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A chiral spin soliton lattice (CSL), one of the representative systems of a magnetic superstructure,
exhibits reconfigurability in periodicity over a macroscopic length scale. Such coherent and tunable
characteristics of the CSL lead to an emergence of elementary excitation of the CSL as phononlike modes
due to translational symmetry breaking and bring a controllability of the dispersion relation of the CSL
phonon. Using a broadband microwave spectroscopy technique, we directly found that higher-order
magnetic resonance modes appear in the CSL phase of a chiral helimagnet CrNb3S6, which is ascribed to
the CSL phonon response. The resonance frequency of the CSL phonon can be tuned between 16 and
40 GHz in the vicinity of the critical field, where the CSL period alters rapidly. The frequency range of the
CSL phonon is expected to extend over 100 GHz as extrapolated on the basis of the theoretical model. The
present results indicate that chiral helimagnets could work as materials useful for broadband signal
processing in the millimeter-wave band.
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The presence of a translational symmetry in matter
significantly changes the behavior of particles or waves,
which are forced to move in a periodic potential. Artificial
superlattices or superstructures designed for tailoring the
dispersion relation and band structure have made signifi-
cant advances in functionality in many systems made of
photons [1], phonons [2], plasmons [3], and magnons [4].
From a technological point of view, such artificial struc-
tures are useful for the device applications aiming at a
surface-emitting laser [5], a lowering thermal conductivity
[6], a sensitive optical detection of chirality [7], and
information processing with magnetic signals [8]. These
developments stimulate an ambitious search for tunable
structures in periodicity, that are realized in naturally
occurring superlattices, such as the chiral spin soliton
lattice (CSL) [9,10] and chiral nematic liquid crystals
[11,12].
The CSL is a highly reconfigurable and robust super-

structure over a macroscopic length scale [10]. The CSL
consists of an array of chiral soliton kinks (2π magnetic
kinks) periodically partitioned by ferromagnetic domains,
as illustrated in Figs. 1(a) and 1(b). The period of the CSL
is tunable by altering the strength of an external magnetic

field H [9,10]. Thus, the CSL is anticipated to exhibit
tunable and reconfigurable magnon dispersion.
The elementary excitation unique to the CSL occurs due

to a translational symmetry breaking along the helical axis
[13,14]. The kinks of the CSL oscillate collectively around
their equilibrium position, which leads to a phononlike
excitation of the CSL referred to as a CSL phonon. This
means that the Brillouin zone (BZ) is formed in the magnon
dispersion depending on the CSL period, as illustrated in
Figs. 1(c) and 1(d). Dispersion branches are folded at the BZ
boundaries and, in consequence, higher-order modes appear
in a broad frequency range. Interestingly, with increasing the
CSL period, the size of the BZ becomes smaller and then the
frequency gaps between the higher-order modes become
narrower. Thus, the CSL phonon modes are expected to have
a broad frequency range due to the reconfigurability of the
CSL. However, although the spin dynamics of the CSL were
investigated in many studies [15–21], the elementary exci-
tations attributed to the CSL phonon have not yet been
experimentally observed.
In this Letter, we experimentally demonstrate the exist-

ence of the CSL phonon modes in a bulk single crystal
of the monoaxial chiral helimagnet CrNb3S6. Using a
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broadband microwave spectroscopy technique, we
observed multiple resonance modes associated with the
CSL phonon response. Higher-order modes grow rapidly
from 16 GHz and reach up to 40 GHz, the maximum of
which is merely limited by the frequency range available in
the instrument used in the present study. According to an
analysis of the CSL phonon based on the one-dimensional
(1D) chiral sine-Gordon model [13,14], the modes would
extend over 100 GHz, which is much higher and broader in
frequency than the magnon modes found in conventional
ferromagnetic materials. Material parameters characteriz-
ing the CSL phonon were obtained for the CrNb3S6 crystal.
CrNb3S6 belongs to the space group P6322 and has a

layered crystalline structure of 2H-type NbS2 intercalated
by Cr atoms [22]. The Cr atoms have localized electrons
with spins of Sspin ¼ 3=2. An antisymmetric exchange
interaction, frequently referred to as a Dzyaloshinskii-
Moriya (DM) interaction D [23,24], competes with a
Heisenberg symmetric exchange interaction J along the

