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For the application of a ferroelectric thin film to optical and electric devices, it is important to align its
ferroelectric polarization parallel or perpendicular to the film surface. In this context, an effective method
to characterize the polarization directions in the whole area of devices is needed. Here, we report an
alternative method to determine a polarization vector in three dimensions using an emission of terahertz
waves. The target material is an organic hydrogen-bonded molecular ferroelectric 2-methylbenzimidazole
(MBI). By the irradiation of a femtosecond laser pulse on a bulk single-crystal thin film of MBI, we
observe the emission of the terahertz waves originating from the polarization modulation of infrared-active
phonons via the impulsive stimulated Raman-scattering mechanism. By measuring the terahertz electric
field parallel to the ferroelectric polarization with rotating the single-crystal film around two independent
axes, we succeed in determining the polarization vector in three dimensions, the direction of which is
tilted by 45° normal to the film surface and substrate. This method can be a powerful tool to characterize
directions of ferroelectric polarizations in any kinds of thin-film samples.
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L. INTRODUCTION

Recent developments in printing techniques using
organic ferroelectrics have opened an alternative possi-
bility for their various applications such as capacitors,
(piezoelectric) actuators, and memories [1]. To use organic
ferroelectrics in thin films, it is important to character-
ize the orientations of ferroelectric polarizations. In most
ferroelectric memory devices such as ferroelectric random
access memories (FERAMs) [2], the ferroelectric polariza-
tion of the film is normal to the substrate. One of the main
reasons is that the switching voltage for the polarization
reversal can be minimized in that configuration.

To explore the possibility of the applications to fer-
roelectric memories, several kinds of ferroelectric thin
films [3—11] have been fabricated using organic molec-
ular materials with a large spontaneous polarization
[12,13]. It was suggested that a thin film of an organic
molecular ferroelectric, 2-methylbenzimidazole (MBI) [6]
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and 1,4-diazabicyclo[2.2.2]octan-1-ium tetrafluoroborate
(Hdabco-BF4) [9], was superior to an inorganic thin film
of Pr(Zr,Ti)O3 in terms of the low-voltage operation.
To characterize the quality of a thin film of ferroelec-
tric materials, it is indispensable to measure the direction
of polarization and its distribution over the whole sam-
ple. Particularly, in a ferroelectric memory, it is crucial
to evaluate the polarization component normal to the film
and substrate. For this purpose, a commercially available
piezoresponse force microscopy (PFM) is sometimes used.
However, PFM is surface sensitive but not bulk sensitive.
Moreover, in PFM it is difficult to detect the polarization
vector over a whole area of the film with a 1-mm? size.
Thus, an effective method to determine the polarization
vector in three dimensions over the macroscopic scale is
highly desirable.

Recently, we found the emission of the terahertz wave
radiated from hydrogen-bonded molecular ferroelectric
crystals upon irradiation of a femtosecond laser pulse
[14]; the amplitude and the sign of an electric field wave-
form of the terahertz radiation reflect the magnitude and
direction of the ferroelectric polarization, respectively.
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The mechanism of the terahertz radiation is explained
as follows. When a femtosecond laser pulse is incident
to a ferroelectric, the second-order nonlinear polariza-
tion P®, which is described by the second-order non-
linear optical susceptibility x®, can be modulated and
the time-dependent component AP (f) of the polariza-
tion appears [15]. This component AP®(f) generates
an electromagnetic wave in the terahertz region via the
electric dipole radiation [16]. The electric field wave-
form Ery,(f) of the radiated electromagnetic wave is
proportional to the second time derivative of AP@ ()
as Ern, (1) o< (8%/02)AP® (). A well-known mecha-
nism for the modulation of P® is a difference fre-
quency generation (DFG) within an incident femtosec-
ond laser pulse, which is sometimes called an optical-
rectification (OR) mechanism [17]. The terahertz radi-
ations observed in various kinds of hydrogen-bonded
molecular ferroelectric crystals having m-electron sys-
tems such as 4,5-dihydroxy-4-cyclopenten-1,2,3-trione
(croconic acid) [14], 2-phenylmalondialdehyde [18], and
4-[4-(methylthio)phenyl]-2,6-di(1 H -pyrazol-1-yl)pyridine
(UOHI) [19] have been explained by this OR mechanism.
In the OR processes, AP?(¢) is proportional to the enve-
lope function of the intensity of an incident laser pulse.
Therefore, a nearly monocyclic electromagnetic wave is
radiated and the spectrum of the electric field, Ey,(w), is
very broad.

