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When a semiconductor is subjected to a strong electric field, carriers are generated via quantum tunneling; this
is termed as dielectric breakdown. Thus, using a terahertz pulse to drive the dielectric breakdown in Mott insula-
tors, which exhibit variations in their electronic structures under carrier doping, a filling-controlled transition can
be induced in the subpicosecond time scale. However, to generate carriers via quantum tunneling in a material
with a band gap in the visible or near-infrared regions, an electric field pulse significantly exceeding 1 MV cm−1

is necessary. In this paper, using an organic molecular compound, bis(ethylenedithio)tetrathiafulvalene-
difluorotetracyanoquinodimethane, which is a typical one-dimensional (1D) Mott insulator with a Mott gap
of 0.7 eV, we aimed at realizing carrier generation and metallization via a strong electric field component of a
terahertz pulse enhanced with an organic nonlinear optical crystal up to 2.8 MV cm−1. Even after the terahertz
electric field decays, the reflectivity change caused by the terahertz pulse remains; this is different from the case
involving the use of weaker electric fields. More importantly, this response indicates a threshold behavior against
the electric field amplitude, which is characteristic of carrier generation via the quantum tunneling process.
Furthermore, transient reflectivity spectra across the mid-infrared region could be reproduced well by numerical
simulations using the Drude model, in which inhomogeneous carrier distributions are considered. The observed
Drude response of the doublons and holons was ascribed to the spin-charge separation characteristic of 1D
strongly correlated electron systems. We also demonstrate that the energy efficiency of such carrier generation
by the terahertz pulse excitation is at least five times greater than that when using photoexcitation beyond the
Mott gap. This indicates that excitation with the strong terahertz pulse is more effective for carrier doping in
solids; thus, the proposed method is expected to be widely applicable for the electronic-state control of various
correlated electron materials in which chemical carrier doping is currently difficult.

DOI: 10.1103/PhysRevB.107.085147

I. INTRODUCTION

When a Mott insulator is doped with carriers, its electronic
structure can change significantly; for instance, certain
doped Mott insulators become metallic [1]. A typical
example is the carrier doping of the parent compounds
of high-Tc cuprates with substitutions of constituent ions,
which causes metallization and superconductivity at low
temperatures [2,3]. Such filling-controlled Mott transitions
have long been studied as a central issue in the physics
of strongly correlated electron systems. Another effective
method for carrier doping in solids is photoexcitation. When
a Mott insulator is excited by a laser pulse with a photon
energy exceeding the Mott gap, a Mott insulator-to-metal
transition can occur; this is termed as a photoinduced Mott
transition. Previous studies using femtosecond pump-probe
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spectroscopy have revealed that such a phenomenon
is observed in various Mott insulators; the bromine-
bridged nickel-chain compound of [Ni(chxn)2Br]Br2
(chxn = cyclohexanediamine) [4], the organic molecular
compound of bis(ethylenedithio)tetrathiafulvalene-
difluorotetracyanoquinodimethane (ET-F2TCNQ) [5], and
layered cuprates of Nd2CuO4 and La2CuO4 [6,7]. The
advantage of this method is that carrier doping can be
achieved without any additional structural changes, which can
occasionally occur during carrier doping via the substitution
of constituent elements. In addition, information regarding
the dynamics of the electronic state changes can be obtained
based on the time evolution of the spectral variations caused
by photoexcitation. This enables investigations into the
role of the electron-lattice and charge-spin interactions and
electron correlations, under both the ground and photoexcited
states [8–14]. However, carrier doping via photoexcitation
imposes a large amount of energy on the material, which
increases the temperature of the charge, spin, and lattice
systems [7,10]. Such an increase in temperature is known to
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FIG. 1. Quantum tunneling process by a strong electric field in
a half-filled one-dimensional Mott insulator of ET-F2TCNQ. (a)
Schematic band structure. (b) A generation of a doublon-holon pair
by an electric field of a terahertz pulse ETHz. (c) Molecular structures
of ET and F2TCNQ. (d) Molecular arrangements along the normal to
the ab plane in ET-F2TCNQ.

occur during various photoinduced transition phenomena. It
necessarily delays the recovery of the system to its original
state and complicates the electronic-state changes caused by
photoexcitation.

Considering these existing issues, we developed an ap-
proach for carrier doping in solids using a terahertz pulse. The
recent development of the terahertz pulse generation method
using the nonlinear optical crystal LiNbO3, which is called
the pulse-front tilting method, has enabled the generation of
nearly monocyclic terahertz pulses with electric field am-
plitudes considerably exceeding 100 kV cm−1 [15,16]. Using
such intense electromagnetic pulses, attempts have been de-
voted toward controlling the physical properties of solids [17],
such as the magnetization and (electro)magnons [18–20],
polarizations [21–24], impact ionization and carrier amplifica-
tion [25,26], electrical conductivity [27], and superconducting
gaps [28,29]. Regarding Mott insulators, theoretical studies
have predicted that insulator-metal transitions can be induced
using intense electric field pulses [30–32]. A conceptual di-
agram of this phenomenon is shown in Figs. 1(a) and 1(b).
When a strong electric field pulse is applied to a Mott insula-
tor, the upper and lower Hubbard bands are spatially inclined,
which can lead to the generation of doublon-holon pairs
through a quantum tunneling process, as shown in Fig. 1(b).
Fundamentally, this is identical to the Zener tunneling phe-
nomenon, which is well known in semiconductors [33]. Inter-
estingly, in Mott insulators, carrier generation may trigger a
change in the electronic structure, resulting in metallization.

Carrier generation and metal-insulator transition via the
quantum tunneling by a mid-infrared pulse excitation has

been studied in a correlated electron system of VO2 [34].
This compound undergoes an insulator-metal transition with
a large structural change at 340 K below which the insulating
state is stabilized by the strong dimerization of V ions. There-
fore, VO2 is not a pure Mott insulator but most likely carries
both electronic and structural aspects in its metal-insulator
transition. In the study of the mid-infrared pulse excitation
on VO2 [34], a strong mid-infrared electric field induced the
quantum tunneling process of carriers, which in turn desta-
bilizes the dimer of V ions and causes a structural change,
resulting in an insulator-metal transition. As a mid-infrared
pulsed excitation in Mott insulators, the study on an organic
molecular compound ET-F2TCNQ has been reported [35,36].
This compound is a half-filled one-dimensional (1D) Mott
insulator with a Mott gap energy of ∼0.7 eV [5,37] and is also
a target material in this paper. In that study, it was revealed
that the resonant excitation of intramolecular vibrations by
mid-infrared pulses modulates the magnitude of the on-site
Coulomb repulsion energy U , which gives rise to the modu-
lation of a transition energy of the exciton corresponding to
the Mott gap [35,36]. However, neither carrier generation nor
field-induced metallization was observed in that study.

In a more recent study, using the organic molecular com-
pound κ-(ET)2Cu[N(CN)2]Br, which is a two-dimensional
(2D) Mott insulator with a significantly small Mott gap energy
of ∼30 meV on a diamond substrate at low temperatures,
carrier generation via quantum tunneling caused by irradiation
with a terahertz pulse featuring an electric field amplitude of
180 kV cm−1 was achieved; the resultant metallization was re-
ported based on broadband transient absorption spectroscopy
over the near- to mid-infrared regions [38]. However, sim-
ilar phenomena caused by terahertz pulses have not been
reported for Mott insulators with larger optical gaps; this is
likely because these large gaps would necessitate considerably
stronger electric fields. For instance, considering a 1D Mott
insulator with an optical gap energy of 0.7 eV, an electric
field of 3 MV cm−1 is predicted to be necessary for carrier
generation [32].

