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Electric-Field Control of Solitons in a Ferroelectric Organic Charge-Transfer Salt
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The role of solitons in transport, dielectric, and magnetic properties has been revealed for the quasi-one-

dimensional organic charge-transfer salt,

TTF-QBrCl,

[tetrathiafulvalene (TTF)-2-bromo-3,5,6-

trichloro- p-benzoquinone (QBrCls)]. The material was found to be ferroelectric and hence the solitons
should be located at the boundary of the segments with opposite electric polarization. This feature enabled
the electric-field control of soliton density and hence the clear-cut detection of soliton contributions. The
gigantic dielectric response in the ferroelectric phase is ascribed to the dynamical bound and creeping

motions of spinless solitons.
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Electrons confined to a one-dimensional (1D) chain
exhibit rich physics [1]. The lattice-modulated charge-
density wave (CDW) is one of the paradigms [2].
Although the CDW ground state is classified as a band
insulator, its low-energy excitations are collective modes,
i.e., “wavelike” phasons and amplitudons [3]. This situ-
ation becomes more intriguing when the lattice modulation
is dimerization with degenerate patterns; here, the phason
mode vanishes but “particlelike” solitons (or “misfits” in
dimerization) appear as low-energy excitations instead
[4,5]. In trans-polyacetylene, the systematic control of
soliton density by chemical doping has revealed that sol-
itons are largely responsible for the charge transport and
magnetic properties [6], yet a high degree of structural
disorder of the polymers has made conclusive arguments
of soliton dynamics challenging. The dimerized organic
charge-transfer (CT) salts are another candidate in which
solitons may play a major role [7—14]. However, the soliton
density has never been controlled in the organic CT salts,
and therefore the role of solitons, especially in transport
and dielectric properties, has remained far from thorough
understanding. In this Letter, we reveal the soliton contri-
butions to various physical properties in the dimerized
organic CT salt, TTF-QBrCl;. By exploiting the ferroelec-
tricity coupled to the dimerization pattern, we could con-
trol the soliton density by using an electric field. This
unique method has enabled us to extract the soliton con-
tribution directly.

TTF-QBrCl; has a quasi-1D structure composed of
mixed stacks of 7r-electron donor (D; TTF) and acceptor
(A; QBrCly) molecules [15]. As in the case of the proto-
typical neutral-to-ionic transition (NIT) system TTF-QCl,
(TTF-p-chloranil) [16], TTF-QBrCl; undergoes the first-
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order NIT at 7. ( = 70 K) but with more enhanced valence
fluctuations [12,15]. At high temperatures the system is
nominally neutral and the degree of charge transfer p is
~0.3, while at low temperatures nominally ionic and
p ~ 0.6. Importantly, as schematically shown in Figs. 1(a)
and 1(b), this NIT is accompanied simultaneously by the
D-A dimerization [15,17] and thus possesses an aspect of
Peierls transition. In the ionic phase, the two different
dimerization  patterns are obviously degenerate
[Fig. 1(b)]; hence, the prerequisite for soliton excitation
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FIG. 1 (color online). Schematic illustrations of mixed stack
composed of donor (D) and acceptor (A) molecules. (a) and
(b) Neutral and ionic stacks with charge transfer py ( ~ 0.3) and
p; (~0.6), respectively. (c) A pair of spin soliton and spin
antisoliton. (d) A pair of spinless soliton and spinless antisoliton.
The small and large arrows and underlines represent spin-1/2,
electric polarization P, and a dimer singlet state, respectively.
For simplicity, the chemical structures of solitons are drawn as
an abrupt change in the P direction in the strong-dimerization
limit. In (c) and (d), fractional charge carried by each soliton is
also presented in this strong coupling limit.
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is satisfied in TTF-QBrCl; [4,5,10]. The mechanism of
NIT itself has been an intriguing subject [10-12,18-23],
but in this Letter we focus on the roles of solitons in
macroscopic properties of the dimerized ionic phase.

