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Antiferroelectric materials, where the transition between antipolar and polar phase is controlled by external electric fields,

offer exceptional energy storage capacity with high efficiencies, giant electrocaloric effect, and superb electromechanical response.

PbZrO3 is the first discovered and the archetypal antiferroelectric material. Nonetheless, substantial challenges in processing phase

pure PbZrO3 have limited studies of the undoped composition, hindering understanding of the phase transitions in this material or

unraveling the controversial origins of a low-field ferroelectric phase observed in lead zirconate thin films. Leveraging highly oriented

PbZrO3 thin films, a room temperature ferrielectric phase is observed in absence of external electric fields, with modulations of am-

plitude and direction of the spontaneous polarization and large anisotropy for critical electric fields required for phase transition.

The ferrielectric state observations are qualitatively consistent with theoretical predictions, and correlate with very high dielectric
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tunability, and ultra-high strains (up to 1.1%). This work suggests a need for re-evaluation of the fundamental science of antiferro-

electricity in this archetypal material.

Antiferroelectric materials offer superior energy storage properties, extremely large electromechani-

cal response (and concomitant large displacement and forces), in addition to co-presence of positive and

negative electrocaloric effects [1, 2]. These enhanced properties are enabled by the characteristic antipo-

lar to polar (AP→P) phase transition, which translates into a functional linear dielectric to ferroelectric

change. The original theory of antiferroelectricity was developed by Kittel 1951, in parallel with anti-

ferromagnetism [3], and reported experimentally the same year in PbZrO3[4]. Since its discovery, lead

zirconate has been considered as the archetypal antiferroelectric oxide, and is the basis for many anti-

ferroelectric ceramics, in addition to being the end member of one of the most widespread piezoelectric

ceramics, lead zirconate titanate (PZT). In PbZrO3, in absence of an applied electric field, each unit cell

is polar (space group Pbam). However, an antiparallel arrangement of dipoles along [100]O results in a

net zero (macroscopic) polarization. Beyond a critical field, Ef , the dipoles align, resulting in the cre-

ation of a polar, ferroelectric phase. By reducing the electric field, the material hysteretically returns to

the antipolar phase at an electric field, Ea, smaller than Ef .

Most recently, with increasing studies on antiferroelectric materials, a low-field ferroelectric phase

and incommensurate modulations have been reported in lead zirconate-based antiferroelectric materials[5,

6, 7, 8]. Similarly, recent theoretical simulations have suggested a complex, 80-atoms unit cell in PbZrO3,

doubling the c-axis of the Pbam structure[9], as well as a possible stable ferrielectric state, with lower en-

ergy than the antiferroelectric one at room temperature[10]. Lastly, previous computational and exper-

imental studies have reported that in ultra-thin films or nanostructure form, PbZrO3 can exhibit pure

ferroelectric behavior[11, 12, 13]. This body of experimental and theoretical work indicates that the ar-

rangement of dipoles in PbZrO3 might strongly deviate from the “ideal” double antiparallel configura-

tion, and yet a dearth of experimental reports on this prototypical antiferroelectric endures in the liter-

ature. The persistence of contradictory literature reports and a lack of a clear, unified, understanding

of the observed functionalities have been a direct result of challenges in processing undoped, phase pure

PbZrO3 (plagued with extremely low breakdown strength) and limited systematic orientation studies[7,

14].

This work leverages PbZrO3 thin films – processed via low-cost chemical solution deposition on pla-

tinized Si substrates – to probe the anisotropic dielectric and electromechanical response associated with

the electric field-induced phase transitions, and ultimately the origin of the hitherto controversial low-
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field ferroelectric phase previously reported in these films. We map local polarization via high-resolution

scanning transmission electron microscopy (HRSTEM) and find anisotropic modulations of amplitude

and direction of the spontaneous polarization across adjacent unit cells. Specifically, polarization modu-

lations in direction and amplitude are observed in {120} and {100} planes, an experimental support to

the recent proposal of stable ferrielectricity in PbZrO3, based on first-principles calculations[10].

