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Cavity spintronics explores light-matter interactions at the interface between spintronic and quantum
phenomena. Until now, studies have focused on the hybridization between magnons in ferromagnets and
cavity photons. Here, we realize antiferromagnetic cavity magnon polaritons. Hybridization arises from
the interaction of the collective spin motion in single hematite crystals (α-Fe2O3) and the microwave field
of integrated cavities operating between 18 and 45 GHz. We show theoretically and experimentally that
the photon-magnon coupling in the collinear phase is mediated by the dynamic Néel vector and the weak
magnetic moment in the canted phase by measuring across the Morin transition. We show that the coupling
strength, g̃, scales with the anisotropy field in the collinear phase and with the Dzyaloshinskii-Moriya field
in the canted phase. We reach the strong-coupling regime in both canted (cooperativity C > 70 for selected
modes at 300 K) and noncollinear phases (C > 4 at 150 K), and thus, towards coherent information-
exchange-harnessing antiferromagnetic cavity magnon polaritons. These results provide evidence for a
generic strategy to achieve cavity magnon polaritons in antiferromagnets for different symmetries, opening
the field of cavity spintronics to antiferromagnetic materials.

DOI: 10.1103/PhysRevApplied.19.014071

I. INTRODUCTION

The generation [1–4] and manipulation [5,6] of cavity
magnon polaritons (CMPs) and exploring the strategies
to integrate them into devices is at the core of cavity
spintronics. The CMP is a quasiparticle associated with
the hybridization of a cavity photon and a magnon, the
quanta of a spin wave [7,8]. Research directions in cav-
ity magnonics range from studies on quantum information
processing [9–12] to long-distance transport of spin cur-
rent via cavities [13] and optomagnonics [14–16]. The
hybrid nature of a CMP allows for its interconnection
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with (nonlinear) physical systems, such as superconduct-
ing qubits, leading to quantum magnonics [17–19]. In
parallel, the possibility of achieving coherent or dissipative
coupling regimes, and non-Hermitian systems, can enable
the development of nonreciprocal information processing
[5,6,20,21]. A coherent transfer of information [17,20–23]
is achieved when g̃ � κc, κm. Then, the macroscopic cou-
pling strength, g̃ , exceeds the dissipation parameters (the
cavity-resonator linewidth, κc, and the magnon linewidth,
κm). The associated experimental hallmark is observing an
avoided level crossing.

Cavity magnonics mainly focuses on ferromagnetic
(FM) materials, and especially on yttrium iron garnet
(YIG), which exhibits the lowest known Gilbert damping
in ferromagnetic materials [17,24–26]. Antiferromagnetic
(AFM) materials possess higher-frequency modes that can
reach the terahertz (THz) range and have, in recent years,
been at the heart of intense research on spintronics [27–29].
Furthermore, AFM materials can exhibit various mag-
netic configurations, ranging from collinear easy-axis and
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easy-plane ordering to noncollinear spin textures. Recent
research highlights that some insulating antiferromagnets
also possess ultralow magnetic damping, leading to long-
distance spin transport [30–34]. However, antiferromag-
netic materials often couple weakly to external excitations
due to vanishing stray fields. Thus, the hybridization of
AFM magnons with cavity photons remains largely unex-
plored, with only a few recent experimental reports at
millikelvin and sub-THz frequencies [35–39] that do not
directly study the nature of the coupling regime. The
development of antiferromagnetic cavity magnonics thus
requires solving two key bottlenecks. On the fundamental
side, it requires an understanding of how cavity photons
can efficiently couple with the dynamics of the Néel order
in compensated AFMs and in canted AFMs, potentially
with their weak canted moments. On the applied side, it
requires a demonstration of an easily accessible strong-
coupling regime. In turn, the latter enables the devel-
opment of other nonlinear components for nonreciprocal
information processing and quantum cavity magnonics,
together with future downscaling to on-chip platforms.

This article explores antiferromagnetic cavity photon
magnon polaritons (ACMPs) and their associated dynam-
ics in collinear and noncollinear antiferromagnets using
the model antiferromagnet hematite (α-Fe2O3) below and
above the Morin transition (TMorin ∼ 260 K [40]). We
demonstrate both theoretically and experimentally that the
coupling strength, ˜g(T), scales as (HA′(T)/8HE)1/4 [41] in

the collinear phase and as
√

2γ (HD + H0)
2/ω0HE in the

noncollinear phase (HA′ , easy-axis anisotropy field; HE ,
exchange field; HD, Dzyaloshinskii-Moriya field; and H0,
applied magnetic field). In the canted phase of hematite,
we find an efficiency only about 20 smaller than that in the
ferromagnet YIG [sphere (Ø = 1 mm)]. We report the cre-
ation of ACMPs in a frequency range of 18–45 GHz both
with the right-handed low-frequency mode in the canted
easy-plane (CEP) phase (T = 300 K) and with the left-
handed mode below the Morin transition in the collinear
easy-axis (EA) phase. Due to the low magnetic damping
of hematite, κm, and a low cavity linewidth, κc, compared
to the coupling strength, we obtain a cooperativity of C =
g̃2/(κcκm) > 1, in both the EA (C > 4) and CEP phases
(C > 70). Our findings demonstrate a persistent coherent
information exchange between cavity-resonator photons
and antiferromagnetic magnons for all temperatures and
two different AFM configurations.

II. THEORETICAL MODEL

We first model the coupling of a cavity-resonator
mode with an AFM magnon mode using the sys-
tem Hamiltonian Hsys = Hc + HAFM + HCAFM, with
Hc, HAFM, and HCAFM, respectively, describing the cav-
ity photons, the antiferromagnetic magnons and the cavity

photon-magnon coupling (cf. Appendix B):

Hsys = �ωc aa† + �ωmmm† + � g̃(m†a + a†m), (2)

where ωc and ωm, respectively, correspond to the cavity
photon and AFM magnon frequencies; and g̃ is the macro-
scopic coupling strength of the cavity photons with the
AFM magnons. Importantly, g̃ also scales as g0

√
2NS,

with g0 = (η|γ |/2)
√

�ω0μ0/2Vm being the single-spin
coupling strength (ω0, resonance frequency of the polari-
ton, where ωc = ωm ≡ ω0; Vm, cavity-mode volume) and
NS corresponding to the total spin numbers involved in
the coupling (S, spin number). The dimensionless factor η

accounts for the (spatial) mode overlap between the cavity
photons and the magnons [41]. In AFMs, the expression
of g̃ also depends on the AFM configuration (easy-axis or
easy-plane) and requires distinguishing between collinear
and noncollinear cases. In Table I, we present the derived
effective coupling strength for both collinear easy-axis
AFMs [41] and canted antiferromagnets (see Appendix B).

For collinear easy-axis AFMs, ACMPs originate from
the strong coupling of the cavity photons with the dynam-
ics [∝ (HA′/8HE)1/4] of the compensated Néel vector
[Eq. (4a)]. For collinear easy-plane AFM, the coupling is
zero in the absence of externally applied magnetic fields.
For noncollinear AFMs, ACMPs emerge from the cou-
pling with the dynamics of both the canted net magnetic

moment
[

∝
√

(2γ (HD + H0)
2)/ω0HE

]

and the Néel vec-

tor
(∝ √

2ω0/γ HE
)

, depending on the photon polarization
[Eqs. (4b) and (4c)]. Depending on the strength of the
Dzyaloshinskii-Moriya interaction (DMI) field, HD, and on
the frequency gap, ω0, one can employ different strategies
to reach the strong-coupling regime.

III. EXPERIMENT

We then turn to an experimental demonstration of anti-
ferromagnetic cavity magnon polaritons using single crys-
tals of hematite (α-Fe2O3, initial volume of 12.5 mm3).
We place the sample in a three-dimensional rectangu-
lar microwave cavity [Fig. 1(a)] designed with COMSOL®
and with cavity resonances from 18 to 45 GHz (see
Appendix A). As schematically shown in Fig. 1(a), we
record the reflective absorption spectrum of our hybrid sys-
tem with a vector network analyzer (VNA) while sweeping
the external magnetic field, H0. At TMorin, the magnetic
configuration of hematite changes from a noncollinear
CEP (induced by a bulk DMI) antiferromagnet to an EA
collinear AFM for T < TMorin. Hematite also possesses
AFM modes accessible at tens of GHz [Fig. 1(c)]: for
T > TMorin, a right-handed low-frequency mode (with a
gap of about 15 GHz, due to the small in-plane anisotropy);
for T < TMorin, a high-frequency left-handed AFM mode
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TABLE I. Summary of the AFM resonance frequencies, ω0,±, and coupling strength, g̃, associated with ACMPs for collinear easy-
axis (H < H SF, the spin-flop field) and noncollinear canted AFMs. HE denotes the exchange field. For collinear easy-axis AFMs, HA′
stands for the easy-axis anisotropy field and H0 for the magnetic field applied along the easy axis. For the noncollinear AFMs, H0
stands for the magnetic field applied along the canted moment. For the canted easy-plane case, Ha stands for the hard-axis anisotropy
and HA′ is the weak easy-axis anisotropy within the easy plane. In contrast, setting Ha = 0 yields a description of canted easy-axis
antiferromagnets. Expressions of the coupling strength show that it is independent of the applied magnetic field, H0, in the collinear
easy-axis case and that the coupling strength depends on the magnetic field and on the polarization of the cavity photons in the
noncollinear canted case. Subscripts x, y (z) denote the photon mode that propagates in the x direction with an electric field polarized
in the y (z) direction. Here, the y axis is the easy axis.

