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13 We demonstrate microwave-mediated distant magnon-magnon coupling on a superconducting circuit
14 platform, incorporating chip-mounted single-crystal Y3Fe5O12 (YIG) spheres. Coherent level repulsion and
15 dissipative level attraction between themagnonmodes of the twoYIGspheres are demonstrated. The former is
16 mediated by cavity photons of a superconducting resonator, and the latter is mediated by propagating photons
17 of a coplanar waveguide. Our results open new avenues toward exploring integrated hybrid magnonic
18 networks for coherent information processing on a quantum-compatible superconducting platform.
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20 The mainstream developments in quantum information
21 processing rely on hybrid dynamic systems which combine
22 different quantummodules for complementary functionality
23 [1,2]. Among different hybrid systems, superconducting
24 integrated circuits [3] are special because of the ease of
25 scaling up to multiqubit networks and being integrated to
26 other quantum modules. In particular, the framework of
27 superconducting circuits has been applied for bridging
28 different physical degrees of freedom, such as optic photons
29 [4,5], phonons [6,7], spins [8,9], and magnons [10–12].
30 One of the rapid growing subfields in hybrid systems is
31 cavity magnonics [13–15], which emphasizes cavity-
32 enhanced interactions between magnons and photons
33 [16–21]. Magnons, solid-state excitations of spins, have
34 been extensively explored for wave-based computing con-
35 cepts [22]. Their collective dynamics allow for drastically
36 enhanced magnetic dipolar interactions and thus strong
37 coupling with photons, in comparison with diluted spins
38 [23,24]. The recent demonstration of magnon-qubit entan-
39 glement [25,26] has further triggered the pursuit of quan-
40 tum operations with magnons [27–31].
41 Increasing efforts have been devoted to chip-embedded
42 cavity magnonic circuits with superconducting resonators
43 [10,11,17,32–35] in order to utilize their high quality
44 factors and connectivity to qubits. However, the progres-
45 sion to multiple-device hybrid magnonic networks has been
46 slow. One challenge is the degradation of magnon and
47 photon coherences when they are integrated together.
48 Examples include microwave quality factor reduction
49 due to impedance mismatch from magnetic device mount-
50 ing [10,11], increased damping for free-standing magnetic

51devices [35–37], and excitation of nonuniform magnon
52modes [32]. Furthermore, low-damping Y3Fe5O12 (YIG)
53thin films, which are ideal for device integration, are
54typically grown on Gd3Ga5O12 (GGG) substrates exhibit-
55ing excessive microwave losses at cryogenic temperature
56[38]. Thus, it is highly desirable to develop a cryogenic
57circuit platform with a smooth integration of long-coher-
58ence magnonic systems in superconducting circuits.
59In this Letter, we demonstrate remote magnon-magnon
60coupling in a compact superconducting-magnon hybrid
61circuit, using single-crystal YIG spheres that are mounted
62in lithographically defined holes on silicon substrates with
63superconducting resonators. The all-lithographic circuit
64design allows for arbitrary engineering of hybrid magnonic
65dynamics while achieving long magnon coherence. For a
66single 250-μm-diameter YIG sphere, we achieve a magnon-
67photon coupling strength of 130 MHz and a cooperativity
68of 13 000 with both the magnon and photon damping
69rates approaching 1 MHz at 1.6 K. For a two-sphere-one-
70resonator circuit, we achieve a resonator mediated magnon-
71magnon coupling strength from 10 to 40 MHz in the
72dispersive coupling regime. Furthermore, we also achieve
73dissipative coupling [39–42] of the magnon modes between
74the two YIG spheres mediated by propagating microwave
75photons. Both the coherent and dissipative magnon-mag-
76non coupling strengths can be quantitatively reproduced by
77microwave circuit modeling. Our results provide a feasible
78platform for studying hybrid magnonic quantum networks
79at cryogenic temperatures [29].
80Shown in Fig. 1(a), the design of the superconducting
81resonator (pink) resembles a λ=4 resonator with a circular
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82 loop antenna at the current antinode. A YIG sphere is
83 mounted at the center of the loop which couples to the
84 uniform (Kittel) magnon mode of the sphere. The
85 superconducting circuits were fabricated from 200-nm
86 NbN film sputtered on a high-resistance Si substrate.
87 Photolithography and reactive ion etching were used for
88 defining the circuits. Subsequently, circular patterns were
89 lithographically defined on the Si substrate at the center of
90 the loop antennas, where the superconducting film has been
91 etched. Deep holes were etched on Si with a depth of
92 125 μm and a diameter of 250 μm, matching the dimension
93 of the YIG spheres. For YIG sphere mounting, a tiny drop
94 of diluted GE varnish was applied to each hole, and the
95 YIG sphere was then quickly placed in the hole [Fig. 1(b)].
96 The mounted circuits were placed in air for 24 h for the GE
97 varnish to dry out.
98 The microwave characterizations were conducted at
99 1.6 K using a vector network analyzer with an input power

