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Coherent dynamics of photoinduced phase formation in a strongly correlated organic crystal
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The photoinduced phase formation in a strongly correlated crystal (EDO-TTF)2PF6 (EDO-TTF: 4,5-
ethylenedioxytetrathiafulvalene) is investigated using a 12 fs laser pulse. The formation time is determined
as 40 fs with observation of coherence of electron-phonon coupled excited states prior to formation. The
temperature-independent dephasing time is determined as �22 fs up to 180 K and the frequency of phonon
oscillation is �38 THz, corresponding to the intramolecular vibrations in EDO-TTF. The phase formation is
coherently controlled by relative-phase-controlled two-pulse excitation.
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Strongly correlated materials exhibit intriguing phases such
as superconductor, Mott insulator, spin liquid, and charge
density wave [1]. Competitions between electrons, phonons,
and spins in the materials play a key role in creating these
phases. Photoexcitation controls this competition and initiates
cooperative response resulting in a macroscopic ordering,
called photoinduced phase transition (PIPT). In PIPT, electron-
phonon interactions lead to significant changes in dynamics.
Thus, not only pure electronic but also electron-phonon
dynamics have attracted considerable attention. Time-resolved
optical spectroscopy has been widely used to study the
electronic and vibrational dynamics and subsequent PIPT
by monitoring the transient changes in optical constants on
a femtosecond time scale [2–6]. However, the interactions
dominating electronic phases are often inferred indirectly from
these measurements.

Coherent nonlinear spectroscopy utilizing third-order non-
linear response is a powerful tool to directly investigate
interactions and has been applied to reveal ultrafast dynamics
in semiconductors [7,8], light-harvesting protein complexes
[9–12], and other functional materials [13,14]. However, this
spectroscopy has been applied only to a few strongly correlated
materials [15] because their electronic coherence is considered
to be too short owing to their strong electron-electron interac-
tion. In this Rapid Communication we have investigated 10-fs
time scale dynamics of the strongly correlated organic charge-
transfer (CT) complex (EDO-TTF)2PF6 (EDO-TTF: 4,5-
ethylenedioxytetrathiafulvalene) [16], which exhibits unique
PIPT due to strong electron-phonon interactions. We also
revealed the formation process of the photoinduced phase
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from the phonon-coupled excited state as well as the role of
coherences in the excited state.

(EDO-TTF)2PF6 undergoes metal-insulator phase transi-
tion at 280 K because of its strong electron-electron and
electron-phonon interactions and shows (0110)-type charge
ordering below the transition temperature [16], where the
number in parentheses represent the order of charge for
EDO-TTF molecules, as shown in the upper panel of Fig. 1(a).
This material exhibits a two-step phase transition triggered
by photoexcitation in the low-temperature phase, that is,
“insulator”–“photoinduced phase”–“metal” transition. The
first step takes place within 100 fs and the photoinduced phase
is assigned to the (1010) charge disproportionate phase, as
shown in the lower panel of Fig. 1(a) [17–28]. The time
required for the emergence of the metallic phase is 100 ps
[22,23]. This distinctive PIPT is also considered to originate
from its strong electron-phonon interaction [18,25].

A single crystal of (EDO-TTF)2PF6 was prepared according
to a previously reported procedure [16]. Pump-probe spec-
troscopy was performed using a Ti:sapphire chirped-pulse
amplifier (800 nm, 120 fs, 1 kHz) and a gas-filled hollow
fiber (2.0 atm, krypton medium gas) to generate the broadband
spectrum [29]. The broadband pulse was compressed using
negative dispersion mirrors. The pulse width was estimated
to be 12 fs from the cross correlation between the pump and
probe pulses. The fluences of the pump and the probe pulses
were set to 8.5 and 0.9 mJ/cm2, respectively. It is noted that
the PIPT dynamics is independent of fluence at this rate [20].
The polarization of the pump and probe pulse was set parallel
to the stack direction of EDO-TTF molecules (E ‖ a).

