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Ferroelectric polarization of 6:3 �Ccm�2 is induced by the neutral-to-ionic transition, upon which

nonpolar molecules of electron donor tetrathiafulvalene (TTF) and acceptor p-chloranil (CA) are

incompletely ionized to �0:60e and dimerized along the molecular stacking chain. We find that the

ferroelectric properties are governed by intermolecular charge transfer rather than simple displacement of

static point charge on molecules. The observed polarization and poling effect on the absolute structural

configuration can be interpreted in terms of electronic ferroelectricity, which not only exhibits antiparallel

polarity to the ionic displacement but also enhances the polarization more than 20 times that of the point-

charge model.

DOI: 10.1103/PhysRevLett.108.237601 PACS numbers: 77.80.-e, 61.05.cp, 71.20.Rv, 77.84.Jd

Switchable large polarization of ferroelectrics has
opened the way to electronics applications such as a ca-
pacitor, sensor, and data storage, as well as to electrome-
chanical and optical devices [1–3]. Whereas the sum of
permanent dipole moments of polar ions determines the
polarization of orientational ‘‘order-disorder-type’’ ferro-
electrics, the product of relative displacement and charge
of the ions had been the classical picture of the polarization
for the ‘‘displacive-type’’ ferroelectrics. In actual ferro-
electrics, however, even accurate knowledge of spatial
charge distributions, which can be obtained in principle
by the precise x-ray structural analysis, cannot explain the
macroscopic polarization quantitatively. The electric po-
larization can be correctly represented on the basis of the
quantum mechanical theory using the formalism of Berry
phase by calculating the displacement current under
changes of the electronic wave functions [4,5]. This fact
is especially important for the displacive-type ferroelec-
trics having some orbital hybridization between ions [6,7].
In this context, recent first-principles calculations with full
consideration of Berry phase have greatly advanced under-
standing of the dielectrics. For instance, the displacive-
type ferroelectric oxides have disclosed the importance of
electronic effect, which amplifies the macroscopic polar-
ization through the orbital hybridization between the oc-
cupied p-orbitals of oxygen and the empty d-orbitals of
transition metals [8].

Here we address the extreme case that the electronic
process mostly governs the large polarization of a ferro-
electric. The compound focused herein is an organic

charge-transfer complex of electron donor (D), tetrathia-
fulvalene (TTF) and acceptor (A), p-chloranil (CA)
[Fig. 1] [9]. The primary characteristic of this compound
is a valence instability called the neutral-to-ionic transition

FIG. 1 (color online). Schematic illustrations of the electric
polarization (solid arrows) and displacement direction (small
open arrows) of ions in the conventional displacive-type ferro-
electrics (a) and the TTF-CA crystal (b). The positively charged
TTF and negatively charged CA acceptor molecules are dis-
placed against the electric field. Bent arrows denote the electric
charge-transfer process from TTF to CA. (c) Molecular struc-
tures of TTF, CA, and QBrCl3. (d) Crystal structure of TTF-CA
and molecular displacement directions under electric field.
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(NIT), which arises from a delicate balance between the
electrostatic energy gain and the energy cost of molecular
ionization [9,10]. According to the C ¼ O stretch mode
vibration frequency in the infrared spectra, averaged mo-
lecular ionicity � was found to jump from �0:3 for the
quasineutral phase to �0:6 for the quasi-ionic phase upon
the NIT [Fig. 2(a)] [11,12].

The TTF-CA crystal comprises the DA alternating
stacks along the a axis [13] and the one-dimensional nature
along this chain brings about the structural instability
of Peierls or spin-Peierls type, displacing pairwise the
ionized D and A molecules [Fig. 1(d)]. Ferroelectricity
emerges if the chain can invert its polarity as ::DADA :: $
::ADAD . . . , where the underlines represent the dimerized
DA pairs [14] The crystal structure is symmetry-broken to
a polar space group of Pn upon NIT as determined by the
neutron [15] and high-resolution x-ray diffraction [16]
experiments. The recent microscopic electroreflectance
spectroscopy revealed coexisting domains of different
polarities [17], whereas pyroelectric measurement proved
the existence of spontaneous polarization for the mono-
bromine-substituted isomorph, TTF-QBrCl3 (2-bromo-
3,5,6-trichloro-p-benzoquinone) [18].

