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In the archetypal antiferroelectric PbZrO3, antiparallel electric dipoles cancel each other, 

resulting in zero spontaneous polarisation at the macroscopic level. Yet in actual hysteresis 

loops, the cancellation is rarely perfect and some remnant polarisation is often observed, 

suggesting the metastability of polar phases in this material. In this work, using aberration-

corrected scanning transmission electron microscopy methods on a PbZrO3 single crystal, we 

uncover the coexistence of the common antiferroelectric phase and a ferrielectric phase featuring

an electric dipole pattern of . This dipole arrangement, predicted by Aramberri et al. (2021) to 

be the ground state of PbZrO3 at 0K, appears at room temperature in the form of translational 

boundaries.  The dual nature of the ferrielectric phase, both a distinct phase and a translational 

boundary structure, places important symmetry constraints on its growth. These are overcome by

sideways motion of the boundaries, which aggregate to form arbitrarily wide stripe domains of 

the polar phase embedded within the antiferroelectric matrix.

1



Antiferroelectrics are materials with an antiparallel but switchable alignment of electric dipoles 

of equal magnitude so that, in the absence of external voltage, the macroscopic net polarisation is

zero [1]. Historically, PbZrO3 (PZO) was the first material proposed to be antiferroelectric [2,3], 

and is regarded as an archetype. Its electric dipoles arrange in a  fashion (Figure 1a) [2]. For 

antiferroelectrics, applying a large enough electric field can rearrange the electric dipoles in the 

same direction, causing an antiferroelectric to ferroelectric transition identifiable by a 

characteristic double hysteresis loop in the polarisation as a function of the electric field [35]. 

This antipolar-to-polar switching is accompanied by giant charge storage, volume expansion and 

temperature drop, and hence is promising in applications in high-density capacitors [68], high 

strain transducers [9,10] and electrocaloric cooling [11,12].

Closely related to antiferroelectrics, ferrielectric phases (characterized by possessing antiparallel 

but uncompensated electric dipoles) have also attracted attention [1318]. They are reported to 

exist in different forms and under various conditions. For example, a  dipole pattern was 

observed in chemically doped PZO [15,19]; in pure PZO, antiparallel electric dipoles with 

imbalanced magnitude were theoretically predicted to exist under an electric field [13,14], and a 

more complex ferrielectric structure with a  dipolar configuration was also proposed 

based on a combination of in-situ biasing X-ray diffraction and simulation results [17]. 

Interestingly, even the ground state of PZO has been proposed to be ferrielectric instead of 

antiferroelectric, as ab initio calculations by Aramberri et al. [16] suggest that a  dipole pattern

could be the lowest-energy state in PZO at 0K and possibly up to room temperature where, being

polar, it may contribute to the open double hysteresis loop in PZO [20,21]. Yet, this ferrielectric 

phase has not been experimentally observed.

In this work, we uncover the existence of domains of the  ferrielectric phase in PZO single 

crystal at room temperature. The ferrielectric periodicity is one dipole smaller than the 

antiferroelectric one, and therefore intercalated ferrielectric layers fulfil the role of translational 

boundaries (TBs). TBs are discontinuities in the periodic modulation of the antiferroelectric 

lattice and are intrinsic topological defects in PZO [2224]. A schematic explanation of such 

translational boundaries in antiferroelectrics is shown in Figure 1b. The concept can be 
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understood by viewing the antipolar ordering as a square wave modulation of the polarisation, 

with the period of the wave being equal to four perovskite unit cells (two dipoles in one direction

and two in the opposite one). The  translational boundaries (blue dotted lines in Figure 1b)  shift 

in the phase of this square wave by 1/4, 1/2 and 3/4 of the antiferroelectric (orthorhombic) unit 

cell, corresponding, respectively, to one, two or three pseudocubic building blocks. Domains on 

either side of a translational boundary are thus related by phase shifts of /2, , and 3/2 [23,24].

The breaking of translational symmetry implies a local disruption of the perfect dipole 

cancellation, and antiphase boundaries in antiferroelectrics are expected to be polar [25]. Wei et 

al. proved the polar nature of antiphase boundaries (translational boundaries with a phase shift of

) in 2014, and highlighted their potential in information storage applications [22]. 

FIG. 1. (a) A structure model of PZO (two unit cells outlined by black rectangles) and a Pb displacement (Pb 

displacement with respect to their four nearest Zr, yellow arrows) map obtained from a STEM-HAADF image of the

PZO single crystal visualized along the cO axis. (b) Schematics showing electric dipole arrangements and square 

waves representation of the perfect PZO, PZO with /2, , and 3/2 TBs. Blue dotted lines denote translational 
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boundaries. (c) A transmission electron microscopy bright field image showing TBs observed in PZO single crystal. 