Magnetic ordering Collinear (easy-axis) AFM(H < HSF) Noncollinear (canted) AFM

Frequencies [34,42] ω0,± = γ
√

2HEHA′ ± γ H0 (3a) ω0,+ = γ
√

2HE(HA′ + Ha) + HD(HD + H0) (3b)

ω0,− = γ
√

2HEHA′ + H0(H0 + HD) (3c)

Coupling strength [41] g̃EA = g′
(

HA′
8HE

)1/4
(4a)

g̃x,z, CEP = −ig′
√

2γ (H0 + HD)2

ω0HE

g̃x,y,CEP = g′
√

2ω0

γ HE

(4b, 4c)

with g′ = g0
√

2NS

that can be softened to GHz frequencies with an exter-
nally applied field (due to a spin-flop field of less than
8 T [43]). The corresponding orientation of the magnetic
sublattices for these two modes is shown in Figs. 1(c)
and 1(e). This variety of AFM modes renders hematite
a well-suited model system for investigating ACMPs in
collinear and canted AFMs and to generalize the exis-
tence of ACMPs in these two distinct types of AFMs. We
choose the polarization of the photon propagation to be
perpendicular to the easy axis in the EA phase [Eq. (4a)]
and to the canted moment in the CEP phase [Eq. (4b)] to
maximize the coupling between the cavity field and the
magnons. As expected, the resonance frequency decreases
with applied field for the left-handed mode in the collinear
EA phase and increases for the right-handed mode in the
noncollinear CEP phase. The presence of avoided level
crossing (anticrossing) with a frequency gap of �ωgap =
2g̃ under resonant coupling conditions (ωc = ωm = ω0)

represents the hallmark of strongly coupled cavity photon-
magnon states, which is the ACMP. As shown in Fig. 1,
we observe unambiguous evidence of such anticrossings
in both phases exemplarily shown at T = 100 K (b) and at
T = 300 K (d). However, the anticrossings are much clearer
and more numerous in the CEP phase. Only the anticross-
ing at 21 GHz is of similar strength in the two phases due
to an external magnetic field that is too low to saturate the
sample [43].

IV. ANALYSIS AND DISCUSSION

We determine the coupling strength by fitting the anti-
crossings for the lowest AFM modes in the EA and CEP
phases (cf. Table III in Appendix D). In Figs. 2(a) and 2(b),

we display the coupling strength in the two AFM phases.
For different cavity modes, the coupling strength reaches
hundreds of MHz in the two phases, with larger values in
the canted phase. This observation demonstrates that one
can stabilize ACMPs through the coupling between cavity
photons and the dynamics of both compensated and canted
AFMs. For the same cavity modes in the frequency range
37–41 GHz, we observe an enhanced coupling strength by
about a factor of 3 in the CEP phase (with values up to
1 GHz in the CEP phase at 300 K and 400 MHz in the EA
phase at 100 K).

Using COMSOL® Multiphysics and analytical model-
ing (see Appendixes A and B), we achieve a quantitative
comparison of the experimental and theoretical coupling
strengths. We first simulate the cavity mode and extract
the simulated mode volumes to determine the single-spin
coupling strength (g0/2π ≈ 123 and 120 mHz for modes
at 21 and 37.5 GHz, respectively). Using the values of
anisotropy, exchange, and DMI fields in hematite, we
obtain theoretical values of g̃ from Eq. (4b) [green and blue
dotted lines in Fig. 2(a) and Table II in Appendix D, shaded
areas indicate the error bars for the analytical estimation]
as a function of temperature. In Fig. 2(a), we notice clear
agreement between theory and experiments above and far
below the Morin transition. Only near the Morin transi-
tion does the coupling strength of the modes around 20 and
40 GHz [see spectra in Fig. 2(b)] collapse further than the
theoretical one. This may be associated with both the tem-
perature dependency of the dielectric constant of hematite
and the magnon gap around the Morin transition. However,
such dependency is out of the scope of our work. Here,
the theoretical and experimental temperature dependency
of the coupling strength highlights the role of the DMI and
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(a) (b) (c)

(d) (e)

FIG. 1. Cavity photon-magnon polaritons in the collinear and canted phase of hematite. (a) Schematics of the experimental setup
employing reflective vector network analysis. Using hematite, we perform temperature-dependent measurements for antiferromagnets
with different symmetries, in the easy-axis (T = 50–260 K) and canted easy-plane phases (T = 300 K). External magnetic field, H0, is
aligned with the easy axis in the collinear phase (a-axis sample) and perpendicular to the hard axis (c-axis sample) in the easy-plane
phase of hematite. “VNA image” shows data for the cavity resonance at 22.5 GHz at 300 K at 180 mT. (b) Exemplary spectrum of
the reflection measurement (S22) at T = 100 K. Inset shows a magnification of two avoided crossings at higher frequencies, including
fits with ω0/2π = 37.5 and 40.8 GHz and g̃EA/2π = 371 and 250 MHz, respectively. (c) Sublattice orientation of the left-handed
mode of hematite in the easy-axis phase. (d) Reflective-amplitude spectrum of the ACMP in the CEP phase at T = 300 K with a fitted
anticrossing at 29.5 GHz, with g̃CEP/2π = 1 GHz. Inset, magnification and fit at 37.5 GHz with g̃CEP/2π = 771 MHz and 40.8 GHz
with g̃CEP/2π ≈ 930 MHz. Comparison of (b),(d) with the fits shows a generic strong enhancement in the CEP phases. (e) Sublattice
orientation of the right-handed mode of hematite in the easy-plane phase. Sample size is 5 × 5 × 0.5 mm3 for both phases.

anisotropy fields in, respectively, the canted and collinear
phases.

We finally quantify the degree of coherent informa-
tion exchange between AFM magnons and photons via
the cooperativity, C = g̃2/(κcκm), thus comparing the cou-
pling strength to the photon and magnon dissipations.
For this purpose, we also extract the cavity resonator’s
linewidth [see Fig. 3(a), green squares] for each cavity
mode and the magnon linewidth (blue circles) from con-
ventional stripline antiferromagnetic measurements (see
Appendix C). As shown in Fig. 3(a), we measure a total
decrease of the magnon linewidth from 50 to 300 K in
agreement with previous reports [43]. From the values of
g̃, κc, and κm, we then determine the cooperativity of the
hybridized states [see Fig. 3(b)].

For T < 150 K, we achieve C > 1 (green dotted line
for C = 1), exceeding C > 4 at T = 150 K. Thus, even in
the absence of a net static magnetic moment, the cou-
pling between the Néel-order dynamics and the cavity field
is strong enough to enable coherent information transfer.
This is the first crucial step for coupling the ACMP to

other (nonlinear) systems [17,41]. In the canted phase, we
achieve up to C ≈ 70 (for anticrossing at 29 GHz), which
is far above C = 1, highlighting the potential of canted
AFM for cavity spintronics.

Finally, we determine the coupling strength for differ-
ent sample volumes from the corresponding anticrossings
[2.5 to 12.5 mm3, see inset in Fig. 3(b)]. As expected, the
coupling strength scales with the number of contributing
spins originating from the weak canted moment, i.e., the
relative spin number, N /N 0, where N 0 is the spin number
of the largest sample (black squares, dotted). As expected
from Eq. (4), we observe that the coupling strength follows
g̃ ∝ √

N/ω0 . Note that the sample volume induces a fre-
quency shift of the cavity resonance, ω0 (see Appendix A
for more details). As the sample volume, V, scales with N,
we predict for the mode with C ≈ 70 at 29 GHz a coop-
erativity of C > 1, even with hematite spheres as small
as about 0.7 mm in diameter. The prevailing existence
of ACMPs for different sample sizes represents another
key feature to open future research directions in cavity
magnonics, such as further downscaling. As concluding
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FIG. 2. Effective coupling strength of ACMPs. (a) Resonant fields (red circles) and experimental values for g̃(T) across the Morin
transition for different modes [dark blue, 40.8 GHz; black (green), 20.8 GHz (19.5 GHz); magenta, 29 GHz; and blue, 37.5 GHz].
Expectations based on our theoretical model are shown as dashed lines. Datasets around 21 GHz are two independent datasets mea-
sured for the same cavity-resonator mode. Notably, resonance frequencies shifted due to changes in the sample position between both
measurements (Appendix D) towards the Morin transition (T ∼ 260 K); coupling strength decreases due to the decreasing easy-axis
anisotropy field, HA′ (red circles, extracted HA ′ from resonance frequencies). Correspondingly, for T > TMorin, coupling strength agrees
with the theoretical value within error bars, exemplarily shown for 37.5 GHz [cf. Eq. (4)]. (b) Anticrossing spectra at different tem-
peratures for a resonance frequency of 19.5 GHz, showing collapse of the coupling strength in the collinear phase, towards the phase
transition at TMorin. VNA output power level is set to −6 dBm.

remarks, we first want to emphasize that the theoretical
coupling strength of a 5 × 5 × 0.5-mm3 sample of hematite
in the CEP phase yields (202 ± 4) MHz at 21 GHz, which

is similar to a ferromagnetic YIG sphere with a diameter of
1 mm, (263 ± 11) MHz, i.e., with about 1/24 of the AFM
volume (see Table III in Appendix D for experimental

(a) (b)EA phase
TMorin

CEP phase EA phase CEP phase 
TMorin

FIG. 3. Coherence of the magnon-photon (hybrid states). (a) Temperature dependence of the cavity resonator’s (green) and magnon
linewidth (blue). Magnon linewidth decreases towards TMorin, in line with previous observations [43]. (b) Temperature dependence of
cooperativity, C, in the collinear easy-axis phase and the canted easy-plane phase of hematite. C > 1 is observed at all temperatures,
indicating a coherent exchange of information. Anticrossings at larger frequencies for selected modes [21 (green), 29 (magenta), 37.5
(blue), and 40.8 GHz (dark blue)] in the CEP phase show much larger cooperativities [e.g., C = (73 ± 16) for the mode at 29 GHz].
Inset, coupling-strength dependency for three different sample sizes at 300 K. Experimental coupling strengths (black dotted line)
agree with the theoretical prediction using upper and lower bounds. For size-dependent data, the VNA output power level is set to
−17 dBm.
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confirmation). Second, some orthoferrites [44–49] can
have much larger DMI fields than hematite, and sub-THz
resonance frequencies can generate ACMPs for a smaller
sample size and different symmetry of photon polarizations
(Table I).

