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Abstract

We investigate proximity-induced magnetic interactions at the interface between the topological

insulator Bi2Se3 and the chiral magnetic insulator Cu2OSeO3, with particular focus on the low-

temperature skyrmion phase. Broadband ferromagnetic resonance spectroscopy reveals enhanced

stability of noncollinear spin textures in the Cu2OSeO3/Bi2Se3 heterostructure compared with

bare Cu2OSeO3. In addition to an extra resonance mode in the tilted conical phase that is absent

in bare Cu2OSeO3, field cycling resolves two counterclockwise skyrmion resonance branches sepa-

rated by approximately 238 MHz, consistent with the coexistence of a bulk skyrmion lattice and an

interfacial skyrmion phase stabilized by proximity-induced exchange coupling and enhanced inter-

facial Dzyaloshinskii–Moriya interactions. The finite frequency separation indicates that the two

skyrmion phases occupy distinct magnetic energy landscapes while retaining similar resonance char-

acter. Resonant elastic x-ray scattering measurements further confirm that the interfacial skyrmion

phase spans a broader magnetic-field range than the bulk phase, demonstrating enhanced stabil-

ity and ordering of topological spin textures at the interface. These findings establish interface

engineering as a promising route for extending the stability regime of skyrmion and tilted-conical

phases in topological–magnetic heterostructures.

I. INTRODUCTION

Magnetic skyrmions are topologically nontrivial spin textures that emerge from com-

peting magnetic interactions and have attracted considerable interest for spintronic and

magnonic technologies owing to their nanoscale size and efficient manipulation [1–5]. In chi-

ral magnets, such textures are stabilized by the Dzyaloshinskii–Moriya interaction (DMI),

an antisymmetric exchange that originates from spin–orbit coupling in noncentrosymmet-

ric systems and cants neighboring spins to favor chiral configurations [6–8]. A prominent

example in this family is Cu2OSeO3 [9–12], an electrical insulator with a large band gap

of approximately 2.4 eV [13] and ultralow magnetic damping [14, 15]. Cu2OSeO3 hosts a

rich magnetic phase diagram (Fig. 1a) with multiple spiral phases including helical, conical,

and tilted conical (TC) spiral [16–18] as well as two independent skyrmion lattice phases,

one localized in a small temperature pocket close to the magnetic ordering temperature and
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another one at lower temperatures [1, 19–23]. These properties make Cu2OSeO3 a model

system for studying the dynamics and stability of topological spin textures [24–26].

Recent efforts have been focused on tailoring the stability of topological spin textures

through interface engineering, where broken inversion symmetry and strong spin–orbit cou-

pling can modify magnetic interactions [2, 27, 28]. In Cu2OSeO3, interfacial coupling has

already been shown to profoundly influence magnetic textures and excitations, enabling

the formation of a long-range ordered chiral bobber lattice near the high-temperature

skyrmion phase [29] and the hybridization of spin-wave modes with an adjacent ferro-

magnetic layer [30]. Topological insulators provide a particularly promising route for ex-

tending such interfacial control because their spin-polarized surface states can generate

proximity-induced exchange interactions and enhance interfacial DMI. Indeed, Bi2Se3-based

heterostructures have been shown to exhibit proximity-induced magnetism and strong

spin–orbit-driven interfacial effects [31–41], while skyrmion formation has been reported in

several topological-insulator–magnet systems [42–44]. However, how proximity effects aris-

ing from a topological-insulator overlayer modify the magnetic phase stability and collective

spin dynamics of bulk insulating chiral magnets remains largely unexplored.

In bulk Cu2OSeO3 crystals, the formation of the low-temperature skyrmion (LTS) phase

requires overcoming an energy barrier, often necessitating protocols such as magnetic field

cycling to stabilize and populate the skyrmion phase [22, 23]. In this work, we inves-

tigate proximity-induced effects in a Cu2OSeO3/Bi2Se3 heterostructure using broadband

ferromagnetic resonance spectroscopy, complemented by resonant elastic X-ray scattering

(REXS) and magnetometry. We observe an additional resonance mode in the TC phase

and enhanced stability of the LTS phase compared with bare Cu2OSeO3. Resolving the

breathing and counterclockwise (CCW) skyrmion modes [1, 45–47], we further find that

the CCW resonance splits into two branches separated by approximately 238 MHz, con-

sistent with the coexistence of bulk and interfacial skyrmion phases. Combined with the

expanded skyrmion stability region observed by REXS, these results indicate that proxim-

ity coupling at the Cu2OSeO3/Bi2Se3 interface modifies the magnetic energy landscape and

promotes the stabilization of well-ordered topological spin textures. Our findings establish

topological-insulator interfaces as a promising route for controlling the phase stability and

collective excitations of skyrmions in insulating chiral magnets.
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Figure 1. (a) Schematic of the Cu2OSeO3/Bi2Se3 (10 QL) heterostructure on a coplanar waveguide

(CPW) for broadband magnetic resonance spectroscopy. A radio-frequency current Irf is driven

by a vector network analyzer while H is applied along ⟨001⟩. (b) Top view of the CPW with a

hexagonal skyrmion lattice at the interface for H ∥ z. (c) Enlarged Bloch-type skyrmion; arrow

color encodes the out-of-plane component (+z to −z). (d) Phase diagram from resonance spectra

after zero-field cooling: symbols denote the data measured by magnetic resonance spectroscopy;

dashed lines indicate schematic boundaries; arrows show the field-sweep protocol between field-

polarized (FP) states.

