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Abstract In this work, spectrally-resolved optical pump probe major research topic in the field of condensed matter physics.

measurements were carried out on strongly correlated or-

ganic superconductor K-(BEDT-TTF), Cu[N(CN),]Br. We find

two different types of carrier relaxation dynamics, one of
which appears at 1.82 eV and 1.94 eV, and another at 2.17
eV. The former is characterized by short decay time ~ 1 -
2 ps and appears below ~ 60 K. From the comparison with
the previous studies, the dynamics arises from the photo-
induced pseudogap (PG) formation of the partially-appeared
Mott phase. The latter has long relaxation time ~ 9 ps at 5
K and developed as temperature decreases below 30 K. The
slow dynamics is consistent with appearance of supercon-
ducting (SC) gap. Such separate observation of PG and SC
dynamics enables us to proceed further investigation of a re-
lationship between them.

Keywords Organic superconductor - Time resolved

spectroscopy - Supercontinuum pulse

PACS 78.47.D- - 74.70.Kn

1 Introduction

Up to now, the coexistence and competition between super-
conductivity (SC) and other electronic phases have been a
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For example, in strongly correlated cuprate superconduc-
tors, a relationship between SC and pseudogap (PG)[1,2]
have been widely studied. It is of interest to reveal the mech-
anism of such coexistence and competition in the archety-
pal multiband superconductor MgB,[3] and the pressure-
induced hydrogen sulfide[4,5] and FeSe superconductor[6].

An organic charge-transfer salt k-(BEDT-TTF),Cu[N(CN), |Br
(x-Br) is one of the most commonly studied superconductors[7—

9] in terms of their similarity to cuprates. In this system, it is
difficult to conduct spectroscopic measurements using high
energy photons such as angle-resolved photoelectron spec-
troscopy (ARPES) because of fragility of organic molec-
ular crystals, so few researches on PG has been reported.
Recently, pump probe spectroscopy using near infrared and
visible light has revealed that anomalous nonequilibrium car-
rier dynamics have emerged at 7" ~ 70 K, indicating for-
mation of a PG[10, 11]. In addition, quasi-particle dynamics
which arises from the SC state was observed below ~ 20
K[12]. However, because their signals were overlapping at
low temperatures, these dynamics need to be detected sepa-
rately to investigate further the relationship between PG and
SC.

In strongly correlated electron systems, the electronic
properties at the Fermi energy relate to those at high-energy
scales. In cuprates, a spectrally-resolved pump probe tech-
nique has revealed that changes of electronic spectra induced
by a formation of PG and SC gap reached to a high energy in
the order of eV[13,14]. Moreover, the high-energy spectral
change due to the SC transition is found to be different from
that due to the PG formation. Thus, this technique enables
us to observe the PG and SC dynamics individually in the
organic superconductors. In this paper, we report the tran-
sient spectral change at high-energy range (1.65 - 2.40 eV)
by an optical pump-supercontinuum-probe spectroscopy in
k-Br. The PG and SC dynamics are successfully observed at
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1.82 eV and 1.94 eV, and 2.17 eV, respectively as a single
component.

2 Experimental

Single crystals of k-Br was prepared electrochemically[15].
The crystal consists of alternate stacking of the conduct-
ing layer of BEDT-TTF molecules and insulating layer of
Cu[N(CN),]Br along the b axis. k-Br shows the SC tran-
sition at T, of 12 K[16], on the other hand, the isostruc-
tural salt, k-(BEDT-TTF),Cu[N(CN),]Cl (x-Cl) becomes
the Mott insulator at low temperatures. Moreover, in k-Cl,
the application of pressure leads to the Mott insulator-to-
superconductor transition at low temperatures[17—-19]. These
results suggest that the chemical substitution from CI to Br
leads to increase of effective electron correlation #/U, where
t and U are the transfer integral between the BEDT-TTF
dimers and Coulomb repulsion on the dimer, respectively,
in the same way as pressure. Thus, the electronic state of k-
Br is located near the Mott insulating phase in the T vs #/U
phase diagram[20].

