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ABSTRACT21

The chiral magnetoelectric insulator Cu2OSeO3 hosts a rich and anisotropic magnetic phase22

diagram that includes helical, conical, field-polarised, tilted conical, and skyrmion lattice23

phases. Using resonant elastic x-ray scattering (REXS), we uncover a new spiral state confined24

to the surface of Cu2OSeO3. This surface-confined spiral state (SSS) displays a real-space25

pitch of ∼120 nm, which remarkably is twice the length of the incommensurate structures26

observed to-date in Cu2OSeO3. The SSS phase emerges at temperatures below 30 K when27

the magnetic field is applied between 3◦ to 18◦ away from the ⟨110⟩ crystallographic axes.28

Its surface localisation is demonstrated through a combination of REXS in reflection and29

transmission geometries, with complementary small-angle neutron scattering measurements30

suggesting its absence from the bulk. We attribute the stabilisation of the SSS to competing31

anisotropic interactions at the crystal surface. The discovery of a robust, surface-confined32

spiral paves the way for engineering energy-efficient, nanoscale spin-texture platforms for33

next-generation devices.34
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Introduction35

Chiral magnetic textures are promising building blocks for quantum technologies. Helical and conical36

spin textures [1–3], chiral soliton lattices (CSL)[4], magnetic hedgehogs [5] and topologically-nontrivial37

skyrmions [6–9] promote emergent electromagnetic phenomena that can be crucial for developing the next-38

generation dissipationless electronics [10]. Chiral cubic magnets provide the fertile ground to nucleate such39

spin textures due to the competition among Heisenberg exchange interaction, antisymmetric Dzyaloshinskii-40

Moriya interaction (DMI), anisotropic exchange interaction (AEI), and cubic anisotropy [11–13]. The energy41

density of such cubic helimagnets within the Bak-Jensen [11] model reads as:42

ε =
J

2
(∇M)2 −DM · ∇ ×M+

FAEI

2

∑
ν=x,y,z

(∂νMν)
2 +K

∑
ν=x,y,z

M4
ν −H ·M (1)

where, the first term corresponds to exchange interaction, the second to DMI, the third to AEI, the fourth43

to cubic anisotropy, and the final to the Zeeman energy. By tuning the fragile balance between these44

interactions, and by varying external parameters, such as temperature, magnetic field, and pressure, one45

can achieve a plethora of modulated magnetic states, such as helical and conical spin textures [12, 14],46

triangular and square skyrmion lattices (SkL) [7, 15–18], disordered skyrmions [19–21], three-dimensional47

magnetic hedgehog lattice [5], CSL [22–24], elongated skyrmions [25–27], and their combinations. More48

specifically in Cu2OSeO3, member of the skyrmions hosting P213 magnets, the phase diagram is strongly49

affected by the intrinsic balancing between anisotropic magnetic interactions with the external magnetic50

field [19, 21, 28–34]. Thus, in case of µ0H||[001], low-temperature disordered skyrmion (LT-SkL) and tilted51

conical (TC) phases emerge in addition to the well-defined helical, conical and SkL (HT-SkL or the so-called52

A-phase just below the Curie temperature TC ≃ 58 K) phases [35] (shown schematically in Figs. 1a,b).53

Furthermore, the effects of the geometrical confinement in nanostructured chiral magnets, including54

Cu2OSeO3, often lead to modifications of their magnetic phase diagrams and emergence of new magnetic55

states [36–41]. Additional interactions arising due to surface-symmetry breaking in a chiral magnet may56

promote unique magnetic textures that are not present in the bulk material, yet may exist in technologically57

relevant low-dimensional surface settings [42–51].58

Here, we report the discovery of a previously unknown magnetic structure in Cu2OSeO3 with a doubled59

period in comparison with the conventional bulk helix at T < 30K in the narrow window of magnetic60

fields applied slightly away from the ⟨110⟩ directions (Fig. 1c). By combining REXS in both reflection and61

transmission geometries with small-angle neutron scattering probes, we show that it is both metastable and62

confined near the surface of Cu2OSeO3 and call it surface-confined spiral state (SSS). Our experimental63

data support the notion that SSS is stabilised as a result of a subtle interplay among various anisotropic64

interactions. In particular, the axial surface anisotropy should be crucial for its stability.65
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Results66

REXS at low-temperature in chiral cubic Cu2OSeO3. REXS in the Bragg geometry has been used to67

observe magnetic satellites of the anomalous (001) reflection [52, 53] (Figs. 1d, and bottom panel of e). This68

reflection is accessible at the Cu L3 edge thanks to the large unit cell of Cu2OSeO3. Recently, REXS has been69

proven to be a very effective probe to uncover subtle features in the magnetism of Cu2OSeO3 [44, 47, 54].70

The surface sensitivity of REXS provides us with an added layer of information, which remains invisible71

to other scattering probes, such as bulk-sensitive neutron scattering. As calculated by Zhang et al., at the72

incident angle of 48◦ corresponding to the Bragg condition of (001) diffraction peak, the penetration depth73

of x-rays varies from ∼ 30 nm to ∼ 100 nm in Cu2OSeO3 depending on energy across the resonant L3 edge74

