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Microwave-to-optical conversion via ferromagnetic magnons has so far been limited by the optical
coupling rates achieved in millimeter-scale whispering-gallery-mode resonators. Toward overcoming this
limitation, we propose and demonstrate an open magneto-optical cavity containing a thin film of yttrium
iron garnet (YIG). We achieve a 0.1 pL (100 μm3) optical mode volume, approximately 50 times smaller
than previous devices. From this, we estimate that the magnon single-photon coupling rate is G ≈ 50 Hz.
This open-cavity design offers the prospect of wavelength-scale mode volumes, small polarization split-
tings, and good magneto-optical mode overlap. With achievable further improvements and optimization,
efficient microwave-optical conversion and magnon cooling devices become a realistic possibility.
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I. INTRODUCTION

Magnetic-field tunable ferromagnetic modes can easily
be strongly coupled to microwave resonators [1–3]. Fur-
ther coupling to optical photons offers the prospect of use-
ful transduction of microwave quantum signals to telecoms
optical wavelengths [4]. For this reason, the interaction of
magnons and optical photons has been explored recently
in the whispering gallery modes (WGMs) of yttrium-iron-
garnet (YIG) spheres [5–7]. However, despite the high Q
factor of the magnetic and optical modes [8], the opto-
magnonic coupling rates achieved in millimeter-scale YIG
spheres have been limited to approximately 1 Hz. If the
coupling rate can be increased significantly, in turn raising
the conversion efficiency, this will open up a wide range
of technological opportunities [9], as well as the ability to
coherently modify the magnetization dynamics, for exam-
ple, cooling or dynamical driving of the magnon mode
[10,11].

The low coupling rate for optical WGMs is due to the
poor mode overlap and the large volume of magnetic mate-
rial involved. To overcome the poor overlap, it may be
possible to exploit magnon WGMs in YIG spheres, with
almost ideal overlap with the optical WGMs [12]. A sim-
pler strategy is to explore more compact structures, as
very recently shown in rib waveguide devices [13]. In
that case, the millimeter-long structure confines both the
magnons and photons, yielding excellent overlap inside the
structure, enabling a coupling rate of 17 Hz.

The estimated maximum coupling rate for a YIG optical
resonator is approximately 0.1 MHz [14], based on a mode
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volume of the order of the resonant wavelength cubed,
λ3. There are several candidate wavelength-scale optical
resonators [15] that could get close to this maximum cou-
pling rate. The choice of resonator, however, must take
into account the significant challenges of micropattern-
ing YIG [16]. We note that, while subwavelength mode
confinement is possible with plasmonic devices [17–19],
this typically comes with high optical losses in the metal
components.

A simple optical resonator design, with wavelength-
scale mode volumes combined with large Q factors, is an
open microcavity [20]. These are typically hemispherical
resonators, where a reflection-coated microlens is posi-
tioned in close proximity to a mirror surface. Devices can
be fiber based [21,22] or fabricated on planar surfaces [23]
and have previously been used to obtain large coupling
rates to single atoms [24], N-V centers [25], single organic
dye molecules [26], and excitons in two-dimensional mate-
rials [27]. The advantage of this structure is that any
transferable material can be easily embedded [28] and the
modes are tunable by the position of the lens. Optical mode
volumes as small as 1 fL (1 μm3) have been achieved, with
Q factors in excess of 10 000 [29].

In this paper, we demonstrate a viable route to low-
mode-volume high-coupling-rate magneto-optical cavities
with mode volumes limited by the optical wavelength. We
embed single-crystal YIG layers in an open microcavity
and show a 2-orders-of-magnitude increase in the coupling
rate over WGM devices. With further reduction in mode
volume, it is expected that the strong-coupling limited can
be reached. This work, therefore, shows a path toward effi-
cient microwave-optical conversion and optical magnon
cooling.
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II. COUPLING RATE

We first briefly review the enhanced scattering process
in cavity optomagnonics. Magnetic Brillouin light scat-
tering (BLS) is an inelastic process where a photon is
scattered from an input mode âi into an output mode âo,
with absorption or emission of a magnon in mode m̂.
BLS is most efficient between orthogonally polarized opti-
cal modes, as this compensates the angular momentum
lost or gained to the magnon mode, conserving angular
momentum. To enhance the BLS significantly, we require
two optical resonances, enhancing both the input and out-
put optical fields. These should be orthogonally polarized
and with frequency separation matching the magnon fre-
quency. This is the triple-resonance condition, which has
been observed previously in WGM resonators [7] and in a
recent waveguide device [13].

