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Intersecting multiaxial domain walls in plastic ferroelectric crystal films
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Plastic ferroelectrics comprise a class of solution-processable molecular ferroelectrics, in which spherical
polar molecules can rotate and/or freeze within crystal lattices. Some compounds exhibit superior multiaxial
ferroelectricity and very sharp ferroelectric switching characteristics, although the domain wall (DW) character-
istics have not yet been explored. Here, we report distinctive DW characteristics in drop-casted monocrystalline
thin films of a typical plastic/ferroelectric [AH][ReO4]. We demonstrate that the films form 71◦, 109◦, and
180◦ DWs, unique to the pseudocubic rhombohedral lattice, that emerge and compete with each other, depending
on the crystallographic orientation of the films. Particularly, it is observed that all three types of DWs intersect
at several single points, whose unique nature should be ascribed to the small elastic deformation. The observed
domains and 180◦ DWs also comprise much larger periodicity and scaling than those of conventional inorganic
ferroelectric films, which should be associated with the unique polarization reversal mechanism in the compound
films. These observed features reveal the exotic multiaxial ferroelectricity of soft plastic/ferroelectrics, paving
the way for developing printable ferroelectronics.
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I. INTRODUCTION

The emergence of ferroelectricity in molecular ferro-
electrics is primarily based on spontaneous molecular trans-
formations and/or displacements in weakly bonded molecular
crystal lattices. The feature contrasts with that of inorganic
ferroelectrics, which ordinally derive from collective ion dis-
placements in rigid ionic crystal lattices, accompanied by
notable lattice deformations [1–5]. It has been shown in the
past decade that elaborate designs of component molecules
allow us to develop several superior molecular ferroelectrics
showing very large spontaneous polarizations and small coer-
cive fields, as comparable with those of prominent inorganic
ferroelectrics [6–12].

Plastic/ferroelectric crystals are a unique class of molecular
ferroelectrics, taking advantage of the nature of plastic crys-
tals: The plastic crystals are composed of spherical molecules
that can rotate above the plastic transition temperature, while
their positions are fixed, and whose rotation motions freeze
below the transition temperature [13,14]. It was recently
found that several plastic cocrystals, composed of polar
cationic molecules and (nonpolar) anionic molecules, exhibit
multiaxial ferroelectricity at room temperature [15–21]. A
prominent example is 1-azabicyclo[2.2.1]heptanium perrhen-
ate ([AH][ReO4]), shown in Fig. 1(a) [21]. The compound
forms a highly symmetric cubic lattice in the high-temperature
paraelectric phase where the rotation motions of molecules
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suppress the emergence of ferroelectricity. In contrast, the
spontaneous polarizations appear in the low-temperature
phase (<322 K) owing to the orientational order of the polar
cations whose rotation motions are frozen [Fig. 1(b)]. The
achieved spontaneous polarization is coupled with a slight
lattice deformation into a pseudocubic rhombohedral lattice.
Eventually, multiaxial ferroelectricity is realized, which was
not obtainable in other types of molecular ferroelectrics com-
posed of molecules with lower symmetry.

Such multiaxial ferroelectricity allows us to obtain ferro-
electric films that have a spontaneous polarization component
normal to the film plane. The feature should form an ideal
class of molecular materials toward thin-film device appli-
cations, coupled with the solution processability at ambient
conditions. It was demonstrated that simple drop-casted thin
films of [AH][ReO4] exhibit low-voltage (<5 V) switching of
large spontaneous polarization (7.8 µC/cm2) at room temper-
ature [21]. A particular feature is that very sharp ferroelectric
switching characteristics are observed even with pellets of
[AH][ReO4] polycrystals. However, the unique nature of
ferroelectric domain and domain wall (DW) characteristics
remains to be explored in plastic/ferroelectric crystals [22,23].
These features are particularly important in understanding the
origin of sharp switching characteristics as well as in disclos-
ing the exotic multiaxial ferroelectricity coupled with weakly
bonded rotatable molecules.

Here, we investigated ferroelectric domains and DWs in
[AH][ReO4] monocrystalline thin films produced via a drop-
casting technique. We first categorize the obtained films
in terms of crystallographic orientations. We then visual-
ized the ferroelectric domains and DWs of the films, using
three different types of techniques: crossed Nicols, bire-
fringent ferroelectric field-modulation imaging (FFMI) [24],
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FIG. 1. Crystallographic orientation of [AH][ReO4] monocrystal films. (a) Molecular structures of AH+ (top) and ReO−
4 (bottom).