100 of −50 dBm [10]. Figure 1(d) shows the power trans-
101 mission spectra of the resonator absorption. By sweeping
102 the in-plane biasing field, mode anticrossing with sharp
103 lines is observed between the magnon mode of the YIG
104 sphere (ωm) and photon mode of the superconducting
105 resonator (ωc). When their frequencies are degenerate,
106 large mode splitting between the two modes is observed
107 [Fig. 1(c)]. The asymmetric line shapes are likely due to the
108 complex impedance introduced by the resonator. The
109 extracted magnon-photon coupling strength is
110 gc=2π ¼ 130 MHz; see Supplemental Material for more
111 information for the fitting [43]. For the 250-μm-diameter
112 YIG sphere, the total spin number is N ¼ MsV=γðℏ=2Þ,

113whereMs is the magnetization of YIG, V is the volume, and
114γ=2π ¼ 28 GHz=T is the gyromagnetic ratio. Calculation
115gives N ¼ 1.2 × 1017. This yields a single-Bohr-magneton
116coupling strength of gc0=2π ¼ gc=2π

ffiffiffiffi
N

p ¼ 0.38 Hz,
117which is an order of magnitude larger than achieved in
118macroscopic cavities [18,19]. The intrinsic magnon and
119photon damping rates (full width at half maximum) are
120κm=2π ¼ 1.0 MHz and κc=2π ¼ 1.3 MHz, respectively,
121yielding a cooperativity of C ¼ g2c=κmκc ¼ 13 000. We
122do not observe any significant degradation of the super-
123conducting resonator quality factor with the YIG sphere
124mounting, since neither the sphere nor mounting glue
125interfere with the impedance of the loop antenna.
126It is worth noting that the circular design in Fig. 1(a) can
127efficiently suppress the crosstalk with nonuniform magnon
128modes and the associated decoherence process. This is
129important because any undesired mode coupling to the
130hybrid microwave circuit will cause additional nonresonant
131energy dissipation in the dispersive regime.
132Next, we use the same circuit schematic to couple two
133remote YIG spheres. Shown in Fig. 2(a), we have extended
134the resonator design to include two circular antennas which
135are located symmetrically on the two sides of the resonator.
136TwoYIG spheres aremounted at the centers of the antennas.
137The spheres are separated by 7mm,which is 28 times of their
138diameters, and thus the magnetic dipolar interaction is
139suppressed. Electromagnetic simulation shows that the
140observed resonant frequency range (3.7–3.8 GHz) corre-
141sponds to a mode with both circular loops at the current
142antinode, allowing for maximal magnon-photon coupling
143efficiency (see Supplemental Material for details [43]).
144To allow for individual magnon frequency control, we
145have also integrated a local NbTi superconducting coil
146adjacent to one YIG sphere. The NbTi coil can generate a

(c)(a)

(b) (d)

F1:1 FIG. 1. (a) Schematic of the one-YIG-sphere superconducting
F1:2 circuit design. (b) Microscope image of the circular antenna
F1:3 with a mounted YIG sphere. (c) Power transmission of the
F1:4 CPW feed line for the circular-antenna superconducting reso-
F1:5 nator. Solid spectrum: Rabi splitting (ωc ¼ ωm) measured at
F1:6 μ0HB ¼ 0.171 T. Dashed spectrum: uncoupled resonator photon
F1:7 mode (jωc − ωmj ≫ gc) measured at μ0HB ¼ 0.25 T. (d) Full
F1:8 power spectrum of the hybrid circuit showing magnon-photon
F1:9 mode repulsion.