principal axis of the crystal (c axis), resulting in the
emergence of chiral helimagnetic (CHM) order as a ground
state at zero field below a critical temperature Tc. A helical
pitch of the CHM state L0 is determined by the ratio between
the magnitudes of J and D. In the case of CrNb3S6, L0 was
observed as 48 nm, which allows an estimation ofD=J to be
approximately 0.16 [10]. An individual estimation of J and
D would be useful for further understanding fundamental
properties of chiral magnetic materials.
When H is applied in the direction perpendicular to

the c axis, the harmonic CHM state transforms to the
nonlinear CSL. The CSL period LðHÞ grows with increas-
ing H below a critical field Hc, as shown in Figs. 1(a)
and 1(b). With increasingH aboveHc, the CSL is saturated
and transforms to a forced-ferromagnetic (F-FM) state.
Note that the CSL formation is described analytically by
the 1D chiral sine-Gordon model [9,10]. This model gives
LðHÞ=Lð0Þ ¼ 4KðκÞEðκÞ=π2, as indicated by a solid line
in Fig. 1(e), where KðκÞ and EðκÞ are elliptic integrals of
the first and second kind with an elliptic modulus κ,
respectively. However, the experimental data of LðHÞ
obtained by using Lorentz microscopy [10] (indicated
by circles), exhibits a looser variation with regards to H
than that expected for the analytical model. Consequently,
an introduction of the prefactor α is required for making a
fitting of the experimental data, and then, LðHÞ=Lð0Þ
is modified as αf½LðHÞ=Lð0Þ� − 1g þ 1. The soliton
density Lð0Þ=LðHÞ, which plays the role of an order
parameter of the CSL formation, is modified into
ðαf½LðHÞ=Lð0Þ� − 1g þ 1Þ−1, as shown in Fig. 1(f).
Bulk single crystals of CrNb3S6 were grown using a

chemical vapor transport method [25]. The crystal used in
the present study has a platelet shape of the c plane, with an
area of approximately 1.1 mm2 and a length of 0.2 mm
along the c axis. Tc of 132 K was observed in magneti-
zation measurements, which is consistent with the values
reported in the literature [26].
A microwave circuit, consisting of a coplanar waveguide

(CPW) connected to a two-port vector network analyzer
(VNA), was used to detect magnetic resonance signals.
Details of the experimental setup can be found elsewhere
[16,17,19,20]. The CPW is made of 18 μm thick copper
with a gold coating on the dielectric substrate. The signal
line is 100 μm in width, with an edge-to-edge gap of 50 μm
to the ground lines, which have a width of 400 μm. A
driving microwave field, which is supplied into the CPW
from the VNA, circulates the signal line and is confined in
the gap region against the ground lines. The in-plane
component of the microwave field dominantly excites
the magnetic resonance in the sample located on top of
the CPW. The crystal was placed over the signal line so that
its c axis orients in the direction normal to the substrate.
A skin depth of 1.8 μm was estimated based on the
CrNb3S6 crystal, at a frequency of 20 GHz. This depth
allows us to excite up to 40 kinks at zero field.
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FIG. 1. (a) and (b) Schematic illustrations of a chiral spin
soliton lattice (CSL) in the presence of the magnetic field H
applied in the direction perpendicular to the c axis of the crystal.
The distance between kinks LðHÞ increases with increasing H.
(c),(d) Sketches of the magnon dispersion (frequency f as a
function of wave vector k) of the CSL phonon in a reduced
Brillouin zone (BZ) scheme. The boundaries (vertical dashed
lines) of the BZ are given by π=LðHÞ. Blue circles indicate the
expected resonance frequencies in the magnetic resonance
measurements, where a driving microwave field acts on the
sample uniformly (k ∼ 0). The frequency of the acoustic mode
Δ0ðHÞ and the frequency gaps between the modes Δ1ðHÞ at
k ¼ 0 are indicated. (e) The normalized CSL period. The solid
line shows LðHÞ=Lð0Þ derived from the 1D chiral sine-Gordon
model. The experimental data in Ref. [10] (circles) are fitted by
the modified analytical equation αf½LðHÞ=Lð0Þ� − 1g þ 1 with
an empirical parameter α ¼ 2.3 (dashed line). (f) The soliton
density Lð0Þ=LðHÞ given in the same manner as the CSL period.
(g) The frequency of the CSL phonon as function of H. Solid
lines correspond to Eq. (2) with the parameters of β0 ¼ 1 and
β1 ¼ 1.5. Dashed lines are obtained by Eq. (3) with α ¼ 2.3,
β0 ¼ 1, β1 ¼ 1.5, and γ ¼ 0.
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A scattering parameter Spara for the microwave trans-
mission from the port 2 to port 1 of the VNA is measured as
a function of frequency at various strengths of H. The
frequency sweep is set between 1 and 40 GHz, with steps of
30 MHz. The maximum frequency is limited by the VNA
available in our laboratory. The resonance properties at
fixed frequencies in swept H are also examined.
Figure 2(a) shows an intensity plot of the field derivative