(b) Crystal structure of [AH][ReO4] (left) and its eight possible spontaneous polarization directions (right). We label the axes and plane
indices with suffix c to denote the pseudocubic symmetry. Out-of-plane x-ray diffraction (XRD) images of [AH][ReO4] thin films: (c) type-A,
(d) type-B, and (e) type-C films. XRD images are shown as functions of θ , �, and β, where θ is the incident angle of x rays, � is the in-plane
angle of the sample, and β is the in-plane diffraction angle, as schematically shown in (f). The top images in (c)–(e) show the results for
� = 0◦, and the bottom images show the results for � = 90◦. The central horizontal dashed lines correspond to β = 0. The measured range
of the out-of-plane angle 2θ is 5−60◦.

and piezoresponse force microscopy (PFM) [25,26]. We
demonstrate that a combination of techniques allows us to
analyze the overview and detailed view of the ferroelec-
tric DW structures. Based on the observations and analyses,
we discuss the unique nature of ferroelectric domains and
DWs in terms of very small elastic deformations and po-
larization reversal mechanisms in the plastic/ferroelectric
crystals.

II. EXPERIMENT

A. Thin-film fabrication and characterization

Thin films of [AH][ReO4] were obtained via a simple drop-
casting technique. We used glass substrates (Matsunami Glass
Ind., Ltd.) without surface treatments. We first fabricated
striped bottom electrodes of Au (30 nm thickness)/Cr (2 nm)
by vacuum evaporation. Thin films of [AH][ReO4] were then
produced by casting an aqueous solution (4.0 wt. %) droplet
on the substrate. The growth temperature was set at 343 K
which is slightly higher than the ferroelectric-to-paraelectric
transition temperature (322 K) [21]. The films were then
slowly cooled to room temperature. The obtained films are
polycrystalline composed of monocrystal-like grains with a
typical lateral size of several hundred micrometers. We here
use the term of monocrystal as a uniform and continuous
microcrystal that has a specific pseudocubic crystallographic

axis but is composed of several ferroelectric domains at the
ferroelectric phase, formed during the cooling process across
the transition temperature. A single monocrystal film was
obtained by removing the other films with different crystal-
lographic axis.

X-ray diffraction (XRD) measurements were conducted
using a thin-film x-ray diffractometer (SmartLab, Rigaku)
with a two-dimensional (2D) detector (HyPix-3000; Rigaku).
The out-of-plane diffractions were measured along the two
different in-plane axes (�) that were orthogonal to each other,
as shown in Fig. 1(f). The crystallographic orientation was
then determined from the observed diffraction spots of the re-
spective films. The analysis was conducted assuming that the
crystal is pseudocubic. A series of diffractions were observed
with a deviation angle β from the midline of the 2D detector,
which was associated with the inclination of the lattice plane
from the substrate plane. The crystallographic orientations of
the respective films were analyzed based on the 2θ and β

values of the observed diffraction spots.

B. Crossed Nicols and birefringent FFMI measurements

Both crossed Nicols and birefringent FFMI measurements
were conducted with polarized optical microscopy. The latter
is to detect slight changes in polarized optical microscope
image caused by application of alternating electric fields in
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FIG. 2. Birefringent ferroelectric field-modulation imaging (FFMI) measurement of [AH][ReO4] thin films. (a) Schematic of the optical
setup. (b) Crossed Nicols micrograph and (c) birefringent FFMI image of the film. The two white-dotted arrows in (b) (being orthogonal to each
other) indicate the extinction directions as observed in the crossed Nicols micrograph. (d) Pseudocubic unit cell of a type-A film, viewed along
a normal to the substrate plane. The red frame represents the plane parallel to the substrate plane. The in-plane crystallographic orientation is
same as the orientation of the film shown in (b) and (c). The white and gray arrows indicate the orientations of spontaneous polarizations, as
observed in (c). (e) Schematic of the possible spontaneous polarization directions around the 180◦ domain walls (DWs). Scale bar is 20 µm.

the films [24]. The difference of the measurements is that
it is not possible to detect 180◦ DWs by crossed Nicols but
becomes possible by birefringent FFMI. The combination of
the measurements allows us to obtain whole features of ferro-
electric domains and DWs over a wide area (more than several
hundred squared micrometers) of the films within short time.
The measurements also allow us to detect the features of DWs
along the depth direction.

