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ABSTRACT: To clarify the mechanism of the later process of
photoinduced phase transition (PIPT) in organic charge-
transfer complexes, we examined by time-resolved infrared
vibrational spectroscopy two dimeric anion radical salts,
Et2Me2Sb[Pd(dmit)2]2 (Et2Me2Sb salt) and Cs[Pd(dmit)2]2
(Cs salt) (Et, Me, and dmit are C2H5, CH3, and 1,3-dithiol-2-
thione-4,5-dithiolate, respectively), having similar character-
istics except for the order of their phase transitions at thermal
equilibrium. The phase transition is first order for the
Et2Me2Sb salt and second order for the Cs salt at thermal
equilibrium. Although both salts exhibit a high-temperature phase at later delay times (>100 ps) after the photoexcitation of the
low-temperature phase, the time required for the emergence of the high-temperature phase was significantly different: 70 ps for
the Et2Me2Sb salt and <0.1 ps for the Cs salt. The slow emergence of the high-temperature phase in the PIPT of the Et2Me2Sb
salt presumably has an origin similar to that recognized for the first-order thermal phase transition, that is, steric effects of the
Et2Me2Sb cation when the phase transitions occur.

1. INTRODUCTION

Photoinduced phase transition (PIPT) is a cooperative
phenomenon in which a few electrons injected by photo-
irradiation trigger a change in macroscopic physical properties
through various interactions.1−21 Since such phase transitions
are ultrafast and efficient, they have attracted significant
attention from the scientific viewpoint as well as for
applications to ultrafast photoswitching devices. However,
PIPT is very difficult to understand and utilize because it
involves many nonequilibrium states including photoinduced
phases from the Franck−Condon state to the thermal
equilibrium state on the femtosecond to nanosecond time
scales. Thus, various ultrafast techniques have been applied to
address these difficulties. The first effort used conventional
nanosecond and 100-fs lasers.1,2 Sub-20-fs lasers have also been
recently developed.3−5 In terms of wavelength, it is now feasible
to generate strong mid-infrared6,7 to terahertz pulses,8,9 and
these have been applied to studies of PIPT. Time-resolved
photoemission spectroscopy is also a powerful tool to study
PIPT.10

These previous studies have successfully observed photo-
induced changes in the electronic structure. Recently, methods
to observe molecular and lattice structure, such as time-resolved
diffraction11−15 and time-resolved vibrational spectrosco-
py,16−21 have been developed, and relatively slow structural
dynamics in PIPT have attracted more attention. Time-resolved
diffraction using ultrashort X-rays or electron-beams is a direct
method, but requires large facilities and is still under
development. On the other hand, time-resolved vibrational
spectroscopy uses table-top lasers and is an established method
for studying structural changes of molecules in the gas or liquid
phases. Although conventional vibrational spectroscopy under
steady-state conditions is popular for studying structure and
charge in solid materials in thermal equilibrium, time-resolved
vibrational spectroscopy is rarely used for studying photo-
induced dynamics in solid materials. Thus, we have developed
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time-resolved vibrational spectroscopy applicable to photo-
induced dynamics in solid materials.16−19

Among the materials exhibiting PIPT, we have intensively
studied organic charge transfer (CT) complexes.22 CT
complexes are single crystals consisting of small π-electron
molecules and exhibit a wide variety of phases, such as metal,
charge-ordered insulator, Mott insulator, and superconductor,
by applying weak external stimuli, because they are essentially
strongly correlated electron systems.23−28 Moreover, CT
complexes are suitable for applying time-resolved vibrational
spectroscopy because their constituent molecules include the
CC stretching vibrational modes whose energies and
intensities are sensitive to the structure and charge of the
molecules.31−40 We have found that approximately 100 ps are
required for the emergence of the high-temperature phase in
some types of CT complexes.13,16,17,19 To elucidate the origin
of this slow emergence of the high-temperature phase, it is
useful to compare two samples that have the same character-
istics except for one distinction. In this study, we considered
two dimeric anion radical salts, (C2H5)2(CH3)2Sb[Pd(dmit)2]2
(Et2Me2Sb salt) and Cs[Pd(dmit)2]2 (Cs salt) (dmit = 1,3-
dithiol-2-thione-4,5-dithiolate), because they have almost the
same crystal structures and charge distributions but the order of
their thermal phase transition is different: the former is first
order and the latter is second order. In first order phase
transition, structural parameters jump at phase transition
temperature accompanied by latent heat, whereas in second
order phase transition, they vary smoothly; thus, information
on dynamical structure change is expected to be obtained.
The CT complexes consisting of a Pd(dmit)2 anion,

