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High-quality single crystals of Bi2WO6 are grown using a flux method. With different flux growth recipes, we aim to control the 
crystallization temperature to be lower and higher than the ferroelectric transition temperature, resulting in mono-domain and 
multi-domain Bi2WO6 crystals, respectively. Abundant ferroelastic orthorhombic twin domains are observed in the multi-domain 
crystals under an optical microscope. PFM studies unveil the 90° polarization change across those ferroelastic domain walls, as 
well as the absence of 180° ferroelectric domains in the as-grown multi-domain crystals, indicating a high energy cost of 180° 
ferroelectric domains. Moreover, a 45° tilt of the 90° ferroelectric domain walls is discovered, and this tilt creates a new type of 
charged 90° ferroelectric walls, which have not been observed in other bulk ferroelectrics.
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1. � Introduction

Ferroelectricity was first discovered in 1920.1 The intrinsic 
binary states and the electrically switchable nature enable 
wide applications of ferroelectric materials in electronics. 
More than 100 years later, the investigation of unconven-
tional ferroelectrics in either bulk and thin film forms,2,3 new 
ferroelectric mechanisms,4 and the coupling between ferro-
electricity with other physical properties5,6 is still attracting 
huge research interests for achieving next-generation quan-
tum devices. In the famous perovskite-based ferroelectrics 
family, the lattice instability below Curie temperature drives 
the lattice to a lower symmetry state, and the ferroelectric-
ity is directly coupled with one polar lattice mode. Examples 
include BaTiO3

7 and Pb(Zr,Ti)O3.8 In layered perovskites, 
such as Ruddlesden–Popper (R–P) phase and Dion–Jacobson 
(D–J) phase, researchers discovered that a trilinear com-
bination of nonpolar lattice modes could also create non-
centrosymmetric lattices and ferroelectricity, i.e., a hybrid 
improper ferroelectricity. Examples include (Ca,Sr)3Ti2O7,9 
Sr3Sn2O7,10 Ca3Ru2O7,11 and CsBiNb2O7.12 Exotic pheno
mena such as negative thermal expansion,13 abundant 
(charged) domain structures,9 and elastic-coupled ferroelec-
tricity14 are experimentally demonstrated.

Bi2WO6 belongs to an Aurivillius layered perovskite,15,16 
which is closely related to the R–P phase and D–J phase 
mentioned above. The ferroelectricity with a relatively large 
remnant polarization value ~20 μC/cm2 has been reported in 
Bi2WO6 bulk single crystals.17 Complex polar domain config-
uration as well as ferroelastic switching have been observed 
in Bi2WO6 thin films.18 Photocatalysis activities at charged 

polar domain walls are also reported.19 All those findings 
suggest that Bi2WO6 is a promising candidate for next-gen-
eration multi-functional ferroelectrics. However, despite pre-
vious thin film work, the ferroelectric domain configuration 
and domain engineering of Bi2WO6 bulk single crystal have 
not been studied yet.

Here, we report the growth of Bi2WO6 single crystal via a 
flux method. The strategy to tune the crystallization tempera-
ture by initial mixture recipe successfully obtains two kinds 
of samples, mono-domain crystals and multi-domain crystals. 
The optical microscope and piezoresponse force microscopy 
(PFM) studies reveal abundant 90° ferroelectric domains and 
the absence of 180° polar domains. A 45° tilt of 90° ferroelec-
tric domain wall is observed, creating an anomalous type of 
charged 90° ferroelectric wall which has not been observed 
in other layered perovskite bulk ferroelectrics. Our finding 
provides insight into the intrinsic domain configuration and 
domain manipulation in bulk Bi2WO6-based materials.

2. � Experimental Methods

Bi2WO6 single crystals were grown using a flux method 
with two different recipes discussed in the main text. X-ray 
diffraction (XRD) was carried out on the ground powder of 
Bi2WO6 crystals at 300 K using the X’Pert3 Powder diffrac-
tometer from Malvern Panalytical. The pattern was fitted 
using a whole pattern approach based on the Le Bail method 
as implemented in the GSAS software. Optical microscope 
images were taken in a polarized optical microscope (Zeiss 
Axio Imager M1m) at room temperature in the transmission 
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geometry. PFM was performed on a polished ab-plane using 
a Veeco MultiMode scanning probe microscope with a 
Nanoscope IIIa controller. The P–E loops were measured by 
the positive up negative down (PUND) method provided in the 
Ferroelectric Material Test System (Radiant Technologies).

