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We experimentally implement a system of cavity optomagnonics, where a sphere of ferromagnetic
material supports whispering gallery modes (WGMs) for photons and the magnetostatic mode for
magnons. We observe pronounced nonreciprocity and asymmetry in the sideband signals generated by the
magnon-induced Brillouin scattering of light. The spin-orbit coupled nature of the WGM photons, their
geometrical birefringence, and the time-reversal symmetry breaking in the magnon dynamics impose the
angular-momentum selection rules in the scattering process and account for the observed phenomena. The
unique features of the system may find interesting applications at the crossroad between quantum optics
and spintronics.
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Spin-orbit coupling of electrons is responsible for many
phenomena in condensed matter physics, such as spin-orbit
splitting of the band structure [1], the spin-Hall effect [2],
and topological insulators [3]. Photons also have angular
and polarization (spin) degrees of freedom, and in most
cases they can be treated independently. However, the
approximation breaks down when the spatial structure of
the light mode becomes comparable to the wavelength. In
such a case, inseparability of the orbital and spin degrees of
freedom, or the spin-orbit coupling of photons, manifests
itself. While this was pointed out in the literature such as
Ref. [4], it took some time before researchers acknowl-
edged its usefulness [5–7]. Recently, the spin-orbit coupled
nature of photons was vividly demonstrated in a gold
nanoparticle on an optical nanofiber [8] and laser-cooled Cs
atoms in the vicinity of the surface of a whispering gallery
mode (WGM) resonator [9]. The distinct nature of the spin-
orbit coupling associated with WGMs is that the light
circulating in one direction corresponds to σþ polarization
and the other to σ−, with respect to the direction
perpendicular to the plane of the WGM orbit [9]. WGM
resonators have also been intensively studied in the regime
of small mode volume and the high quality factor allowing
the enhancement of nonlinear optical effects [10–13].
Here we demonstrate intriguing properties of spin-orbit

coupled photons interacting with collective spin excitations
in a millimeter-scale ferromagnetic sphere. By modifying
the probability of the Brillouin scattering through WGMs,
one can realize cavity-assisted manipulations of magnons,
leading to a new field of cavity optomagnonics, in much the
same spirit as the cavity optomechanics [12]. An additional
novel feature in cavity optomagnonics is the chirality
provided by the spin dynamics in the ferromagnet. This

leads not only to magnon-induced nonreciprocal Brillouin
scattering but also to the creation and annihilation of
magnons in a highly selective manner, with the linear-
polarization input. Moreover, WGMs coupled via an
optical nanofiber will allow us to employ the resonant
structures for the enhancement of the Brillouin scattering.
The combination of these properties, which was absent in
the previous works [14,15], provide a new, complementary
way to investigate the magnon-induced Brillouin scatter-
ing. We note that recent works in similar setups also
observed inelastic [16] and elastic [17] scattering of light
by the ferromagnetic spins. It has also been shown that
magnons in ferromagnets can be coherently coupled to a
microwave cavity mode [18] as well as a superconducting
qubit [19] in the quantum regime. Thus, the system of
cavity optomagnonics presented here can open a way to
optically control these degrees of freedom in the future.
(We also note that, in a separate work, the authors studied
the bidirectional microwave-optical conversion using a
propagating light mode and a microwave cavity mode
coupled to magnons [20].)
A schematic of our experimental setup is shown in

Fig. 1(a). The WGM resonator we use is a 750-μm-
diameter sphere made of a ferromagnetic insulator, yttrium
iron garnet (YIG). YIG is highly transparent at the optical
wavelength of 1.5 μm and has a refractive index of 2.19.
With a Curie temperature of about 550 K, YIG is in the
ferromagnetic phase at room temperature and supports
long-wavelength magnetostatic modes [21]. We focus, in
particular, on the Kittel mode with spatially uniform spin
precession, which exhibits a sharp ferromagnetic resonance
(FMR) [18]. In order to saturate the magnetization and to
define the quantization axis, a dc magnetic field B of 0.24 T
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is applied perpendicular to the plane of the WGM orbits.
A loop coil near the YIG sphere generates an ac magnetic
field perpendicular to the dc field and drives FMR. The
magnetization then acquires its horizontal component
rotating at the angular frequency of the Kittel mode.
Because of the finite loss, the microwave reflection picked
up by the loop coil shows a dip at the resonant frequency.
The resonant frequency and the quality factor are found to
be ωmag=2π ¼ 6.81 GHz and Q ∼ 3000, respectively.
Laser light with a wavelength of 1.5 μm from an ECDL

