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Abstract

We review the theoretical, computational, and synthetic literature on hy-
brid improper ferroelectricity in layered perovskite oxides. Different fer-
roelectric mechanisms are described and compared, and their elucidation
using theory and first-principles calculations is discussed. We also high-
light the connections between crystal chemistry and the physical mecha-
nisms of ferroelectricity. The experimental literature on hybrid improper
ferroelectrics is surveyed, with a particular emphasis on cation-ordered dou-
ble perovskites, Ruddlesden—Popper and Dion-Jacobson phases. We dis-
cuss preparative routes for synthesizing hybrid improper ferroelectrics in all
three families and the conditions under which different phases can be sta-
bilized. Finally, we survey some synthetic opportunities for expanding the
family of hybrid improper ferroelectrics.
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1. INTRODUCTION

The past two decades have been an exciting time for polar and ferroelectric materials. Advances
in theory, first-principles computational techniques, and materials synthesis converged to pro-
duce new insights into mechanisms; illuminate the relationships among crystal structure, materials
composition, and ferroelectric properties; and suggest new technological applications. In particu-
lar, building on the earlier work of Petzelt & Dvordk (1), Tagantsev and colleagues (2-4), Levanyuk
& Sannikov (5), and others (6-9), synergistic theoretical, computational, and experimental efforts
on perovskites and perovskite-related oxides have uncovered new pathways to ferroelectricity and
polar structures involving nonpolar structural distortions. So-called hybrid improper or trilin-
early coupled ferroelectrics (10-12) have greatly expanded the family of polar and ferroelectric
perovskites. Whereas the twenty-first century began with only a handful of known polar and fer-
roelectric perovskites (perhaps most notably BaTiO; and PbTiOs), we now have many examples
of such materials, and most importantly, we also have a set of materials designs and structure—
property relationships for finding more (13-21).

In this review, we survey some key families of experimentally synthesized hybrid improper
ferroelectric layered perovskite oxides. Important differences among proper, improper, and hybrid
improper ferroelectric mechanisms are clarified and some points of confusion that have arisen
in the recent literature are addressed. We describe the chemical constraints to obtaining hybrid
improper ferroelectricity in cation-ordered perovskites, Ruddlesden—Popper oxides, and Dion—
Jacobson phases. There are only a limited number of thermodynamically stable layered perovskites
that exhibit hybrid improper ferroelectricity due to the size and charge requirements of the metal
cations. However, preparation of metastable phases via cation exchange offers the prospect of
expanding the number and chemical range of hybrid improper ferroelectric oxides.

2. BRIEF OVERVIEW OF FERROELECTRIC MECHANISMS
2.1. Proper and Improper Ferroelectrics

Perhaps one of the most useful and successful approaches for exploring and understanding the
physical characteristics of ferroelectrics, and structural phase transitions more generally, is the
Landau theory of phase transitions (22). Landau theory describes structural phase transitions
that occur between structures that adopt different space groups, between which there is a group—
subgroup relation. This means that all of the symmetry elements of the low-symmetry phase are
present in the high-symmetry phase. Landau theory is a phenomenological theory, meaning that
“it relates measurable quantities to one another using a minimum set of input parameters” (23,
p- 69). The input parameters can either be obtained from experiments or be calculated using
first-principles (for example, density-functional theory) approaches. The goal is to obtain mathe-
matically simple expressions that describe the experimentally observed phenomenon.

At the heart of Landau theory is the concept of the order parameter, which accounts for or
represents the symmetry change that accompanies the transition. The order parameter is a phys-
ical feature or property of the system that breaks a particular symmetry of the high-symmetry
phase. Either the order parameter itself or its derivatives (susceptibilities) can be measured
experimentally and serve as the input parameters to a Landau theory. Some examples should help
to illustrate these ideas.

The perovskite BaTiO; belongs to the cubic Pm3m space group at high temperatures and
undergoes a phase transition to a tetragonal phase characterized by polar P4mm symmetry at
around 398 K (BaTiO; subsequently undergoes additional structural phase transitions, but we
focus here on this first one). The transition is accompanied by the appearance of a spontaneous
polarization, which we take to be the order parameter; it is zero in the cubic phase (since the Pm3m
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space group contains the inversion as a symmetry operation) and increases to some finite value
in the tetragonal phase. Hence, the order parameter breaks the inversion symmetry of the cubic
phase and all other symmetries that would prevent the appearance of a macroscopic polarization.
We note, however, that the order parameter does not contain any microscopic information; that
is, it does not tell us what is giving rise to the polarization in terms of changes in bonding or the
displacements of atoms. We return to this point below.

The free energy F of the paraelectric cubic phase of BaTiO; can be expanded in powers of the
order parameter, the polarization Qp (for simplicity, we consider only a 1D order parameter), in
the vicinity of the phase transition,

1 1 1
f=fo+5aQi+1ﬂQ?z+ng?’, 1.

where F is the free energy when the polarization is zero and «, 8, and y are coefficients that we
discuss in more detail below. The only terms that are allowed in the expansion, sometimes called
invariants, are those that are compatible with the crystal symmetries of the given material. In this
case, only even terms are allowed (only terms up to the sixth order are shown in Equation 1), and
the reason can be understood intuitively. An applied electric field switches the direction, or sign,
of the polarization in a ferroelectric, but the overall space group does not change. Hence, both the
up and down phases of the material are identical and therefore must have the same free energy.
If the sign of Qp changes in Equation 1, only even-order terms will allow F to remain invariant.
Note that Equation 1 is general and applies to any proper ferroelectric; it is not specific to BaTiO;.
Indeed, one of the great strengths of Landau theory is its universality.

What about the coefficients in these equations? As Figure 1 shows, the coefficient « is tem-
perature dependent and defines the curvature of the free energy about the polarization minimum;
itis positive in the paraelectric phase above the phase transition, close to zero at or near the phase
transition, and negative in the paraelectric phase below the transition temperature (the properties
of the paraelectric phase can be studied below the transition temperature using first-principles
calculations, as described below). The coefficient 8 does not depend on temperature, but its sign

Free energy

Polarization

Figure 1

Schematic illustration of the behavior of the free energy of a proper ferroelectric as a function of the
polarization. The variable o appears in the free energy expansion of the paraelectric phase,
F2Fut a0+ 1903+ 1r0h
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indicates the nature of the phase transition, either continuous (8 > 0) or discontinuous (8 < 0).
The coefficient y must be positive in a stable material (23).

