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In the chiral magnet Cr1=3NbS2, discrete changes in the magnetization (M) caused by the formation of a chiral soliton
lattice (CSL) were observed in magnetization curve measurements using a single crystal of submillimeter thickness.
When M is measured with a minimal increment of the magnetic ﬁeld H, 0.15 Oe, discrete changes in M are observed in
the H region that exhibits deﬁnite magnetic hysteresis. In particular, enormous discrete changes in M are observed as H
decreases from the ﬁeld above the saturation ﬁeld, while ﬁne M steps are also found in the intermediate H range
independently of the sweeping direction of the ﬁeld. The former is considered as a type of enormous Barkhausen eﬀect
associated with the CSL formation. The latter originates from the change in soliton number during the CSL formation.

Chirality indicates that an image in a plane mirror cannot
be brought to coincide with itself, as deﬁned by Lord
Kelvin.1) For chiral materials with a broken spatial inversion,
their magnetic properties are characterized by the competition
between symmetric and antisymmetric Dzyaloshinskii–
Moriya (DM) exchange interactions, resulting in a chiral
helimagnetic structure in zero magnetic ﬁeld.2–5) When a
magnetic ﬁeld is applied perpendicular to the chiral axis of
the helimagnetic structure, a type of superlattice structure
called the chiral soliton lattice (CSL) becomes stabilized.6)
The pitch of CSL is controlled by applying magnetic ﬁelds.
In 2012, Togawa et al. succeeded in observing CSL
formation in the chiral magnet Cr1=3 NbS2 through Lorenz
microscopy and small-angle electron diﬀraction analysis;7)
the CSL state is robust and has phase coherence.7) This
advantage with controllability becomes more prominent
when the coupling between the magnetic structure and the
electron transport can be controlled. Further successful
control of the phase coherence would expand the ﬁeld of
applications using this phenomenon.
CSL formation accompanies the creation and extinction
of nodes with 2 rotations of the spin phase, namely, a
“topological phase defect” or a “2 twist soliton”, as the
magnetic ﬁeld changes. Then, the magnetization should
exhibit both a continuous change in magnetic moment near
the phase defect and a discrete change reﬂecting the creation
and extinction of the phase defect. Such a phenomenon has
never been observed in magnetization measurements. In the
case of metals with a suﬃciently large mean free path for
conduction electrons, they ﬂow through an array of solitonic
phase defects in the CSL, which creates a periodic scattering
potential for itinerant spins. Consequently, the electrical
resistance can be correlated with the number or density of
solitons and thus depends on the strength of the magnetic
ﬁeld. Recently, a negative interlayer magnetoresistance has
been observed in a bulk specimen and found to be scaled by
the soliton density.8) Moreover, discrete magnetoresistance
was observed by Togawa et al. in a microsized sample of

Cr1=3 NbS2 with a c-axis length of 10 µm.9) The magnetoresistance is, however, a physical quantity arising from the
conduction electrons of the Nb and S atoms in the chiral
magnet, so it does not directly reﬂect the magnetic moments
of the Cr3+ ions making up chiral magnetic orders. If the
discrete behavior of magnetization could be observed, it
would become one important evidence of CSL formation.
When this type of measurement is conducted, we must
distinguish the CSL formation from the Barkhausen eﬀect,
which accompanies the pinning and depinning of the domain
walls.10,11) The Barkhausen eﬀect is caused by the motion of
domain walls pinned in a spatially random manner. Thus,
changes in magnetization (magnetization steps) resulting
from domain wall motion appear randomly with respect to
the sweeping of the magnetic ﬁeld; they are observed in the
irreversible region of the magnetization hysteresis curve.12) In
contrast, the magnetization step caused by CSL formation
originates from the level crossing of the energy of the
magnetic superlattice with phase coherence, so it should
accompany regular steps at a ﬁxed M with respect to changes
in the magnetic ﬁeld.13) In this letter, we demonstrate the
existence of a discrete change in magnetization in single
crystals of Cr1=3 NbS2 of submillimeter thickness.
Cr1=3 NbS2 has a layered hexagonal structure of 2H-type
NbS2 intercalated with Cr atoms and belongs to the space
group P63 22. The chiral axis of the structure is the c-axis,
and its lattice parameters at room temperature are a ¼ 5:75 Å
and c ¼ 12:12 Å.14–16) The periodic length of the incommensurate magnetic structure (Linc ) at zero magnetic ﬁeld is
48 nm.1) A single crystal of Cr1=3 NbS2 has been grown by a
chemical transport technique.14,15) For this experiment, we
prepared a single crystal of Cr1=3 NbS2, the volume of which
(the surface area of the ab plane, Sab , times the length along
the c-axis, Lc ) is 1:17 mm2  0:12 mm. According to a
calculation, the single crystal should contain approximately
2500 2-rotations of spins at zero magnetic ﬁeld because
Linc ¼ 48 nm. The magnetic ordering temperature (Tc ) of the
present crystal is 133 K.