Z[Pd(dmit)2]2 (Z is a monovalent cation), show diverse
phases such as metal (M), dimer Mott insulator (DM), charge
separation (CS), valence bond liquid, and valence bond solid
because of the competition and frustration of interactions
among charges and spins in the two-dimensional triangular
lattice.27,28,41−47 A phase diagram based on the structures and
resistivity measurements has been proposed for β′-Z[Pd-
(dmit)2]2.

27,28 The compounds in this series are on the
boundary of Mott transitions, suggesting that they are strongly
charge correlated systems. Moreover, they have layered crystal
structures, in which conducting anion layers consisting of
Pd(dmit)2 and insulating cation layers consisting of Z are
alternately stacked. In the anion layer, [Pd(dmit)2]2

− dimers are
stacked face-to-face in different directions from layer to layer
(along the a + b and a − b axis) forming a solid-crossing
column structure in most cases. There is tight dimerization of
the Pd(dmit)2 molecules; thus, the dimer has been thought to
be an effective unit and constitutes a half-filled band system.
Among these salts, only the Et2Me2Sb and Cs salts exhibit a

unique complete charge-separated (CS) phase. The formal
charge of the Pd(dmit)2 molecule in these salts is −0.5, and the
system has a half-filled character owing to the tight
dimerization.47−49 As shown in Figure 1a, at room temperature,
the charge on each [Pd(dmit)2]2 dimer is uniformly −1
(monovalent) in both the salts, and the phases of the Et2Me2Sb
and Cs salts are dimer Mott insulator (DM) and metal (M),
respectively. At low temperatures, both salts undergo a phase
transition to the same CS phase in which the dimer charges of
−2 (divalent) and 0 (neutral) are ordered at about 70 K for the
Et2Me2Sb and 60 K for the Cs salts.44 X-ray structural analysis
has revealed that these salts show the same structural changes
(space groups and lattice and dimer structures) at the phase
transition.44 In contrast, the order of phase transition for these

salts is significantly different. The lattice parameters of the
Et2Me2Sb salt are discontinuously changed at the transition
temperature, whereas those of the Cs salt are continuously
changed. Moreover, their transport and magnetic properties
vary similarly with their lattice parameters.47,50,51 Thus, the
phase transition is considered to be first order for the Et2Me2Sb
salt and second order for the Cs salt.44 As described in detail
later, this difference in order of phase transition originates from
the shape of the cations. The hook-shaped Et2Me2Sb cation
works like a latch in the phase transition whereas the spherical
Cs cation does not exhibit such an effect.44

The thermal phase transition in these salts is governed by the
stability of their molecular orbitals. Figure 1b shows the
schematic energy levels of the molecular orbitals of the
Pd(dmit)2 salts. When they form a dimer, [Pd(dmit)2]2, each
HOMO and LUMO level of the Pd(dmit)2 molecules is split
into two levels, associated with bonding and antibonding
pairs.52 If the molecules form a tight dimer, that is, the overlap
between the molecules is large, the energy levels of the
antibonding pair of HOMOs and the bonding pair of LUMOs
are exchanged. Both the two bonding levels become located in
the lower energy region owing to this energy-level exchange, so
that the neutral dimer is strongly stabilized. Because the energy
gain by this neutral dimer formation is greater than the energy
loss by the divalent dimer formation, the CS phase is preferred
at low temperatures.27,44,48−50 Accompanying this stabilization,
the intradimer distance between the Pd(dmit)2 molecular
planes is characteristically changed, as shown in Figure 1a. The
distance between the planes in the neutral dimer decreases and
a tighter dimer is formed (indicated in orange); alternatively,
that between the planes in the divalent dimer increases and the
looser dimer is formed (indicated in blue).