Figure 1(b) presents the optical conductivity spectrum of
(EDO-TTF)2PF6 in the low-temperature phase at 10 K along
with the spectrum of the 12 fs laser pulse. The band at 1.37 eV
is assigned to CT from the (0110) to (0200) and is designated
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FIG. 1. (Color online) (a) Schematic diagram of charge distribu-
tions and EDO-TTF molecule deformation in the low-temperature
phase and photoinduced phase of (EDO-TTF)2PF6. (b) Optical
conductivity spectrum for the low-temperature phase of (EDO-
TTF)2PF6 at 10 K (solid line) and the laser pulse spectrum (shaded
area with solid line). Regions A (red), B (blue), and C (green)
represent the three different detection regions of the probe pulse. (c)
Temporal profiles for �R/R probed at regions A (red), B (blue), and C
(green). The gray shaded area represents the cross-correlation profile
of the pump and probe pulses. (d) Calculated spectrum considering the
coupling between the CT2 excited state and intermolecular vibrations
(see Supplementary Material for details [31]). The black and red
lines show spectra with broadening factors of ε/t0 = 0.5 and 0.1,
respectively.

as CT2 band [30]. Figure 1(c) shows the temporal profiles of
the reflectivity changes (�R/R) after photoexcitation of the
low-temperature phase at 25 K. The red, blue, and green lines
represent the temporal profiles of �R/R probed at photon
energies <1.59 eV (region A), >1.59 eV (region B), and
at �1.65 eV (region C), respectively. These regions were
selected from the reflected probe pulse with optical filters
in front of the photodetector. The cross correlation of the
pump and probe pulses is indicated by the gray shaded area.
After photoexcitation, reflectivity decreases in region A and
increases in regions B and C. These changes correspond to the
disappearance of the CT2 band.

To analyze this temporal behavior, the model shown in
Fig. 2(a) was adopted. Photoexcitation at �1.55 eV creates
the (0200) CT2 state [30], and the photoinduced (1010) phase
then emerges [18]; thus we can assume an exponential transfer
from the (0200) state to the (1010) phase, with a time constant
τ [31]. Figures 2(b) and 2(c) compare the experimental data
(open circles) with the fitting function (solid lines). The dotted
and dashed lines represent the components of the (0200) CT2
state and (1010) photoinduced phase in the fitting function
for regions A and B, respectively. The time constant obtained
from the fitting is τ = 40 ± 5 fs, which is regarded as the
formation time of the (1010) photoinduced phase from the
(0200) CT2 excited state. The time scale of the CT processes
deduced from the transfer integral t = 0.16 eV [25,30] is
approximately h/t = 26 fs, which is less than the obtained
formation time of �40 fs. Therefore, it is concluded that the

FIG. 2. (Color online) (a) Schematic illustration of the changes in
charge distribution for the initial process of PIPT in (EDO-TTF)2PF6.
(b) and (c) Experimental (circles) and simulated (solid lines) temporal
profiles of �R/R probed at regions (b) A and (c) B. The dotted and
dashed lines represent the first and second components in the fitting
function, respectively.

structural changes influence the formation of the photoinduced
(1010) phase, and the electron-phonon interactions dominate
the process.

The temporal profiles for regions B and C shown in Fig. 1(c)
have apparent signals over 50 fs before time zero. This negative
delay signal designated as perturbed free induction decay
allows us to explore excited-state coherence. The excited-state
coherence is typically investigated using third-order nonlinear
process such as four-wave-mixing techniques [7,8]; however,
it is difficult to find the four-wave mixing signals because the
light is diffracted to a direction different from direction of the
pump and probe pulses as follows:

kNL = 2kPump(Probe) − kProbe(Pump). (1)

Here kNL, kPump, and kProbe are directions of the light diffracted
by nonlinear process, the pump pulse, and the probe pulse,
respectively. For negative delay signals, the probe precedes the
pump pulse and produces a coherent polarization of the excited
states, resulting in a weak signal starting before zero-time
delay. Advantage of this process is that the conventional pump-
probe configuration is applicable [32–34] because the direction
of the diffracted light is the same as that of the probe light:

kNL = kProbe + kPump − kPump = kProbe. (2)

As shown in the schematic energy diagram in Fig. 3(a),
photon energy of the diffracted light in the negative delay
region corresponds to the energy of the excited states. From
this point, negative delay signal is caused by the coherence
of the CT2 excited states because the photon energy of the
detected light is �1.6 eV. The distinct negative delay signals
in region B and C suggest phonon-sideband arising from strong
electron-phonon coupling as discussed later. In addition, lower
reflectivity in regions B and C permits the detection of the
negative delay signals.

