
Gao et al. Microstructures 2022;2:2022010
DOI: 10.20517/microstructures.2022.03

Microstructures

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, 
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as 

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

www.microstructj.com

Open AccessResearch Article

An intriguing canting dipole configuration and its 
evolution under an electric field in La-doped 
Pb(Zr,Sn,Ti)O3 perovskites
Botao Gao1,2, Hui Liu1,3, Zhengyang Zhou2, Ke Xu4, He Qi1,3, Shiqing Deng1,3, Yang Ren5, Junliang Sun6, 
Houbing Huang4, Jun Chen1,3

1Beijing Advanced Innovation Center for Materials Genome Engineering, Department of Physical Chemistry, University of Science 
and Technology Beijing, Beijing 100083, China.
2Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 201899, China.
3School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China.
4School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, China.
5X-Ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA.
6College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China.

Correspondence to: Prof./Dr. Jun Chen, Beijing Advanced Innovation Center for Materials Genome Engineering, Department of 
Physical Chemistry, University of Science and Technology Beijing, No. 30 Xueyuan Road, Haidian District, Beijing 100083, China. 
E-mail: junchen@ustb.edu.cn

How to cite this article: Gao B, Liu H, Zhou Z, Xu K, Qi H, Deng S, Ren Y, Sun J, Huang H, Chen J. An intriguing canting dipole 
configuration and its evolution under an electric field in La-doped Pb(Zr,Sn,Ti)O3 perovskites. Microstructures 2022;2:2022010. 
https://dx.doi.org/10.20517/microstructures.2022.03

Received: 1 Mar 2022  First Decision: 18 Mar 2022  Revised: 28 Mar 2022  Accepted: 1 Apr 2022  Published: 18 Apr 2022

Academic Editor: Zibin Chen  Copy Editor: Peng-Juan Wen Production Editor: Peng-Juan Wen

Abstract
Despite the fact that electric dipole ordering plays a key role in the unique physical properties of dielectric 
materials, electric dipole configurations mostly appear simply as either parallel or antiparallel. Here, we report a 
canting electric dipole configuration in La-doped Pb(Zr,Sn,Ti)O3 perovskites based on advanced neutron, 
synchrotron X-ray and three-dimensional electron diffraction techniques. It is revealed that, arising from the 
coupling between the atomic displacement and oxygen octahedral tilting, this unique electric dipole configuration 
displays a canting arrangement aligned in the (110)p plane that possesses an antiparallel component along the 
[110]P direction and a parallel component along the [001]P direction. Remarkably, under an in-situ electric field, the 
electric dipoles continuously rotate with a gradually reduced canting angle, as confirmed by phase-field 
simulations, and ultimately evolve into a ferroelectric ordering. Such an evolution gives rises to a small hysteresis 
and an equivalent lattice strain to the macroscopic strain. These findings enrich the current understanding of the 
types of electric dipole configurations in dielectric materials and are expected to aid the design of new dielectric 
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materials with emergent properties.
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INTRODUCTION
The breaking of time-reversal symmetry results in magnetic dipoles and the formation of magnetic 
functional materials. The presence of electric dipoles arising from the breaking of space inversion symmetry 
is responsible for the rich functionalities of dielectric materials[1]. The alignment of these dipoles 
synergistically with the crystal lattice governs their defining physical properties. Parallel magnetic moments 
and electric dipole alignments give rise to ferromagnetism and ferroelectricity (FE), respectively, while the 
antiparallel equivalents can be termed as antiferromagnetism (AFM) and antiferroelectricity (AFE). In 
addition to these simple collinear configurations of magnetic moments, many complex non-collinear ones 
have been found, including cycloidal[2], helicoidal[3], canting[4], conical[5], spin spirals[6], spin-density waves[7] 
and skyrmions[8,9]. Such non-collinear magnetic moments can lead to a variety of staggering physical 
phenomena, such as magnetocaloric[10] and anomalous Hall effects[11], magnetostrictions[12] and negative 
thermal expansion[13,14]. In contrast, the typical arrangement of electric dipoles seems to be much simpler. 
Most configurations are parallel or antiparallel collinear configurations, as exemplified by ferroelectric 
PbTiO3 and antiferroelectric PbZrO3. The non-collinear ordering of electric dipoles has rarely been reported 
so far[15-18]. Given the fact that electrical properties are governed by electric dipole configurations, the 
discovery of a new configuration is of great significance for not only understanding the nature of dielectric 
properties but also for designing new materials.

