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Terahertz responses of the high-temperature metallic phase and photoinduced metallic state in
the ferroelectric charge-ordered organic salt a-(ET),I;
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The thermal and photoinduced phase transitions between the ferroelectric charge-ordered (CO) insulator
state and the metallic state in the layered organic salt a-(ET),I; (ET: [bis(ethylenedithio)]-tetrathiafulvalene)
were investigated using terahertz time-domain spectroscopy. Characteristic increases were observed in the
optical conductivity and the dielectric constant upon increasing the temperature to just below the insulator-to-
metal transition temperature (7Tp), which reflects the partial or precursory collapse of the ferroelectric state
and charge ordering. The excitation of this partially melted CO state near 7o led to the formation of a
photoinduced macroscopic metallic state, whose conductivity appeared to be greater than that of a high-
temperature metallic state. At 7<<Tq, a microscopic metallic state was formed within the rigid CO state.

DOI: 10.1103/PhysRevB.81.155111

I. INTRODUCTION

Low-dimensional organic conductors exhibit various elec-
tronic states such as the charge-ordered (CO) insulator, Mott
insulator, metallic, and superconducting states because of
strong on-site and/or intersite Coulomb repulsion.'> Among
these states, metallic states are of great interest because they
sometimes exhibit characteristics that differ greatly from
those of a Fermi-liquid metal. The electronic properties of
such metallic states are related to the mechanisms of the
insulator-to-metal (/-M) transition and the formation of the
ferroelectric state.

The layered organic salt a-(ET),1; (ET:
[bis(ethylenedithio) |-tetrathiafulvalene)] (Refs. 6-19) is a
typical three-quarter-filled organic conductor. However, this
compound is a CO insulator that exhibits electron ferro-
electricity at temperatures lower than the metal-insulator
transition temperature (Tco=135 K). It is noteworthy that
the compound is ferroelectric not because of structural de-
formation but because of the long-range order of the charge
disproportionation (CD) in the CO insulator.'® Such ferro-
electric characteristics have also been detected in major
quasi-one-dimensional bis-tetramethyl-tetrathiafulvalene
(TMTTF) salt>>29 and other layered organic salts.?!?> The
CO state can transform to a high-temperature (HT) metallic
state, as shown schematically in Fig. 1. However, the HT
metallic state does not exhibit a Drude response but displays
characteristics of semimetals and narrow (zero)-gap
semiconductors.”!*1> As shown in the inset of Fig. 1, the CO
insulator—HT metallic state transition (hereinafter referred to
as the CO-HT transition) is well reflected by the optical con-
ductivity spectra in the midinfrared (mid-IR) and terahertz
(THz) regions.!”~'® Moreover, microwave conductivity mea-
surements have indicated marked changes in the conducting
nature at T=T¢, and even at T<T.o.5 However, detailed
spectral changes in the THz region reflecting the phase tran-
sition from the CO ferroelectric state to the HT metallic state
near T have not yet been clarified.
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Recently, layered ET salts have shown a potential for ap-
plication to ultrafast optical switching devices.'®?*-2" The ul-
trafast optical response is ascribed to the photoinduced I-M
transition (PIMT). The time evolution of the transient reflec-
tivity of a-(ET),l; in the mid-IR region suggests the forma-
tion of quasistable macroscopic (T~ Tgo) and short-lived
microscopic (T<Tqo) metallic states.>*? However, the
spectroscopic characterization of these microscopic and mac-
roscopic states has not been performed.

