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Novel electronic ferroelectricity in 
an organic charge-order insulator 
investigated with terahertz-pump 
optical-probe spectroscopy
H. Yamakawa1, T. Miyamoto1, T. Morimoto1, H. Yada1, Y. Kinoshita1, M. Sotome1, 
N. Kida1, K. Yamamoto2, K. Iwano3, Y. Matsumoto4, S. Watanabe4, Y. Shimoi4, M. Suda5, 
H. M. Yamamoto5,6, H. Mori7 & H. Okamoto1

In electronic-type ferroelectrics, where dipole moments produced by the variations of electron 
configurations are aligned, the polarization is expected to be rapidly controlled by electric fields. 
Such a feature can be used for high-speed electric-switching and memory devices. Electronic-type 
ferroelectrics include charge degrees of freedom, so that they are sometimes conductive, complicating 
dielectric measurements. This makes difficult the exploration of electronic-type ferroelectrics and 
the understanding of their ferroelectric nature. Here, we show unambiguous evidence for electronic 
ferroelectricity in the charge-order (CO) phase of a prototypical ET-based molecular compound, α-
(ET)2I3 (ET:bis(ethylenedithio)tetrathiafulvalene), using a terahertz pulse as an external electric field. 
Terahertz-pump second-harmonic-generation(SHG)-probe and optical-reflectivity-probe spectroscopy 
reveal that the ferroelectric polarization originates from intermolecular charge transfers and is 
inclined 27° from the horizontal CO stripe. These features are qualitatively reproduced by the density-
functional-theory calculation. After sub-picosecond polarization modulation by terahertz fields, 
prominent oscillations appear in the reflectivity but not in the SHG-probe results, suggesting that the 
CO is coupled with molecular displacements, while the ferroelectricity is electronic in nature. The results 
presented here demonstrate that terahertz-pump optical-probe spectroscopy is a powerful tool not 
only for rapidly controlling polarizations, but also for clarifying the mechanisms of ferroelectricity.

In general, ferroelectric materials can be classified into two categories; displacive type and order-disorder type1. 
Recently, it has been suggested that a transition metal oxide, LuFe2O4

2, and an organic molecular compound, 
tetrathiafulvalene-p-chloranil (TTF-CA)3, show a new type of ferroelectricity, in which dipole moments pro-
duced by the variations of electron configurations are aligned. They are called “electronic ferroelectricity”, which 
consists of the third category of ferroelectricity4,5. In electronic-type ferroelectrics, the polarization is expected to 
be rapidly controlled by electric fields. Such a feature can be used for high-speed electric-switching and memory 
devices. Electronic-type ferroelectrics include charge degrees of freedom, so that they are sometimes conduc-
tive3,6, complicating dielectric measurements. As a result, it is difficult to evaluate the polarization magnitudes and 
unravel their origins in electronic-type ferroelectrics.

In the present study, we focus on an organic molecular compound, α-(ET)2I3, a candidate of electronic-type 
ferroelectrics. In α-(ET)2I3, ET and I3 molecules form layer structures, as shown in Fig. 1(a). At room tempera-
ture, the nominal valence of each ET molecule is + 0.5 (Fig. 1(b)), and α-(ET)2I3 is a quarter-filled metal7,8. This 
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compound shows a metal-insulator transition at =T 135 Kc
9–13, below which a charge-order (CO) phase consist-

ing of ∼  +  0.7 (A and B) and ∼  +  0.3 (Aʹ  and C) molecules with a horizontal stripe pattern is formed along the  
b axis as shown in Fig. 1(c), because of intersite Coulomb interactions14. In the CO phase, the crystal symmetry is 
P1 with no inversion symmetry11. Since the A and Aʹ  molecules are dimerized (Fig. 1(c)), the ferroelectric polar-
ization parallel to the a axis is predicted to appear12. However, α-(ET)2I3 is a good semiconductor in the CO 
phase, so that it is difficult to measure dielectric responses. Recently, the dielectric property including the 
polarization-electric-field characteristic has been studied15. In the study, however, the electric field was perpen-
dicular to the ET planes. The in-plane dielectric response, which is significant to unravel the ferroelectric nature 
of α-(ET)2I3, has not been investigated because of the low resistivity. It was also revealed that second-harmonic 
generation (SHG) becomes active below T c 12,16. However, SHG is not an evidence of ferroelectricity because of 
the low symmetry (the crystal symmetry of P1) of this compound. Thus, the presence of an in-plane ferroelectric 
polarization has not been demonstrated as yet.