A setup for birefringent FFMI is schematically depicted
in Fig. 2(a). A change in optical birefringence induced by
external in-plane electric fields causes a change in transmitted
light intensity, which is sensitively detected by a modula-
tion technique with use of an area-image sensor. We used a
home-built setup composed of a polarizing microscope and
a complementary metal oxide semiconductor (CMOS) area
image sensor (pco.edge 5.5; PCO AG). An LED (M660L4;
THORLABS) was used as the light source, and a pair of linear
polarizers was inserted in the front and back of the sample
film. A square-wave bias voltage was applied between a pair
of striped electrodes at a frequency f during the measure-
ments. Optical images were captured by the CMOS sensor
at a frequency of 2 f , synchronized with the bias voltage to
acquire images at the positive and negative bias states. The
spatial distribution of the transmittance modulation (�T/T )
was visualized by calculating the difference (�T ) and average
(T) of the positive- and negative-bias images, respectively,
at each pixel. The obtained �T/T images were integrated
214(= 16 384) times to reduce noise. The frequency f used
in this study was 10–20 Hz, and the amplitude of the mod-
ulation voltage was 10 Vp−p. The applied electric fields were
estimated as 0.2 kV/cm, which is lower than the coercive field
of [AH][ReO4] [21].

C. PFM measurements

PFM allows us to obtain more detailed information on
the three-dimensional (3D) directions of spontaneous po-
larizations within narrow areas at the film surfaces. PFM
measurements were conducted with a commercially available
scanning probe microscope (MFP-3D, Oxford Instruments)
using a conducting tip (PPP-NCSTPt-20; Nanosensors). To
analyze the 3D direction of spontaneous polarizations, the
out-of-plane component (z) and two in-plane components
(x, y) were measured using vertical- and lateral-mode PFMs,
respectively. The x and y components were individually mea-
sured with different in-plane angles that were orthogonal
to each other. All the measurements were conducted on
[AH][ReO4] films without top electrodes under ambient con-
ditions.

Note that PFM can only determine the relative rela-
tionship between the spontaneous polarizations of adjacent
domains, whereas birefringent FFMI allows determining
the spontaneous polarization direction by examining the
change of polarization directions with applied electric
fields.

III. RESULTS AND DISCUSSIONS

A. Crystallographic orientation of thin films

The crystallographic orientations of the monocrystal-like
films were investigated using out-of-plane XRD. The ob-
served diffraction spots exhibit arclike spreads, as presented
in Figs. 1(c)–1(e), the feature of which is ascribable to the
slight distribution of crystallographic orientations of the films.
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FIG. 3. Incident polarizer angle-dependent crossed Nicols microscopy image of a type-A [AH][ReO4] thin film. (a) Pseudocubic unit cell
of a type-A film, viewed along a normal to the substrate plane. The red frame represents the plane parallel to the film (or substrate) plane.
(b) Crossed Nicols micrographs of a type-A monocrystal-like film with varying incident light polarization angle (black arrows). The in-plane
crystallographic orientation of the film is set to be coincident with (a). The white square shown in the rightmost image represents the area
where the piezoresponse force microscopy (PFM) analysis, shown in Fig. 4, was conducted. (c) Dependence of the transmitted light intensity
on the polarization angle of the incident light. The red-filled circles and blue-filled squares represent the results obtained at the two different
regions denoted as (i) and (ii) in the middle image of (b), respectively. The dashed curves show the fitting of the experimental results using
Eq. (1). (d) Schematics for the extinction direction in regions (i) and (ii) (top) and for the possible spontaneous polarization directions around
the 71◦ domain walls (DWs; bottom). The solid black arrows are consistent with the polarization axes shown in (a), while the dashed arrows
are not consistent with any 〈111c〉 axes. Scale bar in (b) is 10 µm.

We analyzed the diffractions observed at � = 0◦ and 90◦
by assuming the pseudocubic crystal symmetry and roughly
determined the orientations of the crystallographic axes of the
films.

From the results for several samples, we found that the
films grown on flat glass substrates have surfaces that do not
correspond to simple or primary crystallographic plane. The
crystallographic orientation of the films can be categorized
into at least three types: type A is the film in which the
{110}c plane is inclined at ∼15◦ to the substrate surface;
type B, in which the pseudocubic {100}c plane is inclined
at 15–20◦ to the substrate surface; and type C, wherein the
{110}c plane is almost parallel to the substrate surface. Of
the six measured samples, two were type A, three were type
B, and one was type C (all measured data are presented in
Supplemental Material Figs. S1–S3 [27]). The thickness of
the films is ranged between 1.1 and 5.2 µm. These results
indicate that the nonepitaxial crystalline films of [AH][ReO4]
tend to grow along a few crystallographic orientations on glass
substrates.

