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Abstract —In this work, polarized time-resolved spectroscopy was carried out to investigate a su-
perconducting (SC) state of the organic compounds k-(BEDT-TTF)2 X (X=Cu(NCS). (xk-NCS,
T. ~ 9 K) and Cu[N(CN)2|Br (k-Br, T. ~ 12 K)), which have different effective electron correla-
tions. We found that the SC response, which was characterized by probe polarization anisotropy
with slow relaxation time, decreases steeply at approximately 7. in xk-NCS with increasing tem-
perature, corresponding to the closing of the SC gap. On the other hand, in x-Br the SC response
persisted significantly above T.. The results indicate that fluctuating superconductivity (FSC)
emerges in k-Br but not in k-NCS, suggesting that strong electron correlation can play a critical

role for FSC.

Introduction. — In conventional superconductors, as
the temperature increases across the transition tempera-
ture (T¢), the amplitude of the order parameter |¥| cor-
responding to the density of the Cooper pairs vanishes,
and simultaneously bulk phase coherence is lost. On the
other hand, strongly correlated layered superconductors
such as cuprates and organics can exhibit fluctuating su-
perconductivity (FSC), which is characterized by a finite
|| value without bulk phase coherence above T.. This
type of FSC is distinguished from the Aslamazov—Larkin
and Maki-Thompson superconducting fluctuation. In-
deed, Nernst effect measurements in the cuprates have
suggested FSC [1,2]. However, a pseudogap (PG) forma-
tion above T [3], in which recent studies have suggested
density wave transitions [4,5] and inhomogeneous super-
conductivity, reportedly related to the quenched disorder
[6, 7], makes it difficult to investigate FSC further.

A series of superconductors k-(BEDT-TTF), X (X: an-
ion molecules) is suitable candidate for understanding the
mechanism of FSC because any density wave states or
quenched disorder have not been reported in spite of the
similarity with the cuprates in regard to their electronic
properties. The recent systematic Nernst effect measure-
ments [8,9] have suggested that FSC appears at 18 K in
k-(BEDT-TTF);Cu[N(CN)3]Br [10] (hereafter k-Br) with
T of 12 K but not in x-(BEDT-TTF)2Cu(NCS), [11] (k-

NCS) with T, of 9 K, where T¢s are cited from the specific
heat measurements [12]. On the other hand, magnetic
torque measurements [13,14] have suggested the presence
of FSC in k-Br as well as in k-NCS although magnetic
susceptibility measurements [15] have consistently agreed
with the Nernst effect measurements. In addition, 3C-
NMR measurements [16] have indicated that the FSC ef-
fect appears only in x-Br at 13-14 K, which is quite low
compared to the Nernst effect measurements. In this way,
FSC in the organic system is still controversial.

To obtain convincing evidence of FSC, spectroscopic
measurements can be valid because they can provide in-
formation on the SC gap in the electronic energy spec-
trum. In particular, optical pump-probe spectroscopy us-
ing near-infrared and ultraviolet light pulses [17-19] is one
of the most reliable techniques for an investigation of FSC.
In the measurements, photoinduced carrier relaxation dy-
namics of FSC are detectable as well as the bulk SC state
because the presence of an energy gap is reflected effi-
ciently in the dynamics. Moreover, even if the dynam-
ics originating in different states, such as the SC or PG
states, overlap in a coexistence state, they can be sepa-
rated by differences in probe polarization anisotropy, re-
laxation time, temperature dependences, and so on.

In this paper, we report the photoinduced carrier re-
laxation dynamics in the SC state of x-Br and x-NCS,
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which are characterized by probe polarization anisotropy
with slow relaxation time. When the temperature in-
creases across T, the component vanishes steeply at ap-
proximately Tt in k-NCS, corresponding to the closing of
the superconducting gap, whereas it reduces gradually and
persists significantly above T in k-Br. The result indi-
cates that the FSC emerges in x-Br but not in k-NCS. The
qualitative difference between the salts is consistent with
the previous Nernst effect and the magnetic susceptibility
measurements, indicating that strong electron correlation
can play a crucial role for FSC.

