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Many hydrogen-bonded organic ferroelectrics exhibit low-field switching of large 

spontaneous polarizations. Although the switchable electric dipoles of π-conjugated organic 

molecules account for the large spontaneous polarizations, their relevant optoelectronic 

processes have not been used to probe the ferroelectricity. Here, we show that the variation in 

electro-optic response enables visualization of the ferroelectric domains and domain walls in 

single-crystal films of a hydrogen-bonded molecular co-crystal. Highly sensitive and rapid 

visualization is realized by difference optical image sensing between the forward and reverse 

field applications. We call this technique “ferroelectrics field modulation imaging (FFMI).” 

The unique optical-probe nature reveals the existence of two types of domain walls showing 

different three-dimensional orientations within the films; one is roughly perpendicular to the 

film plane, whereas the other is considerably tilted from the normal to the plane. We discuss 

that both of the domain walls are stabilized to generate substantial neutrality by being directed 

parallel to the direction of polarization. This study opens a new route for exploring the 

three-dimensional topological nature of domain walls in ferroelectric materials. 
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I. INTRODUCTION 

Ferroelectrics are usually composed of multiple domain walls that separate domains of 

different polarization orientations and strongly affect the switching properties. To understand 

the ferroelectric switching characteristics, it is essential to clarify how the domain walls 

emerge, move, merge, and disappear within the crystals [1–4]. Basically, the domain walls are 

classified into two categories: charged domain walls that have a bound charge, and neutral 

domain walls that do not have a bound charge. The charged domain walls are expected to 

have much higher generation energy and lower mobility than the neutral domain walls 

because of the presence of the bound charges, which may affect (or deteriorate) the 

ferroelectric switching characteristics [5]. However, it is also pointed out that the domain wall 

motions are strongly coupled with lattice elastic energy in inorganic (perovskite-type) 

ferroelectrics [6, 7]. Accordingly, it is difficult to discriminate the effects of the bound charge 

and lattice elastic energy, leading to controversy over their influence on switching 

characteristics. An ideal ferroelectric system without the lattice deformation coupling and the 

characteristics of domain walls have not been fully investigated and clarified. 

The proton-transfer-type organic ferroelectrics are a novel class of ferroelectric materials 

composed of π-conjugated molecules that are linked by hydrogen bonding [8–10]. The lattice 

elastic energy in these materials is negligible because spontaneous polarization originates 

from the cooperative transfer of protons within the crystals as well as from the electric dipoles 

of π-conjugated organic molecules [11, 12]. Tactical design of the molecular materials with 

use of hydrogen bonding allows to reverse the crystal symmetry with cooperative proton 

transfer and least change in the structures of host molecular moieties. This strategy demands 

pseudo-symmetric elements on the host moieties from the crystallographic viewpoint. In fact, 

many of the materials present room-temperature ferroelectricity with a much lower coercive 
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field (10−20 kV/cm) than that of ferroelectric polymers, which exceeds 500 kV/cm [13, 14]. 

The soluble, lead-free, and rare-metals-free characteristics suggest that these are promising 

materials to be used for printed electronics devices operating at low voltages [15, 16]. 

For the observation of ferroelectric domains and domain walls, various non-destructive 

techniques have been developed, such as piezoresponse force microscopy (PFM) [17, 18], 

scanning nonlinear dielectric microscopy (SNDM) [19, 20], polarization microscopy [1], 

second harmonic generation (SHG) microscopy [21, 22], and terahertz radiation imaging [23, 

24]. Another technique being studied is based on slight responses of the optical spectrum of a 

ferroelectric charge-transfer (CT) complex under external electric fields [25]. The technique is 

based on a first-order electro-absorption (i.e., the Pockels) effect for ferroelectric materials 

that do not have inversion symmetry. It utilizes the slight reflectance changes under an 

electric field at respective positions to visualize ferroelectric domain structures. It takes 

advantage of the relatively large optical response of organic CT complex to the external 

electric field. Nevertheless, the technique has not yet been applied to other ferroelectric 

materials, including the proton-transfer-type organic ferroelectrics, primarily because a long 

measurement time is required for the two-dimensional scanning of the entire target area where 

the slight optical response must be measured by a lock-in technique at the respective 

positions. 

