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A strong terahertz pulse is effective for controlling the macroscopic polarization in ferroelectrics. In the
present study, we investigated the response of an organic molecular compound, namely (TMTTF)2PF6 (TMTTF:
tetramethyltetrathiafulvalene), to a strong electric field using terahertz pulse-pump optical-reflectivity probe
spectroscopy. This compound undergoes a transition from Mott insulator to charge-order insulator with lowering
temperature, and exhibits electronic ferroelectricity in the charge-order phase. When the terahertz pulse is
applied in the Mott-insulator phase, an ultrafast reflectivity change proportional to the square of the electric
field waveform of the terahertz pulse emerges, which is attributed to the generation of charge disproportionation
in each dimer and the resultant creation of macroscopic polarization. When the terahertz pulse is applied in the
charge-order phase, an ultrafast reflectivity change proportional to the electric field waveform of the terahertz
pulse is observed, which originates from the modulation of the original charge disproportionation and polar-
ization. These ultrafast reflectivity changes can be ascribed to purely electronic responses. In the midinfrared
region, where totally symmetric (ag) modes of intramolecular vibrations coupled with intermolecular charge
transfers exist, a large reflectivity change is commonly observed in the Mott-insulator and charge-order phases.
To interpret this feature, we constructed a model that incorporates a charge-transfer transition and ag-mode
intramolecular vibrations. The analyses of the results with this model revealed that the change in the reflectivity
spectrum by the terahertz electric field can be explained by the energy shift of the charge-transfer transition
caused by the electric field-induced change of charge disproportionation in each dimer, and the transfer of the
spectral weight from the intradimer charge-transfer (CT) transition to the interdimer CT transition resulting from
the weakening of the dimerization. Our model can be used to analyze the optical responses to electric fields in
various organic molecular compounds with electron-intramolecular vibration couplings.

DOI: 10.1103/PhysRevB.104.195148

I. INTRODUCTION

Recent developments in femtosecond laser technology
have enabled the generation of a nearly monocyclic strong
terahertz pulse with an amplitude greater than 100 kV/cm
[1,2]. Such a terahertz pulse can be used not only to generate
elementary excitations in solids, such as phonons [3],
magnons [4,5], and excitons [6–8], but also to control the
electronic phase [9,10]. To achieve electronic phase control
of a solid through an electric field component of a terahertz
pulse, dielectrics are good candidates [11–14]. In particular,
in electronic ferroelectrics, whose macroscopic polarizations
are created not by displacement of ions but by electron
distribution changes, it is expected that rapid control of the
polarizations by a terahertz pulse is possible via electric field-
induced electron transfers or deformations of electron wave
functions [11,15–19]. Most of the electronic ferroelectrics
explored to date are organic molecular compounds [20,21].
In fact, in organic molecular ferroelectrics such as TTF-CA
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(TTF: tetrathiafulvalene and CA: p-chloranil) and α-(ET)2I3

(ET: bis(ethylenedithio)tetrathiafulvalene), polarization
control through a terahertz pulse was achieved [11,15–19].

TTF-CA shows a neutral-to-ionic phase transition at Tc =
81 K [22–24]. In the ionic phase, ferroelectric polarization is
produced via intermolecular charge transfers occurring at the
neutral-to-ionic phase transition [21,25,26]. When this com-
pound is irradiated with a terahertz pulse in the ionic phase,
the ferroelectric polarization is rapidly modulated along the
terahertz electric field waveform through partial charge trans-
fers between the TTF and CA molecules [11]. When this com-
pound is irradiated with a terahertz pulse in the neutral phase
with inversion symmetry, thermally excited microscopic ionic
domains show large responses to the terahertz electric field, in
which characteristic electron and lattice dynamics associated
with neutral-ionic domain walls are observed [16].

Concerning α-(ET)2I3, it has a quarter-filled two-
dimensional electronic state and exhibits a metal-to-polar
charge-order (CO) transition at Tc = 135 K [20,27]. When this
compound is irradiated with a terahertz pulse in the polar
CO phase, the macroscopic polarization is also modulated
along the terahertz electric field through intermolecular par-
tial charge transfers. This electronic response is followed by
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FIG. 1. (a) Molecular structure of TMTTF. (b) Crystal structure
of (TMTTF)2PF6. (c), (d) One-dimensional molecular stacks in (c)
the Mott-insulator phase (T > TCO) and (d) the CO phase (T < TCO).
Molecular charges are schematically shown by the colored circles. In
the CO phase, a macroscopic polarization P is created by the charge
disproportionation.

the subsequent response of the lattice sector or molecular
displacements, as evidenced by several types of coherent os-
cillations on the reflectivity changes in the picosecond time
domain [15]. These responses in α-(ET)2I3 were interpreted
according to the fact that the coupling of electron and lattice
degrees-of-freedom was significant, and the polar CO was
stabilized by molecular displacement. In the metallic phase
of α-(ET)2I3, no prominent responses to a terahertz pulse
have been reported. Thus, the dynamical aspects of the re-
sponses to a terahertz electric field pulse strongly depend
on the electronic states of materials; therefore, more system-
atic studies on electronic ferroelectrics of organic molecular
compounds are desirable. These studies might unravel new
aspects of the terahertz electric field-induced responses in
electronic ferroelectrics. Considering this background, in the
present study we investigated the responses to a terahertz elec-
tric field pulse in a quasi-one-dimensional organic molecular
compound, namely (TMTTF)2PF6 (TMTTF: tetramethylte-
trathiafulvalene) [28,29].

(TMTTF)2XF6 (X = P, As, Sb, and Ta) consists of 1D
molecular stacks of planar TMTTF molecules [Fig. 1(a)].
The crystal structure of (TMTTF)2PF6 is shown in Fig. 1(b)
[30,31]. One hole exists per two TMTTF molecules, and a
quarter-filled quasi-1D electronic state is formed. TMTTF
molecules are weakly dimerized as shown in Figs. 1(c)
and 1(d). This dimerization is due to the presence of an-
ions XF6. By lowering the temperature and applying the
pressure, this series of compounds shows a variety of elec-
tronic phases [32–36] because of strong Coulomb interactions
between electrons and electron-lattice interactions [37–39].
(TMTTF)2PF6 studied here shows four different phases: a
metal phase, a Mott-insulator phase, a polar CO phase, and
a spin-Peierls phase. By lowering the temperature from room
temperature, the resistivity decreases, reaching a minimum at
approximately 250 K (=Tρ) [29,40]. Below this temperature,
the resistivity increases with decreasing temperature, show-
ing semiconducting behavior, and this compound enters the
Mott-insulator phase. With a further decrease in temperature,
the compound undergoes a transition from a Mott-insulator
phase to a CO phase at TCO = 67 K [41], and then enters the

spin-Peierls phase at 19 K [31,42]. The charge distributions in
the Mott-insulator and CO phases are schematically shown in
Figs. 1(c) and 1(d), respectively. Ovals represented by broken
lines indicate dimers. In the Mott-insulator phase, the charge
of each molecule is +0.5, and the two molecules in each dimer
are crystallographically equivalent. By contrast, in the CO
phase, the charges of the two molecules are disproportionate
as ρ = 0.5 + δ and ρ = 0.5−δ owing to the intermolecu-
lar electron correlations [37–39], while structural parameters
hardly change [43]. The magnitude of charge disproportiona-
tion, i.e., 2δ, was evaluated to be 0.28 in the NMR experiments
[42] and 0.10–0.15 in the infrared (IR)- and Raman spec-
troscopy in (TMTTF)2PF6 [29]. In addition, it is considered
that the inversion symmetry is lost and the system is in a polar
or ferroelectric state, although macroscopic polarization has
not been measured because of the low resistivity even at low
temperatures. Below TSP = 19 K, this compound enters the
spin-Peierls phase, in which tetramerization occurs and the
spin susceptibility decreases [42], although the CO pattern
remains essentially unchanged [31]. Detailed x-ray structural
analyses revealed that the molecular displacements during
tetramerization at 19 K are on the order of 0.01 Å [31]. This
suggests that the change in the electronic state across this
transition would be negligibly small.

