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Measurement of a Photoinduced Transition from a Nonordered Phase to a Transient Ordered
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We report a new photoinduced transition from a nonordered phase to a transient ordered phase with
symmetry breaking in an organic charge-transfer compound, dimethyltetrathiafulvalene (DMTTF)-
dibromodichloro- p-benzoquinone (2, 60Br,Cl,), which is a neutral compound located near the neutral-
ionic phase boundary and shows quantum paraelectricity at low temperatures. By an irradiation of a
femtosecond laser pulse, an ionic domain consisting of ~40 molecules is introduced into the neutral
lattice per photon, giving rise to coherent molecular oscillations with fractional charge modulations over
~400 molecules. This response is due to the recovery of ferroelectric nature from the quantum
paraelectricity by a photoinjection of an ionic domain with a large dipole moment.
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A material located near a boundary between two com-
peting phases often exhibits a rapid change in electronic
structure through photoirradiation. This phenomenon, a
photoinduced phase transition (PIPT), is important for
future optical-switching or memory devices [1]. In most
photoinduced phase transitions, an ordered phase is desta-
bilized by photoirradiation and a nonordered phase
appears. A typical example is the photoinduced collapse
of a Mott gap and the subsequent appearance of a
metallic state as observed in one-dimensional (1D)
Mott insulators of bromine-bridged Ni-chain compounds
[2] and organic bis(ethylenedithio)tetrathiafulvalene-
difluorotetracyanoquinodimethane solids [3], and 2D
Mott insulators of undoped cuprates [4]. Photoinduced
meltings of the charge-order states in perovskite mangan-
ites [5] and organic molecular compounds [6], the Peierls
state in VO, [7,8], charge-density-wave states in 17-TaS,
[9], TbTe; [10,11], and K;3MoO5 [12], and the spin-
Peierls phase in alkali-metal tetracyanoquinodimethane
salts [13] are other well-known examples. In general,
however, generating an ordered phase with a lower sym-
metry or equivalently giving rise to a symmetry breaking
through photoirradiation is difficult and only a few ex-
amples have been reported [14]. In order to realize a
transition with symmetry breaking using light, we focus
on quantum paraelectricity (QP). In materials with QP,
ferroelectric orders are destabilized due to quantum
lattice fluctuations at low temperatures. In the typical
quantum-paraelectric material, SrTiO;, A-site cation ex-
change gives rise to ferroelectricity through the enhance-
ment of dipole interactions [15]. If photoirradiation
creates large dipole moments in materials with quantum
paraelectricity, the instability to ferroelectricity might
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revive. In SrTiO;, photoirradiation generates electron
and hole carriers, so that ferroelectricity could not be
restored [16,17]. The material studied here is an
organic charge-transfer (CT) compound, 4,4’-dimethylte-
trathiafulvalene(DMTTF) -3,5-dibromo-2,6-dichloro-
p-benzoquinone(2, 60Br,Cl,) with QP at low
temperatures [18].

In DMTTEF-QBr,Cly., [Fig. 1(a)], donor (D) (DMTTF)
and acceptor (A) molecules (QBr,Cl;-,) arrange in
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FIG. 1 (color online). (a) Molecular structures of DMTTF and
0OBr,Cl,_,,. (b) Schematic of NI transitions and the formation of
the ferroelectric polarization. (c) Phase diagram of N/ transitions
in DMTTF-QBr,,Cl,-, and dielectric constant € (30 kHz) at 5 K
showing the criticality of DMTTF-2, 60Br,Cl, (n = 2).
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alternate DA stacks along the ¢ axis [Fig. 1(b)] [19].
DMTTF-QCI,(CA) shows a neutral (N) to ionic (/) tran-
sition at T, = 65 K from (- -+ D1034703p*034-03...)
to (+--DV0SA0SDTOSA=05...y [1820]. This is a
second-order or very weak first-order phase transition
[21,22], contrary to the strong first-order phase tran-
sition of TTF-CA, a typical material showing the NI
transition [23]. The I phase is stabilized by the increase
in the Madelung potential due to a contraction of the lattice
at low temperatures. In the I phase, DA molecules dimerize
due to the spin-Peierls mechanism. Moreover, the phases of
dimeric displacements are two-dimensionally ordered in
the ac plane, showing a ferroelectric nature [18]. The
ferroelectric ac planes arrange antiferroelectrically along
the b axis, resulting in the disappearance of macroscopic
polarization. By substituting CI with Br in QCl,, a unique
phase diagram was obtained [Fig. 1(c)]. With the increase
of n, the Madelung potential decreases with the increase
of the c-axis lattice constant, and 7, decreases. For n = 3,
the transition disappears. In DMTTF-2, 6(0Br,Cl,, the di-
electric constant & monotonically increases with decreas-
ing temperature and becomes constant below 20 K [see
Fig. 5(a)]. This behavior is characteristic of QP. & values at
5 K are plotted versus lattice constant in Fig. 1(c) [18,20],
showing criticality in DMTTEF-2, 60Br,Cl,. In order to
clarify the photoresponse characteristic of QP, we per-
formed comparative studies on DMTTF-2, 6Q0Br,Cl, and
DMTTEF-QCly, which we express hereafter as n = 2 and
n = 0, respectively.

