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We demonstrate ultra-sensitive measurement of fluctuations in a surface-acoustic-wave (SAW)
resonator using a hybrid quantum system consisting of the SAW resonator, a microwave (MW)
resonator and a superconducting qubit. The nonlinearity of the driven qubit induces parametric
coupling, which up-converts the excitation in the SAW resonator to that in the MW resonator. Ther-
mal fluctuations of the SAW resonator near the quantum limit are observed in the noise spectroscopy

in the MW domain.

PACS numbers:

Hybrid quantum systems have been widely studied in
quantum information science [1]. Coherent control and
quantum measurement across heterogeneous subsystems
extend the applicability of quantum technologies towards
quantum computers [2], networks [3], repeaters [4] and
sensors [5].

In solid-state systems, superconducting qubits [6] have
been hybridized with a variety of other quantum degrees
of freedom. The qubits provide strong nonlinearity origi-
nating in the Josephson effect as an important ingredient
in the hybrid systems. For example, strong coupling with
the systems such as microwave resonators [7, 8], nanome-
chanical resonators [9, 10], bulk acoustic modes [11], and
paramagnetic [12, 13] and ferromagnetic [14] spin ensem-
bles have been demonstrated.

Recently, surface acoustic waves (SAW) have attracted
much interest as an alternative quantum mode localized
on a surface of a material [15, 16]. In piezoelectric ma-
terials, SAW can be strongly coupled to electric fields
between surface electrodes and are widely applied in com-
pact microwave components because of their small wave-
lengths and losses [17]. Interaction of a SAW waveg-
uide [18] and a SAW resonator [19] with a superconduct-
ing qubit were recently demonstrated. SAW can also
couple to other physical systems [20] such as quantum
dots [21] and NV centers [22, 23] through various form
of elastic effects. Opto-elastic interaction of SAW opens
the possibility to achieve a quantum transducer from mi-
crowave photons to optical photons in the telecommuni-
cation band [24-26].

In this Letter, we report experiments on a hybrid quan-
tum system consisting of a SAW resonator, a supercon-
ducting qubit, and a MW resonator. We demonstrate
microwave-driven parametric couplings induced by the
nonlinearity of the qubit, which serves as a transducer or
an interface between the phonons in the SAW resonator
and the photons in the MW resonator. The thermal
phonons in the sub-GHz SAW resonator are up-converted

to the MW frequency range where near-quantum-limited
measurement of photons is available. We observe ther-
mal fluctuations in the SAW resonator below the mean
phonon number of unity with an unprecedented sensitiv-
ity.

The hybrid device schematically illustrated in Fig. 1(a)
is fabricated on a quartz substrate and cooled down
to 10 mK in a dilution refrigerator (See the details in
the Supplementary Information [27])). The Fabry-Pérot-
type SAW resonator, defined by a pair of Bragg mirrors,
couples piezoelectrically to a superconducting transmon
qubit [28] via an interdigitated capacitor. The qubit
also couples capacitively to a half-wavelength coplanar-
waveguide MW resonator. The MW resonator has a
capacitively-coupled port on the other end (port 1). The
SAW resonator has two interdigitated transducer ports
(ports 2 and 3) for external coupling.

The hybrid system is modeled with a Hamiltonian un-
der rotating-wave approximation

H = hwpnala+ hwebee + hwpéys + hwséle
+ hgm (@76 ge + @ 6eg) + hgs(ET6ge + E6ey) (1)
+ V2hgm(a'6ep + a6se) + V2hg(¢T6es + C6e)

where h is the Planck constant, g, (gs) is the coupling
strength between the MW (SAW) resonator, and w, and
wy are the eigenfrequencies of the first excited state |e)
and the second excited state |f) of the qubit. Here, a (¢)
is the annihilation operator of the MW (SAW) resonator,
and 6y = |k)(I| (k,l = g,e, f) are the operators in the
energy eigenbasis of the transmon qubit.

We first characterize the system with spectroscopic
measurements [27]. Direct S-parameter spectroscopy
is performed on the MW and SAW resonators. The
MW resonator has the resonance frequency of wy,/2m ~
5.056 GHz. The total linewidth is v/2r = 716 kHz,
and the external coupling rate to port 1 is 7ex/2m =
152 kHz. Similarly, the frequency and the linewidth of
the SAW resonator are found to be wy/2m ~ 781 MHz
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FIG. 1: Characterization of the SAW-qubit-MW hybrid sys-
tem. (a) Schematic of the hybrid system. A SAW resonator
defined by Bragg mirrors (red) and a MW resonator (cyan)
are coupled to each other via a transmon qubit with an inter-
digitated transducer (green). The square with a cross repre-
sents a Josephson junction. Port 1 is an external feed line for
the MW resonator and ports 2 and 3 are those for the SAW
resonator having a spatial mode shown in yellow. (b) Qubit
spectrum obtained with two-tone spectroscopy. The squared
change of the reflection coefficient, |AS11|?, of the MW res-
onator at the resonance is plotted as a function of the qubit
drive frequency. The blue dots represent the data, and the
red lines are the Lorentzian fits. (c) [(d)] Resonance frequency
of the MW (SAW) resonator (blue dots) as a function of the
MW (SAW) drive power. In each panel, the red dotted line
indicates the resonance frequency of the bare resonator, and
the green dashed line indicates that of the dispersively shifted
resonator.