To investigate the responses to terahertz electric fields
in both the Mott-insulator phase and CO phase, we used a
terahertz-pump optical-reflectivity probe spectroscopy. In or-
ganic molecular compounds, intramolecular vibrations some-
times play important roles in physical properties [44–48]. It
was reported that in (TMTTF)2PF6 the optical reflectivity and
conductivity spectra in the mid-IR region show anomalous
structures [29,32], and they originate from the strong coupling
between the electron degree of freedom and intramolecular
vibrations. If a terahertz-field-induced change is detected in
the spectrum associated with intramolecular vibrations as well
as that associated with intermolecular electronic transitions,
important information can be deduced about the coupling
of those vibrations to the electronic state in both the Mott-
insulator and the polar CO phases.

The remainder of this paper is organized as follows. In
Sec. II, we describe the details of the conducted experiments.
In Sec. III, we present and discuss the experimental results.
In Sec. III A, we report the imaging of polar CO domains. In
Secs. III B and III C, we show the steady-state optical spectra
and their analyses, respectively. Based on the results of these
subsections, we report the changes in reflectivity and optical
conductivity spectra caused by the terahertz pulse. The elec-
tric field-induced changes in the electronic and vibronic states
are discussed in Secs. III D–III H. In Sec. IV, we summarize
our study.

II. EXPERIMENT DETAILS

A. Sample preparations

Single crystals of (TMTTF)2PF6 were grown by an elec-
trochemical oxidation method previously reported [49]. The
typical size of the crystal is 2 mm along the a axis and 0.4 mm
along the b′ axis. Here, the b′ axis is in the ab plane and
perpendicular to the a axis. The typical thickness of the crystal
is 0.2 mm.
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B. Terahertz radiation imaging

For terahertz radiation imaging of ferroelectric domains,
a femtosecond laser pulse delivered from a mode-locked Ti:
sapphire laser with a central wavelength (photon energy) of
800 nm (1.55 eV), a repetition rate of 80 MHz, and a pulse
width of approximately 100 fs, was focused on the ab’ plane
of a single crystal. The spot diameter d of the crystal surface
of the incident femtosecond laser pulse was approximately
30 μm, which was the spatial resolution in this experiment.
The electric field E of the laser pulse was parallel to the a
axis (E‖a). The electric field waveform ETHz(t ) of the tera-
hertz radiation emitted from the crystal was measured with
a low-temperature grown GaAs detector in a transmission
configuration. Details of the detection method were reported
in Ref. [50]. The phase and amplitude of ETHz(t ) depend on
the direction and magnitude of the ferroelectric polarization,
respectively [50–53]. By using a raster scan, we could map out
the amplitudes of the ferroelectric polarization and visualize
the ferroelectric-domain structures. The absorption depth of
the incident laser pulse polarized along the a axis was approx-
imately 20 μm; this depth was estimated from the absorption
spectrum obtained from the polarized reflectivity spectrum
using the Kramers-Kronig transformation.

C. Measurements of steady-state and transient
reflectivity spectra

The steady-state polarized reflectivity spectrum along the
a axis was measured on the ab plane of a single crystal
using a Fourier-transform IR spectrometer equipped with a
microscope and a specially designed cryostat.

In the terahertz pulse-pump optical-reflectivity probe mea-
surements, a Ti: sapphire regenerative amplifier with a central
wavelength (photon energy) of 800 nm (1.55 eV), a repe-
tition rate of 1 kHz, a pulse width of 90 fs, and a pulse
energy of 5 mJ was used as the light source. The output of
the regenerative amplifier was divided into two beams. One
beam was used for the generation of a terahertz pump pulse.
A strong terahertz pulse was generated using a pulse-front
tilting method for optical rectification in a nonlinear crystal
LiNbO3 [1,54]. The electric field waveform of the terahertz
pulse was measured through electro-optical (EO) sampling in
which a ZnTe crystal with a thickness of 200 μm was used
as an EO crystal. The methods of generation and detection of
terahertz pulses were comprehensively reported in Ref. [55].
The maximum electric field amplitude of the terahertz pulse
was approximately 300 kV/cm in a cryostat. The time origin
(td = 0 ps) was set at the time at which the absolute value of
the terahertz electric field reached a maximum.

The other beam from the regenerative amplifier was used
as the excitation light of an optical parametric amplifier, from
which probe pulses from 0.1 to 0.75 eV with a temporal width
of approximately 90 fs were obtained. The delay time td of
the probe pulse relative to the pump pulse was varied by
changing the path length of the probe pulse with a mechanical
delay stage. The spot diameters of the terahertz pump pulse
and the probe pulse were approximately 200 and 100 μm,
respectively. The polarizations of the pump and probe pulses
were both parallel to the a axis, that is, to the molecular
stacking axis.
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FIG. 2. Terahertz-radiation imaging on (TMTTF)2PF6. (a) The
experimental configuration. (b) A typical electric field waveform,
ETHz(t ), of the terahertz radiation measured at 27 K. (c) The pho-
tograph of the ab′ plane of the crystal. (d) The terahertz radiation
image on the ab′ plane measured at 27 K.

III. RESULTS AND DISCUSSION

A. Terahertz radiation imaging of ferroelectric
domains in the CO phase

To characterize the ferroelectric-domain structure in the
ferroelectric CO phase, we performed the terahertz radia-
tion imaging in a transmission configuration, as illustrated in
Fig. 2(a). In the CO phase, (TMTTF)2PF6 belongs to point
group P1 and does not have spatial inversion symmetry [31].
In this case, it is expected that terahertz waves with an electric
field ETHz both parallel (||) and perpendicular (�) to the a axis
are generated by the irradiation of a femtosecond laser pulse
with an electric field E‖a via optical rectification process,
which is a type of second-order nonlinear optical process.
The magnitude of the terahertz wave was dominated by the
coherence length of the terahertz radiation process, i.e., Lc,
which is expressed as follows:

Lc = πc

ωTHz|ng − nTHz| . (1)

Here, c is the speed of light, ωTHz and nTHz are the fre-
quency and refractive index of the radiated terahertz wave,
respectively, and ng is the group refractive index of the in-
cident laser pulse. When the photon energy of the incident
laser pulse (E‖a) is 1.55 eV and the frequency of the emitted
terahertz wave is assumed to be 1 THz, Lc is approximately
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FIG. 3. (a) The polarized reflectivity spectrum measured with E||a at 100 K in (TMTTF)2PF6. (b), (c) The optical conductivity (σ )
spectrum for E||a at 100 K. (d) The polarized reflectivity spectrum measured with E||a at 10 K. (e), (f) The optical conductivity (σ ) spectrum
for E||a at 10 K. The red lines in (a)–(f) are fitting curves. The green lines in (b), (c) and blue lines (e), (f) are the simulated σ spectrum for the
CT transition without EMV couplings. (g), (h) Lorentz oscillators of ag modes j = 1−5 plotted in a normalized scale (broken lines) and the
magnitudes of the parameter h̄2gj (red bars): (g) 100 K and (h) 10 K. The green line in (g) and the blue line in (h) are the simulated σ spectra
for the CT transition without EMV couplings shown in an arbitrary unit.