II. EXPERIMENTAL METHODS

We used broadband magnetic resonance spectroscopy to study magnetization dynamics

in chiral magnet/topological insulator heterostructures, focusing on the Cu2OSeO3/Bi2Se3

system. The Cu2OSeO3 single crystal, grown via chemical vapor transport [15], was shaped

into a platelet with dimensions of 1.2 mm × 1.2 mm × 0.5 mm and ⟨001⟩ crystallographic

direction normal to the sample surface. Due to the cubic symmetry of Cu2OSeO3, the out-

of-plane (z ∥ [001]) and in-plane (x ∥ [100]) field directions are equivalent ⟨001⟩-type axes,

denoted ⟨001⟩ throughout. 10 QL (quintuple layers) of Bi2Se3 were deposited on a well-

oriented polished surface by molecular beam epitaxy. The sample was covered by (10nm)

Se / (7nm) AlOx /(2nm) Al to prevent oxidation.

As illustrated in Figure 1(a), the sample was mounted with the Bi2Se3 facing a coplanar

waveguide (CPW). The CPW was connected to the ports P1 and P2 of a vector network

analyzer (VNA), which served simultaneously as the rf current source and detector. The
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VNA provides the complex transmission parameter S21 (i.e., the signal transmitted from P1

to P2) as a function of frequency under a fixed external magnetic field H. The measurements

were conducted at a temperature of 5 K, sweeping the magnetic field from a field-polarized

(FP) state down to zero, and then again backwards towards the FP state in 1 mT steps.

At low temperatures, Cu2OSeO3 exhibits a range of unconventional noncollinear magnetic

phases arising from the interplay between cubic magnetocrystalline anisotropy, exchange

interactions, and DMI [20]. With decreasing field, the system evolves from the FP state

through the conical phase below Hc2 to the helical phase below Hc1 and for H ∥ ⟨001⟩, the

TC and LTS phases additionally appear within this range [19, 20, 48]. All measurements were

followed by a zero-field cooling protocol, and magnetic field cycling was applied to overcome

metastable energy barriers and facilitate skyrmion nucleation in the low-temperature regime.

To suppress background noise and normalize the spectra to remove loss-related back-

ground, we applied a post-processing technique known as the derivative divide method [49],

which computes the field derivative of the normalized signal, yielding Re(∂S21/∂H) (see

Sec. S5 of the Supplemental Material [50]). Figure 1(d) shows the magnetic phase diagram

of Cu2OSeO3 obtained from magnetic resonance spectroscopy measurements under an in-

plane magnetic field (H ∥ x). The low-temperature range (2.5-25 K, see Sec. S2 S2.1 of the

Supplemental Material [50]) corresponds to the experimentally measured data indicated by

solid lines, while the dashed lines represent the schematic phase boundaries extrapolated to

higher temperatures.

Resonant elastic X-ray scattering (REXS) measurements were carried out using the AL-

ICE II endstation at the UE51 PGM-1 OPUS undulator beamline, BESSY II (Helmholtz-

Zentrum Berlin) in reflection geometry, as shown in Fig. S7. The incident soft X-rays were

tuned to the Cu L3 absorption edge (photon energy ≈ 932 eV) to enhance magnetic contrast

via resonant scattering from the Cu2+ moments. The scattering angle was set to 2θ ≈ 96.5◦,

allowing detection of magnetic satellite peaks around the structural Bragg reflection. These

magnetic satellites arise from the long-wavelength spin modulations and provide direct access

to the helical, skyrmion (LTS and HTS), and TC magnetic phases in reciprocal space.

5



Figure 2. Experimental microwave transmission spectra of Cu2OSeO3/Bi2Se3 at 5 K with H ∥ z.

The field-sweep protocol is shown in the top panel with insert highlighting a field cycling protocol

at that specific field value. The top-panel color bar indicates the regions identified from the FMR

spectra: FP (cyan), TC/conical (red), skyrmion/conical (pink), and helical (gray). Orange and

green markers highlight the CCW modes observed with and without field cycling, respectively,

while blue and red symbols denote breathing and TC modes.

III. RESULTS

Ferromagnetic Resonance Spectroscopy

Figure 2 shows the field-dependent magnetic resonance spectra of the Cu2OSeO3/Bi2Se3

heterostructure for H ∥ ⟨001⟩. The spectra were obtained by measuring the VNA transmis-

sion parameter S21 as a function of excitation frequency at a fixed magnetic field. The mag-

netic field was initially reduced from the FP state at µ0H = 200 mT to zero, subsequently

increased back to the FP state, and finally reduced to zero again, allowing comparison of

the resonance spectra before and after field cycling.

Between scans 0 and 11, the sample remains in the FP regime and exhibits the uniform

Kittel mode together with standing spin-wave resonances arising from the exceptionally low

magnetic damping of Cu2OSeO3 at low temperatures [14] (see Fig. S6 in the Supplemental

Material [50]). At scan 20 (indicated by a purple dashed line ), 40 field cycles were applied

between µ0Hlow = 100 mT and µ0Hhigh = 150 mT (inset of Fig. 2), a protocol known

to enhance the population of the LTS phase. The CCW resonance, marked by orange
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circles, is observed between approximately 2.0 and 2.4 GHz over a field range extending

from about 90 mT down to 20 mT. Near the critical field Hc1, the mode exhibits a distinct

kink accompanied by a reversal of its field dependence.

After returning the sample to the field-polarized state, the magnetic field was decreased

again without additional cycling (scans 135–200). In this measurement branch, the char-

acteristic breathing and CCW skyrmion modes, highlighted by blue and green markers,

become clearly resolved. As discussed below, the evolution and subsequent splitting of the

CCW resonance provide evidence for distinct bulk and interfacial skyrmion populations in

the Cu2OSeO3/Bi2Se3 heterostructures.