Atomic displacements are not the only changes that occur during the phase transition. The
unit cell also changes size and shape—in other words, the phase transition is also accompanied by
a spontaneous strain, which can be considered as an additional order parameter.! The free energy
then contains additional terms that show how the polarization and strain are coupled,

1 1 1 1
f=f0+§on§a+ZﬂQ}‘)+§aEQ§+1ﬂGQ2+yQ€Qé, 2.

where Q, represents the strain and the Greek letters are again coefficients. Which feature—the
polarization or the strain—is the primary order parameter? If only the strain is considered while
the atoms are fixed in their high-symmetry positions, then the symmetry is reduced from Puz3m
to P4/mmm. This is higher than the experimentally observed space group in the tetragonal ferro-
electric phase. However, if the atoms are displaced without first deforming the unit cell, then the
symmetry is reduced to P4mm. Hence, the polarization induced by the atomic displacements is
the primary order parameter, and the strain, a secondary order parameter, is merely coupled to the
polarization and becomes nonzero only in the presence of the polarization. This manifests math-
ematically in Equation 2 as a linear coupling of the strain to the polarization, Q. Q3. Ferroelectric
phase transitions in which the polarization is the primary order parameter are classified as proper.
Hence, BaTiO; is a proper ferroelectric and an improper ferroelastic.

Where does the polarization come from at a microscopic level? First-principles calculations
have delivered a wealth of insights into this question for BaTiO; and also many other systems (14,
24, 25). In the specific case of BaTiO3, the polarization arises from a so-called soft mode (26, 27)
associated with displacements of the barium and titanium atoms against the oxygen atoms. This
mode transforms like the irreducible representation I'; of the Pm3m space group and results in
changes in the bonding between (primarily) the titanium and oxygen atoms. In first-principles
calculations of the cubic phase, which are almost always performed at 0 K, this soft mode has a
negative force constant.? This indicates that the cubic phase is not the most stable phase at low
temperatures. A plot of energy versus soft mode displacement would produce the « < 1 curve in
Figure 1; the cubic phase would be located at the saddle point (zero soft mode displacement), and
the two minima correspond to the two different directions of the polarization in the lower-energy
PAmm phase.

Not all ferroelectrics undergo proper ferroelectric phase transitions. A large number of fer-
roelectrics undergo phase transitions in which the polarization is a secondary order parameter,
and these are known as improper ferroelectrics (5). Perhaps the canonical example of this class of
materials is YMnOj3, a multiferroic hexagonal (not perovskite) manganite. The phase transition
mechanism in YMnOj; was debated for many years but was finally elucidated with the help of first-
principles calculations (28, 29). The transition from the high-temperature paraelectric P6; /mmc
phase to the ferroelectric P6;cm ground state is accompanied by a tripling of the primitive unit
cell volume (a so-called zone-tripling transition). Fennie & Rabe (29) showed that the primary
order parameter is a zone-boundary phonon mode of the P6; /mmc phase that transforms like the
irreducible representation Kj. This mode buckles the MnOjs layer (which arises from the apex-
linked sheet of MnOjs trigonal bipyramids) and induces a small (~0.1 pC/cm?) polarization. The

I Materials that exhibit a spontaneous strain are termed ferroelastic.

2The force constant is proportional to the square of the phonon frequency, with negative force constants
leading to imaginary phonon frequencies. In many theoretical studies, an imaginary phonon frequency, rather
than a negative force constant, is reported for soft ferroelectric modes.
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majority of the polarization, experimentally observed to be around 5 uC/cm? (30), arises from the
coupling between the K3 mode and a zone-center mode that transforms like I'; and results in a
buckling of the yttrium planes. Note that the I'; mode by itself does not enlarge the unit cell
and therefore cannot account for the experimentally observed tripling of the unit cell volume. In
addition, first-principles calculations showed that the I'; mode becomes energetically favorable
only in the presence of the K5 mode; that is, by itself, it raises the energy of the P63 /mmc phase.
Hence, YMnOj; undergoes an improper ferroelectric phase transition in which the primary order
parameter is a structural distortion with K; symmetry. The polarization, with T'; symmetry, is a
secondary order parameter that is coupled to the K3 mode.

The free energy of the paraelectric P63 /mmc phase of YMnOjs can be expanded in powers of
the order parameters in the same manner as we showed above for BaTiO;. However, given the
improper nature of the phase transition, the form of the free energy is rather different than that
for a proper ferroelectric,

F = Fo + Q% + 00Qp + BQ, + BosQp + B31Qx, Qp + B20Qk, Q5 3.

where Qg, is the amplitude of the K; mode using the notation from Reference 29 (see
Reference 31 for the general form of the polarization order parameter). The last term of
Equation 3, the biquadratic term, is allowed by symmetry even in proper ferroelectrics with mul-
tiple order parameters. It is the cubic (in K3) term, 831 Q;Q Qp, that distinguishes YMnOjs as an im-
proper ferroelectric. Note that the polarization, the secondary order parameter, is coupled linearly
to the primary order parameter, the K3 mode. This is exactly analogous to the case of improper
ferroelasticity in BaTiO; discussed earlier, where the strain, the secondary order parameter, is cou-
pled linearly to the primary order parameter, the polarization, in Equation 2. As Figure 2 shows,
the behavior of the polarization in YMnOj; about the paraelectric phase is quite different from
that of a proper ferroelectric like BaTiOs. In particular, the polarization remains in a single well
potential, and the minimum merely shifts to finite values as the K5 mode switches on. Since the
polarization is coupled to the K3 mode, it will only switch when the K3 mode switches.

It is important to understand what Figure 2 is illustrating because such plots can be misread.
Specifically, we state above that the two wells of the double well potential in Figure 1 represent the
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Figure 2

Energy of YMnOj as a function of the amplitude of (#) the polarization by itself (I'; mode) and (b) the K3 mode by itself. (c) Energy of
YMnO;s in the ferroelectric phase as a function of the amplitude of the polarization (I'; mode) for a series of fixed amplitudes of the K3
mode from first-principles calculations. Note that Qg, = 1 denotes the full amplitude of the K3 mode of fully relaxed YMnOs.

Figure adapted with permission from Reference 29; copyright 2005 American Physical Society.

www.annualreviews.org o Hybrid Improper Ferroelectricity 335



336

two different directions of polarization that can be switched between with an applied electric field.
Hence, one may interpret Figure 2 as suggesting that the polarization in YMnOj is not switchable
since the polarization appears only as a single well, but this is not the case—the polarization in
YMnO:; is indeed switchable, as it must be in any true ferroelectric. The key is to realize that
Figure 2 conveys information only about the ferroelectric mechanism and not the polarization
switching pathway.’> Figure 25 shows one direction of the polarization; the other direction would
appear as a single well with an identical energy minimum except at Qr.- = —1 (the K3 mode would
also switch sign since the two distortions are coupled, as mentioned above). Only the primary order
parameter, in this case the K; mode, is required to exhibit a double well potential, and it does, as
Figure 25 shows.

Figure 2 makes clear that the origin of the polarization in an improper ferroelectric, YMnOs
in this case, is different from that of proper ferroelectric. These details directly affect experimental
observations (and their interpretation) of ferroelectricity and the ferroelectric phase transition in
YMnO:;. For example, Figure 2 suggests that a direct transition from P63 /mmc into the ferroelec-
tric P63mc phase is unlikely, because in the absence of the K3 mode (Qk, = 0), the I'; mode that
would drive such a transition is stable and raises the energy of the paraelectric phase.

