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Abstract

Antiferroelectrics (AFEs) have a great potential for modern electronic devices by virtue of the large
electrostrain and unique polarization reversal during the antiferroelectric-to-ferroelectric (AFE-FE)
phase transition under external electric fields. Although the fascinating macroscopic properties of AFE
materials have been extensively studied, it is still unclear how the underlying structure evolution
engenders their defining properties. Here we employ an electric biasing in-situ high-energy
synchrotron X-ray diffraction technique to reveal the detailed structural evolution of a high
performance PbZrOs-based AFE material. During the reversible AFE-FE transition triggered by
electric fields, the evolution of the superstructure is found to display strong dependence on the angle
with respect to the field direction. Inactive domain switching and negligible lattice strain are

observed in both the AFE and FE phases. Quantitative analysis of the in-sifu diffraction data indicates
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that the high macroscopic electrostrain stems primarily from the crystal structure change during the

abrupt AFE-FE phase transitions.
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1. Introduction

Antiferroelectrics (AFEs) have attracted increasing attention due to their potential for important
applications such as energy storage and harvesting, actuators, electrocaloric cooling devices [1-9].The
functionality of AFEs arises from a reversible transition between antiparallel and parallel dipole states
under an externally applied electric field, so-called electric-field-induced AFE-to-FE transition, a
process involving a large macroscopic electrostrain and polarization development [10-13]. The
defining properties of these AEFs are strongly dependent on details of phase transition [5-7,14,15].
Therefore, understanding the transition in detail is a prerequisite for optimizing the design of high-
performance AEFs, for instance achieving giant electrostrains at low electric field regime and reducing
hysteresis of switching electric field.

The electric-field-induced AFE-to-FE transition has been extensively studied by macroscopic
polarization, strain, and dielectric measurements [6,14,16,17]. Transmission electron microscopy
(TEM) studies have also been conducted, and the recovery and destruction of AFE state have been
observed [18-20]. X-ray and neutron diffraction studies have indicated changes in lattice strain and
preferred orientation of domains during the AFE-to-FE transition [21-25]. In particular, Park ef a/ have
proposed a possible microstructural scenario of the AFE-to-FE switching sequence [21]. However, a
complete picture between the structural evolution and their defining properties is still missing.

Interestingly, in situ high-energy synchrotron X-ray diffraction (SXRD) combined with 2D
scattering technology has been demonstrated to be an exceptionally powerful tool for directly
monitoring and quantifying the structural evolution of FEs/AFEs under an external electric field [26-
31]. The technique benefits from the strong penetrating capability of high-energy synchrotron X-rays

and the resulting ability to conduct experiments in transmission geometry, thereby avoiding the



notorious surface layer effects [32], and thus enabling to reveal the intrinsic response of lattice to
external electric fields. Owing to the high signal to noise ratio and high flux, the high-energy SXRD
can probe the weak but very informative superstructure reflections which are typically related to AFEs.
Note that the weak superstructure reflections are virtually impossible to observe with conventional
XRD. Furthermore, the 2D geometry scattering technology simultaneously provides orientation-
dependent information for anisotropic behaviors. Altogether, the technique enables the connection
of the macroscopic properties with domain texture, lattice strain and crystal symmetry change during
the electric field-induced AFE-to-FE transition.

Herein, we report the results of a comprehensive in-situ high-energy SXRD study on the evolution
of the structure, domain texture, and lattice strain in one of the most representative perovskite AFEs —
Nb doped Pb(Zr,Sn,Ti)Os ternary system, in particular Pbo.go{Nbo.o2[(Zr0.57Sn0.43)0.94Ti0.06]0.98} O3
(PNZST) composition [15]. We find strong evidences for the presence of strong correlation between
superstructure evolution and polarization development in PNZST. Markedly, we are able to reproduce
electrostrain in PNZST through a quantitative analysis of the high-energy SXRD. In particular, we
show that the large electrostrain arises from an instantaneous large anisotropic lattice strain and a
strong domain texture at the AFE to FE transition. The results will help the development of new AFE

materials.

2. Experimental Section

The PNZST ceramic was fabricated by the solid-state reaction method. Analytic reagent grade
PbO, Nb2Os, ZrO,, SnO», and TiO> powders were used as raw materials. The homogeneous mixed
powders were calcined at 850°C for 4 h and then sintered at 1300°C for 3 h. The details of the sample

preparation can be seen in the ref. [16]. The relative density of the bulk ceramics is more than 95% of
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theoretical density and the average grain size is about 3um. The S—F curves and P-F loops were
measured on ceramic disks with a diameter of 8 mm, and thickness of 0.5 mm by using a standardized
ferroelectric tester (aixACCT, TF Analyzer 1000).

