybrid improper
ferroelectricity has been theoretically predicted in ordered perovskites and the Ruddlesden–Popper compounds (Ca3Ti2O7,
Ca3Mn2O7 and (Ca/Sr/Ba)3(Sn/Zr/Ge)2O7). However, the ferroelectricity of these compounds has never been experimentally
confirmed and even their polar nature has been under debate. Here we provide the first experimental demonstration of room-
temperature switchable polarization in bulk crystals of Ca3Ti2O7, as well as Sr-doped Ca3Ti2O7. Furthermore, (Ca,Sr)3Ti2O7
is found to exhibit an intriguing ferroelectric domain structure resulting from orthorhombic twins and (switchable) planar
polarization. The planar domain structure accompanies abundant charged domain walls with conducting head-to-head and
insulating tail-to-tail configurations, which exhibit a conduction di�erence of two orders of magnitude. These discoveries
provide new research opportunities, not only for new stable ferroelectrics of Ruddlesden–Popper compounds, but also for
meandering conducting domain walls formed by planar polarization.

There have been numerous attempts at computational
materials design based on first-principles calculations for
new functional materials1,2. A large number of ferroelectric/

piezoelectric materials have been computationally predicted3–7,
some of which have been experimentally confirmed5,8–13. For
example, the presence of ferroelectricity and strong coupling
between magnetism and ferroelectricity were theoretically
predicted in EuTiO3 (ref. 3) and FeTiO3 (ref. 4). The polar
transition of the compounds was experimentally confirmed8,9.
Some half-Heusler semiconductors are predicted to be new
piezoelectrics with large polarizations7. The theoretical prediction
of stabilizing ferroelectricity in strained Srn+1TinO3n+1 (n�3; ref. 6)
was also experimentally confirmed in biaxially strained films, which
exhibit switchable polarization at low temperatures10; Srn+1TinO3n+1
films with large n such as SrTiO3, corresponding to the n= 1
member, do show ferroelectricity at room temperature11–13.

Geometric ferroelectrics are improper ferroelectrics where
geometric structural constraints, rather than typical cation–anion
paring, induce ferroelectric polarization14. Hybrid improper
ferroelectricity, one kind of geometric ferroelectricity, results
from the combination of two or more non-ferroelectric structural
order parameters, and was predicted for a number of compounds,
including double-layered orthorhombic Ca3Ti2O7, Ca3Mn2O7
and (Ca/Sr/Ba)3(Sn/Zr/Ge)2O7 (refs 15–17). In fact, a few
orthorhombic A3B2O7 compounds were already known to form
in a polar structure, but switching of polarization has never
been reported for these compounds. Fennie and colleagues,
using first-principles calculations, predicted that Ca3Ti2O7 and
Ca3Mn2O7 have too high an energy barrier to switch polarization,
but (Ca/Sr/Ba)3(Sn/Zr/Ge)2O7 have a low enough energy barrier
for switchable polarization17. However, comparing with other

ferroelectric energy barriers (for example, 20meV for BaTiO3
(ref. 18), 30meV for PbTiO3 (ref. 19) and 25meV for hexagonal
RMnO3(R = rare earths) (ref. 20 and N. A. Spaldin, private
communication), the calculated switching barriers of 200meV
for Ca3Mn2O7 and ⇠100meV for (Ca/Ba)3(Sn/Zr)2O7 are still
too large to switch polarization15,17. Primarily for this reason, the
validity of hybrid improper ferroelectricity in A3B2O7 has been
hotly debated21–23.

Here we report the first experimental demonstration of hybrid
improper ferroelectricity in bulk single crystals of (Ca,Sr)3Ti2O7.
Electric polarization versus electric field P(E) hysteresis loops
clearly show the existence of switchable polarization with a
unexpectedly low switching electric field. Moreover, in-plane piezo-
response force microscope (IP-PFM) images reveal intriguing
ferroelectric domain structures comprising abundant meandering
charged domain walls. To understand the origin of the unexpectedly
low switching electric field and the abundance of charged walls, we
propose a classification of eight types of ferroelectric and four types
of ferroelastic domain walls bymeans of crystallographic symmetry.
Based on this classification, we suggest that individual switching
of elementary tilting modes results in the low switching electric
field.Moreover, the charged domain walls with conducting head-to-
head and insulating tail-to-tail configurations exhibit a conduction
di�erence of two orders ofmagnitude, as well as an angle-dependent
conductivity. These discoveries provide new research opportunities,
not only for hybrid improper ferroelectricity in Ruddlesden–
Popper compounds, but also for abundant conducting domain walls
stemming from planar polarization.

Ca3Ti2O7 (and low-Sr-doped Ca3Ti2O7) forms in an orthorhom-
bic structure with the A21am space group, as shown in Fig. 1a,b.
The layered perovskite structure consists of a perovskite (P) block
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790-784, Korea. †Present address: Department of Physics, Ulsan National Institute of Science and Technology (UNIST), Ulsan 689-798, Korea.
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Improper ferroelectricity in perovskite oxide artificial
superlattices
Eric Bousquet1*, Matthew Dawber2*{, Nicolas Stucki2, Céline Lichtensteiger2, Patrick Hermet1, Stefano Gariglio2,
Jean-Marc Triscone2 & Philippe Ghosez1

Ferroelectric thin films and superlattices are currently the subject
of intensive research1,2 because of the interest they raise for tech-
nological applications and also because their properties are of
fundamental scientific importance3–5. Ferroelectric superlattices6

allow the tuning of the ferroelectric properties while maintaining
perfect crystal structure and a coherent strain, even throughout
relatively thick samples. This tuning is achieved in practice by
adjusting both the strain7–10, to enhance the polarization, and
the composition, to interpolate between the properties of the com-
bined compounds11–15. Here we show that superlattices with very
short periods possess a new form of interface coupling, based on
rotational distortions, which gives rise to ‘improper’ ferroelectri-
city. These observations suggest an approach, based on interface
engineering, to produce artificial materials with unique pro-
perties. By considering ferroelectric/paraelectric PbTiO3/SrTiO3

multilayers, we first show from first principles that the ground-
state of the system is not purely ferroelectric but also primarily
involves antiferrodistortive rotations of the oxygen atoms in a way
compatible with improper ferroelectricity. We then demonstrate
experimentally that, in contrast to pure PbTiO3 and SrTiO3 com-
pounds, the multilayer system indeed behaves like a prototypical
improper ferroelectric and exhibits a very large dielectric constant
of er < 600, which is also fairly temperature-independent. This
behaviour, of practical interest for technological applications16,
is distinct from that of normal ferroelectrics, for which the dielec-
tric constant is typically large but strongly evolves around the
phase transition temperature and also differs from that of pre-
viously known improper ferroelectrics that exhibit a temperature-
independent but small dielectric constant only.

In an artificially layered ferroelectric–dielectric superlattice, elec-
trostatic coupling between alternating thin ferroelectric and dielec-
tric layers is able to induce a polarization in the latter11. When the
dielectric is sufficiently polarizable, this yields a uniformly and highly
polarized ground state11,14, the polarization of which is in general
predictable by considering only the ferroelectric degree of freedom
and simple electrostatic arguments12,15. In PbTiO3/SrTiO3 superlat-
tices formed by the repetition of np unit cells of PbTiO3 and ns unit
cells of SrTiO3 (denoted np/ns), the control of the PbTiO3 volume
fraction np/(np 1 ns) allows tuning of the polarization and phase
transition temperature in a predictable way over a wide range of
compositions15. However, the scaling law deduced from the usual
arguments breaks down in the limit of ultrathin PbTiO3 layers. We
show here that this is due to the emergence of a new phenomenon: an
interfacially induced form of improper ferroelectricity that gives rise
to unique properties and presents an attractive pathway to new
‘interfacially engineered’ materials.

The reference cubic structure of ABO3 perovskite compounds can
be unstable to different kinds of energy-lowering distortions. In
PbTiO3, the cubic phase is unstable not only to a polar zone-centre
distortion responsible for the ferroelectric (FE) ground state but also
to a zone-boundary distortion involving tilts of the oxygen octahe-
dra17. At the bulk level, the latter is suppressed when the polar distor-
tion is condensed, but both can coexist at surfaces18,19. In bulk SrTiO3,
oxygen rotation is conversely responsible for a non-polar antiferro-
distortive (AFD) ground state and ferroelectricity is suppressed by
quantum fluctuations20, but both distortions can coexist under pres-
sure20 or appropriate epitaxial strains21–23, yielding complex phase
diagrams. It is thus expected that ferroelectric and antiferrodistortive
distortions will strongly compete in PbTiO3/SrTiO3 superlattices.

To determine theoretically the ground-state structure and pro-
perties of such superlattices, we performed density functional theory
calculations within the local density approximation. We used norm-
conserving pseudopotentials and a plane-wave basis set, as imple-
mented in the ABINIT package24. As in ref. 10, we adopted a supercell
approach that (1) allows for the implicit treatment of the mechanical
constraint imposed by the substrate by fixing the in-plane lattice
constant of the superlattice, and (2) imposes short-circuit electrical
boundary conditions through the use of periodic boundary condi-
tions. However, we additionally doubled the size of the supercell in-
plane to allow for antiferrodistortive oxygen motions22. Starting from
the prototype paraelectric space-group P4/mmm structure corres-
ponding to the highest achievable symmetry, we identified instabi-
lities from the inspection of the phonon dispersion curves and
accordingly lowered the symmetry and performed new structural
relaxations. This was repeated until no instabilities were present.

For the simulation of a PbTiO3/SrTiO3 1/1 superlattice grown on a
[001] SrTiO3 substrate, inspection of the phonon dispersion curves
of the P4/mmm phase reveals the existence of zone-centre ferroelec-
tric unstable modes with polarization P out-of-plane (C3

2 mode25,
Fig. 1a) or in-plane (C5

2 mode), called respectively FEz and FExy,
where the z and xy indices refer to out-of-plane and in-plane spatial
directions respectively. Moreover, significantly larger antiferrodis-
tortive instabilities are also present at the M (1/2, 1/2, 0) point, which
correspond to different kinds of tilts of the oxygen octahedra. This
includes both tilts around the [001] axis with successive octahedra
along [001] moving out-of-phase (M4

2 mode, Fig. 1b, called AFDzo)
or in-phase (M2

1 mode, Fig. 1c, called AFDzi), and tilts around an
axis perpendicular to (001) (M5

2 mode, called AFDxy). Considering
the sublattice of oxygen octahedra only, AFDzi and AFDzo are
respectively equivalent to a0a0c1 and a0a0c2 in Glazer’s notation26.

We performed structural optimizations under symmetry con-
straints compatible with the condensation of individual or coupled

*These authors contributed equally to this work.
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Negative Thermal Expansion in Hybrid Improper Ferroelectric Ruddlesden-Popper
Perovskites by Symmetry Trapping
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We present new results on the microscopic nature of the ferroelectricity mechanisms in Ca3Mn2O7 and
Ca3Ti2O7. To the first approximation, we confirm the hybrid improper ferroelectric mechanism recently
proposed by Benedek and Fennie for these Ruddlesden-Popper compounds. However, in Ca3Mn2O7 we
find that there is a complex competition between lattice modes of different symmetry which leads to a phase
coexistence over a large temperature range and the “symmetry trapping” of a soft mode. This trapping of
the soft mode leads to a large uniaxial negative thermal expansion (NTE) reaching a maximum between
250 and 350 K (3.6 × 10−6 K−1) representing the only sizable NTE reported for these and related
perovskite materials to date. Our results suggest a systematic strategy for designing and searching for
ceramics with large NTE coefficients.