14 μm for ETHz‖a and 200 μm for ETHz ⊥ a, or equivalently
ETHz‖b′. For these evaluations, we used the following values
of refractive index: nTHz = 12.2 for ETHz‖a, nTHz = 2.1 for
ETHz‖b′, and ng = 1.39 for E‖a at 1.55 eV. These values were
simply estimated from the reflectivity values. For the terahertz
region, we used a reflectivity value of 0.72 at approximately
55 cm–1, as reported in Ref. [29]. For 1.55 eV, we used the
reflectivity value measured in this study. The thickness of the
single crystal used in this measurement was 90 μm, which is
much longer than Lc for ETHz‖a, so that the terahertz radia-
tion in that configuration should be suppressed. Therefore, in
our study, we measured the terahertz radiation for ETHz‖b′.
The measurement temperature was 27 K, notably below
TCO = 67 K.

A typical electric field waveform of the radiated terahertz
wave, denoted as ETHz(t ), is shown in Fig. 2(b). The time at
which the electric field amplitude reached a maximum was
set as the time origin. The electric field amplitude ETHz(0)
is proportional to the intensity of the incident femtosecond
laser pulse (not shown). Therefore, we can consider that the
terahertz wave is radiated via the optical rectification process,
and ETHz(0) is proportional to the magnitude of the ferroelec-

tric polarization [50–53]. Figure 2(c) shows a photograph of
the crystal. We measured ETHz(0) in the region surrounded
by the white rectangle in Fig. 2(c) and expressed its position
dependence using the color distribution in Fig. 2(d). As shown
in Fig. 2(d), ETHz(0) is almost constant in the measured spa-
tial region (∼200 μm × 300 μm), indicating that the crystal
consists of a single domain or a large size of ferroelectric
domains in the CO phase. The domain size is sufficiently large
compared to the spot sizes of the pump and probe pulses,
approximately 200 and 100 μm, respectively. We ascertain
that no terahertz radiation was observed in the Mott-insulator
phase above TCO.

B. Steady-state optical reflectivity
and conductivity spectra

Figures 3(a) and 3(d) show polarized reflectivity (R) spec-
tra with E‖a at 100 K in the Mott-insulator phase and at
10 K in the CO phase, respectively, for (TMTTF)2PF6 [56].
No prominent structures are observed in the polarized R
spectra with E⊥a, or equivalently E‖b′, except for several
sharp structures due to phonons (not shown). The spectra
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with E‖a in Figs. 3(a) and 3(d) are roughly consistent with
previously reported spectra [32,35]. At both temperatures, a
broad high-reflection band is observed below 0.7 eV, which
is ascribed to intermolecular transition. This band was some-
times referred to as the charge-transfer (CT) transition band.
Below 0.2 eV, complicated sharp structures are superimposed
on the broad CT band. These structures are considered to
originate from intramolecular vibrations of TMTTF coupled
with intermolecular CT via electron-intramolecular vibration
(EMV) coupling [32,57]. Both broad CT and sharp structures
are commonly observed at 100 and 10 K, while the reflectivity
is slightly larger at 10 K in the CO phase than at 100 K in the
Mott-insulator phase over the entire range.

Using the Kramers-Kronig transformation, we converted
the R spectra to the optical conductivity (σ ) spectra, which
are shown on a linear scale in Figs. 3(b) and 3(e), and on a log
scale in Figs. 3(c) and 3(f). The spectral shapes of σ at 100
and 10 K are similar to each other; broad absorption exists at
approximately 0.2 eV, while several sharp structures emerge
below 0.15 eV. These structures are attributed to the EMV
couplings mentioned above. The σ spectrum at 10 K has a
spectral weight on the side presenting slightly lower energy
than at 100 K. This difference is ascribed to the changes
in the transfer integrals between neighboring molecules with
a decrease in temperature. The energy of the CT transition
is scaled by the dimerization gap 2(t1 − t2) [58], where t1
and t2 are the intradimer and interdimer transfer integrals,
respectively, as indicated in Fig. 1(c). With a decrease in
temperature, the difference between t1 and t2 decreases, while
the average value of t1 and t2, i.e., (t1 + t2)/2, remains almost
unchanged [43]. This leads to expect a decrease in the CT
transition energy at lower temperatures. The observed low-
energy shift of the CT transition energy from 100 to 10 K is
consistent with this tendency.

C. Analysis of steady-state optical reflectivity
and conductivity spectra

To understand the complicated spectra under the influence
of EMV couplings in this type of quarter-filled 1D molecu-
lar system, analyses were conducted with the dimer model
[32,48,59] and the 1D model, which is more generalized [60].
In the present study, to analyze both the steady-state optical
spectra and their electric field-induced changes, we adopted a
simple model in which the effects of EMV couplings are intro-
duced as interactions between classical oscillators [56]. Later
we will show that this classical model is almost equivalent to
the dimer model used in the previous studies.

In our model, we assume that the optical response in
(TMTTF)2PF6 is only caused by the CT transition and in-
tramolecular vibrations. We consider the CT transition as a
classical oscillator with a frequency ωCT, damping constant
γCT, and effective charge ρ. We also consider intramolec-
ular vibration j as a classical oscillator with frequency ω j

and damping constant γ j . In general, totally symmetric (ag)
modes of intramolecular vibrations are strongly coupled with
electrons in this type of molecular compound. In our model,
therefore, we assume that all of the IR-active phonons ob-
served for E‖a are those ag modes, and no other IR-active
modes exist. In this case, a phonon oscillator (an ag mode

CT

E(t)

FIG. 4. A schematic of the classical model for analyzing the op-
tical spectra of the system consisting of an electronic (CT) transition
and the ag-mode intramolecular vibrations j = 1–5. μCT is a physical
quantity corresponding to the transition dipole moment of the CT
transition. ωCT and ω j are the frequencies of the CT transition and the
ag-mode intramolecular vibration j, respectively. gj is the parameter
dominating the interaction between the CT transition and each ag

mode.

of intramolecular vibration) has no charge. The oscillators
of these phonons are coupled with the oscillator of the CT
transition, as illustrated in Fig. 4. When an electric field of
light is applied to this system, an oscillator of phonons is
not driven directly but driven by the coupling with the CT
transition, which is the EMV coupling. In the analysis of the
σ spectra, we assume five oscillators of phonons (see Fig. 4).

The equation of motions in this system is as follows:

⎛
⎜⎜⎜⎜⎝

L−1
CT g1 g2 . . . g5

g1 L−1
1 0 . . . 0

g2 0 L−1
2 . . . 0

...
...

...
. . .

...

g5 0 0 . . . L−1
5

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎝

xCT

x1

x2
...

x5

⎞
⎟⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎜⎝

C
0
0
...

0

⎞
⎟⎟⎟⎟⎠E (ω),

(2)

where LCT and Lj ( j = 1−5) are Lorentz oscillators of the
CT transition and intramolecular vibration j, respectively,
which are expressed as follows:

LCT = 1

ω2
CT − ω2 − iωγCT

, Lj = 1

ω2
j − ω2 − iωγ j

,

(3)

where g j is the coupling constant between the CT transition
and intramolecular vibration j, which is proportional to the
EMV coupling constant. Equation (2) can be regarded as the
classical description of the Fano interference [61–64]. This
model is useful because it can be easily extended to a system
having a coupling of the electronic transition with an IR-active
mode by setting the charge of an IR-inactive oscillator to a
finite value.

