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We experimentally realize circularly polarized unidirectional cavity magnon polaritons in a torus-
shaped microwave cavity loaded by a small magnetic sphere. At special positions, the clockwise and
counterclockwise modes are circularly polarized, such that only one of them couples to the magnet, which
breaks the mode degeneracy. We reveal the chiral nature of the spectral energy and angular-momentum
flow by observing and modeling nonreciprocities of the microwave scattering matrix.
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I. INTRODUCTION

The study of cavity magnonics has led to the discovery
of new and interesting regimes of the coupling dynamics
between photons and magnons. The field attracted initial
attention due to the relative ease of achieving strong cou-
pling, even at room temperature [1–3], because the large
spin density in magnetic materials leads to a large coupling
that easily exceeds cavity loss rates and thereby hybridized
quasiparticles (magnon polaritons). Also attractive is the
tunability of the magnetic resonance by an applied external
dc magnetic field through the cavity modes.

Specially designed cavities [4,5] and larger magnetic
samples [3,6] reach the ultrastrong coupling regime, in
which the magnon-photon coupling rate is a sizable frac-
tion of the system frequency. Dissipative coupling [7–9]
of magnets in open or leaky waveguides strongly modifies
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the dynamics, e.g., causing resonance-level attraction.
Multiple magnets inside a cavity, also called magnonic
molecules [10–14], sustain delocalized collective modes
by the real or virtual exchange of cavity photons.

The observed nonreciprocity in (open or closed)
microwave cavities is interesting for applications, since
nonreciprocal microwave components are essential ele-
ments in classical and possibly quantum communication
systems [15–17]. An isolator is a diodelike device that
blocks signal flow in one direction, thereby protecting a
circuit from unintended reflections, e.g., isolating the trans-
mitter from the receiver in a radar architecture [18,19], to
shield qubits from their environment [20–22], or to inves-
tigate topological materials [23,24]. The nonreciprocity
of guided microwave propagation induced by a magnetic
load, discovered in the 1960s, has been implemented in
resonance absorption isolators [25,26]. More recently, Yu
et al. [27] have proposed generating nonreciprocity in a
circular microwave cavity by breaking its time-reversal
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symmetry (TRS) with magnetic loads with preferential
clockwise versus counterclockwise spin and energy flows.
The TRS breaking can be achieved by positioning magnets
on special chiral lines in a microwave cavity on which the
propagating photons are chiral [28,29], i.e., the sign of their
circular polarization is locked to their linear momentum.
This causes a strong direction-dependent coupling with
the magnon excitations that can be controlled by applied
magnetic fields.

Here, we experimentally demonstrate circularly polar-
ized unidirectional magnon polaritons, thereby confirming
theoretical predictions [27]. We place an yttrium iron gar-
net (YIG) sphere inside a newly machined torus-shaped
cavity in special positions and tune the magnetic resonance
to a transverse-electric (TE) cavity mode. We detect the
coupling dynamics in the microwave scattering matrix as
a function of an applied magnetic field. The experimental
results agree with the simulations and the nonreciprocity
of scattering parameters confirm the chiral nature of the
hybrid modes.

The demonstration that the insertion of magnetic
material into a waveguide or resonator leads to unidirec-
tional mode propagation without significant losses sug-
gests applications as microwave isolators or circulators
for multiplexed communications at microwave frequen-
cies [30,31], masers [32,33] and quantum manipulation
systems [34,35].

II. SYSTEM

The torus-shaped microwave cavity shown in Fig. 1 is
machined from high-purity aluminum in two parts (lid and
base). The inner and outer radii R1 (15 mm) and R2 (30
mm) and the height h (6 mm) are chosen to match the
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FIG. 1. A torus-shaped Al cavity overlaid with a snapshot of
the simulated electromagnetic fields of the m = 2 TE cavity
mode. The Ez amplitude is coded by the color density plot, while
the arrow vector plot represents �H . The dashed lines indicate the
special radial positions ρ−, ρ0, and ρ+ (see the text). The YIG
sphere in the sample holder is the black dot at ρ = ρ0, ϕ = 0.

model parameters in Ref. [27]. Rather than drive the cav-
ity by electrical probes in the z axis [27], we place two
magnetic loops around the radial axis at ϕ = ±90◦ that
couple to the Hφ component of the cavity field as shown
in Fig. 1. These probes do not measurably affect the fre-
quency response or the rf field distribution. The second
azimuthal harmonic of the TE mode of the torus cavity
resonates at fc = 10.8 GHz with a quality factor Q = 775,
which corresponds to a bandwidth of κ/2π = 14 MHz.