In this study, we visualize the ferroelectric domains and domain walls within 

single-crystal films of proton-transfer-type organic ferroelectrics, based on the slight changes 

in optical absorption induced by an applied electric field. For this purpose, we apply a 

difference image sensing technique using a CMOS area image sensor, which enabled highly 

sensitive, collective, and quick detection of tiny changes in optical transmittance in the order 

of 10−4. As the ferroelectric material, we choose proton-transferred salt of chloranilic acid 

(H2ca) and 2,3-di(2-pyridinyl)pyrazine (dppz), denoted as Hdppz-Hca, which is soluble in 
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organic solvent and exhibits excellent ferroelectric characteristics at room temperature (Tc = 

402 K) [10]. We demonstrate that the FFMI technique, developed in this study, permits the 

rapid acquisition of images of the ferroelectric domain structures within a few minutes, over a 

wide area as large as 1 mm2, and at high spatial resolution as small as several hundred nm. 

Furthermore, we demonstrate that three-dimensional domain structures in the depth direction 

can be visualized within the films. 

 

 

II. EXPERIMENT 
A. Fabrication and characterization of ferroelectric thin films 

The crystal structure of Hdppz-Hca is presented in Fig. 1(a). Acid molecules (H2ca) and 

base molecules (dppz) are alternately linked by hydrogen bonds to form one-dimensional 

molecular chains along the c-axis in the crystal. The overall crystal structure has a 

pseudo-symmetry of space group C2/c (#15) by locating the deprotonated dppz and ca2− 

moieties on the twofold axis and inversion symmetry, respectively. The asymmetric ordering 

of protons reduces the crystal symmetry to the actual space group Cc (#9), in which the 

spontaneous polarization is allowed within the ac-plane.  

Single-crystal thin films of Hdppz-Hca were fabricated by using the confined crystal 

growth technique. Prior to the crystal growth, comb-shaped electrodes were fabricated on a 

glass plate by vacuum deposition. Another glass plate was coated with a highly hydrophobic 

fluorinated polymer layer by using the spin coating method. A solution of dppz and H2ca in 

N,N-dimethylformamide was confined in a narrow space between the glass plate with the 

electrodes and the glass plate with the fluorinated polymer. After the slow evaporation of 

solvent and the crystal growth, the cover glass with the fluorinated polymer layer was 

detached from the glass plate with the film and the electrodes. Since the surface of fluorinated 

polymer is hydrophobic, crystals remained only on the glass substrate. As a result, 
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single-crystal thin films, with thickness ranging between 0.3 and 2 μm, were obtained over a 

number of electrodes. The line-and-space widths of the comb-shaped electrodes were L/S = 

100/50 μm. The thickness of the electrodes was 32 nm (Cr: 2 nm, Au: 30 nm). The density of 

the solution was 1.5 wt%, and the amount of solution confined between the glass plate was 20 

μL. The thickness profile of the films was measured by atomic force microscopy (MFP-3D in 

tapping mode; Asylum Research). 

To investigate the crystallographic axes of the films, we conducted synchrotron-radiated 

X-ray diffraction measurements at the BL-8B line of the KEK (High Energy Accelerator 

Research Organization) Photon Factory. The x-rays had an energy of 18 keV, which was 

calibrated using CeO2. Orientation of crystal axis was determined by out-of-plane and 

high-incident-angle diffractions using the analysis software (RAPID AUTO; Rigaku). 

Conventional PFM measurements were conducted with a commercially available 

scanning probe microscope (MFP-3D; Asylum Research) using a conducting tip 

(PPP-NCSTPt-20; Nanosensors). Dual AC resonance tracking mode was used to suppress the 

noise. Comb-shaped electrodes under ferroelectric films were grounded via gold wires. 

