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Ultrafast dynamics of the light-matter interaction in a charge-ordered molecular insulator

�-ðBEDT-TTFÞ2I3 were studied by pump-probe spectroscopy using few-optical-cycle infrared pulses

(pulse width 12 fs). Coherent oscillation of the correlated electrons and subsequent Fano destructive

interference with intramolecular vibration were observed in time domain; the results indicated a crucial

role for electron-electron interplay in the light-matter interaction leading to the photoinduced insulator-to-

metal transition. The qualitative features of this correlated electron motion were reproduced by calcu-

lations based on exact many-electron-phonon wave functions.
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The interaction between light and matter strongly de-
pends on the type of the material system. For semiconduc-
tors and their nanostructures, coherent electron-phonon
(e-ph) interactions govern the formation of quasiparticles
such as polarons immediately after electronic excitation by
an ultrashort pulse [1–4]. However, in charge-ordered (CO)
insulators formed by Coulomb repulsion [electron-electron
(e-e)] interaction, photoexcitation can sometimes produce
more dramatic changes in the dielectric or conduction
properties, e.g., the photoinduced melting of charge order
or, equivalently, the photoinduced insulator-to-metal tran-
sition (PIMT) [5,6]. Thus, practical optical manipulation of
the material phase of a CO system will first require a clear
understanding of the correlated electron motion involved.
However, such correlated electron dynamics immediately
after the photoexcitation remain hidden, because the time
resolution is not sufficiently high to detect an excited
electron motion before it is significantly affected by the
phonon motion.

In organic molecular solids with strong electron corre-
lation, a CO gap (�CO) of 0.1–0.2 eV reflects the intermo-
lecular charge transfer (CT) excitation energy of the
correlated electrons. The time scale of the correlated elec-
tron motion is �@=�CO ¼ 20–40 fs. This allows the elec-
tron motions to be directly detected via measurements with
a time resolution of 10 fs. A typical example of such a
material is the layered organic salt �-ðBEDT-TTFÞ2I3
(BEDT-TTF: bis(ethylenedithio)-tetrathiafulvalene),
which exhibits a charge order below the metal [Fig. 1(b)]-
CO insulator [Fig. 1(a)] transition temperature (TCO) of
135 K [7–13]. The metal-CO insulator transition in this
compound can be regarded as a Wigner-like electronic
transition [7–9]. Photoexcitation of the CO insulator causes
an efficient (50–100 molecules=photon) and ultrafast

(< 200 fs) insulator-to-metal transition that can actually
be observed using midinfrared and terahertz spectroscopy
at time resolutions of 200 fs to 1 ps [11,12]. Nevertheless,
thus far, no study has reported the successful observation of
correlated electron motion in the light-matter interaction
leading to the PIMT.
In the present study, we employed few-optical-cycle

infrared pulses (pulse width, �12 fs) in the pump-probe
measurement to investigate the early-stage dynamics of
electron motion in �-ðBEDT-TTFÞ2I3. The observations
of the coherent electron oscillation and the Fano interfer-
ence with the intramolecular C——C stretching vibration
provided a clear picture of the light-matter interaction in
the primary process of the PIMT.
Single crystals of �-ðBEDT-TTFÞ2I3 (2� 1� 0:1 mm)

were prepared by using a method described in the

FIG. 1 (color online). Schematic representation of molecular
arrangement in the (a) low-temperature CO phase and
(b) metallic phase. Clouds and arrows in (a) indicate the charge
distribution and the electron oscillation, respectively. Dashed
circles represent the b2

0 (between A and B sites) bond and b2
(between B and A0 sites) bond, respectively.
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literature [7]. Reflection-detected pump-probe measure-
ments were performed using a Ti:Al2O3 amplifier with
two-stage degenerate optical parametric amplifiers
(OPAs) [14] in order to generate a broadband (0.65–
1 eV) spectrum. This broadband infrared pulse was com-
pressed using an active-mirror (Flexible Optical, MMDM
11� 39 mm) compressor [14]. The pulse width was
estimated to be 12 fs, which corresponds to three optical
cycles, using a second harmonic generation frequency-
resolved optical gating technique. The time resolution at
the sample position was 15 fs as an FWHM of the cross-
correlation between the pump and the probe pulses.