The TTF-CA complex can be regarded as a displacive-
type ferroelectric because the molecules remain flat and
nearly symmetric in form; the dipole moments of both
TTF and CA are negligibly small (< 0:1 Debye) according
to the semiempirical molecular orbital calculations with the
parametric method 3 (PM3) Hamiltonian and restricted

Hatree-Fock (RHF) method using the MOPAC program [19].
The molecular charge Ze ¼ �0:60ð3Þe and relative dis-
placement u¼½þ0:110ð1Þ;�0:023ð1Þ;þ0:035ð2Þ� �A along
the crystallographic (a, b, c) direction [16] yield a dipole

moment of �ðcellÞ ¼ �ðcellÞZeu ¼ ½0:62ð3Þ; 0; 0:20ð3Þ�
Debye per one unit cell (volume Vcell ¼ 779:02ð13Þ �A3),

which corresponds to the small ionic polarization of Pion ¼
�ðcellÞ=Vcell ¼ ½0:27ð2Þ; 0; 0:09ð2Þ� �C cm�2 at T ¼ 15 K
[20]. In contrast to this conventional point-charge picture,
the recent first-principles calculations invoked a much larger
spontaneous polarization (3–10 �C cm�2 along the a direc-
tion) with two contrasting candidates of electronic states
[21,22]; the total polarization is predicted to direct either
parallel or antiparallel to the ion polarization, depending on
the antiferromagnetic or nonmagnetic state, namely, the
presence or absence of the S ¼ 1=2 spins on each ionized
molecule. (Note however that there is no antiferromagnetic
state realized even in the ‘‘ionic’’ DA stacks because of the
spin singlet formation on the DA dimerized lattice.) Such
predictions strongly motivated us to experimentally deter-
mine both the magnitude and the direction of spontaneous
polarization.
The ferroelectric nature of NIT becomes evident by a

sharp peak anomaly on the temperature-dependent permit-
tivity. In the currently reexamined permittivity data
[Fig. 2(b)], the dielectric relaxation seen at temperatures
around 130–170 K is much lower than the previous report
[23]. This contribution, which arises from the low-
frequency bound motion of locally pinned polar domains,
was minimized on the freshly prepared crystals with the
least mechanical stress. Thereby, the curvature showed the
well-defined Curie-Weiss behavior, "r ¼ C=ðT � �Þ, prior
to the NIT. The linear 1="r-T relationship at high fre-
quency (300 kHz) [Fig. 2(b)] deduces the Curie constant
C (5:0� 103 K) and Weiss temperature � (69.9 K), and the
large discrepancy between Tc and � is indicative of the
strong first-order nature of NIT.
The large "r and C are suggestive of a large spontaneous

polarization as a proper ferroelectric. Nevertheless, its
narrow charge gap of TTF-CA (� 0:7 eV) gives rise to an
incompletely insulating electric resistivity as low as
�10�8 � cm�1 [24], even at low temperatures around Tc,
and has long hindered the experimental evaluation of the
spontaneous polarization value. Additional electric leakage
under the higher field comes from the nonlinear electric
transport and the current-induced resistance switching to a
low-resistance state when the external electric field exceeds
approximately 10 kV cm�1 [25]. For this reason, the maxi-
mum field was limited to this value in the polarization
hysteresis measurement, and its satisfactory observations
required further cooling. This is contrasted by the case
of TTF-QBrCl3, which shows better insulating properties
(� 1010 � cm), enabling the clear observation of P-E hys-
teresis even at around Tc (� 71 K) [Fig. 3(a)]. As exempli-
fied by the 51 K data in Fig. 3(b), the rectangular P-E

