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The temperature and pressure dependences of the dielectric constants have been measured on the
mixed-stack organic charge-transfer crystal, tetrathiafulvalene-p-chloranil, in a frequency range
from 100 Hz to 10 MHz. The dielectric response increases remarkably with decreasing temperature
down to 7,=81 K, where the neutral-to-ionic (NI) phase transition occurs. On the other hand,
with applied pressure at room temperature, the change in the dielectric response is less remarkable,
whereas the dc conductivity o, increases considerably. Such dynamical responses are explained by
a Debye-type relaxation model. The strength of the dielectric response is closely correlated with
both the relaxation time 7 and o4. These anomalous dielectric responses are attributed to the dy-
namics of the NI domain-wall pairs and ionic domains in the neutral lattice.

I. INTRODUCTION

A mixed-stack  charge-transfer (CT) crystal,
tetrathiafulvalene-p-chloranil (TTF-CA) is known to
show the so-called “neutral-to-ionic” (NI) phase transi-
tion induced by lowering the temperature! or by applying
pressure.? Various measurements have elucidated this
unique phase transition.

According to the measurements of infrared molecular
vibration spectra,®* the degree of CT (p) between the
TTF donor (D) and CA acceptor ( 4) molecules changes
sharply from ~0.25-0.3 to ~0.65-0.7 at the critical
temperature 7, =81K. At the same time, a dimeric dis-
tortion of DA stacks occurs at T,.° % Thus, the
temperature-induced NI transition is first-order one.

When pressure is applied at room temperature, the DA
stacks are also transformed into the dimerized ionic
phase at about P,=11 kbar.® % As the pressure is in-
creased near to P,, dimerized ionic regions are induced
within the neutral lattice.®° Such coexistence of the
dimerized quasi-ionic regions in the regularly stacked
quasineutral regions indicate that both states are almost
degenerate in the TTF-CA crystal at high pressures. A
similar coexistence of neutral and ionic states has been
also observed at ambient pressure when a substitutional
impurity such as trichloro-p-benzoquinone (QCl;) is
doped in TTF-CA crystal. 1°

These features of the NI transition in TTF-CA mani-
fest themselves not only in the optical properties, but also
in the electric'! 7! and magnetic!! properties as a func-
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tion of temperature and pressure. For instance, the elec-
tric conductivity along the stack axis (the a axis) shows
an exponential dependence upon 7! (except just above
T, ) with an activation energy of about 0.1 eV both in the
neutral (7> T,) and in the ionic (7 <T,) region.!'1?
This energy is much smaller than the CT excitation ener-
gy of about 0.7 eV. 1415

When pressure is applied at room temperature, the
conductivity shows an increase by more than 4 orders of
magnitude, until it reaches a maximum at about 8
kbar.”!? It has been suggested that these characteristic
electric properties in the TTF-CA crystal are due to the
dynamics of low-energy excitations as charged defects in
the form of NI domain walls and solitons.®!>!3 Here,
the NI domain walls are defined as the boundaries be-
tween the neutral and ionic domains,'®”!® which are
nearly degenerate near the NI phase boundary, while sol-
itons are topological defects in the dimerized one-
dimensional DA stacks.!®!® These charged defects are
suggested to become charge carriers because of the fairly
small excitation energies. '* 1519

The previous optical and electric studies on TTF-CA
indicate that the intrinsic charged defects associated with
the valence instability of the one-dimensional DA stacks
are playing an essential role in the physical properties of
TTF-CA near T, or P.. If this interpretation is valid, the
dynamical properties of such charged defects will also
manifest themselves as a characteristic dielectric
response, as observed in other kinds of one-dimensional
incommensurate and commensurate Peierls-Hubbard sys-
tems. 2°
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This paper reports that an anomalous dielectric
response has been indeed observed in TTF-CA crystal
near T, and P,. The characteristic behavior of the dielec-
tric constants are closely correlated to the field-dependent
dc conductivities which have been recently reported.'?
In contrast to the dielectric responses previously ob-
served in other one-dimensional systems, the dielectric
anomaly presently observed in TTF-CA is quite unique,
in that the giant dielectric constants and the nonlinear
conductivity can be attributed to the valence instability,
which is characteristic of the mixed-stack DA complexes
near the NI phase boundary. The dynamical behavior of
the NI domain wall pairs or the ionic domains within the
neutral chains, are inferred from the anomalous dielectric
response, as a function of various parameters, such as
temperature, field frequency, and pressure.

