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Anisotropic microwave propagation in a reconfigurable chiral spin soliton lattice

Y. Shimamoto ,1,* F. J. T. Goncalves,2 T. Sogo,1 Y. Kousaka,1 and Y. Togawa 1

1Department of Physics and Electronics, Osaka Prefecture University, 1-1 Gakuencho, Sakai, Osaka 599-8531, Japan
2Helmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and Materials Research,

Bautzner Landstraße 400, 01328 Dresden, Germany

(Received 29 July 2021; revised 2 November 2021; accepted 5 November 2021; published 17 November 2021)

We investigated microwave propagation in the chiral spin soliton lattice (CSL) phase of micrometer-sized
crystals of the monoaxial chiral helimagnet CrNb3S6. An advantage of the CSL is that its periodicity can be
reconfigured over a macroscopic length scale by means of an external magnetic field. Using a two-antenna
microwave spectroscopy technique, we measured the anisotropic response of the transmitted microwaves via
the spin dynamics of the CSL. When propagating along the direction parallel to the helical axis, the microwave
amplitude increased up to a factor of twenty with decreasing the number of chiral soliton kinks. When the
propagation direction was rotated by 90◦ with regards to the helical axis, the microwave amplitude increased by
one order of magnitude upon formation of the chiral helimagnetic order in the vicinity of zero magnetic field,
exceeding that of the ferromagnetic phase above the critical field. Our findings open a novel route for controlling
the characteristics of microwave propagation using noncollinear spin textures.
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I. INTRODUCTION

Microwaves can propagate in magnetic materials via spin
dynamic excitations. Recently, the excitation of spin waves in
ferromagnetic systems has attracted much interest for device
applications aiming at information transfer [1] and processing
[2,3] without a loss of Joule heat. The ability to manipulate
the amplitude, frequency, phase, and propagation direction of
the spin waves may provide extended functionality of spin-
wave based devices. A promising approach in order to enrich
controllability of the microwave transmission characteristics
is the use of reconfigurable noncollinear spin textures, such
as the chiral spin soliton lattice (CSL) [4,5], magnetic domain
walls [6] and magnetic skyrmions [7–9]. In particular, the CSL
has the ability to vary the number of chiral soliton kinks (2π

magnetic kinks) with a phase coherence over a macroscopic
length scale, which can be seen as a way to control the char-
acteristics of the microwave propagation [10].

Antisymmetric exchange interaction, frequently referred
to as the Dzalloshinskii-Moriya (DM) interaction, is a key
element in the formation of chiral magnetic textures in chiral
magnetic materials [11,12]. The DM interaction competes
with Heisenberg symmetric exchange interaction, resulting in
the stabilization of the chiral helimagnetic order (CHM) at
zero magnetic field. In the case of the prototype monoaxial
chiral helimagnet CrNb3S6, the CHM emerges as a harmonic
order below a critical temperature Tc of 127 K [13]. The period
of the CHM in the CrNb3S6 was found to be 48 nm by Lorentz
microscopy [5]. In the presence of an external magnetic field
H , applied in a direction perpendicular to the principal axis of
the crystal (c axis), the CHM turns into the nonlinear CSL,
which consists of an array of chiral soliton kinks periodi-
cally partitioned by ferromagnetic domains, as illustrated in
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Fig. 1(a). The period of the CSL increases depending on the
strength of H below a critical field Hc. The number of chiral
soliton kinks in specimens, namely a soliton density, becomes
an order parameter, as it governs the process of CSL formation
[5]. Finally, the CSL is completely saturated and transforms to
a forced-ferromagnetic (F-FM) phase above Hc.

Given the unidirectional symmetry of the CSL and CHM
one expects microwave transmission characteristics to depend
on whether the propagation wave vector (k) of the spin ex-
citations is along the direction parallel or perpendicular to the
helical axis (c axis), as illustrated in Fig. 1(a). This expectation
is supported by previous experimental and theoretical works
in which uniform excitation modes were examined for both
excitation configurations [14–17]. Indeed, it was found that
the field dependence of the magnetic resonance frequency
was sensitive to the direction of the driving microwave field
relative to the c axis. In this respect, the anisotropic response
of propagating microwaves with nonzero wave vector is very
interesting.

