PRL 110, 227401 (2013)

PHYSICAL REVIEW LETTERS

week ending
31 MAY 2013

Lattice Distortion Stabilizes the Photoinduced Metallic Phase in the Charge-Ordered Organic
Salts (BEDT-TTF);X, (X = ReOy, C10y)

Naoko Takubo,1 Naoya Tajima,1 Hiroshi M. Yamamoto,l’z’3 HengBo Cui,1 and Reizo Kato'
'RIKEN, Hirosawa 2-1, Wako-shi, Saitama 351-0198, Japan
2JST-PRESTO, Honcho, Kawaguchi, Saitama 332-0012, Japan

3Institute for Molecular Science, Myodaiji, Okazaki, Aichi 444-8585, Japan
(Received 17 July 2012; published 28 May 2013)

Photoinduced effects caused by intramolecular excitation were investigated by simultaneous optical
and transport measurement in two charge-ordered organic salts, (BEDT-TTF);X, (X = ReO,, ClO,)
[BEDT — TTF = bis(ethylenedithio)tetrathiafulvalene]. Although the two salts have the same molecular
(average) charge and arrangement, they showed different photoinduced effects. A photoinduced insulator-
to-metal phase transition with a metastable charge order-melting state was observed in the ReO, salt
where the charge ordered state is associated with the lattice distortion. On the other hand, no photoinduced
insulator-to-metal phase transition was noted in the ClO, salt where the charge ordered state is not
accompanied by the lattice distortion. This comparative study suggested that the lattice distortion plays a
key role in the stabilization of the photoinduced phase.
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Photoinduced phase transition (PIPT) has triggered
much interest in both potential application to optoelec-
tronics and basic condensed matter, especially in terms of
photoinduced correlation among charge, spin, orbital, and
structure. Internal multistability in the potential energy
plays a key role in PIPT [1]. Accordingly, strong multiple
interactions, such as electron-electron interaction and
electron-lattice interaction are naturally expected in a
PIPT system. Actually, a variety of PIPTs have been
reported mainly in materials that undergo structural
changes, namely those that show strong electron-lattice
interaction [2—4]. A typical example of PIPT is the photo-
induced insulator-to-metal transition (PIMT) that results
from charge-order (CO) melting in a system where the CO
state originates from the first-order transition with lattice
distortion [5,6]. However, it has not yet been experimen-
tally confirmed whether lattice distortion is essential in
PIPT or not.

Among a variety of known CO materials, BEDT-TTF
[BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene] salts,
which are low-dimensional organic conductors, exhibit vari-
ous CO states depending on the counter anions, the spatial
arrangements of BEDT-TTF molecules, and band filling.
However, photoinduced CO melting in the BEDT-TTF salts
has been studied in only two salts, a-(BEDT-TTF),1; (a-I5)
and #-(BEDT-TTF),RbZn(SCN), (#-RbZn) [7,8]. Both of
them show a horizontal-stripe CO pattern and a first-order
CO insulator-to-metal transition with lattice distortion
[9,10]. Comparative studies of the photoinduced CO melting
associated with charge-transfer (CT) intermolecular excita-
tion were performed by femtosecond pump and probe spec-
troscopy of both @-I; and 8-RbZn [8] and ultrafast local CO
melting was observed in both. In 6-RbZn, the local CO
melting immediately decayed. On the other hand, a long-

0031-9007/13/110(22)/227401(5)

227401-1

PACS numbers: 78.55.Kz, 78.47.dc

lived quasistable CO-melting phase with a long decay time
[~ nanosecond (ns) order] was observed in a-15. As for a-15,
an anomalous photocurrent was observed when ns pulsed
laser was irradiated at its CO state [7]. The photocurrent
showed long-lived drastic conductivity enhancement, which
indicates that the transition from the CO state to the conduct-
ing state is PIMT. A theoretical study also suggested that the
photoinduced CO melting occurs more easily in a-I5 than in
6-RbZn, because the lattice distortion, which is correlated
to the stability of the CO state, is smaller in «a-I5 than in
6-RbZn [11].

