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Nonequilibrium chiral soliton lattice in the monoaxial chiral magnet MnNb3S6
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In a magnetic superlattice composed of kinks in a ferromagnetic spin array, the change in the kink number
requires the movement of the kinks to and from the crystal surface. Namely, the kinks must have a velocity,
and the superlattice must be nonequilibrium. Evidence of the nonequilibrium state has never been observed in
previous model compounds. In MnNb3S6, a long magnetization relaxation was observed, and the nature of the
nonequilibrium state was more pronounced in the kink annihilation process rather than the kink creation process.
The annihilation process can be phenomenologically reproduced using the unfrustrated magnetic clusters model.
The nonequilibrium state in the annihilation process has a longer relaxation time than that in the nucleation
process, since an energy barrier exists only in the latter.

DOI: 10.1103/PhysRevB.106.104410

I. INTRODUCTION

Recently, topological objects in the spin systems, such
as vortices termed as magnetic skyrmions and kinks termed
as magnetic solitons, have attracted attention in fundamental
physics and applications [1–5]. They can be stabilized in var-
ious magnetic materials with different types of interactions.
Some of these magnets are noncentrosymmetric bulk magnets
that exhibit either left-handed or right-handed chiral helimag-
netic (CHM) structures owing to the Dzyaloshinskii-Moriya
(D–M) interaction [6,7]. These magnets exhibit emergent
physical phenomena that originate from nontrivial topological
spin textures [8,9]. In particular, a chiral soliton lattice (CSL),
when stabilized by applying a magnetic field (H) perpendic-
ular to the helical axis, exhibits characteristic transport and
magnetic properties accompanying the change in the num-
ber of magnetic kinks, which are termed as solitons [10].
When the applied H is greater than the critical magnetic
field (Hc), the forced ferromagnetic state (FFM), whose mag-
netic moments are aligned in the direction of H , is stabilized
[Fig. 1(a)].

A series of experimental and theoretical studies on the
archetypical monoaxial chiral magnet CrNb3S6 reveals a vari-
ety of physical properties: CrNb3S6 has a CHM state along the
c axis with period of 48 nm below the transition temperature
(Tc = 127 K) [3,11]. Experiments using Lorentz transmission
electron microscopy (TEM) revealed the evolution of the CSL
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state on CrNb3S6 under H , which is consistent with theory
[3]. The magnetoresistance (MR) also shows a behavior that
reflects the period of the CSL [9]. The magnetization (M)
and MR show discrete changes accompanying changes in soli-
ton number [12–16]. In the annihilation process, the solitons
dissipate perpendicularly to the D–M vector toward the sur-
face [15,16]. However, in the nucleation process, the solitons
nucleate at the surface and penetrate the interior of the crys-
tal parallel to the D–M vector [14–19]. The soliton number
changes dynamically in both the annihilation and nucleation
processes; however, the nonequilibrium phenomenon due to
the CSL formation has not been observed experimentally.

MnNb3S6 has the crystal structure of the noncentrosym-
metric hexagonal space group P6322, similar to CrNb3S6

shown in Fig. 1(b) and is expected to stabilize the CHM and
CSL states along the c axis [20,21]. The lattice constants
of MnNb3S6 are a = 5.78 Å and c = 12.61 Å. Some of
the authors previously reported M measurements on a single
crystal of MnNb3S6, whose M curves were similar to those
of CrNb3S6 [20]. The magnetic structure has been studied
through Lorentz TEM and neutron diffraction measurements,
and the measurements suggested that the distorted helimag-
netic state at H = 0 is stable with a period of a few hundred
nanometers [22,23]. Recently, Hall et al . proposed that the
magnetic structure is a conventional ferromagnetic domain
structure through Lorentz TEM measurements [24]. In this
study, we examined the CSL formation and nonequilibrium
phenomenon resulting from the CSL formation on a single
crystal of MnNb3S6 through magnetic measurements. We
observed M curves that were similar to those of CrNb3S6.
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FIG. 1. (a) Magnetic structure of monoaxial chiral magnets in a
magnetic field (H ), chiral helimagnetic (CHM) state [top, at H = 0],
chiral soliton lattice (CSL) [middle, 0 < H < Hc], forced ferromag-
netic state [bottom, H � Hc]. (b) Crystal structure of MnNb3S6.
(c) General idea of the magnetization (M) relaxation due to soliton
annihilation and soliton nucleation in CSL.