Besides this, a polarization modulation by an infrared-
active phonon is also known as an effective mechanism
of the terahertz radiation. So far, two mechanisms of
the terahertz radiations by phonons are proposed. One is
the generation of the coherent longitudinal optical (LO)
phonons of the infrared-active modes [20]. The gener-
ated coherent phonons can modulate P (¢), resulting in
the emission of a multicyclic electromagnetic wave. This
mechanism was widely observed in optically opaque inor-
ganic semiconductors such as Te [21] and (Pb, Cd)Te [22].
The other is the generation of the coherent phonons of the
Raman active modes via the impulsive stimulated Raman-
scattering (ISRS) process [23]. In this case, P®(¢) is pro-
portional to both the polarizability of Raman scattering and
the dipole moment of a specific phonon, so that Ety,(w)
shows a sharp peak structure at phonon frequency and
Ety,(#) has a multicyclic electric field. The terahertz radia-
tion by this mechanism was observed in optically transpar-
ent compounds such as TeO, [24] and hydrogen-bonded
molecular crystal, 5, 6-dichloro-2-methylbenzimidazole
(DCMBI) [25].

In the present study, we report an evaluation method
of the polarization vector in three dimensions in a thin-
film sample of an organic molecular ferroelectric using
the terahertz radiation induced by a femtosecond laser
pulse. The studied material is MBI, in which the terahertz
radiation by the ISRS mechanism is observed. By mea-
suring the amplitudes of the terahertz electric fields with

rotating the sample, we determine the orientation of the
polarization.

MBI is one of the hydrogen-bonded molecular crystals
having m-electron systems, which show the ferroelectric-
ity at room temperature [26]. According to the recent
x-ray diffraction analysis [26], the crystal system of MBI
is monoclinic with the space group of Pn, and has pseu-
dotetragonal P4,/n symmetry [27]. Figure 1(a) shows the
schematic of the crystal structure of MBI. Each MBI
molecule has the asymmetric w-electron system and car-
ries a large dipole moment. Those molecules are connected
by the hydrogen bonds (dotted lines) and protons are
located at the off-center proton positions. As a result, the
polarization of chain Ppon appears along the direction
parallel to the hydrogen bonds, and its direction can be
switched by the electric field. In real crystals, the molecular
chains, which are schematically shown in Fig. 1(b), are
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FIG. 1. (a) Crystal structure of MBI. The polarization of chain

Pproton originating from the proton ordering in the N—H—N
bonds (dotted lines) is indicated by an arrow. Ppron can be
switched by the electric field. (b) In real crystals, the microscopic
polarization P appears along the orthogonal direction, which is
parallel to the a axis (deya) OF the b axis (bya) in the tetrag-
onal setting. (c) Optical image of MBI film. The homogeneous
distribution of the polarization is confirmed by PFM in the area
indicated by the green box. The red circle indicates the spot size
of a femtosecond laser pulse. (d) Schematic of the prepared MBI
film.

054002-2



OBSERVATION OF THE THREE. ..

PHYS. REV. APPLIED 14, 054002 (2020)

two dimensionally aligned. In two adjacent molecular lay-
ers, the directions of the molecular chains are different by
90°, resulting in the macroscopic polarization P along two
orthogonal directions, i.e., parallel to the a axis (aa) OF
the b axis (bt ) in the tetragonal setting [26] and thus MBI
is a biaxial ferroelectric. In the PFM image of a single crys-
tal, 90° domains and domain walls are indeed discerned
[26].

II. EXPERIMENTAL SETUP

The (110)-oriented bulk single crystals of MBI are pre-
pared by a previously reported method [26]. In films, the
solvent of MBI single crystals are sandwiched by a 0.7-
mm-thick silicon dioxide substrate and a thinner cover
plate, as reported previously [6,11]. In order to apply the
voltage normal to the film, 100-nm-thick indium tin oxide
(ITO) is deposited on one side of the substrates. ITO can
act as an electrode for PFM measurements and it is trans-
parent to a femtosecond laser pulse with 800 nm used in the
terahertz-radiation experiments. After the solvent is evap-
orated, the elongated flakelike crystals are grown on part
of the substrate, the optical image of which is shown in
Fig. 1(c). They are grown in the lateral direction, which is
indicated by an arrow, and their width is about 100 ym. In
this image, an optically homogeneous area of the crystal
with about 200 x 200 um? is discerned. In the restricted
area (90 x 90 um?) indicated by the green box, we confirm
the homogenous distribution of the polarization by the out-
of-plane PFM measurements, indicating the formation of a
single-domain structure. We confirm that the polarization
direction is tilted by 45° relative to the substrate [6], which
is schematically shown in Fig. 1(d). The film thickness is
estimated to be 4 ym by atomic force microcopy (AFM).