To overcome these difficulties, we use terahertz electric fields as external stimuli. Recent developments of 
femtosecond laser technology enable us to generate strong terahertz pulses17,18, which can be used for the con-
trols of electronic states in solids19–25. Terahertz-pump SHG-probe and optical-reflectivity-probe spectroscopies 
on α-(ET)2I3, unambiguously demonstrate that the ferroelectric polarization which is inclined 27° from the 

Figure 1. Crystal structure, CO pattern, and terahertz-pump SHG-probe measurements of α-(ET)2I3.  
(a) Three-dimensional map of the crystal structure. (b,c) Molecular arrangements and charge distributions of 
an ET layer in the metal phase for > ( = )T T T 135 Kc c  (b) and for <T T c (c) in the right-handed coordinated 
system. The red and blue circles show the charge-rich (∼  + 0.7) and charge-poor (∼  +  0.3) molecules, 
respectively. (d) Experimental configurations of the terahertz-pump SHG-probe experiments. The incident and 
SH lights are polarized parallel to a and b, respectively. Two possible directions of the crystal are shown in the 
lower part. (e) Time evolutions of terahertz-field-induced changes (∆ /I ISHG SHG) of the SH intensities ISHG for 

//E aTHz  and //E bTHz  at 10 K. The red lines show the time profiles of the terahertz electric fields ETHz.
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horizontal CO stripe exists in the CO phase, and that this diagonal polarization originates from the collective 
intermolecular charge transfers. The density-functional-theory calculation qualitatively reproduced these features 
of the ferroelectricity. After sub-picosecond polarization modulation by terahertz fields, prominent oscillations 
appear in the reflectivity changes, but they are not observed in the changes of the SHG. These results suggest that 
the CO is stabilized by molecular displacements via the charge-phonon coupling, while the ferroelectricity is 
electronic in nature.

Results
Terahertz-pump SHG-probe measurements. To find evidence of ferroelectricity and clarify the origin 
of the ferroelectric polarization, we first performed terahertz-pump SHG-probe measurements on the ab plane 
using the reflection configurations in Fig. 1(d). Note that we could determine the directions along the three crys-
tal axes but could not discriminate the right-handed and left-handed coordinate systems shown in the lower part 
of Fig. 1(d) (see Methods). The electric fields (E) of the incident (0.89 eV) and SH (1.78 eV) pulses were parallel to 
a and b, respectively, since this configuration gives the largest SHG12. Figure 1(e) shows the terahertz field–
induced changes ∆ /I ISHG SHG of the SH intensities ISHG, with the terahertz electric field (ETHz) // (// )E a bTHz  as 
a function of the delay time td of the incident-probe pulse relative to the terahertz-pump pulse. The red solid lines 
show a waveform of ETHz, which was used as a pump pulse. The time characteristics of ∆ /I ISHG SHG are in good 
agreement with the normalized terahertz waveforms, and no delayed responses are observed.

