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Abstract: The existence and physical properties of topological excitations in ferroelectrics, especially
mobile topological boundaries in one dimension, are of profound interest. Notably, topological ex-
citations emerging in association with the neutral-ionic (NI) phase transition are theoretically sug-
gested to carry fractional charges and cause anomalous charge transport. In recent years, we exper-
imentally demonstrated mobile topological excitations in a quasi-one-dimensional (1D) ferroelec-
tric, tetrathiafulvalene-p-chloranil [TTF-CA; TTF (CeHaSs) and CA (CeCliOz2)], which shows the NI
transition, using NMR, NQR, and electrical resistivity measurements. Thermally activated topolog-
ical excitations carry charges and spins in the NI crossover region and in the ionic phase with a
dimer liquid. Moreover, free solitons show a binding transition upon a space-inversion symmetry-
breaking ferroelectric order. In this article, we review the recent progress in the study of mobile
topological excitations emerging in TTE-CA, along with earlier reports that intensively studied these
phenomena, aiming to provide the foundations of the physics of electrical conductivity and mag-
netism carried by topological excitations in the 1D ferroelectric.

Keywords: topological excitation; domain wall; soliton; neutral-ionic transition; electronic
ferroelectric

1. Introduction

The concept of topology has opened a new window in condensed matter physics for
identifying novel electronic states and phenomena [1-6]. Among them, boundaries divid-
ing topologically different phases, such as surfaces for three-dimensional (3D) systems
and edges for two-dimensional systems, are intensively researched fields, where peculiar
electronic states emerge, such as gapless surface bands [6]. In the studies to date, however,
the topological boundaries are built-in systems and remain static. If the topological
boundaries are mobile, they are expected to offer new degrees of freedom and open a new
phase in the development of topological condensed matter physics. In one-dimensional
(1D) systems, the boundaries are in the form of zero-dimensional (0D) points, which can
be regarded as a kind of particle and therefore have the potential to be mobile, unlike
surfaces and lines in higher dimensions. The representative example of topological exci-
tation in 1D systems is a soliton emerging in a conducting polymer, polyacetylene, in
which the charged solitons are responsible for high electrical conductivity [3].

Interestingly, the 1D electronic ferroelectric, in which charge, spin, and lattice de-
grees of freedom are strongly entangled, is suggested to host the solitons as elementary
excitations carrying a fractional charge and unusual conducting properties. The neutral—
ionic (NI) transition material tetrathiafulvalene-p-chloranil (TTF-CA), which is a quasi-1D
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ferroelectric, has long been argued to be a promising candidate for the emergence of such
topological excitations [7-15]; however, the existence and physical properties of thermally
excited solitons as suggested theoretically remain elusive. Recently, experimental studies
on topological excitations in the NI transition system have made remarkable progress be-
cause the phase diagram, revisited with experiments performed in a regime with higher
pressure than ever, has proved to have features that can host topological excitations at
high temperatures [16-19]; more specifically, the mobile topological spin and charge ex-
citations, namely, spin solitons and the neutral-ionic domain wall (NIDW), are captured
by nuclear magnetic resonance (NMR) and electrical resistivity measurements. Such exci-
tations lead to a novel mechanism of electrical conduction. Moreover, the solitons show a
binding transition upon the long-range ferroelectric order, which is a unique phenomenon
that has never been observed in conducting polymers.

In this review article, we report the recent progress in the physics of mobile topolog-
ical excitations in TTF-CA. In Section 2, we briefly introduce the fundamental properties
of the NI transition material TTF-CA and the concept of topological excitations emerging
in this system. In Section 3, we describe the pressure-temperature (P-T) phase diagram of
TTF-CA revisited by nuclear quadrupole resonance (NQR) and highlight high-tempera-
ture characteristics revised from an earlier report. In Section 4, we review the experimental
studies on electrical conductivity and magnetism brought about by mobile topological
excitations in TTF-CA; the paramagnetism carried by mobile spin solitons (Section 4.1);
the anomalous charge transport caused by mobile NIDWs and solitons (Section 4.2); and
the binding transition of solitons upon the space-inversion symmetry-breaking ferroelec-
tric order (Section 4.3). In Section 5, we summarize this review.

2. Topological Excitations in Neutral-Ionic Transition Systems
2.1. Neutral-Ionic Transition Material TTF-CA

The quasi 1D donor—acceptor (DA) complex, TTF-CA, is a strongly charge—spin-lat-
tice coupled system, which is the representative NI transition material [20-30]. Molecular
arrangements in TTF-CA are shown in Figure 1a,b. The TTF and CA molecules alternat-
ingly stack face-to-face along the g-axis, forming 1D chains. At ambient temperature and
pressure, TTF-CA is in a quasi-neutral (IN) state; the highest occupied molecular orbitals
(HOMO:s) of the donor molecule, TTF, and the acceptor molecule, CA, are doubly occu-
pied by electrons. Upon cooling, the system transitions to a quasi-ionic (I) state at 81 K
with an electron transfer from the HOMO of TTF to the lowest unoccupied molecular or-
bital (LUMO) of CA due to the Madelung energy gain (see Figure 2) [21,23]. The Madelung
energy incorporates long-range Coulomb interactions between all of the molecules in the
crystal, and thus, the charge transfer upon the NI transition is a collective phenomenon.
The N and I phases are characterized by the degree of charge transfer o defined by DA~
on ~ 0.3 in the N phase and o1 ~ 0.6-0.7 in the I phase [24,31-35]. The partial charge transfer
from TTF to CA is due to the hybridization of the molecular orbitals between them.
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Figure 1. Molecular arrangements in the ac plane (a) and bc plane (b) in the neutral phase of TTF-
CA.
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Figure 2. Pressure—temperature phase diagram of TTF-CA. Black open circles (sample #1) and tri-
angles (sample #2) represent the phase transition temperatures T determined by the NQR experi-
ments in [16]. Red open squares represent Tc determined by the NQR and neutron experiments in
[36]. Reprinted with permission from [16]. Copyright 2018, American Physical Society. Schematics
in the sides of the central panel depict the electron configurations in space and energy in TTF and
CA molecules; red and blue clouds represent the hole and electron densities in HOMO of TTF and
LUMO of CA by color intensity. Reprinted with permission from [18]. Copyright 2019, The Authors,
some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License
(http://creativecommons.org/licenses/by-nc/4.0/(accessed on 15 November 2021)).

Lattice dimerization is caused in the charge-transferred I phase due to the Peierls or
spin-Peierls instability inherent in 1D systems [25,37-39]. Thus, the 1D dimerized chains
are polarized, which show a long-range ferroelectric order in the I phase. The ferroelec-
tricity in TTE-CA is of keen interest because the charge transfer coupled with the dimeri-
zation yields electronic ferroelectricity [40—-43], which can be described by a modern fer-
roelectric theory in the framework of a Berry phase [44-47].

The charge transfer upon the NI transition generates an S = 1/2 spin on each molecule
in the I phase, but the spins form singlet pairs due to the dimerization. Thus, TTF-CA is a
nonmagnetic insulator in both the N phase and ionic ferroelectric (Iferro) phase at ambient
pressure: a band insulator with a closed-shell structure in the former phase and an ionic
Mott insulator with a spin-singlet formation in the latter phase. In the following sections,
we review studies showing that the entanglement of charge, spin, and lattice degrees of
freedom brings about emergent excitations with topological character in TTF-CA.

