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Abstract We investigated photo-excited carrier relaxation
dynamics in the strongly correlated organic superconductors
κ-(BEDT-TTF)2Cu(NCS)2 andκ-(BEDT-TTF)2Cu[N(CN)2]Br,
using different polarizations of pump and probe pulses. Be-
low the glasslike transition temperature (Tg) anisotropic re-
sponses for probe polarization were observed in both com-
pounds. Decomposing the data into anisotropic and isotropic
components, we found the anisotropic component shows no
pump polarization dependence, meaning that dissipative ex-
citation process was dominant for the anisotropic carrier re-
laxation. This behavior indicates that the appearance of anisotropic
responses can be associated with spatial symmetry breaking
due to structural change of BEDT-TTF molecules.

Keywords Time-resolved spectroscopy· Organic super-
conductor ET salts· Polarization dependence

PACS 74.70.Kn· 74.72.Kf· 78.47.jg

1 Introduction

Ultrafast pump-probe spectroscopy has been widely used
to measure carrier relaxation resolved in the time domain.
Especially in a strongly correlated electron system such as
cuprates, photo-induced carrier dynamics of pseudogap and
superconductivity have been detected individually by differ-
ences in relaxation time, magnitude of transmission reflec-
tivity changes, and the temperature dependences between
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them [1–6]. Recently, in the cuprate superconductor Bi2Sr2CaCu2O8+δ
the detailed research on the probe-polarization dependence
of the carrier dynamics has revealed that the observed polar-
ization anisotropy arises from spontaneous symmetry break-
ing (SB) in the superconducting and pseudogap phases [7].
Since broken symmetry is essential for characterization of
electronic state, symmetry analysis in the pump-probe mea-
surement can provide critical insights into fundamental physics
in other strongly correlated electron systems.

Superconducting charge transfer saltsκ-(BEDT-TTF)2X
(X: inorganic anion molecules) family have attracted much
attention in terms of similarity on cuprates [8]. The elec-
tronic phase diagram is similar to that of cuprates if electron
correlation or pressure is replaced with carrier doping. Thus
in this system electron correlation effect on their electronic
properties can be investigated regardless of carrier doping
effect. However, although unusual metallic properties have
been suggested by various measurements [9], it remains un-
clear whether SB occurs aboveTc or not. This is because
a few systematic pump-probe measurements have been per-
formed in the organics so far.

In this study to investigate SB in theκ-(BEDT-TTF)2Cu(NCS)2(κ-
NCS,Tc = 10 K) andκ-(BEDT-TTF)2Cu[N(CN)2]Br(κ-Br,
Tc = 12 K) we performed pump-probe spectroscopy using
two-color pulses with different pump and probe polariza-
tions. As a result, anisotropic carrier dynamics for probe po-
larization appeared below 70 K and 80 K forκ-NCS and
κ-Br, respectively. With varying pump polarization, ampli-
tude and direction of the anisotropy were not changed. This
behavior means that the anisotropic responses can be origi-
nated from spatial SB.
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2 Experimental

The single crystals ofκ-NCS andκ-Br were grown elec-
trochemically [10]. These compounds consist of alternate
stacking of the BEDT-TTF conducting layers and the insu-
lating anion X layers, forming highly two-dimensional elec-
tron system. In order to avoid structural disorder of BEDT-
TTF molecules [11] the samples were slowly cooled at rates
of 0.1-1 K/min. The electronic state is dominated by effec-
tive electron correlationt/U , wheret andU are the transfer
integral between dimers of BEDT-TTF molecules and the
on-site Coulomb repulsion, respectively. It has been pointed
out that thet/U value ofκ-Br is smaller than that ofκ-NCS,
corresponding to the fact thatκ-Br has stronger effective
electron correlation thanκ-NCS [12].

