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Complex polar structures of incommensurate modulations (ICMs) are revealed in chemically
modified PbZrO; perovskite antiferroelectrics using advanced transmission electron microscopy
techniques. The Pb-cation displacements, previously assumed to arrange in a fully compensated
antiparallel fashion, are found to be either antiparallel, but with different magnitudes, or in a nearly
orthogonal arrangement in adjacent stripes in the ICMs. Ab initio calculations corroborate the low-
energy state of these arrangements. Our discovery corrects the atomic understanding of ICMs in

PbZrO;-based perovskite antiferroelectrics.
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Antiferroelectric (AFE) crystals possess dipoles within
unit cells in an antiparallel arrangement so that the macro-
scopic polarization is fully compensated [1]. Under
the application of an electric field above the critical value,
Er, the antiparallel dipoles can be forced to align parallel,
leading to the transition to a ferroelectric (FE) phase [2].
And presumably, they resume the antiparallel arrangements
upon removal of the applied field [3—5]. Consequently,
double hysteresis loops with nearly zero remanent polari-
zations are recorded from the polarization vs electric-field
(P-E) measurement [4,6]. The most widely studied AFEs
are based on PbZrO;, which crystallizes in a distorted
perovskite structure with antiparallel Pb-cation displace-
ments. Such a structure is equivalent to a perovskite
with commensurate modulations (CMs) of {110}, i.e.,
a wavelength of four layers of its pseudocubic {110}, plane
[7-10]. As shown in Fig. 1(a), the antiparallel arrangement
of the Pb-cation displacements in PbZrO; is directly
verified by the mapping of Pb-displacement vectors on a
high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image. A schematic
diagram [7] illustrating the antiparallel arrangement in
adjacent stripes is redrawn in Fig. 1(b).

Because Ef in PbZrO; at room temperature exceeds its
dielectric strength [12], Sn and Ti in conjunction with a
small amount of Nb or La are added to reduce Ep for
practical applications [13—18]. The reduction in Er is
accompanied by the formation of 1{110}, (n is a non-
integer, typically between 6 and 8) incommensurate mod-
ulations (ICMs), which manifest themselves as fine fringes
in diffraction-contrast TEM images and satellite spots in
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reciprocal space [Fig. 1(c)] [13,16—18]. However, the
dipole arrangement in these incommensurate phases
remains elusive, due largely to their complex subdomain
microstructure [16,17]. Earlier studies interpreted the ICMs
as an ensemble of commensurate phases with coexisting
different integer n values (e.g., n =6, 7, or 8) [11,18,19].
The dipoles in adjacent stripes were believed to keep a
constant magnitude in an antiparallel arrangement across
neighboring stripes so that the overall polarization in AFE
domains remain fully compensated [Fig. 1(d)] [11].

Here we demonstrate that the classic view of the
dipole arrangement in ICMs is incorrect. With direct
cation displacement mapping in a series of PbZrO;-based
compositions (PbggoNboo2[(Zro575n0.43)1-, Tiy ] 4403, Te-
ferred to as PZ-100y hereafter), we reveal that the Pb
displacements in adjacent stripes of ICMs are not fully
compensated most of the time. Instead, they are either
antiparallel, but with different magnitudes along opposing
directions, or in a nearly orthogonal arrangement; i.e., these
previously thought fully compensated AFE domains, in
fact, bear a net polarization. These polar AFE domains
transition into the FE phase under applied electric fields and
resume their original configuration upon removal of the
field, leading to the AFE-like double P-E hysteresis loops
(see Fig. S1 in the Supplemental Material [20]).

