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In this study, we performed high-magnetic-field magnetization, dielectric, and ultrasound measurements
on an organic salt showing a ferroelectric spin-Peierls (FSP) state, which is in close proximity to a quantum
critical point. In contrast to the sparsely distributed gaslike spin solitons typically observed in conventional
spin-Peierls (SP) states, the FSP state exhibits dense liquidlike spin solitons resulting from strong quantum
fluctuations, even at low fields. Nevertheless, akin to conventional SP systems, a magnetic-field-induced
transition is observed in the FSP state. In conventional high-field SP states, an emergent wave vector results
in the formation of a spin-soliton lattice. However, in the present high-field FSP state, the strong quantum
fluctuations preclude the formation of such a soliton lattice, causing the dense solitons to remain in a
quantum-mechanically melted state. This observation implies the realization of a quantum liquid-liquid
transition of topological particles carrying spin and charge in a ferroelectric insulator.
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The application of a high magnetic field to a quantum
state can induce modifications in its ground state, leading to
the emergence of nontrivial periodic structures. Examples
of such phenomena include the Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state in singlet-pairing superconduc-
tivity [1,2] and field-induced density wave (DW) states in
low-dimensional metals [3,4]. In a one-dimensional (1D)
quantum magnet with a spin of S ¼ 1=2, its 1D instability
gives rise to a long-range ordered state known as the spin-
Peierls (SP) state at low temperatures, attributable to the
coupling between spins and a lattice [5,6]. In the SP state,
an energy gain is obtained by the formation of a spin gap at
the expense of the energy cost associated with lattice
dimerization. Upon the application of a magnetic field to
the SP state, the spin gap gradually diminishes, accom-
panied by a decrease in a transition temperature, TSPðHÞ, as
shown in Fig. 1(a). However, this simplistic understanding
breaks down when the field reaches a critical value, H�,
where the spin gap and Zeeman energy become compa-
rable. AboveH�, a spatially modulated state becomes more
stable to utilize the Zeeman energy. The periodic modu-
lation in the high-field SP state induces polarized spin
solitons at the domain boundaries, where the order
parameter changes sign, resulting in the formation of a
spin-soliton lattice (SL) with the corresponding wave
vector, as depicted in the inset of Fig. 1(a) [7–14].
The high-field SL phase has been examined in both

theoretical [5–8,11,15–19] and experimental [9–14,20–26]
studies, providing valuable insights into its magnetic proper-
ties and phase diagram, as shown in Fig. 1(a).
When the SP state is coupled with other degrees

of freedom, novel emergent phenomena can occur.
As a prime example, the 1D organic salt TTF-QBr4
(TTF ¼ tetrathiafulvalene, QBr4 ¼ p-bromanil) exhibits
a ferroelectric spin-Peierls (FSP) transition from a
paramagnetic and paraelectric (P) state at 53 K [27–29].
The FSP state is realized by the dimerization of magnetic
cations and anions in 1D chains, as shown in Fig. 1(c).
The dimer-singlet state, which is the origin of the ferro-
electric polarization, is suppressed in magnetic fields.
Consequently, a magnetic-field-controllable ferroelectricity
emerges as a result of the coupling with the electric degree
of freedom [27]. However, for TTF-QBr4, the high-field
phase has yet to be observed due to the presence of a
large spin gap, which restricts experimental access to the
high-field regime. Recently, we reported that the analo-
gous salt TTF-QBr3I (QBr3I ¼ 2-iodo-3,5,6-tri-bromo-p-
benzoquinone) also exhibits a transition from the P state to
the FSP state below 5.6 K [30]. The substitution of the
acceptor molecule from QBr4 to QBr3I works as a negative
chemical pressure [30,31] and shifts the FSP state to near a
quantum critical point. The developed quantum fluctua-
tions render the topological spin solitons mobile, even in
low-temperature regions [30]. Therefore, it is expected that

PHYSICAL REVIEW LETTERS 132, 096601 (2024)

