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ABSTRACT: Electric-field-induced antiferroelectric-ferroelectric
(AFE-FE) phase transition is a prominent feature of antiferro-
electric (AFE) materials. The critical electric field of this phase
transition is crucial for the device performance of AEFs in many
applications, but the determining factor of the critical electric field
is still unclear. Here, we have established the correlation between
the underlying structure and the critical electric field by using in
situ synchrotron X-ray diffraction and high-resolution neutron
diffraction in Pb(Zr,Sn,Ti)O3-based antiferroelectrics. It is found
that the critical electric field is determined by the angle between
the average polarization vector in the incommensurate AFE state and the [111]P polarization direction in the rhombohedral FE state.
A large polarization rotation angle gives rise to a large critical electric field. Further, density functional theory (DFT) calculations
corroborate that the lower energy is required for driving a smaller angle polarization rotation. Our discovery will offer guidance to
optimize the performance of AFE materials.
KEYWORDS: Incommensurate structure, PbZrO3-based antiferroelectric, dipole configuration, perovskite, dipole rotation

Electric field driven polarization switching, typically
characterized by the macroscopic hysteresis loop, is the

foundation of the various applications in dielectric materials. In
ferroelectrics (FEs), the critical electric field for polarization
reversal, termed the coercive field (EC), has significant
influence on the functional properties of FE materials.
Analogously, AFEs present a critical electric field, which
represents the phase switching point between an AFE-phase
and a FE-phase induced by the electric field. At the critical
electric field of AFEs, a large macroscopic polarization
develops and significant volume change typically occurs. The
manifestation of these parameters allows AFE materials to be
exploited for use in transducers, energy storage devices, and so
on.1 Particularly, the critical electric field is an important
parameter for AFE devices. For example, a small critical electric
field is required for the application as a driver2 while a large
one is beneficial to improve the energy storage density of
capacitors.3 Therefore, revealing the underlying mechanism of
critical electric field of AFEs is crucial to design high
performance materials.
Previous studies have found that AFEs with different

chemical compositions exhibit different critical electric fields,
and it is attributed to the strength of the FE order.4 In contrast
to the extensive studies on the EC of FEs,5,6 few studies
involved the underlying structure mechanism in the critical
electric fields of AFEs. Milesi-Brault et al.7 investigated the
rotation behavior of the typical AFE PbZrO3 thin film, and
they found that the critical electric field is highly dependent on
the direction of applying electric field. Fu et al.8 and Ma et al.9

investigated the chemical modified lead-based AFEs using
electron microscopy, and they found that the critical electric
field is related to the characteristic of the incommensurate
structure. Recently, our group revealed some new incom-
mensurate modulated dipole configurations in AFEs.10,11

Inspired by these results, we suppose that the critical electric
field may be related to the polarization rotation based on the
modulation dipole configurations.
In this work, by investigating a series of lead-based AFEs

w i t h d i ff e r e n t c r i t i c a l e l e c t r i c fi e l d
(Pb0.99Nb0.02[(Zr0.53Sn0.47)1−yTiy]0.98O3, 0.045 ≤ y ≤ 0.063)
using advanced diffraction techniques, the relationship
between the modulated dipole configuration and the critical
electric field was revealed. It is found that there is a
polarization jump rotation from the modulated dipole
configuration (in the aP−bP plane) to the [111]P direction,
and this rotation leads to the critical electric field. Interestingly,
the critical electric field strongly correlates with the rotation
angle θ between the average polarization vector and the [111]P
direction. A large θ leads to a large critical electric field. The
DFT calculations confirm that a small rotation angle
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corresponds to a small energy barrier. These results will
deepen the understanding of AFE theory and enlighten the
future design of AFE materials.
Several PbZrO3-based AFE ceramics in stoichiometry of

