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In this work, we investigated polarization-resolved photoinduced carrier relaxation dynamics associated with
charge ordering (CO) in geometrically frustrated organic conductors 8-(BEDT-TTF),MZn(SCN), (M = Rb,
Cs) as a function of temperature. In 6-Rb (M = Rb), a polarization-dependent (anisotropic) and independent
(isotropic) dynamics show similar temperature dependence. Moreover, discontinuous changes in transient reflec-
tivity amplitude and an enhancement of a relaxation time are observed only upon heating near 7, = 195 K. This
is associated with the first order phase transition due to long-range CO. However, in 6-Cs (M = Cs) where the
frustration is stronger than that in 6-Rb, as temperature decreases below T;,., =~ 150 K, the anisotropic component
only slightly decreases while the isotropic one increases gradually without hysteresis. The behaviors indicate that
CO is formed nonuniformly, that is, multiple short-range CO domains appear and are distributed with different
orientations. Moreover, we found that the anisotropic dynamics with long-relaxation times suppress below T, ~
50 K, which is lower than the charge glass transition temperature of 7, ~ 100 K, whereas the isotropic dynamics
grows monotonically. The distinct difference between them suggests the occurrence of a structural transition in

which the lattice deforms randomly to match a glassy charge distribution due to the charge-lattice coupling.

DOI: 10.1103/PhysRevResearch.5.013024

I. INTRODUCTION

Optical pump-probe time-resolved spectroscopy has been
conduced to study chemical reactions [1], dynamics of pho-
toexcited carriers in semiconductors [2], and photoinduced
phase transitions [3,4]. Remarkably, in strongly correlated
electron systems, relaxation processes of photoinduced car-
riers have provided new insights into the mechanism of
correlation-driven phase transitions. Up to now, this tech-
nique has been applied to various correlated materials, such
as cuprates [5-9], pnictides [10,11], and organic superconduc-
tors [12,13].

Among strongly correlated materials, organic charge
transfer salts 0-(BEDT-TTF),MZn(SCN); (M = Rb, Cs)
have been of great interest, where BEDT-TTF denotes
bis(ethylenedithio)tetrathiafulvalene, because the frustration
of the charge distribution in the triangular crystal lattice
plays an important role for nature of the conducting elec-
trons [14,15]. In 6-Rb (M = Rb), stripe-type charge ordering
(CO) in long range has been suggested as an insulating
ground state below 7i, = 195K when the sample is slowly
cooled [16,17]. However, on fast cooling in 8-Rb or in 6-Cs
(M = Cs), which has a stronger charge frustration than that
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in 6-Rb, has shown no CO transition, and, instead, multiple
short-range COs and glassy charge dynamics have been ob-
served, indicating realization of CG state [18,19]. The CG
state has been extensively studied by various experiments to
reveal the universality and diversity of glass state. However,
the nonequilibrium carrier relaxation process in the CO and
CG states has not yet been identified.

An ultrafast optical pump probe spectroscopy is a major
technique for investigating the relaxation process of photoex-
cited carriers. In a CDW state of DyTe; [20] which has a
similar spatial electronic structure to the CO state, the CDW
transition has been characterized by carrier relaxation dynam-
ics that depend on probe polarization. Moreover, in an organic
superconductor, this measurement has successfully probed
a small superconducting (SC) gap due to fluctuation in the
SC order parameter as well as bulk SC gaps [21,22]. There-
fore, by applying the pump probe measurement technique to
the frustrated CO system, not only the relaxation process of
long-range CO, but also short-range and more complex CO
formations can be explored.

In this paper, we investigate the relaxation dynamics
of photoinduced carriers associated with CO formations
in charge frustrated organic conductors 6-Rb and 6-Cs
by polarized pump probe spectroscopy measurements with
varying temperature. In 6-Rb, both polarization-dependent
(anisotropic) and polarization-independent (isotropic) tran-
sient signal increase below T, during cooling and heating.
Moreover, the abrupt changes in the amplitude and the relax-
ation time are observed near T, only in the heating process,
indicating that the first-order phase transition due to the
long-range CO occurs. In 8-Cs, we find two characteristic
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FIG. 1. (a) A schematic illustration of arrangement of BEDT-
TTF molecules. V, and V, are intersite Coulomb energies. (b) A
conceptual phase diagram of 6-(BEDT-TTF),MZn(SCN), (M = Rb
and Cs) as a function of V,,/V. under the slow cooling condition
(<1 K/min) [23,24]. CO and CG denote the charge order, and charge
glass, respectively. (c) A schematic view of the measurement setup
for polarized pump probe spectroscopy. HWP and DM stand for a
half-wave plate and dichroic mirror, respectively. (d) A schematic
illustration of possible optical transitions in the probe process after
pump excitation. DOS and A,,, denote the electronic density of
states and the energy gap, respectively.

temperatures. One is Ty, ~ 150 K at which the anisotropic
dynamics does not change but the isotropic dynamics in-
creases monotonically. The behavior suggests that multiple
short-range CO domains appear with different orientations.
The other is 7, ~ 50 K, which is lower than the CG transition
temperature of 7, ~ 100 K. Below T, anisotropic dynamics
with long relaxation times suppress, indicating the occurrence
of a novel structural transition in which the lattice is modu-
lated to match the inhomogeneous charge distribution in the
CG state due to charge-lattice coupling.