V. SUMMARY

We demonstrate the strong-coupling regime between
a microwave cavity field and collective spin excitations
in both collinear and noncollinear antiferromagnets over
a wide temperature range. Theoretically and experimen-
tally, we highlight that the coupling strength scales with
the material’s anisotropy, exchange, and DMI fields. Alto-
gether, despite the small or vanishing net moments, our
results highlight the potential of using insulating antifer-
romagnets with different magnetic symmetries for cavity
spintronics with enhanced control of the magnon-photon
polaritons. We would also like to point out that, despite a
larger linewidth (due to the large exchange field), we can
reach the strong-coupling regime with antiferromagnetic
CMPs. This is further quantified by obtaining a cooperativ-
ity of C > 1. Our observations enable the road to hitherto
unexplored ranges of physics and provide further insight
into light-matter interactions and nonlinear information-
processing devices benefiting from the rich variety of
different symmetries of antiferromagnets [50]. Finally, the
prospects of much higher accessible resonance frequencies
for antiferromagnetic cavity spintronics open the way to
integrating ACMPs into spintronic and magnonic devices.
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APPENDIX A: EXPERIMENTAL SETUP(S)

1. CAVITY MEASUREMENTS

The temperature-dependent measurements from 50 to
300 K are performed by employing a physical property
measurement system (PPMS) from Quantum Design with
maximal magnetic fields of up to 9 T. Another setup
at room temperature is comprised of a standard room-
temperature ferromagnetic resonance setup with fields up
to 1.5 T. For the number dependence of the coupling
strength [cf. inset in Fig. 3(b)], we employ this setup, as
illustrated in Fig. 4(c). For both experimental setups, data
acquisition is conducted by means of vector network anal-
ysis by utilizing a PNA E8364C vector network analyzer
up to 50 GHz. The VNA output power level for the mea-
surements at 300 K with the setup shown in Fig. 4(c) is
set to −17 dBm and for the measurements in the PPMS
to −6 dBm. Typically, a short-open-load-through (SOLT)
calibration is performed before the (low-temperature) mea-
surements by using an Agilent N4693-60001 electronic
calibration module to reduce the contribution of a field-
independent constant background to the measured spectra
and enhance the signal-to-noise ratio.

Hdc

a-plane Hematite

T = 50 – 260 K

c axis

n m

Hdc

c-plane Hematite

T = 300 K

rf
Feedline

rf
Feedline

rf
Feedline

Hdc

Number dependence CEP

T = 300 K

m

5 × 5 mm2

4 × 5 mm2

1 × 5 mm2

Broadband FMR

PPMS

Hdc

rf
Feedline

(a) (b) (c) (d)

FIG. 4. Schematics of the two experimental setups employed to investigate cavity magnon polaritons in α-Fe2O3. (a) For cryogenic
measurements in the easy-axis phase, we use a PPMS from Quantum design, where the dc magnetic field is along the short cavity
axis and an a-plane-cut hematite crystal (size, 5 × 5 × 0.5 mm3). (b) At 300 K, we use a c-plane-cut hematite crystal of the same
dimensions. (c) Schematics of the experimental setup employed for the number dependence of the coupling strength in the easy-plane
phase [(cf. inset in Fig. 3(b)]. (d) Schematics of the experimental setup for the broadband ferromagnetic resonance (FMR) experiments.
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B
 (

T
)

B
 (

T
)

mm
mm mm

×10–4
5×10–5

(b)(a)

FIG. 5. COMSOL® simulation of the cavity mode with the lowest resonance mode. Top view of the cavity resonator and capacitive
coupling into the resonator for (a) the empty-cavity resonator and (b) the loaded-cavity resonator with a 5 × 5 × 0.5-mm3 sample.
Notably, resonance frequencies for the same resonance mode distribution in the cavity resonator differ by 2 GHz due to insertion of the
dielectric by means of the sample and the coupling pin. Distance of the sample for the simulations with no parametric position sweep
in the x direction to the right border of the cavity volume is set to 0.7 mm.

II. BROADBAND FMR

To determine the magnon dissipation parameter, κm, we
record both the cavity photon-magnon polariton spectra far
from any cavity resonance and the stripline ferromagnetic
resonance. For this second approach, we perform deriva-
tive stripline FMR using a broadband coplanar waveguide,
specifically lock-in detection with a Stanford Research
Systems SR860 lock-in amplifier and the same electromag-
net as that used for CMP measurements with a modulating
coil [cf. Fig. 1(d)].

III. DESIGN OF THE CAVITY

The resonance frequencies of antiferromagnets are typi-
cally much higher than those of comparable ferro- (ferri-)
magnets. Therefore, resonant coupling between antifer-
romagnetic resonance modes requires designing cav-
ity resonators with higher cavity-resonance frequencies.
We utilize a comparably small (relative to conventional
CMP setups) rectangular cavity resonator made of copper
(height × width × depth = 4.5 × 11 × 8 mm3). The cavity
resonator is designed for microwave reflection measure-
ments. Specifically, the cavity is equipped with one input
port. The cavity’s standing-wave modes are excited by the
capacitive coupling of the microwave input to the mode’s
electric field (cf. Fig. 5). In addition, we place the sam-
ples slightly off the cavity center to address more antinodes
of the cavity field and optimize the coupling efficiency,
as illustrated in the image from the COMSOL® simula-
tion in Fig. 5(a) for the first cavity mode with the lowest
frequency.

IV. IDENTIFICATION OF THE CAVITY MODES
ASSOCIATED WITH CMPS

A. Identification of the cavity-resonator modes

In experimental data, we observe several anticrossings
in a frequency window of 18–45 GHz. To compare theory
and experiments and perform a comparison of the CMP in
the EA and CEP phases, as shown in Figs. 1–3, one needs
to identify with precision the cavity-resonator modes.

For our measurements, we utilize an a-plane- (c-
plane-) oriented 5 × 5 × 0.5-mm3 bulk hematite crystal
for measurements in the easy-axis phase for T < TMorin
(T = 300 K). To also investigate the size (spin number)
dependence of the coupling strength in the CEP phase,
we also measure with a set of differently sized c-plane-
oriented samples. The sample dimensions are (w, width;
l, length; t, thickness): (I) w = 1, l = 5 mm, t = 0.5 mm;
(II) w = 3, l = 5 mm, t = 0.5 mm; (III) w = 4 mm,
l = 5 mm, t = 0.5 mm; and (IV) w = 5 mm, l = 5 mm,
t = 0.5 mm. Please note that we use a room-temperature-
only setup, where the static field is perpendicular to the
c-axis orientation for the number dependence only.

For small sample volumes, the fractional decrease in the
resonance frequency of the cavity modes can be approxi-
mated to [51]

ω − ω0

ω0
= −∫V′0(�ε|E0|2 + �μ|H0|2)dV′

∫V0
(ε|E0|2 + μ|H0|2)dV

. (A1)

The resonance frequencies of the loaded-cavity modes
then differ significantly from the empty-cavity resonances.
For a magnetic sample with dimensions x = a′ (width),
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Cavity-Mode Identification: Control Measurement with YIG Sphere (Ø = 1 mm)
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FIG. 6. Identification of cavity-resonator modes. (a) Calculated resonance-frequency shift for the insertion of different sample sizes
used in our experiments, including reference measurements using a millimeter-sized YIG sphere (Ø = 1 mm). (b) Result of an empty-
cavity COMSOL® simulation showing the resonance frequency and respective magnetic-ac-field mode distribution. (c) Comparison
of the experimentally obtained cavity-resonance anticrossings for a YIG sphere placed in the center of the cavity resonator with the
resonance frequencies, as calculated from the shift and simulation (horizontal black lines).

y = d′ (depth), and z = t′ (height), the corresponding fre-
quency change for the loaded-cavity resonator can be
calculated via

ω − ω0

ω0
= −(εr − 1)

a′t′d′

2abd
, (A2)

where ω denotes the shifted resonance frequency
of the cavity-resonator mode; ω0 is the unperturbed

cavity-resonance frequency; εr is the (real part of the)
dielectric constant of the inserted magnetic sample; and a,
b, and d are the cavity-resonator dimensions. The largest
hematite samples we use (5 mm wide, 5 mm long, and
0.5 mm high) have a volume corresponding to 3.16% of
the cavity volume. Thus, for the dielectric constant of
hematite, εr = 19.1 [36], the presence of the sample can

Mode 1:
|f | = 21.02 GHz

Mode 2:
|f | = 29.96 GHz

(a) (b)
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FIG. 7. Mode identification for a 5 × 5 × 0.5-mm3 sample based on COMSOL® simulations. (a) Mode distribution for 21 and 29 GHz.
(b) Spectrum at 300 K. Modes around 21 and 29.9 GHz are highlighted by black arrows and identified as the same modes 1 and 2 for
the YIG sample. Small frequency shift between theory and experiments can be assigned to the small difference in sample positions
[see Appendix D III].
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shift the resonance frequencies of the cavity modes by a
few GHz, as outlined in Fig. 6(a). This adds complexity to
the identification of the cavity modes in experiments and
comparison with COMSOL® simulations that can provide
the mode profiles.

