
Dynamical Disorder of �-Molecular Structures Induced by Proton Dynamics
in an Organic Ferroelectric Compound

J. Fujioka,1 S. Horiuchi,2 F. Kagawa,3 and Y. Tokura1,2,3,4

1Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
2National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba 305-8562, Japan
3Multiferroics Project, ERATO, Japan Science and Technology Corporation, Tokyo 113-8656, Japan

4Cross-Correlated Materials Research Group (CMRG), RIKEN Advanced Science Institute, Wako 351-0198, Japan
(Received 21 November 2008; published 12 May 2009)

We have investigated the optical response resulting from the proton-�-electron-molecular-skeleton

coupled dynamics in an organic ferroelectric 55DMBP-Hia. Upon the ferroelectric-to-paraelectric

transition, almost all of the vibrational modes below 500 cm�1 are anomalously blurred and amalgamated

into the high-frequency tail of the polarization-relaxation mode. This indicates that the constituent

molecular shape is no more well defined around TC due to the dynamical disorder of the �-conjugated

structure originating from proton delocalization on the intermolecular bifurcated hydrogen bond.
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Strongly correlated proton dynamics in a variety of
materials with the hydrogen-bond network causes versatile
phase transition phenomena and relevant changes in elec-
tronic and structural properties [1]. Ferroelectricity as ob-
served in KH2PO4 (KDP) and its analogs is one example
and has been the issue of extensive investigations for
several decades [2]. For these materials, the interplay
among the proton, charge, and lattice degrees of freedom
plays a crucial role in the emergence of the spontaneous
polarization concomitant with the proton ordering.
Recently, a new class of room-temperature hydrogen-
bond ferroelectrics has been developed in the family of
organic molecular solids and is now of great interest in
light of emerging organic electronics [3]. In those, the
constituent molecules are interconnected with the hydro-
gen bond, and the collective intermolecular proton transfer
induces the electric polarization concomitant with the
asymmetric molecular distortion via the strong proton-�-
molecular-skeleton correlation. In addition, the form of the
hydrogen bond is unprecedented among hydrogen-bonded
ferroelectrics; the proton is shared by three surrounding
atoms due to the bifurcated hydrogen bond. In this Letter,
we report on the anomalous dynamical disorder of the
molecular structures observed around the ferroelectric
transition temperature in such a molecular ferroelectric,
which may arise from the proton-mediated strong coupling
between the polarization relaxation and the molecular-
skeleton shape dynamics.

The prototypical example is a recently synthesized co-
crystal of 5, 50-dimethyl-2, 20-bipyridine (55DMBP) and
iodanilic acid (Hia) [4]. In 55DMBP-Hia, alternately ar-
ranged molecules of Hia and 55DMBP form one-
dimensional hydrogen-bond chains along the 2c-b axis,
as schematically shown in Fig. 1(a). Each molecule is
stacked with the �-electron overlap in individual columns
parallel to the b axis. At the ground state, one of the two

protons in Hia is transferred to 55DMBP via the hydro-
gen bonds; the protons are alternately localized either on
an oxygen (O) atom of the Hia moiety or on a nitrogen (N)
atom of the 55DMBP one, as shown in Fig. 1(a). This
proton order and the concurrent asymmetric molecular
distortion give rise to the spontaneous polarization
along the hydrogen-bond chain. At Tc ¼ 269 K, the
ferroelectric-to-paraelectric transition occurs accompany-
ing the melting of the proton order. In the paraelectric
phase, the proton is disordered within every intermolecular
O . . . N bond and the Hia molecule restores the inversion
symmetry on a time average. The possible changes of the

FIG. 1 (color online). (a) The schematic view of the polar
hydrogen-bond chain and its reversal for 55DMBP-Hia. The
blue and red (online) parts are protonated or deprotonated
�-conjugated fragments, respectively. (b) The resonance struc-
ture of Hia at the paraelectric phase. (c) The temperature
dependence of the dielectric constant �1 along the hydrogen-
bond chain (2c-b axis) at 1 and 100 MHz as well as �

opt
1 ð! ¼ 0Þ

(see text).
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�-conjugated structures of Hia are shown in Fig. 1(b) [4].
The temperature (T) dependence of the dielectric constant
at 1 MHz (�1 MHz

1 ) for E k 2c-b is reproduced in Fig. 1(c).

