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Local response to light excitation in the charge-ordered phase of (EDO-TTF),SbF
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The family of materials (EDO-TTF),XF; represents quasi-one-dimensional quarter filled systems exhibiting
insulator-to-metal (I-M) phase transition at thermal equilibrium. (EDO-TTF),PFs is known to undergo a
photoinduced I-M conversion with cooperative response to light excitation. Here we use femtosecond pump-probe
experiments to study the photoresponse of (EDO-TTF),SbF¢ made of a larger counteranion SbFg compared to
the well studied (EDO-TTF),PFg. In the early stage of the photoinduced process, we reveal a multicomponent
coherent oscillating feature. The evolution of this feature with excitation density and temperature points to the
local nature of the photoswitching in (EDO-TTF),SbFg. At longer time scale, we did not detect the features
associated with the transformation to the M phase, albeit observed in the PF derivative. We propose a scenario
whereby the bigger size of the counteranion in (EDO-TTF),SbF¢ hinders the establishment of this transformation

at macroscopic scale.

DOI: 10.1103/PhysRevB.92.024304

I. INTRODUCTION

The development of ultrafast time-resolved spectroscopies,
and especially the pump-probe techniques, gives new possibil-
ities for tracking and controlling dynamical transformations in
the solid state on ultrashort time scale. An intense pump laser
pulse prepares the system in a highly excited state involving
a bunch of excited electrons, and a probe pulse monitors
their temporal evolution thereby providing information on
the triggered collective and/or cooperative phenomena. This
technique makes it possible to track coherent atomic/molecular
motions and physical transformations of a material in real
time. During the last decade, the field of ultrafast photoinduced
transformation has been expanding rapidly along diverse direc-
tions: correlated electrons, charge density waves, magnetism,
molecular switching, etc. [1-4]. A typical example is provided
by a quasi-one-dimensional quarter filled organic conductor
(EDO-TTF),PFg where EDO-TTF is the abbreviation of the
electron donor (D) molecule ethylenedioxytetrathiafulvalene.
It exhibits first-order insulator-to-metal (I-M) phase transition
at thermal equilibrium and a gigantic ultrafast change of
reflectivity under irradiation by a laser pulse in the I phase [5].
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It was shown by time-resolved optical [6,7] and vibrational
spectroscopy [8] as well as ultrafast electron diffraction [9]
that the photoinduced transformation proceeds stepwise. The
initial electronic excited state is trapped at the molecular level
within 40 fs following the electron-phonon coupled precursor
state [7], while the crystal transformation is driven by slower
propagation at the 100ps time scale. Actually, different
isostructural compounds of the same (EDO-TTF),XFq
family, where X stands for P, As, or Sb, have already been
synthesized. They undergo similar I-M phase transition at
thermal equilibrium. However, the transition temperature is
decreased and the width of thermal hysteresis is increased
with increasing anion size [10].

The phase transition at thermal equilibrium of
(EDO-TTF),PFq between M and I phases reveals different
facets such as Peierls distortion and charge ordering, as well
as a significant reduction of the orientational disorder of XFg
counteranions. The main feature is the charge order along
donor stack (D°D'D!DY), in contrast to the more common
order (D'D’D'DY) [11-13]. For photoinduced transformation,
the similarity between relaxation dynamics of reflectivity and
optical conductivity, both occurring on the microsecond scale,
indicates that a transient metallic state is generated on this time
scale [5]. Additional experimental measurements [6] showed
that the reflectivity spectrum of the photoinduced state differs
on the ultrashort time scale from that of the metallic state at
thermal equilibrium, when seen over a broad energy range
from 69 meV to 2.1eV. These results, combined with theoret-
ical investigations, demonstrated that a photoexcitation of the
charge-ordered insulator (D°D'D'D?) into its charge-transfer
band around 1.58 eV does not create directly a metallic phase
through charge melting (D*3D%3D%3D%%) but rather leads
to a photoinduced (D'D’D'DP) state at the picosecond time

©2015 American Physical Society
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scale. Recently, time resolved vibrational spectroscopy [8]
and ultrafast electron diffraction measurements [9] unveiled
that the photoinduced phase similar to the metallic one of
the high temperature phase is only reached around 100 ps.
During the relaxation from the photoexcited electronic state
to the photoinduced (D'D’D'DP) state, a coherent phonon
with frequency around 2 THz was also observed [5]. In
parallel to these experimental studies [14], theoretical attempts
have been undertaken to explain the unusual (D°D'D!'D?)
order of the insulating phase and the photoinduced phase
transition [6,13-17].