II. EXPERIMENTAL

Single crystals of TTF-CA were grown by the cosub-
limation of the component powder materials which had
been purified by conventional recrystallization and sub-
limation procedures. Thin platelet single crystals, about
0.5 mm thick, were used for electric and dielectric mea-
surements. Silver paste electrodes were painted on both
ends of a crystal face.

The real and imagininary parts of the complex ac con-
ductivity &(w) were measured in the frequency range of
100 Hz-10 MHz by using an LCR meter (YHP 4274A
and 4275A) and an impedance analyzer (YHP 4194A).
The former system was employed for the electric mea-
surements using a four-probe configuration at several
fixed frequencies, while the latter system was used in
two-probe variable-frequencies measurements from 200
Hz to 10 MHz. The amplitude of the applied ac electric
field was maintained at values smaller than the threshold
for the nonlinear response, which becomes prominent at
high fields. !*

In the measurements at low temperatures, samples
were placed in the cold N, or He gas at atmospheric pres-
sure. In the high-pressure measurements, samples were
mounted in a stainless-steel clamp-type high-pressure
cell, and hydrostatic pressures were applied through a
pressure-transmitting medium composed of a 1:1 mixture
of kerosene and diffusion pump oil. The crystal surfaces
were coated with an insulating varnish, GE7031, to
prevent degradation of the surface in the oil.

III. EXPERIMENTAL RESULTS

A. Temperature dependence of dielectric response

The real part €; of the dielectric constant € at ambient
pressure was determined from the imagninary part o, of
the complex ac conductivity & by using the relation
o,(w)=jwe(w). The €; values were always positive in
the experimental range of frequency (102-107 Hz) and
temperature (2-300 K), over which the measurements
were made.

The €, values at various frequencies are plotted in Figs.

1(a) and 1(b) as a function of temperature, for the direc-
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FIG. 1. Temperature dependence of dielectric constant €, at
several typical frequencies with the electric field parallel to the a
axis (a) and perpendicular to the a axis (parallel to the c* axis)
(b).

tion of electric field parallel (E||a) and perpendicular
(E||c*) to the stacking axis (the a axis), respectively.
Note that the dielectric response in the perpendicular
direction is nearly 2 orders of magnitude smaller than
that in the parallel direction, indicating that the large
dielectric constants observed for the E|a case are certain-
ly due to the dielectric response of the one-dimensional
DA stacks.

The most significant feature in the results shown in
Fig. 1(a) is the remarkable increase of €, in the neutral
phase above T, while the €, shows only a slight tempera-
ture dependence in the ionic phase below T,.. For in-
stance, the €, value at room temperature is about 250 at
100 Hz. When temperature is lowered, the €; value de-
creases slightly, until a minimum is reached at around
230 K, and then shows a remarkable increase at lower
temperatures toward a maximum of about 1800 at about
130 K. After passing this maximum, the €; value de-
creases again until it sharply increases near T, showing a
divergent behavior at T.. The temperature dependence
of €, at low frequencies is thus characterized by a broad
maximum at a temperature somewhere between room
temperature (RT) and T, followed by a steep, divergent,
peak at T,. It is shown that in the following discussion,
such a broad peak is actually a superficial effect due to
the temperature dependence of the relaxation frequency
in the dielectric response.

At higher frequencies, the dispersive behavior of ¢,
above T, becomes less prominent, and at frequencies
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higher than 10 kHz, there is no steep increase of €, below
200 K, except for a trace of divergentlike increase near
T..
The frequency dependences of the real and imaginary
parts of the dielectric constant (e=¢€;— je,) for the E|ja
geometry are plotted in Fig. 2 for three fixed tempera-
tures, which are somewhat arbitrarily chosen at 297, 234,
and 188 K, all in the neutral phase above T,. The experi-
mental values for €; and €, shown in Fig. 2 were deter-
mined by assuming an equivalent circuit composed of a
parallel resistance R and a dielectric substance having the
complex dielectric constant €, as shown in the inset in
Fig. 2. The & was derived from & by using the following
equations: €,=0,/(€w), 6,=(0,—04)/ (),
04.=d/(RS). Here, S and d are the cross section and
the thickness of the sample, respectively. (We note that
the absolute magnitudes of €, are different between the
results shown in Figs. 1 and 2. For an example, the low-
frequency value of €; at room temperature is about 250 in
the results shown in Fig. 1, whereas it is a little larger
than 500 in the results shown in Fig. 2. These differences
are partly due to the approximation in the data analysis
of the respective measurements and also perhaps partly
due to sample-to-sample variation.) According to a sim-
ple Debye-type relaxation model,?! the real and imagi-
nary parts of dielectric function are expressed by

