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Abstract — We investigated a novel split-post re-
entrant microwave cavity coupled to mechanical pho-
nons in a bulk acoustic wave (BAW) resonator made of
lithium niobate and a membrane resonator made of a sin-
gle-crystal sapphire substrate. Unlike previous configura-
tions, this setup employs a different coupling mechanism
for the photonic element, thereby enhancing the spatial
overlap between the microwave field and the acoustic
mode—a critical factor for achieving stronger coupling.
We present results of a lithium niobate BAW resonator
placed inside a re-entrant cavity at approximately 4
K. The BAW and sapphire resonators were symmetri-
cally located between the two posts of the split post reso-
nator. In this configuration, BAW modes exhibited
quality factors exceeding 10°. Various mode families
were explored to characterize their respective coupling
strengths. For the lithium niobate resonator, we mea-
sured an optomechanical coupling rate gy of 0.014 mHz
for a longitudinal mode at 4.8 MHz. In comparison, a
shear mode at 4.2 MHz exhibited a much lower coupling
rate of 2.67 X 10~7 Hz, while the optimum coupling to
the sapphire membrane is still under investigation.
These results demonstrate the dependence of the cou-
pling rate on the nature of the acoustic mode, with sig-
nificantly stronger coupling observed for longitudinal
modes. Moreover, this excitation mechanism achieves
higher coupling rates compared to previously used
techniques.

1. Introduction

Past studies exploring the fundamental interac-
tions between photonic and phononic systems have
advanced our understanding of quantum electrodynam-
ics and its technological applications [1]. These systems
enable the investigation of key quantum phenomena,
such as parametric amplification [2], resolved sideband
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cooling, and optomechanically induced transparency
and absorption [3, 4]. Such effects are critical for prob-
ing fundamental quantum limits [5, 6] and have practi-
cal implications in gravitational wave detection [7, 8],
dark matter searches [9], quantum communication, pre-
cision metrology, and quantum information processing
and storage [10, 11].

Highly coherent optomechanical systems also
support detection with parametric transducers, and the
development of strongly coupled quantum readout tech-
nologies is essential for reducing noise floors and
enabling coherent transduction [12]. These capabilities
are particularly relevant for tests of quantum gravity,
including proposals to detect individual gravitons [13].
Macroscopic mechanical resonators, especially in the
milligram mass range, provide an excellent platform for
exploring the quantum-to-classical transition in systems
such as bulk acoustic wave (BAW) resonators and
membranes.

2. Theory

The theory for the calculation of coupling rate is
given by the interaction between a phonon and a photon
mode, and the governing interaction Hamiltonian is
given by (1) below,

H=wa'a+w,b'b+ go(a’a)(b’ + b) (1)

Here a is the creation operator, and a is the anni-
hilation operator for photonic modes, with 5" and b
being the creation and annihilation operators for phonon
modes. Where w, is the microwave cavity [MW] oper-
ating resonant frequency, and w,, is the resonance fre-
quency of the mechanical resonator.

Parametric detection is achieved by detecting the
change in the microwave frequency caused by a cou-
pled mechanical resonator. Here, the displacement “x”
of the mechanical resonator upconverts the phonon tran-
sition in megahertz to a shift in microwave frequency at
the gigahertz frequency range. This is presented in [1
eq. (2)]. The pull factor calculated from the experiments
is given in (3) and is used to measure the coupling rate
of an opto-mechanically coupled system gy, given in
(4). However, (5) shows that for a linearly coupled sys-
tem, the basic relationship between displacement and
charge on the surface of BAW is used to experimentally
evaluate the pull factor.
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Here x,pr =+/2/(wnMetrm) is the zero-point
fluctuation of the mechanical resonance, M. is the
effective mode mass of the mechanical mode and is
evaluated using COMSOL multi-physics Finite Element

Method tool, and k2 = “”éM;f-’“ is a parameter given by

the BAW mechanical element, where w,, is the fre-
quency of a given BAW mode, Q,, is the quality factor
of the mechanical mode, and R, is the effective resis-
tance of the BAW mode on resonance [14].