3. � Results and Discussion

Bi2WO6 crystallizes in a noncentrosymmetric P21ab space 
group at room temperature. As shown in Fig. 1(a), the fitting 
of XRD pattern taken on ground crystals gives lattice para
meters a = 5.437(4) Å, b = 5.458(0) Å, and c = 16.430(5) Å, 
which are in good agreement with the published results.20 This 
crystal structure breaks all mirror symmetries perpendicular 
to a-axis, creating a polarization along a-axis. Polarization 
versus electric field (P–E) measurement is performed on a 
polished [110] plate of an as-grown Bi2WO6 crystal to char-
acterize ferroelectricity. A PUND method is used to extract 
the remnant polarization component. As shown in Fig. 1(c), 
the clear hysteresis behaviors in obtained P–E loops demon-
strate polarization switchable by electric fields; thus, the 
Bi2WO6 crystal studied here is a ferroelectric material with 
remnant polarization of around 20 μC/cm2 and coercive field 
of around 106 kV/cm (converted to the polarization direc-
tion), which are close to reported values in literatures.17

In ferroelectric materials, 180° switching path essentially 
exists. Besides, allowed by certain lattice symmetry, non-
180° polar domains may also exist. Famous examples include 
the 71° and 109° ferroelectric domains in BiFeO3, and 90° 
orthorhombic twin-type ferroelectric domains in layered per-
ovskite-based ferroelectrics. Bi2WO6 has an Aurivillius phase 
orthorhombic crystal structure which also belongs to the lay-
ered perovskite family, so 90° domains have a good chance 
to show up. Typically, ferroelectric domain density strongly 
depends on the thermal history when cooling across the Tc.21 
Inspired by a previous study that Bi2WO6 single crystals can 
crystallize within a wide concentration range in a Na2WO4 
flux,17 tuning the Bi2WO6–Na2WO4 molar ratio seems an 
effective way to manipulate the domain density in as-grown 
Bi2WO6 single crystals.

Figure 2(a) describes two recipes used to grow two 
batches of crystals. Sample #1 was grown by cooling the mol-
ten mixture of Bi2WO6:Na2WO4 = 1:3 from 920°C to 620°C, 
and sample #2 was grown by cooling the molten mixture 
of Bi2WO6:Na2WO4 = 1:1 from 980°C to 920°C. The cool-
ing rate was 3°C/h in both growths. After the slow cooling, 
the furnace was turned off to naturally cool down to room 
temperature. In Fig. 2(a), the purple solid line displays the 
solidification temperature for mixtures with certain Bi2WO6 
concentration in the mixture, and the horizontal dashed line 

Fig. 1.  (Color online) (a) The Le Bail fitting the XRD pattern of ground as-grown Bi2WO6 crystals. The asterisk marks a peak possibly from 
residual flux attached on the crystal. (b) Crystal structure of Bi2WO6. The polarization is parallel to a-axis denoted by the red arrows. (c) The 
polarization versus electric field loops measured with electric field parallel to [110] direction of a Bi2WO6 crystal. The frequency of electric 
field is 330 Hz.
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represents the ferroelectric Curie temperature (Tc) ~860°C. 
Based on this qualitative phase diagram, the crystallization 
happens at a temperature above the Tc for sample #1, but 
below the Tc for sample #2, as marked by the black and red 
stars, respectively. We will next show those difference growth 
temperature ranges give rise to distinct structural domain 
configurations.

Optical microscope images are performed on samples 
#1 and #2 using cross-polarizers geometry. As shown in 
Fig. 2(b), sample #1 which crystallized below the ferroelec-
tric Tc does not show any observable domains under polarized 
transmission light optical microscope, while there are clear 
stripy domains with typical width 10–100 μm observed in 
sample #2 which crystallized above the ferroelectric Tc. This 
type of stripy domain has been commonly observed in orthor-
hombic crystals, i.e., 90° ferroelectric domains. Unlike the 
90° ferroelectric domains which exhibit birefringence in the 
orthorhombic symmetry, the 180° ferroelectric domains can-
not be detected by optical microscope method,22 but may also 
exist in ferroelectric Bi2WO6. To confirm the 90° polariza-
tion change across the observed domain walls and to map out 
the completed domain configuration, PFM measurements are 
performed on a piece of multi-domain sample #2. As shown 
in Fig. 3(a), the topology of the polished surface of a selected 
area does not show any contrast except polish marks, but the 
in-plane piezoelectric response intensity image in Fig. 3(b) 
clearly exhibits the stripy domains consistent with the obser-
vation in optical microscope images. Figures 3(d) and 3(e) 
display the in-plane PFM results after a 45° clockwise sam-
ple rotation. In the domain wall perpendicular to cantilever 
case (Fig. 3(b)), the PFM signals of two domains show sig-
nificant differences, ruling out the head-to-head or tail-to-tail 
case, since in those cases the two domains would have the 
same in-plane polarization component perpendicular to the 