PbZrO3 thin films are processed by chemical solution processing on platinized Si substrates and

have an orthorhombic, perovskite phase with strong preferential orientation Figure 1. X-ray diffrac-

tion (XRD) indicates that the films are highly 001- and 042-oriented with Lotgering factors (LF) of 97%

and 99%, respectively[15]. The estimated d-spacings are d002 = 4.11 Å and d042 = 2.39 Å, consistent

with single crystal values (d002 = 4.110 Å and d042 = 2.373 Å)[16]. An evaluation of the same through

HAADF STEM (Figure 1d-e), indicates that the d-spacings are d002 = 4.13±0.004 Å and d042 = 2.37±0.01

Å for the 001- and 042-oriented films, respectively. These results suggest that the 042-oriented sample

might be subject to small residual stresses within the film. However, we note that for the same sample,

d044 = 1.69±0.01 Å, still consistent with the 1.69 Å reported for the single crystal. Hence, any eventual

residual stresses even within the 042-oriented samples are anisotropic. The electron backscatter diffrac-

tion (EBSD) mapping and the derived inverse pole figure (IPF), as shown in Figure 1b-c, further confirm

that the PbZrO3 films are highly oriented.

The preferred orientation correlates with a difference in grain size, with the 001-oriented film hav-

ing a mean grain size of ∼100 nm, and the 042-oriented film having a mean grain size of ∼144 nm. The

grain boundary misorientation distribution for both films spans a wide range and no evident preferred

rotation values Figure S1. Atomic resolution high-angle annular dark-field (HAADF) STEM and corre-

sponding fast Fourier transform (FFT) images of the cross-sectional areas of 042- and 001-oriented films

in Figure 1d reveal the overall arrangement of atoms consistent with a Pbam structure previously re-

ported for this material, and the FFT images match well with diffraction patterns of single crystal PbZrO3

with zone axis of [1̄00] and [2̄10], respectively Figure S2.

The macroscopic functional response of both sets of films is consistent with the expected antiferro-

electric response, Figure 2. The electric field induced polarization (P-E ) measurements show double

hysteresis loops, and the switching currents show four distinct peaks, all characteristic of antiferroelectric

materials. However, the electric fields for polar and antipolar transition are strongly orientation depen-

dent. The 042-oriented PbZrO3 has an Ef of ∼ 350kV/cm and square P-E loops Figure 2a, upper left.

The switching current (I-E ) curves Figure 2a, bottom left show sharp, narrow peaks, corresponding to

3
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Figure 1: (Micro-)Structure of PbZrO3 thin films. (a) X-ray diffraction (XRD) patterns plotted with intensity in loga-
rithmic scale. The peaks labelled with star are from the platinized Si substrate. (b, c) Electron backscatter diffraction
(EBSD) orientation maps and derived inverse pole figures (insets) of (b) highly 042- and (c) 001-oriented PbZrO3 thin
films’ surface. Atomic resolution (HAADF) STEM images with overlapping theoretical arrangements of Pb2+ and Zr4+
ions (bottom right corner), corresponding fast Fourier transformation (FFT) images, and theoretical single crystal diffrac-
tion patterns (insets) of (d) 042- and (e) 001-oriented PbZrO3 thin films. The Pb atom columns appear brighter and
larger, with the darker and smaller Zr atom columns forming a pseudo-cubic lattice. The streaking in FFT images is an
artifact due to discontinuity of intensities at image edge.
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Figure 2: Anisotropic dielectric and electromechanical properties of PbZrO3 thin films. (a) Polarization (P) and switching
current (I ) as a function of applied AC electric fields (EAC); (b) dielectric permittivity (ϵr) as a function of AC (top) and
DC electric fields, EDC (bottom), representing dielectric nonlinearity and dielectric tunability in the films, respectively.
(c) electromechanical response as strain, S (top), and effective longitudinal piezoelectric coefficient, d33,f (bottom), as a
function of EAC and EDC , respectively. The response of 042- and 001-oriented films is shown in blue (left-side) and red
(right-side), respectively.

a narrow window of applied electric field for the AP ⇐⇒ P phase transitions. The highly 001-oriented

film has much higher Ef (∼620 kV/cm) and a more diffuse AP → P phase transition (Figure 2a, bottom

right). The anisotropy in the Ef is consistent with first-principles computations for the polar/antipolar

phases’ coexistence field, Ecoex, in bulk PbZrO3 (Figures S3 and S4). The diffuse and shallow forward

transition in 001-oriented films could be due to a very small number of 122-oriented grains in the 001-

oriented samples(Figure 1a).