is introduced through a FPC and then coupled to the WGM
resonator via a tapered silica optical nanofiber, with a waist
diameter of about 700 nm and a waist length of around
4 mm. Figure 1(b) shows the transmission spectra for the
transverse-electric (TE) modes and the transverse-magnetic
(TM) modes. The rich structures in the spectra indicate that
there are various spatial modes within the FSR of 62.1 GHz.
For WGMs in the large sphere limit, frequencies of the TM
modes are known to be higher than those of the TE modes
with the same mode indices because of the geometrical
birefringence [22–24]. For the 750-μm-diameter sphere we

use, the difference is estimated to be 51.8 GHz, which is
consistent with the observed spectra in Fig. 1(b) [25]. The
intrinsic quality factors of the WGMs are found to be
around 1 × 105 when they are measured in the under-
coupled regime.
When the light propagates in the direction of the mean

magnetization in ferromagnets, the well-known Faraday
effect occurs. When, on the other hand, the mean mag-
netization is perpendicular to the direction of light propa-
gation, magnon-induced Brillouin scattering takes place
[26–28]. In the presence of magnons in the Kittel mode,
photons in the WGM undergo Brillouin scattering to create
sideband photons with the frequency shifted by �ωmag=2π.
A HWP and a PBS make the scattered sideband photons
and the unscattered input photons interfere to generate a
beat signal at ωmag=2π. The signal is amplified and
measured with a vector network analyzer.
The orange (light blue) plot in Fig. 2 shows the observed

spectrum of the beat signal for the input laser being the TM
mode and coupled to the anticlockwise (clockwise) orbit of
the WGM resonator. The frequency of the input photons is
tuned to be ω=2π ¼ 193130 GHz where the beat signal
associated with the anticlockwise orbit is maximized.
While both peaks in Fig. 2 have the same linewidth as
the FMR signal, there is a large difference in their signal
strengths of almost 20 dB.
The nonreciprocity of the magnon-induced Brillouin

scattering can be explained by considering the conservation
of energy, momentum, and angular momentum under the
situation in which the spin-orbit coupling of the photons
and the geometrical birefringence associated with the
WGM resonator are blended with the time-reversal sym-
metry breaking in the magnon dynamics.
Suppose that the input laser polarization is adjusted to

couple to the TM mode of the anticlockwise WGM orbit
(orange orbit in Fig. 2). The light in the resonator is then σþ
polarized due to the spin-orbit coupling [see Fig. 3(a)]. To
see why the Brillouin scattering is more noticeable in this
situation, we consider the following three points. (i) The

FIG. 1. Transmission through WGMs in a YIG sphere.
(a) Experimental setup. WGMs of the YIG sphere are addressed
with an optical nanofiber. Microwave radiation from a vector
network analyzer excites magnons, and ac and dc components of
the light intensity are monitored with a high-speed photodetector
(PD). The polarization of the light from an external-cavity diode
laser (ECDL) is adjusted by a fiber polarization controller (FPC).
A half-wave plate (HWP) and a polarization beam splitter (PBS)
are placed before the PD. The inset shows a picture of the YIG
sphere and the nanofiber. (b) Observed WGM spectra for the
750-μm-diameter YIG sphere. Red and blue lines correspond to
the TM and TE modes, respectively. The transmission signals are
normalized by their maximal values. The free spectral range
(FSR) and the estimated spectral shift due to the geometrical
birefringence (GB) are indicated.
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FIG. 2. Nonreciprocal Brillouin scattering. The orange (light
blue) plot is the observed spectrum of the beat signal for the input
laser being TM mode from port 1 (2). The right inset shows an
expanded plot of the light blue curve. The left inset depicts the
input ports and the direction of the dc magnetic field.
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conservation of energy and spin angular momentum con-
strain the ensuing Brillouin scattering to create a magnon
and a sideband photon at the angular frequency ofω − ωmag
in the π-polarized TE mode. Here we assume that the
Brillouin scattering occurs only between TM and TE
modes with the same WGM index, which means that
the orbital angular momentum of photons is conserved. We
shall return to this issue later. (ii) Momentum conservation
in the Brillouin scattering process with a magnon in the
Kittel mode (having zero wave vector) leads to negligible
backscattering. This is in stark contrast with the schemes
utilizing the phonons with nonzero wave vectors [29–32]
and active-passive-coupled microresonators [33,34].
(iii) Since the frequency of the TM mode ωTM is larger
than that of the TE mode ωTE with the same mode index

