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The effect of high pressure on the photoinduced insulator-to-metal transition in charge-ordered �bis�ethyl-
enedithio��tetrathiafulvalene �BEDT-TTF� salt �-�BEDT-TTF�2I3 was investigated using femtosecond spec-
troscopy under hydrostatic pressure. By applying pressure �P�, the lifetime of the initially produced micro-
scopic metallic domain becomes shorter, reflecting that condensation to the semimacroscopic metallic state is
disturbed for P�0.5 GPa. However, condensation is promoted for P=0.5–1 GPa, thereby enhancing the
nonlinearity of the photoinduced insulator-to-metal transition. Such nonmonotonous pressure dependence sug-
gests competition between the increase of electronic bandwidth and photoinduced anisotropic lattice strain
under pressure.
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I. INTRODUCTION

Ultrafast photoinduced insulator-to-metal �I-M� transi-
tions �PIMTs� have attracted considerable interest for appli-
cation to switching devices and basic research on nonequi-
librium phase dynamics in solids. Actually, PIMTs have been
demonstrated in organic and inorganic correlated electron
�CE� systems using various ultrafast time-resolved detection
methods.1 On the other hand, application of high pressure is
a powerful technique for surveying new material phases in
CE systems. The electronic bandwidth competing with the
Coulomb repulsion energy can be modulated considerably by
applying pressure, engendering superconductivity and the
I-M transition.2,3 By combining the techniques of high pres-
sure and ultrafast spectroscopy,4 discovery of a new photo-
induced phase and a method for control of their dynamics is
expected.

Among the many examples of PIMTs,1 ultrafast and effi-
cient photoinduced PIMTs in 3 /4-filled organic salts, which
show potential for application to organic devices, have at-
tracted much attention.5–8 Photoinduced melting of a charge
order �CO� in layered �bis�ethylenedithio��tetrathiafulvalene
�BEDT-TTF� �hereinafter ET� salts reflects the contribution
of both long-range Coulomb interaction and electron-phonon
interaction.7 That is, microscopic metallic domains on a scale
of �10 nm are generated mainly by an electronic response.
For strong excitation, the microscopic domains are con-
densed to stabilize the semimacroscopic state by accompa-
nying the intermolecular rearrangements. The initially pro-
duced microscopic domain is considered to play an
important role in PIMT not only in this compound but also in
other CE materials.1 Investigation of pressure effects on
PIMTs will elucidate their electronic characteristics as well
as the lattice dynamics of the photoinduced microscopic me-
tallic domains. Such knowledge is necessary for exploring
new photoinduced states.

This paper reports pressure effects on the PIMT in a typi-
cal ET salt �-�ET�2I3 �Ref. 9� using femtosecond pump-
probe spectroscopy under hydrostatic pressure. Actually,

�-�ET�2I3 exhibits CO at temperatures below Tc �the transi-
tion temperature from metal to CO insulator� =135 K.9–13

The metal-to-CO transition in �-�ET�2I3 is the first-order
phase transition, but the lattice effect is not crucial.14–17 Fig-
ure 1�a� shows that Tc decreases with hydrostatic pressure �P
�GPa�� �Refs. 18 and 19� because of the increase of the elec-
tronic bandwidth, thereby stabilizing the metallic state. We
have modulated PIMT dynamics by applying hydrostatic
pressure of up to 1 GPa. The electronic nature and the lattice
dynamics of the photoinduced microscopic and macroscopic
domains were discussed based on the pressure effects on the
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FIG. 1. �Color online� �a� Tc �transition temperature from metal
to CO� is plotted as a closed circle; it is a function of pressure �Ref.
18� and the molecular arrangement of �-�ET�2I3. �b� Steady-state
�upper panel� and transient �lower panel� reflectivity spectra for �b
at 20 K, td=0.1 ps. �c� Time evolutions of �R /R for various P
measured at 0.65 eV for Iex=0.1 mJ /cm2, 20 K. The thick gray
curve shows the profile measured at P=2 GPa, 20 K.
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lifetime of the photoinduced metallic state and a coherent
phonon triggered by the PIMT.