Figure 1. (a) Common charge patterns and crystal structures in the
high- and low-temperature phases of (C2H5)2(CH3)2Sb[Pd(dmit)2]2
(Et2Me2Sb salt) and Cs[Pd(dmit)2]2 (Cs salt). (b) Stabilization of the
low-temperature phase when Pd(dmit)2 forms a tight dimer. The red
arrows indicate the transition induced by the pump pulse (800 nm,
1.55 eV).
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Previously, we studied PIPT triggered by the destabilization
of the neutral or divalent dimer by photoirradiation.51 For the
Et2Me2Sb salt, time-resolved reflectivity-change measurements
in the near-infrared region showed that the charge of the
dimers becomes uniformly monovalent within 120 fs by the
photoexcitation of the low-temperature CS phase. In the Cs
salt, a similar result was obtained.53 However, we only observed
changes in the electronic states of the dimer, which reflects the
distance between the two molecules in the dimer. Thus, in the
current study we investigated the hidden PIPT dynamics by the
previous near-infrared spectroscopy method using time-
resolved infrared vibrational spectroscopy in terms of variations
in the structure and charge of the constituent molecules.

2. EXPERIMENTAL METHODS

The experimental setup for time-resolved infrared vibrational
spectroscopy has been reported previously16 and thus it is
described in brief here. Time-resolved vibrational spectra were
measured using a broadband femtosecond mid-infrared pulse
and a linear infrared detector array. The broadband mid-
infrared probe pulse (pulse duration, 120 fs; tunable range,
1000−3700 cm−1; spectral width, 150 cm−1) was generated by
optical parametric amplification (OPA) and difference
frequency generation (DFG) from the output of a femtosecond
Ti:sapphire regenerative amplifier operating at 1 kHz (center
wavelength, 800 nm). The near-infrared pump pulse (800 nm)
was obtained from a part of the output of a Ti:sapphire
amplifier. The spot size of the probe pulse (0.1 mmϕ) was
much smaller than that of the pump pulse (0.4 mmϕ) at the
sample surface in order to avoid inhomogeneous excitation.
The probe pulse reflected from the sample was detected by a
64-channel linear MCT (HgCdTe) array through a 19-cm
polychromator. The energy resolution of this system was
approximately 3 cm−1. The pulse train of the pump pulse was
modulated at 500 Hz with an optical chopper to obtain data
with a higher signal-to-noise ratio. The delay time between the
pump and probe pulses was obtained by an optical delay line
and the maximum delay time was 1 ns. The sample crystals
were made by an oxidation process of [Et2Me2Sb]2[Pd-
(dmit)2]2.

54 The typical crystal size was approximately 1.0 ×
0.5 × 0.2 mm3. Linear reflectivity spectra without a pump pulse
were measured using a Fourier transform infrared (FTIR)
spectrometer equipped with a Cassegrain microscope objective
lens. The crystal was held inside a conduction-type cryostat and
was maintained at 50 K for the Et2Me2Sb salt and 20 K for the
Cs salt during pump−probe measurements.

3. RESULTS AND DISCUSSION

3.1. Et2Me2Sb Salt. In dimeric Pd(dmit)2 salts, the CC
stretching vibrational bands are located between 1250 and 1400
cm−1.39 Figure 2 shows the vibrational modes originating from
the dimerization of Pd(dmit)2. In a Pd(dmit)2 monomer, the
two CC bonds shown in Figure 2a contribute two stretching
vibrational modes: a ν1 Raman-active mode and a ν2 infrared-
active mode, because the monomer has an inversion symmetry,
as shown by the arrows in Figure 2b. When the monomers
form a tight dimer, [Pd(dmit)2]2, four vibrational modes
emerge by a combination of the four CC bonds, as shown in
Figure 2c. The B and C modes are IR active, whereas the A and
D modes are Raman active, also because the center of the
inversion symmetry lies at the center of the dimer. Of these
four modes, the B mode is insensitive to the structure of the

dimer and its center frequency is sensitive to the charge of a
monomer because the main contribution to the B mode is the
infrared-active monomer mode ν2, whereas the Raman active A
mode is not sensitive to the charge at a monomer but to the
charge of the dimer.55 The frequency difference between the
neutral and divalent dimers is 50−80 cm−1.39 In contrast, the
frequency and intensity of the C mode strongly depend on
both the intra- and interdimer overlap integrals whereas those
of the D mode depend mostly on the intradimer overlap
integral; thus, the C mode is a good probe for both the
intradimer structure (the relative position of the molecules
inside a dimer) and interdimer structure (the relative position
between dimers), and the D mode is a good probe for the
intradimer structure.39

Figure 3a shows the linear reflectivity spectra of the
Et2Me2Sb salt in the low-temperature phase at 50 K (blue
line) and in the high-temperature phase at 300 K (red line).
These were measured using linearly polarized light parallel to
the a-axis (E∥a). In the low-temperature phase, the C mode
(CLT) emerges as a broad band spanning 1250−1310 cm−1.
This broad bandwidth is caused by the interdimer inter-
actions.56 This band has two dips at approximately 1263 and
1302 cm−1 due to anti-resonance of the D mode (DLT).