because of the geometrical birefringence (this is true
regardless of the circulation direction of the photon
[22–24]), the scattering process favors an output TE
photon with a lower frequency than that of the input
TM photon, which is indeed the case for the anticlockwise
orbit.
On the contrary, for the input photons in the clockwise

orbit (light blue orbit in Fig. 2) the polarization is σ−

and a magnon must be annihilated. The accompanying
sideband photon in the TE mode then has to have an
angular frequency of ωþ ωmag, an unfavorable situation
from the viewpoint of the geometrical birefringence,
ωTE < ωTM. This leads to the suppression of the beat
signal for the clockwise photons as shown in Fig. 2. The
observed small but finite signal shown in the inset can be
due to the imperfection of the spin-orbit coupling asso-
ciated with the WGM.
To clarify the selection rule in the Brillouin scattering,

we consider the states jg; ni and je; ni, describing the
electronic ground and excited states of the optical tran-
sition, jgi and jei, respectively, and the number of magnons
in the Kittel mode, jni. If the input photons are in the TM
mode, the light in the resonator is σþ polarized as shown in
Fig. 3(a), and thus the state jg; ni is transformed into
jg; nþ 1i via the excited state je; nþ 1i by creating a
magnon and a down-converted red-sideband photon with π
polarization in the TE mode. On the other hand, if the input
photons are in the TE mode, the light in the resonator is π
polarized, and the reverse process occurs by annihilating a
magnon and creating an up-converted blue-sideband
photon with σþ polarization in the TM mode. Note that
the dominant optical transition here is considered to be
the spin- and parity-allowed 6Sð3d52p6Þ ↔ 6Pð3d62p5Þ
charge transfer transition in YIG [35], whose transition
wavelength is around 440 nm. Since the laser wavelength
of 1.5 μm is far detuned from the transition, the excited
state jei is only virtually populated.
To verify the asymmetry in sideband signals produced by

the Brillouin scattering, the red- and blue-sideband signals
are obtained in a heterodyne measurement. A schematic
picture of the experimental setup is shown in Fig. 3(b).
With this scheme, the red and blue sidebands are separately
observed by the spectrum analyzer at frequencies
ωmag=2π þ 150 and ωmag=2π − 150 MHz, respectively.
The results for the TM-mode input are shown in
Fig. 3(c). The blue sideband is suppressed by more than
20 dB relative to the red one. For the TE mode input, the
ratio of sideband strengths is reversed as shown in Fig. 3(d).
These results imply that, by changing the polarization of
the input laser, one can create or annihilate magnons in a
highly controlled manner.
So far, we have assumed that the Brillouin scattering

occurs only between the TM and TE modes with the same
WGM index and thus conserves the orbital angular
momentum of the photons. To support this hypothesis,

FIG. 3. Sideband asymmetry in magnon-induced Brillouin
scattering. (a) Correspondence of input polarizations, polariza-
tions in the WGM resonator, and a schematic level diagram of the
Brillouin scattering. (b) Setup for observing individual sidebands.
Laser light with a wavelength of 1.5 μm is split into two paths,
and the photons in one of the paths acts as a local oscillator (LO),
whose frequency is shifted by 150 MHz by an acousto-optic
modulator (AOM). For the heterodyne measurement, the LO
photons are mixed with the photons in the other path which are
coupled to the WGM resonator via the nanofiber. Microwaves
from a signal generator resonantly excite the magnons, and the
heterodyne signal is sent to a spectrum analyzer. (c),(d) Observed
sideband-signal powers for the TM-mode and TE-mode inputs,
respectively, for a laser frequency of 193130 GHz. The resolution
bandwidth of the measurement is 10 kHz.
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we further analyze the Brillouin scattering strength for the
TE and TM inputs. Let the density of states of a relevant
WGM for the TM mode be ρðiÞTMðωÞ and that for the TE
mode be ρðiÞTMðωÞ, where i represents the indices character-
izing the WGMs. Suppose that the input photon is in the TE
mode with angular frequency ω and the scattered into the
TM mode with ωþ ωmag. The strength of the Brillouin
scattering is then written in the form proportional to the
input photon number nðiÞTE and then the density of states
of the final state ρðiÞTMðωþ ωmagÞ [25]. Since nðiÞTE is propor-
tional to ρðiÞTEðωÞ, the scattering strength is written as
ITE→TMðωÞ≡P

iCiρ
ðiÞ
TEðωÞρðiÞTMðωþ ωmagÞwith coefficient

Ci representing the contributions from each mode. For
the TM mode input, the same consideration results
in ITM→TEðωÞ≡P

iCiρ
ðiÞ
TMðωÞρðiÞTEðω − ωmagÞ. Thus, one

can immediately see that ITE→TMðωÞ¼ ITM→TEðωþωmagÞ.
We measure the laser-frequency dependence of the beat

signal in the setup shown in Fig. 1(a) for the TM- and
TE-mode inputs. The observed spectra are compared in
Figs. 4(a) and 4(b), and indeed we find an apparent
similarity. We characterize the similarity between the
two spectra by calculating the cross-correlation between
them. Here the cross-correlation RTE;TM is defined as

