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CONSPECTUS: Phenomena that occur in nonequilibrium states created by photoexcitation
differ qualitatively from those that occur at thermal equilibrium, and various physical theories
developed for thermal equilibrium states can hardly be applied to such phenomena. Recently it
has been realized that understanding phenomena in nonequilibrium states in solids is important
for photoenergy usage and ultrafast computing. Consequently, much effort has been devoted to
revealing such phenomena by developing various ultrafast observation techniques and theories
applicable to nonequilibrium states. This Account describes our recent studies of diverse
photoinduced dynamics in a strongly correlated organic solid using various ultrafast techniques.
Solids in which the electronic behavior is affected by Coulomb interactions between electrons
are designated as strongly correlated materials and are known to exhibit unique physical
properties even at thermal equilibrium. Among them, many organic charge-transfer (CT)
complexes have low dimensionality and flexibility in addition to strong correlations; thus, their
physical properties change sensitively in response to changes in pressure or electric field.
Photoexcitation is also expected to drastically change their physical properties and would be
useful for ultrafast photoswitching devices. However, in nonequilibrium states, the complicated dynamics due to these
characteristics prevents us from understanding and using these materials for photonic devices.
The CT complex (EDO-TTF)2PF6 (EDO-TTF = 4,5-ethylenedioxytetrathiafulvalene) exhibits unique photoinduced dynamics
due to strong electron−electron and electron−phonon interactions. We have performed detailed studies of the dynamics of this
complex using transient electronic spectroscopy at the 10 and 100 fs time scales. These studies include transient vibrational
spectroscopy, which is sensitive to the charges and structures of constituent molecules, and transient electron diffraction, which
provides direct information on the crystal structure. Photoexcitation of the charge-ordered low-temperature phase of (EDO-
TTF)2PF6 creates a new photoinduced phase over 40 fs via the Franck−Condon state, in which electrons and vibrations are
coherently and strongly coupled. This new photoinduced phase is assigned to an insulator-like state in which the charge order
differs from that of the initial state. In the photoinduced phase, translations of component molecules proceed before the
rearrangements of intramolecular conformations. Subsequently, the charge order and structure gradually approach those of the
high-temperature phase over 100 ps. This unusual two-step photoinduced phase transition presumably originates from steric
effects due to the bent EDO-TTF as well as strong electron−lattice interactions.

1. INTRODUCTION

Charge-transfer (CT) complexes are molecular crystals that
consist of both an electron donor and an electron acceptor.1−4

When electron transfer occurs between the donor and acceptor,
provided that the degree of electron transfer and the crystal
structures are appropriate at thermal equilibrium, CT
complexes have an unfilled band and acquire metallic or
semiconductor-like characteristics. Such electrically conducting
CT complexes include small π-conjugated molecules, and when
planar molecules are present, the band structure is one- or two-
dimensional because of the anisotropy of π orbitals. Because
overlap between the π orbitals (as measured by the transfer
integral, t) is small (t ∼ 0.1 eV) compared with typical
inorganic metals, CT complexes are strongly correlated

materials. These crystals are soft and flexible as a result of
the weak interactions between molecules. In addition, the
molecular structure itself is often strongly coupled with the
degree of CT. The low dimensionality, strong electron
correlations, and flexibility lead to diverse physical properties,
and their pressure−temperature phase diagrams are compli-
cated. These characteristics make CT complexes very sensitive
to changes in their environment, such as changes in pressure,
temperature, and electric field.
Despite their complicated crystal structures, the electronic

states of CT complexes can be understood using a simple
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model based on the tight-binding model, which assumes
ordered ion cores and electrons bound by the cores.5−7 For the
constituent π-conjugated molecules of a CT complex, only the
frontier orbitals are considered to be electronic orbitals, and the
rest are regarded as the ionic core. Because the crystal structure
can be determined by X-ray crystal structure analysis, transfer
integrals between constituent molecules are easily calculated.5,6

