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An integrated magneto-optic modulator for
cryogenic applications
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Superconducting circuits can operate at higher energy efficiencies than their room-temperature counterparts and have the poten-
tial to enable large-scale control and readout of quantum computers. However, the required interface with room-temperature
electronics creates difficulties in scaling up such cryogenic systems. One option is to use optical fibres as a medium in conjunc-
tion with fast optical modulators that can be efficiently driven by electrical signals at low temperatures. However, as supercon-
ducting circuits are current operated with low impedances, they interface poorly with conventional electro-optical modulators.
Here we report an integrated current-driven modulator that is based on the magneto-optic effect and can operate at tempera-
tures as low as 4 K. The device combines a magneto-optic garnet crystal with a silicon waveguide resonator and integrates an
electromagnet to modulate the refractive index of the garnet. The modulator offers data rates of up to 2 Gbps with an energy
consumption below 4 pJ per bit of transferred information, which could be reduced to less than 50 fJ per bit by replacing dissipa-

tive electrodes with superconductors and optimizing the geometric parameters.

n classical and quantum cryogenic computing systems, there is

a need to transfer massive amounts of information from cryo-

genic circuitry to room temperature, as well as minimizing the
hardware complexity and heat load. This becomes particularly chal-
lenging as systems are scaled up given the limited physical space
and cooling power available in cryogenic systems. The issue can
be addressed with photonic integrated circuits operating at low
temperatures and the use of optical fibres to connect different tem-
perature stages, thus enabling scalable, low-cost and power-efficient
optical interconnections for large data transfer rates'~>.

Silicon photonics is arguably the most promising technology
platform for the development of cryogenic photonic integrated
circuit components, due to its high scalability, excellent optical
performance and compatibility with complementary metal-oxide—
semiconductor and superconducting electronics fabrication®.
However, low temperatures (for example, below 4K) create impor-
tant limitations for conventional silicon modulators and switches.
Thermo-optic (TO) switches become non-functional due to a con-
siderable drop in TO coefficient®, and modulators based on plasma
dispersion suffer from free-carrier freeze-out, which reduces their
efficiency®. The carrier freeze-out effect can be compensated by aug-
menting the doping concentration, but only at the cost of increased
optical absorption’.

To date, only electro-optic modulators have been shown to work
at low temperatures>”~"', and the use of magneto-optical (MO)
effects in integrated optics has been limited to optical isolators and
circulators'>", although there are a few theoretical proposals exist-
ing for MO modulation'*'°. This is largely due to the difficulties in
manufacturing integrated MO devices, the challenges involved in
applying fast time-variant magnetic fields and the generally slower
response of the MO effect compared with the electro-optic effect.

In this Article, we report a high-speed MO modulator operating at
temperatures as low as 4K. The device is created by combining an
MO garnet crystal with a silicon waveguide resonator and integrat-
ing an electromagnet to modulate the refractive index of the garnet.
The device is particularly efficient at cryogenic temperatures, where
the MO effect becomes stronger'” and the power consumption in the
electromagnet decreases drastically compared with room tempera-
ture due to the reduced ohmic loss. We show that the modulator can
offer data rates of up to 2 Gbps with an energy consumption as low
as 4 p]J per bit of transferred information, which could be reduced to
below 50 ] per bit if the electrodes are replaced by superconductors
and the fabrication process is further optimized. Our current-driven
MO modulator can be of use in the development of power-efficient
data links for the next generation of superconducting supercomput-
ers and interface circuits for quantum computers'®->.

Integrated MO modulator

Our modulator is based on an all-pass silicon microring resonator
with a cerium-substituted yttrium iron garnet (Ce:YIG) bonded on
top (Fig. 1a). The light that circulates in the microring resonator
interacts evanescently with the garnet, and is affected by its MO
properties. A gold coil, aligned with the silicon microring, serves as
an integrated electromagnet and is used to control the MO proper-
ties of Ce:YIG, whereas a silicon waveguide is used to couple light
in and out of the resonator.