Connecting the physical mechanisms of ferroelectric phase transitions to changes in bonding
and crystal chemistry is an extremely powerful approach to the discovery of polar and ferroelec-
tric materials. The physical mechanism of improper ferroelectricity differs from that of proper
ferroelectricity, and the crystal chemical driving forces also differ between the two mechanisms.
In the case of the proper ferroelectric BaTiOs, the pioneering calculations of Cohen (24) [and
subsequent work by many others (e.g., 14)] showed that the ferroelectric distortion leads to sig-
nificant hybridization between the 3d states on titanium and the 2p states of oxygen. In fac, if this
Ti-O interaction is artificially suppressed, then the ferroelectric distortion is as well, and the cubic
Pm3m phase is stable (24). This mechanism can also be described as a second-order Jahn—Teller
(SOJT) effect in the framework of vibronic coupling theory (33).

Hybridization between the titanium 3d and oxygen 2p states is also essential to the ferroelectric
distortion of PbTiO;, but here there are additional factors at play. The lead atom is formally in a
2+ oxidation state, and therefore, the outer shell electron configuration is 6s*6p°. Extensive prior
studies of oxides containing cations with ns’np? configurations have shown that there is a strong
interaction between the 2p orbitals of oxygen and the ns and np orbitals of the cation (34-36).
Specifically, in such compounds there is an antibonding cation ns—O 2p interaction at the top
of the valence band. Since these states are filled, the interaction is energetically destabilizing. A
reduction in the symmetry of the cation site (via a ferroelectric distortion, for example) allows
some unfilled cation np orbitals to mix with the cation ns—O 2p states to produce a localized
nonbonding state, often referred to as a lone pair, at the top of the valence band. The presence of
the filled 6s orbital on lead in PbTiO; produces a large strain that accompanies the displacements
of ions from their centrosymmetric positions in the cubic phase. This strain stabilizes a tetragonal
P4mm ground state for PbTiO; in contrast to the rhombohedral R37 space group adopted by
BaTiO; at temperatures below about 200 K (24). The presence of the filled 6s orbital on the Bi**
cation has also been shown to be responsible for the ferroelectric distortion in bismuth-containing
perovskites, such as BiFeOs (37, 38). However, the presence of a Bi** cation, or an ns*np° electron
configuration in general, does not guarantee a polar distortion (39).

The crystal chemical origin of the most extensively studied improper ferroelectrics, the hexag-
onal manganites, differs from that of the proper ferroelectrics discussed above. Specifically,

3Polarization switching in ferroelectrics can be complex (see References 31 and 32 for a discussion of switching
in multiferroic hexagonal manganites).
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Van Aken and coworkers (28) used first-principles calculations to show that, in contrast to the
perovskite titanates, the Born effective charges of the yttrium, manganese, and oxygen ions in
YMnO; are close to the nominal ionic charges of these species. The Born effective charge is de-
fined as the change in macroscopic polarization with respect to an atomic displacement at zero
electric field (40, 41). In simple terms, one can think of the Born effective charge as an indicator of
“a change in covalency during ionic displacement” (42, p. 8). The Born effective charge of the ti-
tanium atom in BaTiO; is around +7, much larger than the +4 nominal ionic charge of titanium
in this compound. This anomalously large charge indicates that there is a significant change in
titanium 3d—oxygen 2p hybridization upon a small displacement of the titanium atoms (the Born
effective charge of the oxygen atoms in BaTiOjs is similarly anomalous, around —5 in the direction
of the Ti-O bonds). Inspecting the Born effective charges of YMnOj3, along with an analysis of the
density of states in the paraelectric and ferroelectric phases, allowed Van Aken et al. to conclude
that the ferroelectric phase transition in YMnOj is associated with very little rehybridization. In-
stead, the transition is driven by ionic size effects related to the small Y3+ cations and large MnOs
polyhedra, which result in tilting of the MnOs bipyramids and large Y-O displacements. Such
materials are known as geometric ferroelectrics. Subsequent work suggests that BaNiF, (43) and
the fluoroperovskites (44) are also geometric ferroelectrics.

2.2. Hybrid Improper Ferroelectrics

The past decade has witnessed significant progress on an additional class of ferroelectrics, so-
called hybrid improper ferroelectrics. In these materials, there exists a term in the free energy,
QpQg1Qrz, in which the polarization is trilinearly coupled to two other nonpolar structural dis-
tortions, where Qg; and Qg, are the amplitudes of the nonpolar modes. The concept of hybrid
improper ferroelectricity was introduced in Reference 12 as a mechanism to enable electric field
switching of the magnetization in multiferroic materials. However, the possibility and potential
importance of a trilinear coupling between different order parameters in polar materials were
previously recognized in References 9 and 10. Table 1 lists a number of experimentally synthe-
sized layered perovskites in which a polar structure is known to emerge via a hybrid improper
mechanism.

The Ruddlesden—Popper phases Ca; Ti,O7 and Ca;Mn, Q7 were identified as hybrid improper
ferroelectrics in Reference 12. The origin of the polar structures of these materials was something
of a mystery because neither of their parent perovskites, CaTiO; and CaMnO3, is polar (like most
perovskites, both materials instead crystallize in the nonpolar Prma space group). Ca; T1,07 and
Ca;Mn, O; both adopt tetragonal I4 /mmm symmetry at high temperatures and undergo structural
phase transitions to the polar space group A2 am. Group theoretical analysis (12) showed that this
polar phase is related to the nonpolar tetragonal phase by three distinct structural distortions: a
zone-center polar mode transforming like the irreducible representation (irrep) I';” and two zone-
boundary nonpolar modes corresponding to rotations of the BO4 octahedra transforming like the
irreps X," and X; . The free energy expansion about the tetragonal phase that involves all three
modes is then given by

F = Fo+ax0Qp + Oloon§(2+ + 2002 Q5 -+ BiooQp + ﬁo40Q§(Z+ + ﬁoo4Q4;

+ )’zon%:Q§<7+ + 120:Q304 -t v Qx; Qx; +0QpQx; Qx;»

where Qp is the amplitude of the I'; mode. The I';” mode can break the inversion symmetry of the
I4 /mmm phase to produce a macroscopic polarization. However, it does not produce a structure
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Table 1 Experimentally synthesized layered perovskite and perovskite-like crystals in which a
polar structure emerges through a hybrid improper or trilinear coupling mechanism