RTE;TMðΩÞ ¼
ðR∞

0
dω
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IðexpÞTE→TMðωÞIðexpÞTM→TEðωþ ΩÞ
q

Þ
2

R∞
0

dω
2π I

ðexpÞ
TE→TMðωÞ

R∞
0

dω
2π I

ðexpÞ
TM→TEðωþ ΩÞ

;

where the quantities with the superscript “(exp)” denote
the experimentally observed spectra. The quantity RTE;TM
equals unity when IðexpÞTE→TMðωÞ ∝ IðexpÞTM→TEðωþΩÞ. The

obtained cross-correlation RTE;TM is shown in Fig. 4(c).
The gray vertical lines in the figure indicate the free spectral
range of the WGMs (0 and �62.1 GHz). The maxima of
the cross-correlation at these frequencies qualitatively
supports the similarity between the spectra and underlying
assumption that the Brillouin scattering process conserves
the orbital angular momentum of the photons.
Note also that the two spectra in Figs. 4(a) and 4(b) do

not match the WGM transmission spectra of corresponding
polarizations in Fig. 1(b). This discards the simple pro-
portionality between the Brillouin scattering and the trans-
mission spectra and fortifies the claim that the strengths of
the Brillouin scattering processes are proportional to
ITE→TM and ITM→TE, respectively. Complete assignment
of the WGMs is needed for a more quantitative under-
standing of the spectral structure. From this perspective, a
WGM resonator with a higher quality factor and a smaller
number of relevant spatial modes will be of great help.
For a candidate of a microwave-to-optical-photon quan-

tum transducer, the coupling constant g of the magnon-
induced Brillouin scattering and the microwave-to-optical
photon conversion efficiency are crucial parameters. The
coupling constant is theoretically given by gðtheoryÞ ¼
Vc0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=Nspin

p ¼ 2π × 5.4 Hz, where V, c0, and Nspin are,
respectively, the Verdet constant, the speed of light inside
the material, and the number of spins in the sample [25].
The experimentally obtained coupling constant gðexpÞ of
2π × 5 Hz is consistent with the theoretical value [25].
Since the decay rates of the Kittel mode and the WGMs are
in the megahertz and gigahertz range, our system is in the
weak coupling regime.
In our current setup, the maximum microwave-to-optical

photon conversion efficiency is 7 × 10−14 [25], even lower
than that in the experiment without a WGM resonator [20].
The main reason for the small value is the frequency
mismatch between the frequency difference of the TE and
TM WGMs and the Kittel-mode frequency, which can be
solved by properly designed WGM resonator geometries.
Another reason is the modest quality factors of the WGMs,
which can be improved up to the absorption-limited value
of 3 × 106 [36]. With these improvements, the conversion
efficiency will reach 3 × 10−2 [25]. Materials with a larger
Verdet constant allow further enhancement by orders of
magnitude to make the transduction feasible in the quantum
regime.
In conclusion, we observed magnon-induced nonrecip-

rocal Brillouin scattering in a sphere of ferromagnetic
insulator material. The phenomena are subject to the unique
selection rule imposed by the spin-orbit coupled nature of
the WGM photons, the geometrical birefringence of the
WGM resonator, and the time-reversal symmetry breaking
in the magnon dynamics. The selection rule is also
responsible for the sideband asymmetry in the Brillouin
scattering process, providing us with a powerful tool to
selectively create or annihilate magnons in the Kittel mode

FIG. 4. Peak height of the beat signal vs laser frequency for
(a) TM-mode (with an upper horizontal axis) and (b) TE-mode
(with a lower one) inputs. (c) Cross-correlation between the two
spectra. The gray vertical lines indicate the free spectral range of
the WGM.
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with optical photons. These unique features of the system
allow it to serve as an interesting test bed for investigating
the interdisciplinary field involving quantum optics and
spintronics.
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