In this paper, we aimed to achieve insulator-to-metal tran-
sition via a quantum tunneling process in a typical 1D Mott
insulator ET-F2TCNQ [Figs. 1(c) and 1(d)], with a Mott
gap energy of 0.7 eV [5,37], by using a strong terahertz
pump pulse with a maximum electric field of ∼3 MV cm−1;
this was realized using a second-order nonlinear optical
crystal of 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium
2,4,6-trimethylbenzenesulfonate (DSTMS) [39]. By applying
terahertz pulse pump optical reflectivity probe spectroscopy
to ET-F2TCNQ, we demonstrated that the Mott insulator-to-
metal transition is driven by a terahertz electric field. Detailed
analyses of the spectral changes in the mid-infrared region
revealed that the energy efficiency of the carrier generation
under the terahertz electric field is considerably higher than
that induced by photoexcitation beyond the Mott gap.

II. EXPERIMENTAL DETAILS

A. Sample preparations

Single crystals of ET-F2TCNQ were grown by the recrys-
tallization method [37]. All the optical measurements were
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FIG. 2. (a) Electric field waveform ETHz(td ) and (b) Fourier
power spectrum ITHz(ω) of the terahertz pulse.

performed on platelike single crystals with the largest ab
plane. The typical a- and b-axis lengths of the single crystals
were 1 and 2.5 mm, respectively. Their typical thickness is
∼200 μm.

B. Terahertz pulse pump optical reflectivity
probe measurements

For the terahertz pulse pump optical reflectivity probe
measurements, the light source used was a Ti : sapphire re-
generative amplifier (RA) with a repetition rate of 1 kHz,
central wavelength of 800 nm, pulse width of 100 fs, and
pulse energy of 7 mJ. The output was divided into two beams.
One was introduced to an optical parametric amplifier (OPA),
where it was converted into a 1500 nm (0.8 eV) pulse with a
pulse energy of 0.8 mJ. This pulse was incident to an organic
nonlinear optical crystal DSTMS. Thus, through optical recti-
fication in the DSTMS crystal, an intense terahertz pulse was
generated [40,41]. Figure 2(a) shows the typical electric field
waveform ETHz(td ) of a terahertz pulse reconstructed by the
deconvolution procedure from the waveform, measured using
an electro-optic (EO) sampling with a GaP crystal [42]. The
spot diameter (full width at half maximum) of the terahertz
pulse on the sample surface was 135 μm, and the maximum
electric field amplitude was ∼2.8 MV cm−1. The time origin
was set at the maximum of the terahertz electric field, whereas
the delay time td of the probe pulse relative to the terahertz
pump pulse was controlled using a mechanical delay stage.
Figure 2(b) shows the Fourier power spectrum of the terahertz
pulse. The central frequency is ∼3 THz. Further, the second
beam from the RA was introduced into another OPA to gen-
erate a probe pulse with a photon energy of 0.07–1.12 eV. All

the optical measurements were performed on the ab plane of
ET-F2TCNQ single crystals at 294 K. The electric fields of
both the pump and probe pulses were parallel to the a axis.

C. Measurements of steady-state optical spectra

The polarized reflectivity spectrum of ET-F2TCNQ along
the a axis was measured on a single crystal with a thickness
of ∼200 μm, using a Fourier transform infrared spectrometer
(0.025–1.2 eV) and a spectrometer with a grating monochro-
mator (0.46–6.2 eV), both of which were equipped with an
optical microscope. In the terahertz frequency region, we
applied two systems of terahertz time-domain spectroscopy
on a thin single crystal of ET-F2TCNQ with a thickness of
41 μm with the transmission geometry. In the first measure-
ment system (System 1), the transmittance in the region of
1–3 THz (0.004–0.012 eV) was measured using a terahertz
pulse generated by the optical rectification method from the
organic nonlinear optical crystal DSTMS, which was identical
to that used in the terahertz pulse pump optical reflectivity
probe measurements described in Sec. II B. The terahertz
pulse from the DSTMS crystal used in this measurement
was attenuated < 100 kV cm−1. In the second measurement
system (System 2), the transmittance in the region of 3–8 THz
(0.012–0.033 eV) was measured using a terahertz pulse gen-
erated by the air plasma generation method [43,44]. In this
system, the light source used was a Ti : sapphire RA with a
repetition rate of 1 kHz, central wavelength of 800 nm, pulse
width of 25 fs, and pulse energy of 2 mJ. The output was
divided into two beams. One was used for the generation of
terahertz pulses via air-plasma induced terahertz radiation,
and the other was used as a sampling pulse for the EO sam-
pling of terahertz electric fields. The electric field waveform of
the terahertz pulse transmitted through the thin single crystal
was measured via the EO sampling with a GaP crystal in both
of two types of measurements.

D. Measurements of nonlinear absorptions of terahertz pulses

For measuring the nonlinear absorptions of relatively
strong terahertz pulses, we used a setup like that for the
transmission measurements using the terahertz pulse from
the DSTMS crystal, as mentioned in Sec. II C. To ensure
linearity in the EO sampling, four Si plates were inserted into
the optical path of the terahertz pulse passing through the
ET-F2TCNQ single crystal.

III. RESULTS AND DISCUSSIONS

A. Optical absorption spectrum of ET-F2TCNQ

ET-F2TCNQ is a quasi-1D organic molecular compound.
The molecular structures of ET and F2TCNQ are presented
in Fig. 1(c) [37]. An electron was transferred from the donor
molecule of ET to the acceptor molecule of F2TCNQ. The
F2TCNQ− molecules are almost isolated, whereas the ET
molecules are stacked along the a axis, forming a half-
filled 1D electronic system, as shown in Fig. 1(d). Owing to
the strong on-site Coulomb repulsion U , which overcomes
the transfer energy t between neighboring ET molecules,
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FIG. 3. Steady-state optical spectra on ET-F2TCNQ. (a) The
polarized reflectivity (R) spectrum (the black line) measured with
the electric field of lights E parallel to the a axis (E‖a). (b) The
ε2 spectrum with E‖a. The spectrum >8 THz (the solid line) was
obtained from the Kramers-Kronig (KK) transformation of the R
spectrum in (a). The red line shows the Fourier power spectrum of the
terahertz pump pulse, which is the same as that shown in Fig. 2(b).
(c) The spectra of ε1 (open circles) and ε2 (open triangles) in the
terahertz region obtained by the terahertz time-domain spectroscopy.
The green lines in (b) and (c) are the fitting curves for the ε1 and ε2

spectra in the terahertz region assuming the Lorentz oscillators, the
parameters of which were shown in Table I. The green line in (a) is
the calculated R spectrum obtained from the ε1 and ε2 spectra (the
green lines) in (c).

electrons are localized at each site, and this compound is a
half-filled 1D Mott insulator [45,46].