of the resonance amplitude [27] as a function of frequency
and field. The data was taken by frequency sweep mea-
surements performed at each step of H, while being varied
from þ200 mT to −200 mT in steps of 1 mT. H is applied
in the direction perpendicular to both the c axis and the
microwave field. The sample was cooled down to 100 K

using liquid nitrogen. At this temperature, the transition
between the CSL and F-FM phases occurs atHc of 181 mT.
Three types of the resonance modes in the CSL phase

are identified based on the H dependence of resonance
frequency. The first noticeable feature is that multiple
resonance modes were observed above 16 GHz, as indicated
by solid markers. The resonance frequency in all the modes
decreases with increasing the strength of H and converges
toward Hc. Such dome-shaped characteristics of the reso-
nance frequency are similar to that derived from the analytical
calculation [13,14] of the CSL phonon, as shown in Fig. 1(g).
A second type of a resonance mode, referred to as an

asymmetric mode, appears between 7.8 and 11.4 GHz, as
indicated by downward triangles. This mode is character-
ized by the asymmetric behavior of the resonance fre-
quency with regards to zero field, as discussed in the
previous studies [16,17,19–21,28]. Indeed, a linear depend-
ence of the resonance frequency across zero magnetic field
is observed between þ80 and −60 mT.
A third type of resonance mode, referred to as a Kittel-

like mode, appears in the low frequency regime and shows
a monotonous increase of the resonance frequency with
regards to the strength of H, as indicated by stars. This
mode is naturally connected to the one in the F-FM phase,
which is ascribed to the Kittel mode observed in conven-
tional ferromagnetic materials. Thus, it is regarded as the
contribution from the ferromagnetic domains that partition
the kinks in the CSL.
Hereafter, we focus on the multiple resonance modes

above 16 GHz. Figure 2(b) shows the close-up spectra in
the vicinity of Hc. Four resonance branches are numbered
as n ¼ 1, 2, 3, and 4, respectively. The n ¼ 2, 3, and 4
modes clearly appear up to 40 GHz.
These higher-order modes are detectable even in the H

sweep measurements at a fixed frequency, as shown
in Fig. 2(c). The resonance peaks corresponding to the
n ¼ 2, 3, and 4 modes are found at 35.0, 37.5, and
40.0 GHz, respectively. The n ¼ 1 mode decreases in
resonance amplitude with increasing the strength of H,
as shown in Fig. 3(a). On the other hand, the resonance
amplitude for n≧ 2 modes increases when H approaches
Hc. We will discuss the H dependence of the amplitude for
all the modes afterwards.
Let us compare the experimental data of the multiple