€(0)—e,
61(60):600+Tw27_2 (1a)
and
€(0)—e€,,
Ez(a) =mwr . (1b)

Here, €(0) and €, are static and high-frequency dielectric
constants, respectively, and 7 is the relaxation time. The
characteristic frequency f =(277)"! corresponds to the
maximum of the €, curve. The experimental €, , curves
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FIG. 2. Frequency dependence of dielectric constants ¢,
(solid lines) and €, (broken lines) along the a at 297 K (A), 234 K
(B), and 188 K (C). The equivalent circuit composed of the
resistance and the dielectric substance is shown in the inset.
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shown in Fig. 2 can be fitted to the Debye model fairly
well. From the maxima of €,(w) curves at various tem-
peratures we could determine the experimental values for
f at respective temperatures. The results are shown by
solid circles in a semilogarithmic plot against T~ ! in Fig.
3. In the same figure we have also plotted the tempera-
ture dependence of dc conductivity o 4. (open circles), in a
scale normalized to the value at room temperature (o g7 ).
The lines are nearly parallel to each other, both having
the activation energy of about 0.08 eV. The similarity be-
tween the temperature dependences of f and o4, will be
discussed later in Sec. IV.

Because of experimental limitations we could not make
reliable measurements of the €, ,(w) curves at tempera-
tures below about 150 K. However, the results shown in
Fig. 3 can explain why the €, curves in Fig. 1, as a func-
tion of temperature, show a broad maximum somewhere
between RT and T,. As the temperature is lowered
below 250 K, the €; values for frequencies below 400 Hz
increase, being weakly dependent on frequency. This is
attributed to a monotonous increase of €(0), as the tem-
perature is lowered. But, at the same time, the charac-
teristic frequency f decreases (as seen in Fig. 3), causing a
reduction of €; at frequencies higher than f. This ex-
plains the observed feature of €, curves (broad maximum
between RT and T,) shown in Fig. 1(a). According to
this interpretation, the temperature dependence predicted
for €(0) should be dramatic: the hypothetical €(0) curve
is shown in Fig. 1(a) by a dotted line. At about 100 K, it
will attain a value of the order of 10* for the Ela
geometry. On the other hand, the divergent increase of
€, observed just above T, is almost independent of fre-
quency [Fig. 1(a)], indicating a second contribution, from
a higher-frequency response, which increases in ap-
proaching to T,.
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FIG. 3. Temperature dependences of the relaxation frequen-
cy f and the dc conductivity o. The conductivity is normalized
by the value oz at room temperature.
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B. Pressure dependence of the dielectric response

The dielectric constants, €, and €,, observed at room
temperature under various pressures are plotted in Fig. 4,
as a function of frequency. The features of the €, , curves
can be again explained by a Debye-type relaxation model.
The saturation values of €, at low frequencies change
slowly up to 3.5 kbar. On the other hand, the peak in the
€, curve shifts to higher frequency, indicating an increase
of the relaxation frequency f with pressure. The values
for f are plotted against pressure in Fig. 5 (solid circles).
At pressures of about 4 kbar, the f value becomes as
large as about 107 Hz. In the same figure we also plotted

the pressure-dependence of dc conductivity o (open cir--

cles), normalized to the o value (o 4p) under atmospheric
pressure and at room temperature. The log,,(f) and
log,o(o /0 4p) curves are both linear with pressure, with
almost the same slopes. From Figs. 3 and 5 we suggest
that the current carriers responsible for both the dc con-
ductivity and the Debye-type dielectric response under an
ac electric field are identical in origin. More detailed dis-
cussion on this point will be given in the next section.
From previous optical®’ studies of the pressure effect
in TTF-CA, it has been concluded that a part of neutral
stacks is converted to dimerized ionic regions by the ap-
plication of pressure. The density of ionic molecules in-
creases with pressure, until the whole lattice is converted
to the ionic phase at about 11 kbar.®° In accord with
this there occurs a change in the dielectric response when
pressure becomes higher than about 4 kbar. In Fig. 6 we
plot the pressure dependence of €, at various frequencies
up to about 7 kbar.?? A significant point in this plot is
that the €, values at low frequencies decrease with pres-
sure, and finally become negative at high pressures. Such
a feature is not seen in the low-pressure behavior (p <3.5
kbar) of €, shown in Fig. 4, but when pressure exceeds
about 4 kbar, it turns out that the €, value becomes nega-
tive at low frequencies. The crossing point f,, where €,
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FIG. 4. Frequency dependence of dielectric constants €,