Expressing the 6 × 6 matrix on the left side of the equation
of motion [Eq. (2)] as M, the linear susceptibility χ (ω) can be
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described using the (1,1) entry of M−1 :

χ (ω) = μ2
CT(1 0 0 0 0 0)M−1

⎛
⎜⎜⎜⎜⎜⎝

1
0
0
0
0
0

⎞
⎟⎟⎟⎟⎟⎠ . (4)

Here, μCT is the magnitude of the transition dipole moment
of the CT transition. By using the dielectric constant at high
frequencies, ε∞, the complex dielectric constant ε̃(ω), and
real part of the optical conductivity σ (ω) in this system can
be obtained from Eq. (4) as follows:

ε̃(ω) = ε∞ + ε0μCT
2LCT

1 − LCTD̂F
,

D̂F =
5∑

j=1

g2
jL j, σ (ω) = Im

[
ωε0μCT

2LCT

1 − LCTD̂F

]
. (5)

Before applying this model, we show that Eq. (5) can
represent a wider range of electronic states than a simple
dimer model. According to Eqs. (2.20), (2.21), and (2.23) in
Ref. [48], the optical conductivity of the N isolated dimers in
the volume �, σd(ω), is written as

σd(ω) = Im

[
ω 1

4 e2a2 N
�

2ωCT
h̄ |〈E+|δn̂|E−〉|2LCT(ω)

1 − 2ωCT

h̄2 |〈E+|δn̂|E−〉|2LCT(ω)
∑

j ω j g̃2
jL j (ω)

]
,

(6)

where e is the elementary charge, a is the distance between the
nearest-neighbor molecules, |E−〉 (|E+〉) is the ground state
(CT-excited state), δn̂ = n̂1 − n̂2 is a difference in electron
density operator between two molecules constituting each
dimer. g̃ j is the ordinary EMV coupling constant of mode
j defined as g̃ j = √

h̄/2ω j∂εHOMO/∂Qj, where εHOMO is the
energy of the highest occupied molecular orbital (HOMO),
and Qj is the normal coordinate. Comparing Eqs. (5) and (6),
σ (ω) = σd(ω) is satisfied where the following two conditions
are satisfied:

g j = g̃ j
|〈E+|δn̂|E−〉|

h̄

√
2ωCTω j,

μCT = ea|〈E+|δn̂|E−〉|
√

N

�

ωCT

2ε0 h̄
. (7)

Note that g̃ j does not depend on the electronic state, but
g j depends on it. The above discussion shows that our phe-
nomenological model is equivalent to the dimer model where
Eqs. (7) hold and can represent a wider range of electronic
states than the dimer model in which Eqs. (7) are not taken
into account. This suggests that our model is a more general
model in analyzing the optical spectra of the system consti-
tuting nonisolated dimers, as compared to the simple dimer
model previously reported. In the quarter-filled systems such
as (TMTTF)2PF6, the infrared intensities of ag phonon modes
activated by the dimerization are considered to depend on the
difference in the intensity between the intradimer and inter-
dimer CT transitions [65], while the intradimer and interdimer
transitions are not treated separately in our model as well as
in the dimer model. In our model, that intensity difference

TABLE I. Fitting parameters used for the simulation of reflectiv-
ity and optical conductivity spectra at 100 K shown by red lines in
Figs. 3(a)–3(c).

ε∞ h̄ωCT (eV) h̄γCT (eV) h̄μCT (eV)

1.76 0.155 0.14 0.96

j h̄ω j (eV) h̄γ j (eV) h̄2gj (eV2)

1 0.162 1.50 × 10–2 1.10 × 10–2

2 0.135 9.05 × 10–4 1.23 × 10–3

3 0.114 9.07 × 10–4 1.90 × 10–3

4 0.053 2.00 × 10–3 3.00 × 10–3

5 0.039 3.79 × 10–3 8.00 × 10–4

between the intradimer and interdimer CT transitions can
be incorporated by optimizing g j without the restrictions of
Eq. (7). This is advantageous for analyzing the electric field-
induced spectral changes associated with ag phonon modes,
which occur because the displacements of two molecules in
each dimer are modulated by the electric field via electron-
lattice couplings and the intensities of ag phonon modes are
also changed.

Using Eq. (5), we fit the steady-state R and σ spectra.
The fitting results are represented by red lines in Figs. 3(a)–
3(f). The fitting parameters at 100 and 10 K are listed in
Tables I and II, respectively. Both the broad spectral structure
in the region above 0.2 eV and the complex structures below
0.2 eV are almost commonly reproduced at 100 and 10 K.
The green lines in Figs. 3(b) and 3(c) and the blue lines in
Figs. 3(e) and 3(f) represent the σ spectrum of the Lorentz
oscillator of the CT transition alone. In Figs. 3(g) and 3(h),
the spectral shape of the imaginary part of Lj is represented
by the broken lines in a normalized scale, as well as the σ

spectrum of the Lorentz oscillator of the CT transition by the
green and blue lines, respectively, in an arbitrary unit. The red
bars in Figs. 3(g) and 3(h) represent the magnitude of EMV
coupling g j of each intramolecular vibration. At 100 and 10
K, the frequencies of phonons hardly change, as listed in
Tables I and II, and represented by the broken lines in Fig. 3(g)
and 3(h). Concerning the frequencies and magnitudes of the
EMV coupling constants of ag modes in TMTTF molecules
previously reported [29,66], we can correspondingly assign
five oscillators ( j = 1–5) to ν4, ν7, ν8, ν10, and ν11 modes, re-

TABLE II. Fitting parameters used for the simulation of reflec-
tivity and optical conductivity spectra at 10 K shown by red lines in
Figs. 3(d)–3(f).

ε∞ h̄ωCT (eV) h̄γCT (eV) h̄μCT (eV)

1.68 0.128 0.084 0.905

j h̄ω j (eV) h̄γ j (eV) h̄2gj (eV2)

1 0.165 2.88 × 10–2 1.04 × 10–2

2 0.135 9.05 × 10–4 1.23 × 10–3

3 0.114 9.07 × 10–4 1.94 × 10–3

4 0.052 4.30 × 10–3 3.39 × 10–3

5 0.039 3.79 × 10–3 8.67 × 10–4
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spectively. This assignment is the same as that in the previous
study at 300 K except for the presence of the ν11 mode [32].
By the introduction of EMV coupling and the resultant Fano
interferences, the original σ spectra due to the CT transition
(green and blue lines) are considerably changed with respect
to the σ spectra represented by the red lines. In particular, a
prominent change emerges as a dip structure around 0.17 eV
at both 100 and 10 K, which is apparently due to the coupling
of agν4 mode with the CT transition.

Here, it is worth comparing the values of the ordinary
EMV coupling constants g̃ j obtained in our study with those
previously reported. Using Eq. (7) and lattice parameters
in Ref. [31], the parameters g̃ j at 100 K are estimated
to be g̃1 = 26.2 meV, g̃2 = 3.2 meV, g̃3 = 5.4 meV, g̃4 =
12.5 meV, and g̃5 = 3.9 meV. In the previous study [32],
g̃ j ( j = 1−4) were estimated to be g̃1 = 37.2 meV, g̃2 =
3.7 meV, g̃3 = 9.3 meV, and g̃4 = 24.8 meV at 300 K using
the simple dimer model. The relative magnitude ratios among
the g̃ j values in each evaluation are roughly the same with
each other, while all the values of g̃ j ( j = 1−4) at 100 K in
our study are smaller than those at 300 K in the previous study
[32]. The smaller values of g̃ j ( j = 1−4) at 100 K relative
to those at 300 K is attributable to the fact that the differ-
ence in the intradimer transfer integral t1 and the interdimer
transfer integral t2 decreases with decrease of temperature
[43]. The effect of the decrease in (t1 − t2) on the ag mode
intensities cannot be taken into account in the simple dimer
model and is reflected in the decrease in the absolute values
of g̃ j ( j = 1−4) at 100 K.

