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Ferroelectric Sr;Zr,0;: Competition between Hybrid
Improper Ferroelectric and Antiferroelectric Mechanisms

Suguru Yoshida, Koji Fujita,* Hirofumi Akamatsu, Olivier Hernandez, Arnab Sen Gupta,
Forrest G. Brown, Haricharan Padmanabhan, Alexandra S. Gibbs, Toshihiro Kuge,
Ryosuke Tsuji, Shunsuke Murai, James M. Rondinelli, Venkatraman Gopalan,

and Katsuhisa Tanaka

In contrast to polar cation displacements driving oxides into noncentrosym-
metric and ferroelectric states, inversion-preserving anion displacements, such
as rotations or tilts of oxygen octahedra about cation coordination centers,

are exceedingly common. More than one nonpolar rotational mode in layered
perovskites can lift inversion symmetry and combine to induce an electric
polarization through a hybrid improper ferroelectric (HIF) mechanism. This form
of ferroelectricity expands the compositional palette to new ferroelectric oxides
because its activity derives from geometric rather than electronic origins. Here,
the new Ruddlesden—Popper HIF Sr;Zr,0;, which is the first ternary lead-free zir-
conate ferroelectric, is reported and room-temperature polarization switching is
demonstrated. This compound undergoes a first-order ferroelectric-to-paraelec-
tric transition, involving an unusual change in the “sense” of octahedral rotation
while the octahedral tilt remains unchanged. Our experimental and first-princi-
ples study shows that the paraelectric polymorph competes with the polar phase
and emerges from a trilinear coupling of rotation and tilt modes interacting with
an antipolar mode. This form of hybrid improper “antiferroelectricity” is recently
predicted theoretically but has remained undetected. This work establishes the
importance of understanding anharmonic interactions among lattice degrees of
freedom, which is important for the discovery of new ferroelectrics and likely to
influence the design of next-generation thermoelectrics.

1. Introduction

For more than 60 years, ferroelectric
ABOj; perovskites and related compounds
have been intensely studied, because they
display technologically important fer-
roelectric hysteresis behavior for non-
volatile memory and large piezoelectric
responses for actuators and sensors.[-3]
The most studied oxides are proper fer-
roelectrics such as BaTiOs;, PbTiO;, and
BiFeO;, where the paraelectric-to-ferroe-
lectric phase transition involves a zone-
center polar lattice instability, typically
driven by off-centering of closed-shell
3d° Ti** ions and/or 6s? stereochemi-
cally active lone-pair (SCALP) cations
(Pb?* and Bi*") via the so-called second-
order Jahn-Teller effect (SOJT). In
BaTiO;, for example, the ferroelectric
distortion is induced by covalent interac-
tions between the empty Ti 3d states and
filled O 2p states, which lead to Ti** off-
centering displacements within the
oxygen octahedra.l”]
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Figure 1. The crystal structures of four polymorphs observed experimentally in the present study are illustrated, specified by space group symmetry and
Glazer tilt notation. Blue spheres and orange octahedra denote the Sr atoms and ZrOg octahedra, respectively, and green dotted rectangles indicate

the unit cells.

Interestingly, Zr**-based simple perovskites, AZrO; (A = Ca,
St, Ba, and Pb), are never ferroelectric even in the presence of
d® (Zr*)/6s? (Pb*) ions. For example, CaZrO;, SrZrOs, and
BaZrO; are centrosymmetric paraelectric materials,®'% and
stoichiometric PbZrO; is a centrosymmetric antiferroelectric
material with T = 503 K.''12 This is presumably because the
large energy gap between the Zr 4d states and O 2p states gives
rise to insufficient dynamical charge transfer and covalency to
overcome elastic energy costs. Upon chemical substitution with
SOJT and SCALP ions in PbZrO;3, as in PbZr,_,Ti,O;, ferroelec-
tricity occurs, but the resulting Pb-based solid solutions are envi-
ronmentally toxic. Thus, the achievement of ferroelectricity in
valence precise ternary zirconates without chemical substitutions
would propel ferroelectric research into new benign chemistries.

Here, we demonstrate that ferroelectricity emerges by lay-
ering!*"] nonpolar perovskite SrZrO; with nonpolar rock
salt-structured SrO to form the n = 2 Ruddlesden—Popper
(RP) A;B,0, structure.'® We show that Sr;Zr,0, is a hybrid
improper ferroelectric (HIF), whereby ferroelectricity with
an electric polarization P occurs from a combination of two
nonpolar lattice modes, Q; and Q,, interacting through a tri-
linear term of the form PQ;Q,.">3! The role played by the two
nonpolar structural distortions—oxygen octahedral rotations
(OOR, out-of-plane rotational modes) and oxygen octahedral
tilts (OOT, in-plane rotational modes)—in stabilizing ferro-
electricity is determined using a combination of synchrotron
X-ray diffraction (SXRD), neutron powder diffraction (NPD),
optical second harmonic generation (SHG), and first-principles
density functional theory (DFT) calculations. Ferroelectric hys-
teresis measurements are performed to demonstrate room-
temperature switchable electric polarizations in this ternary
Pb-free zirconate. Variable-temperature structural analyses
are used to identify the full sequence of temperature-induced
phase transitions from the ferroelectric phase to the distortion-
free aristotype phase. Most remarkably, we discover a meta-
stable paraelectric polymorph (space group Pnab), which com-
petes with the equilibrium ferroelectric phase (A2,am), and an
unusual first-order ferroelectric—paraelectric phase transition
involving a change in the “sense” of the OOR while the OOT
persists at all temperatures. We show that the paraelectric Pnab
phase appears through a trilinear coupling of OOR and OOT
modes interacting with an antipolar mode, a recently predicted
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hybrid improper “antiferroelectric’ mechanism.3233 In addi-
tion to being of technological significance for the development
of new ferroelectrics, our results highlight the importance of
multimode anharmonic interactions in producing functional
acentric material properties.