For the in-situ high-energy SXRD measurements, the ceramic samples were polished, cut into
rectangular bars with dimensions of 6 mmx1 mmx0.5 mm, and then annealed at 500 °C for 6 h to
release stresses. Gold electrodes with a size of 6 mmx1 mm were evaporated on opposite faces of the
bars. The in-situ high-energy SXRD measurements were conducted at the 11-ID-C beamline at the
Advanced Photon Source (APS) at the Argonne National Laboratory. The X-ray beam with a spot size
of 0.3 mmx0.3 mm, photon energy of about 110 keV and a wavelength of 0.11165 A were used. A
Perkin Elmer amorphous silicon 2D detector, positioned approximately 1800 mm away from the
sample, was used to collect the scattered photons. The direction of the electric field was perpendicular
to the X-ray beam. A triangular bipolar cycle electric field (-6 kV/mm ~ +6 kV/mm) with a step of
about 0.5 kV/mm was applied to the bulk samples. At each step, a diffraction pattern was recorded
with an acquisition time of 30 s, which is equivalent to a cyclic frequency around 40 mHz. The
diffraction pattern of Ceria standard was used to calibrate the detector related parameters. The Debye
rings collected on the 2D detector were divided into equidistant sectors at 15°. Intensities of the X-ray

diffraction peaks in the sectors were integrated using the Fit2d software.
3. Results and discussion
3.1. Ferroelectric properties

Under applied electric field, the PNZST ceramic displays well-defined double hysteresis loops,
which is a signature of AFEs (Fig. 1a). The measured critical field Er (AFE to FE transition) and Ea

(FE to AFE transition) is about 3.5 kV/mm, and 0.5 kV/mm, respectively. The maximum polarization
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of the FE phase is about 30 uC/cm?. The macroscopic properties in the present study are consistent
with the reported values in the literature [16]. To reveal the structural evolution of the PNZST ceramic

induced by electric field, in situ high-energy SXRD was employed (Fig. 1b).
3.2. Evolution of the superstructure

A characteristic feature of AEFs is the intrinsic antiparallel atomic displacement, which manifests
itself as a relatively weak but clearly discernible superstructure reflections in the respective diffraction
patterns. Therefore, directly monitoring these superstructure reflections can help to understand the
polarization development as revealed in the double P-E hysteresis loops. The evolution of the
superstructure reflections parallel to the direction of the applied electric field (¢ = 0°) is shown in Fig.
2. At the virgin AFE state, among the strong main Bragg reflections (Qp), superstructure Y2(111), and
%(311), reflections are observed at 1.5° and 2.6°, respectively. The reflections belong to Qpt'4(111),-
type superstructure reflections, and should be attributed to the octahedral tilting [33]. In addition, other
superstructure reflections, marked with asterisks, are also seen. These indicate the presence of the
incommensurate modulation and correspond to a modulation vector g = 1/,(110)," (n is about 7.8).
Such incommensurate superstructure reflections can be attributed to the unique modulated atomic
positions and responsible for the unique polarization of AFEs [13]. The incommensurate modulation
vector in the present study is consistent with the pervious TEM study [18]. It has been suggested that
such incommensurate structures result from the competing FE and AFE orderings [20,34]. With
increasing electric field, no obvious change in the superstructure reflections is observed. When the
field increases to 3.5 kV/mm near the shoulder of EF, all superstructure reflections but the »2(311),
reflection disappear. The observation indicates the emergence of AFE to FE transition. Note that the

presence of the 2(311), superstructure reflection in the FE state is ascribed to the a’a’a” octahedral

6



tilting, typical for rhombohedral R3¢ [33]. Upon unloading the electric field below 0.5 kV/mm which
is near the measured Ea, the superstructure reflections reappear. These features repeat in the subsequent
cycle of electric field, indicating a reversible electric field induced AFE-to-FE transition. Notably, such
an evolution of incommensurate reflections has also been observed with in-situ TEM and neutron
diffraction studies [18,23]. When the intensity of these superstructure reflections is compared with the
double P-E hysteresis loops (Fig. 3), one can notice the existence of a strong correlation. It suggests
that the electric-field-induced polarization is highly correlated with the intrinsic atomic ordering.