 

B. Electro-absorption spectroscopy 

The ordinary optical absorption spectrum of Hdppz-Hca was measured by a 

spectrophotometer (UV-2450; Shimadzu). Hdppz-Hca thin films on the glass substrate were 

measured using transmitted light irradiated from the back side of the substrate. 

The electro-absorption spectrum was measured by using the lock-in technique. 

Monochromatic light from a Xe lamp obtained through a spectroscope was focused onto a 

uniform polarization domain through a flare diaphragm, and the transmitted light was detected 

by photodiodes. Square-wave bias voltage was applied between the electrodes at a frequency 

of 45 Hz, and the difference between transmittance under positive (T+) and negative (T−) bias 

was measured by a lock-in amplifier, using the square-wave reference signal at 45 Hz. By 



 

6 
 

scanning the wavelength of the probe light, the modulation spectrum (−ΔT /T = − (T+ − T−) /T) 

was obtained. The amplitude of the bias voltage was set at 20 Vp-p. 

 

C. Field modulation imaging technique 

Square-wave bias voltage was applied between the electrodes at a frequency of 45 Hz. 

The amplitude of the bias voltage was 20 Vp-p. Pulsed monochromatic light at a frequency of 

90 Hz from an LED was irradiated onto the sample from the back side of the glass substrate, 

where the pulsed irradiation was synchronized with the applied square-wave bias voltage. The 

wavelength was 565 nm, and the pulse width was 1 ms. Transmitted light was captured by a 

CMOS area image sensor to obtain images at positive and negative bias, respectively. The 

difference between the positive-bias image and the negative-bias image is denoted by ΔT, and 

the average of the positive-bias image and the negative-bias image is denoted by T. ΔT /T was 

calculated for each pixel detection and the spatial distribution of ΔT /T was obtained, which 

visualizes the ferroelectric domain structures. To suppress the noise, 16,384 images were 

captured for the positive- and negative-bias states, respectively, and were averaged. 

The dynamics of the ferroelectric domain wall motion were driven by applying a large 

static voltage (100 V) between the electrodes. Then the FFMI image was measured by 

applying a small modulation voltage (20 Vp-p). Driving of the domain wall motion and 

measurement of the FFMI were conducted alternately. The large static voltage was turned off 

during the FFMI measurements. 

 

III. RESULTS AND DISCUSSIONS 

A. Ferroelectrics field-modulation imaging based on electro-absorption effect 

An example of the sensitive optical response of the π-conjugated electrons to the 

protonation (or deprotonation) was demonstrated by the absorption spectra of the component 
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molecules of Hdppz-Hca in solution. Figure 1(b) shows the molar absorption spectra of 

neutral H2ca, ionic Hca−, and divalent ca2− in acetonitrile solution [26]. It is seen that the 

Hca− ions exhibit much larger absorbance than that of H2ca and ca2− in the visible range. The 

plot indicates that the electronic absorption of Hca− ions in Hddpz-Hca depends considerably 

on the degree of intermolecular proton transfer. The changes in optical response of 

Hdppz-Hca under external electric fields will tell us how the proton locations are modulated. 

Note that the spectral change in the visible range is not relevant to the absorption band of 

Hdppz+, which appears only in the ultraviolet range at around 4.35 eV [27]. 

 

 
FIG. 1. Hydrogen-bonded organic ferroelectric, Hdppz-Hca, and its optical response. (a) 

Crystal structure of Hdppz-Hca. Hydrogen-bonded chains are along the c-axis. (b) Molar 

absorption spectra of chloranilic acid in acetonitrile solution at different protonation states; 

neutral H2ca, deprotonated Hca− monoanion, and ca2− dianion. Reproduced with permission 

(R. Kumai, et al., J. Chem. Phys. 125, 084715 (2006).) [26]. (c), (d) Schematic of proton 

displacement under external electric fields. When the field is applied along the direction of the 

spontaneous polarization, the protons move closer to ca2−, which is expected to increase the 

absorbance (c). When the field is applied opposite to the spontaneous polarization, the protons 
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move further away from ca2−, which is expected to decrease the absorbance (d). (e) 

Electro-absorption spectrum of Hdppz-Hca film. The blue and red curves are the field 

modulation spectra obtained for a ferroelectric domain, at the initial ferroelectric state and 

after the polarization reversal, respectively. The dashed curve is the normal absorbance 

spectrum. Black open circles are the average FFMI signal intensity obtained at each photon 

energy (see Supplementary Fig. S4 [28]). 