Lattice dynamics in organic molecular compounds occur on the time scale of 1 picosecond, so that they are 
not responsible for the sub-picosecond changes ∆ISHG of the SHG intensities ISHG. It is reasonable to consider 
that the ∆ISHG signals originate from the field-induced modulation of the ferroelectric polarization P. Generally, 
a polarization reversal by domain-wall motions in ferroelectric materials lasts much longer than 1 microsecond, 
which is also not the origin of the ∆ISHG. Thus, the ∆ISHG signals can be attributed to modulation in the elec-
tronic part of the ferroelectric polarization P. The molecular orbital of an ET molecule was previously reported in 
an isolated molecule26, clusters27, κ-type salts27, and θ-type salts28. The highest occupied molecular orbitals thus 
reported are essentially the same with each other. The charge distribution in each molecule is almost symmetric 
in all cases. In addition, in α-(ET)2I3 the long axes of ET molecules are perpendicular to the molecular layers (the 
ab plane), so that the contributions of the intramolecular charge distributions to the observed modulations of P 
as well as P itself would be negligibly small. Thus, it is reasonable to consider that the modulation of P occurs 
through partial intermolecular CT processes, as observed in a typical electronic-type ferroelectric of an organic 
molecular compound, TTF-CA24. We performed similar measurements on several α-(ET)2I3 crystals, some of 
which showed ∆ISHG of the opposite sign. The SHG changes were observed for both //E aTHz  and //E bTHz , sug-
gesting that the polarization vector P points in the diagonal direction, in contrast to the previous prediction12.

Terahertz-pump optical-reflectivity-probe measurements. Next, we show the results of 
terahertz-pump optical-reflectivity-probe measurements, which give detailed information about the CO ampli-
tudes related to the ferroelectric polarization P. Figure 2(a) shows the polarized reflectivity (R) spectra on the ab 
plane at 5 K (CO phase) and at 136 K (metal phase) for //E b. The broad band below 0.7 eV at 5 K was assigned to 
the CT transition between ET molecules. Its spectral shape sensitively reflects the CO amplitude and the electric 
conductivity10 (see the Supplementary Information). The solid line in Fig. 2(b) shows the differential reflectivity 
spectrum ∆ = ( ) − ( ) / ( )−R R K R K R[ 136 5 ] 5 KCO M  between 136 K and 5 K. ∆ −RCO M exhibits a characteristic 
spectrum at 0.5− 1.05 eV, which corresponds to the spectral change when the CO is melted or weakened. Because 
P is generated by the CO, the reflectivity change should reflect changes of P as well as of the CO amplitude. Thus, 
in this energy region, we performed terahertz-pump reflectivity-probe experiments, which are illustrated in 
Fig. 2(c). The circles in Fig. 2(e,f) show the time evolution of the reflectivity changes ∆ /R R at 0.65 eV induced by 
the terahertz fields shown in Fig. 2(d). We discuss these results separately for the regions < .t 0 5d  ps and > .t 0 5d  
ps.

As shown in Fig. 3(a), ∆ /R R signals at < .t 0 5d  ps are reproduced well by the terahertz waveform. In fact, 
∆ / ( = )R R t 0 psd  is proportional to the terahertz field at the time origin, ( )E 0THz  (see the Supplementary 
Information). The probe-energy dependence of ∆ / ( = )R R t 0 psd  is shown by the circles in Fig. 2(b). Its spectral 
shape is in good agreement with ∆ −RCO M, which demonstrates that the CO amplitude is weakened by terahertz 
fields. The ratio (∼ 2.1) of ∆ / ( = )R R t 0 psd  for //E bTHz  to that for //E aTHz  is almost the same as that (∼ 1.9) of 
∆ /I ISHG SHG (Fig. 1e), indicating that the initial ∆ /R R signals reflect a decrease of P and of the CO amplitude and 
that P is inclined from the a and b axes.

To determine the direction of P, we investigated how the initial ∆ /R R signal depends on the terahertz field 
direction. As mentioned above, we cannot discriminate the two crystal orientations shown in Figs 1(d) and 2(c). 
Therefore, we must consider two possibilities for the CO phases (Fig. 3(b,c)). Figure 3(d) shows ∆ / ( = )R R t 0 psd  
at 0.65 eV as a function of the angle θ of ( )E 0THz  measured from b (Fig. 3(b)) or –b (Fig. 3(c)). This angle depend-
ence is reproduced well by θ− ( − °)cos 27 , as shown by the solid line. ∆ / ( = )R R t 0 psd  reaches its minimum at 
θ = + °27  (inset of Fig. 3(d)). These results indicate that P has a diagonal direction with an angle of + 27° or 
− 153° measured from the b (− b) axis. Since P is decreased by the terahertz field when θ = + °27 , we can con-
sider that P is directed along the − 153 angle measured from the b (− b) axis.