(solid lines) and €, (broken lines) along the a axis at 0.0 kbar (A),

0.6 kbar (B), 2.2 kbar (C), and 3.5 kbar (D).

8227

8 T T T T 3

{2
= 3
g :
&, 41 2
& >
o o

0

l‘ 1 1 1 1
0o 1 2z 3 4 |
PRESSURE  (kbar)

FIG. 5. Pressure dependences of the relaxation frequency f
and the dc conductivity o at room temperature. The conduc-
tivity is normalized by the value o 4p at ambient pressure.

becomes zero, is located at about 10 kHz at around 5
kbar, and the f, shifts to higher frequencies with increas-
ing pressure. Such a frequency dependence of €; can no
longer be dealt with by a Debye-type model. This dielec-
tric anomaly at f. implies that some kind of self-
oscillation mode is excited at this frequency when pres-
sure exceeds about 4 kbar. An interpretation of this
effect will be given in the next section.

IV. DISCUSSION

A. The dynamics of NI domain walls: A qualitative
model of dielectric response and dc conductivity

Before going to detail discussions on the experimental
results presented in the preceding section, it would be in-
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FIG. 6. Pressure dependence of dielectric constant €, along
the a axis at several typical frequencies of the applied field.
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structive to summarize here the qualitative aspects of
dielectric response and dc conductivity in TTF-CA crys-
tal. A picture of NI domain walls (or equivalently the
ionic domains excited in the neutral lattice) has been pre-
viously proposed to explain the optical properties under
hydrostatic pressure®®° and in the doped crystal.!® The
mechanism of dc transport has been also discussed in
terms of such NI domain walls.” %1318 1t is quite likely,
as mentioned before, that the same microscopic mecha-
nism is responsible for the dc conductivity and the dielec-
tric response, if we consider the remarkable similarity
discovered between the relaxation frequency and the dc
conductivity as a function of temperature (Fig. 3) or pres-
sure (Fig. 5). We propose as a model for the dielectric
response, a picture of NI domain walls.

Let us consider an ionic domain which is induced in a
neutral stack, as schematically illustrated in Figs. 7(b)
and 7(c). Such an ionic domain will contain a certain
number of dimerized Dt 4 ™ pairs as a cluster, since an
energy is gained as the electrostatic Madelung energy be-
tween the ionic molecules in favor of the clustering of
D™ A~ pairs. However, the energy (per molecule) of the
ionic region must be still higher than that of the neutral
region at temperatures above T, so that the ionic domain
will be confined within a finite size, as shown in Figs. 7(b)
and 7(c). Such an ionic domain can be regarded as an NI
domain wall pair, which is analogous to a bipolar-
on in nondegenerate conjugated polymers like cis-

(a) Neutral DADADADADADADADADA

(b) NIDWpair o _0_0 D‘RIQDW- R PR I e 0-@;“0 o _0_0

(domainlA) DADADADADADADADADA

(¢) NIDW pair s oo SR ——— R

(domainIB) DADADADADADADADADA

() tone DAGADADAGADAGADADA

(e) Spin-soliton =~~~ R ~———— & =

pair DADADADADACADADADA

(1) 1% DADADADACADACADADA

] Row ' R

(8) NIDWpair A ADADADACADAGA
(h) Pol i i’ _9

aronpar 5 ABADADADADADADADA

(i) Charged- R R

Solitonpair DADADADADADADADADA

FIG. 7. Schematic structures of donor(D)-acceptor(4)

