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Photo-switching between a charge-ordered insulating (CO) state and a metallic (M) state has been
successfully realized in an organic conductor �-(BEDT-TTF)2I3 at low temperatures. The large
photocurrent induced by the pulsed laser excitation with a photon energy of 2.6 eV had two components.
The fast-decaying component had a life time of 120 ns. The subsequent one rose slowly (after about
0.7 ms) and remained as long as an electric field above 470V/cm was applied. The dependences of these
two components on laser power, applied voltage, and the onset of pulsed voltage were examined. It has
been clearly demonstrated that the second component has prominent thresholds for both laser power and
voltage. For each component, the resistivity decreased by about seven orders of magnitude from about
4M��cm to less than 0.4��cm at 4K.
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For many years, organic conductors have been fascinated
physicists as basic materials for searching new physics. A
rich variety of materials is one of the characteristics of
organic conductors. Recently, the electronic states of organic
conductors have been revealed to be controlled by pres-
sure,1–4) electric field5,6) and magnetic field,7–9) effectively.
We report here a photo-induced insulator–metal transition in
an organic conductor �-(BEDT-TTF)2I3 at low temper-
atures.

The organic conductor �-(BEDT-TTF)2I3 is a member of
the (BEDT-TTF)2I3 family.10) All the crystals in this family
consist of an alternate arrangement of a conductive layer of
BEDT-TTF molecules and an insulating layer of I3

� anions
as shown in the inset of Fig. 1.10–13) The difference among
them lies in the arrangement and orientation of BEDT-TTF
molecules within the conducting plane and this difference
gives rise to variations in the transport phenomena. Most of
the members of this family are two-dimensional metals with
large Fermi surfaces and some of them are superconducting
with Tc values of several Kelvin.

11–13) On the other hand, �-
(BEDT-TTF)2I3 exhibits exceptional characteristics. At
ambient pressure, this salt is metallic down to 135K, where
it undergoes a phase transition to an insulator as shown in
Fig. 1.10) According to the theoretical investigation by Kino
and Fukuyama14) and the experimental work by Takano
et al.,15) this transition is due to the charge-ordering. This
implies that electron correlation plays an important role in
the transport phenomena of this material.

The above phase transition is suppressed by the applica-
tion of hydrostatic pressure. The system under a high
hydrostatic pressure appears to be a metal over the whole
temperature region. The transport property of carriers in this
metallic state, however, is quite unique and we reported a
new type of transport phenomenon in this system.3) The
conductivity is almost constant between 300 and 1.5K. In

the same temperature region, however, both the carrier
(hole) density and mobility change by about six orders of
magnitude. At low temperatures, the carrier system is in a
state with a high mobility [3� 105 cm2/(V�s)] and a low
density (5� 1015 cm�3). Notably, these changes in carrier
mobility and density over many orders of magnitude occur
in a way so that they cancel each other out, which results in
the temperature-independent conductivity.3) We have no
other examples of such conductors among both organic and
inorganic materials. In this respect, we claim that �-(BEDT-
TTF)2I3 under high pressures is a new type of conductor.
The mechanism of this phenomenon, however, remains to be
clarified and extended experimental surveys are necessary.

In this study, we irradiated light on the crystal of �-
(BEDT-TTF)2I3 and examined the behavior of photo-created
carriers in the charge-ordered insulating state at low
temperatures. We have demonstrated that �-(BEDT-TTF)2I3
exhibits photo switching between the charge-ordered insu-
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Fig. 1. Temperature dependence of resistivity for �-(BEDT-TTF)2I3 at

ambient pressure. The inset shows the crystal structure viewed from the

c�-axis.
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lating (CO) state and the metallic (M) state at low temper-
atures and high-excitation-intensity conditions. In particular,
the discovery of a durable photocurrent under a high electric
field should be emphasized. Similar behaviors were reported
for the CO state of perovskite manganite Pr0:7Ca0:3MnO3 by
Miyano et al.16,17) And, there are some reports on the photo-
induced insulator-to-metal transition in organic conduc-
tors.18,19) To our knowledge, however, this is the first report
of the photo-induced persistently conducting state in organic
conductors.

Single crystals prepared by the electrolysis method were
parallelepiped with typical dimensions of 0:8� 0:5� 0:04
mm3. Two gold wires of 15 mm in diameter were attached to
the sample using gold or carbon paste for electrical
measurement. The electrode gap was about 0:3� 0:5mm2.

The pulsed voltage applied along the a-axis was relatively
high up to 20V (670V/cm). The I–V relationship, however,
remained linear in this range without light. Under an electric
field of 500V/cm, the current in the sample was only about
20 nA at 4K.

