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An enhancement in Brillouin light scattering of optical photons with magnons is demonstrated in
magneto-optical whispering gallery mode resonators tuned to a triple-resonance point. This occurs when
both the input and output optical modes are resonant with those of the whispering gallery resonator, with a
separation given by the ferromagnetic resonance frequency. The identification and excitation of specific
optical modes allows us to gain a clear understanding of the mode-matching conditions. A selection rule
due to wave vector matching leads to an intrinsic single-sideband excitation. Strong suppression of one
sideband is essential for one-to-one frequency mapping in coherent optical-to-microwave conversion.
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Extending microwave-optical transducers into a regime
where interconversion between single optical and microwave
photons is possible in a coherent manner [1] is an important
technological aim, as it would open up many avenues in, for
example, implementing existing superconducting quantum
devices [2] in a wider quantum network [3]. Furthermore,
frequency shifting of single photons would enable quantum
optical devices to take advantage of wavelength division
multiplexing. Strong progress towards these goals has
been made in cavity optomechanics [4-7], and optimized
electro-optic modulators [8—10].

Recently, microwave-optical interconversion has also
been explored in a cavity optomagnonic system [11,12],
where magnetic Brillouin light scattering (BLS) [13] has
been reported in high Q optical whispering gallery modes
(WGMs) of a transparent magnetic sphere [14]. In this
system, the collective excitations of the magnetic moment,
magnons, play a role analogous to the phonons in a cavity
optomechanics system [15]. An important feature of this
optomagnonic system is the nonreciprocity of the BLS,
where only one sideband has been observed [11,12]. A key
requirement for a coherent transducer is a one-to-one
mapping of the frequency components, and hence a strong
suppression of one sideband. In contrast to an optomechanics
system, due to conservation of angular momentum, optically
induced creation and annihilation of magnons requires a
change in optical polarization [16]. When combined with the
geometric birefringence of a WGM resonator, this results in a
nonreciprocal triple-resonance condition, where the optical
pump and signal of opposite polarization are resonant with
different cavity modes, whose frequency splitting is equal
to the driven ferromagnetic resonance (FMR) [17]. Hence,
sideband suppression is enforced by a selection rule, rather
than by detuning the pump laser from the optical cavity, as is
usually the case in a cavity-optomechanics system.

In this Letter we show that the nonreciprocal triple-
resonance condition between optical modes for pump and
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signal of the interconversion can be achieved with the
precise mode identification allowed by prism coupling
to the magnetic sphere. This is in contrast to previous
measurements [11,12], where, due to the waveguide
coupling used, the exact identification of the optical modes
involved has been difficult, with the resonance condition
being met accidentally [12]. For microwave driving of the
uniform Kitte] magnetization mode in the plane of the
WGM, the polarization of the pump laser can be used to
select the scattering direction via the fixed change in the
azimuthal mode index. We identify that this selectivity
arises from wave vector matching around the optical path
of the pump and signal light fields and the geometrical
dependence of the magneto-optical coupling. Finally, mea-
surements of the BLS intensity as a function of detuning
from the triple-resonance condition show excellent agree-
ment with a simple analytical model. Our experiments
allow us to precisely characterize the resonant single-
photon magneto-optical coupling strength [18,19].

The experimental setup is shown in Fig. 1(a). A prism
coupler [20] is used to match the input angle, and therefore
the wave vector, to the low order WGMs. The mode structure
is probed by measuring the reflected intensity with the same
polarization as the input using a photodiode (PD 1), as the
input laser wavelength is tuned. The light emitted from the
cavity with opposite linear polarization to the input is emitted
ata different angle due to the birefringence of the rutile prism.
This polarization-scattered component is analyzed with a
scanning Fabry-Pérot etalon on an avalanche photodiode
(PD II). A microwave antenna [Fig. 1(b)] is placed close to
the YIG sphere to drive ferromagnetic resonance and the
magnetic field from a permanent magnet (NdFeB) mounted
on a stage is used to tune the FMR frequency. The setup
can be switched to measure the same quantities for both
linear polarizations of the input beam.