Consistent with the polarization switching anisotropy, the electric field dependence of the dielec-

tric permittivity is also dramatically orientation dependent. With relatively small forward (Ef ) and re-

verse (Ea) transition fields, 042-oriented films show ultra-high dielectric tunability of ∼92% within a 250

kV/cm electric field change (Figure 2b, bottom left). In comparison, the 001-oriented films break down

before the full polar transition is achieved under applied DC electric fields. Despite this shortcoming, the

001-oriented films show a relatively large dielectric tunability of 70% with an incomplete the AP → P

phase transition (Figure 2b, bottom right). The anisotropic phase transitions translate also in different

energy storage performance for the 001- and 042-oriented films (Figure S5). The 001-oriented films of-

fer a higher energy storage density (up to 16 J/cm3) with storage efficiency of over 75% compared to the

042-oriented films, that exhibit approximately half of the 001 films’ maximum energy density and lower

storage efficiency.

Both films offer very large strains at phase transition, in excess of 0.94% for 042-oriented samples

5
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and ∼1.14% for 001-oriented samples (Figure 2b). The effective longitudinal piezoelectric coefficient,

d33,f , is also measured as a function of applied DC electric fields. 042-oriented films show an ultra-high

d33,f of slightly over 450 pm/V at phase transition, while 001-oriented PbZrO3 films break down before

the AP → P phase transition is completed, consistent with the dielectric tunability and switching cur-

rent experiments.

Intriguingly, a low-field ferroelectric phase is observed in the 042-oriented films in all functional char-

acterizations. This weak ferroelectric phase manifests as a small loop in P-E measurements at low fields

- and a remanent polarization of ∼2.3 µC/cm2 - and two additional peaks at ∼30-50 kV/cm in the I -

EAC and dielectric tunability curves. Additionally, the dielectric response of the 042-oriented films is

strongly nonlinear at intermediate AC electric fields (Figure 2b, top left), increasing continuously with

increasing applied electric fields (before the polar transition). Dielectric nonlinearity is a signature of ex-

trinsic contributions to the dielectric permittivity[17], often associated with the motion and vibration

of domain walls and phase boundaries in ferroelectric materials. Conversely, the 001-oriented films do

not show any remanent polarization distinguishable from the background, no additional peaks are ob-

served in the I -EAC curves corresponding to eventual ferroelectric polarization switching, and a field-

independent dielectric permittivity is observed for these films up to ∼300 kV/cm, consistent with ab-

sence of ferroelectricity.

The appearance of a ferroelectric phase in PbZrO3 thin films has been ascribed to many different

factors. For example, it has been suggested that the ferroelectric phase arises due to the presence of un-

compensated charges at the film surface and/or at the interface with the bottom electrode[18, 19]. How-

ever, in our case, the ferroelectric contribution remained unchanged in 540 nm-thick, 042-oriented PbZrO3

films (Figure S6), ruling out the exclusive effects of free surfaces and buried interfaces. Another theory

for stabilization of a ferroelectric phase in PbZrO3 thin films has been offered based on Pb over-stoichiometry

and formation of Pb antisite defects[20]. However, no obvious Pb antisite defects were observed in any

samples in this work. Specifically, no obvious antisite defects were observed in the HAADF images (Fig-

ure 1), and the Pb:Zr molar ratio in both the 042- and 001-oriented films is close to 1:1 (Figure S7)

with no apparent elemental segregation at grain boundaries. Indeed, the Pb:Zr ratio in the 042-films,

where the room temperature low-field ferroelectric phase is observed, is slightly inferior to that of the

001-oriented films. Hence, stabilization of a perovskite PbPbO3 phase leading to ferroelectricity at low

field is also ruled out.