It is interesting to observe that the intensity of superstructure reflections for both AFE and FE
exhibits strong anisotropy after exposure to electric fields (Fig. 4). Significant differences are observed
in the '2(111), superstructure reflection between the virgin and the field exposed AFE state. The
intensity of '2(111), reflections at the virgin state is the same over all orientations, whereas in the field
exposed sample it appears enhanced along the electric field direction (¢ = 0°), and suppressed in the
perpendicular direction (¢ =90°) (Fig. 4a). It implies that the initially random AFE domains develop
a texture after the FE-AFE transition takes place. On the contrary, the /2(311), reflections of the FE
state show high intensity at ¢ = 90° and low intensity at ¢ = 0° (Fig. 4b). This scenario has also been
observed in the electric-field-induced rhombohedral (R3¢) phase in (Bii2Nai2)TiOs-based Pb-free FEs
[35,36]. It can be ascribed to strain-induced anisotropic octahedral tilting, but not to domain texturing

because no splitting of this reflection is noticed.

3.3. Domain texture and lattice strain analysis

Figures 5(a-c) show the {110},, {111}, and {200}, profiles, respectively, under a full cycle of
bipolar electric fields at ¢ =0°, 45° and 90°. At the virgin state, it is evident that the {200}, and {111},

profiles split into two reflections, suggesting an orthorhombic symmetry. For the AFEo, the (110),
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should split, but the diffraction resolution in the present study is insufficient to reveal. With increasing
electric field, all the reflections remain largely unchanged until 3.5 kV/mm, which corresponds to the
measured Er. At this critical electric field, the split {200}, reflections merge into a singlet, suggesting
the AFEo to FEg transition. The instantaneous peak position shift of {110}, is accompanied by intensity
interchange of the {111}, reflection, which suggests an orientation dependent lattice strain and domain
texture development. With further increasing electric field, FEr is stable with no obvious changes in
its superstructures. Upon decreasing the electric field to 0.5 kV/mm, the singlet {200}, reflection splits
into doublet, and the {110}, and {111}, reflections shift back to the high angle side, indicating that the
FEr switches back to AFEo. In contrast to the virgin AFEo, the {200}, reflection for the poled sample
exhibits a strong texture. Under the subsequent cycle of applied electric field, this scenario repeats
itself. It is noted that the {200}, reflection changes negligibly in both intensity and position. This
suggests that the external electric field can hardly develop any texture in AFE. Such a reversible AFEo
to FEr transition is in line with the observed evolution in the superstructure reflections (Fig. 2). In
addition, similar evolution of the {210} profile is also evident (Fig. 6).

It is well known that the polarization of FEr occurs along the [111], direction. Thus the domain
texture can be evaluated from the change of intensity of the {111}, profile. For AFEop with
incommensurate modulations, the polarization is considered to lie within the (110), plane, but the
detailed polarization configuration remains unknown. Here, the interchange of intensity of the {200},
profile was used to estimate the domain texture of AFEo. In order to quantify the electric-field-induced
domain texture and lattice strain, the {111}, reflections for FEz and AFEo and the {200}, reflections
for AFEo were fitted with doublets with a pseudo-Voigt shape, while a single one was used to fit the

{200}, profile of FEz and (110), profiles.



The domain texture can be described by the multiple random distribution (f) function. The f>00 of

AFEop and fi11 of FEz can be calculated by the following equations (1) and (2), respectively: [37]

f — 3 X IEZOO/I(Z)OO (1)
200 1500/1900+21602/1902

f — 4 X I5:11/1(1)11 (2)
111 1511/1(1)11"’31]1311/1211

where Ify, is the integrated intensity of Akl reflection under electric field, 1)), is the integrated
intensity of Akl reflection at the virgin state. For the FEg, the ideal 1(1)11/[211 = 1/3 is used for the
calculation. The values of f,y, and f;;; are identical to be 1 at the unpoled state, while 3 and 4 at

the saturated state, respectively. According to the Bragg law, 2dysin@ = nA, the value of dyy; can

be obtained. The lattice strain can be calculated by:

£= 3)
where dg is the lattice spacing under electric field £, d, is lattice spacing at virgin state.

The value of f,,y of AFEo is shown in Fig. 7a as a function of the orientation at representative
electric fields. The value f,,, of AFEo stays constant in the sub-critical field regime. It indicates that
non-180° domain reorientation does not occur when an electric field is applied. It is analogous to the
observation that non-180° domain alignment takes place at the sub-coercive fields for unpoled
piezoceramics. However, the domain texture emerges in AFEo during and after the electric field
unloading; such a texture preserves in the subsequent electric field cycles. This indicates that the
domain texture in AFEo is inherited from FE after the FE-to-AFE transition in the first cycle of electric
field. Non-180° domain switching is not observed to occur in the subsequent cycles of electric field.
In contrast, the FEz immediately exhibits a high domain texture once it is induced by applied field (Fig.

