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ABSTRACT

Microwave-to-optical transduction has received a great deal of interest from the cavity optomechanics community as a landmark
application for electro-optomechanical systems. In this Letter, we demonstrate a transducer that combines high-frequency mechanical
motion and a microwave cavity. The system consists of a 3D microwave cavity and a gallium arsenide optomechanical crystal, which has
been placed in the microwave electric field maximum. This allows the microwave cavity to actuate the gigahertz-frequency mechanical
breathing mode in the optomechanical crystal through the piezoelectric effect, which is then read out using a telecom optical mode. The
gallium arsenide optomechanical crystal is a good candidate for low-noise microwave-to-telecom transduction, as it has been previously
cooled to the mechanical ground state in a dilution refrigerator. Moreover, the 3D microwave cavity architecture can naturally be

extended to couple to superconducting qubits and to create hybrid quantum systems.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002160

The field of quantum information has evolved along two domi-
nant paths: microwave quantum technology has produced advanced
quantum computers composed of superconducting qubits that operate
at frequencies between one and ten gigahertz. Meanwhile, optical
quantum technology, at visible and telecom wavelengths, has enabled
long-lived quantum memories,” entanglement-based telescopes with
sensitivity beyond classical limits,” and high-precision atomic clocks."
Linking these technologies through a high-efficiency, low-noise,
coherent microwave-to-telecom transducer would open a new frontier
of hybrid quantum technology.” Prominent examples of hybrid tech-
nology include quantum radar® and microwave quantum repeaters,’
which would allow for distributed quantum computing® and the crea-
tion of a quantum internet.”"”

The development of a quantum microwave-to-telecom trans-
ducer has been pursued in a wide range of physical systems including
cold atoms,'" nonlinear electro-optic materials,'”” "* and mechanical
resonators'~ ** with frequencies ranging from kilohertz to tens of
gigahertz. Of these techniques, mechanical motion in the form of

quantized phonons provides a promising avenue for quantum micro-
wave-to-telecom transduction due to the ability to facilitate strong
interactions between phonons and microwaves™ or telecom®® pho-
tons. Mechanically mediated microwave-to-telecom transducers can
be classified into two groups according to their mechanical frequency.
Mechanical modes with frequencies below ~1 GHz use microwave
resonators to bridge the energy differential between the qubit-emitted
gigahertz photons and the megahertz mechanical phonons.” Low fre-
quency mechanical modes, such as the drum modes of a membrane,
are advantageous in that they can be directly incorporated into a
microwave resonator by depositing an electrode on the membrane to
create a mechanically compliant capacitor in an LC resonator.'* '
However, these low-frequency mechanical modes are also inherently
problematic due to high thermal phonon occupations at dilution
refrigerator temperatures, which add noise to transduced signals."®
Conversely, mechanical modes with frequencies exceeding ~1 GHz
can be cooled to the ground state using a dilution refrigerator, *”* but
typically couple directly to on-chip microwave waveguides.'” **
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In this Letter, we take the natural step to combine these architec-
tures and implement a high-frequency mechanically mediated micro-
wave-to-telecom transducer coupled to a microwave resonator. The
transducer, which is operated at room temperature in this experiment,
consists of a gallium arsenide optomechanical crystal placed on the
central pedestal of an aluminum re-entrant 3D microwave cavity.
Gallium arsenide is a promising material for microwave-to-telecom
transducers due to its piezoelectric’” and photoelastic™’ properties,
which allows mechanical motion to be coupled to the electric field of
the 3D microwave cavity mode and improves coupling to the telecom
optical mode of the optomechanical crystal, respectively. The 3D
microwave cavity architecture’’ is a versatile platform for quantum
systems—in addition to providing a coupling mechanism for qubits,””
they are also used to couple microwave photons to magnons in
yttrium-iron-garnet spheres,”” *® nitrogen-vacancy centers in dia-
mond,”” rubidium atoms,”® and Rydberg atoms.”