As discussed above, the initial polarization modulation is attributable to the partial intermolecular CTs. It is 
therefore reasonable to consider that the ferroelectric polarization itself is caused by the collective CTs induced 
when the metal-to-CO transition occurs, similar to TTF-CA29,30. In this case, the collective CTs responsible for 
the ferroelectric polarization would occur between two strongly interacting neighbouring molecules. In Fig. 3(b), 
we show the magnitudes of the transfer integrals t in units of eV11. t is relatively large along the diagonal directions 
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indicated by the solid lines connecting the A− C− Aʹ  and Aʹ − B− A molecules, which are inclined by + 157° and 
+ 27° from the b axis, respectively. Assuming the specified direction of P (−153° from b (− b)), we can consider 
that the CT processes along the Aʹ − B− A molecules are responsible for P because they create positive polariza-
tions. Thus, we conclude that our experimental configuration was as shown in Fig. 3(c,e) and P had a direction 
θ = 153° from − b (or equivalently θ =  + 27° from b), as shown in Fig. 3(e).

Next, we discuss the features of the ∆ /R R signals at > .t 0 5d  ps (Fig. 2(e,f)), in which the prominent oscilla-
tory structures are observed. Since the oscillation frequencies are in the range 10− 50 cm−1, they can be related to 
lattice modes31,32 driven by terahertz fields. To analyse the overall time evolution of ∆ /R R, we adopt the following 
formula:

∫∑ τ ω τ φ τ
∆

= + ( ) ( ( − ) + ) .
τ
τ

= −∞

−
( − )

· ·R
R

A E B E e tsin d
i

i
t t
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The first term represents the instantaneous response following the terahertz field. The second term is a convo-
lution of ETHz and three damped oscillators ( = − )i 1 3  with frequency ωi, decay time τ i, and initial phase φi. The 
blue lines in Fig. 2(e,f) are fitting curves, which reproduce the experimental results well. Each oscillatory compo-
nent is shown in the lower panels of those figures. The oscillation frequencies (and decay times) are 12.3 cm−1 
(11.4 ps), 35.4 cm−1 (5.3 ps), and 42.9 cm−1 (15 ps) for //E aTHz , and 11.2 cm−1 (4.9 ps), 31.9 cm−1 (0.7 ps), and 
40.6 cm−1 (56 ps) for //E bTHz . To characterize these oscillations, polarized absorption spectra were measured in 

Figure 2. Reflectivity spectra and reflectivity changes induced by terahertz electric fields. (a) Reflectivity 
spectra at 136 K (the metal phase) and 5 K (the CO phase) for //E b. (b) Probe-energy dependence of terahertz-
field-induced reflectivity changes ∆ / ( = )R R t 0 psd  for //E b and //E bTHz  at 10 K (open circles). The maximum 
terahertz electric field is 100 kV/cm. The solid line shows the differential reflectivity spectrum 
∆ = ( ) − ( ) / ( )−R R K R K R[ 136 5 ] 5 KCO M . (c) Schematics of terahertz-pump reflection probe measurements. 
(d) A waveform of the terahertz electric field (ETHz). (e,f) Terahertz-field-induced reflectivity changes ∆ /R R at 
0.65 eV ( // , )E b 10 K  for //E aTHz  (e) and //E bTHz  (f). The blue solid lines show fitting curves (see the text). The 
lower panels display three oscillatory components included in the fitting curves.