In the terahertz-radiation experiments, we use a fem-
tosecond laser pulse (the center wavelength of 800 nm, the
pulse width of 100 fs, and the repetition rate of 80 MHz),
which is incident normal to the ITO side of the sample.
The emitted terahertz electric field is detected by a low-
temperature-grown GaAs photoswitch. By using two-wire
grid polarizers placed in front of the detector [14], we
measure polarized waveforms of terahertz electric fields.

In Raman spectroscopy and transmission experiments in
the terahertz region, we use bulk single crystals. In Raman
spectroscopy, a cw He-Ne laser as the light source and a
grating monochromator equipped with a CCD camera are
adopted. By using standard terahertz time-domain spec-
troscopy [28], we measure the transmission spectrum and
calculate the complex optical constants.

All the measurements are performed at room tempera-
ture.

I11. RESULTS AND DISCUSSION
A. Terahertz radiation using single crystals

First, we show the results of terahertz-radiation
experiments using bulk single crystals. Since the

penetration depth of a femtosecond laser pulse (approx-
imately 8.3 mm at 800 nm) exceeds the typical sample
thickness (approximately 120 um), attenuation of a laser
pulse within the sample is negligible. The electric fields
of the femtosecond laser pulses £, and the detected ter-
ahertz waves are set parallel to the dera, £S, || Gtetra, and
Eth, || Getra, Which is schematically shown in the inset
of Fig. 2(a). Figure 2(a) shows the detected waveform of
the terahertz electric field Ery,(f) radiated from the crys-
tal. The time origin (0 ps) is set at the time when the
absolute value of Ery,(f) becomes a maximum. A promi-
nent oscillation signal, which seems to consist of several
oscillatory components, is discerned. To clearly see these
components, we show in Fig. 2(b) by the green line the
fast Fourier-transformed (FFT) spectrum of the obtained
Ety,(t) profile, Ety,(w). Two peak structures are clearly
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FIG. 2. (a) Terahertz electric field waveforms in bulk MBI

single crystals obtained for E& || @etra and Etiyy || dietra- (b) Its
fast Fourier-transformed power spectrum and effective genera-
tion length for terahertz radiations Lge,. (c) Raman and imaginary
part of dielectric spectra in the bulk MBI single crystal.
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observed at 1.75 and 2.03 THz with the frequency res-
olution of 0.1 THz. Appearance of these peak structures
cannot be explained by the conventional OR mechanism
but is attributable to the phonon-generation mechanism.

In order to demonstrate the phonon-generation mech-
anism for the observed terahertz radiation, we measure
the Raman scattering /raman Spectrum in a back-scattering
geometry. Figure 2(c) shows Iraman obtained for £ || aetra
and E¢,; || biewa (ared line), in which the electric field of the
incident and detected light is orthogonal (E£Y LES ). The
sharp five Raman-active phonon modes are discerned at
0.85, 1.00, 1.20, 1.70, and 2.05 THz within the frequency
resolution of 0.03 THz. According to the Raman selection
rule with the space group Pn, A’(x,z) TO mode is active
for E L E  and thus the observed modes are assigned to
A'(x,z) TO modes. The peak frequencies of two of them (at
1.70 and 2.05 THz) nearly correspond to those observed in
Etnz(w).

To further get insight into the observed Raman-active
phonon modes, we perform terahertz time-domain spec-
troscopy using a single-crystal sample with the thickness
of 430 um and measure the complex transmission spec-
trum in the terahertz region. The blue line in Fig. 2(c)
shows the imaginary part of the dielectric constant &,
spectrum, which is numerically derived from the experi-
mentally determined complex transmission spectrum, the
detail of our calculation procedure is reported in Ref.
[24]. The infrared-active TO modes are observed at 1.60,
1.75, and 2.05 THz in the measured frequency range.
Thus, we conclude that two peak structures appeared
in Ety,(w) are both Raman- and infrared-active TO
modes