2.2. Types of Topological Excitations in Neutral-Ionic Transition Systems

The concept of topological excitations in the NI transition systems was theoretically
proposed in the 1980s [7,48,49] as defects that emerge in between domains of degenerate
ground states and thus are activated near the region where more than two phases com-
pete. In the NI transition system of TTF-CA, the N and Iterro phases are degenerate near the
NI phase boundary due to the coupling between charge-transfer and lattice instabilities,
as mentioned in Section 2.1. Moreover, two opposite polar patterns (denoted by Ia and Is
in Figure 3) are degenerate in the Iero phase. Thus, it is theoretically proposed that neu-
tral-ionic domain walls (NIDWs) reside in between the N and I (or Is) domains, and spin
and spinless solitons are located in between the I and Is domains (see Figure 3). The spin-
less soliton is often called a charge soliton, which corresponds to a single neutral molecule
sandwiched by two NIDWs. The difference between spin and charge solitons comes from
the number of electrons that occupy the molecular orbital of the soliton site; for the spin
soliton, the HOMO of D or the LUMO of A is occupied by one electron, whereas, for the
charge soliton, the HOMO of D is fully occupied or the LUMO of A is empty. The topo-
logical nature of these excitations is expressed based on the phase Hamiltonian in [7,10].
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Physically, phases of charge, spin, and lattice modulations have discontinuities at the NI
domain walls, spin solitons, and charge solitons; these discontinuities that are character-
ized by topological charge or spin are robust and cannot annihilate without pair collision.
These excitations have fractional charges: e(or — on)/2 for the NIDW, e(1 - o1) for the spin
soliton, and —egr for the charge soliton, where ¢ is the elementary charge. Remarkably, the
NIDW is freely mobile near the NI boundary where the N and I states are degenerate, and
its excitation energy is lowered due to the itinerant nature, attributed to the large transfer
integral along the 1D direction [48]. Thus, NIDWs can be low-energy excitations in NI
transition systems uniquely and are expected to yield unconventional charge transport
that differs from that of individual electrons, as theoretically suggested [7,9,10]; note that
both the NIDW (or charge soliton) and spin soliton are necessary for carrying a steady
electrical current, the mechanism of which is briefly explained in Section 4.2.
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Figure 3. Topological excitations in neutral-ionic phase transition systems. oniw, gss, and ocs are
topological charges of a NI domain wall, a spin soliton, and a charge soliton, respectively. on and o1
represent the degree of charge transfer from HOMO of TTF and LUMO of CA in the neutral and
ionic phases, respectively. Modified with permission from [18]. Copyright 2019, The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License (http://crea-
tivecommons.org/licenses/by-nc/4.0/(accessed on 15 November 2021)).

In the past, these topological boundaries were observed as frozen defects in the fer-
roelectric phase and its vicinity. The spin solitons were detected in the Iterro phase at ambi-
ent pressure by ESR measurements [11,50], which were generated in the multi-domain
structure of the Iferro phase (the typical ferroelectric domain size was reported to be ~100
pum [51]) when cooled below the transition temperature Tec. Thus, they behave as frozen
defects, not thermally activated, in the 3D ferroelectric order. The density of the thus-gen-
erated spin soliton was estimated to be ~10-* spins per molecule from the absolute value
of spin susceptibility, which is extremely dilute. The emergence of charge solitons was
suggested by dielectric measurements [15,50], which found an anomalous enhancement
of the dielectric constant in the Iferro phases with a characteristic frequency dependence in
a frequency range below ~MHz. It was attributed to the motions of charge solitons. En-
hanced dielectric constants in an analogous material, TTF-QBrCls, are suppressed by elec-
tric-field poling, which varies the density of frozen charge solitons in the ferroelectric
phase [50], indicating the involvement of domain boundaries in enhanced dielectric con-
stants.

In the N phase near the NI transition temperature, fluctuating I domains sandwiched
by two NIDWs with charges of opposite signs were detected [52,53]. Their motion is sug-
gested to contribute to the enhancement of dielectric constants in the N phase [15], as with
the charge solitons in the Ierro phase. Moreover, the NIDW motion also pertains to the
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photoinduced phase transition (PIPT) of TTF-CA, which has long attracted much atten-
tion as a prototypical system of PIPT [29,54-58]. The N and I phases can be switched by
photoirradiation; recent studies have shown that the electric polarization is controllable
using the THz electric-field pulse, causing the displacement of the NIDW [53,59].

Regarding the charge transport, intriguing phenomena have been observed [12,14];
the two-terminal resistivity decreases around the NI transition under ambient pressure in
TTF-CA despite the fact that the system is an insulator in both the N and Ifero phases,
which evokes some unconventional conduction mechanism. However, this decrease is not
due to the NIDW or soliton conduction, as was demonstrated by resistivity measurements
under the electric-field control of the soliton density in the TTF-QBrCls mentioned above
[50]; the electrical conductivity increases when the soliton density is suppressed, possibly
suggesting that the soliton is the carrier scatterer, rather than the charge carrier.

Why has the topological charge transport been experimentally elusive in the NI tran-
sition system? This is very probably because the 3D long-range ferroelectric order prohib-
its the travel of NIDWs and solitons at ambient pressure (although the displacement cur-
rent flows due to their transient motions). Thus, if NIDWs are activated in the nonordered
paraelectric regime, they may travel and carry a charge current. As reported in Sections 3
and 4, we demonstrated anomalous charge transport by topological excitations under
pressures where the N phase and the I phase free from the dimer order, which we call the
paraelectric ionic (Ipara) phase, are temporally fluctuating. Moreover, in the 3D ferroelectric
ordered (Iferro) phase, instead of frozen solitons, we revealed that bound pairs of solitons
are responsible for charge and spin excitations.

3. Revisited Pressure-Temperature Phase Diagram of TTF-CA
3.1. Previous Phase Diagram

In this section, we describe the physical properties of TTF-CA under pressure. First,
we summarize under-pressure studies conducted earlier in TTF-CA using neutron scat-
tering, X-ray diffraction, NQR, optical spectroscopy (using infrared and visible light), di-
electric, and electrical conductivity measurements [22,36,60-62]. The NI transition occurs
simultaneously with the dimerization transition under pressures of up to ~7 kbar, as de-
tected by NOR and neutron scattering measurements (Figure 2); with increasing pressure,
the phase transition temperature, Tc, shows a continuous increase, and the jump in the
degree of charge transfer g is diminished. Upon a pressure sweep at room temperature,
DA dimerization is detected at high pressures by infrared spectroscopy measurements,
which show that the intensity of the a; mode of the CA molecule, which is sensitive to DA
dimerization, is rapidly enhanced above 8 kbar and reaches a maximum at 11 kbar
[27,63,64]. X-ray scattering showed an anomalous lattice-parameter change in the a-axis
direction at pressures of 6.5-11 kbar at 300 K that deviated from the pressure evolution in
the lattice parameter in the N and I phases [62]; thus, a ferroelectric transition at 11 kbar
was inferred. The electrical conductivity measured by the two-terminal method exponen-
tially increases with pressure and exhibits a peak at ~9 kbar [12,14], which is almost lo-
cated on the extrapolation of the NI transition line determined by NQR and neutron scat-
tering at lower pressures below 7 kbar. Thus, the inclined NI transition line between the
N and Iterro phases is likely to be in the P-T phase diagram.