More strictly, there are finite differences between the
experimental and calculated spectra, as shown in Fig. 3.
Here, we briefly discuss the reasons for these differences. In
dimerized quarter-filled systems, interdimer and intradimer
transitions are sometimes clearly discriminated. For example,
in a κ-type ET compound in the Mott-insulator phase, the
interdimer transition is observed at lower energies than the
intradimer transition [19,67]. In (TMTTF)2PF6, two types
of transition bands would be superimposed in the measured
energy region. In the present model, however, we assume that
the CT transition is expressed by a single Lorentz oscillator,
which might be the reason for the differences between the
experimental and calculated spectra. As discussed in the fol-
lowing section, the spectral changes caused by the terahertz
electric field pulse are almost reproduced from this model,
assuming a single Lorentz oscillator as the CT transition.
This can be attributed to the weakness of dimerization in
(TMTTF)2PF6 compared to κ-type ET compounds. The valid-
ity of this simplification in dimerized molecular compounds
with EMV couplings was also reported in the half-filled sys-
tem such as K-TCNQ (TCNQ: tetracyanoquinodimethane)
[65]. Thus, the proposed simplified model is suitable for an-
alyzing both the steady-state and transient optical spectra in
(TMTTF)2PF6.

D. Time evolution of reflectivity changes
by a terahertz electric field pulse

In this subsection, we report the results of the terahertz
pulse-pump optical-reflectivity probe measurements, which
are illustrated in Fig. 5(a). First, we show the results of the

time evolution of reflectivity changes, expressed as �R(t )/R.
In Fig. 5(b), we show the electric field waveform of a tera-
hertz pump pulse, ETHz(t ). The maximum electric field was
approximately 300 kV/cm. The diameter of the probe pulse
was 100 μm. This value was much smaller than the size of
the ferroelectric domain, which was larger than 200 μm ×
300 μm (see Sec. III A). Therefore, we could detect responses
within a single ferroelectric domain. First, we set the probe
energy at 0.65 eV. The electric fields of the terahertz pump
pulse, ETHz, and the near-IR probe pulse, E , were both placed
parallel to the a axis. Figures 5(c) and 5(d) depict the time
evolution of �R(t )/R at 100 K in the Mott-insulator phase
and at 10 K in the ferroelectric CO phase, respectively. At
100 K, the time evolution almost follows the square of ETHz(t )
[red line in Fig. 5(c)], while at 10 K, �R(t )/R around the
time origin follows ETHz(t ) [red line in Fig. 5(d)]. At both
temperatures, �R(t )/R seems to include coherent oscillations
for t > 0.7 ps, which would be attributed to lattice modes in
1D TMTTF stacks.

To discuss the mechanism of the observed responses, we
investigated how the magnitudes of the �R(t )/R signals de-
pend on the electric field amplitude of the terahertz pulse.
Figure 5(f) shows the dependence of �R(t )/R at the time ori-
gin, �R(0 ps)/R, on the maximum electric field, |ETHz(0 ps)|.
The results clearly show that �R(0 ps)/R is proportional to
|ETHz(0 ps)| at T = 10 K and to |ETHz(0 ps)|2 at T = 100 K.
These features can be explained in terms of system symmetry.
In the ferroelectric CO phase at 10 K, the inversion symmetry
is lost, as discussed in Sec. III A, so that the second-order non-
linear optical effect becomes active. By irradiating the crystal
with the terahertz pump pulse and the near-IR probe pulse,
the second-order nonlinear polarization �P(2) expressed by
the following formula emerges [68]:

�P(2)(ω ± ωTHz) = ε0χ
(2)ETHz(±ωTHz)E (ω). (8)

Here, ωTHz and ω are the frequencies of the terahertz pump
pulse and the near-IR probe pulse, respectively. Given that
ωTHz 	 ω, we can consider that ω ± ωTHz 
 ω and obtain the
following relation:

�P(2)(ω) = 2ε0χ
(2)ETHz(0)E (ω). (9)

This relation shows that the change in the complex dielec-
tric constant, �ε̃, is proportional to ETHz(t ). Therefore, the
reflectivity change is also proportional to ETHz(t ) when the
electric field is weak enough to neglect higher-order terms.
At 100 K, the system presents inversion symmetry, and no
second-order nonlinear optical effect exists. The lowest non-
linear optical effect is the third-order one. Using ωTHz 	 ω,
the third-order nonlinear polarization �P(3) is expressed as
follows [68]:

�P(3)(ω) = 3ε0χ
(3)ETHz(0)ETHz(0)E (ω). (10)

As a result, the reflectivity change is proportional to
|ETHz(t )|2.

In the Mott-insulator phase at 100 K, a possible mecha-
nism of third-order nonlinear optical response is the instability
to the ferroelectric CO phase. In the Mott-insulator-to-
ferroelectric-CO phase transition in (TMTTF)2PF6, structural
changes are known to hardly occur, and the phase transition
is electronic in nature. In other words, ferroelectricity is of
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FIG. 5. (a) A schematic of the terahertz pulse-pump optical reflectivity probe measurements. (b) Electric field waveform of the terahertz
pulse, ETHz(t ). (c), (d) Time evolutions of electric field-induced reflectivity changes �R(t )/R at 0.65 eV in (TMTTF)2PF6: (c) at 100 K and
(d) at 10 K. (e) Time evolution of �R(t )/R at 10 K in a different sample from that in (d). (f) Magnitudes of |�R(0 ps)/R| as a function of the
electric field amplitude |ETHz(0 ps)|. (g)–(j) Schematics of polarization changes by the terahertz electric field: (h), (i), and (j) correspond to the
results in (c), (d), and (e), respectively.

electronic type. Therefore, the electric field is expected to
induce charge disproportionation in each dimer and generate a
macroscopic polarization �P proportional to ETHz(t ), as illus-
trated in Fig. 5(h). As a result, the third-order nonlinear optical
response expressed in Eq. (8), or equivalently the �R(t )/R
signals proportional to |ETHz(t )|2, emerge.

Regarding the ferroelectric phase at 10 K, in which the
ionicity of charge-rich and charge-poor molecules are equal
to 0.5 + δ and 0.5−δ, the original charge disproportionation
should be modulated by the terahertz electric field. This in-
duces a polarization change from the original value P to
P ± �P (P,�P > 0). As a result, the second-order nonlin-
ear optical response expressed in Eq. (7), or equivalently
the �R(t )/R signals proportional to ETHz(t ), emerge in the
ferroelectric CO phase. Note that in Fig. 5(d), the sign of
the signal of �R(t )/R at the time origin, �R(0 ps)/R, is the
same as that in Fig. 5(c). In this case, it is expected that
ETHz(t ) at the time origin, ETHz(0 ps), should be parallel to
the macroscopic polarization P originating from the charge
disproportionation, and that the charge disproportionation is
enhanced and P is increased to P + �P at the time origin, as
illustrated in Fig. 5(i).

Note that in a different crystal, we observed the �R(t )/R
signal shown in Fig. 5(e), the sign of which is opposite to
that of the �R(t )/R signal depicted in Fig. 5(d). In this case,
ETHz(0 ps) is antiparallel to P. The charge disproportiona-
tion is suppressed and P is decreased to P−�P at the time
origin, as illustrated in Fig. 5(j), giving the opposite sign of
�R/R(0 ps). From these results, we conclude that the ter-

ahertz electric field modulates the ferroelectric polarization
in (TMTTF)2PF6, which is reflected by transient reflectivity
changes.