 

To sensitively detect the change in local transmittance, we applied an alternating electric 

field over a single-crystal film by using a pair of counter electrodes (see Supplementary Fig. 

S1 [28]). Note that the bc-plane of the single-crystal film is parallel to the substrate surface, as 

presented in Fig. 1(a). The transmittance under positive (T+) and negative bias (T−) was 

detected, collectively, by an area image sensor, as schematically shown in Fig. 2(a). The 

obtained difference image (ΔT = T+ − T−) for the as-grown film is presented in Fig. 2(b). The 

positive (red) and negative (blue) signals indicate the increase and decrease in transmittance, 

respectively, under the applied positive bias. Figure 2(c) shows the lateral PFM phase image 

obtained over the same area as in Fig. 2(b). The FFMI image is highly consistent with the 

PFM image, confirming that the FFMI enables visualization of the ferroelectric domain 

structures. We also confirm that the modulation bias does not affect the ferroelectric domain 

structures, as shown in Supplementary Fig. S2 [28]. Note that the FFMI technique was created 

based on the gate-modulation imaging (GMI) technique that was recently developed to 

visualize carrier density within the channel layers of organic thin-film transistors [29]. The 

FFMI is advantageous compared to PFM because it is possible to visualize the entire domain 

structures over a wide area, rapidly, and at high resolution, simultaneously (see 

Supplementary Fig. S3 [28]). 
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FIG. 2. Ferroelectrics field modulation imaging, FFMI, and typical obtained images. (a) 

Schematic representation of the FFMI measurement. (b) Typical FFMI image of Hdppz-Hca 

single-crystal film. (c) Lateral PFM phase image of the same area as (b). Same ferroelectric 

domains and domain walls are clearly identified in (b) and (c). (d) FFMI images of 

Hdppz-Hca single-crystal film, measured at the initial ferroelectric state (left), and at 20 min 

(centre) and 96 min (right) after the application of an external electric field of 20 kV/cm. 

Domain wall motions are clearly observed during the polarization reversal. White arrows 

depict the horizontal component of spontaneous polarization. Scale bar is 20 µm. 

 

To investigate the origin of the modulation signal in the FFMI, we measured the 

first-order electro-absorption spectra of Hdppz-Hca. The spectra of the ferroelectric domains, 

reversed with each other, are shown by the blue and red curves in Fig. 1(e), respectively. Both 

spectra present similar features, except for the sign of the signal, with the original absorption 

spectrum as shown by the dashed curve. Also plotted in Fig. 1(e) is the FFMI signal measured 

at various photon energies (all the images are shown in Supplementary Fig. S4 [28]), which is 

consistent with the electro-absorption spectra. The results indicate that the absorption is 

simply increased or decreased by the application of external electric fields, which is consistent 

with the assumption that the slight displacement of protons by applied electric fields causes 

the change in optical transmittance or absorbance. We estimate that about 0.01% of the 

absorbance is modulated by an external electric field of ±2 kV/cm: when electric field  is 

applied along the same (opposite) direction as spontaneous polarization Ps as E ⋅ Ps > 0 (E ⋅ Ps 
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< 0), the protons move closer to (farther from) the ca2− molecule, so that the absorption of 

Hca− ions increases (decreases) (Fig. 1(c), (d)). 