When the spectral width of the incident femtosec-
ond laser pulse (approximately 5 THz) exceeds the fre-
quency of Raman-active phonons, they are coherently
excited and produce oscillations of the nonlinear polar-
izations, resulting in narrowband terahertz radiations. This
process is called ISRS [23]. The time-dependent ampli-
tude Q(r) of the phonon mode is given by Q(f) =
[ dfGi(t — OORRE; (1)Ef(¢)  [23]. Here, Gy is a
Green function, Rj; is a Raman tensor, and £ is an elec-
tric field. By taking into account the conservation law of
the wavevector, the frequency-dependent amplitude Q(w)
of the phonon mode is given by O(w) o« Ry E; (w)E} (w)
[23]. The nonlinear polarization P;(w) originating from
the ISRS is represented by Pi(w) o wRiE;(w)E} (w),
where u; is the dipole moment. Thus, in ISRS mechanism
of terahertz radiation, the related phonon modes are both
Raman and infrared active, which is detailed in the pre-
vious studies of TeO, [24] and DCMBI [25]. In the case
of the ferroelectrics such as MBI, u; is proportional to
the spontaneous polarization, and thus the terahertz radi-
ation is related to the spontaneous polarization. Indeed,
we successfully detected the ferroelectric domains and
domain walls in other organic ferroelectric, DCMBI by

using terahertz radiations originating from the ISRS [25].
In MBI investigated here, as seen in Figs. 2(b) and 2(c),
the central frequencies of the peak structures observed
in the terahertz-radiation spectrum correspond with those
of Raman and infrared-active phonon modes, which are
clarified by Raman and infrared (terahertz time-domain)
spectroscopies, respectively. Thus, we conclude that the
terahertz radiation observed in MBI originates from the
infrared-active phonons excited via ISRS processes.

B. Principle of evaluation method of polarization
vector

Here, we describe the basic principle of an evaluation
method of the polarization vector in three dimensions by
an emission of terahertz radiations. Recently, we found the
emission of the terahertz radiations in various organic fer-
roelectrics and observed the amplitude and sign of E1y,(0)
correspond to the magnitude and direction of the ferroelec-
tric polarization, respectively [14]. By using these unique
characteristics, we successfully visualize the ferroelec-
tric domains and domain walls by measuring the position
dependence of Ety,(0) [14,25,29,30]. In this work, we also
use these characteristics. Since Ety,(0) depends on the
polarization direction, it is possible to detect the polariza-
tion vector by measuring Ety,(0) from various directions
in three dimensions.

Next, we explain in detail the polarization position in the
experimental geometry, which is shown in Fig. 3(a). We
define the polar coordinates x, y, and z, with respect to the
polarization orientation. ¥ (0 < v < ) is the angle from
the y axis and £(0 < & < 27) is the azimuthal angle from
the z axis within the x-z plane. In this case, a unit vector n is
given by n = (siny sin&, cosyr, sinyy cos&). We consider
the rotation of the sample around x, y, and z axes, which is
schematically shown in Fig. 3(b). Using rotation matrices
with respect to the x, y, and z axes, Ry, R, R, we obtain the
polarization components polarized parallel to the x, y, and z
axes, Py, Py, P.. When the sample is rotated with the angle
0 about the z axis, as shown in Fig. 3(c), the polarization

(b)

FIG. 3. (a) Polarization direction in the polar coordinates.
Schematics of (b) sample geometry with the angle 6 about the
z axis (c) and the angle n about the x axis (d).
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components are given by

P, siny sin€ cosf — cosy sind
P, | «<R.(6)n= | siny sin& sinf + cosyr cost
P, sinyr cosé

(1)

When the detector polarization is set to parallel to the x
axis, P, can be obtained. In the case of the sample rotation
with the angle 1 about the x axis, which is shown in Fig.
3(d), the polarization components are given by

P, sinyr sin€
Py, | o< R:(n)n = | cosyr cosn — sinys cos& sinn
P, cosyr sinn + sinyr cosé cosy

)

If the emission of terahertz radiations polarized along
the polarization direction is dominant, we can determine
Y and £ by measuring 6 and 1 dependences of E1y,(0).