To benchmark our approach to identify the cavity
modes, we thus first compare the COMSOL® simulations
of an empty cavity with cavity measurements performed
with a small YIG sphere (Ø = 1 mm) purchased from Fer-
risphere Inc.® The volume of the YIG sphere is much
smaller than the mode volume of the resonator, and thus,
modifies the cavity-resonator modes only weakly, result-
ing in slight lowering of their resonance frequencies. Thus,
a YIG sphere is a good probe to characterize the experi-
mental cavity modes and compare them with simulations
and analytical calculations. We can then associate in Fig. 6
the mode simulated in COMSOL® (b) with the experi-
mental results of a YIG sphere (c) with the frequency
shift obtained for each mode with Eq. (A2). In Fig. 6(b),

we calculate the corresponding shift with the analytical
formula as well [Fig. 6(a)]. As shown in Fig. 6(c), the com-
parison with experimental data shows excellent agreement
with measurements.

We can then apply Eq. (A2) to identify the frequency
shift expected for each mode in the presence of hematite
samples, and we also perform COMSOL® simulations in a
presence of a large dielectric piece [similar to the hematite
sample, see sketch in Fig. 7(a)]. Similarly to Fig. 6(c),
we then obtain [Figs. 7(a) and 7(b)] the correspondence
between the analytical resonance frequencies [Fig. 6(a)],
the COMSOL® simulations, and the measurements at room
temperature for a 5 × 5 × 0.5-mm3 hematite sample.

V. CRITERIA FOR CAVITY-RESONATOR MODES
ACHIEVING ACMP

One must notice that, in principle, all the present cavity
modes can couple with FM and AFM magnons. However,

(a) (b) (c)
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(d) (e) (f)

T = 50  K
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FIG. 8. Identification of strong coupling for the mode at 20.8 GHz. (a) Magnification of raw (unprocessed) phase data for the
spectrum shown in Fig. 1(b) and the corresponding inset. Resonance at 20.8 GHz and additional resonances at 19.73, 20.36, and
21.21 GHz are displayed. For modes at 21.21 and 20.36 GHz, the phase jump is smaller than π , indicating dominating external losses
(from microwave feedline losses), and hence, weakly coupled cavity modes. Resonance at 19.73 GHz does not couple coherently [cf.
(b)]. (b),(c) Observation of additional anticrossings apart from the discussed anticrossing at 20.8 GHz for hematite in the collinear
phase, here exemplarily shown for T = 50 K. (b) Background-subtracted amplitude and (c) phase representation. Notably, couplings
except for that at 20.8 GHz do not correspond to a conservative coupling regime (@ 19.73 GHz) or are not in the strongly coupled
regime (@20.36 and 21.21 GHz). (d)–(f) Same representation for the equivalent mode in the CEP phase at 300 K, showing the raw
data spectrum. One can clearly see only one anticrossing at 22.5 GHz, which corresponds to mode 1. Other horizontal lines in (e) are
from the field-independent background and, accordingly, the picked-up phases (f).
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not all of them lead to a strong-coupling regime. There are
two key features that define the possibility of stabilizing
the ACMP for a given cavity mode.

First, weakly coupled (evanescent waveguide) modes
also do not couple efficiently with magnons. As shown
in Fig. 8 for an exemplary spectrum taken at 50 K for
the dataset with a resonance at 20.8 GHz, there are var-
ious cavity modes (at 19.73, 20.36, and 21.21 GHz)
around the mode at 20.8 GHz. However, only the one at
20.8 GHz leads to an anticrossing. The phase response of
our |S22| spectra enables us to identify the cavity modes
of interest to observe the ACMP. Furthermore, in the COM-
SOL® simulations, one can identify these modes by their
large imaginary part in the obtained resonance frequency.
The insertion of a comparably large sample with a high
dielectric constant results in cavity resonances where the
dielectric losses dominate over the coupling losses to the
feedline (over the coupled cavity resonator). In the spec-
trum, this condition is represented by a jump in the phase
by ≥ π at the resonance frequency of the cavity mode.
As one can infer from Fig. 8(a), the modes at 20.36 and
21.21 GHz exhibit a phase jump smaller than π , indi-
cating weakly coupled cavity modes. Lastly, the mode
at 19.73 GHz also exhibits a phase jump of π . How-
ever, the shape of each branch in the vicinity of ωc =
ωm = ωr appears to correspond to the dissipative cou-
pling regime rather than the conservative one. Contrary
to the slope of the upper and lower branches for an anti-
crossing, the slope of the hybridized state approaching
resonant coupling seems to be “attracted.” This is oppo-
site to the case of the anticrossing. Although interesting,
this is a subject for another study and out of the scope of
this work. Thus, in this frequency range, only the cavity
mode at 20.8 GHz possesses the key features to lead to an
ACMP. For all measurements, we perform a SOLT cali-
bration at room temperature, which becomes less accurate
towards lower temperatures. Hence, please note that the
remaining visible phase jump at 20.0 GHz is an additional
phase picked up from the rf background in the reflec-
tion VNA measurement and does not correspond to any
resonance.

Second, the symmetry between the dc and ac magnetic
fields does not always enable an efficient coupling between
the cavity photons and the magnons. The exciting ac mag-
netic field must be orthogonal to the Néel vector to excite
the low-frequency mode in the easy-axis phase and trans-
verse to the canted moment to excite the low-frequency
mode in the canted phase. In the main text [see sketch in
Fig. 1(a) and Appendix A I], we use an a-plane sample
below the Morin transition and a c-plane sample above
the Morin transition, so that the canted moment and the
Néel vector have the same direction when applying an
external magnetic field, which allows us to make a direct
comparison between the easy-axis and canted easy-plane
phases.

APPENDIX B: DERIVATION OF THE EFFECTIVE
COUPLING CONSTANT

In this section, we derive the effective coupling constant
relating canted antiferromagnets and cavity photons. That
is, we consider the third term of the phenomenological
Hamiltonian:

Hsys = Hc + HAFM + HCAFM , (B1)

where as the first two terms correspond to the cavity modes
and the antiferromagnetic magnon modes, respectively. As
a starting point, we derive the magnon eigenmodes of the
antiferromagnet. Then we consider the photon modes and
the coupling that gives rise to the magnon polariton.

I. ANTIFERROMAGNETIC MAGNONS IN
CANTED ANTIFERROMAGNETS

The antiferromagnet is described by the Hamiltonian

Hafm = J
∑

〈i,j 〉
Si · Sj + |γ |

∑

i

H0Sx
i + Kz

2

∑

i

(Sz
i )

2

− Ky

2

∑

i

(Sy
i )

2 + D
∑

〈i,j 〉
[Si × Sj ]z. (B2)

Here, J is the exchange interaction, H0 is a constant
applied magnetic field, and D is the DMI constant. In
the case of a canted easy-plane antiferromagnet, Kz quan-
tifies the strong hard-axis anisotropy and Ky the weak
easy-axis anisotropy. In contrast, the limit Kz = 0 yields a
description of canted easy-axis antiferromagnets. The sub-
scripts i and j of the spin operators S are the lattice sites,
whereas 〈i, j 〉 denotes nearest-neighbor sites. The DMI and
external magnetic field give rise to a small canting angle,
π/2 − θ <≈ π/2.

To consider the canting angle, we introduce two coor-
dinate systems: {x′, y ′, z′} and {x′′, y ′′, z′′}. Let the principal
axis of each sublattice coincide with the axes x̂′ and x̂′′,
respectively. Furthermore, let the ẑ axes coincide with
the crystal ẑ axis such that ẑ′ = ẑ′′ = ẑ. Lastly, we let
ŷ′ = ẑ′ × x̂′ and ŷ′′ = ẑ′′ × x̂′′. Subsequently, we perform
a Holstein-Primakoff transformation to quadratic order in
magnon operators:

Sx′
i = �(S − a†

i ai), Sy ′
i = �

√

S
2
(ai + a†

i ),

Sz′
i = i�

√

S
2
(a†

i − ai),

Sx′′
j = �(S − b†

j bj ), Sy ′′
j = �

√

S
2
(bj + b†

j ),

Sz′′
j = i�

√

S
2
(b†

j − bj ). (B3)
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Here, � and S are the reduced Planck constant and the
electron spin, 1/2. The magnon annihilation (creation)
operators, a(†)

i and b(†)

j , act on distinct sublattices. In the
following, we consider only macrospin excitations, that is,
magnons with quasi-momentum k = 0. Hence, we drop the
i and j subscripts.

To diagonalize the Hamiltonian, we write it in matrix
form with respect to the basis φ. In this form, it is

Hm = φ†Hφ, (B4)

with φ = [a, a†, b, b†]T and

H = γ�S

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

−HEc2 + HDs2 + H0c

+HA′
(

s2 − c2

2

)

+ Ha
2

−Ha + HA′c2

2
HE(c2 + 1) − HDs2

2
HE(c2 − 1) − HDs2

2

−Ha + HA′c2

2

−HEc2 + HDs2 + H0c

+HA′
(

s2 − c2

2

)

+ Ha
2

HE(c2 − 1) − HDs2

2
HE(c2 + 1) − HDs2

2

HE(c2 + 1) − HDs2

2
HE(c2 − 1) − HDs2

2

−HEc2 + HDs2 + H0c

+HA′
(

s2 − c2

2

)

+ Ha
2

−Ha + HA′c2

2

HE(c2 − 1) − HDs2

2
HE(c2 + 1) − HDs2

2
−Ha + HA′c2

2

−HEc2 + HDs2

+H0c + HA′
(

s2 − c2

2

)

+ Ha
2

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

,

(B5)

with the shorthand notation s = sin θ , c = cos θ , s2 =
sin 2θ , and c2 = cos 2θ . In this form, all constants are
in terms of fields. They are defined as HE = Jz/γ , HD =
Dz/γ , Ha = Kz/γ , and HA′ = Ky/γ , where z denotes the
number of nearest-neighbor sites. For a small easy-axis
anisotropy, HA′ , and (H0 + HD/2HE)  1, the equilibrium
canting angle is θ ≈ arccos(H0 + HD/2HE). We diago-
nalize the Hamiltonian through a generalized Bogoliubov
transformation, as done in Ref. [52].