E. Transient reflectivity spectrum in the Mott-insulator phase

To obtain information about the electronic-state changes
caused by the terahertz electric field, we measured the spec-
trum of reflectivity changes. In this section, we report the
results in the Mott-insulator phase at 100 K. Figure 6(b) shows
the time evolution of �R(t )/R at 0.14, 0.7, and 0.32 eV as
typical examples. The time profile of |ETHz(t )|2 is shown in
Fig. 6(a). The maximum electric field was 300 kV/cm. The
three �R(t )/R signals in Fig. 6(b) almost follow |ETHz(t )|2,
while their magnitudes and signs depend on the probe ener-
gies. It is particularly characteristic that �R(t )/R around the
time origin takes a large positive value (0.17 eV), in contrast
to the negative small signals at higher (0.32 eV) and lower
(0.14 eV) energies.

In Fig. 6(c), we plot the reflectivity change at the time
origin, �R(0 ps), represented by solid circles, for various
probe energies. In the energy range of 0.15–0.2 eV, �R(0 ps)
shows a sharp positive structure peaked at 0.17 eV. For the
rest of probe energies, �R(0 ps) is negative and does not
show prominent spectral structures. Figure 6(c) shows the
steady-state R spectrum for comparison. At 0.17 eV, at which
a peak of �R(0 ps) exists, a dip structure is observed in the
R spectrum that is ascribed to the presence of the agν4 mode
with a large EMV coupling constant, as discussed in Sec. III C
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Fig. 5(b). (b) Time evolutions of �R(t )/R at several typical probe
energies at 100 K in (TMTTF)2PF6. (c) Probe-energy dependence
of �R(0 ps) at 100 K (green circles). The black and red solid lines
show the steady-state R spectrum at 100 K and the simulated R
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[also see Fig. 3(g)]. Therefore, it is natural to consider that the
peak structure in the �R(0 ps) spectrum originates from the
electric field-induced changes not only in the CT transition,
but also from the coupling between this agν4 mode and the
CT transition. Therefore, we expect that we can reproduce the
�R(0 ps) spectrum by modifying the parameter values used in
the analyses of the steady-state σ and R spectra in Sec. III C.

As discussed in Sec. III D, the electric field induces charge
disproportionation in each dimer, which in turn causes some
changes in the CT transition. Therefore, we set the CT tran-
sition energy, h̄ωCT, the damping constant, h̄γCT, and the
parameter determining the transition dipole moment, h̄μCT,
to the fitting parameters. In general, it is natural to consider
that h̄γCT is unchanged by the electric field. However, as
mentioned in Sec. III C, our model simply assumes a single
Lorentz oscillator for the CT transition and does not consider
the interdimer and intradimer transitions separately. By setting
h̄γCT as a fitting parameter, it may be possible to effectively
capture complicated changes in both intradimer and inter-
dimer transitions. At around 0.17 eV, where the �R(0 ps)
peak appears, no phonon modes exist except for agν4 mode
( j = 1); therefore, we consider only this mode for the analysis
of the �R(0 ps) spectrum. All the parameters of intramolecu-
lar vibrations, i.e., the frequency h̄ω j , the damping constant,
h̄γ j , and the EMV coupling constant, g̃ j , are characteristic

of the TMTTF molecule itself, and they are independent of
the electric field. However, g j in our model depends on the
electronic-state changes, and can be modulated by applying
an external electric field. In the dimer limit (or equivalently
a simple dimer model), the electric field-induced change
in g j , �g j , is one-to-one correspondence with the electric
field-induced change in μCT, �μCT, as �g j/g j = �μCT/μCT

derived from Eq. (7). However, as mentioned in Sec. III C,
the dimeric molecular displacements can be modulated via
electron-lattice coupling and the ratio of the intensities of
the intradimer CT transition and the interdimer CT transition
can be changed. This effect can be incorporated by setting
�g j and �μCT as independent parameters. Briefly speaking,
�μCT reflects the change in the sum of the intensities of
the intradimer CT transition and the interdimer CT transition,
while �g j reflects the change in the difference between them.
To incorporate this effect into our model, we set h̄2g1 as a
fitting parameter. To simplify the fitting analysis, we assume
that the parameters h̄2g2 − h̄2g5 below 0.14 eV for ag modes
( j = 2−5) are unchanged. Thus, in our analysis, we attempted
to fit the �R(0 ps) spectrum from 0.14 to 0.72 eV by using
four fitting parameters, namely h̄ωCT, h̄γCT, h̄μCT, and h̄2g1.

The �R spectrum obtained by this fitting is represented by
the broken line in Fig. 6(c), which reproduces the �R(0 ps)
spectrum (solid circles) experimentally obtained. As listed
in Table III, the changes in the fitting parameters were the
increase of h̄ωCT by 4 meV (2.6%), the decrease of h̄μCT by
2 meV (0.21%), and the decrease of h̄2g1 by 0.045 × 10–2 eV2

(4.1%), while h̄γCT remained unchanged. These changes in
the parameters can be explained as follows: When an elec-
tric field is applied to a dimer in which the energies of two
molecules are equivalent and charges are equally distributed
to two molecules [Fig. 7(a)], a finite energy difference is
induced between both molecules, and a charge disproportion-
ation occurs [Fig. 7(b)]. In this case, energy splitting between
the bonding and antibonding orbitals in the dimer increases,
and the energy of the intradimer transition should increase,
as shown in Fig. 7(b). The energy of the interdimer transition
should also increase because of the increased energy splitting
between the bonding and antibonding orbitals, although this
transition is not explicitly considered in our model. The in-
crease in the energy difference between the molecular orbitals
of the neighboring molecules should suppress their effec-
tive hybridization and therefore decrease the dipole moment
dominating the transition intensity. These discussions prop-
erly explain the increase of h̄ωCT and the decrease of h̄μCT

observed in the experiments. The decrease of h̄2g1 reflects
the transfer of the spectral weight from the intradimer CT
transition to the interdimer CT transition, which implies the

TABLE III. Fitting parameters used for the simulation of electric field-induced reflectivity change at 100 K shown by the green broken line
in Fig. 6(c). Original parameters in the steady state, parameter values under the terahertz electric field, and their electric field-induced changes
are listed.

h̄ωCT (eV) h̄γCT (eV) h̄μCT (eV) h̄2g1 (eV2)

Steady state 0.155 0.14 0.960 1.100 × 10−2

Under terahertz electric field 0.159 0.14 0.958 1.055 × 10−2

Electric field-induced changes 0.004 0 −0.002 −0.045 × 10−2
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FIG. 7. Schematics of charge disproportionation and optical ab-
sorption spectra, and their electric field-induced changes: (a) at T >

TCO and (c) at T < TCO in the steady states, and (b) at T > TCO and
(d) at T < TCO under electric fields. Colored solid and black dotted
lines in the right part of each figure show the absorption spectra of
the CT band and ag mode, respectively. The increase of the charge
disproportionation induces the blueshift of the CT band and weakens
the EMV coupling characterized by gj .

weakening of the dimerization. In fact, if h̄2g1 is not a fitting
parameter, �R(0 ps) spectrum cannot be reproduced. These
changes of the parameters are reasonable because the charge
disproportionation is created and the energy gain by forming
bonding orbital in each dimer is expected to decrease when
the terahertz electric field is applied. From these considera-
tions, the spectrum of reflectivity changes can be interpreted
by the charge disproportionation within each dimer and the
weakening of the dimerization caused by the electric field.