and T'/27m = 36.6 kHz, respectively. The external cou-
pling I'ex through the IDTs connected to ports 2 and 3
are 2 X 60 Hz each. Thus, the SAW resonator is largely
undercoupled.

Qubit parametrization can be achieved via the spec-
troscopy of the MW resonator to which the qubit is
dispersively coupled. Figure 1(b) shows a qubit spec-
trum obtained by the two-tone spectroscopy via the
MW resonator [29]. The eigenfrequencies are w/2m =
2.53 GHz and wy/2m = 4.83 GHz, respectively. Thus,
the qubit anharmonicity o = wy — 2w, is evaluated to
be 27 x (—230) MHz. Note that the lines corresponding
to the parity-allowed two-photon transitions, |g) < |f)
and |e) < |h), are also observed, where |h) is the third
excited state of the qubit.

Some of the system characterization becomes much
easier with the presence of the qubit inside the system.
Coupling between the MW /SAW resonator to the qubit
is measured quite conveniently using a simple decou-

pling technique with a strong drive [30]. Figures 1(c)
and (d) show the drive power dependence of the MW
and SAW resonance frequencies, respectively. A large
frequency shift between the low- and high-power lim-
its is observed. This frequency shift corresponds to
Xi = g7/(we —w;) (i = m, s), which allows us to evaluate
the coupling strength between the MW /SAW resonator
and the qubit [31]. From Figs. 1(c) and (d) the coupling
strengths g,, and g5 are evaluated to be 27 x 59 MHz
and 27 x 6.0 MHz, respectively.

The coupling strength between the SAW resonator and
the qubit can also be written as

hgs - e‘/;pf,sCIDT/Ca (2)

where e is the charge of the electron, Cipt = 67 fF is the
capacitance of the IDT coupled to the qubit, C' = 84 {F
is the total capacitance of the qubit, and V¢ s is the
zero point fluctuation of the surface potential of the SAW
resonator. The capacitances are calculated from the geo-
metrical design of the IDTs [20] and are consistent with
the single-electron charging energy of the qubit. From
this equation we obtain the zero point fluctuation of the
SAW resonator as V,pfs = 18 nV. The zero point fluc-
tuation of a SAW resonator is expected to be

1 pm?

szpf,s = ¢0 X A 5 (3)

where A is the mode area of the SAW resonator
(~40,000 pm?). This leads to the surface piezoelectric
potential of ¢g = 3.6 ©V, which agrees well with the the-
oretical estimate for quartz [20]. From these relations,
the coupling strength is written as

gs/2m ~ 0.7 GHz x /1 um?/A. (4)

Using the mode area of the SAW resonator, the zero point
fluctuation in the unit of displacement is estimated as
X,pt = 7 am [20].

Dispersive interactions with the MW/SAW resonator
makes the qubit subject to the AC Stark shifts propor-
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FIG. 2: Calibration of the photon and phonon numbers in
the resonators. (a)[(b)] AC Stark shift Awg,m (Awg,s) of the
qubit as a function of the MW (SAW) drive power. The
corresponding mean intra-resonator photon (phonon) number
is indicated on the right axis.



tional to the number of photons and phonons in each res-
onator. We use the effect as a calibration tool for the pho-
ton/phonon numbers in the resonators. Using the values
of x;, we estimate the single photon/phonon Stark shifts
of the qubit as x4 = 2xia/(w; — we — @) (i =m, s) [31]
and obtain Xq ., /27 = 180 kHz and x, /27 = 4.4 kHz.
Figure 2 shows the linear dependences of the AC Stark
shifts Awg; on the MW and SAW drive powers. On
the right axes, the corresponding intra-resonator pho-
ton/phonon numbers (n;) = Awg;/xq,: are indicated.
The values of the Stark shifts per photon/phonon are
smaller than the decay rates of the resonators and the
qubit. Thus, the hybrid system is in the weak dispersive
coupling regime.