chain: (a) neutral chain, (b) neutral-ionic domain wall (NIDW)
pair (domain I4), (¢) NIDW pair (domain IB), (d) ionic chain
(I4), (e) spin-soliton pair, (f) ionic chain (IB), (g) NIDW pair,
(h) polaron pair, (i) charged-soliton pair. pyppw, pss, pp, and
pcs are effective charges of NIDW, spin soliton, polaron, and
charged soliton, respectively. Arrows show the direction of di-
pole moments.
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polyacetylene. However, in the case of mixed-stack CT
crystals (analogous to an AB polymer), there are two
equivalent configurations in ionic domains, as depicted by
IA4 and IB in Figs. 7(b) and 7(c). Both of these domains
have finite dipole moments, which are directed in oppo-
site directions. When an electric field is applied along the
stack axis, the energies for these domains are slightly
changed, depending on the direction of dipole moment.
As a result, the sizes and/or the relative numbers of 14
and IB domains will be modified differently by the elec-
tric field. At thermal equilibrium in an electric field, a
finite nonzero electric polarization is induced in this way
in the crystal.

We proceed to the discussion about the dc transport
mechanism based upon the NI domain walls. When an
external electric field is applied along the stack axis, say
to the left, in Fig. 7(b), the domain I A4 is enlarged. The
energy needed for enlarging its size to infinity corre-
sponds to the binding energy of an NI domain wall pair.
This process induces only a displacement current in the
chain and a stationary current flow cannot be supported
by such a process alone. In order to explain the station-
ary dc conductivity in TTF-CA crystal, a model has been
proposed by Nagaosa in terms of solitons and NI domain
walls. '® This model is summarized as follows. For a dc
transport to occur after the processes (a)—(b)—(d) in
Fig. 7, the resulting dimerized ionic chain I 4 [Fig. 7(d)]
should be converted again to IB [Fig. 7(f)]. This is
achieved by the process of excitation and dissociation of a
spin-soliton pair as shown in Fig. 7(e). Note that these
spin solitons in a donor-acceptor crystal have fractional
charges which can be driven to opposite motions by the
field. The final process is the conversion of the ionic state
IB [Fig. 7(f)] to the neutral state [Fig. 7(a)] by the excita-
tion and dissociation of an NI domain wall pair, as shown
in Fig. 7(g). Effective charges of the NI domain walls and
solitons are denoted in Fig. 7 as py;py and pgg. In this
model, the polaronlike ionic domains [Fig. 7(h)] can be
regarded as the current carriers in the neutral phase.
They are produced by the dissociation of the ionic
domains [Figs. 7(b) and 7(c)]. We note that, in the limit
where the size of such a polaron tends to become
sufficiently large, the polaron excitation is equivalent to
the simultaneous excitations of an NI domain-wall pair
and a spin-soliton.

B. Temperature dependence of €

In the following we present the phenomenological
model to interpret the temperature dependence of € in de-
tail based upon the above-mentioned NI domain wall
mechanism. In the case of the equivalent circuit com-
posed of a parallel resistance and a dielectric substance as
shown in Fig. 2, the time-dependent current density j(¢)
after the sudden application of a field E is described as
follows:>24

j(t)=ouE exp(—t/T)+04.E . ()

The first and second terms represent the transient and
stationary current, respectively. The strength of the
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dielectric response [e(0)—e, ] is given by the following
relation:?32*

e€(0)—e,=(oy/€)T, (3)

where € is the permittivity of free space. The experimen-
tal values of [e(0)—e€ ], 7, and o4, for TTF-CA at am-
bient pressure can be evaluated from the results presented
in Figs. 2 and 3. In Fig. 8 we plot the experimental
values of [e(0)—¢€,, ], obtained from the results shown in
Fig. 2 (Ref. 25) and Fig. 3, as a function of temperature
(solid squares). In the same figure we also plot the experi-
mental values for (o4 /€,)7, which is the quantity corre-
sponding to the right side of Eq. (3) with o replaced by
04 (solid triangles). Note that temperature dependences
of these two quantities are almost parallel to each other.
This implies that o is proportional to o4, in TTF-CA in
the temperature range of Fig. 8. In this model we can as-
sume that pairs of effective charges are located at the NI
domain walls. The conductivities o and o 4 are attribut-
ed to the contributions of bound and unbound charge as-
sociated with the NI domain walls.