0031-9007=24=132(9)=096601(6) 096601-1 © 2024 American Physical Society

https://orcid.org/0000-0001-9870-3596
https://orcid.org/0000-0003-2941-9326
https://orcid.org/0000-0002-7720-4605
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.096601&domain=pdf&date_stamp=2024-02-28
https://doi.org/10.1103/PhysRevLett.132.096601
https://doi.org/10.1103/PhysRevLett.132.096601
https://doi.org/10.1103/PhysRevLett.132.096601
https://doi.org/10.1103/PhysRevLett.132.096601


strong quantum fluctuations and coupling with ferroelec-
tricity potentially induce a nontrivial high-field state and
unique soliton physics.
In this study, we investigated TTF-QBr3I using various

high-field measurements up to 60 T, and successfully

established a field-temperature phase diagram of the
FSP state, as shown in Fig. 1(c). The results show that
the dimerized (D) state shows a transition to the high-
field phase (hereinafter, this high-field FSP state is
referred to as theQ state) above 40–45 T (black symbols).
We find that the field-temperature phase diagram of the
FSP state is very similar to those of superconductivity and
DW states [4,32,33]. Our present findings facilitate the
understanding of the effect of the magnetic field not only
on the SP state coupled with ferroelectricity but also
other Zeeman-energy-driven phenomena. Additionally,
we discuss the realization of the quantum liquid–
quantum liquid transition of spin solitons induced by
a magnetic field. Considering the spin soliton as a
topological particle, the exploration of its analogies with
diverse topologically protected magnetic particles, such
as chiral solitons and skyrmions [34,35], constitutes an
intriguing avenue of inquiry. While topological particles
in real space typically lose their dynamics at low
temperatures, and their quantum liquid states have not
been well examined, the findings presented herein are
poised to catalyze future investigations into the quantum
effects on topological particles.
Experimental details are shown in the Supplemental

Material [36]. Figure 2(a) shows the magnetization curves
of TTF-QBr3I at 1.4 K. As reported in Ref. [30], mag-
netization below 30 T can be described by the simple
summation of two components: the noninteracting Curie-
type component (solid curve) and the linear term (dashed
line). The fitting of the data below 30 T reveals that the
contribution of the former term amounts to 9.4� 0.1%
of the S ¼ 1=2 Brillouin function at 1.4 K, decreasing to
7.3� 0.1% at 4.2 K. Notably, this concentration of spin
solitons is anomalously large compared to typical values in
conventional 1D organics (10−5–10−4 [41–43]). Given the
good crystallization of organic crystals, it becomes chal-
lenging to attribute such a significant quantity of spins to
extrinsic impurities. The amount of extrinsic impurities
does not show any temperature dependence, whereas the
former term in the present salt exhibits a strong dependence
on temperature, indicating that it originates from the
intrinsic spin solitons. Magnetic torque measurements
also indicate that this component cannot originate from
extrinsic impurities (see Supplemental Material [36]).
Considering the proximity to the quantum critical point,
the presence of dense solitons can be attributed to strong
quantum fluctuations. This is because dimerization fluc-
tuations locally induce the formation of solitons [30]. In
conventional SP systems, dilute solitons in the low-field
state are regarded as a gas. Even in the high-field SL state,
the concentration of spin solitons immediately above H�
is only 1%–2% [10,14]. This fact indicates that the dense
solitons in TTF-QBr3I experience strong intersoliton
interactions, which must lead to the solidification of
the solitons. Consequently, it is expected that the dense