Material Reference(s)
Cation-ordered perovskites
NalzMnWOg (L = La, Nd, Th, Y) 45-48
NaLnFeWOy (Ln = La, Nd, Pr, Sm) 49,50
NaLnCoWOyg (Ln = Sm-Er, Y, Yb) 51,52
NaLzNiWOg (Ln = La-Tb, Y, Dy, Ho, Yb) 53,54
n = 2 Aurivillius phases
SrBi;Nb, Oy 55
SrBi; Ta, O7 56,57
n = 2 Ruddlesden—Popper phases
Ca3Mn207 58
Ca3Ti; 07 58
(Ca,S1); T1,07 59
Sr3Zr;07 60
(Ca,Sr)3Sn, 07 61
LiAB,O7 (A = Sr, Ca; B=Nb, Ta) 62
LiNdB,0; (B = Nb, Ta) 63
(Ca,St,Tb); (Fe/Ti), 07 64
Li;La(lTH)O7 65
n = 2 Dion-Jacobson phases
CsBiNb, O7 66
RbBiNb,O7 67
CsNdB,O5 (B = Nb, Ta) 66, 68, 69
RbNdB,0; (B = Nb, Ta) 68, 69
CsLaNb,O7 70

with the experimentally observed A2;4m symmetry. Furthermore, in Ca;Mn,0;, structural
distortion modes with I'; symmetry raise the energy of the I4/msmm phase by themselves (they
are so-called hard modes with real frequencies or positive force constants). The X," and X}~
modes can each individually lower the energy of the I4/mmm phase, but again, neither distortion
produces a structure with 4247 symmetry, and since they are nonpolar modes, they cannot
break inversion symmetry by themselves. Instead, the X, and X;” modes together establish the
A2yam symmetry of the CazMn,0; ground state (X;" @ X; ) and make up a hybrid primary
order parameter that drives the transition to the ferroelectric phase. The I'; modes couple to
the hybrid order parameter and enhance the macroscopic polarization but do not drive the phase
transition themselves. As Figure 3 shows, the behavior of the polar modes in CazMn, Oy is very
similar to that of the polar modes in the improper ferroelectric YMnOj.

The form of the trilinear term means that when the polarization switches in such a material,
either one of the two modes making up the hybrid order parameter will switch but not both. The
question of how ferroelectric switching actually proceeds in such materials is complex, and it is
generally not possible to deduce the lowest-energy switching pathways by simple inspection of
the trilinear invariant. For example, in previous work (71), group theoretical analysis and first-
principles calculations were used to show that polarization switching in Ca;Ti,O; may proceed
via one of several possible low-energy two-step pathways in which the order parameters rotate
(change phase) at constant amplitude.
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Figure 3

Change in the energy per formula unit of the paraelectric 14 /mmm phase of Ca3Mn, O7 from first-principles
calculations as a function of the amplitude of the polar I';” mode in the presence of a hybrid order parameter,
Qx,, = )‘QX; QX; . Avalue of A = 1 denotes the amplitude of the hybrid order parameter in the fully relaxed

A2yam ground state. The right-hand image shows the region around AE = 0 at greater magnification (note
the difference in scales between the left- and right-hand images). Figure adapted with permission from
Reference 11.

The origin of the polarization—that is, which order parameter induces the polar ground state—
can also be unclear in materials such as Ca; Ti,O7 that have unstable polar zone-center modes in
addition to instabilities of the modes making up the hybrid order parameter. In these materi-
als, there exists the possibility that a polar zone-center mode first drives a proper ferroelectric
transition to an intermediate polar phase, followed by one or more subsequent structural phase
transitions corresponding to the nonpolar modes making up the hybrid order parameter.* Indeed,
in this sense the hybrid improper terminology is somewhat unfortunate because the designations
of proper and improper generally refer to details of phase transitions. However, what is often
of interest instead is the coupling between modes making up the hybrid order parameter with
other modes and their connections to materials properties. It is very difficult to address issues re-
lated to phase transitions in materials involving multiple modes using symmetry arguments alone,
although previous work (72) has suggested that it is possible to identify the key fingerprint of
improper ferroelectricity from first-principles calculations. Specifically, in improper ferroelectrics
there is a kink in the energy as a function of the macroscopic electric displacement field. Instead
of the double well potential characteristic of proper ferroelectrics, improper ferroelectrics exhibit
two separate single wells (one for each direction of the polarization), which cross at zero energy
and zero displacement field, producing a discontinuity in the electrical equation of state. This fea-
ture identifies a material as an improper ferroelectric. Although the ability to compute properties
as a function of a fixed displacement field is not available in all first-principles electronic structure
codes, it is available in some of the most commonly used packages, and we believe this method is
underutilized.

Finally, the presence of particular cations in a given material can also lead to confusion
as to the origin of polar structures in hybrid improper ferroelectrics. Specifically, in materials

*An additional possibility is that one of the modes making up the hybrid order parameter first drives a structural
phase transition to a nonpolar intermediate phase. The polar mode and the second nonpolar mode making up
the hybrid order parameter then mix and drive the transition to the polar ground state. This would also be a
proper ferroelectric transition, and such materials have been termed weakly polar ferroelectrics (3, 4).
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containing SOJ T-active cations (such as Ti*" and Nb’*) at the octahedral site, it is often claimed
that off-centering of the SOJT cation occurs via the SOJT mechanism (73) or that the SOJT
mechanism is in competition with the hybrid improper mechanism. However, in many hybrid im-
proper ferroelectrics, off-centering of SOJT cations has nothing whatsoever to do with the SOJT
nature of the cation itself. In these materials, hybrid improper ferroelectricity persists even if the
SOJT cation is replaced with a non-SOJ T-active cation (this is most easily accomplished computa-
tionally using first-principles calculations, as done in Reference 74, for example). Off-centering of
the SOJT cation occurs because the various (polar and nonpolar) modes that are involved in estab-
lishing the polar ground state break the symmetries that would otherwise keep this cation centered
in the octahedron. While there may in fact be competition between SOJ T-driven (proper) and hy-
brid improper ferroelectricity in a given material, as described below, this can be established only
through careful investigation, not through simple inspection of the material composition.

The crystal chemical origins of hybrid improper ferroelectricity vary, depending on which
modes drive the transition and on the material itself. However, hybrid improper ferroelectricity
has been investigated most intensively in layered perovskites so far, and in these materials, modes
involving tilts or rotations of the transition metal octahedra appear to play a major role in estab-
lishing the polar ground state. There have been extensive previous studies of these distortions in
ABOj; perovskites, which chemical and physical forces drive them, and the relationship between
composition and the particular tilt or rotation pattern adopted by a given perovskite (75-81). The
rotation pattern perhaps most commonly observed in hybrid improper layered perovskites is that
described as #~a~¢* in Glazer notation (75). This is the same rotation pattern exhibited by per-
ovskites that crystallize in the Puma space group, the most commonly adopted space group for
perovskites. Prior work (80) has shown that, in this space group and rotation pattern, 4-O cova-
lent bonding is maximized and repulsive A-O interactions are minimized. The pattern is adopted
when the A-site becomes relatively electronegative or when the tolerance factor falls below around
0.97.1In Pnma perovskites that adopt the 2”4 ¢ rotation pattern, the 4-site cations displace, lead-
ing to local dipoles within the 4-O layers. However, the A-sites are related by inversion symmetry
through the B-site, leading to layer dipoles in adjacent layers that are equal and oriented in oppo-
site directions, as shown in Figure 44, so there is zero macroscopic polarization.