Figure 2(a) shows the optical conductivity (�) spectrum
along the ==b axis at 10 K (CO) and 150 K (metallic). The
� spectrum at 10 K exhibits an intermolecular CO gap
in energy regions of �0:1 eV indicating the CT ex-
citation of the correlated electron motion [15]. Figure 2
(b) shows the photo-induced reflectivity change [�R=R ¼
ðR0 � RÞ=R, where R and R0 represent the reflectivity
before and after the excitation, respectively], which was
measured by pump-probe spectroscopy at a time resolution
of �200 fs (pump: 0.89 eV; excitation intensity, Iex:
0:1 mJ cm�2; a pump-probe delay time td ¼ 100 fs) along
the ==b axis at 20 K [11]. As seen in Fig. 2(b), the �R=R
spectrum is analogous to the spectral difference
[Rð150 KÞ � Rð10 KÞ�=Rð10 KÞ [solid curve (� 0:5)], in-
dicating that a metallic state is generated by the photo-
excitation using the �150 fs pulse. The spectral range of
the pump and the probe pulses generated by the degenerate
OPA [indicated by the shaded area in Fig. 2(a)] corre-
sponds to the high-energy side of the intermolecular

CT transition. The �R=R spectrum shows a marked
decrease at �0:7 eV, which indicates the occurrence of
the PIMT.
Figure 2(c) shows the time evolution of�R=Rmeasured

at 0.7 eV at 20 K (Iex ¼ I0, 0.05 I0, where I0 ¼
0:03 mJ cm�2) and 80 K (Iex ¼ I0) under the excitation
by 12 fs pulses, reflecting the generation dynamics of
the photoinduced metallic state. The Iex value for
I0 ¼ 0:03 mJ=cm2 corresponds to a density of
1 photon=1500 molecules for the 0.89 eV excitation. The
time scale of the initial rise in the �R=R signal (< 20 fs)
is as fast as that of the correlated electron motion, as
discussed later.
The high-frequency oscillating component of �R=R

(20 K, Iex ¼ I0) was obtained by using a Fourier high-
pass (> 300 cm�1) filter [Fig. 3(a)]. In addition, a time-
frequency spectrogram [Fig. 3(b)] and time-resolved
spectra [Figs. 4(b)–4(e)] were obtained by wavelet (WL)
analysis of the oscillating component. As indicated by the
black dashed circle denoted as (i) in Figs. 3(a) and 3(b), the
spectrogram is dominated by the broad signal at
�1800 cm�1 for td < 50 fs. The signal peak exhibits a
drastic frequency change with td between (ii)�1000 cm�1

and (iii) 1450 cm�1 for td ¼ 50–200 fs. Then, the
(iv) signal approaches �820 cm�1 for td > 200 fs.
It is noteworthy that the broad spectrum at�1800 cm�1

exhibiting the spectral gap at �1000 cm�1 for td ¼ 30 fs
[Fig. 4(b) and (i) in Figs. 3(a) and 3(b)] is analogous to the

FIG. 2 (color online). (a) � spectrum along the ==b axis at
10 K (CO phase) and 150 K (metallic phase). The spectral range
of the pump and the probe 12 fs pulse is indicated by the shaded
area. (b) �R=R spectrum at td ¼ 100 fs measured by pump-
probe spectroscopy at a time resolution of �200 fs [11]. The
spectral difference ½Rð150 KÞ-Rð10 KÞ�=Rð10 KÞ is represented
by the solid curve (� 0:5). (c) Time evolutions of �R=R
measured at 0.7 eV at 20 K (Iex ¼ 0:05I0 and I0), and 80 K
(Iex ¼ I0). The cross correlation profile between the pump and
probe pulses is indicated as a response function [GðtÞ].