Alternatively, a high-temperature ferroelectric phase - predicted in PbZrO3 and demonstrated re-

6
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cently with intriguing polarization ordering[8] – could be stabilized through stress in differently oriented

films. In our work, this high-temperature ferroelectric phase can be observed in the local maxima in di-

electric loss measurements as a function of temperature (Figure S8) and increased remanent polariza-

tion in temperature-dependent P-E loops (Figure S9) within a similar temperature range. The tran-

sition to this high-temperature ferroelectric phase is observed at ∼240◦C and ∼200◦C, for 001- and 042-

oriented films, respectively. The slight difference in the transition temperature might imply a higher resid-

ual tensile stress in 001-oriented films compared to the 042-oriented samples. This observation is consis-

tent with the higher Curie Temperature in the 001-oriented samples compared to the 042-oriented films

(Figure S8) as well as the 001-oriented films requiring a higher Ef and Ea at a given temperature than

the 042-oriented films (Figure S10).

No trace of a ferroelectric phase stable at lower temperatures (down to room temperature) is ob-

served in the 001-oriented films’ dielectric response or polarization. However, a separate low-temperature,

low-field ferroelectric phase persists in 042-oriented films in the temperature range from 25 to 75◦C (Fig-

ure S9 and S11), expressed as a small loop in the P-E curves and a minor peak in the loss tangent curves.

A low temperature ferroelectric phase has been also previously reported in literature[14, 21]. However, in

such cases, the low-field ferroelectric phase was observed only at substantially lower temperatures. At

below ∼200 K a metastable orthorhombic ferroelectric phase was observed upon application of a high

enough electric field along the [210]O of PbZrO3 single crystals, and did not revert to an antipolar phase

upon removal of the applied electric field; conversely, upon application of an AC electric field, a stable

ferroelectric phase appeared[22]. In our work the low-field ferroelectric phase was reversibly and persis-

tently observed over multiple experiments, irrespective of number of cycles, the applied field’s strength,

or application of either AC or DC fields. In another work, a phase transition to a stable ferroelectric

P -EAC hysteresis loop was observed in 001-oriented films at below 60 K, with a maximum in capaci-

tance and loss tangent as a function of temperature at ∼16 K; but, the authors observed a mixture of

antiferroelectric and ferroelectric response in 120-oriented films in the 4.2–400 K temperature range[14].

Thus, consistent with the previous work, the low-temperature, low-field ferroelectric phase observed in

the present study is not a result of stabilization through residual stresses from lower or higher tempera-

tures: the room temperature, low-field ferroelectric phase is highly dependent on the films’ orientation,

regardless of the residual stress states.

Having eliminated the above possible contributors to the room temperature low-field ferroelectric

phase, we now look at the anisotropic polarization arrangement in PbZrO3 films. In PbZrO3, the rel-

7
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Figure 3: Polarization configurations extracted from Pb ions displacements in 001- and 042-oriented films with enlarged
sections of HAADF images underlaid in the upper right hand corner of each plot. (a, d) Displacement of Pb2+ ions and
their relative components (b, e) in the surface plane and (c, f) along the film surface normal for (a-c) 001-oriented and
(d-f) 042-oriented films, respectively. All data are obtained from atomic resolution high-angle annular dark-field (HAADF)
images in Figures 1d and 1e. The color scale in (c) applies to panels (a-c) and uses [120] as reference (0◦) and the color
scale in (f) applies to panels (d-f) and uses [044̄] as reference (0◦). The rotation of the mapping relative to film orienta-
tion is a result of a slight misorientation of scan angle during STEM imaging to avoid imaging artefacts. Additional local
polarization maps of the 001- and 042-oriented films are available in Figures S12-S15.

ative displacement of Pb2+ ions against the center of oxygen octahedra are found to have much larger

displacement than Zr4+ ions[23], and ultimately, Pb2+ ions are the main contributors to the local po-

larization [16, 24, 25]. A comparison of local Pb displacement in 001- and 042-oriented films based on

HRSTEM images is shown in Figure 3. According to the classical interpretation of antiferroelectricity

in PbZrO3, Pb2+ ions are expected to show double antiparallel displacement along the [100]O direction.