It remains an open question whether the photoinduced
CO-melting state is macroscopically stabilized by the
lattice distortion in BEDT-TTF salts. In this study, there-
fore, we focused on (BEDT-TTF);(Cl0O,), (ClO, salt),
which shows a second-order metal-to-CO insulator
transition with no lattice distortion, in order to shed light
on the above question. Moreover, we compared photoin-
duced phenomena in the ClO, salt with those in
(BEDT-TTF);(ReO,4), (ReO, salt). The latter has the
same molecular arrangement and band filling as the C1O,
salt and shows a first-order metal-to-CO insulator transi-
tion with lattice distortion. Specifically, we measured both
optical and transport properties to investigate the photo-
induced state induced by intramoleculer excitation.

(BEDT-TTF);X, (X =ReO,, ClO,;) has two-
dimensional conductive BEDT-TTF cation layers that
are separated from each other by an anion layer.
BEDT-TTF molecular arrangement in the conductive layer
is the so-called B'-type, as shown in Figs. 1(a) and 1(b)
[12,13]. (BEDT-TTF);X, (X = ReO,, ClO,) has a
two-dimensional 1/3-filled hole band and shows a metal-
to-insulator transition (MIT) with T = 100 K for the
ReQ, salt and 170 K for the ClO, salt [14,15]. The origin
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FIG. 1 (color online). Packing of BEDT-TTF molecules in
(a) the ReOy salt and (b) the ClO, salt viewed from the long
axis of BEDT-TTF molecules. Colored circles on the BEDT-TTF
molecules represent charge-rich states at the CO insulator state.
Temperature dependence of transmittance at 0.75 eV for (c) the
ReQ, salt and (d) the ClO, salt (solid line). Closed circles show
correlations between T, and peak values of transmittance after
light irradiation at 40 K for excitation light intensity I.,. =
0-5 mJ/cm?, where T, is the estimated temperature assuming
that the absorbed light is completely converted into heat in the
sample temperature dependence of electrical conductance G for
(e) the ReQy, salt and (f) the Cl1O, salt (solid line). Closed circles
represent the calculated temperature T, of the fast coefficient
G, (blue circles) and slow coefficient G (red circles) of the
conductance with excitation light irradiation at 40 K for excita-
tion light intensity Io,. = 1-3 mJ/cm?.

of MIT is charge ordering, as confirmed by far-IR and
Raman spectroscopy [16,17]. In the ReO, salt, the site
charge disproportionation p in the metallic state (p,;, =
0.76, p, = 0.48) discontinuously changes at T¢ (p,; =
0.95, p,, = 0.85, p, = 0.20). The MIT shows not a su-
perlattice but a remarkable discontinuous change in the
molecular arrangement and the lattice constant with sym-
metric change (P2,/n at 300 K, P2, at 22 K) [16].
Provided that the extent of charge disproportionation is
the order parameter, discontinuous change of p at T,
indicates that the MIT is a first order transition. On the
other hand, in the ClO, salt, the p value is almost constant
in the metallic state (p,, = 0.75, p,, = 0.50) and contin-
uously splits below T down to 10 K (p,;, = 0.81, p, =
0.36) [17]. Therefore, the MIT in the ClO, salt is a second
order transition. It was also confirmed by specific heat
measurement that the MIT is a second-order transition

[15]. The MIT shows no distinguishable change in mo-
lecular arrangement with no symmetric change (P1 ) [18].
Therefore, the charge localization in the ClOy salt is attrib-
uted to a purely electronic origin. The MIT for each salt
was also studied by mid-IR spectroscopy [19,20].
Reflectivity along [012] at 0.8 eV, which is in the CT
band, discontinuously changes at 7~ with hysteresis in
the ReO, salt, whereas it exhibits a continuous change
below T~ without hysteresis in the ClO, salt.