FIG. 3 (color online). (a) High-frequency oscillating compo-
nent of �R=R at 20 K for I ¼ I0, which was obtained by using
a Fourier high-pass (> 300 cm�1) filter. (b) Time-frequency
spectrogram was calculated by wavelet analysis of the high-
frequency oscillating component. (c) Calculated photoinduced
charge-density modulation (�ni) at molecule A in the extended
Peierls-Hubbard model with EMV coupling (see text).
(d) Spectrogram of calculated �ni.
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steady state optical conductivity spectrum [Fig. 4(a)].
Therefore, the oscillation at 1800 cm�1 is attributable to
the electron oscillation reflecting the CO gap. This is the
first observation of electron oscillation in the time domain.
Such intermolecular electron oscillation is efficiently in-
duced between the charge-rich sites (A and B sites) through
the b2

0 bond (upper dashed circle) and between the charge-
rich site and charge-poor site (B and A0 sites) through the
b2 bond (lower dashed circle) [9,16,17], as illustrated by
the arrows in Figs. 1(a) and 4(f).

Considering that C——C stretching modes �3 [shown in
Fig. 4(g)] appear between 1352 and 1476 cm�1 [15,18],
the spectral hollow that appears at �1450 cm�1 [arrow in
Fig. 4(c) and (ii) in Figs. 3(a) and 3(b)] is attributable to the
destructive interference [3] between the electron oscilla-
tion and the intramolecular �3 mode. The observation of
such destructive interference which is attributable to Fano
antiresonance [19] at �50 fs indicates that the electron
oscillation begins to interact coherently with the intramo-
lecular �3 mode at the finite time delay.

Taking into account the strong electron molecular vibra-
tion (EMV) coupling of the �3 mode [18], it is reasonable
to consider that the electron oscillation selectively induces
the intermolecular antiphase �3 vibration, as shown in
Figs. 4(f) and 4(g) [18]. After 100 fs, the hollow at
�1450 cm�1 disappears and a broad band appears at
1450 cm�1, reflecting the electronic dephasing [Fig. 4(d)
and (iii) in Fig. 3(b)]. Then, the disappearance of the broad
1450 cm�1 mode indicates that the coherent �3 vibration
is dephased by interaction with other vibrations.

The other signals at �500 cm�1 [Fig. 4(d)] and
820 cm�1 [Fig. 4(e)] after td¼150 fs are, respectively, at-
tributable to the �9 (508 cm

�1) (called breathing mode) and

�7 (896 cm�1) modes, as illustrated in Figs. 4(h) and 4(i)
[18]. Thesemodes also show large EMVcoupling constants
(�3: 0.746; �9: 0.476; �7: 0.117, in dimensionless units).
Figures 3(b) and 4(c)–4(e) suggest that sequential changes
occurred in the interacting modes from the local C——C
stretching mode (�3) to the more delocalized breathing
mode (�9) and �7 mode showing the pathway of e-e and
e-ph interactions that leads to the insulator-to-metal tran-
sition from the electron oscillation.
To consider the correlated electron motion and the co-

herent interplay between the electron and intramolecular
�3 vibration, we calculated the photoinduced electron
dynamics by numerically solving the time-dependent
Schrödinger equation for the exact many-body wave func-
tion for electrons coupled with classical intermolecular
phonons and quantum intramolecular phonons. Here, we
add the EMV coupling to the extended Peierls-Hubbard
model described in Ref. [16]

H ¼ X

hij�i
½ðti;j � �i;jui;jÞcþi�cj� þ H:c:� þU
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i

ni"ni#
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where cþi� creates an electron with spin � at site i, ni� ¼
cþi�ci�, ni ¼