Optical measurements. — Single crystals of k-NCS
and k-Br were prepared electrochemically [20]. The crys-
tals consist of alternately stacked BEDT-TTF conduct-
ing layers and insulating anion layers, forming a quasi-
two-dimensional electronic structure. As shown in fig.
1(a), dimerization of BEDT-TTF molecules provides a
half-filled energy band. The application of pressure corre-
sponds to an increase in the effective electron correlation
t/U, where t and U denote the transfer integral and the on-
site Coulomb repulsion, respectively. It has been pointed
out that x-Br has a smaller ¢/U value than x-NCS does,
indicating that its electronic state is located closer to the
Mott phase than that of k-NCS, as shown in a phase dia-
gram fig. 1 (b).

In the optical measurements, a cavity-dumped
Ti:sapphire oscillator was used to obtain the pump and
probe beam pulses, which have a duration of ~ 120 fs
with a repetition rate of 54 kHz to suppress the heating
effect. The pump and probe beams centered at 400 nm
(3.1 eV) and 800 nm (1.55 eV), respectively, were coaxi-
ally overlapped and irradiated perpendicular to the con-
ducting planes. The probe polarization was rotated by a
half-wave plate and its angle 6, = 0° corresponded to the
direction tilted by 45° from the b (¢) axis for k-NCS (s~
Br), which is inferred from the previous report [21]. The
measurements were carried out with pump fluence values
F =19 pJ/em? for x-NCS and 13 pJ/cm? for x-Br. We
carefully cooled the samples at a rate of 0.1-1.0 K/min
to avoid disordering the terminal ethylene groups of the
BEDT-TTF molecules [22].

In the pump-probe measurements, the pump pulse ex-
cites carriers to a non-equilibrium high energy state. The
excited carriers immediately relax to a state near the
Fermi level via electron-electron and electron-phonon scat-
terings. The relaxation process is observed by delayed
probe pulses as a change in reflectivity AR(6,,)/R. When
an SC gap is present, a relaxation bottleneck effect [23]
may occur and the carriers accumulate just above the gap,
leading to a drastic amplitude change in AR/R and decay
time at T¢.. It is important to note that the relaxation dy-
namics can also reflect FSC above T, because the Cooper
pair density remains without bulk phase coherence [24].
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Fig. 1: (Color online) (a) Schematic of BEDT-TTF molec-
ular arrangement of a conducting layer. (b) Temperature—
pressure phase diagram of electronic states in k-(BEDT-
TTF)2X. AFMI, MI, and SC represent antiferromagnetic Mott
insulating, Mott insulating and superconducting phases, re-
spectively. (c¢) and (d) Density plots of AR/R transients as a
function of 6y, and AR/R transients for 0,, = 45° and 135° in
k-NCS at T'= 5 K and 21 K, respectively. (e) and (f) Polar
plots of 6, dependence of maximum values ARmax. (g) and
(h) Density plots of AR/R transients as a function of 0y, and
AR/R transients for 6, = 45° and 135° in xk-Br at T = 5 K
and 20 K, respectively.

(i) and (j) Polar plots of 6, dependence of minimum val-
ues ARpax. The solid lines are the results fitted by eq.

(1)
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Polarization dependence analysis. — Figures
1(c)—(d) and (g)—(h) show density plots of AR(6,.)/R
transients as a function of 8, at 5 K and 21 K in x-NCS
and at 5 K and 20 K in s-Br, respectively. The bottom
panels show AR(8p,)/R for p, = 45° and 135°. In figs.
1 (e)—(f) and (i)—(j), the probe polarization angular de-
pendences of the signal amplitude at below and above T,
are shown as the polar plots for k-NCS and x-Br, respec-
tively. The signals are enhanced along the direction of
the b axis for k-NCS and the ¢ axis for x-Br even above
T.. The appearance of the anisotropy is due to the spa-
tially anisotropic change of the optical transition probabil-
ity. The detail process has been reported as the photoin-
duced phase separation [21] owing to the pump induced
destruction of the local ordering of the BEDT-TTF molec-
ular conformation emerging below the glass-like transition
temperature temperature [22]. When the temperature de-
creases below T¢, the directions of the anisotropy are not
changed, but the amplitude of the signals increases in both
the compounds. This indicates that the cosine symmetry
in the SC state has quite similar to the anisotropy emerg-
ing at the glass-like transition temperature in contrast to
the optically orthogonal relation between the pseudogap
and SC symmetry in Bi2212 [25].