The interaction Hamiltonian that governs the scatter-
ing is of the form Hint = G(â†

i âom̂ + âiâ
†
om̂), with the

interaction strength quantified by the coupling rate,

G = −iθf
c
n

√
4gμB

Ms

√
ηmagηopt

Vopt
. (1)

The numerical constant μB is the Bohr magneton and c
is the speed of light. The factors affecting this rate can
be separated into two parts. First, the materials param-
eters of the embedded magnetic material consist of the
Faraday coefficient θf , the refractive index n, the gyro-
magnetic ratio g, and the saturation magnetization Ms.
These parameters can be optimized by materials develop-
ment, finding new materials, and improving the quality of
those available. Second, the geometry of the optical cavity
affects the coupling rate through the volumes of the optical
modes Vi ≈ Vo = Vopt = ∫ |ui,o(r)|2, where ui,o(r) is the
mode function, with normalization max (|ui,o(r)|2) = 1.
The overlap is contained in the fill factors ηmag = Vint/Vmag
and ηopt = Vint/Vopt, which are the proportion of the mag-
netic Vmag and optical Vopt mode volumes that contribute
to the coupling through the triple-mode overlap:

Vint =
∫

dr um(r) · [u∗
i (r) × uo(r)]. (2)

Here, the mode function um is also normalized such that
max [|um(r)|2] = 1. This expression includes the effect of
the mode polarization. To maximize the geometric factors,
we would like a low-optical-mode-volume resonator, with
excellent overlap with the magnon mode, and orthogonal
polarization of all three modes.

In this paper, we focus exclusively on the minimization
of the optical mode volume. The design is such that lat-
eral patterning of the continuous YIG layer to confine the
magnon mode can be incorporated at a later stage.

III. DESIGN

A schematic of our proposed device is shown in Fig.
1(a). The mirrors forming the open microcavities are pur-
chased from Oxford HiQ [30]. They consist of one planar
surface and one microlens array. Both surfaces have a
high-quality reflective coating consisting of 22 layers of
SiO2 and Ta2O5, deposited by sputtering. This distributed
Bragg reflector (DBR) has a reflectivity of 99.8% at its
design wavelength of 1300 nm. The microlens array con-
tains 16 lenses with four different radii of curvature, from
100 μm down to 20 μm, fabricated by focused-ion-beam
milling [31]. The lens array is situated on a raised pedestal
to allow alignment of the two mirrors.

To embed a high-quality single-crystal YIG layer in
the microcavity, we avoid deposition techniques such
as pulsed laser deposition and sputtering, because the
nonlattice-matched DBR substrate would lead to polycrys-
talline YIG growth [32]. Furthermore, postgrowth anneal-
ing to improve the crystallinity of those layers requires
temperatures above 700 ◦C, which have been found to be
detrimental to the DBR [33]. Instead, we use a lift-off tech-
nique [34] to remove a layer of single-crystal YIG from a
lattice-matched gadolinium-gallium-garnet (GGG) growth
substrate. We later bond this layer to the mirror surface
with a spin-on polymer.

The advantage of the open microcavity design is that the
polarization splitting is minimized due to the cylindrical
symmetry. In principle, a minor asymmetry can tune the
splitting to match the magnon frequency, given the pre-
cise control of the lens profile that has been demonstrated
[31]. For an optical resonator with an asymmetrical cross
section, the splitting is typically a fixed fraction of the free
spectral range. Therefore, as the mode volume shrinks, the
frequency separation can become too large. This can be
seen in the WGM resonators, where a 1-mm-diameter YIG
sphere is chosen to match the splitting to the magnon fre-
quency [7]. It is not possible to decrease the size of the
sphere, because the splitting would become too large. This
effect can also be seen in the rib waveguide geometry [13],
where the length of the cavity must be long (approximately
4 mm) to keep the polarization splitting small.