The pure single-crystal YIG sphere with a diameter of
1.8 mm is provided by the INFN Laboratori Nazionali di
Legnaro. The grinding procedure [10] leads to a ferromag-
netic resonance line width of approximately 4 MHz at 10
GHz. The magnon-photon coupling strength is mapped by
putting the YIG sphere at different positions inside the cav-
ity by means of a sample holder made from Rohacell�

HF, with a hole drilled at the correct radial coordinates.
All measurements are performed at room temperature. We
align the external dc magnetic field H0 along the easy axis
of the magnetic sphere and the z axis of the cavity, i.e.,
〈111〉 ‖ z. Microwave spectra are recorded using a vector
network analyzer at both ports as a function of the external
dc magnetic field strength.

III. THEORY

The torus cavity is a rectangular waveguide [28,29] bent
into a circle with specific azimuthal lines in the cavity
at which the microwave magnetic field of the TE modes
with Hz = 0 and ∂nEz|S = 0 is circularly polarized [27].
Their radial positions follow from the analytic solution of
Maxwell’s equations in free space with perfect conducting
boundary conditions at the metallic walls of the torus.

Due to the axial symmetry of the empty cavity, the field
amplitudes are proportional to eimϕ , where m is an inte-
ger that labels the orbital angular momentum of clockwise
(cw, m > 0) and counterclockwise (ccw, m < 0) photon
circulation. Their linear combinations form phase-shifted
standing waves with frequencies that may be split by a
perturbation such as a YIG sphere.

The anticlockwise uniform precession of the magneti-
zation (Kittel mode) around the effective magnetic field
couples to photons with the same polarization [36]. Since
we align the easy axis and H0, a circularly polarized rf
magnetic field couples to the Kittel mode only when right-
hand circularly polarized (|R〉) with respect to the z axis.
For a TE mode, |R〉 (|L〉) polarization corresponds to the
relation Hϕ = iHρ (Hϕ = −iHρ) between the polar com-
ponents of the ac magnetic field. These conditions are
fulfilled at specific radial locations ρ± for all m.

For a cw mode, the magnetic field has |L〉 polarization at
ρ− and |R〉 at ρ+, and vice versa for a ccw mode. A sphere
at these locations with magnetization along z couples
to only one of these modes and breaks the degeneracy
between them.
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We define ρ0 as the maximum of the linearly polar-
ized Ez field, while Hϕ(ρ0, ϕ) = 0. Unlike ρ±, the coupling
along ρ0 depends on the angle ϕ of the sphere position.
The magnetic field is then linearly polarized with Hρ ∝
sin(mϕ) and hence has maxima at ϕ1 = (n + 1/2)π/m and
zeroes at ϕ2 = nπ/m for n = 0, 1, 2, . . .. At ϕ1 for ρ = ρ0,
the cavity and Kittel modes maximally hybridize. The
magnon-photon coupling is therefore chiral on ρ = ρ±,
not chiral and oscillating between zero and maxima as a
function of ϕ at ρ = ρ0, and partially chiral elsewhere [28].

We calculate the microwave-induced dynamics of the
Kittel mode by solving the coupled Maxwell and lin-
earized Landau-Lifshitz-Gilbert (LLG) equation in the
frequency domain in the macrospin and rotating-wave
approximations [13,37] using an electromagnetic finite-
element solver in the frequency domain. We model the
YIG sphere using a permittivity εr = 15 [38] and a per-
meability μr that takes into account the external magnetic
field and the frequency-dependent magnetic susceptibility:

μr =
⎛
⎝

1 + u −iv 0
iv 1 + u 0
0 0 1

⎞
⎠ , (1)

where u = (ωK − iαω)ωM /[(ωK − iαω)2 − ω2], v =
ωωM /[(ωK − iαω)2 − ω2], ω is the microwave frequency,
ωM = γ Ms, ωK = γ H0 the Kittel-mode frequency, γ is the
gyromagnetic ratio, and α is the Gilbert damping constant.
We can then calculate the observables, viz. the microwave
transmission and reflection spectra, as measured by the two
ports to the cavity [27].