Additionally, as the magnetic field is reduced from the field-polarized state toward zero,

a distinct resonance mode emerges upon crossing the critical field Hc2 (see Fig. S1 of the

Supplemental Material [50]). This excitation is not observed in the magnetic resonance

spectra of bare Cu2OSeO3 [22], indicating that the Bi2Se3 overlayer modifies the magnetic

phase behavior near the interface. The mode appears within the field range associated with

the TC phase, an intermediate magnetic state reported near Hc2 that is often difficult to

resolve in bare Cu2OSeO3 due to phase coexistence and spectral overlap.

The emergence of a well-defined TC resonance suggests that proximity effects at the

Cu2OSeO3/Bi2Se3 interface enhance the stability and ordering of the underlying spin texture.

A plausible origin is an interfacial modification of the magnetic interactions, including an

enhancement of the effective DMI arising from the strong spin–orbit coupling of Bi2Se3

and the broken inversion symmetry at the interface. Such an effect would favor a more

coherent magnetic configuration and could account for the appearance of a distinct collective

excitation that is absent in bare Cu2OSeO3.

Figure 3(a) presents frequency-dependent spectra measured in the skyrmion-field range

(22 ≤ µ0H ≤ 86 mT) for both the field-cycled (orange) and non-cycled (green) measure-

ment protocols. The skyrmion mode region is highlighted, and resonance peaks are traced

with black dashed lines for visual clarity. The resonance positions are indicated by black

dashed lines to guide the eye. While both datasets exhibit the characteristic CCW skyrmion

resonance, a pronounced difference is observed after field cycling.

To illustrate this behavior, Fig. 3(b) compares spectra recorded at µ0H = 38 mT, cor-

responding to the field cut indicated in Fig. 3(a)). In the non-cycled measurement, the

CCW mode appears as a single resonance centered at fr1. After field cycling, however,
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Figure 3. (a,b) Line scans of the resonance spectra highlighting the CCW mode with (orange) and

without (green) magnetic field cycling. The line scans are measured at fixed fields as a function of

frequency. The dashed lines in (a) highlight the resonance frequency shift as a function of applied

magnetic field. (b) shows the zoomed-in view of two resonance line scans (51: without cycling

and 181: with field cycling), also highlighted with blue rectangles in (a). (c) Comparison of field

evolution of the resonance frequencies of the CCW mode obtained without field cycling (green)

and with field cycling (orange).

the resonance acquires a pronounced asymmetric lineshape consisting of a dominant peak

at fr1 together with a shoulder at the higher frequency fr2. Fits to the spectra confirm

the presence of two closely spaced resonances in the cycled state. The extracted resonance

frequencies are summarized in Fig. 3(c). Across the entire skyrmion-field range, the two

branches remain separated by up to ≈ 238 MHz, demonstrating that the field-cycled state

cannot be described by a single CCW resonance mode. Instead, the data are consistent with

the coexistence of two skyrmion populations experiencing different magnetic environments.

A natural interpretation is that the higher- and lower-frequency branches originate from

skyrmions associated with the interfacial and bulk regions of the Cu2OSeO3/Bi2Se3 het-

erostructure, respectively. In this picture, proximity-induced modifications of the mag-

netic interactions at the interface, including an enhanced effective DMI arising from strong

spin–orbit coupling and broken inversion symmetry, stabilize an interfacial skyrmion phase

distinct from the bulk skyrmion lattice. The persistence of the frequency splitting over a

broad field range therefore provides evidence that the Bi2Se3 overlayer modifies the skyrmion
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energy landscape and promotes the stabilization of interfacial topological spin textures.

Using the measured CCW dispersion (df/dµ0H ≈ 7 GHz/T), the ∆f ≈ 238 MHz branch

separation corresponds to an effective-field difference of ≈ 34 mT between the bulk and

interfacial skyrmion environments (Sec. S4, Supplemental Material [50]). Ascribing this

to an enhanced interfacial DMI implies an interfacial propagation vector larger by a few

percent (∆q/q ≈ 5%, a pitch ∼3 nm shorter), which would broaden rather than split the

low-temperature skyrmion satellites in REXS, consistent with the slightly enhanced LTS

linewidth observed here.

Recently, Fedel et al. showed that interfacial DMI in ferrimagnetic-insulator/nonmagnetic-

metal heterostructures can extend beyond the immediate atomic interface through spin–

orbit-mediated coupling mechanisms [51]. Motivated by this result, we consider analogous

proximity-induced modifications at the Cu2OSeO3/Bi2Se3 interface. In the present system,

the strong spin–orbit coupling of Bi2Se3 and the broken inversion symmetry at the interface

may modify the local magnetic free-energy landscape, potentially through interfacial DMI,

exchange coupling, anisotropy, and boundary-condition effects. Such interfacial modifi-

cations provide a plausible origin for the enhanced stability of noncollinear spin textures

observed in our measurements. Within this picture, the coexistence of bulk and interfacial

skyrmion populations offers a plausible explanation for the two closely spaced CCW reso-

nance branches resolved in the field-cycled state. Similar proximity-induced modifications

of magnetic interactions have been predicted and observed in topological-insulator/magnet

heterostructures [42, 43].