The question whether the anion size favors either lo-
cal or three-dimensional (3D) photoinduced transformation
has hitherto not been addressed. In this paper we in-
vestigate the response to femtosecond laser excitation of
the (EDO-TTF),SbF¢ derivative, which is isostructural to
(EDO-TTF),PFg but for a larger anion size. In particular, the
coherent dynamics at the picosecond time scale is studied,
revealing the generation of several coherent phonons. In Sec. I1
the experimental procedure and especially the femtosecond
pump-probe experiment is presented. In Sec. III we describe
the insulating to metal phase transition occurring at ther-
mal equilibrium in the SbF¢ derivative by using structural
and electronic probes for tracking the degrees of freedom
involved. In parallel, we highlight the differences with the
case of (EDO-TTF),PFs. In Sec. IV the ultrafast dynamics is
presented, and in Sec. V we provide a comprehensive analysis
of the optical data obtained together with a phenomenological
description of the anion size effect.

II. EXPERIMENTAL DETAILS

Different complementary experiments were used for char-
acterizing the I-M phase transition of (EDO-TTF),SbF¢ at
thermal equilibrium. X-ray diffraction was performed on
single crystals with typical sizes of 600 x 200 x 100 m?.
The diffraction experiments were carried out on a Xcalibur 3
four-circles diffractometer (Oxford Diffraction) equipped with
atwo-dimensional (2D) sapphire 3 CCD detector with Mo K «
radiation (A = 0.71069 A). The single crystals were placed in
Oxford Cryosystem nitrogen-flow cryostat with a temperature
stability of 0.1 K. Crystals were initially flash-cooled to 100 K
to avoid sample damage in the vicinity of the first-order phase
transition and then heated to a set temperature. Although the
flash-cooling procedure could create phase domains, none was
observed. The unit cell parameters and the data reduction were
obtained with CrysAlis software from Oxford Diffraction [18].
The structures (Fig. 1) were solved with SIR-97 [19] and
refined with SHELXL.97 [20]. Magnetic susceptibility of the
polycrystalline sample was measured with a Quantum Design
MPMS-XL system and corrected for both the magnetization of
the sample holder and the diamagnetic contribution of the sam-
ple itself. The estimation of the diamagnetic contribution was
done using Pascal’s constants. Raman spectra measurements
were performed with an XY DILOR triple monochromator.
Optical reflectivity data were obtained with a tungsten-halogen
lamp coupled to a monochromator (Spectral Products) for the
light source, and a photodiode with a lock-in amplifier (Signal
recovery) for detection.
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FIG. 1. (Color online) Crystal structures of the M (a) and I phase
(b) and the corresponding schematic charge distribution on the D
molecules. In the I phase, the symmetry breaking resulting from
charge ordering involves important structural reorganization with,
for example, the bending of the neutral molecules. Due to the cell
doubling along the stack, the inversion symmetry is lowered, and
the charge ordering accompanied by important modifications of the
orientation of the SbF, anions is observed.

In order to investigate the dynamics of the photoinduced
response of (EDO-TTF),SbFg, optical pump-probe experi-
ments were performed. The laser system used consisted of a
Ti:sapphire oscillator (MIRA, Coherent) delivering a 76 MHz
train of 40 fs pulses centered at 1.55 eV. This train is amplified
at 1 kHz by a regenerative amplifier (LEGEND, Coherent) to
2.2m]. The beam is split into two, the pump and the probe
beam, each pumping an optical parametric amplifier (TOPAS,
Light Conversion) [21]. The wavelength of the two beams
can be tuned from 0.41 to 6.2 eV. The pulse duration after the
TOPAS is estimated to be 50 fs. The pump energy was set from
4to 1400 uJem™2 (1 photon per 18 000 to 55 molecules [5])
due to the sample damage above 1500 1J cm~2. The probe
fluency used was set to 1 uJ cm™2, so that it did not affect the
sample response.

The pump-probe delay was set by a linear stage (IMS,
Newport). In order to increase the temporal resolution, a
collinear geometry between pump and probe was chosen: the
recombination of the two beams was done with a wedged half
mirror. The cross correlation between pump and probe gave
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final temporal resolution with full width at half maximum
(FWHM) of around 80 fs.