The MW resonator and the SAW resonator are not di-
rectly coupled to each other. Nevertheless, we can para-
metrically induce the coupling by driving the qubit, i.e.,
the nonlinear element in the system. The lowest-order
parametric coupling is achieved by using the second ex-
cited state of the qubit. We strongly drive the qubit at
the frequency wy, — wy as illustrated in Fig. 3(a). This
drive (drive 1) induces the parametric coupling between
the MW resonator and the second excited state of the
qubit,

Up,m = hgpm(adry + dT&gf)a (5)

where g, is the coupling strength. Similarly, we also
drive the qubit at wy — w,. This tone (drive 2) induces
the parametric coupling between the SAW resonator and
the qubit

Ups = hgp (¢854 + e 6yy), (6)

where g, is the coupling strength. Each coupling

strength is written as [32]

1 gix
V2 (we — w;)(we + @ — w;)

where ¢ = m,s and Q, () is the amplitude of
drive 1 (drive 2). Note that this perturbative treatment
is valid for the weak drive strength, where 2; is smaller
than |we — w;| and |wy — w;].

With the simultaneous drives of the two parametric
processes, conversion between the MW photons and the
SAW phonons is realized. Figure 3(b) shows the conver-
sion efficiency from the SAW phonons to the MW pho-
tons as a function of the powers of drives 1 and 2. The
color in the 2D plot indicates the normalized conversion
efficiency, 77 = n/nmns, where 1N, = Yex/v = 0.20 and
Ns = Dex/T = 1.6 x 1073 are the external coupling fac-
tors of the MW and SAW resonators, respectively. In the
series of measurements shown in the panels of Fig. 3(b),
we optimize the conversion efficiency by varying the fre-
quencies of the two drive tones, while keeping their sum
fixed. Naively speaking, one would expect a better con-
version efficiency with a higher driving power. However,

Q, (7)

9p,i =

the AC Stark effects induced by the drives shift the en-
ergy level of the second excited state of the qubit, and
thus the detunings of the parametric drives depend on the
power of the drives themselves. In the second panel from
the right, we obtain the highest efficiency at the drive
condition marked by the red circle. The white-dashed
line delineates the condition where the sum of the Stark
shifts is constant. The observed ‘arc’ is well fitted by the
line, indicating that the large conversion efficiency is ob-
tained when each parametric drive is in resonance with
the relevant transition.

The conversion efficiency in the SAW-qubit-MW hy-
brid system reads [33]

- 4C,,Cs (8)
77—77m775(1+cm+cs)27

where Cp, = 4g2 /vy and Cy = 4g2 /Ty are the co-
operativities of the MW-qubit and the SAW-qubit cou-
pled systems, respectively. Here r;/27 = 18 MHz is
the decay rate of the second excited state |f) of the
qubit. In Fig. 3(c), we plot the output MW photon flux
P,, from the MW resonator vs. the input SAW phonon
flux P;. The data is taken under the optimized drive
power condition indicated by the red circle in Fig. 3(b).
The photon/phonon fluxes are calibrated based on the
Stark shift measurements in the resonators. The black
line depicts the relation P,, = 4nsnm, P, which indi-
cates the upper limit of the conversion efficiency with
the given external couplings. The red line is the linear fit
to the data, showing the maximum conversion efficiency
of 0.39 X ny,ns. From the symmetry between drives 1
and 2 in the power dependence of the conversion effi-
ciency observed in Fig. 2(b), as well as from the func-
tional form of Eq. (8), we assume that the two coopera-
tivities are equal at the optimal point. Then, the cooper-
ativities are evaluated to be C,, = Cs = 0.82, which cor-
respond to the parametrically induced coupling strengths
of gp.m/2m = 1.6 MHz and g, /27 = 0.37 MHz for the
MW and SAW resonators, respectively. The correspond-
ing amplitudes of the drives are Q,, /27 = 1.2 GHz and
Q/2m = 1.0 GHz, which satisfy the perturbative con-
dition. The conversion efficiency is currently limited by
the smallness of the external coupling of the SAW res-
onator ns. It can be overcome by using a high-Q SAW
resonator or making the IDT electrodes large to enhance
the external coupling of the SAW resonator.

Finally we use the parametric conversion to analyze the
thermal noise in the SAW resonator near the quantum
ground state. Without any drive on the SAW resonator,
the mean phonon number of the thermal excitation of
the SAW resonator at the dilution fridge temperature of
10 mK is expected to be 1073. We up-convert the SAW
thermal fluctuation to that in the MW resonator through
the parametric drives and measure the noise spectrum of
the microwave output field using a cascade of a Josephson
parametric amplifier [34] and a traveling wave parametric



a C
(a) 1) (c) 106
Wm == —A
Wf == [f) — {4 E -T
: < 105
. x
: =
< .
< Drive 2 .
3 We 4 | &) — . S
S ; g 100
b : s
: 2
. =
Ws == [1)s n— . 103
N .
=+ |g) e— | 0) —— |O)m—' L L L
Transmon SAW MW 107 108 10° 10
SAW phonon flux (s71)
(b)
,g 6wp/2m =0 MHz 20 MHz 40 MHz 60 MHz 80 MHz z
@ —60 . 3
o 0.4 ® o
T i 25
o 2o
g -70 H oo
a | 02238
o 312
2 —80 i o
s e — e —— ——— — 0 a
-70 -60 -50 -70 —-60 —-50 —-70 —-60 —-50 -70 S

