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Abstract10

Topologically protected nanoscale spin textures, known as magnetic skyrmions, possess particle-like properties and feature11

emergent magnetism effects. In bulk cubic heli-magnets, distinct skyrmion resonant modes are already identified using a12

technique like ferromagnetic resonance in spintronics. However, direct light-matter coupling between microwave photons and13

skyrmion resonance modes has not been demonstrated yet. Utilising two distinct cavity systems, we realise to observe a direct14

interaction between the cavity resonant mode and two resonant skyrmion modes, the counter-clockwise gyration and breathing15

modes, in bulk Cu2OSeO3. For both resonant modes, we find the largest coupling strength at 57 K indicated by an enhancement16

of the cavity linewidth at the degeneracy point. We study the effective coupling strength as a function of temperature within17

the expected skyrmion phase. We attribute the maximum in effective coupling strength to the presence of a large number of18

skyrmions, and correspondingly to a completely stable skyrmion lattice. Our experimental findings indicate that the coupling19

between photons and resonant modes of magnetic skyrmions depends on the relative density of these topological particles20

instead of the pure spin number in the system.21

INTRODUCTION22

In condensed matter physics, the study of light-matter interactions holds an important stature as it provides physical23

insight into properties of coupled systems while facilitating the design of new-concept devices1–3. The light-matter24

coupling in this context between microwave photons residing in a cavity and particle ensembles has been studied in a25

wide range of material systems4. These systems include two-dimensional electron gases5,6, paramagnetic spins7,8 and26

exchange interaction dominated ordered spin systems9–12. Quantum information processing as quantum memories13,1427

and quantum transducers15 are particularly interesting applications which could be made possible due to the hybrid28

spin-ensemble-photon systems. Formation of a quasi-particle, known as the cavity-magnon-polariton (CMP), results29

from the strong coherent coupling phenomenon between cavity photons and magnons (i.e. a quanta of spin-waves)30

creating a hybridised state between the two16. One main advantage for using ferromagnetic materials as a base for31

spin-photon hybrid systems is the large spin number (N), as this yields very sizeable collective coupling strength (gc)32

between the two systems due to the scaling condition given as gc = g0
√
N , where g0 is the single spin - single photon33

coupling strength17,18.34

In our earlier work19, we demonstrated the existence of a stable polariton state by achieving strong coupling between35

cavity photons and magnons in the field-polarised phase of Cu2OSeO3. We also observed dispersive coupling between36

cavity photons and heli-magnons in the non-collinear phases (helical and conical phases). Cu2OSeO3 is a material37

system well known to host another exotic topologically protected spin texture state known as magnetic skyrmions20,38

which stabilise as a skyrmion lattice in a narrow temperature region below the Curie temperature, Tc. It has been39

shown that the skyrmion lattice can be excited by magnetic resonance techniques21,22, where the resonance comprises40

of a collective skyrmion core precession in the counter-clockwise (CCW) and clockwise directions (gyration modes),41

and the breathing mode where skyrmion cores periodically shrink and enlarge. An open question was left unanswered42

in our previous work19, what happens when the cavity photons try to couple with the excitations of a skyrmion43

lattice? The difficulty in answering this question was mainly due to the high cavity resonance frequency (≈ 9 GHz),44

where a direct interaction with the skyrmion resonance modes (≈ 1− 2 GHz) could not be observed.45

In this study, we designed two separate cavity systems each optimised to explore the interaction between the cavity46

and the skyrmion excitation modes. Both cavities are designed to have their primary resonant modes within the47

expected frequency window of either the CCW or breathing skyrmion modes. We observe the onset of an avoided48

crossing of the cavity mode, indicating the interaction of the cavity with the skyrmion system by shifting the cavity49

mode significantly. An enhancement in the cavity linewidth is observed at the degeneracy point, where cavity and50

skyrmion modes cross. By probing the cavity linewidth as a function of external magnetic field we are able to deduce51

the effective coupling strength as well as the effective loss rate of the skyrmion excitation. A detailed temperature52

dependence of the effective coupling strength is extracted for both the CCW and breathing skyrmion modes, indicating53

the presence of a large number of skyrmions in the vicinity of 57 K. At this temperature the effective coupling strength54

is largest and we find the cavity-skyrmion hybrid system in the high cooperativity regime.55