The pump and the probe were focused on the crystal by
lenses of 500 and 200 mm focal length, respectively, which
resulted in beam waists of 380 and 150 um at FWHM. A larger
spot was chosen for the pump, so that any small displacement
of the pump beam would be negligible for the excitation of
the probed part of the crystal. The polarization of both, pump
and probe, were parallel to the EDO-TTF stacking axis of
the crystal. An Oxford Cryosystem nitrogen-flow cryostat was
used to control the temperature, and the same flash-cooling
procedure was applied as described above.

Finally, we detected the relative change in reflectivity
with a phase sensitive lock-in detection (Stanford research).
To perform this detection, the pumping rate of the crystal
was halved to 500Hz by an optical chopper. The 1kHz
probe impinged on the crystal excited at 500 Hz and the
photodiode measured a reflectivity signal modulated at this
latter frequency. The role of the lock-in amplifier was to
recover the 500 Hz modulation signal. In order to take shot-
to-shot fluctuations of the laser into account, the reflectivity
signal was balanced with a reference signal sampled before
the sample. At best, this detection method allowed sensitivity
as high as 1073,

III. I-M PHASE TRANSITION AT THERMAL
EQUILIBRIUM

The I-M transition in (EDO-TTF),SbF¢ [22] at thermal
equilibrium is similar to that observed for (EDO-TTF),PFg. In
the high temperature M phase (Fig. 1), the space group is P1
and in the dimers formed by two head-to-tail D molecules, both
D are equivalent by inversion symmetry located in-between
them. As a result, the electron kept by one counteranion
corresponds to one hole distributed over two D, with formal
charges 4+0.5 equal by symmetry. In the insulating phase, a
symmetry breaking takes place with a cell doubling and the loss
of half of the inversion centers. This generates two independent
pairs of donor dimers centered on inversion symmetry with
two different formal charges. These charges are empirically
estimated from intermolecular bond length obtained by x-ray
diffraction [11,23,24] or by maximum entropy method [12].
The alternation of bent neutral and flat ionized dimers is
characteristic of this charge order as observed at 150K in
Fig. 1. In other words, the symmetry breaking is associated
with charge ordering process along the D stack. It can be
schematically represented by (D°°D%3DD03) in the M
phase, and by (D’D'D'D?) in the I phase.

However, some structural differences appear in the inter-
molecular organization between the PFs and SbFg deriva-
tives [6]. The main feature is that the larger size of the SbFs™
anions results in a bigger unit cell. The distance b between
D molecules is slightly longer for the SbFg derivative and,
in addition, the interchain distance a is significantly larger.
Consequently, the interchain coupling is weaker. The chemical
substitution by larger anions compared to the case of the PF¢
derivative can be assimilated to a negative pressure effect and
underlines the role of elastic interaction and volume change
in the vicinity of phase transition. As a consequence, the
transition toward the metallic phase occurs at a lower temper-
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ature (71— = 242 K) and shows a larger thermal hysteresis
(22K) for (EDO-TTF),SbF¢ compared to (EDO-TTF),PF¢
(Ti—m = 278 K, 2.5 K width hysteresis) [ 10,25]. It can be noted
that for all derivatives of the isostructural (EDO-TTF),XFj
family, the phase transition occurs for almost the same critical
value of the D chain cell parameter b and the magnitude of their
discontinuous changes at 71—y is nearly the same [10]. This is
very likely due to the strongly 1D character of the compound.
Since this lattice parameter is larger for the SbF¢ derivative,
the critical value of b is reached by thermal contraction
at lower temperature than for (EDO-TTF),PFs. Unlike the
intrachain cell parameter, the interchain cell parameters change
significantly more as the anion size increases. The anions
change their orientation at the phase transition and it requires
larger volume change to accommodate movements of bigger
anions. Thus, the relative volume jump AV /Vyr, where
Vur is the cell volume at high temperature, is three times
higher [10] in the case of (EDO-TTF),SbFg than in the case of
(EDO-TTF),PF. In other words, the first-order character of
the phase transition is much stronger for the SbF¢ derivative
than for the PF¢ one. The effect of coupling between the order
parameter and the cell deformation is indeed stronger and
costs more elastic energy. This is in agreement with the larger
thermal hysteresis for (EDO-TTF),SbFg. The bigger size of
anion makes the phase transition more difficult.