DOI: 10.1103/PhysRevLett.114.035701 PACS numbers: 64.60.-i, 63.20.Ry, 65.40.De, 77.80.bg

A variety of physical phenomena are understood to give
rise to ferroelectricity in the solid state, but the precise
nature of the microscopic mechanisms is often unclear. The
responsible physical phenomena include single ion effects
such as lone pair and second-order Jahn-Teller ordering [1].
Ion size mismatch in the lattice may also lead to the off-
center distortions of cations resulting in the development of
ferroelectric polarization, and subtle polar distortions may
be caused by magnetic, charge, and molecular-like ordering
[2,3]. Whatever the origin of the microscopic mechanism,
the responsible physical process causes an instability in the
Γ point of the parent structure resulting in the ordering of a
ferroelectric (polar) phonon mode.
The improper ferroelectric mechanism is where this

polarization is only a secondary order parameter of the
phase transition, a possibility first explored by Indenbom in
1960 [4]. This mechanism was first implemented to
explain the ferroelectric phase transition in gadolinium
molybdate [5,6], where it was believed that the spontaneous
polarization was driven by an elastic (nonpolar) instability,
and, shortly afterwards, Pytte [7] suggested that this elastic
instability in gadolinium molybdate itself is coupled to a
structural distortion with a nonzero propagation vector.
Because of the relatively simple structure of the per-

ovskite and perovskite-related materials, classification and
rationalization of their structural distortions have attracted a
considerable amount of work over the past decades [8–11].
Recently, it has been shown that, in perovskite thin films,

improper ferroelectricity may be induced via strain cou-
pling of octahedral rotations between different perovskite
heterostructure layers [12]. Benedek and Harris [13,14]
developed this idea further proposing a novel mechanism
where this improper ferroelectricity may be realized in the
bulk structure. In this mechanism, instability of the polar
phonon mode is driven by the condensation of two
nonpolar lattice modes, neither of which are zone centered.
This higher-order coupling of these two degrees of freedom
with the polarization, coined “hybrid improper ferroelec-
tricity,” has been proposed to be responsible for the polar
symmetry observed in the Ruddlesden-Popper (RP)
Ca3Ti2O7 and Ca3Mn2O7 compounds. We present here
to our knowledge the first experimental evidence corrobo-
rating this picture but show that a competing ground state
structure in Ca3Mn2O7 leads to “symmetry trapping” of a
soft phonon mode resulting in large uniaxial negative
thermal expansion (NTE).
TheRPseriesAnþ1BnO3nþ1, for favorableA andB cations,

form a near-infinite homologous series of materials whose
structure may be described as containing n slabs of the
perovskite structure interspersed periodically with an AO
rock salt layer along the c axis.OurLetter discusses then ¼ 2
family [Fig. 1(a)],A ¼ Ca2þ,B ¼ Ti4þ andMn4þ, but many
other derivatives are known for A ¼ Ca, Sr, La, B ¼ Ti, Mn,
V, Fe, Ru, and Ir. The family of these compounds exhibits
many interesting physical phenomena including supercon-
ductivity, magnetoresistivity, and multiferroicity [15].
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Figure 2 The Eg vibrational modes Q2 and Q3 of an octahedral-site complex.

complex is independent of ✓ , which means that the ground state corresponds
to any point on the circle of radius ⇢ = � = g/

p

C, where C is the stiffness
constant associated with the vibrations. This situation corresponds to a dy-
namic coupling of the e electrons to the modes Q2 and Q3 and is referred to
as a dynamic J-T stabilization of vibronic states. In order to obtain a static J-T
deformation, it is necessary to introduce anharmonic terms into the potential
energy and/or higher-order coupling terms. The ground state of an octahedral
complex then becomes

1E = ��2 [C/2+ (A3� � B3) cos 3✓ ], 5.

where A3 is generally positive (4). Although a point-charge calculation gives
B3 > 0, covalent considerations favor square-coplanar bonding, which makes
B3 < 0 and hence unambiguously favors a static deformation to tetragonal
(c/a > 1) symmetry.
In a solid, static deformations are influenced by the symmetry of the crys-

talline lattice, which may introduce a Q2 component into the local deformation.
Of particular interest are solids where the local J-T deformations are cooper-
ative in order to minimize the elastic energy. At high concentrations of J-T
ions, the cooperative local distortions induce a global, static displacive defor-
mation below an orbital-ordering temperature Tt. At lower concentrations of
J-T ions, locally cooperative but dynamic J-T deformations can give rise to
unusual physical properties.
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Bandgap directly connected to JT distortion ! 
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Alternative to tilts – Jahn-Teller distortion
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1 Introduction The coexistence of ferroic ordering 
such as magnetic and ferroelectric or antiferroelectric or-
dering, called multiferroicity, is a rare phenomenon in sin-
gle-phase materials [1–5]. In addition to coexistence, their 
cross coupling known as magnetoelectric (ME) coupling 
effects, provide great opportunities for the mutual control 
of magnetism by electric fields and electric polarization by 
magnetic fields. While the majority of multiferroic materi-
als are inorganic compounds and composites, there are cur-
rently increasing interests in searching multiferroics in or-
ganic materials. Compared to inorganic compounds, the 
high tunability of organic materials in building blocks and 
molecular functionalities may open up new routes to lead-
free compounds exhibiting strong polarization. One possi-
ble route toward organic multiferroics is to combine the 

inorganic magnetism from metal ions and organic ferro-
electricity into a single structure. The hybrid organic–
inorganic materials such as metal-organic frameworks 
(MOFs) represent a promising candidate of such a strategy. 

The MOFs are ordered crystalline structures composed 
of inorganic metal ions and organic linkers [6–10]. They 
have been known to show diverse chemical and physical 
properties arising from the organic–inorganic duality  
[11–16]. Especially, dense MOFs with the ABX3 perovs-
kite-like structure are of great interest because the different 
A and B components provide plenty room for adjust- 
ing the magnetic and electric properties in a simple  
crystalline structure. In 2009, Jain et al. first reported  
the multiferroic behavior in the perovskite MOF of 
[(CH3)2NH2]Mn(HCOO)3 (Ref. [17]). This finding has 

A Cu-based organic–inorganic perovskite framework exhibits
high-temperature ferroelectricity with strong magnetoelectric
effects. Both electric field control of magnetization and mag-
netic field control of polarization are realized. Theoretical
calculations suggest that a new mechanism of hybrid impro-
per ferroelectricity arising from the Jahn–Teller distortions of
magnetic metal ions and tilting of the organic cations are re-
sponsible for the peculiar multiferroic behaviors. 

 

  
A Cu-based perovskite organic–inorganic framework show-
ing high-temperature improper ferroelectricity. 

[1] Stroppa et al., Adv.	Mater.	25,	2284	(2013)
[2] Tian et	al.,	Phys.	Status	Solidi	RRL	9,	62	(2015)

Similar	mechanism	proposed	in	related	MOFs

for	multiferroic magnetoelectric applications	



Lattice-driven Jahn-Teller distortion
MJT is	allowed,	and	always	appears,	in	Pnma perovskites [1,2]

E∝λMJTφ
−
xyAxy

Does	not	have	to	appear	as	an	electronic	instability!

Here	we	define	a	Jahn-Teller	distortion:
by	the	symmetry	of	the	mode	(Q2),	whether	it	is	electronically	or	lattice	driven

J. Phys.: Condens. Matter 26 (2014) 035401 N Miao et al

Figure 2. The calculated phonon dispersion curves and phonon density of states of cubic SrRuO3 within the WC-GGA along the
0–X–M–0–R–M of the cubic Brillouin zone. The total DOS and the projected DOS of oxygen, ruthenium paths, and strontium atoms are
plotted using a solid line (in black), a dashed line (in blue), a dotted line (in green) and a short-dashed line (in red), respectively. Negative
frequencies indicate imaginary values.

Figure 3. A schematic illustration of relevant phonon modes of
SrRuO3. Black arrows indicate the atomic motions. Sr atoms (in
red) at the corners, Ru atoms (in green) at the centers and O atoms
(in blue) at the face centers of the perovskite cubic cell. The
wavevectors are also given in parentheses for corresponding modes.

we also performed the phonon calculation with the LSDA
in ABINIT, and with the WC-GGA and the B1-WC [39]
hybrid functional using the CRYSTAL09 code [38]. In all
cases, we reproduced the instabilities at the R and M

points, attesting that the present results are independent of
exchange–correlation functionals or codes.

Finally, the elastic stiffness constants of cubic SrRuO3
were computed within the WC-GGA from the strain DFPT
method [37]. For cubic crystals, there are three independent
elastic constants: c11, c12, and c44. The calculated values are
312.8 GPa, 101.8 GPa, and 65.4 GPa, respectively. According
to the Voigt–Reuss–Hill (VRH) approximation [45–47], the
bulk modulus B = (c11+2c12)/3 of cubic SrRuO3 is estimated
to be 172 GPa. No experimental data are available for
comparison, but bulk modulus values of 200 and 219 GPa
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Figure 2. The calculated phonon dispersion curves and phonon density of states of cubic SrRuO3 within the WC-GGA along the
0–X–M–0–R–M of the cubic Brillouin zone. The total DOS and the projected DOS of oxygen, ruthenium paths, and strontium atoms are
plotted using a solid line (in black), a dashed line (in blue), a dotted line (in green) and a short-dashed line (in red), respectively. Negative
frequencies indicate imaginary values.

Figure 3. A schematic illustration of relevant phonon modes of
SrRuO3. Black arrows indicate the atomic motions. Sr atoms (in
red) at the corners, Ru atoms (in green) at the centers and O atoms
(in blue) at the face centers of the perovskite cubic cell. The
wavevectors are also given in parentheses for corresponding modes.
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Figure 2 The Eg vibrational modes Q2 and Q3 of an octahedral-site complex.

complex is independent of ✓ , which means that the ground state corresponds
to any point on the circle of radius ⇢ = � = g/

p

C, where C is the stiffness
constant associated with the vibrations. This situation corresponds to a dy-
namic coupling of the e electrons to the modes Q2 and Q3 and is referred to
as a dynamic J-T stabilization of vibronic states. In order to obtain a static J-T
deformation, it is necessary to introduce anharmonic terms into the potential
energy and/or higher-order coupling terms. The ground state of an octahedral
complex then becomes

1E = ��2 [C/2+ (A3� � B3) cos 3✓ ], 5.

where A3 is generally positive (4). Although a point-charge calculation gives
B3 > 0, covalent considerations favor square-coplanar bonding, which makes
B3 < 0 and hence unambiguously favors a static deformation to tetragonal
(c/a > 1) symmetry.
In a solid, static deformations are influenced by the symmetry of the crys-

talline lattice, which may introduce a Q2 component into the local deformation.
Of particular interest are solids where the local J-T deformations are cooper-
ative in order to minimize the elastic energy. At high concentrations of J-T
ions, the cooperative local distortions induce a global, static displacive defor-
mation below an orbital-ordering temperature Tt. At lower concentrations of
J-T ions, locally cooperative but dynamic J-T deformations can give rise to
unusual physical properties.
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Ferromagnetism induced by entangled charge and orbital orderings in ferroelectric
titanate perovskites
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In magnetic materials, the Pauli exclusion principle typically drives anti-alignment
between electron spins on neighbouring species resulting in antiferromagnetic be-
haviour. Ferromagnetism exhibiting spontaneous spin alignment is a fairly rare be-
haviour, but once materialized is often associated with itinerant electrons in metals.
Here we predict and rationalise robust ferromagnetism in an insulating oxide per-
ovskite structure based on the popular titanate series. In half-doped layered titanates,
the combination of two different types of Jahn-Teller motions opens a band gap and
creates an unusual charge and orbital ordering of the Ti d electrons. It is argued
that this intriguingly intricate electronic network favours the elusive inter-site ferro-
magnetic ordering, on the basis of intra-site Hund’s rules. Finally we find that the
layered oxides are also ferroelectric with a spontaneous polarisation approaching that
of BaTiO3. The concepts are general and design principles of the technologically de-
sirable ferromagnetic ferroelectric multiferroics are presented.

