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ABSTRACT

Chiral soliton lattices (CSLs) are anharmonic magnetic structures typically found in uniaxial chiral magnets. In this study, we report the
observation of CSL in bulk Cu,OSeOs, a chiral insulator known for its magnetoelectric properties. Using small-angle neutron scattering
(SANS) experiments, we demonstrate the formation of CSLs in Cu,OSeO; at low temperatures, driven by the competition between cubic
anisotropy and magnetic field. Our observations of higher harmonics in the SANS signal clearly indicate the anharmonic nature of the
spiral. This finding underscores the complex interplay between magnetic interactions in Cu,0SeOs, offering insights for potential applica-

tions of CSLs in electric-field-controlled spintronic devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0289322

I. INTRODUCTION

The interplay of exchange and Dzyaloshinskii-Moriya interac-
tions (DMI) and the magnetocrystalline anisotropy yields a diverse
magnetic phase diagram in chiral cubic crystals, encompassing
paramagnetic, helimagnetic, forced ferromagnetic, conical, and sky-
rmion phases." Application of a magnetic field parallel to the prop-
agation vector of a magnetic helix results in the canting of the
magnetic moments toward the field direction, leading to the trans-
formation of the helical texture into a conical state [Fig. 1(a)].
Further increments in the magnetic field result in the transition
from the conical to the forced ferromagnetic state. If significant
cubic anisotropy is present, a moderate magnetic field applied per-
pendicular to the helical propagation axis can deform the proper
screw magnetic modulation into an elliptic spiral™’ also known as
chiral soliton lattice (CSL)" [Fig. 1(a)]. However, the CSL state typi-
cally appears in uniaxial chiral magnets due to the interplay
between easy-axis anisotropy and external magnetic fields," and
this distorted state is often neglected for cubic systems, despite its
signature has been clearly observed in the prototype B20 com-
pound MnSi.° Another peculiar, multi-k magnetic solitonic
texture that arises in chiral helimagnets under applied magnetic

fields is a skyrmion crystal, a hexagonally ordered array of topologi-
cally protected chiral magnetic vortices.”® The cubic anisotropy
affects the shape of skyrmions™'’ and the skyrmion lattice orienta-
tion with respect to the applied field.'' Furthermore, the competi-
tion between cubic and anisotropic exchange anisotropies enriches
the magnetic phase diagram with tilted conical and low-
temperature disordered skyrmion phases.'*™"”

Magnetic solitons hold promise as information carriers in
next-generation non-volatile memory and logic devices.'® Despite
extensive theoretical investigations into the current-induced motion
of CSLs in itinerant chiral magnets,'””'? the influence of electric
(E—) fields has not been explored, although the formation of CSLs
in insulating materials has been reported.'” The creation and
manipulation of CSLs by E—fields offer an alternative means of
controlling CSLs in insulating helimagnets.

The ground state of bulk Cu,OSeO; is a proper-screw spiral
with the propagation vector parallel to the (100) crystal axes,
resulting in a multidomain zero-field state. Upon the application of
a magnetic field, the system undergoes a transition from the helical
to the conical or skyrmion lattice phase.”’ Recent experiments have
demonstrated CSL stabilization in B20-type magnetoelectric
Cu,08¢0; by applying uniaxial stress or tensile strain.”"*
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FIG. 1. (a) Schematic illustrations of spin patterns in the helical state, conical, and chiral soliton lattice (CSL) states. (b) and (c) Magnetic small-angle neutron scattering
(SANS) patterns obtained at T = 2K and (b) zero field and (c) uoH = 22 mT. First-order SANS peaks 1Q are accompanied by the higher-order satellites 2Q due to the
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field-induced deformation of the spiral.