The I-M transition and its hysteresis are well observed by
magnetic susceptibility y, as it vanishes in the I phase by
electron pairing [Fig. 2(a)]. It entails an important change of
electronic state which leads to significant changes of physical
properties and especially of optical reflectivity. The reflectivity
spectrum measured with light polarized along the D stacking
axis of the crystal in both phases is shown in Fig. 3(a) and
indicates that optical reflectivity variations can be used for
probing the change of electronic state of this crystal. The
relative variation of reflectivity at 1.72eV with temperature
exhibits a clear optical signature of the transition with a
hysteretic behavior in perfect agreement with magnetic data
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FIG. 2. (Color online) (a) Magnetic susceptibility of
(EDO-TTF),SbF¢ and (b) relative variation of the reflectivity
at 1.72¢eV as a function of temperature with a polarization parallel
to the D chain (cell axis b) of (EDO-TTF),SbF¢: the hysteresis is
centered at 240 and 22 K wide.
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FIG. 3. (Color online) (a) Reflectivity R at different temper-
atures with a polarisation parallel to the D stacking axis of
(EDO-TTF),SbFg. (b) Optical conductivity of (EDO-TTF),SbFg.

[Fig. 2(b)]. By applying Kramers-Kronig transformation to
this reflectivity spectrum, we obtained optical conductivity of
the sample [Fig. 3(b)]. The charge transfer (CT) band corre-
sponding to the CT excitation from (D’D'D'D?) to localized
{D°D?DDY}, and referred to as CT2 for (EDO-TTF),PF¢ [24],
is observed in the I phase around 1.29 eV [25].

Important changes of Raman spectra are also observed dur-
ing the phase transition, resulting from the symmetry breaking
(splitting of the band) and of the electronic redistribution
(changes of frequencies) (Fig. 4). In the M phase at 250K,
two intense and broad peaks are clearly observed around
1.15 and 2.6 THz. In the low temperature I phase, at 100 and
170K, several modes are easily identified at around 1, 1.5,
2,2.5,2.9, 3.2, and 3.4 THz. The increase of the number of
Raman active modes comes from the cell doubling, resulting
in a doubling of phonon branches, whereas slight softening is
observed between 100 and 170K in the I phase for most of
the modes. In molecular solids, such low frequency modes are
attributed to intermolecular vibrations or librations mode, as
well as intramolecular modes of boatinglike nature [23,26-30].

08F 100k i
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FIG. 4. (Color online) Raman spectra of (EDO-TTF),SbFg in the
I phase at 100 and 170 K and in the M phase at 250 K.
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IV. PHOTOINDUCED DYNAMICS

To gain some insight into the photoinduced dynamics in
the family of charge-transfer materials, we investigate here the
response to femtosecond laser excitation of (EDO-TTF),SbFg
in the I phase by using optical pump-probe spectroscopy. The
pump energy was 1.46eV, which is nearly resonant with the
CT?2 band. This scheme of excitation is similar to that used
for (EDO-TTF),PFg, and it efficiently drives photoinduced
transformation. Two probe energies were used: 1.72eV on
the high energy side of the CT2 band, a region with a
relatively good reflectivity in the high temperature phase,
and 0.83 eV on the high energy side of the CT1 band [25]
(Fig. 3).

In order to understand the first steps of the transformation
in (EDO-TTF),SbFg, the experiments were conducted on the
picosecond and nanosecond time scale at different tempera-
tures. Figure 5 shows the typical time traces of the relative
reflectivity variation AR/R at pump fluency of 600 wJ cm=2.
It shows an instantaneous peak reflecting the initial electronic
photogenerated state {D°D?>D’D’} which decays exponentially
in 300fs (Fig. 6) to a long lived transient state. This state
is different from the insulating ground state and persists
over at least 3 ns. For the 1.72eV probe energy, AR/R is
positive [Fig. 5(a)], as observed between I and M phase at
thermal equilibrium. However, AR/R is negative at 0.83 eV
[Fig. 5(b)], whereas it is positive at thermal equilibrium going
from I to M phase [Fig. 3(a)]. This is a clear indication that
this photoinduced state is different from both the insulating and
the high temperature metallic states. This is in agreement with
recent femtosecond electron diffraction [9] and infrared [8]
studies of (EDO-TTF),PFg, which revealed the formation of
an intermediate state prior to M phase. This (D°D'D’D')
state is characterized also by negative change in the 0.8 eV
region of the reflectivity spectrum [8]. Our optical data
therefore reveal the photogeneration of the (D’D'D’D!) state
in (EDO-TTF),SbFg.