B. Crossed Nicols observation of 71◦ DWs

We first show an example of crossed Nicols microscope
observations for a type-A film in Fig. 3. Figure 3(a) depicts the
directional relationship between the pseudocubic unit cell and
the substrate plane, viewed from the normal to the substrate
plane whose crystallographic direction is shown by the red
frame. Figure 3(b) displays a series of micrographs taken at
various polarizer angles, where the images are arranged so
that the in-plane orientation of the film coincides with that
of the red frame shown in Fig. 3(a). It is seen that each
image contains several clear bright-to-dark boundaries where

the brightness of the adjacent region changes, simultaneously,
depending on the polarizer angle. The observation clearly in-
dicates that the boundaries should correspond to DWs except
180◦ DWs. (The crossed Nicols cannot visualize the
180◦ DWs, as adjacent spontaneous polarizations are antipar-
allel to each other.) Figure 3(c) presents the dependence of
the transmitted light intensity (I) on the incident polarization
angle (φ), measured at each region, as denoted by (i) and (ii)
in the middle image of Fig. 3(b). The dependence of I on φ is
well fitted by the following equation:

I = I0sin2(φ − φ0) + c, (1)

where I0, φ0, and c are the fitting parameters. Here, we de-
fine φ = 0◦ as the angle at which the incident polarization is
roughly orthogonal to the long DW lines, as observed in the
crossed Nicols image in Fig. 3(b). The fitting results indicate
that φ0 = +37◦ or −53◦ in region (i) and φ0 = −35◦ or +55◦
in region (ii), as illustrated in Fig. 3(d). By comparing with the
crystallographic 〈111〉c axes of the film shown in Fig. 3(a),
it is most probable that the spontaneous polarization (i.e.,
[111]c) should be directed at φ = +37◦ in regions (i) and
at φ = −35◦ in regions (ii), respectively. Thus, we consider
that the boundaries of the bright-to-dark contrast in Fig. 3(b)
should be attributed as the 71◦ DWs. It is important to point
out that this presumption is confirmed by the PFM analysis on
the same region of the film, as discussed later (Fig. 4).

As a complement to the observations, we evaluated the op-
tical birefringence of [AH][ReO4] via polarized transmittance
spectra with use of polarizer and analyzer (Supplemen-
tal Material S2 and Fig. S4 [27]). We found that the
[AH][ReO4] film exhibits a very small birefringence (∼0.01).
The result demonstrates the highly optically isotropic na-
ture of [AH][ReO4], providing a consistent picture on the
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FIG. 4. Three-dimensional (3D) piezoresponse force microscopy (PFM) analysis of a type-A thin film of [AH][ReO4]. (a) Crossed Nicols
micrograph of the measured area. PFM phase images measured along (b) z, (c) x, and (d) y components for the spontaneous polarization.
(e) Schematic representation of the analyzed domain structure. The white- and gray-colored regions represent the different axes of spontaneous
polarization. The direction of the arrows indicates the in-plane orientation of spontaneous polarization, while the white and black arrows
indicate the up and down orientations of the out-of-plane components, respectively. Scale bar is 5 µm.

considerably small deviation of the rhombohedral lattice from
the cubic lattice (α = 89.85◦), although the films exhibit very
large spontaneous polarization (7.8 µC/cm2) [21].

C. Visualization of 180◦ and multiaxial DWs
using birefringent FFMI

Here, we demonstrate that the combined measurements of
conventional crossed Nicols and birefringent FFMI [Fig. 2(a)]
can visualize 180◦ DWs and determine the polarization di-
rection in each domain. Figure 2 shows an example of the
birefringent FFMI conducted for a type-A film. The thickness
of the film is 5.2 µm. Here, we chose a specific area of the
film that presents uniform optical anisotropy but a notable
bright-to-dark contrast in the crossed Nicols image owing
to the wavy undulation in thickness distribution, as shown
in Fig. 2(b) and Supplemental Material Fig. S5 [27]. The
feature indicates that the area does not involve DWs except
180◦ DWs. Here, we note that most of the [AH][ReO4] films
are not smooth but have corrugated surfaces, as presented in
Supplemental Material Fig. S6 [27]. Nonetheless, the tilting
angle of respective flat regions from the horizontal plane is
estimated to be as small as 9◦ at the largest (ranged between
3◦ and 9◦) from the AFM profiles of the films. Figure 2(c)
presents the results of the birefringent FFMI measurements.
Clearly striped domain structures are observed as the contrast
of positive and negative transmittance modulation (�T/T )
signals, as indicated by the red and blue regions, respectively.
The boundaries between the blue and red stripes should be at-
tributed as the 180◦ DWs. Note that such a periodic alignment
of 180◦ DWs is frequently observed in the films. Comparing
with the crystallographic 〈111〉c axes, it is most probable
that the spontaneous polarization direction should correspond
to the arrows in Fig. 2(d), which is roughly parallel to the

observed DWs. It indicates that the observed 180◦ DWs
should be neutral domains, as schematically depicted in
Fig. 2(e). The periodic alignment should be associated with
the suppression of depolarization fields caused by the out-of-
plane component of spontaneous polarization within the films
[28,29], as discussed later.