On the other hand, the temperature profiles of NQR and neutron diffraction data
near 7 kbar suggest that the charge transfer may be separated in temperature from that of
the symmetry-breaking dimerization transition [22,36]. In addition, the dielectric constant
exhibits two-step changes upon cooling at pressures P <9 kbar coincidentally at the tem-
peratures of the charge transfer and the lattice symmetry breaking determined by the neu-
tron and NQR measurements. These features signify that some change occurs in the sys-
tem prior to the long-range dimer order; possibly, the charge-transfer transition line is
separated from the dimerization transition line on the phase diagram. This bifurcation
indicates the existence of a non-dimerized paraelectric ionic (Ipar) phase between the two
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lines (charge transfer and dimer order). We note that the above-mentioned ag-mode acti-
vation does not necessarily entail the long-range order of dimerization, as discussed later.
Moreover, it was predicted that the charge-transfer transition line has a critical endpoint
because the charge transfer transition itself is not accompanied by lattice symmetry break-
ing [22,36,61,65]. As mentioned in Section 2.2, if the Ipara phase is stabilized, there appears
to be room for the emergence of topological charge transport, which is immobile in the 3D
ferroelectric dimer order, in the vicinity of the boundary between the N and Ipara phases.
However, experiments with varying temperatures were only limited to below 9 kbar
[22,36,60]. Thus, further investigations at higher pressures are awaited.

3.2. Revisited Phase Diagram: Ionic Paraelectric Phase Hosting Dimer-Liquid State

To clarify the existence of the Ipara phase, we conducted a ¥*CI-NQR measurement,
which is a microscopic probe of the charge and lattice states, on the polycrystalline TTF-
CA under zero magnetic field in an extended pressure range up to 35 kbar [16]. We used
Daphne 7373 (for P < 20 kbar) and 7474 (for 20 < P < 35 kbar) oils as the pressure media.
The NQR frequency is proportional to the electric-field gradient at the %Cl nuclear posi-
tion in a CA molecule, which is determined by the local charge distribution. As demon-
strated by earlier NQR experiments, the charge transfer and lattice dimerization are di-
rectly signified by the profile of NOR lines [22,36,66,67]; the charge transfer is captured by
the shift of the center of gravity of the lines due to the change in the molecular charge, and
the lattice dimerization is indicated by line splitting due to the loss of the inversion center
on the CA molecule.

At ambient pressure, we observed two 3Cl NQR spectra above T, arising from the
two inequivalent Cl sites in each CA molecule (all of the CA molecules are crystallograph-
ically equivalent in the N phase [37]). Because both spectra show similar behaviors in re-
sponse to temperature variation, we investigated the NQR line residing on the higher-
frequency side. Upon cooling at ambient pressure, a single 3Cl NQR line observed in the
N phase splits into two lines below T. = 82 K, accompanied by a jump in the center of
gravity of the spectra (see Figure 4a). This indicates that the charge transfer and the di-
merization coincide at ambient pressure, as earlier results indicated [66,67]. With increas-
ing pressure at room temperature, however, the NQR line shows a pronounced shift at ~9
kbar but no line splitting up to 35 kbar (see Figure 4b), suggesting that a sharp charge
transfer without static lattice dimerization occurs at ~9 kbar. Moreover, upon cooling at a
high pressure of 18.2 kbar, we observed a clear line splitting below 258 K, which was not
accompanied by an apparent change in the center of gravity of the split lines, as shown in
Figure 4c. These results demonstrate that the non-dimerized ionic paraelectric (Ipara) phase
emerges at high temperatures and pressures due to decoupling between the charge trans-
fer and dimer order. The NQR experiments show that, above 8.5 kbar, the dimerization
transition temperature (corresponding to the Ipara-to-Iterro transition temperature) decreases
with pressure (see Figure 4d); the Ipaa phase is extended up to 35 kbar, as depicted in
Figure 2.
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Figure 4. (a—c) Temperature and pressure profiles of the 3*CI-NQR spectra. (d) Temperature depend-
ence of the CI-NQR frequencies at fixed pressures. Reprinted with permission from [16]. Copyright
2018, American Physical Society.

To discuss the profiles of the charge transfer in more detail, we converted the center
of gravity of NQR frequency vq (Figure 5a) to the degree of charge transfer o using the
optical data for reference [33,34]. The details of the estimation of ¢ are given in [16]. Here,
the main points are briefly summarized below. We assumed that (i) the temperature de-
pendence of vq in the state of o = 0 obeys the Koukoulas function, which is a well-known
formula empirically describing the lattice vibration effect on vao [68] (Figure 6a), (ii) vo
depends linearly on o at a given temperature (Figure 6a), and (iii) the pressure effect on
vq is corrected using the vo data in the neutral CA crystal with ¢ =0 (Figure 6b). Based on
these assumptions, the relationship between vo and o is expressed as vo(P, T) =
voexp(—a1?) + Ao(P, T) + a[1 — exp(-bP)], where A, vo, a, a, and b are constants independent
of temperature and pressure. The three terms express the three assumptions, respectively.
The o value estimated using the above formula increases with the application of pressure
or decreasing temperature, as shown in Figure 5c, and the jump in @ at Te is diminished
with increasing pressure up to 7 kbar and becomes quite small at higher pressures (Figure
5d). This appears to be linked to the jump in the line splitting width at T, which also
decreases with pressure (Figure 5b). These behaviors signify that the NI transition accom-
panied by the dimer order becomes second-order at high pressures, consistent with pre-
vious reports [22,36]. Above 7 kbar, where the charge transfer and dimer order are less
coupled, the change in g at T« is nearly zero or takes a negative value, possibly implying
that the charge is backflowed by the promotion of molecular orbital hybridization due to
dimerization, as suggested in a theoretical study [7].

Is the change from the N to Ipara phase a phase transition or a crossover? Does the
critical endpoint of charge transfer exist? To answer these questions, we plotted the de-
tailed pressure dependence of g at fixed temperatures in Figure 5e. The g value exhibits a
sharp but continuous change around 8 kbar at 280-320 K. There was no discontinuous
anomaly in @ on the boundary between the N and Ipara phases, indicating that the charge
transfer occurs as a crossover. For the critical endpoint of the charge transfer suggested
by previous works [22,36,61], it was not captured at least by our experiments. These be-
haviors are summarized in Figure 5f as the contour plot of ¢ on the P-T phase diagram
along with the dimerization transition temperature, represented by the white line. This
figure clearly indicates that the charge transfer is separated from the dimer order above
~8 kbar, and the charge-transfer crossover line is an extension of the NI transition line
determined at pressures below ~7 kbar. Note that the slight jump in g at ~7 kbar under
240-260 K in Figure 5e is an indication of the weak first-order N-to-Iterro transition, not the
change from the N to Ipara phase (see Figure 5f).
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Figure 5. Temperature dependence of the center of gravity of 3CI-NQR frequency (a), line splitting
width (b), and the degree of charge transfer o evaluated from the 3CI-NQR frequency (c) under
various pressures. (d) The jump in g, Ag, at the dimerization temperature. (e) Pressure profiles of o
at fixed temperatures. (f) The contour plot of g in the pressure—temperature phase diagram. Open
circles represent the phase transition temperatures Tc determined by the NQR experiments, corre-
sponding to those in Figure 2. Reprinted with permission from [16]. Copyright 2018, American
Physical Society.
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eye. Broken lines are the calculated temperature dependence of vq in the state of o =0, 0.5, and 1,
expressed by the Koukoulas function. (b) Pressure dependence of the 3CI-NQR frequency in neutral
CA crystals at room temperature. The line is a fit of a[1 — exp(-bP)] to the data (see text and [16] for
details). Reprinted with permission from [16]. Copyright 2018, American Physical Society.

