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ABSTRACT

The monoaxial chiral magnet CrNb;Ss exhibits a chiral soliton lattice (CSL) upon application of an external magnetic field (H)
perpendicular to the helical axis (c-axis). The increase in the soliton (kink) number of the CSL in the process of decreasing H accompanies
soliton penetration after nucleation at the surface. Avalanche soliton nucleation occurs during the initial process of soliton nucleation. We
applied dynamic strain with scores of MHz to the crystal with the crystal size along the c-axis of 10 um from the edge of the c-axis, so that we
controlled the avalanche soliton nucleation by modifying the surface barrier. The present results suggest that the acoustic wave is useful for

controlling the soliton number.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040327

Dzyaloshinskii-Moriya (D-M) interaction stabilizes a chiral heli-
magnetic structure in non-centrosymmetric bulk magnets."” In the
case of a monoaxial D-M interaction, a chiral soliton lattice (CSL),
which is stabilized by applying a magnetic field (H) perpendicular to
the helical axis, shows peculiar transport and magnetic properties
accompanying the change in the number of magnetic kinks termed
solitons of the CSL.™* Solitons nucleated at the surface penetrate into
the interior of the crystal, and annihilation of the solitons occurs after
movement to the surfaces.”® A crystal surface deeply connected to the
topological stability plays an important role in the nucleation and
annihilation of solitons.

Experimentally, the CSL was first observed in the monoaxial
chiral magnet CrNb;Ss through Lorentz transmission electron micros-
copy (TEM). Figure 1(a) illustrates the changes in the magnetic con-
figuration along the chiral helix as a function of H: At H=0, and a
helimagnetic structure whose helical pitch is 48 nm appears along the

c-axis below the transition temperature (T. = 127 K).”* By applying H
perpendicular to the c-axis, the CSL is stabilized and turns into a
forced ferromagnetic (FFM) state for H greater than the critical mag-
netic field (H¢). In CrNbsSe, discrete changes in magnetization (M)
and magnetoresistance (MR) have been observed during the H-
decreasing process, especially in the boundary between the FFM and
CSL states.”” ' These phenomena can be explained by the surface
barrier due to surface twists.”'”'® Noticeable discrete changes in M
and MR reflect avalanche soliton nucleation, and the discreteness is
related to the magnitude of the surface barrier.

The effects of static structural modifications on CrNb;Sg have
been investigated. In combination with the structural analysis and
magnetic measurements under high pressure, it was suggested that the
change in the structural symmetry of the CrS¢ octahedron affected the
exchange network between magnetic Cr’* ions and the D-M interac-
tion."” The effects of uniaxial elastic strain perpendicular to the chiral
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FIG. 1. (a) Magnetic structure of monoaxial chiral magnets under the magnetic field
(H), helimagnetic state (left, at H=0), chiral soliton lattice (CSL) (center, 0
<H < H;), and forced ferromagnetic (FFM) state (right, H > H;). (b) Crystal struc-
ture of CrNb3Sg. (c) M-H curve of a single crystal of CrNb;Sg at 50 K. The inset
shows discrete changes between the FFM state and the CSL during the H-decreas-
ing process. Numbers indicate the number of changes in solitons, estimated based
on discrete changes in M. (d) Overview of the experimental setup. The sample was
bonded to the LiNbO; transducer coated with gold with a vulcanized rubber.

axis of the thin film of CrNb3Ss have been studied through the
Lorentz TEM experiments.”’ Non-trivial topological spin textures
described by the double sine-Gordon model were stabilized by strain-
induced anisotropies.”’ Thus, uniaxial and hydrostatic structural
modifications are useful methods for manipulating spin texture of
monoaxial chiral magnets. Recently, the magneto-structural correla-
tion has been observed in the form of magnetostriction.”’