[44]. This makes REXS an ultimate surface-sensitive technique.75

We used one Cu2OSeO3 single crystal, grown by chemical vapor transport (CVT), for all the main76

results reported in this article. Further information can be found in Methods. In order to reduce the77

demagnetisation effects, the single crystal was carefully cut and polished to have a disc shape, as shown78

in top panel of Fig. 1e. The zero-field magnetic REXS pattern shows up as four clear Bragg peaks on the79

detector plane, corresponding to the helical state (Fig. 1f). In the subsequent experiment, only a half of80

the reciprocal space (−0.25 ≤ Qx ≤ 0 nm−1) was measured to access the higher harmonics of magnetic81

satellites in the single detector configuration at a finite magnetic field. At T = 20K, the magnetic field82

of 100 mT drives the system into the spin-polarised phase. Reduction of the field results in the gradual83

emergence of the conical satellite (Fig. 2a). When the field is aligned roughly along ⟨110⟩ axes, upon further84

decrease of the magnetic field – just below 30mT – a first-order transition from conical to the multi-domain85

helical phase takes place, manifesting two Bragg reflections corresponding to helices slightly tilted away86

from their preferable ⟨100⟩ directions by the remaining magnetic field. Due to the finite magnetic field, the87

proper-screw structure is deformed, resulting in higher-harmonic reflections, similar to the case of CSL in88

uniaxial helimagnets [4, 55].89

Surface-confined spiral state observed by REXS. Further reduction of the field, while being aligned90

9◦ away from ⟨110⟩, leads to unexpected and highly non-trivial results. As evident from Fig. 2b, a new peak91

appears at the Q position equal to 1/2 of the helical (or CSL) wavevector, before returning to characteristic92

multi-domain helical ground state at zero field (see Fig. 2c). The new peak is clearly broader and less93

intense than the CSL satellites. As shown in Figures 3a-d, the SSS correlation length is approximately94

one-quarter that of the CSL phase and, notably, demonstrates only the 3rd order of the higher harmonics.95

Suppression of the second-order peak and emergence of the 3rd harmonic is a signature of a square-wave96

magnetic modulation typical to stripe magnetic domains [56, 57]. These additional peaks are only observed97

in the narrow magnetic field range 22-28 mT and only at T < 30K and thus are characteristic to the SSS.98
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Importantly, the SSS exhibits extreme sensitivity to the relative orientation between the crystal axes and99

the applied magnetic field. The SSS stability window spans from 3◦ to 18◦ away from the ⟨110⟩ high-100

symmetry axes, with maximum scattering intensity observed at ψ = 9◦. Further details regarding our101

comprehensive wide azimuthal angle-dependent REXS measurements can be found in the Supplementary102

Materials Fig. S1.103

Spin structure of the novel surface-confined state. Chirality of the magnetic texture, and its Bloch104

or Néel-type character can be uniquely identified by means of the circular dichroism in REXS (CD-REXS)105

technique [44]. We first employed CD-REXS to characterise the dichroic signal in the zero-field helical106

state, as shown in Fig. S2. The Friedel pairs exhibit opposite dichroic signals: positive on one side and107

negative on the other, while near vertical detector axis (along ⟨110⟩) forms the extinction direction, where108

dichroic signal vanishes. Furthermore, Fig. 3e shows the energy dependence of the CD-REXS intensity109

measured for the two CSL, and the main SSS peak (QSSS = QCSL/2). The same sign and magnitude of110

the CD-REXS signal for all three modulations suggest the chiral, Bloch-type nature of the new state.111

Having established the Bloch-type chirality of the SSS with its doubled periodicity through CD-REXS112

measurements, we now address the underlying magnetic structure through a phenomenological description113

based on the sine-Gordon model for systems with strong axial anisotropy. By incorporating the experi-114

mentally observed doubled periodicity as a constraint, we calculated the expected amplitudes of the SSS115

harmonic components (see Supplementary Materials). Our analysis demonstrates that the second harmonic116

amplitude is negligible whilst the intensity ratio between the first and third harmonics exhibits excellent117

agreement with the experimental scattering data. The predicted stripe phase configuration, however, ex-118

hibits considerable sensitivity to additional anisotropic interactions. This fragility with respect to pertur-119

bations in anisotropy may account for the absence of SSS in the thin transmission REXS lamella, where120

surface-induced strain and modified interfacial interactions could suppress the delicate balance required for121

SSS stabilisation.122

Discussion123

The half-order peak position suggests that the spiral periodicity of the emergent phase is doubled compared124

to the ground-state helical and field-induced CSL and conical states. The phase has a clearly metastable125

character since it emerges only from the conical phase on the field decrease, and does not emerge from the126

ground-state helical phase when the field is ramped up. Note, that neither neutron scattering experiments127

(Supplementary Materials Fig. S5) nor precision magnetic susceptibility and heat capacity measurements128

[35] on bulk Cu2OSeO3 crystals could observe this new phase for µ0H||⟨110⟩. This fact, as well as the129

broadening of the corresponding QSSS and 3QSSS satellites (Fig. 3f and Fig. S1b) strongly suggests the130

surface-confined nature of the new spiral state. The metastability of the new surface-confined spiral is131
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clearly manifested in its hysteretic behaviour and its embedding into the CSL phase (Fig. 3g).132

The reduced SSS correlation length reflects a combination of geometric and structural factors. First,133

surface confinement introduces an intrinsic geometric contribution: because the SSS is localised within a134

thin surface layer (∼30–100 nm), the scattering volume is highly restricted in the out-of-plane direction135