In this paper, the thermal CO-HT transition and the PIMT
in a-(ET),I; are investigated using THz time-domain spec-
troscopy. Characteristic increases in the real parts of the
steady-state optical conductivity (o) and dielectric constant
() are observed upon increasing the temperature to just
below T, in terms of the partial or precursory collapse of
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FIG. 1. (Color online) Temperature dependence of resistivity
(Ref. 15) and molecular arrangement of a-(ET),15. In the CO state,
electrons are localized as illustrated by the red circles. However,
they are extended as shown by the orange circles in the A-A’ stack
in the HT metallic state (but they are not so extended in the B-C
stack) (Ref. 12). The inset shows the optical conductivity spectra at
300 K (metallic) and 60 K (CO) (Refs. 18 and 19).
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the ferroelectric state and charge ordering. Optical pump-
THz probe (transient absorption) measurements show that
the optical excitation of the ferroelectric CO state, which
melted partially near T¢q, results in the photoinduced forma-
tion of a quasistable macroscopic metallic state, although the
unstable microscopic metallic state is formed in the rigid CO
state at T<<To.

II. EXPERIMENT

Single crystals of a-(ET),I; (average size: 2X2
%X 0.05 mm?®) were prepared using a previously reported
procedure.” The steady-state spectra of the optical conductiv-
ity (o) and the dielectric constant (g;) of the crystals were
obtained in the energy range of 215 meV (0.5-4 THz) using
a THz time-domain spectrometer (Rayfact SpecTera RS-
01020; Tochigi Nikon). The crystals were contained in a cry-
ostat and the temperature was varied from 7 to 300 K.

Near-infrared (NIR) pump (0.89 eV)-THz-probe (1.5-10
meV) spectroscopy was performed using a 1-kHz Ti: Al,O5
regenerative amplifier system (Hurricane; Spectra-Physics)
as the light source. The output of the amplifier was divided
into three beams. The first beam was used to generate the
NIR pump pulses in a handmade optical parametric ampli-
fier, and the second to generate the THz probe pulses. The
THz pulses were generated by difference-frequency genera-
tion in a ZnTe crystal with dimensions of 20X 20X 1 mm?
and were focused on a single crystal of a-(ET),l5 in a 1.5-
mm-diameter region excited by the pump beam. The third
beam was used for electro-optic (EO) sampling, which was
performed to detect the THz light transmitted through the
sample. The time resolution was approximately 1 ps. The
time delay between the NIR pump pulse and the THz probe
pulse (¢4) and that between the THz probe pulse and the gate
pulse (z,) were varied using computer-controlled stepping
motors.

III. RESULTS AND DISCUSSION

A. Steady-state phase transition

Figure 2(a) shows time profiles of the transmitted electric
field (E1yllb) at 7 and 150 K. o(w) and &,(w) are obtained
from the time profiles of Eqy for various temperatures, as
shown in Figs. 2(b) and 2(c). At a low temperature (7 K),
o(w) is small (oy<2 Q7' cm™"), which reflects the insulat-
ing nature of a-(ET),l;. Low-frequency phonon structures
are also detected at 5.2, 6.6, 8.6, 11.8, 13.0, and 15.5 meV in
both the o(w) and &,(w) spectra. Such low-frequency
phonons might be attributed to the ET libration or the I3
stretching mode.?® An abrupt increase in o, and a decrease in
g; with an increase in temperature at 7o indicate the
CO-HT transition. The absolute value of o at 3 meV and the
overall spectral features of o;(w) and &,(w) are roughly con-
sistent with previously reported dc conductivity measure-
ments (approximately 30 Q! cm™) (Refs. 7, 14, and 15)
and IR spectra,'®! respectively. However, &,(w) in the me-
tallic phase (T>Tg) does not exhibit a Drude-like negative
response. Considering that the THz optical conductivity and
the dc conductivity for 7> Tq are much less than that for a
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FIG. 2. (Color online) (a) THz profiles in time domain at 7 and
150 K (X20) for Epyllb. [(b) and (¢)] o and &, at various tempera-
tures. The red (gray) curves indicate the values calculated using the
equation given in the text. [(d) and (e)] Temperature dependence of
o) and &) at 5 meV [solid red (gray) circles], 11 meV [solid blue
(gray) triangles], and 15 meV [green (gray) squares]. (f) Tempera-
ture dependence of 7 (T<T¢go) (solid black circles and solid
curve). For T>T¢co, 7 is indicated by the open circles and the
dashed curve because the o (w) spectra cannot be well reproduced.