Some of the authors previously reported the effects of dynamic
strain on a thin film (10 um along the c-axis, 5 x 0.5 ,umz; the maxi-
mum soliton number is approximately 209) of CrNb;Se by measuring
MR at 100 and 110 K.”” In the previous study, they demonstrated that
they changed the FFM state to the CSL state by using a piezoelectric
transducer that produced the expanding mode type of acoustic wave
with a characteristic frequency of 1 MHz. The acoustic wave was not
directional with regard to the chiral axis. In the process of decreasing
H starting from the FFM state, a continuous application of dynamic
strain disturbed the soliton nucleation. In contrast, a pulse-type
dynamic strain application just before avalanche soliton nucleation
induced the soliton nucleation. However, the magnitude of avalanche
soliton nucleation, that is, the number of solitons in avalanche soliton
nucleation, was not controlled. There, various discrete chiral magnetic
soliton states were not created by dynamic strain.

In this Letter, we investigated the possibility of controlling the
avalanche soliton nucleation by dynamic strain at lower temperatures.
We used a single crystal that had submillimeter scale on the surface
area of the ab-plane (S,,) and micrometer scale on the crystal size
along c-axis (L), which was the same dimension as in Ref. 14. Figure
1(c) shows the M-H curve of the crystal at 50 K. The M-H curves in
the H-decreasing process showed several discrete changes. This crystal
is suitable for observing the change in M due to the avalanche soliton
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nucleation by dynamic strain. We changed the number of solitons in
the CSL and the magnetic configuration from the FEM state to the
CSL by using dynamic strain.

A single crystal of CrNb3Ss was synthesized using a chemical
transport method, whereby the details of the synthesis are described
elsewhere.”” S,, and L. were approximately 0.375 mm? and 75 um,
respectively. We reduced the crystal size down to approximately 0.055
mm? on S, and 10 um on L. (permitting approximately 209 solitons)
by using a method reported previously.'* M measurements were per-
formed using a commercial superconducting quantum interference
device (SQUID) magnetometer (Quantum Design Ltd.). The sample
was bonded to the LINbO3 transducer coated with gold with a vulca-
nized rubber. The ab-plane of the sample was parallel to the plane of
the transducers, as shown in Fig. 1(d). We used the transverse type
transducer with a characteristic frequency of approximately 17 MHz.
The sinusoidal voltage was applied to the transducer by using signal
generators (NF Corporation, WF1947 for Fig. 2, Rohde & Schwarz,
SMBI100A for Fig. 3). The magnitude of the vibration depends on
the voltage V applied to both electrodes of the transducers. In order
to avoid heating effects as much as possible, we controlled the time
of voltage application to less than 300 ms. H was applied perpendic-
ular to the c-axis. In order to focus the soliton nucleation after over-
coming a certain surface barrier, we measured the M-H curve in the
process of decreasing H starting from the FFM state. The M mea-
surements were performed four times after stabilizing each H and/or
applying a pulse-like voltage to the transducers. The data shown in
this study are the average of the latter three of the four measure-
ments, with the exception of the first dataset, to investigate the equi-
librium state. The diamagnetic background due to LiNbO; was
subtracted from the data.

Figure 2 shows M during the H-decreasing process from 2000 Oe
(>H.) at 50K. We measured M in intervals of 5Qe around the
boundary between the FFM and CSL states, and M was normalized
with the saturated magnetization (M;). Numbers in the round brackets
represent the order of the measurements. The first and third M-H
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FIG. 2. M-H curves at 50K during the H-decreasing process. The given number is
the order of the measurements. S1-S6 show different states of the CSL estimated
based on discrete changes in M. The first and third measurements were conducted
without applying V. The blue arrows indicate H when V was applied.
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FIG. 3. M-H curves at 10K in the H-decreasing process. S1-S9 show different
states of the CSL estimated based on discrete changes in M. The open symbols
indicate the H accompanying V application. The first and fourth runs were mea-
sured without applying V. In the second run, the measurement was performed by
applying pulses like V between 1040 Oe and 1029 Oe. In the third run, the mea-
surement was performed by applying pulses like V at selected H between 1033 Oe
and 990 Oe.