To elaborate further, a BAW resonator may be
modeled as a lumped LCR resonant circuit and is
explained by the Butter worth-Van Dyke model, which
could be understood from the BAW-resonator lumped
circuit theory where different modes are modeled as
having an effective impedance (L), capacitance (C), and
resistance (R) value and are viewed as a parallel branch
in the resonant circuit. Similarly, the characterization of
lithium niobate BAW was performed, which led to the
identification of the following two types of modes in
these BAW devices: A-type (longitudinal) and B-type
(shear) modes because it is a uniaxial crystal. The rea-
son for the popularity of lithium niobate over other materi-
als is its high-quality factor and low-loss tangent. The
detailed low-loss characterization can be cited from [15].

3. Experimental Realization

The lithium niobate BAW, whose diameter is
¢ =29 mm, is modelled using COMSOL, where it is
been placed inside the microwave resonator symmetri-
cally between the two posts. The gap between the
microwave post and the body of the microwave resona-
tor is less than 0.5 mm. The current experiments were
performed using a BAW resonator for longitudinal
mode at 43 and shear modes at Bs o [15]. The dis-
tinctive shape of the BAW lends itself to a unique pho-
non and mechanical mode distribution that aligns along
the center of the material [7]. This centralization
enhances the material’s responsiveness when placed
within the electric field of the microwave resonator, cre-
ating a more pronounced interaction and sensitivity.

Furthermore, the re-entrant microwave cavity
was optimized for the cavity dimensions to maximize
the resonator’s form factor and quality factor [16]. The
cavity is comprised of high-purity, oxygen-free copper.
The microwave mode was characterized at room tem-
perature (RT) and 4 K. The loaded quality factor O, for
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the microwave cavity has been improved from 330 at
RT to 2500 at 4 K. The input port was driven with an
incident power of 0.1 mW. Microwave cavity modes
were characterized via S,; parameter measurements
using a vector network analyzer. The symmetrical two-
post structure of the cavity concentrates the electricity
at the center. The sapphire membrane was measured
using the same setup (replacing the BAW resonator),
the field at the center coinciding with the region of max-
imum mechanical mode amplitude in the BAW resona-
tor. This configuration enhances the field overlap and
yields a higher form factor [14].

Additionally, direct voltage biasing of the posts
enables piezoelectric modulation of the BAW resonator.
A homodyne detection technique configured as a phase
bridge or frequency discriminator was employed to per-
form the measurements. The frequency discriminator
was tuned to the fundamental mode of the microwave
resonator, resonating at 6.02 GHz. Frequency shifts in
the cavity, induced by coupling to mechanical modes,
were detected by maintaining a quadrature condition
between the local oscillator and radio frequency (RF)
signals. This configuration ensures the system remains
insensitive to amplitude noise, isolating frequency-
dependent phase fluctuations. A microwave signal was
injected using a frequency synthesizer, and the interme-
diate frequency (IF) output from the mixer containing
the upconverted signal was monitored using a fast Four-
ier transform spectrum analyzer. Figure 1 provides a
schematic of the experimental setup.

4. Results and Discussion

The results presented here correspond to the out-
put signal from the mixer acquired using the homodyne
detection scheme illustrated in Figure 1. This output
reflects the frequency modulation of the microwave
cavity induced by its coupling to mechanical modes
due to the BAW or sapphire resonator. The observed
signals were analyzed using a fast Fourier transform
spectrum analyzer to extract spectral features and cou-
pling characteristics. Below, we summarize the key
experimental observations and findings derived from
these measurements.

