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We experimentally study the tunability of the cooperativity in coupled spin-cavity systems by changing the
magnetic state of the spin system via an external control parameter. As a model system, we use the skyrmion
host material Cu,OSeO; coupled to a microwave cavity resonator. We measure a dispersive coupling between
the resonator and magnon modes in different magnetic phases of the material and model our results by using the
input-output formalism. Our results show a strong tunability of the normalized coupling rate by magnetic field,
allowing us to change the magnon-photon cooperativity from 1 to 60 at the phase boundaries of the skyrmion

lattice state.
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Coupled magnon-photon systems become particularly in-
teresting when the magnitude of the effective coupling rate
geff between the magnons and photons in a microwave res-
onator exceeds their respective loss rates kmae and Kpes. In
this limit, a coherent exchange of the quantized excitations
is established [1,2] and for instance has been extensively
studied for magnon-photon coupling in ferromagnets and
ferrimagnets [3—7]. A measure of the coherent exchange of
excitations in spin-cavity systems is the cooperativity. The
possibility to tune the cooperativity by tiny changes of an
external control parameter is a promising tool for applica-
tions. A possible route towards large tunability is offered
by inducing changes in the spin system. To experimentally
demonstrate this concept, we studied the skyrmion host mate-
rial Cu,08Se03, featuring several magnetic phases in a small
magnetic field and temperature window.

Skyrmions are topologically stabilized spin solitons [§—18]
exhibiting a rich spectrum of collective excitations of the
spin system known as magnons. Theses excitations have been
extensively studied in the limit of weak coupling to microwave
circuits [19-25]. For potential applications such as realizing a
novel magnetic state storage [26], it is necessary to couple the
magnons to other quantized excitations such as photons [27]
or (quasi)particles. While the coupling of the higher-order
helimagnon modes [23] to an X-band (9.8 GHz) photonic
resonator has been demonstrated [28], the magnon-photon
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coupling in the skyrmion lattice phase and the associated
potential for tunable cooperativity remains an open issue so
far.

In this Letter, we report the coupling of uniform-mode
excitations of the insulating chiral magnet Cu,OSeQO3 to mi-
crowave photons in a three-dimensional microwave cavity
with a resonance frequency of 683.1 MHz. In contrast to
earlier experiments [28], the magnon-photon coupling was
addressed in all magnetic phases, including the skyrmion
lattice phase. We find a large coupling rate of the breathing-
mode skyrmion excitation to the cavity photons resulting in
a high cooperativity C = gﬁff /(Kmag Kres) > 50. The cooper-
ativity can be tuned by more than one order of magnitude
by changing the external magnetic field magnitude by only
~10 mT.

Cu,;08Se0; possesses a noncentrosymmetric cubic crystal
structure with space group P23 [12,16] and exhibits a rich
magnetic phase diagram [18] as schematically depicted in
Fig. 1(a). Below the critical temperature 7. ~ 58 K, the long-
range ordered helical, conical, and skyrmion phases form.
At large magnetic fields, the system is in the field-polarized
state. Above the transition temperature T, the system is para-
magnetic. The phase diagram shown in Fig. 1(a) for Hy ||
[100] is representative for different crystallographic directions
due to the rather weak magnetocrystalline anisotropy. In this
study, the investigation of magnon-photon coupling was per-
formed at T = 56.5 K as indicated by the dashed blue line in
Fig. 1(a).

The different magnetic phases also differ in their magne-
tization dynamics [16,19,21]. Figure 1(b) shows the typical
spectrum of resonance frequencies of the uniform fundamen-
tal modes of an insulating chiral magnet as a function of the

©2021 American Physical Society
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FIG. 1. Microwave dynamics in Cu,OSeOs. (a) Magnetic phase
diagram extracted from broadband magnetic resonance measure-
ments. The following magnetic phases are distinguished: field-
polarized (fp), conical (c), helical (h) phase, skyrmion lattice phase
(S), paramagnetic (pm) phase. Note that the crossover between the fp
and the pm regime above T; is not resolved. (b) Schematic magnetic
field dependence of the uncoupled, uniform resonance frequencies
of the magnon modes fn, in a chiral magnet. The resonance fre-
quency of the resonator f is lower than all magnon frequencies.
Normalized and absolute frequencies are shown on the left and right
ordinate, respectively. (c) Illustration of the input-output formalism
and the parameters of Eq. (1). The following parameters are estab-
lished: magnon resonance frequency fiag, magnon loss rate K,
cavity resonance frequency fi., cavity internal ki, and external loss
rate K.y, and effective coupling rate g.gr. (d) Frequency shift of the
resonator mode in a coupled magnon-photon system calculated using
the input-output formalism with a constant coupling rate g /(27) =
120 MHz in all magnetic phases. The hybridized magnon-cavity
modes are denoted by tildes.