For further analysis, we decomposed the data into
anisotropic and isotropic components by using fits with
the following relation:

ARMax/Min (Hpr) = ARuni COS{2(9pr - ¢c)} + ARisoa (]-)

where AR..;, ARis, and ¢. denote the amplitudes of
anisotropic and isotropic components and a phase, respec-
tively. ¢. has an almost constant value of approximately
~ 45° for the temperature variation within the errors. Fig-
ures 2 (a) and (c) show the density plots of AR,,; with
the insets for those of AR;js,. In both the salts, ARjs
develops at low temperature around 7., which is quite
similar to the behavior of AR,,;. In principle, both the
isotropic and anisotropic channels are sensitive to the SC
component [25]. Note that the isotopic channel is sensi-
tive to any kinds of the relaxation components including
the metallic, the SC, or the other components, reflect-
ing spectral change induced by the pump pluses. On the
other hand, the anisotropic channel can exclude the metal-
lic component, resulting in the effective detection of the SC
dynamics since it extracts the optically anisotropic transi-
tion process such as symmetrical change in the electronic
ordered states [26] or the anisotropic change in the molec-
ular structural ordered states. Thus, we concentrate on
the anisotropic component AR,,; in the following analy-
sis to achieve the selective detection of the SC dynamics.

Characterization of anisotropic signal. — We now
focus on AR, in xK-NCS and x-Br shown in figs. 2 (a)
and (c), respectively. In both the salts, AR,,; is enhanced
below around T,. Figures 2 (b) and (d) show logarithmic
plots of AR, at selected temperatures in xk-NCS and -
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Fig. 2: (Color online) (a) and (c) Density plot of ARani/R
as a function of temperature in k-NCS and k-Br, respectively.
The insets indicate the density plot of ARiso/R as a function
of temperature in k-NCS and k-Br, respectively. (b) and (d)
Logarithmic plot of ARani/R at selected temperature in k-NCS
and k-Br, respectively.

Br, respectively. In both the salts, we can see AR,y,; con-
sists of multiple decay components, where the long-lived
component becomes dominant at the lower temperature.
However, in x-NCS, the component is significantly sup-
pressed at 13 K while in x-Br, it still remains even at 16
K.

By assuming infinite decay time of the long-lived de-
cay component, the data were fitted with the form
Afast exp (—t/7)+ Aslow, where Ag.gs and Agow represent
the amplitudes of the fast decay and long-lived compo-
nents and 7 is the decay time of the fast component.

Figures 3 (a) and (b) show the temperature dependence
of Agow (circles) in k-NCS and k-Br, respectively. To show
the reproducibility of the data, we also plotted the data
obtained under saturation condition of the SC state, as
shown by squares. The saturation threshold is estimated
to be around 20-50 pJ/cm? for both the salts [27]. Here,
one of the two data in each figure is multiplied by appro-
priate factor for better comparison. Their insets show the
temperature dependence of Ag,g; (circles). In both com-
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Fig. 3: (Color online) (a) and (b) Temperature dependence
of Agow under F = 19 pJ/cm? (circles) and 80 pJ/cm?
(squares) in k-NCS and F = 13 pJ/ecm® (circles) and 63
uJ/em? (squares) in s-Br, respectively. The solid and dashed
lines display the fitted curve by egs. (2) and (3), respectively.
The insets correspond to the temperature dependence of Agast
under the lower fluence.

pounds, Ag.s slightly increases below ~ 40 K and shows
drastic changes below T.. The behaviors are consistent
with our previous study.