Single crystals of n = 0 and n = 2 were prepared fol-
lowing the method previously reported [18]. All the optical
measurements were performed on the ac plane. Polarized
Raman spectra were measured using a Raman spectrome-
ter equipped with a He-Ne laser (1.96 eV) and an optical
microscope. For pump-probe measurements, we used a
Ti:Al,O; regenerative amplifier as a light source
(1.57 eV, pulse width of 130 fs, and repetition rate of
1 kHz). The output from the regenerative amplifier was
divided into two beams, which were used as excitation
sources for two optical parametric amplifiers (OPAs).
From two OPAs, pump (0.65 eV) and probe (2.0-2.5 eV)
pulses were obtained. The delay time ¢, of the probe pulse
relative to the pump pulse was controlled by changing the
path length of the pump pulse. The temporal resolution of
the system was ~180 fs. The excitation photon density x,
was defined by the photon density per unit volume within
the absorption depth and evaluated by x,, = (1 — 1/e) X
(1 — Ry)I,/1,, where I,, I,, R,, and e are the excitation
photon density per unit area, the absorption depth, the
reflection loss of the pump light, and Napier’s constant,
respectively.

Figures 2(a) and 2(b) shows the reflectivity (R) spectra at
12 K (/ phase) and 75 K (N phase) in n = 0 and at 12 K
(quantum paraelectric N phase) in n = 2, respectively.
Strong bands at ~0.6 eV polarized along the ¢ axis are
CT transitions between D and A molecules. The bands at
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FIG. 2 (color online). Reflectivity (R) spectra of
(a) DMTTF-QCl; (n=0) and (b) DMTTF-2, 60Br,Cl,
(n = 2). (c) and (d) are the expanded R spectra. Photoinduced
R change (AR/R) spectra just after the photoirradiation in (e)
n =0 and (f) n = 2. The broken line in (e) is the differential
reflectivity spectrum [R(12 K) — R(75 K)]/R(75 K) between
the 7 phase (12 K) and N phase (75 K) in n = 0.

2.25 eV and 2.5 eV shown in Figs. 2(c) and 2(d) polarized
perpendicular to ¢ are due to intramolecular transitions of
DMTTF and QOBr,Cl,.,, respectively [24]. In order to
detect changes in the molecular ionicity p, we focus on
the intramolecular transition of DMTTEF, since its spectral
shape and intensity depend sensitively on p [25,26].

Photoinduced reflectivity changes AR/R at 75 Kinn =
0 and at 4 K in n = 2 are shown in Figs. 2(e) and 2(f),
respectively. Pump and probe light are polarized parallel
and perpendicular to the stacking axis c, respectively. The
excitation photon density x, is 0.021 (0.027) ph/DA in
n = 0 (n = 2). The broken line in Fig. 2(e) is [R(12 K) —
R(75 K)]/R(75 K) = ARy;/R, which is the spectral
change expected when N states are converted to I states.
The AR/R spectrum in n = 0 is in good agreement with
ARyi/R, demonstrating that a photoinduced NI transition
occurs. AR/R at 4 K in n = 2 [Fig. 2(f)] exhibited nearly
the same spectral change as in n = 0, suggesting that a
similar NI conversion is induced.

In Figs. 3(a) and 3(b), we show x;, dependence of the
maximum values (AR)y;/R) in the time evolutions of AR/R
at ~0.2 ps as circles [see Figs. 4(a) and 4(b)], which are
almost proportional to x,;,. In n = 0, it was deduced from
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FIG. 3 (color online). Excitation density (xp,) dependence of
oscillation amplitudes (ARpg/R) and maximum values
(ARy\/R) of reflectivity changes (circles) reflecting photogen-
erated / domains; (a) n = 0 (75 K, 2.2 eV probe) and (b) n = 2
(4 K, 2.1 eV probe). Broken lines show linear relations.
(c) Schematics of coherent oscillations in n = O (upper) and
n = 2 (lower). In n = 2, coherent oscillations are generated not
only in an / domain with ~20 DA pairs but also in surrounding
wide regions over ~400 molecules.

the magnitudes of AR/R(= 0.4 X ARy/R) and xp,
(0.021 ph/DA) [Fig. 2(e)] that about 20 DA pairs are ion-
ized per photon and microscopic / domains are formed [the
middle panel of Fig. 3(c)]. Such an / domain formation in
neutral CT compounds near the NI phase boundary was
demonstrated by previous experimental [27-29] and theo-
retical studies [30-32]. n = 2 exhibited nearly the same
signal magnitudes [Fig. 2(f)] [33], suggesting that the NI
conversion efficiency is comparable with n = 0.