2. Results

2.1. Room-Temperature Ferroelectricity

The RP phases of general formula AO(ABOs), (or A,;1B,03,41)
have a layered structure where n ABO; perovskite blocks are
stacked along the [001] direction, with an extra AO rock salt
layer inserted for every n perovskite units (see Figure 1 for
n = 2).18 Although n = 2 RP Sr;Zr,0, was previously reported
to adopt a centrosymmetric Pmmm symmetry,3* recent theo-
retical work and first-principles calculations indicated that
Sr;3Zr,0; is a potential HIF with A2;am symmetry.’>30 We
first characterized the room-temperature crystal structure of
Sr3Zr,0, using SXRD and NPD. No impurities or secondary
phases were detected in SXRD and NPD patterns.

Figure 2a shows the SXRD pattern at 300 K. The main reflec-
tions can be indexed with the tetragonal aristotype structure
with space group I4/mmm, but we observed additional weak
h+1/2 k+ 1/2 I superlattice reflections (e.g., 3/2 3/2 3 reflection
in Figure 3a), together with the splitting of basic hhl reflections
(e.g., 110 reflection in Figure 3b). The superlattice reflections
and reflection splittings are more clearly visible in the NPD
data (Figure S1, Supporting Information). These results indi-
cate that the room-temperature phase adopts an orthorhombic
structure with an enlarged unit cell V2 ap X N2 a,x ¢, (where
a, and ¢, are the pseudotetragonal lattice parameters), owing to
the ZrOz OOR and/or OOT distortions.

The observed reflection conditions in the orthorhombic set-
ting are hkl: k + 1= 2n, Okl: k + 1 = 2n, hOl: h, | = 2n, hk0: k = 2n,
h00: h = 2n, 0kO: k = 2n, and 00L: | = 2n (n: integer). This allows
us to propose A2;am (noncentrosymmetric polar) and Amam
(centrosymmetric nonpolar) as the possible space groups
(Cmec2; and Cmcm in standard setting, respectively). In the
A2,am symmetry, out-of-phase OOT about [110] and in-phase
OOR about [001] are allowed (s a™c¢t in Glazer notationl3”}),
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Figure 2. Rietveld refinement profiles with the polar structural model
in orthorhombic A2;am symmetry against a) SXRD and b) NPD data at
300 K, showing observed (orange circles), calculated (black line), and
difference (blue line) profiles. Green ticks indicate the position of Bragg
reflections. c) Enlarged view of the Rietveld refinements with polar A2,am
and nonpolar Amam models against NPD data at 300 K.

whereas only out-of-phase OOT about [110]—and no in-phase
OOR about [001]—is allowed within the Amam symmetry
(aac®). SXRD Rietveld refinements with A2;am and Amam
models converge successfully, but the former model yields

Adv. Funct. Mater. 2018, 28, 1801856

1801856 (3 of 12)

a significantly better fit (Ry, = 9.24%) than the latter model
(Ryp = 12.8%).

Considering the fact that the A2;am structure can be dis-
tinguished from the Amam structure by in-phase OOR about
[001], we also performed Rietveld refinements against the
NPD data at 300 K (Figure 2b and Figure S2, Supporting
Information), which provide much more accurate oxygen
parameters than can be obtained from XRD. The polar
A2;am model immediately provides a much better overall
fit to the observed pattern (R, = 10.4%) than the Amam
model (Ry, = 25.7%), and a detailed look at the refined pat-
tern (Figure 2c) reveals a noticeable mismatch in some peak
intensities for the Amam model. Our SXRD/NPD studies
thus indicate that the room-temperature phase of Sr;Zr,0;
belongs to polar A2;am space group; the structural refine-
ment results are given in Table 1.

To corroborate the polar symmetry, we further measured
optical SHGB® and P(E) hysteresis loop. These measurements
are powerful tools to probe noncentrosymmetricity and ferroelec-
tricity in materials. Figure 4a displays the temperature-dependent
SHG intensity on heating and cooling cycles. A finite SHG
signal, indicative of a noncentrosymmetric structure, is clearly
observed around 300 K. This result, together with the SXRD/NPD
analyses, allows us to unambiguously conclude that the room-
temperature phase crystallizes in the polar A2,am structure. The
ferroelectric nature is confirmed by the existence of clear P(E)
hysteresis loops (Figure 4b), measured using the remnant hyster-
esis method. The net remnant electric polarization and coercive
electric field are =0.3 UC cm™ and =150 kV cm™!, respectively.
The polarization value is comparable to those of polycrystalline
Ca;3Ti,05 (0.6 uC cm2)23 and Sr;Sn,0, (0.25 UC cm~2),24 but
it is one order of magnitude smaller than that obtained from
our DFT calculations (6.75 WC cm™2). The smaller polarization
value compared to the calculated one is expected from the poly-
crystalline nature. In fact, the polarization value of =0.6 uC cm™
for polycrystalline Ca;Ti,0; is much smaller than that for single

crystals (6.4 uC cm2).1%°]

2.2. Temperature-Induced Phase Transitions

Having established that n = 2 RP Sr3Zr,0; is ferroelectric
at 300 K, we next assess the ferroelectric phase transition.
Figure 4a shows that the SHG intensity gradually decreases
with increasing temperature and steeply drops to zero at a
critical temperature (Tc) of =700 K, indicating the ferroelec-
tric A2;am phase transforms into a centrosymmetric structure.
The transition is accompanied by thermal hysteresis (=50 K),
which is determined from the variation in the SHG signals
upon heating and cooling. These features together suggest a
primarily first-order nature to the transition.