FIG. 2 (color online). Temperature-dependent properties of
TTF-CA. (a) Change of ionicity probed by the C ¼ O stretch
mode frequency of the CA molecule. (b) Relative permittivity
measured along the crystal a direction. The inset shows the
temperature dependence of inverse permittivity (f ¼ 300 kHz)
with a fit (straight line) to the Curie-Weiss law.
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curvature at high frequencies well proves the ferroelectric-
ity, although it turns to the longitudinally warped one due to
the electric leakagewith decreasing frequency to 10 Hz. On
the other hand, the coercive field Ec increases with increas-
ing frequency or lowering temperature probably due to the
rate-limiting domain-wall dynamics. Satisfactory observa-
tions of hysteresis were thereby limited in a narrow range of
both frequency and temperature.

The large spontaneous polarization was further validated
by eliminating the nonhysteresis contributions in the P-E
hysteresis using a double triangular waveform voltage
for the positive-up-negative-down (PUND) procedure
[Fig. 3(c) and 3(d)]. Whereas the positive and negative
inputs reverse the polarization, the up and down inputs
retaining the polarity can extract nonhysteresis contribu-
tions such as electric leakage and the linear dielectric
(capacitance) component by a nonlinear current-voltage
relationship for electric leakage. Elimination of these ef-
fects showed a well-defined parallelogramlike hysteresis
[solid curve in Fig. 3(c)] of the Pr of 6:3 �C cm�2 and Ec

of 5:4 kV cm�1 at T ¼ 59 K. The ferroelectricity of
TTF-QBrCl3 was confirmed similarly by this procedure
(Pr¼6:7�Ccm�2, Ec ¼ 4:5 kV cm�1 at T ¼ 56 K). This
also ensures that the TTF-CA derivatives show generic and
proper ferroelectric transitions upon their NITs. The flat
curvature in the bottom and top of the loop indicates a good
agreement between the remanent and saturated polariza-
tions, namely, the negligible polarization decay in one
period of the measurements (< 0:1 sec ).

The ionic polarization involves a finite c-direction com-
ponent by symmetry, as noted above (Pion

x � 3Pion
z ). In

contrast, the total polarization Ps observed has a negligibly
small c-direction component, as indicated by a nearly
temperature-independent permittivity and a silent P-E
hysteresis, and then the direction Ps is regarded as
parallel to the DA-stacking a axis. Conversely, the obser-
vation of such highly unidirectional Ps indicates that
the conventional ionic displacement plays a minor role
in the emergence of ferroelectricity in the present
compounds.
Here we argue the relation between the observed sponta-

neous polarization and Curie constant for TTF-CA. The unit
cell contains two DA pairs and the density of dipoles (N ¼
2=Vcell) is 2:461� 1027 m�3. The effective paraelectricmo-
ment �C ( � 1:6� 10�29 Cm) per formula unit as derived
from C ¼ N�2

C=kB"0 ¼ 5:0� 103 K (kB, Boltzmann con-

stant; "0, permittivity of vacuum) is comparable to the mo-
ment �s ¼ Pr=N (� 2:6� 10�29 Cm) calculated from the
remanent polarization Pr (� 6:3 �C cm�2). For the
TTF-QBrCl3 crystal of N ¼ 2:414� 1027 m�3, Pr ¼
6:7 �Ccm�2, and C ¼ 6:4� 103 K, we obtained the
similar moments �C � 1:8� 10�29 Cm and �s ¼ 2:8�
10�29 Cm. Whereas �C and �s almost coincide with each
other for the order-disorder-type ferroelectricity of perma-
nent dipoles, the displacive-type ferroelectrics exhibit the
different relation, r ¼ �C=�s � 2 [26]. Here we found an
unexpected relation, r ¼ 0:62< 1 for TTF-CA (0.65 for
TTF-QBrCl3) [27,28]. This might reflect the distinct elec-
tronic origins between the neutral paraelectric state for �C

and the ionic ferroelectric state for�s.
The symmetry-breaking of TTF-CA crystal structure