Y
(e}
T

—0.83 eV
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FIG. 5. (Color online) Photoresponse of (EDO-TTF),SbFs at
100K for a 1.46eV pump and 1.72eV probe (upper graph) and
0.83 eV probe (lower graph).
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FIG. 6. (Color online) Photoresponse of (EDO-TTF),SbFs at 100, 180, and 230K for a 1.46eV pump and 1.72eV probe (a)—(c) and a
1.55eV pump and 0.83 eV probe (d). Oscillation part retrieved from the photoresponse and the corresponding fit (thin red or light gray lines)
with three phonon modes [(e)—(h) correspond to (a)—(d), respectively]. The transformed Fourier spectra obtained from the oscillation [(i)—(1)

correspond to (e)—(h), respectively].

A. Coherent phonons

The zoom on the time traces of AR /R data in the first 8 ps
is shown in Figs. 6(a)-6(d), for which pump fluency was set to
1100 ;J cm™2. The initial peak which decreases with a 300 fs
time constant to the metastable state appears now clearly. A
multicomponent oscillation superimposed on the main signal
can be observed and unveils some characteristics of the
new state. These oscillations result from the simultaneous
excitation of several optical coherent phonons as observed
in other charge-transfer materials [30,31] and also in spin-
crossover crystals [32]. We retrieved the oscillating part of
the AR/R signal by subtracting the exponential decay of
the electronic peak excitation convoluted with the temporal
Gaussian for the laser pulse [Figs. 6(e)-6(h)]. By extending
the oscillating signal with zero padding on time domain,
we performed Hanning windowed Fourier transform with a
satisfactory frequency definition [Figs. 6(1)—6(1)]. At 1.72¢eV,
three main modes appear at the different temperatures around
1, 2, and 2.5 THz, as well as weaker ones around 1.5, 2.9,
3.2, and 3.5 THz. At 0.83 eV, the same main modes are also
observed at 1, 2, and 2.5 THz. This corroborates the results
obtained at 1.72eV.

It can be noted that the global shape of the oscillations looks
different depending on the probe energy used: while the mode
at 2.9 THz is barely distinguishable, those at 3.2 and 3.5 THz
are invisible at 0.83 eV [Fig. 6(1)]. Such ultrafast oscillation of
optical reflectivity is generated by the activation of coherent
optical phonons, which modulate the dielectric susceptibility
through electron-phonon coupling. The contribution of a
specific phonon to optical modulation is photon energy
dependent [33] and explains the apparent relative change of
the spectral weight of the modes for measurements using 0.83
and 1.72 eV probes.

In order to describe more accurately the phonon dynamics,
we performed time-dependent analysis by fitting the oscillat-
ing component s(¢) of the reflectivity signal. The fitting model
consists of the sum of three damped cosines corresponding to
the three main modes, indexed i, of the Fourier spectrum, each
characterized by its own amplitude A;, frequency v;, phase ¢;,
and damping rate y;:

3
s(t) =) Aicos(2mvit + ¢;) exp(—yit). (1)

i=1
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FIG. 7. (Color online) Oscillograms of the three main phonons at 100 K for a probe at 1.72eV (a) and 0.83 eV (b).

The oscillations are nicely reproduced [Figs. 6(e)-6(h)]
by this model in the temperature range 100—230 K. With
this method we extracted the values of the frequencies,
damping rates, and initial phases of the three main phonons
identified. Figure 7 displays these components independently
for the two probe energies at 100 K. For the three modes, the
results are almost similar. The contribution of the 2.5 THz
phonon to reflectivity change at 0.83eV appears to be 7
phase shifted compared to that at 1.72eV. The three modes
appear to be of cosine type (¢ close to 0) indicating that
immediately after photoexcitation the amplitude is maximum.
This is characteristic of a displacive mechanism [34]: the
structural reorganization induced by the laser excitation moves
the system toward a new minimum position in the potential
energy surface for this photoinduced (D°D'D®D') state. This
is associated with the displacive nature of the structural
trapping, as intra- and intermolecular structure change, directly
evidenced by femtosecond electron diffraction in the PFg
derivative [9].