The main idea of our work is to exploit the refractive-index vari-
ation induced by an applied magnetic field to control the resonant
wavelength of the microring and hence modulate the light passing
through the waveguide. When an electrical current flows through
the coil, Ce:YIG is magnetized by a in-plane transverse-magnetic
field (Fig. 1b), changing the effective refractive index of the optical
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Fig. 1| Integrated MO modaulator. a, Perspective view of the device (not to scale). The top gold coil is used to apply a radial magnetic field to Ce:YIG
underneath, making it non-reciprocal. The silicon microring and silicon waveguide, in the all-pass filter configuration, are visible through the transparent
top cladding. b, Cross-section of the microring and electromagnet (not to scale) where the direction of the electrical current and magnetic field are

highlighted. ¢, Optical micrograph of the fabricated sample (top view).

mode* (Supplementary Section 1). For the microring, a variation in
the effective index, An,g, causes a proportional shift in the optical
spectrum of the resonator:

Aneg
—_—,

Adnvo = A (1)

g

where 1 is the optical wavelength and n, is the group refractive
index of the optical mode®. If an applied current causes the reso-
nant wavelength of the microring to tune towards the wavelength
of the optical input signal, light is dissipated in the microring and
transmission through the waveguide decreases. When the direc-
tion of the current is reversed, the microring resonance tunes away
from the wavelength of the incoming light, which can then propa-
gate through the waveguide with reduced attenuation. Based on this
concept, we designed and fabricated the device shown in Fig. 1c.

Equation (1) and Fig. la—c are crucial for understanding the
operating principle of this device; therefore, we highlight a few
important features: (1) reversing the current (that is, flipping the
in-plane magnetic field in Ce:YIG) changes the sign of An,g; (2) the
effective index change differs for the clockwise (CW) and counter-
clockwise (CCW) propagating modes, having the same amplitude
but opposite signs (non-reciprocal effect); (3) the effective index
change is the largest when the optical mode is polarized along the
y axis (transverse-magnetic polarized mode); (4) the value of the
effective index change is proportional to the Faraday rotation con-
stant (Supplementary Section 1), which is expected to increase with
decreasing temperature'”*.

Modelling and fabrication of the MO modulator

The results of the modelling and device design are summarized in
Fig. 2. The magnetic-field distribution (Fig. 2a) is obtained after
optimizing the cross-section of the gold coil (Fig. 2b) and the opti-
cal waveguide (Fig. 2c) to produce the largest shift in resonance
wavelength for a given current. For the realization of this first pro-
totype, we chose Ce:YIG as the MO material because it is optically
transparent to telecom wavelengths (~1,550 nm) and has one of the
largest Faraday rotation constants in this wavelength range at room
temperature. The optimized cross-section of the silicon waveguide
is 600 nm wide and 220 nm tall, with a 400-nm-thick Ce:YIG layer
bonded on top”. To avoid bending loss, the diameter of the micror-
ing is chosen to be 70 um. At room temperature, this cross-section
guarantees Ay, =300 pm when the magnetization of the material
is saturated in the two directions?, that is, y,|H,| > 5mT (50 Oe). A
layer of 5-um-thick substituted gadolinium gallium garnet (SGGG)
covers Ce:YIG and is a remnant of the substrate onto which Ce:YIG
was grown. On top of this layer, directly above the silicon microring,
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a circular gold electrode with a cross-section of 3.0umx 1.5um is
patterned. This is the electromagnet that transduces the modulation
current into a time-variant magnetic field through Ce:YIG.