We simultaneously measured both conductance and
transmittance in a plane parallel to the conductive layer
of a sample that was irradiated with a pulsed laser.
(BEDT-TTF); X, thin crystals were prepared by an electro-
chemical method. The thin crystal samples had flat sur-
faces, which were parallel to conductive layers. A typical
sample measured 0.8 X 0.5 mm? in area and 500 nm in
thickness. A sample was excited with a pulsed laser gen-
erated by an optical parametric oscillator with the third
harmonic of a pulsed YAG laser. The pulsed laser had a
pulse width of 5 ns, an excitation energy of 2.76 eV, and a
spot diameter of 2.5 mm. The polarization of the laser light
was parallel to a conductive layer. The excitation energy is
comparable to a HOMO-LUMO gap of a BEDT-TTF
neutral molecule, which is about 2.5 eV (intramolecular
excitation). It should be noted that the light penetration
depth at 2.76 eV is approximately 1 wm [7], which is
sufficiently larger than the sample thickness and therefore,
enables excitation of the entire sample area. Accordingly,
transmittance and conductance change can be evaluated in
terms of bulk properties. The transmittance at 0.75 eV,
which is in the CT band [19,20], was probed with a
continuous-wave diode laser. Figures 1(c) and 1(d) present
the temperature dependence of the transmittance at 0.75 eV
in (c¢) the ReQ, salt and (d) the ClO, salt (solid line). As
shown in Fig. I(c), the transmittance in the ReO, salt
exhibits a discontinuous change around 7, which is
caused by the first-order MIT. On the other hand, the
transmittance in the C1O, salt features a continuous change
below T, as shown in Fig. 1(d). In both cases, the trans-
mittance at 0.75 eV can be used as a probe of PIMT. The
voltage change of a pulsed laser irradiated sample was
measured with an oscilloscope connected to the sample
in series [as shown in the inset of Fig. 2(d)]. Two carbon
paste electrodes were formed on a sample surface (con-
ductive plane). Both the length and distance of the elec-
trodes were on the orders of 100 um. Conductance G of
the sample was estimated by G = (V/R)/(V, — V), where
V, is the applied voltage to the sample, R is the reference
resistance of the oscilloscope (50 (1), and V is the mea-
surement voltage of the oscilloscope. The voltage V,
which has a pulse width of 75 us, was applied to a sample
10 us before the excitation pulse irradiation. The time
resolution was 5 ns. We checked the linear /-V character-
istics in the absence of laser irradiation, the negligible
heating effect due to probe light absorption, and the
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FIG. 2 (color online). Time evolution of (a) transmittance and
(b) conductance in the ReO, salt and (c) transmittance and
(d) conductance in the ClO, salt at 40 K for various excitation
light intensities I ... The inset of Fig. 2(c) shows magnified
transmittance change for I, = 3.7 mJ/cm?. The inset of
Fig. 2(d) shows the circuit for conductance measurement. The
photon energy of the excitation pulse was 2.76 eV. The probe
light energy was 0.75 eV. The applied electric field was 80 V/cm
for the ReO, salt and 400 V/cm for the ClO, salt.

negligible heating effect due to applied voltage in this
measurement. It was experimentally confirmed that neither
the light polarization direction nor electric field direction in
the conductive layer was significant in this study.

Figure 2 shows the time evolution of transmittance (a) and
conductance (b) after the pulsed laser irradiation (with inten-
sity I,,.) of the ReOy, salt in the CO state at 40 K. Although
the transmittance did not change for I,,. = 0.5 mJ/cm?, it
increased within 5 ns immediately after the laser irradiation
for I, = 1.9 and 3.0 mJ/cm?. Both transmittance peak and
lifetime increased as /.. increased. The peak value of the
transmittance for I,,. = 3.0 mJ/cm? in Fig. 2(a) is 0.70,
which is comparable to that in the high-temperature metallic
phase [0.76, Fig. 1(c)]. The conductance in Fig. 2(b) also
increased after the laser irradiation with I.,. = 1.9 and
3.0 mJ/cm?. Moreover, both the conductance peak and life-
time obviously increased as I, increased. In the case of
Ixc = 3.0 mJ/cm?, the conductance increased by 3 orders
of magnitude and reached a value that was comparable to that
in the high-temperature metallic phase. These results suggest
that the light irradiation induces a macroscopic metallic state
associated with the CO melting.