The properly normalized transformation matrices are

⎛

⎜

⎜

⎝

a
a†

b
b†

⎞

⎟

⎟

⎠

= γ�S

⎛

⎜

⎝

uα vα −uβ vβ

vα uα vβ −uβ

uα vα uβ −vβ

vα uα −vβ uβ

⎞

⎟

⎠

⎛

⎜

⎜

⎝

α

α†

β

β†

⎞

⎟

⎟

⎠

,

⎛

⎜

⎜

⎝

α

α†

β

β†

⎞

⎟

⎟

⎠

= γ�S

⎛

⎜

⎝

uα −vα uα −vα

−vα uα −vα uα

−uβ −vβ uβ vβ

−vβ −uβ vβ uβ

⎞

⎟

⎠

⎛

⎜

⎜

⎝

a
a†

b
b†

⎞

⎟

⎟

⎠

,

(B6)

where

uα = ωα + γ HE√
2ωα

√
ωα + 2γ HE

, uβ = ωβ + γ HE
√

2ωβ

√

ωβ + 2γ HE
,

vα = γ HE√
2ωα

√
ωα + 2γ HE

, vβ = γ HE
√

2ωβ

√

ωβ + 2γ HE
.

(B7)

Here, ωα = γ
√

H0(H0 + HD) + 2HEHA′ and ωβ = γ√
HD(H0 + HD) + 2HE(Ha + HA′) are the resonance fre-

quencies. In this notation, ωα is the low-frequency mode
and ωβ is the high-frequency mode. The eigenmodes and
transformation matrix are derived under the assumption
that HE � HD � H0.

II. MAGNON POLARITONS IN CANTED AFMS

In the following, we consider the magnetization and
effects of an ac magnetic field to first order in magnon and
photon operators. Furthermore, we consider the Zeeman
coupling between magnons and photons. This coupling
gives rise to the magnon polariton.

The magnetization to linear order in sublattice magnon
operators is

m(1) =
√

NS
2

{x̂ sin θ [−(a + a† ) + (b + b†)]

+ ŷ cos θ [(a + a† ) + (b + b†)]

+ îz [(a† − a ) + (b† − b)]}, (B8)

where N is the number of lattice sites in each sublat-
tice. We rewrite the magnetization in terms of the magnon
eigenmodes. Transforming to eigenmode operators, we
find

−(a + a†) + (b + b†) = 2(uβ − vβ)[β + β†], (B9)

(a + a†) + (b + b†) = 2(uα + vα)[α + α†], (B10)

(a† − a) + (b† − b) = 2(vα − uα)[α − α†]. (B11)
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From these eigenmodes, we see that the x̂ component of magnetization m(1) scales linearly with the high-frequency mode.
Conversely, the ŷ and ẑ components scale linearly with the low-frequency mode. We insert the Bogoliubov coefficients,
and use γ J � ωα/β . That procedure yields

−(a + a†) + (b + b†) =
√

ωβ

γ HE
[β + β†], (B12)

(a + a†) + (b + b†) = 2

√

γ HE

ωα

[α + α†], (B13)

(a† − a) + (b† − b) =
√

ωα

γ HE
[α − α†]. (B14)

By linearizing in the canting angle, sin θ ≈ 1 and cos θ = H0 + HD/2HE , we find the magnetization:

m(1) =
√

NS
2

{

x̂
√

ωβ

γ J
[β + β†] + ŷ

2(H0 + HD)

2HE

√

γ J
ωα

[α + α†] + îz
√

ωα

γ HE
[α − α†]

}

. (B15)

The magnetization couples to the ac magnetic field through the Zeeman interaction, m(1) · B(1). We quantize the external
magnetic field to first order in photons:

B(1)
p =

∑

kλ

√

�ωkλμ0

V
cos

(

nπ(k · r)
Lk̂·r̂

)

[(k̂ × ekλ)pkλ − (k̂ × e∗
kλ)p

†
kλ], (B16)

where p (†)

kλ denotes the photon annihilation (creation) operator of a photon of momentum k and polarization λ, and Lk·r is
the length of the cavity in the k̂ direction. The integer n denotes the energy mode of the photon operator with an associated
energy �ωkλ. The magnon-photon coupling to quadratic order is then

HCAFM = −iγ�

√

NS�μ0

2V

∑

n

{[√
ωn,ycos

(

nπy
Ly

)

(pn,y,z − p†
n,y,z) − √

ωn,zcos
(

nπz
Lz

)

(pn,z,y − p†
n,z,y)

]√

ωβ

γ HE
[β + β†]

+
[√

ωn,zcos
(

nπz
Lz

)

(pn,z,x − p†
n,z,x) − √

ωn,zcos
(

nπx
Lx

)

(pn,x,z − p†
n,x,z)

]

2
(

H0 + HD

2HE

)

√

γ HE

ωα

[α + α†]

+
[√

ωn,xcos
(

nπx
Lx

)

(pn,x,y − p†
n,x,y) − √

ωn,ycos
(

nπy
Ly

)

(pn,y,x − p†
n,y,x)

]

i
√

ωα

γ HE
[α − α†]

}

. (B17)

In the following, we consider only photons propagating in the x̂ direction with contributions from the lowest-energy mode
n = 1. Furthermore, we let the photon frequency coincide with the low-frequency magnon mode, ωα . In this case, the
magnon-photon coupling simplifies to

HCAFM = −iηγ�

√

NS�γ (H0 + HD)2μ0

2HEV
(pz − p†

z )[α + α†] − ηγ�

√

NS�ω2
αμ0

2γ HEV
(py − p†

y )[α − α†], (B18)

where we introduce the spatial overlap factor, η.
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Notably, both polarizations couple only to the low-
frequency magnon mode. Now we can extract the effective
coupling constants:

g̃x,z,AFM = −ig0
√

2NS

√

2γ (H0 + HD)2

ωαHE
,

g̃x,y,AFM = g0
√

2NS

√

2ωα

γ HE
, (B19)

where g0 = η|γ |/2
√

� ωαμ0/2V . Both coupling constants
scale with the number of spins as

√
N , and hence, with the

sample size. This is similar behavior to that of collinear
antiferromagnets [41] and ferromagnets [5].
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FIG. 9. Mechanisms of the background correction utilized, depending on the signal-to-noise ratio in either the easy-axis or the easy-
plane phase. (a) Unprocessed data, including the field-independent oscillations in the spectrum due to standing waves in the involved
cables, for instance, measured at 300 K. (b) Background-corrected spectrum via subtracting the spectrum at the highest magnetic field
value from the rest of the spectrum. Lines in the anticrossings are artifacts from this subtraction. (c) Background subtraction also
displays a linear drift for several datasets, especially for the low-temperature data (here shown for data at 100 K). (d) Linear drift
during the field sweep is removed by fitting the linear drift and subsequently subtracting it from data.

APPENDIX C: BACKGROUND CORRECTION
AND FIT OF THE AVOIDED LEVEL CROSSINGS

I. BACKGROUND CORRECTION

We perform a one-port VNA calibration at room tem-
perature at the beginning of each measurement. However,
at cryogenic temperatures, deviations from the calibra-
tion due to temperature-dependent changes in the setup,
such as microwave cables, result in a frequency-dependent
background. This background can be observed as periodic
oscillations in frequency. To remove this background, we
use the postprocessing procedure summarized in Fig. 9.
Due to the field independence, we subtract the dataset
for the lowest applied value of magnetic field and apply
a moving average to the data if necessary [Fig. 9(b)].
Notably, if the signal-to-noise ratio is still too low, we use
the gradient of the data, which is only done for measure-
ments with the room-temperature setup. In the case of a
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FIG. 10. S22 line scans for two representative anticrossings. (a) In the easy-axis phase of hematite at 50 K far from resonance (blue
line, corresponding to a magnetic field of 6296 mT) and at resonance (orange line, corresponding to a magnetic field of 6140 mT).
(b) In the canted easy-plane phase at 300 K, far from resonance (blue solid line, corresponding to a magnetic field of 120 mT) and at
resonance (orange line, corresponding to a magnetic field of 434 mT). Blue lines represent the cavity resonance away from resonant
coupling conditions, and the orange line shows the respective line scan under resonant coupling conditions, i.e., where we observe the
magnon-photon polariton.

linear drift in frequency as a function of the applied field
[Fig. 9(c)], a linear drift is fitted and removed from the
spectrum [Fig. 9(d)]. With the postprocessing procedure,

we also remove the uncoupled cavity resonance from the
resonant region within the avoided level crossing [inset in
Fig. 9(b)].