We now discuss the switching behaviour of ferroelectric domains based on the observed 

FFMI images. Figure 2(d) presents FFMI images before and after the application of external 

electric field  that exceeds the coercive field Ec (|E| > Ec). A gradual change of domains 

through the motion of domain walls is observed (see also Supplementary Fig. S5 [28]). These 

observations demonstrate that the polarization reversal within the films takes about 90 min, 

which is much slower than that in bulk crystals in which polarization switches at a higher 

frequency than 1 kHz. It is also found that almost no change is observed in the domain 

structures before and after the application of static electric field of 5 kV/cm, which is larger 

than coercive electric field of bulk crystal (< 2 kV/cm) (see also Supplementary Fig. S6 [28]). 

These results indicate that the coercive electric field of the single-crystal film is much larger 

than that of bulk crystal. This feature should be ascribed to the pinning of domain walls at the 

film/substrate and film/air interfaces, or to the disappearance of ferroelectricity at the 

film/electrode interface [30–32]. 

 

B. Internal structure of ferroelectric domain walls 

In the FFMI image acquired during the process of polarization reversal (Fig. 2(d), center), 

we notice that the intensity variation of the FFMI signal is fairly gradual at around the domain 

boundaries. In addition, the spatial width of this gradual change crucially depends on the 

direction of the domain walls. Figure 3(a) shows an enlarged view of the image around the 

domain walls measured just after the local colour changes from red to blue due to the domain 

wall motion along the white-arrow direction by applying the electric field. The domain 

boundaries that are parallel to the c-axis (or parallel to the hydrogen-bonded chains) exhibit 

rapid changes in the FFMI signal across the axis perpendicular to the boundaries. In contrast, 
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the domain boundaries that are roughly perpendicular to the c-axis (and parallel to the b-axis) 

have a large spatial width for the signal variation. Here, we call the former domain walls 

DW1, and the latter DW2. We note that DW1 and DW2 seem to be the neutral and charged 

domain walls, respectively, considering that DW2 is perpendicular to the hydrogen-bonded 

chains in the PFM image. However, we found that this was not the case, as described later. 

 

 
FIG. 3. Comparison of FFMI image and PFM phase image around the domain walls. (a) 

Typical FFMI image of Hdppz-Hca single-crystal film around the domain wall, which is 

moved along the direction shown by the white dotted arrow. White curve in the image 

indicates the domain wall as observed by the lateral PFM phase image (d). (b), (c) Variation 

of FFMI signal intensity as a function of the film position, across DW1 (x  b) (b) and across 

DW2 (x  c) (c), along the black dashed arrows in (a). (d) Lateral PFM phase image of the 

same area as (a). (e), (f) Variation of PFM phase as a function of the same film position as in 

(b) and (c), respectively. Scale bar is 10 µm. 

 

Figures 3(b) and 3(c) are the plots of FFMI intensity vs. coordinates across DW1 (along 

x//b), and across DW2 (along x//c), respectively, the loci of which are indicated by the arrows 

in Fig. 3(a). It is clear that the change in the FFMI signal across DW2 is much more gradual 

with a large distance of 14 μm, than that across DW1 with a distance of about 1.5 μm. We 
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also observe that the width across DW2 depends on the thickness of the films, as presented in 

Fig. 4(a). The result clearly indicates that the orientation of DW2 should have a component 

extended parallel to the film surface: The observed gradual change in the FFMI intensity 

along the c-axis should be associated with the successive variation of the domain volume 

fraction as a function of the c-axis, because the FFMI intensity is averaged over the thickness 

direction. 

 

 
FIG. 4. Spatial width of domain walls as observed in the FFMI. (a) Film thickness 

dependence of spatial width (w) for the FFMI signal variation around DW1 (blue circles) and 

DW2 (red squares). Dashed line is a linear fit for the data of DW2. (b) Schematics for the 

orientations of DW1 (top) and DW2 (bottom) within the film. White arrows depict the 

horizontal component of spontaneous polarization. 