(a) (d)

fs laser pulse

C. Terahertz radiation using single-crystal films

Next, we show the results of terahertz-radiation exper-
iments using bulk single-crystal films and demonstrate
an evaluation method of the polarization vector in three
dimensions. As described above, in a form of thin films,
the polarization direction is tilted by 45° relative to the sub-
strate [6]. In this case, £ shown in Fig. 3(a) is 90°. Here, we
define the laboratory coordinate x, y, and z, with respect to
the sample orientation as shown in Fig. 4(a). The electric
field of the femtosecond laser pulse is set parallel to the
x axis, i.e., ES || x. By using a rotating stage, the sample
is rotated by an angle 6 with respect to the z axis. 6 = 0
corresponds to the sample surface parallel to the x axis.
Figure 4(b) shows the waveforms of the terahertz electric
field obtained for Ety, || x and Ety, || z when 6 = —41°.
The spot diameter of the laser pulse is 25 ym, which is indi-
cated by the closed red circle in Fig. 1(c). In Ety, || x, we
observe an emission of the terahertz wave (E%y,), which
consists of oscillatory components with different frequen-
cies. On the other hand, in the detected electric field for
Etn || z, E%y,, is negligibly small. This clearly indicates

FIG. 4. (a) Schematic of the
terahertz-radiation measurement

on MBI film. (b) Terahertz elec-
tric field waveforms in MBI film
obtained for E*ty, and FEfrhy
when the electric field of the inci-
dent femtosecond laser pulse is
set parallel to the x axis. (c) Their

Ef4,(0) (arb. units)

FFT power spectra. (d) E*ry,(0)
as a function of the rotation angle
6 and 7.
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that the polarization P of the sample is within the x-y plane,
which is schematically shown in the box in Fig. 4(a). Thus,
the magnitude of the terahertz electric field obtained at the
time origin, £7,(0), is proportional to the x-axis compo-
nent of the polarization P of the sample. Here, we define
the angle o of P relative to the x axis. Thus, E%,,(0) is
proportional to cosa.

In order to clarify the nature of the terahertz radia-
tions from the film, we perform the FFT of the measured
Efy,(® and E7, (f) profiles. The obtained power spec-
tra Efy,(w) and E7,,(w) are shown by the purple and
yellow lines in Fig. 4(c), respectively. The frequency res-
olution is 0.1 THz. At least two peak structures at 1.7 and
2.0 THz are discerned in Ejy,(w), being consistent with
the results obtained in bulk single crystals shown in Fig.
2(b). In contrast, there are no remarkable peak structures
in B3y, (w).

D. Observation of the relative orientation of the
polarization vector using terahertz radiation

Now, we proceed to discuss the method for the determi-
nation of the relative orientation of the polarization vector.
As discussed above, E7y,(0) is proportional to cosa. In
order to estimate o, we measure E7y,(0) as a function of
0, which is shown by blue circles in Fig. 4(d). E}y,(0)
is normalized by E%,,(0) at 8 = 0°. E}4,(0) becomes a
maximum at § ~ —45° and nearly zero at 0 ~ +45°. By
assuming that E%,;,(0) is proportional to the P along the x
axis, E7;;,(0) can be expressed as Ef;;,(0) ~ cos(6 + @),
which is obtained from P, in Eq. (1) for £ = 90° and
a + ¥ = 90°. The observed E7y,(0) can be well fitted by
this relationship with o = +45°, which is shown by the
solid blue line in Fig. 4(d).

We also rotate the sample by n with respect to the x axis,
while 6 is fixed to 8 = 0°, which is schematically shown
in Fig. 4(a). The measured E7y,(0) as a function of 7 is

shown by the green circles in Fig. 4(d). E7y,(0) is indepen-
dent of 1, which is consistent with the expected value, i.e.,
constant, of P, in Eq. (2) for £ = 90° and o + ¥ = 90°.
This clearly indicates that P is only declined from the x
axis by ¢ = +45° and perpendicular to the z axis. This is
consistent with the rotation experiments (6 with n = 0°)
with respect to the z axis shown by the blue circles in
Fig. 4(d).

Next, the electric field of the incident light is set par-
allel to the z axis, i.e., ES || z, and the emitted terahertz
wave along the z axis is detected. The experimental setup
is shown in Fig. 5(a). In this geometry, P along the y axis
can be detected by rotating the substrate with respect to
the x axis [see the box in Fig. 5(a)]. Figure 5(b) shows the
E%4,(0) as a function of n. E5y;,(0) is zero at n = 0°, while
the absolute value of E%;;,(0) shows a monotonic increase
ton ~ £45°. This clearly indicates that P is parallel to the
x-y plane and declined by @« ~ 445° from the x axis. The
observed E7;;,(0) can be well fitted by £7,;,(0) ~ sin(n),
which is obtained from P, in Eq. (2) for £ = 90° and
o + ¥ = 90°, as shown by the solid line in Fig. 5(b). On
the basis of the 6 and n dependences of the results pre-
sented above, we can conclude that the relative orientation
of the ferroelectric polarization vector is tilted by 45° nor-
mal to the sample surface within the x-y plane, which is
consistent with the previous PFM results on an MBI film
[see, Fig. 1(d)] [6].