Perovskite oxides exhibit a fascinating range
of physical properties, including ferroelectricity,
(anti)ferromagnetism (AFM), superconductivity and
magnetoresistance. This diverse behaviour is appealing
for both fundamental and applied investigations, and
has resulted in an intense global research effort over the
past few decades. Many of these functional properties
manifest due to the complex and subtle interplay be-
tween spin, charge, orbital and lattice degrees of freedom
in perovskites [1–4]. Of the perovskites, the doped
manganites have become a prototypical playground
for the study of this interplay. Just considering the
case of half-doping, i.e. A0.5R0.5MnO3 where A is a
divalent alkaline earth metal ion and R is a trivalent
rare earth ion, manganites exhibit a rich variety of
electronic phases. For example half-doped manganites
can display ferromagnetic (FM) or A-type AFM metallic
behaviour [5–7] or more commonly a CE-type AFM
Mott insulating phase [8, 9] associated with two different
charge orderings (Rocksalt [10] and Columnar [11]), and
two different orbital orderings (“ferro” and “antiferro”
Mn d eg orderings [12]). The preferred electronic phase
appears to be strongly dependent on the A and R
cation sizes and whether they appear disordered (such
as with Ca and La/Pr) or layered (such as for Ba and
La/Tb/Y [5, 10, 12]) in the crystal.

In this regard, it is interesting to compare the physics
of the half-doped manganites, with that of the half-doped
titanates. At the bulk level, the A and R cations are
found to naturally disorder [13, 14] in the titanates, and
typically no charge and orbital ordered Mott insulating
phase is observed at half-doping [15]. An exception has
been recently discovered for the case of very small A-
cations, such as Ca0.5Lu0.5TiO3, where a rocksalt charge-
ordered and dxy t2g orbital-ordered Mott insulating phase
was recently proposed [16]. On the other hand, in layered

superlattices consisting of a repeating unit of k layers of
ATiO3 with l layers of RTiO3, exotic behaviour such as
an interface two-dimensional electron gas [17], which can
be ferromagnetic (FM) [18] and superconducting [19] has
been reported.

Here we consider half-doped titanates in short-period
[001] superlattice form (k=l=1) (see figure 1), which can
be artificially grown using modern layer-by-layer growth
techniques. This case resembles a bulk-like double per-
ovskite where every Ti ion shares the same mixed en-
vironment at odds with thicker superlattices. A care-
ful first principles investigation (see Methods) including
all possible degrees of freedom reveals an unexpected
ferromagnetic and ferroelectric insulating ground state.
The electronic structure exhibits an intricate orbital and
charge ordering which is argued to be at the heart of the
observed ferromagnetism. A symmetry lowering struc-
tural distortion enabling this particular orbital ordering

TABLE I: Key quantities for a selection of ATiO3-RTiO3 su-
perlattices including amplitude Q (Å) of lattice distortions
(in-phase Φ+

z and anti-phase Φ−
xy AFD motions, polar mode

Pxy, Jahn-Teller mode appearing at the M -point of the cu-
bic Brillouin zone MJT , breathing Jahn-Teller BJT ), polari-
sation, P (µC/cm2), band gap, ∆ (eV), and gain of energy
for FM vs AFM solution (see Methods) per 20-atom formula
unit, ∆E (meV).

R, A Q P ∆ ∆E
Φ+

z Φ−
xy Pxy BJT MJT

Sm, Sr 0.96 1.19 0.56 0.10 0.04 14.9 0.46 20.1
Y, Sr 1.10 1.30 0.66 0.11 0.04 16.7 0.57 18.0
Tm, Sr 1.18 1.36 0.72 0.11 0.03 18.2 0.63 16.4

Sm, Ba 0.75 0.96 0.48 0.13 0.07 18.6 0.50 18.5
Y, Ba 0.95 1.08 0.59 0.14 0.07 21.2 0.60 13.9
Tm, Ba 1.05 1.16 0.65 0.16 0.07 23.4 0.66 10.5

ATiO3-RTiO3 superlattice
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magnetoresistance. This diverse behaviour is appealing
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past few decades. Many of these functional properties
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tween spin, charge, orbital and lattice degrees of freedom
in perovskites [1–4]. Of the perovskites, the doped
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for the study of this interplay. Just considering the
case of half-doping, i.e. A0.5R0.5MnO3 where A is a
divalent alkaline earth metal ion and R is a trivalent
rare earth ion, manganites exhibit a rich variety of
electronic phases. For example half-doped manganites
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Mott insulating phase [8, 9] associated with two different
charge orderings (Rocksalt [10] and Columnar [11]), and
two different orbital orderings (“ferro” and “antiferro”
Mn d eg orderings [12]). The preferred electronic phase
appears to be strongly dependent on the A and R
cation sizes and whether they appear disordered (such
as with Ca and La/Pr) or layered (such as for Ba and
La/Tb/Y [5, 10, 12]) in the crystal.

In this regard, it is interesting to compare the physics
of the half-doped manganites, with that of the half-doped
titanates. At the bulk level, the A and R cations are
found to naturally disorder [13, 14] in the titanates, and
typically no charge and orbital ordered Mott insulating
phase is observed at half-doping [15]. An exception has
been recently discovered for the case of very small A-
cations, such as Ca0.5Lu0.5TiO3, where a rocksalt charge-
ordered and dxy t2g orbital-ordered Mott insulating phase
was recently proposed [16]. On the other hand, in layered

superlattices consisting of a repeating unit of k layers of
ATiO3 with l layers of RTiO3, exotic behaviour such as
an interface two-dimensional electron gas [17], which can
be ferromagnetic (FM) [18] and superconducting [19] has
been reported.

Here we consider half-doped titanates in short-period
[001] superlattice form (k=l=1) (see figure 1), which can
be artificially grown using modern layer-by-layer growth
techniques. This case resembles a bulk-like double per-
ovskite where every Ti ion shares the same mixed en-
vironment at odds with thicker superlattices. A care-
ful first principles investigation (see Methods) including
all possible degrees of freedom reveals an unexpected
ferromagnetic and ferroelectric insulating ground state.
The electronic structure exhibits an intricate orbital and
charge ordering which is argued to be at the heart of the
observed ferromagnetism. A symmetry lowering struc-
tural distortion enabling this particular orbital ordering
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perlattices including amplitude Q (Å) of lattice distortions
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unit, ∆E (meV).

R, A Q P ∆ ∆E
Φ+

z Φ−
xy Pxy BJT MJT

Sm, Sr 0.96 1.19 0.56 0.10 0.04 14.9 0.46 20.1
Y, Sr 1.10 1.30 0.66 0.11 0.04 16.7 0.57 18.0
Tm, Sr 1.18 1.36 0.72 0.11 0.03 18.2 0.63 16.4

Sm, Ba 0.75 0.96 0.48 0.13 0.07 18.6 0.50 18.5
Y, Ba 0.95 1.08 0.59 0.14 0.07 21.2 0.60 13.9
Tm, Ba 1.05 1.16 0.65 0.16 0.07 23.4 0.66 10.5

Origin of orbital ordering

MJT distortion	allowed	by	symmetry	

(equivalent	to	the	coupling	in	Pnma)

  

€ 

F ∝Pxyφz
+φ xy

− +PxyMJTφ xy
−



Origin of orbital ordering

MJT distortions	produces	the	C-type	orbital	ordering

  

€ 

F ∝Pxyφz
+φ xy

− +PxyMJTφ xy
−

MJT distortion



FM due to intrasite Hund’s

Ti1  
“d1” 

Ti3 
“d1” 

O1 O2 Ti2  
“d0” 

dxz! dyz!dyz!
dxz!

pz! py!

FM Hund’s  

dxy! dxy!
dxy!

px! py!

AFM Pauli’s  



Ti1  
“d1” 

Ti3 
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O1 O2 Ti2  
“d0” 

dxz! dyz!dyz!
dxz!

pz! py!

FM Hund’s  

dxy! dxy!
dxy!

px! py!

AFM Pauli’s  

MJT crucial for FM

If	we	artificially	suppress	AFD	motions	and	hence	MJT

- No	orbital	ordering:	dxy occupancy	everywhere
- AFM	GS

- Pauli’s	exclusion	principle

With	MJT motions:	

Without	MJT motions:	

E∝λMJTφ
−
xyPxy



Highlight three P-JT couplings

1)	Superlattices (d1-d0)	

Titanates:	ATiO3-RTiO3

E∝λMJTφ
−
xyPxy

2)	Superlattices (d2-d2)	
Vanadates:	RVO3-R’VO3

3)	Epitaxial	bulk	(all	d	fillings)	

ferrites,	titanates,	manganites …
E∝λMJTPxyAxy

E∝λMJTPzRJT
Varignon, Bristowe, Bousquet & Ghosez, 

Sci Reports 5, 15364 (2015)

Varignon, Bristowe & Ghosez, 
Phys. Rev. Lett 116, 057602 (2016)

Bristowe, Varignon, Fontaine, Bousquet & Ghosez,
Nat. Commun. 6, 6677 (2015)

Symmetry	analysis	supported	by	first	principles	calculations	(PBEsol+U and/or	B1WC)	



RVO3

Sage et al, PRB 76 195102 (2007)

Pnma
Pnma Pnma

P21/c
G-o.o

P21/c
G-o.o

Pnma
C-o.o

P21/c
C-o.o

+
G-o.o

P21/c
G-o.o

G-type AFM C-type AFM

Rare-earth	vanadates Pnma at	room	T,	and	with	decreasing	T	

appearance	of:

- C	and	G	type	orbital	orderings

- G	and	C	type	AFM	orderings

- Structural	phase	transition	to	P21/c	for	C-AFM



RVO3-R’VO3 Superlattices

• Ground state:

• Symmetry mode analysis of ground states (Å)

AFMG Pb21m AFMC	Pb
YVO/LaVO 0	meV +7.76	meV

PrVO/YVO 0	meV -0.87	meV

PrVO/LaVO 0	meV -3.72	meV

Φxy- Φz+ Φz- RJT MJT Pz Pxy

YVO/LaVO Pb21m AFMG 1.58 1.14 0.12 0.77
PrVO/YVO Pb AFMC 1.61 1.16 0.01 0.10 0.04 0.01 0.81
PrVO/LaVO Pb AFMC 1.36 0.94 0.01 0.10 0.01 0.00(4) 0.59

(“Pnma”) (“P21/c”)

P4/mmm	ref

(“Pm3m”)

(a-a-c0) (a0a0c+)

“Pnma”-like	tilt	pattern

Pb phases	have	additional	Pz component,	and	combination	of	both	Jahn-Tellers

_

Perovskite oxides exhibit a fascinating range of physical
properties, including ferroelectricity, (anti)ferromagnetism
(AFM), superconductivity and magnetoresistance. This

diverse behaviour is appealing for both fundamental and applied
investigations, and has resulted in an intense global research
effort over the past few decades. Many of these functional
properties manifest due to the complex and subtle interplay
between spin, charge, orbital and lattice degrees of freedom in
perovskites1–4. Of the perovskites, the doped manganites have
become a prototypical playground for the study of this interplay.
Just considering the case of half-doping, that is, A2þ

0:5 R3þ
0:5 MnO3,

where A2þ is a divalent alkaline earth metal ion and R3þ is a
trivalent rare earth ion, manganites exhibit a rich variety
of electronic phases. For example, half-doped manganites can
display ferromagnetic (FM) or A-type AFM metallic behaviour5–7

or more commonly a CE-type AFM Mott insulating phase8,9

associated with two different charge orderings (rocksalt10 and
columnar11) and two different orbital orderings (‘ferro’ and
‘antiferro’ Mn d eg orderings12). The preferred electronic phase
appears to be strongly dependent on the A2þ and R3þ cation
sizes and whether they appear disordered (such as with Ca and
La/Pr) or layered (such as for Ba and La/Tb/Y5,10,12) in the
crystal.