The emergence of the Ipara phase in the high-temperature and -pressure region ap-
pears to be incompatible with the observation of active a; mode related to the dimerization
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by infrared spectroscopy above 8 kbar [27,63,64]. This discrepancy can be resolved by the
picture that the Ipara phase is in a liquid state of DA dimers, which are temporally fluctu-
ating at a rate in between the two time scales of the experimental probes, ~107 s in NQR
and ~102 s in infrared spectroscopy. As further evidence for the dimer liquid, extraordi-
narily enhanced lattice fluctuations are captured by the 3CI-NQR relaxation rate *T17! (see
Figure 7). The *T17! value in the Ipara phase is two orders of magnitude larger than that in
the N phase, suggesting that lattice relaxation is caused by the developed dimer fluctua-
tions in the dimer-liquid state. The slight decrease in the ambient temperature %T1-! with
increasing pressures above 10 kbar is possibly related to the decrease in the dimerization
transition temperature, which causes a tendency to reduce critical fluctuations at ambient
temperature while moving away from the transition temperature at higher pressures.

Il

35T1—1 (3—1)

0 5 10 15 20
Pressure (kbar)

Figure 7. Pressure dependence of the 3*CI-NQR spin-lattice relaxation rate 3T17! at ambient temper-
ature. The color represents the degree of charge transfer ¢ and corresponds to the color in Figure 5f.
Reprinted with permission from [16]. Copyright 2018, American Physical Society.

In the Ipara phase hosting the dimer-liquid state, the mobile spin solitons are expected
to emerge on the boundaries between the fluctuating opposite polar domains. Near the
crossover region between the N and Ipara phases, the separation of the charge transfer from
the long-range dimer order may generate mobile NIDWs in 1D chains, which carry elec-
trical currents, as suggested by theoretical studies [7,9,10].

4. Experimental Evidence for Mobile Topological Excitations Emerging in TTF-CA
4.1. Magnetism in the lonic Paraelectric Phase: Spin Soliton

In this section, we review the results of NMR experiments on spin excitations in TTE-
CA [17]; the aim of this study was to demonstrate the emergence of the mobile spin soli-
tons in the Ipara phase of TTF-CA. Naively, the Ipara phase should carry paramagnetic spins
on uniform 1D chains; however, the fact that the Ipaa phase hosts the dimer-liquid state
implies the emergence of mobile solitonic spins at thermally activated topological bound-
aries separating oppositely polarized dimer domains.

First, we performed NMR experiments for 'H sites in TTF molecules. Figure 8a shows
the pressure profiles of the 'H-NMR spin-lattice relaxation rate 'T:~!, probing electron spin
fluctuations, at fixed temperatures. At 103 K, where the system shows the N-to-Iferro tran-
sition with increasing pressure, 'Ti! is vanishingly small throughout the N and Iferro
phases, indicative of nonmagnetic states, which accords with previous 'H-NMR results
[69,70] and is reasonable because of the closed-shell structure for the N phase and spin-
singlet pairing for the Irero phase. Remarkably, at higher temperatures, the 'Ti~! values are
enhanced only in the pressure region above the NI crossover. Consistent behaviors are
seen in the temperature dependence of 'Ti~! at ambient pressure (the N-to-Iferro transition)
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and 13 kbar (the Ipara-to-Iferro transition), as shown in Figure 8b; 'T1™! at ambient pressure is
vanishingly small over the whole temperature range below 300 K, whereas 'T1! at 13 kbar
takes large values near room temperature in the Ipara phase and is drastically suppressed
upon entering the Irerro phase. Note that 171! below Te at 13 kbar adopts a shoulder struc-
ture around 200 K; however, the 3C-NMR relaxation rate, 13T11, exhibits no such clear
shoulder, although there is a sign of it, as shown later. Although the origin of the different
behaviors is not clear, the non-monotonous temperature dependence of the relaxation rate
is possibly because two types of spin excitations, such as the spin-triplet and the polaron,
are responsible for T1! in the Iferro phase, as described in Section 4.3; just below T, the
former, with higher excitation energy, is drastically suppressed upon cooling and almost
vanishes around 200 K, whereas the latter, with lower excitation energy, gradually de-
creases and survives at a lower temperature. The detailed temperature profile of spin ex-
citations upon the Ipara-to-Iterro transition is discussed in Section 4.3. The contour plot of
17171 depicted on the P-T plane using these data clearly illustrates that the Ipara phase is the
hot spot of activated spins (see Figure 8c). The kink temperatures of 'Ti~! well coincide
with T. determined by the NQR measurements described in Section 3.2.

Neutral - ¢ ossover - foNiC
(a) T T T
O~ RT (N-hyara)
274 K (N-herrghhara)
2 -0 248K (Nhero) l RACH
5 -0 205K (N-lierg) (c) i e
2 -0~ 103K (N-ligro) 300
P 25
oL 20
" 'H NMR < ! 15
o 200 A
. g 1.0
0 . 7 T g o I 0.5
Pressure (kbar) % 100 F 0.0
>
"H NMR
15 1 ® A 0 : I |
%; . 0 5 10 15
2 . 13 kbar . Pressure (kbar)
- - ..
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d 1 bar
0 lossssen ol o oo
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Figure 8. (a) Pressure profiles of the 1H-NMR spin-lattice relaxation rate 'T1™! at fixed temperatures.
(b) Temperature profiles of 'T1™! at ambient pressure (blue circles) and 13 kbar (red circles). (¢) Con-
tour plot of 'T17! in the pressure-temperature phase diagram. Red open circles are the phase transi-
tion temperatures Tc determined by the kink temperatures of 'T1™. Black open squares and triangles
represent T determined by neutron and NQR measurements, respectively [16,36]. Reprinted with
permission from [17]. Copyright 2018, The Authors, some rights reserved; exclusive licensee AAAS.
Distributed under a CC BY-NC 4.0 License (http://creativecommons.org/licenses/by-nc/4.0/(ac-
cessed on 30 November 2021)).

Are these spins activated in the Ipara phase the mobile spin solitons or alternative spin
excitations? To clarify the nature of spin excitations, two experiments were conducted;
one is NMR measurement for *C nuclei on the central double-bonded carbon sites in TTF
(Figure 9a), which are more strongly hyperfine-coupled to electron spins than 'H nuclei
located on the edges of TTF, and the other is the measurement of the frequency depend-
ence of 'T171, which probes the frequency profile of the spin dynamics.
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Figure 9. (a) ®C-enriched TTF molecule, in which the central double-bonded carbon atoms are sub-
stituted by °C isotopes with a 99% concentration. (b) Temperature profile of "H-NMR spectra at 13
kbar. (c) ®*C-NMR spectra measured at 285 K under various pressures. The gray spectrum was meas-
ured at 14 kbar and 144 K in the ionic ferroelectric phase. The origin of the shift corresponds to the
resonance frequency of tetramethylsilane (TMS). Pressure profiles of the 3*C-NMR spectral shift (d)
and spin-lattice relaxation rate 3T1™! (e) at 285 K. Reprinted with permission from [17]. Copyright
2018, The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC
4.0 License (http://creativecommons.org/licenses/by-nc/4.0/(accessed on 30 November 2021)).