The black line in Fig. 3(a) shows the polarized reflectivity
spectrum R(ω), with the electric field of light parallel to the a
axis. The spectrum of the imaginary part of the dielectric con-
stant ε2(ω), shown by the black line in Fig. 3(b), was obtained
using the Kramers-Kronig (KK) transformation of the R(ω)
spectrum. In the ε2(ω) spectrum, a sharp peak corresponding
to the transition beyond the Mott gap appears at 0.694 eV.
Strictly, this peak is ascribed to an exciton consisting of a
bound pair of a doublon and holon [45,46]. Figure 3(c) shows
the real part ε1 and imaginary part ε2 of the complex dielectric
constant ε̃(ω) = ε1 + iε2 in the terahertz region. Several small

TABLE I. The fitting parameters of the Lorentz oscillators for
the calculation of complex dielectric constant (ε̃) and reflectivity
(R) spectra in the terahertz region shown by green solid lines in
Figs. 3(a)–3(c).

i fi ωi/2π (THz) γi/2π (THz)

1 0.364 1.11 0.28
2 0.521 1.56 0.41
3 0.117 1.97 0.18
4 0.261 3.53 1.55
5 0.071 5.01 0.39

structures are observed in both the ε1 and ε2 spectra, which
are ascribed to phonon absorption. These spectra were ana-
lyzed assuming the Lorentz oscillators. When several Lorentz
oscillators exist, ε̃(ω) can be expressed as follows:

ε̃(ω) = ε∞ +
∑

i

fiω
2
i

ω2
i − ω2 − iγiω

, (1)

where ωi, γi, and fi are the frequency, damping constant, and
oscillator strength of oscillator i, respectively. Here, ε∞ is the
dielectric constant at high frequencies. For ε∞, we used a
value of ∼5.16, obtained from the reflectivity at 0.04–0.07 eV,
where the absorption is negligibly small. The fitting parame-
ters were ωi, γi, and fi. Assuming five oscillators (i = 1−5),
the ε1 and ε2 spectra were almost reproduced, as shown by
the green line in Fig. 3(c). The parameter values are listed
in Table I. The fitting curve of the ε2 spectrum was shown
by the green line in Fig. 3(b). Employing the parameters in
Table I, we calculated the steady-state reflectivity spectrum
R(ω), which was used to extrapolate the R(ω) values below
the lower energy bound of the measured region. The calcu-
lated R(ω) spectrum in the terahertz region is also depicted by
the green line in Fig. 3(a).

B. Time characteristics and spectra of electric-field-induced
reflectivity changes

To investigate the electric-field-induced Mott insulator-to-
metal transition, we adopted terahertz pulse pump optical
reflectivity probe spectroscopy. Figure 4(b) shows a typical
electric field waveform ETHz(td ) of a terahertz pulse, where
the time origin is set at the maximum electric field amplitude
of the terahertz pulse. The maximum electric field value, that
is, ETHz(0), is ∼2.8 MV cm−1. The red line in Fig. 3(b)
denotes the Fourier power spectrum of the terahertz pulse
ITHz(ω). The central photon energy (frequency) is ∼12 meV
(3 THz). In the ε2(ω) spectrum in the same figure, absorp-
tions due to phonons exist in the range of 3 meV (0.7 THz)
to 25 meV (6 THz); however, they are very weak. Namely,
ET-F2TCNQ is fundamentally transparent to terahertz pulses,
thus enabling us to investigate the pure electric field effects on
the 1D Mott insulator state. The photon energy of the probe
pulse was varied from 1.12 to 0.07 eV, and the electric fields
of both the pump and probe pulses were parallel to the 1D
molecular stacking axis, that is, the a axis.

First, we focused on the responses around the lowest elec-
tronic transition peak at ∼0.7 eV. Figure 4(c) shows the time
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FIG. 4. Terahertz pulse pump-optical reflectivity probe spectroscopy on ET-F2TCNQ. (a) A schematic configuration of the pump-probe
measurements. (b) Electric field waveform ETHz(td ) of the terahertz pump pulse [the same as that shown in Fig. 2(a)]. (c) Time characteristic
of reflectivity change �R(td ) at 0.72 eV by the terahertz pulse with ETHz(0) = 0.25 MV cm−1. (d) Time characteristic of �R(td ) at 0.72 eV
by the terahertz pulse with ETHz(0) = 2.8 MV cm−1. (e) Time characteristics of �R(td ) at 0.12 eV by the terahertz pulse with ETHz(0) =
0.25 MV cm−1 and 2.8 MV cm−1. (f) ETHz(0) dependence of �R(0) at 0.72 eV. (g) ETHz(0) dependence of �R(0) and �R at 1 ps at 0.72 eV.
The broken lines in (f) and (g) show the relation �R(0) ∝ [ETHz(0)]2. The green solid line shows the fitting curve (see the text). (h) ETHz(0)
dependence of �R at 0.2 ps at 0.12 eV.

evolution of the reflectivity change �R(td ) at 0.72 eV as a
function of the delay time td. The electric field amplitude
ETHz(0) was 0.25 MV cm−1. As can be seen, �R(td ) almost
follows the convolution of the square of the electric field
waveform [ETHz(td )]2 with the intensity profile of the probe
pulse, indicated by the broken line in the same figure. These
results suggest that the observed reflectivity change �R(td ) in
Fig. 4(c) can be attributed to a third-order optical nonlinear-
ity described by P(3)(ω) ∝ ETHz(ω ∼ 0)ETHz(ω ∼ 0)E (ω)
[47], where P(3)(ω) is the third-order nonlinear polarization,
ETHz(ω ∼ 0) is the terahertz electric field, and E (ω) is the
electric field of the probe light. This type of nonlinear optical
response in the terahertz pulse pump optical reflectivity probe

spectroscopy was previously reported for ET-F2TCNQ [45],
the 1D Mott insulator of a bromine-bridged nickel-chain com-
pound [Ni(chxn)2Br]Br2 [48], and the 2D Mott insulators of
layered cuprates Nd2CuO4, La2CuO4, and Sr2CuO2Cl2 [49].
The spectral feature of this component is discussed later.

Figure 4(d) shows the time evolution of �R(td ) for a strong
terahertz pulse with ETHz(0) = 2.8 MV cm−1. As can be
seen, it does not follow the convolution of the square of the
electric field waveform [ETHz(td )]2 with the intensity profile
of the probe pulse, indicated by the broken line. A finite
negative reflectivity change remains after td = 1 ps when the
terahertz field diminishes. This signal appears around the time
origin. Furthermore, we indicate the magnitudes of −�R(td )
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at td = 0 ps, −�R(0), as a function of ETHz(0) in Figs. 4(f) and
4(g), the horizontal axes of which have logarithmic and linear
scales, respectively. The −�R(0) signals are proportional to
the square of the electric field amplitudes [ETHz(0)]2 below
ETHz(0) = 0.4 MV cm−1, as shown by the broken lines in
Figs. 4(f) and 4(g), thereby reflecting the third-order nonlin-
ear optical responses; however, it deviates from [ETHz(0)]2

for ETHz(0) > 0.4 MV cm−1 and tends to saturate around
ETHz(0) ∼ 2 MV cm−1. At td = 1 ps, when the terahertz
electric field disappears, the ETHz(0) dependence of the re-
flectivity change −�R(1 ps) exhibits a threshold behavior, as
shown by the green triangles in Fig. 4(g). Here, −�R(1 ps)
barely appears < 1.5 MV cm−1 but exhibits a sharp increase
at stronger electric fields. The probe energy (0.72 eV) is con-
siderably close to the peak energy of absorption (0.694 eV);
therefore, the decrease in reflectivity at this energy represents
a bleaching signal and possibly reflects the number of gener-
ated carriers (doublons and holons).