We also conducted birefringent FFMI observations for an-
other area, involving DWs except 180◦ DWs, the result of
which is shown in Fig. 5. The thickness of the film is 3.0
µm. The crossed Nicols micrograph of the area, shown in
Fig. 5(a), exhibits clear boundaries of bright-to-dark contrast,
which can be ascribed to the DWs except 180◦ DWs. No-
tably, the birefringent FFMI image of the area, shown in
Fig. 5(b), presents a slightly complicated blue-to-red con-
trast. To analyze the detailed DW structure, a comparison
is made between the crossed Nicols and FFMI images;
Fig. 5(c) shows an overlay of the images. We found that
the boundaries as observed in the images can be distinctly
classified into the following three cases: boundaries where
both crossed Nicols and FFMI images show clear contrast
(shown by red lines), boundaries where crossed Nicols shows
contrast while FFMI does not (shown by green lines), and
boundaries where crossed Nicols does not show contrast
while FFMI does (shown by blue lines). Though the XRD
measurement was not conducted for the film, it is clear
that red and green lines could be ascribed to either 71◦ or
109◦ DWs or vice versa, whereas the blue lines are ascribed
to 180◦ DWs, based on similar arguments for Figs. 2 and 3.
The results demonstrate that the 71◦, 109◦, and 180◦ DWs co-
exist in the [AH][ReO4] films. We also noticed several unique
spots where three different types of DWs intersect at a single
point, as depicted by circles in Fig. 5(c). The observation
is quite unique, in contrast to the observations for inor-
ganic ferroelectrics in which the domain structures are only

035601-5



UEMURA, MATSUOKA, ARAI, HARADA, AND HASEGAWA PHYSICAL REVIEW MATERIALS 7, 035601 (2023)

FIG. 5. Birefringent ferroelectric field-modulation imaging (FFMI) measurement of multiaxial domains. (a) Crossed Nicols micrographs
and (b) the corresponding birefringent FFMI image. Domain boundaries identified via the crossed Nicols micrographs and birefringent FFMI
are shown by white lines in (b). (c) Overlay of the images in (a) and boundaries in (b). Domain boundaries as observed in (a) and (b) are
classified into the three cases; boundaries shown by red lines where contrast is observed in both (a) and (b), boundaries shown by green lines
where contrast is observed in (a) but not in (b), and boundaries shown by blue lines where contrast is observed in (b) but not in (a). Black
circles indicate the unique spots where three types of domain walls (DWs) intersect. Scale bar is 10 µm.

composed of a pair of 71◦ and 180◦ DWs (or a pair of 109◦ and
180◦ DWs).

We also notice that the birefringent FFMI signal intensity
is considerably enhanced around the 71◦ DWs. We found that
the signal enhancement can be ascribed to the tilt of the DWs
from a normal-to-the-substrate plane, as described in detail
in the Supplemental Material S5 and Fig. S7 [27]. We found
that the birefringent FFMI signal is enhanced either positively
or negatively as a function of the distance from the boundary
line, when the DWs are tilted from the normal of the substrate
plane (Supplemental Material Figs. S7(a)–S7(c) [27]). The
feature is consistent with the observation of the thick dark
lines at both 71◦ and 109◦ DWs in the crossed Nicols image,
as observed in the middle image of Fig. 3(b) and Supplemental
Material Fig. S7(d) [27]. Therefore, the thick dark lines in
the crossed Nicols image and the notable enhancement of
the FFMI signal is a clear sign of the inclination of the DW
structures within the films.

D. PFM observation and analysis

We conducted 3D PFM analysis to investigate the
unique domain structures as observed in crossed Nicols and
birefringent FFMI images. Out-of-plane and in-plane PFM
measurements were conducted to analyze the 3D orientations
of spontaneous polarizations in the respective domains of the
[AH][ReO4] thin films. The analysis was performed for each
type-A, B, and C film to reveal the relationship between the
domain structure and crystallographic orientation. A crossed
Nicols micrograph is shown in Fig. 4(a) for a type-A film,
in which the detailed PFM analyses were conducted. The
thickness of the film is 2.8 µm. We defined the orthogonal
x, y, and z axes, as shown in the figure. In the 3D PFM
analyses, we determined the z component through out-of-
plane piezoresponse force measurements, while the x and
y components via independent in-plane piezoresponse force
measurements.

The PFM phase images measured along the z, x, and y
components are shown in Figs. 4(b)–4(d), respectively. The
180◦ DWs that are not observed in the crossed Nicols image
are clearly seen in the PFM image. All the PFM images allow

us to analyze the 3D spontaneous polarization orientations
of the respective ferroelectric domains, the result of which
is presented in Fig. 4(e). The in-plane angle of the sponta-
neous polarization was determined from the extinction direc-
tions of crossed Nicols observation, as shown in Fig. 4(a).
Here, we note that all the polarization orientations, as pre-
sented in Fig. 4(e), can be reversed because the relative
relationship of polarization orientation between the adjacent
domains can be analyzed in the PFM phase image. We found
from Fig. 4(e) that only two different axes, out of four possible
〈111〉c axes in the pseudocubic unit cell, form the spontaneous
polarization orientations in the film.