F. Transient reflectivity spectrum in the CO phase

In this section, we report the spectrum of �R(0) in the po-
lar CO phase at 10 K. Figure 8(b) shows the time evolution of
�R(t )/R at 0.14, 0.17, and 0.32 eV as typical examples. The
electric field waveform of ETHz(t ) is shown in Fig. 8(a). The
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FIG. 8. (a) Electric field waveform of the terahertz pump pulse,
ETHz(t ) [the same as that shown in Fig. 5(b)]. (b) Time evolutions of
�R(t )/R at several typical probe energies at 10 K in (TMTTF)2PF6.
(c) Probe-energy dependence of �R(0 ps) at 10 K (blue circles). The
black and red solid lines show the steady-state R spectrum at 10 K
and the simulated R spectrum, respectively. The blue broken line
shows the simulated �R spectrum (see the text).

maximum electric field was approximately 300 kV/cm. The
time characteristics of the three �R(t )/R signals in Fig. 8(b)
are almost proportional to ETHz(t ), while their magnitudes
and signs depend on the probe energies. Similar to the results
at 100 K, �R(0 ps)/R at the time origin takes a large value
(0.17 eV) compared with that at higher (0.32 eV) and lower
(0.14 eV) energies. In addition, the sign of �R(0 ps)/R at 0.17
eV is positive, while that at 0.14 and 0.32 eV is negative.

Figure 8(c) shows the reflectivity change at the time origin,
�R(0 ps), represented by solid circles for several probe en-
ergies. In the energy range of 0.15–0.2 eV, �R(0 ps) shows
a sharp positive structure peaked at 0.17 eV, similar to the
�R(0 ps) spectrum at 100 K. This dip is also ascribed to
the presence of the agν4 mode with a large EMV coupling
constant, as discussed in Sec. III C [see Fig. 3(h)]. Concerning
the rest of probe energies, �R(0 ps) is negative and does not
show prominent structures. Figure 8(c) depicts the steady-
state R spectrum for comparison. At 0.17 eV, at which a peak
of �R(0 ps) exists, a dip structure due to the coupling of ag

mode 1 with the CT transition is observed in the R spectrum.
Therefore, it is natural to relate the sharp peak of �R(0 ps) at
0.17 eV to agν4 mode ( j = 1) of the intramolecular vibration,
similar to the case at 100 K. We also performed a fitting anal-
ysis of the �R(0 ps) spectrum by setting h̄ωCT, h̄γCT, h̄μCT,
and h̄2g1 as the fitting parameters. The other parameters were
fixed to those used in the fitting of the steady-state spectra, as
shown in Table II.

The �R spectrum obtained by the fitting is represented by
the broken line in Fig. 8(c), which reproduces the �R(0 ps)
spectrum (solid circles) experimentally obtained. As listed
in Table IV, the changes in the fitting parameters were the
increase of h̄ωCT by 10 meV (7.8%), the decrease of h̄μCT by
3 meV (0.3%), the increase h̄γCT by 1.5 meV (1.8%), and the
decrease of h̄2g1 by 0.135 × 10–2 eV2 (13.0%). The tendency
of the changes in h̄ωCT, h̄μCT, and h̄2g1 are qualitatively the
same as those observed in the Mott-insulator phase (Table III).
Therefore, in the polar CO phase, we can consider that the
charge disproportionation in the steady state is enhanced by
the electric field. This results in the increase of h̄ωCT and the
decrease of h̄μCT. These responses are illustrated in Figs. 7(c)
and 7(d). We also comment on the slight increase in h̄γCT. As
mentioned above, we used a single Lorentz oscillator for the
CT transition, and the intradimer and interdimer transitions
were not discriminated. If the increases in the energies of two
CT transitions by the electric field are different from each
other, it might be reflected by the increase of h̄γCT.

G. Coherent oscillations on reflectivity changes

Figures 5(d), 5(e) and 8(b) show, in the polar CO phase,
oscillatory components that remain on the reflectivity changes
for td > 1 ps after the electric field of the pump pulse al-
most diminishes. At 100 K, in the Mott-insulator phase, some
oscillatory components also seem to exist [see Figs. 5(c)
and 6(b)], although their intensities are relatively small
compared to those at 10 K. Figures 9(b) and 9(c) show
the Fourier power spectra of �R/R(t ) at 0.65 eV at 10 K
[Fig. 5(e)] and 100 K [Fig. 5(c)], respectively. They were
obtained by calculating the Fourier transform of �R/R in the
range from 0.8 to 30 ps. The red line in Fig. 9(a) depicts the
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TABLE IV. Fitting parameters used for the simulation of electric field-induced reflectivity change at 10 K shown by the blue broken line
in Fig. 8(c). Original parameters in the steady state, parameter values under the terahertz electric field, and their electric field-induced changes
are listed.

h̄ωCT (eV) h̄γCT (eV) h̄μCT (eV) h̄2g1 (eV2)

Steady state 0.128 0.0840 0.905 1.040 × 10−2

Under terahertz electric field 0.138 0.0855 0.902 0.905 × 10−2

Electric field-induced changes 0.010 0.0015 −0.003 −0.135 × 10−2

Fourier power spectrum of the terahertz pump pulse, as shown
in Fig. 5(b).

At 10 K in the polar CO phase, a strong peak is observed
at 42 cm–1 in the Fourier power spectrum in Fig. 9(b). This
frequency almost coincides with that of a librational or inter-
nal mode of the (TMTTF)2

+ dimer observed through Raman
spectroscopy [29]; IR spectroscopy was not performed below
45 cm–1. This Raman-active mode can also become IR active
in the CO phase because of charge disproportionation, or
equivalently breaking of the inversion symmetry. Therefore,
this mode might be resonantly excited by the terahertz electric
field and generate a strong coherent oscillation of the reflec-
tivity changes. In addition to this peak, several weak peaks
are identified in the range from 50 to 90 cm–1, although their
frequencies are difficult to be determined accurately because
of the poor frequency resolution in our data. Previous IR
spectroscopy revealed that several vibrational modes exist in
this frequency region in the CO phase; they are assigned to
translational and internal modes, such as the boat mode [29].
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FIG. 9. (a) Fourier power spectrum of an electric field waveform
of a terahertz pump pulse shown in Fig. 5(b). (b), (c) Fourier power
spectra of oscillatory components on �R(t )/R shown in Fig. 5(d) at
10 K and in Fig. 5(c) at 100 K. The spectra in (b), (c) are obtained by
the �R(t )/R data in the range of 0.8–30 ps.

Some of these modes are Raman active and IR inactive in the
Mott-insulator phase, but become IR active in the CO phase.
The weak peaks observed in Fig. 9(b) might be ascribed to the
IR-active modes excited by the terahertz electric field.