In inorganic semiconductors, an impact ionization is
known as one of the mechanisms of electric-field-induced
carrier generations [25,50]. In this process, a small number
of carriers, which are originally present but localized in the
system, are accelerated by an external electric field to gain en-
ergy, and the energy is used to generate carriers. The repetition
of this carrier generation process causes carrier multiplica-
tion which is highly nonlinear against the electric field. As
shown in Fig. 3(a), no absorption due to electronic transitions
appears below the Mott gap, showing that no carriers exist
in ET-F2TCNQ. Therefore, it is reasonable to consider that
no carrier generation via the impact ionization mechanism
occurs.

The observed threshold behavior of −�R(1 ps) is rem-
iniscent of the carrier generation caused by the quantum
tunneling process. In 1D Mott insulators, the probability
of carrier generation via quantum tunneling is proportional
to ETHz(0) exp[−πEth/ETHz(0)], where Eth is the threshold
electric field [32]. The [−�R(1 ps)] values at 0.72 eV are
well reproduced by this exponential formula with Eth =
2.37 MV cm−1, as shown by the solid green line in Fig. 4(g).
Here, Eth is expressed as Eth = ΔMott/(2eξ ), where ΔMott is
the Mott gap energy, e is the elementary charge, and ξ is
the correlation length, which represents the average distance
between a doublon and a holon existing in the ground state
due to quantum fluctuations [32]. Using Eth = 2.37 MV cm−1

and ΔMott = 0.694 eV, ξ was estimated to be 14.7 Å. Because
the distance between neighboring ET molecules along the a
axis is ∼5.8 Å, ξ = 14.7 Å corresponds to a distance of 2.5
sites. This estimation is detailed later in Sec. III C.

Next, we focus on the probe energy dependence of the
changes in the transient reflectivity caused by the terahertz
pulse. Figure 5(a) shows the �R(td ) spectra at td = 0, 0.3,
and 1 ps for a relatively weak terahertz pulse with ETHz(0) =
0.25 MV cm−1. The �R(0) spectrum shows a plus-minus-
plus structure around the original reflectivity peak at 0.7 eV.
At td = 1 ps, when the terahertz electric field diminishes,
no �R(td ) signals are detected. This suggests that the ob-
served reflectivity changes around the time origin are due to
the coherent nonlinear optical response, which occurs only
when the terahertz electric field is applied. According to
previous studies, a plus-minus-plus structure, as seen in the
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FIG. 5. Spectra of transient reflectivity changes. �R(td ) spectra
at td = 0, 0.3, and 1.0 ps by the terahertz pulse with (a) ETHz(0) =
0.25 MV cm−1 and (b) ETHz(0) = 2.8 MV cm−1. The black solid
lines show the original reflectivity (R) spectra.

�R(0) spectrum, commonly appears in the electroreflectance
spectra of 1D Mott insulators and is ascribed to the third-
order optical nonlinearity [45,48,51–53], as mentioned above.
Assuming the three levels of the ground state |0〉, the one-
photon-allowed excitonic state |1〉 with odd parity, and the
one-photon-forbidden excitonic state |2〉 with even parity,
the plus-minus-plus structure can be well reproduced; this is
qualitatively explained by the sum of the low-energy shift
of the excitonic state |1〉 and the induced absorption of the
excitonic state |2〉, owing to the hybridization of those two
states by the electric field [45,48,51–53]. These interpretations
are consistent with the quadratic dependence of [−�R(0)] on
ETHz(0), as shown in Figs. 4(c), 4(f), and 4(g). Furthermore,
in the mid-infrared region <0.4 eV, no significant reflectivity
changes were observed.

Figure 5(b) shows the �R(td ) spectra of a strong terahertz
pulse with ETHz(0) = 2.8 MV cm−1. As can be seen, the
spectrum of �R(td ) at td = 0 ps, �R(0), still includes the plus-
minus-plus structure due to the third-order nonlinear optical
response. However, in contrast to the response to the relatively
low electric field of ETHz(0) = 0.25 MV cm−1, the negative
components of �R(0) were relatively large as compared with
the positive components around the original absorption peak.
Furthermore, a finite reflectivity decrease was observed in
the spectrum near the original peak at td = 1 ps after the
terahertz electric field diminished; this can be ascribed to the
bleaching signal due to carriers generated by the electric field
via the quantum tunneling process. Carrier generation was
more directly reflected by the change in reflectivity in the
mid-infrared region. As shown in Fig. 5(b), the �R(td ) signals
monotonically increase with a decrease in the probe energy
at each delay time. Thus, it was concluded that the carriers
generated by the electric field would act as mobile carriers.

Figure 6(a) shows the expanded �R(td ) spectra below ∼0.4
eV for ETHz(0) = 2.8 MV cm−1 at the three delay times of
0, 0.3, and 1 ps. In these spectra, the point where �R(td )
crosses zero moves toward the lower-energy side over time.
These behaviours are characteristic of the Drude response,
which can be explained as follows. In a simple Drude model,
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FIG. 6. Analyses of transient reflectivity changes with the Drude
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pulse with ETHz(0) = 2.8 MV cm−1. Color lines are the fitting curves
calculated with the Drude model. Time characteristics of (b) the
carrier density Ñc and (c) the damping constant γ obtained from the
fitting analyses.

with a decrease in photon energy from the higher-energy side,
the reflectivity increases from the plasma frequency ωp =√

e2Nc
ε∞ε0meff

, where meff is the effective mass of carriers, Nc is
the carrier density, ε0 is the vacuum permittivity, and ε∞ is
the dielectric constant at higher photon energies. In the case
of photoinduced metallization, the point where �R(td ) crosses
zero is just below h̄ωp. Therefore, the observed monotonic
decrease in h̄ωp over time can be explained by the decrease in
the carrier number characteristic of the Drude response. Thus,
the results suggest that the system exhibits a simple Drude
response up to td = 1 ps.

Figure 4(e) shows the time evolutions of the reflectivity
changes �R(td ) at 0.12 eV, reflecting the electric-field-
induced carriers. For the terahertz pulse with ETHz(0) =
0.25 MV cm−1, no reflectivity change was observed (the
blue line), whereas for the terahertz pulse with ETHz(0) =
2.8 MV cm−1, the �R(td ) signal was positive near the time
origin and turned negative at 0.4 ps. This negative sig-
nal gradually decayed over time. The sign inversion of the
�R(td ) signal occurs because the number of carriers decreases
over time, and h̄ωp becomes smaller than the probe energy
(0.12 eV). This behavior is also characteristic of a simple
Drude response.

