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‣ Intro: Resonators in quantum devices

‣ SAW resonators in the quantum regime

‣ Steps towards SAW-cQED and SAW-SR
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Cavity quantum electrodynamics
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Enhance atom-light interactions by confining to a cavity

Enable coherent exchange of quantum information 
between static and ‘flying’ quantum systems
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Cavity quantum electrodynamics
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‣ Coupled system Hamiltonian (Jaynes-Cummings)

Field mode Qubit Interaction



�
qubit relaxation

photon loss
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Circuit QED: Cavity QED in a circuit
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‣ Transmission line resonator as cavity
‣ Strong confinement of electromagnetic field
‣ Superconducting qubit as artificial atom

‣ Large electric dipole moment of qubit
‣ Very strong coupling achievable

‣ Wallraff et al. Nature 431, 162 (2004)
‣ Blais et al. PRA, 69, 062320 (2004) 

10 µm
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Circuit QED: Cavity QED in a circuit
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 Very strong coupling: 

This data: Fink et al. Nature 454, 315 (2008)
First observation: Wallraff et al. Nature 431, 162 (2004)

Q = !/



SPICE May ‘16 — Peter Leek — Surface acoustic wave resonators in the quantum regime /35

Resonators in cQED

7

Bruno et al., APL (2015)
Surface treatments, deep etching 

Q > 1M

superconductor for its high-quality metal-vacuum interface.14

Because we define the resonators via etching of the metal
film rather than lift-off, we can apply surface treatments im-
mediately prior to metal deposition to optimize the substrate-
metal interface. The substrate surface quality depends on its
physical condition (e.g., roughness), chemical composition
(e.g., presence of native oxides or nitrides), and chemical
cleanliness (e.g., absence of polymers or metals). For exam-
ple, thin (!2 nm) amorphous native silicon oxide layers are
known to host a considerable density of TLSs.11,13 Various
adsorbates can in turn attach to the native oxides. For
instance, hydroxyl groups (-OH) couple to dangling bonds on
the substrate surface and build a layer of silanol groups (Si-
OH). This silanol layer is also hydrophilic, and thus adsorbs
additional water and dipolar molecules. We first remove lossy
oxides from the surface following the standard practice of
dipping the Si substrate in a 1:7 buffered solution of hydro-
fluoric acid (HF) for 2 min, which both etches away surface
oxides and terminates the Si surface with hydrogen.20,24 We
then include an additional step immediately following the HF
dip, placing the substrate on a hot plate for 2 min at 110 "C
while exposing the surface to an HMDS-nitrogen(N2) atmos-
phere. HMDS is an organosilicon compound most commonly
used as a primer to improve resist adhesion, to create hydro-
phobic surfaces, and to prepare substrates in the growth of
high-mobility graphene.25 XPS surface analysis of substrates
immediately after these treatments revealed an absence of Si-
O bonds for both the HF-only and HFþHMDS cases.24

After also analyzing the dynamics of surface re-oxidation,24

we conclude that the Si surface does not re-oxidize either dur-
ing the HMDS treatment or loading of the substrate in the
high-vacuum chamber for NbTiN deposition. Following sur-
face preparation, NbTiN is sputtered in a reactive atmosphere
of argon (Ar: 100 sccm) and nitrogen (N2: 5.2 sccm) at 6
mTorr and 450 W (DC). The films are 160 or 300 nm thick,24

with a typical critical temperature of 15.5 K and q¼ 110 lX
cm (measured at room temperature).

We next aim to reduce intrinsic losses associated with
the substrate-vacuum interface. We employ DRIE of the
exposed Si substrate using the Bosch process26 to move the
substrate-vacuum interface away from regions of high elec-
tric field (Figs. 1(a) and 1(b)). The Bosch process, consisting
of alternating etching and passivation steps, is highly tuna-
ble, with variable etch depth, under-etch, sidewall roughness
and passivation.27 The DRIE resonators presented here have
!1 lm under-etch below the edges of the metal regions,
side-wall scalloping with !100 nm features (Fig. 1(c)), and a
polymeric fluorocarbon layer uniformly deposited on the
exposed Si surfaces during the etching process.