Additionally, we observed the long-time M relaxation accom-
panying both the annihilation and nucleation processes.

II. PHENOMENOLOGICAL ANALYSIS
ON MAGNETIC RELAXATION

In a monoaxial chiral magnet at H = 0 Oe, the spins rotate
at a uniform angle, which is determined by the ratio of ex-
change interaction to D–M interaction, along the helical axis
[10]. In CSL, solitions without a net moment are periodically
arranged in the FFM structure. When the soliton annihi-
lates or nucleates, the net moment increases or decreases.
The annihilation and nucleation of the solitons occur only at
the crystal surface, so that the solitons inside the crystal dissi-
pate to the surface in the annihilation process and penetrate the
surface in the nucleation process. Thus, the time dependence
of the M behavior, as shown in Fig. 1(c), should be observed
in the annihilation and nucleation processes. In this section,
we briefly review the slow magnetic relaxation phenomenon.

Considering the probability of a single excitation from one
energy minimum to the other during the relaxation of the ther-
moremanent magnetization (Mr), the relaxation phenomenon
can be described by a simple exponential function:

Mr (t ) = Mr (0)e−t/τ , (1)

where Mr (0) and τ are the initial magnetization and the
relaxation time, respectively. However, in some complex
magnetic materials such as spin glass materials, the relax-
ation phenomenon can not be described by Eq. (1) but by
using substitute functions such as the stretched exponen-
tial function [25] or the power law [26] which are given

as follows:

Mr (t ) = Mr (0) exp[−(t/τ )β], (2)

Mr (t ) = Mr (0)t−α, (3)

where β and α are constants. The relaxation of the zero-
field-cooled and field-cooled M [M(t )] is often described by
the stretched exponential form in some spin glass materials
[27–29]. For a magnetic cluster system in a two-dimensional
networked single-molecular magnet (SMM), wherein the
magnetic moments of each SMM form a cluster, the magnetic
relaxation behavior exhibits nonexponential slow dynamics
according to the following equation [30,31]:

Mr (t ) = Mr (0) exp[−c(ln t )d/(d−1)], (4)

where c and d are the decay constant and system dimen-
sion, respectively. This equation was first introduced by
Randeria et al . for the Griffiths phase in randomly diluted
Ising ferromagnets [32–34], wherein the spin-flip dynamics
of unfrustrated magnetic clusters resulted in nonexponential
relaxation.

No theoretical study has been conducted on the magnetic
relaxation of the soliton in the CSL state. In contrast, the decay
of the metastable skyrmions, which is stabilized using field
cooling methods in cubic chiral magnets, has been experi-
mentally investigated [35–38]. These relaxation phenomena
were reproduced by a simple exponential function in the case
of MnSi and Fe1−xCoxSi [35,36], or a stretched exponen-
tial function in the case of Co-Mn-Zn alloys and Cu2OSeO3

[37–39]. In a CSL state on a monoaxial chiral magnet, we
must identify the model that is phenomenologically the most
suitable for reproducing the magnetic relaxation of the soliton.
If each soliton annihilates independently, then the relaxation
behavior may be decsribed using Eq. (2). However, in our
idea, the change in solitons in the sea of ferromagnetic mo-
ments should be analyzed based on the dynamics of soliton
aggregates. If solitons annihilate as aggregates, then the mag-
netic relaxation would be reproduced by Eq. (4). In this study,
we analyzed M(t ) for the following CSL material MnNb3S6

with four models; consequently, we demonstrated that just
after changing H , M(t ) exhibits the nonequillibrium state.
The experimental results are compared with those of a typical
monoaxial chiral magnet, CrNb3S6.