Fermi-liquid-like metal (such as the metallic phase in
k-(ET),X at low temperature>>3°), a possible explanation of
such a low o and a positive g, is the existence of a narrow
(zero)-gap semiconductor state.!*!3

Figures 2(d) and 2(e) show the temperature dependence of
o(w) and g;(w) at 5, 11, and 15 meV. It is noteworthy that
o, (w) and &,(w) start to increase with increasing temperature
at ~120 K, which is below Tq. This behavior indicates a
decrease in the optical gap to below 15 meV for 120 K
<T<Tco. For both 120 K<T<T¢q and T> T, the spec-
tral shape of o,(w) and &;(w) cannot be explained using the
Drude model. The gradual closing of the gap has already
been suggested by microwave conductivity measurements.®
Considering that the ferroelectric state is formed because of
charge ordering, the growth in o;(w) and &;(w) with an in-
crease in temperature for 120 K<T<T( is attributable to
the partial or precursory collapse of the ferroelectric state
and charge ordering, indicating that formation of the relax-
erlike state (i.e., fluctuations in the long-range order of the
CD near Tg) results in an increase in g;.

In this paper, we phenomenologically analyzed the ob-
served o(w) and &,(w) by using the Debye model for par-
tially melted CO ferroelectric states and the Lorentz model
for phonons, respectively. We assumed that o (w) and &;(w)
include contributions from charges [o,(w) and &,(w)] and
phonons [o,(w) and &,(w)], respectively;

O=0,+0, &€ =¢g+¢,, (1)
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TABLE I. Phonon parameters &, w;, and 7,; fori=1,2,...,6 at
7 K.

& i Tyi
i (s2) (meV) (ps)
1 3.35x 10% 5.2 0.53
2 1.24 X 10* 6.6 0.53
3 5.29% 10* 8.6 0.41
4 459 % 10* 11.8 0.41
5 229X 10* 13.0 0.53
6 7.77 X 10%* 15.5 0.66

2
T 1
(Te(w): 7]1+w272’ se(w)ze(oo)+4777’l+w272, (2)
o
o,(w)= , g&glw)=¢
o) ; (wi20 - o)+ (0/1,)? o) =2

2 gi(wizo - wz)

T (w3 — )+ (0/7,)*

3)

In these equations, 7]=n6272f/m, where n, e, 7, m, and f
represent the density, elemental charge, damping time, effec-
tive mass, and carrier oscillator strength, respectively. &; are
phonon parameters that are determined by phonon density,
effective mass, and effective charge of the respective phonon
peaks i. We employed the Debye model to analyze the par-
tially melted CO insulating state for 7<<7q, but not to re-
produce the metallic state for 7> Tq. In fact, for T<T¢,
o(w) and &;(w) can be well reproduced using the above
equations, as shown by the red curves in Figs. 2(b) and 2(c).
For T>T-o, however, the observed spectra cannot be repre-
sented by the Debye model because the additional metallic
component emerges below 5 meV.

The temperature dependence of 7 is shown in Fig. 2(f) by
solid circles joined by a solid curve for T<<T( but is indi-
cated by the open circles joined by the dashed curve for T
> Tco because the o;(w) spectra cannot be well reproduced.
The quantities 7 and 7 are determined by the fitting proce-
dure to be 5.4 and 0.53 ps, respectively, at 133 K (<Tq). If
we assume m=9.1 X 1072 g and f=0.1, then n is estimated
to be 4.6 X 1077 cm™3 although the parameters n, m, and f
cannot be determined independently.

The damping energy #/7=8.1 meV is roughly consistent
with the energy scale of the corresponding temperature
(~100 K). The phonon parameters &, w;, and 7,; for i
=1,2,...,6 at 7 K are listed in Table I. These phonons will
be assigned and discussed in more detail in future studies
because this is not the focus of the present study.