For electron correlations, an effective model is the extended
Hubbard model,7 in which the Hamiltonian includes on-site
Coulomb interactions (U) and nearest-neighbor Coulomb
interactions (V). Terms for electron−phonon interactions can
also be included in this Hamiltonian, as described below. Thus,
the electronic states of CT complexes are easily treated
theoretically, although they are complicated molecular solids.
Not only do CT complexes have controllable physical

properties and easy-to-understand electronic states, but also
their crystal structures can be designed using organic synthesis.
Thus, they are ideal models for understanding the fundamental
physics of solid materials. These characteristics are also suitable
for photocontrol of the physical properties of solid materials, so
the photoinduced dynamics of CT complexes has been studied
intensively. For example, a photoinduced phase transition
(PIPT) was first discovered8−11 for the CT complex
tetrathiafulvalene-p-chloranil (TTF-CA), which undergoes a
neutral-to-ionic phase transition. Tetracyanoquinodimethane
(TCNQ) salts with alkali metals having one-dimensional half-
filled electronic systems exhibit a typical PIPT based on their
one dimensional nature.12,13 The salt bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF) is well-known to form CT
complexes having two-dimensional electronic systems and to
show various types of PIPTs depending on the crystal
structure.14,15 The salt Pd(dmit)2 (dmit = 1,3-dithiole-2-
thione-4,5-dithiolate) forms strongly bound dimers in the
complexes and exhibits a PIPT relevant to dimerization.16,17

The CT complex (EDO-TTF)2PF6 (EDO-TTF = 4,5-ethyl-
enedioxytetrathiafulvalene) is a quasi-one-dimensional three-
fourths-filled electronic system and has strong electron−
phonon interactions in addition to electron−electron inter-
actions.18,19 In this Account, we describe the diverse photo-
induced dynamics of (EDO-TTF)2PF6 originating from the
strong electron−phonon interactions.

2. OPTICAL SPECTRA OF (EDO-TTF)2PF6
At room temperature, (EDO-TTF)2PF6 is a quasi-one-dimen-
sional organic conductor and a black shiny crystal, as shown in
Figure 1a.20−24 The molecular structure of the donor EDO-
TTF molecule is shown in Figure 1b. Figure 1c shows the
crystal structure of this complex at room temperature; a quasi-
one-dimensional band along the stacking direction of EDO-
TTF is formed in the crystal by overlapping π orbitals of EDO-
TTF. The band becomes three-fourths-filled by transfer of one
electron from every two EDO-TTF molecules to a PF6
molecule. Because of the Peierls instability, one-dimensional
electronic structures tend to be insulators. In addition, the
electronic structure of the complex is affected by charge and
anion order due to electron−electron and electron−phonon
interactions. Consequently, charge is localized at each EDO-
TTF, and the complex becomes an insulator below Tc = 280 K.
The crystal structure of this insulator phase is shown in Figure
1d. From infrared and Raman spectroscopies and X-ray
structural analyses, the charge order is determined to be ···,
0, 1, 1, 0, ···, which we hereafter abbreviate as (0, 1, 1, 0). One
unique feature of this material is that the molecular shape of

EDO-TTF is strongly affected by its charge: EDO-TTFs with
charges of 0, +1, and +0.5 have bent, flat, and nearly flat shapes,
respectively. This indicates that this material has strong
interactions between electrons and intramolecular vibrations
as well as intermolecular interactions.
Figure 2 shows (a) reflectivity and (b) optical conductivity

spectra of (EDO-TTF)2PF6 in the low- and high-temperature
phases. The optical conductivity spectra were obtained from
the reflectivity spectra by the Kramers−Kronig (K−K)
transformation. In the high-temperature phase at 290 K, there
is a Drude-like reflectivity increase below 0.8 eV. In contrast, in
the low-temperature phase at 180 K, the optical conductivity
approaches zero at low photon energies, and there are two CT
bands, one at 0.6 eV (CT1), and the other at 1.4 eV (CT2).
Another CT band (CT3) is located at the shoulder of CT1 on
the higher photon energy side; CT3 is more clearly seen in the
spectrum at 10 K. On the basis of a simple model calculation
for the (0, 1, 1, 0) charge localization, CT1 is assigned to the
transition between neutral and monovalent EDO-TTF
molecules, CT2 to the transition between adjacent monovalent
EDO-TTF molecules, and CT3 to a mixture of these two
transitions.24