Nonetheless, in the present study Pb displacement is found to consistently show modulations in both di-

rection and amplitude in both films, including in planes perpendicular to [100]O (Figure 3).

Specifically, 001-oriented films show modulations of polarization across the film thickness, with a

banding thickness of ∼4−6 atoms (Figure 3a and 3b). The projections of Pb displacement along in-plane

(Figure 3b) and out-of-plane directions (Figure 3c) show that the banding is mostly a result of polariza-

tion direction changes in the in-plane (with respect to film’s surface) direction. Additionally, while the

8
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average number of dipoles in each band is similar, the Pb displacement along [120]O shows larger mag-

nitudes (∼0.09 Å) than the opposite direction (∼0.06 Å), as shown in Figure 3b, suggesting a non-zero

macroscopic remanent, spontaneous polarization component along this direction. Pb displacement is also

calculated in the mapped area in Figure 3a. Along [120]O, the averaged Pb displacement for each line of

atoms is calculated to be ∼1 Å, which is close to the averaged Pb displacement along [001]O direction

(∼ −1.1 Å), suggesting similar remanent, spontaneous polarization along [120]O and [001]O directions.

The polarization in out-of-plane direction (with respect to the film’s surface) is shown in Figure 3c: the

volumes of material with opposite relative polarization are intermixed, without a clear banding of simi-

larly oriented dipoles. Hence, macroscopically this polarization contribution is expected to be small, con-

sistent with the insignificant remanent polarization measured in the 001-oriented films.

Compared to the 001-oriented films, 042-oriented samples offer a very different polarization config-

uration. As shown in Figure 3d, while the displacements of the Pb atoms show both amplitude and di-

rection modulations, no polarization banding is observed either in the in-plane or out-of-plane directions

(with respect to the film surface). Absence of dipole bands might be due to a more homogeneous polar-

ization throughout the film or bands wider than the mapped area, consistent with previous reports of

PbZrO3 bulk ceramics, with approximately 500 nm wide domains[26]. Pb displacement along [011]O and

[012̄]O in Figure 3d is also calculated. Along [012̄]O, the averaged Pb displacement for each line of atoms

is ∼1.7 Å, while along [011]O, the averaged Pb displacement is ∼ −2.9Å. The substantially larger out-

of-plane Pb displacement compared to 001-oriented films is consistent with our observations of a room

temperature ferroelectric phase in the 042-oriented films, resulting in an observable remanent polariza-

tion at zero field. However, Pb displacement in 100 planes (of 042-oriented films) is in contradiction to

the accepted antiferroelectric structure of PbZrO3, which requires zero Pb displacement along directions

perpendicular to [100]. Additional polarization maps obtained throughout the films’ thickness are shown

in Supplementary Information with very similar observations of Pb displacement throughout the films’

thickness Figures S12-S15.

Our results are indeed substantially closer to incommensurate modulations – i.e. a structural order-

ing with non-integral modulation vector – previously reported in Pb0.98Nb0.02(Zr0.35Sn0.25Ti0.40)O3 bulk

ceramics and (Pb0.97,La0.02)(Zr0.95,Ti0.05)O3 thin films at room temperature, due to frustrated competi-

tion between long-range ferroelectric and short-range antiferroelectric phases [5, 27, 28]. In such cases,

uncompensated incommensurate modulations translate into a net remanent polarization at zero electric

field. Furthermore, uncompensated modulations of polarization at the nanoscale can be also considered

9
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as ferrielectricity, as recently reported in bulk Pb0.97La0.02(Zr0.50SnxTi0.50−x) (x = 0.50, 0.45, 0.375) ce-

ramics [6]. First reported in 1960 [29], ferrielectricity is by default strongly anisotropic and can translate

into ferroelectric response along specific crystallographic directions and antiferroelectric properties along

others. While, reports on ferrielectric crystals (except in polymeric materials) have been particularly rare

[6, 30], recent theoretical studies have indicated the possibility of a ferrielectric phase with higher stabil-

ity than the antiferroelectric phase in room temperature PbZrO3[10]. To explore whether this proposed

ferrielectric phase could be a possible candidate for our low-field ferroelectric phase, we computed its po-

larization and found that it would contribute by 0.0 and 12.5 µC/cm2 along the direction of measure-

ment for 001 and 042 films, respectively. Therefore, although larger than the experimental observations,

the previously theoretical ferrielectric phase is in excellent qualitative agreement with our anisotropic ex-

perimental observations.