Green arrows indicate thicker TBs.

Ferrielectric phases and translational boundaries thus share commonalities. Both are closely 

related to, and can appear within, antiferroelectrics, while at the same time being polar. In this 

work, we show that, in pure PZO, the ferrielectric Ima2 phase predicted to be the ground state of 

this material, exists at room temperature forming stripe domains that also act as translational 

boundaries of varying thickness and with phase shifts that are integer multiples of /2.

A single crystal of PZO was used as the sample for this study. Details of the single crystal 

fabrication method are provided elsewhere [26]. Electron-transparent lamellae were cut from the 

crystal using focussed ion beam lithography. The lamellae were heated up to 250 C and cooled 

down to favour the nucleation of different domains. Heated up to a lower temperature such as 

150 C or 200 C can also cause the nucleation of new ferrielectric domains close to ferroelastic 

domain walls (figure S1 in the supplementary materials), suggesting that mechanical strain may 

lower the barrier for their formation, consistent with their extended presence in epitaxial thin 

films [27].  

The samples show the expected antiferroelectric structure of PZO (Figure 1a), but also extended 

planar structures (Figure 1c). These are similar to those observed by Wei et al. [22], who 

identified them as  translational boundaries, i.e. boundaries that change the phase of the dipole 

arrangement by a factor of . We found, however, that the linear structures in the sample can 

have different thicknesses. Green arrows have been added in Figure 1c to mark some thicker 

ones. Further atomic-scale investigations of these stripe-like features, displayed in Figures 2  4, 

show that they are in fact ferrielectric domains that act de facto as translational boundaries with 

different phase angles multiple of /2. 
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FIG. 2. (a) A Pb displacement map superimposed on the corresponding STEM-HAADF image showing a TB 

separating regions with /2 difference in phase (along bO direction). (b) The GPA lattice rotation map of (a). The 

blue inset curve is an intensity profile of the lattice rotation map. (c) The Pb displacement curve by averaging rows 

from 1 to 19. Error bars, standard deviation. Black dotted lines, Pb displacement in ideal antiferroelectric PZO.

Figure 2a displays a scanning transmission electron microscopy high angle annular dark field 

(STEM-HAADF) image of the thinnest translational boundaries found in the PZO single crystal. 

Pb displacements (Pb) with respect to their four nearest Zr were extracted using Python with the 

“Atomap” library [28]. The obtained Pb map was superimposed on the corresponding STEM-

HAADF image. From the Pb map, a disturbance of antiferroelectric order can be observed. 

Electric dipoles arrange in the  manner, where an upward dipole is missed, and the single

unpaired dipole is larger in magnitude. On both sides of this dipole, the antiferroelectric domains

have a phase difference of /2 and a relative shift of 1/4 orthorhombic unit cells (i.e., one 

perovskite unit cell) along the orthorhombic b direction. We henceforth identify this ferrielectric 

structure as a /2 TB. 

We have also examined the lattice rotations by means of Geometric Phase Analysis (GPA) 

[29,30] on the atomic resolution STEM-HAADF images. GPA is a method to determine lattice 

strain and rotation from high-resolution images [31,32]. A GPA lattice rotation map from Figure 

2a is shown in Figure 2b. The rotation angle at the TB region and its modulation period are 

smaller than in other upper and lower regions. The intensity profile indicates this trend. Based on

this characteristic in GPA, it is possible to identify the TB even without a Pb map. It is also to be

noted that GPA gives precise strain or lattice rotation values when analyzing long-range 
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continuous strain. AFE PZO and TBs show short-range lattice modulations: the rotation angles 

change abruptly between neighbouring lattices and the corresponding values are therefore 

discrete. When applying GPA to PZO, the resulting lattice rotation map is sinusoidal-like (Figure

2b), because GPA defines lattice rotation at each pixel and its intrinsic averaging effect [33]. 

Even so, our results show the effectiveness of the GPA in determining the short-range 

modulation period and amplitude, and locating the TBs.

Quantitative analysis also shows that the magnitude of the middle unpaired electric dipole of the 

TB is bigger than the two satellite dipoles on either side, i.e., the dipolar structure is . This 

means that, though the internal symmetry of the /2 translational boundary is polar, its net 

polarisation can be positive, negative, or zero depending on the relative difference between the 

central dipole and the sum of the two satellites. Moreover, we find that this relative ratio can 

change continuously within the same TB. For example, on the far left of the TB of Figure 2a, the 

middle Pb (0.25 Å) is smaller than the sum of the satellite dipoles (-0.17 Å and -0.21 Å, 

respectively), while on the far right of the TB, the middle dipole (Pb, 0.31 Å) is bigger than the 

sum of the two satellites (Pb, -0.07 Å and -0.15 Å, respectively). 