We also examined the displacive nature of the phase trans-
formation near T = 700 K using variable-temperature SXRD
i:/)gperiments. Upon heating across T, the orthorhombic v2a, x

2

ap X ¢, unit cell remains unchanged as shown by the supI:er-
lattice reflections (Figure 3a) and the orthorhombic splitting
of the basic reflections (Figure 3b). Upon close inspection
of the SXRD data, we find the appearance of new reflections

around T¢ and they persist up to 880 K as shown, for example,
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Figure 3. Temperature evolution of a) 3/2 3/2 3 superlattice reflection and b) basic 110 reflection. c) Temperature evolution of the 114 reflection, which
is forbidden under the inteﬁgal reflection condition of the A-centered orthorhombic lattice, but is allowed for the orthorhombic P lattice; the reflection

is indexed by the \/Eap X N2ay, x ¢, cell.

for the 114 reflection displayed in Figure 3c. The 114 reflec-
tion is forbidden under the integral reflection condition of
A-centered orthorhombic lattice (hkl: k + | = 2n), but is allowed
for orthorhombic P lattice.

For phase identification, we utilized Aleksandrov’s anal-
ysis of symmetry lowering in response to ZrOs OOR and

Table 1. Structural parameters obtained from refinements with an
A2,am model against 300 K SXRD and NPD data.

SXRD
Atom Site X y z Usso [A7]
o1 4a 02392(12)  0.796(3) 0 0.017(2)
02 8b 02608(12) 0.6923(18) 0.1961(3) = Uy, (O1)
03 8b 05317(9)  0.5362(10)  0.0877(3) 0.012(2)
04 8b 0.4683(9) 0.0362(10) 0.1084(4) = Uy, (03)
sr 4a 0.2644(14)  0.2478(11) 0 0.0160(7)
sr2 8b 0.7379(8)  0.7432(5) 0.19017(4)  0.0076(4)
Zr 8b 0759 0.2489(7) 0.09868(5)  0.0032(3)

NPD
Atom Site X y z Usso [AY]
o1 4a 0.2382(16)  0.8116(8) 0 0.0104(12)
02 8b 0.2623(13)  0.6941(5) 0.19710(10)  0.0093(8)
03 8b 0.5338(14)  0.5328(6) 0.08608(10)  0.0077(7)
o4 8b 0.4658(13)  0.0321(7) 0.10892(12)  0.0113(8)
sr1 4a 0.2677(16)  0.2515(8) 0 0.0090(10)
sr2 8b 0.7344(10)  0.7407(5)  0.18951(7)  0.0093(7)
Zr 8b 0759 0.2492(6) 0.09917(9)  0.0024(5)

Space group; A2;am (No. 36), Z = 4. The occupancy parameter is fixed to unity
for all atoms. Fixed to define an origin of the polar a-axis. SXRD: cell parameters
a="5.79933(6) A, b=5.81707(6) A, and c=20.9488(2) A; R,, = 9.248%, Ry = 3.429%,
and x? = 5.39. NPD: cell parameters a = 5.80175(10) A, b = 5.81979(10) A, and
¢=20.9525(3) A; R,, = 10.4%, Ry = 4.54%, and y? = 4.70.
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OOT distortions in layered perovskites.??) The centrosym-
metric nonpolar phase explored here has the following char-
acteristics: an even number of perovskite layers (i.e., n = 2),
I4/mmm in the absence of OOR and OOT, and a primitive
orthorhombic v2 ap X V2 a, X ¢, cell. These conditions reduce
the possible space groups to Pnam, Pnab, and Pnnm (Pnma,
Phcn, and Pnnm in the standard setting, respectively). Of these
symmetries, a model refined in Pnab, involving the system-
atic absence for the b-glide plane, gives the only good fit to the
800 K SXRD data (Figure 5a and Figure S3, Supporting Infor-
mation). More explicitly, refinements in the three space groups
against the 750 K NPD data (Figure 5b and Figure S4, Sup-
porting Information) and subsequent inspection of the refined
patterns (Figure 5c) reveal some reflections that are accounted
for in Pnab but not in Pmcn and Pnnm; Ry, =11.7,17.3, and
19.5% for Pnab, Pmcn, and Pnnm, respectively. These analyses
support the assignment of the orthorhombic Pnab model as
the paraelectric structure for 700 < T < 880 K; the structural
refinement results are given in Table 2. Although the out-of-
phase OOT about [110] is present in both ferroelectric A2;am
(@ a~c*) and paraelectric Pnab (a~a"c”) structures, there is a
marked change in the sense of OOR about [001] across the
A2,am-to-Pnab phase transition (see Figure 1); the in-phase
OOR in the A2,am phase vanishes and the out-of-phase OOR
appears in the Pnab phase. The structural transformation
accompanied by the change in OOR sense should occur dis-
continuously; indeed, there is no group—subgroup relationship
between A2,am and Pnab (Figure S9, Supporting Informa-
tion). Similar to the temperature hysteresis of SHG intensity
in the vicinity of T¢ (=700 K) (Figure 4a), the discontinuous
nature of the ferroelectric phase transition is confirmed by
the temperature evolution of the SXRD patterns upon heating
and cooling with fine-temperature interval sampling across
Tc. An SXRD contour plot of the temperature-dependent
A2;am 0010 and Pnab 0010 reflections (Figure 6a) illustrates
this behavior. The A2,am and Pnab phases coexist over a wide

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the zirconate.