external magnetic field. Starting at large fields, in the field-
polarized phase (fp) only one resonance mode is observed.
Here, all the magnetic moments precess in phase (ferrimag-
netic resonance). By decreasing the magnetic field, the system
enters the conical phase (c), where, depending on the details
of the demagnetization, the =0 modes are observed [21]. In
the skyrmion phase (S), the breathing mode (b), the coun-
terclockwise (ccw) and the clockwise mode can couple to a
uniform driving field [29]. The clockwise mode is omitted due
to its comparably small spectral weight. For a more detailed
characterization of these modes in chiral magnets, we refer
to Ref. [21].

To model the dynamics of the coupled chiral magnet-cavity
system we employ the input-output formalism [3,30-33]. A
schematic of the physical mechanisms underlying the cou-
pling and its description is shown in Fig. 1(c). The photons
in a microwave resonator with frequency f;.s can interact with
the magnons of the chiral magnet with frequency fag (via the
dipolar interaction) with an effective coupling strength geg.
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FIG. 2. Experimental setup. (a) Schematic of the loop-gap res-
onator and feedline design. (b) Side view of the resonator and the
Cu,08e0; crystal mounted on a copper rod and placed inside the
cavity. Note the different configurations of static external magnetic
field H relative to the oscillating magnetic field h,.

The cavity photons and the magnons in Cu,OSeO; possess
certain lifetimes and thus decay with loss rates ke and Kmag,
respectively. Note that the total cavity loss rate e is given by
the sum of the internal loss rate «;, and the external loss rate
Kext Of the cavity. The latter quantifies the coupling strength of
the cavity to the feedline. For the measured S;; parameter of
the vector network analyzer (VNA) the input-output formal-
ism yields [4,28,30,31,33]

2K ex
Su(f)=-1+ = = ,
1'27T(fres—f)+/<res+m

ey

with kpes = Kint + Kexe- The resonance frequency of the cav-
ity, fres = 683.8 MHz at 56.5 K is lower than all resonance
frequencies of the magnon modes, as shown by our broad-
band magnetic resonance spectroscopy in the Supplemental
Material [34]. This significant detuning of the two systems
restricts our analysis to the dispersive limit [28]. The input-
output formalism remains valid for fres # fmag [28]. Using the
resonance frequencies fp. and frs shown in Fig. 1(b) and
geft/(2m) = 120 MHz (comparable to the value determined
below), we calculate the modified resonance frequencies of
the coupled magnon-cavity system close to 680 MHz by min-
imizing |S1;(f)| given by Eq. (1) for each magnetic field H.
The result is shown in Fig. 1(d). In all magnetic phases of
Cu,0Se0s3, the frequency of the hybridized magnon-photon
mode is reduced to values well below the resonance frequency
fres of the unperturbed cavity due to the formation of normal
modes.

To verify the expected magnon-photon coupling we used
the measurement setup schematically depicted in Fig. 2(a).
We fabricated a loop-gap resonator [35] based on an alu-
minum cylinder (height 7 =22 mm, inner diameter d =
10 mm, outer diameter D = 22 mm). The gap with a width
of g =0.7 mm is filled with a high-dielectric-constant ma-
terial. A copper loop was connected to the center conductor
of a subminiature version A (SMA) connector to inductively
couple the microwave to the resonator. The feedline was con-
nected to a VNA and the complex reflection parameter Si;
was measured as a function of the microwave frequency f
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and the external magnetic field H,. The applied microwave
power was 0 dBm, and we confirmed that the magnetization
dynamics of the system is in the linear regime. The geometry
and placement of the coupling loop was adjusted to maximize
the microwave power absorbed by the cavity.

The Cu,0SeO; single crystal was mounted on a copper
rod which is inserted roughly 6 mm into the cavity, so that
the single crystal is in the center of the resonator (for details,
see Supplemental Material [34] Fig. S1). The loaded quality
factor of the cavity was 350(26) at a resonance frequency
Jfres = 683.8 MHz. The cavity with the sample was placed
into a helium-flow cryostat equipped with a three-dimensional
(3D) vector magnet. We slowly sweep the external magnetic
field H( keeping the system in equilibrium at each value of
Hj. The resonator features a clearly defined direction of the
oscillating driving field h,. with good homogeneity inside
the cavity as depicted in Fig. 2(b) and confirmed by our
finite-element modeling (see Figs. S3 and S4 [34]). There-
fore, it is possible to investigate configurations with H || Ay
and Hy L h,. as indicated in Fig. 2(b). We will refer to the
situation Hy || [110] || k, as parallel excitation (PE) and to
H, || [100] L A, as orthogonal excitation (OE).