 

Figure 3(d) shows a lateral PFM phase image, obtained for the same film as presented in 

Fig. 3(a). In contrast to the FFMI image, the PFM image (generally) exhibits a distinct 

variation in signal intensity at the domain boundary. For a comparison of FFMI and PFM, we 

also plotted the domain boundary obtained from the PFM image, as shown by the white 

curves in Fig. 3(a). Figures 3(e) and 3(f) are the plots of the PFM phase across DW1 and 

DW2, respectively, plotted in the same area as Fig. 3(b) and 3(c). We found that DW2 as 

observed by the PFM image coincides well with either edge of the gradual change in the 
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FFMI intensity. We also checked the consistency with the PFM amplitude image, as plotted in 

Supplementary Fig. S7 [28], confirming that similar features as the PFM phase image are 

observed. The most probable scenario on the observed difference between the FFMI image 

and the PFM image is the following: the PFM image should visualize the ferroelectric 

domains around the crystal surface, because the electric field applied between the tip and the 

electrode should be concentrated immediately beneath the tip, and sharply decays with the 

distance along the depth direction [33]. Moreover, the base electrode located at the side 

direction, as used in this study, should make the piezoresponse less sensitive to the depth 

direction compared to the case of the base electrode arranged at the bottom. 

From the above observations, it is most probable that the gradual variation in FFMI 

signals indicates that DW2 should be considerably tilted from the axis perpendicular to the 

film surface, as schematically shown in Fig. 4(b), bottom. In other words, neighbouring 

ferroelectric domains with opposite polarization orientations overlap with each other in the 

thickness direction, in the case of DW2, eventually bringing a gradual change in the FFMI 

signals. In contrast, DW1 separates the ferroelectric domains by a plane that is roughly 

perpendicular to the film plane (Fig. 4(b) top). From the fitting slope for the plot in Fig. 4(a), 

DW2 should have a constant tilting angle of about 12° from the plane of the film/substrate 

interface. Note that the fitting slope of Fig. 4(a) also has a non-zero vertical intercept value at 

about 3 μm. This means that DW2 should involve a transition region between the 

neighbouring ferroelectric domains, where the magnitude of polarization gradually changes 

[21]. 

 

C. Origin of the marked orientation of ferroelectric domain walls 

According to the recent first-principles calculations for the study compound, the 

polarization orientation is predicted to be tilted 10.6° from the c-axis within the ac-plane 

based on the calculation result of (a, b, c*) = (0.08, 0, −7.51), which is roughly directed 



 

14

toward the c*-axis [11]. This means that the spontaneous polarization orientation should be 

slightly tilted from the film surface as presented in Fig. 5(a). Actually, we found from the 

vertical PFM measurements that the ferroelectric domains in Hdppz-Hca retain the vertical 

component of spontaneous polarization, as presented in Supplementary Fig. S8 [28]. 

 

 
FIG. 5. Observed domain wall orientation and its relationship with crystallographic axes. (a) 

Crystallographic axes of Hdppz-Hca single-crystal film on a substrate. b- and c-axes are 

parallel to the substrate. (b) FFMI image and (c) Lateral PFM phase image of the same area of 

an Hdppz-Hca single-crystal film. White curves in (b) indicate the domain walls observed in 

(c). These domain walls stay at the locations after they are moved along the direction shown 

by the white dotted arrows in (b), respectively. Black arrows depict the horizontal component 

of spontaneous polarization. Scale bar is 10 µm. 

 

To reveal the relationship between the orientation of DW2 and the crystal lattices, we 

investigated the crystallographic axes of the single-crystal films with non-inversion symmetry 

by means of thin-film x-ray diffraction measurements (see Supplementary Fig. S9 [28]). 

Figure 5(a) presents the crystallographic axes of the films: b- and c-axes are parallel to the 

substrate, whereas the a-axis is slightly tilted from the axis perpendicular to the substrate (the 

angle between the a-axis and c-axis is 101°). Note that the polarization reversal does not 
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cause any lattice deformation in Hdppz-Hca. This means that the direction of the a-axis is 

common to both ferroelectric domains with opposite polarization orientations. 