It is well known that many complex magnetic moment orderings stabilized by the competition between 
different energy states often manifest in complex commensurate/incommensurate modulated periods in 
crystal structures[13,14,19]. Similar phenomena have been found in recent studies of dielectric materials. A 
helical electric dipole ordering has been discovered in the incommensurate ferroelectric BiCuxMn7-xO12 
quadruple perovskite[20]. Very recently, both sinusoidal and cycloidal arrangements of electric dipoles have 
been revealed in PbZrO3-based antiferroelectrics[15,21], which occur as a result of the competing AFE and FE 
orderings. It is noteworthy that chemically modified PbZrO3-based perovskites present significant structural 
diversity involving oxygen octahedral  distort ions/rotat ions,  as  evidenced by various 
commensurate/incommensurate structures from electron diffraction[22-27]. This allows for the existence of 
different competing exchange interactions. Hence, it is hypothesized that interesting electric dipole 
configurations could be hidden in PbZrO3-based perovskites.

Herein, we report an example of a canting electric dipole ordering in PbZrO3-based perovskites, and its 
complex modulated crystal structure is resolved using combined advanced diffraction techniques. In 
particular, the electric dipole component along the [110]P direction presents an antiparallel alignment, while 
the parallel component along the [001]P direction, resulting in a canting dipole configuration. These electric 
dipoles are manifested as continuous rotational behavior, where the canting angle of the dipoles decreases 
and ultimately evolves into the FE ordering by applying an in-situ electric field. This microscopic evolution 
gives rise to a slim macroscopic P-E loop, which is analogous to the corresponding canting AFM ordering. 
Finally, the relationship between the slim P-E loop and canting dipole configuration is confirmed by phase-
field simulations. These findings enrich our understanding of the types of electric dipole configurations in 
dielectric materials and reveal the internal mechanism of the formation of AFE hysteresis loops.
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METHODS
Materials synthesis
The sample was prepared by a conventional solid-state method. PbO, La2O3, ZrO2, TiO2 and SnO2 powders 
with purit ies of  at  least  99% were weighed according to the stoichiometric formula 
(Pb0.91La0.06)(Zr0.42Sn0.40Ti0.18)O3  (abbreviated as PLZST). A 2 wt.% excess of PbO was added to compensate for 
the volatilization of Pb during sintering. The raw powders were ball-milled for 6 h and dried at 105 °C. The 
mixed powders were calcined at 890 °C for 2 h, followed by grinding in an agate mortar. A 6 wt.% polyvinyl 
acetate binder was added, and then the powders were pressed into disks of 10 mm diameter and 1 mm 
thickness at 150 MPa. Finally, the binder was burned out at 550 °C for 2 h, and the pellets were sintered at 
1300 °C for 1 h.

Electrical property measurements
For the electrical measurements, the ceramic disks were polished to 0.6 mm in thickness, and Au thin films 
were sputtered to both sides as electrodes. The P-E and S-E loops were measured on an aixACCT TF 
Analyzer 1000 (aixACCT Co., Aachen, Germany) at 1 Hz and room temperature. The voltage waveform 
used for the measurements was a triangle wave.

Three-dimensional electron diffraction
The three-dimensional (3D) electron diffraction data were collected using transmission electron microscopy 
(TEM, Tecnai F20, FEI) with a submicron crystal. The selected dataset was collected with a tilt angle range 
from -45° to 45° and an exposure time of 1 s. The goniometer tilt step was 0.5°. More details are presented 
in the Supplementary Information.

High-resolution neutron powder and synchrotron X-ray diffraction
The ceramics were crushed into a powder for the high-resolution neutron powder diffraction (HR-NPD) 
and high-resolution synchrotron X-ray diffraction (HR-SXRD) measurements. HR-NPD (λ = 1.6225 Å) was 
carried out at the Wombat diffractometer, Australian Centre for Neutron Scattering. HR-SXRD 
(λ = 0.4499 Å)  was measured using the BL44B2 beamline of SPring-8, Japan. All the samples were 
synthesized under the same conditions.

RESULTS AND DISCUSSION
Typical La3+- or Nb5+-doped Pb(Zr,Sn,Ti)O3 AFE systems have been intensively studied due to the applicable 
activated electric field of the AFE-to-FE phase transition and excellent electric properties. Distinguished 
from structural studies of compositions with low Ti4+ and La3+ contents that exhibit typical double hysteresis 
loops, some researchers reduced the hysteresis by increasing the content of La[28,29]. This result is of great 
significance for the design of materials with low energy loss. This phenomenon also suggests that an 
interesting dipole configuration is hidden in this small hysteresis AFE. In this work, the representative 
composition of PLZST located in the region with higher La3+ and Ti4+ contents, which exhibits a unique slim 
hysteresis loop[30], was selected to reveal the emergent electric dipole configuration.