(qz), and according to the Scherrer equation, this finite thickness inherently broadens the peak in qz.136

Second, the in-plane (qx) broadening points to surface disorder and pinning effects. As shown theoretically137

in Ref. [58], disorder in helical magnets induces local distortions in the helix spin rotation angle, creating138

diffuse scattering that widens the Bragg peak. Given that the SSS is a fragile state stabilised by a delicate139

balance of surface-modified anisotropies, it is likely more susceptible to pinning by surface defects than140

the robust bulk CSL. This pinning, combined with the energy cost of maintaining double-periodicity near141

domain boundaries, ultimately limits the coherent SSS domain size.142

Intriguingly, the SSS phase was also not observed in a recent surface-sensitive scanning magnetic force143

microscopy (MFM) study [59]. Apart from the local nature and limited field of view of the MFM probe,144

we note that the magnetic field in that study was applied precisely along out-of-plane [110] axis, which lies145

outside the SSS stabilisation window. As we show in the scanning-REXS measurement (Supplementary146

Materials Fig. S3), SSS domains are not distributed on the sample surface homogeneously, but with the147

tendency to form domains of size ca. 500 µm at the sample edges. Yet, we reiterate that the surface may ex-148

hibit a sizable perpendicular net magnetisation which leads to demagnetisation fields that can contribute to149

a break into domains of the underlying magnetic textures. We emphasise that despite spatial inhomogeneity150

in SSS intensity across the sample surface, the SSS exhibits systematic spatial correlation with the under-151

lying bulk CSL phase—specifically, higher SSS intensity appears preferentially along [Q = (0,±QCSL, 1)],152

that correspond to CSL domains proximal to the applied magnetic field, rather than at arbitrary surface153

edges or corners. It is important to note that we have successfully observed the SSS from two different154

crystals of different shapes and independent surface treatment routines. In both samples, the magnetic field155

tilting angle (between 3◦ and 18◦ away from ⟨110⟩) and field range (ca. 25-30mT) needed to stabilise the156

SSS were similar.157

Interestingly, SSS does not show up in the transmission small-angle X-ray scattering (SAXS) experiment158

on Cu2OSeO3 (see Supplementary Materials Fig. S4). We believe that the tensile strain in the lamella159

which provides tangible easy-plane anisotropy destroys the subtle balance among anisotropic interactions160

and precludes the formation of SSS. Another possible reasoning connected with the existence of the third161

[001] helical domain in the bulk sample is unlikely according to our estimations, which show that for an162

in-plane magnetic field this domain would have a larger energy as compared to the other experimentally163

observable domains. It is worth mentioning that the crystal surface of a lamella may exhibit different164
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structural properties with respect to the surface of a single crystal.165

A mechanism similar to the tilted spiral stabilisation in combination with the demagnetisation field166

at the surface, may account for the new metastable SSS with the doubled period. Indeed, its emergence167

only for a narrow angular range of ψ suggests that the balance between cubic and exchange anisotropies168

is required to achieve the stability of the state. However, the reason why the spiral pitch is doubled, and169

appears only in the narrow angular range of the applied field, remains unclear at present. In principle, the170

helical state in cubic chiral magnets is well described by the Bak-Jensen model Eq. 1 that determines the171

spiral periodicity λ ≃ J/D as the main term, and the AEI responsible for the small anisotropic corrections,172

as discussed in the previous studies [30, 32, 60]. Hence, the doubling of the helical pitch at the surface is173

unexpected within this phenomenological model.174

Moreover, the SSS is clearly different from the three-dimensional surface spirals stabilised by the demag-175

netisation field (also termed stacked spin spirals) predicted by Rybakov et al. [43], and recently observed176

in thin plates of FeGe [49]. The main differences are: the anisotropic nature of the SSS, and the exact, and177

field-independent 2λ periodicity. The theoretical and experimentally measured periods of stacked spirals178

in FeGe, λss are field-dependent and have a period of 1.1λ ≤ λss ≤ 1.8λ [43]. Similar considerations also179

apply to the distorted tilted conical stripes observed at the surface of Cu2OSeO3 that change their period180

as a function of the applied field [33, 34].181

Recently, stability of square-wave-like spin textures, so-called stripe and fan states was shown in the182

uniaxial chiral magnet MnNb3S6 as an outcome of the competition between DMI, easy-plane anisotropy183

and dipolar interactions [61, 62]. Moreover, the modulation period of these textures is about twice longer184

than the pitch of the CSL [62]. Schematic illustrations of the helical, conical, CSL, fan, and stripe magnetic185

textures are given in Fig. 3h. It is important to note, that the fan state is comprised of Bloch-type domain186

walls with alternating chirality [63]. Nevertheless, the fan texture has been experimentally observed [61]187

and reproduced by means of micromagnetic simulations [62] in the chiral-lattice MnNb3S6 as a result of188

the interplay between the interactions mentioned earlier.189

As is well established for a number of cubic chiral magnets, including Cu2OSeO3, uniaxial anisotropy190

emerges in these systems as a consequence of mechanical strain [22–24, 64]. Furthermore, polishing can191

impose both uniaxial and torsional strain on a crystal’s surface, thereby modifying the chirality of helical192

magnetic textures [65, 66]. We acknowledge that such mechanical strain from sample preparation, combined193

with translational symmetry breaking and anisotropic exchange interactions at the sample surface, likely194

contribute to SSS stabilisation. However, at present, we cannot unambiguously distinguish between these195

extrinsic and intrinsic contributions.196

Based on our observations, we suggest that stripe and fan states are plausible candidates that explain197
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the exotic double-periodic square-like texture observed in our experiments on Cu2OSeO3. However, the198

alternating chirality of domain walls contradicts the single chiral character of all the other modulations in199