39,57 In
the high-temperature phase, there are two obvious bands: the
one at approximately 1330 cm−1 is assigned to the B mode
(BHT) and the other at approximately 1290 cm−1 is assigned to
the C mode (CHT).

39 Note that the spectral patterns are
drastically changed from the low- to high-temperature phases
reflecting the difference in charge and structure of their phases.

Figure 2. Vibrational modes induced by the dimerization of
Pd(dmit)2. (a) CC bonds contributing to the vibrational modes.
(b) Two vibrational modes of the Pd(dmit)2 monomer including the
variation of the CC bonds. (c) Four vibrational modes induced by
forming the tight dimer [Pd(dmit)2]2.
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Figure 3b shows the transient vibrational spectra observed at
0.1, 1, 5, 10, 20, 50, 300, and 700 ps after the photoexcitation of
the low-temperature CS phase at 50 K. The vertical axis
represents the reflectivity change (ΔR/R). The wavelength and
intensity of the pump pulse were 800 nm (1.55 eV) and 0.27
mJ/cm2 (1.1 × 1015 photons/cm2), respectively, and the
polarizations of the pump and probe pulses were parallel to the
a-axis (E∥a). The photon energy corresponds to the electronic
transition from the bonding to the antibonding orbital in the
neutral dimer, as shown by the red arrows in Figure 1b. This
photoexcitation destabilizes the dimerization of the neutral
dimer. At 0.1 ps, a reflectivity increase over a wide spectral
region spanning 1225−1400 cm−1 was observed. This wide-
range spectral change is mainly attributed to the change in the
interdimer CT absorption band. In addition to the wide-range
spectral change, there are at least two relatively sharp bands
(marked in green and yellow in Figure 3b). The green band
emerges immediately after photoexcitation, and its spectral
strength increases gradually over 300 ps. In contrast, the yellow
band emerges only after 50 ps. Based on their wavenumbers,
the green and yellow bands are assigned to the BHT and CHT
bands in the high-temperature phase, respectively. In addition,
there are relatively small bands at the positions of the anti-
resonance dips of the DLT mode indicated by the blue lines
from the beginning of the delay time.

To confirm these assignments, we performed a spectral
simulation using the multilayer model typically used for the
analysis of photoinduced phase transitions.19,58−61 In this
simulation, we assumed that the dielectric constant before and
after photoexcitation correspond to the dielectric constants,
which are deduced from the reflectivity spectra using the
Kramers−Kronig transformation, of the low- and high-temper-
ature phases, respectively, and that the density of the
photoinduced phase decreases exponentially with penetration
depth, d, along the direction of the propagation of the pump
light from the sample surface. The sample is represented as a
model composed of many thin layers having the same thickness
and different but homogeneous dielectric constants. The
dielectric constant of each layer is assumed from the following
formula

ε ε γ ε γ= − + − −⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎧⎨⎩
⎛
⎝

⎞
⎠
⎫⎬⎭x

x
d

x
d

( ) exp 1 expHT LT

In this formula, the dielectric constant is represented by a linear
combination of the dielectric constants of the low- (εLT) and
high-temperature (εHT) phases considering the distribution of
each phase, which is a function of the depth (x) from the
sample surface. γ represents the ratio of the photoinduced
phase at the sample surface. Under these assumptions, the
photoinduced reflectivity spectrum is calculated from the
transfer matrix by considering the contributions of each layer
(for details of the calculation, see refs 19, 58). The spectrum
simulated by this model is indicated by the red line in Figure 4

and is shown together with the spectrum at 300 ps (black dots
and line). In the simulation, the value of 0.1 for the parameter γ
and the value of 50 nm for the parameter d are estimated from
the absorption coefficient at 800 nm in the low-temperature
phase. We used the dielectric constants derived from the linear
spectra in the low and high temperature phases for the values of
εLTand εHT, respectively. The simulated spectral shape is in
good agreement with that at 300 ps, except for some deviation
above 1345 cm−1, presumably due to the effect of the domain
walls, which is not considered in our simulation. Thus, we
concluded that the photoinduced phase at least after 300 ps is
the same as the high-temperature phase, and the green and
yellow bands are assigned to the BHT and CHT bands,
respectively. On the other hand, the spectrum before 50 ps
cannot be reproduced by our calculation owing to the absence
of the CHT band, strongly indicating the existence of a transient
state.