resonance modes with the analytical solution of the CSL
phonon [13,14]. According to the analytical model, the
dispersion relation of the CSL phonon consists of acoustic
and optical modes, as shown in Fig. 1(c). The former
appears at the lowest frequency with a finite frequency gap
Δ0ðHÞ at a wave vector k ¼ 0, while the latter shows
multiple higher-order modes with a gap Δ1ðHÞ. In the CSL
system, Δ0ðHÞ originates from the DM interaction and
works as a potential to confine the directions of the spin
within the c plane, which contrasts with a gapless feature of
an acoustic phonon in the crystal lattice. Δ0ðH ¼ 0Þ is
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FIG. 2. The magnetic resonance data of the bulk single crystal
of CrNb3S6 at a temperature of 100 K. (a) The resonance
frequency as a function of H in an intensity plot of the field
derivative of the resonance amplitude [27]. The color contrast
(arbitrary unit) represents the detection of the resonance. (b) An
enlarged view of the CSL phonon modes. The lowest frequency
mode (n ¼ 1) and three higher-order modes (n ¼ 2, 3, and 4) are
identified. (c) Line traces of Spara as a function of H at various
frequencies. The resonance peaks of n ¼ 2, 3, and 4 modes are
detected. The vertical line is a scale bar for the magnitude of Spara
(linear scale).
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given analytically byD2S2spin=2J [29,30], while Δ1ðH ¼ 0Þ
is DS2spin=2 [13]. Thus, a data fitting of the CSL phonon
would allow an estimation of D and J in the crystal.
First, it is necessary to experimentally identify the acoustic

and optical modes of the CSL phonon. In the analytical
calculation, the acoustic and optical modes are distinguish-
able in terms of the H dependence of the magnetic
susceptibility [14]. When H approaches Hc, the magnetic
susceptibility for the acoustic mode decreases, while those
for the optical modes increase. The details of analytical
equations for the magnetic susceptibility of the CSL phonon
are available in Ref. [14]. For comparison, the magnitude of
Spara is transformed into a magnetic permeability μ through
the relation μ ≃ ln½Srespara=Srefpara�=ln½Srefpara�, where Srespara is an
on-resonance spectrum and Srefpara is a reference one [31]. The
resonance amplitude in the experiment can be compared
qualitatively with theoretical equations because the magnetic
permeability is proportional to the magnetic susceptibility.
Figure 3(a) shows the normalized magnetic permeability

of multiple resonance modes. Experimentally, the ampli-
tude of the n ¼ 1 mode is relatively large and exhibits the
H dependence which differs from those for the n ¼ 2, 3,
and 4 modes. The data of the n ¼ 1mode above 177 mTare
not evaluated exactly because the mode overlaps with the
Kittel mode in the F-FM phase. With an assumption of the
acoustic mode as the origin of n ¼ 1 mode, the H
dependence of the magnetic susceptibility obtained ana-
lytically [14] becomes qualitatively similar to the exper-
imental data of μ. This finding supports that the n ¼ 1
mode corresponds to the acoustic mode of the CSL phonon,

while the n≧ 2 modes are ascribed to the optical modes.
The observed behavior is consistent with a general ten-
dency of evolution of various harmonics of the CSL
structure upon the magnetic field increase, as shown in
Figs. 24 and 25 in Ref. [32]. Namely, this observation is a
manifestation of nonlinear spatial structure of the CSL.
The resonance frequency of the CSL phonon fnðHÞ is

expressed approximately as follows [14]:

fnðHÞ ≃ 2π
Lð0Þ
LðHÞ n: ð1Þ

The frequency of the CSL phonon modes is simply
proportional to the soliton density Lð0Þ=LðHÞ shown in
Fig. 1(f). We normalize Eq. (1) for clarity and introduce two
parameters β0 and β1 to determine the energy scales of
Δ0ð0Þ and Δ1ð0Þ individually,

fnðHÞ ¼ Lð0Þ
LðHÞ ½ðn − 1Þβ1 þ β0�: ð2Þ

Equation (2) for n ¼ 1, 2, 3, and 4 at β0 ¼ 1 and β1 ¼ 1.5 is
indicated by solid lines in Fig. 1(g). β0 is the frequency of
the acoustic mode at zero field, while β1 is the frequency
difference between optical modes at zero field.
The empirical parameter α should be introduced to the

analysis for the CSL phonon in the same manner as that for
the CSL period [10], as explained above. Consequently,
Eq. (2) is reformulated into the following equation by the use
of modified soliton density ðαf½LðHÞ=Lð0Þ�−1gþ1Þ−1
instead of Lð0Þ=LðHÞ:

fnðHÞ ¼ ðn − 1Þβ1 þ β0

α½LðHÞ
Lð0Þ − 1� þ 1

þ γ: ð3Þ

Dashed lines in Fig. 1(g) show Eq. (3) at α ¼ 2.3, β0 ¼ 1,
β1 ¼ 1.5, and γ ¼ 0.
Here, the parameter γ is introduced as a frequency

offset and corresponds to the resonance frequency of all
the CSL phonon modes at Hc. In theory, this point should
start from zero [13,14]. However, in the experiment, the
resonance frequency at Hc is found to be 15.0 GHz as it
connects continuously to the resonance mode attributed to
the F-FM phase. The frequency offset related to the
resonance characteristics is required for reproducing the
experimental data.
The term β0 is determined as 5.9 GHz by the resonance

frequency of the n ¼ 1 mode at zero field, which is
experimentally obtained as 20.9 GHz. β0 governs Δ0ð0Þ,
which is given analytically byD2S2spin=2J [29,30]. Thus, β0
allows the estimations of D and J in the crystal by using
D=J ¼ 0.16 [10]. In consequence, 3.4 K is obtained for D,
while 21 K for J with the parameter of Sspin ¼ 1.02,
estimated by the saturation magnetization at the temper-
ature of 100 K (not shown).
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The term β1 governs Δ1ð0Þ, which scales to the magni-
tude of D as given by DS2spin=2 [13]. β1 is obtained as
37 GHz with D ¼ 3.4 K and Sspin ¼ 1.02.
Eventually, the empirical parameter α remains as a fit

parameter for Eq. (3). Figure 3(b) shows the experimentally
obtained resonance frequency plotted together with Eq. (3)
for n ¼ 1, 2, 3, and 4. A good agreement is obtained when
using the parameter as 4.7 for α.
As for the value of α, our observations using Lorentz

microscopy clarified that α took different values in several
thin platelet samples of the CrNb3S6 crystals. Although
the physical meaning of α is still unclear, the present
resonance measurements could offer the possibility to
evaluate α directly in the bulk samples. Thus, we could
investigate α values from various viewpoints such as the
crystal quality and size. We leave this interesting issue for
future work.
Let us discuss the validation of the magnitude ofD and J

obtained in the CrNb3S6 crystals. Hc could be provided by
using the magnitude of D and J. Based on the 1D chiral
sine-Gordon model, Hc is given analytically by Hc ≃
π2D2Sspin=16J [33,34]. With D ¼ 3.4 K, D=J ¼ 0.16,
and Sspin ¼ 1.02, Hc is estimated to be 255 mT, which
should be compared with the value of 181 mT obtained in
the experiment. A discrepancy may be caused by one
dimensionality of the theoretical model of the CSL phonon,
in which the exchange interaction between the helical
chains J⊥ is ignored.
The frequency range of the CSL phonon observed in our

experiments is rather broad and high, compared to that of
conventional ferromagnetic materials, especially in the low
H regime. Indeed, the resonance frequencies of higher-
order modes vary from 16 and 40 GHz within a small H
change of 50 mT for n ¼ 2, of 6 mT for n ¼ 3, and of 3 mT
for n ¼ 4. When extrapolating the data using the analytical
solution, n ≥ 4 modes are expected to extend over
100 GHz, as shown in Fig. 3(b).
The CSL phonon modes would appear in other chiral

magnetic materials hosting the CSL, such as a monoaxial
YbNi3Al9 [35,36] and CrTa3S6 [37,38]. The resonance
frequency can be estimated by using their material param-
eters. In the case of CrTa3S6 single crystal, Δ1ð0Þ and
Δ0ð0Þ are calculated as 130 GHz and 40 GHz, respectively,
using the parameters in Ref. [37]. Thus, the frequency band
will reach sub-THz regime in higher-order modes. Even in
cubic B20-type chiral crystals, the CSL phase would appear
as the ground state upon application of a tensile strain [39].
Therefore, there are many material choices that would
exhibit the CSL phonon. We stress that the CSL phonon
originates from the periodic and coherent nature of the
CSL. Consequently, the frequency can be tuned over a wide
range due to the tunable and reconfigurable dispersion of
the CSL phonon. We believe that these findings offer novel
perspectives on the reconfigurable band structure in other
wave phenomena.
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