In 3C-NMR measurements, the spin susceptibility x is quantitatively estimated from
the NMR spectral shift owing to the strong hyperfine interaction with electron spin. We
compare the NMR spectra for the 'H site (Figure 9b) and 3C site (Figure 9c). Each spec-
trum is composed of multiple peaks due to dipolar interactions between nuclear spins
(‘"H-'H spins for "TH-NMR and 3C-13C spins for *C-NMR). The *C-NMR spectrum at 285
Kis clearly shifted towards higher frequencies above 7 kbar from its positions in the non-
magnetic N phase at lower pressures or in the nonmagnetic Iterro phase at 14 kbar and 144
K, as shown in Figure 9c. On the other hand, the 'H-NMR spectra at 13 kbar are almost
invariant throughout the nonmagnetic Ipara-to-Iterro transition upon cooling. These indicate
that the 3C nuclei are strongly hyperfine-coupled with electron spins, which allows us to
evaluate the spin susceptibility. Note that the 3C-NMR spectral shifts observed below 6
kbar of ~82 ppm are attributed to the chemical shift, not contributed to by electron spins,
because they fairly well agree with the value observed in the Iiero phase of the nonmag-
netic state, represented by the gray line in Figure 9¢, which is independent of temperature,
as described in Section 4.3.

If the Ipara phase is not in the dimer-liquid state, the spins should form homogeneous
localized spin chains described by the 1D antiferromagnetic Heisenberg model (AFHM).
Thus, by comparing the 1D AFHM calculations of x and the nuclear spin-lattice relaxation
rate ®T1! to the experimental x and *Ti! values, we examine whether the present spin
state can be described by the 1D AFHM or not. In the Iaa phase at 14 kbar, the *C-NMR
spin shift, S, proportional to X, reaches 51 ppm (Figure 9d), and *T1' takes a value of 11
s! (Figure 9e). The spin shift S is expressed as S = a x/usNa, where Na is the Avogadro
constant, us is the Bohr magneton, and a is the hyperfine coupling component parallel
to the magnetic field H. Through this expression, S is converted to an x value of 2.6 x 10-
emu/TTF mol at 14 kbar. Note that we used 3a | = 10.8 kOe/us of the analogous material,
(TMTTF)2X (X = Br and AsFs) [71,72], because 3a | of TTF-CA is unknown. The hyperfine
coupling tensor is mainly determined by the charge density of the HOMO of TTF, which
is concentrated on the central carbons and sulfurs (Figure 9a) [73]. Thus, the difference in
the molecular terminal structure between TTF (with hydrogens) and TMTTF (with methyl
groups) is not influential on the HOMO density at the central carbon, namely, %z .
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Then, according to the theoretical calculations of x by Bonner and Fisher [74] and
Estes et al. [75] for the uniform 1D AFHM, the experimental value of x =2.6 x 10-> emu/TTF
mol projects an exchange interaction | of 5900 K, which is unrealistically large. On the
other hand, in the scaling theory for the uniform 1D AFHM, the nuclear spin-lattice re-
laxation rate is expressed as T1™' = a.2D/h], where a. is the hyperfine coupling component
perpendicular to H, # is the reduced Planck constant, and D is a nonuniversal constant
giving the magnitude of the dynamical spin susceptibility [76,77]. Using the values of | =
5900 K, D =0.15 determined for the ideal 1D Heisenberg spin system Sr2CuOs [77], and ®a
1 =5.6 kOe/us for (TMTTF)2X (X = Br and AsFe), ¥T17! for 1D AFHM is calculated to be 1.1
s71, which is one order of magnitude smaller than the experimental value of ¥T1' =11 s
at 14 kbar (Figure 9e). If | is evaluated from this formula, the resultant value of | = 580 K
projects a x value one order of magnitude larger than the experimental value. These esti-
mations suggest that the spin state in the Ipara phase cannot be described by the framework
of the uniform 1D AFHM. This consequence, in conjunction with the observed dimer-
liquid nature, strongly supports the picture that spins are not on each molecular site but
dispersed on the boundaries between the fluctuating dimer domains.

Next, to demonstrate the emergence of mobile spin solitons, we measured the fre-
quency dependence of 1171, which gives the spectral density of local field fluctuations,
S(w), directly related to the soliton dynamics. We carried out measurements in the fre-
quency range of 14-300 MHz at 300 K under 14 kbar in the Ipaa phase. 'T17! shows promi-
nent frequency dependence, as shown in Figure 10; at high frequencies, 'T1! obeys the
w72 Jlaw expected in the 1D diffusion, whereas it saturates to a constant value upon low-
ering the frequency. This behavior is well fitted by T1! = ksT(X/Naps?)YN?aiso?S1D-30(we) +
const. [78,79], where aiso is the isotropic part of the hyperfine coupling tensor, we is the
electron Larmor angular frequency, ks is the Boltzmann constant, yn is the nuclear gyro-
magnetic ratio, and Sip-sp(w) is S(w) in a 1D-3D crossover regime for the weakly coupled
1D systems described by [80]

1/2
1 141+ (w7, )? 1
Sip-3p(w) _J2D||/Tl( 1+(wt1)? ) ’ @

where D is the 1D diffusion rate, and 1/7. is the 3D cutoff frequency. Fitting this formula
to the experimental data gives D | =5.1 x 10" s and 1/7. =5.6 x 10" 57! with the use of 'aiso
=—0.39 kOe/us of TTE-BDT(Cu) [81]. Note that we neglect the anisotropic part of the hy-
perfine coupling tensor for simplicity. This result indicates that the spin solitons move
diffusively along 1D chains with much slower interchain diffusion. The D value of the
order of 10" s resides in between the frequency windows of the NQR (107 Hz) and infra-
red (102 Hz) probes, which explains the seeming discrepancy between the NQR and in-
frared observations and is consistent with the temporally fluctuating dimer-liquid picture.
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Figure 10. Frequency dependence of 'H-NMR spin-lattice relaxation rate !T1! at 300 K in the ionic
paraelectric phase at 14 kbar. Red line is a fit to the data (see text and [17] for details). The inset is a
plot of 'T1™! against f12. Reprinted with permission from [17]. Copyright 2018, The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License (http://crea-
tivecommons.org/licenses/by-nc/4.0/(accessed on 30 November 2021)).

Here, the spin-soliton density, nss, is evaluated from the NMR results. Assuming that
the spin solitons behave as Curie spins, x =2.6 x 10 emu/TTF mol leads to 1 spin soliton
per 25 donor-acceptor (DA) pairs at 285 K under 14 kbar. As another estimation of #ss, if
the cutoff time 1. is determined by the collision between the soliton and antisoliton within
the 1D chain, we can evaluate the average distance of solitons through the formula of the
mean square displacement for the 1D diffusion described by <x(¢)2> = 2Dit. Substituting
Dy =5.1x 10" s and t = 1. in this formula, the average distance of spin solitons is esti-
mated to be ~10 DA pairs, which is comparable to 1/nss = 25 DA pairs estimated from the
absolute value of x. Note that the origin of the 3D cutoff has been debatable; there are
other conceivable mechanisms, such as the exchange interaction between the spin solitons
on adjacent 1D chains or the hopping of solitons to neighbor chains. Thus, the obtained
value of 1/nss ~ 10 DA pairs is a lower limit. Anyway, the spin soliton density in the Ipara
phase, 1 spin soliton per 10-25 DA pairs (n1ss ~ 0.02-0.05 spins per molecule), is much larger
than nss ~ 10~ spins for frozen solitons in the Iterro phase at ambient pressure [11], signifying
that paramagnetic spin solitons are thermally excited only in the Ipara phase.

During the long history of research on the NI transition since 1981, we successfully
provided the first experimental evidence for thermally activated mobile spin solitons. As
described in Section 2.2, the steady electrical current carried by the NIDW (or charge sol-
itons) necessitates spin solitons. Thus, the existence of the mobile spin solitons verified by
NMR also lends support to anomalous topological charge transport, described below.