Based on the above and the fact that the modulation of polarization is both orientation dependent

and incommensurate, we argue that the PbZrO3 films should be considered in a ferrielectric phase at

room temperature and in absence of strong external electric fields. We note that the macroscopic and

averaged functional and structural characteristics of these samples (e.g., double P -EAC and bipolar strain

hysteresis loops, quadruple transitions in the I -EAC curves shown in Figure 2), are consistent with those

considered as signatures of an antiferroelectric material. However, it is the microscopic features that de-

part substantially from those of an antiferroelectric structure. The fact that the archetypal antiferroelec-

tric PbZrO3 material does not indeed follow the traditional theory of antiferroelectricity, but rather of-

fers features more consistent with ferrielectricity is worth substantially greater consideration by the sci-

entific community. We hypothesize that ferrielectricity might emerge in other antiferroelectric composi-

tions, in proximity of the stability of the ferroelectric phase, as a transitional dipole arrangement, and

hence, might be further stabilized in thinner films.

Lastly, we note that the amplitude and orientation modulation of polarization in these films offers

substantial similarities to relaxor-ferroelectric materials. In relaxor-ferroelectrics, the “malleability" as-

sociated with the large underlying chemical and structural heterogeneities have been long considered as

a major contributor to their very large dielectric and electromechanical response. Indeed, the developed

strain and piezoelectric coefficient (d33,f ) of the highly oriented, phase pure, undoped PbZrO3 thin films

in this work are substantially superior to many PbZrO3-based antiferroelectric, PZT ferroelectric, and

relaxor-ferroelectric (1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] (PMN-PT) films reported in literature (Figure

4). The herein reported ferrielectric phase offers not only a “malleable" polarization, but also substantial
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Figure 4: Comparison of electromechanical properties of PbZrO3 films and other antiferroelectric and ferroelectric materi-
als. (a) maximum strain and (b) piezoelectric coefficient (d33,f ) of PbZrO3 thin films in this work, with other antiferroelec-
tric PZO-based [33, 34, 35], ferroelectric PZT[36, 37, 38, 39, 40, 41, 42], and relaxor-ferroelectric PMN-PT[42, 43, 44, 45]
thin films reported in literature.

access to polarization “design" through the strong orientation dependence of the properties. It is note-

worthy that compared to the above ferroelectric-based compositions, antiferroelectric-like materials have

lower dielectric loss, do not require pre-poling, and do not suffer from thermal, electrical or stress de-

poling that largely limit the functional range of ferroelectric materials in electromechanical applications

[31, 32]. Additionally, the very high electromechanical response in our PbZrO3 thin films is obtained in

samples processed via simple, low-cost chemical solution deposition rather than epitaxially grown on ex-

pensive substrates by complex tools requiring resource-intensive (ultra)high vacuum. The superior elec-

tromechanical response and simple, low-cost preparation method make these PbZrO3 thin films a com-

petitive and promising material for applications in nano-electromechanical devices. It is similarly possi-

ble that the malleable state of the polarization would offer, along specific directions, easily tunable po-

larization, enabling memristive devices.

Experimental Section

Sample Preparation: The PbZrO3 precursor solution were prepared by a 2-methoxyethanol (2MOE)-

based route with 70% excess Pb, described elsewhere[46]. Film orientation was controlled through the

use of a 0.08 M PbO solution (2MOE as solvent) seed layer to achieve 001-oriented films, 042-oriented

films were expected in the case that a seed layer was not used. PbZrO3 thin films were prepared by spin

coating onto platinized Si substrates (80 nm Pt/20 nm Ti/SiO2/Si). The films were spin coated at 3000

rpm for 30 seconds onto the substrates and pyrolyzed at 400 ◦C for 1 minute after each coating. The

films were crystallized, every two deposition and pyrolysis, in a rapid thermal annealer (RTA) or an oven

11
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at 725 ◦C for 1 minute. For the films with PbO seed layer, the PbO solution was spun coated at 3000

rpm for 30 seconds and pyrolyzed at 400 ◦C for 1 minute. The PbO layer was also crystallized at 700 ◦C

for 1 minute before the deposition of PbZrO3 layers.