On the other hand, in the ClO, salt, when the pulsed
laser was irradiated at 40 K, the transmittance remained
nearly constant, as shown in Fig. 2(c). By contrast, the
conductance demonstrated a significant change, as can be
seen in Fig. 2(d). The conductance peak increased as I,
increased and the peak value of 5 X 107 S for I, =
3.7 mJ/cm? is approximately one-hundredth of the value
in the high-temperature metallic phase.

Figure 3 presents the relationship between excitation
light intensity /... and peak values of transmittance at
40 K. In the ReO, salt [Fig. 3(a)], the transmittance
remains unchanged until the excitation light intensity

Excitation light Intensity (mJ/cmz) Excitation light Intensity (mJ/cmz)

FIG. 3. Relationship between excitation light intensity /... and
peak values of transmittance for (a) the ReO, salt and (b) the
ClO, salt at 40 K. The photon energy of the excitation pulse was
2.76 eV. The inset of Fig. 3(b) shows magnified transmittance
change. The probe light energy was 0.75 eV. Dotted lines are
guides for the eyes.

reaches the threshold, Iy, ~ 1 (mJ/cm?). The I
value of 1 mJ/cm? is comparable to 1 photon per 110
BEDT-TTF molecules. Above the threshold value, the
transmittance increases monotonically and saturates above
I, ~ 3 mJ/cm?. In contrast, the ClO, salt shows little
change of the transmittance [Fig. 3(b)]. The transmittance
peak value continuously decreases as /.. increases without
any threshold, as observed in the inset of Fig. 3(b).

According to a previous study of a-I5, both Iy, and I
are associated with a metastable photoinduced phase [21].
The threshold observed in the ReO, salt indicates that the
photo-induced metallic state should originate in coopera-
tive effects. The saturation of the transmittance indicates
that the entire area of the sample becomes metallic.
Accordingly, the photoinduced CO-melting phase is
macroscopically stabilized, namely, PIMT occurs in the
ReOy, salt.

Then, we evaluated the heating effects of the laser
irradiation on the sample. The temperature increase of
the sample, AT in K, is calculated assuming that the
absorbed light is completely converted into heat in the
sample. The temperature dependence of heat capacity
Cp, in J K 'mol™!, of the sample is experimentally
obtained as Cp = 5T, where T is the temperature in
K [22]. The laser pulse intensity /.,. can be approximated
by a Gaussian function with 5 ns in width. The temperature
of the sample after the laser irradiation T,, in K, is given
by T,y = AT + 40, when the laser irradiation is carried
out at 40 K.

The peak values of the transmittance after the light
irradiation at T, for I.,. = 0-5 mJ/cm? are plotted in
Fig. 1(c) for the ReO, salt and in Fig. 1(d) for the ClO4
salt. As for the ReQ, salt, the peak values of the trans-
mittance after the light irradiation are much larger than the
transmittance at T, with no irradiation, which indicates
that the drastic transmittance change cannot be explained
by the temperature increase due to the light absorption. On
the other hand, in the CIO, salt, the values well follow the
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temperature dependence of the transmittance with no irra-
diation and thus, the behavior of the transmittance in the
ClO, salt can be explained by the temperature effect due to
the light absorption.

Next, we discuss the conductance change after the light
irradiation. A two- (first and slow) component exponential
curve G, exp(—t/7;) + Ggexp(—1t/7,) is used to analyze
the time profiles in Figs. 2(b) and 2(d). This works well, as
shown in the insets in Fig. 4. First, we examine the heating
effect due to the light absorption. Coefficients G, and Gg
at Ty for I, = 1-3 mJ/cm? are plotted in Fig. 1(e) for
the ReO, salt and in Fig. 1(f) for the ClO, salt. Coefficient
Gp of the slow decay component of the ClO, salt is
comparable to the conductance under the no irradiation
condition at T,; thus, the slow decay component should be
explained by the temperature increase due to the light
absorption. On the other hand, coefficient G, of the fast
decay component is larger than the conductance under the
no irradiation condition. Unlike the transmittance change,
therefore, the conductance change after the light irradiation
has another component that cannot be explained by the
heating due to the light absorption. As for the ReO, salt,
coefficient G4 should originate from PIMT. Although co-
efficient G slightly deviates from the conductance under
the no irradiation condition, it would be associated mainly
with the temperature effect due to the light absorption. It
seems that the conductance relaxation for PIMT is non-
linear and cannot be explained by a simple exponential
decay. Note that the decay time 7, is 107> (s) order in both
salts. Second, we examine the fast decay component by
focusing on decay time 7. Figures 4(a) and 4(b) show the
correlation between excitation light intensity /.. and
decay time 7; for both salts at 40 K. As for the ReO,
salt, 7| increases with increasing /... This indicates that
the lifetime of the CO-melting domains increases as the
domain size increases, namely, there exist multiple inter-
actions in the metastable CO-melting domains. On the
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FIG. 4 (color online). Relationship between excitation light
intensity I, and fast decay time 7, of conductance in (a) the
ReQ, salt and (b) the C10, salt at 40 K. The inset shows the time
profile of conductance with light irradiation /.. = (a) 1.9 and
(b) 2.1 mJ/cm? (black line) and two-component exponential
curve fitting (red line). The photon energy of the excitation pulse
was 2.76 eV. The applied electric field was 80 V/cm for the
ReO, salt and 400 V/cm for the ClO, salt.