Figure 2 illustrates the representative TEM micrographs
of chemically modified PbZrO; ceramics. Bright-field
TEM images in Figs. 2(a), 2(d), and 2(g) (top row) from
PZ-3, PZ-5, and PZ-6, respectively, show typical 90° AFE
domains with textured contrast. Selected area electron
diffraction (SAED) patterns along the [001], zone axis
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FIG. 1. (a) Typical HAADF-STEM image of CMs in PbZrO;,
with the SAED pattern shown in the inset. A Pb-displacement
vector map is overlaid on the image, showing the antiparallel
displacements of Pb cations in adjacent stripes. (b) Schematic
model of the CMs for PbZrO; proposed by Sawaguchi et al. [7].
A site (Pb), gray; B site (Zr), blue. (c) Typical bright-field TEM
image of ICMs in a Sn, Ti, Nb comodified PbZrO; ceramic, with
the SAED pattern shown in the inset. The ICMs are rendered as
fine fringes with a periodicity of ~2 nm. (d) Schematic model
of the ICMs as a mixture of stripes with a stochastic thickness of
two to four layers of the {110}, plane, proposed by He and Tan
[11]. A site (Pb), gray; B site (Zr, Sn, Ti, Nb), pink.

(shown in the insets) taken from the domain boundary
region present the satellite spots, ha* + kb* + Ic* +
1/n(a* + b*) (h, k, | are integers, and n represents the
periodicity of ICMs indicated in SAED), which are resulted
from the ICMs inside each domain [5]. Atomic-resolution
HAADF-STEM images were recorded from the upper and
the lower domains of each sample, shown in the second
and third rows, respectively. The atomic positions of both
the A-site (Pb) and B-site (Zr, Sn, Ti, and Nb) columns
were determined by fitting the intensity maxima in these
images using a two-dimensional Gaussian function (see the
Supplemental Material [20] for details). The off-center
displacements of Pb cations were calculated with respect to
the geometric center of the four surrounding B-site columns
and overlaid on the HAADF images. Strikingly, we found
that the dipole arrangement in ICMs deviates from the
“fully-compensated antiparallel model” depicted in Fig. 1(d).
In the upper domains, despite the Pb-displacement vectors
being basically antiparallel in adjacent stripes, those in the
wider stripes (blue) have larger magnitudes than the ones in
the narrower stripes (yellow), as shown in Figs. 2(b), 2(e),
and 2(h). This imbalance in the magnitudes becomes more
obvious from PZ-3 [Fig. 2(b)] to PZ-6 [Fig. 2(h)] when Ti
content gets higher. In the lower domains, Figs. 2(c), 2(f),
and 2(i), the Pb displacements tend to rotate from the
two antiparallel (110), toward the two orthogonal (100),

directions. Such rotation becomes more apparent when Ti
content increases. In PZ-3, the rotation is mainly noticed in
the narrower stripes [yellow in Fig. 2(c)], whereas in PZ-5
almost all of the Pb-displacement vectors in the narrower
stripes [yellow in Fig. 2(f)] and a large portion of those in the
wider stripes [blue in Fig. 2(f)] turned to the (100),
directions. In PZ-6, the Pb displacements are almost along
either [100], or [010], [Fig. 2(i)], forming an orthogonal
arrangement of dipoles in adjacent stripes.

We conducted HAADF-STEM image simulations under
our experimental conditions. The results confirmed that the
observed Pb displacements reflect the real atomic configu-
ration of dipoles rather than artifacts from the optical
system, sample thickness, and/or crystal tilts [28,29] (see
Table S1 and Fig. S2 in the Supplemental Material [20]).
Moreover, HAADF-STEM imaging and atomic-scale
energy-dispersive x-ray spectroscopy (EDS) mapping show
uniform chemistry across the domain boundaries as well
as within the neighboring stripes (see Fig. S3 in the
Supplemental Material [20]), indicating that the observed
dipole arrangement is not directly associated with the local
element distribution. Since the atomic structures found in
the composition series are distinct from both the classic AFE
and FE models, we denote these 90° domains as “‘transitional
state” and differentiate the two across the boundary as the
“antiparallel” side, Figs. 2(b), 2(e), and 2(h), and the
“orthogonal” side, Figs. 2(c), 2(f), and 2(i).