As for Agow in k-NCS, it shows the linear increase
with decreasing temperature and the steep development
below the onset temperature Tgsc ~ 9 K, which is highly
comparable with T,. The steep change corresponds to the
bulk-SC transition. To show the SC transition clearly, we
plotted Aoy under the higher pump excitation F = 80
pJ/em? (squares) in fig. 3 (a). In this case, Agoy is com-
pletely suppressed at the higher temperature but abruptly
develops at 7 K. The slight difference of the onset temper-
ature may be due to the temperature gradient between a
thermometer and the sample in the cryostat, or the sam-
ple quality.

In contrast, Aglow in x-Br under the low excitation (cir-
cles) starts to grow at Tsc ~ 20 K and shows the gradual
development below around T¢ (i.e. bulk-SC transition).
Under the higher excitation F = 63 uJ/cm? (squares),
though Aoy shows a linear increase down to around
Tsc ~ 20 K with lowering temperature, it shows the de-
viation at Tgc from the linear dependence and the steep
increase below around T¢. As is discussed in the following
section, the gradual change in the temperature range be-
tween T, and Ts¢ is attributed to FSC.

The linearly temperature-dependent component was ob-
served over the whole temperature range in k-NCS under
F =19 pJ/cm? and in k-Br under 63 pJ/cm?. At present,
we cannot identify the origin of this component. However,
the component is independent of the fluence value, thus,
it may be contributed by the thermal effect depending on
the sample surface. In other words, the efficiency of the
energy diffusion from the hot spot to the environment may
be inhomogeneous on the sample surface due to the low
heat conduction of the organics. If the component is re-
moved from Agpy, the temperature dependences in each
fluence are nearly identical.

Comparison with theoretical models. — For re-
production of the SC gap formation under the weak exci-
tation, a fit was carried out with the Kabanov’s formula
[23]:

Asiow(T') o {ASC(T) + k};T] h

-1 (2)
Wiy ksT ox ~Ase
g Asc(m) P kgT ’

where ¢ corresponds to the effective electronic and
phononic density of states participating in the relaxation
process and kp is the Boltzmann constant. Here, we as-
sume the linearly temperature-dependent component over
the whole temperature range for Agoy in k-NCS under
the low excitation (and x-Br under the high excitation).
As shown by the solid lines in fig. 3, the data were well
fitted below around the T, of 9 K in k-NCS and 12 K in
k-Br, indicating that the developments are attributed to
the bulk SC. The fit yields Agc(0) ~ 3 meV for both the
samples, which is smaller than those in the previous stud-
ies [16,28-30]. The discrepancy is reasonable because the
SC state in these compounds should be characterized by
an anisotropic gap, which does not follow the BCS theory
used in the model. Under the higher excitation conditions
corresponding to the saturation condition of the transient
signals, the reproduction was carried out with the Mattis—
Bardeen (MB) model [31,32]:

AS]OW(T) X ASC(CF)2 10g |:hw:| ) (3)

Asc(T)

where hw and Agc(T) are the probe photon energy and a
BCS-type gap function, respectively. The dashed curve in
fig. 3 (a) reproduces the steep change at ~ 7 K in k-NCS
and yields Age(0) ~ 1 meV, which is smaller than the
values obtained from other measurements. We note that
the onset temperature and Agc may contain certain error
due to the experimental condition and the incompleteness
of the theoretical model. For x-Brin fig. 3 (b), the linearly
temperature-dependent component is also assumed in the
whole temperature range for the high excitation condition
and Aglow below Tge is well described by the dashed curve
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with the estimation of Agc ~ 7 meV.

Comparison with other measurements. — Here,
we discuss the origin of the slow decay component above
T. in k-Br in comparison with the other previous measure-
ments. In the Nernst measurements [8], the signal appears
clearly in x-Br at 18 K, which is significantly above T,
while the signal appears at just 7¢ in k-NCS. The enhance-
ment of the Nernst signal in x-Br can be interpreted as the
emergence of FSC. In the FSC state, thermally excited
vortices and anti-vortices flow, destroying the ordering of
the superconducting phase. In the Nernst measurements,
when a magnetic field is applied and the temperature gra-
dient is induced perpendicular to the field in the sample,
vortices can flow along the temperature gradient, resulting
in an electrical voltage perpendicular to the temperature
gradient and field, which is called the vortex-Nernst sig-
nal. In our results, as plotted by red circles in fig. 1
(b), Tsc increases with decreasing t/U. Because this is in
excellent agreement with the results of the Nernst effect
measurements, the slow decay component may originate
in the comparable FSC state.