In Fig. 4(h), the magnitude of �R(0.2 ps) at 0.12 eV
is plotted as a function of ETHz(0). It can be seen that
�R(0.2 ps) becomes slightly negative at ETHz(0) from 0.9 to
1.6 MV cm−1 and then sharply increases at the larger ETHz(0).
This can be explained as follows. With an increase in ETHz(0),
h̄ωp increases owing to an increase in the carrier density. As
h̄ωp approaches the probe energy from the lower energy side,
the reflectivity change should be negative once. When h̄ωp ex-
ceeds the probe energy, the reflectivity change should become
positive and increase with the further increase in ETHz(0).

These features were reflected in the observed ETHz(0) depen-
dence of �R(0.2 ps), as shown in Fig. 4(h). The threshold
behavior of the positive �R(0.2 ps) signals is like the electric
field dependence of �R(1 ps) at 0.72 eV, shown in Fig. 4(g).
These results again demonstrate that mobile carriers are gen-
erated by the quantum tunneling processes.

C. Analyses of transient mid-infrared reflectivity
spectra with the Drude model

To obtain more detailed information regarding the dy-
namics of the electric-field-induced carriers, we analyzed the
transient reflectivity spectra in the mid-infrared region using
the simple Drude model. The fluence of a terahertz pulse
gradually decays as it propagates in the single crystal of
ET-F2TCNQ; this is because part of the energy is used to gen-
erate carriers, in addition to the decay caused by weak phonon
absorptions. Therefore, the generated carriers are expected to
be distributed inhomogeneously along the depth direction of
the crystal. To consider this situation, we simply assume that
the carrier density Nc(z) as a function of the depth z from
the crystal surface is represented by the exponential formula
Nc(z) = Nc(0) exp(−z/lc). Here, lc is the characteristic length
that determines the distribution of the carriers, and Nc(0) is
the carrier density at the crystal surface. The carrier density
averaged from the crystal surface to lc along the depth direc-
tion Ñc is represented as Ñc = (1−1/e)Nc(0). In this case, the
complex dielectric constant ε̃(ω, z) as a function of ω and z
can be expressed as

ε̃(ω, z) = ε∞ − e2

ε0meff

1

ω2 + γ 2

(
1 − i

γ

ω

)
Nc(z), (2)

where γ , meff , and ε∞ are the damping constant, effective
mass of carriers, and dielectric constant at high frequencies,
respectively. Using Eq. (2), the transient reflectivity spectra
can be calculated analytically [54].

For simplicity, in our analyses, γ was assumed to be deter-
mined by the averaged carrier density Ñc and was considered
independent of the inhomogeneity of the carrier distribution
along z. The effective mass meff of an electron carrier (dou-
blon) and that of a hole carrier (holon) were not reported
in ET-F2TCNQ. In organic semiconductors [55,56] and 1D
organic conductors with strongly correlated electron systems
[57,58], it has been reported that meff is roughly equal to
m0. Considering these studies, we assumed that the effective
masses of electrons and holes in ET-F2TCNQ are also equal to
the free electron mass m0. Here, ε∞ was determined to be 5.16
through an analysis of the steady-state reflectivity spectrum
with the KK transformation. For the parameter lc, we used
1 μm in all the time domains for up to 3 ps. Details of the
evaluation procedure for the lc value are presented in Sec. I
of the Supplemental Material [59]. Adopting these parameter
values, we performed fitting analyses of the transient reflec-
tivity spectra �R(td ), using Eq. (2). The fitting parameters
were Ñc and γ . Here, Nc(z) in Eq. (2) can be uniquely deter-
mined from Ñc using the relations Nc(z) = Nc(0) exp(−z/lc)
and Ñc = (1−1/e)Nc(0).

The solid lines in Fig. 6(a) denote the calculated �R(td )
spectra, which almost entirely reproduce the experimental
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�R(td ) spectra, except for the data <0.1 eV at 0 ps. This
discrepancy between the experimental and calculated �R(td )
spectra can be related to the lack of temporal resolution in the
measurements. In the mid-infrared region (<0.1 eV), many
absorption lines originating from the water vapor and carbon
dioxide in the atmosphere exist; these slightly increase the
temporal width of the probe pulse, causing a decrease in the
time resolution of the measurements <0.1 eV. As shown in
Fig. 4(e), the reflectivity changes very quickly around the time
origin, such that �R(td ) at 0 ps can be suppressed <0.1 eV.
For td � 0.3 ps, the reflectivity changes are relatively slow;
hence, the lack of time resolution is expected to have no
effect on the spectral shape of �R(td ). This explains why the
discrepancy between the experimental and calculated �R(td )
spectra <0.1 eV only appears at td = 0 ps. Thus, we can con-
sider that all three spectra can be almost entirely reproduced
with the simple Drude model, which indicates that the carriers
are not bound but instead move freely along the 1D molecular
stacks.

Such a Drude response due to the electric-field-induced
carriers can be interpreted by the spin-charge separation char-
acteristic of 1D correlated electron systems with large U
[62,63]. In half-filled Mott insulators, doped carriers move
on the antiferromagnetic spin background. In 2D or three-
dimensional systems, doped carriers cannot freely move due
to the charge-spin coupling especially in the case of small
number of carrier doping [64–66]. In contrast, in 1D systems,
a carrier can move freely on the antiferromagnetic spin back-
ground because of the decoupling of charge and spin degrees
of freedom irrespective of the magnitude of carrier density,
and the spectral weight of the original Mott gap transition is
necessarily transferred to the Drude component [63]. In fact,
after the terahertz pulse excitation, the peak of the original
ε2 spectrum still exist, indicating that the Mott gap remains
and doublons and holons generated in the upper and lower
Hubbard bands, respectively. Because of the spin-charge sep-
aration, those carriers can freely move and contribute to the
Drude response.

We performed the similar analyses of the �R spectra at var-
ious delay times td and evaluated the Ñc and γ values, which
are plotted in Figs. 6(b) and 6(c), respectively, as a function
of td. Ñc at the time origin (td = 0 ps) was 0.066 ET−1. It
decreased down to 0.01 ET−1 at td = 0.3 ps. Thereafter, the
decay of Ñc slowed considerably. The relatively slow decay
characteristic of Ñc for td > 0.3 ps is considerably like that
observed in the transient change of the photocarrier den-
sity generated by 1.55-eV excitation previously reported [5].
These results suggest that the recombination rate of carriers
decreases with the decrease of the carrier density and that
Auger recombination might dominate the initial ultrafast de-
cay process of carriers [60]. In fact, the important roles of
Auger recombination in the ultrafast decay of photocarriers
have been reported by the previous studies on the photo-
responses of a 2D Mott insulator of Nd2CuO4 [14]. Thus,
we really analysed the time characteristic of Ñc in Fig. 6(b)
assuming the Auger recombination process of photocarriers.
The simulated time characteristic of Ñc almost reproduced the
experimental one, which are reported in Sec. II of the Supple-
mental Material [59]. These results indicate that the Auger
recombination is important for the recombination mecha-

nism of carriers induced by the terahertz electric field in
ET-F2TCNQ.