II. EXPERIMENTAL

Single crystals of 8-Rb and 6-Cs were synthesized elec-
tro chemical oxidation method [16]. As shown in Fig. 1(a),
BEDT-TTF molecules are arranged on an anisotropic triangu-
lar lattice, forming a conducting layer. The conducting layers
are alternately stacked with insulating layer of CsZn(SCN)4
along the b axis. Figure 1(b) shows the temperature (7)
versus V,,/V. phase diagram under slow cooling conditions
(<1 K/min) [23,24], where V. and V), are intersite Coulomb
energies shown in Fig. 1(a). V,,/V. corresponds to a mea-
sure of charge frustration. 8-Rb undergoes the long-range CO
transition at T, = 195K. 6-Cs which has the V,/V. value
than that of 6-Rb, shows no CO transition but the several

experimental studies have suggested that two kinds of short-
range CO grow [25], leading to nonequilibrium glassy dynam-
ics above the glass transition temperature 7, ~ 100 K [18]. In
the study, 7 is kinetic origin and determined by an empirical
definition in conventional glass studies [18].

Figure 1(c) shows the schematic view of the measurement
setup. Optical pulses of 120 fs was obtained from a cavity
dumped mode-lock Ti:Al,O3 oscillator and a repetition rate
was set to 11 kHz to avoid the heating effect. Pulses centered
at 3.02 eV, which were obtained by frequency doubling in
a LiB30s (LBO) crystal, were used for pump and pulses at
1.51 eV were used for probe. Pump and probe pulses were
coaxially overlapped and irradiated perpendicular to the con-
ducting plane. To measure a probe polarization dependence,
a probe polarization was changed by rotation of a half wave
plate (HWP). The 6 is a polarization angle measured from the
a axis. Beam spot sizes of the pump and probe were ~20 um
and ~12 um in diameter, respectively. Fluence of pump pulse
was fixed to ~100-110 wJ/cm? during the measurements.
This fluence is close to the threshold value ~90-100 wJ/cm?
at which the signal amplitude deviates slightly from the linear
variation in the fluence-dependence measurement at 7= 60 K
in 6-Rb.

The data were obtained during heating and cooling pro-
cesses. In the heating process, firstly sample was cooled to low
temperatures with a rate of 0.5 K/min., which was sufficient
to cause the CO transition in 6-Rb, and then a measurement
was carried out with increasing temperature. In the cooling
process, the data were obtained with decreasing temperature
from a room temperature. In this case, an averaged cooling
rate is less than ~0.5 K/min.

In the pump probe measurements, the carriers excited by
the pump pulse relax and accumulate the electronic states near
the Fermi energy by electron-electron and electron-phonon
scattering, forming nonequilibrium distribution of carriers as
well as phonons [26]. In general, nonequilibrium electronic
temperature increases by a few K [27]. The probe pulse
measures a transient change in reflectivity AR/R which is
associated with optical transitions between photoexcited car-
rier states near Er and unoccupied states above the probe
energy, and transitions between unoccupied states near Er and
occupied states below the probe energy as shown in Fig. 1(d).
Based on the Fermi’s golden rule, AR/R is described as

AR Ryump — R,
28 _ Tpump 70 AfNIM)?, (1
R Ro

where Rpump and Ry denote the reflectivities with and with-
out pump pulse irradiation, respectively, and Af and N are
the nonequilibrium distribution function of carriers, the den-
sity of electronic states, respectively. M is written as M =
>_i.;jbiMija;, where M;; denotes the dipole matrix element.
As AR/R is measured with varying a delay between pump
and probe pulses, the temporal evolution of Af can be in-
vestigated. When an energy gap (Agyp) exists for electronic
excitations, such as an insulating gap due to the CO transition,
a relaxation bottleneck may occur and the carrier dynamics
may change significantly from the normal state [27,28]. Since,
in general, gap amplitude is several tens or hundreds of meV
which are quite smaller than the probe energy, the gap itself is
not directly observed (as in resonance) in this measurement.
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FIG. 2. (a, b) Transient change of reflectivity AR/R for 6 = 0°,
45°, 90°, and 135° at T = 60 K and 260 K, respectively, in 6-Rb.
The data are shifted for clarity. (c, d) Polar plots of the amplitude of
AR/R as a function of 6 at T = 60 K and 260 K, respectively. The
signal amplitude is defined as the AR/R value at 0.5 ps. The solid
lines denote the results fitted by Eq. (2). (e, f) AR;so/R and AR, /R,
respectively, at 7 = 10, 60, 100, 200, and 270 K. The data are shifted
for clarity.