The soliton excitation includes two types: spin soliton
[Fig. 1(c)] and spinless soliton [Fig. 1(d)]. The two solitons
both carry fractional charges but the signs are opposite
[Figs. 1(c) and 1(d); see also Ref. [5]]. Each soliton should
be created or annihilated in pairs: one is centered at
D (=TTF), while the other is at A (=QBrCl;) (say, anti-
soliton). As seen below, spinless and spin solitons emer-
gent from the polar crystal structure is a peculiar aspect of
TTF-QBrCl; and related compounds.

In the ionic phase, the broken symmetry (nonpolar
P12, /n1 — polar Plnl; Ref. [15]) via the D-A dimeriza-
tion results in electric polarization coupled to the dimeri-
zation pattern [Fig. 1(b)]. We observed the spontaneous
polarization P along the D-A stack (the a axis) [Fig. 2(a)]
after the dc electric field (Ey.) cooling of ~0.95 kV/cm;
the P direction can be reversed by changing the sign of the
poling electric field, corroborating the ferroelectric nature.
The ferroelectric aspect of NIT is also consistent with the
strong enhancement of dielectric constant €; (|| a) around
T, [Fig. 2(b); see also Ref. [15]].

Another salient feature in Fig. 2(b) is the dielectric
dispersion in the ionic phase. Note that just below T, €;
at 600 MHz is considerably smaller than €; at 1 kHz. From
the dielectric spectra of €; and €, (the imaginary part), we
found that this dispersive nature is associated with relaxa-
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FIG. 2 (color online). (a),(b) Temperature dependence of spon-
taneous polarization (a) and dielectric constant at various fre-
quencies (b) along the mixed stack (the a axis). The polarization
was obtained from the pyroelectric current. (c),(d) Dielectric
spectra of €; (¢) and €, (d) from 1 kHz to 800 MHz. Here, €; was
measured by using a LCR meter below 2 MHz and an impedance
analyzer above that.

tion behavior; in Figs. 2(c) and 2(d), the polydispersive
relaxation-type spectra are appreciable only below 7, with
characteristic frequencies of ~100 MHz for 67.4 K and
~10 MHz for 61.5 K. Such MHz dynamics of the dielec-
tric relaxation seems too slow to be ascribed to the (dif-
fusive) soft phonon mode (typically sub-THz region; see
Refs. [12,24]) but too fast to the mobile ferroelectric two-
dimensional domain-wall sheet. The most plausible origin
is the pinned boundary motion of 1D ferroelectric seg-
ments with opposite P, that is, local oscillation of solitons
within the stack. Note that x-ray diffuse scattering mea-
surements in the closely related compound TTF-QCl,
revealed highly 1D nature of structual fluctuations [25];
therefore the pinned soliton motions in the neighboring
stacks are also expected nearly independent. The frequency
(w) dependent nature of €; peak temperature [Fig. 2(b)]
also implies that the €; enhancement is partially related to
some spatially inhomogeneous dynamics such as the soli-
ton motion; in the case just near 7., the motion of bounda-
ries between neutral and ionic segments likely contributes
to €; as well [10]. These inhomogeneous states may be
favored by local field randomness due to the orientational
disorder of Br position in a QBrCl; molecule.

To settle longstanding arguments on the possible roles of
solitons [11,12,14], more persuasive evidences are needed,
such as the direct detection of soliton contribution via the
control of soliton density. In this context, the observation of
spontaneous P [Fig. 2(a)] incorporates a valuable implica-
tion; the single-domain or less-multi-domain state can be
prepared by the poling procedure. Since in TTF-QBrCly
the soliton can be viewed as a boundary between the
dimerized ferroelectric segments, the less-multi domain
state after the poling should correspond to a “soliton-
poor” state. This electric-field control of soliton density
is applicable in situ without changing the influence of
disorder. Thus, we can address straightforwardly how the
solitons affect various physical properties by comparing
the before-poling state (“BP”’) with the after-poling
state (““AP”’). Below we show the soliton contributions to
the dielectric, dc transport, and magnetic properties in
sequence.