3. EMERGENCE OF A PHOTOINDUCED PHASE AND
ITS QUANTUM COHERENCE

In solids, the initial process of photoinduced dynamics is
extremely fast because of the high density of electronic states.
To study such a fast process, we generated a 12 fs pulse from a
conventional Ti:sapphire amplifier and located the photon
energy of the pulse in the vicinity of the CT2 band; we
measured changes in transient reflectivity using this pulse for
both the pump and probe pulses.25 Figure 3a shows temporal
changes in reflectivity at around 1.65 eV after the photo-
excitation of the CT2 transition in the low-temperature phase
at 25 K. This temporal profile has three characteristic features:
(1) a fast rise at around zero delay, (2) a slow rise following the
fast rise, and (3) weak oscillations in the region of negative
delay. The fast and slow rises are explained by the simple three-
level model shown in Figure 3b. The system is excited from the
ground state to the Franck−Condon state (the CT2 state) by a
pulse expressed as a Gaussian function (G(t)). Subsequently,

Figure 1. (a) Single crystal of (EDO-TTF)2PF6. (b) Chemical
structure of EDO-TTF. (c, d) Crystal structures in the (c) high-
temperature and (d) low-temperature phases.
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the CT2 state exponentially changes to another state with time
constant τ. Using this model, we fit the data, including more
data not shown here, and obtained the time constant τ = 40 fs,
indicating that it takes 40 fs for the new state to emerge. This
emerging state is assigned to the photoinduced state, which is
observed only by photoexcitation, as described in section 4.
A negative delay signal is known to appear as a result of

third-order nonlinear optical processes,26−28 and it can be used
to obtain information on the electronic and vibrational
coherence in the directly excited state, the CT2 state in this
case.29 By fitting the data using an exponential function and a
damped oscillation, as shown in Figure 3c, we obtained the
time constant τelec = 22 fs for the decay time of electronic
coherence and ωvib = 1300 cm−1 for the wavenumber of the
coherent vibrations. This wavenumber is close to those of C
C stretching vibrations of EDO-TTF in the Raman spectrum at
1400−1700 cm−1;24 thus, the 1300 cm−1 oscillation is
assignable to the intramolecular vibrations of EDO-TTF. The
slight softening from the Raman peaks is presumably attributed
to modulation of the vibration in the excited state by the CT

transition. Because the photoinduced state emerges immedi-
ately after the disappearance of this electronic and vibrational
coherence, we conclude that strong electron−vibration
coupling plays an important role in the emergence of the
photoinduced state. Similar strong coupling between the CT
and CC vibrations associated with the PIPT have also been
observed in the BEDT-TTF system.30

4. CHARACTERISTICS OF THE PHOTOINDUCED
PHASE

The reflectivity change of about 50% shown in Figure 3a is
anomalously large compared with those in conventional
materials. Even larger changes of more than 100% were
observed at another probe photon energy from measurements
using a 100 fs pulse.18 This indicates that the photoinduced
state has a largely different character from the low-temperature
phase. We also determined that the change in reflectivity
increases nonlinearly as the excitation pulse energy increases,
and the increase begins at a certain energy, that is, it has a
threshold.18 This means that the photoinduced state emerges

Figure 2. (a) Reflectivity and (b) optical conductivity spectra of (EDO-TTF)2PF6 at 290 K in the metallic high-temperature phase (green) and in
the insulating low-temperature phase at 180 K (blue) and 10 K (black).

Figure 3. (a) Experimental (circles) and simulated (solid lines) temporal profiles of reflectivity changes after photoexcitation at 1.65 eV in (EDO-
TTF)2PF6 at 25 K. The hatched area is the autocorrelation of the pump and probe pulses. (b) Model of the initial process used in the simulation. (c)
Enlarged view of the temporal profile in the negative delay region (circles). The solid line is a fit to an exponential function and a damped oscillation.
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cooperatively. The efficiency of creation of the photoinduced
state was estimated by assuming that the high-temperature
phase is created by photoexcitation (this assumption is
incorrect, as described below), and the obtained values were
much larger than unity. These results indicate that one photon
changes many molecules cooperatively. This phenomenon is
called a PIPT, although the photoinduced phase is not exactly
the same as a phase occurring at thermal equilibrium.31,32