Figure 3. (a) Polarized linear reflectivity spectra of the Et2Me2Sb salt
in the low-temperature phase at 50 K (blue line) and in the high-
temperature phase at 300 K (red line). The polarization of light (E) is
parallel to the a-axis of the crystal (E∥a). The dashed line represents
the C mode band (CLT) without anti-resonance of the D mode band
(DLT) in the low-temperature phase as a guide for the eyes. BHT and
CHT represent the B and C mode bands in the high-temperature phase,
respectively. (b) Selected transient vibrational reflectivity change (ΔR/
R) spectra obtained with a E∥a probe pulse of 0.1−700 ps by
photoexcitation at 800 nm in the low-temperature phase at 50 K. The
green and yellow areas represent the BHT and CHT bands induced by
photoexcitation, respectively. The dashed horizontal lines represent
the zero level for each spectrum.

Figure 4. Transient vibrational reflectivity spectrum of the Et2Me2Sb
salt at 300 ps (E∥a) (black dots and line) and the simulated spectrum
using the multilayer model (for details, see the text).
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As mentioned above, the B band is sensitive to the charge of
the dimer whereas the C band is sensitive to the dimer
structure; thus, the emergence of the BHT and CHT bands
following photoexcitation indicates that the charge and the
structure of the dimer become similar to those observed in the
high-temperature phase. The empirical finding that the BHT
band emerges immediately after photoexcitation indicates that
the divalent and neutral charges of the dimer in the low-
temperature phase become averaged into a monovalent charge
immediately after photoexcitation. In contrast, the fact that the
CHT emerges only after 50 ps indicates that it takes several tens
of picoseconds for the structure of the dimer to resemble that
observed in the high-temperature phase. We compare these
temporal variations to the previous time-resolved study in the
near-infrared region under the same condition, which observes
different aspect of the same dynamics.51 Based on the previous
study, the structure of the intradimer becomes equivalent to
that in the high-temperature phase within the pulse duration of
approximately 120 fs. Considering that the C band is sensitive
to both the intra- and interdimer structure, the slow dynamics
must originate from the fluctuation of the interdimer structure.
Despite the relatively minor change, the disappearance of the

dips of the DLT mode contains important information about the
early dynamics of the transient state. As pointed out above,
there are small bands at the positions of the anti-resonance dips
of the DLT mode from the beginning of the delay time. It is
reasonable that the emergence of these bands originates from
the disappearance of the DLT mode. Because the D mode is
sensitive only to the intradimer structure, the emergence of
these small bands indicates that the intradimer structure is
changed from that in the low temperature phase immediately
after photoexcitation. This result is also consistent with the
previous time-resolved study in the near-infrared region.51 Note
that the fact that the DLT bands appear to decrease at around 20
ps is presumably attributed to the variation and fluctuation of
the background because the state is far from stable in this time
region.
To confirm these results, we also measured the transient

vibrational spectra of the same sample using a probe pulse
polarized along a different crystal axis. Figure 5a shows the
linear reflectivity spectra of the Et2Me2Sb salt in the low-
temperature phase at 50 K (blue line) and in the high-
temperature phase at 300 K (red line) measured using a linearly
polarized light parallel to the b axis (E∥b). According to ref 39,
the bands at approximately 1290 cm−1 (CHT) and 1335 cm−1