The optical measurements were conducted using 50 fs
pulses of 1.53 eV generated from an Ti:Al,O3 regenerative
amplifier seeded with an Ti:Al,O3 oscillator with a repeti-
tion rate of 100 kHz to avoid the heating effect. The pump
photons of 3.1 eV were obtained by the standard frequency
doubling in a BBO crystal. To conduct spectrally-resolved
measurement, we prepared the supercontinuum pulse for a
probe by passing the pulse of 1.53 eV through a 2.5-mm-
thick Al,O3 plate. The spectral density of the probe pulse
is ranged from 1.65 eV to 2.40 eV. The polarization of the
probe photons was rotated by a broadband half waveplate
and the beam was focused on the sample by a pair of achro-
matic lenses. The reflected beam was dispersed by a trans-
mission grating and entered a 48-channel silicon PIN diode
array[21].

In the optical pump-probe experiments, the pump pulse
excites electrons from the occupied states to nonequilibrium
high-energy states. The photoexcited carriers relax immedi-
ately to states near the Fermi energy via electron-electron
and electron-phonon scatterings, resulting in a nonequilib-
rium distribution of phonons as well as carriers. The probe
pulse measures transient change of reflectivity (AR/R) in-
volved with the nonequilibrium carrier distribution as a func-

tion of delay time. In the previous studies[11, 12], temperature-

dependent dynamics have been observed depending on a po-
larization of probe photon. In this measurement, we set the
polarization parallel to the ¢ axis, where AR/R was mostly
enhanced[11]. The measurement was carried out with the
pump fluence of ~ 184 pJ/cm?.
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Fig. 1 An intensity plot of transient change of reflectivity AR/Rgyp, as
a function of probe photon energy at 5 K and probe photon energy
spectra of AR/Rgy, at —0.3 ps (dashed line) and 1.0 ps (solid line).
Note that AR/Rq,, was obtained by subtracting the data at 122 K.

3 Results and Discussion

Figure 1 shows an intensity plot of AR/Ry, in which the

data at 122 K has been subtracted to show temperature-dependent

components[11, 12], as a function of probe photon energy at
5 K and energy spectra at -0.3 ps and 1.0 ps. Positive and
negative peaks are observed at 1.82 eV and 1.94 eV, and
2.17 eV, respectively.

Figures 2(a) and (b) show AR/Rgy, at 1.82 eV and 1.94
eV, respectively, for various temperatures. These positive
components are qualitatively similar to each other. On the
other hand, the negative component seems to have a long re-
laxation time as compared to the positive ones as shown in
Fig. 2(c).

Figures 3(a) and (b) show the temperature dependences
of signal amplitude |A| and decay time 7, respectively, which
are obtained by fitting the data with a single exponential
function. Both |A| of the positive components gradually de-
veloped with decreasing temperature below ~ 60 K. The
increase of |A| indicates formation of an energy gap. More-
over, the T values in both components are estimated as 1 -
2 ps in the whole temperature range except for 9 K. The
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Fig. 2 (a)-(c): AR/Rgyp at 1.82 eV, 1.94 eV and 2.17 eV for various temperatures, respectively.

anomalous change at 9 K may be related with the SC tran-
sition, as will be mentioned later. The similarity of the tem-
perature dependences of |A| and 7 between the 1.82 eV and
1.94 eV channels indicates that their carrier dynamics arise
from a same origin.

On the other hand, |A| of the negative component of 2.17
eV gradually grows below ~ 30 K and increases steeply
at 9K with decreasing temperature. The T values are quite
larger than those of the positive components in the whole
temperature range except for anomaly at around 9 K. Typi-
cally, at 5 K, the 7 value is estimated as ~ 9 ps. These results
suggest that an origin of the negative component is different
from that of the positive components.

Here, we discuss origins of the fast-decay positive and
long-lived negative components. In the previous polarization-
resolved pump probe studies, two types of carrier dynam-
ics have been observed in x-Br at low temperatures[ 10-12].
One gradually developed at ~ 70 K with T ~ 1 - 2 ps as
temperature decreases. The gradual variation indicates for-
mation of PG, which is quite similar to that in the cuprate
Bi;Sr,CaCu,0g, §[22]. The other which has long relaxation
time appeared at ~ 20 K and strikingly changed at T;[12],
indicating formation of the SC gap.