Cu2OSeO3 stabilised by the DMI. Obviously, the CD-REXS has the same sign for CSL and SSS modulations200

(Fig. 3e), while for the fan phase it would be simply absent due to the degenerate chirality. We conclude201

that the stripe texture, which preserves the chiral symmetry given by DMI in the presence of surface202

demagnetisation fields, is a more likely candidate to explain the additional phase.203

Theoretical description of the SSS emergence and its coexistence with the CSL in the narrow field range204

is a challenging problem. A continuum of metastable helical (conical) states differing by the wave number205

has been theoretically predicted for uniaxial helimagnets [67]. However, in the absence of a microscopic206

theory including multiple anisotropic interactions, to address the basic properties of the SSS phase, we207

can use a phenomenology of the CSL problem. We note that the strong third harmonic peak from SSS208

observed experimentally indicates strong axial (second order) anisotropy of a surface nature. Moreover,209

we can expect that the DMI strength is not much affected by the surface, so the corresponding length210

scale 1/Q is intact. Under these assumptions, one can estimate the required anisotropy strength to have211

the structure with the doubled period and consequently calculate the third harmonic amplitude (similar to212

Fig. 3a-d). Importantly, these calculations show a reasonable agreement with the experimental data, which213

provides additional support for our claim about the strongly modulated helicoid, approaching the stripe214

domain nature of the SSS structure.215

Finally, the phase diagram for SSS is presented in Fig. 4. The narrow phase region indicates a balance216

of interactions: restricted magnetic field range, specific angles of the required magnetic field application,217

and lower temperatures required to stabilise this phase, compared to helical or conical phases. Interestingly,218

the new phase emerges in the same temperature range where exotic tilted conical and disordered skyrmion219

phases are stable [68], suggesting that the surface-modified anisotropies responsible for SSS formation may220

be intimately connected to the bulk magnetocrystalline anisotropy that governs the low-temperature phase221

diagram of Cu2OSeO3. The emergence of the new surface state challenges existing theories of cubic chiral222

magnets and calls for further theoretical and experimental efforts to understand the complex landscape223

of magnetic interactions in Cu2OSeO3. Our results further warrant careful inspection of similar surface-224

confined spiral states in other chiral skyrmion hosts, such as Co-Zn-Mn alloys, which host potential for225

possible room-temperature applications.226

Methods227

Sample preparation228

The Cu2OSeO3 single crystals employed in resonant elastic X-ray scattering (REXS) and small-angle229
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neutron scattering (SANS) experiments were produced via the chemical vapor transport (CVT) method,230

as detailed in the Ref. [41]. One single crystal was aligned along the [001] direction, and the in-plane {100}231

and {110} domains were also identified. In the subsequent step, the cross-section of the single crystal was232

hand-polished. Finally, the (001) facet was cut and polished to create the desired disc-shaped crystal. All233

key results presented in this manuscript, including both REXS and SANS data, were obtained on this234

crystal. The (001) facet of the second single crystal was intentionally kept rectangular. After polishing, the235

alignment of both single crystals was verified using a Laue diffractometer.236

Resonant elastic X-ray scattering237

REXS experiment : The REXS experiment was carried out using the MaReS chamber at BL-29 BOREAS238

at ALBA synchrotron light source (Barcelona, Spain). Circularly polarised soft x-rays with energy E =239

930.8 eV at the Cu L3 edge were used to maximise the intensity of magnetic scattering. The combination240

of the incidence angle θ = 48◦ corresponding to the Bragg condition and the energy of x-rays allows to241

estimate the penetration depth of 50 nm from the sample surface [44]. The (001)-polished disc-shaped242

Cu2OSeO3 crystal was mounted on an azimuthally-rotatable sample holder to establish the relative align-243

ment between the crystal axes and the in-plane magnetic field. With [001] axis being out of the sample244

plane, the remaining two ⟨100⟩ and two ⟨110⟩ axes were in the sample plane. The sample was zero-field245

cooled down to base temperature of 18 K by the He-flow cryostat. The in-plane magnetic field up to 2 T was246

provided by the high-temperature superconducting (HTS) magnet (HTS-110, New Zealand). Measurements247

were carried out using the zero-field warming protocol from the base to the target temperature. Field scans248

were performed using field ramping down cycles, always starting from the saturation field of 100 mT. The249

REXS intensity was detected by the CCD detector 2048× 2048 pixels (XCAM, UK). The total acquisition250

time of each REXS pattern was from 1 to 5 seconds depending on the magnetic state of the sample.251

SAXS experiment : SAXS experiment was carried out on a Cu2OSeO3 lamella in forward geometry using252

VEKMAG endstation at the BESSY-II synchrotron (Berlin, Germany). Details of the experiment are given253

in Ref. [32]. Detailed magnetic field scan in SAXS geometry at T = 14K, with the same measurement254

protocol as the one discussed in the main text, does not reveal any signature of the SSS state – the QSSS255

peak is absent in the whole field range (Supplementary Materials Fig. S4).256

Small-angle neutron scattering257

Small-angle neutron scattering (SANS) experiments were carried out at the ILL using the D33 instrument258