First, we identify the optical WGMs. The dc magnetic
field is fixed in the out-of-plane direction. Since there is no
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FIG. 1. (a) Top view of experimental setup. The scattered light,
with polarization orthogonal to the input beam, emitted at a
different angle due to the birefringence of the rutile coupling
prism, is spectroscopically analyzed with a scanning Fabry-Pérot
etalon. A dc magnetic field Hgy. is applied along the z axis.
(b) Microwave antenna to drive ferromagnetic resonance in the
YIG sphere (side view). The microwave drive is provided by a
vector network analyzer (VNA). The FMR modes are identified
by measuring the microwave reflection coefficient |Sy;| as a
function of frequency, after which the VNA is configured in the
continuous-wave mode to drive the resonance. (¢) Coordinate
systems used in the analysis.

static component of the magnetization along the direction
of propagation, mixing between linear polarized modes due
to the Faraday effect is negligible [14]. We therefore use
the standard analytical forms of the WGM electric field
distributions and resonant wavelengths [21,22], with two
linearly polarized components perpendicular and parallel to
the sphere surface. These modes, which we label horizontal
h and vertical v [23] [see Fig. 1(c)], are split in energy due
to the geometrical birefringence from the different surface
boundary conditions for two electric field components.

The basic mode structure is shown schematically in
Fig. 2(a). The expected reflectance spectra for the 4 (pink)
and v (green) polarized modes are shown including modes
with radial index g =1, 2 for sets of modes with a
difference Am =1 in the azimuthal index m. The mode
indices are defined in Fig. 2(b). The free spectral range is
given by Apsg = /1% /2rrnyig to a good approximation in
the relatively large spheres (r ~ 100 pym, m ~ 1000) which
we study. In the same limit, the A-v splitting is given by
/1h—1) = AFSR\/ n%lG — l/nYIG [21] For YIG, with nyig ~ 22,
Apy ® 0.94rsr. Therefore, the closest adjacent modes of
opposite polarization are for different m indices, separated
by m, —m;, = 1 and /IZ{fv = 0-1/1FSR‘

Figure 2(c) presents a reflection spectrum for an h-
polarized input. Two families of modes are observed. These
are identified as ¢ = 1 and ¢ = 2 from comparison of the
wavelength dispersion, shown in Fig. 2(d), to the expected
splitting. This demonstrates the highly selective excitation
of the WGM, allowing clear identification of the matching
conditions for enhanced wavelength conversion.

With the dc magnetic field in the out-of-plane direction z,
we now introduce the microwave drive field in the in-plane
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FIG. 2. Optical mode identification for an r =~ 250 ym YIG
sphere. (a) Schematic of mode families for radial indices ¢ = 1,
2, and for h and v polarization. The free spectral range Apgg is
indicated by the black solid line. The h-v splitting 4;._, is shown
by the black dotted line, while the dashed line indicates the
splitting between adjacent modes with Ag = 1. The azimuthal
index m determines the number of wavelengths around the
circumference and radial index ¢ determines the number of
radial nodes. (b) Representative plots of the real part of the
electric field (i) in the WGM plane for m = 20, ¢ = 1, and (ii) in
cross section for ¢ =1, 2. (c) Reflectance spectrum for
v-polarized input. (d) The dispersion of the FSR Aggg is used
to identify the strongest mode family as ¢ = 1. The splitting
between the different modes 4, ., is used to identify the second
as g = 2. Solid and dashed lines show the calculated dispersions
[24] fitted with small adjustments of the sphere radius.

x direction. This drives ferromagnetic resonance (FMR),
the precession of the magnetization about the static field.
The magnetostatic modes [25] of the YIG sphere can be
identified by measuring the microwave reflection coeffi-
cient S;; of the microwave antenna. The FMR spectrum as
a function of permanent magnet position is shown in
Fig. 3(a) along with the expected Kittel mode frequency
calculated from the position dependent magnetic field (blue
line) [26]. From this field dependence and the relative
strength of the absorption, the uniform Kittel mode can be
identified. During data collection the microwave drive
tracks the FMR frequency to compensate for fluctuations
in the dc magnetic field.

To achieve the triple-resonance condition, we use a
sphere of radius 500 um, which has 2T corresponding
to w, — w;, ~7 GHz, and drive the FMR of the uniform
Kittel mode close to that frequency. The cross-polarized
emission of the cavity is spectrally analyzed using the
etalon, and example data are shown in Fig. 3(b). The top
panel shows a measured spectrum for & polarized input.
There are two sets of peaks, each matching the 10 GHz FSR
of the etalon. The largest is the elastic scattered light at the
same wavelength as the input laser. The anti-Stokes signal
is marked with a blue arrow and is higher in frequency by
~7 GHz. There is no measurable Stokes peak for this input
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FIG. 3. (a) FMR of YIG sphere measured through microwave