The open green circles in Fig. 3(b) represent the magnified
temporal profile of �R/R in region C, within the range of
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FIG. 3. (Color online) (a) Schematic diagram of the perturbed
free induction decay in the negative delay time and the transient
reflectivity change in the positive delay time. GS and ES notations
correspond to the ground and excited states. NL indicates the light
diffracted by the third-order nonlinear process. (b) Magnified view
of the temporal profiles in the negative delay time probed in region
C at 25 K (green circles) and at 180 K (pink circles). The solid lines
indicate the fitting functions.

negative delay. The green solid line represents the fitting
function composed of exponential function and damped oscil-
lation. Although pure electronic excited states such as excitons
[32,33] show simple exponential decay, phonon coupled elec-
tronic excited states such as polarons [34] exhibit oscillation
due to the modulation by electron-phonon interactions. The
obtained decay times for exponential and oscillating part were
22 ± 1 and 19 ± 1 fs, respectively. The oscillation frequency
corresponding to coupled phonon was 38 ± 1 THz. The decay
time of the exponential part corresponds to dephasing, which
is affected by formation of the photoinduced phase. Hence
the obtained dephasing time consists of two components as
follows:

1

T2
= 1

2T1
+ 1

T ′
2

. (3)

Here T2 is the experimentally obtained dephasing time, T1 is
the population decay time, and T2

′ is the pure dephasing time
without energy relaxation. From the value T1 = τ = 40 fs and
T2 = 22 fs, contributions of the first and second terms to the
dephasing are 28% and 72%, respectively. Therefore, it is nec-
essary to consider not only the photoinduced phase formation
but also other interactions to explain the dephasing process.

Thermal motion of the lattice randomize phase of the
excited-state wave function [7,8]. The pink open circles and
solid line in Fig. 3(b) represent the experimental data and the
fitting function at 180 K, respectively. The obtained dephasing
time of the exponential function was T2 = 21 ± 1 fs, which
is approximately that observed at 25 K. This result suggests

that the possible origin of the dephasing is not lattice phonon
[35,36] but electron-electron interactions [37].

Local optical phonons affect the dephasing to a lesser extent
and modulate negative delay signals [8]. To date, coherent
optical phonons in the positive delay signal have been often
studied in PIPT in other materials [3,4]; however, it was
difficult for these studies to distinguish coherent phonons
in excited states from those in ground state by impulsive
Raman excitation [34]. In contrast, since only excited states
contribute to the negative delay signal, it implies that the
observed oscillation couples to the CT2 states. On assessment
of the frequency, the observed oscillation corresponds to
the charge-sensitive intramolecular C=C vibrations (optical
phonons) in EDO-TTF [30]. The oscillation is observed only
in the negative delay, indicating that the vibration is coupled
only to the CT2 excited states but not to the photoinduced
state. Thus, it is considered that the coupling between the C=C
vibrations and the CT2 excited states forms the precursor states
of the photoinduced phase.

We conducted the calculation using a one-dimensional two-
orbital Holstein-Hubbard model for considering the electron-
phonon coupling [31]. Figure 1(d) shows the calculated optical
conductivity spectrum, where the red and black lines are
the broadened spectra with widths of ε/t0 = 0.5 and 0.1,
respectively. The black spectrum is in good agreement with
the experimental spectrum. The red spectrum consists of
three types of bands: CT2 at 1.37 eV, the intramolecular
transition bands at �2.0 eV, and their sidebands. This sideband
emerges only when the coupling is sufficiently large. Although
it is difficult to separate this sideband in the experimental
spectrum owing to broad spectral widths, the pump pulse at
�1.55 eV excites mainly the CT2 band and the sideband
just above the CT2 band. Hence, the sideband presumably
leads to strong negative delay signal in regions B and C.
Moreover, the previous time-dependent calculation predicted
the delayed formation of the photoinduced phase accompanied
by intramolecular vibrations, although the parameters in the
model were not precise owing to the lack of experimental
results for the initial process [18]. These theoretical results
indicate that both lattice and local phonons play a key role,
particularly, in the initial dynamics of PIPT.

The following information can be drawn from the above
results. Photoexcitation of the charge localized (0110) phase
directly creates the coupled coherence between the charge
transfer excited states (CT2) and the charge sensitive C=C
vibrations. Immediately after dephasing, the charge dispro-
portionate (1010) phase is formed. In the recent study of 10-fs
time scale dynamics in quasi-one-dimensional Mott insulator
ET-F2TCNQ [5], an oscillation with a frequency of �V/h (V
is the intersite Coulomb repulsion) arising from interference of
bound and ionized holon-doublon excitation has been reported.
Although this process is important in describing the 10-fs time
scale dynamics, it is not consistent with our results, i.e., the
frequency V/h = 68 THz [18] in (EDO-TTF)2PF6 is not
consistent with the observed frequency of 38 THz. In addition,
such interference is not expected in the previous theoretical
study [18].