From the PFM analyses and the comparison with XRD
measurements, we classified the observed DWs into 71◦, 109◦,
and 180◦ DWs, the result of which is presented in Fig. 6(a).
Here, the 71◦, 109◦, and 180◦ DWs are depicted by red,
green, and blue lines, respectively. Figures 6(b)–6(d) show
the relation between these DWs and the crystallographic ori-
entations, where the in-plane orientation of crystal lattice in
Figs. 6(b)–6(d) is set to be coincident with that in Fig. 6(a).
The combination of polarization orientations at each DWs are
found to be [111]c and [111̄]c at 71◦ DWs, [111]c and [111]c

at 109◦ DWs, and [111]c and [111]c at 180◦ DWs. The white
(black) arrows in Figs. 6(b)–6(d) indicate that the orienta-
tions of the out-of-plane components are upward (downward)
against the substrate plane, as is consistent with the result of
out-of-plane PFM. The result in Fig. 6(a) shows that all the
71◦, 109◦, and 180◦ DWs are contained in the image, which
is consistent with the result of the birefringent FFMI image
shown in Fig. 5(b). Additionally, we found that the domain
structure is dominantly composed of 71◦ and 180◦ DWs, while
only a few 109◦ DWs exist, which were commonly observed
in the type-A films.

The crossed Nicols micrographs and PFM images for the
type-B and C films are presented in Supplemental Material
Figs. S8 and S9 [27]. In the type-C film, it was not pos-
sible to detect the out-of-plane component of spontaneous
polarization, as it was too small. Thus, we determined the
in-plane component by PFM and then assumed the out-of-
plane component which is consistent with the crystallographic
orientation measured by XRD. The results of the analyses

035601-6



INTERSECTING MULTIAXIAL DOMAIN WALLS IN … PHYSICAL REVIEW MATERIALS 7, 035601 (2023)

FIG. 6. Analysis of domain structure in type-A, B, and C thin films of [AH][ReO4]. (a) Domain structure of type-A film [same as Fig. 4(e)].
The color of the domain walls (DWs) indicates the type of DW: red: 71◦ DW//[110]c, green: 109◦ DW//[100]c, and blue: 180◦ DW//Ps. The
open circles denote the spots where the 71◦, 109◦, and 180◦ DWs join at a single point. Orientations of spontaneous polarization at (b) 71◦,
(c) 109◦, and (d) 180◦ DWs in the type-A film. The respective bottom figures show schematic representations of the unit cell determined via
x-ray diffraction (XRD) measurements, where the red frame represents the plane parallel to the substrate plane. The white and black arrows
indicate positive and negative z components of the spontaneous polarizations, respectively. (e) Domain structures of type-B and (f) type-C
films, analyzed from piezoresponse force microscopy (PFM) images (shown in Supplemental Material Figs. S8 and S9 [27], respectively). The
red, green, and blue lines represent the 71◦, 109◦, and 180◦ DWs, respectively. The figures on the right present the crystallographic orientation
and the direction of spontaneous polarization at each type of DW. (g) Schematics of the unique spots where the 71◦, 109◦, and 180◦ DWs join
at a single point [shown by black circles in (a), (e), and (f)]. Scale bars are 5 µm.

for the type-B and C films are shown in Figs. 6(e) and 6(f),
respectively. The thicknesses of the films are 1.1 and 1.6 µm,
respectively. We found that most DWs are predominated by
the 109◦ DWs in both types of films, which is in sharp contrast
to the case of the type-A film.

E. On the population and intersection of multiaxial DWs

Let us first discuss the origin of why the observed domain
structures were formed in the respective films. We point out
that two different axes ([111]c and [111̄]c) out of four 〈111〉c

axes preferentially form the spontaneous polarizations whose
out-of-plane components are small, the features of which are
observed for all the types (A, B, and C) of film, as presented in
Fig. 6. We also notice that all the 71◦ and 109◦ DWs are com-
posed of head-to-tail alignments of the adjacent spontaneous
polarizations because this feature minimize the electrostatic
energy. Based on these common features, we found, in the
case of the type-A film, that the out-of-plane component is
reversed at the 71◦ DWs but is maintained at the 109◦ DWs.
Thus, charges on the film surface are canceled at the 71◦ DWs
but not at the 109◦ DWs. It means that the 71◦ DWs should
be more stable than the 109◦ DWs in terms of the out-of-
plane depolarization field. This consideration is consistent
with the observation that the 71◦ DWs are dominant, while
only a few 109◦ DWs exist in the type-A film. In contrast, the
out-of-plane component is reversed at the 109◦ DWs but is
maintained at the 71◦ DWs in the type-B and C films. Thus,

the features should lead to the observation that the number of
the 109◦ DWs is larger than that of the 71◦ DWs. It should
be noted here that the population difference between 71◦ and
109◦ DWs should be associated with the fact that the film
plane is not parallel to but is slightly inclined from the primary
crystallographic plane such as {110}c.