EXPERIMENTAL PROCEDURE56

Figure 1(a) shows the schematic to highlight the interaction picture between photons (with a loss rate κc) and57

skyrmion resonant modes (with an effective loss rate γsky), with gc representing the effective coupling rate between58

the two excited systems. The dielectric strontium titanate (STO) and helical (helically wrapped copper wire) resonator59

are used to study the coupling of microwave photons with the counterclockwise (CCW) and breathing skyrmion modes,60

respectively, in Cu2OSeO3. The remaining of Fig. 1 shows the experimental setup for the (b) STO and (c) helical61

resonator (see supplementary material for full description23). The resonance frequency of the primary mode (TE01δ) of62
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FIG. 1. (a) Illustration of the interaction between photons and excitation modes of skyrmion lattice showing the resonant
motions of (i) CCW mode where the core of skyrmion rotates, and (ii) breathing mode which involves a periodic oscillation of
the skyrmion core diameter. Schematic view of the experimental setup used with the (b) STO cavity where hrf ⊥ µ0H for CCW
mode, and (c) helical resonator where hrf||µ0H for breathing mode. The cavity and resonator are held in the helium-4 cryostat,
and the cryostat sat in between the poles of the electromagnet. A Cu2OSeO3 sample is placed inside the STO cavity and
helical resonator with the support of PTFE spacers and threaded PTFE tube, respectively. The coupling to cavity/resonator
is achieved by connecting two microwave lines from the vector network analyser (VNA) to the coupling loops in the copper
cavity.

the STO cavity, ω/2π ≈ 1.1 GHz at 57 K is in the expected range of the CCW excitation, as expected from broadband63

ferromagnetic resonance (FMR) measurements (see supplementary materials)21. One can only excite the breathing64

mode when the microwave magnetic field in the cavity (hrf) is parallel to the external magnetic field (µ0H)22, as shown65

in Fig. 1(c). This is achieved by exciting the primary mode of the helical resonator with an excitation frequency,66

ω/2π ≈ 1.4 GHz. In the parallel excitation configuration, the excitation of all the other magnetic resonant modes in67

Cu2OSeO3 should be suppressed, and the resonator mode is expected only to couple to the breathing mode.68

RESULTS & DISCUSSION69

Onset of an avoided crossing effect in skyrmion phase70

Figure 2(a) shows the microwave transmission, |S21|2, as a function of (µ0H) and probe frequency for the CCW71

skyrmion mode at 57 K. The observed spectra exhibit a strong dependence of the cavity mode on µ0H and a clear shift72

in the resonance frequency is seen within the field region where a skyrmion lattice is expected. This shift represents73

an onset of an avoided crossing, due to the coupling of the cavity mode to the skyrmion excitations. A complete74

avoided crossing, where the cavity resonant mode splits into two peaks in frequency, indicates strong coupling24. The75

splitting corresponds to a hybridisation of the two systems, where the separation relates to the coupling strength.76

The linewidth of the two peaks is defined by the average of the linewidth of the two subsystems. If the linewidth or77
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FIG. 2. The experimentally measured microwave transmission spectra, |S21|2, at 57 K for (a) CCW mode and (c) breathing
mode, where no background subtraction is performed for the data shown here. The dashed orange line represents the cavity
mode, and the resonance peak position plotted as circles (blue). (b) and (d) show line cuts in the frequency domain at
high magnetic field away from skyrmion resonance and at field region in the interaction point for CCW and breathing mode,
respectively. The data are fitted with a Lorentzian function.

loss rates of either one or both subsystems is larger than the coupling strength, the two peaks merge. This is the78

case of the cavity-skyrmion hybrid system we here investigate. In the following, we determine the effective coupling79

strength and effective skyrmion loss rate to classify the regime of coupling.80

In Fig. 2(a), |S21|2 drops significantly in the field region between 150 Oe to 400 Oe (i.e. in the expected field81

region of the CCW mode at 57 K22, and also shown in supplementary materials through the co-planar waveguide82

FMR measurements). To study the evolution of cavity resonance frequency and linewidth in greater detail, we fit a83

Lorentzian line shape for each magnetic field in the frequency domain25. Figure 2(b) shows the fitted spectrum at84

1000 Oe and in the gap area (300 Oe). The extracted resonance peak position is plotted (blue circles) in Fig. 2(a).85

A large increase in linewidth of the cavity mode is visible when Cu2OSeO3 is in the skyrmion phase. Note, that we86

are observing a single broad lineshape instead of two separated peaks, indicating that the hybrid system exhibits loss87

rates larger than the coupling strength26.88

Figure 2(c) shows the microwave transmission where the breathing skyrmion mode and the photon mode of the89

helical resonator interact at 57 K. As in the case of the CCW skyrmion excitation mode, |S21|2 exhibits a decrease in90

intensity, in a magnetic field space covering the skyrmion phase. The microwave transmission as a function of probe91

frequency for magnetic fields on and far away from the skyrmion resonance are shown in Fig. 2(d). By following the92

same procedure of fitting a Lorenztian function in the frequency domain for each magnetic field, similarly to the CCW93

case, a clear resonance frequency shift and linewidth broadening is observed.94

It is evident from Fig. 2(a) and (c), that the photon modes in the STO cavity and the helical resonator couple to95

the excitation modes of the skyrmion lattice, i.e. CCW gyration and breathing mode, respectively. This is further96

supported by measurements at temperatures outside of the skyrmion phase (T < Tsky < Tc and T > Tc). Here the97

cavity modes show no signature of coupling in resonance freqeuncy or linewidth (respective colour plots shown in98
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supplementary material23).99