In A, +1B,0;3,+1 Ruddlesden-Popper phases, 4'[4, — 18,03, + 1] Dion—Jacobson phases, A-
site ordered AA4'B,O¢ double perovskites, and other layered systems, the B-site inversion symme-
try of the constituent perovskite blocks is broken by cation ordering or other structural features
(note that our discussion here refers to even-#» Ruddlesden—Popper and Dion—Jacobson phases;
odd-n phases may still be polar, but the mechanism may be different). In Ruddlesden-Popper
phases and A-site ordered double perovskites, this allows a nonzero macroscopic polarization to
arise through the noncancellation of layer dipoles, as shown in Figure 4 (15, 17). At first sight, it
may appear as if maximizing the magnitude of the layer dipoles is the best strategy to achieve a
large overall macroscopic polarization. However, previous work (17) has shown that if the dipoles
in different A-O layers are of similar magnitude (whether large or small), then they will almost
completely cancel out, leading to a small macroscopic polarization. In order to maximize the po-
larization, the dipoles induced in the A-O layers should be as different in magnitude as possible.
In AA'B,O¢ double perovskites and cation-ordered Ruddlesden—Popper phases, this guideline can
be expressed as a simple crystal chemical design rule—the polarization is proportional to the dif-
ference in the tolerance factors of the parent perovskites. The 4-site displacements that induce
the layer polarizations are coupled to the rotations and tilts and are larger or smaller when the
octahedral rotations are larger or smaller, respectively; in general, the smaller the tolerance factor
for a given perovskite is, the larger the magnitude of the rotations and tilts.
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Figure 4

Layer-resolved polarization from first-principles calculations for (#) LaGaOs3 in the Puma space group, (b)) YGaOs in the Prma space
group, and (c) A-site cation-ordered LaYGa; O double perovskite in the polar Przc2; space group. Figure adapted with permission
from Reference 15; copyright 2012 Elsevier.

The crystal chemical origin of hybrid improper ferroelectricity in Dion—Jacobson phases is
slightly different from that of 4-site ordered double perovskites and Ruddlesden—Popper phases
(74). In these materials, octahedral rotations and tilts also play a key role in establishing the polar
ground state, which features dipoles in both the 4-O and B-O layers. However, these dipoles are
all aligned in the same direction, so the macroscopic polarization does not arise from a noncancel-
lation of layer polarizations. The magnitude of the induced layer polarizations is correlated with
the magnitude of the rotation distortions, which increase as the underbonding at the A-site in the
high-symmetry P4/msmim parent structure increases. In contrast, the A" cation (usually an alkali
cation) appears to contribute very little to the total macroscopic polarization.

3. SYNTHETIC ROUTES TO TRILINEARLY COUPLED POLAR
AND FERROELECTRIC MATERIALS

3.1. Cation-Ordered Perovskite Oxides

As noted above, although the octahedral rotations commonly associated with trilinearly coupled
ferroelectricity are prevalent in ABO; perovskite oxides, the 3D connectivity of the BOg units in
the perovskite structure prevents octahedral rotations alone from causing a macroscopic electrical
polarization (16). However, if octahedral rotations are combined with cation order, ferroelectric
behavior can be induced into the perovskite framework. For example, if the 2~ 4~ ¢" tilting distor-
tion observed in a large number of perovskite oxides is combined with layered A-cation order, as
shown in Figure 4, macroscopic electrical polarizations can result.
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Unfortunately the preparation of cation-ordered perovskite oxides is challenging. This is
principally because at the high synthesis temperatures required for the preparation of most
complex metal oxides, cation-disordered phases are strongly entropically preferred. However,
cation-ordered phases can be favored thermodynamically if the cations being ordered have large
differences in charge and/or size (82, 83). In the specific case of trilinearly coupled ferroelectric
perovskites, the requirement for a layered ordering of the 4-cations adds an additional difficulty,
as layered ordering patterns tend to be disfavored compared with a 3D rock-salt ordering.

Knapp & Woodward (84) observed that it is possible to stabilize layered A-cation order if it
is accompanied by B-site rock-salt order in an A4'BB'Og4 double-double perovskite structure, so
long as one of the B-cations is a d° transition metal cation subject to a strong SOJT distortion as
shown in Figure 5. However, of the growing number of suitably cation-ordered phases reported,
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A3B,0; Li,AB,0;
n =2 Ruddlesden—Popper n =2 pseudo-Ruddlesden-Popper
(A2;am), polar (A2,am), polar

CA @A (L OB @8 @O

AA'BB'Og
double-double perovskite
(P2,), polar

Figure 5

AA'BB'Og double-double perovskites can adopt P21 symmetry polar structures, in contrast to nonpolar ABO3 phases. However, by
breaking the 3D connectivity of the perovskite lattice, the A4-cation displacements in # = 2 Ruddlesden—Popper and pseudo-
Ruddlesden—Popper phases no longer fully cancel, allowing a macroscopic polarization in the absence of cation order. Straight red and
gray arrows indicate the A-cation displacements. Curved arrows indicate the sense of the octahedral rotations.
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~a~® (space group P2;/m) tilting scheme rather than the desired #=a~¢*

the majority adopt an #
(space group P2,) arrangement (85, 86). The sparsity of P2; symmetry phases can be attributed
to the limited number of 4- and B-cation quartets that have a suitable size and charge difference
between A and 4’ and B and B’ to stabilize cation order while simultaneously having a suitable
difference in the average size of the 4/A4’ and B/B’ cations to stabilize an #~ 4~ ¢* tilting distortion
and have one of the B-site cations be a d° ion with a strong SOJT distortion.

There are compositions that do satisfy this lengthy list of strict criteria, which are observed
to crystallize with polar P2; symmetry. The most widely studied are phases of composition
NaLzMnWOg (Ln = La, Nd, Tb) (45-47), which are predicted computationally to exhibit large
ferroelectric polarizations (11). However, detailed physical measurements provide no indication
of ferroelectric behavior, and other physical signatures of a noncentrosymmetric structure [piezo-
electricity, second harmonic generation (SHG)] are weak, suggesting that any polarization present
in the materials is small (48). By utilizing high-pressure, high-temperature synthesis, P2; symme-
try NaYMnWOs can be stabilized, and while low-temperature polarization—electric field loops
show no indication of ferroelectric behavior, dielectric and pyroelectric measurements are consis-
tent with a change in a nonswitchable polarization at the magnetic ordering temperature of the
phase (Tx = 8 K) (87).

The related NaLnFeWOQOq (Ln = La, Nd, Pr, Sm) iron compounds are also observed to adopt
cation-ordered, =4~ ¢t distorted polar structures, with the P2, symmetry of the La and Nd phases
confirmed by an unambiguous SHG signal (49, 50). However, as with the manganese phases, di-
electric and polarization measurements show no indication of ferroelectric behavior in any of the
four iron compounds.