A detailed study of the photoinduced dynamics was then
performed by using the 1.46eV pump and 1.72eV probe for
which the relative increase of reflectivity is larger between
I and M phases and where the vibrations modes are better
observed.

B. Response to different laser fluencies

First, we investigated the dependence of the photoresponse
to excitation densities up to 4 times higher than those used in
Ref. [5]. Figure 8(a) shows selected data analyzed as explained
above and Fig. 8(b) shows the dependence of the frequencies
of the three main modes with the pump fluency. These results
indicate that there is very little, if any, dependence of the
frequencies with the pump excitation density. This contrasts
with the photoexcitation process in systems like bismuth, in
which the excited electrons are delocalized over the conduction
band and the depopulation of the valence band leads to
softening of the interatomic potential, due to thermalization
of the electronic and phononic subsystems [35-40]. As a
consequence, the Bi-Bi dimerization mode softens with the
excitation density. This is not the case in our study and this is
an indication of the local nature of the structural trapping of the

electronic excited state. This local trapping was theoretically
introduced to explain the two-step dynamics [6-9], which we
will discuss in the last part of this paper.

In addition to the oscillating part discussed above, the
photoinduced dynamics is also characterized by an important
increase of reflectivity at 1.72 eV. Figure 9 shows the excitation
density dependence of AR/R integrated on two different time
scales: at the picosecond time scale, between 6.5 and 8.5 ps
[Fig. 9(a)], and at the nanosecond time scale, between
2.3 and 3ns [Fig. 9(b)]. On the picosecond time scale the
reflectivity appears to change linearly with excitation density
and we could not detect any threshold manifesting nonlinear
effects in (EDO-TTF),SbF¢ despite spanning a broad excita-
tion density range. Our measurements were performed with
fluencies from 4 to 1400 J cm~2. This range starts from 10
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FIG. 8. (Color online) (a) Photoresponse of (EDO-TTF),SbF; at
100K for 1.46 eV pump and 1.72 eV probe at different fluencies. (b)
Photon excitation density dependence of the phonon frequencies at
100 K.
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FIG. 9. (Color online) Plateau signal for 1.46 eV pump and 1.72 eV probe, integrated between 6.5 and 8.5 ps at 100 K (a). The blow up of
the excitation densities under 150 uJ cm~2 is in the inset. Plateau signal integrated between 2.3 and 3 ns (b). The inset shows the photoresponse

at different excitation densities.

times lower than the excitation density threshold determined
for (EDO-TTF),PFs [5], at around 50 J cm™2, and extends
to about 30 times higher, i.e., just before damage. On the
nanosecond time scale, A R/ R shows oscillations with 100s ps
period [inset of Fig. 9(b)]. These are very likely due to
acoustic waves and are damped within 1ns. Therefore, the
averaging range from 2.3 to 3 ns does not take into account
these oscillations. Similarly to the picosecond time scale,
the photoresponse exhibits a linear response with excitation
density [Fig. 9(b)].

C. Temperature dependence

Time-resolved optical data were also collected at different
temperatures and analyzed the same way. Figure 10(a) shows
how frequencies of the main three modes change with
temperature. The modes around 1 and 2 THz exhibit a clear
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FIG. 10. (Color online) (a) Temperature dependence of frequen-
cies for the three main modes at around 1 THz ((J), 2 THz (¢), and
2.5THz (A) from the fit model and by Raman spectroscopy (x) from
100 to 240 K. (b) Temperature dependence of damping rate.

softening with temperature, while that around 2.5 THz is more
difficult to analyze because of its weak spectral weight above
190 K. Figure 10(b) shows the damping rate of the modes with
temperature below 190 K.

V. DISCUSSION

The results presented here for (EDO-TTF),SbFg can be
compared with the experimental and theoretical reports on
the isostructural (EDO-TTF),PFg for which a rich literature
already exists. The photoexcitation of the initial charge-
ordered I phase (D°D'D'D®) in the CT band drives a CT
to the {D’D?’D’DP} state which very rapidly relaxes locally
to the (D°D'DPD!) state. This new local order is trapped by
a structural reorganization involving different degrees of free-
dom. Femtosecond electron diffraction [9] on (EDO-TTF),PFg
revealed the important role of three main displacements: the
bending of EDO-TTF molecules, the sliding of flat EDO-TTF
molecules correlated to the sliding of the anion. The displacive
nature of this local trapping drives the system towards a local
minimum of the potential energy surface and these three
different coordinates oscillate in a new potential. Since we
observe three main modes we tentatively assign them to the
motions observed by electron diffraction but it is difficult to
attribute the vibrations observed to specific motions.