reflection coefficient |S;;| of the antenna as a function of
permanent magnet position. The blue dashed line shows the
expected dependence of the uniform Kittel mode from the known
dependence of the magnetic field on distance from a cuboid
magnet [26] and the gyromagnetic ratio y = 28 GHzT~!. The
magnetic field range is Hy. =~ 100-320 mT. The Q factor of the
magnetic mode is Qpyr ~ 400 (as this is due to Gilbert damping,
the rate kpyr & 10-20 MHz depends linearly on FMR frequency
[27]). (b) Measured spectra of emitted signal (PD II) for # (upper)
an v input polarization for wgyr /27 ~ 7 GHz. Orange and blue
arrows label Stokes and anti-Stokes peaks, respectively. We can
exclude the suppressed sideband down to the signal-to-noise
ratio, maximum =20 (slightly different for the two input polar-
izations due to different experimental conditions). (c),(d) Lower
panels: maximum of BLS intensity as a function of input laser
wavelength, for & and v input, respectively. Upper panels:
Reflected optical intensity (PD I), shown for comparison. The
x axis is detuning from the resonant wavelength of the / polarized
mode. For v input measurements, this is set by the measured h-v
splitting 25 . For the optical modes Q,~2x 10° and Q;, ~ 1 x 10
(dissipation rates «, ~ 1 GHz, k;, ~ 2 GHz).

polarization for any input wavelength. The bottom panel
shows a measured spectrum for v polarized input. Here,
there is only a Stokes peak (orange arrow), lower in
frequency by the microwave drive. In the following, we
demonstrate that this asymmetry between the Stokes or
anti-Stokes signal [11,12], different for the two input
polarization, follows from a selection rule in the BLS
process. The linewidth of the BLS peak is limited by the
200 MHz resolution of the etalon. We further note that
when the magnetic field is reversed, the BLS is substan-
tially reduced.

Figures 3(c) and 3(d) compare the BLS peak amplitude
as a function of detuning of the input laser from the
resonance to the reflectivity spectra. The BLS is enhanced
when the h(v) polarized input laser is resonant with the
h(v) polarized, ¢ = 1, WGM.

To explore the triple-resonance condition, the wave-
length dependence of the BLS peak is measured as a
function of the FMR frequency wgyg. This is shown in
Fig. 4 for (b) h and (c) v input polarization. For 4 (v) input,
we only observe the Stokes (anti-Stokes) signal, and the
color corresponds to the intensity of that signal. As the
WGMs are sensitive to changes in sphere temperature with
dissipated microwave power, the wavelength scans are
aligned at the dip in reflected intensity (PD I), and are
normalized to the peak value for that FMR frequency in
order to highlight the mode structure. An example of the
reflected intensities (PD I) for both input polarizations are
shown for comparison in Fig. 4(a), these are independent of
the FMR frequency.

In Figs. 4(b) and 4(c) there are two maxima in the
efficiency of the BLS process. The first peak is independent
of the FMR frequency and is aligned with the WGM of the
input polarization. This corresponds to a cavity enhance-
ment of the input light field. For small FMR frequencies
there is a second peak whose wavelength is linear in the
FMR frequency. For A (v) polarized input, the black lines
in Figs. 4(b) and 4(c) corresponding to w, — wgyr and
oy, + wppr, respectively, are in reasonable agreement with
the data. Hence, the second peak corresponds to a cavity
enhancement of output light field, shifted by the FMR
frequency.

By tuning the FMR frequency to match the s-v splitting,
we achieve the triple-resonance condition. This scattering
is between modes of different azimuthal mode indices,
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FIG. 4. BLS scattering amplitudes for different input linear
polarizations (&, pink, v, green). (a) Reflected intensity (PD I) for
comparison. Azimuthal mode indices are labeled for clarity.
The two curves are plotted on separate scales. (b) Color-plot of
BLS intensity for A-input polarization as a function of input laser
wavelength and FMR frequency. Each scan for fixed FMR
frequency has been normalized to the peak amplitude for that
scan. (c) As in (b), but for v-input polarization. Dashed lines
in (b) and (c) indicate the resonant wavelengths for the two
polarizations. The x axis in all panels is in detuning from the
resonant wavelength of the A polarized mode. For » input
measurements, this is set by the measured %-v splitting.
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Am = +1. In fact, this is consistent with our expectation,
as, in the frame of the light propagating around the mode,
the in-plane driven magnetization rotates with respect to the
direction of propagation. This means that the magnetic
mode has an effective wave vector, and azimuthal integra-
tion of the electromagnetic energy leads to a selection rule
m, —m;, = 1 [28]. It is this required change in mode index
that allows the triple-resonance condition to be achieved for
reasonable magnetic field strengths, as the FSR is approx-
imately equal to the /-v splitting so that the two modes with
m, —my, = 1 are closely spaced in frequency. This is in
contrast to previous work [11,12], which has suggested
Am = 0, requiring substantially higher magnetic fields. We
also note that in scattering the radial index ¢ is unchanged,
Ag = 0.