From comparison with the previous results, the observed
fast-decay components at 1.82 eV and 1.94 eV can be as-
signed to the former PG dynamics. Although, in k-Br, pres-
ence of PG remains controversial so far, the most likely in-
terpretation of PG dynamics is photo-induced metallic-insulator
phase separation[10, 11]. When the pump pulse excites car-
riers, those lead to modulation of the electron correlation
/U, which can affect electronic state as negative pressure.
Since the electronic state of x-Br is located near the Mott
insulating phase, a part of the electronic states from metal
to Mott insulator, opening an energy gap. The quantitative
difference of the onset temperature may be due to difficulty
of detection of the PG response in this measurement. In the
previous study in which the probe pulse of 1.55 eV was
used[11], the transient signal of the PG is about 10 times
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Fig. 3 (a) Temperature dependences of signal amplitude at 1.82 eV,
1.94 eV and 2.17 eV. The dashed line indicates a noise level. (b) Tem-
perature dependences of decay time at 1.82 eV, 1.94 eV and 2.17 eV.
A slight enhancement of 7 in 1.82 eV and 1.94 eV channels at 56 K is
probably an artifact related with the fitting because the signal tends to
be buried in the noise.

greater than that in this measurement.

On the other hand, the long-lived component at 2.17 eV
can arise from the SC state. In k-Br, fluctuating SC (FSC)
has been suggested above T in various measurements[23—
26]. Since the pump probe measurement is sensitive to for-
mation of an energy gap, it is reasonable to observe the SC
dynamics above 7¢[12]. The onset temperature of the SC dy-
namics is ~ 30 K, which is somewhat higher than that in
the previous measurement in which the probe pulse of 1.55
eV was used[12]. In the conditions, the SC and PG compo-
nents were overlapped at low temperatures. The SC compo-
nent was extracted as A from the fitting with the function of



Satoshi Tsuchiya et al.

hw,

brobe

Photo-induced
/ carrier distribution

IA: gap

DOS DOS

Fig. 4 Schematic illustrations of the optical transition in the probe pro-
cessat (a) T > T*, T, and (b) T < T*. T.. E| and Er denote an in-
tramolecular excitation energy and the Fermi energy, respectively.

Arexp(—t/ts) + Asexp(—t/7s) under the assumption 7, —
oo, Because such decomposition by fitting involves ambigu-
ity, it can lead to the difference of the onset temperatures of
FSC.

As has been shown in Figs. 3, the amplitude and decay
time of the PG dynamics decrease and increase just near T,
respectively, as temperature decreases. In the SC dynamics,
those variations are opposite. The results imply that there
is a correlation between the PG and SC states. Indeed, in
the cuprate superconductors, the pump probe measurements
have suggested the correlation between them[14,27].

Finally, we mention an origin of the resonances in the
AR/R spectrum at 1.82 eV, 1.94 eV and 2.17 eV. In the or-
ganic compounds, several absorptions depending on the di-
rections of the crystal axis at high energy ranges have been

reported. For example, in K-(BEDT-TTF),Cu(NCS); (k-NCS),

several resonance peaks due to the intramolecular excitation
of BEDT-TTF molecule are observed above ~ 1 eV for the
in-plane direction in the optical conductivity spectrum[28].
Although there are few high-resolution optical measurements
in high energy range in k-Br so far, similar trends are ex-
pected[29,30] because of similarity of the electronic struc-
ture in k-NCS.

In the pump probe measurements, the probing process
is dominated by the optical transition between the pump in-
duced occupied states near the Fermi level and the unoccu-
pied states separated from the Fermi energy by the probe
photon energy. As shown in Fig. 4(a), the energy E; of in-
tramolecular excitation is assumed to be higher than the en-
ergy of probe photon /®yrope. When the temperature de-
creases and an energy gap opens at the Fermi energy as
shown in Fig. 4(b), the resonance energy becomes close to
Nprobe, leading to enhancement of AR/R. Although, in prin-
ciple, it is difficult to identify the optical transition of the
probe, which contributes to AR/R, some intramolecular ex-
citations enhance and some suppress, resulting in positive
and negative changes in AR/R, respectively. This may be

the reason why the PG and SC dynamics are observed as
resonances.

4 Summary

By performing spectrally-resolved pump probe spectroscopy
with supercontinuum pulses in the organic superconductor
k-Br, we observed the PG dynamics probing at 1.82 eV and
1.94 eV, and SC dynamics probing at 2.17 eV. The anoma-
lous changes in the amplitude and decay time of the PG and
SC dynamics at ~ T;. imply their mutual interaction.
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