In this manuscript, we investigate the transmission of mi-
crowave signals via the spin dynamics in micrometer-sized
CrNb3S6 crystals, using a propagating spin wave spectroscopy
technique. The amplitude of the microwave transmission
strongly depends on the direction of the wave vector k relative
to the c axis of the crystal as well as the strength of H . It is
found that, in the configuration of k being parallel to the c axis,
the microwave amplitude increases gradually, up to a factor of
about twenty with increasing the strength of H , suggesting
that the microwave propagation becomes more efficient with
decreasing the number of chiral soliton kinks in the CSL.
When microwave signals propagate in the direction perpen-
dicular to the c axis, the appearance of the CSL attenuates the
microwave transmission, with the exception of the behavior
in the zero magnetic field region. After passing through zero
magnetic field and being at magnetic fields lower than 10 mT,
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FIG. 1. (a) Schematic illustration of the chiral spin soliton lattice
(CSL). An external magnetic field H is applied in the direction
perpendicular to the helical axis of the CSL, corresponding to the
c axis of the CrNb3S6 crystals. The microwave transmission proper-
ties were investigated in two configurations—the propagation wave
vector k is parallel or perpendicular to the c axis. (b) SEM image of
the antennas and micrometer-sized CrNb3S6 platelet. The microwave
magnetic field hmw is generated from port 1 of a vector network
analyzer (VNA) and excites the spin system in the crystal. The
microwave signals with a certain wave vector k are expected to
propagate in the crystal over a distance L. The transmitted signals
are picked up by the other antenna connecting to the port 2 of the
VNA. Such a microwave propagation path in the sample is expressed
as k21. (c) and (d) Schematic illustrations of device configuration
for the microwave propagation in the directions parallel (c) and
perpendicular (d) to the c axis. The direction of H is set perpendicular
to the c axis in each configuration. Dimensions of the specimen
are 14.2 μm (along to the c axis), 20.0 μm (perpendicular to the
c axis) and thickness of 1.15 μm in the k // c configuration. The
distance between the center of the antennas L is 7 μm. In the k ⊥ c
configuration, dimensions are 20.2 μm (along to the c axis), 16.0 μm
(perpendicular to the c axis), thickness of 650 nm. Propagation dis-
tance L is 9 μm.

where the CHM without any defect is supposed to exist, the
microwave signals increase by about nine times in amplitude,
compared to that observed at different magnetic fields within
the CSL phase. The microwave amplitude at the CHM state
exceeded that of the F-FM phase.

This manuscript is organized as follows. In Sec. II, we
describe experimental methods and sample configuration. In
Sec. III, we present the experimental findings of the mi-
crowave propagation in the CHM, CSL and F-FM states. The
discussion and perspective on the results are given in Sec. IV.

II. METHOD AND DEVICE CONFIGURATION

An all-electrical detection method, also called propagating
spin wave spectroscopy (PSWS) [18], was used to detect
the microwave propagation through the micrometer-sized

crystal. Two shorted coplanar waveguides (CPWs), which
consist 200 nm thick Au and work as antennas for the exci-
tation (input) and detection (output) of the spin waves, were
fabricated on an Al2O3 substrate using electron beam lithog-
raphy. In the geometry employed here, signal and ground lines
of 650 nm in width are separated by the gap of 600 nm. The
ground-signal-ground geometry is such that the microwave
fields are confined within the antennas and couple inductively
to the spin system in the crystal placed above the CPWs. The
in-plane component of the microwave fields hmw dominantly
excites the spin-wave propagation in the direction parallel
to hmw [18], as shown in Fig. 1(b). The nonzero microwave
signals were measured at the second antenna inductively, at a
distance L from the excitation antenna. The excitation range
of wave vectors is determined by the dimensions of the CPWs,
with the wave vectors k being in the direction parallel to
the film plane, and perpendicular to the long axis of the an-
tennas [18]. Using a microwave simulation package and by
applying a Fourier transform to the spatial distribution of the
microwaves, the excitation spectrum of the antenna was esti-
mated. The resulting spectrum contains three wave vectors,
a dominant wave vector at k = 8.0 and two weaker peaks
at k = 2.7 and 13.0 μm−1, all of which correspond to the
wave number regime in which magnetic dipolar interactions
dominate over exchange interactions [19].