�1 MHz
1 for E k 2c-b exhibits a divergent behavior at Tc and

is as large as 300 at room temperature. This is contrasted
with �1 MHz

1 for E k a and E k b (not shown), which yields

a much smaller value (�10) with minimal T dependence.
As already shown for the existing hydrogen-bonding ferro-
electrics such as KH2PO4 (KDP) [5–7], the optical excita-
tions in the infrared frequency range play a crucial role in
the ferroelectric transition and the related dielectric anom-
aly concomitant with the melting of the proton order. In the
hydrogen-bonding organic ferroelectrics, furthermore,
there may emerge the strong coupling of the correlated
proton dynamics with the molecular � electrons and skel-
etons, which should manifest itself in the low-energy and
molecular-vibrational optical spectra. In this work, we
have investigated the T dependence of the infrared-optical
spectra for 55DMBP-Hia to reveal the roles of the proton
dynamics in the coupled fluctuation of the polarization and
molecular skeleton and discussed the origin of the dielec-
tric anomaly in the course of the ferroelectric transition.

Single crystals of 55DMBP-Hia were prepared by the
slow-evaporation method, details of which have been re-
ported elsewhere [4]. The reflectivity spectra were mea-
sured in the frequency range of 30–40 000 cm�1. Spectra
of the real and imaginary parts of the dielectric constant
(�1 and �2) were calculated by the Kramers-Kronig analy-
sis. For the analysis, we assumed a constant reflectivity be-
low 30 cm�1 and !�4 extrapolation above 40 000 cm�1.

We show the T dependence of the reflectivity spectra for
E k 2c-b (hydrogen-bond chain direction) in Fig. 2(a). At
10 K, the sharp peaks originating from the molecular
vibrations are observed below 1700 cm�1. As T increases,
the peaks below 500 cm�1 are rapidly blurred, and a high

reflectance band reminiscent of the soft mode shows up
below 110 cm�1. On the contrary, the intensity of each
vibrational peak is much smaller for E k b than for
E k 2c-b as shown in Fig. 2(b). Henceforth, we focus on
the spectra for E k 2c-b.
In Fig. 3(a), we plot the �2 spectra in the frequency range

of 1530–1670 cm�1. The three peaks at 1560, 1610, and
1650 cm�1 observed at 300 K are assigned to the mono-
valent C-O (C-O�), C——C, and C——O stretching mode in
the Hia moiety, respectively. The subsistence of the C-O�
stretching mode at T > Tc indicates that the Hia molecule
is ionic even in the paraelectric phase [4,8]. As T de-
creases, the C——O stretching mode splits into the double-
peak structure denoted as C——Oa and C——Ob at T < Tc,
while the intensity of the C-O� and C——C stretching mode
monotonically increases. The splitting of the C——O stretch-
ing modes can be attributed to the nonequivalent two C——O
bonds of the Hia moiety in the ferroelectric phase; one of
the two �-conjugated fragments corresponding to the enol
form of a �-diketone (HO-C——C—C——O) is protonated,
and another is deprotonated as shown in Fig. 1(a).
According to the conventional mechanism of the motional
narrowing, the competition between the mode splitting and

FIG. 2 (color online). Reflectivity spectra of 55DMBP-Hia for
(a) E k 2c-b and (b) E k b at various temperatures.

FIG. 3 (color online). Spectra of the imaginary part of dielec-
tric constant �2 in the frequency range of (a) 1530–1670,
(b) 0–80, and (c) 0–1800 cm�1. The closed diamond in (a)
and closed and open circle and open square in (c) indicate the
1650, 255, 403, and 976 cm�1 mode of the Hia moiety, respec-
tively (see also text). In the frequency range of 640–1800 cm�1,
the spectra are plotted on a logarithmic scale of wave number. In
(c), the ordinate base line is successively shifted for clarity. The
inset shows the fitting results for the 255 cm�1 mode at 100 K.
The thin solid and dashed lines correspond to the experimental
and fitted curve, respectively. The thick solid and dashed lines
correspond to the first and second term in Eq. (1), respectively.
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the fluctuation frequency determines the persistence or
amalgamation of the two modes [9]; the rapid fluctuation
with a higher frequency than the mode splitting promotes
the amalgamation of the double-peak structure. The emer-
gence of the broad- but single-peak feature at a frequency
in between those of the C——Oa and C——Ob [marked with a
closed diamond in Fig. 3(a)] indicates that the proton
fluctuation is enhanced to a comparable frequency scale
with the original mode splitting (25 cm�1) as T increases
toward TC [10]. This frequency scale can be well compared
with that of the polarization fluctuation mode closely
coupled with the proton dynamics, as argued in the
following.