Our structural studies combined with
physical property measurements uncover
symmetry-lowering phase transitions of n =
2 RP Sr3Zr,0; from the aristotype [4/mmm
phase to the ferroelectric A2;am ground state.
The phase diagram is depicted in Figure 7;
for reference, the OOR/OOT patterns of the
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Figure 4. a) Temperature dependence of SHG intensity upon heating (orange line) and cooling
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observed four phases are shown in the lower
part of the figure.

2.3. DFT Calculations

(blue line). b) P(E) hysteresis loops at room temperature for a bulk Sr;Zr,0; sample. The elec-

tric field was applied at frequency of 50 Hz.

temperature range (640-720 K), with a substantial hysteresis
(=50 K) on heating and cooling (Figure 6b). The unit cell
volume also displays an obvious discontinuity across the tran-
sition region (Figure S7, Supporting Information). The overall
results conclusively demonstrate the first-order nature of the
ferroelectric phase transition. Moreover, our SXRD measure-
ments confirmed that this transition is completely reversible.
To the best of our knowledge, a first-order ferroelectric phase
transition involving a change in the OOR sense is unreported.
As discussed below, the unexpected appearance of the para-
electric Pnab phase as a high-temperature polymorph is due
to strong anharmonic interactions among the lattice degrees
of freedom.

Finally, we examine the phase transitions above the ferroelec-
tric transition, Tc = 700 K, using variable-temperature SXRD
experiments. As the temperature is increased from T¢, the 114
reflection from the Pnab phase vanishes at 900 K (Figure 3c),
indicating a change in translational symmetry from a P lattice
to either A- or I-centered lattice. On the other hand, the super-
lattice reflections (Figure 3a), as well as the orthorhombic split-
ting of basic reflections (Figure 3b), are still visible at 900 K;
such features disappear completely around 1040 K above which
the sample adopts the tetragonal aristotype [4/mmm structure.
These results reveal that the orthorhombic Pnab phase trans-
forms to the tetragonal I4/mmm phase via an intermediate
orthorhombic phase with an A-centered lattice (900 < T < 1040
K). Given the nonpolar character of the intermediate phase, its
space group is uniquely determined as Amam. Details of the
structural refinements with Amam and I[4/mmm models are
presented in Section S4 (Supporting Information).

Thus, the sequence of phase transitions upon heating
above Tc is best described as Pnab (a"a™¢") — Amam (a"a¢°)
— [4/mmm (a%a°c%), where the out-of-phase OOR is first lost
in the second-order displacive Pnab — Amam transition and
then the out-of-phase OOT is lost in the second-order displa-
cive Amam — [4/mmm transition (see also the group—sub-
group relationship in Figure S9, Supporting Information).
Indeed, the unit cell volume does not show any discontinuity
across the two transitions (Figure S7, Supporting Information),
which is typical for a second-order phase transition. Note that
upon heating up to 1050 K, there is no sign of any thermal
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To identify the structural distortions driving

this system into the ferroelectric A2,am
phase, we performed first-principles calculations of the lattice
dynamics and energetics. We first calculated the phonon dis-
persion curves in the distortion-free I4/mmm phase (Figure 8a)
so that the symmetry-reducing and energy-lowering atomic dis-
placement patterns can be identified. Numerous instabilities
are found throughout the Brillouin zone. We now focus on the
instabilities at the I', X, and M points, which produce frequently
observed hettotype phases in perovskite-derived structures.
Along the I'-X direction, we find a pair of doubly degenerate
unstable (imaginary-frequency) modes at the " point and eight
unstable modes at the X point. The manifold of unstable phonon
modes indicates that numerous displacement modes can lower
the energy of the I4/mmm phase. If we first consider the con-
densation of each mode individually, then the unstable mode
that drives the largest energy gain occurs at the zone-boundary
(X point). This mode is a ZrOg OOT, which corresponds to an
out-of-phase OOT about [110] (transforming as the irreducible
representation [irrep] X;) and generates the centrosymmetric
Amam, P4,/mnm, and Pnnm phases. The zone-boundary insta-
bilities involving ZrO; OOR about [001] (e.g., irreps X; and X7)
also give significant energy gains. Also, there exist zone-center
polar instabilities at the T" point (irrep I'5). The unstable T's
normal modes provide a very minor contribution to the polar
A2,am phase for the following two reasons (see also Section S9,
Supporting Information, for details): (1) the displacement pat-
terns of the unstable I's modes are represented by the parallel
Sr cation displacements in n = 2 perovskite slabs comprising
the RP structure, that is, ferroelectric distortions, in contrast
to the ferrielectric®® T'5 distortion in the experimental A2;ma
phase (as shown in the next section), and (2) these ferroelectric
I's modes become harder by condensing both the X; and X3
modes. Thus, Sr;Zr,05 is not a proper ferroelectric. When con-
sidering the condensation of more than one unstable modes,
we find that several low-symmetry phases of similar energy can
be obtained. For example, condensing the X; (OOR) and X3
(OOT) modes together (A2,am and Pnam) gives an energy gain
similar to that obtained by condensing the X; (OOR) and X3
(OOT) modes together (Pnab and A2/a). For this reason, we
repeated a sequential process of including the condensation of
identified unstable modes, structural optimization, and phonon
calculations up to the point where no unstable mode remained