Bulk single crystals of CrNb3S6 were grown using a chem-
ical vapor transport method [20]. Micrometer-sized platelets
of the crystal were cut from the bulk crystal using a focused
ion beam method and placed at the center of the antennas.
Figure 1(b) shows a scanning electron microscopy (SEM)
image of the experimental device. The propagation properties
in the configuration of k // c [configuration (I)] and k ⊥ c
[configuration (II)] were tested separately, as illustrated in
Figs. 1(c) and 1(d), respectively. Experimentally, the main
difference in the samples is that the c axis is rotated by 90
degrees with regards to the symmetry of the antennas. The
direction of H is set in order to be always perpendicular to the
c axis, allowing the CSL formation in both configurations.

It is known that magnetostatic (MS) modes are excited in
magnetically saturated thin films at sufficiently large mag-
netic fields. The type of MS modes is determined by the
relative direction between the propagation wave vector k and
H . In an in-plane magnetized film, magnetostatic surface
waves (MSSW) are excited when k ⊥ H [21,23]. While mag-
netostatic backward volume waves (MSBVW) appear when
k // H [22,23]. These MS modes have different dispersion
relation, thus resulting in a nonreciprocal response in signal
amplitude [21–23]. In the present study, the F-FM phase is
expected to exhibit the MSSW mode in the configuration (I)
and the MSBVW mode in the configuration (II). However,
owing to the presence of the CSL and CHM states in the field
regime below Hc, one expects distinct microwave propagation
characteristics.

The microwave circuit is connected to a two-port vector
network analyzer (VNA), where one port is the emitter and
the other port is the receiver. A transmission parameter S
was measured by the VNA as a function of the frequency at
various magnetic fields. In the process of the data analysis,
the spin-wave spectra �S were obtained after subtracting a
background spectrum from the raw data in order to remove
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FIG. 2. Line traces of �S for the positive and negative propaga-
tion directions in the F-FM phase for the configuration (I)-(a) and
configuration (II)-(b). The value of μ0H is +180 and −180 mT for
the top and bottom panels, respectively. The amplitude differences
between the signals corresponding to k21 and k12 are indicated by the
vertical blue and red arrows, respectively. The insets in (b) show a
zoom-in view of the frequency difference between the k21 and k12

waves. Upward triangles and downward triangles indicate the peaks,
which are used for evaluating the magnetic field dependence of the
frequency and amplitude shown in the Fig. 4.

unwanted nonmagnetic losses of the circuit. The microwave
transmission form the port 1 to port 2 of the VNA corresponds
the forward propagation path of spin-wave signals k21 and the
reverse propagation path is expressed as k12. The microwave
transmission measurements were performed at a temperature
of 20 K in the present study.

III. EXPERIMENTAL RESULTS

First, let us see the behavior of the spin wave propagation in
the F-FM state. Figure 2(a) shows �S spectra for the positive
and negative propagation directions in the configuration (I).
The magnitude of H was set to 180 mT, while its direction
was switched to observe any nonreciprocal characteristics.
The spectra exhibit amplitude oscillations irrespective of the
propagation direction. This oscillatory behavior is caused by
a continuous phase variation of spin waves over the distance
between the excitation and detection antennas, as is typically
observed in the spin-wave spectra of conventional ferromag-
netic thin films [18].