To learn more details about the photoinduced phase,
reflectivity spectra over a wide range of photon energies are
needed to allow comparisons with those in thermal equilibrium,
which were interpreted in section 2. In Figure 4a, the red line is
the transient reflectivity spectrum 0.1 ps after photoexcitation
of the low-temperature phase at 180 K.19,33 The temporal width
and photon energy of the excitation pulse were 120 fs and 1.55
eV, respectively. This spectrum was constructed from the sum
of the reflectivity change (ΔR/R) spectrum after photo-
excitation and the reflectivity (R) spectrum before photo-
excitation. For comparison, the reflectivity spectra in the high-
temperature (green line) and low-temperature (blue line)
phases are also shown in Figure 4a. Figure 4b shows the optical
conductivity spectra obtained from the reflectivity spectra by
the K−K transformation with appropriate extrapolations.
Figure 4 shows that the transient spectra after photo-

excitation differ from those at thermal equilibrium, indicating
that the photoinduced phase cannot be assigned to either the
low- or high-temperature phase. In other words, we detected a
state created only by photoexcitation or a hidden state. The
reflectivity and optical conductivity approach zero as the
photon energy decreases, and only one band, probably arising
from the CT transition, is located at 0.4 eV, indicating that the
photoinduced phase is insulator-like and has a different charge
distribution from the (0, 1, 1, 0) distribution of the low-
temperature phase.
To assign this photoinduced original phase, we performed a

model calculation based on the extended Hubbard model. To
include electron−phonon interactions in this model, we
introduced Peierls-type (modulation of transfer integrals) and
Holstein-type (modulation of site energies) electron−phonon
couplings.19,34 The total Hamiltonian was
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As shown schematically in Figure 5a, t0 represents the bare
transfer integral, while U and V are the on-site and nearest-

neighbor Coulomb interactions, respectively. Electron−phonon
interactions are shown schematically in Figure 5b. The
parameters α, β, and γ are the electron−phonon coupling
strengths that modulate the transfer integrals by molecular
displacements, the site energies by molecular deformations, and
the site energies by anion displacements, respectively. In eq 1,
Kα, Kβ, and Kγ are the corresponding spring constants, whereas
ωα, ωβ, and ωγ are the corresponding bare phonon frequencies.
These parameters were determined when the calculated

Figure 4. (a) Transient reflectivity and (b) optical conductivity spectra at 0.1 ps after the photoexcitation of (EDO-TTF)2PF6 in the low-
temperature phase at 180 K (red). For comparison, static spectra at 290 K (green) and 180 K (blue).

Figure 5. Schematic illustration of the interaction parameters used in
eq 1 for model calculations. (a) U is the on-site Coulomb interaction,
V is the nearest-neighbor Coulomb interaction, and t0 is the bare
transfer integral. (b) The parameters α, β, and γ are electron−phonon
coupling strengths.
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spectrum was close to the observed one in the low-temperature
phase. Photoexcitation was introduced as a time-dependent
electric field, and the temporal evolution of the system was
calculated by solving the time-dependent Schrödinger equa-
tion.19

Figure 6 summarizes the results of the calculation. Figure 6a
shows the temporal variations of the charge on each EDO-TTF
molecule. The horizontal axis (t) does not directly correspond
to the experimental delay time; t = 1520 roughly corresponds
to 1 ps. The results show that after the electric field was applied
from t = 0 to 209 as an excitation pulse, the charge distribution
suddenly changed at t = 700. At this time, the charge order (0,
1, 1, 0) changed to approximately (0, 1, 0, 1). Figure 6b shows
the variations in the calculated spectra at t = 0, 300, and 900. At
t = 0, the spectrum has three bands corresponding to the three
CT transitions in the low-temperature phase. At t = 900, only
one band appears and is assigned to the CT transition between
neutral and monovalent EDO-TTFs in the (0, 1, 0, 1) charge
order. This calculated result is in good agreement with the
experimental one, that is, another state emerges some time after
photoexcitation, and the three CT bands change to one CT
band. Thus, we assigned the photoinduced phase that emerges
after 40 fs to the (0, 1, 0, 1) charge-ordered state. However, it
should be noted that the range of this charge order is not very
long, and both the charge distribution and structure fluctuate in
this phase.

5. FOLLOWING PROCESS AND THE MELTING OF
CHARGE ORDER

As described so far, the state at around 100 fs after
photoexcitation has never been observed at thermal equili-
brium. After this state forms and a sufficient time has elapsed,
the system must revert to the low-temperature phase. What
happens during this time? Figure 7 shows temporal profiles for
reflectivity changes up to 1000 ps at selected probe photon
energies.33,35 After the quick reflectivity increase/decrease,
which corresponds to the emergence of the photoinduced
phase, the reflectivity change decreases/increases with oscil-
lations having a period of 0.5 ps; this corresponds to 66 cm−1.
Judging from this wavenumber, the coherent oscillations are
attributed to intermolecular vibrations between EDO-TTF
molecules. This indicates that intermolecular vibrations are
involved in the relaxation from the photoinduced state. Even
after 3 ps, reflectivity changes persist and their signs are
inverted, indicating that a new state emerges in this time region
although most parts relax to the initial state. The irregular
oscillations above 500 ps that accompany these reflectivity
changes are attributed to a shock wave traveling inside the

crystal. However, it is difficult to identify the long-lived state
from the electronic spectral changes derived from these
reflectivity changes; thus, we need another method that is
sensitive to charge and structural changes of molecules.
One such method is time-resolved vibrational spectroscopy.