To better compare the Pb displacements in the series
with different Ti content, we extract the magnitudes of Pb
displacements from the vector maps in Fig. 2 by averaging
ten atomic layers of Pb along the stripes. The correspond-
ing polarization due to Pb displacements are quantified
through the equation

N
P="%"7,.
4 i=1

where N is the number of Pb atoms in the box under
consideration, V is the volume of the box, o; is the
displacement of the ith Pb, and Z* is the Born effective
charge for Pb, given as 3.92 in cubic PbZrO; by Zhong
et al. [30]. These data are plotted against the Pb positions
in Figs. 3(a)-3(c). It can be seen that the polarization due
to Pb displacements fluctuates across the modulations,
rendering wavelike curves. This sinusoidal fashion of
the Pb displacements across the ICMs was previously
reported by MacLaren et al. [31]. However, on the
antiparallel side, these polarization curves (blue) shift
toward one side of the two (110),, corresponding to the
imbalanced Pb displacements in opposing directions.
In addition, the shift gets more severe as Ti content
increases in the composition series. Accompanying with
the shift on the antiparallel side is a slight increase in
polarization components along (100), on the orthogonal
side (pink).
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FIG. 2. The top row is the typical bright-field TEM images of 90° domains in (a) PZ-3, (d) PZ-5, and (g) PZ-6. (Insets) SAED patterns
taken from the domain boundary region showing two sets of satellite spots, from which the periodicity of the ICMs
(n value) was calculated. The middle row shows the Pb-displacement vector maps overlaid on the HAADF-STEM images taken
from the upper domains in (b) PZ-3, (e) PZ-5, and (h) PZ-6. The Pb displacements in this row are in an antiparallel arrangement, but
those in the wider stripes (blue) have a larger magnitude than the ones in the narrower stripes (yellow). The bottom row presents the
Pb-displacement vector maps taken from the lower domains in (c) PZ-3, (f) PZ-5, and (i) PZ-6, where the Pb displacements tend to form

in a nearly orthogonal arrangement in adjacent stripes.

Such unique dipole arrangements in the ICMs lead to
uncompensated polarization within these transitional-state
domains. The magnitude of the net polarization is estimated
by summing the polarization vectors from corresponding
vector maps and displayed in Fig. 3(d). The calculated
net polarization increases with Ti content in the series,
e.g., 5.89 and 5.46 uC/cm? for the antiparallel and the
orthogonal side, respectively, in PZ-3, and 11.48 and
11.07 uC/cm? for the antiparallel and the orthogonal side,
respectively, in PZ-6. This tendency toward increasing net
polarization in transitional-state domains, together with the
reduced Er (see Fig. S1 in the Supplemental Material [20])
in the composition series, confirms that Ti on B sites in
perovskite oxides promotes FE ordering. Furthermore, the
presence of uncompensated polarization may be the reason

for the fact that all 90° boundaries analyzed in this Letter
have the antiparallel arrangement on one side, and the
orthogonal arrangement on the other side. A 90° boundary
with the same dipole arrangement on both sides would
carry a very high depolarization energy.

More insight on the formation of the antiparallel and
orthogonal domains was gained from density functional
theory (DFT) calculations (at 0 K). To assess the stability of
these polar domain structures, they were studied for both
PbZrO; and Pb(Zr( 5Sng 5)O3 and compared with the AFE
phase (Pbam-like), the ground state of PbZrOs;. Note that
Pb(Zry5Sng5)O3 is considered to largely resemble the
experimental compositions at a feasible computational
cost. The DFT optimized antiparallel and orthogonal
domain structures for PbZrO; and Pb(ZrysSngs)O; are
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(a)—(c) Pb-displacement magnitudes, extracted from the Pb-displacement vector maps, and the corresponding polarizations in

(a) PZ-3, (b) PZ-5, and (c) PZ-6. The upper plots in each panel (blue) are from the antiparallel side showing the components along the
two antiparallel (110), directions, whereas the lower plots in each panel (pink) are from the orthogonal sides showing the components
along the two orthogonal (100), directions. The displacements were averaged from ten layers of Pb cations along the length direction
of the ICM stripes. (d) Overall polarizations in the antiparallel and orthogonal sides of the three specimens calculated from the

corresponding vector maps.