In the present model, the dielectric response is deter-
mined by two factors; the nonequal numbers of the
domains I A4 and IB, and the field-induced change in the
domain size. In the following we assume that the field-
induced change in the number of the domains I 4 and IB
is negligible (as proved to be the case later) and that only
the change in size of the ionic domains induced by the
electric field is playing the dominant role. Let us consid-
er an ionic domain which contributes to the dielectric
response. It must be confined in a region of finite size, so
that we may simulate the dielectric response of it by the
stretching oscillation of an electric dipole moment within
a harmonic potential, as schematically illustrated in Fig.
9. Here, p, is the equilibrium dipole moment of the
domain in the absence of external electric field. For the
present system, which is well described by an over-
damped oscillator model, the relaxation time 7 is given by

(1ow3) 1,2 where w3 corresponds to the restoring force
1000 T T
A A
A Calc. g
Aaa Ak “
8
w
L 500 -
9 -
w Tm Expt. -
- _.____-____ m-.
n 1 1
150 200 250 300
T (K)

FIG. 8. Temperature dependence of [€(0)—€,, ], squares for
experimental values, and triangles for calculated o4.7/€, values.

e
‘.)o dipole moment
D ¢
AODOAODOE:*A_:_I’rA_T_”E*ﬁ]ﬁAODOAODO
¢ 0

FIG. 9. Schematic illustration of stretching oscillation of a
confined ionic domain moving in a harmonic potential. p, is the
dipole moment of the ionic domain in the absence of external
electric field.

and 7, ! to the damping coefficient. The latter is related
to the intrinsic mobility p by the following general for-
mula:

p=poro/m* . 4)

Here, py and m* represent the effective charge and the
effective mass of an NIDW. Substituting Eq. (4) to Eq. (3)
and using the relation 7=(7,w3) !, we get an expression
for the strength of the dielectric response as follows:

€0)—e, ,=K(oy/03u) . (5)

Here, the temperature-independent prefactor K is defined
as K=p,/€egm*. The temperature variation of the left
side of Eq. (5) is ascribed, in the present model, to the
temperature-dependent parameters o, @3, and p. The
temperature dependence of the left side of Eq. (5),
[e(0)—€, ], is experimentally known and is plotted in
Fig. 8. It is utterly different from that of o, (Fig. 3),
which is proportional to o, These results are under-
standable if we assume that the temperature dependences
of o4 and 7' are mainly determined by the
temperature-dependent mobility p, which is a sole com-
mon factor in both parameters, o4 (=npgu) and
7~ (=m*uwd/p,). This implies at the same time that
the carrier density n, that is, the number of the NI
domain walls, must be less temperature dependent than
the mobility p.

In TTF-CA, the bound and unbound charges on NI
domain walls, responsible for the dielectric response and
dc conductivity, are strongly coupled to the lattice by the
effect of the electron-lattice interaction, so that there is a
finite barrier for the motion of charged carriers. It is the
reason why the mobility p is determined by the thermal
activation-type formula.

Here, based on the arguments mentioned above, we
speculate the mechanism of thermal behaviors of static
dielectric constant as follows. Since the quantity oy/p is
nearly temperature independent, the temperature varia-
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tion of the static dielectric constant should be predom-
inantly determined, according to Eq. (5), by the tempera-
ture dependence of w, !. This is quite understandable for
TTF-CA. When temperature is lowered to T, the energy
of the ionic state will be lowered with respect to the ener-
gy of the neutral state, leading to an increase of the size
of confined ionic domains. This causes a decrease of the
restoring force w3 for the motion of the NI domain wall
pair.

In the above discussion we have assumed that the rela-
tive number of the oppositely polarized domains 74 and
IB are not influenced significantly by the electric field.
Otherwise, we shall have to consider the bulk polariza-
tion induced by the unequal numbers of 74 and IB exist-
ing in the thermal equilibrium under the electric field. If
this is the case, [€(0)—¢€, ] would contain a term which is
temperature dependent in proportion to np3/kT. How-
ever, we could not discriminate experimentaly such an
effect, if any, in the observed electric response. In this
sense, the above model for the dielectric response, which
is essentially based on the field-induced change in the
domain size, is reasonably consistent with the existing ex-
perimental results.

In the temperature dependences of €, shown in Fig.
1(a) we have noticed that the €; values show a sharp in-
crease in a narrow temperature region just above T,.
Such a steep increase of €, near T, seems to be essentially
independent of frequency in the measured frequency re-
gion. This fast component is likely to be a manifestation
of a first-order-like transtion of TTF-CA crystal to an an-
tiferroelectrically ordered phase of dimerized D A stacks
at T,.