Nevertheless, the carrier distribution (Af) induced by the
pump pulse varies with the presence or absence of a gap,
temperature, and delay time. Therefore, we can extract infor-
mation on low-energy electronic structures at the Er through
dynamics measurements.

The probe polarization anisotropy appears in M in Eq. (1).
Thus, when an anisotropic change in the electronic state near
the Fermi energy occurs, polarization anisotropy is expected
to appear in AR/R. We note that the polarization anisotropy is
a consequence of the anisotropy of M;; regarding the optical
transitions indicated by the red arrows in Fig. 1(d). In this
sense, the probe anisotropy is not directly related to the low-
energy electronic gap structure [29,30].

III. RESULTS

First, we show the results of 6-Rb. Figures 2(a) and 2(b)
show the transient change of reflectivity (AR/R) for 6 = 0°,
45°,90°, and 135° at T = 60 K and 260 K, respectively, in

6-Rb on heating. At T = 260 K, AR/R changes depending
on 6. At T = 60 K, the signal amplitude of AR/R at each 6
values seems to increase as compared to those at 7= 260 K.
Figures 2(c) and 2(d) show polar plots of the amplitude of
AR/R at T = 60 K and 260 K, respectively. At T = 260 K,
the signal is enhanced along the ¢ axis and the direction of
the polarization anisotropy is kept at 7 = 60 K. The slight
difference between the crystal axis and the probe polarization
is due to misalignment.

For further analysis, the data are decomposed into
polarization-independent ~ (isotropic) and polarization-
dependent (anisotropic) components by fitting the following
equation:

AR ARigo

R ©) = i
where ARjs,/R and AR,,i/R are isotropic and anisotropic
transients, respectively, and 6y corresponds to a direction
where the transient signal is most enhanced. The fitting was
carried out at each delay time and the decomposed data are
replotted as a function of temperature in Figs. 2(e) and 2(f).
The signal amplitude seems to increase with decreasing tem-
perature for both isotropic and anisotropic components. The
6o values are ~80° at any delay time and are independent of
temperature.

To see temperature dependencies of the carrier dynamics
in more detail, the transient signal amplitude in the isotropic
(anisotropic) component of Ay, (Aani) and the relaxation time
of 750 (Tani) are estimated by fitting with a single expo-
nential function Ajsexp(—f/Tiso) + Ciso (Aani€Xp(—1/Tani) +
Cani), Where Cigo (Cypi) is a component with infinite relaxation
time. The fitting results are shown as the dashed lines in
Figs. 2(e) and 2(f). The temperature dependencies of Ajs, and
Agni on heating for 6-Rb are shown in Fig. 3(a). As temper-
ature increases from below, Ajs, and A,y gradually decrease
and steeply decrease at around 160 K and increase at Ty, =
195K. Since T, almost corresponds to the temperature at
which a metal-insulator transition [16] and a structural phase
transition [31-33] occur, the temperature-dependent changes
in Ajso and A,y,; indicate the CO transition. Here, the isotropic
and anisotropic dynamics reflect amplitude of the CO and
anisotropy in the electronic structure induced by the CO tran-
sition, respectively. The validity of the above correspondences
will be discussed later. We note that our main results are not
affected even if the analysis is based on a double exponential
function.

Figure 3(b) shows the temperature dependencies of the T,
and T,,. The 7, and t,, values between 160 and 195 K
are found to be larger than those at other temperatures and
are most enhanced just below T;,. The steep changes in T,
and 1., are reminiscent of a divergent behavior of relaxation
times near the SC and CDW transition temperatures [20,30],
suggesting a phonon bottleneck effect in the photoinduced
carrier relaxation.

Figures 3(d) and 3(e) show the temperature dependencies
of Ajso and A,y and Ti5, and T, On cooling, respectively. In
contrast to the heating process, the discontinues changes at
160 and 195 K are absent. Moreover, Tis, and t,,; only show
a monotonic increase below T;,. This hysteresis between the
heating and cooling processes indicates a first-order phase

AR
Tancos(ZO —26p), )
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FIG. 3. (a, b, ¢) Temperature dependencies of Ajs,, Aay and Tigo,
Tani and Cigo, Cani» respectively, on heating in 6-Rb. These on cooling
are shown in panels (d, e, f).

transition, consistent with the previous report [33]. Therefore,
it is reasonable to consider that the fast-decay dynamics with
pronounced hysteresis near T, is attributed to the CO transi-
tion.

Figure 3(c) shows the temperature dependence of Cis, and
Cani On heating. Steep changes in Cis, and Cuy below T,
are similar to those in Ajs, and A,,. Moreover, as shown in
Fig. 3(f), both Cis, and C,,; increases monotonically without
steep change below T, on cooling. Thus, the similarity be-
tween the temperature dependencies of Cis, (Capi) and Ajgo
(Aani) indicates that the formation of the long-range CO con-
tributes not only to the fast decay component but also the
long-lived component (t > 8 ps). As will be discussed later,
the behavior of the long-lived component is reasonably in-
terpreted as changes in the electronic structure caused by the
lattice distortion due to the CO transition.