(b)(a)

(d)(c)

F2:1FIG. 2. (a) Schematic of the two-YIG-sphere superconducting
F2:2circuit design with an additional local NbTi superconducting coil.
F2:3(b) Power transmission of the CPW feed line showing Rabi
F2:4splitting of the resonator in couple with only one YIG sphere or
F2:5both YIG spheres, measured at μ0HB ¼ 0.154 T. Blue curve:
F2:6ωc ¼ ωm2 with Icoil ¼ −3.0 A, where ωm1 is far detuned. Green
F2:7curve: ωc ¼ ωm1 ¼ ωm2 with Icoil ¼ 2.66 A. (c),(d) Full power
F2:8spectra of the hybrid magnonic circuit for (c) Icoil ¼ −3.0 A and
F2:9(d) Icoil ¼ 2.66 A.
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147 few hundred Oersted field onto the nearby YIG sphere
148 without Ohmic heating in the cryogenic environment.
149 Figures 2(c) and 2(d) show the power transmission spectra
150 of the circuit at two different coil currents (Icoil). At
151 Icoil ¼ −3.0 A, the magnon modes of the two YIG spheres
152 are well detuned, leading to the observation of two
153 separated avoided crossings with the superconducting
154 resonator mode. The extracted magnon-photon coupling
155 strengths are gc1=2π ¼ 81 MHz and gc2=2π ¼ 88 MHz. At
156 Icoil ¼ 2.66 A where the two magnon modes are fully
157 degenerate, a single avoided crossing is observed, with
158 an stronger coupling strength of gc1þ2=2π ¼ 121 MHz.
159 Comparing the two cases, a clear difference of the mode
160 splitting line shapes is observed at magnon-photon degen-
161 eracy [Fig. 2(b)], which confirms the change of magnon-
162 photon coupling strength by coupling with two spheres
163 instead of one.
164 The magnon-photon coupling strength can be expressed
165 as [14]

gc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωcωMVM

4Vc

s
; ð1Þ

166167 where ωM ¼ γμ0Ms, and VM=Vc is the effective volume
168 ratio between theYIG sphere and the resonator for providing
169 inductance. When the two magnon frequencies are degen-
170 erate, their total volumes VM add up. Thus, the expected

171 mutual coupling strength is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2c1 þ g2c2

p
=2π ¼ 120 MHz,

172 agreeing well with the measured gc1þ2. Comparing with the
173 one-sphere circuit, since both circuits have the same antenna
174 geometry design, the same value of VM=Vc can be used for
175 both circuits and the only difference is ωc. From Eq. (1), the
176 coupling strength of the two-sphere circuit can be expressed

177 as gtheoc1þ2 ¼ gc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωc;2YIG=ωc;1YIG

p
. Taking ωc;1YIG=2π ¼

178 4.6 GHz and ωc;2YIG=2π ¼ 3.75 GHz from Figs. 1 and 2,
179 we obtain gtheoc1þ2=2π ¼ 117 MHz, again close to the exper-
180 imental gc1þ2.
181 As a key achievement, we show that the coplanar super-
182 conducting circuit can enable remote coupling of themagnon
183 modes between two distant YIG spheres. The coupling is
184 achieved in the dispersive regime [44–47], i.e., where the
185 resonatormode iswell detuned from themagnon frequencies
186 [Fig. 3(a)]. This regime has been routinely applied in
187 quantum information processing in order to minimize qubit
188 decoherence from being coupled to the external microwave
189 circuits, including the recent demonstration of single-
190 magnon operations with qubits [26]. Shown in Fig. 3(a),
191 we fix the global biasing field toμ0HB ¼ 0.133 T, so that the
192 frequency detuning between the resonator mode and the
193 magnon mode of YIG 2, Δ ¼ jωc − ωm2j, is much larger
194 than themagnon-resonator coupling strengths (Δ≫gc1;gc2).
195 By ramping Icoil to modify ωm1, a clear avoided crossing is
196 observed between the magnon modes of the two YIG
197 spheres, indicating their coherent coupling. The coupling

198strength is Ωm=2π ¼ 16 MHz, which is an order of
199magnitude larger than the magnon damping rates
200(κm1=2π ¼ 1.8 MHz, κm2=2π ¼ 1.6 MHz), leading to
201strong magnon-magnon coupling with a cooperativity of
202Cm ¼ Ω2

m=κm1κm2 ¼ 89. We also observe the dark mode of
203magnon-magnon coupling, which corresponds to the out-of-
204phase excitation of the twoYIG spheres. It is decoupled from
205the superconducting resonator and thus cannot be excited and
206detected. This agrees with prior reports on similar hybrid
207magnonic systems [44,46–48].
208By repeating the measurement at different biasing fields
209to modify Δ [Fig. 3(b)], the extracted Ωm-Δ dependence
210shows an inversely proportional trend, which is plotted in
211Fig. 3(c). This trend can be captured by the theoretical
212model of cavity-mediated magnon-magnon coupling in the
213dispersive limit [46,47]:

Ωm ¼ gc1gc2
Δ

: ð2Þ

)b()a(

(c)

frequency detuning

F3:1FIG. 3. (a) Power spectra showing remote magnon-magnon
F3:2coupling (2Ωm) in the dispersive regime, where Δ=2π ¼
F3:30.713 GHz is much larger than gc1, gc2. Data are measured at
F3:4μ0HB ¼ 0.133 T. The blue arrow labels the dark mode. (b) Power
F3:5spectra taken at different μ0HB showing the evolution of Ωm.
F3:6(c) ExtractedΩm as a function of Δ. The error bars indicate single
F3:7standard deviation uncertainties that arise primarily from the
F3:8fitting of the resonances. Dashed curve: theoretic prediction by
F3:9Eq. (2). Solid curve: adding an adjacent resonance mode which

F3:10also contributes to dispersive magnon-magnon coupling [43].
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214215 Taking the experimentally determined gc1, gc2 from the last
216 section, the prediction from Eq. (2) [dashed blue curve in
217 Fig. 3(c)] is close to the experimental results. A small offset
218 is likely due to additional channels of dispersive magnon-
219 magnon coupling from other resonator modes. For exam-
220 ple, by considering a mode at 2.76 GHz found in simulation
221 (see Supplemental Material for details [43]), this offset can
222 be possibly reproduced by the revised two-resonator model
223 (solid blue curve). The demonstration of nonlocal magnon-
224 magnon coupling with a superconducting resonator is a
225 critical step toward building distributed quantum magnonic
226 networks such as generating entanglement over distances
227 and implementing remote quantum memories.
228 Last, we demonstrate that the hybrid circuit architecture
229 can also implement level attraction of magnon modes
230 between two YIG spheres, which has recently attracted
231 wide interest for studying non-Hermitian physics and
232 topological information processing [39–41]. Shown in
233 Fig. 4(a) inset, the circuit consists of a coplanar waveguide
234 (CPW) with the signal line forming two circular loops
235 where two YIG spheres are mounted at the center. The
236 propagating microwave enables coherent magnon-magnon
237 coupling between the two remote spheres due to their
238 concerted absorption of microwave photons [46,47]. At
239 different intersection frequency, the two magnon modes
240 show level repulsion [Fig. 4(b)], level attraction [Fig. 4(d)]
241 and the transition state [Fig. 4(c)], which depends on the
242 phase difference of propagating microwave between the
243 two circular antennas as determined by the traveling
244 distance (dCPW) and frequency. The parasite diagonal
245 modes are nonuniform magnon excitations due to imped-
246 ance interruption during YIG sphere mounting [43].
247 The extracted magnon-magnon coupling strength Ω�

m is
248 summarized in Fig. 4(a) as a function of the intersection
249 frequency. For the level attraction regime, we use an
250 imaginary value of Ω�

m as a fit parameter to the coupling
251 spectrum and plot jΩ�

mj instead. The regime of level
252 attraction starts from 7.63 GHz, with the value of jΩ�

mj
253 reaching a plateau of 8 MHz centered at 8.4 GHz, then
254 dropping again to zero at 9.2 GHz and switching back to
255 level repulsion. This regime has been identified as dis-
256 sipative coupling mediated by propagating microwave
257 fields [46,47], with the coupling strength sensitively
258 dependent on the phase offset φ ¼ ðω=ceffÞdCPW. Here,
259 ceff ¼ c=

ffiffiffiffiffiffiffi
ϵeff

p
and the effective dielectric constant ϵeff ¼

260 ðϵSi þ 1Þ=2 ¼ 6.34 with ϵSi ¼ 11.68. In order to reproduce
261 the experimental observation, we have expanded the micro-
262 wave transmission theory to account for the evolution of
263 coupling with φ. The magnon resonance is introduced as a
264 perturbation of the transmission matrix of the circular
265 antenna in terms of frequency-dependent magnetic suscep-
266 tibility. The magnon-magnon coupling is mediated by their
267 mutual coupling to propagating microwave with a magnon-
268 radiative coupling strength gr [49]; this term is also
269 assumed to dominate the magnon damping rate over the

270intrinsic damping. In the limit of weak impedance mis-
271match from the circular antenna, the complex eigenfre-
272quency of the collective dynamics of the two spheres can be
273expressed as

ω� ¼ωm1þωm2

2
− igr�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ωm1−ωm2

2

�
2

−g2re2iφ

s
: ð3Þ

274275Equation (3) yields a real coupling ofΩ�
m ¼ gr for φ ¼ π=2

276and an imaginary coupling ofΩ�
m ¼ igr for φ ¼ π. With the

277value of dCPW, the location of φ ¼ π corresponds to a
278microwave frequency of ω=2π ¼ 8.3 GHz, which matches
279with the plateau center of the dissipative coupling in
280Fig. 4(a).