As seen in Fig. 6(c), h̄γ is large, reaching 1 eV around
the time origin; it rapidly decreases to approximately 0.15 eV
within 0.3 ps, which corresponds to the rapid decrease of Ñc.
This indicates that the effect of carrier scattering becomes
weaker with decreasing Ñc and that the scattering between
doublons and holons is responsible for the large h̄γ within
0.3 ps. This is consistent with the interpretation that Auger
recombination dominates the rapid decay of Ñc and the large
h̄γ value immediately after the excitation can be ascribed to
the active carrier scatterings, including the Auger recombina-
tion processes caused by the large number of carriers [14].
For td > 0.3 ps, γ is almost constant (h̄γ ∼ 0.15 eV), which
is considered to correspond with the scattering rate of the
isolated carriers, likely due to the intramolecular vibrations
[45,67].

Finally, we discuss the excitonic effect on the electric field
induced carrier generation. As mentioned in Secs. III A and
III B, the previous studies have shown that the reflectivity
peak around 0.7 eV in ET-F2TCNQ is caused by excitons.
However, as discussed in the previous part of this section,
we considered that a strong terahertz pulse with ETHz(0) =
2.8 MV cm−1 generates unbound doublons and holons, and
that their optical response follows the Drude model. To dis-
cuss the role of the excitonic effect in this carrier generation
phenomenon, it is important to evaluate the electric field Eex

necessary to dissociate a doublon–holon pair constituting an
exciton. Here, we assume that Eex is expressed as Eex =
Δex/(2eξex), where Δex is the binding energy of the exciton,
and ξex is the average distance between a doublon and holon
in the exciton. This formula for Eex is fundamentally the same
as that used for the analysis of the electric field dependence
of carrier generation [32]. The values of Δex and ξex can be
derived from an analysis of the spectrum of the electric field
induced reflectivity changes previously reported [45].

As briefly explained in Sec. III B, the analyses of the
reflectivity change spectrum due to the third-order optical
nonlinearity caused by a weak electric field in ET-F2TCNQ
were performed using the four-level model [45], which con-
sists of the ground state |0〉, the lowest one-photon-allowed
excitonic state with odd parity |1〉, the one-photon-forbidden
excitonic state with even parity |2〉, and the second-lowest
one-photon-allowed state with odd parity |3〉, corresponding
to the continuum. The results showed that the binding en-
ergy Δex of the lowest odd-parity exciton |1〉 was 156 meV
[45]. The energy of the even-parity exciton |2〉 was 0.720 eV,
whereas that of |1〉 was 0.694 eV. The splitting between states
|1〉 and |2〉 was 26 meV. Namely, the energies of excitonic
states |1〉 and |2〉 are almost degenerate, and their wavefunc-
tions are very similar, except for their phases. As a result, the
transition dipole moment between these two states, 〈1|x|2〉,
becomes significantly large and is evaluated to be 18 Å [45].
This length corresponds to the spread of the doublon wave
function along the 1D chain when a holon is located at the
origin, because the spatial extensions of the wavefunctions of
both |1〉 and |2〉 are almost identical. Therefore, it is a crude
measure of the distance ξex between a doublon and holon
that constitutes the lowest exciton |1〉. The doublon–holon
correlation length ξ (=14.7 Å) in the ground state, as obtained
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by the fitting analysis of the electric field dependence of car-
rier generation, is shorter than ξex(∼18 Å). This is reasonable
because ξ is scaled by the on-site Coulomb repulsion energy
U determining the Mott gap energy. By contrast, ξex is scaled
by the intersite Coulomb repulsion energy V (< U ), although
an advanced theoretical study is necessary to demonstrate its
quantitative validity. Using the relation Eex = Δex/(2eξex),
Eex was determined to be ∼0.43 MV cm−1. This electric field
magnitude is considerably lower than the threshold electric
field for carrier generation owing to quantum tunneling pro-
cesses, i.e., Eth = 2.37 MV cm−1. Therefore, a doublon-holon
pair generated by a quantum tunneling process under an
electric field comparable with or larger than Eth should in-
stantaneously dissociate into an unbound doublon and holon.
Thus, the excitonic effect does not affect the carrier generation
process under a terahertz pulse observed in this paper.

D. Spectra of transient dielectric constants derived
by KK transformation

As mentioned in Sec. III C, the spectra of the transient
reflectivity changes �R(td ) in the mid-infrared region caused
by the application of an electric field with a terahertz pulse
were well reproduced by the Drude model. Therefore, we can
extrapolate the �R(td ) spectra to the low-energy region below
the lower energy bound of the measured region and calculate
the transient complex dielectric constant ε̃(ω, td ) for all the
photon energy regions from 0 to 1.1 eV as follows.

In a medium with a uniform electronic state, like the steady
state of this compound, the ε̃(ω) spectra can be obtained from
the reflectivity spectrum using the KK transformation. How-
ever, as mentioned in Sec. III C, the excited states generated
by a terahertz pulse are not spatially uniform. Therefore, ε̃(ω)
cannot be obtained directly using the same method as that for
the steady state. To overcome this, we referred to a previous
work [68], where the ε̃(ω) spectra were numerically calcu-
lated using the following method. In that study, the number
of photocarriers was assumed to decrease exponentially along
the depth direction (z) of the crystal. Therefore, using the
parameter lc, the complex dielectric constant at depth z from
the crystal surface ε̃(z, ω) can be expressed as follows:

ε̃(z, ω) = ε̃tr (ω) exp

(
− z

lc

)
+ ε̃st (ω)

[
1 − exp

(
− z

lc

)]
. (3)

Here, ε̃st (ω) and ε̃tr (ω) are the complex dielectric constants
of the steady state and photoexcited state at the crystal sur-
face, respectively. Given these complex dielectric constants,
the complex amplitude reflectivity r̃cal(ω) can be calculated
numerically. By assuming an appropriate set of the real and
imaginary parts of ε̃tr (ω) as the initial values, we calculated
r̃cal(ω). Subsequently, we compared r̃cal(ω) with the complex
amplitude reflectivity r̃ex(ω), which was obtained from the
experimental �R(td ) spectrum via the KK transformation.
Moreover, ε̃tr (ω) was updated such that �r̃(ω) = r̃ex(ω) −
r̃cal(ω) decreases. By repeating these procedures, we obtain
ε̃tr (ω). For the KK transformation of the transient reflectivity
spectra mentioned above, R(ω) + �R(ω) below the lower
energy bound of the measurable region (0.1 eV at td = 0 ps
and 0.065 eV at td = 0.3 and 1 ps) was extrapolated using
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FIG. 7. The spectra of the imaginary part of the transient com-
plex dielectric constant ε̃tr (ω). Color lines show ε2 spectra at the
crystal surface (z = 0) obtained from the [R + �R(td )] spectra with
ETHz(0) = 2.8 MV cm−1 with the method mentioned in Sec. III D.
The black solid line shows the original ε2 spectrum [the same as the
black line shown in Fig. 3(b)].

the reflectivity values obtained by the fitting analyses of the
�R(td ) spectra, as mentioned in Sec III C, whereas that above
the higher energy bound of the measured region (1.15 eV) was
set to be equal to the original reflectivity R(ω).