Figures 5(b) and 5(c) show the FFMI image and the lateral PFM phase image measured 

for a film in which the c-axis points to the left and the a-axis tilts to the right in the figure. We 

determined the orientation of DW2 through a comparison between the FFMI and PFM images. 

The surface domain boundary is located at the left edge of the transition region in the FFMI 

image for a pair of DW2 located around the centre of the film (denoted as “A” in Fig. 5(b)). 

The result clearly shows that both DW2 are tilted downward to the right, and are roughly 

perpendicular to the a-axis. This indicates that the DW2 are roughly parallel to the bc*-plane 

(see Fig. 5(a), top). We confirmed the observation of the same orientation relationships 

between DW2 and the crystallographic axes in other films (see Supplementary Fig. S10 [28]). 

All the results presented above indicate that the DW2 should be the neutral domain walls 

that are parallel to the spontaneous polarization. This finding is in striking contrast to the 

naive assignment from the PFM measurements that the DW2 might be the charged domain 

walls. We should point out that the total area of DW2 is about five times larger than the case 

of domain walls perpendicular to the film surface, because of the tilt within the film. This 

feature may lead to the increase of interfacial energy, although suppression of the electrostatic 

energy derived from the bound charges must be more effective to minimize the free energy. 

We conclude that the orientation of DW2 should be stabilized to generate the substantial 

neutrality at the domain walls, by being directed along the spontaneous polarization. 

Interestingly, we also noticed different orientations of domain walls in the film region 

close to the electrodes. For example, the domain wall denoted as “B” in Fig. 5(b) is tilted 

downward to the left, in reverse to the orientation of “A”-type DW2. In this case, it is clear 

that the domain wall should no longer be neutral, but be charged with bound charges. We 

consider that the electric field should be concentrated at around the edge of the electrodes, 
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which may modify the domain wall orientation. This feature illustrates the interface or 

extrinsic effects on the orientation and motion of the domain walls.  

 

IV. CONCLUSIONS 

We successfully visualized the structures and motions of ferroelectric domains and 

domain walls in single-crystal films of a proton-transfer-type ferroelectric molecular 

co-crystal of Hdppz-Hca, by means of a noncontact optical-probe technique that we call FFMI. 

By using the difference image sensing technique based on a CMOS area image sensor, we 

demonstrate that FFMI can sensitively, collectively, and quickly detect tiny changes in optical 

transmittance. We also demonstrate from the spectral analyses that the FFMI can sensitively 

probe the ferroelectric domain structures through the variation of proton positions under 

applied electric fields. Furthermore, the unique transmitted optical probe nature of the FFMI 

allow us to disclose three-dimensional domain wall structures in the depth direction through 

the combination with surface-sensitive PFM measurements. Analyses revealed the existence 

of two types of domain walls, denoted as DW1 and DW2. DW1 is a class of neutral domain 

walls that are parallel to the ac-plane and thus perpendicular to the film plane. In contrast, 

DW2 is another class of neutral domain walls that are parallel to the bc*-plane, with a 

considerable tilt of about 78° from the axis perpendicular to the film plane. We conclude that 

the neutral domain walls with various types of orientational features should dominate the 

switching characteristics in ideal hydrogen-bonded ferroelectrics where the coupling of lattice 

elastic energy is negligible.  

The FFMI technique as presented in this study is based on a unique and simple 

combination of the well-known first-order electro-optic effect and the cutting-edge image 

sensor technology. So the technique should be useful for many ferroelectric materials. As 

presented in this study, the technique is more advantageous to the PFM in that it can visualize 
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the ferroelectric domain structures over a wider area (about 100 times larger in the present 

study) and with shorter acquisition time (of several tens of times faster). These features should 

be useful for probing the topological nature of ferroelectric domain walls as well as the 

dynamics of domain-wall motion, and thus should open a new route for understanding and 

controlling the switchable electric dipoles as well as their pinning phenomena in ferroelectric 

materials. 
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