(BHT) in the high-temperature phase were assigned to the B
and C modes, respectively. The dips (DLT) originating from the
anti-resonance of the D mode in the C mode band (CLT) are
also observed at approximately 1270 and 1285 cm−1 in the low-
temperature phase.
The transient vibrational spectra were measured at 0.1−400

ps after the photoexcitation of the low-temperature phase at 50
K using probe light polarized parallel to the b-axis of the crystal.
The excitation intensity of the pump pulse polarized parallel to
the a-axis was 1.1 mJ/cm2 (4.5 × 1015 photons/cm2). Selected
transient ΔR/R spectra are shown in Figure 5b including the
correlation between spectral changes and the delay time.
Similar to the result using the E∥a probe, at 0.1 ps, the
reflectivity increases over the entire wavenumber range of the
observed spectrum. The BHT band (marked in green) emerges
immediately after photoexcitation, and its intensity gradually
increases up to 100 ps, whereas the CHT band (marked in
yellow) clearly emerges after 50 ps although there is a tiny band

before 50 ps. Furthermore, a simulated spectrum with different
γ(=0.6), corresponding to the difference in excitation intensity
shows good correlation with the transient spectrum at 300 ps,
as shown by the red line in Figure 6. All these results are in
good agreement with the results of the E∥a probe.
The spectral change at the anti-resonance dips of the DLT

mode is also suggestive. The large and tiny bands emerge at the
positions of the dips (approximately 1270 and 1285 cm−1) from
the beginning of the delay time. Considering that the D mode
is sensitive to the intradimer structure, this indicates a

Figure 5. (a) Polarized linear reflectivity spectra of the Et2Me2Sb salt
in the low-temperature phase at 50 K (blue line) and in the high-
temperature phase at 300 K (red line). The polarization of light (E) is
parallel to the b axis of the crystal (E∥b). The dashed line represents
the C mode band (CLT) without anti-resonance of the D mode band
(DLT) in the low-temperature phase. BHT and CHT represent the
locations of the B and C mode bands in the high-temperature phase,
respectively. (b) Selected vibrational reflectivity change (ΔR/R)
spectra obtained with a E∥b probe pulse of 0.1−100 ps by
photoexcitation at 800 nm in the low-temperature phase at 50 K.
The green and yellow areas represent the BHT and CTH bands in the
transient spectra induced by photoexcitation, respectively. The dashed
horizontal line represents the zero level for the spectrum at 0.1 and
100 ps.

Figure 6. Transient vibrational reflectivity spectrum of the Et2Me2Sb
salt at 300 ps (E∥b) (black dots and line) and the simulated spectrum
using the multilayer model (for details, see the text).
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disappearance of the intradimer structure in the low-temper-
ature phase immediately after photoexcitation. This result is
also in good agreement with the results of the time-resolved
study in the near-infrared region as well as those of the E∥a
probe. Thus, we concluded that the divalent and neutral
charges of the dimers converge to monovalent charges and also
the intradimer structure becomes similar to that in the high-
temperature phase immediately after photoexcitation, whereas
it takes tens of picoseconds for the interdimer structure to be
converted into a structure similar to that in the high-
temperature phase.
To obtain the temporal behavior of the BHT and CHT bands,

the areas of these bands (indicated by colors in the figures) are
plotted as a function of the delay time in Figure 7. Figures 7a

and b show the temporal profiles of the BHT and CHT bands,
respectively; the black dots and blue circles in both figures
represent the normalized area obtained from the spectra of E∥b
and E∥a, respectively. Although the quality of the data points of
E∥a diminishes owing to experimental issues, the temporal
profiles of E∥b and E∥a are the same. The area of the BHT band
rapidly increases after photoexcitation followed by more
gradual increases, whereas the area of the CHT band gradually
increases from the beginning of the observation period. The
time constants of the consistently gradual increase were
determined by a least-squares fit using the following equation:

τ

=
<

− − + ≥⎜ ⎟

⎧
⎨⎪

⎩⎪
⎧⎨⎩

⎛
⎝

⎞
⎠
⎫⎬⎭

f t

t

A
t

C t
( )

0 ( 0)

1 exp ( 0)
(1)

where A is the magnitude of the component and τ is the time
constant. In addition, by considering the instrumental function
of the measurement system, the fitting function 1 was
convoluted with a Gaussian function. The simulated curves
shown by the red lines in Figures 7a and b adequately
reproduce the temporal profiles of the area of the BHT and CHT
bands, respectively. The time constants of the BHT and CHT

bands are determined to be 70 ± 9 ps and 66 ± 5 ps,
respectively, and are regarded as essentially equivalent within
experimental error. From this analysis, it is concluded that the
charge distribution evolves to the approximate charge
distribution observed in the high-temperature phase within
the pulse duration (∼120 fs), and subsequently, the lattice
structure transforms at above approximately 70 ps into one
resembling that in the high-temperature phase. The difference
in the charge distribution between immediately after photo-
excitation and at later delay times (>100 ps) presumably
originates from structural fluctuations that occur until the
structure is stabilized.