In this regard, it is interesting to compare the physics of the
half-doped manganites, with that of the half-doped titanates. At
the bulk level, the A2þ and R3þ cations are found to naturally
disorder13,14 in the titanates, and typically no charge and orbital-
ordered Mott insulating phase is observed at half-doping15.
An exception has been recently discovered for the case of very
small A2þ -cations, such as Ca0.5Lu0.5TiO3, where a rocksalt
charge-ordered and dxy t2g orbital-ordered Mott insulating
phase was recently proposed16. On the other hand, in layered
superlattices consisting of a repeating unit of k layers of A2þTiO3
with l layers of R3þTiO3, exotic behaviour such as an interface
two-dimensional (2D) electron gas17, which can be FM18 and
superconducting19 has been reported.

Here we consider half-doped titanates in short-period [001]
superlattice form (k¼ l¼ 1) (see Fig. 1), which can in principle be
artificially grown using modern layer-by-layer growth techniques
(see for instance refs. 20,21 and references within). This case
resembles a bulk-like double perovskite, where every Ti ion shares
the same mixed environment at odds with thicker superlattices. A
careful first principles investigation (see Methods) including all
possible degrees of freedom reveals an unexpected FM and
ferroelectric insulating ground state. The electronic structure
exhibits an intricate orbital and charge ordering, which is argued
to be at the heart of the observed ferromagnetism. A symmetry
lowering structural distortion enabling this particular orbital
ordering is also found to drive the ferroelectricity. The results
appear rather general across the whole A2þTiO3-R3þTiO3
(k¼ l¼ 1) series, being shared by a wide variety of combination
of cations with a large variation of cationic sizes. This has allowed
for universal physical principles to be rationalized and new
multiferroic design guidelines to be proposed. The subtle
interplay between electronic and structural degrees of freedom
are compared with the manganites and novel features are
highlighted.

Results
Ferroelectricity. To unravel the unexpected ferroelectric and FM
behaviour, we begin by focussing on the atomic structure of
the A2þTiO3-R3þTiO3 superlattice (see Fig. 1). Unless stated
otherwise the results presented throughout, although qualitatively
similar across the whole series (see Supplementary Tables 3 and
4), are presented for the case of SmTiO3-SrTiO3. In all cases, we

find a P21 symmetry ground state that consists of a complex
combination of several lattice distortions (see Table 1) of the
high-symmetry (P4/mmm) cube-on-cube double perovskite. Out
of all the distortions, the largest in amplitude are oxygen octa-
hedral rotations, both in-phase around the out-of-plane (z) axis,
Fþz and anti-phase around the in-plane (x and y) axes,
F#xy F#x þF#y
! "

. These so-called antiferrodistortive (AFD)
motions are ubiquitous in perovskites, appearing through steric
effects described by the Goldschmidt tolerance factor22. The
particular AFD pattern found here, a# a# cþ in Glazer’s
notations23, is the most common pattern shown by
perovskites24, certainly with tolerance factors between 0.8–1.0,
the case studied here. This particular AFD pattern is stabilized
over others in simple bulk perovskites through unique
anharmonic couplings allowing the subsequent appearance of
anti-polar A-cation motions25–27, located at the zone-boundary
of the cubic ABO3 Brillouin zone. In the A2þTiO3-R3þTiO3
digital superlattices, this A- and R-cation motion transforms to
the zone-centre, becoming polar in nature. The precise form of
the anharmonic coupling is trilinear, Fþz F#xy Pxy , which is the
signature of the so-called rotationally driven hybrid improper
ferroelectricity28–32. Indeed, we calculate all superlattices to
exhibit spontaneous polarizations in the range of 7–23
mC cm# 2 (see for example Table 1), approaching that of
BaTiO3, which is among the highest reported in hybrid
improper ferroelectrics. Since the Pxy mode has a ‘ferri’-like
character of the A-and R-cation motion (see Fig. 1), the large
polarization is achieved by maximizing the mode polarity
through choosing A- and R-cations not only with asymmetric
cation sizes33 but also here thanks to significantly distinct Born
effective charges (or valences in the simplest picture).

Charge ordering. A necessary requirement of ferroelectricity is to
be electronically insulating, which is not a priori obvious in these

Ti1
Ti4

Ti2 Ti3

dxz

dyz

Breathing oxygen cage

P4/mmm
structure 

AFD motions

+ +

Hybrid improper
ferroelectricity

Charge and orbital
ordering 

Pxy

PxyΦ–
xyMJT

x

z
y

BOC

Φz Φz
 Φ–

xyPxy
Φ–

xy

Figure 1 | Superlattice geometry, major structural distortions, and
resulting ferroelectric, charge and orbital ordering. The A2þTiO3-
R3þTiO3 digital superlattice 10-atom high-symmetry tetragonal P4/mmm
reference structure undergoes two major structural distortions: AFD
motions and a breathing oxygen cage distortion. The rocksalt arrangement
of large (blue) and small (grey) octahedral cages of the breathing distortion
are shown in the 20-atom cell. The AFD motions induce ferroelectricity
through a unique anharmonic coupling to an in-plane polar mode. The
combination of the AFD motions and breathing oxygen cage allows for an
unusual charge and orbital ordering. Blue, grey, red and green spheres
represent R3þ , A2þ , O and Ti, respectively. Distortions are exaggerated for
illustrative purposes.
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(RVO3)1/(R’VO3)1 superlattice expansion

New trilinear coupling identified

• Pb21m (Pnma in bulk)
• Pb (P21/c in bulk)

Out-of-plane polarization coupled to Jahn-Teller !

[2]

[1]

[1] Bousquet et al, Nature 452 (2008)
[2] Fukushima et al, Phys. Chem. Chem. Phys 13 (2011); Rondinelli et al, Adv. Materials 24 (2012)

R’VO3-RVO3 couplings



Magnetoelectric application?

Change of orbital and 
AFM orderings !

Electric field driven magnetic transition ?

YVO/LaVO: ΔE(AFMG-AFMC) = -7.76 meV

Ground-state: Pb21m (‘’Pnma’’) – AFMG phase:



Electric field driven magnetic transition

Finite electric field method (transition at 0.55 V / bilayer)

E-field directly controls RJT distortion amplitude!
In turn, this induces M transition

Pb21m

Pb



Highlight three P-JT couplings

1)	Superlattices (d1-d0)	

Titanates:	ATiO3-RTiO3

E∝λMJTφ
−
xyPxy

2)	Superlattices (d2-d2)	

Vanadates:	RVO3-R’VO3

3)	Epitaxial	bulk	(all	d	fillings)	
ferrites,	titanates,	manganites …

E∝λMJTPxyAxy

E∝λMJTPzRJT
Varignon, Bristowe, Bousquet & Ghosez, 

Sci Reports 5, 15364 (2015)

Varignon, Bristowe & Ghosez, 
Phys. Rev. Lett 116, 057602 (2016)

Bristowe, Varignon, Fontaine, Bousquet & Ghosez,
Nat. Commun. 6, 6677 (2015)

Symmetry	analysis	supported	by	first	principles	calculations	(PBEsol+U and/or	B1WC)	



Can couplings appear in general bulk ABO3?

Strain	engineering?



Can couplings appear in general bulk ABO3?

Unusual	Pmc21	phase	(equivalently	Pb21m)	under	tensile	strain:

Ground	state	for	BiFeO3,	PbTiO3,	BaMnO3,	EuTiO3,	CaTiO3 (+?)	at	about	5%	[1]

“Orbital	ordering”	observed	for	BiFeO3 [1]

(though	no	Jahn-Teller	distortion	mentioned)	

[1]	Yang	et	al.,	Phys.	Rev.	Lett.	109 057602	(2012)	

around 14! for zero misfit strain. As consistent with
Ref. [11], the energy of the Cc state becomes higher than
the energy of an orthorhombic Ima2 phase for tensile
strain of the orderþ8%. However, a previously unreported
Pmc21 state is found here to be of even lower energy than
both the Cc and Ima2 phases for !mis > 5:2%, which
indicates that it can be the ground state of BFO films for
moderate tensile strain, with the Cc-to-Pmc21 transition
being of first-order type. This Pmc21 state is of orthorhom-
bic symmetry and is macroscopically characterized by
(1) a large in-plane polarization, oriented along the [110]
direction, (2) a vanishing AAFD vector and a null z com-
ponent of the polarization, and (3) the activation of oxygen
octahedra tilting in phase about the z axis. The resulting
in-phase tilting angle, "z, has a rather large magnitude
(on the order of 6!) near the Cc-to-Pmc21 transition, and
further increases in magnitude with the tensile strain
[see the inset of Fig. 2(d)].

Furthermore, the novel Pmc21 state in BFO films also
possesses other striking characteristics. For instance, we
numerically found (not shown here) that the out-of-plane
component of the dielectric response in this Pmc21 state
dramatically increases from 54 to 1042, when decreasing
the misfit strain fromþ9:1 toþ3:1% (which is a strain for
which this phase is metastable). Moreover and as revealed
by Fig. 3(a), the Bi atoms and Fe ions move in a zigzag
fashion: first along the in-plane [100] pseudocubic direc-
tion and then along the perpendicular but still in-plane
[010] direction when going from any 5-atom unit cell to
its adjacent cell along the x or y axes (in other words, the
[100] and [010] cation displacements arrange themselves
in a checkerboard pattern). These Bi and Fe displacements
from their ideal positions are rather large, which result in
a large (>1:1 C=m2) in-plane macroscopic polarization
lying along the [110] direction and in nearly fivefold
coordinated Fe atoms. As indicated in Fig. 3(b), these
inhomogeneous displacements can be considered as aris-
ing from a superposition of homogeneous atomic displace-
ments along the [110] direction with antiferroelectric
displacements—the latter having the same magnitude as
the homogeneous displacements. For these antiferroelec-
tric motions, Bi (respectively, Fe) atoms are displaced from
the ½1!10$ to opposite ½!110$ direction when going from one
Bi (respectively, Fe) ion to its first-nearest-neighbor Bi
(respectively, Fe) ion along the x or y directions. Such
superposition therefore involves the distortions denoted
by P110 and A!110 in Ref. [21], with these two distortions
being of the same magnitude here. As indicated by Fig. 2(e),
these unusual atomic patterns lead to the existence of very

short Fe-O bonds (’ 1:8 "A) and long Fe-O distances

(%2:6 "A) that are reminiscent of features found in the
tetragonallike and giant-axial-ratio phase of BFO occurring
at large compressive strains [2,20,22].

Interestingly, the partial density of states shown in
Figure 3(c) demonstrates that the zigzag (or checkerboard)

cation displacements induce orbital ordering in the Fe ions
belonging to a given (001) layer: the Fe ions moving along
[100] have an occupied dyz orbital for energies being
’ 5:86 eV below the Fermi level while the Fe ions moving
along [010] have an occupied dxz orbital for this energy
range. Figure 3(d) further reveals that this ordering is of
C-type between the Fe layers (i.e., Fe ions on top of each
other along the [001] direction have the same occupied
orbital because they move along the same [100] or [010]
direction). A C-type orbital ordering (coexisting with a
G-type magnetic order) is known to occur in some mag-
netic systems [23–25], but this typically involves breathing
of oxygen octahedra rather than cation motions as found
here. As a result, orbital ordering does not usually coexist
with a polarization. In a few recent cases, however, orbital
ordering and an electrical polarization have been shown to
simultaneously occur, but for such few cases, the electric
polarization is rather weak (below 0:01 C=m2) because it is
induced by the orbital or magnetic ordering [26–28]. It thus
appears that the Pmc21 state of BFO is the first reported
example of a state possessing orbital ordering and large
polarization (> 1:1 C=m2) as a result of large and inho-
mogeneous displacements of the cations.
To check how general the appearance of this unusual

Pmc21 state is in the tensile region of epitaxial ferroelec-
trics and multiferroics, we now turn our attention to (001)

FIG. 3 (color online). Features of the Pmc21 state of BFO.
Panel (a) displays atomic characteristics and emphasizes the
inhomogeneous in-plane displacements of the cations. Panel
(b) schematizes these displacements in terms of the sum of a
polar and antiferrolectric distortion. Panel (c) shows the partial
density of states related to the dxy, dyz, and dxz orbitals of two Fe
ions belonging to the same (001) layer. Panel (d) shows the
C-type ordering between the dyz and dxz orbitals of Fe ions in the
BFO films. In panel (b), the Bi (respectively, Fe) atoms are
indicated by filled (respectively, open) circles, and the Bi and Fe
atoms belong to different (001) planes.
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Tri-linear	coupling	found	[2]:

(but	not	involving	Jahn-Teller?)