We comment on difficulty in estimating the CO gap ampli-
tude in 6-Rb. In general, the gap amplitude may be estimated
by fitting with a temperature-dependent gap model assuming
a BCS-type gap function [27]. However, the large hysteresis
makes fitting analysis difficult.

We now turn to the results of 8-Cs. Figures 4(a) and 4(b)
show AR/R for 8 = 0°, 45°, 90°, and 135°. At T = 255 K,
AR/R changes depending on 6. When temperature decreases
to T = 60 K, the amplitude becomes large. Figures 4(c)
and 4(d) show polar plots of the amplitude at 7 = 60 and
260 K, respectively. At both temperatures, the signal was
found to be most enhanced along the ¢ axis, similar to 6-Rb.
The decomposed data are plotted in Figs. 4(e) and 4(f). The
isotropic dynamics increases with decreasing temperature,

0-Cs
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FIG. 4. (a, b) Transient change of reflectivity AR/R for 6 = 0°,
45°, 90°, and 135° at T = 60 K and 260 K, respectively, in 6-Cs.
The data are shifted for clarity. (c, d) Polar plots of the amplitude of
AR/R as a function of 0 at T = 60 K and 255 K, respectively. The
signal amplitude is defined as the AR/R value at 0.5 ps. The solid
lines denote the results fitted by Eq. (2). (e, f) AR;so/R and AR, /R,
respectively, at T = 10, 60, 100, 210, and 255 K. The data are shifted
for clarity.

but, strikingly, the anisotropic dynamics seems to remain
unchanged. The 6y value is ~90°, which is considered to
be same as that in 6-Rb and is independent of temperature
above ~50 K. Below 50 K, as mentioned later, the anisotropic
component with long relaxation time significantly decreases,
so the fitting yields a large error bar in 6.

Figure 5(a) shows the temperature dependencies of Aj,
and Ay on heating. As temperature decreases, Ajs, increases
monotonically but A,,; slightly decreases below T;,., = 150 K.
On cooling as shown in Fig. 5(d), similar behaviors are also
observed below T, indicating no hysteresis. The increase in
Ajso 1s similar to that in 8-Rb, indicating the formation of the
CO. However, in stark contrast to 0-Rb, A,,; does not increase
with decreasing temperature, and at first glance, the CO does
not appear to involve an anisotropic change in electronic struc-
ture. As will be referred later, the behavior is related to the
short-range CO domains with different orientations and the
polarization anisotropy response is observed to be averaged.

Figures 5(b) and 5(e) show the temperature dependencies
of 75, and 7,y in the heating and cooling process, respectively.

013024-4



PROBING UNIFORM AND NONUNIFORM CHARGE ...

PHYSICAL REVIEW RESEARCH §, 013024 (2023)

0-Cs
6 6
T T T - T [ 1 i
e 5£a) T T = 5_(d).". Wi
o '0"4. neo o s nco
Z 4 i i - = 4f%ei i -
al | e, 1 Bl e i
< I Ak ®o0n < E *oeees, Sovte
o 2 | A, A :A‘ o o 2 : m“QMA A...
X 24 ad AL 1 AA 7] A AN Al
< 1k A : ATTAL < 1—AA4‘ : Wy a4,
0 E | i <X|2'5> 0 E | E |<><2|'5)
T T ey O i
CHEE e | e
2. 1 g [+ |
200 E n 5520-~%. .| 7
EN MR B 7
~ 200 é' - 0'00
Al ?Qgsoéozéér Fo- | °°°°°°°f9%gé2°8@@éagég
el 1 e
0,0 ——t— 0.0F—A———+—
ST e ST®L T G
) | H 0 | H
6, o | 1 26 P e T
~ LJ ~ 1 C N ]
E4 — .i - ..T..o 00y — .54 .:. %0 ‘.... ..oo°i'
O . . ¥ °® ° O ; -
e H m! gt < ! - I' o I
052 _-.T-.... i. LLT I T 022:.. : -_ : -._
ols & | i1 ob—i 1 i 1
0 100 200 300 0 100 200 300
T(K) T(K)

FIG. 5. (a, b, ¢) Temperature dependencies of Ajs,, Ay and Tio,
Tani and Cio, Cani, respectively, on heating in 6-Cs. These on cooling
are shown in panels (d, e, f).

Below T, the gradual increase in 7., is observed. This
behavior indicates that the phonon bottleneck effect becomes
dominant due to opening of an energy gap. However, the steep
change in decay times which is observed only on heating
in 6-Rb is not observed just below T;,, indicating that the
first-order phase transition does not occur. These findings are
consistent with that appearance of the multiple CO domains.
Indeed, T, roughly corresponds to the temperature where
two kinds of short-range CO develop [18,31,34].