3.2. Cs Salt. To compare the PIPT dynamics to those of a
complex undergoing a second-order phase transition, we
measured and analyzed the transient vibrational spectra of the
Cs salt in a manner similar to that used for the Et2Me2Sb salt.
Figure 8a shows the linear reflectivity spectra at 1200−1400

cm−1 measured using linearly polarized light parallel to the a
axis at 20 K (low-temperature phase) and 100 K (high-
temperature phase). Although the exact wavenumbers of the B
and C bands have not yet been clarified, the bands
corresponding to the B and C bands are located in this
wavenumber region, as expected, because the Cs and Et2Me2Sb
salts have similar crystal structures.
Transient vibrational spectra were also measured at 0.1−50

ps after the photoexcitation of the low-temperature phase at 20
K. The probe pulse was polarized parallel to the a-axis of the
crystal. The excitation intensity of the pump pulse at 800 nm
was 0.44 mJ/cm2 (1.8 × 1015 photons/cm2), and the
polarization of the pump pulse was also parallel to the a axis.
Selected transient ΔR/R spectra are shown in Figure 8b. In
striking contrast to the results of the Et2Me2Sb salt, the spectral
changes of the Cs salt were consistent over the measured
temporal range. As shown in Figure 9, the spectra were also
well reproduced by the multilayer model with γ = 1.0. This
value implies that one photon makes about two photo-
converted dimers. Thus, it is concluded that a phase having a

Figure 7. Temporal profiles of the area of the BHT band (a) and the
CHT band (b) in the transient reflectivity change spectra of the
Et2Me2Sb salt. The black dots and blue circles represent the data
obtained with a E∥b and E∥a probe pulses, respectively. The red line is
the fitting curve using eq 1 with a time constant of 70 ± 9 ps for the
BHT band and 66 ± 5 ps for the CHT band.

Figure 8. (a) Polarized linear reflectivity spectra of the Cs salt in the
low-temperature phase at 20 K (blue line) and in the high-temperature
phase at 100 K (red line). The polarization of light (E) is parallel to
the a axis of the crystal (E∥a). (b) Selected vibrational reflectivity
change ΔR/R) spectra obtained at 0.1−50 ps by photoexcitation at
800 nm in the low-temperature phase at 20 K.
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charge and structure similar to those in the high-temperature
phase emerges immediately after photoexcitation, and the
emerged phase persists for more than 50 ps. The details of the
early dynamics of the Cs salt studied in terms of transient
electronic spectra employing time-resolved near-infrared spec-
troscopy will be published elsewhere.53

3.3. Photoinduced Phase Transition Vs Thermal Phase
Transition. Through the photoexcitation of the low-temper-
ature CS phase in the Et2Me2Sb and Cs salts, it is found that
the high-temperature phase emerges after at least 100 ps for
both salts, but their temporal behaviors prior to the emergence
of the high-temperature phase are different. For the Et2Me2Sb
salt, the charge and intradimer structure become similar to
those in the high-temperature phase immediately after
photoexcitation, and subsequently the structure of the
interdimer approaches that in the high-temperature phase
over approximately 70 ps. In the Cs salt, the charge and all
structures of the dimer transform into those in the high-
temperature phase immediately after photoexcitation. At
thermal equilibrium, the two salts have the same crystal
structure both above and below the transition temperature, but
their orders of phase transition are different; that is, the phase
transition is first order for the Et2Me2Sb salt and second order
for the Cs salt. This situation is clearly seen in the temperature
dependence of the lattice parameters in the previous report.44