Moreover, in the magnetic susceptibility measurements
with an SC quantum interference device (SQUID), by
measuring the difference in magnetic susceptibility under
magnetic fields parallel and perpendicular to the conduct-
ing layers, the diamagnetism due to FSC has been success-
fully distinguished from the normal state susceptibility in
k-Br [15]. As a result, the onset temperature of diamag-
netism is suggested to be ~19 K, which is also very close
to that obtained in our measurements. The consistency
leads us to conclude that the slow decay component for
T. < T < Tsc arises from FSC in x-Br.

The magnetic torque measurements have indicated that
FSC persists in both x-Br [14] and x-NCS [13] up to ~15
K. In the torque measurements, the diamagnetic signal
in the conducting layers is detectable in a magnetic field
parallel to the layers. In this case, a large magnetic field
can suppress the interlayer tunneling of Cooper pairs. As
a result, the number uncertainty of the pairs may be re-
duced, leading to enhancement of phase fluctuation due to
the uncertainty relation. Therefore, such a parallel mag-
netic field effect may lead to the differences in the onset
temperatures between the torque and our measurements.

In the systematic *C-NMR, measurements, an effect of
FSC has been observed only in x-Br at 13-14 K, but not
in k-NCS [16]. The result is qualitatively consistent with
our result, though the onset temperature of the SC signal
is somewhat different from ours. The difference between
the onset temperatures may be due to the difficulty of de-
termining the onset temperature in NMR measurements
because even in the FSC regime, the normal metal compo-
nent remains dominant, which has a proportional relation
between 1/T; and temperature due to paramagnetism (the
Korringa relation), and the FSC signal can be observed as
a slight change in the slope of the temperature depen-

dence. Indeed, in the report, error bars of 1/T; values
at low magnetic fields above 13-14 K are relatively larger
than those below T¢.

FSC in k-Br may arise owing to the phase fluctuation
rather than to the conventional amplitude fluctuation.
Our measurements, in principle, cannot distinguish the
phase fluctuation from the amplitude fluctuation because
the carrier dynamics are sensitive to the presence of the
SC gap. However, the quantitative agreement of the on-
set temperature with the Nernst effect and the magnetic
susceptibility measurements suggests that the gradual de-
velopment in Agow at Tsc can have the same origin. As
we discussed earlier, the Nernst signal is sensitive to the
motion of vortices, indicating that the phase fluctuation
is dominant above T,.. Moreover, the critical behavior of
diamagnetism has been analyzed in the low field limit. [15]
When the temperature dependence of diamagnetism due
to FSC is described by T(T — T.)?, 3 = —1 is predicted
in the case of the conventional amplitude fluctuation. The
analysis yields f = —2.1, indicating that the FSC in x-Br
is more steeply developed toward T, than FSC in the con-
ventional superconductors. The steep growth is a notable
characteristic of the phase fluctuation model.

The difference in Tsc between x-Br and s-NCS indi-
cates that the emergence of FSC can be associated with
electron correlation. As has been discussed in previous
reports [8], because x-Br has the smaller ¢/U value than
k-NCS, the Cooper pairs in x-Br tend to incur a Coulomb
energy penalty, leading to reduction in the number uncer-
tainty of the Cooper pairs AN [33]. From the uncertainty
relation between the Cooper pair number and the phase,
the phase uncertainty, A¢, is enhanced. The quantum
fluctuation effect can lead to FSC in k-Br.

Conclusion. — In summary, by performing polarized
pump-probe spectroscopy, we found that the carrier dy-
namics of the SC state are characterized by polarization
anisotropy for the probe with slow relaxation time in x-
NCS and k-Br. The onset temperature of the SC response
is ~ 20 K in k-Br, which is significantly higher than T,
whereas it is just T, in k-NCS. From comparisons with
previous studies, we conclude that the enhancement of
the SC response above T, can arise from FSC.
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