Noticeably, the �S amplitude for k21 wave was about three
times larger than that for k12 wave at +180 mT. When the
polarity of H was reversed, the �S spectra for k21 and k12

swapped their waveforms, as shown in the bottom panel of
Fig. 2(a). Such a difference in the amplitude in the F-FM
state for (I) is characteristic for MSSW modes [21,23]. In
line with the MSSW theory, the microwaves are bound to the
surface of the metallic specimen due to the finite penetration
depth caused by the skin depth in the gigahertz frequency
range. Thus the spin wave propagation occurs predominantly
at the top or bottom surfaces of the micrometer-sized crystal,
depending on the signs of k and H . The efficiency of the
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FIG. 3. Microwave transmission spectra of the CSL phase at
different magnetic fields, in the configuration (I)-(a) and (II)-(b).
The scale bar indicates the amplitude of �S. The magnetic field was
swept from top (positive H ) to bottom (negative H ) as indicated by
green arrow on the right.

spin excitation differs from the top and bottom interfaces be-
cause the dynamic magnetic fields decay exponentially from
the bottom surface of the platelet. Therefore the amplitude
asymmetry of counter propagating spin waves appears in the
MSSW configuration [21,23].

Figure 2(b) shows the spin wave propagation in the F-
FM state for the configuration (II). The amplitude of the
microwave signals is three times smaller than that for (I). The
counter propagating waves exhibit a similar waveform. How-
ever, they are shifted in frequency by approximately 50 MHz,
as highlighted in the inset of Fig. 2(b). This feature contrasts
with the observations in (I), where only amplitude asymmetry
between k21 and k12 waves was observed.

The reduced amplitude, as well as the absence of the
amplitude nonreciprocity found in (II) are consistent with
the behavior expected for the MSBVW mode. In this case,
the microwaves propagate as a volume wave throughout the
specimen and thus nonreciprocal response due to geometrical
asymmetry of the microwave circuit does not occur. Therefore
the nonreciprocity in frequency observed in the spin wave
propagations is directly ascribed to the intrinsic properties
of the material. Note that nonreciprocal transport occurs in
chiral materials when the magnetic field is applied parallel
to an electric current flow, in what is frequently referred to
as a magnetochiral effect [24]. The magnetochiral effect in
the CrNb3S6 was detected via electrical transport [25]. Such
magnetochiral nonreciprocity is also induced in the spin wave
propagation in chiral magnetic materials [26–29]. The pres-
ence of the k-linear term in the magnon dispersion, originating
from the DM interaction, gives nonreciprocal properties of
the spin wave propagation. In principle, the frequency shift
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observed in (II) in our measurements should have the same
origin as that observed in other chiral magnetic materials.
However, the measurements of the microwave propagation
using the CrNb3S6 crystals with opposite handedness are re-
quired to confirm the origin of the frequency shift observed in
this study as the magnetochiral effect.

Next, let us discuss the microwave propagation in the CSL
phase. Figure 3(a) shows the microwave transmission spectra
in the CSL phase in the configuration (I). The spectra obtained
in the configuration (II) are presented in Fig. 3(b). In (I),
the low-field region shows no significant difference in the
spectra when comparing the propagation directions k21 and
k12. However, at larger values of H , concurrent with a lower
number of chiral soliton kinks in the CSL, the amplitude and
amplitude nonreciprocity become more pronounced.

In the configuration (II), a comparatively large microwave
signal is found at −4 mT, corresponding to the CHM state, as
shown in Fig. 3(b). However, the microwave amplitude is sud-
denly and largely suppressed with increasing the H strength,
which contrasts with the results for (I) shown in Fig. 3(a).

Figure 4 shows a summary of the field dependence of
the frequency and amplitude of the microwave propagation
in (I) and (II). The values of the microwave amplitude were
evaluated by subtracting the local maxima and minima of each
spectrum, indicated respectively by the upward and downward
triangles shown in Figs. 2 and 3.

Note that the process of the CSL formation is strongly
influenced by the sweep direction of H in the micrometer-
sized samples [14,30,31]. In this study, H was varied from
+200 mT to −200 mT at a fixed temperature. The CSL phase
appeared at a field Hjump of +94 mT in the positive H regime,
while the F-FM state was formed at the Hc of −170 mT in
the negative H regime in (I). In configuration (II), Hjump was
+92 mT, while Hc was −150 mT. During field decreasing

process from the F-FM state to CSL phase, the chiral soli-
ton kinks need to overcome the surface barrier in order to
penetrate into the platelet [30]. As a consequence, the trans-
formation into the CSL phase occurs at the field strength lower
than Hc and many magnetic dislocations are nucleated in the
CSL [17,32]. Such magnetic dislocations are vanishing with
reducing the magnetic field toward zero. Eventually, the ideal
CHM without magnetic defect emerges after passing through
zero field [17,32]. In the process of further increasing H , the
ideal CHM transforms into the CSL, which also contains no
magnetic dislocations, and turns into the F-FM state at Hc. In
consequence, the properties of the microwave propagation in
the CSL phase show asymmetric response with regard to zero
magnetic field.