Figures 4(a) and 4(b) show the time characteristics of
the AR/R peaks at around 2 eV measured with small Xph
(< 0.01 ph/DA) in the two compounds, which decay in
several picoseconds in common. The characteristic
response of n =2 manifests itself in oscillations of
AR/R. By subtracting the background rise and
decay from AR/R, we extracted the oscillatory compo-
nents ARng and show these, normalized by ARy, in
Figs. 4(c)-4(f).

In n =0, ARyg/ARy; can be well reproduced by the
sum of two damped oscillations, mode 1 with 63 cm~ ! and
mode 2 with 69 cm™! [Fig. 4(c)]. The oscillations are of
the cosine type, indicating a displacive excitation of co-
herent phonons [34]. Similar oscillations were observed in
the photoinduced NI transition of TTF-CA and assigned to
the dimeric lattice mode in / domains driven by the spin-
Peierls mechanism [27-29]. Taking the Raman spectro-
scopic studies into account, we could assign modes 1 and
2 to the lattice modes with dimeric displacements [35]
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FIG. 4 (color online). Time characteristics of AR/R reflecting
photogenerated [ statesin (a) n = O at 75 Kand (b) n = 2 at4 K.
Oscillatory components ARqg (open circles) normalized by the
maximum values ARy of reflectivity changes in n =0 and
n = 2 for the weak (c),(d) and strong (e),(h) excitation densities
(xpn)- Green lines show calculated curves and the other lines
show constituent oscillatory components. Modes 1 and 2 are
illustrated in (c).

along the molecular stacks (longitudinal dimeric mode)
and along the molecular planes (shear-type dimeric
mode), respectively, which are illustrated in Fig. 4(c).
Further details are reported in the Supplemental Material
S1-S3 [36]. Oscillatory profiles were independent of x,
[Figs. 4(c) and 4(e)], and the x,;, dependence of the oscil-
lation amplitudes was similar to ARy;/R [Fig. 3(a)]. This
suggests that oscillations are generated in an / domain as
illustrated in Fig. 3(c) (upper panel).

Oscillatory components in n =2 were also almost
reproduced by the sum of two cosine-type oscillations
with ~26 cm™! and ~67 cm™! [Fig. 4(d)], which could
be assigned to longitudinal and shear-type dimeric modes
and therefore labeled as modes 1 and 2, respectively (see
Supplemental Material S4 and S5 [36]). Mode 1 has a large
amplitude compared to mode 2 for x,, = 0.0093 ph/DA;
normalized amplitude ARyg/ARy; of mode 1 is ~2.5% in
n = 0 [Fig. 4(c)], but reaches ~25% in n = 2 [Fig. 4(d)].
When x;;, was increased up to 0.026 ph/DA, the normal-
ized amplitude ARyg/ARy of mode 1 was considerably
decreased, while that of mode 2 was almost unchanged
[Fig. 4(f)]. The x,;, dependence of oscillation amplitudes
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FIG. 5 (color online). (a) Temperature dependence of dielec-
tric constant at 30 kHz in n = 2 [18]. (b) Temperature depen-
dence of the oscillation amplitudes ARps/R and the maximum
values of reflectivity changes ARy;/R reflecting the I domain
size [36]. Diamonds show the integrated intensity of the Raman
band [broken lines in (d)] reflecting the magnitude of fluctuating
dimerizations [36]. (c) Temperature dependences of the frequen-
cies of the oscillation modes (1 and 2) and the Raman band
shown by broken lines in (d). (d) Polarized Raman spectra.

ARs/R [Fig. 3(b)] shows that mode 1 is saturated at very
low excitation density (x, ~ 0.005 ph/DA). This satura-
tion behavior is not due to the heating of the system as
detailed in the Supplemental Material S6 [36]. It is attrib-
utable to space filling of the oscillating region. Assuming
the space filling, we can consider that oscillation mode 1 is
generated over 1/x, ~200 DA pairs (400 molecules).
Since the size of an I/ domain is ~20 DA pairs, the
oscillations should be generated not only within an [
domain but also in the surrounding wide region. This
phenomenon is illustrated in Fig. 3(c) (lower panel).