Figure 7 shows the spectra of the imaginary part of ε̃tr (ω)
obtained in this manner with respect to the logarithmic scale
of the photon energy. The solid black line indicates the orig-
inal ε2 spectrum. Immediately after the excitation with the
terahertz pulse, the oscillator strength of the exciton absorp-
tion peak ∼0.7 eV decreases; this is termed as a bleaching
signal. The decreased spectral weight was transferred to the
low-energy region, which is a general phenomenon that oc-
curs when carriers are injected into a Mott insulator. The
slight increases in ε2 on both sides of the bleaching signal
caused by carrier generation are ascribed to the third-order
nonlinear optical effect, as mentioned in Sec. III B. Note that
almost the entire decreased spectral weight around the original
absorption peak is transferred to the Drude component, and
no midgap absorptions appear. This also originates from the
spin-charge separation characteristics of 1D correlated elec-
tron systems with a large U [62,63]. In addition, even after the
terahertz pulse excitation, the peak of the original ε2 spectrum
still exists, which suggests that the Mott gap remains and
the doublons and holons generated in the upper and lower
Hubbard bands, respectively, are contributed to the Drude
response.

E. Evaluations of energy efficiency of electric-field-induced
carrier generations

It is important to compare the energy required to generate
carriers by a photoexcitation with that by a terahertz pulse
excitation in terms of an exploration of the efficient carrier
generation process and an efficient insulator-metal transition.
In the case of the optical excitation, the value of the absorption
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with the same value of the threshold electric field Eth as shown by
the green solid line in Fig. 4(g).

coefficient provides a precise evaluation of the depth region
from the crystal surface at which photons are absorbed and
carriers are generated. In the case of the terahertz pulse ex-
citation, in which carriers are dissociated by its electric field
component, there must be also a loss of energy because the
terahertz pulse does some work. However, it is difficult to
theoretically determine the energy of the terahertz pulse used
for the carrier generations because the quantum tunneling
process due to the electric field occurs in a highly nonlinear
manner with respect to the electric field strength. Therefore,
in this paper, we tried to obtain it experimentally.

When ETHz(0) is small, the transmission spectrum does
not depend on ETHz(0) and the terahertz pulse decays within
the crystal, according to the linear absorption coefficient due
to the phonon absorptions [see Fig. 3(b)]. When ETHz(0) is
increased above Eth, a nonlinear increase in the absorption
of the terahertz pulse should occur because the energy of
the terahertz pulse is used for carrier generations via the
quantum tunneling processes. Therefore, by measuring the
terahertz electric field dependence of the transmittance of
the terahertz pulse, as illustrated in Fig. 8(a), the energy of
the terahertz pulse used for carrier generations can be evalu-
ated.

Figures 8(b) and 8(c) show the power spectrum of the inci-
dent terahertz pulse ITHz(ω) and the nonlinear increase in the
absorption intensity of the terahertz pulse −�ITHz(ω) for sev-
eral typical ETHz(0) values of the terahertz pulse, respectively.
For ETHz(0) < 1.5 MV cm−1, −�ITHz(ω) is negligibly small,
indicating that no nonlinear absorption occurs. However,
when the electric field is 1.9 MV cm−1 or higher, −�ITHz(ω)
increases nonlinearly. The open circles in Fig. 8(d) denote
the integrated intensities of the nonlinear absorptions of tera-
hertz pulses −�IInt as a function of ETHz(0), which increases

> 1.5 MV cm−1. This behavior is very similar to the reflec-
tivity change at 1 ps, �R(1 ps), in the near-infrared region,
as shown by the green triangles in Fig. 4(g), which reflects the
carrier generation caused by the quantum tunneling processes.
Furthermore, as shown by the broken line in Fig. 8(d), the
ETHz(0) dependence of −�IInt (the open circles) is well re-
produced by the same equation ETHz(0) exp[−πEth/ETHz(0)]
with the same parameter value of Eth = 2.37 MV cm−1 as that
used for Fig. 4(g).

Optical pump–reflectivity probe spectroscopy of
ET-F2TCNQ was previously performed by the resonant
excitation of excitons with a 0.7-eV pulse [45] and by the
higher energy excitation with a 1.55-eV pulse [5]. Those
studies showed that photocarriers are less likely to be
generated due to the excitonic effect when ET-F2TCNQ
was excited with a 0.7-eV pulse, whereas they are more
efficient and a Drude response in the mid-infrared region was
observed when excited with a 1.55-eV pulse [5]. Therefore,
we used the results for the 1.55-eV excitation to compare
the energy efficiency for carrier generations with that for
the terahertz pulse excitation. In the case of the terahertz
pulse excitation with ETHz (0) = 2.8 MV cm−1, the excitation
fluence is 1.33 mJ cm−2. Considering the amount of nonlinear
absorption [Fig. 8(d)], the energy used to generate carriers
within lc = 1 μm is 0.36 mJ cm−2, whereas the amount of
the sum of doublons and holons generated within lc, Ñclc, is
1.10×1016 cm−2. In the case of the 1.55-eV photoexcitation,
the experiments were performed under two types of
photoexcitation conditions: weak photoexcitation with
0.116 mJ cm−2 and strong photoexcitation with 3.67 mJ cm−2

[5]. The Drude responses were observed under both these
excitation conditions. In the weak and strong photoexcitation
conditions, the energies absorbed within the absorption depth
(0.58 μm) are 0.073 and 2.32 mJ cm−2, and the amount
of generated carriers within the same region are 4.97×1014

and 5.74×1015 cm−2, respectively. Based on these parameter
values, the energy required to generate a doublon-holon pair
using a terahertz pulse was estimated to be 1

5 and 1
13 of that

during weak and strong photoexcitation, respectively.
We conjecture that the difference in energy efficiency

between the weak and strong photoexcitation conditions orig-
inates from two factors. The first is the absorption saturation
in the latter. The absorption coefficient for 1.55-eV light is
considerably larger than that for the terahertz pulse; hence,
absorption saturation is likely to occur, and the effective
excitation fluence decreases under strong photoexcitation.
The second factor is that Auger recombination occurs more
actively under strong photoexcitation than under weak pho-
toexcitation, and many photocarriers recombine within the
temporal width of the pump pulse, that is, 130 fs. It has been
reported that photocarriers recombine within a time resolution
of 180 fs [5]. Based on these estimations, it is natural to
consider that the energy efficiency of carrier generation by
a terahertz pulse is at least five times greater than that by
photoexcitation at 1.55 eV.

Finally, we briefly discuss the difference in the energy
efficiencies of carrier generation via terahertz pulse excitation
and photoexcitation. In previously reported photoexcitation
measurements [5], the pump photon energy was 1.55 eV,
which is considerably larger than the Mott gap energy of
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∼0.7 eV. Therefore, the excess energy (∼0.85 eV) will not be
used for photocarrier generation and is likely transferred to the
phonons. However, this alone does not explain the fivefold (or
higher) energy efficiency difference between terahertz pulse
excitation and photoexcitation. Another possible reason is the
activation of doublon-holon recombination during the relax-
ation process of the high-energy photoexcited state initially
created by photoexcitation. If photocarrier recombination oc-
curs within the temporal width of the excitation pulse, that
is, within the time resolution, the effective efficiency of car-
rier generation evaluated based on transient spectral changes
would decrease. Under the electric field of a terahertz pulse,
doublons and holons tend to be spatially separated and do
not have large excess energies; hence, the carrier recombina-
tion rate might be suppressed, as compared with that in the
photoexcitation case. Note that Auger recombination seems
to remain effective in the terahertz pulse excitation case, as
mentioned in Sec. III C. Judging from the facts that, in the
weak photoexcitation with 1.55 eV, Auger recombination of
carriers hardly occurs and the energy required to generate a
doublon-holon pair using a terahertz pulse was estimated to
be 1

5 of that during the weak photoexcitation, we can conclude
that the energy efficiency for carrier generations by a terahertz
pulse excitation is actually at least five times higher than that
by a photoexcitation with 1.55 eV.