P
�ni�, ui;j denotes the intermolecular pho-

non’s displacement, bþi creates a quantum phonon of
energy !b, and g is the EMV coupling strength. The other
notations are standard and are introduced in Ref. [16].
Using an eight-site periodic cluster and the same model
parameters as those reported in Ref. [16] (!b ¼ 0:36 eV,
g ¼ 0:0625 eV, and an oscillating electric field along the
b axis having a Gaussian profile of duration 5 fs and center
frequency !ext ¼ 0:35 eV), we calculated the time
evolution of ni at molecule A [Fig. 1(a)] for td < 300 fs
[Fig. 3(c)] and carried out WL analysis [Fig. 3(d)]. The
broad peak from 3000 to 4000 cm�1 at around td ¼ 30 fs
corresponds to that of the calculated conductivity spectrum
in Ref. [16], indicating that the peak is attributable to the
electron oscillation shown in Fig. 1(a) [(i) in Figs. 3(c) and
3(d)]. The difference between the experimental and
calculated values of the conductivity peak (experiment;
1000–2000 cm�1, calculation; 3000–4000 cm�1) can be
attributed to the small cluster size. We actually demon-
strated that the conductivity peak increases as the cluster
size decreases; i.e., the peak energy is 0.3 eV for 12 sites
[16] and 0.2 eV for 144 sites [17], respectively. For td ¼
50–100 fs, the spectral hollow at 2000–3000 cm�1 is
attributable to the destructive interference between the
correlated electron oscillation and the phonon [(ii) in
Figs. 3(c) and 3(d)]. Then, the phonon peak appears after
td ¼ 100 fs [(iii) in Figs. 3(c) and 3(d)]. This calculated
WL spectrogram that reflects the electron-�3 vibration

FIG. 4 (color online). (a) Optical conductivity spectrum mea-
sured at 10 K. (b)–(e) Time-resolved spectra calculated from
Fig. 3(a). (f)–(i) Schematic illustration of (f) intermolecular
electron modulation and intramolecular vibrations (g) �3,
(h) �9, and (i) �7.
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interference is qualitatively analogous to the experimental
result [Fig. 3(b)]. For td > 100 fs, however, the observed
WL spectrogram cannot be reproduced by the calculated
one because the other vibrations are not taken into account
in the calculation. More detailed comparisons between the
experimental and the calculated results have been reported
for the reaction dynamics in few-body atomic or molecular
systems [20]. However, such close discussion might be
difficult for CO systems because they have many degrees
of freedom and very few theoretical studies have been
conducted on the dynamics of the CO systems [16,17].

As indicated by the dashed curve in Fig. 2(c), the time
required for the generation of the metallic state (�r) is
evaluated as 15 fs at 20 K for Iex ¼ 0:05I0 using
the equation �RðtÞ=R ¼ Rþ1

�1 Afast½1� expð�t=�rÞ�Gðt�
t0Þdt0, where Afast and GðtÞ are the coefficient and response
function, respectively. Here, the cross-correlation profile
between the pump and the probe pulses was used asGðtÞ in
Fig. 2(c). A �r value of 15 fs is comparable to the time scale
of the electron oscillation (1800 cm�1) in Fig. 3(a), indi-
cating that the early-stage dynamics of the PIMTare driven
by the electronic response. This fast generation process
dominates for the weak excitation (Iex ¼ 0:05I0) at 20 K.
However, the contribution of an additional slower
(� 300 fs) growth component increases with Iex and tem-
perature, as indicated by the result for the strong excitation
(Iex ¼ I0) at 20 K and at high temperature 80 K for Iex ¼
0:05I0, as shown in Fig. 2(c), reflecting the generation of
the quasistable metallic state [11,12]. Considering that the
coherent intramolecular vibrations are detected during this
slower (� 300 fs) growth, it is inferred that the quasistable
metallic state is generated by the interplay between the
electron oscillation and the vibrations.

The above results provide a clear microscopic view
of the light-electron-lattice interactions leading up to the
PIMT. It should be noted that this view is markedly differ-
ent from the traditional description of the e-ph interactions
in the framework of thermodynamic analysis such as that
using a two-temperature model [4]; i.e., the e-ph interac-
tion begins to start before the electrons reach the quasi
equilibrium state.

In summary, we observed the coherent oscillation of
correlated electrons and Fano destructive interference
with intramolecular vibrations in the early-stage dynamics
of the PIMT in the CO organic salt �-ðBEDT-TTFÞ2I3 by
pump-probe spectroscopy using few-optical-cycle infrared
pulses.
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