The current flowing through the electromagnet can be used to
redshift or blueshift the resonance of the microring, depending on
its direction. At 4K, the thermal shift of the microring resonance
is negligible>*. To perform amplitude modulation, the input laser
wavelength is tuned to be at the 3 dB cutoff wavelength of the modu-
lator transfer function when no current is injected in the electromag-
net (Ay,,; Fig. 2d). The current in the electromagnet is used to bring
the resonance of the microring closer to or further away from the
input wavelength. When the current in the electromagnet alternates
between —110 and +110mA, it generates an in-plane magnetic field
of +1.5mT (+150e) at the interface silicon/Ce:YIG, producing a
resonance shift of +20 pm at 4 K. Despite Ce:YIG showing hysteresis
in the magnetization field at low temperatures, the resonance shift
remains linear with respect to current due to the coercive field being
larger than the magnetic field that is applied here. The slope of the
MO response scales as the ratio of the maximum MO response to
the coercive field (Supplementary Section 3.4).

The highest extinction ratio (ER) is achieved when the reso-
nance is shifted by half of the full-width at half-maximum (FWHM)
(Fig. 2d). In this context, the resonator quality factor Q plays a criti-
cal role. A higher quality factor produces a narrower FWHM and
higher ER, allowing the same modulation with lower current and
hence lower power consumption. On the other hand, an excessively
large value of Q results in a long cavity photon lifetime that limits the
optical bandwidth, which is given by BW = w,/21Q, where w, is the
optical angular frequency”-*'. In the fabricated device, the optical
loss in Ce:YIG limits the intrinsic Q value to 43,000 (Supplementary
Section 3.3).

The device performance is optimized by engineering the power
coupling ratio K between the microring and waveguide. Figure 2e
shows the ER of the modulated signal as a function of the current
amplitude for different coupling conditions. When K equals the
intrinsic cavity loss per round-trip y (critical coupling condition),
the ER can, in principle, be chosen to be arbitrarily large”, lim-
ited only by fabrication variabilities. For this condition, the optical
bandwidth is ~8.5 GHz. Comparing overcoupled (K> y) and under-
coupled (K<y) resonators with the same maximum ER, we note
that the undercoupled condition is more favourable for minimizing
the driving current and hence the energy consumption, at the cost
of a smaller optical bandwidth. Because of these considerations, we
choose to operate in the overcoupled regime. With a loaded quality
factor of Q=16,000, we expect BW,> 12 GHz and ER > 10dB.

A notable feature of this device architecture is the reduction in
energy consumption for modulation at low temperatures compared
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Fig. 2 | Cryogenic MO modulator, design and optimization. a, Magnetic field generated by the electric current in the metal coil (electromagnet). The
streamlines of the current are highlighted in red, whereas the intensity of the in-plane radial magnetic field is shown in the Ce:YIG plane. On the same
plane, the arrows indicate the direction of the magnetic field. b, Magnetic-field distribution in the device cross-section for a current of 110 mA. ¢, Profile of
the transverse-magnetic optical mode (the main magnetic-field component) computed assuming a 10-nm-thick silica layer between the silicon and Ce:YIG
layers. d, Calculated redshifted and blueshifted spectral response of the device when the current is +110 mA (dashed pointed red curve) and =110 mA
(solid blue curve), respectively. As a reference, the spectral response when no current is injected is also plotted (dashed grey curve). These curves refer to a
microring resonator with a full-width at half-maximum Agy =97 pm, such that the loaded Q=24/Aq . €quals 16,000. The input laser wavelength is shown
(Ame green dashed line) along with the ER and MO shift (+A2,,,). e, ER as a function of modulation current for several microring-based modulators with
different coupling coefficients (K) to the waveguide. The dot refers to the DUT, where the coupling coefficient (K= 0.11) and the round-trip loss (y=0.063)
are computed from the measured ER and FWHM of the spectral response. f, Modelled energy consumption per bit as a function of the modulation current
at different temperatures for a modulation rate of 2 Gbps (the experimental values of gold conductivity at 300, 77 and 4K are considered). In the case of a
superconducting (SC) magnet, the power dissipated in the resistance of the coil vanishes, leaving only the LI?/2 component of dissipation. The dot refers to
the DUT. g, Energy per bit as a function of ER in the undercoupled, critically coupled and overcoupled conditions. The simulations refer to the case of gold
contacts, at a temperature of 4K, with a modulation rate of 2 Gbps. The dot refers to the DUT.

with room temperature. The average energy-per-bit consumption
of the modulator is

RP LP
By=—+—,
AN 2

@

where R and L are the effective resistance and inductance of the
electromagnet, respectively; I is the amplitude of the modulation
current; and r, is the bit rate (Supplementary Section 2 shows the
derivation).