We may infer the position-dependent coupling between
the m = 2 TE cavity and the Kittel mode from the
calculated transmission in Fig. 2 as a function of the
microwave feed frequency and radial sphere position for
two azimuthal angles. We observe all the qualitative fea-
tures mentioned above, such as a vanishing coupling at
the position ρ0 in Fig. 2(a) compared to the anticross-
ing in Fig. 2(b). At ρ±, the interaction splits two modes,
rendering them all visible at any angle.
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FIG. 2. Simulated microwave transmission amplitudes for the
m = 2 TE mode of the torus cavity as a function of the radial
sphere position along (a) ϕ = 0◦ and (b) ϕ = 45◦ and H0 =
0.3895 T, tuned such that ωm ≈ ωc. Special radial locations are
marked by dashed lines.

The system can be accurately modeled by three coupled
harmonic oscillators, viz. the two counter-rotating pho-
tonic modes and the magnetic mode. The second-quantized
Hamiltonian reads

Hsys = �ωca†a + �ωcb†b + �ωmm†m

+ �g+(a†m + m†a) + �g−(b†m + m†b)

+ �J (a†b + b†a), (2)

where ωc and ωm are the cavity and magnon-mode frequen-
cies, respectively, a, b, and m represent annihilation opera-
tors for the cw photonic mode, the ccw photonic mode, and
the magnon mode, respectively, and the coupling between
the respective photonic modes and the magnon, g+ and
g−, depends on the position. J is a weak coupling between
the two photonic modes by dielectric backscattering from
the sphere or by the ports [39]. The action of J is to split
the cavity mode into a doublet even far from the avoided
crossing, which is observed experimentally [see Figs. 3(a)
and 3(b)]. At very large H0 values, the cavity mode will
cease appearing as a doublet, but within the ωm/ωc range
of Fig. 3, Eq. (2) is valid.

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

FIG. 3. Microwave transmission spectra |S12| close to the torus-cavity m = 2 TE mode (ωc = 10.8 GHz) and the Kittel mode of
a 1.8-mm-diameter YIG sphere located at (a) {ϕ, ρ} = {0, ρ−}, (b) {ϕ, ρ} = {0, ρ+}, (c) {ϕ, ρ} = {0, ρ0}, and (d) {ϕ, ρ} = {π/4, ρ0}.
The dashed lines are the eigenfrequency solutions of Eq. (2) with (a) g+ = 0, (b) g− = 0, and (c) g+ = g− = J = 0 and (d) is for a
standard two coupled harmonic oscillator model. The panels on the right are line plots for the resonance ωm/ωc ≈ 1.
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Since the microwave field is circularly polarized at the
special radial locations, g+(ρ−, ϕ) = 0 and g−(ρ+, ϕ) = 0
for H0 > 0. g+ and g− can be expressed analytically [27] in
the limit of small sphere radii and calculated numerically
by the finite-element method [40].

At the special radii, our model splits into two separate
systems: an uncoupled magnon mode and two coupled
harmonic oscillators that form a magnon polariton. The
amplitudes can be obtained by the standard input-output
formalism for two ports [17,41] that leads to the 2 × 2 scat-
tering matrix S. For example, the cw mode interacts with a
sphere at ρ+ when H0 > 0 with scattering matrix

S = Dccw [−Accw − iωI ]−1 Bccw

+ ζDcw [−Acw − iωI ]−1 Bcw, (3)

where

Acw =
(−iωcw − κ0

2 ig
ig −iωm − κm

2

)
,

Bcw =
√

κcw

2

(
1 eiαcw

0 0

)
,

Accw = −iωccw − κ0

2
, Bccw =

√
κccw

2
(
1 eiαccw

)
,

DX = −CB†
X , C =

(√
1 − ξ ı

√
ξ

i
√

ξ
√

1 − ξ

)
,

ζ =
(

eiβ 0
0 e−iβ

)
. (4)