The frequency of the resonance modes in the F-FM phase
shows a linear increase with increasing the absolute value of
H for both (I) and (II), as shown in Figs. 4(a) and 4(c), respec-
tively. This behavior is consistent with MS modes [21–23]. In
the CSL phase, we focus on the behavior in the negative H
regime, where the ideal CSL is supposed to exist. The data
corresponding to (I) presented in Fig. 4(a) shows that the
frequency of the microwave transmission increases slightly
from 20 to 20.5 GHz as the field increases from 0 to −84 mT.
Between −84 and −136 mT, the frequency decreases more
rapidly from 20.5 to 18.3 GHz. In this field range, stepwise
behavior of the microwave frequency was observed due to
discrete changes in the number of chiral soliton kinks, as
highlighted in the inset. Thus the decrease in the frequency
correlates to the decrease in the number of chiral soliton kinks
in the CSL. The domelike profile of the frequency and the
stepwise behavior observed in the field region between 0 and
−136 mT [region (A)] are similar to those of the resonance
frequency obtained in the magnetic resonance measurements
[14,15], where the excitation field is parallel to the c axis
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of the CrNb3S6 crystal. Recently, the resonance modes ob-
served in the micrometer-sized systems, where the spins at
the edges are pinned, are ascribed to the collective dynamics
of the CSL by an analytical theory and numerical simulations
[16]. Therefore our experimental observations support that
the mode originated from the collective dynamics of the CSL
was excited in the microwave propagation measurements. Just
within the H region between −136 and −170 mT below Hc

indicated in blue, as region (B), the frequency of the mi-
crowave transmission increases with increasing the strength
of H in spite of the CSL phase. Later, we discuss the behavior
observed in the region (B).

Recent experimental work presented in Ref. [14], the res-
onance mode was split into two in a configuration where
the excitation field is perpendicular to the c axis, which is
equivalent to configuration (II) in the present work. However,
in the microwave propagation experiments, only the mode at
lower frequency was observed in (II), as shown in Fig. 4(c).
The higher frequency mode could not be detected, possibly
due to its weak amplitude.

The amplitude variation of the microwave transmission in
the CSL phase exhibits interesting behavior. In (I), an increase
of the microwave amplitude is found with increasing the

strength of H in the region (A) of the CSL phase, as seen in
the inset of Fig. 4(b). For instance, the microwave amplitude
of k12 wave changes from �S of 0.15 × 10−4 to 2.63 × 10−4

in the negative H regime. Furthermore, when comparing the
amplitude and frequency of the microwave transmission in
the negative H regime, the increase of the amplitude seems
to occur in the field range where a decrease of the frequency
is also observed. This behavior indicates that the number of
chiral soliton kinks is likely to correlate with the amplitude of
the microwave transmission. Therefore the microwave prop-
agation becomes more efficient with reducing the density of
chiral soliton kinks in the configuration where the microwave
propagation is parallel to the c axis of the crystal.

Figures 5(a) and 5(b) show the frequency and amplitude
of k12 and k21 waves for both the negative H (field increasing
process) and positive H (field decreasing process) as function
of the absolute value of H in (I). Here we identify the phase
transition from the CSL to F-FM phase in the field increasing
process based on the spin dynamic properties.

Note that, in the MSSW theory, the spin wave amplitude
for k12 wave at −H (+H) is equal to that for k21 wave at
+H (−H) [21,23]. Thus the existence of the F-FM phase can
be seen by comparing the amplitude of counter propagating
microwaves at the same magnitude of H and opposite polarity.
Upon decreasing the strength of H , the supersaturated F-FM
state exists down to 94 mT (Hjump) [30,31], as indicated by
the open symbols in Fig. 5. Therefore, in the present sample,
the complete phase transition from the CSL to F-FM phase
occurs at 170 mT (Hc), where the microwave amplitude of the
field increasing process begins to overlap with that of the field
decreasing process.