4.2. Electrical Conductivity in the Neutral-Ionic Crossover Region: Neutral-Ionic Domain Wall

NMR studies demonstrated the mobile solitonic spin excitations emerging from the
ferroelectric order. In the vicinity of the NI transition, another type of topological excita-
tions, namely, NIDWs, can be activated [7-10,52]. The traveling of the two types of topo-
logical excitations is expected to lead to unconventional electrical transport. In this section,
we review experimental demonstrations of anomalous electrical conduction by NIDWs
and spin solitons [18]. Regarding electrical conductivity measurements, some experiments
were previously conducted on TTF-CA. Our conductivity measurements differ from the
previous ones in the following respects:

(i). We employed the four-terminal method to accurately evaluate the absolute value of
the conductivity and the activation energy of charge transport (the two-terminal
method was adopted in earlier studies [12,14]).

(if). The anisotropy of the charge transport was evaluated by measuring the conductivity
along the three crystal axes to reveal the nature of unconventional charge carriers.

(iif). We measured the electrical conductivity under finely tuned pressures with a Man-
ganin wire used as a pressure gauge to monitor accurate pressure values near the NI
crossover, which allowed us to estimate the activation energy from the conductivity
profile along the inclined line parallel to the NI crossover line in the P-T plane, not at
a fixed pressure.

Figure 11a,b show the temperature dependence of the electrical resistivity along the
1D chain (parallel to the a-axis) measured with the four-terminal method at fixed pres-
sures. At lower pressures, the resistivity shows an anomaly at Tc and increases exponen-
tially upon cooling, which is compatible with the previously reported two-terminal meas-
urements [12,14]. With increasing pressure up to 9 kbar, the absolute value of resistivity
at ambient temperature decreases, and the kink structure at Tc becomes rounded. In the
pressure range between 6.6 and 7.5 kbar, the resistivity apparently shows metallic behav-
ior above T.. At pressures higher than 9 kbar, the resistivity monotonically increases with
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a slight kink around T.. Figure 11c shows the contour plot of the g-axis conductivity, os,
which illustrates a highly conducting state just in the NI crossover region; o. reaches a
maximum value of 7 S/cm at ~9 kbar (Figure 12a). This value is comparable to the conduc-
tivities of organic conductors at room temperature.
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Figure 11. (a,b) Temperature profiles of the electrical resistivity along the g-axis (1D direction) at
fixed pressures. (c¢) Contour plot of the electrical conductivity along the a-axis 0. on the pressure—
temperature phase diagram. Orange circles represent the phase transition temperatures Tc deter-
mined by the kink temperatures of 0. Open squares represent Tc determined by NQR measure-
ments [16]. Reprinted with permission from [18]. Copyright 2019, The Authors, some rights re-
served; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License (http://creativecom-
mons.org/licenses/by-nc/4.0/(accessed on 15 November 2021)).

The anisotropies of conductivity, os«/o» and os/0c, are also enhanced in association
with the peak of o at the same pressure of ~9 kbar (see Figure 12a,b), indicating that the
charge carriers resulting in high conductivity in the NI crossover are strongly confined in
the 1D chains. Remarkably, this enhancement of conductivity appears between the two
insulating phases: the band insulator for the N phase and the ionic Mott insulator for the
I phase. These features suggest that the highly conductive charge carriers are associated
with unconventional excitations, such as topological NIDW excitations, as previously pre-
dicted [12,14,48]. Unbound NIDWs have no way to hop into adjacent chains, resulting in
highly 1D transport confined in the chain. Optical measurements indicate that the N and
I states dynamically coexist near 9 kbar [34], which accords with the picture that the mo-
bile NIDWs separating the N and I domains are excited in this region. The previously
found NIDWs at ambient pressure were in the vicinity of the N-to-Irerro phase transition,
and thus, NIDW motion was restricted due to the long-range dimer order. In contrast to
this, NIDWs activated near the crossover between the N and Ipara phase without the dimer
order can travel freely to carry the charge current.
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Figure 12. Pressure profiles of electrical conductivity along the a-axis 0. (a) and the anisotropies of
conductivity, o./o» and os/0c (b), at ambient temperature. Reprinted with permission from [18]. Cop-
yright 2019, The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC
BY-NC 4.0 License (http://creativecommons.org/licenses/by-nc/4.0/(accessed on 15 November
2021)).

To evaluate the activation energy of the NIDW, we performed more detailed resis-
tivity measurements under finely tuned pressures near the NI crossover region. As men-
tioned above, the temperature profile of resistivity at fixed pressures appears to be of me-
tallic nature near the NI crossover (Figure 11a). This is probably because the NI crossover
line denoted by P(T), which is determined as the pressure at which the conductivity
shows a peak at a fixed temperature, is tilted in the P-T plane (see Figure 13a), and the
activation energy of the NIDW depends on the deviation from the NI crossover line, AP =
P - Pe. Indeed, the conductivity along inclined lines parallel to the NI crossover line (at AP
= 0) shows insulating behavior, as shown in Figure 13b. Its Arrhenius plot gives the acti-
vation energy Eg of 0.055 eV, which is one order of magnitude smaller than half of the
charge-transfer excitation energy, 0.6-0.7 eV [21,82]; it is rather comparable to the theoret-
ically predicted NIDW excitation energy of 0.07-0.08 eV [48]. Moreover, as shown in Fig-
ure 13¢, the AP dependence of Eg reaches a minimum at AP = 0, which is also consistent
with quantum Monte Carlo simulations [48]. These features suggest that the thermally
excited NIDWs dividing the two topologically different domains are responsible for the
anomalously high and 1D-confined electrical conductivity.

Here, we estimate the NIDW density, now, by mapping the NI transition system to a
1D Ising model [83], which is valid for TTF-CA situated at the NI boundary where the N
and I states are degenerate. In this case, the NIDW corresponds to a spinon in the Ising
spin system (the N and I states correspond to the up and down spins, respectively). Thus,
the correlation length in the Ising model, & ~ 1/In(coth(Epw/2ksT)), roughly gives the aver-
age distance between the NIDWs; now is given by now ~ 1/2& ~ In(coth(Eow/2ksT))/2. Using
Epw =0.055 eV evaluated at AP =0, now is estimated at 1 NIDW per ~5 DA pairs on the NI
crossover line at ambient temperature. This value is compared to the spin soliton density
n1ss, 1 spin soliton per 10-25 DA pairs, as described in Section 4.1. Considering that ~10 DA
pairs contain one I domain on average, it turns out that a considerable fraction of the I
domains contain a spin soliton. This situation is in agreement with the theoretically sug-
gested picture that NIDWs carry the stationary electrical current in cooperation with spin
solitons [7,9,10].
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Figure 13. (a) Electrical conductivity under finely tuned pressures at fixed temperatures (left panel).
Plot of conductivity against AP = P - Pc (right panel). P. is determined by the peak pressure of con-
ductivity at a given temperature. (b) Activation plot of conductivity at AP = 0. Black line is a fit of
the single-exponential function to conductivity. (c) Activation energy, E;, evaluated at various AP.
Reprinted with permission from [18]. Copyright 2019, The Authors, some rights reserved; exclusive
licensee AAAS. Distributed under a CC BY-NC 4.0 License (http://creativecommons.org/li-
censes/by-nc/4.0/(accessed on 15 November 2021)).