Resonant elastic X-ray scattering

We performed REXS measurements on the Cu2OSeO3/Bi2Se3 heterostructure (see

Fig. S7). In contrast to our FMR results, no clear signature of the LTS phase was ob-

served without applying a magnetic-field cycling protocol. This behavior can be understood

from the intrinsic sensitivity of REXS to long-range periodic order: a well-defined diffraction

pattern in reciprocal space requires a coherent and spatially ordered spin texture, while the

dynamic response from skyrmions, irrespective of their long-range spatial order, can be cap-

tured in the FMR measurement. In the Cu2OSeO3/Bi2Se3 sample, the absence of an initial

LTS signal suggests that small skyrmion clusters may be spatially randomly distributed
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Figure 4. Phenomenological model showing (a) real-space magnetic configurations and (b) syn-

thetic REXS. (c) shows the experimentally observed REXS pattern measured after field cycling.

(d) Normalized integrated intensity of the magnetic satellites as a function of magnetic-field cycling,

showing the progressive enhancement of the LTS signal and suppression of the TC contribution.

(e) Schematic energy landscape comparing bare Cu2OSeO3 and Cu2OSeO3/Bi2Se3 samples, illus-

trating the reduced energy barrier between the conical and skyrmion states in the heterostructure.

and stabilized at the interface, preventing the formation of a sufficiently ordered lattice

detectable by REXS (see Fig. S8(b) of the Supplemental Material [50]).

Upon magnetic-field cycling (see Fig. 4(d)), a clear LTS diffraction signal emerges after

approximately ten cycles, characterized by six well-defined magnetic satellites surrounding

the forbidden (001) structural Bragg peak. Compared to bare Cu2OSeO3, the LTS phase in

the Cu2OSeO3/Bi2Se3 sample appears to be more readily populated, indicating a reduced en-

ergy barrier between the spiral and skyrmion local minima in the magnetic energy landscape

as shown in Fig. 4(e). In bare Cu2OSeO3, field cycling populates the LTS as a multidomain

state with a ring-like intensity distribution and no fixed in-plane orientation; obtaining a
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single-domain lattice (a well-defined six-fold diffraction pattern) requires an additional step

of tilting the field a few degrees away from ⟨001⟩ and back [20]. In our Cu2OSeO3/Bi2Se3

sample, by contrast, field cycling alone already yields the single-domain, six-fold pattern,

without this additional field-tilting procedure.

To interpret the measured diffraction pattern, we model the near-surface texture as coex-

isting LTS and TC order, as shown in Fig. 4(a); the corresponding synthetic REXS pattern

in Fig. 4(b) reproduces the six-fold magnetic satellites observed experimentally in Fig. 4(c).

The corresponding synthetic reciprocal-space patterns were obtained from the Fourier in-

tensity of phenomenological real-space magnetic textures, as described in Sec. S3 of the

Supplemental Material [50]. As shown in Fig. 4(c), the magnetic satellites associated with

the LTS phase are not equally distributed among the six symmetry-related positions. There-

fore, full rocking scans were performed in order to integrate over the out-of-plane component

(Qz) and accurately determine the total scattered intensity of each satellite.

Furthermore, the LTS magnetic satellites exhibit a slightly larger linewidth compared to

those of the HTS phase (see Fig. S8(d3)). The magnetic coherence length ξ was estimated

from the radial peak width according to ξ ∝ 1
∆Q

, where ∆Q denotes the full width at

half maximum of the magnetic satellite. The increased peak broadening observed in the

LTS regime, therefore, indicates a reduced coherence length of the single-domain skyrmion

lattice. This behavior is consistent with the coexistence of the TC phase, which introduces

additional spatial modulation and limits the long-range coherence of the skyrmion lattice.

Part of this broadening is also consistent with the small (∼5%) bulk–interfacial difference

in propagation vector inferred from the CCW splitting (see Sec. S4 of the Supplemental

Material [50]).

Moreover, a direct comparison between surface-sensitive REXS and bulk SQUID suscepti-

bility measurements reveals distinct magnetic phase stability at the interface and in the bulk.

While SQUID measurements readily detect the LTS region, REXS shows that only a few

magnetic-field cycles are required to stabilize a well-defined single-domain LTS state, char-

acterized by six-fold magnetic satellites, coexisting with the TC phase. Together with the

magnetic resonance spectroscopy results, which resolve surface and bulk dynamical modes,

these findings demonstrate that the Cu2OSeO3/Bi2Se3 interface modifies the near-surface

magnetic free-energy landscape. (see Sec. S3 of the Supplemental Material [50]).
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IV. DISCUSSION AND CONCLUSIONS

In summary, broadband ferromagnetic resonance measurements of the Cu2OSeO3/Bi2Se3

heterostructure reveal pronounced modifications of the magnetic phase behavior compared

with bare Cu2OSeO3. In addition to a distinct resonance mode in the TC phase that is ab-

sent in bare Cu2OSeO3, field cycling resolves two closely spaced CCW skyrmion resonance

branches separated by approximately 238 MHz. The coexistence of these branches is con-

sistent with the presence of bulk and interfacial skyrmion populations experiencing distinct

magnetic environments.

Complementary REXS and SQUID magnetometry measurements demonstrate that the

skyrmion phase is significantly enhanced at the Cu2OSeO3/Bi2Se3 interface. Field cycling

increases the skyrmion population while suppressing competing conical textures, and the

resulting sixfold diffraction pattern observed by REXS indicates the formation of a well-

ordered low-temperature skyrmion lattice. Furthermore, the reconstructed magnetic phase

diagrams reveal an expanded interfacial skyrmion pocket that extends over a broader field

range as compared to the corresponding bulk phase and persists into regions where the bulk

favors helical order.