IV. FABRICATION

We start with a YIG film of thickness 2 μm, grown
by liquid-phase epitaxy on a GGG substrate [35]. The
lift-off is achieved by inducing spontaneous delamination
as follows. The sample is first subjected to a high-dose
5 × 1016 cm−2 ion implantation with He ions at 3.5 MeV
[36]. The penetration depth is approximately 9 μm, with
the straggle approximately 1 μm, creating a narrow layer
in which the lattice is substantially damaged [37]. Anneal-
ing at 470 ◦C for 1 min leads to delamination of a bilayer
consisting of the 2 μm of YIG and around 7 μm of GGG.
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FIG. 1. (a) A schematic of
the magneto-optical cavity
design. The open microcav-
ity consists of two parts:
a concave lens milled into
a substrate and coated with
a DBR and a planar mir-
ror with a magnetic layer.
Left: A cross section of the
design to show the relative
dimensions of the lens and
beam waist. Right: a three-
dimensional representation of
the device structure. (b) The
fabrication of the magneto-
optical microcavity. (i) The
flat side of open microcavity.
A gold microwave antenna is
patterned on the DBR surface
before the YIG/GGG layer is
bonded. (ii) A cross section
of the flat mirror, showing the
two-layer BCB bonding poly-
mer. (iii) A cross section of
the open microcavity, show-
ing the microlens array. (c)
An optical image through the
cavity structure, showing the
lens array and the microwave
antenna.

This delamination occurs due to the slight lattice mis-
match and different coefficient of expansion of YIG and
GGG [38]. The lattice mismatch leads to a membrane
with an approximately 10-mm radius of curvature at room
temperature.

The YIG wafer is diced into 1-mm-square chips postim-
plantation but prior to delamination. Postdelamination, the
thin membrane is manipulated using a small piece of
25-μm-thick Kapton film, where it is held in place by
static.

To bond the YIG/GGG membrane to the mirror sur-
face, we use BCB (benzocyclobutene) cyclotene [39], a
polymer used as a dielectric in microelectronics, adhesive-
wafer bonding [40], and planarization applications [41]. It
has excellent optical properties [42], allowing its use, for
example, in the bonding of active III -V devices to silicon
photonic wafers [43].

Prior to bonding, a strip-line antenna is patterned on to
the surface of the mirror using photolithography and lift-
off, as shown in Fig. 1(b). A titanium adhesion layer of 7
nm is deposited under 100 nm of gold, with a final 7 nm
of titanium above. This final layer is required to avoid the
poor adhesion of BCB cyclotene to gold [44].

We prepare the mirror surface with solvent cleaning in
an ultrasonic bath. The device is then soaked in deionized
(DI) water, before a 2-min plasma cleaning process in a
reactive ion etcher. This is followed by a further 2 min soak
in DI water. The surface is primed with an adhesion pro-
moter, AP3000 [44]. The BCB cyclotene is deposited and
spun for 30 s at 6000 rpm, followed by 1 min on a hot plate
at 150 ◦C to remove the solvent. We use a double layer of
BCB cyclotene [43]. The first layer is partially cured with
a 2-min anneal at 250 ◦C on a strip annealer. This layer
remains “tacky” and bonds well to a second layer of BCB
cyclotene but is viscous enough to prevent pinch-through
under the membrane during curing, where there can be sig-
nificant reflow of the polymer [43]. The second layer of
BCB is spun under the same conditions.

Separately, the YIG/GGG layer is prepared with a 2-min
plasma ash to activate the surface, before a 12-h evapora-
tion of AP3000 is performed in a desiccator. The mem-
brane is removed from the desiccator immediately prior to
bonding.

The bonding is performed in a simple spring-loaded
clamp. The Kapton tape bearing the YIG/GGG membrane
is placed on the mirror, with the YIG layer in contact with
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the BCB cyclotene. The clamp is closed to the point at
which the layer is held in place with minimal pressure and
then heated on a hot plate to 150 ◦C. The pressure is then
increased to the required load. The assembly is then trans-
ferred to an oven at 150 ◦C under nitrogen flow to prevent
oxidation of the BCB cyclotene at elevated temperatures.
The oven temperature is ramped to 250 ◦C at 1◦/ min, for a
1-h soak. After allowing the oven to cool to room temper-
ature, the clamp is removed and the Kapton film is peeled
from the mirror surface. This leaves the YIG/GGG layer
secured to the device.