Then we focus on the roles of lattice strains at the 71◦
and 109◦ DWs. As spontaneous polarizations are directed
toward the longest diagonal line of the rhombohedron lattice
in [AH][ReO4], the 71◦ and 109◦ DWs should be accom-
panied by slight lattice deformations. Here, we point out
that the deviation angle from the cubic lattice is as small
as 0.15◦ (α = 89.85◦) [21], which leads to a small but non-
negligible elastic energy. The mechanical strain at the DWs
can be minimized when the adjacent domains are deformed
equivalently along certain crystallographic planes [28]. In
fact, the orientation of the 71◦ DWs as observed in Fig. 6(a)
is almost parallel to the {110}c plane [as denoted by the
purple plane in Fig. 6(b)], while the 109◦ DWs are involved
in the {100}c plane, as observed in Figs. 6(e) and 6(f). The
arguments are consistent with the fact that most of the 71◦
and 109◦ DWs are linearly extended and aligned with each
other within monocrystal-like domain films, as is frequently
observed in many other ferroelectrics [28,29]. All the results
indicate that the population of each type of DW is associ-
ated with the stability of DWs, as determined to minimize
both out-of-plane depolarization field and lattice strains at
the DWs.
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FIG. 7. (a) Relationship between the domain size and the film thickness. The domain size is plotted for various ferroic materials including
ferromagnetics, multiferroics, polymer ferroelectrics, and [AH][ReO4]. Data other than [AH][ReO4] are quoted from references. The domain
size of [AH][ReO4] was modified using the tilting angle of spontaneous polarization from the normal to the film plane α as w cos α. The two
dashed lines provide an eye guide for K = 5 and 200 nm, respectively. (b) Schematics of the domain wall (DW) structure, in which electric
dipoles (red arrows) rotate without the change in magnitude (top) and ions displace along polarization axis (bottom).

By contrast, the 180◦ DWs should not involve lattice
strains, as the longest diagonal lines are common to the
adjacent domains. Instead, charge neutrality would be broken
at the DWs, if they are not parallel to the spontaneous polar-
ization. A unique feature is that the 180◦ DWs as observed in
Fig. 6(a) frequently change the directions considerably when
they are intersected with the 71◦ DWs, although the 71◦ DWs
are slightly curved but extended straight over long distances.
It is clear from the observations that the 180◦ DWs are more
flexible against winding or bending. In this context, a more
unique observation is that there exist several unique spots
where the 71◦, 109◦, and 180◦ DWs intersect (or join) together
in all the types of film, as denoted by the open circles in
Figs. 6(a), 6(e), and 6(f). Such a multiaxial coexistence of
the DWs is schematically depicted in Fig. 6(g). The features
contrast with the DWs in inorganic ferroelectrics, where most
DWs are composed of only a pair of 71◦ and 180◦ DWs
(or 109◦ and 180◦ DWs) [28]. We consider that very small
lattice deformation or mechanical softness, unique to the
plastic/ferroelectric crystals, should allow the multiaxial co-
existence of 71◦, 109◦, and 180◦ DWs.

F. On the periodicity and scaling of 180◦ DWs

We then discuss the periodicity of DWs or average domain
width (w) in the plastic/ferroelectric films of [AH][ReO4]. We
find that w is very large of the order of a few micrometers, as
compared with narrower w of the order of a few or several
tens of nanometers in other ferroelectric materials [29,30].
Here, we consider Kittel’s law for the domain-size scaling,
represented as w2 = Kd , where K is constant and d is the film
thickness [31–33]. Figure 7(a) shows the relationship between
w and d (Supplemental Material Fig. S5 [27]), obtained for
various ferroic materials [29,34–41]. We plot the values for
180◦ DWs in the type-A films of [AH][ReO4] (the thickness is
5.2 µm) because these DWs are unique and free from the effect
of lattice strains, as discussed in the former subsection. For
the proper comparison, here, we modified the domain width
as w cos α (α is the tilting angle of spontaneous polarization

from the vertical direction to the plane, which is estimated as
82.4◦ in this case) because Kittel’s law assumes the domain
energy in terms of the depolarization fields normal to the
plane. We found that the K value estimated from the plot for
plastic/ferroelectric crystal films is ∼ 240 nm, which is devi-
ated from the value for perovskite ferroelectrics (K ≈ 5 nm)
but comparable with that of ferromagnetics (K ≈ 200 nm).
Schilling et al. [31] discussed that the difference of the
K values should be ascribed to the difference of DW width
(δ), i.e., K ∝ δ. In this context, the DW width of [AH][ReO4]
is like that of ferromagnetics (δ ∼ 20 nm) rather than that of
perovskite ferroelectrics (δ ∼ 1 nm).