At low temperatures, the resistance of the electromagnet drops
and can be made to vanish if the normal metal is replaced with a
superconductor. As a result, the energy per bit depends only on
the modulation current and the inductance of the device. For our
gold electrode, the resistance goes from 1.43Q at 300K down to
~350mQ around 77K, where it saturates. Although high-quality
metals can have conductivities that are a hundred times larger at
4K (that is, 100times smaller resistance) compared with those
at room temperature”’, evaporation-deposited gold suffers from
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grain boundaries formed during the deposition process, limiting
the minimum achievable resistance (Supplementary Section 3.1).
On the other hand, the inductance does not notably change with
temperature and equals 0.3 nH for a 70-um-diameter coil. The aver-
age energy per bit for the device is computed as a function of the
modulation current amplitude (T'=300, 77 and 4 K with r, =2 Gbps;
Fig. 2f). In the same figure, we also show the expected energy per bit
when gold is replaced by a superconductor.

A relevant metric for an optical link is the optical modulation
amplitude, which is defined as the difference between the high- and
low-power levels in a bi-level optical signalling scheme®. When the
input laser wavelength is parked at the —3 dB point of the modula-
tor response curve (Fig. 2d), the high-power level does not nota-
bly change with respect to the resonance shift. As such, the ER
can serve as a proxy metric for the optical modulation amplitude.
Combining the calculated values of ER (Fig. 2e) with the energy
per bit (Fig. 2f), we find that the largest ER can be achieved in a
critically coupled ring (y=K=0.063) with an energy per bit of 2 p]
per bit (r,=2Gbps; Fig. 2g). We can further reduce the energy
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Fig. 3 | Characterization of TO and MO responses of the modulator at cryogenic temperatures. a, TO shift of the spectral response of the microring
between 4 and 77 K when no current is injected in the electromagnet. The spectra for both CW (solid lines) and CCW (dashed lines) propagation

spectra are shown. b, TO coefficient of the device extracted from the thermal shift of the spectra. For reference, the TO contribution of silica and silicon

are also shown. ¢, MO split of the microring resonance when a current is injected in the electromagnet. The split between CW and CCW resonances

(2% Ady\o) increases linearly as a function of current magnitude at all temperatures. d, TO shift of the microring resonance when a current is injected in the
electromagnet because of local Joule heating. As a guide for the eye, the experimental results have been fitted with a sub-quadratic curve (~I° where b< 2).

consumption by accepting a smaller ER. As such, ER as high as
10dB can be achieved with less than 1 p] per bit in an undercoupled
ring (y=0.063, K=0.58y=0.036). In the same graph, we also report
the energy per bit and ER for the device under test (DUT), which
operates in the overcoupled regime (y=0.063, K=1.71y=0.11),
yielding ER=10dB and E,=4p] per bit.

The MO modulator is fabricated using a standard silicon pho-
tonic process. The silicon microring resonator and waveguide are
patterned on a silicon-on-insulator (SOI) wafer with 220nm sili-
con on top of 2 um buried silicon dioxide (SiO,). The Ce:YIG layer
is grown on a separate SGGG substrate in a process that yields
high-quality crystals. Subsequently, Ce:YIG is bonded to the silicon
wafer in a flip-chip process based on plasma-activated SiO,-SiO,
covalent bonding at low temperatures*. After bonding, the SGGG
is mechanically polished to reduce the distance between the elec-
tromagnet and deposited on top of the silicon/Ce:YIG interface
(Methods provides more details on device fabrication). Using a
straight silicon waveguide without Ce:YIG as a reference and eval-
uating the FWHM of the microring resonances, we estimate the
interface loss due to the bonded layer to be about 0.6 dB per facet,
whereas the propagation loss in the silicon/Ce:YIG waveguide is
13dBcm™ at 1,550 nm (Supplementary Section 3.2).