Here, ωccw/cw are the mode frequencies, κ0 is the cavity
loss rate, κcw/ccw are the coupling loss rates, assumed equal
at ports 1 and 2, αcw/ccw the phase difference between a
mode excited at port 1 or port 2, and 0 ≤ ξ ≤ 1 represents
the crosstalk between the two ports, and we assume that
ξ = 0, meaning no crosstalk. Since the cavity field at dif-
ferent positions is always in phase for standing waves, we
have αX = 0 [41]. We assume that a weak mode coupling
J in Eq. (2) can be handled by slight shifts of the other-
wise degenerate ωcw/ccw on the order of 20 MHz. β is the
propagation phase difference between the two modes that
are out-coupled through the same port. This phase factor
depends on the flow direction, because a cw signal from
port 2 first travels through the lower arm of the cavity
with the YIG sample, while that from port 1 first has to
travel through the upper arm before passing at port 2 and
arriving at the YIG sphere because of the unidirectional
nature of the propagating signals introduced by the YIG
sphere, which is most prominent when on special lines ρ±.
In a partially open cavity, these phase differences lead to
signatures of the unidirectional circulation of microwaves
in the form of nonreciprocal transmission S12 �= S21. The
couplings κcw/ccw may not be too small; when the pho-
ton lifetime in the cavity is long, the phase accumulated

between the port and the magnet insertion does not play a
role and the transmission is always reciprocal.

When ωm ≈ ωc, the YIG sphere is at a chiral position,
and the magnon-photon coupling is much larger than the
backscattering J ; the transmission spectra are character-
ized by a single magnon polariton with two resonances
(peaks) at the eigenfrequencies of the hybrid system and
an antiresonance (dip) at the uncoupled frequency [42,43]
and a noninteracting cavity mode. Only the first term in
Eq. (3) depends on the magnetic field and can lead to
nonreciprocity.

We compare the calculated results with the experiments
in Sec. IV, where appropriate.

IV. EXPERIMENTAL RESULTS

Figure 3 summarizes the microwave transmission spec-
tra S21 for a 1.8-mm-diameter YIG sphere located at dif-
ferent positions within the torus close to the resonance
ωm = ωc. We clearly observe the expected features owing
to a magnon polariton when placing the YIG sphere on ρ+
and ρ−. On the other hand, the coupling nearly vanishes at
ρ0 and ϕ = 0◦ and changes into a two-mode avoided level
crossing for ϕ = 45◦ as predicted [27].

Since the coupling is strong, we can directly read off
the cavity-magnon coupling rates g±/2π in Eq. (2) from
the experimental data. The dashed lines in Fig. 3 are
eigenfrequencies of Eq. (2) with gX /2π = 63, 48, and 40
MHz for {ϕ, ρ} = {0◦, ρ−}, {ϕ, ρ} = {0◦, ρ+}, and {ϕ, ρ} =
{45◦, ρ0}, respectively. We deduce a much smaller
gX /2π ≈ 8.5 MHz for {0◦, ρ0} from the splitting of the line
plot of the S12 transmission spectra for ωm = ωc in the right
panel of Fig. 3(c).

Figure 4 shows the measured coupling rates between the
1.8-mm-diameter YIG sphere and the m = 2 TE mode for
ϕ = 0, (red dots) and π/4 (red square) together with the-
ory and simulations. The stars represent g as calculated by
finite-element modeling, while the blue and yellow lines
are analytical results for g±m, respectively [27]. The the-
ory and experiments, as well as |g−m − gm| (green line)
of the analytic and numerical results, agree very well. In
the regions ρ− < ρ < ρ+, the contributions of cw and ccw
waves to the coupling partly cancel, but they enhance each
other otherwise.

A higher-order magnetostatic mode [44] in Fig. 3
appears under the main ωm = γ H0 line (Kittel mode). It
becomes observable by the nonuniformity of the mag-
netic field, which is larger along ϕ = 0◦ as compared to
ϕ = 45◦, as seen by inspection of Fig. 1. This explains
the observed stronger coupling of the higher spin wave for
ϕ = 0◦, i.e., Figs. 3(a)–3(c) versus Fig. 3(d). The higher-
order (Walker) modes remain observable even when the
sphere is at {0, ρ0} because of its finite size, which sam-
ples ac magnetic field gradients. The main higher-order
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FIG. 4. The calculated (stars) and measured (red dots and
square) magnon-photon coupling rates with the Kittel mode as a
function of the radial position ρ along ϕ = 0 and ϕ = π/4. The
special positions ρ−, ρ0 and ρ+ are shown as blue, black, and red
dashed lines, respectively.

mode is the same at all ρ at ω/ωc ≈ 1.02 in Fig. 3. Cross-
ing the cavity frequency at ωm = 0.98ωc, it is most likely
the {200} magnetostatic mode [44] and it appears to be
well described by a weaker two-level avoided crossing, but
without the angular-momentum selection rules that govern
the Kittel-mode resonance.