The 75, and 7,y values are ~1-2 ps in -Cs, which are
smaller than those of ~2-3 ps in 6-Rb at low temperatures. In
general, as the amplitude of the gap decreases, the bottleneck
becomes more dominant, leading to the relation T ~ 1/Agp.
Thus, the fast relaxation in 6-Cs may be reasonable because
the gap amplitude will be smaller than that in the long-range
Co.

Here, we estimate the gap amplitudes (Ag,,) associated
with multiple CO domains. In this case, the temperature-
independent gap model may be applicable because the
emergence temperature of CO domains is somewhat ambigu-
ity [27]. In the model, the temperature dependence of signal
amplitude is described as

F(T)o |1+ _Baw B
gexp kT , 3

where g and kp are a variable constant and the Boltzmann
constant, respectively. This model assumes a weak excitation
approximation. The data of the isotropic component are fit-
ted well as shown in Figs. 5(a) and 5(d), and the fit yields
Agp ~ 15meV on heating and 19 meV on cooling. These
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FIG. 6. Temperature dependencies of R, in 6-Rb and 6-Cs,
where R, are defined as A/ (Auni + Aiso)-

values are quite smaller than the long-range CO gap [35] and
comparable to the collective excitation energy of short-range
CO [36].

Figures 5(c) and 5(d) show the temperature dependencies
of Ciso and Cyy; 0on heating and cooling, respectively. The Cis,
and C,p; are almost independent of temperature, indicating that
the lattice deformation does not occur at Tj,.

The anisotropic component seems to have a longer rise
time at lower temperatures. Roughly estimated, the change is
about 0.1 ps. However, this is shorter than the pulse duration
in our measurements, making further discussion difficult.

The observed changes in the dynamics for 8-Rb and 6-Cs
are distinctively characterized by a ratio of the anisotropic
component, which is defined as Ry = Auni/(Aani + Aiso)- Fig-
ure 6 shows the temperature dependencies of R, in 6-Rb
and 6-Cs. In 6-Rb, Ry increases slightly below T,, meaning
that the temperature dependence of Ajs, is quite similar to
that of A,y. In this case, a spatial anisotropy induced by the
CO is uniform over long distances in real space. In 6-Cs,
however, Rp decreases below T, with decreasing tempera-
ture. This change is reflected by the fact that A;,, increases
monotonically but A,y changes little below T;,, suggesting
that multiple short-range CO domains appear in real space
with different orientations and the anisotropy becomes weaker
on average at low temperatures.

Another characteristic temperature is found at 7; ~ 50K
as shown in Figs. 5(b)-5(f). To highlight the low temperature
region, the temperature dependencies on a logarithmic scale
are shown in Figs. 7(a)-7(e). As shown in Figs. 7(a) and
Figs. 7(b), in both heating and cooling processes, Ajs, in-
creased monotonically, but A,,; decreased slightly, below Tyc,.
This behavior indicates that multiple short-range CO domains
appear. Below T, Ajso, and A,y became almost constant.

However, t,,; decreased steeply at T, whereas tjs, in-
creased gradually with decreasing temperature, as shown in
Fig. 7(b). Figure 7(c) shows the temperature dependence of
Ciso and C,,; on heating. Moreover, we observed that Cyy
decreased whereas Cjs, increased below Tg, as the temperature
decreased. The similarity between the temperature dependen-
cies of 1, and C,y; indicates that, essentially, the long-lived
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FIG. 7. (a, b, ¢c) Temperature dependencies of Ajs, Ay and Ty,
Tani and Ciso, Cani» Tespectively, on a logarithmic scale on heating in
6-Cs. These on cooling are shown in panels (d, e, f).

anisotropic dynamics decreases at T; and disappears at low
temperatures. In the cooling process, as shown in Figs. 7(e)
and 7(f), the decreases in T,,; and C,,; were also observed.

The observed changes in the dynamics at 7; are character-
ized by the fraction of the long-lived anisotropic component
defined as Rc = Cypi/(Cani + Ciso)- Figure 8(a) shows the tem-
perature dependence of Rc in -Rb for comparison. The R¢
values are almost constant below 7, indicating that the tem-
perature dependence of Cig, is quite similar to that of C,p;, as
shown in the inset of Fig. 8(a). In 6-Cs, however, R¢ decreases
below T;. This is attributed to the decrease in C,, and the
increase in Cj,. The decrease in R¢ is qualitatively similar
to that in Ra at Tjco, Where multiple COs are formed in a
short-range with different orientations.

IV. DISCUSSION

We have shown the temperature dependencies of photoin-
duced carrier dynamics for 6-Rb and 6-Cs. In 9-Rb, the
polarization anisotropy response is kept below T;,, while it
decreases below Ty, in 6-Cs. In the following, we show that
the observed dynamics arises from the long-range CO states
in 6-Rb. Based on the discussion in 6-Rb, an origin of the
anomalous decrease in polarization anisotropy response of
6-Cs will be discussed. In addition, we will discuss why the
long-lived anisotropic dynamics are suppressed below 7.