Using this unique and relatively long electronic coherence,
we attempted to control formation of the photoinduced phase
by interference of the wave functions [38–40] using a pump
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FIG. 4. (Color online) (a) and (b) Schematic illustrations of the
pump and probe pulse sequences in the coherent control experiments.
(c) The black circles and solid line represent profiles of �R/R
measured using the sequence (a). The red dashed lines represent linear
autocorrelation calculated from the second harmonic autocorrelation.
(d) Temporal profiles of �R/R measured using the sequence (b).
The red and black circles represent constructive and destructive
excitations, respectively. (e) Calculated profiles of the photoinduced
phase population assuming the sequence (a). The black solid and
the red dashed lines represent the profiles assuming T2 = 26
and 1 fs, respectively. (f) The calculated profiles of the photoinduced
phase population assuming the sequence (b). The red and black solid
lines represent the population of the photoinduced phase excited
by constructive and destructive two-pulse excitations, respectively.
The black dashed line represents the population excited by a
single pulse.

pulse pair, whose relative phase is controlled by a Michelson
interferometer [41]. Two measurements were performed:
(1) �R/R measured as a function of the interval �t between
the pump pulses with a fixed delay time between the probe
pulse and the second pump pulse [Fig. 4(a)], and (2) �R/R
measured as a function of the delay time of the probe pulse
with fixed �t [Fig. 4(b)].

In Fig. 4(c), the black circles and solid line show the
temporal profile of the measurement (1). The red dashed
line represents linear autocorrelation calculated from second
harmonic autocorrelation. The periodic modulation of �R/R
with a period less than 3 fs indicates that the density of
the photoinduced phase is affected by interference between
the CT2 excited states produced by the first and second
pump pulses. Figure 4(e) shows the calculated profiles of the
photoinduced phase population at a fixed delay time of the

probe pulse at 200 fs using density matrix equations [31].
In the model of the density matrix equations, we assume
only the electronic states (ground state, CT2 excited state,
and photoinduced phase) and neglect vibrational states as the
contribution is negligible. The solid and dashed lines represent
the profile for T2 = 26 and 1 fs, respectively.

Figure 4(d) shows the temporal profiles of the measurement
(2) with �t = 26.7 fs for constructive excitation (red circles)
or �t = 25.3 fs for destructive excitation (black circles). The
difference in temporal profiles for these excitations indicates
how interference affects photoinduced phase generation. First,
the difference in the generated density of the photoinduced
phase was estimated on the basis of a phenomenological
model, by assuming that the density of the photoinduced phase
is expressed by the sum of the densities induced by the first
and second pump pulses. The solid lines in Fig. 4(d) show the
results of fitting with the function used in Fig. 2, indicating that
17% of the photoinduced phase generated by the first pump
pulse was coherently controlled by the successive pulse.

Figure 4(f) shows calculated profiles. The solid lines
represent the profile with �t = 26.8 and 25.4 fs for constructive
and destructive excitation, respectively. For reference, the
profile for single pulse excitation is also included as the
black dashed line. Comparing these profiles, it is con-
cluded that 23% of the CT2 excited states are coherently
manipulated.

In conclusion, the initial photoinduced dynamics in (EDO-
TTF)2PF6 has been investigated using a compressed 12 fs
optical pulse. A time constant of �40 fs is determined for
the formation of the photoinduced phase from the CT2 state.
Immediately before the photoinduced phase formation, the
coherence of the electron-phonon coupled precursor state can
be observed as a negative delay signal. Here the dephasing
with a time constant of �22 fs accompanied with a 38 THz
phonon oscillation which is assigned to the charge sensitive
C=C vibrations. To the best of our knowledge, this is the first
clear observation of the formation process of the photoinduced
phase including excited-state coherence. By utilizing this
coherence, approximately 17% of the photoinduced phase was
successfully controlled using a relative-phase-controlled pulse
pair. Our study extends the advancement for the development
of all-optical control of electronic phases in materials within
few femtoseconds.
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