A strongly coupled ferromagnetic resonance with a cav-
ity mode generates two hybrid modes. When crossing
the resonances with increasing frequency, the transmission
amplitude suffers a −π phase shift. The antiresonance in
the avoided-crossing gap is characterized by a dip in the
transmission amplitude and a +π phase shift [42,43]. The
unperturbed magnetic mode frequency of an uncoupled
cavity mode, on the other hand, causes a single amplitude
peak and a pair of (π , −π) phase shifts. The spectra in
Figs. 5(a)–5(d), in which the spheres are on the two chiral
lines, show significant nonreciprocities but approximately
obey the symmetry relation S12 (ρ+) = S21 (ρ−) and vice
versa (this symmetry is not exact, because the couplings
are not exactly the same). Alternatively, a reversal of the
external magnetic field will have the same result (not
shown). The significant S12 (ρ±) �= S21 (ρ±) is a strong
evidence of chiral microwave energy flow that is rendered
observable by the breaking of the up-down mirror symme-
try by the load. When the magnet is placed on a nonchiral
position at {π/4, ρ0}, we recover a response as seen in con-
ventional cavities [see Figs. 5(e) and 5(f)]. As expected, we
do not observe a significant nonreciprocity in this case.

The action of the backscattering term J in Eq. (2) is to
couple the noninteracting mode to the interacting mode.
Therefore, the large shift in mode frequency caused by
the magnon interacting with the latter creates a smaller
knock-on effect in the former, as can be seen by the slight

(a) (b)

(c) (d)

(e) (f)

FIG. 5. The measured modulus (left) and phase (right) of the
transmission amplitudes through a torus cavity with two ports
in both directions, S21 (red line) and S12 (black line), loaded by
a YIG sphere at ρ− (top), ρ+ (middle) and ρ0, ϕ = π/4 as a
function of the applied magnetic field.

perturbation of the yellow line in Figs. 3(a) and 3(b). This
is a detail that is lost in the simplified approximate model
of Eq. (3), which accounts for this effect by defining two
mode frequencies independent of one another, which will
be individually dependent on the applied magnetic field.
This is why the frequencies ωcw/ccw are observed to shift
as a function of H0 in Fig. 5.

While the presence of J complicates the analysis, we
can use the simplified Eq. (3) at the avoided crossing
when ωm ≈ ωccw and |g| � |J | to fit the scattering ampli-
tude for the sphere at ρ+ (for ρ−, we have to change
the roles of the cw and ccw modes). We can use inde-
pendently observed values of H = 0.3895 T, κ0/2π =
14 MHz, κm/2π = 3.937 MHz, g/2π = 63 MHz for ρ−,
and g/2π = 48 MHz for ρ+ and set αcw = αccw = 0. The
external-port coupling rates κcw/ccw, β, and ωcw/ccw are
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(a) (c)

(b) (d)

FIG. 6. Transmission spectra from Figs. 5(a)–5(d) for ωm ≈
ωc when the YIG sphere is located at ρ− and ρ+. The thin red and
black lines are the fit obtained by the model scattering matrix (3).

fitting parameters. We model the resonance phase shift
β = B Erf [(ω − ωc)/κ0] with B ≈ −0.4, which fits the
results for both ρ+ and ρ−, with the other parameters
set to ωcw/2π = 10.818 GHz, ωccw/2π = 10.845 GHz,
κcw = 0.077κ0, and κccw = 0.027κ0 for the sphere located
at ρ+. The ρ− case can be modeled by swapping cw terms
with ccw terms in Eq. (3) and changing the sign of B,
because the transmission paths S21 and S12 have effectively
been swapped. Hence given that all the other parameters
are equal in amplitude, the difference in the phase shifts
observable for the two radial positions is caused by the
slightly stronger coupling at ρ− [27]. Figure 6 shows excel-
lent agreement of the model with experiments for both
spectral features and the nonreciprocity.