Temperature dependence of coupling strength100

To identify the epitome of coupling between photons and skyrmion resonance, we analysed the linewidth dependence101

of the cavity as a function of µ0H for both CCW and breathing modes. According to the two coupled harmonic102

oscillators model12,27–30, the cavity linewidth (half-width at half-maximum), κ(S/H) (S: STO cavity and H: helical103

resonator), is given by the following Lorentzian profile, as104

κ(S/H) = κc +
g2cγsky

(∆2 + γ2sky)
(1)

where κc represents the loss rate of the cavity photons, γsky is the effective loss rate for skyrmion resonance, gc105

is the effective coupling rate between the photons and skyrmion excitations, and ∆ is the field dependent detuning,106

given as ∆ = gµ0µB

~ [H − Hres], with g being the g-factor of the sample, taken as g = 2.1 for Cu2OSeO3
22.107
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FIG. 3. Shows the experimentally extracted linewidth (HWHM) of (a) the STO cavity interacting with CCW mode and (b)
helical resonator coupling to the breathing mode as a function of external magnetic field for different temperatures. The data
in both is fitted with Equation 1 in the main text.

Figures 3(a) and (b) show the evolution of the extracted linewidth as a function of µ0H at different temperatures for108

the CCW and breathing skyrmion modes, respectively. It is clearly noticeable that in both cases κ(S/H) shows a peak109

like behaviour. At high magnetic fields, the photon mode in the STO cavity and the helical resonator is decoupled110

from the magnetic system and the measured linewidth mainly remains constant. A large deviation in the linewidth111

is observed as the magnetic field approaches the expected field region for the skyrmion lattice in the phase diagram112

at given temperatures. For temperatures outside of the skyrmion phase, i.e. 53 K (T < Tsky) and 59 K (T > Tc), we113

observe no significant change in linewidth as can be seen in Fig. 3(a) and (b). This provides strong evidence that the114

photon mode couples to the skyrmion resonance modes.115

In the skyrmion phase, for both CCW and breathing modes, a fit to the data in Figs 3(a) and (b) is performed using116

Eq 1 with κc, γsky and gc as free parameters. The largest effective coupling strength is observed at 57 K for CCW117

and breathing skyrmion modes. The extracted fitting parameters at 57 K are gccwc /2π = 118 MHz, γsky/2π = 250118

MHz and κstoc /2π = 1.5 MHz for the CCW mode, and gbrc /2π = 108 MHz, γsky/2π = 309 MHz and κhelic /2π = 4 MHz119

for the breathing mode.120

The type of coupling observed between photons and skyrmion resonance modes falls in a regime where κc < gc < γsky121

for both CCW and breathing modes. The skyrmion resonance is heavily damped such that the rate of excitation loss122

happens at a faster rate so that the energy cannot be transferred back and forth between the photon and skyrmion123

systems. This is illustrated in the schematic shown as an inset in Fig. 4, where the driven photon system (|10〉) coupled124

to the skyrmion resonant mode (|01〉) opens up an additional path back to the ground state (|00〉). This results in an125

enhancement of the linewidth (κ(S/H)) of the microwave cavity due to its coupling to the skyrmion resonant modes.126

Figure 4 shows the temperature dependence of gc extracted from the linewidth analysis for both CCW and breathing127

skyrmion modes. As mentioned earlier, in Cu2OSeO3, the skyrmion phase is expected to exist in a narrow temperature128

range below Tc. We see that for both CCW and breathing modes, the highest effective coupling strength is observed129
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for a 1 K range centered around 57 K. The effective coupling strength gradually falls down when the system is further130

cooled, and no coupling is observed at 53 K where the linewidth of the STO cavity and the helical resonator becomes131

unaffected. The experimentally observed trend in the temperature dependence of the effective coupling strength is132

asymmetric. Above 57.5 K, there is a sharp decrease in gc, reflective of a transition from an ordered magnetic state133

to the paramagnetic state.134
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FIG. 4. (Left y-axis) Shows the effective coupling strength gc as a function of temperature for CCW mode (blue circles) and
breathing mode (purple squares). (Right y-axis) Shows the temperature dependence of the square-root amplitude of resonance
peaks extracted from the CPW magnetic resonance experiment. The inset shows a schematic illustrating an interaction between
photons and skyrmion excitation. |00〉 corresponds to the ground state where no photons or skyrmion excitation exists in the
cavity, when driven by microwave power, the cavity enters the excited state |10〉. Coupling of |10〉 with the excited skyrmion
state |01〉 with coupling strength gc increases the cavity loss rate by having an additional damped channel through skyrmions.
The dashed lines are for eye guidance.