displayed in Figs. 4(b)—4(e), and their ground state struc-
tures (Pbam-like) are present in Figs. S4(a) and S4(b) in the
Supplemental Material [20]. Note that the Pb displacements
obtained by DFT are mostly in the (001), plane
with zero or negligible out-of-plane components (see
the detailed atom position and displacement data in
Tables S2—S7 in the Supplemental Material [20]). For the
relaxed transitional-state domain structures in pure PbZrO;
as shown in Figs. 4(b) and 4(c), they retain the characteristics
of the antiparallel and orthogonal domains found in the
HAADF-STEM images, and their energies are only slightly
higher than in the AFE phase [Fig. 4(a)]. The antiparallel
structure has an energy of 4.3 meV/f.u. higher than in the
AFE phase, and it is 6.8 meV/f.u. for the orthogonal
structure. Similarly, the antiparallel and orthogonal
structures are also stable in Pb(Zr 5Sng5)O3, as shown in
Figs. 4(d) and 4(e), and compared with PbZrOs, the relative
energies are only 2.8 and 6.7 meV/f.u. higher than in the

AFE phase. A close examination of the orthogonal structure
reveals that the Pb displacements in the “blue” and “yellow”
stripes in Pb(Zr( 5Sny 5)O; are aligned closer to the [100],
and [010], directions, respectively, than in PbZrO;. The
optimized structures and the small energy differences
indicate that the antiparallel and orthogonal domain struc-
tures are metastable, and the stability improves with the
substitution of Sn on the B sites. Note that the transitional-
state domain structures are more complex than the AFE
phase; therefore, they are likely to be more favorable at finite
temperature due to the entropy contribution to the free
energy. Furthermore, the stabilization of the transitional-
state domain structures is related to the existence of a bilinear
coupling between the Pb displacements and the oxygen
octahedral tilting [32,33], such that the octahedra develop an
accommodating pattern to lower the energy cost of forming
Pb modulations (details are discussed in the Supplemental
Material [20]).
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FIG. 4. (a) DFT calculated energies of the antiparallel and

orthogonal domain structures relative to the AFE phase (Pbam-
like) for PbZrO3; and Pb(Zry5Snys5)0;3. (b),(c) DFT optimized
antiparallel and orthogonal domain structures of PbZrO;. (d),
(e) DFT optimized antiparallel and orthogonal domain structures of
Pb(Zry5Sny5)05. Pb, gray; Zr, blue; Sn, green; O, red. Pb
displacements are denoted in blue and yellow in different stripes.
The atom position and displacement data used to create (b)—(e) are
listed in Tables S4, S5, S6, and S7, respectively, in the Supple-
mental Material [20].

The presence of net polarization in the transitional-state
domains appears to contradict the measurement of double
P-E hysteresis loops on bulk samples in this composition
series (Fig. S1 in the Supplemental Material [20]). To
reconcile this conflict, we performed in situ electric-biasing
TEM experiments. The results show the transition of a
transitional-state domain to the FE phase under an applied
electric field, and its resumption to the original transitional-
state domain structure upon the removal of the field (see
Fig. S5 in the Supplemental Material [20] for details). The
full recovery of the hierarchical structure (domains, boun-
dary, ICMs, and cation displacements) hence explains the
nearly zero remnant polarization measured on bulk samples.

In summary, we uncover at the atomic scale that the Pb
displacements in ICMs of PbZrO;-based AFEs are either
antiparallel but imbalanced or in a nearly orthogonal
arrangement. The uncompensated dipole moments intro-
duce nonzero net polarizations in 90° AFE domains, and

their magnitudes increase with Ti content. In contrast to the
polar nature of the microstructure, macroscopically these
ceramics behave in an AFE manner with the characteristic
P-E double hysteresis loops of negligible remnant polari-
zation. Such unique structures in incommensurate modu-
lated PbZrOs-based AFEs can be viewed as a transitional
state between long-range FE and AFE orderings.
Experiments on other inorganic AFE oxides may also find
such a transitional state in the future.
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