[2]	Yang	et	al.,	Phys.	Rev.	Lett.	112 057202	(2014)	

E∝λAxyφz
+Pxy

86 Starting from the reference Pm3̄m cubic perovskite
87 phase, the condensation of the polar mode P (irreps Γ−

5 )
88 and the JT mode Qþ

2 (irreps Mþ
3 ) lowers the symmetry to a

89 Pb21m phase, a polar subgroup of Pbnm. We, then,
90 perform a free energy expansion [25] (around the reference
91 structure) in terms of the lattice distortions allowed by
92 symmetry in this new phase, and we identify, among all the
93 possible terms, some intriguing couplings

F ∝ PQþ
2 Aþ P2Qþ

2 ϕ
þ
z þ Pϕþ

z AþQþ
2 ϕ

þ
z A2: ð1Þ

94 In this phase, the first two terms of Eq. (1) provide a link
95 between the polarization and the Jahn-Teller distortion.
96 These terms also involve two additional distortions: one
97 antipolar A motion pictured in Fig. 1(c) and one a0a0cþ

98 AFD motion (labelled ϕþ
z ) pictured in Fig. 1(d). Among all

99 the terms, the lowest order trilinear term of the form PQþ
2 A

100 provides the desired direct coupling between the polariza-
101 tion and the JT distortion. Thus, acting on the polarization
102 with an external electric field may modify the amplitude
103 of the JT motion and, therefore, all related electronic
104 properties.
105 However, the Pb21m symmetry is not the common
106 ground state in bulk perovskites [26]. Strain engineering,
107 through thin film epitaxy, for example, can provide a
108 powerful tool to unlock a polar mode in perovskites
109 [10,27–32]. This is the case for BiFeO3 which was recently
110 proposed to adopt an unusual Pb21m symmetry under large
111 epitaxial tensile strain [18,33–35]. This particular phase
112 was shown to develop polar, antipolar, and a0a0cþ AFD
113 motions [33], which were later demonstrated to be coupled
114 together through the third term of Eq. (1) [18]. Amazingly,

115the authors reported the existence of an orbital ordering of
116the Fe3þ 3d orbitals, explained from the coexistence of the
117polar and the antipolar motion yielding a particular lattice
118distortion pattern [33]. This orbital ordering is unusual
119since, in this system, no Jahn-Teller effect is required to
120form a Mott insulating state (Fe3þ are in a half filled high
121spin t32ge

2
g configuration). A Jahn-Teller effect or distortion

122is yet to be reported in the Pb21m phase of BiFeO3 to the
123best of our knowledge. From our symmetry analysis, we
124clearly demonstrate that, as this Pb21m develops the three
125aforementioned distortions (P, A, and ϕþ

z ), the free energy
126of Eq. (1) is automatically lowered through the appearance
127of a fourth lattice distortion: a Jahn-Teller Qþ

2 motion.
128Therefore, while it may not be unstable itself, the Jahn-
129Teller motion is forced into the system via this “improper”
130mechanism arising from the trilinear coupling [8]. This
131result clarifies the origin of the unusual orbital ordering
132displayed by BiFeO3; moreover, it provides a pathway to
133achieve an electric field control of the orbital ordering in
134bulk perovskites.
135The predicted highly strained Pb21m phase in bulk
136perovskites is not restricted to BiFeO3, and it was predicted
137to occur also in some titanates (CaTiO3 and EuTiO3) [33],
138in BaMnO3 [33], and even in a Jahn-Teller active com-
139pound TbMnO3 [36]. The highly strained bulk perovskites
140are then an ideal playground to demonstrate our coupling
141between the polarization and the Jahn-Teller distortion. In
142order to check the generality of our concept, we propose, in
143this Letter, to investigate several types of highly strained
144perovskites on the basis of first principles calculations:
145(i) nonmagnetic (NM) SrTiO3 (t02ge

0
g); (ii) magnetic

146BaMnO3 (t32ge
0
g) [37], and BiFeO3 (t32ge

2
g); (iii) Jahn-

147Teller active YMnO3 (t32ge
1
g).

148First-principles calculations were performed with the
149VASP package [40,41]. We used the PBEsol [42]þU
150framework as implemented by Lichtenstein et al. [43]
151(see the Supplemental Material [44] for a discussion on the
152choice of the U and J parameters). The plane wave cutoff
153was set to 500 eV, and we used a 6 × 6 × 4k-point mesh for
154the 20 atom Pb21m phase. PAW pseudopotentials [55]
155were used in the calculations with the following valence
156electron configuration: 3s23p64s2 (Sr), 4s24p65s2 (Ba),
1574s24p65s24d1 (Y), 6s26p3 (Bi), 3p64s23d2 (Ti),
1583p64s23d5 (Mn), 3p64s23d6 (Fe), and 2s22p4 (O).
159Spontaneous polarizations were computed using the
160Berry-phase approach and phonons, and Born effective
161charges were computed using the density functional per-
162turbation theory [56]. The electric field effect was modeled
163using a linear response approach by freezing in some lattice
164distortion into the system [57,58]. Symmetry mode analy-
165ses were performed using the AMPLIMODES software from
166the Bilbao Crystallographic server [45,46].
167We begin by investigating the possibility of a Pb21m
168ground state under large epitaxial tensile strain (the growth

F1:1 FIG. 1. Schematic view of the main four lattice distortions
F1:2 involved in the Pb21m phase of perovskites under tensile
F1:3 epitaxial strain. (a) Polar distortion (irreps Γ−

5 ), (b) Qþ
2 Jahn-

F1:4 Teller distortion (irreps Mþ
3 ), (c) antipolar A distortion (irreps

F1:5 Mþ
5 ), (d) a

0a0cþ ϕþ
z antiferrodistortive motion (irreps Mþ

2 ).

5

6

PHY S I CA L R EV I EW LE T T ER S

2

Axy
(M5

+)

Strain	engineering?



Reinvestigate Pmc21 phase

169 direction is along the [001] axis of the Pbnm structure).
170 Beyond around 5% tensile strain, the four compounds,
171 indeed, develop the desired Pb21m ground state. Strained
172 BaMnO3 [ferromagnetic (FM)] and YMnO3 [G-type anti-
173 ferromagnetic (AFMG)] exhibit a different magnetic
174 ground state compared to the bulk (AFMG and E-type
175 antiferromagnetic, ↑↑↓↓ zigzag chains coupled antiferro-
176 magnetically along the ~c axis, respectively) while BiFeO3

177 (AFMG) remains in its bulk magnetic ground state. We,
178 then, perform a symmetry mode analysis with respect to a
179 hypothetical P4=mmm phase (corresponding to Pm3̄m for
180 unstrained bulk compounds) in order to extract the ampli-
181 tude of the relevant lattice distortions [59] (see Table I). As
182 expected, the four materials develop the required distor-
183 tions, and amazingly, the magnitude of the Qþ

2 Jahn-Teller
184 distortion is relatively large, being, for instance, of the same
185 order of magnitude as the one developed in the prototypical
186 Jahn-Teller system LaMnO3 (around 0.265 Å [60]).
187 Additionally, the values of the spontaneous polarization
188 are rather large, reaching 76 μC cm−2 for SrTiO3, for
189 instance. Despite being highly strained, all materials remain
190 insulating, adopting reasonable electronic band gap values
191 (see Table I).
192 To shed more light on the origin of this unusual Pb21m
193 phase, we compute the energy potentials with respect to the
194 four distortions by individually condensing each mode in a
195 hypothetical P4=mmm phase (see Fig. 2). Surprisingly, the
196 appearance of the Pb21m phase is rather different for the
197 four materials. SrTiO3 and BaMnO3 only exhibit a polar
198 instability, producing an Amm2 symmetry, consistent with
199 previous reports of a polar phase for these two materials
200 under tensile strain [27,39]. Computing the phonons in this
201 particular Amm2 symmetry, only one hybrid unstable
202 phonon mode is identified for these two materials, having
203 a mixed character between the A, ϕþ

z and Qþ
2 distortions.

204 For BiFeO3 and YMnO3, the a0a0cþ AFD motion is
205 already unstable, which is expected since the Pb21m
206 symmetry for these two systems is derived from their bulk
207 R3c=Pbnm phases [59]. Additionally, the JT lattice dis-
208 tortion is also unstable in the P4=mmm phase of YMnO3

209 and appears as an electronic instability [63], which is

210expected since YMnO3 is known to be Jahn-Teller active in
211the bulk. We emphasize, at this stage, that the polar mode in
212BiFeO3 (and YMnO3) is not unstable, and therefore, highly
213strained BiFeO3 appears as an improper ferroelectric in
214contradiction to Refs. [18] and [64]. Computing the
215phonons in the intermediate strained Pbnm phase of both
216BiFeO3 and YMnO3 compounds reveals only one hybrid
217unstable mode, having a mixed character between P and A
218distortions. Despite the apparent universal stability of this
219highly strained polar phase, the mechanism yielding it is
220surprisingly different between the compounds and seems
221linked to the tolerance factor.
222Regarding the electronic structure, we checked for the
223appearance of an orbital ordering as observed in BiFeO3

224[33]. For the four compounds, we report the projected
225density of states on the d levels of two neighboring B sites
226in the ðabÞ plane (see Fig. 3). For SrTiO3, a splitting of the
227t2g states, and especially between the dxz and dyz orbitals,

TABLE I. Epitaxial strain (%), magnetic ground state, amplitudes of distortions (Å), and electronic band gap value
(eV) for each material. The spontaneous polarization is also reported in μCcm−2. Only the relevant distortions are
summarized in the present table [59].