II. EXPERIMENT

Single crystals of �-�ET�2I3 �average size 1�1
�0.1 mm3� were prepared using a previously reported
procedure.20 Steady-state infrared reflectivity spectra were
observed using a microscopic measurement system com-
posed of a microscope �Spectra-Tech IR plan� and a Fourier
transform infrared spectrometer �Nicolet Magna 760�.21 For
pump-probe spectroscopy, the sample was set in a clamp-
type sapphire-anvil cell �Kyowa-Seisakusho K.K. KY04-3�
made of BeCu25. Sapphire �1.5 mm diameter culet, 2 mm
thickness� was used as an anvil. An inconel gasket with a
drilled 0.7 mm diameter hole was used as a sample chamber.
The sample was placed in this chamber together with a ruby
for calibrating pressure in the pressure medium at 1:1 mix-
ture of Fluorinart 75 and 77. The pressure dependence of Tc,
as measured by the change of the reflectivity at 0.65 eV, is
analogous to previously reported results,18,19 confirming that
the hydrostatic pressure is applied correctly on the probe
spot. A Ti:sapphire amplifier operating at 1 kHz �Hurricane,
Spectra-Physics�, with a handmade dual optical parametric
amplifier �OPA� system, was used as the light source. One
OPA, with photon energy �Eex� of 0.89 eV, was used for the
pump pulse. The other was used for the probe pulse, ranging
from 0.12 to 0.8 eV. Transient reflectivity spectra under hy-
drostatic pressure were measured at 0.3–0.8 eV. The time
resolution of the system was �200 fs.

III. RESULTS AND DISCUSSIONS

A. Dynamics of photoinduced insulator-to-metal transition in
�-(ET)2I3 under hydrostatic pressure

Figure 1�b� shows polarized reflectivity �R� spectra of
�-�ET�2I3 for the electric field of light parallel to the b axis
�upper panel�. The R spectra for T=150 and 20 K are repre-
sented, respectively, as dashed and solid curves. A midinfra-
red reflection band reflects the I-M transition.22,23 Open
circles, triangles, and rectangles in the lower panel of Fig.
1�b�, respectively, show the transient reflectivity ��R /R�
spectra at 20 K under P=0, 0.3, and 1 GPa. The pump and
probe lights were polarized parallel to the b axis. These
�R /R spectra measured at td �the delay time of the probe
light after excitation� =0.1 ps are analogous to the differen-
tial reflectivity spectra �RM−RI� /RI �solid curves in the lower
panel�, in which RM and RI, respectively, represent the reflec-
tivity of the metallic and the CO insulator phases. This spec-
tral coincidence indicates that melting of the CO and forma-
tion of the metallic state occur immediately after
photoexcitation, irrespective of P. The magnitude of �R /R
observed at any detection energy for td=0.1 ps increases lin-
early with the excitation intensity �Iex� up to 0.1 mJ /cm2,
which corresponds to the excitation of approximately one
photon per 600 ET molecules.7 Consequently, the contribu-
tion of two-photon absorption is negligible, although large
third-order optical nonlinearity has been reported.24 The
PIMT efficiency is evaluated as 250 molecules/photon, indi-

cating that the microscopic metallic domains are initially
produced on a �10 nm scale.

Figure 1�c� shows time evolutions of �R /R for various P
measured at 0.65 eV �Iex=0.1 mJ /cm2, T=20 K�. The decay
time shortens at 0.3 GPa, but lengthens at 0.58 GPa. The
oscillating structures superimposed on the decay curves are
attributable to the coherent phonons that are triggered by the
instantaneous I-M transition.7 Details of the coherent
phonons are described in Sec. III B. The spikelike ultrafast
decay component for P=1 and 2 GPa �thick gray curve� is
ascribed to the excitation of the semimetallic �SM� state that
dominantly exists at pressures greater than 1 GPa.18,19