Device performance at cryogenic temperatures

The performance of the device was tested at cryogenic tempera-
tures in a closed-cycle cryostat (Montana Cryostation s200) at tem-
peratures ranging between 4 and 77 K. The TO resonance shift is
determined from measurements of the microring spectral response
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when no current is applied to the electromagnet. By tracking the
shift of the resonance with respect to temperature for both CW
and CCW resonant modes (Fig. 3a), we extract the TO coefficient
(Supplementary Section 3.4) as follows:

dneff - T’lg %

dT ~ 14T

©)

This is plotted in Fig. 3b together with the computed TO con-
tributions from silicon® and silica®® for reference. At 4K, a temper-
ature increment of AT=1K causes the resonance to shift by less
than 0.05 pm, making the TO effect negligible for our application.
At higher temperatures, the TO shift increases, reaching 16.8 pm K™!
at 77K and 80.0pm K" at 300K. In the temperature range from 4
to 77K, we observe that the resonances in the two directions are
not perfectly aligned, but their offset is a mere 3.7+ 1.9 pm. This
suggests the presence of a small residual in-plane magnetization in
Ce:YIG (Supplementary Section 3.4).

When a current is injected in the electromagnet, Ce:YIG is
locally magnetized and the optical response is no longer recipro-
cal. That is, the effective indices for the CW and CCW propaga-
tion directions are different, resulting in a splitting of the resonant
wavelength for the two directions (‘MO split’). As shown in Fig. 3c,
the MO split changes linearly with the current amplitude and its
value at 4 and 77K is about five times lower than the correspond-
ing value measured at 300K for the same current (that is, the same
magnetic field). As reported in Supplementary Section 3.4, Ce:YIG
becomes magnetically harder at lower temperatures and a 110 mA
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Fig. 4 | High-speed characterization of MO modulator at cryogenic temperatures. a, Frequency response (S,, coefficient) of the MO modulator at 4K
measured with a vector network analyser (VNA). The red dashed line highlights the point where S,, has decreased by 3 dB relative to the low-frequency
value. The roll-off in this regime is 3dB per decade, which is much less than the 20 dB per decade expected for a single-pole filter function. A sharper
roll-off sets in at a frequency of 5 GHz. b,¢, Spectral response of the microring resonator near 1,500 nm (b) and 1,550 nm (c). Although the spectrum near
1,500 nm shows sharper resonance, the characterization is performed near 1,550 nm because this wavelength is better suited for the testing apparatus.
d, Eye diagram at bit rates of 1Gbps (first column) and 2 Gbps (second column) measured at temperatures of 77 K (first row) and 4K (second row).
The eye diagram at 4K shows a smaller ER compared with 77K, which is mainly due to the difficulties in finely controlling the fibre-to-chip alignment
at this temperature (Supplementary Section 3 provides more details on the measurement setup). In the inset, we report the energy consumption per bit
computed from the independent measurements of R and L. The value of energy per bit, E,, does not substantially change between 77 and 4K because
the ohmic dissipation in the electromagnet is the dominating contribution of the energy consumption and the resistance saturates below ~100 K
(Supplementary Section 3).
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Fig. 5 | Energy per bit of the MO modulator as a function of temperature for a bit rate of 2 Gbps. a, Measured energy per bit of the DUT. The measured
value of E, is as low as 3.9 pJ per bit at 4K and is limited by the resistance of the electromagnet. b, Simulated energy per bit of the DUT. A comparison
between the simulations and measurements shows strong agreement for the inductive energy term, LI2/2. However, the theoretical value of ohmic
dissipation in the electromagnet, RI?/r,, shows room for improvement by reducing the cryogenic resistance of the electromagnet. ¢, Energy per bit that is
achievable after optimizing the device by reducing the footprint, thinning the SGGG substrate and considering undercoupled resonators.