In optical pump-probe measurement the pump and probe
beams were generated from a cavity-dumped Ti: sapphire
oscillator with a repetition rate 54 kHz (to suppress the heat-
ing effect) whose pulse durations were about 120 fs centered
at 400 nm and 800 nm. The two pulses were coaxially over-
lapped by a dichroic mirror and focused perpendicular to the
conducting plane by an objective lens. The diameters of the
pulses were roughly estimated∼ 13 µm for the pump and
∼ 3 µm for the probe. The relative angle between optical
pulse polarization and a crystal axis was measured from the
direction tilted by 45◦ from b (c) axis for κ-NCS (κ-Br,
which was inferred from the previous report [13]) using a
half-wave plate.

3 Results and Discussion

Figs. 1 (a) and (b) show transient changes of reflectivity
∆R/R for pump and probe polarization angleθpu, θpr = 0◦

and intensity plots as a function ofθpr in κ-NCS at 36 and 75
K, respectively. The polar plots of the amplitudes of∆R/R
are shown in Figs. 1 (e) and (f). At 75 K the∆R/R is almost
independent ofθpr, corresponding to the electron energy re-
laxation in the metallic state. On the other hand, the signals
are enhanced along theθpr = 45◦ and 225◦ directions at 36
K. Similar trends were observed inκ-Br as shown in Figs.
1 (c),(d) and (g),(h).∆R/R shows no probe polarization de-
pendence at 83 K while it becomes anisotropic at 36 K.

To investigate relationship between the anisotropic re-
sponse and pump polarization we measured∆R/R for vari-
ous pump polarizations, where the pump fluence was fixed
to be constant. Figs. 2(a)-(c) showθpr dependence of∆R/R
for θpu = 0◦, 45◦, and 90◦, respectively at 30 K inκ-NCS.
∆R/R for θpu = 45◦ and 90◦ are quite similar to that for
θpu=0◦. Moreover, inκ-Br noθpu dependence of the anisotropic
∆R/R for the probe was observed at 40 K as shown in Figs.
2(a)-(c).

Figs. 3 (a) and (b) show polar plots of amplitude of∆R/R

as a function ofθpr for θpu = 0◦, 45◦, and 90◦ in κ-NCS
andκ-Br, respectively. The signals are found to be enhanced
along the same directions for allθpu and the amplitudes be-
come slightly larger with rotatingθpu from 0◦ to 90◦ in both
compounds.

To perform quantitative discussion we decomposed the
angular dependence data by fitting with the following form:

∆R
R

= ∆Ranicos(2(θpr−φc))+∆Riso, (1)

where∆Rani, ∆Riso andφc present anisotropic and isotropic
components of∆R/R and a phase, respectively. The solid
lines in Fig. 3 are fitting results, which agree well with our
data for allθpu values in both compounds. The fitting yields
∆Rani, ∆Riso andφc values, which are plotted as a function
of θpu in Figs. 4(a) and (b) forκ-NCS andκ-Br, respectively.
The error bars ofφc indicate the 95 % confidence intervals
which arise from the fitting. For∆Rani and∆Riso the stan-
dard errors are smaller than∼ 0.1×10−4, which are not vis-
ible in the scale. In the amplitudes, the isotropic components
are slightly increased with rotatingθpu while the anisotropic
components are almost constant. Moreover,φc seems to be
constant for anyθpu values within the errors. These results
indicate that the anisotropic carrier dynamics is independent
of pump polarization in amplitude and direction.

We now discuss the origin of the anisotropic responses
below 70 and 80 K forκ-NCS andκ-Br, respectively, from
the perspective of the excitation process induced by pump
pulse. Two types of the pump excitation process which yield
probe polarization-dependent relaxation dynamics have been
suggested: one is stimulated Raman excitation (SRE) and
another is dissipative excitation (DE)[7]. The former is co-
herent process indicating that the polarization anisotropy for
the probe should depend on pump polarization. On the other
hand in the latter, the probe polarization dependence of∆R/R
shows no pump polarization dependence because informa-
tion of pump pulse is lost during relaxation due to inelastic
scattering. Our results exhibit clearly that the anisotropic re-
sponses are independent of the pump polarizations, indicat-
ing the DE process is dominant.