FIG. 1. (a) Reduced field-temperature phase diagram of a
conventional spin-Peierls (SP) state. Solid curve shows theoretical
calculation of field dependence of the SP transition temperature
based on Cross’s theory [5,15]. Dotted curve represents the SP-SL
phase boundary determined experimentally [9,11,22]. Insets show
schematic illustration of spin sites in a one-dimensional chain. Blue
circles signify nondimerized sites, whereas orange circles signify
dimerized sites with finite lattice displacement. Red dashed curve
of the SL state indicates site-dependent average spin polarization.
(b) Schematic illustration of one-dimensional chain of TTF and
QBr3I molecules for the paraelectric and paramagnetic (P) state
and dimerized (D) state of the ferroelectric spin-Peierls (FSP) state.
Green arrows represent spins, while the site colors indicate the ion
type (red: cation, blue: anion). For the D state, gray arrows show
the electric polarization of the dimers. (c) H-T phase diagram of
TTF-QBr3I. Here, the high-field state is referred to as the Q state.
Squares and triangles denote anomalies in the temperature and
field dependence of dielectric permittivity. Circles and the diamond
signify the anomaly fields observed in ultrasound and magneti-
zation measurements, respectively. Curves on the symbols serve as
visual guides.
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solitons no longer behave as a gas; however, the solitons
retain their mobility due to the presence of strong
quantum fluctuations, as reported in Ref. [30]. Hence,
the solitons should be a quantum liquid even in the low-
field state.
Figure 2(a) shows that the magnetization curve devi-

ates slightly from the fit above 40 T. For a clearer
visualization, we present ΔM obtained by subtracting
the abovementioned two components in Fig. 2(b). The
steplike increase in magnetization is consistent with the
magnetization process near the transition to the SL state
in conventional SP systems [9,11,20,22]. As will be
discussed later, this change in magnetization demon-
strates a transition to the Q state.
To examine the effect of magnetic field on ferroelec-

tricity, the magnetic field dependence of dielectric constant
εr at various temperatures is shown in Fig. 2(c). The field-
dependent dielectric response indicates the presence of
magnetoelectric coupling, which facilitates cooperation
between the ferroelectric and SP transitions through the
dimerization, as in the case of TTF-BA [27]. Even at
temperatures much higher than the zero-field TFSP, εr
exhibits appreciable field dependence, which indicates
that fluctuating dimerization appears much above TFSP.
Because of the relatively larger gap of TTF-QBr3I,
Δ0=kB ¼ 50–60 K [30], the short-range dimerization
at temperatures much higher than TFSP is reasonable. At
low temperatures, the field-dependent behavior exhibits
two characteristic kinks at Hlow and H�. As temperature
increases, the lower-field anomaly at Hlow broadens, and
Hlow shifts to higher fields. The green triangles in Fig. 1(c)
show the temperature dependence of Hlow, which exhibits

linear behavior. These characteristics are reminiscent
of the Brillouin function, which describes the magne-
tization process of spin solitons shown in Fig. 2(a).
Quantitatively discussing the relationship between εrðHÞ
and the Brillouin function is challenging, as the magneto-
electric coupling cannot be estimated. Nevertheless, the
behavior suggests that the dielectric property is influenced
by the magnetic polarization of the spin solitons.
In Fig. 2(c), another anomaly is observed at a higher field

at H� ≈ 45 T. As in the case of magnetization [Fig. 2(b)],
this anomaly reflects a transition to the Q phase. The
temperature dependence of H� is not significant; however,
the anomaly at H� vanishes gradually at elevated temper-
atures. To view these results from a different perspective,
we replot the datasets as the temperature dependence of εr
in various fields in Fig. 2(d). At 0 T, the D state appears
below TFSP ≈ 5.6 K, which is determined by the peak
temperature. As the field increases, TFSP decreases;
however, the anomaly persists up to 59 T, as indicated
by the arrows. Based on the phase diagram shown in
Fig. 1(c), the anomaly observed upon cooling under a
field above H� must correspond to the transition to the Q
phase, not the D phase.
As the FSP order originates from the molecular dime-

rization, the field-induced transition from theD toQ phases
should be accompanied by changes in the elastic properties.
Figure 2(e) presents the relative change in the elastic
constant ΔCL=CL. At 25 K, where the state is P, as the
magnetic field increases, ΔCL=CL decreases, namely the
lattice softens. This H2 dependence is a background
term, which is understood by the exchange-striction
model [45,46]. At 1.4 K, ΔCL=CL increases with the