Thus, the small-gap state that reflects the partial collapse
of the ferroelectric state and charge ordering at 120 K<T
<T¢o is described by the Debye model. However, another
low-energy spectral component in o;(w) is observed at T
>Tco, which suggests that ¢;(0)>0. This observation is
consistent with the abrupt increase in the dc conductivity at
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FIG. 3. (Color online) [(a) and (c)] Absorption (OD) spectra of
CO and HT phases for Eyllb at 25 K [CO, blue (gray)], 125 K
[CO, blue (gray)], and 150 K [HT metallic state, red (gray)].
Dashed curves in (a) and (c) indicate the differential spectra for
[OD(150 K)-OD(25 K)] and [OD(150 K)-OD(125 K)], respectively.
[(b) and (d)] Transient absorption (AOD) spectra under excitation
(polarization of the pump light Ellb) at 0.89 eV at 20 and 124 K,
respectively, for various excitation intensities /,,. The blue dashed
curves indicate the spectra determined using the multilayer model
(see the text). The inset of (b) shows photoinduced changes in o
(Aa), which are calculated using the multilayer model. The density
of the photoinduced conducting state (f) is shown schematically as
a function of d in the inset of (d).

Tco- The abrupt disappearance of the phonon structure as 7'
exceeds Tq indicates dielectric screening of the phonons.

Therefore, the thermal CO-HT transition occurs in the fol-
lowing manner. First, for 120 K<T<T¢q, the optical gap
gradually decreases with increasing temperature. The small-
gap state, which can be represented by the Debye model,
reflects the partial or precursory collapse of the ferroelectric
state and charge ordering. Second, for T=T¢q, the metallic
state, which is characterized by the low-energy spectral com-
ponent ¢(0) >0, abruptly appears and the low-frequency
phonons are screened as the temperature increases. The tem-
perature dependence of the conducting nature for 7<<Tcq
has been reported previously.® Our THz spectroscopic study
near T-o shows that this characteristic temperature depen-
dence is attributable to the partial collapse of the ferroelectric
state and charge ordering.

B. Photoinduced phase transition

Next, the electronic properties of the photoinduced metal-
lic state are discussed on the basis of the transient absorption
spectra (AOD, where OD is the optical density).’! Figures
3(a) and 3(c) show the absorption spectra of the CO and
HT metallic states of a-(ET),I;, respectively, for polarization
parallel to the b axis at 25 K (rigid CO state), 125 K (par-
tially melted CO state or, equivalently, the small-gap state),
and 150 K (HT state). In Figs. 3(b) (20 K) and Fig. 3(d)
(124 K), AOD spectra are presented for a pump-probe time
delay of 73=0.1 ps (polarization of the pump light Ellb) at
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0.89 eV for various values of excitation intensity I, ([
=0.01 mJ cm™2). The broad absorption increase is induced
by photoexcitation in the THz region at 20 K, which suggests
the formation of the metallic state. The spectral shape of
AOD measured at 20 K is analogous to the temperature dif-
ferential spectrum, i.e., OD(150 K)-OD(25 K) [indicated by
the dashed curve in Fig. 3(a)], whereas AOD at 124 K is
different from OD(150 K)-OD(125 K) [indicated by the
dashed curve in Fig. 3(c)]. These results indicate that the
photoinduced metallic state at 20 K is similar to the HT
metallic state, whereas that at 124 K is different from the HT
metallic state.’!

The magnitude of the photoinduced absorption change
(AOD=0.15 at 8 meV for I.,=1I,) is much less than that for
the thermal CO-HT transition [OD(150 K)—OD(25 K)=4].
However, considering the large difference between the pen-
etration depth of the NIR pump and that of the THz probe,
the magnitude of the absorption change in the surface layer
is expected to be as large as that for the thermal CO-HT
transition. This is confirmed through analyses using the
multilayer model, which will be discussed later. It is note-
worthy that the AOD spectrum at 124 K is markedly differ-
ent from that at 20 K. Put more precisely, the low-energy
(<5 meV) AOD spectrum at 124 K for I.,=1, is larger than
that at 20 K, which shows the different nature of the photo-
induced metallic state at 20 K compared with that at 124 K.
Nevertheless, further investigation is necessary to confirm
this rationale because the inhomogeneity of the photoinduced
metallic state affects the shape of the AOD spectrum.