measurements were conducted before and after a measurement by
applying V to the transducer, respectively. The states termed S1-S6
show six CSL states with different soliton numbers estimated based on
discrete changes in M, and the states for H > H. and H= 800 Oe are
FFM and $S6, respectively. The S1 state was only observed in the first
measurement, suggesting thermally activated soliton nucleation (not
observed regularly). In the third run, the FFM state transformed to S2
without passing S1, whereas S3 and S4 appeared similar to those in the
first run. The discrete change in M to the S2 state in the third run
appears at a slightly higher H than its H value in the first run. This
slight shift toward the higher H side is thought to originate from resid-
ual strain (see the supplementary material). In the second run, we
applied pulse-like V at 985 Oe, which is 10 Oe higher than the H value
for avalanche soliton nucleation of S1-S2 in the first run. The applica-
tion time was approximately 300 ms. First, we applied an amplitude of
1.8 Vims, but we could not change the FEM state to the CSL. Next, at
the same H, we increased the amplitude of V to 3.5 V. M dropped
down from the FFM state to the additional state S3, which was not
observed without V application. This discrete change in M nearly corre-
sponds to the nucleation of 24 solitons per chiral chain. Furthermore,
when we increased the amplitude up to 7.1 Vs, we controlled the CSL
state from S3 to S6, which nearly corresponds to the nucleation of 36
solitons per chiral chain, without passing $4 and S5.

The effects of the surface barrier become more prominent at
lower temperatures. We could control more changes in the soliton
number of the CSL state in a further stepwise manner. Figure 3 shows
M during the H-decreasing process from 2000 Oe (>H,) at 10K. The
first run was measured without applying a pulse-like V. Here, S1-S9
represent the CSL state observed at T= 10K through four runs. The
first run followed the sequence as FFM — S1 (at 1034 Oe) — S2 — S3
— S$4 — S5 — S9. The discrete changes in M for S1-S2 and S5-S9 are
prominent. The SI state in the first run corresponds to S1 in Fig. 2.
The second run was performed by applying a pulse-like V between
1040 and 1029 Oe in intervals of 1 Oe, indicated by open symbols. We

scitation.org/journal/apl

applied V with an amplitude of 5.4 Vs up to seven times for each H.
First, we applied V for 2.4 us and then extended the application time
up to 240 ms whenever a discrete change could not be observed. After
changing the application time and measuring, we changed to the next
H. The details of the application time for second and third runs are
given in the supplementary material. Discrete changes were not
observed even when V was applied for 240 ms at 1030 Oe. The FFM
state changed to the CSL state when V was applied for 24 us at
1029 Oe. We did not apply V below 1028 Oe. The second run followed
the sequence FFM — S2 — S4 — S7 — S9. The third run was per-
formed by applying a pulse-like V' between 1033 and 990 Oe. The
open symbols indicate H accompanying the V application in the third
run (1033-1026 Oe in intervals of 1, 1020, 1016, 1012, 1010, 1005, 992,
and 990 Oe). We applied V with the amplitude of 5.4 V. The maxi-
mum time of the V application was 240 ms. We observed the S1 state
immediately after stabilizing H= 1027 Oe, and any change did not
observed with dynamic strain. The S1 state changed to the S2 state
when V was applied for 24 us at 1026 Oe. The third run followed the
sequence FFM — S1 — S3 — $4 — S6 — S6' — S7 — S9. After three
runs, we measured the fourth run without applying V. The fourth run
followed the sequence as FFM — S2 — S3 — S8 — S9. We note that
the FFM state transformed to the CSL state at the same H within an
error of £50e whether dynamic strain was applied or not. We
assumed that the residual strain affected subsequent avalanche soliton
nucleation in this case. Comparing the four measurements, additional
states (S6, S6', and S7) were observed when dynamic strain was
applied to the CSL state. Thus, preparing various manners of applying
dynamic strain, we can artificially realize CSL states, which are not sta-
bilized in conditions without dynamic strain. In order to realize arbi-
trary CSL states, we must prepare a more detailed prescription.