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Rietveld refinement profiles for a) 800 K SXRD and b) 750 K
NPD data fitted with Pnab model. c) Enlarged view of the Rietveld refine-
ments with Pnnm, Pnam, and Pnab models against NPD data at 750 K.
Orange circles and black and blue lines represent the observed, cal-
culated, and difference profiles, respectively. The green ticks show the
position of Bragg reflections.

in the structure to find the lowest-energy polymorphs. As
shown in Table 3 and Figure S8 (Supporting Information), the
systematic stable-structure exploration reveals the polar A2,am
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Table 2. Structural parameters obtained from refinements with a Pnab
model against 800 K SXRD and 750 K NPD data.

SXRD
Atom Site X y z Usso [AY]
o1 4a 0.75 0.727(6) 0 0.040(20)
02 8b 0.959(3)  0.046(3)  0.9088(4) 0.024(2)
03 8b 0.733(4)  0786(3)  0.8041(3)  =Ui,(02)
04 8b 0.015(4)  0017(3)  0.6043(4) = Ui, (O1)
s 4a 0.75 0.253(15) 0 0.0273(5)
Sr2 8b 0.75(12)  0.2458(8) 0.81015(4)  0.0203(4)
Zr 8b 0.7503(8)  0.7508(9) 0.90119(4)  0.0093(2)

NPD
Atom Site X y z Ueq or Uiso [A7]
o1 4a 0.75 0.7161(2) 0 0.043(5)%
02 8b 0.974(12)  0.0252(10) 0.91104(13)  0.0249(14)
03 8b 0.752(2)  0.7873(10) 0.80250(13)  0.037(3)?
04 8b 0.032(13)  0.0313(9) 0.60535(17)  0.0256(16)
Sr1 4a 075  0.2508(18) 0 0.028(3)
Sr2 8b 0.75119)  0.2406(10) 0.81053(8)  0.026(3)"
Zr 8b 0.751(19)  0.7503(9) 0.90106(10)  0.0104(13)?

Space group; Pnab (No. 60), Z = 4. The occupancy parameter is fixed to unity
for all atoms. @Refined anisotropically. SXRD: cell parameters a = 5.82641(6) A,
b =5.83834(6) A, and ¢ = 21.0838(2)A; R,, = 8.36%, Rg = 2.47%, and y2 = 5.37.
NPD: cell parameters a = 5.82437(11) A, b = 5.83868(11) A, and c = 21.0784(4) A;
Rup=11.7%, Ry =6.11%, and 3 = 3.38.

phase to be the most stable, consistent with our experimental
observation and previous first-principles investigation,3>3% and
it also uncovers many possible metastable phases. We next cal-
culated the energy surface around the aristotype [4/mmm phase
using DFT to identify the role of the OOR and OOT modes in
stabilizing the ground-state A2,am phase. We projected the cal-
culated structural distortion bringing the I4/mmm to A2,am
phases onto the three symmetry-adapted modes, X3, Xj, and
I's modes, which have isotropy subgroups Amam, Acam, and
F2mm, respectively. In Figure 8b, we show the total energy as a
function of X; (OOR) and X; (OOT) mode amplitudes, Qy;
and Q.. As expected, large energy gains are observed within
a double-well potential for both the modes. The importance of
the coupling between Q,; and Q,. can be seen by plotting the
total energy as a function of I's mode amplitude, Q, with Q.
and Qy. fixed (Figure 8c). Note that the I's mode appears as
a ferrielectric mode characterized mainly by two-against-one Sr
cation displacements in the n = 2 perovskite slabs (Section S9,
Supporting Information), consistent with our experimental
results of layer-resolved electric polarizations (see the next
section). All the energy surfaces exhibit single-well parabolas
with minima at Q. = 0 except when both Q. and Q. are
finite; only in the simultaneous presence of Q. and Q. does
the energy surface exhibit a minimum at Q.. # 0. Thus, we
find that the polar T's distortion is energetically favored via a
trilinear coupling, Q.Qy;Qy;. This polar I's mode becomes
softer by condensing both the X; and X; modes (Figure 8c).
The overall behavior indicates that the ZrOy OOR and OOT are
the primary structural distortions driving the transition to the
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Figure 6. a) Contour plot of the temperature dependence of SXRD 0010 reflection upon heating and cooling across the ferroelectric transition
between the polar A2,am and nonpolar Pnab phases. b) Temperature evolution of the weight fraction of two phases (A2;am and Pnab) coex-
isting in the ferroelectric—paraelectric phase transition. The weight fraction was calculated by using a multiphase Rietveld refinement against

SXRD data.

polar A2;am phase and that the ferrielectric Sr displacements
play a secondary role in stabilizing the polar phase. Thus, we
assess the importance of trilinear coupling between the order
parameters of the three relevant modes in Sr3Zr,0, proving it
to be a HIF.