In this experiment, a pulsed laser with polarizations along
the a- and b-axes and with a wave vector (k) perpendicular
to the two-dimensional (ab) plane was used for the
excitation. The photon energy was 2.6 eV (450 nm) and the
pulse duration was about 5 ns. The application timing of the
laser pulse and the voltage pulse is depicted in Fig. 2(a). The
photocurrent was monitored with a digitizing oscilloscope.
In order to investigate the fast response, we measured the
photocurrent across a 50� reference resistor.

Figure 2(b) shows the time evolution of the photocurrents
for the E k a- and E k b-polarizations under an electric field
of 470V/cm at 4K. There exists a qualitative difference in
induced photocurrent between these two polarization con-
ditions. When the light polarized along the a-axis was
applied, a photocurrent with a decay time of about 5 ns was
observed. Strength increased linearly with excitation inten-
sity and electric field.

A significant feature in Fig. 2(b) is the large photocurrent
with two components observed for the E k b-polarization.
The first component had a life time of about 120 ns. After
about 0.7 ms, the second component started to grow and
remained persistently, that is, it could be kept as long as the
electric field was applied. Notably, the resistivity was less
than 0.36��cm for the first component and was reduced by
about seven orders of magnitude from that (�4M��cm) in
the CO state without the light. This estimation is based on
the laser spot size in the electrode gap and the penetration
depth of the light (assumed to be 1 mm). For the second
component after 80 ms, the resistivity was also reduced to
less than 0.4��cm. These values are comparable to that in
the metallic state of this material under a high pressure.4)

Thus, the anomalous photocurrent for the E k b-polarization
suggests that two photo-induced metallic states appeared
successively. Hereafter, we call them the first conducting
state and the second conducting state. In this study, we focus
our attention on the anomalous photocurrent for the E k b-
polarization.

A possibility that the anomalous photocurrent is due to the
thermal effect can be ruled out by the following reasons. (1)
The anomalous photocurrent decreased with increasing
temperature and disappeared above 50K. (2) As discussed
below, the effective mobility in the first conducting state
under the electric field of 270V/cm and the excitation
intensity of 2MW/cm2 is more than 1000 cm2/(V�s) at 4K.
On the other hand, the carrier mobility in the metallic state
above 135K under ambient pressure is less than 10 cm2/
(V�s). This means that the first conducting state is different
from the pristine metallic state above 135K. (3) The second
component shows prominent thresholds in the electric field
and laser power dependences, as described below. (4) The
maximum laser power per one pulse was about 80 mJ in this
experiment. Considering the specific heat Cp � 5mJ/(g�K)
at 4K, the temperature of the sample should be lower than
40K, even if all the laser power was used for the sample
heating. In addition, the temperature change induced by self-
generation of heat (35mW at 80 ms) due to the high voltage
(14V) should be less than 10 deg. (5) Recently, we have
found that �0-(BEDT-TTF)2ICl2 which is an insulator
(� ¼ 100��cm at room temperature) throughout temper-
ature region also exhibits the photo-induced I–M transition
under the same experimental condition.20)

Let us consider the dependences of the anomalous
photocurrent for the E k b-polarization in Fig. 2(b) on the
laser power (Fig. 3), the applied electric field (Figs. 4
and 5), and the onset of the pulsed voltage (Fig. 6). The laser
power dependence of the photocurrent under the electric
field of 470V/cm at 4K is shown in Fig. 3. The maximum
laser power is 2MW/cm2 at 100%. The inset is the laser
power dependence on the intensity of the two components
after 5 ns and 30 ms. Figures 4 and 5, on the other hand,
show the time evolution of the photocurrent under the
several electric fields for the laser power of 2MW/cm2. The
electric field dependence of the intensity of the two
components (after 5 ns and 80 ms) is shown in the inset of
Fig. 4. Lastly, we show the effect of timing of the applied
voltage pulse on the two components in Fig. 6.

First, we discuss the first conducting state. The first
conducting state was sensitive to the applied excitation
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Fig. 2. (a) Application timing of laser pulse with photon energy of 2.6 eV

(450 nm) and electric field pulse. (b) Time evolution of photocurrent for

�-(BEDT-TTF)2I3 at 4K. The photocurrent can be separated in two types

by the polarized light along the a- (gray line, E k a) and b- (black line,

E k b) axes, respectively. The laser power is 2MW/cm2 and the electric

field is 470V/cm. The earlier time region up to 1ms is expanded in the

inset.
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intensity and exhibited an almost linear response up to
1.4MW/cm2 (70%) as shown in the inset of Fig. 3. The
strength of the photocurrent exhibited also a linear response
to the applied electric field of up to about 330V/cm (inset of
Fig. 4) and this state is independent of the timing of the
applied voltage pulse as shown in Fig. 6. In this first
conducting state, almost constant current was observed
during the initial (about) 100 ns under the electric field above
270V/cm (Fig. 5). This is because the carriers have high
drift velocity and can travel between the electrodes within
their lifetime (about 120 ns). Under the low electric field
below 170V/cm, on the other hand, it decreased gradually
even in this time region. This indicates that the drift velocity

of the carriers is low and then the carriers cannot travel
between electrodes within their lifetime. Based on these
results, we can roughly estimate the drift mobility as
1000 cm2/(V�s).