On the picosecond time scale, the amplitude of the
photoresponse changes linearly with excitation density of
the pump laser [Fig. 9(a)], whereas the mode frequencies
remain unchanged [Fig. 8(b)]. These two features agree with
a local nature of the initial process similarly with the PFg
derivative [6]. In parallel, the frequencies of the observed
modes reported in Fig. 10(a) differ from those measured
at thermal equilibrium in the I phase. This indicates that
the process observed does not correspond to an impulsive
Raman process. These modes are different too from those
of the M phase and this is spectroscopic evidence that the
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M phase is not formed on a picosecond time scale. This
is confirmed by the fact that AR/R remains negative at
0.83eV [Fig. 6(d)], whereas it is positive in the thermal M
phase [Fig. 3(a)]. We conclude that this state is similar to
the transient intermediate state formed on the picosecond time
scale in (EDO-TTF),PFg and tentatively assigned it to the local
(D’D'DD') state [6]. Finally, this initial step, taking place at
the molecular level, does not seem affected by bigger anion
size as the photoresponse is similar for both compounds.

On the 100-ps time scale, (EDO-TTF),PFg exhibits a clear
change of structure and charge revealed by the structural
dynamics studied both by ultrafast vibrational spectroscopy [8]
and ultrafast electrons diffraction [9]. These changes unveil the
formation of a state similar to the thermal M (D% D% D%D0)
phase. They are accompanied by modification of the infrared
spectroscopic fingerprint, approaching that of the M phase [8].
This is not the case in the present (EDO-TTF),SbFg com-
pound, for which the AR/R at 0.83 eV remains clearly negative
and of the same order of magnitude until 3 ns (Fig. 5), whereas
it should be positive if the M phase was formed [Fig. 3(a)].
We could not detect any formation of the metallic state on the
nanosecond time scale, but only a decay of this photoinduced
state as shown in Fig. 5, even for excitation densities close to
sample damage and higher than that used for (EDO-TTF),PF;.
We conclude that unlike (EDO-TTF),PFg, (EDO-TTF),SbFg
does not undergo conversion towards the M phase and shows
exclusively local response to light excitation. With such local
response, a saturation regime should be observed when the
number of photons equals the number of molecules. However,
the sample degradation occurs at 1500 .J cm~2 (1 photon per
50 molecules). Therefore, we are far from the saturation regime
and this is consistent with the observed linear response. As
the only structural difference between the two compounds is
the larger size of SbFg anions resulting in a three times larger
AV /Vyr during the I-M transition, we conclude that the phase
transition towards the metallic phase is more difficult because it
costs more elastic energy for the SbFg than the PF¢ derivative.
It is established now that during the early stage of the pho-
toinduced process, the volume does not change. The volume

PHYSICAL REVIEW B 92, 024304 (2015)

expansion, which is required for driving macroscopic phase
change, typically occurs on an acoustic time scale defined by
the ratio between the laser penetration depth and the speed of
sound [21]. We note that the establishment of the M phase in
the PF¢ derivative occurs only around 100 ps [8,9]. Despite the
occurrence of thermal phase transition in (EDO-TTF),SbFg,
the associated volume change is too large to be overcome
during the photoinduced process and this prevents the for-
mation of a macroscopic three-dimensional M order. This
picture is consistent with our study which indicates that the
photoinduced transformation remains local in this compound.

VI. SUMMARY

The counteranion in the family of (EDO-TTF),XFs com-
pounds has always been considered to be of prime importance
in the thermal transition [11] and its role in the photoinduced
transformation was evoked by recent time-resolved electron
diffraction experiments. However, until now, the fundamental
importance of its size in photoinduced phenomena was not
discussed. In this work we investigate the photoinduced
transformation of the (EDO-TTF),SbFs derivative with a
bigger counteranion. It acts as a negative pressure which
increases the distance between chains and decreases the
coupling between them. We observe that the photoinduced
state is unambiguously of local nature as it is the case for the
initial state. The major new finding is that (EDO-TTF),SbFg
does not reach the photoinduced M phase, which we rationalize
with hindrance by the larger counteranions.
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