During the bonding process, there is some reflow of the
BCB cyclotene to the top surface of the YIG/GGG mem-
brane. To remove this, a 3-min Ar/CF4 reactive ion etch
descum is performed.

V. EXPERIMENTAL SETUP

A schematic of the experimental is shown in Fig. 2. For
measurement, the planar mirror is glued over an aperture
on a printed circuit board (PCB) patterned with input and
output coplanar waveguides, which are connected to semi-
rigid coaxial cables. The on-chip strip-line antenna is then
wire bonded to the PCB waveguides for microwave mea-
surement and excitation of the magnon modes in the YIG.
The PCB is mounted on a circular stub that sits in an xyz-
translation lens mount. The lens array is similarly mounted
on a circular stub in a tilt-yaw lens holder, for full control
of the cavity geometry.

The device is mounted in an electromagnet, with the
magnetic field applied orthogonal to the cavity length.
Light is focused into and out of the cavity using two
aspheric lenses mounted on xyz stages. The cavity is
selected by scanning the laser to the correct position. The
input laser is an external-cavity diode laser with line width
approximately 1 MHz. The input polarization is set with a

rotatable Glan-Thompson prism. On the output, a rotatable
half-wave plate is used to select the measurement basis
on a polarizing beam splitter. From the beam splitter, the
transmitted signal with the same polarization as the input
light field is measured with a dc photodiode. The polariza-
tion scattered light is focused into a single-mode fiber and
combined with a local oscillator directly from the laser in a
50:50 fiber coupler. One output of this coupler is measured
on a fast photodiode (12 GHz bandwidth) connected via a
microwave amplifier to a vector network analyzer (VNA).
The VNA is also used to drive the magnetization dynamics
via the microwave antenna.

VI. CHARACTERIZATION

We first characterize the optical modes of the microcav-
ities. The transmitted intensity is measured as a function
of the input laser wavelength and the angle of the input
linear polarization, as shown in Fig. 3. A measurement
over a wide wavelength range [Fig. 3(a)] is used to deter-
mine the free spectral range �ωFSR/2π ≈ 6.7 THz. A
number of spatial modes resulting from the lateral confine-
ment of the microlens are visible. These can be identified
by imaging in transmission [see insets of Fig. 3(a)]. The
coupling to these higher-order modes is minimized by opti-
mizing the transmitted intensity on resonance through the
lowest-order mode.

By measuring the transmitted intensity as a function
of the angle of linear polarization, we can find the axes
of the orthogonal linearly polarized modes and the split-
ting between the two. An example of this measurement is
shown in Fig. 3(b), where the polarization splitting is 16
GHz. This splitting varies with different lens arrays and is
related to slight asymmetries in the nominally cylindrical
fabricated lens. In the device used for the BLS measure-
ments shown in this paper, the splitting is 32 GHz, as

linear
polarizer

polarizing
beam splitter

half-wave
plate

photodiode

electromagnet

xyz tilt/roll

obj.
lens

half-wave
plate

photodiodes

vector network
analyzer

port 1

port 2

MW amplifiers

tunable
laser

objective lens

H0

FIG. 2. The experimental setup. The output polarization of a 1270–1370-nm tunable laser is controlled via a linear polarizer and
a half-wave plate, before being separated into a local oscillator and cavity drive. After passing through the cavity, the optical signal
orthogonal to the input polarization is recombined with the local oscillator and measured on a high-frequency photodiode. The trans-
mission through the cavity is measured via the light with the same polarization as the input on a dc photodiode. A vector network
analyzer drives the magnetic modes and measures the microwave signal from the fast photodiode.
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FIG. 3. Transmission spectroscopy of the optical modes. (a)
A wide wavelength scan, showing the free spectral range. The
insets show the mode profile imaged in transmission. (b) Mea-
surement of the polarization of the modes. The linear polarization
can be set so that only one mode is excited. This device has a
smaller polarization splitting of approximately 16 GHz. (c) Mea-
surement of the polarization splitting and the optical line width
of the device used in the BLS measurements. The linear polar-
ization is set so that both modes are probed. This device is also
measured in (a).

shown in Fig. 3(c). Because the applied magnetic field
from the electromagnet is limited to <1 T, we are unable to
reach the triple-resonance condition. We note that the fre-
quency splitting due to the magnetic linear birefringence
in YIG [45] is estimated as approximately 900 MHz. This
is not large enough to explain the observed splittings. We
note that by fabricating arrays of lenses with varying ellip-
ticity, it would be possible to obtain microcavities with a
specific splitting. This would enable the triple-resonance
condition to be achieved.