It is well known that the electric dipoles of perovskites are attributed to the displacements between the 
cations and the centroid of the surrounding oxygen polyhedra. Therefore, a precise crystal structure analysis 
is critical to reveal the electric dipole configuration. Two difficulties should be well resolved for the precise 
analysis of the crystal structure. One is the establishment of a space group and the other is the 
determination of the position of the light element oxygen. To resolve such difficulties, a combination of 
modern structural analysis methods has been performed by taking advantage of 3D electron diffraction 
(3D ED) , HR-NPD and HR-SXRD. It is known that electron diffraction is always the preferred method to 
find the symmetry of a new structure. Compared to conventional selective area electron diffraction, 3D ED 
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can reveal more complete structural information with the help of tomography. Neutron diffraction has an 
incomparable advantage in determining the position of oxygen. SXRD can improve the accuracy of the 
structural analysis.

The overview and representative reflection planes of 3D ED are shown in Figure 1A-D. Conventional TEM 
also shows a similar result [Supplementary Figure 1]. According to symmetry operators (the computer-
aided program can be seen in the Supplementary Information), an orthorhombic cell of sqrt(2)ap × sqrt(2)bp 
× 2cp (Z = 4)  can be used to index the whole dataset. The reflection conditions of 3D ED were summarized 
as: hkl: h + k + l = 2n; hk0: h + k = 2n; 0kl: k + l = 2n; h0l: h, l = 2n, which suggests three possible space groups 
of Imam (non-polar), Ima2 or Ia (low symmetry). Owing to the non-negligible remnant polarization of the 
macro property, the polar space group Ima2 is reasonable.

To further determine the crystal structure of PLZST, both HR-NPD and HR-SXRD were adopted 
[Supplementary Figure 2].  Finally, a polar orthorhombic unit cell of Ima2 [ao = 5.77245(8) Å, bo = 
5.77524(8) Å and co = 8.14033(6) Å] was obtained by the joint refinement [Figure 1E and F, Supplementary 
Table 1]. Notably, this space group is different from typical AFEs, such as PbZrO3 (Pbam)[31], 
AgNbO3 (Pmc21)[32] and NaNbO3 (Pbcm)[33]. As shown in Figure 1E, there are two perovskite cells (dashed 
line) stacked along the co-axis,  coupled with the a-a-c0 oxygen octahedral tilting. Such a phenomenon is 
directly related to the commensurate structure corresponding to the ½(ooo)P reflections in Figure 1B and 
Supplementary Figure 1A. From the top view [Figure 1F], it is clear that the titling of the two adjacent 
octahedra (as indicated by the yellow arrows) are in the opposite direction. Therefore, this commensurate 
structure arose from the coupling between the atomic displacement and the octahedral titling.

In a perovskite structure, the electric polarization can be estimated by:

where δZi is the polar displacement of the A- or B-site (shown in Supplementary Figure 3A) defined as the 
shift between the cations and the centroid of the oxygen polyhedral, qi is the chemical valence of the cations 
and V is the unit cell volume of the perovskite. Supplementary Figure 3B shows the polarization component 
along [110]P and [001]P directions. The 3D dipole configuration, merged by different polarization 
components, is shown in Figure 2B and the corresponding stacked perovskite cells are presented in 
Figure 2A. Interestingly, electric dipoles with different orientations align along the [001]P direction 
[Figure 2B], resulting in a canting arrangement. Different from pure AFE PbZrO3 [Supplementary Figure 4], 
in which the polarization only aligns in the ap-bp plane, PLZST shows not only an in-plane AFE 
characteristic, but also an out-of-plane FE characteristic along the [001]P direction. The projection of electric 
dipoles is antiparallel (AFE characteristic) in the (001)P plane (given in gray) and parallel (FE characteristic) 
in the (110)P plane (given in orange). The polarization component along the [110]P direction is only ~2 
μC/cm2 for PLZST, which is smaller than the local polarization in a perovskite unit of prototype PbZrO3 
(~26 μC/cm2) (calculated based on ref.[31]). Furthermore, a larger value of 7.9 μC/cm2 is observed along the 
[001]P direction, resulting in a net polarization along the [001]P direction. Therefore, the polarization of 
PLZST has a significant local FE component, which is different from traditional AFEs. It is noteworthy that 
the local FE component has been discovered in several electric dipole configurations[15-18], which act as 
bridges between the classical AFE and FE states. These are the result of the competition between the FE and 
AFE orderings, which can lead to different incommensurate and commensurate transition routes.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
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Figure 1. (A-D) Overview and representative reflection plane patterns. The reflection peaks marked by the yellow arrow in (B) arise 
from the commensurate structure along the [001]P direction. (E, F) Crystal structure of PLZST and the geometry relationship between 
the orthorhombic unit cell (solid black line) and the perovskite lattice (dotted black line). Subscripts O and P denote the orthogonal and 
perovskite lattices, respectively. PLZST: (Pb0.91La0.06)(Zr0.42Sn0.40Ti0.18)O3.