F. Comparison of electric-field-induced carrier generations
in ET-F2TCNQ with related phenomena

In this section, we compare the electric-field-induced met-
allization of the 1D Mott insulator ET-F2TCNQ by a terahertz
pulse observed in this paper with other related electric-field-
induced phenomena previously reported. Carrier generation
and metallization using a terahertz pulse excitation in Mott
insulators have been studied in a 2D Mott insulator of an
organic molecular compound κ-(ET)2Cu[N(CN)2]Br [38]. In
this compound, the 2D arrangement of ET dimers with one
hole per ET dimer forms a half-filled electronic system. A
thin single crystal of this compound cooled on a diamond
substrate becomes a 2D Mott insulator with a Mott gap energy
of ∼30 meV at low temperatures. When this compound is
irradiated with a terahertz pulse, the absorption spectrum in
the mid-infrared region changes drastically at an electric field
amplitude >64 kV cm−1, which is the threshold electric field.
The absorption change is in good agreement with the dif-
ferential absorption spectrum between the high-temperature
metallic phase and low-temperature Mott insulator phase,
which demonstrates that the system is metallized by a tera-
hertz electric field. In the electric-field-induced metallization
of this compound, the absorption change appears over a wide
energy range from 0.8 to 0.1 eV, the lower bound of the
measurement range and cannot be explained as a simple
Drude response. It is reasonable since, in a 2D Mott insu-
lator such as κ-(ET)2Cu[N(CN)2]Br, the charge and spin
degrees of freedom are coupled and a metallic state shows
a spectrum different from the simple Drude response [69].
Since ET-F2TCNQ investigated in this paper is a 1D Mott
insulator, the charge and spin degrees of freedom are decou-
pled, as mentioned earlier, and carriers show a simple Drude
response [63]. The correlation length ξ , which represents the

average distance between doublon and holon, is ∼23 Å in
κ-(ET)2Cu[N(CN)2]Br, which is about three times the dis-
tance between the adjacent dimers. On the other hand, for
ET-F2TCNQ, ξ is ∼15 Å, which is ∼2.5 times the molecular
spacing along the molecular stacking axis a. Thus, the reason
why ξ in ET-F2TCNQ with the Mott gap energy of 0.7 eV
is comparable with that in κ-(ET)2Cu[N(CN)2]Br with the
Mott gap energy of only 30 meV is that the value of the trans-
fer integral between the adjacent molecules in ET-F2TCNQ
is ∼0.2 eV [70], whereas the transfer integrals between the
adjacent dimers are much smaller, being ∼30 or 70 meV for
κ-(ET)2Cu[N(CN)2]Br [38].

In ET-F2TCNQ, an electronic state control by a mid-
infrared pulse excitation has also been reported [35,36]. In that
study, the polarization of the mid-infrared pulse is not along
the molecular stacking axis a but along the b axis, which is
perpendicular to the a axis. This polarization excites infrared-
active intramolecular vibrations in each ET molecule, which
modulates the on-site Coulomb repulsion energy U of the ET
molecule at twice the vibrational frequency. As a result, a
modulation of the energy of the Mott gap transition (exciton
absorption) at 0.7 eV was observed. In the excitation by this
b-axis polarized mid-infrared pulse, no carrier generation by
quantum tunneling processes occurs. This can be explained in
the following way. As shown in Figs. 1(a) and 1(b), carrier
generation by an electric field occurs when the band is tilted
in the direction of the electric field. However, in the b-axis
direction, a molecule which is in close proximity to the ET
molecule, is an isolated F2TCNQ molecule, and the transfer
integral between ET and F2TCNQ is 5.5 meV, which is ex-
tremely small compared with the transfer integral (∼0.2 eV)
between ET molecules in the ET stacks along the a axis [70],
and the overlap of wave functions between ET molecules in
different ET stacks can be neglected. Therefore, it is reason-
able to consider that no band transport of carriers occurs in the
b-axis direction. Indeed, no electronic transitions are observed
for the electric field of lights polarized parallel to the b axis
[37,45]. Thus, carrier generations via the quantum tunneling
processes shown in Figs. 1(a) and 1(b) are not expected to
occur. In fact, no sign of carrier generations has been observed
in the experiments with a mid-infrared pulse excitation in the
b-axis direction [35,36].

Next, we will compare the results of ET-F2TCNQ in this
paper with those of VO2 in the previous study using the mid-
infrared pulse excitation [34]. VO2 shows an insulator-metal
transition with a large structural change at 340 K below which
the insulator state is stabilized by the strong dimerization of V
ions. Although this compound is not a pure Mott insulator, it
has been reported that a mid-infrared pulse generates carriers
via the quantum tunneling processes, which destabilize the
V-V dimers and cause a structural change to convert the com-
pound to a metallic state. From the magnitude of the threshold
electric field where the metallization occurs, the correlation
length ξ between electron and hole was estimated to be 2.6 Å.
This distance is shorter than the distance between the adjacent
V-V dimers (2.65 Å) [71,72]. The energy gap in the insulator
phase of VO2 is ∼0.6 eV, which is comparable with the energy
gap of ET-F2TCNQ, ∼0.7 eV. Here, ξ in VO2 is 1

7 of ξ in
ET-F2TCNQ. When we divided ξ by the distance between
the adjacent units (5.8 Å in ET-F2TCNQ [37] and 2.65 Å in
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VO2), the effective ratio is equal to ∼ 1
3 . Such a small ξ in VO2

is probably because, in the structure of the insulator phase,
the d electrons of the V ions are strongly localized in the
V-V dimers due to the small overlap of the wave functions
between the adjacent V-V dimers. In addition, VO2 in the low-
temperature insulator phase is not a pure Mott insulator, and a
structural change will be required for the metallization [8,73].
For the structural change, a large carrier density will also be
required. It is therefore possible that the apparent threshold
electric field for the carrier generation was enhanced, and ξ

was estimated to be smaller than the real value in VO2.

IV. SUMMARY

To summarize, the electronic state change in a 1D Mott
insulator due to a strong electric field was investigated by
irradiating an organic molecular compound ET-F2TCNQ with
a terahertz pulse featuring an electric field amplitude of up
to ∼3 MV cm−1. Analyses of the transient changes in the
reflectivity spectrum and its electric field dependence revealed
that carrier generation occurs via the quantum tunneling pro-

cess. We carefully compared the energy efficiencies of carrier
generation via terahertz pulse excitation and photoexcitation
of 1.55 eV beyond the optical gap. The analysis results in-
dicated that the energy efficiency of carrier generation in the
former was at least five times larger than that in the latter.
Thus, terahertz pulse excitation is an effective method for cre-
ating carriers in a solid, especially in materials where carrier
doping via elemental substitution is difficult. Therefore, the
proposed method of carrier doping using a terahertz pulse can
be applied to various complex materials.
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