FIG. 2. (a) High-field magnetization at 1.4 K. Dotted curve is a fit of lower-field data (< 30 T) based on a simple addition of the
Brillouin function (solid line) and the linear term (dashed line). (b) Residual magnetization obtained by subtracting the dotted curve
shown in (a). (c) Magnetic field dependence of dielectric permittivity εr at various temperatures. Arrows indicate the anomalies at Hlow
of 10–20 TandH� of approximately 45 T. (d) Temperature dependence of εr at μ0H ¼ 0, 20, 40, 59 T deduced from the field-dependent
εr shown in (c). Translucent curves behind data points serve as visual guides. (e) Relative change in elastic constant ΔCL=CL as a
function of field. Dashed black curve indicates H2 behavior. At lower temperatures, ΔCL=CL shows anomalies related to transitions to
the Q and P states, as indicated by the arrows. Inset shows the 1.4 K data near H� in up (light blue) and down (blue) field sweeps.
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magnetic field, i.e., lattice hardening is observed at low
fields. As in the case of εrðHÞ below Hlow, the low-field
anomalous behavior is reminiscent of the Brillouin func-
tion. In fact, the lattice hardening below Hlow is consistent
with the decrease in εrðHÞ in terms of the free energy
change, and thus originates from the magnetization process
of the spin solitons. In conventional SP state, such hard-
ening is not observed [24] because dilute solitons cannot
affect the bulk elastic properties. This observation suggests
that the dense solitons have a substantial impact on the bulk
elastic properties. At H�, as in the case of M and εr,
ΔCL=CL shows an anomaly related to the transition to the
Q phase, as indicated by the arrows. The inset is an
enlarged plot of the 1.4 K data around H�, which indicates
that the anomaly at H� shows hysteresis depending on the
field-sweep direction. The transition at H� is a first-order
transition, sharing a similarity with the first-order SP-SL
transition of the conventional SP systems [22]. It is worth
emphasizing that the transition between the D and Q states
results in only the slight softening.
Based on these results, we construct the field-

temperature phase diagram of the FSP state with the color
plot of εr, as shown in Fig. 3. The color variation highlights
the phase boundary between the P and FSP states.
The open and filled squares, which determine the phase
boundaries, are obtained from the temperature and field
dependences of εr, respectively. The circles at 4.2 K signify
the fields of anomalies in ΔCL=CL. Here, we compare the
high-field Q phase with the SL state in conventional SP
systems. The shape of the present phase diagram is similar
to that of the conventional SP systems shown in Fig. 1(a).
Nevertheless, the transition field μ0H� ≈ 45 T appears
much higher than that expected from the ratio μ0H�=TSP ¼
0.9–1.2 ðT=KÞ for conventional SP states [9,11,15,22].
Robustness against magnetic fields is observed in TTF-
BA as well [27]. These TTF-based salts show a short-range

FSP correlation via fluctuating dimerization at temperatures
much higher than TFSP and exhibit a large Δ0=kB [27,30].
The strong quantum fluctuations in TTF-QBr3I suppress
the long-range ordering temperature TFSP significantly;
thus, the relationship between TFSP and μ0H� is no longer
valid. Because the stability of the SP state is governed by
the balance between the Zeeman energy and spin gap,
Δ0=kB instead of TSP is more suitable for evaluating μ0H�.
For conventional SP states [6,20,23,47], μ0H�=ðΔ0=kBÞ is
typically in the range of 0.5–0.7 ðT=KÞ. Therefore,
Δ0=kB ¼ 50–60 K for TTF-QBr3I [30] indicates that
the order of the obtained μ0H� ¼ 40–45 T is reasonable.
Cross’s theory [15] proposes the universal phase bound-
ary of the SP state using a μBH=½4πkBTSPð0Þ� vs
TSPðHÞ=TSPð0Þ plot, which agrees well with the exper-
imental results of conventional SP systems [9,22]. Using
the relationship Δ0=kB ¼ 1.7TSPð0Þ [6,20,23,47], we plot
the phase boundary of Cross’s theory for the case of
Δ0=kB ¼ 60 K (as shown in Fig. 3) and discover that
the curve reproduces the present results. Although the FSP
state shows ferroelectric polarization, the agreements indi-
cate that the magnetic-field response of the FSP state is
governed by the Zeeman effect and that it can be under-
stood based on the framework of Cross’s theory.
Next, we consider the difference between the conven-