In addition to the coherent phonons and the spikelike
component, the decay curves are well characterized by domi-
nant time constants �fast and �slow and by their relative frac-
tions, which are plotted, respectively, as open and closed
circles as functions of P in Fig. 2�a� �with red �gray� dashed
curves� and Fig. 2�b�. Here, �fast and �slow are evaluated by
fitting with a two-component ��fast, �intermediate, �0.5 GPa� or
a three-component ��fast, �intermediate, and �slow, �0.5 GPa� ex-
ponential function �red �gray� curves in Fig. 1�c��. Among
the three components ��fast, �intermediate, and �slow�, the small
��5% � intermediate component of �intermediate �15 ps is in-
dependent of P and temperature, indicating that it does not
involve the PIMT. For P=0, these time constants �fast and
�slow are attributable, respectively, to the microscopic and
semimacroscopic metallic domain because �fast is mainly ob-
served for small Iex, although �slow becomes dominant for
large Iex.

7 As presented in Fig. 2�b�, �fast is a main decay
component for P�0.5 GPa, but the fraction of �fast is re-
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FIG. 2. �Color online� �a� The time constants �fast and �slow and
�b� their relative fractions as functions of P. In �a�, the open circle,
triangle, square, and cross, respectively, represent �fast for Iex=0.1,
0.03, 0.01, and 0.003 mJ /cm2. The closed circle and triangle, re-
spectively, indicate �slow for Iex=0.1 and 0.03 mJ /cm2. Time evo-
lutions of �R /R for �c� 0.3 GPa and �d� 0.58 GPa at various tem-
peratures and Iex. �I0 denotes 1 mJ /cm2�. Red, blue, and green
curves represent the fitted curves �0.3 GPa �red �gray solid�, 20 K;
blue �gray dashed�, 71 K; green �gray dotted�, 130 K�, 0.59 GPa
�red �gray solid�, 20 K; blue �gray dashed�, 78 K; green �gray dot-
ted� 102 K��.

IWAI et al. PHYSICAL REVIEW B 77, 125131 �2008�

125131-2



duced with P. For P�0.5 GPa, �slow in the subnanosecond
time scale emerges and becomes dominant, underscoring that
generation of the semimacroscopic metallic domain is pro-
moted by the application of pressure. The monotonous in-
crease of �slow for P�0.5 GPa also reflects the stabilization
of the semimacroscopic metallic domain. These results for
P�0.5 GPa are consistent with the decrease in Tc with P
�Fig. 1�a��. In contrast, �fast shortens for P�0.5 GPa and
lengthens for P�0.5 GPa. Such nonmonotonous change in
�fast, as portrayed in Fig. 2�a�, shows that the electronic
and/or lattice natures of the photoinduced microscopic do-
main differ from those of the semimacroscopic metallic do-
main and the high-temperature �HT� metallic phase. Figures
2�c� and 2�d� show decay curves of �R /R for various Iex and
temperatures for P=0.3 and 0.58 GPa, respectively. In Fig.
2�a�, �fast and �slow at 20 K for Iex=0.003–0.03 mJ /cm2 are
also depicted. In fact, �slow is absent for Iex�0.03 mJ /cm2,
indicating that the hydrostatic pressure effect on the conden-
sation is efficient for strong excitation, i.e., nonlinearity of
the PIMT efficiency measured after several tens of picosec-
onds becomes prominent by applying pressure.

B. Coherent phonons in the photoinduced
insulator-to-metal transition

The oscillating structures in the decay curves are attribut-
able to the coherent phonons triggered by the impulsive
change in the electronic state1,5,7 because they are cosinelike
oscillations, i.e., the initial amplitude at td=0 is not zero.25