Furthermore, we can see that the Stokes or anti-Stokes
asymmetry persists even detuned from the triple-resonance
condition. This indicates that the asymmetry is not
governed simply by the optical density of states. In fact,
the selection rule m, — m;, = 1 means that the interaction
Hamiltonian for the magnon mode b and two optical modes
ay, a,, reduces to two terms [28], corresponding to the
observed Stokes or anti-Stokes asymmetry, selected by the
input polarization:

Hi, = hG(baba, +b'aja,). (1)

Hence, the scattering process is nonreciprocal due to the
wave vector matching around the WGM and azimuthal
dependence of the magneto-optical coupling. From the
known strength of the Faraday effect in YIG, we calculate
the single-photon coupling rate G = 1 Hz [28].

We can compare the measured data to a simple analytical
model based on these three modes [28]. The amplitude of
the scattered field as a function of the detuning from the
triple-resonance condition wgpyr —®, + @; and of the
h-polarized input frequency w;, — @, is

4G?|ay, | |Bin |k K0/ KEMR
; 2 :
[% + (0, — 0, )| [F + (0pr — @, + @1)?]

(2)

This is the product of two Lorentzians, corresponding to
resonant enhancement of the input and output fields,
respectively. All the parameters are known from indepen-
dent measurements, so that we can plot this expression in
Fig. 5(b), with excellent agreement with the data plotted
alongside [Fig. 5(a)].

Finally, we plot the maximum BLS amplitude for each
FMR frequency in Fig. 5(c). The variation in the data is due
to changes in the microwave power transmitted to the YIG
sphere at different frequencies. The red line is the expected
value given by Eq. (2), vertically scaled to match the data,
with good agreement in the general trend.
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FIG. 5. Comparison between (a) experiment and (b) theory of
BLS intensity as a function of input wavelength detuning
and FMR frequency for % input polarization. The black lines
are the wavelengths corresponding to @, and @, — wpygr. Both
the experimental data and model are normalized to the peak value
at each FMR frequency to allow better comparison of the mode
structure. (c) Peak BLS efficiency as a function of FMR
frequency. The red line is the expected trend given by the
maximum of Eq. (2) for fixed wpyr.

To summarize, we have demonstrated the tuning of a
cavity magneto-optical system to a triple-resonance con-
dition for enhanced Brillouin light scattering. A selection
rule Am = +1 in the azimuthal index of the optical mode
arises due to wave vector matching around the optical path
of the WGM. Because of the conservation of total angular
momentum, a change in the optical orbital angular momen-
tum of Am = =£1 results in the annihilation or creation of
one magnon, and up- or down-conversion of the light,
respectively. The modes closest to energy-matching con-
ditions have m, — m; = 1, and, hence, the polarization of
the input laser selects either a Stokes or anti-Stokes
frequency conversion. Since the asymmetry of the BLS
arises from a selection rule, a strong asymmetry can also be
observed away from cavity resonance. This mechanism
has similarities to BLS between two optical modes in
optomechanics [29]. We further note that nontransverse
components of the optical modes [30] are not included in
our model, and are therefore not needed to explain the
asymmetry in the BLS [11,12].

Asymmetries in magnon BLS have been reported pre-
viously due to other mechanisms. Localization of surface
magnon modes with a given chirality [31] is not relevant
here, as we study the uniform magnetic mode, and spin-
spin correlations between different components introduced
by the demagnetizing field are only relevant in a thin film
geometry [32]. It is possible that interference between the
first- (Faraday) and second-order (Voigt) magneto-optical
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effects [16,33] may result in minor corrections to the
differing amplitudes.

Although the single-photon coupling rate is significantly
smaller than the linewidths of the optical and magnetic
modes, the scaling of the coupling with the magnetic mode
volume suggests that interesting regimes could be achieved
with smaller devices. Optimizing the Q-factor mode
volume ratio [34] could be achieved with photonic-crystal
defect cavities [35], or plasmonic resonances, which have
been shown to enhance static magneto-optical parameters
[36-38]. In addition, for the current system, cooling to
low temperatures [39] should improve the Q factors of all
modes significantly. This may open up the possibility of
spontaneous Brillouin cooling [29] or lasing [40] of the
magnetic mode in this system.
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