The change in €,(7T') due to the poling is demonstrated in
Fig. 3(a), where €, at 1 kHz and the dielectric dispersion in
the ionic phase are both dramatically diminished. As men-
tioned above, the difference between the BP (soliton-rich)
and AP (soliton-poor) states, Ae;, is attributable to the
soliton contribution; for clarity, A€, at 1 kHz is presented
in Fig. 3(b). This confirms that the pinned relaxational
motion of solitons is the origin of the dispersive €; in the
dimerized ionic phase. The soliton density is clearly his-
tory (BP or AP) dependent [Fig. 3(a)], demonstrating that
most of solitons in TTF-QBrCl; is not thermally excited
but adventitiously generated upon the NIT. At low tem-
peratures, A€, at 1 kHz nearly vanishes [Fig. 3(b)], proba-
bly because the solitons becomes ‘““frozen’ (i.e., strongly
pinned) at least at a frequency window of 1 kHz.
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FIG. 3 (color online). (a) Dielectric dispersion ( || @) before
and after the poling procedure of ~0.95 kV/cm. (b) Soliton
contributions Ae; at 1 kHz obtained from (a). (¢) Dielectric
spectra of solitons under various magnitudes of E,. at 67.4 K.
For the €, below 1 kHz, a Solartron 1260 with a 1296 dielectric
interface was used. (d) Transport properties (|| @) measured
under 50 V/cm. The broken lines in (c) and (d) stand for
%% dependence and Arrhenius law, o exp(—1100/kzT), re-
spectively. The data in (a) and (d) were taken with increasing
temperature.

Naturally, the pinned relaxational motion turns into the
depinned creep motion under strong, low-w ac electric
fields (E,.). In the low-w region just below 7., we found
that the €, spectra of soliton contributions shows w #
dependence with 8 = 0.6-0.7; for example, that occurs
in the mHz region at 67.4 K [Fig. 3(c)]. Moreover, in this
regime, Ae; depends markedly on the magnitude of E,..
The observed 0 < 8 < 1 behavior together with nonlinear
(i.e., E,. dependent) €; is known as an indication of the
creep motion [26,27]; thus the mHz-region dynamics in
Fig. 3(c) is attributable to the creep motion of solitons. In
such slow dynamics, interstack interaction of solitons may
play some role; it should be noted that the interstack
correlation is relevant at least to the three-dimensional
static order, as manifested in a jump in lattice constant
normal to the stack at NIT [15].

In the dc transport properties, solitons are also antici-
pated to play a major role. In trans-polyacetylene, dc
conductivity o largely increases with soliton density and,
at least at the low doping levels, the o is thought to be
associated with the soliton motion [6]. The natural question
arising here is whether the creeping solitons are respon-
sible for the dc transport in TTF-QBrCl;. Figure 3(d)
shows the temperature profile of o with the different
density of soliton. Remarkably, in the present case it is

the soliton-poor (AP) state that exhibits higher o. The
difference of o between BP and AP is gigantic and
amounts to nearly 1 order of magnitude. Nevertheless the
two o(T) curves in the ionic phase are roughly approxi-
mated by the Arrhenius law, o exp(—A/kgT), with the
nearly identical A of ~1100 K. Thus, we conclude that
in TTF-QBrCl; under weak Ej., the creeping soliton is not
the primal charge carrier but rather the carrier scatterer.
The estimated A is much smaller than the optical CT gap of
~7200 K [28]; this fact may indicate that the thermally
excited carrier is polaron or its analog whose mean free
path is dominated by the density of charged solitons.

Up to now, we have not been able to identify which
soliton—spin-carrying or spinless—is relevant to €; and o,
because in principle both solitons can affect them.
However, ESR can detect only spin solitons, thereby being
a powerful, spin-nature-specific measurement. We carried
out a X-band ESR measurement, combined with the
electric-field-application setup. The magnetic field H was
applied along the direction in the ac plane with the angle of
20° from the a axis, since the two-line nature of ESR
spectra, i.e., soliton-antisoliton pair, is clearly discernible.