013707-1

©2016 The Physical Society of Japan

J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by 九州工業大学 on 04/02/19

Letters
II, III
1

I

(a)

T=5K

IV

0.8
M / Ms(5 K)

1

II

M / Ms(5 K)

0.6
0.4

III

0.2

V
0

0

500

0.96
1600

1000

1650
H [Oe]

1500 2000
H [Oe]

2500

1700

3000

1

(b)

T = 100 K

0.8

0.66

0.6

M / Ms(5 K)

The magnetization (M) was measured as a function of the
magnetic ﬁeld strength (H) at temperatures (T) of 5 and
100 K using a superconducting quantum interference device
(SQUID) magnetometer. The magnetic ﬁeld was applied
perpendicularly to the chiral c-axis. The increment of H was
reduced to the minimum value permitted by the apparatus,
0.15 Oe. In contrast, magnetization measurements in the
literature were conducted with H increments of above
1 Oe.8,14,16) Furthermore, in the present study, measurements
were repeated ﬁve to ten times at a ﬁxed H to improve the
signal-to-noise (S=N) ratio. The diamagnetic contribution of
the sample holder, which was made of epoxy resin, was
subtracted from the measured magnetization, and the signal
originating from the magnetization of the sample, M, is
reported throughout this letter. The data of the whole
magnetization process at T ¼ 5 K are shown in Figs. S1–S3
of the supplemental material17) and, in the letter, we pay
much attention to the results to be discussed physically.
Figures 1(a) and 1(b) show the entire M–H curves of the
Cr1=3 NbS2 crystal at T ¼ 5 and 100 K, respectively. The
processes of H increase and decrease are indicated by arrows.
We deﬁne the critical ﬁeld Hc , at which M becomes saturated
and the hysteresis disappears with increasing H; Hc was
estimated to be approximately 1.9 kOe at T ¼ 5 K and
1.4 kOe at T ¼ 100 K. The overall behavior of the M–H
curve is consistent with that reported by Miyadai et al.;
M exhibits a remarkable increase just before it becomes
saturated, and its H region has a deﬁnite hysteresis.14) The
insets of Figs. 1(a) and 1(b) present the enlarged M–H curve
just below Hc . The inset of Fig. 1(a) shows that as H
decreases from Hc , three distinct steps in M appear below
1.64 kOe. The magnitude of the largest step corresponds to
approximately 1% of the saturation magnetization Ms . A
similar behavior was also observed at T ¼ 100 K, as seen in
the inset of Fig. 1(b).
We conﬁrmed the reproducibility of the distinct M steps
as H decreases from Hc via three runs, where the same
measurement sequence was used for changing H. Figure 2(a)
displays the data, shown in the inset of Fig. 1(a), at a diﬀerent
H scale (H=Hc ¼ 0:81{0:89) corresponding to area I in
Fig. 1(a). The results of the second and third runs at T ¼ 5 K
are presented in Figs. 2(b) and 2(c), respectively, using the
same H scale as that of Fig. 2(a). In all three runs, some
distinct M steps appear. The third run exhibits the largest step
in M. However, the series of M steps is not perfectly
reproducible in terms of both the magnitude of M steps (M)
and the ﬁeld where the M steps appear, suggesting that a
pinning site existing over the crystal aﬀects this phenomenon.
Next, we focus on the H region near Hc . Figure 3 shows
enlarged M–H curves at T ¼ 5 K in the ﬁrst run as H
decreases (a) and increases (b) for H=Hc ¼ 0:86{0:89,
respectively, corresponding to areas II and III in the inset
of Fig. 1(a). As mentioned earlier, the change in M due to the
CSL formation consists of both the continuous change ( H)
near the phase defect and the discrete changes M0 (¼ M)
reﬂecting the creation and extinction of the phase defect, i.e.,
M ¼ H þ M0 , where χ is the susceptibility. To ﬁnd minute
M steps, a linear contribution [as shown by the dashed line
in Figs. 3(a) and 3(b)] against H was subtracted from the
observed M. Consequently, we detect a meaningful M step,
the magnitude of which exceeds the experimental scattering
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Fig. 1. (Color online) Entire M–H curves for a single crystal of Cr1=3 NbS2
at T = (a) 5 K and (b) 100 K. Insets show enlarged M–H curves at just below
Hc . The processes of H increase and decrease are indicated by arrows. The
region labeled by the numbers I to V is prepared in order to indicate where
each ﬁgure in Figs. 2–5 corresponds in the entire magnetization curve
[I: Fig. 2, II: Fig. 3(a), III: Fig. 3(b), IV: Fig. 4, and V: Fig. 5].