X-ray Diffraction: XRD scans were performed with a Malvern PANalytical Alpha-1, with monochro-

mated incident Cu-Kα X-ray of wavelength 1.540598 Å. The operating power was set at 45 kV and 40

mA for the Cu X-ray source. 2θ scans from 20◦ to 70◦ with step size of 0.02◦ and scan rate of 10 seconds/◦

were performed. The optics used for the scans were 0.04 radian Soller slit for both incident and receiving

beams, 10 mm mask for incident beam, 1◦ anti-scatter slit, and 5.5 mm anti-scatter slit for the diffracted

beam. The PbZrO3 films were leveled with the sample holder and the obtained diffraction data were fur-

ther aligned with 400-Si peak at 69.15◦.

Electron Microscopy : EBSD and (S)TEM cross-section preparation were performed on an FEI Scios

DualBeam FIB-SEM system equipped with an EDAX Hikari XP EBSD system. EBSD was performed

at an accelerating voltage of 20 kV, nominal probe current of 1.6 nA and with SrTiO3 as the reference

perovskite solution. Orientation maps and grain size and grain boundary misorientation angle distribu-

tion plots were generated using the EDAX software package OIM Analysis. FIB milling was performed

at accelerating voltages of 30, 16, 8, 5 and 2 kV. (S)TEM was performed on a probe-corrected FEI Titan

Themis operated at 200 kV with a CEOS DCOR spherical aberration corrector. Pairs of HAADF images

(inner/outer collection angles of 91 and 200 mrad, respectively) were obtained and corrected for speci-

men drift using the MATLAB procedure detailed elsewhere[47]. Atomap[48] was used to extract the Pb

and Zr atom positions by Gaussian fitting to the drift-corrected data. Theoretical atom arrangements

and diffraction patterns used for reference are drawn based on lattice parameters from powder diffraction

file (PDF) with reference number 04-015-9392[49].

Functional Characterization: Top circular electrodes with diameters of 100 µm, 500 µm, and 1 mm

were deposited by sputtering (through a shadow mask) 80 nm of Pt in a Unifilm tool in Ar environment

(5 mTorr). All functional characterizations were performed on the electrodes with diameter of 500 µm,

unless otherwise specified. The dielectric response of as-prepared PbZrO3 films was measured with an

Agilent 4284A Precision LCR-meter (Agilent Technologies, Santa Clara, CA) at 1 kHz and 100 mV. Po-

larization versus electric field (P-E ) curves were measured with a Precision Multiferroic II Ferroelectric

Test System (Radiant Technologies Inc. Albuquerque NM) under AC electric fields at 100 Hz. Switch-

ing current loops were measured under AC electric fields at 50 Hz with the same tool. Dielectric permit-

tivity as a function of DC electric field was measured by an aixACCT DBLI system (aixACCT Systems

12
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GmbH, Germany) with a small signal voltage of 2 V and 1 kHz frequency. The DBLI tool was also used

for evaluation of effective piezoelectric coefficients under a small signal voltage of 2 V at 1 kHz. Strain

curves were also measured by the DBLI tool under AC electric fields at 100 Hz frequency averaged over

200 cycles. AC electric field dependent relative dielectric permittivity was also evaluated in the DBLI

system under a superimposed DC voltage of 3 V and increasing AC voltages with step size of 0.1 V and

frequency of 1 kHz. The dielectric and electromechanical properties of the samples remain mostly invari-

ant after the full set of measurements.

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

from the author.
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Leveraging highly oriented thin films, a ferrielectric phase is observed in PbZrO3 at room temperature and low field. Fer-
rielectricity is observed in modulations of amplitude and direction of the spontaneous polarization and large anisotropy
for critical electric fields, and is qualitatively consistent with theoretical predictions, and correlates with high dielectric
tunability and large strains.
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