In general, organic molecules have many vibrational transitions
in the mid-infrared region, and the energies and intensities of
these transitions are sensitive to the charge and structure of the
molecule. Measurement of such vibrational spectra on a
picosecond time scale thus becomes a powerful tool for real-
time observations of charge and structural changes of molecules
even in an organic crystal. We constructed such measurement
systems that were specialized for the photoinduced dynamics of
organic crystals.17,35−37 Figure 8a shows transient reflectivity
changes in the range from 1300 to 1700 cm−1 at 1, 20, and 300
ps after photoexcitation of the CT2 band in the low-
temperature phase.35 The energy and temporal width of the
pulse for these measurements were 10 cm−1 and 3 ps,
respectively. In this wavenumber region, there are vibrational
peaks assigned to CC stretching vibrations of π-conjugated
molecules, such as EDO-TTF; these peaks are often used as
indicators of charge and structural changes in various CT
complexes.24,38,39 The figure also contains reflectivity spectra in
the high-temperature (green line) and low-temperature (blue
line) phases at thermal equilibrium. The polarization of the
infrared light was perpendicular to the direction of one-
dimensional electric conduction; thus, no reflectivity increase

Figure 6. (a) Temporal variations of the charge on each EDO-TTF molecule obtained from the model calculation. Colors correspond to EDO-TTF
sites, and t is the temporal parameter for the calculation. (b) Calculated transient spectra at t = 0, 300, and 900.

Figure 7. Temporal profiles of reflectivity changes (ΔR/R) in the
near-infrared region at 0.83 (red), 0.95 (blue), and 1.03 (dark green)
eV upon photoexcitation at 1.55 eV in the insulating low-temperature
phase of (EDO-TTF)2PF6 at 180 K. Adapted from ref 35. Copyright
2012 American Chemical Society.
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due to conduction electrons was observed, even in the high-
temperature metallic phase.
In the transient spectrum at 1 ps after photoexcitation, the

reflectivity sharply decreases at the positions of the peaks in the
low-temperature phase, indicating that the low-temperature
phase disappeared. Simultaneously, the reflectivity broadly
increases over the observed range, indicating that some carriers
emerge along the direction perpendicular to stacking direction
and/or that the peaks are broadened as a result of charge and
structural fluctuations. At 20 ps, the sharp reflectivity decreases
remain, while the broad increase over the entire observed range
decreases. Then at 300 ps a peak at 1572 cm−1 emerges.
Because the wavenumber of the peak agrees with that of the
peak in the high-temperature phase, the emergence of this peak
indicates the emergence of a new state that is similar to the
high-temperature phase. Figure 8b shows the temporal profile
of the reflectivity change at this peak position. Immediately
after photoexcitation, the reflectivity increases quickly and soon
decreases; subsequently, it gradually increases again over ∼100
ps. This temporal change means that 100 ps is required for the
emergence of the high-temperature-like phase.
Figure 9 summarizes the photoinduced dynamics elucidated

by time-resolved infrared vibrational spectroscopy and the
other techniques described so far. Photoirradiation of the
crystal in the low-temperature phase, in which the charge is
localized and ordered as (0, 1, 1, 0), creates a photoinduced
phase having a different charge order of (0, 1, 0, 1) after 40 fs.
The fluctuating charge and the structure of the new state cause
broad increases in reflectivity along the direction perpendicular
to the conducting direction. After that, the band becomes
broader as the fluctuations become larger, and the reflectivity in
the observed region decreases. Eventually, the charge order is
completely melted, and holes are distributed evenly along the
conducting direction. Because this state has the same character
as the high-temperature phase, a peak emerges at the same
position as that for the high-temperature phase. It takes 100 ps
for this process to occur.
In solids, relaxation from a photoexcited state is generally

very quick because the state interacts with many electronic and
vibrational states. Thus, the obtained time scale of 100 ps
appears to be very long for a solid. However, we have found
slow processes of over tens of picoseconds in other CT

complexes,17,40 so we believe that this slow process can occur in
some types of solids. What is the origin of this slow process?
Although the detailed mechanism is unclear, in our previous
studies slow processes were observed in crystals that experience