(a) (b)

(c) (d)

FIG. 11. Determination of magnon linewidth. (a) Frequency and (b) linewidth of the magnon modes obtained by broadband stripline
ferromagnetic resonance measurements. (c) Exemplary measurement at 50 K for the magnon linewidth extracted from cavity magnon
polariton spectra far away from any anticrossing (rectangular blue). (d) Magnon linewidths as a function of temperature obtained from
the two methods. Within the error bars, the linewidths are in good agreement with each other, following the same trend as that observed
in Ref. [43].
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II. PROCEDURE TO DETERMINE THE
COUPLING STRENGTH

To extract the values of the coupling strength, we
identify the upper and lower branches of the anticrossing
using a peak search. We fit the anticrossing based on the
solution of the 2 × 2 energy eigenmatrix of a system of
two coupled harmonic oscillators (photon and magnon).
The field dispersion of the magnon follows either that of a
collinear easy-axis antiferromagnet or a canted easy-plane
antiferromagnet, as described in the main text. From the fit,
we also obtain the resonance frequency of the anticross-
ing, the coupling strength, and a value for the anisotropy
field because it is left as a free parameter. The DMI field
and the exchange field are kept constant at 2.2 T (extracted
from SQUID measurements) and 1000 T, respectively. For
the measurements in which we observe multiple anticross-
ings, we fit each of these anticrossings individually. As a
next step to minimize the fitting errors, we average over
the obtained values of the free parameters before plotting
the resulting fits shown in Figs. 1(b) and 1(d) (black solid
lines). The values obtained for the coupling strength are
then also used for the determination of the cooperativity.

III. |S22| LINE SCANS FOR ANTICROSSINGS AT
20.8 GHZ (T < TMorin) AND 31 GHZ (T > TMorin)

In addition to the spectra shown in the main text
[Figs. 1(b), 1(d) and 2(b)], we also show the line plot of
the reflection (|S22|) spectra for two different anticrossings
at 20.8 GHz at 50 K and (exemplarily) 31.5 GHz at 300 K,
respectively, in the collinear and canted phases. This way
we can obtain another signature of the strongly coupled
ACMP.

In Fig. 10, we show exemplary amplitudes of S22 spec-
tra for the uncoupled cavity resonance (blue solid line)
and at the avoided anticrossing (at a distance correspond-
ing to 2g) for these modes. We observe the characteristic
presence of two dips (orange solid line), corresponding to
the two hybridized branches. Recorded data are only back-
ground subtracted, as described in the previous section.

However, there is still a linear amplitude drift in the
spectrum, resulting in a slightly different height of the
amplitude of each dip under the resonant coupling con-
ditions for the anticrossing. The low-temperature data
[Fig. 10(b)] have a decreased signal-to-noise ratio due
to changes from the original SOLT calibration at room
temperature.

IV. ANALYSIS OF THE SYSTEM COMPONENTS’
LINEWIDTHS

A. Magnon linewidth

To accurately determine the magnon dissipation
parameter, κm, i.e., the linewidth (cf. Fig. 3), we
perform stripline ferromagnetic resonance measurements

[Figs. 11(a) and 11(b)]. For the deduction of the value
from the cavity spectra using the setup shown in Fig. 8(a),
we follow the magnon branch far from any cavity reso-
nance or coupling [Fig. 11(c)]. To this end, we use the
mean value of these measurements to determine the coop-
erativity (Fig. 11). Notably, for the two techniques, the
linewidths are in good agreement with each other within
the error bars [Fig. 11(d)].

B. Cavity-resonator linewidth

The input microwave signal is capacitively coupled to
the cavity resonator’s volume by placing a pin of a sub-
miniature push-on (SMP) connector matched to 50 

to minimize background reflection losses into the antin-
ode of the electric field. Capacitive coupling also avoids
an additional perturbation of the cavity’s magnetic mode
field distribution via microwave driving. The off-resonant
loaded quality factor of the main cavity resonance, ω0,
is determined by Qc = ω0/�ω0, where �ω0 ≡ κc, the
cavity-resonator linewidth. Figure 12 provides an exam-
ple of the fitting procedure of the cavity linewidth for the
measurement at 50 K.

APPENDIX D: ESTIMATION OF THE COUPLING
STRENGTH

I. DETERMINATION OF THE SINGLE-SPIN
COUPLING STRENGTH FROM ACMPS

Experimentally, we observe the macroscopic coupling
strength, which scales as

√
N (N contributing spins).

However, the measurement of the strength of the interac-
tion in the single (quasiparticle) regime and with respect

A
m

pl
itu

de
 (

ar
b.

 u
ni

ts
)

FIG. 12. Determination of the cavity-resonator photon
linewidth. Exemplary result measured at 50 K for the simulta-
neous fitting of multiple Lorentzian functions to determine the
correct amplitude and linewidth for the cavity resonance of inter-
est and to remove the experimental setup’s background. VNA
output power level is set to −6 dBm, as for all measurements on
the collinear phase of hematite.
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TABLE II. Overview over the single-spin coupling strength and effective macroscopic coupling strength, g′, for hematite, including
error bars for the investigated resonance from 50 to 300 K.

Mode frequency (GHz) g0/2π (mHz) �g0/2π (mHz) g′/2π (MHz) �g′/2π (MHz)

21 123 23 6839 1614
37.5 120 27 6652 1504
40.8 161 80 8917 4428

to on-chip CMPs, with the potential to achieve two-
dimensional (2D) systems, is given by the single-spin
coupling strength between one photon and one magnon.
The calculation of a single-spin coupling strength and a
comparison with experimentally observed values also indi-
cates whether the coupling is between a cavity mode and a
pure AFM mode. It is also required to check the agreement
between our experimental coupling strength, g̃EA or CEP ,
and the analytical formula (Fig. 2 of the main text).
Hence, we determine the single-spin coupling strength,
g0 = η|γ |/2

√

�ω0μ0/2Vm, of our system. First, the single-
spin coupling strength, g0, is inversely proportional to the
mode volume of the cavity modes. Following Ref. [53], the
mode volume of a given cavity mode can be derived from
the COMSOL® simulations via

Vm = 1
|Bmax|2

∫

|B|2dV, (D1)

where dV corresponds to integration over the entire cavity
volume and Bmax to the maximal value of the magnetic flux
density of the cavity mode. However, typically, there is a
deviation from the maximal magnetic field volume and the
maximal field value within the sample’s volume; this needs
to be considered for the correct calculation of the coupling
strength, as quantified by the dimensionless mode overlap.
In practice, the mode-overlap factor can then be estimated

from the different mode volumes via η =
√

Vcavity
m /Vsample

m
using the COMSOL® simulations presented in Appendix A.
For the principal resonance frequencies at 20.8, 37.5, and
40.8 GHz in our work, we thus obtain mode volumes
of about (21.59 ± 5), (22.58 ± 5), and (14.21 ± 5) mm3,
respectively.

Correspondingly, we obtain for the three modes the fol-
lowing overlap factors: η ∼ ( 0.44 ± 0.02) for the mode
around 21 GHz, η ∼ ( 0.438 ± 0.02) for 37.5 GHz, and
η = (0.466 ± 0.02) for 40.8 GHz. Second, as the cou-
pling strength, g, scales with

√
N , we estimate the number

of contributing spins based on the material parameters of
hematite.

Hematite arranges in a hexagonal lattice structure
with lattice constants a = 5.03−10 m and c = 13.77−10 m,
counting six atoms per unit cell. The iron atoms (spin
number S = 5/2) contribute to the magnetic moment
of hematite and, from density-functional-theory calcu-
lations, their magnetic moment yields 3.4 − 4 μB/atom
[54,55]. As a result, the magnetic moment of hematite
(α-Fe2O3) amounts to 2 × 22.2 μB/unit cell and, corre-
spondingly, a net spin density of ρ = 4.9522 μB/cm3. We
thus obtain 6.1220 contributing spins, N, for the largest
(5 × 5 × 0.5 mm3) sample.

The insertion in the expression for g0 yields exem-
plary g0/2π ≈ (123 ± 23) mHz and g′/2π ≈ (6839 ±
1504) MHz for the mode at 21 GHz, which is used to
calculate the analytical curve in Fig. 2(a). All values are
summarized in Table II.

II. COUPLING STRENGTH OF FM AND AFM
MATERIALS

For a FM system, the macroscopic coupling strength of
a CMP reads as

g̃FM = g′
FM = gFM

0

√

2NFMS, with

g0 = η|γ |/2
√

�ω0μ0/2Vm, (D2)

TABLE III. Overview over the calculated ratio from the fitted anticrossings and the corresponding theoretical expectation for data
with a resonance frequency of the hematite sample at 29 GHz (mode 2) and 21 GHz (mode 1) at room temperature.

Sample

Mode
frequency

(GHz)

Coupling
strength

g/2π (MHz)
AFM:FM ratio

experiment
AFM:FM

ratio theory

YIG (NFM = 1.099 × 1019) 33 743 ± 75 1.38 ± 0.25 0.811
Hematite (NAFM = 6.12 × 1020) 29 1025 ± 150
YIG 23 263 ± 11 0.76 ± 0.04 0.92
Hematite 21 202 ± 4
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Magnetic field (Oe) Magnetic field (Oe)

YIG Hematite(a) (b)

FIG. 13. Illustration of the fitting result for the low-frequency mode at (a) 23 GHz for YIG and (b) at 21 GHz for hematite.

where g0 is the single-spin coupling strength, ω0 is the res-
onance frequency of the CMP, and NS corresponds to the
total spin numbers involved in the coupling, as stated in
the main text as well.

For a canted antiferromagnet, the coupling strength
reads as (see also Table I in the main text)

g̃AFM ≡ g̃x,z, CEP ∝ gAFM
0

√

2NAFMS

√

2γ (H0 + HD)2

ω0HE
.