of 1  106 emu at maximum. Indeed, as H increases, many
steps in M0 are observed even just below Hc , as seen in
Fig. 3(b). Figure 3(a) shows that as H decreases from Hc ,
several prominent M steps have already appeared, even
before the appearance of the remarkable M steps seen in
Figs. 1(a) and 2(a).
To discuss the nature of the discrete M steps observed
in Cr1=3 NbS2, we investigate the regularity of discrete M
changes in the H region far from Hc . Figure 4(a) shows the
M–H curves as H decreases (H=Hc ¼ 0:78{0:79) and
increases (H=Hc ¼ 0:82{0:83), both of which correspond
to area IV in Fig. 1(a); Fig. 4(a) covers M=Ms ¼ 0:85{0:87.
Figure 4(b) shows the deviation obtained by subtracting
the linear contribution [dashed line in Fig. 4(a)] from the
observed M for decreasing and increasing H, presented as M01
and M02 , respectively. The two scales are adjusted such that
M01 ¼ 1:7M02 . We conﬁrm the prominent M steps in both M01
and M02 against H. The ﬁelds in which the M steps in M01 and
M02 appear are marked by dotted lines in both Figs. 4(a)
and 4(b). Attractive M steps are labeled with letters. For
decreasing and increasing H, the equivalent M0 s are
connected by green dotted lines. Careful observation reveals
that most of the M0 steps for increasing H are related to some
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Fig. 2. (Color online) Enlarged M–H curves in the magnetic ﬁeld region
just below Hc as H decreases: (a) ﬁrst, (b) second, and (c) third runs for
H=Hc ¼ 0:81{0:89, corresponding to area I in Fig. 1(a). All the data in
Figs. 1 and 3–5 are the results of the ﬁrst run, and the data of the second and
third runs appear only in Fig. 2.
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as M0 .
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Fig. 4. (Color online) (a) Enlarged M–H curve for decreasing and
increasing H for M=Ms ¼ 0:84{0:87, corresponding to area IV in
Fig. 1(a). The processes of H increase and decrease are indicated by
arrows. (b) The deviations for decreasing and increasing H obtained by
subtracting the linear contribution [dashed lines in (a)] from the observed M
are presented as M01 and M02 , respectively. Attractive M steps are labeled with
letters. The values of χ for decreasing and increasing H are 1:4  105 and
1:8  105 emu=Oe, respectively.