III. EXPERIMENTAL PROCEDURES

The powder sample and single crystals of MnNb3S6 and
CrNb3S6 were synthesized using a procedure described else-
where [20]. We obtained the single crystal of MnNb3S6 whose
M-H curves were similar to those of the CSL state. The
dimensions of the single crystal of MnNb3S6 were 1.3 mm2

of ab plane and 70 μm along the c axis.
M and both in-phase and out-of-phase components of ac

magnetization (m′ and m′′) were observed using a supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design Inc.) equipped with an ac measurement
option. The frequency f and amplitude h of the ac magnetic
field (Hac) were 1–100 Hz and 3.9 Oe, respectively.

We calculated the M dynamics by changing H [15,16].
The M dynamics obey the Landau-Lifshitz-Gilbert equation,
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which is given by

∂M
∂t

= −γ M × Heff + α

Ms

(
M × ∂M

∂t

)
, (5)

where M is the magnetization, γ is the gyromagnetic ra-
tio, and α (= 0.05) is the Gilbert damping coefficient.
Ms (= 0.1 T) denotes the saturation magnetization. Heff is
the effective magnetic field obtained by Heff = − ∂E

∂M , where
E is the total energy of the spin system including the ferro-
magnetic exchange coupling, D–M interaction, and H . We
used a two-dimensional square lattice with the lattice constant
a = 1 nm, and magnetization curves were calculated for a
system landscape containing 300×30 unit cells. The exchange
energy along the c axis (J‖) was 7.0 K and 56 K along the
in-plane direction (J⊥). The energy of D–M interaction was
0.88 K (J‖/D ∼ 8), the magnetization curve was obtained by
varying H (at a ratio of 100 Oe/ns). We introduced the finite
temperature effect using the random magnetic field H temp.
H temp satisfies 〈Hη

temp(t )Hκ
temp(t ′)〉 = 2αkBT

MS
δηκδ(t − t ′), where

η and κ are Cartesian coordinates.

IV. EXPERIMENTAL RESULTS

A. Temperature dependence

Figure 2(a) shows the T dependence of M under H . A
small peak-like anomaly was observed at approximately 42 K
in M at H = 10 Oe, corresponding to the transition from the
CHM state to the paramagnetic state. As shown in Fig. 2(b),
the T dependence of m′ at zero field exhibits a small peak-like
anomaly around 42 K. This kink behavior on M-T is in good
agreement with the theoretical calculation based on the sine-
Gordon model [40]. The Tc value is consistent with previous
studies [20,22,41–43]. In contrast, the T dependence of m′′
displayed the complex behavior. m′′ slightly increased with
increasing T around 13 K, after which it demonstrated a local
maximum around 30 K. Subsequently, the m′′ displayed sharp
peak behavior at Tc and small peak behavior around 48 K,
which was higher than Tc. This result suggests any changes
in the magnetic structure or magnetic domains as a function
of T at zero field, however, it is not clear at the present
stage. We measured the T dependence of both m′ and m′′ by
varying f between 1–100 Hz; however, there no significant
f dependency was observed (for details, see Supplemental
Material [44]). There is not observed glassy phenomenon, and
it is reasonable to consider the T dependence of m′′ as the
change in the static magnetic behavior.

B. Magnetization process

To confirm the formation of CSL on MnNb3S6, we mea-
sured the M process with H perpendicular to the helical axis.
Figure 3(a) shows the M-H curve at 5 K between 0 and
500 Oe with H perpendicular to the c axis. The labels Hc1 and
Hc2 on the curve were determined using the derivative of M
(dM/dH). On the figure, Hc indicates the H below which hys-
teresis appears. In the increasing H process, M exhibited an
upward convex curvature below Hc1 and subsequently showed
a rapid increase between Hc1 and Hc2, then gradually saturated
toward Hc. This behavior is similar to that of the characteristic
M-H curves for CrNb3S6. The M-H curves between 5–38 K
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FIG. 2. (a) T dependence of the M of a single crystal of
MnNb3S6. (b) T dependence of m′ and m′′ of a single crystal of
MnNb3S6.