It is well established that the coupling between photons and an ensemble of spins scales with the square-root of the135

thermally polarised number of spins (N) involved in the interaction, gc ∝
√
N31. We anticipate that for interpreting136

the results shown in Fig. 4, one has to think of the coupling between photons and skyrmion resonance being dependent137

on the effective number of skyrmions taking part in the interaction. This suggests that around 57 K, a stable hexagonal138

skyrmion lattice is present, resulting in a greater number of skyrmions. As we move away from this centered region of139

the skyrmion phase, the number of skyrmions decrease resulting in a mixed state of magnetic domains and skyrmions.140

Hence, we see a decrease in the coupling strength between photons and skyrmion resonance. This is further supported141

by the temperature dependence of the intensity of small-angle neutron scattering (SANS) and the relaxation rate of142

muon-spin relaxation measurements in Cu2OSeO3
32–34, where the intensity and relaxation rate, respectively, have a143

maximum around 57 K and a drop was observed at different temperatures in the skyrmion phase.144

In order to further elaborate on the above interpretation, we carried out co-planar waveguide (CPW) magnetic145

resonance measurements in the skyrmion phase on the same sample used for the cavity experiments (see supplementary146

material23). The intensity (I ∝ amplitude) of the magnetic resonance peak is proportional to the magnetisation in the147

system35. In turn, probing the intensity, here mainly governed by the skyrmion population and the effective amplitude148

of local magnetic moment under thermal fluctuation, in the skyrmion phase of Cu2OSeO3 should be an indicator of149

the effective number of skyrmions contributing to the magnetic resonance peak amplitude at any given temperature.150

Therefore, the temperature dependence of the square-root amplitude of the magnetic resonance peaks can reflect the151

trend seen in the effective coupling strength, i.e. gc ∝
√
N . Figure 4 (right y-axis) shows the square-root of the152

amplitude of CPW magnetic resonance peaks as a function of T. The maximum value of the amplitude is observed153

6



in the vicinity of 57 K, and is qualitatively similar to the trend observed in gc for a narrow temperature region where154

a stable hexagonal skyrmion lattice in Cu2OSeO3 is expected.155

In cavity QED, the cooperativity is a dimensionless figure of merit for the coupling strength given as C =156

g2c/κcγsky
12, with C > 1 being a condition to achieve coherent coupling. In this work, the largest effective cou-157

pling strength value results in C = 37 for the coupling of STO cavity photons to the CCW skymion mode and C = 10158

for the coupling between the helical resonator photons and the breathing skyrmion mode. In both cases, an unstable159

polariton state is created between photons and skyrmion resonance, coined as a regime of high cooperativity. At160

resonance nearly all photons inside the cavity are coherently transferred into skyrmion excitations, but transferring161

the excitations back will require a skyrmion resonance system with a smaller loss rate (i.e. γsky < gc). An earlier162

theoretical study on the coupling of photons to a breathing skyrmion mode in a thin magnetic disc does conclude163

that reaching the strong coupling condition in such a system is challenging due to the large loss rate of the skyrmion164

modes36.165

In conclusion, we have probed the type of coupling between photons in either a STO cavity or a helical resonator166

to the CCW and breathing skyrmion modes in Cu2OSeO3, respectively. At resonance, an onset of avoided crossing167

effect is observed, indicating an interaction between the photon mode and skyrmion modes. An enhancement in168

linewidth at the degeneracy point reveals that the system is in a regime of high cooperativity with κc < gc < γsky169

for both CCW and breathing modes. The effective coupling strength exhibits a distinct dependence on temperature170

within the skyrmion phase, and comparing it with the amplitude of CPW magnetic resonance measurements confirms171

the presence of a skyrmion lattice with a maximum effective number of skyrmions within the vicinity of 57 K. For172

photon-magnon interactions, the coupling strength scales with the square-root of the number of thermally polarised173

spins/particles. This study reveals that the interaction between photons and resonant modes of topological spin174

structures strongly depends on the density of these topological particles instead of the pure spin number in the175

system. It seems challenging to theoretically predict the number of skyrmions in a bulk system like Cu2OSeO3, with176

difficulty in an accurate determination of the temperature dependence of internal demagnetisation fields, anisotropy177

fields, exchange and Dzyaloshinskii-Moriya interactions, and taking into account the quantum effects from spins. A178

reliable theory support can allow this coupling technique to be used in future as an experimental determination of179

the number of skyrmions in a given system.180

Note: In the preparation of this manuscript, authors came to know of the recent pre-print study of dispersive181

coupling, away from the resonance frequency of skyrmion excitations, between skyrmion modes and cavity photon182

mode, with a high cooperativity observed at 56.5 K37.183
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