In the case of DE process the polarization anisotropy can
be provided by spontaneous SB [7,14]. However, any elec-
tronic ordered states accompanied by SB such as CDW have
not been suggested forκ-NCS andκ-Br, respectively. In-
stead, the recent thermal expansion measurements suggest
that the glasslike structural transition occurs atTg ∼ 80 K
for κ-Br salt and 70 K forκ-NCS [11], where theTgs agree
well with our results. In this report the glasslike transition
may correspond to order-disorder transition of end terminal
ethylene group of BEDT-TTF molecules. Ethylene group
of the molecules has two types of conformation, eclipsed
and staggered type. Inκ-NCS (κ-Br) the ethylene groups of
the molecule are thermally fluctuated at high temperatures.
When temperature decreases and lowers belowTg, the ethy-
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lene groups are ordered forming staggered (eclipsed) type
conformation. Such structural changes can lead to the spa-
tial SB responsible for our observations.

We mention the origin of the isotropic components. As
shown in Figs. 4 (a) and (b), the amplitudes of the isotropic
components slightly change with varying the pump polar-
ization whereas the anisotropic response shows no changes.
Generally,∆R/R is proportional to a transient nonequilib-
rium carrier occupation∆ f . Thus the difference of optical
penetration depth for each crystal axis can attribute to that
of ∆R/R in amplitude. In this case, however, the ampli-
tudes of both isotropic and anisotropic components should
be changed with changing pump polarization, which is con-
tradict to our results. Another possibility is that some com-
ponents due to the SRE are included in the isotropic re-
sponses. In the SRE process, as various degrees of freedom
are excited by pump pulse, totally symmetric (isotropic) modes
may be induced by the coupling between different degrees
of freedom. This can lead to a slight variation in amplitude
of the∆Riso.

The appearance of the anisotropic components in∆R/R
suggests that two different electronic states exist belowTg.
Such coexistence of the different states can be explained by
phase separation, which has been observed in other super-
conductors [15]. Inκ-Br the phase separation induced by
photon irradiation [13] has been suggested. In this case ir-
radiation of a pump pulse modulates thet/U , acting the
electronic state as negative pressure. As a result, parts of
the sample in real space change from metallic to insulating
states and/or an energy gap opens on a part of the Fermi
surface, leading to two kinds of photo-excited carriers orig-
inated from metallic and insulating states. Althought/U in
κ-NCS is larger and located far from the quantum critical
point as compared to that inκ-Br, the instantaneous photo-
excitation can induce similar phase separation.

4 Conclusions

Using different polarizations of pump and probe pulses, we
investigated carrier dynamics in the organic superconductors
κ-NCS andκ-Br. When temperature lowered belowTg, the
anisotropic responses for the probe were found to appear in
both compounds. Moreover, the amplitudes and directions
of the responses were independent of the pump polarization,
indicating that the incoherent DE process was dominant in
the anisotropic carrier dynamics. In this case the anisotropy
can be attributed to spatial symmetry breaking accompanied
by the order of ethylene groups of BEDT-TTF molecules.
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Fig. 1 (Color online) (a)-(b) and (c)-(d): Probe polarization angular dependence of∆R/R transients forθpu = 0◦ at typical temperatures inκ-NCS
andκ-Br, respectively. (e)-(h): Polar plots of amplitudes of∆R/R. The solid lines indicate the fitting results using Eq. (1).
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Fig. 2 (Color online) (a)-(c) and (d)-(f): Probe polarization angular dependence of∆R/R transients forθpu = 0◦, 45◦ and 90◦ in κ-NCS atT =30
K andκ-Br atT =40 K, respectively.
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