are shown in Fig. 3(b). For comparison, the M was normalized
saturation magnetization (Ms) for each T . Both the values
of Hc1 and Hc2 shifted toward lower H side for increasing
T , as shown in the inset of Fig. 3(b). We did not observed
the prominent discrete changes due to the avalanche soliton
nucleation in M during the decreasing H process, which has
been observed in CrNb3S6 with bulk and submillimeter-sized
crystals [13,16,45,46]. The inset of Fig. 3(a) shows the crystal
size along c axis (Lc) dependence of the magnetic hysteresis
area at 5 K calculated by M/Ms as a function of H/Hc. The
M-H curve had a large hysteresis, as observed in CrNb3S6,
whose crystal size along the c axis was a few micrometers
[15,47], despite the bulk single crystal. This indicates that the
total number of solitons in MnNb3S6 is as small as several
hundred, because of the long helical period, as previously
suggested [22,23].

For reference, the results for H ‖ c axis are presented to
verify that the given crystal belongs to a CHM material. When
H is applied parallel to the helical c axis, a chiral conical
state appears. The magnetic moments that lie in the ab-plane
incline gradually toward the direction of c axis with increasing
H . In the conical state, M displays a linear increase with
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FIG. 3. (a) M-H curve with H perpendicular to the c axis on
a single crystal of MnNb3S6 at 5 K. The open and closed circles
represent the data of increasing H and decreasing H processes,
respectively. The upward arrows indicate the H at which the mag-
netization relaxation measurements were carried out. The inset of
panel (a) shows the crystal size along c axis (Lc) dependence of the
magnetic hysteresis area at 5 K calculated by M/Ms as a function of
H/Hc. The red squares indicate the magnetic hysteresis of CrNb3S6

[16,47]. (b) M/Ms(T )-H curve in the increasing H process at several
T . The inset of panel (b) shows the H dependence of the dM/dH .
The bars at the top of the inset indicate the H at which we conducted
magnetization relaxation measurements.

respect to H below Hc [11]. Figure 4 shows the M-H curve
at 5 K between 0 and 60 kOe with H parallel to the c axis. M
varies almost linearly below 30 kOe, and there is no magnetic
hysteresis. This behavior has not been observed in previous M
measurements on MnNb3S6 [22,42], and it validates that the
CHM state is stabilized in our single crystal.

To understand M relaxation in MnNb3S6, the phase dia-
gram as a function of T and H is crucial. Figure 5 shows
the magnetic phase diagram of the MnNb3S6 single crystal
obtained by magnetization process with increasing H . Hc1

increases with decreasing T in the vicinity of Tc after which it
attains an almost constant value between 15 and 30 K. Below
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FIG. 4. M-H curve with H parallel to the c axis on a single crys-
tal of MnNb3S6 at 5 K. The blue open and red closed circles represent
the data of increasing H and decreasing H processes, respectively.

15 K, Hc1 displayed an exponential increase with decreasing
T . This behavior was not observed in CrNb3S6 [9,48,49].
We assume that the aforementioned property may have origi-
nated from the change in the Jahn-Teller distortion of the Mn
system.

C. Magnetization relaxation

In this section, we present details regarding the M relax-
ation measurements. The H values at which we measured time
evolution of M were shown in Fig. 5 as blue open circles. They
are also presented by upward arrows in Fig. 3(a) and by bars in
the inset of Fig. 3(b) (for details, see Supplemental Material
[44]). The long-time M relaxation was observed only when
the value of H was between Hc1 and Hc2.
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FIG. 5. Magnetic phase diagram of MnNb3S6 single crystal.
Blue open circles termed M(t ) indicate the H at which we conducted
the magnetization relaxation measurements.
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FIG. 6. (a) Time evolution of magnetization on MnNb3S6 single
crystal. H was set between Hc1 and Hc2 (90 Oe) or below Hc1 (40
Oe) with increasing H , as shown in the inset of panel (a), which
represents the M-H curve at 5 K. (b) Time evolution of magnetization
on CrNb3S6 single crystal. H was set between Hc1 and Hc2 (1250 Oe)
or below Hc1 (500 Oe) with increasing H , as shown in the inset of
panel (b), which represents the M-H curve at 5 K.