SrTiO3 BaMnO3 BiFeO3 YMnO3

Strain (%) þ7.35 [61] þ6.1 [61] þ5.8 [61] þ4.0 [61]
Magnetism NM FM AFMG AFMG
P (Γ−

5 ) (Å) 0.615 0.421 0.346 0.753
(μC cm−2) 76 45 29 7 [62]

Qþ
2 (Mþ

3 ) (Å) 0.232 0.190 0.644 0.737
A (Mþ

5 ) (Å) 0.558 0.217 1.072 0.940
ϕþ
z (Mþ

2 ) (Å) 0.640 0.059 1.668 1.733
Gap (eV) 3.02 0.28 1.88 1.88
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86 Starting from the reference Pm3̄m cubic perovskite
87 phase, the condensation of the polar mode P (irreps Γ−

5 )
88 and the JT mode Qþ

2 (irreps Mþ
3 ) lowers the symmetry to a

89 Pb21m phase, a polar subgroup of Pbnm. We, then,
90 perform a free energy expansion [25] (around the reference
91 structure) in terms of the lattice distortions allowed by
92 symmetry in this new phase, and we identify, among all the
93 possible terms, some intriguing couplings

F ∝ PQþ
2 Aþ P2Qþ

2 ϕ
þ
z þ Pϕþ

z AþQþ
2 ϕ

þ
z A2: ð1Þ

94 In this phase, the first two terms of Eq. (1) provide a link
95 between the polarization and the Jahn-Teller distortion.
96 These terms also involve two additional distortions: one
97 antipolar A motion pictured in Fig. 1(c) and one a0a0cþ

98 AFD motion (labelled ϕþ
z ) pictured in Fig. 1(d). Among all

99 the terms, the lowest order trilinear term of the form PQþ
2 A

100 provides the desired direct coupling between the polariza-
101 tion and the JT distortion. Thus, acting on the polarization
102 with an external electric field may modify the amplitude
103 of the JT motion and, therefore, all related electronic
104 properties.
105 However, the Pb21m symmetry is not the common
106 ground state in bulk perovskites [26]. Strain engineering,
107 through thin film epitaxy, for example, can provide a
108 powerful tool to unlock a polar mode in perovskites
109 [10,27–32]. This is the case for BiFeO3 which was recently
110 proposed to adopt an unusual Pb21m symmetry under large
111 epitaxial tensile strain [18,33–35]. This particular phase
112 was shown to develop polar, antipolar, and a0a0cþ AFD
113 motions [33], which were later demonstrated to be coupled
114 together through the third term of Eq. (1) [18]. Amazingly,

115the authors reported the existence of an orbital ordering of
116the Fe3þ 3d orbitals, explained from the coexistence of the
117polar and the antipolar motion yielding a particular lattice
118distortion pattern [33]. This orbital ordering is unusual
119since, in this system, no Jahn-Teller effect is required to
120form a Mott insulating state (Fe3þ are in a half filled high
121spin t32ge

2
g configuration). A Jahn-Teller effect or distortion

122is yet to be reported in the Pb21m phase of BiFeO3 to the
123best of our knowledge. From our symmetry analysis, we
124clearly demonstrate that, as this Pb21m develops the three
125aforementioned distortions (P, A, and ϕþ

z ), the free energy
126of Eq. (1) is automatically lowered through the appearance
127of a fourth lattice distortion: a Jahn-Teller Qþ

2 motion.
128Therefore, while it may not be unstable itself, the Jahn-
129Teller motion is forced into the system via this “improper”
130mechanism arising from the trilinear coupling [8]. This
131result clarifies the origin of the unusual orbital ordering
132displayed by BiFeO3; moreover, it provides a pathway to
133achieve an electric field control of the orbital ordering in
134bulk perovskites.
135The predicted highly strained Pb21m phase in bulk
136perovskites is not restricted to BiFeO3, and it was predicted
137to occur also in some titanates (CaTiO3 and EuTiO3) [33],
138in BaMnO3 [33], and even in a Jahn-Teller active com-
139pound TbMnO3 [36]. The highly strained bulk perovskites
140are then an ideal playground to demonstrate our coupling
141between the polarization and the Jahn-Teller distortion. In
142order to check the generality of our concept, we propose, in
143this Letter, to investigate several types of highly strained
144perovskites on the basis of first principles calculations:
145(i) nonmagnetic (NM) SrTiO3 (t02ge

0
g); (ii) magnetic

146BaMnO3 (t32ge
0
g) [37], and BiFeO3 (t32ge

2
g); (iii) Jahn-

147Teller active YMnO3 (t32ge
1
g).

148First-principles calculations were performed with the
149VASP package [40,41]. We used the PBEsol [42]þU
150framework as implemented by Lichtenstein et al. [43]
151(see the Supplemental Material [44] for a discussion on the
152choice of the U and J parameters). The plane wave cutoff
153was set to 500 eV, and we used a 6 × 6 × 4k-point mesh for
154the 20 atom Pb21m phase. PAW pseudopotentials [55]
155were used in the calculations with the following valence
156electron configuration: 3s23p64s2 (Sr), 4s24p65s2 (Ba),
1574s24p65s24d1 (Y), 6s26p3 (Bi), 3p64s23d2 (Ti),
1583p64s23d5 (Mn), 3p64s23d6 (Fe), and 2s22p4 (O).
159Spontaneous polarizations were computed using the
160Berry-phase approach and phonons, and Born effective
161charges were computed using the density functional per-
162turbation theory [56]. The electric field effect was modeled
163using a linear response approach by freezing in some lattice
164distortion into the system [57,58]. Symmetry mode analy-
165ses were performed using the AMPLIMODES software from
166the Bilbao Crystallographic server [45,46].
167We begin by investigating the possibility of a Pb21m
168ground state under large epitaxial tensile strain (the growth

F1:1 FIG. 1. Schematic view of the main four lattice distortions
F1:2 involved in the Pb21m phase of perovskites under tensile
F1:3 epitaxial strain. (a) Polar distortion (irreps Γ−

5 ), (b) Qþ
2 Jahn-

F1:4 Teller distortion (irreps Mþ
3 ), (c) antipolar A distortion (irreps

F1:5 Mþ
5 ), (d) a

0a0cþ ϕþ
z antiferrodistortive motion (irreps Mþ

2 ).
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87 phase, the condensation of the polar mode P (irreps Γ−

5 )
88 and the JT mode Qþ

2 (irreps Mþ
3 ) lowers the symmetry to a

89 Pb21m phase, a polar subgroup of Pbnm. We, then,
90 perform a free energy expansion [25] (around the reference
91 structure) in terms of the lattice distortions allowed by
92 symmetry in this new phase, and we identify, among all the
93 possible terms, some intriguing couplings
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94 In this phase, the first two terms of Eq. (1) provide a link
95 between the polarization and the Jahn-Teller distortion.
96 These terms also involve two additional distortions: one
97 antipolar A motion pictured in Fig. 1(c) and one a0a0cþ

98 AFD motion (labelled ϕþ
z ) pictured in Fig. 1(d). Among all

99 the terms, the lowest order trilinear term of the form PQþ
2 A

100 provides the desired direct coupling between the polariza-
101 tion and the JT distortion. Thus, acting on the polarization
102 with an external electric field may modify the amplitude
103 of the JT motion and, therefore, all related electronic
104 properties.
105 However, the Pb21m symmetry is not the common
106 ground state in bulk perovskites [26]. Strain engineering,
107 through thin film epitaxy, for example, can provide a
108 powerful tool to unlock a polar mode in perovskites
109 [10,27–32]. This is the case for BiFeO3 which was recently
110 proposed to adopt an unusual Pb21m symmetry under large
111 epitaxial tensile strain [18,33–35]. This particular phase
112 was shown to develop polar, antipolar, and a0a0cþ AFD
113 motions [33], which were later demonstrated to be coupled
114 together through the third term of Eq. (1) [18]. Amazingly,

115the authors reported the existence of an orbital ordering of
116the Fe3þ 3d orbitals, explained from the coexistence of the
117polar and the antipolar motion yielding a particular lattice
118distortion pattern [33]. This orbital ordering is unusual
119since, in this system, no Jahn-Teller effect is required to
120form a Mott insulating state (Fe3þ are in a half filled high
121spin t32ge

2
g configuration). A Jahn-Teller effect or distortion

122is yet to be reported in the Pb21m phase of BiFeO3 to the
123best of our knowledge. From our symmetry analysis, we
124clearly demonstrate that, as this Pb21m develops the three
125aforementioned distortions (P, A, and ϕþ

z ), the free energy
126of Eq. (1) is automatically lowered through the appearance
127of a fourth lattice distortion: a Jahn-Teller Qþ

2 motion.
128Therefore, while it may not be unstable itself, the Jahn-
129Teller motion is forced into the system via this “improper”
130mechanism arising from the trilinear coupling [8]. This
131result clarifies the origin of the unusual orbital ordering
132displayed by BiFeO3; moreover, it provides a pathway to
133achieve an electric field control of the orbital ordering in
134bulk perovskites.
135The predicted highly strained Pb21m phase in bulk
136perovskites is not restricted to BiFeO3, and it was predicted
137to occur also in some titanates (CaTiO3 and EuTiO3) [33],
138in BaMnO3 [33], and even in a Jahn-Teller active com-
139pound TbMnO3 [36]. The highly strained bulk perovskites
140are then an ideal playground to demonstrate our coupling
141between the polarization and the Jahn-Teller distortion. In
142order to check the generality of our concept, we propose, in
143this Letter, to investigate several types of highly strained
144perovskites on the basis of first principles calculations:
145(i) nonmagnetic (NM) SrTiO3 (t02ge

0
g); (ii) magnetic

146BaMnO3 (t32ge
0
g) [37], and BiFeO3 (t32ge

2
g); (iii) Jahn-

147Teller active YMnO3 (t32ge
1
g).

148First-principles calculations were performed with the
149VASP package [40,41]. We used the PBEsol [42]þU
150framework as implemented by Lichtenstein et al. [43]
151(see the Supplemental Material [44] for a discussion on the
152choice of the U and J parameters). The plane wave cutoff
153was set to 500 eV, and we used a 6 × 6 × 4k-point mesh for
154the 20 atom Pb21m phase. PAW pseudopotentials [55]
155were used in the calculations with the following valence
156electron configuration: 3s23p64s2 (Sr), 4s24p65s2 (Ba),
1574s24p65s24d1 (Y), 6s26p3 (Bi), 3p64s23d2 (Ti),
1583p64s23d5 (Mn), 3p64s23d6 (Fe), and 2s22p4 (O).
159Spontaneous polarizations were computed using the
160Berry-phase approach and phonons, and Born effective
161charges were computed using the density functional per-
162turbation theory [56]. The electric field effect was modeled
163using a linear response approach by freezing in some lattice
164distortion into the system [57,58]. Symmetry mode analy-
165ses were performed using the AMPLIMODES software from
166the Bilbao Crystallographic server [45,46].
167We begin by investigating the possibility of a Pb21m
168ground state under large epitaxial tensile strain (the growth

F1:1 FIG. 1. Schematic view of the main four lattice distortions
F1:2 involved in the Pb21m phase of perovskites under tensile
F1:3 epitaxial strain. (a) Polar distortion (irreps Γ−

5 ), (b) Qþ
2 Jahn-

F1:4 Teller distortion (irreps Mþ
3 ), (c) antipolar A distortion (irreps
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5 ), (d) a
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87 phase, the condensation of the polar mode P (irreps Γ−
5 )

88 and the JT mode Qþ
2 (irreps Mþ

3 ) lowers the symmetry to a
89 Pb21m phase, a polar subgroup of Pbnm. We, then,
90 perform a free energy expansion [25] (around the reference
91 structure) in terms of the lattice distortions allowed by
92 symmetry in this new phase, and we identify, among all the
93 possible terms, some intriguing couplings

F ∝ PQþ
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94 In this phase, the first two terms of Eq. (1) provide a link
95 between the polarization and the Jahn-Teller distortion.
96 These terms also involve two additional distortions: one
97 antipolar A motion pictured in Fig. 1(c) and one a0a0cþ

98 AFD motion (labelled ϕþ
z ) pictured in Fig. 1(d). Among all

99 the terms, the lowest order trilinear term of the form PQþ
2 A

100 provides the desired direct coupling between the polariza-
101 tion and the JT distortion. Thus, acting on the polarization
102 with an external electric field may modify the amplitude
103 of the JT motion and, therefore, all related electronic
104 properties.
105 However, the Pb21m symmetry is not the common
106 ground state in bulk perovskites [26]. Strain engineering,
107 through thin film epitaxy, for example, can provide a
108 powerful tool to unlock a polar mode in perovskites
109 [10,27–32]. This is the case for BiFeO3 which was recently
110 proposed to adopt an unusual Pb21m symmetry under large
111 epitaxial tensile strain [18,33–35]. This particular phase
112 was shown to develop polar, antipolar, and a0a0cþ AFD
113 motions [33], which were later demonstrated to be coupled
114 together through the third term of Eq. (1) [18]. Amazingly,

115the authors reported the existence of an orbital ordering of
116the Fe3þ 3d orbitals, explained from the coexistence of the
117polar and the antipolar motion yielding a particular lattice
118distortion pattern [33]. This orbital ordering is unusual
119since, in this system, no Jahn-Teller effect is required to
120form a Mott insulating state (Fe3þ are in a half filled high
121spin t32ge