of the M0 steps observed for decreasing H. These M0 steps are
also recognized in the data of dM0 =dH (see Fig. S417)). This
regularity indicates that the series of discrete changes in M
observed in Cr1=3 NbS2 originates not from a pinning eﬀect
like the Barkhausen eﬀect but from the intrinsic CSL
formation. At M=Ms ¼ 0:85{0:87, the ratios of M0 against
the change in M for decreasing and increasing H are 33 and
20%, respectively. When the linear contribution becomes
much larger, it would be diﬃcult to ﬁnd meaningful M steps.
Finally, we conﬁrm whether M steps are observed in a ﬁeld
region as small as H=Hc < 0:3; the attractive ﬁeld region is
where M changes almost linearly against H and exhibits no
signiﬁcant hysteresis. Figure 5 shows the M–H curves for
decreasing H (a) and increasing H (b) for H=Hc ¼ 0:22{0:29,
which correspond to area V in Fig. 1(a). Here, there are no
meaningful M steps for both decreasing and increasing H,
suggesting that the discrete contribution reﬂecting only the
creation and extinction of the phase defect is too small.
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Fig. 5. (Color online) Enlarged M–H curves for (a) decreasing and
(b) increasing H for H=Hc ¼ 0:22{0:29, corresponding to area V in
Fig. 1(a). The processes of H increase and decrease are indicated by
arrows. Furthermore, dM=dH is shown to identify the existence of a discrete
component.