Why are spin solitons required for a steady electrical current? We briefly explain the
transport mechanism by topological excitations using the schematic illustrations depicted
in Figure 14, where the N and I states are represented as D°A® and D*A-, respectively, for
simplicity.
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Figure 14. Schematic illustrations of the mechanism of the steady electrical current carried by topo-
logical excitations. The neutral and ionic states are represented as D°A® and D*A-, respectively, for
simplicity. Reprinted with permission from [18]. Copyright 2019, The Authors, some rights re-
served; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License (http://creativecom-
mons.org/licenses/by-nc/4.0/(accessed on 15 November 2021)).
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Step I: A pair of NIDWs with effective charges, +onmw and —gnmw, is thermally excited
in an N domain, where +onow is the topological charge of +e(or — on)/2.

Step II: An electric field applied to the left separates NIDWs with +pnmow and —pniow
in opposite directions to expand the Is domain with the D*A- pattern.

Step III: A pair of spin solitons with effective charges, +0ss and —gss, is thermally ex-
cited in the Is domain, where +pss is the topological charge of +¢(1 - o1). It generates an Ia
domain with the oppositely polarized A-D* pattern to the Is domain, which has the D*A-
pattern.

Step IV: A pair of NIDWs is excited in the Ia domain and grows to an N domain due
to an electron transfer to the right.

Consequently, the positive charges, +onow and +gss, and the negative charges, —onmow
and —pss, flow to the left and right, respectively, giving a steady electrical current. If the
spin solitons are absent, Step Il is replaced with Step III": allowed excitations of the NIDW
pair in the Is domain are those with —oniow and +onmow on the left and right sides, respec-
tively, which are not separated from each other but are recombined under this electric
field configuration, resulting in no steady current. In short, the steady current necessitates
excitations of oppositely polarized I domains, which are made possible by spin soliton
excitations. Thus, the presence of spin solitons is crucial for the generation of steady cur-
rent, as theoretically proposed [7,9,10].

Finally, we discuss the electrical conduction carried by topological excitations in the
N and Ipara phases far from the NI crossover. In Figure 15, the pressure dependence of
conductivity is shown along with that of 3C-NMR 3T1-! to compare the behaviors of spin
and charge excitations. For P < P, ¥T17! exhibits an exponential decrease as the system
departs from the NI crossover, which is scaled to the conductivity. On the other hand,
when the system enters the Ipaa phase for P > P., the conductivity begins to decline,
whereas '*T17! retains large values. These suggest that the charge and spin degrees of free-
dom are coupled in the N phase, whereas they are decoupled in the I phase. The behavior
of the N phase is explainable if the charge carrier is a polaron or equivalently coupled
charge and spin solitons with an unfractionalized charge of te and a spin of 1/2, which
carries charge and spin inseparably, as depicted in Figure 16. In the I phase away from the
NI crossover, the N domain shrinks to form a charge soliton sandwiched by two NIDWs,
whose density decreases with pressure. This explains why conductivity decreased when
P increased from P.. Conversely, the spin solitons responsible for the 311! behavior are
likely to be more excited because their excitation energy is diminished for P higher than
Pe, as theoretically suggested [7,9,10]. These decoupled behaviors of charge and spin soli-
tons explain the observation shown in Figure 15. We note that the steady current in the I
phase needs both charge and spin solitons, and the conductivity is governed by the den-
sity of minor carriers, which are charge solitons. The quantitative estimation of the charge
soliton density in the Ipara phase is described in Section 4.3.
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Figure 15. Pressure profiles of the electrical conductivity (closed circles) and *C-NMR spin-lattice
relaxation rate 1¥T1! (open squares) at ambient temperature. The blue-, red-, and orange-colored
regions roughly indicate the neutral phase, NI crossover region, and ionic phase, respectively. Re-
printed with permission from [18]. Copyright 2019, The Authors, some rights reserved; exclusive
licensee AAAS. Distributed under a CC BY-NC 4.0 License (http://creativecommons.org/li-
censes/by-nc/4.0/(accessed on 15 November 2021)).
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Figure 16. Schematic illustrations of the spin and charge excitations in the neutral (N), ionic
paraelectric (Ipara), and ferroelectric (Iterro) phases. The neutral and ionic states are represented as
DA% and D*A~ with degrees of charge transfer o = 0 and 1, respectively, for simplicity, although o
takes intermediate values in the neutral and ionic states in reality. The lower two panels are re-
printed with permission from [19]. Copyright 2021, American Physical Society.

4.3. Binding Transition of Solitons upon Space-Inversion Symmetry-Breaking
Ferroelectric Order

The mobile topological excitations mentioned in Sections 4.1 and 4.2 emerge only in
the nonordered paraelectric regime; these are not vital in the long-range ordered phase
because free solitons, if any, would interrupt the long-ranged order [84]. What form do
the spin and charge excitations take in the long-range ordered phase? How do solitons
detected in the nonordered paraelectric regime conform to the 3D ferroelectric ordered
state? In this section, we review the studies on the profiles of spin and charge excitations
upon entering the long-range ferroelectric ordered (lterro) phase from the nonordered Ipara
phase by resistivity, NMR, and NQR measurements [19], the goal of which is to pursue
the fate of spin-soliton—charge-soliton composite matter upon the space-inversion sym-
metry-breaking ferroelectric order.

Before we present the experimental results, to make it clear that the dimer-liquid Ipara
phase of TTF-CA is soliton matter, we evaluated the charge soliton density 7. in the Ipara
phase at 14 kbar using the resistivity data shown in Section 4.2. The electrical transport
study strongly suggested that the charge solitons reside in the Ipara phase because the re-
sistivity in the Ipara phase is much smaller than that in the N phase (see Figure 15) [18,85].
At 9 kbar in the NI crossover region, the NIDW density, now, was estimated at about 1 per
5 DA pairs. As described in Section 4.2, the bound NIDWs sandwiching an N molecule
form the charge soliton in the I phase, so #cs = now/2. At ambient temperature, the o value
at 9 kbar is reduced by an order of magnitude at 14 kbar (see Figure 15), which suggests
that nes is 1 per ~100 DA pairs at 14 kbar, assuming that the pressure dependence of o
depends on only the charge carrier density. On the other hand, the spin-soliton density,
nss, is 1 per 10-25 DA pairs, as deduced from NMR data (see Section 4.1). Thus, the Ipara
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phase at 14 kbar hosts soliton matter composed of spin solitons (majority) and charge sol-
itons (minority) with a 10:1-4:1 population (see Figure 16).

First, we performed 1*C-NMR measurements at 14 kbar to examine the nature of spin
excitations. As shown in Figure 17a,b, both the spin shift, S, and *T1! exhibit clear kinks
at Tc ~ 270 K, below which they decrease upon cooling, consistent with the nonmagnetic
state of the Irero phase. However, the slopes in their Arrhenius plots are different (see Fig-
ure 17¢); the spin shift multiplied by temperature follows TS o exp(-As/ksT) with a spin
excitation gap As of 3240 K for 200 K < T < T, whereas the variation in 1*T:! is more gradual
in the same temperature range, although the activation energy is not well defined. Here,
we discuss the large gap of As = 3240 K. For conventional spin-Peierls systems, Tc and the
singlet-triplet gap A hold the relation A/ksTc ~ 1.76 (the BCS relationship) or 2.47 (obtained
with a bosonization method [86]). In the present case, however, As/ksT. yields ~12, which
is too large to regard the Ipara-to-Iferro phase transition as the conventional spin-Peierls tran-
sition for 1D Heisenberg spins, supporting the picture that the Ipara phase hosts mobile
spin solitons (see Sections 4.1 and 4.2).
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Figure 17. Temperature dependence of 3C-NMR spectral shift (a) and spin-lattice relaxation rate
137171 (b) at 14 kbar. (c) Activation plots of spin shift multiplied by temperature (orange open circles)
and BTi™' (blue closed circles). Reprinted with permission from [19]. Copyright 2021, American
Physical Society.