2
g configuration). A Jahn-Teller effect or distortion

122is yet to be reported in the Pb21m phase of BiFeO3 to the
123best of our knowledge. From our symmetry analysis, we
124clearly demonstrate that, as this Pb21m develops the three
125aforementioned distortions (P, A, and ϕþ

z ), the free energy
126of Eq. (1) is automatically lowered through the appearance
127of a fourth lattice distortion: a Jahn-Teller Qþ

2 motion.
128Therefore, while it may not be unstable itself, the Jahn-
129Teller motion is forced into the system via this “improper”
130mechanism arising from the trilinear coupling [8]. This
131result clarifies the origin of the unusual orbital ordering
132displayed by BiFeO3; moreover, it provides a pathway to
133achieve an electric field control of the orbital ordering in
134bulk perovskites.
135The predicted highly strained Pb21m phase in bulk
136perovskites is not restricted to BiFeO3, and it was predicted
137to occur also in some titanates (CaTiO3 and EuTiO3) [33],
138in BaMnO3 [33], and even in a Jahn-Teller active com-
139pound TbMnO3 [36]. The highly strained bulk perovskites
140are then an ideal playground to demonstrate our coupling
141between the polarization and the Jahn-Teller distortion. In
142order to check the generality of our concept, we propose, in
143this Letter, to investigate several types of highly strained
144perovskites on the basis of first principles calculations:
145(i) nonmagnetic (NM) SrTiO3 (t02ge

0
g); (ii) magnetic

146BaMnO3 (t32ge
0
g) [37], and BiFeO3 (t32ge

2
g); (iii) Jahn-

147Teller active YMnO3 (t32ge
1
g).

148First-principles calculations were performed with the
149VASP package [40,41]. We used the PBEsol [42]þU
150framework as implemented by Lichtenstein et al. [43]
151(see the Supplemental Material [44] for a discussion on the
152choice of the U and J parameters). The plane wave cutoff
153was set to 500 eV, and we used a 6 × 6 × 4k-point mesh for
154the 20 atom Pb21m phase. PAW pseudopotentials [55]
155were used in the calculations with the following valence
156electron configuration: 3s23p64s2 (Sr), 4s24p65s2 (Ba),
1574s24p65s24d1 (Y), 6s26p3 (Bi), 3p64s23d2 (Ti),
1583p64s23d5 (Mn), 3p64s23d6 (Fe), and 2s22p4 (O).
159Spontaneous polarizations were computed using the
160Berry-phase approach and phonons, and Born effective
161charges were computed using the density functional per-
162turbation theory [56]. The electric field effect was modeled
163using a linear response approach by freezing in some lattice
164distortion into the system [57,58]. Symmetry mode analy-
165ses were performed using the AMPLIMODES software from
166the Bilbao Crystallographic server [45,46].
167We begin by investigating the possibility of a Pb21m
168ground state under large epitaxial tensile strain (the growth

F1:1 FIG. 1. Schematic view of the main four lattice distortions
F1:2 involved in the Pb21m phase of perovskites under tensile
F1:3 epitaxial strain. (a) Polar distortion (irreps Γ−

5 ), (b) Qþ
2 Jahn-

F1:4 Teller distortion (irreps Mþ
3 ), (c) antipolar A distortion (irreps

F1:5 Mþ
5 ), (d) a

0a0cþ ϕþ
z antiferrodistortive motion (irreps Mþ
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86 Starting from the reference Pm3̄m cubic perovskite
87 phase, the condensation of the polar mode P (irreps Γ−

5 )
88 and the JT mode Qþ

2 (irreps Mþ
3 ) lowers the symmetry to a

89 Pb21m phase, a polar subgroup of Pbnm. We, then,
90 perform a free energy expansion [25] (around the reference
91 structure) in terms of the lattice distortions allowed by
92 symmetry in this new phase, and we identify, among all the
93 possible terms, some intriguing couplings
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94 In this phase, the first two terms of Eq. (1) provide a link
95 between the polarization and the Jahn-Teller distortion.
96 These terms also involve two additional distortions: one
97 antipolar A motion pictured in Fig. 1(c) and one a0a0cþ

98 AFD motion (labelled ϕþ
z ) pictured in Fig. 1(d). Among all

99 the terms, the lowest order trilinear term of the form PQþ
2 A

100 provides the desired direct coupling between the polariza-
101 tion and the JT distortion. Thus, acting on the polarization
102 with an external electric field may modify the amplitude
103 of the JT motion and, therefore, all related electronic
104 properties.
105 However, the Pb21m symmetry is not the common
106 ground state in bulk perovskites [26]. Strain engineering,
107 through thin film epitaxy, for example, can provide a
108 powerful tool to unlock a polar mode in perovskites
109 [10,27–32]. This is the case for BiFeO3 which was recently
110 proposed to adopt an unusual Pb21m symmetry under large
111 epitaxial tensile strain [18,33–35]. This particular phase
112 was shown to develop polar, antipolar, and a0a0cþ AFD
113 motions [33], which were later demonstrated to be coupled
114 together through the third term of Eq. (1) [18]. Amazingly,

115the authors reported the existence of an orbital ordering of
116the Fe3þ 3d orbitals, explained from the coexistence of the
117polar and the antipolar motion yielding a particular lattice
118distortion pattern [33]. This orbital ordering is unusual
119since, in this system, no Jahn-Teller effect is required to
120form a Mott insulating state (Fe3þ are in a half filled high
121spin t32ge

2
g configuration). A Jahn-Teller effect or distortion

122is yet to be reported in the Pb21m phase of BiFeO3 to the
123best of our knowledge. From our symmetry analysis, we
124clearly demonstrate that, as this Pb21m develops the three
125aforementioned distortions (P, A, and ϕþ

z ), the free energy
126of Eq. (1) is automatically lowered through the appearance
127of a fourth lattice distortion: a Jahn-Teller Qþ

2 motion.
128Therefore, while it may not be unstable itself, the Jahn-
129Teller motion is forced into the system via this “improper”
130mechanism arising from the trilinear coupling [8]. This
131result clarifies the origin of the unusual orbital ordering
132displayed by BiFeO3; moreover, it provides a pathway to
133achieve an electric field control of the orbital ordering in
134bulk perovskites.
135The predicted highly strained Pb21m phase in bulk
136perovskites is not restricted to BiFeO3, and it was predicted
137to occur also in some titanates (CaTiO3 and EuTiO3) [33],
138in BaMnO3 [33], and even in a Jahn-Teller active com-
139pound TbMnO3 [36]. The highly strained bulk perovskites
140are then an ideal playground to demonstrate our coupling
141between the polarization and the Jahn-Teller distortion. In
142order to check the generality of our concept, we propose, in
143this Letter, to investigate several types of highly strained
144perovskites on the basis of first principles calculations:
145(i) nonmagnetic (NM) SrTiO3 (t02ge

0
g); (ii) magnetic

146BaMnO3 (t32ge
0
g) [37], and BiFeO3 (t32ge

2
g); (iii) Jahn-

147Teller active YMnO3 (t32ge
1
g).

148First-principles calculations were performed with the
149VASP package [40,41]. We used the PBEsol [42]þU
150framework as implemented by Lichtenstein et al. [43]
151(see the Supplemental Material [44] for a discussion on the
152choice of the U and J parameters). The plane wave cutoff
153was set to 500 eV, and we used a 6 × 6 × 4k-point mesh for
154the 20 atom Pb21m phase. PAW pseudopotentials [55]
155were used in the calculations with the following valence
156electron configuration: 3s23p64s2 (Sr), 4s24p65s2 (Ba),
1574s24p65s24d1 (Y), 6s26p3 (Bi), 3p64s23d2 (Ti),
1583p64s23d5 (Mn), 3p64s23d6 (Fe), and 2s22p4 (O).
159Spontaneous polarizations were computed using the
160Berry-phase approach and phonons, and Born effective
161charges were computed using the density functional per-
162turbation theory [56]. The electric field effect was modeled
163using a linear response approach by freezing in some lattice
164distortion into the system [57,58]. Symmetry mode analy-
165ses were performed using the AMPLIMODES software from
166the Bilbao Crystallographic server [45,46].
167We begin by investigating the possibility of a Pb21m
168ground state under large epitaxial tensile strain (the growth

F1:1 FIG. 1. Schematic view of the main four lattice distortions
F1:2 involved in the Pb21m phase of perovskites under tensile
F1:3 epitaxial strain. (a) Polar distortion (irreps Γ−
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2 Jahn-
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3 ), (c) antipolar A distortion (irreps

F1:5 Mþ
5 ), (d) a

0a0cþ ϕþ
z antiferrodistortive motion (irreps Mþ

2 ).

5

6

PHY S I CA L R EV I EW LE T T ER S

2

86 Starting from the reference Pm3̄m cubic perovskite
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3 ) lowers the symmetry to a

89 Pb21m phase, a polar subgroup of Pbnm. We, then,
90 perform a free energy expansion [25] (around the reference
91 structure) in terms of the lattice distortions allowed by
92 symmetry in this new phase, and we identify, among all the
93 possible terms, some intriguing couplings
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94 In this phase, the first two terms of Eq. (1) provide a link
95 between the polarization and the Jahn-Teller distortion.
96 These terms also involve two additional distortions: one
97 antipolar A motion pictured in Fig. 1(c) and one a0a0cþ

98 AFD motion (labelled ϕþ
z ) pictured in Fig. 1(d). Among all

99 the terms, the lowest order trilinear term of the form PQþ
2 A

100 provides the desired direct coupling between the polariza-
101 tion and the JT distortion. Thus, acting on the polarization
102 with an external electric field may modify the amplitude
103 of the JT motion and, therefore, all related electronic
104 properties.
105 However, the Pb21m symmetry is not the common
106 ground state in bulk perovskites [26]. Strain engineering,
107 through thin film epitaxy, for example, can provide a
108 powerful tool to unlock a polar mode in perovskites
109 [10,27–32]. This is the case for BiFeO3 which was recently
110 proposed to adopt an unusual Pb21m symmetry under large
111 epitaxial tensile strain [18,33–35]. This particular phase
112 was shown to develop polar, antipolar, and a0a0cþ AFD
113 motions [33], which were later demonstrated to be coupled
114 together through the third term of Eq. (1) [18]. Amazingly,

115the authors reported the existence of an orbital ordering of
116the Fe3þ 3d orbitals, explained from the coexistence of the
117polar and the antipolar motion yielding a particular lattice
118distortion pattern [33]. This orbital ordering is unusual
119since, in this system, no Jahn-Teller effect is required to
120form a Mott insulating state (Fe3þ are in a half filled high
121spin t32ge

2
g configuration). A Jahn-Teller effect or distortion

122is yet to be reported in the Pb21m phase of BiFeO3 to the
123best of our knowledge. From our symmetry analysis, we
124clearly demonstrate that, as this Pb21m develops the three
125aforementioned distortions (P, A, and ϕþ

z ), the free energy
126of Eq. (1) is automatically lowered through the appearance
127of a fourth lattice distortion: a Jahn-Teller Qþ

2 motion.
128Therefore, while it may not be unstable itself, the Jahn-
129Teller motion is forced into the system via this “improper”
130mechanism arising from the trilinear coupling [8]. This
131result clarifies the origin of the unusual orbital ordering
132displayed by BiFeO3; moreover, it provides a pathway to
133achieve an electric field control of the orbital ordering in
134bulk perovskites.
135The predicted highly strained Pb21m phase in bulk
136perovskites is not restricted to BiFeO3, and it was predicted
137to occur also in some titanates (CaTiO3 and EuTiO3) [33],
138in BaMnO3 [33], and even in a Jahn-Teller active com-
139pound TbMnO3 [36]. The highly strained bulk perovskites
140are then an ideal playground to demonstrate our coupling
141between the polarization and the Jahn-Teller distortion. In
142order to check the generality of our concept, we propose, in
143this Letter, to investigate several types of highly strained
144perovskites on the basis of first principles calculations:
145(i) nonmagnetic (NM) SrTiO3 (t02ge

0
g); (ii) magnetic

146BaMnO3 (t32ge
0
g) [37], and BiFeO3 (t32ge

2
g); (iii) Jahn-

147Teller active YMnO3 (t32ge
1
g).