The optomechanical crystal, which measures 600 nm wide,
220 nm thick, and 13 um long, is engineered to create a bandgap that
supports a telecom optical mode™” at 1543 nm (/27 =~ 194.3 THz),
Fig. 1(a). The telecom mode overlaps a high frequency mechanical
breathing mode at w,,/2n ~ 2387.5 MHz, with a damping rate
of I'y,/27 &~ 2.90 MHz, Fig. 1(b). The laser transmission sweep of
the telecom mode in Fig. 1(c) demonstrates a total decay rate of
K/2n =~ 6.6 GHz and an external decay rate of x. /27 ~ 2.3 GHz.

The 3D microwave cavity, presented in Fig. 1(d), has an inner
diameter of 41 mm and an interior height of 35 mm. The re-entrant
pedestal measures 2.8 mm in diameter and stands 25mm tall,
which leaves a 10 mm gap between the cavity lid and the top of the
re-entrant pedestal where the optomechanical crystal is placed. The
cavity lid is split by a 5mm gap, which allows a dimpled tapered
fiber'” to be lowered into the cavity for optical coupling. Despite
the gap, the microwave mode electric field, shown using arrow vec-
tors in Fig. 1(d), is predominantly directed along the cylinder axis,
which corresponds to the [100] crystal axis of the gallium arsenide
chip. This design results in a microwave resonant frequency of
o, /2m 2 2386.5 MHz. A low-loss teflon cylinder'' surrounding the
re-entrant pedestal allows for control over the microwave cavity
decay rates by shaping the magnetic field, such that the total cavity
decay rate r, /21 =~ 4.07 MHz is almost exactly double the external
decay rate r, /21 ~ 2.05 MHz. This condition, known as critical
coupling, ensures that on-resonance there is near-zero (—45dB)
reflection of microwave power from the cavity.*

Coupling between the microwave electric field and the mechani-
cal motion of the optomechanical crystal is mediated by the ds¢ coeffi-
cient of the piezoelectric tensor, which converts a transverse electric
field oriented along the [100] crystal axis into shear motion in the
plane of the optomechanical crystal.” In Fig. 1(e), the displacement of
the optomechanical crystal due to a resonant transverse electric field is
simulated to demonstrate the similarity between the mechanical
breathing mode and microwave driven motion. The spatial overlap
between the mechanical mode and driven motion indicates that the
piezoelectric interaction between the microwave transverse electric
field and the mechanical breathing mode should result in well-coupled
modes. Although the microwave cavity electric field is predominantly
transverse, small in-plane electric field components caused by imper-
fect electric field directivity are capable of driving high-order flexural
and torsional modes in the optomechanical crystal; however, these
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FIG. 1. (a) Simulated telecom electric field and (b) mechanical displacement modes
of the optomechanical crystal. (c) Transmission of the telecom resonance, centered
at 1543 nm. (d) Simulation of the electric field in the 3D microwave cavity mode, with
arrows showing the electric field directivity and relative amplitude. (e) Simulated pie-
zoelectric response to a resonant microwave drive, where a time-varying uniform
electric field is applied along [100]. (f) Purple trace (left axis): power spectral density
(PSD) of the thermomechanical motion, measured by homodyne detection of the
telecom mode and fit (white). Light blue trace (right axis): microwave reflection mea-
surement of the 3D cavity. (g) Measurement setup: the microwave system in blue
shows port 1 of a vector network analyzer (VNA) driving the microwave cavity using
a loop coupler. The VNA signal phase is controlled externally using a phase modula-
tor (®). The balanced laser homodyne system in red follows two paths: the measure-
ment arm, with telecom optical power set by a variable optical attenuator (VOA)
before coupling to the optomechanical crystal (green) in the microwave cavity, and
the local oscillator, with a fiber stretcher (FS) for path length matching and optical
phase control. The paths recombine at a beam splitter and are then detected on a
balanced photodiode. The photodiode output can either be measured on VNA port 2
or downmixed into low frequency in-phase and quadrature components measured on
a separate data acquisition (DAQ) system.

modes have a poor overlap with the optical mode and are, therefore,
not measured.