Pb0.99Nb0.02[(Zr0.53Sn0.47)1−yTiy]0.98O3 (y = 0.045, 0.05, 0.055,
0.060, and 0.063) have been fabricated by the solid-state
method. The details of the synthesis are shown in Supporting
Information. The polarization vs electric field hysteresis loops
(P−E loops) were collected at room temperature. As shown in
Figure 1a, all the samples exhibit well-defined double hysteresis
loops and zero remanent polarization (Pr), indicating a typical
characteristic of AFEs. In AFEs, the critical electric field (phase
switching field) from the AFE state to the FE state is defined as
EA−F and the backward switching field is defined as EF−A
(Figure 1a). As shown in Figure 1b, upon increasing the Ti
content from 0.045 to 0.063, EA−F decreased from ∼6.3 kV/
mm to ∼4.0 kV/mm, EF−A decreased from ∼4.0 kV/mm to
∼1.5 kV/mm, while saturated polarization (Ps) increased from
∼26.9 μC/cm2 to ∼31.2 μC/cm2. This phenomenon also has
been observed in other literature.12 In order to acquire the
internal structure evidence, an in-depth structural analysis is
required.
The Nb-doped Pb(Zr,Sn,Ti)O3 AFE systems were reported

to have complex incommensurate structures,13,14 which are
related to the atomic displacement and the tilting of the oxygen
octahedra.15 The difficulties in the analysis of the incom-
mensurate structure lie in the determination of the superspace
group and the oxygen atom position. The determination of the
superspace group can be referred to our previous work,10 and
the high-resolution neutron powder diffraction (HR-NPD)
was adopted, combined with Rietveld refinement, to unveil the
oxygen atom position. In this way, the precise crystallographic
parameters can be obtained.

After careful refinement for the HR-NPD data of different
AFEs, all the patterns (Figure S1) show a good agreement with
the experiment. The precise crystallographic parameters are
shown in Tables S1−S5. It can be seen that with increasing Ti
content, the change of the cell parameters is very small (Figure
S2a), suggesting that there is no relationship between the
critical electric field and the cell parameters. By comparison,
the magnitude of modulated vector q gradually decreases with
the increase of Ti content, and this trend is the same as the
critical electric field (Figure 1b). This phenomenon is also
observed by using selected area electron diffraction.8 For
incommensurate modulated structure in this case, the decrease
of q represents the increase of modulated period along the
[110]P direction. It is well-known that the prototype lead-
based AFE PbZrO3 is equivalent to a perovskite with a
commensurate structure of 1{110}P, i.e., a four layer periodic
dipole configuration (two dipoles remain in the same direction
in a period),16−19 and compared to the chemical-doped
modulated AFEs, in which more dipoles remain same direction
in a period, the dipoles in PbZrO3 are more difficult to be
switched under an electric field. Therefore, pure PbZrO3
always has an extremely high critical electric field.
In order to investigate the relationship between the dipole

configuration and the critical electric field, all dipole
configurations were quantitatively analyzed. Here, we took
one of the five chemical compositions (y = 0.063) as an
example to show their dipole configuration in the aP−bP plane
(Figure 2a). The detailed analysis process and theory can be
found elsewhere.10 The approximate supercell of
Pb0.99Nb0.02[(Zr0.53Sn0.47)0.937Ti0.063]O3 is shown in Figure 2b.
The shift of Pb atoms and the tilting of oxygen octahedra
present a modulated feature. It indicates that the incom-
mensurate structure is attributed to the coupling between the

Figure 1. (a) P−E loops for the Pb0.99Nb0.02[(Zr0.53Sn0.47)1−yTiy]O3 ceramics measured at room temperature. (b) The critical electric fields and the
Ps as a function of composition y in Pb0.99Nb0.02[(Zr0.53Sn0.47)1−yTiy]O3 ceramics.

Figure 2. (a) Schematic diagram of a perovskite cell. (b) Supercell schematic of Pb0.99Nb0.02[(Zr0.53Sn0.47)0.937Ti0.063]O3. (c) 2D-dipole
configuration of Pb0.99Nb0.02[(Zr0.53Sn0.47)0.937Ti0.063]O3.
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atomic displacement and the oxygen octahedra tilting. The 2D-
dipole configuration is shown in Figure 2c, and each arrow
represents a dipole in a perovskite in Figure 2b. Evidently, the
magnitude and angle of dipoles gradually change along the
incommensurate direction of [110]P. Hence, dipoles are not
strictly parallel to the [1̅10]P direction, and the polarization
cannot be fully compensated in the [1̅10]P direction.
Compared to pure PbZrO3, the AFE with this kind of dipole
configuration has a smaller critical electric field. This requires

us to reunderstand the structure−property correlation of AFE
materials.
In order to compare the polarization of different AFEs, the

polarization components along the [1̅10]P direction (perpen-
dicular to the incommensurate direction) and the [110]P
direction (parallel to the incommensurate direction) are
shown in Figure 3a and Figure 3b, respectively. Apparently,
the polarization components in two directions all present a
sinusoidal-wave feature. In particular, the [1̅10]P direction
presents a dominating polarization compared to the [110]P

Figure 3. (a) Polarization component along [1̅10]P. (b) Polarization component along [110]P direction. (c) Polarization magnitude (maximum
local polarization minus minimum local polarization in the [1̅10]P direction). (d) Net polarization (the integral area of each curve in part a) in
[1̅10]P direction. The physical meaning of t can be found in Supporting Information.