We extract the total dissipation of the optical mode from
the line width of the peak [Fig. 3(c)] κ/2π = 11 GHz. This
corresponds to a Q factor of 20 000 and a finesse of 600.

The expected external loss rate can be estimated from
the DBR reflectivity R = 0.9986 as κext = −2�ωFSR log R
[46], giving κex/2π ≈ 3 GHz. Using these values and κ =
κext + κint, we can estimate the internal dissipation rate
κint/2π = 8 GHz. This is consistent with the transmitted
intensity on resonance κ2

ext/κ
2 ≈ 0.07. If this internal dis-

sipation were solely due to absorption in the YIG layer, we
would expect κint = κabs = (αc/nYIG)(tYIG/L) ≈ 1 GHz.
The discrepancy suggests that other dissipation mecha-
nisms play a role. A likely source is the surface roughness
on the GGG top surface, where the crack propagates during
lift-off. This could be alleviated by postbonding polishing.

The choice of mirror reflectivity is conservative to
ensure good coupling to the cavity. If the scattering losses
can be eliminated, then the mirror reflectivity can be
increased, while keeping the system overcoupled. In this
case, the minimum possible dissipation rate would be
κabs ∼ 1 GHz—as achieved in WGM cavities [6,8].

VII. BRILLOUIN LIGHT SCATTERING

Next, we use homodyne detection to measure the
magnon-scattered light, emitted from the microcavity with
opposite linear polarization to the input. The input laser
wavelength is fixed and set to the lower-wavelength opti-
cal mode, with frequency ωi. The VNA is used to drive the
magnon modes via the microwave antenna, as well as to
detect the signal at the same frequency from the fast pho-
todiode, where the scattered light is combined with a local
oscillator taken from the input laser.

A measurement using this method is shown in Fig. 4(a),
as a function of the microwave drive frequency and applied
magnetic field. When the microwave drive is resonant with
a magnon mode with frequency ωm within the microcavity,
the magnons create scatter with the input optical photons
to create optical photons at a frequency ωi ± ωm. When
combined with the local oscillator ωLO = ωi and mixed
on the photodiode, this results in a microwave signal at
±ωm, resulting in the bright lines in Fig. 4(a). The power
plotted is the optical power at the photodiode, using the
responsivity of the photodiode and amplification of the
amplifier chain to convert from the measured microwave
power at the VNA. To check this conversion, we measure
the noise-equivalent power of the photodiode in darkness
and compare it to its specified value.

To confirm that the modes result from the embedded
magnetic material, we compare the optical measurement to
a standard inductive ferromagnetic resonance (FMR). This
is made via the reflected microwave power to the output
port of the VNA and is shown in Fig. 4(b). The change in
the microwave reflection coefficient �|S11| with the mag-
netic field is plotted over the same range as in Fig. 4(a).
We confirm that the resonances in Fig. 4(b) result from
the YIG layer in the FMR measurements over a wider
magnetic field. The fact that the slope with the magnetic
field is the same in both measurements confirms that the
optical signal results from BLS in the YIG. The band of
resonances also has the same upper limit in both measure-
ments. The differences in the response—in particular, that
the microwave reflection spectra have more resonances
than the optical BLS—can be explained by the fact that, in
the inductive measurement, the entire strip line is probed,
whereas the optical measurement is only sensitive to the
region of the YIG film below the lens. The large num-
ber of resonances in the inductive measurement is due to
strain inhomogeneity across the film from the film transfer
process.
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FIG. 4. (a) The Brillouin-light-scattering signal: the mixed power with the local oscillator, incident on the fast photodiode. A
magnetic-field-independent background has been subtracted. (b) The microwave measurement of the magnetic modes, via |S11|,
using the vector network analyzer.