In plastic/ferroelectric materials, rotation motion of spher-
ical molecules is frozen in the ferroelectric state, in which the
alignment of polar molecules is coupled with weak lattice dis-
tortion from the cubic lattice. As component spherical cationic
molecules involve a permanent electric dipole, switching of
spontaneous polarization at DWs should be accompanied by
the collective rotation of molecules [Fig. 7(b), top]. The
feature contrasts with the inorganic ferroelectrics such as per-
ovskites, where the ferroelectric switching is accompanied by
collective ion displacements [Fig. 7(b), bottom] and notable
lattice deformations. Particularly, the case of 180◦ DWs in
[AH][ReO4] can be regarded as ideal because the interac-
tion between spontaneous polarizations at the DWs should be
dominated by pure dipole-dipole interactions between polar
spherical molecules without lattice strains at the DWs. In such
a case, the switch of the polarization reversal at the 180◦ DWs
should be gradual, and the DW width can be very large which
could be broadened by dipole-dipole interaction. We consider
that the estimated large width of the DWs should be closely
associated with the sharp switching behavior because the DWs
with large widths should be weakly pinned by defects. In fact,
[AH][ReO4] are known to exhibit sharp switching of spon-
taneous polarization even in pressed polycrystals, showing
rectangular P-E hysteresis loops like those of single crystals
[15,21], which is in sharp contrast to the case of inorganic
ferroelectrics. Further investigation of the nature of DWs
should lead to an understanding of the unique characteristics
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of plastic/ferroelectric materials, which are indispensable for
ferroelectric applications.

IV. CONCLUSIONS

In this paper, we successfully reveal the unique characteris-
tics of ferroelectric domains and DWs in plastic/ferroelectric
thin films, depending on the crystallographic orientations.
A simple drop-casting technique allowed the fabrication
of polycrystalline films of [AH][ReO4], involving large
monocrystalline films with a large lateral size of several
hundred squared micrometers. The obtained thin films were
classified as comprising at least three types of crystallographic
orientations. Moreover, we utilized three different techniques
for overview and detailed view observations for the
ferroelectric domains and DWs: crossed Nicols, birefringent
FFMI, and PFM.

The investigations revealed the features of the ferroelectric
domains and DW characteristics in [AH][ReO4] thin films
as follows: First, it was found that the domain structure
comprised three types of DWs, 71◦, 109◦, and 180◦ DWs,
unique to the pseudocubic ferroelectric crystals. The 71◦
and 109◦ DWs, which are accompanied by lattice deforma-
tion, were visualized through crossed Nicols micrographs,
while the 180◦ DWs without lattice deformation were ob-
served via the birefringent FFMI technique. We found that
the emerging ratio of these three types of DW depends on
the crystallographic orientation of the film, which originates
from the fact that the domains and DWs form to cancel the
electric charge on the film surfaces. In addition, DWs were
formed in the orientation that the electrostatic energy and

mechanical strain at DWs are minimized. The results indicate
that the formation of DWs in [AH][ReO4] should be domi-
nated by the suppression of the depolarization field and the
energy minimization for DW generation, the mechanism of
which is usually known in perovskite ferroelectrics. On the
other hand, peculiar phenomena unique to plastic/ferroelectric
films were observed in the nature of the DWs. It was found
that unique spots exist where the 71◦, 109◦, and 180◦ DWs
stably coexist to intersect at a point. Moreover, the DW
widths were estimated to be much wider than those of per-
ovskite ferroelectrics, which can be ascribed to the gradual
rotation of polar molecules around the DWs. These unique
features have never been observed in perovskite ferroelectrics,
whose spontaneous polarization is strongly coupled to lattice
deformation.

The results presented above provide significant impli-
cations for the realization of ferroelectronics based on
plastic/ferroelectric materials. We believe that the findings on
peculiar DW characteristics should lead to further studies on
DW engineering that may improve and develop ferroelectric
properties such as piezoelectricity and pyroelectricity based
on the functionality of DWs. The multiaxial ferroelectricity
and solution processability, coupled with the unique nature
of DW characteristics in plastic/ferroelectric materials, should
lead to the realization of printable ferroelectronics devices.
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