3. Discussion

3.1. Experimental Verification of the Hybrid Improper
Ferroelectricity

The atomistic origin of the ferroelectric polarization in
Sr3Zr,05 is identified by investigating the layer-resolved electric
polarizations of the experimental polar A2,am structure. The
layer-resolved polarization estimated from the NPD-refined
structure is shown in Figure 9a. One can see that the polari-
zation mainly results from a noncancellation of the layer

polarizations (i.e., ferrielectric mechanism) induced by the
in-plane A-site cation (Sr*" in this case) displacements along
[100] (Figure S10, Supporting Information), like in HIF
Ca;Ti, 0,123 and Ca;Mn,0,.2" Although the B-site cation
(Zr*") displacements also produce a layer polarization along
[100], its contribution to the total polarization is vanishingly
small, indicating that a proper SOJT mechanism, that is,
dynamical charge transfer between the Zr 4d states and O 2p
states, plays a minor role in stabilizing the polar structure.
This is in striking contrast to Ca;Ti,O; where the d(Ti)—p(O)
charge transfer enhances the polarization arising from the
B-O layers (Figure S11, Supporting Information). In terms
of the small Zr-O layer polarization, the behavior of layer-
resolved polarizations for Sr;Zr,0; is more similar to that for
Ca3;Mn,0; (Figure S11, Supporting Information), where proper
ferroelectricity is difficult to be realized because of the d* elec-
tronic configuration of Mn*". Therefore, we suggest that the
polar instability in Sr3Zr,0; is driven purely by OOR and OOT

Pnab

<
<

<« A2am

|

14/mmm

PR

Amam

300 400 500 600

700

800 900 1000 1100

Temperature (K)

14lmmm
(a%a°c®)
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Figure 7. Polymorphic phase diagram of Sr3Zr,O; established by the diffraction studies combined with SHG. The OOR/OOT patterns of the observed
four phases are highlighted in the lower part. Arrowed arcs depict the sense of OOR (red and blue) and OOT (green and orange).
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Supporting Information).
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distortions, which, together with the layered
topology of the RP structure, lead to inver-
sion symmetry breaking and the appearance
of an electric polarization.

The nature of hybrid improper ferroelec-
tricity in the polar A2,am phase is also cor-
roborated experimentally by the temperature
evolution of the SHG intensity, Isyg, and the
hybrid order parameter, 1 = Q,Qy;, between
300 and 600 K (Figure 9b). The diagnostics
with SHG is based on the sensitivity of SHG
intensity to the order parameter, and hence,
the temperature dependence of the square
root of SHG intensity, Vs, typically follows
the P(T) behavior. The 1 values are deter-
mined through a symmetry-mode analysis
of the experimental (NPD-refined) structures
using the AMPLIMODES software.*!l As
expected from the trilinear coupling mecha-
nism, vIsuc is observed to change continu-
ously with temperature in proportion to 7.

3.2. Competition between Hybrid Improper
Ferroelectric and Antiferroelectric
Mechanisms

The experimental signature of the first-
order ferroelectric-to-paraelectric (A2 am-
to-Pnab) transition (Figure 6), which
manifests microscopically as a change
in the “sense” of OOR while keeping the
OOT mode (see Figures 1 and 7), clearly
indicates that the structural instabilities
leading to the ferroelectric A2,am phase
compete with those leading to the para-
electric Pnab polymorph. In several meta-
stable phases obtained from our theoretical
stable-structure exploration, the Pnab poly-
morph is one of the most stable phases
and has only a slightly higher energy
(18 meV per formula unit) than the equi-
librium ferroelectric A2;am phase. Using
DFT calculations, we further examine the
role of the OOR and OOT modes in stabi-
lizing the Pnab structure. The distortion
that relates the aristotype I4/mmm phase
to the Pnab phase can be decomposed into
the symmetry-adapted modes as follows:
out-of-phase OOR about [001] (X7), out-of-
phase OOT about [110] (X;5), and in-plane
antipolar displacement modes along [100]
(M3). The energetics of these structural
distortions shows that the X; (OOR) and
X5 (OOT) modes lower the energy of the
aristotype structure (Figure 8d) and that the
antipolar M; mode only lowers the energy
in the simultaneous presence of the X7
and X; modes (Figure 8e). This is a mani-
festation of a trilinear coupling, Q,,;Q,-Qy.,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Low-energy structures arising from oxygen octahedral rotation
and/or tilt modes obtained by systematic structure exploration.

Space group? Total energy®) [meV f.u.] irrep

Abaa (No. 68) -275 X7 (a,0)
Acam (No. 64) -239 X3 (a,0)
Amam (No. 63) -332 X3 (a,0)
P4,/mnm (No. 136) -353 X3 (a, a)
P4,/men (No. 132) —223 X% (a, a)
Acmm (No. 67) -187 X7 (a, 0)
Prnm (No. 58) —353 X3 (a, b)
Pbem (No. 57) —295 X3 ® X3(a,0;b,0)
A2jam (No. 36) -39 X$ ®X3(a,0;b,0)
Pnam (No. 62) -387 X3 ®X3(0,4;b,0)
A2/a (No.15) —368 X7 ®X5(a,0;b,0)
Pnab (No. 60) -377 X7 ®X3(0,4;b,0)
B2cm (No. 39) —305 X$ ®X7(a,0;b,0)
P2/c (No. 13) —298 X7 ® X3(a,0;b,0)
Pbcb (No. 54) —308 X7 ®X5(0,0;b,0)
A2/m (No. 12) —338 X3 ® X3(a,0;b,0)
P2,nm (No. 31) —363

X3 @ X3(a,0;b,c)