148First-principles calculations were performed with the
149VASP package [40,41]. We used the PBEsol [42]þU
150framework as implemented by Lichtenstein et al. [43]
151(see the Supplemental Material [44] for a discussion on the
152choice of the U and J parameters). The plane wave cutoff
153was set to 500 eV, and we used a 6 × 6 × 4k-point mesh for
154the 20 atom Pb21m phase. PAW pseudopotentials [55]
155were used in the calculations with the following valence
156electron configuration: 3s23p64s2 (Sr), 4s24p65s2 (Ba),
1574s24p65s24d1 (Y), 6s26p3 (Bi), 3p64s23d2 (Ti),
1583p64s23d5 (Mn), 3p64s23d6 (Fe), and 2s22p4 (O).
159Spontaneous polarizations were computed using the
160Berry-phase approach and phonons, and Born effective
161charges were computed using the density functional per-
162turbation theory [56]. The electric field effect was modeled
163using a linear response approach by freezing in some lattice
164distortion into the system [57,58]. Symmetry mode analy-
165ses were performed using the AMPLIMODES software from
166the Bilbao Crystallographic server [45,46].
167We begin by investigating the possibility of a Pb21m
168ground state under large epitaxial tensile strain (the growth

F1:1 FIG. 1. Schematic view of the main four lattice distortions
F1:2 involved in the Pb21m phase of perovskites under tensile
F1:3 epitaxial strain. (a) Polar distortion (irreps Γ−

5 ), (b) Qþ
2 Jahn-

F1:4 Teller distortion (irreps Mþ
3 ), (c) antipolar A distortion (irreps

F1:5 Mþ
5 ), (d) a

0a0cþ ϕþ
z antiferrodistortive motion (irreps Mþ

2 ).
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E-field control of gap via JT
YMnO3 largest	effect	since	it	is	JT	active

228 located at the bottom of the conduction band arises. For
229 BaMnO3 and BiFeO3, a similar splitting between the t2g
230 levels is observed near the Fermi level, even if it is less
231 pronounced for BaMnO3 since it has the smallest Qþ

2

232 distortion. Finally, YMnO3 displays an orbital ordering of
233 the eg levels with predominantly dx2−y2 occupation. This
234 splitting is known to result from the Jahn-Teller distortion
235 in this A3þMn3þO3 class of material [65]. Additionally, an
236 orbital ordering of the t2g levels is occurring both in the
237 conduction and the valence bands. To prove that the Jahn-
238 Teller distortion, and not another motion, is solely respon-
239 sible for the orbital ordering, we have condensed all the
240 modes individually and studied the density of states (see
241 Supplemental Material [44], Fig. 1).
242 Up to this point, we have demonstrated the existence of a
243 JT distortion and a related orbital ordering in the desired
244 Pb21m polar phase. Now, we quantify how the trilinear
245 couplings allow us to achieve practical electric field control
246 of the JT distortion. To that end, we compute the magnitude
247 of the JT distortion as a function of the electric field ~E, and
248 exemplify its consequences on the electronic band gap.
249 Results are displayed in Fig. 4. The Jahn-Teller distortion is
250 effectively tuned by the application of an electric field
251 along the polar axis through the first and second terms of
252 Eq. (1). As the electric field increases, the amplitude of the
253 JT distortion is either amplified or decreased, being
254 renormalized to around 175% for SrTiO3 for an electric
255 field around 20 MVcm−1. The largest effect is, however,
256 reached for YMnO3 which displays a renormalization of
257 130% under moderate electric field (around 5 MVcm−1).
258 Therefore, this renormalization of the JT distortion has
259 consequences, for instance, on the electronic band gap
260 value, with an opening or closure around 0.6 eV for
261 YMnO3 or 0.25 eV for SrTiO3. It is then possible, through

262the coupling between the polarization and the Jahn-Teller
263distortion, to act on the electronic properties.
264Here, we have exemplified a sizeable electric control of
265the band gap of direct interest for electrochromic and
266photovoltaic applications. Acting directly on the amplitude
267of the JT distortion might, alternatively, allow one to
268control the magnetic state with an electric field, as recently
269proposed independently in superlattices [14] and metal
270organic frameworks [16], or to control metal-insulator
271phase transitions.
272In conclusion, we have demonstrated, in the highly
273strained Pb21m phase of bulk ABO3 perovskites, the
274existence of a trilinear coupling involving a polar mode
275and the Jahn-Teller distortion. This improper anharmonic
276coupling, established on universal symmetry arguments,
277enables an electric field control of the Jahn-Teller dis-
278tortion, even in the case of nonelectronic Jahn-Teller active
279systems. The generic mechanism may open novel func-
280tionalities in perovskites as it will have consequences on
281related electronic properties as proposed in the present
282Letter.
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On-going/Future research in my group
Emergent	phenomena	at	perovskite interfaces:

Grüneisen Analysis
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In	naturally	layered	perovskites

7

(a)

(b)

(c)

FIG. 2. (Color online.) Atomic structures obtained upon relaxation of 120-atom unit cells: (a) [111](100)[11̄1̄] 2/1 DW
configuration; (b) [11̄1](110)[1̄11̄] 3/0 configuration; (c) [111](110)[111̄] 1/1 configuration. The vertical lines indicate the
approximate position of the center of the DWs.

Our finding that the most stable DW configuration is
precisely [111](100)[11̄1̄] 2/1 might seem somewhat ar-
bitrary; on the contrary, this result leads to very sug-
gestive conclusions. In this DW, the AFD component
that changes sign is the one perpendicular to the wall;
thus, if we focus on the two planes of octahedra next
to the DW, we see that they display a a

+
b

�
b

� Glazer
rotation pattern, i.e., the O6 tilts occur in phase (+ su-
perscript) about the [100] direction perpendicular to the
DW and in antiphase (� superscript) about the [010]
and [001] directions within the DW plane. Further, the
discontinuity in the FE polarization – which is mainly
captured by the Bi displacements shown in Fig. 3(a) –
occurs in the plane of the DW, which results in an anti-
polar pattern of Bi displacements around the DW cen-
ter. Interestingly, such structural features are exactly the
ones characterizing the Pnma phase of bulk BFO, which
is experimentally known to occur at high temperatures36

and under hydrostatic pressure,37,38 and which is rela-
tively close in energy to the R3c ground state according
to previous first-principles calculations.15 In fact, BFO’s
Pnma phase would match the structure of our DW al-
most identically if we added to it a polar distortion along
the direction of the in-phase oxygen-octahedra rotations.

Interestingly, first-principles theory suggests that such
a ferroelectrically-distorted Pnma phase, which would
present the polar space group Pna21, may be a low-
lying meta-stable polymorph of BFO,15,39 although such
a structure has not been observed experimentally yet.
Hence, our results suggest that the lowest-energy DW
found in BFO owes its stability to the fact that it can
adopt an atomic arrangement that mimicks a low-energy
polymorph of the bulk material.

Interestingly, our results for this DW are also reminis-
cent of the so-called nanoscale-twinned phases that have
been predicted to occur in BFO under various conditions
(e.g., high temperature, hydrostatic pressure, chemical
substitution of Bi by rare-earth cations).16 In fact, the
novel phases described by Prosandeev et al. in Ref. 16,
which are claimed to act as a structural bridge between
the R3c and Pnma structures that appear in BFO’s
phase diagram, can be viewed as a sequence, along the
[100] direction, of DWs of the type that we have just dis-
cussed. It is thus conceivable that, as we heat up BFO’s
R3c phase, the Pnma structure will nucleate at DWs
as the ones just described, giving raise to intermediate
bridging phases of a polytypic nature.

The second DW configuration that we found to display

Emergent	ferroic orders	at	domain	walls

Photoferroicity in	layered	hybrid	perovskites

Strain	engineering	structural	phases

Chris	Ablitt

Khang Le

Andrew	Warwick

Jordan	Cowell



Methodology
“Effective	potential”	for	lattice	dynamics

Energy changes around reference structure due to distortions:

(1) Energy change from atomic 
displacements (p: phonons), with: (2) Energy change 

due to strain only
(3) Strain-phonon 

coupling term

Finite	T:	SrRuO3
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Temperature (K)reflections indicating the presence of in-phase !!" and out-
of-phase !"" tilts, respectively.17 The data were well fitted to
a model in Pnma as found in previous PND studies.9,10,12
The suggestion that SrRuO3 is cubic at room temperature is
clearly incorrect.18 Likewise the suggestion that SrRuO3
transforms to a tetragonal phase upon cooling is very
surprising,19 and possibly in error. Heating the sample results
in a marked decrease in the orthorhombicity, until near 825
K the sample becomes tetragonal !Fig. 1". A most remarkable
feature of the study is the variation in lattice parameters near
685 K. Here the lattice appears to undergo a continuous
transformation from one orthorhombic structure to another.
The lattice parameters between 685 and 825 K are nearly
tetragonal; however, the structure is clearly orthorhombic as
seen from the splitting of the Bragg reflections !Fig. 2". The
variation in the lattice parameters is consistent with the pre-
vious PND studies,10,12 the use of much finer temperature
intervals here considerably enhancing the transition near
685 K.
The second notable feature in the temperature variation of

the lattice parameters is the discontinuity in the lattice pa-
rameters near 825 K. This, again, is consistent with the pre-
vious PND studies and is indicative of a first-order phase
transition.10,12 Small hysteresis effects were observed on cy-
cling the sample above and below this transition. Near 950 K
the sample undergoes a further transition to cubic, and this
appears to be continuous. Unfortunately a small displace-
ment of the sample at these highest temperatures caused a
broadening and asymmetry in the diffraction peaks and this
limited our ability to study this transition in more detail. The
temperature of formation of the cubic phase found here is
around 50° higher than that suggested from the neutron-
diffraction studies.10,12 In the latter case we assign cubic
symmetry as the point at which the superlattice reflections
are no longer observed. For the synchrotron study these are

lost while the peaks clearly show a tetragonal splitting and
the assignment of cubic symmetry is the point at which no
asymmetry of the diagnostic reflections remains.
The diffraction data clearly reveal the presence of two

intermediate phases between the room-temperature ortho-
rhombic and high-temperature cubic forms. Examination of
the individual profiles shows that the first of these interme-
diate phases is orthorhombic and the second tetragonal !Fig.
2". Within the sensitivity of the synchrotron measurements
both these phases only involve R-point distortions, that is
they only have out-of-phase tilts of the RuO6 octahedra. As
is illustrated in Fig. 3 the M-point reflections are no longer
observed in the synchrotron diffraction patterns at 643 K,
that is just below the point at which the lattice parameters

FIG. 1. Temperature dependence of the lattice parameters for
SrRuO3 . The open and closed symbols give the results of duplicate
measurements. The vertical dashed lines show the transitions be-
tween the three phases.

FIG. 2. Portions of the synchrotron diffraction patterns recorded
at 363, 678, 883, and 948 K, showing the splitting indicative Pnma,
Imma, I4/mcm and Pm3 m phases, respectively. The indices of the
reflections in the cubic structure are indicated.

FIG. 3. Portions of the synchrotron diffraction patterns recorded
at 363, 453, 543, and 643 K, showing the gradual loss of intensity
of the !Pnma" 131 reflection as the transition to the Imma phase is
approached.
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Finite	E:	PbTiO3-SrTiO3
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