By utilizing high-pressure, high-temperature synthesis conditions, it is possible to extend the
stability range of the NaLzMWOg double-double perovskite structure to include M = Co and
Ni. Crystallographic analysis and SHG data reveal that NaLnCoWOg phases with Ln = Sm-Er,
Y, and Yb adopt polar P2, structures (51, 52). To date the only phase that has been physically char-
acterized in detail is NaHoCoWOy, which, like NaYMnWOyg, shows no indication of ferroelectric
behavior but does exhibit a change in a nonswitchable polarization at its magnetic ordering tem-
perature (T = 8 K) (87). High-pressure synthesis also allows the preparation of NaLzNiWOQOq
phases with almost all the rare earth cations (53, 54). Phases containing large rare earths (Lnz =
La—Tb) are polar (space group P2;) but nonswitchable with no observable dielectric anomaly at
their magnetic ordering temperatures (54). NaLzNiWOg phases with small rare earths (Lz =Y,
Dy, Ho, Yb) are also polar and pyroelectric at room temperature. However, on cooling below their
magnetic ordering temperatures, there is a large change in the polarization, which is switchable
in an applied electric field and exhibits magnetoelectric coupling (53).

The scope within which to expand the chemical range of polar 44'BB'O4 double-double per-
ovskite oxides appears limited. The need to retain a significant charge difference (at least two units)
between the A and A’ cations, while retaining a small average A-cation size (to retain a small toler-
ance factor), restricts the A-cation choice to Na-Lzn combinations, with small L»#** cations being
preferred. Similarly, the choice of B-cations is also restricted by a requirement for a large B-B'
charge difference while maintaining a large average B-cation size (again to retain a small toler-
ance factor). As a result even subtle changes, such as replacing W with Mo or using M, MV
B-site combinations in compounds such as NaLaM™MM VO (M™ = In, Mn, Fe; MV = Nb, Ta),
destabilize either the cation order or the long-range 24~ ¢* tilting distortion, leading to nonpolar
materials (88-91).

The construction of artificial superlattices consisting of alternating layers of ABO; and A'BOs
perovskite phases offers a way to sidestep the problems associated with stabilizing layer-ordered
AA'B;O4 double perovskite phases. By using epitaxy to sequentially deposit layers of ABO; and
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A'BOs perovskites, it is possible, in principle, to construct kinetically stable heterostructures that
have the correct A-site cation order and octahedral rotations to exhibit hybrid improper ferro-
electric behavior (92-94).

In practice, the mobility of species during the deposition process leads to some mixing of the A
and A’ cations, preventing the formation of heterostructures with sharp interfaces. However, Alaria
et al. (95) have demonstrated that if an alternating sequence of five-layer blocks of LaFeO; and
YFeO; is deposited onto a DyScOjs substrate, the resulting superlattice exhibits an approximately
sinusoidal variation in La/Y occupancy with a 10-layer repeat length parallel to the deposition
direction. This modulation in the La/Y occupancy is sufficient, when combined with octahedral
tilting, to induce a polar distortion to the superlattice, as observed by SHG and piezoelectric
measurements.

3.2. n = 2 Ruddlesden-Popper Oxides

The difficulties associated with stabilizing cation-ordered frameworks can be avoided by changing
from the 3D perovskite structure to one of the layered perovskite variants that has an even number
of perovskite sheets in its repeat unit. By breaking the 3D connectivity of the framework in this
way, the BOg octahedra are no longer forced to rotate in a fully reciprocal manner, and as a result
the local polarizations due to A-cation displacements are no longer forced to fully cancel, allowing
macroscopic polarizations in the absence of cation order, as shown in Figure 5.

By following this rationale, a number of 438,07, n = 2 Ruddlesden—Popper oxides have been
shown to exhibit switchable ferroelectric behavior driven by a trilinear coupling mechanism. The
first experimental observation of hybrid improper ferroelectric behavior was achieved by mea-
surements performed on single crystal samples of (Ca, Sr); Ti,O7, which confirmed prior com-
putational predictions (12, 59). This was followed by reports of ferroelectric behavior for (Ca,
S1);Sn; 07 (61), Sr;Zr, 07 (60), and Caz;Mn, 07 (58). All four compounds adopt 4~ a~ ¢t Ja~a~c*
distorted, » = 2 Ruddlesden—Popper structures described in space group A2;am with the polar
structures arising from a trilinear coupling of X;™ (¢~ 4~ ¢* /a~a~®) and X;" (4°a°c* /a%a°c*) tilting
modes with the I'; polar mode, as predicted computationally (12).

In contrast to the well-established hybrid improper ferroelectric behavior of the four phases
described above, there is some disagreement over the origin of the polar crystal structures of
a series of Li,4B,0; (4 = Sr, Ca; B = Nb, Ta) pseudo-Ruddlesden—Popper phases in which
the Li* cations reside in tetrahedral coordination sites rather than the nine-coordinate sites
that are occupied in conventional Ruddlesden—Popper frameworks (Figure 5). Uppuluri et al.
(62) reported that at room temperature Li, StNb,O; adopts a polar structure described in space
group A2 am with an a~a~c* /a~a~ ¢t octahedral tilting pattern consistent with trilinear coupling,
which on cooling below 90 K changes to an 4~ a"¢* /a—a~ — ¢ antiferroelectric phase with Purma
symmetry. In contrast Nagai et al. (96, 97) reported that Li; StNb,O; adopts a nonpolar phase at
room temperature, described in space group Amam with an a~a~/a~a~° tilting pattern, which
on cooling changes to a polar phase described in space group P2;cn in which the polar structure
is attributed to a proper ferroelectric mechanism involving Nb off-centering. Li,CaTi, Oy is
reported to adopt a polar P2z symmetry structure at room temperature (98). These conflicting
reports highlight the challenge of unambiguously determining the subtle structural distortions
that are responsible for ferroelectric behavior (trilinearly coupled or otherwise) and suggest
that hybrid improper ferroelectricity and proper ferroelectricity involving SOJT d° cations
could be in competition in these materials. This competition between proper ferroelectricity
and a trilinear coupling stabilization mechanism of polar structures can also be seen in a pair of
A;La(TaTi)O; (A = Li, Na) phases (65). The pseudo-Ruddlesden—Popper phase Li,La(TaTi)O;
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adopts an a4~ a "¢t /a~a"c" distorted structure (space group A2;am) consistent with trilinear
coupling. However, replacing the Li* cations with larger Na* cations yields a conventional
Ruddlesden-Popper phase Na,La(TaTi)O; with an a4~ ¢" /a—a~ — ¢~ distortion (space group
Pna2;) consistent with a polar structure stabilized by zone-center displacements of SOJT cations.
Thus by controlling the size of the A'-cation in these A,4B,0O; phases, the tilting pattern of the
AB,O;7 perovskite double layers can be tuned to favor either a trilinear-coupling-stabilized polar
structure or a polar structure stabilized simply by displacements of SOJT cations.