A. 0-Rb

First, in terms of the excitation process by the pump pulse,
we refer to the origin of anisotropic dynamics that depend on

Re (%)

v
& 20 B =)
10 T, -
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T (K)

FIG. 8. (a, b) Temperature dependencies of Rc where Rc are
defined as Cpi /(Cani + Ciso) in 6-Rb and 0-Cs, respectively. The inset
of panel (a) shows the temperature dependencies of Cis, and C,y; on
heating in 6-Rb.

the probe polarization and isotropic dynamics that do not de-
pend on it. There are two types of the pump excitation process;
one is stimulated Raman excitation (SRE) and another is dis-
sipative excitation (DE). In the former, carriers are coherently
excited via a virtual state and keep the information of pump
light, such as polarization. Thus, anisotropic excitations can
occur in the SRE and, as a result, polarization anisotropy of
the probe should depend on the pump polarization. In the latter
case, however, the pump-excited carriers release their energy
into phonons by inelastic scattering and immediately relax to
a state on the gap, indicating that information of pump pulse is
lost during relaxation. In the DE process, therefore, the pump
excitation does not induce any anisotropic excitations, leading
to only isotropic responses for the probe [37].

For the pump probe measurements, the description of the
DE process is considered suitable. Indeed, in the cuprate
Bi,Sr,CaCu;0s,45 (Bi2212) [30] and organic superconduc-
tors [38], the polarization anisotropy for the probe does not
depend on pump polarization, indicating that the DE process
is dominant. Moreover, superconducting (SC) and pseudogap
excitations have been observed in the isotropic channel.

However, the SC excitation has been also observed in the
anisotropic channel which is enhanced along the a axis in
Bi2212 [30]. Since any anisotropic responses are not expected
in the DE process, the observed anisotropy for the probe is in-
duced by a rotational symmetry breaking of a system [30]. In
Bi2212, the SC transition is considered to cause an anisotropy
in the electronic structure which is related to a stripelike
charge ordering oriented along the Cu-O bonds [39—42].

Based on the above discussion, it is reasonable to assume
that the DE process is dominant in the present measurements.
As shown in Figs. 3(a) and 3(d), A;s, increases below T¢,. The
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resistivity measurements show a metal-insulator transition at
T. This behavior is consistent with formation of an insulating
gap due to the CO transition. Moreover, as shown in Fig. 6,
the R values are almost constant below T;,, indicating that
the CO response appears in the anisotropic channel as well
as the isotropic channel. This is reasonable because electrons
aligned along the ¢ axis in the CO state leads to rotational
symmetry breaking in an electronic system. We note that
the probe polarization anisotropy is not directly related to
anisotropy of the low-energy electronic gap structure because
it is observed as a consequence of the anisotropy of the optical
transition matrix elements shown in Eq. (1) [29].

In 6-Rb, the polarization anisotropy, which is enhanced
along the c axis, is already present above T, and the relaxation
time of its dynamics is somewhat shorter than those below
T.o. This fast relaxation is attributed to the metallic relax-
ation component and the polarization anisotropy arises from a
structural relaxation of the lattice. When the sample is slowly
cooled at a rate of less than 1 K/min [14,16] from a room
temperature, the long-range CO transition occurs with the
charge modulation wave vector q; = (0, k, 1/2). As a result,
the polarization-dependent transient signal is more enhanced
along the ¢ axis and grows with decreasing temperature as
shown in Fig. 2(c). This suggests that the dynamics aris-
ing from the long-range CO state has the same polarization
anisotropy as the metallic component dominated above T,.

Only on heating, the discontinuous changes in Ajs, (Aani)
and T;s, (Tan;) are observed at 7= 160 K and 195 K as shown in
Figs. 3(a) and 3(b). The similar hysteresis has been observed
in other measurements, indicating that the CO transition is the
first-order [33]. In the conductance and dielectric permittivity
measurements [43] as temperature increases at T = 160 K
after rapid cooling at a rate of 4-5 K/min. or faster, the
conductance and the real part of dielectric permittivity steeply
change close to those obtained after slow cooling at a rate of
0.1 K/min. This indicates the transition from a metastable
CO state in which a short-range CO occurs with somewhat
different orientations toward the ¢ axis direction, to a more
homogeneous CO state over long distances. In our measure-
ments, when the sample was cooled at a rate of ~0.5 K/min,
a major part of the sample becomes the long-range CO state,
but the other part remains the metastable state. As a result,
the metastable CO state changes to the stable CO state at T =
160 K with increasing temperature. As temperature increases
further, the transition from the long-range CO state to a metal-
lic state occurs at Ti,. These changes in electronic state can
lead to abrupt changes in Ajs, and Aay; at 7= 160 K and 195 K.