We show the �2 spectra below 80 cm�1 in Fig. 3(b).
While the spectral weight below 40 cm�1 is minimal at
10 K, it increases with increasing T toward TC, leading to
the formation of the broad band centered at �20 cm�1.
With further increase of T above Tc, the spectral intensity
appears to be slightly reduced. To see the contribution of
this band to the dc dielectric constant, we plot the T
dependence of the �1 spectra extrapolated to zero fre-

quency [�
opt
1 ð! ¼ 0Þ] in Fig. 1(c) as well as that of

�1 MHz
1 and �100 MHz

1 . Although the discrepancy between

�
opt
1 ð! ¼ 0Þ and �1 MHz

1 or �100 MHz
1 is still appreciable

around TC, the optical excitation at �20 cm�1 signifi-
cantly contributes to the enhancement of the dc dielectric
constant [11]. Such a T evolution of this band may be
related with the enhancement of the proton fluctuation
(�25 cm�1) as probed by the spectral shape of the C——O
stretching mode. In KDP, a similar low-frequency optical
excitation is observed for the E k P spectra around TC and
is attributed to the relaxation mode of the PO4 electric
dipoles coupled with the proton fluctuation [5–7]. By
analogy with KDP, the optical excitation around 20 cm�1

in this organic ferroelectric may be assigned to the
polarization-relaxation mode coupled to the proton-�-mo-
lecular-skeleton dynamics.

In Fig. 3(c), we show the T dependence of the �2 spectra
in the frequency range of 0–1800 cm�1. At 10 K, many
molecular-vibrational modes are observed over a wide
frequency range. It is worth noting that all of the peaks
below 500 cm�1 begin to be dramatically blurred in return
for the evolution of the polarization-relaxation mode with
increasing T. These peaks are assigned to the modes hav-
ing a large contribution from the C——O, C-O, C-I, and ring-
bending motion of the Hia moiety or those from the ring-
bending motion of the 55DMBP moiety [12,13]. For ex-
ample, the peaks at 255 and 403 cm�1 [denoted with
closed and open circles in Fig. 3(c), respectively] are
assigned to the in-plane ring-bending mode coupled to
the C-I stretching, C-I bending, and C-O bending motion
and that coupled to the C-O bending, C-C stretching, and
C——O bending motion in the Hia moiety, respectively. By
contrast, several modes having a large contribution from
the C——O, C-O, C-I, C——C, and C-C stretching motion in
the Hia moiety above 500 cm�1 are not significantly

blurred as T increases. For example, the peak at
976 cm�1, which is denoted with an open square in
Fig. 3(c) and assigned to the C-C stretching mode coupled
to the C-I bending and C-O stretching motion in the Hia
moiety, remains to be clearly observed even at T > TC. To
quantitatively discuss the relation between the disappear-
ance of each vibrational mode and the evolution of the
polarization-relaxation mode, we fitted these three modes
in terms of the Lorentz oscillator model

�2ð!Þ ¼ S!2
0�!

ð!2 �!2
0Þ2 þ!2

0�
2
þ �rlx2 : (1)

Here S is the oscillator strength, !0 the mode frequency,
and � the damping rate. �rlx2 is the fitting parameter for the
contribution from the T-dependent broad continuum, i.e.,
the tail of the polarization-relaxation mode at !0, and
assumed !-independent in the fitting procedure near !0.
The example of the fitting for 255 cm�1 mode is demon-
strated in the inset in Fig. 3(c). We identify the T depen-
dence of the spectral weight (S!2