[69] and at PSI using the SANS-I instrument with a neutron wavelength of 10 Å and the sample-detector259

and collimator-sample distances of 12.8 m. The same Cu2OSeO3 single crystal was probed as in the260

REXS measurement at ALBA. Two configurations were used: µ0H||[110] (Figs. S5a,b) and µ0H||[110]+8◦261

(Fig. S5c,d) in the field-transverse to the beam geometry. At each set point, the magnetic field was stabilised262
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before collecting data. We employed the so-called rocking curve measurement, where the magnet+sample263

assembly was rotated around the Bragg condition in a small angular range. This method enables us to264

access the total intensity of the Friedel pairs. SANS data was analysed using GRASP software [70].265

Acknowledgements266

We sincerely thank A. Leonov for fruitful discussions. REXS measurements were carried out at the beamline267

BL-29 BOREAS at ALBA synchrotron as a part of proposals 2021024923 and 2023027505. Transmission-268

REXS measurement was carried out at the beamline PM-2 VEKMAG at BESSY II synchrotron as a part269

of the proposal 212-10682. SANS measurements at the D33 instrument (Institut Laue-Langevin) were per-270

formed as a part of the proposal 5-41-1226. P.R.B. acknowledges Swiss National Science Foundation (SNSF)271

Postdoc.Mobility grant P500PT_217697 and Return CH Postdoc.Mobility grant P5R5-2_239356 for fi-272

nancial assistance. P.R.B., J.S.W., A.M., V.U. acknowledge funding from the SNSF Projects Sinergia CR-273

SII5_171003 NanoSkyrmionics. J.S.W., V.U., and P.R.B. also acknowledge SNSF Project 200021_188707,274

SNSF National Centers of Competence in Research in Molecular Ultrafast Science and Technology (NCCR275

MUST-No. 51NF40-183615) and SNSF grant no. 200020_182536 (Frustration in structures and dynam-276

ics), respectively. V.U., C.L., F.R. acknowledge financial support by the German Federal Ministry for277

Education and Research (BMBF project No. 05K19W061) and financial support by the German Research278

Foundation via Project No. SPP2137/RA 3570. O. I. U. acknowledges financial support from the Institute279

for Basic Science (IBS) in the Republic of Korea through Project No. IBS-R024-D1. M.T.L. acknowledges280

the financial support of the Science and Technology Facilities Council (STFC) and the ISIS Neutron and281

Muon Source.282

Data availability283

All experimental data presented in the figures that support the findings of this study are available at the284

Zenodo repository link: https://doi.org/10.5281/zenodo.19700525.285

Author contributions286

P.R.B. and A.M. prepared and characterised the samples; P.R.B., S.H.M., P.G., M.V., C.L., F.R. and V.U.287

performed x-ray scattering measurements; P.R.B., M.T.L, R.C., N-J.S., J.S.W., and V.U. performed the288

SANS experiments. P.R.B. and V.U. analysed the data; O.U. developed the theoretical expressions based289

on a perturbative approach. P.R.B., O.U. and V.U. wrote the manuscript; P.R.B., J.S.W., and V.U. jointly290

conceived the project.291

Competing interest292

The authors declare no competing financial or non-financial interests.293



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

11

References294

[1] Yokouchi, T. et al. Emergent electromagnetic induction in a helical-spin magnet. Nature 586, 232–236 (2020).295

[2] Kitaori, A. et al. Emergent electromagnetic induction beyond room temperature. Proc. Natl. Acad. Sci. USA296

118, e2105422118 (2021).297

[3] Kitaori, A. et al. Doping control of magnetism and emergent electromagnetic induction in high-temperature298

helimagnets. Phys. Rev. B 107, 024406 (2023).299

[4] Togawa, Y. et al. Interlayer magnetoresistance due to chiral soliton lattice formation in hexagonal chiral magnet300

CrNb3S6. Phys. Rev. Lett. 111, 197204 (2013).301

[5] Kanazawa, N. et al. Large topological Hall effect in a short-period helimagnet MnGe. Phys. Rev. Lett. 106,302

156603 (2011).303

[6] Bogdanov, A. & Hubert, A. Thermodynamically stable magnetic vortex states in magnetic crystals. J. Magn.304

Magn. Mater. 138, 255–269 (1994).305

[7] Mühlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915–919 (2009).306

[8] Fert, A., Reyren, N. & Cros, V. Magnetic skyrmions: advances in physics and potential applications. Nat. Rev.307

Mater. 2, 1–15 (2017).308

[9] Nayak, A. K. et al. Magnetic antiskyrmions above room temperature in tetragonal heusler materials. Nature309

548, 561–566 (2017).310

[10] Tokura, Y., Kawasaki, M. & Nagaosa, N. Emergent functions of quantum materials. Nat. Phys. 13, 1056–1068311

(2017).312

[11] Bak, P. & Jensen, M. H. Theory of helical magnetic structures and phase transitions in MnSi and FeGe. J.313

Phys. C: Solid State Phys. 13, L881 (1980).314

[12] Nakanishi, O., Yanase, A., Hasegawa, A. & Kataoka, M. The origin of the helical spin density wave in MnSi.315

Solid State Commun. 35, 995–998 (1980).316

[13] Maleyev, S. V. Cubic magnets with Dzyaloshinskii-Moriya interaction at low temperature. Phys. Rev. B 73,317