In experiment, we find that the microwave mode is slightly
detuned from the mechanical resonance such that (wy, — wm)/27
~ 1 MHz. Despite this small offset, Fig. 1(f) shows that the micro-
wave mode frequency lies within the linewidth of the mechanical
mode and vice versa, implying that a signal can be resonantly
enhanced by both the microwave and mechanical modes. The
measurement setup used in this experiment is presented in Fig.
1(g), which illustrates the homodyne laser system used to measure
the optomechanical crystal and the microwave network used to
drive the microwave cavity.

In Fig. 2(a), the mechanical motion of the optomechanical crystal
is measured while the microwave cavity is driven by a —20 dBm elec-
trical signal at frequency s, which is set to the microwave resonance
frequency. The electrical signal populates the microwave mode with
photons, which are converted into actuated phonons in the mechani-
cal mode through the piezoelectric effect. The telecom laser, at fre-
quency j, causes the actuated phonons to be up-converted into
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FIG. 2. (a) Microwave-to-telecom transduction. A 10 uW electrical signal at the
microwave resonance frequency creates a sharp peak in the optical PSD. (b)
Phase coherence measurements of the transduced signal. The input signal phase
(dotted lines) is swept in 24° steps using the external modulator, for three sets of
microwave input power: 200 uW (red), 20 uW (green), and 2 uW (blug).

telecom photons at frequency w; + ws. The up-converted photons
beat together with a local oscillator to produce a sharp peak in the
homodyne measurement—the transduced microwave tone.

Coherent transduction is then demonstrated by using an external
phase modulator to sweep the phase of the injected microwave signal,
plotted in Fig. 2(b), from 0° to 144°. The output of the balanced pho-
todiode is returned to the second port of the VNA for an S21 measure-
ment, where the returned signal mixes with the VNA output signal to
determine the relative phase. By manipulating both the phase and the
amplitude, we show that we have complete coherent control of
the transduced signal.”' Classically, coherent control implies that the
system can be used for information transduction techniques, such as
phase shift keying, "’

The number of actuated phonons 7 in the mechanical breathing
mode can be calculated using thermomechanical noise as a calibration
metric.”' The ratio of the powers in the transduced peak P(w;) and
the thermal noise P(wy,), where power is the integrated spectral den-
sity, is scaled by the number of thermal phonons to find

e = h& P(ws)
s kBT P(a)m) ’

1

where T =295K is the room temperature. To ensure that the
device is properly thermalized and optical heating is appropriately
limited, the thermal noise is in turn calibrated to a temperature-
independent electro-optic modulator tone.** In Fig. 3, the number
of actuated phonons is calculated for a range of microwave powers.
At low powers, the transduced signal sinks below the thermal noise
floor at an average population of (9.0 = 0.4) x 1072 actuated pho-
nons. Sufficiently far from this thermal limit, the number of actu-
ated phonons increases linearly with microwave input power. This
slope is fit to calculate the single-photon electromechanical cou-
pling rate g, /2w = (4.3 = 0.8) Hz.

ARTICLE scitation.org/journal/apl
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FIG. 3. The integrated area of the transduced peak, scaled using Eq. (1) to mea-
sure the actuated phonon number, measured as microwave power is stepped. The
resulting trace is fit in two segments: an input power above 1075 W is fit to a line
(orange) to determine the electromechanical coupling, and an input power below
1078 W is fit to a constant to determine the measurement noise floor, below which
the transduced signal becomes unmeasurable due to thermal noise. The sum of
these fits is presented as the black dashed curve. Error in the actuated phonon
number is smaller than the marker size. The uncertainties of derived quantities are
calculated from 1 fit error.