The ESR results are shown in Figs. 4(a) and 4(b). As a
whole, the profiles of the BP state reproduce well the
previous results on TTF-QCly [9]: the two ESR signals
with equal integrated intensity arise from the spin solitons
located at QBrCl; and TTF below 7. (=70 K in the case of
TTF-QBrCly) [Fig. 4(a)]. The temperature dependence of
signal intensity is approximated by the Curie law (<1/T)
[Fig. 4(b)], incorporating the following two implications.
First, the spin soliton density is nearly temperature-
independent, and therefore most of spin solitons in
TTF-QBrCl; are adventitious. Second, the spin moments
are basically noninteracting; i.e., the spin solitons are
mutually well separated. Assuming spin—%, we estimated
that the density of spin soliton (or antisoliton) is the order
of 107> per TTF (or QBrCl;) molecule, even more dilute
than the case of TTF-QCl, (~10~%) [9].
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FIG. 4 (color online). ESR signal arising from the spin sol-
itons. (a) Temperature-dependent and poling-procedure-
dependent variations in the ESR spectra of TTF-QBrCls.
(b) Temperature dependence of ESR signal intensity. An electric
field of ~1 kV/cm was used for the poling. The broken lines in
(b) are the guide for the eyes, representing the Curie law.
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The new feature revealed here is that the spin soliton
density is suppressed by the poling of ~1kV/cm
[Figs. 4(a) and 4(b)]. This observation corroborates that
the ESR signal arises from the spin solitons located at the
boundary of ferroelectric segments. However, the degree of
suppression was found unexpectedly small and only
~17%. Namely, even in the ‘“‘soliton-poor” state, ~83%
of the spin solitons are still remaining. It naturally follows
that the intrinsic value of spontaneous polarization should
be larger than the value observed in Fig. 2(a),
~1.7 uC/cm? (in a different piece of the crystal, we found
~2.1 uC/cm?); in fact, the ab inito studies predict
8—11 uC/cm? for TTF-QCI, [23,29]. Since we confirmed
that the stronger poling field of ~1.3 kV/cm makes no
appreciable difference in the ESR properties, the remain-
ing spin solitons are considered to be pinned strongly
enough to least contribute to the polarization current.

Why is the suppression of spin soliton density only
~17%, even though the most of mobile charge-carrying
solitons vanishes as far as seen from €; [Fig. 3(a)]? This
subject deserves further investigation but here we put for-
ward a possible scenario that can resolve the apparently
conflicting results by considering two kinds of soliton,
namely, the spinless and spin solitons. Given that the
ESR sees only the spin solitons, we may attribute the
mobile solitons captured by dielectric response primarily
to the spinless solitons. This hypothesis is consistent with
the soliton theory for the NIT system [10]; near T, the
spinless soliton likely has a lower excitation energy and its
width is expected thicker than the spin solitons. Therefore,
the spinless solitons are weakly pinned and relatively easy
to be pair-annihilated during the strong Eg4. field cooling,
while primarily contributing to €; under E,. in the BP
state. In contrast, the spin soliton is thinner and subject
to the pinning potential. Hence, even under strong Ej., the
spin solitons are hard to be annihilated, as inferred from the
present ESR experiments.

In many of organic donor-acceptor CT salts, the stacking
of planar molecules naturally results in a quasi-1D
m-electron band and thus possesses Peierls or spin-
Peierls instability [30,31]. This implies that the solitons
as the boundaries of 1D ferroelectric segment could be
ubiquitous in this class of materials. The organic CT salts
combined with the electrical control of soliton density may
provide a new field for the study of soliton dynamics.

To conclude, we revealed the roles of solitons in various
physical properties in the dimerized ionic phase of
TTF-QBrCl;. By exploiting ferroelectric nature inherent
in this system, we found that the density of spinless
charged solitons can be controlled to a nearly full extent
by an electric-field cooling, while that of spin solitons to a
less extent. Through this new control method, it turned out
that the spinless solitons critically enhance the dielectric
response but suppress the dc conductivity. The electrical
control of soliton density provides a new approach to the
soliton study in various organic CT salts.
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