tional SP and present FSP states. In the case of conventional
SP systems, the solitons in the D state are dilute [41] and,
therefore, should behave as an almost noninteracting gas. In
high-field SL states, solitons emerge at the domain walls
and form a superlattice with periodic potential. The for-
mation of the lattice corresponds to the solidification of the
solitons through interactions between the solitons. The gas-
solid transition induces strong lattice hardening along
the modulation direction, as reported in the previous
studies [24,26]. By contrast, for the present FSP state,
the transition to the Q phase shows only a slight lattice
softening at H�, as shown in Fig. 2(e). This suggests that
the solitons in the Q state are not able to form a lattice. The
solitons in the present D state should be a quantum liquid.
Hence, this change at H� is attributable to a liquid-liquid
transition, which does not show significant changes owing
to the absence of symmetry breaking. In fact, the field
dependence of εr shows only a slight decrease in εr atH�. If
the solitons formed a rigid lattice, their mobility would
significantly diminish, leading to a sharp decrease in εr at
H� because εr reflects the soliton dynamics. Therefore, the
slight disparity in εr between the D and Q states also
indicates that the correlated solitons maintain their mobility
even in the Q state. This finding stands in stark contrast to
the long-range soliton ordering observed in the conven-
tional SP systems [14,44].
The question arises: Why do the solitons exhibit liquid-

like behavior even in the Q state? Let us first consider an
extrinsic factor. The presence of disorder is expected to
impede the long-range ordering of solitons. However, in

FIG. 3. Semilogarithmic plot of H-T phase diagram of the FSP
state with a color plot of εr. The definition of the symbols is the
same as those in Fig. 1(c). Dashed curve shows the phase
boundary expected in Cross’s theory [15].
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such scenarios, solitons become localized due to pinning at
the minima of a static random potential, leading to the
absence of their liquidity at low temperatures. Next, we
delve into an intrinsic factor unique to the present FSP
state. The present system is influenced by quantum
fluctuations [30]; thus, quantum melting must be consid-
ered. When the intersoliton distance L becomes compa-
rable to the amplitude of the fluctuations in the soliton
position, quantum melting occurs. As the magnetization of
the spin solitons at 50 T is approximately 10% of the full
moment, the average L reaches approximately 10d, where d
represents the intersite distance (half the b-axis length). We
reiterate that for conventional SP systems, the concentra-
tion of spin solitons is only 1%–2% immediately above
H� [10,14]; thus, L is 50d–100d. In the classical model for
conventional SP states, the soliton width ξ is expressed as
ξ=d ¼ πJ=2Δ0 in the SL state [10,16,17,32]; thus, ξ=d of
TTF-QBr3I is estimated to be 3–3.5. If the effects of
quantum fluctuations are further incorporated, the soliton
width is expected to be larger [48,49], and the actual ξ=d
value must be higher than the calculated value. In fact, in
TTF-QBr3I, the quantum fluctuations render the effective
mass of the solitons several hundred times lighter than the
masses of the molecules [30], which is attributable to
the augmentation of the soliton width [48–50]. If the
enhanced ξ reaches a length comparable to L, then the SL
is replaced with the Q state, which is regarded as a
quantum liquid state due to the quantum melting of the
SL. Since the results shown in Fig. 2 indicate that the
difference between the D and Q states is insignificant,
the transition between these states only slightly modifies
the intersoliton interactions and the density of solitons.
Our results indicate that the transition between the D and
Q states is a quantum liquid–quantum liquid transition of
the spin solitons induced by a magnetic field.
In the present study, we discovered that the FSP state in