174402 (2006).318

[14] Lebech, B., Bernhard, J. & Freltoft, T. Magnetic structures of cubic FeGe studied by small-angle neutron319

scattering. J. Phys. Condens. Matter. 1, 6105 (1989).320

[15] Seki, S., Yu, X., Ishiwata, S. & Tokura, Y. Observation of skyrmions in a multiferroic material. Science 336,321

198–201 (2012).322

[16] Nakajima, T. et al. Skyrmion lattice structural transition in MnSi. Sci. Adv. 3, e1602562 (2017).323

[17] Karube, K. et al. Metastable skyrmion lattices governed by magnetic disorder and anisotropy in β-Mn-type324

chiral magnets. Phys. Rev. B 102, 064408 (2020).325

[18] Takagi, R. et al. Particle-size dependent structural transformation of skyrmion lattice. Nat. Commun. 11, 1–7326

(2020).327

[19] Chacon, A. et al. Observation of two independent skyrmion phases in a chiral magnetic material. Nat. Phys.328

14, 936–941 (2018).329

[20] Karube, K. et al. Disordered skyrmion phase stabilized by magnetic frustration in a chiral magnet. Sci. Adv.330

4, eaar7043 (2018).331



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

12

[21] Bannenberg, L. J. et al. Multiple low-temperature skyrmionic states in a bulk chiral magnet. npj Quantum332

Mater. 4, 1–8 (2019).333

[22] Okamura, Y. et al. Emergence and magnetic-field variation of chiral-soliton lattice and skyrmion lattice in the334

strained helimagnet Cu2OSeO3. Phys. Rev. B 96, 174417 (2017).335

[23] Nakajima, T. et al. Uniaxial-stress effects on helimagnetic orders and skyrmion lattice in Cu2OSeO3. J. Phys.336

Soc. Jpn. 87, 094709 (2018).337

[24] Ukleev, V. et al. Metastable solitonic states in the strained itinerant helimagnet FeGe. Phys. Rev. B 102,338

014416 (2020).339

[25] Morikawa, D. et al. Deformation of topologically-protected supercooled skyrmions in a thin plate of chiral340

magnet Co8Zn8Mn4. Nano Lett. 17, 1637–1641 (2017).341

[26] Nagase, T. et al. Smectic liquid-crystalline structure of skyrmions in chiral magnet Co8.5Zn7.5Mn4 (110) thin342

film. Phys. Rev. Lett. 123, 137203 (2019).343

[27] Aqeel, A. et al. Microwave spectroscopy of the low-temperature skyrmion state in Cu2OSeO3. Phys. Rev. Lett.344

126, 017202 (2021).345

[28] Qian, F. et al. New magnetic phase of the chiral skyrmion material Cu2OSeO3. Sci. Adv. 4, eaat7323 (2018).346

[29] Leonov, A. O., Pappas, C. & Kézsmárki, I. Field and anisotropy driven transformations of spin spirals in cubic347

skyrmion hosts. Phys. Rev. Res. 2, 043386 (2020).348

[30] Moody, S. et al. Experimental evidence of a change of exchange anisotropy sign with temperature in Zn-349

substituted Cu2OSeO3. Phys. Rev. Res. 3, 043149 (2021).350

[31] Leonov, A. O. & Pappas, C. Reorientation processes of tilted skyrmion and spiral states in a bulk cubic351

helimagnet Cu2OSeO3. Front. Phys. 11, 1105784 (2023).352

[32] Baral, P. R. et al. Direct observation of exchange anisotropy in the helimagnetic insulator Cu2OSeO3. Phys.353

Rev. Res. 5, L032019 (2023).354

[33] Marchiori, E. et al. Imaging magnetic spiral phases, skyrmion clusters, and skyrmion displacements at the355

surface of bulk Cu2OSeO3. Commun. Mater. 5, 202 (2024).356

[34] Mehboodi, S. et al. Observation of distorted tilted conical phase at the surface of a bulk chiral magnet with357

resonant elastic x-ray scattering. Sci. Technol. Adv. Mater. 26, 2532366 (2025).358

[35] Halder, M. et al. Thermodynamic evidence of a second skyrmion lattice phase and tilted conical phase in359

Cu2OSeO3. Phys. Rev. B 98, 144429 (2018).360

[36] Yu, X. et al. Near room-temperature formation of a skyrmion crystal in thin-films of the helimagnet FeGe. Nat.361

Mater. 10, 106–109 (2011).362

[37] Zhao, X. et al. Direct imaging of magnetic field-driven transitions of skyrmion cluster states in FeGe nanodisks.363

Proc. Natl. Acad. Sci. USA 113, 4918–4923 (2016).364

[38] Jin, C. et al. Control of morphology and formation of highly geometrically confined magnetic skyrmions. Nat.365

Commun. 8, 15569 (2017).366

[39] Pathak, S. A. & Hertel, R. Geometrically constrained skyrmions. Magnetochemistry 7, 26 (2021).367

[40] Niitsu, K. et al. Geometrically stabilized skyrmionic vortex in FeGe tetrahedral nanoparticles. Nat. Mater. 21,368

305–310 (2022).369



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

13

[41] Baral, P. R. et al. Tuning topological spin textures in size-tailored chiral magnet insulator particles. J. Phys.370