Figure 6(a) shows the M normalized by Ms as function
of time at 5 K for the increasing H process on MnNb3S6

single crystal. In the measurements of the time evolution of
M, we traced the changes from the first data in M [ΔM ≡
M(t ) − M(0)] after stabilizing H . The H at which we con-
ducted M relaxation measurements are shown in the inset of
Fig. 6(a). At H = 90 Oe for the increasing H process, which is
between Hc1 and Hc2, a long-time M relaxation was observed.
The growth of M reached almost 16% of Ms. However, at
H = 40 Oe, which was below Hc1, a significant magnetization
relaxation was not observed (at most 0.05%). A long-time
magnetization relaxation was only observed during Hc1 and
Hc2, where the solitons prominently annihilated. The soliton
annihilation process is not completed even after H stabilizes,
probably because of the long-range CHM ground state.

For reference, we also measured the time evolution of M
on the CrNb3S6 single crystal with Tc = 127 K, as shown

FIG. 7. (a) M-H curve in the decreasing H process with H per-
pendicular to the c axis on a single crystal of MnNb3S6 at 5 K.
(b) M-H curve in the decreasing H process with H perpendicular to
the c-axis on a single crystal of CrNb3S6 at 5 K. (c) Time evolution of
magnetization on MnNb3S6 and CrNb3S6 single crystals. H was set
at 40 Oe for MnNb3S6 and at 1250 Oe for CrNb3S6 with decreasing
H , as shown in panels (a) and (b).

in Fig. 6(b). The H values at which we conducted magne-
tization relaxation measurements are shown in the inset of
Fig. 6(a). In the case of CrNb3S6, the long-time M relaxation
was also observed when the applied value of H was between
Hc1 and Hc2. The growth of M, however, was two orders of
magnitude smaller than that in MnNb3S6. It is emphasized that
the nonequilibrium phenomenon observed here is the intrinsic
behavior in the monoaxial chiral magnet.

Figure 7(c) shows Ms as a function of time at 5 K in the de-
creasing H process for MnNb3S6 and CrNb3S6 single crystals.
The values of H at which the measurements were conducted
are shown in Figs. 7(a) and 7(b) (for details, see Supplemen-
tal Material [44]). We set the H down from 1000 Oe for
MnNb3S6 and from 3000 Oe for CrNb3S6. The magnitude in
the decay of M was in the same order for two chiral magnets,
whereas it was two orders of magnitude smaller than the
growth of M in the annihilation process for MnNb3S6. The
nonequilibrium state in the annihilation process has a longer
relaxation time than that in a nucleation process, as an energy
barrier exists only in the latter.

Next, let us examine that the magnetization relaxation
is due to the soliton annihilation. In the vicinity of Tc, the
thermal fluctuation is expected to cause random soliton an-
nihilation. Figure 8(a) shows M normalized by Ms as function
of time at 33–38 K under H . H was set between Hc1 and
Hc2 from zero at each T . For instance, the magnetization
relaxation curve at 33 K first exhibited the growth of M, and

104410-5



M. OHKUMA et al. PHYSICAL REVIEW B 106, 104410 (2022)

FIG. 8. (a) Time evolution of M for the increasing H processes
on MnNb3S6 single crystal between 33 and 38 K. (b) Time evolution
of M at 20 Oe for the increasing H process on MnNb3S6 single
crystal at 40 K. The inset shows the change in ΔM/Ms due to the
annihilation of the additional soliton. In panel (c), two data at 35 K,
presented in panel (a), are compared. The vertical axis replaces the
measured value of M.

the slope gradually decreased. Around 500 s, the slope of M
changed abruptly. This behavior can be understood as indicat-
ing the annihilation of the additional soliton owing to thermal

fluctuations. Figure 8(b) shows the result at 40 K. Comparing
the results between 33–38 K, the initial growth of M was more
prominent. This indicates that most solitons begin to anni-
hilate simultaneously due to the thermal fluctuations during
the initial relaxation process. Following this, the annihilation
of surviving solitons was also observed around 3000 s, after
which it gradually saturated around 10 000 s.