In order to clarify the interrelation between coherent
oscillations and QP, we investigated the temperature de-
pendence of the oscillations in n = 2. Their amplitudes
and frequencies were plotted in Figs. 5(b) and 5(c), respec-
tively (see Supplemental Material S5 [36]). Although
ARy\i/R is independent of temperature, the amplitude of
mode 1 shows a prominent increase with decreasing tem-
perature, which corresponds well to the enhancement of &
shown in Fig. 5(a). This indicates a strong correlation of
mode 1 with QP. In contrast, mode 2 does not show
significant temperature dependence.

The temperature dependence of the polarized Raman
spectra for z(xx)z and z(xy)z, shown in Fig. 5(d), gives
important information about low-temperature lattice

dynamics associated with QP. Here, x corresponds to ¢
and z denotes the direction of the incident light normal to
the crystal surface. The band at ~30 cm™! [broken lines in
Fig. 5(d)] activated for z(xx)Z gains the intensity and shifts
to lower frequency with decreasing temperature [Figs. 5(b)
and 5(c)]. Such behaviors would be characteristic of QP.
This band could be assigned to the longitudinal dimeric
mode activated by fluctuating dimerizations (see
Supplemental Material S4 [36]). Oscillation mode 1 shows
a similar temperature dependence (triangles in the same
figures), indicating again its strong correlation with QP.

Now, we can discuss the mechanism for the enhancements
of oscillation mode 1. At low temperatures, dimeric molecu-
lar displacements occur along c¢, while their phases are
random in time and space due to quantum fluctuations. By
aphotoinjection of an / domain, two coherent oscillations are
generated by the spin-Peierls mechanism. The large dipole
moment of an / domain restores the instability to ferroelec-
tricity, so that in-phase dimeric displacements along ¢ and
subsequent coherent oscillation (mode 1) are induced not
only within the / domain but also in the surrounding wide
region over ~400 molecules. In other words, by a photo-
injection of an / domain, ferroelectric nature disrupted by
quantum fluctuations is recovered and phases of fluctuating
dimerizations are locked. In this way, photoinjection results
in large coherent oscillations. The directions of dipole
moments of photogenerated / domains can be right or left,
so that destructive interference of coherent oscillations
caused by I domains initially generated in different stacks
occur when x, increases. This is the reason for the saturation
of the oscillation at small x,;, and the subsequent decrease of
the oscillation in Fig. 3(b) (triangles).

It is valuable to comment on the direction and magnitude
of the polarization induced by dimeric molecular displace-
ments. According to the point charge model, in which
charges are set on the center of gravity in each molecule,
a direction of a polarization induced by the dimeric mo-
lecular displacements is parallel (antiparallel) to the direc-
tion of the molecular displacements of D (A) molecules. In
this model, the direction of the dimerization-induced po-
larization P does not accord with the direction of the dipole
moment g within a 1D I domain discussed above, so that
the photogenearation of a 1D I domain never restores
ferroelectricity. The recent x-ray diffraction [37] and theo-
retical studies [38,39] on a typical N/ transition material,
TTF-CA, revealed that the ferroelectric polarization P
directs antiparallel (parallel) to the displacements of D
(A) molecules, opposite to the simple expectation from
the point charge model. This suggests that the ferroelectric
polarization in the / phase is governed by the intradimer
fractional CTs, 8p, as shown in Fig. 1(b), and the ferro-
electricity has an electronic origin. In the ac planes of
n =0 and n = 2, a similar ferroelectric mechanism can
also be considered. When the coherent oscillation is gen-
erated over ~200 DA pairs around a 1D I domain with 20
DA pairs, the magnitude of the additional CT from A to D
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molecule by the initial dimeric molecular displacements
was evaluated to be 0.003, which is almost equal to 1% of
the degree of CT (p ~0.3) in the N phase (see
Supplemental Material S7 [36]).

In summary, we demonstrated in a molecular compound
that ferroelectric nature disrupted by quantum fluctuations
was restored by a photoinduced ionic domain with a large
dipole moment. This phenomenon can be considered as a
transient version of ferroelectricity revived by an injection
of a dipole moment as observed in the substitution effect in
SrTiO;. This discovery represents a new method to induce
a photoinduced phase transition with a symmetry breaking
in solid. Furthermore, our results present new aspects of
neutral-ionic transitions; dimeric molecular displacements
can occur even in the neutral lattice, which demonstrates
that electrostatic or dipole interactions play an important
role in molecular dimerizations.

This work was supported in part by a Grant-in-Aid by
MEXT (No. 20110005 and No. 20110003).
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