An increase of t, which is similar to our result shown in
Figs. 3(b), has been often observed just below the transition
temperature (7;) in the second order phase transition, such
as SC [6,7] and CDW transitions [20,44-46]. Just below T,
the electronic ordering grows in long range, but the spatial
fluctuation of the order becomes quite large, and thereby the
energy gap is very small. In this case, the relaxation bottleneck
effect becomes quite dominant. The excited carriers in states
above the gap are relaxed to states below the gap by energy
transfer to phonons. Simultaneously, phonons with energies
higher than the energy gap excite the carriers back to a state
higher than the gap [27,28]. As a result, the relaxation time
becomes longer just below 7. Although the CO transition is

the first order, the long-range CO state is realized between
160 and 195 K on heating, where the spatial fluctuation of the
CO is expected to be dominant. This situation is considered
to be similar to that just below 7 in the second order phase
transition. Therefore, the increase of 7 can be explained by
the relaxation bottleneck due to the spatial fluctuation of the
long-range CO. In this way, both isotropic and anisotropic
dynamics growing below T, are reasonably interpreted as the
formation of the CO state.

We mention an origin of the long-lived component. A
possibility is localized (intragap) states which may arise from
intrinsic defect states [47]. However, since organic salts are
a good candidate for the clean system, such defect states are
unlikely to occur. Another possibility is lattice distortion due
to electron-phonon coupling. In general, pump excitation can
cause lattice distortions due to the Frank-Condon principle
and its structural relaxation leads to dynamics with longer
decay times than other carrier relaxation dynamics [48]. As
shown in Figs. 3(c) and 3(f), the temperature dependencies
of Cio and C,,; are similar to those of Aj,, and A,y, indi-
cating the changes in Cj, and C,, are caused by the CO
transition. The CO transition is accompanied by the lattice
distortion along the same direction of the charge modulation
wave vector [17]. Upon irradiation of the pump pulse, the
lattice distortion caused by the CO transition is transiently
modulated and recovers with time. Such structural relaxation
takes a longer time than the carrier relaxation involved in the
CO gap formation. In this way, the long-lived component is
linked to the lattice system.

B. 6-Cs

In 6-Cs, as shown in Fig. 6, the most intriguing feature
of the observed dynamics is the decrease in Ry below Ti,.
This means that the temperature dependence of the anisotropic
dynamics is different from that of the isotropic dynamics as
shown in Figs. 5(a) and 5(d). Such difference has never been
observed in the SC [30] and CDW transitions [20] as well as
the CO transition in 6-Rb.

0-Cs is more geometrically frustrated than 6-Rb, and more
complex ground states are expected. Theoretical studies have
suggested that geometrical frustration in strong Coulomb re-
pulsions plays an important role for inducing various types
of CO patterns such as horizontal, vertical and threefold
types, and their degeneracies [49-51]. Experimentally, below
T ~ 160K which is close to Ty, the x-ray diffuse scat-
tering measurements have shown two kinds of short-range
CO domains with wave vectors q; = (2/3,k,1/3) and q =
(0, k, 1/2) [18]. The optical conductivity and Raman spec-
troscopy measurements have also suggested a short-range
CO with small amplitude [25]. Therefore, it is plausible to
consider that multiple COs appear forming a spatial domain
structure. Since our pump probe spectroscopy measurement
of 0-Rb were found to be sensitive to CO formation, the
anomalous changes in dynamics at T, can be related to such
complex CO formation in 6-Cs.

In our measurement setup, the pulse beam spot size is
~12 um, which is much greater than the CO domain size of
~5-7 nm [18]. Thus, photoinduced dynamics arising from
the short-range CO states can be observed as an average
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of the domain structure. In the present results, the increase
in the isotropic component Ajs, with decreasing temperature
is reasonably understood by growth of the CO amplitude.
Moreover, the short-range COs with different directions can
induce different anisotropic change in the electronic structure
in each domain, leading to different signs and amplitude of
transient signal. Therefore, in our measurements, such spa-
tial dependent photoinduced anisotropy should average out,
which appears to be homogeneous. As a result, no significant
change is observed in Aay; below Tiqo.

Contrast to 6-Rb, the long-lived components of Cis, and
C,ni were found not to change significantly at 7., with chang-
ing temperature in -Cs, indicating that the lattice modulation
does not occur. Since the short-range CO domains are dis-
tributed with different orientations in 8-Cs, the energy gain in
the electronic system is considered to be smaller than that of
the long-range CO. As a result, the loss of the elastic energy
in the lattice system may exceed the gain in electronic system,
leading to no lattice distortion.

Strikingly, the long-lived anisotropic dynamics suppressed
below 7; ~ S0K. In the following, we discuss its origin.
As we have seen, CO formation, uniform or nonuniform,
has been observed to contribute to the fast decay component
Therefore, it is unlikely that CO-related changes, such as the
three-dimensional ordering of CO at low temperatures[18,31]
and the theoretically suggested charge-ordered liquid state
called pinball liquid [50], are the origin of the disappearance
of the long-lived anisotropic dynamics.