Figure 4. (a) Fitted 45° sector diffraction peaks of {220}P and {222}P at 0 kV/mm and 5 kV/mm. (b) Evolution of incommensurate (IC) peaks as
a function of the bipolar electric field at 45° sector.
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direction. As seen in Figure 3a, with the increase of Ti content,
the polarization−t curves move up, which indicates that the
local polarization is enhanced. For example, the maximum local
polarization increases from ∼14 μC/cm2 to ∼24 μC/cm2 when
the Ti content increases from 0.045 to 0.063. However, the
polarization in the [110]P direction is relatively stable, and the
maximum local polarization is between 6 and 7 μC/cm2. It
indicates that the change of Ti content has little effect on the
polarization in the [110]P direction. The polarization height
(maximum local polarization minus minimum local polar-
ization) and the net polarization along the [1̅10]P direction,
extracted from Figure 3a, are shown in Figure 3c,d. Both the
polarization height and net polarization are increasing with the
increase of Ti content. This implies the enhancement of
ferroelectricity with the increase of Ti content. As expected,
the saturation polarization also increases with the Ti content
increasing (Figure 1a). It suggests a strong dependence
between the microscopic local polarization and the macro-
scopic saturation polarization. The ferroelectricity at the zero
electric field represents the potential ability to be induced into
a ferroelectric state under the high electric field. In other
words, the ferroelectricity at the ground state will be released at
the high electric field; hence the AFE with the higher net
polarization or the polarization height tends to have higher
saturation polarization.
To probe the crystal structure evolution under the electric

field, synchrotron radiation in situ experiment was applied on
the sample of Ti content of 0.063. The details of the data
collection can be found in our previous work.20 Previous
experiments showed that the data of the 45° sector have a
negligible texture effect, so it is suitable to study the phase
transition process. The pseudo-Voigt peaks were used to fit the
{220}P or the {222}P peaks. As shown in Figure 4a, at 0 kV/
mm, the {220}P peak shows an obvious splitting feature, while
the {222}P peak does not. This is the typical characteristic of
the orthorhombic phase (O phase), which is consistent with
the HR-NPD refinement results. Oppositely, the {222}P peak
at 5 kV/mm shows a splitting feature, while the {220}P peak
does not, which shows a typical characteristic of the
rhombohedral phase (R phase). This suggests that the
structure evolution induced by the electric field is from O
phase to R phase. The incommensurate peaks (IC peaks) also
show an interesting evolution (as seen in Figure 4b). The IC
peaks appear at the low electric field and disappear at the high
electric field. When the electric field is gradually removed, the
IC peaks appear again. Particularly, this evolution is very
drastic, and the IC peaks do not change before the electric field
reaches EA−F. Beyond the EA−F, IC peaks disappear suddenly.

The opposite process also occurs around the EF−A. This drastic
change is consistent with the jump change of the polarization
near the critical electric field of the hysteresis loops (Figure
1a).
To further verify the precise structure under different electric

fields, the Rietveld refinement was carried out on the data of
two electric fields (0 kV/mm and 5 kV/mm). The result of the
refinement shows a great agreement with the observed data
(Figure S3, Table S6). Therefore, the electric-field-induced
phase transition is identified and this phase transition can be
attributed to the polarization rotation from incommensurate O
phase to R phase in AFEs. It is worth noting that the
polarization rotation is also reported in FE systems.21−23 To
describe the difference in the polarization rotation of the
different AFEs, a rotation angle was proposed in this case.
The schematic of the rotation angle, θ, is shown in Figure 5a.