Now, we turn our attention to the possible relation be-
tween the dielectric response and the nonlinear dc con-
ductivity which has been recently found in both neutral
and ionic phases.'> The most remarkable feature of this
nonlinearity is the strong enhancement of it as tempera-
ture is lowered to 7,. This behavior has been interpreted
as follows. The dc conductivity in the neutral phase is
supported by the dissociation process of NI domain wall
pairs, which is enhanced by an external electric field.
Such an enhancement of the dissociation process occurs
more easily as the temperature approaches T,.. In this
temperature region, where the nonlinearity of o4, be-
comes remarkable, the €; values also show a considerable
nonlinear dependence on the electric field. It has been
observed that the €, values are decreased when the ampli-
tude of an applied ac electric field exceeds a threshold
value for the nonlinear conductivity.?” This result is con-
sistent with the interpretation that the bound NI domain
wall pairs responsible for the dielectric response at low
fields are dissociated by a strong electric field, and con-
tribute to the nonlinear conductivity at high fields.

In the preceding discussions we were mainly concerned
with discussion on the anomalous dielectric response ob-
served in the neutral phase near T,. As for the dielectric
response in the ionic phase (T < T,), it has been noticed
that the relaxation frequency f is appreciably decreased
with decreasing temperature. The f value becomes
smaller than the lowest observable limit frequency (about
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100 Hz) in the measurement shown in Fig. 2. In this tem-
perature region, spin solitons or charged solitons [Figs.
7(e) and 7(i)] are suggested to be the dominant charge car-
riers for electric conductivity. The dynamics of these sol-
itons are supposed to play an important role in the dielec-
tric response, too.

C. Pressure dependence of

We proceed to discussion on the dielectric response un-
der high pressures. In the relatively low-pressure region
(up to about 4 kbar), the effect of pressure on the dielec-
tric response is qualitatively similar to what we have ob-
served when temperature is lowered at ambient pressure
(compare the results shown in Figs. 2 and 4). The dc con-
ductivity and the relaxation frequency are both increased
with pressure, as shown in Fig. 5. These results will be
likewise ascribed to the increase of the mobility p with
pressure. From the plot in Fig. 6 it is seen that the
dielectric constant at low frequencies does not change so
much by pressure, until it reaches a critical value of
about 5 kbar. The {€(0)—e€_,} values can be estimated in
this pressure region by substituting the experimental o 4,
values for o in Eq. (3). These values were found to be al-
most constant, so that the arguments made before for the
temperature dependence of the dielectric response, seems
to be also valid for the pressure-dependence in this pres-
sure range.

When pressure is raised further, beyond a critical value
P, =5 kbar, the low-frequency dielectric constant exhib-
its an abrupt drop to zero, and then it becomes negative
at pressures higher than P, as seen in Fig. 6. We suggest
the following interpretation for the negative €; values
above P,. As the energies of the ionic and neutral states
become nearly degenerate with pressure, the restoring
force for the motion of an NI domain wall pair will be di-
minished, and finally vanish at around P,. It may hap-
pen, then, that the effective charges of individual mole-
cules are quickly fluctuating between the mixed-valent
bistable states, corresponding to those of the ionic state
[Figs. 7(d) or 7(0)] and the neutral state [Fig. 7(a)] under
the influence of a low-frequency ac electric field. Because
of the long-range electrostatic interaction between these
charged molecules, the fluctuating charge-transfer pro-
cesses in the individual DA pairs will be correlated to
each other, and form a collective oscillation, that is, a
plasmonlike oscillation under the electric field. Accord-
ing to this interpretation, the frequency f,, at which ¢,
becomes zero at a fixed pressure, corresponds to the plas-
ma frequency. The f, is located at about 10 kHz at
around 5 kbar, and increases with pressure to about 40
kHz at 6.5 kbar. In the damped oscillator model present-
ly employed, such an increase of f, can be explained by a
decrease of the damping coefficient 7, ' with pressure.

Thus, under high pressures and at room temperatue,
the NI domain wall pairs [Fig. 7(g)] or the ionic domains
in the neutral lattice [Figs. 7(b) and 7(c)] become more
loosely bound, and tend to behave as unbound charge
carriers. The contribution of these carriers is larger in
the pressure-induced dc conductivity®!? than in the pres-
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sure dependence of dielectric response. (Such a situation
is similar to the case where a strong electric field is ap-
plied at low temperatures.) At the same time, it has been
observed that the nonlinearity in dc conductivity be-
comes less prominent as pressure is increased.?® This re-
sult is also consistent with the present interpretation.