Taken together, these observations indicate that proximity effects at the Cu2OSeO3/Bi2Se3

interface modify the magnetic energy landscape and promote the stabilization of topological

spin textures. A plausible origin is an interfacial contribution to the effective DMI and

exchange coupling arising from the strong spin–orbit coupling of Bi2Se3 and the broken

inversion symmetry at the interface. In contrast to conventional heavy-metal-based sys-

tems, the Cu2OSeO3/Bi2Se3 heterostructure combines strong interfacial spin–orbit coupling

with an insulating magnetic host possessing exceptionally low magnetic damping. These

characteristics establish the topological-insulator/chiral-magnet interfaces as a promising

platform for engineering chiral spin interactions and extending the stability of skyrmion

phases through interface design.
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The Supplemental Material provides additional details on the TC mode in the out-of-

plane configuration, the influence of the field-cycling protocol on the TC mode, and the

temperature dependence (5–25 K) of the in-plane configuration, including the resolution of

distinct excitation modes.
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grez, J. Gavilano, G. Nagy, et al., Electric-field-induced skyrmion distortion and giant lattice

rotation in the magnetoelectric insulator cu 2 oseo 3, Physical review letters 113, 107203

(2014).

[26] Y. Okamura, F. Kagawa, M. Mochizuki, M. Kubota, S. Seki, S. Ishiwata, M. Kawasaki,

Y. Onose, and Y. Tokura, Microwave magnetoelectric effect via skyrmion resonance modes in

a helimagnetic multiferroic, Nature Communications 4, 2391 (2013).

[27] A. Navabi, Y. Liu, P. Upadhyaya, K. Murata, F. Ebrahimi, G. Yu, B. Ma, Y. Rao, M. Yazdani,

M. Montazeri, et al., Control of spin-wave damping in yig using spin currents from topological

insulators, Physical review applied 11, 034046 (2019).

15
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S1. RESONANCE MODES DETECTED IN OUT-OF-PLANE CONFIGURATION

Figure S1(a) presents the FMR spectra measured on the Cu2OSeO3/Bi2Se3 heterostruc-

ture under a continuous magnetic field sweep. The field was swept in a sequence starting

from FP state at 200 mT, to zero, back to FP, and finally brought back to zero. This

protocol enables tracking the evolution of magnetic modes across successive field sweeps

without applying a separate cycling routine. The top panel displays the magnetic field as a

function of scan number. Distinct branches corresponding to different magnetic modes are

visible, where the green markers denote the CCW skyrmion mode, while blue highlights the

breathing mode. The FP mode (Kittel mode) is marked in cyan, and an additional mode

emerging near the FP-to-skyrmion transition is indicated in red.

Importantly, a new well-ordered mode appears just after passing the critical field µ0Hc2 ≈

150 mT. This mode emerges with a different slope (same slope sign) to the Kittel mode (see

Fig. S1(b)) and evolves continuously until it intersects the ±Q modes of the conical state.

It spans a frequency range from approximately 3.7 GHz to 4.3 GHz and occurs within a

magnetic field window of about 150 mT to 115 mT, the vicinity where the TC spiral mode
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Figure S1. (a) Experimental spectra and fits of different magnetic modes at 5 K. The top panel

shows the magnetic field sweep protocol. The green, cyan, red, and blue circles highlight the CCW,

FP, tilted conical (TC), and breathing modes, respectively. (b) represents the extracted resonance

frequency of the FP (cyan) and the TC (red) modes for the right side of the spectrum enclosed

by an orange rectangle (field sweeping from FP to zero, the purple rectangle marks the equivalent

region of the first down-sweep). (c) shows the line scans as a function of frequency, highlighting

CCW (green) and breathing (blue) modes of skyrmion for the right sides of experimental spectra.

The black dashed lines highlight the field evolution of the resonance frequency.

is expected (region with mixed phases). The appearance of this mode likely originates

from an enhancement of the interfacial DMI due to the proximity effect of the topological

insulator, which stabilizes a more robust magnetic texture distinctly observed in the FMR

spectra. Panel (c) presents frequency-dependent line scans of the FMR spectra obtained

from the right-hand orange rectangular region, with the magnetic field swept from the FP
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state to zero. The CCW and breathing modes are visible between 72 and 22 mT, and the

black dashed lines trace their resonance peaks, which shift to lower and higher frequencies,

respectively, as the field decreases.

S1.1. Effect of field cycling protocol

Figure S2. (a) Experimental spectra obtained under cycling at 5 K with magnetic field µ0H

perpendicular to the sample’s surface. The orange rectangle highlights the region with the well-

ordered TC mode with 40 cycles (every 10th cycle is recorded here, further highlighted by arrows

on top). The gradient blue arrows on the bottom show the evolution and change of skyrmion mode

amplitude for each cycling segment (the lighter the color, the lower the amplitude). (b) Field

cuts at two different magnetic field strengths, showing the influence of the cycling protocol on the

well-ordered TC mode. Each trace is color-coded as a function of the number of field cycles.

To further investigate the effect of magnetic-field cycling on the mode dynamics, we ana-

lyzed how repeated cycling modifies the spectral features of the TC mode. The evolution of

the mode amplitude provides insight into the stability and redistribution of magnetic tex-

tures under periodic driving. Figure S2(a) presents the experimental FMR spectra, starting

from a magnetic field of 200 mT (field-polarized state) and continuing beyond µ0Hc2, fol-

lowed by 40 cycles between µ0Hlow = 125 mT and µ0Hhigh = 150 mT (scan 13 to 53). From

scan 54, by decreasing the magnetic field to zero, the spectra exhibit conical modes as well as

CCW and breathing modes in the lower frequency range. The gradual change from light to
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Figure S3. Frequency line cuts as a function of scan number for selected frequency ranges cor-

responding to different spectral regions. Each panel highlights the evolution of signal amplitude

under the cycling protocol for distinct magnetic phases: skyrmion (left), conical (center), and

TC (right) modes. The progressive change in amplitude illustrates the phase-specific response to

repeated cycling, with dashed gray lines serving as guides to the eye for the envelope of the mod-

ulation.

dark blue arrows indicates the emergence and increasing amplitude of the breathing mode.