Figure 8. (a) Reflectivity change (ΔR/R) spectra in the molecular vibration region at 1, 20, and 300 ps after photoexcitation of (EDO-TTF)2PF6 at
180 K (red) and static reflectivity (R) spectra of the high-temperature phase at 290 K (green) and the low-temperature phase at 180 K (blue). (b)
Temporal profile of the reflectivity change (ΔR/R) at 1572 cm−1.

Figure 9. Schematic illustration of the proposed time evolution of the
charge pattern and molecular structure after the photoexcitation of the
charge-ordered insulating phase in (EDO-TTF)2PF6. The illustrations
at the right show the spectra in the molecular vibrational region
expected on the basis of these charge patterns and molecular
structures. Adapted from ref 35. Copyright 2012 American Chemical
Society.

Accounts of Chemical Research Article

dx.doi.org/10.1021/ar500257b | Acc. Chem. Res. 2014, 47, 3494−35033499



large steric hindrance during phase transitions.17 Moreover, as
described in section 6, some molecules vary slowly over ∼100
ps after photoexcitation while other molecules vary over less
than 1 ps, even in a single crystal. It was found that slowly
varying molecules undergo large deformations during phase
transitions. Thus, relations between slow photoinduced
structural changes and steric effects should be investigated
further, both experimentally and theoretically.

6. DIRECT OBSERVATION OF STRUCTURAL CHANGES
USING TIME-RESOLVED DIFFRACTION

So far we have reviewed photoinduced dynamics from the
Franck−Condon state to the charge melting state in terms of
optical spectroscopy. However, these optical spectroscopic
methods can provide only indirect information on structural
changes. To obtain the crystal order of atoms in real space (i.e.,
the crystal structure), diffraction methods using X-rays or
electrons are generally used. If such a diffraction method can
acquire temporal resolution on the order of femto- or
picoseconds, it becomes possible to see crystal structure
changes at every moment, that is, a movie of the molecular
motion could be made. One such method is time-resolved
electron diffraction using an ultrashort-pulse laser. An ultrashort
electron bunch is generated by irradiation of a metal foil with
an ultrashort pulse in which the photon energy of the pulse is a
little higher than the work function of the metal. Thus, a 100 fs
electron bunch can be obtained from a 100 fs optical pulse;
however, such an electron bunch stretches soon after
generation because of Coulomb repulsions between electrons.
Recently, various techniques have been developed to overcome
this difficulty.40−44

Figure 10 shows diffraction patterns of (EDO-TTF)2PF6 in
the (left) low- and (right) high-temperature phases obtained by

using such an ultrashort electron bunch.45 These diffraction
patterns are in good agreement with simulated patterns based
on the parameters obtained from a conventional X-ray
diffraction. Figure 11a shows the temporal variations in the
difference in the diffraction patterns before and after photo-
excitation of the low-temperature phase. Figure 11b shows the
temporal variations in the relative intensity change for selected
diffraction spots. The variations for all of the spots increase
immediately after photoexcitation, soon decrease, and sub-
sequently increase again slowly over ∼100 ps. This temporal
behavior is similar to that of the vibrational peak assigned to the
metal-like phase as described in section 5. This means that the

data obtained from time-resolved diffraction and the data
acquired using vibrational methods describe the same photo-
induced dynamics in (EDO-TTF)2PF6.
Each time-delayed diffraction pattern contains hundreds of