The black bars in Figs. 8(a) and 8(b) indicate the change
in ΔM/Ms due to the annihilation of the additional soliton.
We also observed minimal soliton annihilation at 30 K (for
details, see Supplemental Material [44]). The changes at 35 K
due to the annihilation of the additional soliton was almost
same with two runs. At 38 K, the change during the first
soliton annihilation was larger than that during the second
soliton annihilation. The value of ΔM/Ms tends to increase
with increasing T , as shown in the inset of Fig. 8(b).

Figure 8(c) shows the time evolution of M at 35 K, which
is same as the data shown in Fig. 8(a). Comparing the two
results, the vertical axis replaces the measured value of M. The
values of M at 0 s were slightly different because there was
an error in the actual H value. The behavior of two runs was
almost same for t � 420 s. The additional soliton annihilation
occurred around 1100 s in Run 1 and around 430 s in Run 2,
after which the M gradually increased. The values of M in
Run 1 and Run 2 were almost same after the occurrence of
additional soliton annihilation. The above results reveal that a
soliton annihilates in the vicinity of Tc, which is an accidental
phenomenon occurring due to the thermal fluctuations. The
CSL state eventually settles in the same stable state when
measurements are conducted under the same conditions.

V. DISCUSSION

A. Micromagnetic simulation

We performed micromagnetic simulations using the
Landau-Lifshitz-Gilbert equation. Figure 9(a) shows the cal-
culated ΔM/Ms as a function of time. The inset shows the
M-H curve obtained from the calculation. At H = 700 Oe,
which is between Hc1 and Hc2, magnetic relaxation accompa-
nying the annihilation of the soliton was observed. The growth
of M reached approximately 23% of Ms, and finally, the CSL
transformed to the FFM state. This behavior was not observed
below Hc1. The snapshots of M at each time for H = 700 Oe
are shown in Fig. 9(c). Some solitons had already started
to annihilate at 0 ns because H = 700 Oe was larger than
Hc1. The slope of ΔM/Ms changed slightly below the FFM
state, as shown in Fig. 9(b). Comparing the snapshot of the M
configuration, one can see that the slope of ΔM/Ms changes
immediately after the remaining soliton starts to annihilate.
This behavior is due to the finite temperature effect and is
qualitatively consistent with that observed experimentally in
Fig. 8. Once the dislocation was created in the remaining
soliton by thermal fluctuation, the remaining soliton lost the
topological stability and started to annihilate. We note that
the aforementioned phenomenon does not occur when the
calculation is conducted under absolute zero temperature con-
ditions. We also performed the calculation by changing the
J‖/D assuming the case of CrNb3S6. Indeed, we obtained a
similar phenomenon at the higher temperature regime. Thus,
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FIG. 9. (a) Time evolution of the M calculated by the Landau-
Lifshitz-Gilbert equation. The inset shows the M-H curve obtained
from the calculation. (b) Time evolution of M around the FFM state.
(c) Snapshot of M at a certain time under a constant H = 700 Oe.

the M relaxation observed in MnNb3S6 would be the universal
phenomenon in the CSL system.

B. Characterization of relaxation process

The experimentally observed magnetic relaxation is sim-
ilar to that observed in metastable skyrmion states on cubic
chiral magnets, which can be described by simple or stretched
exponential functions [35–39]. Figure 10(a) shows the M
normalized by Ms as function of time at 5–30 K under H on
MnNb3S6. H was set between Hc1 and Hc2 from zero at each
T . The dashed lines in Fig. 10(a) represent the result of fitting
a stretched exponential function, which is given by

ΔM(t ) = ΔM(∞) exp[−(t/τ )β], (6)

where M(∞) is the equilibrium magnetization. This fitting
does not show good agreement with the experiments for times
less than 103 s. The parameters of the fitting are shown in
the Supplemental Material [44]. Now, we tried to fit the mag-
netization relaxation to Randeria’s equation as the following
formula:

ΔM(t ) = ΔM(∞){1 − exp[−c(ln t )d/(d−1)]}. (7)