Ghimire et al. pointed out that the CSL phase can be
divided into two regions in terms of the H dependence of
M.16) In low-ﬁeld regions, M changes linearly against H,
whereas, in high-ﬁeld regions, dM=dH is not constant and M
exhibits a large hysteresis. The present experiments show
that, in the single crystal with a volume of 0.14 mm3, all of
the observed M steps appear in the high-ﬁeld region, where
CSL is composed of rich ferromagnetic arrays connected to
2 twist soliton. In contrast, we did not observe any deﬁnite
M steps in low-ﬁeld regions, where CSL is composed of a
rich spin helicity between which short ferromagnetic arrays
exist. At around 1.2 kOe, the meaningful M steps begin to
appear [see Figs. S2(b) and S3(c)17)].
According to the literature, the periodic length of the
incommensurate magnetic structure (Linc ) at H ¼ 0 is
48 nm.14) This reveals that, along the c-axis, the spin phase
changes from 0 to 2 radians over the span of 48 nm. As H
is applied in the direction perpendicular to the c-axis, the
number of the above-mentioned phase changes decreases. In
the CSL state, this 2 phase rotation is considered to be a
type of phase defect in the ferromagnetic spin alignment. The
transformation of CSL is related to the change in the number
of phase defects (n).13) Thus, with increasing H, a decrease in
n increases M. Here, the change in M due to the CSL
formation consists of the continuous change ( H) near the
phase defect and the discrete change M0 (¼ M) reﬂecting
the creation and extinction of the phase defect. In theory, for
a ﬁnite system, as H approaches Hc , M increases, whereas
the H interval in which M is constant, H, decreases.13) The
present crystal is considered to be a quasi-inﬁnite system,
because it contains approximately 2500 phase defects, and
indeed M in the process of H increase does not exhibit a
systematic increase. Thus, the experimental data are inconsistent with the theoretical H dependence of M (see
Fig. S517)). Now, an assembly consisting of nondistinguishable M’s can be evaluated with the H term, so that the
scattering of dM0 =dH in the high magnetic ﬁeld (ex.
Fig. S417)) is larger than that in the low magnetic ﬁeld (ex.
Fig. 5).
The change in M due to the CSL formation consists of
continuous and discrete changes. If the change in M would
consist only of discrete components, M due to the
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disappearance and=or appearance of “one phase defect” is
estimated to be 5  106 emu, which is obtained by dividing
Ms by 2500 (the number of all phase defects at H ¼ 0 in the
present sample). For increasing H, M is at most 5  105
emu, which corresponds to at least 10 phase defects (the
change in n, n, is 10). For decreasing H, at a certain H
corresponding to approximately H=Hc ¼ 0:9, M corresponds to the change in n ¼ 25{100 at least over three
runs. The present measurement error N over the entire
measurement is 0.01% of Ms at T ¼ 5 K, which corresponds
to the change in M for n ¼ 1=4. However, the existence of
the linear component disturbs the detection of M (n ¼ 1),
even if N < M (n ¼ 1). Indeed, for increasing H, the
present lower limit at which M can be detected corresponds
to at least n ¼ 5 because of the large linear contribution. It
will be interesting to investigate the discrete change in M in
the low-ﬁeld regime using a microsized crystal, because it is
considered that the linear component is small.
The M jumps due to the Barkhausen eﬀect should
generally appear randomly in the irreversible H region. In
the bulky single crystal of Cr1=3 NbS2, enormous M steps
were observed as H decreased from Hc , similarly to the
Barkhausen eﬀect observed in a nanowire system.12) This
stepping reﬂects each M step of the transformation from the
forced ferromagnetic state to successive CSL states, and the
nonreproducible feature is similar to that of the Barkhausen
eﬀect. It is considered to be a type of enormous Barkhausen
eﬀect assisted by the CSL formation: We consider that the
pinning due to structural defects in CSL formation cannot
be ignored, especially for decreasing H. However, in the
magnetic ﬁeld region far from Hc , a series of discrete M
changes exhibits regularity (see Fig. 4). Their characteristics cannot be understood within the framework of the
Barkhausen eﬀect. Rather, they should be understood as
discrete changes in M originating from the creation and
extinction of phase defects in the CSL formation, which is
tuned only by the magnetic ﬁeld at a constant temperature.
In principle, the number of discrete M changes is
proportional to the c-axis length of the crystal (Lc ). We are
currently studying the size eﬀects of varying Lc for crystals
of the same quality. We must focus on the M–H data for
decreasing H far from Hc . The present crystal, with a volume
of 0.14 mm3, is quite large. To detect the M steps using a
commercial SQUID magnetometer, we should not reduce
the crystal size to one-tenth or less of the present size. In a
previous study, the increment of magnetic ﬁeld was at least
1 Oe,8,14–16) and therefore a series of discrete changes was not
observed. The increment at least 0.2 Oe is necessary to detect
discrete changes. For the H k c-axis, even M steps due to the
Barkhausen eﬀect were not observed (see Fig. S617)).
Finally, we discuss the similarity between the discrete M
jump due to the CSL formation and that due to the spin-slip
and spin-locking observed in rare-earth metals.18–20) The
latter originates from the inconsistency between the intraplane magnetic anisotropy and spin helicity and, for instance,
in Holmium below T ¼ 15 K, it occurs when H is applied
along the helical axis.20) However, both accompany the
discrete M jumps in magnetic hysteresis: The number of M
jumps for the latter is limited to the order of ten at most. From
the phenomenological perspective, both can be considered as
discommensuration eﬀects.
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We observed discrete changes in M due to CSL formation
in Cr1=3 NbS2 by applying a magnetic ﬁeld perpendicular to
the chiral c-axis. As H decreases from Hc , the discrete
changes in M become enormous and exhibit no regularity
over several runs. It is a type of enormous Barkhausen eﬀect
assisted by the CSL formation, and here we must consider the
eﬀects of pinning. However, a series of discrete M changes
occurs regularly in a certain ﬁeld region far from Hc . These
discrete changes in M originate from the change in soliton
number in CSL (precisely the creation and extinction of
phase defects) that is tuned by the magnetic ﬁeld. These
experiments show that, in a single crystal with a volume of
0.14 mm3, all of the observed discrete M steps appear in the
hysteretic H region in which the CSL with rich ferromagnetic
arrays exists.
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