electrical current (1.5mT magnetic field) is not sufficient to mag- At very low temperatures, the resonance-wavelength shift is
netically saturate it. Although the Faraday rotation of Ce:YIG is  almost exclusively due to the MO effect. As shown in Fig. 3d, the TO
expected to increase for decreasing temperatures'’”°, a higher mag-  shift drops substantially at 77 K and becomes negligible at 4 K. This is
netic field is needed to reach such a value because of the stronger  due to the enhanced conductivity of gold at cryogenic temperatures,
coercive force that limits the MO split at 77 and 4K compared with  leading to lower Joule heating, along with the previously discussed
the room-temperature case. reduction in TO coefficient with decreasing temperatures.
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We evaluate the performance of the modulator at cryogenic tem-
peratures by measuring its bandwidth and its modulation fidelity
when driven with high-speed data. For the first measurement, we
use a tunable laser to generate an optical carrier at a wavelength near
1,550 nm, which couples in and out of the device via lensed fibres
and is collected after modulation by a high-speed photodetector at
room temperature. The radio-frequency input signal is generated
by a vector network analyser and swept from 100 MHz to 20 GHz
(Supplementary Section 3.5 provides more details on the experi-
mental setup). The measured frequency response of the MO modu-
lator is plotted in Fig. 4a, showing a reduction in modulation by 3dB
at around 1 GHz compared with the direct-current (d.c.) case at a
temperature of 4 K. However, the roll-off is a mere 3dB per decade
in this regime, with a steeper roll-off setting in at around 5 GHz. The
ultimate modulation bandwidth is limited by the magnetic response
time of Ce:YIG, which is on the order of hundreds of picoseconds'.

To further characterize the bandwidth of the device, we per-
formed data modulation measurements by sending a pseudo-
random non-return-to-zero bit sequence of length 2°-1 to the
modulator with a peak amplitude of 110mA. To achieve a better
signal-to-noise ratio, the modulated optical output signal is ampli-
fied by an erbium-doped fibre amplifier and filtered before reaching
the photodetector, which is connected to a digital oscilloscope. For
this measurement, the carrier wavelength is set close to 1,550nm.
Although the ER at around 1,550nm is low compared with shorter
wavelengths (Fig. 4b,c) and the resonator is slightly overcoupled at
1,550nm (K=0.11 and y=0.063), this wavelength offers the benefit of
a high optical gain in the erbium-doped fibre amplifier. The recorded
modulation eye diagrams for data rates of 1 and 2 Gbps are shown in
Fig. 4d at both 77 and 4K. Recalling the results shown in Fig. 3¢, we
need five times higher current at these temperatures than at room tem-
perature to achieve the same MO split. On the other hand, the smaller
MO split in Ce:YIG is compensated by the lower electrical resistivity
in metals at cryogenic temperatures, which means that the power con-
sumption of the modulator is less penalized by the large drive current.

The potential for high energy efficiency in a low-impedance sys-
tem is one of the major benefits of the cryogenic MO modulator. As
shown in Fig. 4d, we experimentally measured an eye diagram up to
2 Gbps with an energy consumption as low as 3.9 pJ per bitat4K. The
transduction gain (number of optical photons transduced per micro-
wave photon on the input?) is ~10~% when measured in a 50 Q system.
A similar value was measured in lithium niobate electro-optic modu-
lator®, but in the MO case, the transduction gain is inversely propor-
tional to the impedance of the system (Supplementary Section 4),
making it ideal for superconducting circuits.