The skyrmion lattice forms a periodic hexagonal lattice
perpendicular to the external magnetic field [8]. Its breathing
mode is dominantly excited in the PE configuration, while
the counterclockwise mode is dominantly excited in the OE
configuration [16,19] as depicted in Fig. 3(a). All further
dynamical modes are also expected to dominantly couple in
the OE configuration.

Typical results from the reflection measurements per-
formed with the VNA are shown in Fig. 3(b) in the form of
the background-corrected (see Fig. S5 [34]) reflection param-
eter |Sy;]. In order to account for different demagnetization
fields, the magnetic field is normalized to the critical field
H.,, = 71.7 mT for OE and 39.1 mT for PE. For OE, a shift
of the cavity resonance frequency is observed in the field-
polarized and conical phase, in agreement with Fig. 1(d). In
the skyrmion lattice phase, we observe coupling between the
ccw mode and the cavity photons. There is no distinct transi-
tion from the conical to the helical phase because the external
magnetic field Hy is applied along the magnetic easy axis of
the cubic anisotropy in Cu;OSeO; [36]. Thus the system does
not form domains upon decreasing field but keeps a small net
moment along H [37-39].

If the static magnetic field is parallel to the oscillating driv-
ing field (PE), no coupling is observed in the field-polarized
and conical phases. As the magnetic moments are aligned
with Hy, the driving field h,. cannot exert a torque on the
precessing magnetic moments. In the skyrmion lattice phase,
we clearly observe coupled dynamics of the cavity and the
breathing mode of the Cu,OSeO; spin system. This coupling
is most efficient for the driving field h,. parallel to the static
field Hy [see Fig. 3(a)]. In the helical phase, a finite coupling
is observed in contrast to the OE case. The domain population
in the helical phase crucially depends on the field direction as
well as on the temperature and field history. For decreasing
magnetic field along the (110) direction, two domains are
equally populated, leading to a finite angle between them
[37-39]. Consequently, a finite coupling in the helical phase
is observed.
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FIG. 3. Magnon-photon coupling in a skyrmion host material.
(a) Illustration of the two dominant skyrmion resonance modes. The
blue and red color correspond to the local magnetization pointing
parallel and antiparallel to H, respectively, and the gray color to
noncollinear to H . The oscillating driving field A, is either orthogo-
nal (ccw mode) or parallel (breathing mode) to the external magnetic
field Hy. (b) Measured reflection parameter |S;;| as a function of
the magnetic field Hy and the applied microwave frequency f. The
vertical dashed lines indicate phase boundaries (cf. Fig. S6 [34]). The
magnetic fields are normalized to the critical field H,. (c) Simulated
spectrum calculated with Eq. (1). (d) Coupling rate gy extracted
from fitting Eq. (1) to frequency traces at fixed magnetic field and
magnon loss rate Ky, from broadband magnetic resonance (BMR)
measurements (cf. Fig. S8 [34]) used to calculate the spectrum shown
in (c). The fit error bars are smaller than the symbol size. The rather
broad phase transition S <> ¢ due to the irregular shape of the single
crystal is indicated by the orange shading around the dashed gray
lines.

We now turn to a quantitative evaluation of the magnon-
photon coupling by employing the input-output formalism in
the following three steps: First, we extract the external loss
rate Ky, the total loss rate ks, and resonance frequency
fres Of the cavity by fitting Eq. (1) to a frequency trace of
the reflection parameter |S;;| at the largest static magnetic
field available (uoHy = 126 mT for PE). The system is as-
sumed to be unperturbed and therefore we set g.;r = 0. The
following values are inferred: fi.s = 683.8 MHz, ks /(27) =
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1.041(4) MHz, and kex/(27) = 0.424(2) MHz. The internal
loss rate of the cavity ki, is larger than the external loss rate
Kext, indicating that the cavity is slightly undercoupled [40].

In a second step, we keep these parameters fixed and fit
Eq. (1) to all frequency traces of |S;| for a series of exter-
nal magnetic fields Hy along both magnetic field directions.
From these fits, the coupling strength g is extracted for each
H,. The field-dependent resonance frequency of the different
magnon modes fn,, and the magnon decay rate kpm,e are
taken from broadband magnetic resonance spectroscopy data
measured using the same crystal (see Figs. S7 and S8 [34]).
Note that the cavity-based technique probes the whole sample
volume while the broadband technique is only sensitive to spin
dynamics within the first few um of the sample above the
coplanar waveguide. Due to the irregular shape of the crystal,
its demagnetization fields are inhomogeneous, which leads to
minor deviations in the resonance frequencies and loss rates of
the magnon modes and magnetic fields of the phase transition
compared to the broadband magnetic resonance technique.