The difference between the (A) and (B) regimes of the
CSL phase is the field dependence of the frequency of the
microwave propagation. In Fig. 5(a), the microwave frequency
for the field increasing process decreases with increasing the
H in the regime (A), which is the characteristics for the ex-
citation of the collective dynamics of the CSL [14–16]. On
the other hand, in (B), the linear increase of the microwave
frequency was found, which is the characteristics for the ex-
citation of the MS mode. Indeed, the discrete increase of the
microwave amplitude with increasing the strength of H was
observed in (B), as shown in Fig. 5(b), which is the strong
evidence for being the CSL phase. These observations suggest
that, just near the Hc, the microwave propagation linked to
collective dynamics of the CSL progressed towards that of MS
mode in the F-FM phase, as the number of the chiral soliton
kinks tends to zero.

In the configuration (II), where the microwave propagates
along the plane of the CSL, it appears that the number of
chiral soliton kinks does not affect the microwave propaga-
tion in the same manner as found in (I). A striking feature
of the microwave propagation for (II) is an enhancement of
the microwave amplitude within a narrow field window be-
tween −4 and −7 mT, as shown in Fig. 4(d). Surprisingly,
the microwave amplitude increases by a factor of about nine
compared to that at other field values in the CSL phase and
goes beyond that of the F-FM phase. Namely, the enhance-
ment of the microwave amplitude appears to be concurrent
with the emergence of the ideal CHM without any defects
[17,32]. However, the transformation from harmonic CHM to
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nonlinear CSL immediately attenuates the microwave trans-
mission. The experimentally observed enhancement of the
microwave amplitude at the CHM state has not yet been iden-
tified in the analytical and numerical investigations. Further
investigations, in terms of both the experiment and theory, are
necessary to clarify the mechanism.

IV. DISCUSSION AND PERSPECTIVE

In this paper, we described the anisotropic behavior of
the microwave propagation via the collective dynamics of
the chiral magnetic orders found in micrometer-sized crystals
of CrNb3S6. The number of chiral soliton kinks in the CSL
plays a key role in controlling the amplitude of the microwave
propagation in the configuration (I), owing to the existence
of the chiral soliton kinks which act as obstacles to the mi-
crowave propagation. On the other hand, in the configuration
(II), the amplitude of the propagating signals was enhanced at
the CHM state, where the chiral soliton kinks is dense. This
behavior contrasts with the observations in (I), highlighting
the asymmetric behavior of the microwave propagation in the
CHM and CSL.

Several numerical [33,34] and experimental studies
[35–38] have reported amplitude attenuation of spin waves
passing through the single magnetic domain wall (DW). Ge-
ometrically, each of chiral soliton kinks is consistent with
the 2π DW. When each chiral soliton kink is far apart and
decoupled from the neighboring kinks, it is expected that
the collective dynamics of the CSL does not occur and the
MS mode propagates through isolated chiral soliton kinks.
Therefore, in the region (B) of CSL phase in (I), the chiral
soliton kinks may behave as the magnetic DWs and work
as attenuators for the microwave propagation. However, it is

not easy to realize the gradual changes of the propagation
properties by varying the number of the DWs in conventional
magnetic systems.

From a technological viewpoint, the asymmetric behavior
observed in the CHM and CSL may add a unique degree
of controllability of the microwave propagation. The CHM
works as a good transmission line for microwave propagation
in (II). Indeed, the enhanced signals at the ideal CHM state
exceed those in the F-FM state. As a consequence, just in the
CHM state, the microwave amplitude in (II) is larger than that
in (I). These features suggest that the CHM and CSL have the
possibility to rotate the dominant propagation direction of mi-
crowave signals by interchanging the spin textures. Thus the
unique controllability of the CSL is useful for manipulating
the direction of the microwave propagation in addition to the
amplitude and frequency.
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