It represents the angle between the initial dipole and the
[111]P direction. As mentioned early, the dipole configuration
at ground state is modulated, so the direction of dipoles are not
strictly along the [1̅10]P direction (Figure 2b). Therefore, the
average θ in one period was used to describe the rotation angle
of an AFE. Considering that the magnitude of the dipoles also
affects the critical electric field, a weight factor w was defined to
quantify the influence of the dipole magnitude. Consequently,
the w can be calculated by the following formula:

= = w

Nw
i
N

i i1
(1)

where the i represents the angle between the ith dipole vector
and [111]P direction, the N represents the number of the
perovskite cells in one period, in this case, N = 100, and the wi
represents the weight factor of the ith dipole vector. It can be
estimated by the following formula:

=w
m

mi
i

max (2)

where the mi represents the magnitude of the ith dipole vector,
and the mmax represents the maximum magnitude of the
dipoles.
Considering the synergistic effect and lowest-energy

principle, it is necessary to state the basis of the calculation
here. First, for an orthorhombic AFE, under the electric field,
the polarization always tends to rotate to the same terminal
⟨111⟩P direction in a long-range. Otherwise, there is a large
stress gradient between two adjacent perovskites, which is
unstable (Figure S4). Second, there are four ⟨111⟩P directions
([1̅11]P, [11̅1]P, [1̅1̅1]P, and [111]P) that may become the

Figure 5. (a) Schematic of rotation angle θ. (b) Rotation angle θw as a function of the composition y. It is worth noting that the θw is not an angle
in the normal sense; that is why it will less than 35.2°. (c) DFT calculated energies with respect to different polarization rotation paths: Path-1,
[100]P → [111]P; Path-2, [110]P → [111]P.
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terminal direction; i.e., there are four paths, but the rotation
angle must be the smallest one to ensure the energy cost is
lowest. On this base, the rotation angle w as a function of
composition y is shown in Figure 5b. Interestingly, with
increasing composition y, the w decreases gradually. This
trend is consistent with the critical electric field (Figure 1b).
This result indicates that the critical electric field is highly
dependent on the rotation path of dipoles, which means a
larger value of w indicates a stronger critical field. This
conclusion can also be supported by the following facts. The Ec
of rhombohedral FE (R-phase FE), in which the dipole need
rotate 71°, is usually smaller than that of tetragonal FE (T-
phase FE), in which the dipoles need rotate 90°.24 Cohen et al.
have proposed that polarization rotation along minimum free
energy path favors a large piezoelectric response.25 Therefore,
the rotation path in this case may be related to the energy
barrier to overcome under the electric field, which can be
further supported by the following theory calculations.
More insight on the relationship between rotation angle and

energy barrier was gained from density functional theory
(DFT) calculations using PbZrO3 as a model. The same
method also has been used in other electronic studies.26−29 To
assess the energy barrier of different rotation angles, two paths
were selected, one is [100]P to [111]P and the other is [110]P
to [111]P (the details of DFT calculation are provided in
Supporting Information). The differences of DFT calculated
energies, so-called energy barrier, with respect to different
paths are displayed in Figure 5c. Note that the Path-1 has an
energy barrier of 45.4 meV/f.u. much higher than that of Path-
2 (15.7 meV/f.u.). As expected, this trend is consistent with
the change of the rotation angles (as shown in Figure 5b). It is
confirmed that a small rotation angle will lead to a small energy
barrier, which further will lead to a small critical electric field of
AFEs. These results are consistent with the experimental
results (Figure 1b).
The above results visually exhibit the process of polarization

rotation and reveal the intrinsic correlation between the dipole
configuration and the critical electric field of AFEs. Through
introducing the rotation angle, the internal determining factor
of the critical electric field is found and the FE and AFE
theories are well unified by this polarization rotation
mechanism. These results clarify the important role of the
incommensurate structure in AFEs and offer a picture of the
connection between chemical, crystal structure, and function-
ality.
In summary, we revealed the correlation between the

complicated polarization and important macroscopic critical
electric field of AFE-to-FE phase transition in AFEs, through
quantitative analysis of the modulated structure of Nb-doped
Pb(Zr,Sn,Ti)O3 ceramics. The dipole configuration of a series
of AFEs was revealed by using HR-NPD refinement, and the
polarization jump rotation was observed through synchrotron
radiation in situ experiments. A rotation angle was introduced
to quantitatively estimate the polarization rotation process
between the initial (IC AFE) state and the terminal (FER)
state. The results show that a large rotation angle leads to a
large critical electric field. Confirmed by the DFT calculation, a
large rotation angle requires a higher energy barrier. It implies
that the rotation angle is the determining factor of the
macroscopic critical electric field. This work precisely describes
the relationship between the incommensurate modulated

structure and macroscopic properties of lead-based AFEs,
which will lay a foundation for future AFEs research.
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