In 6-Rb, temperature changes in Cis, and Cyp; are observed
at T¢, as a result of the lattice distortion, while in 8-Cs, they
are not observed at T, due to the absence of lattice distor-
tion. The findings lead to the idea that the disappearance of
long-lived anisotropic dynamics below T should incorporate
the interaction between the electronic and lattice systems.
Thomas et al. has suggested that a glasslike structural transi-
tion of terminal ethylene groups of the BEDT-TTF molecule
plays a role in the CG formation [52]. Generally, terminal
ethylene groups have two types of conformation: eclipse
and staggered. Thermal fluctuations occur at high tempera-
tures, but as the temperature decreases, they are ordered in
a short-range, and randomly frozen, leading to the structural
transition. Such randomness can affect the electronic struc-
ture through strong charge-lattice interactions, making it more
isotropic. However, the temperature at which the structural
transition occurs is 77 ~ 100 K [52], which is about two times
higher than T;, suggesting that the structural transition of the
ethylene groups is not directly related to the disappearance of
anisotropic dynamics.

As a remaining possibility, we therefore propose that the
lattice of the BEDT-TTF, and/or anion molecules is randomly
deformed to match the inhomogeneous charge distribution of
the CG state due to the charge-lattice coupling. Such structural
deformation will provide random modulation in the electronic
structure, making it more isotropic than at high temperatures.
As aresult, the long-lived anisotropic dynamics will no longer
be observed below T;, leading to a decrease in Rc. Moreover,
the similarity between the temperature dependencies of R¢
and R, can be reasonably explained within the scenario be-
cause the modulation of the lattice is similar to that of the
charge distribution.

Recent thermal conductivity measurements have revealed
glasslike phonon properties at low temperatures [53]. This is
one example of strong charge-lattice coupling and, simultane-
ously, suggests that the lattice reflects inhomogeneous charge
distribution in the CG state. In our scenario, the lattice is
expected to modulate to match the glassy charge distribution.
Thus, the glassy phonon properties may be naturally explained
as a consequence of random modulation in the lattice system.

In spin-frustrated systems, unconventional phase transi-
tions and magnetic ground states have been suggested. Among
them, a lock-in transition is accompanied by lattice distortion
due to spin-lattice coupling [54]. In this transition, energy gain
due to the increase in entropy in free energy plays an impor-
tant role. This idea is applicable to charge-frustrated systems.
The entropy of the slightly disordered lattice is expected to
be greater than that of the normal lattice. However, a slight
distortion leads to an increase in elastic energy. Thus, when
the gain due to the entropy increase exceeds the loss of the
lattice energy in the free energy at T, lattice deformation is
expected to occur as a result of the charge-lattice coupling.

In our scenario, the lattice is irregularly deformed. Thus,
it may be difficult to detect such random modulations with x-
ray scattering measurements because x-ray measurements can
reveal regular periodic structures in crystals. Moreover, the
lattice deformation induces changes in electronic structure,
whose contribution is expected to be smaller than CO-related
changes. Indeed, at T = 50 K, the resistivity does not change
significantly [16,24]. The pump probe measurement is quite
sensitive to changes in low energy electronic structures. Thus,
the lattice-induced change in the electronic structure could
be observed through measurements of photo-excited carrier
relaxation dynamics.

As shown in Figs. 7(b)-7(f), Ty may be different for de-
scending and ascending temperature processes. It remains
unclear whether or not this difference is due to hysteresis at
the first-order transition because no other measurement shows
such hysteresis at around 7. Another possible origin is the
inhomogeneity in real space. In the measurements presented
here, the beam irradiation position on heating is different from
that on cooling. If inhomogeneity occurs on a scale compara-
ble to the beam spot size below T, then a different temperature
dependence is expected depending on the position. In this
case, a crossover rather than a structural transition may occur.

V. CONCLUSION

By conducting polarization-resolved ultrafast pump probe
spectroscopy measurements, we successfully identify the
nonequilibrium carrier relaxation of the long-range CO for-
mation in 6-Rb and multiple short-range CO formations
in 0-Cs. In 0-Rb, both isotropic and anisotropic dynamics
changes with a hysteresis at around T;, = 195K, indicating
that the long-range CO is formed homogeneously. How-
ever, in 0-Cs, below T;, & 150K, the isotropic component
increases monotonically but the anisotropic one does not
change with decreasing temperature. This difference between
isotropic and anisotropic dynamics is a result of the average
observation of multiple short-range CO domains in different
directions. In addition, we found that, in 6-Cs, the long-
lived anisotropic dynamics disappear whereas the isotropic
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dynamics gradually increase below 7; & 50 K, indicating that
the system becomes more isotropic at low temperatures. This
behavior shows the random structural transition that deforms
the lattice, reflecting the inhomogeneous charge distribution
in the CG state due to the charge-lattice coupling.
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