(1)
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the range 15–75 cm−1 by terahertz time-domain spectroscopy and compared with the Fourier power spectra of 
the time profiles (see Supplementary Information). In the absorption spectra, peaks corresponding to the coher-
ent oscillations with ∼ 35 and ∼ 40 cm−1 were observed, suggesting that the coherent oscillations are related to 
infrared-active modes.

The oscillatory components exhibit the interesting feature that the initial phases of the oscillations with ∼ 10 
and ∼ 40 cm−1 and that with ∼ 35 cm−1 are opposite to each other. To investigate this, we analysed the terahertz 
field–angle dependence of the initial amplitudes Bi in equation (1), which are shown in Fig. 4(a–c). The ∼ 10 and 
∼ 40 cm−1 modes exhibit the same angle dependence with the terahertz field and the instantaneous 
charge-modulation component (Fig. 3(d)). Therefore, these modes are likely to be driven by the initial charge 
modulation. To explain their generation mechanism, we consider two molecules with rich (red) and poor (blue) 
charges, shown in Fig. 4(d). We also assume that this dimer has a finite polarization P and the terahertz field is 
anti-parallel to P. The terahertz field induces instantaneous partial CTs, ρ∆ 0 (Fig. 4(e)), which enhances the 
repulsive Coulomb interaction in the dimer, inducing an increase of the molecular spacing (Fig. 4(f)). Such 
molecular displacements will cause additional changes of the molecular ionicity, ± ρ∆ 1, because they weaken the 
repulsive Coulomb interaction and destabilize the CO. Subsequently, the two molecules oscillate with a molecular 
ionicity modulated by ρ∆ 1 (Fig. 4(g)), which is observed as the oscillation of ∆ /R R.

In contrast to these oscillations, the sign of the initial amplitude of the ∼ 35-cm−1 oscillation is opposite to that 
of the terahertz field. Therefore, this oscillation cannot be explained by the charge-modulation mechanism. In this 
case, molecular displacements are considered to be driven directly by the terahertz field, as illustrated in Fig. 4(h); 
a terahertz field makes two molecules with rich and poor charges approach, resulting in coherent oscillation with 
charge modulation ρ±∆ 2 (Fig. 4(i,j)).

The time evolutions of ∆ /R R at 0.65 eV induced by the terahertz fields were measured at 50 K and 120 K as 
well as at 10 K (see Supplementary Information). The time characteristics of ∆ /R R do not depend on temperature 
so much. This indicates that the polarization shows the same response to the terahertz fields in the CO phase 
below 135 K.

Density-functional theory calculation of the ferroelectric polarization. To confirm the diag-
onal polarization direction in α-(ET)2I3 theoretically, we calculate the ferroelectric polarization based on 
density-functional theory (DFT). The crystalline structure at 20 K11 is used for the calculation. We employed 
a hybrid-type density functional, B3LYP, with the localized basis set 6-31 G(d) and utilized the CRYSTAL09 
software33.

First, we demonstrate that our calculations reproduce the CO state observed at low temperatures. Table 1 
summarizes the calculated molecular valencies of the four ET molecules in a unit cell and compares them with 
the experimental results and those of previous theoretical works. The molecular valencies in this work were 

Figure 3. Dependence of initial reflectivity changes on the angle of the terahertz electric field. (a) 
Terahertz-field-induced reflectivity changes ∆ /R R at 0.65 eV ( // )E b  for //E aTHz  and //E bTHz  up to 1.5 ps. The 
red solid lines show the time profiles of the terahertz electric fields. (b,c) Two possible configurations of CO in 
the measured crystal: (b) the right-handed coordinated system; (c) the left-handed coordinated system. The red 
and blue circles show the charge-rich (~ + 0.7) and charge-poor (~ + 0.3) molecules, respectively. The numerical 
values indicate the transfer integrals t in units of eV11. The thick solid and dotted lines connect two molecules 
with large (t ≥  0.1 eV) and intermediate (0.1 eV >  t ≥  0.05 eV) t values, respectively. Small t values (t <  0.05 eV) 
are omitted. (d) Terahertz-field-induced reflectivity changes ∆ / ( = )R R t 0 psd  for 0.65 eV at 10 K as a function 
of terahertz-field angle θ measured from the b or –b direction. The inset shows the direction of ETHz 
corresponding to the minimum ∆ / ( = )R R t 0 psd . (e) The configuration of the measured crystal (the left-
handed coordinated system) and the determined direction of P. The green and yellow arrows show possible 
candidates for the coherent molecular oscillations with ~40 cm−1 and ~35 cm−1, respectively.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:20571 | DOI: 10.1038/srep20571