Furthermore, by exploiting the magnetoelectric nature of
Cu,0SeOs3,  previous  studies  have  demonstrated  the
E—field-induced phase control of chiral spin textures, such as sky-
rmion lattices, helical, and conical orders in bulk samples and thin
plates using moderate E—fields of 5-30 kV/mm.”* ™"’

In the present paper, using small-angle neutron scattering
(SANS), we demonstrate magnetic field-induced CSL formation in
Cu,08e03 at low temperatures due to the cubic anisotropy and its
manipulation by magnetic fields. Although most theoretical treat-
ments of CSL formation focus on uniaxial systems, our observa-
tions show that even modest cubic anisotropy is sufficient to
stabilize the CSL phase. To our knowledge, no explicit theoretical
framework currently addresses this mechanism in cubic systems;
however, phenomenological models such as the sine-Gordon
description remain applicable. Using the observed critical field for
spiral reorientation (~40mT), one can estimate the anisotropy
strength required to overcome the Zeeman energy, providing a
rough but self-consistent validation of this mechanism in
Cu,08e03. The obtained magnetic-field dependence of the modu-
lation vector along the [001] direction is in good agreement with
the sine-Gordon theoretical model. This makes Cu,0SeO; a prom-
ising material for the non-volatile manipulation of CSLs.

Il. EXPERIMENTAL

For our experiments, a single crystal of Cu,0SeO3; was grown
using a chemical vapor transport method.”’ We performed SANS
experiments on a 3 X 3 X 1 mm?® sample with the thin axis parallel
to the cubic [001] direction.

The crystal was mounted onto a dedicated sample stick™* and
loaded into a 7T horizontal-field cryomagnet MA7 (Oxford
Instruments, UK). We utilized a longitudinal SANS configuration
with the incoming neutron’s wavevector k;||H||[110] [Fig. 1(b)].

The SANS measurements were conducted using the SANS-I
setup at the Swiss Spallation Neutron Source SINQ, Paul Scherrer
Institute (Villigen, Switzerland). We employed an incident neutron
beam with the wavelength 4 = 5 A and the bandwidth of 10%, col-
limated over a distance of 18 m before the sample, and the dif-
fracted neutrons were collected by a position-sensitive detector

(PSD) located 18 m after the sample. The SANS patterns were mea-
sured by rocking the sample and cryomagnet together through an
angular range of +4° that moved the diffraction spots through the
Bragg condition at the detector with the step size of 0.5°.
Background measurements were carried out in the field-polarized
state at yoH = 150 mT and subtracted from the other datasets to
emphasize the signal due to magnetic modulations. The data were
analyzed using GRASP software.”

lll. RESULTS AND DISCUSSION

Figure 1(b) shows the SANS measured at T = 2K and zero
magnetic field after zero-field cooling (ZFC). The diffraction
pattern comprises two Bragg peaks from the helical magnetic

texture aligned along the [001] axis. In this geometry, diffraction !
arising from the other two helical domains is out of the scattering ¢

plane. Consistent with previous studies, the length of the magnetic
wavevector at zero field is Qy = 0.0098(1) A", corresponding to a
real-space periodicity of 64 nm. The width of the Bragg peaks is
limited by the experimental resolution. The zero-field proper-screw
helical state has a purely sinusoidal magnetic structure factor that
results in the single Fourier harmonic seen in the SANS pattern.
Upon increments of the magnetic field, the spiral acquires the net
magnetization along the field direction through the elliptic defor-
mation. Thus, the corresponding Fourier transform of the magneti-
zation (SANS pattern) shows higher harmonics.”

Experimentally, this transformation from helical to anhar-
monic CSL upon the field increase is evidenced in SANS, where
even a small field of 4 mT is sufficient to generate the anharmonic-
ity and, consequently, the emergence of the second harmonic
[Fig. 1(c)]. This anharmonic spiral is distinct from other modulated
magnetic states in Cu,OSeOs, such as the conical or skyrmion
lattice phases, by the presence of higher-order harmonics in the
SANS pattern and the absence of hexagonal symmetry.
Observation of even higher harmonics would also be possible with
a bigger sample or longer SANS acquisition times. In order to
resolve fine details of the helicoidal structure in the real-space, a
high-resolution coherent resonant x-ray scattering’ "> or Lorentz
transmission electron microscopy’ would be required. In contrast
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FIG. 2. (a) Waterfall plot of the integrated intensities of the SANS pattern measured at T = 2 K. Appearance of the second-harmonic peak at Q =~ 0.02 A71 indicates the
CSL state. (b) The magnetic-field dependence of the normalized wavevector extracted from the fitted Q; and Q, peak positions. The dashed line is the fit according to the
sine-Gordon model. (c) Colormap plot of the second harmonic peak intensity corresponding to the order parameter of the CSL state. Dashed line indicates the approximate
boundary between the CSL and conical phases, based on the sharp drop in the 2Q harmonic intensity.