Finally, note that the aforementioned results do not originate
from the heating effect. We applied the voltage to the transducers with
an amplitude of at most 7.1 Vs and an application time of at most
300 ms. The transducer has a cross section of 4 x 3 mm?, which is two
hundred times larger than that of the CrNb;Ss crystal and is coated
with gold, as shown in Fig. 1(d). Therefore, heating effects could not
be detected using a thermometer and are considered to be almost neg-
ligible. Figure 4 shows the temperature (T) dependence of magnetiza-
tion, M-T curve, which is compared with the M-H curve of the
second run shown in Fig. 2. The M-T curve was measured according
to the following sequence: First, we let T settle at 50 K from well above
T, in the mode of zero-field cooling. Next, we applied an H value of
2000 Oe and decreased it to 985 Oe. The intervals of H were 50 Oe
between 2000 and 1100 Oe and 5 Oe between 1100 and 985 Oe. Then,
we measured the M-T curve at an H value of 985 Oe in the sequence
of 50 — 120 — 50 K. This situation was equivalent to a measurement
for inducing the transformation from FEM to any CSL state by ther-
mal energy in the vicinity of H appropriate for vanishing the surface
barrier (with an error of + 25 Oe). Many discrete changes in M were
observed, for instance, at 55, 70, 72, 83 K, etc., and the magnitude of
discreteness decreases with increasing T. By settling a certain state just
before avalanche soliton nucleation as a starting state, we can realize
the avalanche soliton nucleation by yielding thermal energy. The black
dotted line is given as a guide to the eye to assume the increase in T
from 50K to 80K and then measure M decreasing T down to 50K
again. For explaining the change from FFM to S3' in Fig. 2 while
ignoring the dynamic strain and considering only the heat
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FIG. 4. Comparison of the M-T curve and the M-H curve. Blue plots show the
M-H curve at 50K (second run in Fig. 2). Red plots show the M-T curve at
985 Oe. The black dotted line is given as a guide to the eye if we increase T from
50K to 80 K, with the subsequent decrease to 50 K.

contribution, we need to rapidly increase T up to 80K. As for the
change from S3' to S6, we need to rapidly increase the T to 110K or
more. Because it is impossible for the temperature to increase rapidly
from 50 to 110K only due to heating by applying pulse-like acoustic
waves using the transducer, it is considered that the observed phenom-
ena in Figs. 2 and 3 originate from the modification of the surface bar-
rier due to dynamic strain.

In conclusion, we controlled the number of solitons of the CSL
and transformed the magnetic configuration from the FEM state to
the CSL state by measuring M-H curves of a thin single crystal of
CrNb;Se using dynamic strain. We changed the magnetic configura-
tion from the FFM state to the CSL state and the number of solitons
of the CSL by the acoustic wave with pulse widths of 30 us and
300 ms, respectively. A dynamic structural modification and a static
one are useful methods for manipulating spin systems in monoaxial
chiral magnets.

Magnetoelastic resonance in a monoaxial chiral magnet had been
studied before.” In a forced magnetic state with H parallel to the heli-
cal axis, the linearly polarized elastic wave can be converted to a circu-
larly polarized wave with chirality opposite to the spin-wave chirality.

Surface acoustic wave application along or perpendicular to the
chiral axis is also a very interesting situation. Nucleation of magnetic
skyrmions in the multilayer films by surface acoustic waves has been
investigated.”” Further experimental studies of magnetoelastic cou-
pling on a monoaxial chiral magnet may provide a wealth of promis-
ing applications.

See the supplementary material for measurements of M-H curves
at 10K with dynamic strain and a detailed description of the applica-
tion time of dynamic strain.
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