Chem. C. 126, 11855–11866 (2022).371

[42] Rybakov, F. N., Borisov, A. B., Blügel, S. & Kiselev, N. S. New type of stable particlelike states in chiral372

magnets. Phys. Rev. Lett. 115, 117201 (2015).373

[43] Rybakov, F. N., Borisov, A. B., Blügel, S. & Kiselev, N. S. New spiral state and skyrmion lattice in 3D model374

of chiral magnets. New J. Phys 18, 045002 (2016).375

[44] Zhang, S. et al. Reciprocal space tomography of 3D skyrmion lattice order in a chiral magnet. Proc. Natl. Acad.376

Sci. USA 115, 6386–6391 (2018).377

[45] Zheng, F. et al. Experimental observation of chiral magnetic bobbers in B20-type FeGe. Nat. Nanotechnol. 13,378

451–455 (2018).379

[46] Zhang, S., Van Der Laan, G., Wang, W., Haghighirad, A. & Hesjedal, T. Direct observation of twisted surface380

skyrmions in bulk crystals. Phys. Rev. Lett. 120, 227202 (2018).381

[47] Zhang, S. et al. Robust perpendicular skyrmions and their surface confinement. Nano Lett. 20, 1428–1432382

(2020).383

[48] Burn, D. et al. Periodically modulated skyrmion strings in Cu2OSeO3. npj Quantum Mater. 6, 73 (2021).384

[49] Turnbull, L. et al. X-ray holographic imaging of magnetic surface spirals in FeGe lamellae. Phys. Rev. B 106,385

064422 (2022).386

[50] Xie, X. et al. Observation of the skyrmion side-face state in a chiral magnet. Phys. Rev. B 107, L060405 (2023).387

[51] Jin, H. et al. Evolution of emergent monopoles into magnetic skyrmion strings. Nano Lett. 23, 5164–5170388

(2023).389

[52] Langner, M. et al. Coupled skyrmion sublattices in Cu2OSeO3. Phys. Rev. Lett. 112, 167202 (2014).390

[53] Zhang, S., van der Laan, G. & Hesjedal, T. Direct experimental determination of spiral spin structures via the391

dichroism extinction effect in resonant elastic soft x-ray scattering. Phys. Rev. B 96, 094401 (2017).392

[54] Ukleev, V. et al. Chiral surface spin textures in Cu2OSeO3 unveiled by soft x-ray scattering in specular reflection393

geometry. Sci. Technol. Adv. Mater. 23, 682–690 (2022).394

[55] Kishine, J.-i. & Ovchinnikov, A. Theory of monoaxial chiral helimagnet. Solid State Phys. 66, 1–130 (2015).395

[56] Hellwig, O., Denbeaux, G., Kortright, J. & Fullerton, E. E. X-ray studies of aligned magnetic stripe domains396

in perpendicular multilayers. Physica B Condens. Matter 336, 136–144 (2003).397

[57] Stellhorn, A. et al. Control of the stripe domain pattern in L10-ordered FePd thin films. J. Magn. Magn. Mater.398

476, 483–486 (2019).399

[58] Utesov, O. I., Sizanov, A. V. & Syromyatnikov, A. V. Spiral magnets with Dzyaloshinskii-Moriya interaction400

containing defect bonds. Phys. Rev. B 92, 125110 (2015).401

[59] Milde, P. et al. Field-induced reorientation of helimagnetic order in Cu2OSeO3 probed by magnetic force402

microscopy. Phys. Rev. B 102, 024426 (2020).403

[60] Ukleev, V. et al. Signature of anisotropic exchange interaction revealed by vector-field control of the helical404

order in a FeGe thin plate. Phys. Rev. Res. 3, 013094 (2021).405

[61] Karna, S. K. et al. Annihilation and control of chiral domain walls with magnetic fields. Nano Lett. 21,406

1205–1212 (2021).407



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

14

[62] Osorio, S. A., Laliena, V., Campo, J. & Bustingorry, S. Chiral helimagnetism and stability of magnetic textures408

in MnNb3S6. Phys. Rev. B 108, 054414 (2023).409

[63] Moriya, T. & Miyadai, T. Evidence for the helical spin structure due to antisymmetric exchange interaction in410

Cr1/3NbS2. Solid State Commun. 42, 209–212 (1982).411

[64] Brearton, R. et al. Observation of the chiral soliton lattice above room temperature. Adv. Phys. Res. 2, 2200116412

(2023).413

[65] Fedorov, V. et al. Interaction between the spin chirality and the elastic torsion. Phys. Lett. A 224, 372–378414

(1997).415

[66] Tarnavich, V. et al. Magnetic field induced chirality in Ho/Y multilayers with gradually decreasing anisotropy.416

Phys. Rev. B 96, 014415 (2017).417

[67] Laliena, V., Osorio, S. A., Bazo, D., Bustingorry, S. & Campo, J. Continuum of metastable conical states of418

monoaxial chiral helimagnets. Phys. Rev. B 108, 024425 (2023).419

[68] Crisanti, M. et al. Tilted spirals and low-temperature skyrmions in Cu2OSeO3. Phys. Rev. Res. 5, 033033420

(2023).421

[69] Dewhurst, C. et al. The small-angle neutron scattering instrument D33 at the Institut Laue–Langevin. J. Appl.422

Crystallogr. 49, 1–14 (2016).423

[70] Dewhurst, C. Graphical reduction and analysis small-angle neutron scattering program: GRASP. J. Appl.424