The AOD spectrum can be obtained using the multilayer
model if the complex dielectric function of the photoinduced
metallic state is described by that of the HT metallic phase. It
is reasonable to consider that the density f of a spherical
photoinduced metallic state with a diameter r, which is con-
siderable less than THz wavelengths, decreases as a function
of the distance d from the surface. The density can thus be
represented by f(d)=exp(—ad), where « is the absorption
coefficient at the excitation wavelength (a=1X10* cm™),
as shown in the schematic of Fig. 3(d). The complex effec-
tive dielectric constants g.; of the different layers are then
described by effective-medium theory®>=* as (e.p—g;)/ (eefs
+281)=(1—f)(SM—SI)/(8M+281) for 0.7 <f< 1 (the
Maxwell-Garnett equation for the surface region 1), f(eq
—g))/ey+2e(ey/ gep)P=(1-f) for 0.3<f<0.7 (Hanai’s
equation for the intermediate region 1), and (eq—epm)/ (et
+2ey)=f(e;—em)/ (e1+2ey) for 0<f<0.3 (the Maxwell-
Garnett equation for the deep region IIT), where g; and &y
are the complex dielectric constants of the CO and the HT
metallic phases, respectively.

The dashed curves in Figs. 3(b) and 3(d) indicate the
AOD spectra obtained using the multilayer model. The cal-
culated spectral shape and magnitude are approximately
equivalent to those of the AOD spectrum observed at 20 K.
The inset of Fig. 3(b) shows the photoinduced changes in
o(w) [Ao(w)] of the surface layer in the multilayer model.
The spectrum Ac(w) is roughly equivalent to that of o(w)
for the HT metallic state, indicating that the electronic prop-
erties of the photoinduced metallic state at 20 K (<Tg) are
similar to those of the HT metallic state. However, the low-
energy (<5 meV) absorption observed at 124 K appears to
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FIG. 4. (Color online) [(a) and (b)] Time evolution of AOD at 4
and 8 meV (open circles and squares) at 20 and 124 K, respectively.
The red dashed curves indicate the time evolution of the normalized
THz amplitude E"(t)=A(1-Ery(t)/Ey).

be larger than that of the HT metallic state [indicated by the
dashed curve in Fig. 3(d)], which suggests that the photoin-
duced metallic state formed in the partially melted CO state
is different from the HT metallic state. We consider the con-
ductivity of the photoinduced metallic state at 124 K to be
larger than that of the HT metallic state.

A difference in the decay time of the absorption change is
discernible between the photoinduced metallic state observed
at 20 K and that observed at 124 K. The time evolution of
AOD at 20 K and at 124 K is shown in Figs. 4(a) and 4(b),
respectively. The figures show data obtained at 4 and 8 meV,
which are denoted by circles and squares, respectively. The
dashed red curves show the time evolution of the photoin-
duced change in the transmitted THz amplitude Ety. The
quantity Epy is normalized by E; in calculating the time
evolution E"(1)=A(1-E1y(1)/ E,), where E, and A represent
the amplitude before the photoexcitation and the normalizing
coefficient, respectively. Because E"(¢) is similar to AOD(z),
hereinafter, we use E”(t) to evaluate the time evolution. The
relaxation time of the HT metallic state is comparable to the
time resolution (approximately 1 ps) at 20 K, although the
photoinduced metallic state observed at 124 K shows a much
longer decay time—of the order of nanoseconds. The decay
time increases with increasing /.., which reflects the coop-
erative nature of the photoinduced metallic state.