The orange dashed rectangle marks the field-cycled region, highlighting the presence of the

TC mode and its evolution during the cycling protocol. Note that only one spectrum was

recorded after every ten cycles.

As shown in figure S2(b), frequency-dependent line scans were extracted at two magnetic

fields (135 mT and 130 mT, shown in separate panels) after every ten-cycle increment in the

field-cycling protocol, corresponding to measurements after 10, 20, 30, and 40 total cycles.

Each trace is color-coded according to the number of cycles (Nc). In both panels, the

amplitude of the TC mode gradually decreases with increasing Nc, indicating its sensitivity

to repeated cycling. This suppression in amplitude, together with the enhanced skyrmion-

mode signal, suggests that the TC mode shares a similar dynamic response to the cycling

field as the conical mode. The trend may also reflect interfacial effects induced by the Bi2Se3

layer, which influence mode stability and skyrmion population.

Another procedure to visualize how the magnetic modes evolve under repeated field cy-

cling, figure S3 presents frequency line cuts of the FMR spectra in figure S2(a), plotted as

a function of scan number for selected frequencies associated with three distinct magnetic
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phases: skyrmion (left), conical (middle), and TC mode (right). Each panel represents a

fixed-frequency slice extracted from the field-cycled spectra shown in figure S2, enabling a

direct comparison of how the amplitude of each mode evolves under repeated cycling. For

the conical mode, a clear modulation pattern is observed, with amplitude oscillations dimin-

ishing throughout the scans. This decay is highlighted by the narrowing envelope (dashed

gray lines). The skyrmion mode (middle panel) displays a reverse pattern, though with

increasing amplitude modulation across scans, consistent with the formation and stabiliza-

tion of skyrmions under cycling. In contrast, the TC mode (right) shows a rapid initial

decrease in amplitude, with multiple frequency traces collapsing into a narrower envelope

over the course of the scans. Together, these trends demonstrate a phase-specific response

to the magnetic field cycling. The pronounced envelope decay in both the conical and the

new mode (TC) suggests a transition away from these configurations as skyrmion formation

becomes dominant. These dynamics provide further evidence that this new mode (TC)

acts as a transitional feature sensitive to the evolving spin texture and likely influenced by

interfacial coupling effects in the heterostructure.

S2. RESONANCE MODES DETECTED IN IN-PLANE CONFIGURATION

S2.1. Temperature dependence of resonance modes

Figure S4 presents microwave transmission spectra of the Cu2OSeO3/Bi2Se3 sample, mea-

sured using VNA-FMR at eight different temperatures. The inset illustrates the experi-

mental configuration, with the sample mounted on a CPW and the magnetic field applied

in-plane along the x-direction. The magnetic field µ0H was swept from the FP state down

to zero and then increased back to the FP state, enabling the tracking of magnetic resonance

features during both decreasing and increasing field sweeps.

The spectra reveal a strong temperature dependence of the magnetic excitation modes,

with noticeable variations in mode positions and intensities. At lower temperatures, the

modes become more pronounced, suggesting enhanced stability of the corresponding mag-

netic phases, particularly the counterclockwise (CCW) mode, as well as the standing spin

waves (SSWs) modes observed alongside the Kittel mode. In the 8 K panel, several distinct

resonance modes are fitted and labeled, including the FP mode, the CCW mode, and a set
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Figure S4. Microwave transmission spectra of the Cu2OSeO3/Bi2Se3 sample, showing collective

spin excitation modes at eight different temperatures. The magnetic field µ0H is swept from

the FP state down to zero and then back to the FP state. The spectra reveal the temperature

evolution of magnetic resonance features, particularly the LTS mode. The third panel measured

at 8K, highlights fitted resonance frequencies corresponding to distinct spin excitation modes,

including FP mode, CCW mode, and additional modes (m1-m4). The inset shows schematics of

the measurement configuration, with the sample placed on a CPW and the magnetic field applied

in-plane, H ∥ x.

of higher-frequency modes m1 to m4). These temperature-dependent measurements were

used to reconstruct the phase diagram shown in the main manuscript.

Interestingly, the CCW mode observed during the increasing-field sweep (right side of

the spectra) remains visible up to 25 K, indicating a broader temperature stability range

compared to the CCW mode in the decreasing-field sweep (left side), which vanishes at lower

temperatures (22 K). However, the CCW mode during the decreasing-field sweep appears

over a wider field range than its counterpart during the increasing sweep. Furthermore, the

m1 and m2 modes closely follow the field ranges of the CCW modes in the left and right

sides of the spectra, respectively, suggesting a possible correlation between these excitations.
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Figure S5. Temperature dependence of the spin excitation spectra measured in the in-plane mag-

netic field configuration in Fig. S4.

Figure S6. Microwave spectra measured at a fixed magnetic field of µ0H= 75 mT, showing the

temperature evolution of spin excitations in the field-polarized phase of the Cu2OSeO3/Bi2Se3

sample. Each curve represents a field cut at a different temperature (corresponding to Fig. S4),

with y-offset for clarity. The dotted line highlights uniform Kittel mode. At higher frequencies,

additional resonance peaks corresponding to standing spin waves (SSWs) are visible, particularly

at low temperatures. As temperature increases toward 25 K, the SSWs signatures become progres-

sively weaker.
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Figure S7. Schematic of the REXS setup in reflection geometry. The incident X-ray beam passes

through a slit and impinges on the sample mounted at the center of a rotatable magnet assembly,

allowing control of the magnetic-field orientation (ϕ) and scattering angle (2θ). The diffracted

intensity is recorded by a CCD detector.