4.1 Coupling Rate Calculations

The coupling rate was determined by measuring
the displacement “x” of the mechanical element, which
was inferred from the induced current through each
BAW mode in response to an applied voltage. This
approach yields the displacement as described in (5).
The resulting displacement shifts the microwave reso-
nance frequency, as described by (3) and (4), and is
detected using a homodyne phase bridge. Experimental
results for the longitudinal mode at 4.8 MHz and the
shear mode at 4.2 MHz are presented in Figure 2, show-
ing the mixer output voltage corresponding to each
mode’s displacement. The experimentally measured
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Figure 1. (a) The frequency discriminator setup used for the experi-

ments at 4 K. The mixer output voltage was observed by the fast
Fourier transform spectrum analyzer when a piezoelectric voltage
was applied across BAW by using an arbitrary waveform generator
(AWG). Where an attenuation (Attn.) of —30 dB is at the input line
going to the cavity, and a low-noise amplifier (LNA) of 30-dB gain
at the output line of the cavity. (b) The measured S,; parameter for
the fundamental microwave mode. (¢) The magnitude of the D-field
inside the microwave cavity for the BAW readout. The sapphire
membrane was measured using the same setup (replacing the BAW
resonator).

coupling rates are 1.44 X 107> Hz for the longitudinal
mode and 2.67 X 1077 Hz for the shear mode. Detailed
calculations can be found in [14].

In addition, we investigated the mechanical
response of a 0.5-mm thick sapphire membrane placed
inside a split-post microwave resonator to probe its
drum modes. The mixer output for a higher-order drum
mode at 48.5 kHz is shown in Figure 3. In this setup,
the sapphire membrane is driven by a piezo-actuator,
and the signal is detected using a phase bridge readout.
The purpose of this investigation is to show that the
split-post resonator shows a quadratic nature of dis-
placement when coupled with a drum mode, which is
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Figure 2. The normalized voltage output at the mixer IF port for
different RF excitation voltages applied using an AWG was measured
using a fast Fourier transform. (a) Mixer output voltages are shown
for different RF excitation for a longitudinal mode of BAW at 4.8
MHz at 4K. (b) Mixer output for different RF excitation of BAW for
shear mode at 4.2 MHz at 4K.
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Figure 3. The normalized voltage output at the mixer IF port for
different drive voltages (RF excitation) applied by the piezo actuator
and the output from a split post is read using a homodyne detection
technique by a fast Fourier transform for analyzing a sapphire drum
mode at 48.5 kHz at RT.

due to the symmetric field profile inside a “split-post”
resonator.

The coupling rates for the mechanical modes
A3z0,0 (4.8 MHz) and Bs o (4.2 MHz) in the BAW reso-
nator are listed in Table 1. These results demonstrate
promising coupling strengths for a resonator with mass
in the milligram range, highlighting mode-dependent
variations in coupling performance.

5. Conclusion

We investigated the coupling rates of various
mechanical modes, both A type (longitudinal) and B
type (shear), in a lithium niobate BAW resonator using
a split-post microwave cavity. The analysis revealed
distinct coupling behavior for A- and B-type modes. Of
note, the coupling rate for the longitudinal 43 mode
was found to be approximately four times greater than
previously reported values. This enhancement is largely
attributed to the optimized geometry of the microwave
resonator, which significantly improves the transduction
efficiency. In addition to the BAW studies, we success-
fully implemented and read out the motion of a sapphire
membrane resonator coupled to the same microwave
structure. This work makes a significant contribution to
the characterization of both BAW- and membrane-based
mechanical resonators. It lays a strong foundation for
future efforts aimed at developing highly coherent and
sensitive readout architectures using microwave devices.
Moreover, the results support further exploration into qua-
dratic displacement sensitivity for membrane resonators,

Table 1. Coupling rates for frequencies, f,, for different mechanical
mode frequencies in MHz for BAW mechanical resonator; here gy is
the coupling rate in Hz and u (g) is the uncertainty associated with
these values in Hz

Xn,m,p fm (MHZ) 8o (HZ) u gO%
Az 00 4.8 1.44 X 10°° 0.8% (go)
Bs.0.0 42 2.67 X 1077 0.6% (go)
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an important feature for probing a range of fundamental
physical phenomena.

Antenna,” Physical Review Letters, 127, 7, August
2021, p. 071102.
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