The solid lines in Fig. 10(a) are the fittings of Eq. (7), and
they showed good agreement with the experiments. For times
greater than 103 s, fitting the results using Eqs. (6) and (7)
presents good agreement with the experimental results. How-
ever, Randeria’s equation well reproduces the experiments for
times less than and greater than 103 s, as shown in Fig. 10(b).
This reveals that the solitons in the CSL states annihilate as the
aggregates of solitons. We fitted the results for CrNb3S6 using
Eqs. (6) and (7), as shown in Fig. 10(c). Randeria’s equa-
tion exhibits satisfactory reproduction of the experimental
data over a wide time scale, similar to the case of MnNb3S6.
Figure 11(a) shows T dependence of �M(∞)/Ms and decay
index. The fitting parameter is shown in the Supplemental
Material [44].

The parameter of d at each T was 1.65–1.68 for MnNb3S6

and 1.55 for CrNb3S6 as shown in Fig. 11(b), which was
close to two-dimensional. These values are consistent with
the feature that the soliton annihilates perpendicular to the c
axis (along the ab plane), as shown in Fig. 12. The solitons
in the CSL state can be considered as a kind of magnetic
cluster such that the long magnetization relaxation observed
in MnNb3S6 can be phenomenologically understood as the
slow spin-flip dynamics. For clusters in the Griffiths phase,
the compact clusters are those with the longest relaxation
times [34]. The slow relaxation for time less than 103 s is
characteristic, probably because the solitons corresponds to
the compact clusters.

C. Difference between CrNb3S6 and MnNb3S6

The long-time magnetization relaxation accompanying the
annihilation of the soliton was observed in both MnNb3S6

and CrNb3S6. However, the nonequilibrium state in annihi-
lation process for MnNb3S6 was more remarkable than that
for CrNb3S6. An important difference between CrNb3S6 and
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FIG. 10. (a) Time evolution of the M for the increasing H pro-
cesses between 5 and 30 K on MnNb3S6. (b) Enlarged view of
panel (a) for time less than 103 s. (c) Time evolution of the M
for the increasing H process at 5 K on CrNb3S6. Both the data on
MnNb3S6 and CrNb3S6 at 5 K are reproduced in Figs. 6(a) and
6(b), respectively. H was set between Hc1 and Hc2 at each T .
The dashed and solid lines represent the results of the fitting
by the stretched exponential function and Randeria’s equation,
respectively.

MnNb3S6 is the helical pitch. Our magnetic measurements
and the previous neutron measurements suggest that
MnNb3S6 stabilizes long-range CHM ordering, whose period
is longer than that of CrNb3S6 [22]. The size of the solitons on
MnNb3S6 is considered to be larger than that on CrNb3S6, so
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FIG. 11. (a) Temperature dependence of system dimension
on MnNb3S6 and CrNb3S6. (b) Temperature dependence of
�M(∞)/Ms and decay index for MnNb3S6.

that the effective mass of solitons in MnNb3S6 is greater than
that in CrNb3S6. In general, the magnetic relaxation time in a
magnetic cluster increases as the size of the cluster increases.
Therefore, the nonequilibrium state of the annihilation of the
soliton on MnNb3S6 was detectable and enabled us to analyze
the magnetization relaxation with good measurement accu-
racy through magnetic measurements.

Soliton

helical axis

Dissipation

FIG. 12. Illustration of the annihilation process of the soliton
cluster.
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VI. CONCLUSION

In conclusion, we observed the characteristic magnetiza-
tion process with magnetic field perpendicular to the c axis
by the formation of the CSL on the bulk single crystal of
MnNb3S6. The magnetization process of the CSL state had
the large hysteresis. These results indicate that the long-
range chiral helimagnetic state is stabilized. Furthermore,
the magnetization relaxation accompanying the annihilation
of the soliton was observed. The growth of the magne-
tization reached almost 16% of saturation magnetization
in the process of the soliton annihilation. The annihila-
tion process can be phenomenologically reproduced using
the unfrustrated magnetic clusters model. A time-dependent
microscopic analysis such as Lorentz TEM observation of

CSL is desirable to confirm the nonequilibrium phenomenon
visually.
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