Achieving superior performance

We project that the performance of the device can be vastly
improved with straightforward optimizations of the modulator
design and fabrication. In the DUT, the value of energy per bit is
limited by the resistance of the electromagnet (Fig. 5a). Ohmic dis-
sipation can be reduced by improving the quality of the electro-
magnet or replacing it with a superconducting magnet, leading to
E,~LP/2=1.5p] per bit at 4K (Fig. 5b). From this point, the energy
per bit can be further lowered by reducing the inductance of the
electromagnet and decreasing the modulation current. In the tested
device, the measured value of L is 0.3nH, which can be reduced
to 0.2nH by considering a microring with a diameter of 40 um
(Supplementary Section 3.1). The current required for modulation
can be reduced in two ways: by considering an undercoupled reso-
nator with the same ER, which yields a reduction in current of 50%
(Fig. 2e); and by decreasing the distance between the electromag-
net and silicon/Ce:YIG interface from 5.5 pm to 1.5 pm, which can
be done by replacing the mechanical polishing of the SGGG with
a selective etching process, resulting in a reduction in the required
current amplitude by up to another factor of 2.25 (Supplementary
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Section 5). With these feasible design improvements, the energy per
bit of the device can be reduced by more than 30 times (Fig. 5¢), thus
achieving an energy consumption as low as 50 f] per bit.

Superior performance is expected by replacing YIG with novel
MO materials under development. At 4K, europium sulfide (EuS)
and europium selenide (EuSe) have a Faraday rotation constant that
is 150 and 300times larger than that of YIG (ref. '°), respectively,
allowing for a reduction in modulation current to a few tens of
microamperes. The use of those materials will also benefit the trans-
duction gain, increasing its value by five orders of magnitude. The
time response of YIG is limited by its ferromagnetic resonance', but
a much faster response can be accomplished with terbium-doped
EuS or cadmium manganese telluride (Cd,_,Mn,Te) that can sup-
port a modulation rate of tens of gigahertz™*.

Conclusions

Although the DUT was tested in a 50 Q environment, the most impor-
tant application of the modulator is as an interface to low-impedance
logic based on Josephson junctions. Such logic has the potential to
perform classical computations at a fraction of the energy cost of
room-temperature complementary metal-oxide-semiconductor
technology”~. Its use for the control and readout of superconduct-
ing qubits has also been identified to be a promising path towards
the scaling of such quantum processors'=’. To achieve sufficient
output currents to drive the MO modulator, all-superconducting
driving elements can be used, similar to those that have been devel-
oped to interface superconducting logic with magnetic memory™.
Because of their integration with superconducting circuitry, our MO
modulators have the potential to enable efficient data transfer in
large-scale classical and quantum information systems.

Methods

Device fabrication. A 220 nm SOI wafer with 2 pm buried oxide was patterned
using a 248 nm ASML 5500 deep-ultraviolet stepper, and dry etched using a
Bosch process (Plasma-Therm 770) to form the waveguides and resonators. For
wafer bonding, both SOI and Ce:YIG/SGGG samples are rigorously cleaned, and
activated with O, plasma (EVG 810). Ce:YIG is directly bonded onto the SOI
patterns using a flip-chip bonder (Finetech) and then annealed at 200°C for 6h
under 3 MPa pressure to strengthen the bond. The required alignment accuracy

is fairly tolerant (~200 pm). After bonding, a 1 pm layer of SiO, is sputtered
everywhere on the chip as an upper cladding. Next, the SGGG substrate is thinned
by mounting the sample against a flat chuck and polishing (Allied Technologies)
using a series of increasingly fine lapping films. The thickness of SGGG is
monitored using a micrometer and confirmed to be ~5 um with a separate Dektak
profilometry measurement. Variation of thickness across the sample is roughly
+1.5pm due to imperfect levelling of the chuck. The patterns for metal coils and
contacts are defined on the backside of the SGGG with a 365nm GCA i-line wafer
stepper. Then, 22 nm Ti is deposited as an underlayer, followed by 1.5 pm Au using
electron-beam evaporation, and the metal coils and contacts are released with a
lift-off procedure. Finally, the sample is diced and the facets are polished.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The computer code used in this study is available from the corresponding author
upon reasonable request.
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