0), �, and �rlx2 by defining

�S!2
0 ¼ S!2

0ðTÞ � S!2
0ð300 KÞ, �� ¼ �ðTÞ=�ð10 KÞ,

and ��rlx2 ¼ �rlx2 ðTÞ � �rlx2 ð10 KÞ, respectively. In
Fig. 4(a), we show the T dependence of ��rlx2 as well as
that of ��2 at 20 cm�1 as a measure of the evolution of the
polarization-relaxation mode. ��rlx2 for the 255 and
403 cm�1 modes increases as T increases toward TC,
reflecting the evolution of the polarization-relaxation
mode. By contrast, ��rlx2 for the 976 cm�1 mode shows
minimal T dependence, indicating that the tail of the
polarization-relaxation mode is no longer appreciable at

FIG. 4. The temperature dependence of (a) ��rlx2 , (b) �S!2
0,

and (c) �� for the 255, 403, and 976 cm�1 mode is shown by
closed and open circles and open squares, respectively (see also
text). Closed squares in (a) are �2 (�1=15) at 20 cm�1.
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such a high frequency. We plot �S!2
0 and �� for each

mode as a function of T in Figs. 4(b) and 4(c), respectively.
�S!2

0 (��) for the 255 and 403 cm�1 modes decreases

(increases) as T increases toward TC, while that for the
976 cm�1 mode is much less T-dependent. This indicates
that the time scale of the proton fluctuation, which is
typically �20 cm�1, extensively distributes up to as rapid
as �500 cm�1, and hence each discrete vibrational mode,
which strongly interacts with the continuum via the proton-
molecular-skeleton correlation, is no longer well defined at
the paraelectric phase.

Such a transformation of almost all of the vibrational
modes into the polarization-relaxation mode in such a wide
frequency range has never been observed for the conven-
tional proton-�-electron coupled dielectrics such as the
squaric acid to the best of our knowledge [14]. The uncon-
ventionally large and rapid proton-�-molecular-skeleton
fluctuation in the present ferroelectric may originate from
the special hydrogen-bonding form as characterized in the
following. As seen in Fig. 1(a), the Hia molecule contains
two �-diketone fragments linked to each other with sig-
nificantly short O . . . O distance (dOO) due to the strong
resonance-assisted hydrogen bond, which promotes the
proton and �-electron delocalization in the Hia molecule
(�O-C——C—C——O , O——C—C——C—O�) [15]. In addi-
tion, O atoms in these fragments are connected to N atom
in the 55DMBP moiety with a short O . . . N distance,
forming the intermolecular bifurcated hydrogen bond
(two O atoms and one N atom). Recently, Horiuchi et al.
revealed that the protonation or deprotonation process
significantly modifies the bond angles as well as the bond
length in both the Hia and 55DMBP moiety; the molecular
distortion is closely tied to the proton location [4]. Thus,
the dynamical proton disorder over the two O- and one
N-bonded sites may strongly enhance the fluctuation of the
�-electron-molecular-skeleton coupled system. In the con-
ventional hydrogen-bonded dielectrics such as the squaric
acid crystal, the proton motion between the double-well
minima is slow enough for the molecular-vibrational mo-
tion to be well defined even at the paraelectric phase [14].
This is not the case for the present system; the effective
proton potential minima should be shallow and broad due
to the intermolecular bifurcated hydrogen bond [4,16].
Thus, it is anticipated that the rapid proton fluctuation
due to the intermolecular bifurcated hydrogen bond and
the strong proton-�-molecular-skeleton correlation are re-
sponsible for the large �-electron-molecular-skeleton
coupled fluctuation, leading to the drastic transformation
of the discrete vibrational modes into the polarization-
relaxation mode in a wide frequency range below
500 cm�1.

In summary, we have investigated the infrared-
optical spectra for the organic hydrogen-bonded ferroelec-
tric 55DMBP-Hia with the focus on the �-electron-

molecular-skeleton dynamics strongly tied with the
intermolecular proton fluctuation. Around TC, almost all
of the vibrational modes below 500 cm�1 are significantly
blurred and amalgamated into the underlying polarization-
relaxation mode. This signals the dynamical disorder or
strong fluctuation of the �-molecular structure originating
from the proton delocalization on the intermolecular bifur-
cated hydrogen bond, which may characterize this emerg-
ing family of room-temperature hydrogen-bonded
molecular ferroelectrics.
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