(D3)

Therefore, for a given cavity mode (and samples of
the same size), the ratio of the coupling strength for a

ferromagnet with a canted antiferromagnet yields

g̃AFM

g̃FM
=

√

NAFM

NFM

√

2γ (H0 + HD)2

ω0HE
. (D4)

In Table III, we compare these theoretical predictions with
the experimental measurements (see Fig. 2 in the main text
and Fig. 6 for a YIG sphere of 1 mm in diameter and a
5 × 5 × 0.5-mm3 sample of hematite) and observe clear
agreement.

We also show an exemplar fit of CMPs for the mode
at 23 (21) GHz for YIG (hematite) in Fig. 13. One must
notice the slight shift of frequency of the cavity modes
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FIG. 14. COMSOL® simulations of the cavity mode at 20.8 GHz for varying sample positions along y and z. (a) Schematics connect-
ing the observed resonance frequency and sample position. (b) Shift of the mode frequency; (c) associated stored magnetic energy.
Here, x is set to −1.25 × 10−4 m from zero displacement, corresponding to 0.7 mm from the right border of the cavity volume (cf.
Fig. 5).
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for the two samples, given the difference in their volumes
(factor of 23.9) [56]).

III. IMPACT OF SAMPLE POSITION ON THE
FREQUENCY OF CAVITY MODES

To further validate our observations for the collinear
phase (T < TMorin), we conduct a second set of measurements
to check their sensitivity to the experimental conditions.
For two sets of measurements, we observe that the res-
onance frequency of the mode at 20.8 GHz can shift to
19.5 GHz [cf. Fig. 2(b) of the main text]. We attribute this
frequency shift to the fact that we slightly move the sample
position, as described below.

For sample sizes that are non-negligible compared to the
cavity volume, as here, the frequencies of the cavity modes
vary not only with the sample volume (Appendix A) but
also slightly with the sample position. To provide evidence
of this point, we run COMSOL® simulations where we do
vary the position of the sample in the (x, y, z) directions,
according to the precision of sample insertion (±1−2 mm)
(for ε ∼ 19 for hematite [7]). As shown on the 2D spec-
tra in Fig. 14, we observe that, for a fixed position in
x (e.g., 0.125 mm), the resonance frequency changes by
about 300 MHz if the sample is moved by 2 mm in the
y direction. A change in height can add a further change
by 150 MHz and small shifts in pin insertion as well. A
very small change in the x position (∼0.5 mm) can already
induce shifts up to 100 MHz.

[1] H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifen-
stein, A. Marx, R. Gross, and S. T. B. Goennenwein,
High Cooperativity in Coupled Microwave Resonator
Ferrimagnetic Insulator Hybrids, Phys. Rev. Lett. 111,
127003 (2013).

[2] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami,
and Y. Nakamura, Hybridizing Ferromagnetic Magnons
and Microwave Photons in the Quantum Limit, Phys. Rev.
Lett. 113, 083603 (2014).

[3] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang,
Strongly Coupled Magnons and Cavity Microwave Pho-
tons, Phys. Rev. Lett. 113, 156401 (2014).

[4] X. Zhang, C.-L. Zou, N. Zhu, F. Marquardt, L. Jiang, and
H. X. Tang, Magnon dark modes and gradient memory, Nat.
Commun. 6, 8914 (2015).

[5] M. Harder, Y. Yang, B. M. Yao, C. H. Yu, J. W. Rao, Y.
S. Gui, R. L. Stamps, and C.-M. Hu, Level Attraction due
to Dissipative Magnon-Photon Coupling, Phys. Rev. Lett.
121, 137203 (2018).

[6] M. Harder, B. M. Yao, Y. S. Gui, and C.-M. Hu, Coher-
ent and dissipative cavity magnonics, J. Appl. Phys. 129,
201101 (2021).

[7] A. V. Chumak and H. Schultheiss, Magnonics: Spin waves
connecting charges, spins and photons, J. Phys. D: Appl.
Phys. 50, 300201 (2017).

[8] B. Bhoi and S.-K. Kim, in Solid State Physics,
edited by Robert Stamps (Elsevier, 2020), Vol. 71,
pp. 39–71.

[9] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R.
Yamazaki, K. Usami, and Y. Nakamura, Coherent coupling
between a ferromagnetic magnon and a superconducting
qubit, Science 349, 405 (2015).

[10] D. Lachance-Quirion, Y. Tabuchi, S. Ishino, A. Noguchi,
T. Ishikawa, R. Yamazaki, and Y. Nakamura, Resolving
quanta of collective spin excitations in a millimeter-sized
ferromagnet, Sci. Adv. 3, e1603150 (2017).

[11] D. Lachance-Quirion, S. P. Wolski, Y. Tabuchi, S. Kono, K.
Usami, and Y. Nakamura, Entanglement-based single-shot
detection of a single magnon with a superconducting qubit,
Science 367, 425 (2020).

[12] S. P. Wolski, D. Lachance-Quirion, Y. Tabuchi, S. Kono, A.
Noguchi, K. Usami, and Y. Nakamura, Dissipation-Based
Quantum Sensing of Magnons with a Superconducting
Qubit, Phys. Rev. Lett. 125, 117701 (2020).

[13] L. Bai, M. Harder, P. Hyde, Z. Zhang, C.-M. Hu, Y. P.
Chen, and J. Q. Xiao, Cavity Mediated Manipulation of
Distant Spin Currents Using a Cavity-Magnon-Polariton,
Phys. Rev. Lett. 118, 217201 (2017).

[14] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt,
Cavity optomechanics, Rev. Mod. Phys. 86, 1391
(2014).

[15] S. V. Kusminskiy, H. X. Tang, and F. Marquardt, Coupled
spin-light dynamics in cavity optomagnonics, Phys. Rev. A
94, 033821 (2016).

[16] T. S. Parvini, V. A. S. V. Bittencourt, and S. V. Kusminskiy,
Antiferromagnetic cavity optomagnonics, Phys. Rev. Res.
2, 022027(R) (2020).

[17] D. Lachance-Quirion, Y. Tabuchi, A. Gloppe, K. Usami,
and Y. Nakamura, Hybrid quantum systems based on
magnonics, Appl. Phys. Express 12, 070101 (2019).

[18] D. Zhang, X.-Q. Luo, Y.-P. Wang, T.-F. Li, and J. Q. You,
Observation of the exceptional point in cavity magnon-
polaritons, Nat. Commun. 8, 1368 (2017).

[19] J. W. Rao, Y. T. Zhao, Y. S. Gui, X. L. Fan, D. S. Xue,
and C.-M. Hu, Controlling Microwaves in Non-Hermitian
Metamaterials, Phys. Rev. Appl. 15, L021003 (2021).

[20] I. Boventer, C. Dörflinger, T. Wolz, R. Machedo, R. Lebrun,
M. Kläui, and M. Weides, Control of the coupling strength
and linewidth of a cavity magnon-polariton, Phys. Rev.
Res. 2, 013154 (2020).

[21] Y.-P. Wang and C.-M. Hu, Dissipative couplings in cavity
magnonics, J. Appl. Phys. 127, 130901 (2020).

[22] P.-C. Xu, J. W. Rao, Y. S. Gui, X. Jin, and C.-M. Hu,
Cavity-mediated dissipative coupling of distant magnetic
moments: Theory and experiment, Phys. Rev. B 100,
094415 (2019).

[23] Y. Yang, J. W. Rao, Y. S. Gui, B. M. Yao, W. Lu, and C.-
M. Hu, Control of the Magnon-Photon Level Attraction in
a Planar Cavity, Phys. Rev. Appl. 11, 054023 (2019).

[24] V. Cherepanov, I. Kolokolov, and V. L’vov, The saga of
YIG: Spectra, thermodynamics, interaction and relaxation
of magnons in a complex magnet, Phys. Rep. 229, 81
(1993).

[25] C. Hauser, T. Richter, N. Homonnay, C. Eisenschmidt, M.
Qaid, H. Deniz, D. Hesse, M. Sawicki, S. G. Ebbinghaus,
and G. Schmidt, Yttrium iron garnet thin films with very

014071-18

https://doi.org/10.1103/PhysRevLett.111.127003
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1038/ncomms9914
https://doi.org/10.1103/PhysRevLett.121.137203
https://doi.org/10.1063/5.0046202
https://doi.org/10.1088/1361-6463/aa7715
https://doi.org/10.1126/science.aaa3693
https://doi.org/10.1126/sciadv.1603150
https://doi.org/10.1126/science.aaz9236
https://doi.org/10.1103/PhysRevLett.125.117701
https://doi.org/10.1103/PhysRevLett.118.217201
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevA.94.033821
https://doi.org/10.1103/PhysRevResearch.2.022027
https://doi.org/10.7567/1882-0786/ab248d
https://doi.org/10.1038/s41467-017-01634-w
https://doi.org/10.1103/PhysRevApplied.15.L021003
https://doi.org/10.1103/PhysRevResearch.2.013154
https://doi.org/10.1063/1.5144202
https://doi.org/10.1103/PhysRevB.100.094415
https://doi.org/10.1016/0370-1573(93)90107-O


ANTIFERROMAGNETIC CAVITY MAGNON POLARITONS. . . PHYS. REV. APPLIED 19, 014071 (2023)

low damping obtained by recrystallization of amorphous
material, Sci. Rep. 6, 20827 (2016).

[26] C. Dubs, O. Surzhenko, R. Thomas, J. Osten, T. Schnei-
der, K. Lenz, J. Grenzer, R. Hübner, and E. Wendler, Low
damping and microstructural perfection of sub-40 nm-thin
yttrium iron garnet films grown by liquid phase epitaxy,
Phys. Rev. Mater. 4, 024416 (2020).

[27] T. Jungwirth, J. Sinova, A. Manchon, X. Marti, J. Wunder-
lich, and C. Felser, The multiple directions of antiferromag-
netic spintronics, Nat. Phys. 14, 200 (2018).