Both temperature dependences resemble each other except for
the jumps at the critical temperature for the Et2Me2Sb salt.
Thus, the remaining major difference between the two salts is
the structure of their cations. The Et2Me2Sb cation has four
alkyl groups that resemble a hook, whereas the Cs cation is
spherical. Thus, this difference in the cation structure, rather
than the difference in electronic states (insulating or metallic),
must be the cause of the difference in the temporal behavior of
the PIPT and the order of the thermal phase transitions.41 In X-
ray crystal structure analysis,44 it was found that there is a steric
interaction between the alkyl groups of the Et2Me2Sb cation
and the terminal S atoms of the Pd(dmit)2 molecule
accompanying the thermal phase transition. This steric effect
requires latent heat at the thermal phase transition and causes
the first-order phase transition. In contrast, the spherical Cs
cation exhibits no steric effect, and the Cs salt undergoes a
second-order phase transition. This steric effect must be
responsible for the slow change of the interdimer structure
during PIPT in the Et2Me2Sb salt. Immediately after CT
excitation in the dimer by the excitation pulse, the charge and
internal structure of the dimer transform to resemble those

observed in the high-temperature phase. Afterward, the steric
effect creates a bottleneck in the process of stabilization of the
interdimer structure. On the other hand, the high-temperature
phase emerges immediately after photoexcitation in the Cs salt
because there is no steric interaction. In addition, it is also
possible that the stronger interaction between the anion layers
due to the small spherical Cs cation promotes the emergence of
the high-temperature phase. Figure 10 illustrates the differences
between the Et2Me2Sb and Cs salts for the PIPT process.

A similar situation was observed for the PIPT in (EDO-
TTF)2PF6 (EDO-TTF: ethylenedioxy-tetrathiafulvalene).19

After the peculiar photoinduced phase emerges, it takes
approximately 100 ps for the charge and structure of EDO-
TTF to become similar to those in the high-temperature phase.
According to a recent study using time-resolved electron
diffraction,13 during this slow process, flat EDO-TTF
molecules, which have less steric effect, move quickly less
than 1 ps, whereas bent EDO-TTF molecules, which have more
steric effect, vary slowly over 100 ps. Intriguingly, these time
scales are consistent with our results. Although the situation is
slightly different, a similarly slow process (∼100 ps) was
observed in the PIPT from the low- to high- temperature phase
in TTF-CA (tetrathiafulvalene-p-chloranil).17,62 In this slow
process, proliferation of the domain occurs; however, this
crystal also undergoes a first-order thermal phase transition, and
there is probably a bottleneck slowing the proliferation process.

4. SUMMARY
We have examined the photoinduced phase transition
mechanism by comparing two charge-transfer complexes having
thermal phase transitions of different order by time-resolved
infrared vibrational spectroscopy. For this purpose, we
considered two dimeric anion radical salts, (C2H5)2(CH3)2Sb-
[Pd(dmit)2]2 (Et2Me2Sb salt) and Cs[Pd(dmit)2]2 (Cs salt)

Figure 9. Selected transient vibrational reflectivity spectrum of the Cs
salt at 300 ps (E∥a) (black dots and line) and the simulated spectrum
using the multilayer model (for details, see the text).

Figure 10. Differences between the Et2Me2Sb and Cs salts for the
photoinduced phase transition process. Steric effects of the Et2Me2Sb
cation cause a bottleneck in the course of the stabilization of the whole
structure. The number above each dimer represents the charge on the
dimer.
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(dmit = 1,3-dithiol-2-thione-4,5-dithiolate), having the same
crystal structure and charge distribution but exhibiting first- and
second-order phase transitions, respectively. We monitored the
vibrational bands that are sensitive to the charge or structure of
the dimer, [Pd(dmit)2]2, as a function of the delay time. For the
Et2Me2Sb salt, we observed that the charge distribution and
intradimer structure are transformed into those similar to the
high-temperature phase immediately after photoexcitation, and
that it takes approximately 70 ps for the interdimer structure to
resemble that observed in the high-temperature phase. For the
Cs salt, we observed that the charge and intra- and interdimer
structures are transformed into those in the high-temperature
phase immediately after photoexcitation. The reason for the
slow interdimer structural change is believed to originate from
the steric effects of the Et2Me2Sb cation, which is also the origin
of the first-order thermal phase transition in the Et2Me2Sb salt.
This conclusion is a plausible explanation for the other results
that show a slow emergence of the high-temperature phase with
a time constant of approximately 100 ps in (EDO-TTF)2PF6
and TTF-CA by time-resolved infrared vibrational spectrosco-
py. Thus, it is possible that this concept is generally applicable
to understanding photoinduced phase transitions in organic
crystals.
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