The magnon modes observed in the optical measure-
ment depend on overlap with both the microwave and
optical fields [47]. The Kittel mode has the correct symme-
try to fulfill these requirements and we tentatively assign
the strongest scattering to this uniform mode. There are
two other modes at higher frequency visible in Fig. 4(a).
The mode spacing of these is too large to be due to perpen-
dicular standing spin waves, given the thickness of the YIG
film [48]. A possible candidate for these modes would be
magnetostatic surface spin waves [49] with a wave vector
set by the width of the microstrip antenna [50]. However,
the robust identification of these modes requires further
measurement and will be the subject of future work.

A fit to the Kittel mode in the BLS measurement gives
a line width of 
 ≈ 20 MHz, a value larger than is typi-
cal for high-quality YIG thin films [51]. This is expected,
because the current device has imperfections in the YIG
layer due to the ion-implantation process and strain disor-
der from the bonding process, such as the cracks visible in
Fig. 1(c). These imperfections can be improved by further
fabrication processes. First, the damage from ion implanta-
tion can be alleviated via annealing [52]. Second, the strain
disorder can be reduced by polishing the GGG from the
back of the YIG/GGG bilayer. It is also possible to transfer
a YIG layer that is crack free.

The peak measured optical power of the BLS signal is
approximately 1.2 nW. Given the local oscillator power
PLO = 65 μW and input microwave power 1 mW, the total
conversion efficiency is calculated to be 8 × 10−16. This
low value is to be expected, since the microwave coupling

and magnon mode overlap in this device have not been
engineered. Therefore, to show the value of design. we
separate the coupling rate from Eq. (1) into an optical part
Gopt and the magnetic fill factor ηmag, G = Gopt

√
ηmag and

estimate the obtained rate for the fabricated cavity.
The optical mode volume for a Gaussian beam can be

estimated as [29]

Vopt = πw2
1L/4, (3)

where L is the cavity optical path length and w1 is the
beam waist on the flat mirror surface. We estimate w2

1 =
(λ/π)

√
βL(1 − L/β) in the parallax approximation, where

β is the radius of curvature of the lens. With the parame-
ters of the measured device, L ≈ 12 μm and β = 70 μm,
this yields Vopt ≈ 100 μm3. This corresponds to Gopt ≈ 50
kHz.

The magnon mode overlap in the device measured is
poor. Taking the whole area of the cracked film part, we
estimate η ∼ 10−3, reducing the coupling rate to G ≈ 50
Hz.

Compared to the WGM Vopt ≈ 5000 μm3 and the
waveguide device of Ref. [13] Vopt ≈ 105 μm3, the optical
mode volume achieved here is a significant improvement.
However, the microwave coupling and magnon confine-
ment are lacking, severely limiting the conversion effi-
ciency. The waveguide device [13] has optimized magnon
modes ηmag ≈ 1 and optimized microwave coupling
through an microwave resonator, and even WGM-mode
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devices (ηmag ≈ 10−5) benefit from impedance-matched
microwave coupling to the Kittel mode [5].

VIII. CONCLUSIONS

We propose and demonstrate an open magneto-optical
cavity device with its optical mode volume limited by the
thickness of an embedded magnetic layer. This design is
tunable, has the correct polarized modes, and has a signifi-
cantly reduced optical mode volume compared to previous
devices [5–7,13].

We envisage that simple improvements in the demon-
strated device design should enable the strong-coupling
regime to be reached. By removing the GGG from the
device via polishing, the cavity length can be reduced to
3 μm and, using the lowest-radius-of-curvature lens, β =
22 μm, the resulting mode volume would be Vopt ≈ 7 μm3

[from Eq. (3)]. Combining this with lateral patterning of
the YIG layer to confine a magnon mode to a disk with
diameter 5 μm, it should be possible to achieve G = 200
kHz using the open-microcavity design. If we combine
this with the discussed improvements in the magnon and
optical line width to 
 = 1 MHz and κ = 1 GHz, respec-
tively, this would lead to a single-photon cooperativity of
C = 4G2/
κ = 10−4. We would then require an optical
pump power of approximately 5 mW to achieve the strong
coupling regime

√
nG > κ , 
. In order to achieve cooling

of the magnetic mode via optical damping, 
opt = 4nG2/κ

[53,54] comparable to the magnetic damping would
require only approximately 1 μW of input power [10].