The list of reported hybrid improper ferroelectric # = 2 Ruddlesden—Popper oxides is currently
limited to the handful of compounds described above. At first sight the lifting of the cation-order
requirement that applies to ABOj; perovskite phases suggests that there should be a large number
of trilinearly coupled ferroelectric phases with # = 2 Ruddlesden—Popper structures that can be
prepared, further suggesting that there are many yet to be discovered. However, a more detailed
analysis reveals that this is unlikely to be the case because in order to induce one of the four tilt-
ing schemes that lead to a trilinearly coupled polar structure, a very small structural tolerance
factor, t, is required. We can crudely quantify this requirement by making use of the observa-
tion by Yoshida et al. (61) that the Curie temperature, 7., of = 2 Ruddlesden—Popper hybrid
improper ferroelectrics is proportional to # if, rather unusually, the tolerance factor is calculated
using six-coordinate radii for both the 4- and B-cations. Working backward from this observation
reveals that for 7, > 0 K, ¢ < 0.88 and for 7. > 300 K, ¢ < 0.87. Applying this to Sr;B",0;,
compositions reveals a minimum B radius of 0.66 Afor T. > 0 K or 0.68 A for 7, > 300 K.
Comparing these limits with tabulated ionic radii reveals that only five cations are sufficiently
large: Zr** and Sn**, two known hybrid improper ferroelectrics; Hf**, which is computationally
predicted to be a hybrid improper ferroelectric in Sr;Hf; O7 (99, 100); and Nb*+ and Ta**, which
are not typically stable in extended oxides. Changing to Ca; B,0; or Ln, CaB™,0; compositions
broadens the range of B-cations that can be included. However, the compositional range of polar
n = 2 Ruddlesden—Popper oxides is also restricted by the observation that 43 B,0; compositions
are always in competition with a mixture of 4BOj; and 4, BO, phases, with this latter combination
typically favored when ¢ is small.

The general instability of » = 2 Ruddlesden-Popper oxides with small tolerance factors is
clearly evident in a study by Pitcher et al. (64) in which a series of Ln,A"Fe,O; phases was pre-
pared so the structural evolution of the » = 2 Ruddlesden—Popper framework could be tracked
with declining tolerance factor. The study showed that La,SrFe,O; adopts an undistorted aris-
totype # = 2 Ruddlesden—Popper structure. Replacing La** with the smaller Tb** induces an
a~ b /b°a~ O tilting distortion. However the synthesis of Th, CaFe; O7, which had been predicted
computationally to adopt a polar =4~ ¢* /a4~ ¢t distorted structure, was not possible due to its
separation into an # = 1 Ruddlesden—Popper phase and a perovskite phase. In order to prepare
a compound with the desired 22" ¢t /a~a" ¢ distorted structure, (CagSro4)1.15Tb1 s5Fe; O, the
most distorted all-iron phase that could be prepared, was mixed with Ca;Ti, 07 to both reduce the
tolerance factor of the resulting material and stabilize the highly distorted structural framework.
It was observed that around 15 mol% Ca;Ti,O; was required to stabilize a polar distortion, and
the resulting material showed a magnetoelectric coupling between the ordered magnetic moment
of the phase and its electrical polarization.

3.3. n = 2 Dion-Jacobson Oxides

The A’AB,0O; n = 2 Dion-Jacobson structure consists of AB,O; perovskite double layers, which
are stacked in a primitive manner separated by large eight-coordinate 4'-cations, typically Cs™ or
Rb* (101, 102). Theory and computational analysis have shown that the » = 2 Dion—Jacobson
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Figure 6

The polar structures of the Dion—Jacobson phases CsNdNb, O7 and RbNdNb, O7, which adopt subtly
different tilting distortions driven by a balance between satisfying the A’-cation coordination requirements
and minimizing anion—anion repulsion.

structure can adopt trilinearly coupled polar configurations with the correct combination of A'-,
A-, and B-cations (74). Indeed, first-principles calculations indicate that for a number of Dion—
Jacobson phases, including CsBiNb, O7, CsLaNb, 07, and CsNdNb, O, the ground-state, lowest-
energy structures should involve a trilinear coupling of M; (¢~4~c°) and My (a°a°c*) tilting dis-
tortions with a I’y polar mode to yield a polar structure described in space group P2,am (74).

A combination of crystallography and polarization measurements has shown that both
CsBiNb,O; and RbBiNb, O; adopt the predicted P24 symmetry structure and exhibit a switch-
able, spontaneous electrical polarization, characteristic of ferroelectric behavior, below Curie tem-
peratures of 7, = 1,306 K and 1,371 K for CsBiNb,O7 and RbBiNb, Oy, respectively (66, 67, 69).

Crystallographic measurements indicate that CsNdNb,O; and CsNdTa, 05 also adopt polar
P2yam symmetry structures below 7, = 330 K and 625 K, respectively, although ferroelectric be-
havior has been demonstrated only for CsNdNb,O7 (66, 68, 103). The analogous Rb compounds,
RbNdNb,O; and RbNdTa, Oy, also adopt hybrid improper polar structures below 7. = 790 K
and 550 K, respectively (68, 103). However, the polarity of the Rb phases arises from a trilinear
coupling of more complex A5, a~a~"/—(a~a~®) and AT, a°a’c* /a"a"-c* tilting modes with the
I's polar mode, resulting in an #~a~¢*/—(a”a"c") distorted structure described in space group
2¢m, in which the direction of the 474~ ¢* tilting distortion inverts between neighboring layers
as shown in Figure 6. The differing structures of CsNdM,O; and RbNdM,;O; are attributed to
the compromise between optimizing the bonding of the A'-cation and minimizing oxide-oxide
repulsion having different optimal solutions for the different A'-cations (68).

The behavior of the Dion-Jacobson phases CsLaM;0; and RbLaM;0O; (M = Nb, Ta) is less
clear. Room-temperature measurements reveal that all four compounds are SHG active and piezo-
electric (70). However, synchrotron X-ray diffraction data collected from CsLaNb,O; are incom-
patible with the P2,4m symmetry structure, which is calculated to be of the lowest energy. On the
balance of evidence, CsLaNb, Oy is actually thought to adopt a polar Amm2 symmetry structure
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thatarises from a coupling of M5 ,a~ 5" and M, a°4°c* tilting modes with an as yet undetermined
I'-point polar mode.

The A'AB,O; formulation of the » = 2 Dion—Jacobson structure, combined with the require-
ment that the A’-cation be a large monovalent cation, limits the chemical diversity of compounds
that adopt this structure type. Size and charge balancing requirements practically limit thermody-
namically stable Dion-Jacobson oxide phases to compositions where A’ = Rb* or Cs*; A = Bi**,
La**, Ce*t, Pr’*, or Nd**; and B = Nb** or Ta**, although it should be noted that 4'Bi'Ta, O
phases cannot be prepared due to the stability of the competing defect pyrochlore A'Bi, TasO;s
phases (104). In principle 4 = St**, B = Nb**/W%* or Ta’*/W®" combinations can also form
Dion-Jacobson structures, but even with the addition of these compositions, the number of com-
plex oxides that can be made directly and adopt z = 2 Dion—Jacobson structures is small.