Bragg reflections; however, they are not enough to carry out a
general structural refinement procedure. Therefore, we used a
model refinement using a linear interpolation between the
atomic positions in the low- and high-temperature phases and
obtained nice convergence of the Pearson correlation
coefficient across the complete time span.45 To express the
progression of the photoinduced phase transition, the
modulations of atomic coordinates are grouped as ξF, ξB, and
ξP to express the modulations of flat (+1 charged) and bent
(neutral) EDO-TTF molecules and the PF6 anion, respectively.
The parameters ξF, ξB, and ξP are regarded as those of reaction
coordinates corresponding mainly to the translation and
flattening of each EDO-TTF and the motion of the PF6
anion, respectively. Figure 12a shows the temporal variations
of these three parameters, where the values (ξF, ξB, ξP) for the
structures in the low- and high-temperature phases are set to
(0, 0, 0) and (1, 1, 1), respectively. After photoexcitation, the
structure quickly changes toward that in the high-temperature
phase; however, the progression along ξB is much smaller than
those along ξF and ξP. This indicates that the flattening of the
bent neutral EDO-TTF is much slower than the motions of flat
monovalent EDO-TTF and PF6. Soon after this structural
change, these displacements partially revert back to the
structure in the low-temperature phase. Subsequently, the
structure gradually changes again toward that in the high-
temperature phase. Finally, after ∼100 ps, the structure
becomes the same as that in the high-temperature phase.
Figure 12b shows the crystal structural changes estimated from
these measurements. The central cell shows the crystal
structure in the low-temperature phase with the molecules
represented by a capped stick model. The left and right cells
show displacements from the structure in the low-temperature
phase (green bars) for the transient intermediate structure

Figure 10. Diffraction patterns of (EDO-TTF)2PF6 in (left) the low-
temperature phase at 230 K and (right) the high-temperature phase at
295 K.

Figure 11. (a) Difference in diffraction patterns at each delay time
before and after photoexcitation at time zero. (b) Temporal variations
in the relative intensity changes for selected diffraction spots. Adapted
with permission from ref 45. Copyright 2013 Nature Publishing
Group.
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(TIS) at 3−10 ps after photoexcitation and the high-
temperature phase, respectively.
Intriguingly, the structural period in the TIS consists of four

EDO-TTF molecules even though the flat monovalent
molecules undergo translations; in contrast, the optical
measurements implied that the period of charge distribution
involved two EDO-TTFs to obtain the (0, 1, 0, 1) charge
ordering. This indicates that in this time region, the lattice and
electronic structures differ. The unmovable EDO-TTF that is
bent as a result of steric interactions presumably plays an
important role in creating the unique photoinduced phase. This
speculation is consistent with the fact that coherent intra-
molecular vibrations at 1300 cm−1 are strongly involved in the
emergence of the photoinduced phase described in section 3.
Furthermore, the large movement of the PF6 counteranion
from the beginning is consistent with the theoretical calculation
that anion displacement plays an important role in the
emergence of the photoinduced phase.19 This behavior is also
in good agreement with previous results in which slow
structural changes were observed in other CT complexes
having steric hindrance.17 The experimental fact that the flat
EDO-TTF slips away from the bent EDO-TTF explains the
observation of 66 cm−1 coherent oscillations, which correspond
to intermolecular vibrations. The importance of the counter-
anion in photoexcited dynamics has also been reported in
another type of ionic crystal on the basis of femtosecond X-ray
diffraction.46

7. CONCLUDING REMARKS
Diverse photoinduced dynamics in (EDO-TTF)2PF6, an
organic crystal that has strong electron−electron and
electron−phonon interactions, have been studied by a
combination of various ultrafast measurement techniques,
including electronic spectroscopy on 10 and 100 fs time scales,
infrared vibrational spectroscopy, and electron diffraction. After
photoexcitation of the charge-localized low-temperature phase,
a photoinduced phase having a new charge order emerges over
40 fs; this new phase has never been observed in the crystal at
thermal equilibrium. Subsequently, over ∼100 ps, the charge-
ordered phase melts and a phase similar to the metallic high-
temperature phase emerges. In these phase transitions, the
steric effects of the bent EDO-TTF and the motions of flat
EDO-TTF and PF6 play important roles.
Recently it has been determined that various states emerge

and vanish in nonequilibrium states of strongly correlated
materials such as (EDO-TTF)2PF6. When these dynamics are
well-understood and appropriately used, various physical
properties such as electrical conductivity and magnetism can
be controlled on time scales that have never been achieved by
conventional methods. In these types of materials, even
mechanical movements could be controlled via strong
electron−lattice interactions. In terms of photoenergy con-
version, fast and efficient energy transfer could be achieved
using cooperative phenomena in strongly correlated materials.
However, studies of nonequilibrium states in strongly
correlated materials are very difficult both experimentally and
theoretically; thus, novel ultrafast measurement techniques and
theories need to be developed to overcome these difficulties.
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