Drivel power (dBm)

FIG. 3: Parametrically induced coupling and conversion. (a) Energy diagram of the hybrid system. (b) Optimization of the
parametric conversion efficiency 7 as a function of the qubit drive powers applied at port 2. The drive frequencies wq1 and wgs
are varied between panels: The single photon detuning dwp = (w41 — wm + wy)/27 are set to 0, 20, 40, 60, 80 MHz from left to
right, while the two-photon detuning ws 4+ w41 + wa2 — wm is kept at 0. The white dashed line in the second panel from the right
is a contour on which the AC Stark shift of the qubit |f) state is constant. The red circle indicates the optimized condition
used in (c). (c) Conversion from the surface acoustic waves to the microwaves (blue circles with an error bar). The horizontal
axis expresses the input phonon flux to the SAW resonator, and the vertical axis represents the output photon flux from the
MW resonator. The black line depicts the maximum conversion efficiency (77 = 1) attainable with the external couplings of the
resonators in the present device. The red line is a linear fit to the data. The saturation effect observed at high phonon flux is

due to the shift of the SAW resonator frequency [See Fig. 1(d)].

amplifier [35] (See [27] for the details). Figure 4 shows
the noise spectral density of the microwave resonator.
The thermal noise in the SAW resonator manifests as
an additional noise peak on top of the background. The
linewidth of the peak agrees with I'. From the peak area,
the mean phonon number (ng) in the SAW resonator is
evaluated to be 0.5740.07, corresponding to the effective
temperature of 37 + 3 mK, that is significantly higher
than the bath temperature of 10 mK, presumably due to
the bad thermalization. At a higher bath temperature
of 80 mK, the mean phonon number increases to 1.8 +
0.2, corresponding to the effective temperature of 85 +
6 mK. The displacement sensitivity of the measurement
is evaluated as 0.2 am/ \/E, two orders of magnitude
improvement from the previous report [15].

In summary, we constructed a hybrid quantum sys-
tem consisting of a SAW resonator, a transmon qubit,
and a MW resonator. The interaction between the SAW
and MW resonators were mediated by the parametrically
driven qubit. We up-converted the SAW phonons to the
MW photons and detected the thermal fluctuations of the
SAW resonator near the quantum limit. It demonstrated

an application of the hybrid quantum system to the ultra-
sensitive measurement of the low-frequency SAW signals.

The conversion efficiency may be significantly im-
proved to an order of unity. The external couplings of
the resonators can be readily increased, and the SAW
resonator quality factor can be at least an order of magni-
tude better with an optimized design. Moreover, the lim-
itation in the parametrically induced coupling strengths
due to the saturation effect of the transmon qubit can be
mitigated with other types of nonlinear superconducting
circuits.

A hybrid system in the strong coupling regime may
also be achieved. The resonance frequency of the SAW
resonator can be increased closer to the qubit frequency
with shorter-period Bragg grating mirrors and IDT elec-
trodes or with other materials which have a higher sound-
velocity. The coupling strength between the SAW res-
onator and the qubit can be kept larger than their decay
rates.

The SAW resonator can also be coupled to an optical
system via the opto-elastic interaction [24-26, 36]. The
hybrid system of the SAW resonator and the supercon-



3.0 T T T — T — — T

SAW noise PSD (10~* phonon/Hz)

=10 mK

Thath
P S

2.0 L . . I .
—6 —40 —20 0 20 40 60

Detuning éwp/2m (kHZ)

FIG. 4: Thermal noise power spectral density (PSD) in the
SAW resonator as a function of the parametric-drive detuning
dwp = Ws + Wa1 + waz2 — wm. Here, we sweep wq2, while fixing
wq1. The SAW phonon noise is observed via the parametric
up-conversion into the MW photon noise and plotted in the
unit of phonon number fluctuation. The blue circles and the
red squares represent the data taken at the nominal bath tem-
peratures Thatn of 10 mK and 80 mK, respectively. The solid
curves are the Lorentzian fits. The backgrounds indicated by
the dashed lines are the noise floors in the microwave measure-
ment. The apparent difference in the background level is due
to the temperature dependence of the conversion efficiency.

ducting qubit opens the possibility of an optical access
of superconducting qubit.
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