under the electric field was probed by the intensity differ-
ence between Bijvoet pair (hkl vs �h �k �l ) reflections, which
arises from the anomalous x-ray scattering effect [20,29].
The simulation based on the crystal structures at T ¼ 15
and 40 K [15,16] predicts that the Bijvoet pair reflections
101 and �10�1 have sufficient intensities and are the most
susceptible to the anomalous x-ray scattering for x-ray

wavelength � ¼ 1:55 �A used. Figure 4(a) depicts the
temperature dependence of their normalized integrated
intensity Iþ � Ið101Þ=fIð101Þ þ Ið�10�1Þg and I� �
Ið�10�1Þ=fIð101Þ þ Ið�10�1Þg. The crystal was cooled under
the poling electric field of þ4 kV cm�1 applied along
the crystal a direction. Note that the applied field is defined
as plus when directing to the crystal a direction. For
temperatures above Tc ¼ 81 K, this reflection intensity
obeys Friedel’s law, Iþ ¼ I� ¼ 0:5, expected for the cen-
tric (paraelectric) structure free from the anomalous x-ray
scattering. Below Tc, one of the Iþ and I� decreases from
0.5 and the other increases, indicating the symmetry break-
ing with the strong first-order nature. The Iþ and I� of the
Bijvoet pair were interchanged by inverting the electric
field direction due to polarization switching, as exhibited
for T ¼ 61 K in Fig. 4(b).

FIG. 3 (color online). The polarization measured with triangu-
lar ac electric field (Eka). (a) P-E hysteresis loops of
TTF-QBrCl3 at various temperatures. (b) Hysteresis loops of
TTF-CAwith various frequencies at 51 K. (c) The P-E curves of
TTF-CA using the positive-up-negative-down procedure with a
double triangular waveform voltage (f ¼ 500 Hz, T ¼ 59 K)
[illustrated on (d)]. The purely hysteresis component (solid
curve) was obtained by subtracting the nonhysteresis contribu-
tions (up and down runs) from the total ones (positive and
negative runs).
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Just below Tc, the observed Iþ and I� approach 0.705 or
0.295 [horizontal dotted lines in Fig. 4(a)], which corre-
sponds to the full polarization into either polarity accord-
ing to the simulation. Therefore, the poling field of
4 kV cm�1 is sufficient for developing a single-domain
state. The intensity difference developed below Tc

is almost independent of temperature variation, in agree-
ment with the fact that magnitude of polarization of
6:7 �C cm�2 depends little on temperature as directly
observed for TTF-QBrCl3 [Fig. 3(a)].

Here we note the polarization decay, which was invisible
in the dynamical measurement of the P-E loop [Fig. 3]. As
exhibited in Fig. 4(b), the difference between Iþ and
I� gradually decreases with decreasing field E and Iþ ¼
I� ¼ 0:5 for equal volume fractions of domains appears at
E� 1 kV cm�1, which is much smaller than coercive field
Ec � 4 kV cm�1. These discrepancies may originate from
the different time scale of measurements; the x-ray diffrac-
tion was a quasistatic measurement, taking about 32 min
for each diffraction image, whereas the hysteresis

experiment completed within 0.1 sec. Then, the polariza-
tion decay process is as slow as a second to a minute,
although more precise understanding requires further stud-
ies in detail. The degree of depolarization somewhat
depends on crystals; for the crystal shown in Fig. 4(a),
the portion of about 25% spontaneously reversed its polar-
ity after the applied electric field was removed.
By comparing the observed intensity of Bijvoet pair

(Iþ and I�) with the simulation, we identified the absolute
configuration of the crystal structure relative to the exter-
nally applied field. The positively charged TTF molecules
shift toward the positive electrode and the negatively
charged CA toward the negative electrode. The configura-
tion with all the ionic charges displacing against the
electric field is counterintuitive for the displacive-type
ferroelectrics. Considering that the strong electric field
always compels the aligning of the total spontaneous
polarization Ps in the same direction, Ps should direct
antiparallel to the ionic displacement. This picture is in
accord with the theoretical prediction assuming the non-
magnetic state rather than antiferromagnetic one [21,22].
At the earliest stage of research, the NIT was described