The inset of Fig. 5 shows E’(¢) various temperatures T
<Tco- The decay time constants 7, and 7, are shown as
a function of the reduced temperature (7/7T,,— 1) by solid red
diamonds in Fig. 5. The decay time constants are obtained by
fitting the data to the sum of three exponential functions,
which gives the results 7p~2 PS, Tmigqe~ 15 ps, and
Taow ~ 1 ns. Of the three components, 7,,;44;., Whose fraction
is approximately 5%, is independent of temperature, which
indicates that it is unrelated to the I-M transition.>*?> The
time constant 7y, dominates at 20 K, whereas the contribu-
tion of 7, becomes large at 124 K. Therefore, 7, and 7,y
correspond to the AOD spectra at 20 and 124 K, respectively.
Trast @nd Tyo, are given by the expressions 7y, % |T/Tc
— 1" and 7y | T/ T~ 1]|%3. We attribute the increase in the
decay time at temperatures close to Tq to critical slowing

155111-4



TERAHERTZ RESPONSES OF THE HIGH-TEMPERATURE...

* Iax=ID (THZ) = 20K
10* - A lely (Mid-IR) 5 —J S———
:‘\ o e g M
RN N 3
10 N T 4 110
Tt 0‘0 ol 124
g 102 e - |
w B 130
-‘ L
10 AT ) 0 10 20
{ A Trast ~*.__ Time Delay (ps)
0¢_°
00 e -0
vl L |7-.-|.|||| MR
0.1 1
[T Tco-1l

FIG. 5. (Color online) Decay time constants 7g,q and 7, [red
(gray) diamonds] as functions of reduced temperature. The decay
time constants obtained in a mid-IR pump-probe study are indicated
by open triangles (I,,=1Iy) (Ref. 21). The inset shows E(7) at various
temperatures 7<Tcq.

down (CSD), which reflects the statistical nature of the
photoinduced metallic states. The CSD behavior, indicated
by the open triangles (I.,=1;) in Fig. 5(b), has previously
been observed in a mid-IR pump-probe study.”*?> The time
constants 7y, and 7, correspond to different critical expo-
nents (given by vz, where v and z signify the critical expo-
nent of the correlation length & and the dynamic critical ex-
ponent, respectively). A decay time of the order of
nanoseconds and vz=1.8 for 7, which is close to the value
of 2.1665,3%3 are obtained by using the two-dimensional
Ising model and indicates the photoinduced formation of a
quasistable macroscopic metallic state in the partially melted
CO state at 124 K. This is consistent with the observation of
a characteristic large low-energy absorption at 124 K, which
reflects a metallic state with high conductivity. However, the
short decay time (approximately 2 ps) of 7, indicates the
formation of an unstable microscopic metallic state in the
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rigid CO state at 20 K. The electronic nature of the micro-
scopic metallic state is similar to that of the HT metallic
state.

The electronic properties of the photoinduced macro-
scopic metallic state remain unclear. However, one possible
explanation is that in the photoinduced macroscopic metallic
state, the CD is melted on the B-C molecular stacks (Fig. 1)
arising from the asymmetric structure, is markedly weakened
in addition to the melting of the correlated CD on the A-A’
stack. In the HT metallic state, however, the CD on the B-C
stack remains.!'?37

In summary, we have investigated the THz response of
the HT metallic state and a photoinduced metallic state in the
ferroelectric CO organic salt a-(ET),I5. The temperature de-
pendence of the optical conductivity and of the dielectric
constant shows the incomplete collapse of the ferroelectric
state and charge ordering just below Tq. The electronic na-
ture of the photoinduced macroscopic metallic state formed
at 124 K (T~ T¢) is different from the photoinduced micro-
scopic metallic state observed at 20 K (T<T¢g). In other
words, the quasistable macroscopic metallic state is formed
in the partially melted CO state (T~ Tg), but an unstable
microscopic metallic state is formed in the rigid CO state
(T<Tcp). The measured low-energy (<5 meV) transient
absorption spectra suggest that the conductivity of the photo-
induced macroscopic metallic state is greater than that of the
HT metallic state.
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