AThe first column displays the space group of the low-energy structure;
bThe second column shows the total energy with respect to the aristotype
I4/mmm structure; 9The third column lists the single irrep with order parameter
direction (1, 1) (upper rows) and the coupled irrep with order parameter direc-
tion (My, My N3, Na) (lower rows). These irreps were condensed into the aristotype
14/mmm structure, giving the isotropy subgroups shown in the first column. Note
that the inequivalent order parameter directions for an irrep lead to the distinct
structures; for example, X3 condensations give rise to Amam for (a, 0), Pnnm for
(a, b), and P4,/mnm for (a, a).

and makes the Pnab phase a hybrid improper “antiferroelec-
tric”; the antipolar mode leads to a complete cancellation of
the layer polarizations along [100], providing no net macro-
scopic polarization (Figure S10, Supporting Information).
Note in Table 3 that the Pnam phase is the second most
stable polymorph, lying only 8 meV per formula unit above
the ground-state A2,am phase. The Pnam as well as A2,am
structures are induced by the coupled irrep (X; ®X5), and
the OOR/OOT patterns in both the structures are repre-
sented by a"a c*. The Pnam structure can be distinguished
from the A2,am structure through the relative rotation sense
of OORs in adjacent n = 2 perovskite blocks; a~a~c*/aac"
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for A2iam and aac"/aa—(c*) for Pnam.'*] For the Pnam
phase, the two-against-one Sr cation displacements in adja-
cent perovskite blocks are in opposite direction, making the
crystal structure centrosymmetric and antipolar. The low-
energy antipolar Pnam structure was not experimentally
observed through our SXRD and NPD structural analysis on
polycrystalline samples, but should be present as a “stacking
domain wall” in a multidomain A2;am matrix as discussed
previously.l*?]

We also extracted X;, X;, and T5 (Xi, Xj,
and M;:) modes from a fully relaxed A2,am (Pnab) struc-
ture and calculated the total energies of the structures
obtained by freezing each of the three extracted modes
or their combinations (Figure 10). Relatively large energy
gains are obtained through the trilinear coupling inter-
actions in A2;am and Pnab phases. Remarkably, the tri-
linear coupling interaction in the Pnab phase, Q,:Qx:Qx;,
competes with that in the A2;am phase, Q. Qy:Qy;, that is,
there is a delicate balance between hybrid improper ferroelec-
tricity and antiferroelectricity. Thus, the unusual ferroelectric
phase transition in Sr;Zr,0; is understood to occur from the
interplay between the multimode anharmonic interactions
active in the layered oxide. The form of hybrid improper
“antiferroelectricity,” Q,;Qx;Qx;, Was recently predicted by
first-principles calculations,?>*¥ but has not been demon-
strated experimentally. Our results represent the first experi-
mental verification corroborating this prediction, and show
the importance of understanding anharmonic interactions
among lattice degrees of freedom using state-of-the-art X-ray
and neutron diffraction as well as nonlinear optical methods.

4, Conclusion

In summary, we demonstrate that n = 2 RP Sr3Zr,0; is an
ideal hybrid improper ferroelectric, for which a proper mech-
anism, that is, d(Zr)-p(O) charge transfer, plays a minor
role (or no role at all) in stabilizing the ferroelectric phase.
Rather, the nonpolar OOR and OOT modes trilinearly couple
to drive the system toward a stable ferroelectric state, making
Sr3Z1,07 a chemically benign and robust room-temperature
ferroelectric. This discovery should stimulate further detailed
experimental investigations concerning domain structures
and polarization switching and open routes to the pos-
sible use of hybrid improper ferroelectrics in real techno-
logical applications, including thermoelectric applications
where competing phases and anharmonicities in the lattice
dynamical properties can be exploited to control thermal con-
ductivity. The approach presented here, that is, layering of
nonpolar ternary systems, is generalizable to a wide range of
materials and thus we expect that there would still exist many
new classes of hybrid improper ferroelectrics in chemical-
composition spaces that do not exhibit a proper ferroelectric
mechanism.

Another aspect that deserves attention in the present study
is the appearance of the antipolar Pnab structure as a high-tem-
perature polymorph, which is stabilized by a hybrid improper
“antiferroelectric” mechanism. We find theoretically and
experimentally that the antipolar Pnab polymorph competes

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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5. Experimental Section

— SrO 250 T T T i Polycrystalline  samples  of  Sr;Zr,0;  were
| 1 20 e ° o synthesized by the conventional solid-state
2 0 20 reaction. Stoichiometric amount of reagent-grade
L W 4 s 9 g dos ﬁ SrCO; (99.9%, Kojundo .Chf:mical La'boratory Co.,
i 5 15F o Ltd.) and ZrO, (99.9%, Kishida Chemical Co., Ltd.)
- | 4 srO C s X were mixed and ground in an agate mortar. The
L { zo, v@ 10 142 mixed powder was calcinated at 1000 °C for 12 h
z sHG > and sintered at 1500 °C for 48 h. They were slowly

- 4 sro > osl “;{bgd grder parameter 4 1,2 N cooled to room temperature.
| 1 70 S Variable-temperature SXRD data were recorded
2 ool i . i | 0.0 in the temperature range of 300-1050 K by using the
L W 4 so [* 300 400 500 600 700 800 large Debye—Scherrer camera, installed at SPring-8

RS BLO2B2 of JASRI. The incident beam from a bendin

i | 7 SO q Temperature (K) magnet was monochromated at 4 = 0.798833 Ag
| 4 zo CI The minimum d value reached was as low as
2 0.697 A. The powder sample was loaded into a
_m 12 SrO b."_’ a Lindemann capillary tube with an inner diameter of

Polarization (uC/cmz)