Finally, it will be necessary to couple microwaves
efficiently into the resulting small volume of magnetic
material. Elsewhere, we have demonstrated that this is
possible using low-impedance microwave resonators [55].
With careful microwave-circuit optimization, it is possi-
ble to achieve coupling to femtoliter magnetic volumes
[56], in order to match that possible with open optical
microcavities [29].

As well as demonstrating progress toward microwave-
optical conversion [4], it is expected that the enhancement
of the magnon-photon interaction demonstrated could
have a significant impact in magnonics [57], through the
increased measurement sensitivity and in optical modi-
fication of the magnon dynamics. The versatility of the
fabrication method means that antiferromagnetic materi-
als could also be embedded in the microcavity in order
to explore the interaction of optical photons with terahertz
magnon modes [18,58].

The data plotted in the figures can be accessed at the
Zenodo repository [59].
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[39] CYCLOTENEŮ 3000 Series Advanced Electronics Resins,
Dow Chem. Appl. Note (2012).

[40] F. Niklaus, P. Enoksson, E. Kälvesten, and G. Stemme,
Low-temperature full wafer adhesive bonding, J. Micromech.
Microeng. 11, 100 (2001).

[41] T. M. Stokich, C. C. Fulks, M. T. Bernius, D. C. Bur-
deaux, P. E. Garrou, and R. H. Heistand, Planarization with
CycloteneTM 3022 (BCB) polymer coatings, MRS Online
Proc. Libr. Arch. 308, 517 (1993).

[42] Y.-G. Zhao, W.-K. Lu, Y. Ma, S.-S. Kim, S. T. Ho, and T. J.
Marks, Polymer waveguides useful over a very wide wave-
length range from the ultraviolet to infrared, Appl. Phys.
Lett. 77, 2961 (2000).

[43] G. Roelkens, J. Brouckaert, D. Van Thourhout, R. Baets,
R. Nötzel, and M. Smit, Adhesive bonding of InP/InGaAsP
dies to processed silicon-on-insulator wafers using DVS-
bis-benzocyclobutene, J. Electrochem. Soc. 153, G1015
(2006).

[44] Processing Procedures for BCB adhesion, Dow Chem.
Appl. Note (2007).

[45] R. V. Pisarev, I. G. Sinii, N. N. Kolpakova, and Yu M.
Yakovlev, Magnetic birefringence of light in iron garnets,
Sov. Phys. JETP 33, 1175 (1971).

[46] N. Ismail, C. C. Kores, D. Geskus, and M. Pollnau, Fabry-
Pérot resonator: Spectral line shapes, generic and related
Airy distributions, linewidths, finesses, and performance at
low or frequency-dependent reflectivity, Opt. Express 24,
16366 (2016).

[47] J. A. Haigh, N. J. Lambert, S. Sharma, Y. M. Blanter, G.
E. W. Bauer, and A. J. Ramsay, Selection rules for cavity-
enhanced Brillouin light scattering from magnetostatic
modes, arXiv:1804.00965 [cond-mat. physics:physics]
(2018).

[48] S. Klingler, A. V. Chumak, T. Mewes, B. Khodadadi, C.
Mewes, C. Dubs, O. Surzhenko, B. Hillebrands, and A.
Conca, Measurements of the exchange stiffness of YIG