other hand, 7, in the ClO, salt is constant and independent
of I.,., which suggests that the fast decay component in the
ClO;, salt does not originate from PIMT. It may be attrib-
uted to the photoconductivity that is not related to the CO
melting.

In view of the above experimental results, the photo-
induced CO-melting metallic phase, or PIMT, was
observed only in the ReO, salt where the original CO
formation is a first-order transition accompanied by lattice
distortion. On the other hand, in the ClO, salt where the
CO formation is a second-order transition, both transmit-
tance and conductance did not show any of the changes that
were expected for PIMT. In addition, it is important to note
that we performed same experiments up to 130 K in the
ClO, salt and obtained the same results. We now discuss
the stability of the CO-melting state. When a sample in the
CO state is irradiated with excitation light, local photo-
carriers disturb the CO state and consequently the local
CO-melting state is formed. In this regard both electron-
electron interaction and electron-molecular-vibration cou-
pling should play a key role in forming the CO-melting
state [23]. In the ReO, salt, lattice distortion is restored by
electron-lattice interaction in the CO-melting state because
free energy of the metallic state decreases due to the
restored lattice distortion. Such a CO-melting state accom-
panied by structural changes would be retained as long-
lived CO-melting domains after deexcitation. Furthermore,
many CO-melting domains should condense and form a
stabilized photoinduced phase. On the other hand, a local
CO-melting state should not be accompanied by structural
changes in the ClO, salt, and immediately decay to the
original CO state after deexcitation. As a result, the local
CO-melting state cannot be stabilized as macroscopic
(meta)stable domains. Therefore, PIMT does not occur in
the ClO, salt. These experimental results strongly support
the idea that PIMT is the phase transition to a (meta)stable
phase stabilized by lattice distortion.

It should be added that the photoinduced CO melting
that involves a larger lattice distortion is more difficult to
occur as described in the Introduction [8,11]. For example,
in the case of #-RbZn that has a large lattice distortion
forming large molecular rotation and a superlattice in the
CO formation [10], a large lattice distortion requires a long
time for restoration compared to the relaxation time of
the local photoinduced CO-melting state. Consequently,
the photoinduced CO-melting state in this case cannot
be stabilized as macroscopic (meta)stable domains.
Therefore, electron-lattice interaction plays an important
role in PIMT in CO-BEDT-TTF salts. Specifically, mod-
erate electron-lattice interaction should stabilize macro-
scopic (meta)stable CO-melting domains.

In conclusion, the photoinduced effect in the CO state
was investigated in two BEDT-TTF systems (ReO, and
ClO, salts). Both optical transmittance and electrical
conductance changes clearly showed that PIMT occurs
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only in the ReO, salt where CO formation involves lattice
distortion. On the other hand, in the ClO, salt where CO
formation is purely electronic, the photoinduced behavior
can be explained by the heating effect and photoconduc-
tivity that does not originate from PIMT, namely, the
CIO, salt does not show PIMT. All experimental results
indicate that lattice distortion is essential for the stability
of the photoinduced CO-melting phase in the CO-BEDT-
TTF salts.
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