Several peak structures are observed in the Fourier power
spectrum at 100 K in the Mott-insulator phase, as shown in
Fig. 9(c). However, their intensities were relatively smaller
than those of the peak structures observed in the CO phase
[Fig. 9(b)]. As mentioned above, most of the modes observed
from 50 to 90 cm–1 are IR active in the CO phase, while
they are expected to be IR inactive in the Mott-insulator
phase and cannot be directly excited by the terahertz elec-
tric field. According to Ref. [29], the terahertz electric field
cannot excite lattice modes except for an antiphase librational
mode around the a axis in the Mott-insulator phase, which
was derived through symmetry analysis. This is the reason
why the intensities of the coherent oscillations are weak in
the Mott-insulator phase. The weak oscillations observed in
this phase are attributable to molecular oscillations driven by
the electric field-induced charge modulation. Besides, in the
Mott-insulator phase, the terahertz electric field gives rise to
a potential difference between two molecules in each dimer.
Then the energy gain by forming bonding orbital decreases in
proportion to E2

THz, which results in an external force propor-
tional to E2

THz applied to the dimerization mode. Thus each
molecule subsequently moves to decrease the dimerization.
These molecular motions may be observed as coherent oscil-
lations. As seen in Fig. 9(c), the coherent oscillation at around
83 cm–1 is relatively strong in the Mott-insulator phase and
its intensity is comparable to that observed in the CO phase.
Considering that the intensity of the terahertz pump pulse is
negligibly small in this frequency region above 80 cm–1, this
mode with 83 cm–1 would be driven not by the direct excita-
tion with the terahertz pulse but by the electric field-induced
charge disproportionation. This interpretation is reasonable
because the mode at 83 cm–1 was assigned to the antiphase
translation along the a axis within the dimer in previous vi-
brational spectroscopy studies [29].

H. Temperature dependence of reflectivity changes

Finally, we report the temperature dependence of electric
field-induced reflectivity changes, i.e., �R(t )/R. The data
were taken in a different crystal with respect to that used in
the measurements shown in Figs. 5, 6, 8, and 9. As mentioned
in Sec. III D, the sign of reflectivity changes depends on the di-
rection of the electric field of the terahertz pump pulse relative
to the original polarization P. In the crystal used, the sign of
�R(0 ps)/R (0.65 eV) at 10 K is negative, indicating that the
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FIG. 10. (a) Electric field waveform of the terahertz pump
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squares show the magnitudes of charge disproportionation, 2δ, eval-
uated by the molecular vibrational spectroscopy [29].

terahertz electric field is parallel to the original polarization,
and the condition is the same as that in Figs. 5(d) and 8.

Figure 10(a) shows the electric field waveform of the tera-
hertz pulse, ETHz(t ), used in this experiment, which is almost
the same as that depicted in Fig. 5(b). The maximum electric
field was approximately 300 kV/cm. Figure 10(b) shows the
time evolution of �R(t )/R at 0.65 eV and different temper-
atures. Below TCO = 67 K, �R(t )/R is almost proportional
to ETHz(t ), whereas above TCO, it is almost proportional to
|ETHz(t )|2. Below and above TCO, the �R(t )/R signals almost
disappear for td > 1 ps when the terahertz electric field dimin-
ishes, except for the residual coherent oscillations discussed in
Sec. III G. The time characteristics of �R(t )/R remain almost
unchanged between 50 and 10 K, suggesting that the CO
pattern is also unchanged across the spin-Peierls transition at

TSP = 19 K. This is consistent with a previous detailed x-ray
diffraction study [31]. Above TCO, the time characteristics
of �R(t )/R do not depend significantly on the temperature.
No critical behavior appears in the responses to the terahertz
electric field near TCO. These results suggest that the observed
responses are dominated mainly by the charge modulations
induced by the terahertz electric field. The observation of
coherent oscillations shows the presence of the coupling of
the charge sector with some lattice modes. The charge sec-
tor might also be coupled with the displacement of anions,
as previously reported [69]. However, considering that the
time characteristics of �R(t )/R almost follow ETHz(t ) below
TCO and |ETHz(t )|2 above TCO, and that delayed responses
are hardly observed, the contributions of the electron-lattice
coupling to the overall responses are not significant. This
corresponds to the fact that the structural change across TCO

is small and the CO state below TCO has an electronic origin,
that is, the intermolecular Coulomb interaction.

It is important to comment on the effects of intramolecu-
lar vibrations. The frequency of our electric field pulse was
approximately 1 THz or 30 cm–1, so that most of the in-
tramolecular vibrational modes could follow the electric field.
In this case, the time evolution of �R(t )/R should reflect not
only the dynamics of the charge sector but also the structural
changes associated with intramolecular vibrations, such as
deformation, shrinking, and expansion of molecules. In the
time evolution of �R(t )/R, we cannot discriminate the contri-
bution of molecular dynamics by the electric field from that of
charge dynamics. However, in our study, we succeeded in re-
vealing the contribution of the EMV coupling to the responses
to the electric field from the analysis of the �R(0 ps) spectra,
as discussed in Secs. III E and III F. The results suggest that
the EMV coupling is important and that the intramolecular
structural dynamics play important roles in the responses to
the electric field in (TMTTF)2PF6.

Figure 10(c) depicts the values of −�R(0 ps)/R at
0.65 eV represented by yellow circles as a function of tem-
perature. Below TCO, −�R(0 ps)/R increases with a decrease
in temperature. It is valuable to compare this temperature
dependence with that of the amplitude of the original CO
or, equivalently, the charge disproportionation magnitude 2δ.
The temperature dependence of 2δ was previously reported
from the splitting of the intramolecular vibration frequencies,
which sensitively changed depending on the molecular ion-
icity [29]. Figure 10(c) shows the temperature dependence of
2δ evaluated by the red squares. The temperature dependences
of −�R(0 ps)/R and 2δ are roughly the same. This tendency
is reasonable by considering three plausible relations: (1)
�R(0 ps)/R is proportional to χ (2)ETHz(0) (see Sec. III D), (2)
χ (2) is proportional to the macroscopic polarization P, and (3)
P is proportional to 2δ. To induce more drastic changes in the
electronic states, such as the electric field-induced transitions
between the CO-insulator phase and the Mott-insulator phase
[19], or from the CO-insulator (Mott-insulator) phase to metal
[10], a more intense electric field is necessary.

IV. SUMMARY

We investigated the electronic-state changes caused by a
strong electric field in an organic molecular compound,
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(TMTTF)2PF6, using terahertz pulse-pump optical-
reflectivity probe spectroscopy. We observed reflectivity
changes proportional to the square of the electric field
waveform of the terahertz pulse in the Mott-insulator phase
and also reflectivity changes proportional to the electric field
waveform in the charge-order insulator phase. These different
responses are ascribed to the difference in the symmetry of
the electronic states; the inversion symmetry exists in the
Mott-insulator phase and is lost in the charge-order phase.
The electric field-induced change in the optical-reflectivity
spectrum can be attributed to the change in the charge
disproportionation in each dimer and the weakening of
the dimerization by the electric field. In the Mott-insulator
phase, the electric field generates charge disproportionation,
whereas in the charge-order phase, it modulates the original
charge disproportionation. In the mid-IR region, where in-
tramolecular ag-mode vibrations coupled with intermolecular
electron transfers exist, the electric field-induced reflectivity
changes are considerably enhanced. To interpret this feature,
we constructed a model that incorporates a charge-transfer
transition and intramolecular ag-modes vibrations. This model
encompasses a simple dimer model, and can also incorporate
the effect of the interdimer CT transition, which cannot be
captured by a simple dimer model. The analyses with this
model revealed that the electric field-induced change in the

reflectivity spectrum can be explained by the energy shift
of the overall CT transition and the changes in the dipole
moments of both the intradimer and interdimer CT transitions,
which are caused by the change in the charge disproportion-
ation in each dimer, and the transfer of the spectral weight
between the intradimer and interdimer CT transitions due
to the changes of the dimeric molecular displacements. Our
approach encompasses the pump-probe experiments using
terahertz electric field pulses, and simulations of spectral
changes using the effective classical model, which can be
used to analyze optical responses to an electric field in various
organic molecular compounds with EMV couplings.
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