S3. RESONANT ELASTIC X-RAY SCATTERING

A schematic of the REXS geometry is shown in Fig. S7. The measurements were per-

formed in reflection geometry with the magnetic field applied along z ∥ ⟨001⟩. In this

configuration, magnetic satellite peaks around the structural Bragg reflection were used

to identify the reciprocal-space fingerprints of the spin textures. The following section

summarizes the correspondence between representative real-space textures, their synthetic

reciprocal-space patterns, and the experimentally measured REXS images. To compare the

expected reciprocal-space signatures of different magnetic textures with the REXS data, we

generated phenomenological two-dimensional real-space maps of the out-of-plane magneti-

zation component mz(x, y). Skyrmion-lattice textures were represented by skyrmion-like

cores arranged on a hexagonal lattice, while helical and conical textures were represented

by sinusoidal single-q modulations. Spatial coexistence of different textures was modeled by

combining the corresponding real-space maps in different domains. The synthetic reciprocal-

space intensity was calculated from the two-dimensional Fourier transform of the real-space

texture,

IFFT(qx, qy) = |FFT2D

(
[mz(x, y)− ⟨mz⟩]W (x, y)

)
|2.
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Figure S8. Schematics s of real space magnetic configurations (left) with associated reciprocal space

pattern (middle) compared with experimental: (a1-a3) helical state with satellites at ±q; (b1-

b3) skyrmion glass (SkG) lacking long-range order and magnetic satellites; (c1-c3) multi-domain

skyrmion lattice (MD-SkL); (d1-d3) single-domain skyrmion lattice (SD-SkX) with six sharp Bragg

peaks. The beamstop masks the direct beam at the center of Q-space images. Synthetic REXS

patterns were calculated from the Fourier intensity of the corresponding real-space mz(x, y) tex-

tures.
9



Here, subtracting ⟨mz⟩ removes the zero-q component, andW (x, y) denotes the numerical

window/envelope function used to account for the finite real-space area and to suppress edge

artifacts. The calculated intensity was normalized to its maximum value. These calculations

are intended only to reproduce the qualitative reciprocal-space fingerprints of the expected

magnetic textures and are not micromagnetic energy minimizations.

Figure S8 provides a schematic overview of representative magnetic textures and their

corresponding reciprocal-space scattering signatures, together with representative REXS

measurements. The figure is intended to establish a direct correspondence between real-

space magnetic order and the qualitative features observed in reciprocal space.

In the helical state Fig. S8(a), three symmetry-equivalent propagation vectors are al-

lowed along the ⟨100⟩ directions in zero magnetic field. Due to the REXS geometry, the

domain with an out-of-plane propagation vector is not detected, while the two orthogonal

in-plane domains are observed. Accordingly, the reciprocal-space pattern exhibits four sym-

metric magnetic satellites at ±q1 and ±q2. The skyrmion glass (SkG) state S8(b) consists

of randomly distributed skyrmions without long-range positional order. Although individ-

ual skyrmions retain their internal spin structure, the lack of translational coherence means

that no distinct magnetic satellites are observed in reciprocal space. This absence of sharp

features reflects the absence of long-range periodic order, distinguishing the SkG state from

the ordered skyrmion lattice phases. In the multi-domain skyrmion lattice (MD-SkL) state

S8(c), multiple skyrmion lattice domains coexist within the illuminated region, each char-

acterized by a distinct in-plane rotational orientation. In real space, this corresponds to a

superposition of several hexagonal skyrmion lattices with different azimuthal alignments. In

reciprocal space, each domain generates its own sixfold set of magnetic Bragg peaks. The

resulting scattering pattern therefore exhibits a ring-like, sixfold-rotated peak set, whose

relative intensities reflect the domain population within the probed area. Finally, the single-

domain skyrmion lattice (SD-SkX) state S8(d) exhibits long-range hexagonal order with a

unique lattice orientation. This single-domain configuration produces six sharp magnetic

Bragg peaks arranged in a hexagonal pattern in reciprocal space. The well-defined peak

positions and narrow widths indicate long-range coherence and a uniform lattice orientation

across the probed region.

Figures S9 (a) and (b) present the magnetic phase diagrams of Cu2OSeO3/Bi2Se3 ob-

tained from bulk AC susceptibility measurements and surface-sensitive REXS measurements,
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Figure S9. Magnetic phase diagrams of Cu2OSeO3/Bi2Se3. (a) Bulk phase diagram derived from

AC susceptibility measurements during magnetic-field sweeps from the FP state to zero. (b)

Surface phase diagram obtained by mapping the phase boundaries from REXS measurements. The

TC, LTS, and HTS refer to the tilted conical, low-temperature skyrmion, and high-temperature

skyrmion phases, respectively.

respectively. Although both measurements were performed on the same sample and in iden-

tical field geometry (H ∥ z ∥ ⟨001⟩), clear differences are observed in the stability range and

population of the low-temperature skyrmion phase.

In the REXS measurements, the LTS phase is not immediately stabilized under simple

field sweeps. Instead, its characteristic six-fold diffraction pattern emerges only after ap-

plying a few magnetic-field cycles. This behavior reflects the metastable nature of the LTS

phase and the presence of an energy barrier separating the conical and skyrmion states,

as discussed before. Since REXS probes coherent long-range magnetic order at the sur-

face, a well-defined diffraction pattern appears only once the skyrmion lattice is sufficiently

populated and spatially ordered through repeated cycling.