In fact, despite the TB unit cell being polar, we find that the average polarisation is close to zero. 

The averaged Pb plot as a function of the atomic rows is shown in Figure 2c. The middle Pb 

(0.275 Å) is a little bigger than that in the antiferroelectric region and in the ideal PZO model 

(black dotted lines), while the satellite Pb (average values of 0.135 Å and 0.155 Å) are much 

smaller than the middle Pb, but the sum of the two (0.135 + 0.155 = 0.290 Å) is almost equal the 

antiparallel displacement of the central dipole (0.275 Å). The conclusion from this analysis is 

that the TB can change its internal polarisation from positive to negative or even zero while still 

preserving the relative sign of the internal displacements, i.e. modulating only their relative 

magnitude. This is a qualitative difference with respect to ferroelectrics, for which inverting the 

sign of polarisation requires inverting the sign of the atomic displacements within the unit cell. 

The ability to modulate the sign of the polarisation without having to overcome a discrete energy

barrier means that the internal polarisation of the TBs can adapt to local variations in electric 

fields. 
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In addition to the /2 TB, we have also observed TBs with two and three  dipole units (Figures

3a, 3b). By extrapolating the antiferroelectric domains across these regions, we see that the 

square waves that represent the antipolar modulation on both sides of the TBs shift by a period 

difference of 1/2 (Figure 3a) and 3/4 (Figure 3b), respectively, so these are TBs with phase 

differences of  and 3/2. Translational boundaries with four or more  dipole units have never 

been considered in previous research, yet they are also observed in our experiment. Figures 3c  

3e show the superimposed STEM-HAADF micrographs + Pb maps and GPA lattice rotation 

maps for wider TBs. From these images, four (Figure 3c), five (Figure 3d) and seven (Figure 3e) 

/2 TB structural units can be determined. 

The formation of /2,   and 3/2 TBs is theoretically justified: they are topologically inevitable 

whenever adjacent antiferroelectric domains nucleate at atomic sites separated by a non-integer 

multiple of 4 perovskite unit cells along the polar-modulation direction. They are topologically 

protected because, to eliminate a TB, it is necessary to change the phase (and thus rearrange the 

dipoles) of at least one of the adjacent antiferroelectric domains. In contrast, TBs with a phase 

difference of 2 (equal to four /2 TBs), such as in Figure 3c, do not enjoy such topological 

protection as there is no phase difference between the adjacent domains. Put another way: 4  

dipole units can be replaced by 3  antiferroelectric dipole units without disturbing the 

translational symmetry of the adjacent domains. Likewise, five or seven /2 TB can, in theory, 

be replaced by one antiferroelectric structural unit plus one or three /2 TB structural units, 

which would in principle lower the crystal’s energy if the antiferroelectric state was the ground 

state.
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FIG. 3. TBs or ferrielectric phases observed in PbZrO3 single crystal with (a) two, (b) three, (c) four, (d) five and (e) 

seven  structural units, corresponding to phase differences of , 3/2, 0, /2 and 3/2, respectively. A ferrielectric

structural unit is outlined by a white parallelogram in (a). A superimposed STEM-HAADF image + Pb map, a Pb 

displacement schematic and a GPA lattice rotation map are included in each panel. In Pb displacement schematics, 

the square waves are extended from outside (solid lines) to inside (dashes lines) of TBs until they meet, showing 

phase differences of , 3/2, 0, /2, 3/2, respectively. TBs, blue dotted lines.

At this point, then, it becomes necessary to reexamine whether these structures should still be 

regarded as translational boundaries. They can also be viewed as domains of a ferrielectric phase 

() embedded within the antiferroelectric matrix (). Since the thicker stripes are not a 

topological necessity, their existence suggests that the free energy of the ferrielectric phase must 

be sufficiently low to be at least locally stable at room temperature. Indeed, the three-dipole 
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arrangement of the TBs is the same unit cell proposed by Aramberri et al. [16] as the theoretical 

ground state of PZO. 

The dual nature of the FiE phase (both a separate phase and a translational boundary structure) 

also means that its growth is topologically hindered by the translational symmetry of AFE 

matrix. Nucleating new FiE domains at room temperature is nevertheless possible: we have 

observed it to happen as boundaries around small needle-like antiferroelectric domains (yellow 

arrow in Figure 4), typically nucleating near lattice discontinuities such as interfaces or twin 

walls (supplementary figure S1). Note that the continuity of the AFE matrix dictates that the two 

TBs that bound such needles must have a combined phase difference that is an integer multiple 

of 2. The electron-beam-induced motion of the FiE domains was also observed (blue arrows in 

Figure 4), showing that the ferrielectric phase is sensitive to electric fields [27]. 