044005-8

https://doi.org/10.1038/nature01939
https://doi.org/10.1103/PhysRevApplied.12.054031
https://doi.org/10.1038/s41524-018-0138-z
https://doi.org/10.1038/s41586-019-1174-7
https://doi.org/10.1063/1.5100826
https://doi.org/10.1063/1.2132066
https://doi.org/10.1063/1.2347892
https://doi.org/10.1063/1.3245311
https://doi.org/10.1364/OE.14.002289
https://doi.org/10.1103/PhysRevLett.99.063601
https://doi.org/10.1103/PhysRevLett.110.243602
https://doi.org/10.1103/PhysRevX.7.021014
https://doi.org/10.1038/ncomms9579
https://doi.org/10.1063/1.3632057
https://doi.org/10.1364/OL.35.003556
https://www.oxfordhighq.com/
https://doi.org/10.1364/OE.23.017205
https://doi.org/10.1063/1.4800946
https://doi.org/10.1364/OE.24.008746
https://doi.org/10.1063/1.120192
https://www.innovent-jena.de/
https://doi.org/10.1063/1.367673
https://doi.org/10.1088/0960-1317/11/2/303
https://doi.org/10.1063/1.1323547
https://doi.org/10.1149/1.2352045
https://doi.org/10.1364/OE.24.016366


SUBPICOLITER MAGNETOPTICAL CAVITIES PHYS. REV. APPLIED 14, 044005 (2020)

films using broadband ferromagnetic resonance techniques,
J. Phys. D: Appl. Phys. 48, 015001 (2014).

[49] R. W. Damon and J. R. Eshbach, Magnetostatic modes of a
ferromagnet slab, J. Phys. Chem. Solids 19, 308 (1961).

[50] P. Andrich, C. F. de las Casas, X. Liu, H. L. Bretscher,
J. R. Berman, F. J. Heremans, P. F. Nealey, and D. D.
Awschalom, Long-range spin wave mediated control of
defect qubits in nanodiamonds, Npj Quantum Inf. 3, 28
(2017).

[51] C. Dubs, O. Surzhenko, R. Linke, A. Danilewsky, U.
Brückner, and J. Dellith, Sub-micrometer yttrium iron gar-
net LPE films with low ferromagnetic resonance losses, J.
Phys. D: Appl. Phys. 50, 204005 (2017).

[52] F. J. Rachford, M. Levy, R. M. Osgood, A. Kumar, and H.
Bakhru, Magnetization and ferromagnetic resonance stud-
ies in implanted and crystal ion sliced bismuth-substituted
yttrium iron garnet films, J. Appl. Phys. 85, 5217
(1999).

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

[54] V. A. S. V. Bittencourt, V. Feulner, and S. Viola Kusmin-
skiy, Magnon heralding in cavity optomagnonics, Phys.
Rev. A 100, 013810 (2019).

[55] L. McKenzie-Sell, J. Xie, C.-M. Lee, J. W. A. Robinson,
C. Ciccarelli, and J. A. Haigh, Low-impedance supercon-
ducting microwave resonators for strong coupling to small
magnetic mode volumes, Phys. Rev. B 99, 140414(R)
(2019).

[56] V. Ranjan, S. Probst, B. Albanese, T. Schenkel, D. Vion,
D. Esteve, J. J. L. Morton, and P. Bertet, Electron spin reso-
nance spectroscopy with femtoliter detection volume, Appl.
Phys. Lett. 116, 184002 (2020).

[57] V. V. Kruglyak, S. O. Demokritov, and D. Grundler,
Magnonics, J. Phys. D: Appl. Phys. 43, 264001 (2010).

[58] J. Walowski and M. Münzenberg, Perspective: Ultrafast
magnetism and THz spintronics, J. Appl. Phys. 120, 140901
(2016).

[59] J. A. Haigh, R. A. Chakalov, and A. J. Ramsay,
Data for: Subpicoliter Magnetoptical Cavities, (2020)
https://doi.org/10.5281/zenodo.4012308.

044005-9

https://doi.org/10.1088/0022-3727/48/1/015001
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1038/s41534-017-0029-z
https://doi.org/10.1088/1361-6463/aa6b1c
https://doi.org/10.1063/1.369948
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevA.100.013810
https://doi.org/10.1103/PhysRevB.99.140414
https://doi.org/10.1063/5.0004322
https://doi.org/10.1088/0022-3727/43/26/264001
https://doi.org/10.1063/1.4958846
https://doi.org/10.5281/zenodo.4012308

	I. INTRODUCTION
	II. COUPLING RATE
	III. DESIGN
	IV. FABRICATION
	V. EXPERIMENTAL SETUP
	VI. CHARACTERIZATION
	VII. BRILLOUIN LIGHT SCATTERING
	VIII. CONCLUSIONS
	ACKNOWLEDGMENTS
	. 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