Such a mechanism is analogous to the displacive excitation
of the coherent phonons in semiconductors. For that reason,
studies of the coherent phonon are useful for clarifying the
lattice dynamics in the PIMT. Figures 3�a�–3�c� depict Fou-
rier power spectra for the oscillating components at 0.65 eV
for P=0, 0.3, and 0.58 GPa, respectively. The upper and
lower panels, respectively, show results at Iex=0.1 and
0.01 mJ /cm2. The dashed curve in Fig. 3�a� shows the spec-
trum for further weak excitation Iex=0.001 mJ /cm2. For P
=0 GPa, the 48 cm−1 mode �arrow 1, orange shade� is
prominent at Iex=0.001 mJ /cm2.7 With increased Iex, the
17 cm−1 �arrow 2, red� oscillation increases at Iex of
�0.01 mJ /cm2, whereas the 29 cm−1 band �arrow 3, blue�
and the 38 cm−1 band �arrow 4, green� become dominant for
Iex=0.1 mJ /cm2. Regarding Raman spectra, the correspond-
ing low-frequency modes �45, 38, 30, and �20 cm−1� have
been reported in �-�ET�2I3 �Refs. 26–29�; some are assigned
to intermolecular librational modes.29 It is reasonable to con-
sider that the librational modes support the modulation of the
intermolecular transfer integral or equivalently the electronic
bandwidth through the change of the dihedral angle and/or
the elevation angle between the ET molecules.

Because of the Iex dependence of the Fourier spectrum for
P=0, the 48 cm−1 �Iex=0.001 mJ /cm2� and the 38 cm−1

�Iex=0.1 mJ /cm2� oscillations have been attributed, respec-
tively, to the coherent phonons in the CO and metallic
states.7,30 The 29 cm−1 oscillation is also considered to be
induced in the photoinduced metallic state. However, it re-
mains after relaxation to the CO state, which is possible be-
cause the 30 cm−1 mode exists in both CO and metallic
states, as shown in the Raman spectra.

For P=0.3 GPa, as presented in Fig. 3�b�, only the
17 cm−1 mode is observed to a great degree: the 29 and
38 cm−1 modes are suppressed even at strong excitation Iex

=0.1 mJ /cm2. The �20 cm−1 mode in the Raman spectrum
is ascribed to the incompletely transformed state of
�t-�ET�2I3, showing superconductivity below 8 K.29 Obser-
vation of the intense 17 cm−1 mode for P=0.3 GPa suggests
that �-�ET�2I3 tends to approach the �t phase. Considering
that �-�ET�2I3 shows superconductivity below 7 K under
uniaxial isotropic pressure,19 a possible interpretation is that
photogeneration of the undertransformed �t phase is pro-
moted by the photoinduced and pressure-induced anisotropic
strains for P=0.3 GPa. On the other hand, the 38 cm−1 mode
is dominant, even at weak excitation �0.01 mJ /cm2� for P
=0.58 GPa, representing the efficient stabilization of the
semimacroscopic metallic domain. With this pressure, the
undertransformed �t phase is considered to be suppressed
because the anisotropic effect is overcome by the large hy-
drostatic pressure and/or the increase of the electronic band-
width. The relative Fourier intensity of the 38 and 29 cm−1

modes I38 / I29 markedly increases for �0.5 GPa, which is
attributable to the stabilization of the photoinduced semimac-
roscopic metallic domain and which is consistent with the
interpretation that the 38 cm−1 mode is of the photoinduced
metallic state.
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FIG. 3. �Color online� ��a�–�c�� Fourier power spectra for the
oscillating component observed for P=0, 0.3, and 0.58 GPa, re-
spectively. The dashed curve in �a� shows the Fourier spectrum at
Iex=0.001 I0. Arrows 1–4, respectively, indicate the phonon peaks
at 48, 17, 29, and 38 cm−1. ��d�–�f�� �fast and �slow are plotted,
respectively, as functions of reduced temperature �T /Tc−1� for P
=0, 0.3, and 1 GPa. In the figure, I0 represents 1 mJ /cm2.
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C. Critical slowing down of the photoinduced metallic state
and overall dynamics of photoinduced insulator-to-

metal transition under pressure

Another feature of the PIMT in �-�ET�2I3 is that the re-
laxation time ��� of the metallic state shows critical slowing
down �CSD�,7 reflecting the reduction of the thermodynamic
recovery force of the CO near Tc.