The transduction efficiency 7, can be calculated from the linear-
ized rotating-frame Heisenberg-Langevin equations of motion for the
telecom a (), mechanical b(), and microwave ¢(w) modes,”

iwa = (iA+ k/2)a + igob + \/Kean (), ()
iwb = (iom + T'n/2)b + igoa + iguc + / I'mbin(w), 3)
iwc = (ioy + Ku/2)c + gub + /Kpetin(0). (4)

In our experiment, we set the laser detuning to A = w. — w; =0,
and in Fig. 3, the microwave signal frequency «; is set to @,,. The elec-
tromagnetic modes are coupled to input channels ay, (@) and ¢, (o),
representing telecom laser and electrical signal inputs to the telecom
and microwave modes respectively, while by, () represents the influx
of thermal phonons into the mechanical mode from the room temper-
ature bath.

Solving Egs. (2)-(4) under these conditions,””***° the equation for
microwave-to-telecom efficiency-per-pump-photon for our system is

4C,C
K Ky (14 Cu+ C)* + 2(1 + Com/x)*’

Ke Kye
Mo = —

©)

where the electromechanical and optomechanical single-photon cooper-
ativities are C,=4g}/K,['m=(6.2£0.2)x 10" and Co=4gj/xT'n,
=(3.5+0.1) x 10~*, respectively. The single-photon optomechanical
coupling rate gy/2n=(1.3+0.3) MHz was measured using phase cali-
bration.”* Hence, our system efficiency is 17, = (1.0=0.1) x 10~ 1%,

For high efficiency transduction, the condition C ~ C, > 1
must be achieved, where C = Cy#, is the cavity-enhanced optome-
chanical cooperativity with an average population of 7. photons in the
telecom mode. The optomechanical cooperativity of this device is pre-
dicted to reach C= 3.7 at millikelvin temperatures.28 However, in the
present experiment, the telecom photon population of the optome-
chanical crystal was limited to 7. =~ 400 to circumvent optical heating,
leading to a cooperativity of C=0.14. The cavity-enhanced transduc-
tion efficiency can be calculated by replacing C by C in Eq. (5) to find
Heop = (3:4£0.2) x 1071,
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Even with the enhancements to optomechanical cooperativity,
the efficiency of our system is primarily limited by electromechanical
cooperativity, which is in turn limited by the electromechanical cou-
pling rate. The electromechanical coupling is predicated on the overlap
of the optomechanical crystal and the microwave electric field.” In
our system, this overlap is small due to the large spatial requirement of
the dimpled-tapered fiber optical coupling mechanism. Future itera-
tions with permanent fiber coupling’” will allow the gap between the
cavity pedestal and the lid to be dramatically decreased, thus increas-
ing the field overlap and allowing electromechanical coupling to reach
rates on the order of 1 kHz. Additionally, the electromechanical coop-
erativity can be further increased by reducing the microwave cavity
decay rate and mechanical damping rate. Specifically, 3D supercon-
ducting microwave cavities are capable of achieving decay rates below
100 Hz," and low temperature measurements of the gallium arsenide
optomechanical crystals have demonstrated a mechanical damping
rate of 83kHz.>® With these improvements taken into account, the
electromechanical cooperativity could reach values exceeding 1, which
would lead to nearly lossless microwave-to-telecom transduction.

Another important metric for microwave-to-telecom transduction
is the bandwidth over which efficient transduction can be achieved. A
large bandwidth increases the utility of the transducer by allowing it to
convert a range of microwave frequencies to telecom wavelengths and
permits faster transduction operations.'’ To measure the bandwidth of
transduction, the electrical signal frequency is stepped across the
mechanical and microwave resonances and the mechanical spectrum is
measured via optical homodyne at each step. In Fig. 4, the mechanical
spectrum is scaled using Eq. (1), such that the amplitude of each trans-
duced peak represents the number of actuated phonons in the mechan-
ical mode. This demonstrates that the maximum number of actuated
phonons is achieved for a frequency between the microwave and
mechanical peaks at mp /27 = 2387.25 MHz. To confirm this, the
equations of motion are used to derive the number of actuated pho-
nons for an electrical input signal with frequency s and power P,

fig(ws) = P e
ST o [(om — 00)? + T2 /4] [(0 — 00 + k2/4]