Figure 9. a) Layer-resolved polarization calculated using a point-charge approximation for the
crystal structure refined against the NPD data at 300 K (Left panel). Right panel shows the
[010] projected crystal structure with Sr, Zr, and O atoms in gray, blue, and red, respectively.
The macroscopic polarization results from the noncancellation of the local polarization in the
SrO layers; the contribution from the ZrO, layers is vanishingly small. b) Temperature evolution
of the square root of SHG intensity, m, and hybrid order parameter, 1 = Qy:Qx., in the

temperature range of the polar A2,am phase.

with the equilibrium polar A2,am phase. An interesting direc-
tion for possible future investigations is understanding how
to control the relative energetics of these two structures. In
this respect, it will be interesting to explore experimentally
the possibility of epitaxial-strain-induced polar-to-nonpolar
(A2;am-to-Pnab) transition, according to the recent theoret-
ical prediction.’?33] The synthesis routes, annealing condi-
tions, and cation substitutions should also activate new modes
through the change in OOT and OOR preferences. Such
future studies could help to evaluate the relationship between
hybrid improper ferroelectricity and hybrid improper antifer-
roelectricity and provide a pathway to find new antiferroelec-
trics, which would be of both fundamental and technological
interest.[4344
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Figure 10. Energetic contributions from freezing of the distortion modes
in the A2,am and Pnab phases.
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0.1 mm (300 K < T < 800 K) and a silica capillary
tube with an inner diameter of 0.2 mm (800 K <
T <1050 K), which were rotated continuously during
measurement to diminish the effect of preferred
orientation. The structural parameters were
refined by the Rietveld method*] with RIETAN-FP
program.*fl  Variable-temperature  time-of-flight
NPD was performed in the temperature range of
300-750 K using the HRPD diffractometer at the
ISIS facility, UK. =5 g of powder sample was housed
in a cylindrical vanadium can, which was mounted
in a standard vacuum furnace for high-temperature data collection. Data
were collected in two time-of-flight windows (30-130 and 100-200 ms),
allowing cleanly catching the observable Bragg reflections in the d range
of 0.65-11.6 A with a high resolution and satisfactory counting statistics.
Backscattering bank (centered on 26 = 168°), 90° bank (centered on
26 = 90°), and low angle bank (centered on 26 = 30°) data were used
for refinement. The structural parameters were refined by the Rietveld
method!*! with the FullProf suite.l*”]

Optical SHG measurements were performed with an 800 nm
beam emitted from Ti:sapphire laser (80 fs pulse, 1 kHz repetition
rate) in reflection geometry. Electric polarization versus electric field
(P-E) hysteresis was measured with a ferroelectric tester (Precision
LC, Radiant Technologies) and a high-voltage amplifier (10 kV HVI-
SC, Radiant Technologies). In the measurements, high-density pellets
(99.8%) prepared by spark plasma sintering method (LABOX 125GH,
Sinterland) were used.

DFT calculations were carried out by employing the projector
augmented wave (PAW) method*®# and PBEsol functional®%52 as
implemented in the VASP code.’3-¢ Radial cutoffs in PAW data sets are
2.1, 1.6, and 0.8 A for Sr, Zr, and O, respectively. A cutoff energy of 550
and 700 eV was used for plane waves when lattice parameters need to
be optimized and when density functional perturbation theory (DFPT)
calculations were performed, respectively. A cutoff energy of 400 eV was
used otherwise. The following states were regarded as valence states:
Sr4s, 4p, and 5s; Zr 4s, 4p, 5s, and 4d; O 2s and 2p. We optimized lattice
vectors and fractional coordinates until the residual stress and forces
converged down to 0.01 GPa and 1 meV A, respectively. The Born
effective charge tensor of atom s, Z*, in the parent 14/mmm structure
was calculated based on DFPT, and the total electric polarization for the
polar A2,am structure was derived from the following equation

p= 5 > Ziu, m
where e is the elementary charge, V is the unit cell volume, and u; is the
displacement of atom s away from its position in the 14/mmm structure.

The lattice dynamics calculations were done utilizing a frozen-phonon
method as implemented in the PHONOPY code,’’l which generates
atomic displacements necessary to calculate dynamical matrices
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and diagonalize the matrices so as to provide phonon frequencies
and corresponding eigenmodes. The phonon dispersion curves were
drawn for a standard primitive cell®®%° along a g-space path based
on crystallography.®d For systematic stable structure exploration,®'-6%l
phonon_frequencies were calculated at the Brillouin zone center for a

2 x N2 x 1 supercell of the aristotype 14/mmm conventional cell with
a4 x4 x 1 k-point mesh. We note that the zone-center phonon modes
for the supercell include modes relevant to zone-boundary phonon
modes at the X and M points for its primitive cell, due to band folding.
We distorted the parent [4/mmm structure according to the eigenvectors
of the found unstable modes so as to obtain more stable structures with
lower symmetry, and calculated phonon frequencies after optimizing
well their structural parameters to see if there is any phonon instability.
The cell size was fixed during the stable structure exploration.

For the energy surface calculations, structural distortions were
decomposed into symmetry-adapted modes of the parent 14/mmm phase
using the AMPLIMODES tool available at the Bilbao Crystallographic
Server.[*!] The mode amplitude is defined as a square root of the sum of
squared displacement vectors. The distortion patterns are visualized by
the VESTA code.[4]

[Further details of the crystal structure investigation may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen (Germany), on quoting the depository number
CSD-434270.]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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