Figure 2. Canting polarization configuration in PLZST. (A) Schematic diagram of ap × bp × 4cp perovskite cells. (B) Spatial electric 
dipole configuration corresponding to the stacked perovskite cells in A. (C) Schematic of the arrangement of electric dipoles 
corresponding to 4 × 4 × 4 perovskites cells. The γ in the projection of the (110)p plane indicates the canting angle. Subscripts O and P 
denote the orthogonal and perovskite lattices, respectively. PLZST: (Pb0.91La0.06)(Zr0.42Sn0.40Ti0.18)O3.

The dipoles of two adjacent perovskite cells are arranged at a fixed angle γ of 27.5° in the (110)p plane (given 
in cyan). Figure 2C shows the arrangement of the electric dipole matrix. In analogy with the canting AFM 
structure, this arrangement of polarization can be termed as a new “canting AFE structure”, whose angle γ is 
the so-called “canting angle”. When γ equals 0° or 180°, a typical FE or AFE state occurs, respectively.
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These results lead to a new question, how does the canting electric dipole configuration respond to an 
external electric field? The P-E and S-E hysteresis of PLZST are shown in Figure 3A. To reveal the evolution 
of the electric dipole configuration under the applied electric field, in-situ SXRD was performed. 
Interestingly,  no phase transit ion can be observed according to the diffraction data 
[Supplementary Figure 5]. This is completely different from those AFE materials showing a large 
polarization hysteresis, which is ascribed to the electric field-induced phase transition[15,34,35]. No phase 
transition is the fundamental reason for the extremely small hysteresis of the present PLZST [Figure 3A].

To further reveal the electric dipole evolution as a function of the electric field, the structural refinement 
against in-situ diffraction patterns was adopted by using the single orthorhombic model. As shown in 
Figure 3B, the lattice expands continuously along the co-axis direction, i.e., the cp direction, which displays a 
similar shape to the macroscopic S-E loop. In particular, the lattice strain at 6 kV/mm (0.07%) is very close 
to the measured macroscopic strain (0.075%), suggesting that the macroscopic strain mainly comes from the 
intrinsic lattice strain. In order to reveal the dipole configuration under different electric fields, the 
polarization under three electric fields, 0 kV/mm, 3 kV/mm and 6 kV/mm, were calculated based on the 
Rietveld refine results (shown in Supplementary Tables 2-4). Figure 3C shows the polarization as a function 
of the electric field. Interestingly, the value of polarization grows in the [001]P direction but fades in the 
[110]P direction. For example, along the [001]P direction, the polarization increases from 8.4 μC/cm2 at 
0 kV/mm to 23.2 μC/cm2 at 6kV/mm, while along the [110]P direction, it reduces from 2.1 μC/cm2 at 
0 kV/mm to 0.5 μC/cm2 at 6 kV/mm. Simultaneously, the canting angle γ decreases from 27.6° at 0 kV/mm 
to 2.7° at 6 kV/mm [Figure 3D]. The present result shows that the polarization rotates continuously to the 
[001]P direction driven by the electric field.

Figure 3E-G shows the electric field-induced evolution of the canting AFE structure more intuitively. It is 
interesting to see that the configuration of the electric dipoles evolves from a “canting” state to a “parallel” 
one by loading the electric field, leading to lattice strain along the co-axis (as shown in Figure 3B). Note that 
such continuous rotation of the dipoles as a function of the external field could be a general role in such 
dielectric and magnetic functional materials, such as electric field-driven polarization rotation in high-
performance piezoelectrics[36] and magnetic field-driven spin moment rotation in the giant magnetostriction 
of La(Fe11.5Al1.5)[13,37].