cantilever. The purple arrows display the polarization config-
uration that is consistent with the crystallographic orientation 
and the PFM results. It confirms the 90° polarization change 
across those domain walls seen in optical microscope. Unlike 
many hybrid improper ferroelectric layered perovskites, no 
180° ferroelectric domains are observed in the PFM data. 
In other words, each orthorhombic twin domain is a single 
ferroelectric domain in as-grown Bi2WO6. Generally, the 
multi-domain or mono-domain state of ferroelectric crystals 
is a result of competing depolarization field (favor multi-do-
main) and lattice mismatching energy cost (favor mono-do-
main). A possible explanation for observed single domain in 
the sample crystallized below Tc is that the crystallization 
nucleation center is already polar, so lattices grown on it tend 
to possess the same polarizations to minimize lattice mis-
matching energy, and at the crystal growth high temperatures, 
the depolarization field may be screened by conduction.

As shown in Fig. 2(c), the 90° ferroelectric domains uni-
formly exist in sample #2. However, in some specific regions, 
an anomalous type of ferroelectric domain is observed. 
Figure 4(a) shows the polished surface of the selected scan-
ning area, and the PFM image of that area (Fig. 4(b)) clearly 
shows a 45° tilt of the 90° ferroelectric domain wall (from 
black dashed line to the red dashed line), which creates a 
discontinuity of polarization component perpendicular to the 
domain wall, i.e., a charged domain wall.

Overall, there are two main differences between the 
observed domain configuration of Bi2WO6 crystal and previ-
ously studied R–P phase hybrid improper ferroelectrics such 
as (Ca,Sr)3Ti2O7 and Sr3Sn2O7. First, abundant charged 180° 
walls were reported in (Ca,Sr)3Ti2O7 and Sr3Sn2O7 crystals, 
but here we do not find any 180° walls in Bi2WO6 crystals. 
A possible reason is that Bi2WO6 holds much larger rem-
nant polarization magnitude, hence the system lowers its 

Fig. 2.  (Color online) (a) The growth recipe of samples #1 and #2. The purple line denotes the boundary of liquid and solid states of the 
Bi2WO6–Na2WO4 mixture, which is extracted from Ref. 17. (b) and (c) The optical microscope images of samples #1 and #2.
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electrostatic energy by avoiding 180° walls. Second, four 
types of 90° ferroelectric domain wall geometry were found 
in (Ca,Sr)3Ti2O7 and Sr3Sn2O7 crystals as demonstrated in 
Fig. 4(c) upper panel. However, the existence of 45° tilt of 
90° ferroelectric walls in Bi2WO6 crystals indicates more 
complicated ferroelectric wall types as shown in Fig. 4(c) 
lower panel. In the Bi2WO6 case, eight types of 90° ferroelec-
tric walls exist and four of them are supposed to be charged.

4. � Conclusion

Bi2WO6 single crystals are synthesized via a flux method. 
Tuning the recipe leads to mono-domain crystals and 
multi-domain crystals depending on the crystallization 

temperature lower or higher than the ferroelectric Tc. Using 
optical microscope and PFM techniques, abundant ferroelas-
tic orthorhombic twin domains are observed in the multi-do-
main crystals, which are also 90° ferroelectric domains. The 
45° tilt of the 90° ferroelectric walls produces a new type of 
90° ferroelectric walls that are possibly charged. No hints of 
180° walls are observed. In the future, deeper investigations 
on the observed 45° tilt wall utilizing advanced experimental 
techniques such as electron diffraction are desired to unveil 
if it is coherent in terms of crystallography. Our work reveals 
the domain configuration and paves the road for domain engi-
neering in Bi2WO6 bulk materials. Our work also suggests 
that the local conduction and photocatalysis behavior at the 
possibly charged domain walls and the domain switching 

Fig. 3.  (a) The topology of a selected scanning area of sample #2. The white scale bars are 5 μm. (b) The in-plane PFM intensity of the same 
area as in (a). (c) The line profile of the PFM signal marked by the solid line in (b) crossing three domains. (d) and (e) The topology and PFM 
results after rotating the sample by clockwise 45°. (f) The line profile of the PFM signal marked by the solid line in (e) crossing three domains.

Fig. 4.  (Color online) (a) The topology of a selected scanning area. The white scale bars are 20 μm. (b) The PFM response of the same area 
as in (a). The black and red dashed lines represent the regular 90° ferroelectric domain wall and anomalous charged wall. (c) The schematic 
illustration comparing the 90° ferroelectric domain configuration observed in Bi2WO6 with the reported (Ca,Sr)3Ti2O7.
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kinetics in bulk Bi2WO6 are promising topics to be studied 
in future.
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