In contrast, the SQUID AC susceptibility measurements reveal a clearly detectable LTS

region in the bulk phase diagram even without an explicitly applied cycling protocol. We

attribute this to the intrinsic field modulation of the AC susceptibility technique itself.

During the measurement, the oscillating excitation field (333 Hz excitation frequency and
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10 Oe modulation amplitude) continuously perturbs the magnetic state, effectively providing

repeated minor field cycling around each set field value. This internal dynamic cycling can

assist the system in overcoming the energy barrier between the conical and skyrmion states,

thereby unintentionally populating the LTS phase in the bulk.

A direct comparison of the two phase diagrams (cf. S9 a&b) further reveals differences

in the extent and boundaries of the LTS regime. In the surface-sensitive REXS data, the

LTS region spans a broader field range than in the bulk SQUID measurement, persisting to

lower fields within the helical regime. This indicates an enhanced near-surface stability of

the LTS phase relative to the bulk.

Moreover, the coexistence of TC and LTS phases detected by REXS highlights a modified

near-surface magnetic environment that is not fully captured in bulk susceptibility measure-

ments. These results suggest that the Cu2OSeO3/Bi2Se3 interface modifies the local mag-

netic free-energy landscape. Interface-induced effects, such as altered magnetic anisotropy,

strain, or proximity-driven interactions, can change the energy balance between the conical

and skyrmion states. Consequently, the relative phase stability at the surface differs from

that in the bulk, giving rise to a surface phase diagram that deviates from the bulk behavior.

Taken together, these results demonstrate that, despite identical sample and field ge-

ometry, bulk and surface probes reveal quantitatively different magnetic phase diagrams.

The comparison provides direct evidence for interface-driven modifications of the magnetic

free-energy landscape in the Cu2OSeO3/Bi2Se3 heterostructure.

S4. EFFECTIVE FIELD AND PITCH CHANGE FROM THE CCW SPLITTING

Across the skyrmion-field range the two CCW branches are separated by ∆f ≈ 238 MHz.

Using the measured CCW field dispersion, df/dµ0H ≈ 7 GHz/T, this maps to an effective-

field difference between the bulk and interfacial skyrmion environments,

µ0∆Heff =
∆f

df/dµ0H
≈ 34 mT. (S1)

The Zeeman-equivalent value ∆f/(γ/2π) ≈ 8.5 mT, with γ/2π = 28 GHz/T, applies only to

a Larmor-like mode; the gyrotropic CCWmode disperses∼4 times more weakly with field, so

Eq. (S1) is the appropriate conversion. Attributing the difference to an enhanced interfacial

DMI, the chiral energy scale obeys µ0Hc2 ∝ D2/A and the helimagnetic wavevector q ∝ D/A;
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since the skyrmion mode frequency scales as f ∝ Hc2 ∝ D2,

∆D

D
≈ 1

2

∆f

f
≈ 5%,

∆q

q
≈ ∆D

D
≈ 5%, (S2)

the factor 1
2
reflecting f ∝ D2 but q ∝ D. The interfacial skyrmion lattice is thus expected

to have a propagation vector ∼5% larger (pitch shortened by ∼3 nm from ∼60 nm). As

this is comparable to the magnetic-satellite linewidth, the bulk and interfacial populations

appear as a single broadened LTS satellite rather than a resolved doublet.

S5. FITTING MODEL OF THE RESONANCE SPECTRA

To analyze the FMR spectra of the Cu2OSeO3/Bi2Se3, we performed frequency-domain

fitting of the field derivative of the background-corrected transmission parameter S21 for

each fixed external magnetic field. The VNA measures the transmission coefficient S21 =

(V2/V1)e
iϕ, where V1 and V2 are the input and output voltages at ports 1 and 2, respectively,

and ϕ represents the electrical length of the setup. In the FMR experiment using CPW,

a voltage proportional to the high-frequency susceptibility is induced in the CPW by the

precessing magnetization. The fitting model was based on a central difference approximation

of the magnetic susceptibility [49], expressed as

dDS21 = iωAe−iϕχ(ω +∆ω+)− χ(ω −∆ω+)

2∆ω+

, (S3)

where A is the complex amplitude that incorporates modulation sensitivity, ϕ is a phase

offset accounting for lineshape asymmetry. The frequency modulation step is defined as

∆ω+ = ∆H+ (∂ω/∂Hext) ≈ ∆H+γµ0, assuming a linear dependence of frequency on mag-

netic field.

The dynamic susceptibility χ was modeled using a high-frequency Lorentzian form:

χ(ω,Hext) =
ωM(γµ0Hext + i∆ω)

(ωres(Hext))2 − ω2 + iω∆ω
, (S4)

where ωres is the resonance frequency, ωM = γµ0Ms corresponds to the saturation mag-

netization, ∆ω is the full linewidth at half maximum, and γ is the gyromagnetic ratio.

Figure S10 shows fitting of the field cuts at four different magnetic fields using the

derivative divide method corresponding to the experimental spectra of Fig. 2 in the main

manuscript.
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Figure S10. Comparison of line scans of the resonance spectra: scans with (orange) and without

(green) magnetic field cycling. Each panel presents two representative scans at the same field,

one from the cycling protocol and one from the non-cycled case, highlighting two distinct modes.

The fitted resonance frequencies fr are labeled for clarity. These scans correspond to the skyrmion

mode region discussed in the main text (see Fig. 3)
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