TTF-QBr3I shows the dense spin solitons even at low fields
because of the strong quantum fluctuations, and that the
solitons behave as a quantum liquid. The FSP state exhibits
a transition to the high-field Q phase. Even in the Q phase,
strong quantum fluctuations inhibit the formation of the
superlattice of the solitons, and the spin solitons remain as a
quantum liquid. This fact indicates the magnetic-field-
induced transition of topological particles from a quantum
liquid to another quantum liquid.
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M. Fourmigué, M. Orio, and S. Bertaina, Phys. Rev. B 105,
064434 (2022).

[42] T. Mitani, G. Saito, Y. Tokura, and T. Koda, Phys. Rev. Lett.
53, 842 (1984).

[43] F. Kagawa, S. Horiuchi, H. Matsui, R. Kumai, Y. Onose, T.
Hasegawa, and Y. Tokura, Phys. Rev. Lett. 104, 227602
(2010).

[44] V. Kiryukhin, B. Keimer, J. P. Hill, S. M. Coad, and D.
McK. Paul, Phys. Rev. B 54, 7269 (1996).

[45] A. Ikeda, S. Furukawa, O. Janson, Y. H. Matsuda, S.
Takeyama, T. Yajima, Z. Hiroi, and H. Ishikawa, Phys.
Rev. B 99, 140412(R) (2019).

[46] A. Miyata, T. Hikihara, S. Furukawa, R. K. Kremer, S.
Zherlitsyn, and J.Wosnitza, Phys. Rev. B 103, 014411 (2021).

[47] I. S. Jacobs, J. W. Bray, H. R. Hart, Jr., L. V. Interrante, J. S.
Kasper, G. D. Watkins, D. E. Prober, and J. C. Bonner, Phys.
Rev. B 14, 3036 (1976).

[48] B. Champagne, E. Deumens, and Y. Öhrn, J. Chem. Phys.
107, 5433 (1997).

[49] F. Kagawa, N. Minami, S. Horiuchi, and Y. Tokura, Nat.
Commun. 7, 10675 (2016).

[50] T. Momoi, Phys. Rev. B 67, 014529 (2003).

PHYSICAL REVIEW LETTERS 132, 096601 (2024)

096601-6

https://doi.org/10.1038/ncomms8469
https://doi.org/10.1103/PhysRevB.30.122
https://doi.org/10.1038/s41467-022-33354-1
https://doi.org/10.1038/s41467-022-33354-1
https://doi.org/10.1016/0304-8853(94)90046-9
https://doi.org/10.1016/0304-8853(94)90046-9
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.096601
https://doi.org/10.1063/5.0010753
https://doi.org/10.1103/PhysRevLett.112.177201
https://doi.org/10.1246/bcsj.20210411
https://doi.org/10.1103/PhysRevB.105.125130
https://doi.org/10.1103/PhysRevB.105.064434
https://doi.org/10.1103/PhysRevB.105.064434
https://doi.org/10.1103/PhysRevLett.53.842
https://doi.org/10.1103/PhysRevLett.53.842
https://doi.org/10.1103/PhysRevLett.104.227602
https://doi.org/10.1103/PhysRevLett.104.227602
https://doi.org/10.1103/PhysRevB.54.7269
https://doi.org/10.1103/PhysRevB.99.140412
https://doi.org/10.1103/PhysRevB.99.140412
https://doi.org/10.1103/PhysRevB.103.014411
https://doi.org/10.1103/PhysRevB.14.3036
https://doi.org/10.1103/PhysRevB.14.3036
https://doi.org/10.1063/1.474249
https://doi.org/10.1063/1.474249
https://doi.org/10.1038/ncomms10675
https://doi.org/10.1038/ncomms10675
https://doi.org/10.1103/PhysRevB.67.014529