(a)

(b) (c) (d)

(e) (f) (g)

F4:1FIG. 4. (a) Extracted magnon-magnon coupling strength medi-
F4:2ated by propagating microwave photons. The error bars indicate
F4:3single standard deviation uncertainties that arise primarily
F4:4from the fitting of the resonances. Level repulsion and attraction
F4:5are measured below and above ω=2π ¼ 7.63 GHz, respectively.
F4:6Inset: schematic of the coplanar waveguide design for magnon-
F4:7magnon level attraction. Solid curve: theoretical prediction using
F4:8ω0=2π ¼ 8.425 GHz, gr=2π ¼ 8.5 MHz, and ϵ ¼ 0.29. (b)–(d)
F4:9Power spectra taken at (b) μ0HB ¼ 0.145 T, (c) μ0HB ¼ 0.25 T,

F4:10and (d) μ0HB ¼ 0.285 T, corresponding to ω=2π ¼ 4.8 GHz,
F4:117.63 GHz, and 8.56 GHz in (a). Dashed curves are fitting to
F4:12Eq. (3) in (b) and (d) and a guide to eye in (c). (e)–(g) Theoretical
F4:13prediction of magnon-magnon coupling mediated by propagating
F4:14microwave with different φ matching the conditions in (b)–(d).
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281 To explain the transition from level repulsion to level
282 attraction, we show the evolution of Eq. (3) in Figs. 4(e)–4(g)
283 atφ ¼ π=2, 0.91π, and π, with the real parts shown in curves
284 and the imaginary parts shown in shaded areas. As φ slightly
285 deviates from π, the two collective frequencies move parallel
286 to each other and at a very close distance in a wide interval of
287 detuning. Because of a small frequency separation between
288 the modes, the resonance linewidths of the modes overlap.
289 This makes experimental distinguishing of both modes a
290 difficult task, and leads to an observation of blurred level
291 attraction with a reduced effective Ω�

m. One example is
292 ω=2π ¼ 7.63 GHz in Fig. 4(a), where the blurred trans-
293 mission spectra in Fig. 4(c) cannot be fitted and a coupling of
294 Ωm=2π ¼ 0 is deduced without an error bar (same for
295 ω=2π ¼ 9.22 GHz). As a simple criterion of mode distin-
296 guishability, we assume that the modes become indistin-
297 guishablewhen jωþ − ω−j < ϵgr, where ϵ is a dimensionless
298 parameter; see SupplementalMaterial for detailed discussion
299 [43]. Following this approach, we find that the onset of level
300 attraction happens when j sinφj < ϵ. Figure 4 shows the
301 theoretical prediction ofΩ�

mwith theoptimized fit parameters
302 ϵ ¼ 0.29 and gr=2π ¼ 8.5 MHz that yield the least variance,
303 which reasonably agrees with the experimental data. Thus,
304 the hybrid magnonics circuit platform can be used to
305 implement and control the coupling phenomena, from
306 coherent coupling to dissipative coupling, with the coupling
307 parameters highly adjustable by the circuit geometry and
308 design.
309 The successful integration of hybrid magnonics into a
310 low-loss superconducting circuit, with demonstrations of
311 coherent and dissipative couplings between two remote
312 YIG spheres, provides a circuit platform for building
313 prototype quantum magnonic network [48,50]. This com-
314 pact circuit architecture has the potential for implementing
315 desirable quantum operations with magnons, including
316 coherent microwave-to-optical transduction, nonreciproc-
317 ity, and magnon-enabled dark matter sensing [51]. It is
318 worth noting that YIG thin-film magnonic devices can
319 undergo fine nanofabrications for wafer-scale integration
320 [52], and GGG-free high-quality YIG thin film growth [53]
321 may provide an ultimate solution for scalable hybrid
322 magnonic network. Finally, we also point out that the
323 Si-based circuit design can incorporate Si integrated
324 photonics for further empowering the quantum network
325 with magnons, microwave and optics.
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