estimated with the Mulliken charge analysis for spin-unpolarized and spin-polarized solutions using a k-mesh 
of 8 ×  8 ×  4. As shown in Table 1, the magnitude of the CO is substantially enhanced for the spin-polarized case. 
This result is the most comparable with the experimental one, when we consider that the calculated values are 
somewhat reduced owing to finite hole densities at the anions that arise from a technical reason. Note that the 
pure DFT calculation of Alemany et al. resulted in a smaller magnitude of CO compared with the experimental 
values34. In the spin-polarized solution, the total energy per unit cell was lower than that of the spin-unpolarised 
solution by 0.12 eV, and the spin density in each molecule had the values 0.363 (A), − 0.097 (A’), − 0.352 (B), and 
0.086 (C). This pattern can be interpreted as an antiferromagnetic correlation between the two molecules A and 
B. Presumably, that correlation will lead to a spin-singlet pair, when we expand the present DFT framework to 
consider the correlation in detail.

Next, we calculate the electric polarization P based on the ground states determined above. Following the 
standard procedure of the evaluation, we change the structure from a hypothetical one with an inversion symme-
try, which is parameterized as λ = 0, toward the actual one (λ = 1), and take the difference of the polarizations as 
λ λ λ∆ ( ) = ( ) − ( = )P P P 0 . The λ = 0 structure is generated by the symmetrization of the actual structure. 

Figure 4. Dependence of the oscillation amplitudes on the terahertz field direction. (a–c) Terahertz-field-
angle dependence of the amplitudes of three oscillation modes observed in ∆ /R R (see the text): the oscillation 
modes with ∼ 40–43 cm−1 (a), ∼ 32–35 cm−1 (b), and ∼ 11–12 cm−1 (c). (d–j) Simplified model to explain two 
kinds of coherent oscillations. The red and blue circles indicate molecules with rich and poor charges, 
respectively. The process d →  e →  f →  g shows a coherent oscillation due to the charge-modulation mechanism 
and the process d →  h →  i →  j a coherent oscillation directly driven by terahertz fields.

A Aʹ B C

B3LYP (spin-unpolarized)1) 0.612 0.301 0.542 0.281

B3LYP (spin-polarized)1) 0.671 0.233 0.646 0.186

PBE2) 0.638 0.438 0.577 0.359

X-ray3) 0.82 0.29 0.73 0.26

Table 1.  Molecular valencies of the four ET molecules in a unit cell. 1)Present results. 2)ref. [34]. 3)ref. [11].
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Regarding the calculation of the polarization itself, we apply two methods, that are the Berry phase method35,36 
and Boys method based on the Wannier functions37,38.

The k-mesh sampling was chosen as n ×  n ×  4 in the calculations of λ∆ ( )P . The existence of two solutions, 
with and without spin polarization, has also been reported for TTF-CA29,30. According to those studies, polariza-
tion calculated based on the spin-polarized solution has the same direction along the stacking axis as that deter-
mined experimentally3, while the spin-unpolarized one results in the opposite direction. Considering the result 
of TTF-CA, and the two above facts, namely, that the spin-polarized solution has the lower energy than the 
spin-unpolarized solution and that the former reproduces the CO pattern more satisfactorily, we report here the 
polarization obtained based on the spin-polarized solution.