7b). For instance, the value of f;;; is 3.12 at £ =6 kV/mm along the electric field direction (¢ = 0°).

It reaches a value 87% of the saturated state. The value is comparable to the FEz of PbZro 55Ti0.4503



(PZT55, 3.48) and 0.6PbTi03-0.4BiScOs (PT-40BS, 2.5) [38,39]. It changes little under further applied
electric fields once it is induced. In other words, non-180° domain reorientation hardly occurs under
electric fields in both the AFE and the FE states. Consequently, the large electrostrain must be
attributed to the intrinsic lattice strain at the phase transition.

Figure 8 shows the calculated lattice strains of the characteristic {110}, profile, (111), and (200),
reflection as a function of the bipolar electric field. Interestingly, these calculated lattice strains exhibit
a shape similar to that of the measured S-E curves. Negligible lattice strain is observed for the virgin
AFE state, while a small amount of residual strain is observed in the poled AFE. There is an abrupt
change near the critical electric field which marks the AFE-to-FE transition. The change is
accompanied with the emergence of orientation dependent behaviors observed in piezoelectric
materials. Specifically, at £ = 6 kV/mm, £(200),, is 0.06% at 0°, while it is negative, —0.02% and
—0.16%, respectively, for 45° and 90° (Fig. 8a). As a comparison, the observed €(200), at @ = 0° is
much lower than the FEr of PZT55 (0.20%) [38]. The corresponding piezoelectric response of the
metastable FEr is about 110 pm/V, which is much lower than that of rhombohedral PZTS55 (330 pm/V)
and PT-40BS (440 pm/V) [38,39]. It demonstrates that the induced FEr phase is frustrated by the phase
transition. It is worth mentioning that the value of £(200),, is slightly positive at 0° but strongly
negative at 90° after the AFE-to-FE transition. It is due to the change of polarization direction during
the transition. On the contrary, the values of €119y, and €11y, are positive for all orientations. In
particular, large values are observed along the applied electric field and relatively low values are
observed in directions off the electric field. The present results lead to the conclusion that the AFE
materials exhibit negligible domain switching but large lattice strain through the AFEo to FEgr

transition.
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3.4. Estimation of macroscopic strains

It is acknowledged that the macroscopic electrostrain of piezoelectric materials originates from
intrinsic structural contributions, including lattice strain, structural transformation, and extrinsic
contributions of domain wall motion. In the present study, since negligible domain switching is
observed in both AFEo and FEr (Fig. 7), it indicates that the macroscopic electrostrain originates from
intrinsic structural contributions but not the extrinsic contributions. The intrinsic strain contribution

can be estimated by the approach described in ref. [40] as given by equation (4):

S — 2hkl fax1 (@) MpkiEnk (@) (4)

¢ Zhki faki (@)mp ki (@)

where (@) denotes the domain texture with orientation ¢ to the electric field, and mu denotes the
multiplicity of 4kl reflections. For Akl reflections that do not have domain texture, the f; valueis 1.
In this study, the characteristic {200},, {110}, and {111}, profiles are used for the estimation. This
strategy was used in the previous studies on piezoceramics [41,42]. The calculated strain corresponds
to the longitudinal strain (S33) at ¢ =0°, and to the transverse strain (S11) at ¢ =90°. The volume strain
(Sv) is calculated as S33+2S511.

Figure 9 presents a comparison between the calculated and measured strains as a function of the
applied bipolar electric field. Intriguingly, there are very good agreements between the calculated
lattice strains and the measured ones for the longitudinal, transverse, and volume strains. The
calculated strain abruptly increases at Er = 3.5 kV/mm during loading of electric field, and abruptly
drops at £ = 0.5 kV/mm during unloading. These critical fields correspond to the £r and Ea measured
by the macroscopic S-E curves, respectively. The calculated S33 and S11 at £ =6 kV/mm is 0.30%, and
0.073%, respectively. Both approximate the measured ones (x33 = 0.28, x11 = 0.070%). It needs to note

that the measured negative transverse x11 (about —0.02%) during the second cycle of applied electric
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fields can be also reproduced by the quantification (S11 = —0.021%). The calculated piezoelectric
response (ds3") of the induced FE state is 76 pm/V, which is very close to the measured one (74 pm/V).
In addition, the calculated volume strain Sy at £ = 6 kV/mm is 0.45%, which is slightly higher than
the measured one (0.42%). Compared with piezoelectric materials, the large electrostrain in AFE stems
from structural phase transition, which generates large lattice strain and restructures the local atomic
ordering.