We confirm the unidirectionality of the energy and
angular-momentum flow in another torus-shaped cavity
with three ports located symmetrically at angles of 120◦,
as shown in Fig. 7(a). Using port 2 (P2) as input, unidirec-
tionality should lead to different outputs at P3 and P1. The
phases of S32and S12 in Fig. 7(c) for ωm < ωc and ωm > ωc
are very different when the sphere is located at ρ+.

The phase shifts are associated with the different “arms”
[17], i.e., the blue (upper) and green (lower) curves in
Fig. 3(a). When the magnon is tuned below the cavity
frequency, we see in Fig. 7(c) that a large phase shift is
associated with the lower-frequency magnon-polariton sig-
nal S12 via the lower arm, while S32 is associated with
the higher-frequency hybrid mode close to the cavity fre-
quency via the upper arm. When ωm > ωc, the larger phase
of S12 is locked to the cavity frequency but S32 follows ωm.
The two branches therefore maintain their phase shifts.

Figure 7(b) shows the simulated time evolution of
the three eigenmodes when the YIG sphere is at ρ+
and ωm = ωc. We see that the magnon-polariton modes
have a cw (m > 0) orbital angular momentum, while the
central noninteracting mode moves in the opposite direc-
tion (m < 0), as expected.
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FIG. 7. (a) A schematic of the three-port microwave cavity and
the position ρ+ of the magnetic sample. (b) The time evolution
of the phase (φ) of the eigenmodes calculated at ωm = ωc. The
upper panel shows |S12| in red and |S32| in black. The lower panel
contains snapshots of the electric field distribution Ez at the peaks
of |Sxx| (ω) that we associate with the magnon polariton (left and
right, m = +2) and the noninteracting mode (center, m = −2)
. We clearly observe the counter-rotation of the modes and the
associated energy and angular-momentum flow as a function
of the microwave frequency. (c) The experimental transmission
amplitude with the modulus (top) and the phase (bottom) in the
three-port setup for the sphere located at ρ+, for ωm < ωc (left)
and ωm > ωc (right). (d) The difference between the output in
ports 1 |S12| and 3 |S32| when fed via port 2.

The asymmetry between the S12 and S32 phases is fur-
ther direct evidence of unidirectionality, since it implies
that the sphere is not at an equivalent position relative to
the input and output probes. The difference in transmission
amplitudes |S32| − |S12| between the two output ports in
Fig. 7(d) for H0 < 0 and H0 > 0 shows that the upper
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branch has a higher transmission amplitude to P1, while P3
sees a larger amplitude for the lower branch. This situation
is reversed with the magnetic field direction. The Kittel
mode then precesses in the opposite direction, coupling to
ccw modes with |L〉 polarization. Moving the sphere from
ρ+ to ρ− while keeping H0 fixed has a similar effect (not
shown).

V. DISCUSSION

The spontaneous breaking of time-reversal symmetry is
a unique feature of magnets that affects the interaction with
electromagnetic radiation. In microwave guides and cavi-
ties, it enables a chiral magnon-photon coupling because
the polarization of the electromagnetic radiation metallic
boundaries is locked to its orbital motion on “chiral” lines
or planes: a magnet placed at these special lines breaks
the degeneracy of counterpropagating waves and results in
unidirectional coupling.

Our observation of nonreciprocity in the scattering
matrices of both two- and three-port torus cavities is direct
proof of microwave circulation, i.e., the unidirectional
nature of the magnon-polariton modes over macroscopic
distances, which is induced by a relatively very small
magnetic load. The experimental results agree very well
with finite-difference calculations of the coupled Landau-
Lifshitz and Maxwell equations and can be understood by
a three-mode input-output model [27]. The direction of the
microwave circulation can be reversed by tuning the fre-
quency, flipping the magnetization direction, or shifting
the position of the magnet. We may also envision multi-
ple magnets placed on the same special line, which can be
excited into resonance by local coils. Such a device can
generate a high-power unidirectional photon beam with
high coherence and narrow bandwidth.
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