Figure 5(a) shows the components of λ∆ ( )P  along each crystal axis  for the spin-polarized solution. These 
were evaluated with the Berry phase method for =n 8. The polarization at λ = 1 points in a direction inclined by 
about 16° from the b axis. This direction is qualitatively consistent with the experimental observation. Figure 5(b) 
shows the λ dependence of the molecular valences for the spin-polarized solution. The charge and spin ordering 
is mostly maintained even for the symmetrized structure, strongly suggesting its electronic origin. Such a stable 
CO also means the presence of the finite electric polarization at λ = 0. λ∆ ( )P  in Fig. 5(a) should be regarded as 
a partial polarization rather than the net one. However, we can consider that λ∆ ( )P  is associated with the change 
in the CO, since the degree of the CO changes monotonically as a function of λ , as shown in Fig. 5(b). Thus, the 
present theoretical result supports the idea that the direction of the polarization, which is substantially inclined in 
relation to the b axis, is dominated by hole transfer mainly from the A’ molecule to the A molecule via the B 
molecule.

Here, we also comment on the k-mesh dependence and the other calculation method. The changes in the 
calculated values are negligible between =n 8 and 20, showing a good convergence. Furthermore, we confirmed 
that the polarizations estimated with the Boys method coincide almost perfectly with those calculated with the 
Berry phase method for =n 8. We conclude that such stable convergences come from a finite gap that survives 

Figure 5. Electric polarizations and molecular valencies calculated as a function of λ. (a) The polarizations 
calculated for the structures parameterized by λ. The structure λ = 1 is the actual structure at 20 K, while that 
with λ = 0 is the symmetrized structure generated from the actual structure. The k-mesh net is chosen as 
8 ×  8 ×  4 for both the DFT calculation and the polarization evaluation. (b) Molecular valencies estimated for 
the spin-polarized solution from the summation of the atomic valencies (Mulliken charge) of the constituent 
atoms.
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toward λ = 0; the gap energies are 0.33 eV for the up electron and 0.42 eV for the down electron for λ = 1 and 
0.32 eV for both spins at λ = 0.

Discussion
In this section, we first discuss the magnitude of the polarization change, ∆ /P P, induced by terahertz electric 
fields, which can be evaluated from the change of the SHG intensity, ISHG. The second-order nonlinear suscepti-
bility is proportional to P, so that ∝I PSHG

2 and thus ∆ / ∆ /~I I P P2SHG SHG . For //E bTHz , ∆ /I ISHG SHG is 2.63% 
(Fig. 1(e)), and ∆ /P P was evaluated to be 1.31% at 60 kV/cm.

The initial change of the molecular ionicity (the CO amplitude) by terahertz electric fields can be evaluated by 
comparing the magnitude of ∆ / ( = )R R t 0d  (Fig. 3(a)) with the temperature dependence of the reflectivity. 
When the CO amplitude δρ ∼ ± 0.2 is induced at the metal-to-CO transition, the reflectivity at 0.65 eV changes by 
about 53%. When a terahertz field (// b) with 31 kV/cm is applied, ∆ / ( = )R R t 0d  at 0.65 eV is 0.46%. Therefore, 
the initial change of the CO amplitude, ρ δρ∆ / , induced by the terahertz field is . / . = . %~0 46 0 53 0 87  at 31 kV/
cm. For = /E 60 kV cmTHz , ρ δρ∆ /  was estimated to be 1.68%, which is comparable to ∆ / . %~P P 1 31 , obtained 
from the transient SHG-probe measurement.