As a comparison, the antiparallel dipole ordering of prototype PbZrO3 is shown in Supplementary Figure 4. 
There is a significant difference in the electric dipole configuration between PLZST and PbZrO3. In a 
classical AFE material, the adjacent polarization orientation of electric dipoles should be aligned in the same 
direction under the electric field. It is without a doubt that strictly antiparallel aligned dipoles hinder the 
process of polarization rotation or switching. This is why the critical electric field of pure PbZrO3 is too high 
to obtain a typical hysteresis loop. A similar situation exists in AFE NaNbO3

[38]. Recent studies have shown 
that AFEs with a non-antiparallel characteristic always have a lower critical field[15,16]. In contrast, compared 
to the dipole jump induced by the phase transition in some PbZrO3-based AFEs, continuous rotation of 
electric dipoles in the present PLZST results in a slim P-E loop with a very small hysteresis. These findings 
are significant for the understanding of the relationship between the critical electric field and polarization 
configuration.

Various chemical compositions with different La contents
Pb1-1.5xLax(Zr0.42Sn0.40Ti0.18)O3 (x = 0.03, 0.04, 0.05 or 0.06) compositions were also studied in this work (as seen 
in Supplementary Figure 6). A phase transition from FE to AFE with increasing La content indicates that La 
can weaken the FE and strengthen the AFE. When the content of La is greater than 0.05, the relaxation is 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
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Figure 3. (A) P-E and S-E loops of PLZST. The dotted straight line shows the inflection point as a guide for the eye. (B) Evolution of 
perovskite cell parameters as a function of the bipolar electric field. (C) Polarization components along with the [110]P and [001]P 
directions at various electric fields. (D) Canting angle γ as a function of electric field. (E-G) Schematic of electric dipole map at different 
electric field conditions. The arrows represent the electric dipoles and the grid represents a perovskite unit. Subscript P denote the 
perovskite lattice. PLZST: (Pb0.91La0.06)(Zr0.42Sn0.40Ti0.18)O3.

significantly enhanced and the AFE is weakened. This result shows that La and Pb have an opposite 
influence on FE/AFE control due to the difference in ion radius and electronic polarizabilities between 
them[39]. The Pb(II) lone-pair electrons enhance the ferroelectricity, but La(III), which does not have lone-
pair electrons, will weaken this influence, i.e., the doping of La breaks the long-range order constructed by 
Pb.

Additional insights into the physical polar structure of the slim hysteresis loop were obtained through 
phase-field simulations. The theoretical equations and parameter coefficients of the phase-field simulations 
are shown in Supplementary Table 5. As shown in Figure 4A, we calculated the antiparallel dipole 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4792-SupplementaryMaterials.pdf
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Figure 4. (A-C) Phase-field simulated snapshots, corresponding to the three dots I to III of the P-E loop and the polarization switching 
process of Pb(Zr,Ti)O3. The right polarization direction is defined as 0°. (D) Calculated P-E loop. Subscript P denote the perovskite 
lattice.

configuration, which shows a typical AFE feature similar to pure PbZrO3. The upward direction was defined 
as [001]P, which is also the direction for electric field loading. Driven by an electric field, an obvious 
polarization rotation can be triggered. The dipoles gradually rotate to the electric field direction in Figure 4B 
and C, resulting in the antiparallel-to-canting transformation of the dipole configuration. This process is 
similar to the result of the experiment [Figure 3]. Intriguingly, the corresponding slim P-E loop [Figure 4D] 
was also calculated, which is entirely consistent with the experimental result [Figure 3A]. The result of the 
phase-field simulations indicates that the low electric field-induced antiparallel-to-canting transformation 
and the continual rotation of polarization can result in a slim hysteresis, which is consistent with the in-situ 
high-energy SXRD results.

CONCLUSION
In summary, an unprecedented canting electric dipole configuration has been revealed in PbZrO3-based 
perovskites, which is a coexistence of the antiparallel AFE and the parallel FE ordering. Ascribed to the 
coupling between the distortion and the tilting of oxygen polyhedra, the electric dipoles were staggered 
along the [001]P direction in a canting manner. Different from the prototype AFE PbZrO3, a strong FE 
component of 7.9 μC/cm2 in the [001]P direction and a weak antiparallel component of 2 μC/cm2 in the 
[110]P direction was observed in PLZST, resulting in a local net FE polarization. More intriguingly, it was 
found that polarization continuously rotates under loading electric fields. As a result, the AFE characteristic 
weakened while the FE characteristic enhanced. Such unique polarization evolution contributed to a small 
hysteresis of the P-E loop, which is consistent with the phase-field simulation results. It also resulted in an 
intrinsic lattice strain, which is equivalent to the macroscopic strain. The present work enriches the types of 
polarization configuration, which advances the understanding of AFE materials.
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