It is interesting here to consider why the dielectric
response is different for the temperature-induced NI tran-
sition (TINIT) than for the pressure-induced NI transi-
tion (PINIT). We note that, in the case of TINIT, the NI
phase transition is mainly driven by a combined effect of
the energy gain by the lattice dimerization, due to the
electron (spin)-lattice interaction, and by the Madelung
energy. On the other hand, in the case of PINIT, the
effect of Madelung energy is supposed to play a dominant
role.?® The ionic regions induced in the neutral lattice by
pressure are dimerized, as seen by the IR measure-
ments.*® However, at room temperature, the effect of
the electron-lattice interaction is still relatively small, so
that the dimeric molecular displacement in the pressure-
induced ionic region is not stable, but is thought to be
fluctuating in both time and space, in contrast to the stat-
ic dimerization at low temperatures, as supported by
several experimental results.®® We speculate that, at
room temperature, the collective (plasmonlike) response
of the DA pairs occurs more easily under pressure.
Another important point is that the pressure-induced NI
transition occurs more continuously, as compared to the
temperature-induced NI transition, while both the NI
transitions are essentially first order. In the PINIT, the
restoring force of an NI domain wall pair is reduced to
zero at high pressures, whereas it remains finite in the
TINIT even as the temperature is lowered to just above
T,. In short, free motion of charged NI domain walls is
possible only in the PINIT case and the dielectric
response does exhibit a plasmonlike behavior at high
pressures, but it does not at low temperatures.

V. CONCLUSION

An anomalous dielectric response has been observed in
TTF-CA crystal at low temperatures and at high pres-
sures, where the lattice undergoes the NI transition.
From the analysis of experimental results, it has been
shown that the observed dielectric response in the neutral
phase is consistently accounted for by the dynamics of
the NI domain wall pairs and the ionic domains embed-
ded in the neutral lattice.

There is a significant difference between the effects of
temperature and pressure on the dielectric response. A
remarkable increase of the dielectric constant is observed
when temperature is lowered to T,, whereas the dc con-
ductivity decreases monotonically, following an exponen-
tial dependence on T ~!. On the other hand, when pres-
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sure is applied at room temperature, the dielectric con-
stant is nearly pressure independent in the low-pressure
region, whereas the dc conductivity is considerably in-
creased by the same pressure. In both cases, however,
the relaxation time 7 (or equivalently the relaxation fre-
quency f) for the dielectric response and the dc conduc-
tivity o4, change concomitantly, while the static dielec-
tric constant is almost unchanged. To explain such tem-
perature and pressure variations of both 7 and oy, we
have suggested that they are both attributed to the varia-
tion of mobility u of NI domain walls. The observed be-
haviors of the static dielectric constants, the relaxation
time, and the dc conductivity as well, can be accounted
for reasonably well by the kinetics of confined ionic
domains and NI domain walls in the neutral D A4 stacks.
The interpretations developed in this paper are also con-
sistent with the nonlinear dc transport phenomena re-
cently found in TTF-CA by the present group.!* The
anomalous dielectric response also shows up as negative
€, values at high pressures. This effect is attributed to the
plasmonlike oscillation associated with the intermolecu-
lar charge-transfer instability.

Finally, we remark upon the following. The concept of
solitonic and domain-wall-like nonlinear excitations in
one-dimensional systems still remains hypothetical and
hard to be proved directly by a single experiment. This is
true in the case of mixed-valent organic crystals like
TTF-CA, too. Nevertheless, to understand various ex-
perimental results of these organic materials as a whole,
the concept of the collective excitations is becoming more
and more important, not as a mere fashionable model,
but as a useful model capable of predicting some hitherto
unrevealed phenomena. In TTF-CA, the anomalous
dielectric phenomena presently observed would not be
foreseen to exist without the help of the concept of bound
and mobile charged solitons and NI domain walls. This
success has led us to the expectation that similar dielec-
tric properties will be also observed in other mixed-stack
CT crystals as well, if they are located close to the NI
phase boundary. Experimental results®® have been found
to be in good agreement with this prediction, as will be
reported shortly, making us more confident of the model
assumed in this paper.
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