by an electrostatic picture of Madelung energy gain vs
ionization energy of molecules [9,10]. In contrast, the
classical point-charge picture completely fails to explain
both the magnitude and polarity of polarization. Here we
consider the origin of this large discrepancy. Judging from
negligible molecular dipole moments and tiny ionic polar-
izations herein, a major contribution to the spontaneous
polarization should be the electronic polarization. In the
displacive-type ferroelectric oxides, Born effective charge
Z�, which relates the change of polarization �P with
displacement u as �P ¼ Z�eu=Vcell, is enhanced by
strong orbital hybridization, as compared to the formal
valence state of ions. For instance in PbTiO3, the first-
principles calculations revealed Z�ðTi4þÞ ¼ þ7:06 and
Z�ðO2�Þ ¼ �5:83 or �2:56 for ukh100i [8]. The TTF-
CA system appears to be the extreme case exhibiting the
colossal Z� of opposite sign in comparison with the re-
spective molecular valence (� 0:60); Z�ðDÞ ¼ �13:9 and
Z�ðAÞ ¼ þ13:9 were roughly estimated from relative dis-

placement ux ¼ 0:110 �A and observed polarization Px ¼
6:3 �Ccm�2 through Px ¼ 2Z�eux=Vcell. Actually, the
highest occupied molecular orbital (HOMO) of TTF
strongly hybridized with the lowest unoccupied one
(LUMO) of CA, as evidenced by the large electron transfer
interaction t (� 0:24 eV) deduced by optical spectra [30].
Closely related issues were also argued by Soos et al.

[31,32], who have analyzed @P=@�, the partial derivative
of electric polarization with the dimerization (displace-
ment) amplitude � within a modified Peierls-Hubbard
model. They found that the sign of charge flux @P=@�
changes from negative to positive with increasing � from
the neutral (nonmagnetic) to ionic (magnetic) side. This
finding is compatible with the first-principles calculations

FIG. 4 (color online). Degree of bulk polarization under elec-
tric field EðkaÞ probed by the anomalous x-ray scattering effect.
(a) Temperature dependence of normalized integrated intensity
Iþ � Ið101Þ=fIð101Þ þ Ið�10�1Þg and I� � Ið�10�1Þ=fIð101Þ þ
Ið�10�1Þg of Bijvoet pair reflections 101 and �10�1 at constant E ¼
þ4 kV cm�1. Open symbols are intensity data measured at
32 min after switching off to E ¼ 0 at T ¼ 50 K and represent
a polarization decay toward the multidomain state.
(b) Normalized intensity Iþ and I� under E increasing from
�4 kV cm�1 to þ4 kV cm�1 at 61 K. Switching of the polar-
ization interchanges their magnitudes with each other at E�
1 kV cm�1.
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[21] predicting the directional change of total polarizations
between the antiferromagnetic and nonmagnetic electronic
states. For this reason, Soos et al. pointed out that the
transfer integral, namely, the covalency, increases and
changes the degree of charge transfer with dimerization
[32]. With these pictures applied to our case, the DA
dimerization upon the NIT increases the ionicity � through
the electron transfer along the stack as illustrated by bent
arrows in Fig. 1(b), producing the very large polarization.

In conclusion, the colossal effective Born charges of
opposite signs of the constituent ions strongly indicate
the genuine ‘‘electronic ferroelectricity’’ in the nominally
ionic molecular compound TTF-CA. Such an electronic
process governs the magnitude and even the direction of
macroscopic polarization. The electronic ferroelectricity
itself is one of the emerging phenomena in the correlated
electron system, such as the charge-ordered ferroelectrics
and spin-driven ferroelectrics called multiferroics [33].
The electronic response with less energetic cost of lattice
deformations in the present molecular system will promise
both high-performance and high-frequency operations as
well as new functionalities, e.g., related to nonlinear- or
electro-optics [17]. For high-functional ferroelectricity in a
molecular system, we remark that substantial covalency
between interacting molecular orbitals can be the key to
overcoming the small ionic charge, dilute dipole density
inherent to molecular crystals, and even the least perma-
nent molecular dipoles.
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