Based on the results revealed in this in situ study, a revised AFE-FE switching sequence is
presented in Fig. 10. The randomly oriented AFEs at virgin state remains under applied electric field.
This scenario is consistent with a recent observation [25], but is different from the pervious assumption
made by Park et al [21], in which the randomly oriented AFEo is forced to orient preferentially.
When the electric field reaches EF, the randomly oriented AFEo switches into highly domain textured
FEg. After that, the sample cannot resume its virgin state. Under applied electric field beyond EF, there
is very limited domain reorientation and lattice strain in the induced FEz. Strong domain texture is
developed once the FER is formed at the phase transition. When the electric field is removed, the FEz

transforms into AFEo with a texture.
4. Conclusions

In summary, the detailed picture of the structural evolution correlating with electrostrain and
polarization development is elucidated for a typical PbZrO3z-based AFE ceramic using advanced in-
situ high-energy SXRD. Structural data provide strong evidences for the presence of the electric-field-
induced reversible AFE-FE transition and superstructure evolution, both of which are highly correlated.
Both the AFE and the FE phase exhibit negligible domain reorientation and lattice strain under
applied electric field, and the induced FE phase display moderate piezoelectricity. The excellent
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agreement between measured and computed electrostrains demonstrates that the large macroscopic
electrostrain stems from intrinsic structural contributions of the crystal structure change and the strong
texture in the induced FE phase at the phase transition. These results provide a clear microstructural
description of the material response to applied electric fields, and are helpful for the development of

new AFE materials for applications in actuators and electrocaloric cooling devices.
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Figure 1. (a) P-E hysteresis loops of PNZST ceramics measured at room temperature at 1 Hz. The

letters indicate different polarization states. (b) Schematic of the experimental setup for in-situ high-

energy synchrotron X-ray diffraction experiments.
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Figure 2. Evolution of satellite peaks as function of bipolar electric field at ¢p=0°. The incommensurate

peaks are marked with asterisks.
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Figure 3. The integrated intensity of commensurate 4(111), (a), and incommensurate profile A (b)

with the applied bipolar electric field.
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Figure 4. (a) Ratio of the integrated intensity of the superstructure 2(111), reflection of AEF phase,

and (b) the 4(311), reflection of EF phase as a functions of ¢ at various electric field.

19



E (kV/mm) £110}
P

—_

£
——
—
-
e
——

=

6 0 8 (b) {200}, (c)
2 e
Z 2 =
- - L =
3 13 D 3
© © ©
= E - U - k=
5 1= L
(o] © y E
o = £ ; i) =
§7] ‘@ & ‘@
18 18 P8
= £ | R
i - P
1 N : o Pl
2.19 222 220 225 267 270 273 268 272 3.09 3.12 310 3.15
26 (deg.) 20 (deg.) 26 (deg.)
i, I o A e
(arb. units) (arb. units) (arb. units)
5x10°  2x10° 5x10° 5%x10°  3x10° 5x10° 5x10°  7x10" 1x10°

Figure 5. Contour plots of in situ diffraction patterns. (a) Evolution of (110),, (b) (111),, and (c) (200),
profiles as a function of bipolar electric field at ¢ =0°, 45° and 90°. The patterns on right-hand of each
contour plot correspond to the profile at the virgin AFE state (yellow), positive maximum electric field
of the FE state (green), zero field of the poled AFE state (purple), and at negative maximum electric

field of the FE state (pink). The dashed line represents the profile center for the virgin state.
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Figure 7. (a) f200 for the antiferroelectric phase, and (b) f(111) for the ferroelectric phase as a function
of orientation (@) and various electric fields. The states of electric field, indicated by letters, can be

referred to Fig. 1a.
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Figure 8. (a) Calculated lattice strain of (a) (200),, (b) (110)p, and (c) (111), reflections as a function

of bipolar electric field.
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Figure 9. Comparison between the calculated (hollow point) and the macroscopic measured strain
(black point) in the PNZST ceramics as a function of applied electric field: (a) longitudinal strain, (b)

transverse strain, and (c) volume strain. The macroscopic measured strain is taken from Ref. [16].
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in the very first exposure to electric field. There is no further changes in successive cycles.
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