Next, we discuss the assignments of the oscillatory modes observed in the terahertz-field-induced reflectivity 
changes. The mode with ∼ 40 cm−1 is driven by the charge-modulation mechanism, so that a pair of molecules 
connected with large t is related to this mode. Considering the t values shown in Fig. 3(b), a possible candidate is 
an Aʹ  and B pair. The ∼ 40-cm−1 mode can be related to their dimeric oscillation, as shown by the green arrows 
in Fig. 3(e). In contrast to the ∼ 40 cm−1 mode, the ∼ 35 cm−1 mode is driven directly by the terahertz field, so 
that it is related to a pair of molecules connected with small t. A possible candidate is an A and C pair. Thus, the 
∼ 35 cm−1 mode might be attributed to the displacements of the A and C molecules, as shown by the orange 
arrows in Fig. 3(e). The origin of the ∼ 10 cm−1 mode is presently unclear; theoretical analyses of lattice modes 
based on first-principle calculations are necessary to clarify this issue. Note that coherent oscillations are hardly 
observed in the field-induced change of the SHG (Fig. 1(e)). This suggests that the molecular displacements 
responsible for the coherent oscillations stabilize the CO, but they are not coupled strongly with the polarization P.  
This result also demonstrates that the ferroelectricity in α-(ET)2I3 is of the electronic type.

Finally, we discuss the effectiveness of our approach using terahertz pulses in the study of ferroelectrics. 
In α-(ET)2I3, static electric fields larger than ∼ 100 V/cm cannot be applied, owing to the nonlinear current 
flow39,40. In contrast, α-(ET)2I3 shows linear responses to terahertz fields at least 60 kV/cm (see Supplementary 
Information). Thus, the acceleration of bound carriers and additional effects, such as sample heating, never occur, 
owing to the short duration of the electric fields. Therefore, terahertz-pump optical-probe spectroscopy is a pow-
erful tool not only for rapidly controlling polarizations, but also for clarifying the mechanisms of ferroelectricity.

Methods
Sample preparations. Single crystals of α-(ET)2I3 were grown using a previously reported electrochemical 
method8. The crystal orientation was determined at 294 K by X-ray diffraction measurements. In the measured 
crystal, we could not discriminate the a (b) and − a (− b) axes. Optical measurements were performed on the ab 
plane of the single crystals.

Polarized reflection spectroscopy. Polarized reflection spectra of α-(ET)2I3 were measured using a 
Fourier transform infrared spectrometer equipped with an optical microscope. The samples were cooled in a 
conduction-type cryostat with a cooling speed of 0.3 K/min.

Terahertz-pump SHG-probe and optical-reflectivity-probe measurements. In the 
terahertz-pump optical-probe measurements, a Ti:sapphire regenerative amplifier (RA) with a repetition rate of 
1 kHz, a photon energy of 1.58 eV, and a pulse width of 130 fs was used as the light source. The output from the RA 
was divided into two beams. One was used to generate a strong terahertz pulse through optical rectification in a 
nonlinear optical crystal, LiNbO3, with a tilted-pump-pulse-front scheme17,18. The other beam from the RA was 
introduced into an optical parametric amplifier, from which a probe pulse (0.5− 1.05 eV) was obtained. The time 
of a terahertz pulse was determined at the maximum of the terahertz fields. The details of the experimental setups 
for the terahertz-pump SHG-probe and optical-reflectivity-probe measurements and the detection method of the 
terahertz electric fields have been previously reported23,24.

In the terahertz-pump SHG probe measurements, we ascertained that the SH intensities ISHG are proportional 
to the square of the incident-pulse intensities. In the measurements of the dependence of the reflectivity changes 
∆ /R R on the angle of the terahertz electric field, the electric field direction was changed by two wire-grid polar-
izers, which could be rotated independently. To compensate for the differences in the magnitudes of the terahertz 
electric fields depending on the angle, we normalized the ∆ /R R signals using the linear relation between ∆ /R R 
and the magnitude of the terahertz electric fields. All the experiments were performed at 10 K.

The diameters of the terahertz and optical pulses were 600 μ m and 200 μ m, respectively. A previous 
SHG-imaging study suggested that the ferroelectric domain is usually larger in size than a 200 μ m square16. 
Therefore, we can detect the responses of a single domain to the terahertz fields using a probe pulse with a diam-
eter of about 200 μ m. The delay time td of the probe pulse relative to the pump pulse was controlled by changing 
the path length of the probe pulse. The time origin (td =  0 ps) was set to be the time of the maximum terahertz 
electric field ( )E 0THz .
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