(6)

In Fig. 4, the number of actuated phonons 74(w;) is plotted
across the same region over which the electrical signal is measured to
demonstrate the agreement between experiment and theory. From Eq.
(6), a microwave-to-mechanics transduction bandwidth of 2.16 MHz

10°

Actuated Phonons
S

0-2 ==
2380 2383 2386 2389 2392
Frequency (MHz)

FIG. 4. Optical measurements of the transduced 3.2 uW electrical signal as it is
swept between 2380 MHz and 2395 MHz in 0.25 MHz steps. The dashed curve rep-
resents a calculation of the number of actuated phonons for the whole frequency
range using Eq. (6) with the experimentally measured parameters.
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FIG. 5. Calculations of the conversion efficiency for the transduction of electrical
input signals at various frequencies using the experimental parameters outlined for
this experiment (gray solid), the ideal scenario where the detuning between
microwave and mechanical resonances is zero (green dotted), and the maximum
transduction efficiency attained by using a tunable microwave cavity to select the
microwave resonance frequency for maximum transduction efficiency at each input
signal frequency (purple dashed).

is calculated, which exceeds the predicted bandwidth of a similar pie-
zoelectric microwave cavity to telecom transducers.”’ The large band-
width is, in part, due to an efficiency-bandwidth trade-off for
transduction: the high decay rate of the microwave cavity and the
damping rate of the mechanics increase the bandwidth, but, in turn,
limits the number of actuated phonons and therefore the efficiency of
the transducer. During low temperature experiments, both the damp-
ing and decay rates will be reduced, which limits the bandwidth of
future experiments, but increases transduction efficiency.

In Fig. 5, the transduction efficiency is plotted as a function of
signal frequency for our experiment, where (wm — wy)/27 ~ 1 MHz,
and for the ideal transduction scenario, where oy = w,.
Encompassing both the experimental and ideal transduction scenarios
is a calculation of efficiency that assumes a tunable 3D microwave
cavity™ with a resonance frequency set such that the input electrical
signal is transduced with maximum efficiency at each considered fre-
quency. In ideal circumstances, where the electrical signal frequency
matches the mechanical resonance frequency, the efficiency of trans-
duction is unchanged. For unmatched resonances, however, the
microwave cavity can be tuned to increase the transduction efficiency.

The extended range afforded by a tunable cavity has a full-width
half-maximum of 2.91 MHz, such that the transduction efficiency of
off-resonant signals improves by up to an order of magnitude.
Although this is not a true increase in the bandwidth, which refers to
the maximum frequency spread that can be simultaneously passed by
the cavity, it does increase the frequency range over which the trans-
ducer can function. For the microwave cavity under consideration in
this experiment, the increased transduction range associated with a
tunable microwave cavity is modest, but becomes more pronounced
when the reduced decay rates of superconducting cavities are taken
into account.*’

In conclusion, we have demonstrated gallium arsenide optome-
chanical crystals in a 3D microwave cavity as a promising platform for
quantum state transduction. The optomechanical crystal is sensitive
enough to detect an average occupancy of just (9.0 =0.4) x 1072
actuated phonons and is capable of achieving high cooperativity. The
piezoelectric coupling g,/2n = (4.3 = 0.8) Hz between the micro-
wave and mechanical modes limits the transduction efficiency to
o = (1.0 £0.1) x 107", but could be improved by reducing the
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microwave electric field mode volume. Finally, the 2.16 MHz trans-
duction bandwidth of this system allows for a broad range of electrical
signals to be transduced. Although this bandwidth will be reduced
when the transduction experiment is performed at low temperatures,
where the microwave cavity will be superconducting, we have pro-
posed a framework using a tunable microwave cavity to allow for
microwave-to-telecom transduction that is efficient, low-loss, broad-
band, and coherent.

See the supplementary material for a detailed derivation of the
electromechanical coupling rate, bandwidth, and transduction
efficiency.
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