31 The thermodynamic na-
ture of the photoinduced phase transition has been extracted
from the CSD.32,33 Figures 3�d�, 3�e�, and 3�f�, respectively,
depict �fast and �slow, which are plotted as functions of re-
duced temperature �T /Tc−1� for P=0, 0.3, and 0.58 GPa.
Actually, �slow for Iex=0.01–0.1 mJ /cm2 increases near Tc

and is represented as �slow� �T /TC−1�−1.8, whose exponent
�1.8� shows that �z �� and z are critical exponents of the
correlation length 	 and the dynamic critical exponent, re-
spectively�. The value of �z is nearly equal to the calculated
value �2.1665�, as evaluated by Monte Carlo simulation
within the framework of the two-dimensional Ising model.34

Because macroscopic fluctuation is assumed for the
calculation, that similarity of the exponent �z shows that
�slow is ascribed to the relaxation of the macroscopic
metallic domain. On the other hand, the weaker
dependence of �fast, whose exponent is evaluated as
0.3�0.001 mJ /cm2�–0.6�0.03 mJ /cm2�, reflects that the ther-
modynamic nature of microscopic domains differs from that
of the macroscopic metallic state.7 For P=0.3 GPa �Fig.
3�e��, �slow showing �slow� �T /TC−1�−1.8 was not detected
even for large Iex �=0.1 mJ /cm2�. The absence of �slow for
P=0.3 GPa indicates that the condensation of the metallic
domains is disturbed. For P=0.58 GPa, the exponent of �slow

is 2.1, confirming that �slow is attributable to the semimacro-
scopic metallic domain, which is analogous to that for P=0.

The SM state should also be considered as an origin of
�slow for P=0.58 GPa because such a state is another quasis-
table state under pressure.18,19 However, observations of the
critical exponent �z�2 and the 38 cm−1 coherent phonon for
P=0.58 GPa show no marked difference from those for P
=0. Consequently, the generation of a metallic state that is
analogous to that for P=0 is suggested.

Considering the observation of the coherent intermolecu-
lar librational phonons, we propose the schematic potential
model portrayed in Fig. 4. It is difficult to interpret the char-
acteristic molecular rearrangements in the I-M transition be-
cause the structural change is small.14–17 The structural
change in the I-M transition of this compound remains con-
troversial. Nevertheless, observations of low-frequency co-
herent phonons enable us to speculate that the PIMT is ac-
companied by intermolecular librational displacements, as
illustrated by Fig. 4.

For P=0, the initially produced microscopic metallic do-
main is condensed to the semimacroscopic metallic domain,
as presented in Fig. 4�a�. For P�0.5 GPa, the photoinduced
anisotropic strain of the microscopic metallic domain pro-
motes instability toward the �t phase �Fig. 4�b��. At higher
pressure �P�0.5 GPa�, however, the instability is consid-
ered to be overcome by a further increase in the bandwidth

or isotropic strain by the hydrostatic pressure, thereby stabi-
lizing the metallic domain in the original � phase, as shown
in Fig. 4�c�.

IV. SUMMARY

In summary, high-pressure effects on the photoinduced
I-M transition were demonstrated in �-�ET�2I3 using femto-
second spectroscopy under hydrostatic pressure. Marked
changes of the lifetime of the photoinduced metallic state
and the coherent phonon depending on the pressure P re-
vealed that the condensation of the photoinduced micro-
scopic metallic domain to the semimacroscopic domain is
disturbed for P�0.5 GPa. On the other hand, for P
=0.5–1 GPa, condensation is promoted. Such nonmonoto-
nous pressure dependence indicates that the electronic and
lattice natures of the microscopic metallic domain differ
from those of the macroscopic metal. Condensation of the
microscopic domain is suggested to compete with the gen-
eration of undertransformed �t-�ET�2I3 phase, which indi-
cates superconductivity below 8 K.

(a) P = 0 GPa

CO metal
(micro)

metal
(semi-macro)

librational
displacement

E

FIG. 4. �Color online� Schematic illustration of the adiabatic
potential energy surfaces of CO, photoinduced microscopic metallic
domain, and semimacroscopic metallic domain. �a� P=0 GPa, �b�
P�0.5 GPa, and �c� P�0.5 GPa.
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