Since strong absorptions exist in the terahertz region
[Fig. 2(c)], it is valuable to discuss the effective gen-
eration length for terahertz radiations Lgen(w) [31]. Lgen
= {1 +exp(— otapsd) — 2 exp[ — (ctavs/2)d]cos[(w/c) |nTH,
— ngld]/ (tabs/2)* + (/) (N1, — ng)z}% is an effective
propagation length within the crystal over which the coher-
ence between the generated terahertz wave and the incident
femtosecond laser pulse degrades. Here, ¢ is a velocity of
light, w is an angular frequency, n, (=1.57) is the group
refractive index of the incident femtosecond laser pulse,

(a) (b) FIG. 5. (a)  Schematic  of
fs laser pUIse E® 2 . terahertz-radiation measurement
a ” & Py ] on MBI film. (b) Terahertz elec-
+n v % B b tric field obtained for EZ1y,(0) as
: 7 ¥ = 1 T a function of the rotation angle 7.
-n E { a S I _L The electric field of the incident
[ E,/ \/ o femtosecond laser pulse is set
",,:7 """"""" 20771 © 0 ) parallel to the z axis.
S 8 _/®
iy N 1
}7 P « /% _________ » X ?-]L!]— —-1 - 1 - E
BT/ 2/ ?
y a | *‘% "
4 Ern Z
4 =210 1
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d is the sample thickness of the single crystal (430 um).
nth, and aps are the refractive index and absorption coeffi-
cient in the terahertz frequency region, respectively, which
are determined by the terahertz time-domain spectroscopy.
The estimated /yen () is shown by the orange line in Fig.
2(b). Although dip structures due to strong absorptions of
the phonons are discerned at 1.7 and 2.0 THz, Lge, (@) is
estimated to be approximately 100 ym in the measured
region, which is much longer than the thickness of the
film (4 wum). The penetration depth of the femtosecond
laser pulse (8.3 mm) is also long. Thus, as compared to
the surface-sensitive PFM, the present terahertz-radiation
method is a bulk sensitive. This characteristic is useful to
evaluate the polarization component normal to the film in
the FeRAMs.

Finally, we comment on the perspective of the present
terahertz-radiation method. In the present work, we suc-
cessfully determine the direction of the polarization in
the single-domain samples. In the next step, we try to
detect the unknown direction of the polarization in grain
boundaries and multidomain samples. In order to achieve
it, it is indispensable to improve the spatial resolution.
In the present terahertz-radiation experiments, the spa-
tial resolution corresponds to the spot size of the laser
pulse (25 um). Here, we use femtosecond laser pulses
with a wavelength of 800 nm and the conventional lens.
If the short-wavelength laser pulse and objective lens are
used, higher spatial resolution would be achieved. How-
ever, the diffraction limit should be taken into account
when the wavelength becomes shorter. A near-field imag-
ing is known as a method for overcoming such a diffraction
limit. In the terahertz region, a scattering-type near-field
microscope using a metal tip has been recently devel-
oped [32] and obtained the spatial resolution of 20 nm.
Using a near-field optics, it is possible to characterize
grain boundaries and multidomain samples as well as the
single-domain samples we demonstrate here. This techni-
cal issue is beyond the scope of the present work and will
be performed in the future.

IV. SUMMARY

We develop an alternative method to determine
the orientation of a macroscopic polarization vec-
tor in films of ferroelectrics using emission of tera-
hertz radiation and demonstrate the effectiveness of the
method using hydrogen-bonded molecular ferroelectric 2-
methylbenzimidazole single-crystal films. By measuring
the emitted terahertz electric fields with rotating the sub-
strate of the film, we unambiguously determine the direc-
tion of the polarization to be tilted to a specific direction by
45° from the sample surface and substrate. The terahertz-
radiation method we develop here is bulk sensitive and
thus can be used to characterize ferroelectric properties in
a whole area of a sample.
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