[28] S. M. Rezende, A. Azevedo, and R. L. Rodríguez-Suárez,
Introduction to antiferromagnetic magnons, J. Appl. Phys.
126, 151101 (2019).

[29] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and
Y. Tserkovnyak, Antiferromagnetic spintronics, Rev. Mod.
Phys. 90, 015005 (2018).

[30] R. Lebrun, A. Ross, S. A. Bender, A. Qaiumzadeh, L.
Baldrati, J. Cramer, A. Brataas, R. A. Duine, and M.
Kläui, Tunable long-distance spin transport in a crystalline
antiferromagnetic iron oxide, Nature 561, 222 (2018).

[31] R. Lebrun, A. Ross, O. Gomonay, V. Baltz, U. Ebels, A.-L.
Barra, A. Qaiumzadeh, A. Brataas, J. Sinova, and M. Kläui,
Long-distance spin-transport across the Morin phase tran-
sition up to room temperature in ultra-low damping single
crystals of the antiferromagnet α-Fe2O3, Nat. Commun. 11,
6332 (2020).

[32] I. Boventer, H. T. Simensen, A. Anane, M. Kläui, A.
Brataas, and R. Lebrun, Room-Temperature Antiferromag-
netic Resonance and Inverse Spin-Hall Voltage in Canted
Antiferromagnets, Phys. Rev. Lett. 126, 187201 (2021).

[33] J. Li, C. B. Wilson, R. Cheng, M. Lohmann, M. Kavand,
W. Yuan, M. Aldosary, N. Agladze, P. Wei, M. S. Sherwin,
J. Shi, Spin current from sub-terahertz-generated antiferro-
magnetic magnons, Nature 578, 70 (2020).

[34] P. Vaidya, S. A. Morley, J. van Tol, Y. Liu, R. Cheng, A.
Brataas, D. Lederman, and E. del Barco, Subterahertz spin
pumping from an insulating antiferromagnet, Science 368,
160 (2020).

[35] M. Mergenthaler, J. Liu, J. J. Le Roy, N. Ares, A. L.
Thompson, L. Bogani, F. Luis, S. J. Blundell, T. Lancaster,
A. Ardavan, et al., Strong Coupling of Microwave Photons
to Antiferromagnetic Fluctuations in an Organic Magnet,
Phys. Rev. Lett. 119, 147701 (2017).

[36] M. Białek, J. Zhang, H. Yu, and J.-Ph. Ansermet, Strong
Coupling of Antiferromagnetic Resonance with Subtera-
hertz Cavity Fields, Phys. Rev. Appl. 15, 044018 (2021).

[37] K. Grishunin, T. Huisman, G. Li, E. Mishina, T. Rasing,
A. V. Kimel, K. Zhang, Z. Jin, S. Cao, W. Ren, et al.,
Terahertz magnon-polaritons in TmFeO3, ACS Photonics
5, 1375 (2018).

[38] P. Sivarajah, A. Steinbacher, B. Dastrup, J. Lu, M.
Xiang, W. Ren, S. Kamba, S. Cao, and K. A. Nelson,
THz-frequency magnon-phonon-polaritons in the collec-
tive strong-coupling regime, J. Appl. Phys. 125, 213103
(2019).

[39] M. Bialek, A. Magrez, and J.-P. Ansermet, Spin-wave
coupling to electromagnetic cavity fields in Dysprosium
Ferrite, Phys. Rev. B 101, 024405 (2020).

[40] F. J. Morin, Electrical properties of α-Fe2O3 and α-Fe2O3
Containing titanium, Phys. Rev. 83, 1005 (1951).

[41] Ø. Johansen and A. Brataas, Nonlocal Coupling between
Antiferromagnets and Ferromagnets in Cavities, Phys. Rev.
Lett. 121, 087204 (2018).

[42] H. J. Fink, Resonance line shapes of weak ferromagnets of
the α-Fe2O3 and NiF2 type, Phys. Rev. 133, A1322 (1964).

[43] R. Lebrun, A. Ross, O. Gomonay, S. A. Bender, L. Bal-
drati, F. Kronast, A. Qaiumzadeh, J. Sinova, A. Brataas,
R. A. Duine & M. Kläui, Anisotropies and magnetic phase
transitions in insulating antiferromagnets determined by a
spin-Hall magnetoresistance probe, Commun. Phys. 2, 50
(2019).

[44] C. E. Johnson, L. A. Prelorendjo, and M. F. Thomas,
Field induced spin reorientation in orthoferrites DyFeO3,
HoFeO3 and ErFeO3, J. Magn. Magn. Mater. 15–18, 557
(1980).

[45] A. V. Kimel, C. D. Stanciu, P. A. Usachev, R. V. Pisarev,
V. N. Gridnev, A. Kirilyuk, and Th. Rasing, Optical excita-
tion of antiferromagnetic resonance in TmFeO3, Phys. Rev.
B 74, 060403 (2006).

[46] H. Watanabe, T. Kurihara, T. Kato, K. Yamaguchi, and
T. Suemoto, Observation of long-lived coherent spin pre-
cession in orthoferrite ErFeO3 induced by terahertz mag-
netic fields, Appl. Phys. Lett. 111, 092401 (2017).

[47] V. M. Judin, A. B. Sherman, and I. E. Myl’nikova, Mag-
netic properties of YFeO3, Phys. Lett. 22, 554 (1966).

[48] Z. Jin, Z. Mics, G. Ma, Z. Cheng, M. Bonn, and D.
Turchinovich, Single-pulse terahertz coherent control of
spin resonance in the canted antiferromagnet YFeO3, medi-
ated by dielectric anisotropy, Phys. Rev. B 87, 094422
(2013).

[49] K. P. Belov, A. M. Kadomtseva, N. M. Kovtun, V. N.
Derkachenko, V. N. Melov, and V. A. Khokhlov, On the
character of phase transitions in ErFeO3, Phys. Status Solidi
A 36, 415 (1976).

[50] Y.-P. Wang, J. W. Rao, Y. Yang, P.-C. Xu, Y. S. Gui, B. M.
Yao, J. Q. You, and C.-M. Hu, Nonreciprocity and Unidi-
rectional Invisibility in Cavity Magnonics, Phys. Rev. Lett.
123, 127202 (2019).

[51] D. M. Pozar, Microwave Engineering, 4th ed. (Wiley,
Hoboken, NJ, 2012).

[52] R. M. White, M. Sparks, and I. Ortenburger, Diagonaliza-
tion of the antiferromagnetic magnon-phonon Interaction,
Phys. Rev. 139, A450 (1965).

[53] M. M. Denner, 3D Cavity Resonators for Magnon Polari-
ton Experiments, Bachelorthesis; Karlsruhe Institute of
Technology (KIT) (2016).

[54] G. S. Parkinson, Iron oxide surfaces, Surf. Sci. Rep. 71, 272
(2016).

[55] F. Kraushofer, Z. Jakub, M. Bichler, J. Hulva, P. Drmota,
M. Weinold, M. Schmid, M. Setvin, U. Diebold, P. Blaha,
G. S. Parkinson, Atomic-scale structure of the hematite α-
Fe2O3(11̄02) “R-cut” surface, J. Phys. Chem. C 122, 1657
(2018).

[56] M. A. Gilleo and S. Geller, Magnetic and crystallographic
properties of substituted yttrium-iron garnet, 3Y2O3 ·
xM2O3 · (5 − x)Fe2O3, Phys. Rev. 110, 73 (1958).

014071-19

https://doi.org/10.1038/srep20827
https://doi.org/10.1103/PhysRevMaterials.4.024416
https://doi.org/10.1038/s41567-018-0063-6
https://doi.org/10.1063/1.5109132
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1038/s41586-018-0490-7
https://doi.org/10.1038/s41467-020-20155-7
https://doi.org/10.1103/PhysRevLett.126.187201
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1103/PhysRevLett.119.147701
https://doi.org/10.1103/PhysRevApplied.15.044018
https://doi.org/10.1021/acsphotonics.7b01402
https://doi.org/10.1063/1.5083849
https://doi.org/10.1103/PhysRevB.101.024405
https://doi.org/10.1103/PhysRev.83.1005
https://doi.org/10.1103/PhysRevLett.121.087204
https://doi.org/10.1103/PhysRev.133.A1322
https://doi.org/10.1038/s42005-019-0150-8
https://doi.org/10.1016/0304-8853(80)90662-9
https://doi.org/10.1103/PhysRevB.74.060403
https://doi.org/10.1063/1.4985035
https://doi.org/10.1016/0031-9163(66)90649-4
https://doi.org/10.1103/PhysRevB.87.094422
https://doi.org/10.1002/pssa.2210360145
https://doi.org/10.1103/PhysRevLett.123.127202
https://doi.org/10.1103/PhysRev.139.A450
https://doi.org/10.1016/j.surfrep.2016.02.001
https://doi.org/10.1021/acs.jpcc.7b10515
https://doi.org/10.1103/PhysRev.110.73

	I. INTRODUCTION
	II. THEORETICAL MODEL
	III. EXPERIMENT
	IV. ANALYSIS AND DISCUSSION
	V. SUMMARY
	ACKNOWLEDGMENTS
	A. APPENDIX A: EXPERIMENTAL SETUP(S)
	1. CAVITY MEASUREMENTS

	B. APPENDIX B: DERIVATION OF THE EFFECTIVE COUPLING CONSTANT
	C. APPENDIX C: BACKGROUND CORRECTION AND FIT OF THE AVOIDED LEVEL CROSSINGS
	D. APPENDIX D: ESTIMATION OF THE COUPLING STRENGTH
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