FIG. 4. Nucleation and movement of FiE regions at room temperature, induced by sustained electron irradiation 

inside the TEM. The yellow arrow shows a new FiE stripe as the TB around a needle-like AFE domain. The upper 

blue arrows show the FiE stripe movements.

In order to fully characterize the ferrielectric unit cell, it is necessary to determine its oxygen 

positions. In STEM-HAADF images, only Pb and Zr can be observed. Instead, we turn to STEM 

integrated differential phase contrast (iDPC) imaging, which is sensitive to light elements [34] 
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and can image oxygens in perovskite oxides [35]. The results for a /2 and  TB are shown in 

Figures 5a and 5b, respectively. A primitive cell is outlined using a white parallelogram in 

Figure 54a. Along the aO direction, all horizontal oxygen chains are slightly rippled, and tilt in 

opposite directions on both sides of the biggest Pb displacements (central dipole in the TB 

structural units). Along the bO direction, the tilting pattern is /  | \, that is, clockwise, straight, 

anticlockwise, with the central (bigger) dipole coinciding with the untilted oxygen chain and 

showing the characteristic anti-correlation between tilts and polarisations in perovskites. A unit 

cell was outlined by a white rectangle in Figure 5b. The structural model built according to 

experimental results and optimised using density functional theory is shown in Figure 5c (more 

details in Supplementary materials, Figure S2). The space group of the optimised structure is also

Ima2, the same as that reported in Ref. [16].
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FIG. 5. (a, b) STEM-iDPC images showing Pb, Zr and O distribution at /2 and  TBs, respectively. (c) The 

ferrielectric PZO model. Two unit cells are outlined using black rectangles. (d) The STEM-HAADF image of the 

same FiE unit as that labelled “I” in (a). (e) The STEM-HAADF image of the same FiE unit as that labelled “II” in 

(b). (f) Unit cell scale spontaneous polarisation that was calculated based on the Pb, Zr and O positions in the 

corresponding iDPC images.

The HAADF images and superimposed Pb map corresponding to the FiE unit I and II labelled in

Figures 5a and 5b are shown in Figures 5d and 5e, respectively. By extracting Pb, Zr and O 

positions from iDPC images in Figures 5a and 5b, the polarisation was quantitatively calculated 

using the Born effect charge method where Ps = V-1 ∑
i

iZi and shown in Figure 5f. The FiE unit I 

shows positive and the FiE unit II shows negative polarisations, despite both having the same 

orientation of the central dipoles (see Figures 5d and 5e). This result provides further evidence 

that the sign of polarisation can change without switching the sign of Pb displacements. The 

Born effect charge used in the Ps calculation is from Ref. [22].

In terms of functionalities, since the FiE domains (TBs) are polar, and therefore piezoelectric and

capable of optical second harmonic generation. They also may contribute to the small remnant 

polarisation at 0V often reported in the double hysteresis loops of PZO [20,21,36,37] but, given 

the uncertainty about the magnitude of their polarisation, it is hard to quantify their contribution. 

The observation that polarisation can easily vary in magnitude and sign within ferrielectric 

domains also suggests that these structures have high dielectric susceptibility and increasing their

concentration may therefore be beneficial for capacitor applications. Since the FiE phase can be 

generated anytime the AFE phase is freshly nucleated, repeated field-induced switching of the 

antiferroelectric may result in a progressive accumulation of polar domains. This would manifest

as an “anti-fatigue”, whereby the remnant polarisation increases with the number of switching 

cycles; this is the opposite of ferroelectric fatigue, whereby polarisation decreases with repeated 

switching. This “reverse fatigue” phenomenon of antiferroelectrics has been observed [38]. 

Ferrielectrics share some of the properties of antiferroelectrics (they are antipolar lattices that can

be switched into a homogeneous polar state by application of an external voltage) and some of 

those of ferroelectrics (remnant polarisation, piezoelectricity and so forth). As such, they are an 

exciting prospect for new concepts in multifunctional devices combining both functionalities, 
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e.g. energy storage (antiferroelectric) and data storage (ferroelectric). Our work on single crystals

suggests that PbZO3 is energetically close to being ferrielectric, with the FiE phase showing up 

as translational boundaries that aggregate to form wider stripe domains where the phase 

difference is larger than 3/2, the maximum topological value [22]. Here, topological protection 

acts as a double-edged sword: it guarantees the existence of FiE domains in the form of 

translational boundaries, but it complicates their growth precisely because of its impact on the 

translational symmetry of the AFE matrix. Overcoming this obstacle will require either finding a 

composition or strain state where the FiE phase nucleates at a higher temperature than the AFE 

one, or else repeated switching in the hope that the progressive accumulation of TBs tilts the 

energy balance in favour of a homogeneous ferrielectric phase.
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