Using the extracted parameters, we recalculate |S;;| using
Eq. (1) with results displayed in Fig. 3(c). Good agreement
between this fit and the measurement in Fig. 3(b) is found. The
obtained parameters Kpmae and gefr are shown in Fig. 3(d). The
magnon decay rate kny,g is larger than the coupling strength
gefr in all magnetic phases, which classifies the system to be
in the Purcell coupling regime with kres < geff < Kmag [4]. For
PE, the coupling strength outside the skyrmion lattice and
helical phase becomes small. In the skyrmion lattice phase, the
breathing mode couples to the cavity and we extract almost the
same effective coupling rate ges as for the counterclockwise
rotation mode. Note that the resonator properties may subtly
evolve with magnetic field, also leading to minor changes in
8eff -

In the field-polarized phase, we
the expected coupling strength as  ge/(2m) =
gitin/(2h) Vioh fesN/VY(0/2)  [3] with g ~2, the
Bohr magneton ug, and the Planck constant h. The
volume of the crystal V &~ 1.0 x 1077 m?® yields a total
effective spin number N &~ 5.6 x 10%° [28] and the filling
factor n = V/Ves = 0.058 with the mode volume of the
resonator field mode Vi = (d/2)’mh=1.7 x 107% m?.
With these values, we expect a coupling strength of
gefr/(2m) &~ 134 MHz, which is in good agreement with
the extracted value in the fp phase for the OE configuration in
Fig. 3(d).

In the third and final step, the cooperativity C of the sys-
tem is calculated as a measure for the coherent exchange of
excitations. The cooperativity defined as [3,4,41,42]

gﬁff

Kres * Kmag

estimate

C= 2)

is shown in Fig. 4. For OE, the cooperativity increases from
C ~ 8 in the helical phase to C =~ 50 in the skyrmion lattice
phase. Similar values for the cooperativity are found in the
skyrmion lattice, conical, and field-polarized phases away
from the phase-transition regions.

For PE, the cooperativity C is small or close to unity in
the field-polarized and conical phase. A drastic change of the
cooperativity is observed when the magnetic phase transition
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FIG. 4. Cooperativity calculated by using Eq. (2) and the param-
eters shown in Fig. 3(d). (a) Orthogonal excitation (OE). (b) Parallel
excitation (PE), for which the cooperativity can be tuned from 1 to
60. The fit error bars are smaller than the symbol size.

into the skyrmion lattice phase is induced by a small variation
of the magnetic field. The cooperativity reaches a maximum
value of C ~ 60 and can be tuned between its maximum and
minimum value by changing the external magnetic field by
~10 mT. Here, we utilize that the breathing mode exhibits a
different excitation geometry compared to the magnon exci-
tations in the other magnetic phases. This property is unique
to the topologically protected skyrmion lattice phase. At the
phase boundaries, the magnon-photon cooperativity distinctly
changes with magnetic field due to the induced phase tran-
sition. This allows us to control the effective coupling rate
geff between the microwave photons and the magnons in
Cu,0Se0;. At the boundary of the helical phase, the helices
reorient with decreasing magnetic field and gain components
orthogonal to h,.. Thus the microwave photons can couple
to the spin system more efficiently. However, such transitions
lack the pronounced excitation selectivity.

In conclusion, we experimentally demonstrated a selec-
tive coupling between magnetic excitations in the chiral
magnet Cu,OSeO3 and photons inside a three-dimensional
microwave cavity by using magnetic resonance spectroscopy.
The coupling between the dynamics of topologically pro-
tected skyrmions and the photons in the cavity is mediated
by the dipolar interaction and a high magnon-photon cooper-
ativity is observed. By changing the magnetic field in a small
field range, the system undergoes a phase transition resulting
in a strong tunability of the magnon-photon coupling rate
and therefore the magnon-photon cooperativity. Such phase
transitions can also be induced by other control parameters
including temperature, or electric field [43—45]. For suitably
polarized microwave photons, we observe a high contrast in
the photon-magnon cooperativity between regimes with the
skyrmion breathing mode and topologically trivial spin dy-
namics. This may allow the sensitive detection of skyrmion
dynamics in technologically relevant materials used for mag-
netic racetrack applications [14]. The tunable cooperativity
close to the skyrmion phase transition may be exploited in
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hybrid magnon-qubit systems [1,46] that are so far based on
yttrium iron garnet, where the tuning mechanism described
here is not available. As a next step in this direction, tunable
photon coupling to spin dynamics in the low-temperature
skyrmion phase of Cu,OSeO; [25,47,48] could be explored.

Note added. Recently, we became aware of a related study
showing the coupling of microwave photons to the topological
spin texture in Cu,0SeOj3 [49].
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