We have attempted another estimation of the effective
mobility. The intensity of the photocurrent was sensitive to
the magnetic field (H) perpendicular to the ab plane. The
magnetoresistance (��H=�0) increased as a linear function
of H2 up to the magnetic field of 3 T (��H=�0 � 0:15) at
4K.21) According to the relation ��H=�0 ¼ �2H2, the
effective mobility (magnetoresistance mobility) � is esti-
mated to be about 1300 cm2/(V�s) from the slope. This value
is comparable to those of typical quasi two-dimensional
organic metals such as �-(BEDT-TTF)2I3, which suggests
probable observation of the quantum effect at the high
magnetic field above 10 T. The investigation under the high
magnetic field will give important information on the first
conducting state.

The revival of the conduction and the persistently
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Fig. 3. Time evolution of photocurrent for E k b-polarization under

several laser power conditions up to 2MW/cm2 (100%) under electric

field of 470V/cm. The inset shows the laser power dependency of the

photocurrent intensity in the first conducting (after 5 ns: ) and second

conducting (after 30 ms: ) states.
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conducting behavior associated with the second conducting
state were observed as long as a high electric field was
applied under the high laser power. Under a low laser power
or low electric field, the photocurrent decayed rapidly
toward zero and the system returned to the CO state
(Figs. 3 and 4). Figure 3 indicates that the second conduct-
ing state was observed at a laser power above 1.4MW/cm2

(70%), when the applied electric field was fixed at 470V/
cm. On the other hand, when the applied laser power was
fixed at 2MW/cm2, this state appeared clearly under the
electric field above 470V/cm (Fig. 4). Under the electric
field above 500V/cm, the conductivity in the second
conducting state became higher than that in the first
conducting state. In this sense, the second conducting state
is a metal (highly conducting) state that is different from the
first conducting state. The intensity of the photocurrent in the
second conducting state exhibited highly nonlinear respons-
es to both of the applied laser power and the electric field,
each of which was accompanied by a threshold behavior as
shown in the insets of Fig. 3 ( : 30 ms) and Fig. 4 ( : 80 ms).
Under the conditions where the second conducting state
appears, the voltage dependence of the photocurrent in the
first conducting state shows a deviation from a linear line
(above about 430V/cm in the inset of Fig. 4; ).

The second conducting state was investigated by changing
the timing of the applied voltage pulse (14V, 470V/cm)
under the excitation intensity of 2MW/cm2 at 4K (Fig. 6).
Each arrow in Fig. 6 indicates an onset of the pulsed voltage.
The second conducting state appeared in the runs (a)–(d). In
the runs (e) and (f), on the contrary, the second conducting
state was absent, and even the application of a higher voltage
up to 20V (670V/cm) could not induce the second
conducting state. Figure 6 strongly suggests that the high
electric field cannot induce the second conducting state once
the system returns to the CO state. The first conducting state
and the high electric field or high current density should be
correlated to the growth process of the second conducting
state. It is plausible that the high electric field applied before
the system returns to the CO state disturbs the charge-
ordering pattern and then brings about the nonlinear
conductivity. The electric field dependence of the small
hump in the photocurrent curve in Fig. 4 implies the
dynamics of this process.

Lastly, our results should be compared with those of the
perovskite manganite Pr0:7Ca0:3MnO3 reported by Miyano
et al.16) In our system, the second conducting state was
observed under the excitation intensity at least 10 times
lower than that for Pr0:7Ca0:3MnO3. In addition, the
qualitative difference lies in the electric field dependence
of the first component of the photocurrent. In Pr0:7Ca0:3-
MnO3, the intensity of the photocurrent is a highly non-
linear function of the applied voltage. In the present system,
on the other hand, the photocurrent in the first conducting
state exhibited a linear response to the applied voltage as
shown in the inset of Fig. 4.

In conclusion, we have revealed the time evolution of the
photocurrent in the CO state of the organic conductor �-
(BEDT-TTF)2I3 at 4K. The photocurrent can be separated in
two types by the polarized light along the a- and b-axes.

Two conducting states (the first and second conducting
states) were induced by the E k b-polarization. The resis-
tivity decreased by about seven orders in each state. The first
conducting state disappeared within about 120 ns. The
carriers in this state have a high effective mobility of more
than 1000 cm2/(V�s). On the other hand, the second
conducting state appeared as long as the high electric field
was applied, and was accompanied by the prominent
threshold behaviors for both laser power and electric field.

The interrelations among the charge-ordered state, the
photo-induced metallic state, and the persistently conducting
state remain to be determined. Further investigation, how-
ever, will lead us to interesting photo-induced phenomena
derived from the charge-ordered state associated with the
strong correlation.
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