The compositions of Dion—Jacobson phases can readily be modified via the extensive cation-
exchange chemistry these compounds exhibit (105-107). For example the A'-cations in Dion—
Jacobson phases can readily be exchanged for other monovalent cations (108-110), metal halides
and sulphides (111-113), and a range of molecular species (114-116). Utilizing this approach, re-
searchers have converted RbNdM, O; (M = Nb, Ta) to the corresponding LiNdM, O; compounds
via Li-for-Rb cation exchange (63, 108, 110). Crystallographic analysis reveals that LINANbM, O
and LiNdTaM,O; adopt polar pseudo-Ruddlesden—Popper type structures in which the lithium
cations adopt an ordered arrangement within tetrahedral sites located between the NdM,O; per-
ovskite double sheets. The polarity of the LiNdM, O phases arises from a coupling of X;,4~4~°/
—(@a7)® and X;t, a°a%c* /a°a® — ¢+ dilting distortions with a T'; polar mode to yield an 4=a~c*/
—(a~a"c") distorted structure described in space group B2cm (63).

3.4. n = 2 Aurivillius Phase Oxides

Aurivillius phases have structures in which perovskite blocks are separated by (Bi;O;)** slabs
in a repeating stacking sequence. Thus, an » = 2 Aurivillius phase has a general formula of
(Bi,0,)A4B,0; and, like the related Ruddlesden—Popper and Dion—Jacobson phases, contains per-
ovskite double sheets, which can undergo analogous tilting distortions that can break inversion
symmetry to yield polar structures stabilized by a trilinear coupling mechanism. The two most
studied » = 2 Aurivillius phases are (Bi;O;)Sr'Ta;O7 and (Bi;O2)SrNb,O; (55-57). Both of these
materials are observed to adopt undistorted structures at high temperature (space group 14 /mmmz)
and polar structures at room temperature (space group A2,am). The polar ground states of the
two (Bi;0,)SrtM,O; phases adopt 2”4~ ¢t /a~a™ " tilting distortions, which arise from a combina-
tdonof Xy, a7 a~"/a~a~® and X;", 4°a°c /4’4" distortion modes that then couple to a I’y polar
mode (9, 117) in a manner directly analogous to that observed for » = 2 Ruddlesden—Popper
phases (12). An interesting difference between (Bi,O,)Sr'Ta; O7 and (Bi; O,)SrNba, O5 is that the
former material undergoes two phase transitions on cooling, first from the [4/mmm aristotype
phase to an Amam symmetry phase (consistent with the freezing of the X;” mode) (56) and then
to the polar A2yam ground state. In contrast, (Bi,O,)SrNb,O; appears to undergo only a single
phase transition directly from the I4/mmm aristotype to the A2yam polar ground state. This dif-
ference is attributed to a much stronger trilinear coupling among the X;, X", and T'; modes in
the Nb phase, which suppresses the appearance of the Azam intermediate (117).

In common with the Ruddlesden—Popper and Dion—Jacobson phases, the required charge bal-
ance for (Bi;O,)A"* By* O7,n = 2 Aurivillius phases (n + 2m = 12) restricts the chemical diversity
of compositions that can adopt this structure before even considering the relative sizes of the
A- and B-cations required to stabilize the required tilting distortions. Thus it is no real surprise
that there are few known compositions that adopt # = 2 Aurivillius structures and little scope for
preparing more.
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3.5. Future Directions

The examples detailed above show that it is possible for complex oxides to exhibit robust hy-
brid improper ferroelectric behavior. However, in studying these materials it has become clear
that the large magnitudes of the nonpolar tilting distortions associated with this behavior in lay-
ered perovskites limit the chemical diversity of phases that can exhibit polar distortions stabi-
lized by trilinear coupling. Indeed, the rudimentary analysis described above suggests that the
majority of thermodynamically stable hybrid improper ferroelectric oxides have already been
discovered.

One promising option to expand the range of hybrid improper ferroelectric materials is to
move beyond thermodynamically stable phases and investigate metastable materials. Chimie
douce, or soft chemical, synthesis approaches offer routes for the preparation of novel materi-
als where the products are selected under kinetic control rather than on the basis of thermody-
namic stability (105-107). Many layered oxides, such as Dion—Jacobson or Ruddlesden—Popper
phases, exhibit facile, topochemical cation exchange reactions, which yield metastable phases that
cannot be prepared by conventional high-temperature synthetic methods. Such cation exchange
reactions can be used to modify the structural tolerance factors of materials to tune them to val-
ues that induce hybrid improper ferroelectric behavior. For example, as noted above, RbNdM, O
(M =Nb, Ta) Dion—Jacobson phases exhibit facile Li-for-Rb cation exchange reactions to yield the
corresponding metastable, polar, LINdM, O; pseudo-Ruddlesden—Popper phases (63). Analogous
cation exchange reactions could be used to expand the range of hybrid improper ferroelectric ma-
terials significantly. Furthermore, such reactions can in principle allow aliovalent cation exchanges
in which two monovalent cations are replaced by a divalent cation (119-121), allowing paramag-
netic transition metal cations to be incorporated in these frameworks (122, 123) and offering a
potential route to magnetoelectric materials.

Soft chemical routes can also be used to introduce additional anions into layered oxides
to modify the tilting distortions of the host framework. For example, La;Ni;O; adopts an
n = 2 Ruddlesden—Popper structure with a nonpolar =2~ ¢"/a~a~® tilting distortion (124). Low-
temperature oxidation with fluorine yields La;Ni, Os sF3 5, which exhibits an 4~ a ¢t /a—a™ — ¢+
antipolar tilting distortion (125), demonstrating that such topochemical oxidation reactions can
be utilized to enhance the tilting distortions of layered complex oxides and in principle induce
trilinearly coupled polar distortions.

A further option for expanding the family of hybrid improper ferroelectric oxide materials is
to examine layered perovskite frameworks with # > 2. In general, the thermodynamic stability of
layered perovskite variants declines as the thickness of the perovskite sheets increases, making the
preparation of materials with » > 2 challenging. However, these more complex layered materials
can exhibit additional tilting distortion modes not possible in the analogous » = 2 systems, so
these systems can, in principle, exhibit a rich range of coupled distortions, with hybrid improper
behavior reported for » = 3 Aurivillius phases already (126).

In this review we have restricted ourselves to discussing all-oxide systems. However, the per-
ovskite structure and its layered variants are adopted by a wide variety of chemical systems, includ-
ing those with molecular components (127), such as the much-studied hybrid halide perovskites
(128-130), and systems such as formates (131, 132), cyanides (133, 134), thiocyanates (135, 136),
and azides (137, 138), where molecular units take the place of oxide anions. These molecular per-
ovskites can undergo a range of tilting distortions, many of which have no analog in the all-oxide
systems described here (139) and which can couple to and stabilize polar distortion modes (140).
Thus, while we may conclude that most of the thermodynamically stabile oxide hybrid improper
ferroelectrics have probably already been discovered, the field is ripe for the discovery of a wider
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range of new, more chemically diverse materials with polar structures stabilized by the trilinear

coupling of polar and nonpolar distortion modes.
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