Next, we discuss the difference between the decreases in the spin shift and *T1! be-
low T.. For conventional singlet-triplet excitations, the temperature profiles of S and T1™
in the spin-singlet phase should not significantly differ [87]. Thus, the observed behaviors
of S and Ti! imply the presence of at least two types of spin excitations below Tc. In the
Iterro phase, soliton excitations should be in pairs so as not to violate the 3D ferroelectric
order (see Figure 16); one is the triplet spin soliton pair excitation of charge-neutral spin
1, and the other is the spin soliton—charge soliton pair excitation, equivalently polarons,
with a charge e and a spin 1/2, as discussed for conducting polymers [3]. The polarons
carry not only spins but also charges without violating the ferroelectric dimer order in the
Iterro phase. As estimated above, the spin soliton density nss is larger than the charge soliton
density 7 in the Ipara phase above T, suggesting that the magnetism just below T. should
be dominated by bound spin soliton pairs, whose triplet excitations cause a steep decrease
in the spin shift. On the other hand, well below Tc, where triplet excitations with a large
gap of 3240 K almost vanish, the polaron contribution is expected to be dominant in 371"
These pictures signify that the Ipara-to-Iterro phase transition is a binding transition of soli-
tons upon the symmetry-breaking dimer order.

To seek further evidence for the emergence of polarons, we investigated the lattice
properties using ¥CI-NQR spectroscopy. The motion of polarons should be followed by
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lattice distortion. Thus, the 33CI-NQR spin-lattice relaxation rate 717!, probing the lattice
fluctuations through nuclear quadrupolar interaction, gives valuable insights into the lat-
tice dynamics. ®T11 exhibits a divergent peak at Tc, which is attributable to the critical
lattice fluctuations associated with the 3D ferroelectric dimerization transition, and be-
comes suppressed upon cooling (see Figure 18). Below 140 K, 3T1! roughly obeys the 12
law, which is the conventional phonon contribution by the two-phonon Raman process
[88]. Above 140 K, however, 33T171 is drastically enhanced from the T2 law, indicating that
another relaxation mechanism appears. Remarkably, it is scaled to 3T1! for 140 < T < 250
K (< T), signifying that the quadrupolar and magnetic relaxations are attributed to com-
mon excitations. This strongly indicates that the spin carriers causing the magnetic relax-
ation below 250 K are not conventional band quasiparticles but polarons dragging lattice
distortion.
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Figure 18. Comparison between the ¥*CI-NQR and *C-NMR spin-lattice relaxation rates, ¥T1™! (red
closed diamonds) and *T1 (blue open circles), at 14 kbar. Reprinted with permission from [19].
Copyright 2021, American Physical Society.

Polarons also carry an electrical current. Figure 19a shows the temperature depend-
ence of electrical resistivity at 14 kbar, which exhibits insulating behavior below ambient
temperature with a slight kink at Tc. The activation energy of conductivity o is evaluated
to be Ao ~ 2100 K in the Iferro phase (see the inset of Figure 19a). If the band quasiparticles
are carriers, As would be larger than half of the charge-transfer gap of ~0.7 eV (~8100 K)
evaluated in optical studies [21,82]. Thus, the substantially lower charge excitation gap
suggests that polarons with excitation energies reduced by lattice relaxation are carriers
of electrical current in the Ierro phase, distinct from the band quasiparticle excitations.
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Figure 19. (a) Temperature dependence of electrical resistivity at 14 kbar. Inset: Activation plot of
electrical conductivity at 14 kbar. (b) Comparison between the experimental '*T:™ and the calculated
polaron contribution to BT17, (3T1)p (see text). The inset shows the normalized 1D diffusion con-
stant. Reprinted with permission from [19]. Copyright 2021, American Physical Society.

We demonstrated that there are two types of spin excitations in the Iferro phase: the
triplet-type bound spin soliton pairs and the polaronic bound pairs of spin and charge
solitons (Figure 16). Finally, we tried to distinguish the two contributions to magnetism.
When the polarons move diffusively, the polaron contribution to ¥T17, (3T17)p, is ex-
pressed as (®*Ti)p o np/NaD |, where np is the density of the polarons, a is the anisotropy

parameter defined by D /D, and D (D.) is the diffusion constant of the polarons par-

allel (perpendicular) to the 1D chain. On the other hand, o is expressed as o = npe2D | /ksT.
By combining the two equations and assuming that np obeys the activation form (see [19]
for details), the temperature profile of D is obtained, as shown in the inset of Figure 19b.
Note that we used the anisotropy of conductivity as a [19]. At low temperatures, D | shows
an activation behavior with an energy barrier of 240 K, which is remarkably near the Pei-
erls-coupled optical phonon frequencies of ~120-180 K in the Irero phase [89]. This suggests
that the polarons thermally hop over the energy barrier with the assistance of Peierls pho-
nons. By substituting the obtained D value and the activation form of #p in the above
formula of (¥T1)p, we evaluate (*T1")p as shown in Figure 19b, which nearly coincides
with the experimental *T1! below 250 K; however, at 250 K < T < T, the experimental
values deviate upward from (*Ti)p. This additional contribution is very probably the
triplet excitations of bound spin soliton pairs with a large gap of As = 3240 K that appear
only just below T. because the majority are spin solitons in the Ipara phase above Te.

The binding transition of solitons has never been observed in a conducting polymer,
which does not show a 3D order. Thus, the presented finding of the soliton organization
upon the symmetry-breaking transition revealed novel aspects of soliton physics that
have ever been studied in one dimension.

5. Summary

In this review, we report recent progress in the study of mobile topological spin and
charge excitations in a neutral-ionic (NI) transition system, TTF-CA. The solitons and neu-
tral-ionic domain walls (NIDWs) reported in the past were frozen defects and could not
carry an electrical current because these excitations were locked due to the long-range
dimer order. In contrast to these observations, we captured mobile topological excitations
that are thermally excited in the nonordered paraelectric phase in TTF-CA, as summarized
below:
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(i). The revisited pressure-temperature phase diagram contains the paraelectric ionic
(Ipara) phase extended in the high-pressure region up to 35 kbar. The N-to-Ipara phase
boundary is a crossover, not a phase transition. The Ipara phase hosts the dimer-liquid
state, providing a chance for the emergence of mobile NIDWs near the N-to-Ipara
crossover and solitons in the Ipara phase.

(ii). In the Ipara phase, spin solitons are thermally excited as mobile boundaries dividing
fluctuating dimer domains in 1D chains and contribute to the anomalous topological
charge transport in cooperation with the NIDW.

(iii). Near the N-to-Ipara crossover, mobile NIDWs with topological charges carry 1D-con-
fined large electrical conduction in cooperation with spin solitons. This is the first
demonstration of the topological charge transport carried by NIDWs and spin soli-
tons in the NI transition system.

(iv). In the 3D ferroelectric ordered (lterro) phase, spin solitons and charge solitons that are
free in the Ipara phase undergo a binding transition to form two-component composite
pairings: neutral spin soliton pairs and polaronic spin-soliton-charge-soliton pairs.
The polaronic pairs carry magnetism and electrical conduction with the assistance of
Peierls-coupled optical phonons.

The topological charge transport revealed here is not the one that occurs in topolog-
ical boundaries, as has been extensively studied in topological insulators, but originates
from the excitations and motions of the topological boundaries themselves. This novel
charge transport is a significant addition to soliton physics, which has been developed
mainly for conducting polymers, and is expected to open a novel paradigm for broad
transport-related phenomena such as thermoelectric effects.
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