Crystallogr. 56 (2023).425



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

15

H || [110] H || [110] ± 90

T (K)

H

T (K) T (K)
20 40 6020 40 60 20 40 60

Hc2

Hc1

Hc2

Hc1

Hc2

Hc1

Field 
polarised

PM

Field 
polarised

PM

Field 
polarised

PM

Hs1

Hs2

H

H H

90

800 800 800

a b c

(0, QHel, 1)

(0, -QHel, 1)

(-QHel, 0, 1)

(QHel, 0, 1)

T = 20 K, μ0H = 0 mTd e f

ψ

[1
00

]

[0-10]
[-1-10]

[1
-1

0]

kin

kout

(0,0,-1)

(0,±QHel,1)(±QHel,0,1)

Qx
Qy

Qz

[001]
(0,0,0)

Hel/CSL Hel/CSL SSSHel/CSL
HT-SkL

Con Con

HT-SkL

Con

HT-SkL

Tilted 
conical

LT-SkL

N

S

Qx (nm-1)

Q
y (

nm
-1
)

REXS
configuration

xy

z

H H

H || [100]

FIG. 1. Resonant Elastic X-ray Scattering (REXS) and helimagnetism in Cu2OSeO3. Schematic phase

diagram of Cu2OSeO3 while the magnetic field is applied along (a) [100], (b) [110], and (c) 9 degrees away from [110]

crystallographic axis, highlighting the appearance of the surface-confined spiral state (SSS). The green-filled circle

represents the disc sample used in the current study. Cyan and red arrows represent the in-plane (100) and (110)

domains, respectively, while [001] points in the out-of-plane direction. The SSS appears below the conical (Con) ↔

helical (Hel) transition. Note that low-temperature skyrmion lattice (LT-SkL) phase is stabilised only along ⟨100⟩,

in contrast to more isotropic high-temperature skyrmion lattice (HT-SkL) phase. The schematics shown in Panels-a

and b are drawn according to the experimental phase diagrams reported in Ref. [35]. (d) Experimental configuration

for our REXS experiment at BL-29 BOREAS beamline. The x-direction is always fixed along the magnetic field.

The disc-shaped Cu2OSeO3 crystal can be rotated perpendicular to [001] axis, giving access to four in-plane (100)

and (110) domains. (e) Top: optical image of the disc-shaped single crystal used for scattering studies reported in

this work. Bottom: reciprocal space of Cu2OSeO3 in magnetically ordered state at zero field. The six red spheres

surrounding (001) reflection are the results of three QHel domains demonstrating local octahedral (Oh) symmetry.

For simplicity, QHel peaks around the other (100), as well as (000) reflections, have been omitted. (f) REXS pattern

collected for Cu2OSeO3 crystal at T = 20 K in absence of external magnetic field. As labeled in the figure, the four

diffraction peaks are a consequence of the four in-plane helical domains as shown in panel-e.
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FIG. 2. Scattering signature of the surface-confined spiral state (SSS) near the conical↔helical phase

transition. REXS patterns measured at T = 18K for the field tilted away from the ⟨110⟩ by 9◦, corresponding

to (a) conical, (b) distorted helicoids together with surface-confined spiral state and (c) proper screw spiral states.

Additional peaks appear due to the SSS with a doubled helical pitch. Note that we do not observe the SSS while

ramping the magnetic field in the opposite direction, that is, while accessing the phases in the following sequence:

helical→conical→field-polarised state. Applied magnetic field direction is indicated by the horizontal white arrow

in Panel a. The colorbar scale is the same for all three detector maps. The inset in Panel-a shows the relative

orientation of applied magnetic field with respect to the ⟨110⟩ crystallographic axis.
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FIG. 3. Magnetic field-induced evolution of QSSS and its relationship with other chiral textures. (a)-(d)

The Q-dependence of various magnetic satellites and their higher harmonics was extracted from the REXS data and

analysed using Eq. S1 (described in the Supplementary Material). For a direct comparison of scattering intensities,

the y-scale was kept identical across corresponding harmonics. Panel (e) shows the normalised CD-REXS energy

dependence of both CSL and SSS peaks at the Cu L3 resonant edge. Measurements were performed at T = 18 K.

FWHM of a Gaussian fit to the surface-confined spiral data is indicated. (f) Magnetic field dependence of the Q-scan

along (0,-Q,1) direction obtained from the Cu2OSeO3 disc at T = 18 K. For all scans, the incident photon energy was

fixed at 930.8 eV. (g) Integrated intensity as a function of magnetic field for all four fundamental incommensurate

reflections measured in our experiment. I(−QCSL, 0, 1) and I(0,−QSSS, 1) have been scaled up for clarity. The error

bars result from the fitting function shown in Eq. S1. (h) Real-space visualisation of the discussed spin structures

throughout the text. Note the different magnetic field direction for conical structure (∥ y) and CSL, fan & stripe

structures (∥ z ). The alternating domain wall chirality characteristic of fan structures, which contrasts with the

selected chirality of stripe textures, is a crucial distinction between the two magnetic configurations.
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FIG. 4. H-T phase diagram of the surface-confined spiral state. Magnetic phase diagram for the surface-

confined spiral state, as obtained from our REXS data on the disc-shaped sample. For simplicity, intensity stemming

from the reflections arising due to conical, CSL as well as Helical phases have not been shown.