to the conical state, where a single Q-vector aligned with the mag-
netic field dominates, the CSL retains a nontrivial propagation
vector orientation and a multi-harmonic structure, even within the
coexistence range of around 30-40 mT. The transition from helical
to CSL textures upon the field increase progresses up to the point
when the magnitude of the field is sufficient for the re-orientation
of the spiral wavevector towards the field axis (conical state). At
HoH ~ 40 mT, the CSL almost fully transforms into the conical
state with the wavevector aligned toward the magnetic field direc-
tion, which is not contributing to the SANS signal in the present
geometry. The magnitude of this critical field corresponds to the
energy barrier of the spiral plane flop provided by the magnetocrys-
talline anisotropy.

The magnetic-field dependence of the radially integrated
SANS intensities at T = 2K is shown in Fig. 2(a). The intensity
dependence of the second harmonic at Q =~ 0.02 AT generally
follows predictions of the sine-Gordon model,” in which the
higher-harmonic intensities gradually increase with the applied
magnetic field, and with the previous experimental data on the
strained Cu,OSeO5”' and FeGe’® nanostructures, and bulk MnSi.”°

The magnetic-field dependence of the CSL normalized wavevec-
tor q/qo has been derived from the Gaussian fit of the integrated
intensities of the SANS patterns [Fig. 2(b)]. The dependence follows
the sine-Gordon law [dashed line in Fig. 2(b)] similarly to uniaxial
chiral magnets if the demagnetization effect is taken into account.’”
However, when the field is above ~30mT, and the CSL co-exists
with the out-of-plane conical state, the Q-dependence clearly deviates
from the theoretical trend. At this field, the anharmonic spiral with
the propagation vector along [100] stabilized by the magnetocrystal-
line anisotropy becomes less energy favorable than the field-aligned
conical state. Therefore, only metastable CSL domains survive the
transition field of 30 mT, but further changes in their shapes become
impossible and result in the spiral plane flop.

Finally, the intensity of the second harmonic peak 2Q is
summarized in a temperature vs magnetic field map as shown in
Fig. 2(c). The intensity is peaked at base temperature 2K and the
field of 22 mT and gradually vanishes at T ~ 40 K. Such behavior
was also observed in bulk MnSi’ and explained by the presence of

cubic anisotropy.”® This observation also aligns well with the tem-
perature behavior of magnetocrystalline’” and exchange'” anisotro-
pies in Cu, OSeOs.

IV. CONCLUSION

In summary, our investigation delves into the stability of the
chiral soliton lattice (CSL) within bulk unstrained Cu,0SeQs.
Utilizing small-angle neutron scattering experiments, we unveil the
magnetic field-induced emergence of CSLs at low temperatures,
attributed to magnetocrystalline anisotropy. The observation of
higher-harmonic satellites underscores the significant anharmonic-
ity of the helical spiral. Interestingly, Kelvin-probe force microscopy

measurements’® indicate the development of a finite electric polari- §
zation along the (100) axis at small magnetic fields applied along :

(110). This axis corresponds to the direction of the helical wavevec-
tor in the CSL state, suggesting that the observed polarization may
originate from a non-collinear magnetoelectric coupling unique to
the anharmonic CSL structure as it was also proposed in other
magnetoelectric chiral helimagnets.**' This highlights the com-
plexity of the interplay between electric polarization and magnetic
fields and calls for further theoretical and experimental investiga-
tions to elucidate the role of anisotropic magnetoelectric coupling
in shaping the CSL dynamics in Cu,OSeOs3.
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