We now describe a recipe which allows fabrication of
both RIE and DRIE structures on the same chip. First, the
NbTiN films are patterned using e-beam lithography and
RIE to define feedlines and standard resonators. Next, an
8-lm-thick layer of AZ 9216 photoresist is spun, followed
by 25 nm of sputtered tungsten and a layer of PMMA A4.
After e-beam patterning and developing the PMMA, a short
RIE step is used to etch the tungsten, creating a metallic
mask for a 1-h anisotropic O2-plasma ashing of the AZ resist.
We then deep-etch the Si substrate, alternating between etch-
ing using an inductively coupled plasma (ICP) of SF6 gas

(20 mTorr, 2200 W, 7 s) and fluorocarbon passivation with
an ICP of C4F8 (2 mTorr, 1200 W, 2 s). The thick AZ layer
allows etching to a depth of 80 lm (Fig. 1(d)) and 500 nm
minimum feature size. The highly anisotropic O2 etch of the
thick AZ resist enables <100 nm misalignment between
DRIE and RIE structures, limited only by the precision of
e-beam patterning for the top PMMA layer. After the DRIE
process, the residual AZ resist is cleaned in PRS-3000 photo-
resist stripper for 30 min at 88 "C, leaving no residuals visi-
ble under either optical or electron microscopy.

For the devices in this study, we employ quarter-wave
CPW resonators with center conductor width fixed to
W¼ 12 lm and separation S between the center conductor
and ground planes set to give a transmission-line impedance
close to 50 X. For RIE resonators, we set S¼ 5 lm, taking
into account !r¼ 11.9 for the silicon substrate and a kinetic
inductance fraction of !16%. For DRIE resonators, we
decreased S to 2 lm to compensate for the reduced effective
dielectric constant. From resonator frequencies, we estimate
a DRIE resonator impedance of !62 X. The resonators are
capacitively coupled to a common feedline with a target cou-
pling quality factor Qc between 700 K and 1 M. After dicing
and final cleaning in N-Methyl-2-pyrrolidone (NMP), the
devices are mounted in a copper PCB with Apiezon N
grease, wire-bonded and anchored to the mixing chamber
plate of a dilution refrigerator routinely employed for charac-
terizing resonators (and qubits) in the quantum regime.24

We quantify resonator performance by measuring their
power and temperature-dependent resonance lineshapes.
Specifically, we measure the complex-valued feedline trans-
mission S21 near the fundamental frequencies fr of each
coupled resonator and fit the data24,28 to extract fr and Qi.
Here, we report measurements for our best resonators, fabri-
cated using both surface treatment and DRIE techniques
(see supplementary material24 for other devices). We show
Qi as a function of excitation power for four HMDS-DRIE
resonators with fundamental frequencies fr¼ 2.75–6.41 GHz
(Fig. 2). All resonators show Qi> 1 M in the quantum re-
gime (average intraresonator photon number hnphi ! 1;
T ! 15 mK). However, we observe further increases in Qi

FIG. 2. Intrinsic quality factors of four DRIE resonators measured at 15 mK.
Qi is extracted from measurements of complex-valued feedline transmission.
The DRIE resonators (NbTiN thickness !300 lm, central conductor width
W¼ 12 lm, and gap S¼ 2 lm) have fundamental frequencies ranging from
2.75 to 6.41 GHz. The best-fit values of fr, Qi, and Qc are used to convert the
calibrated input power to hnphi.24 All resonators show Qi> 1 M in the quan-
tum regime, with higher Qis attainable for higher hnphi and lower fr. Error
bars are smaller than the symbol size.

182601-2 Bruno et al. Appl. Phys. Lett. 106, 182601 (2015)
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Megrant et al., APL (2012)
Surface treatments, annealing 

Q > 1M

‣ Superconducting CPW resonators typically reach Q > 100,000
‣ Evidence suggests limited by defects/‘TLS’s in environment @ low T
‣ Specialist fabrication techniques can give Q > 1M
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superconductor for its high-quality metal-vacuum interface.14

Because we define the resonators via etching of the metal
film rather than lift-off, we can apply surface treatments im-
mediately prior to metal deposition to optimize the substrate-
metal interface. The substrate surface quality depends on its
physical condition (e.g., roughness), chemical composition
(e.g., presence of native oxides or nitrides), and chemical
cleanliness (e.g., absence of polymers or metals). For exam-
ple, thin (!2 nm) amorphous native silicon oxide layers are
known to host a considerable density of TLSs.11,13 Various
adsorbates can in turn attach to the native oxides. For
instance, hydroxyl groups (-OH) couple to dangling bonds on
the substrate surface and build a layer of silanol groups (Si-
OH). This silanol layer is also hydrophilic, and thus adsorbs
additional water and dipolar molecules. We first remove lossy
oxides from the surface following the standard practice of
dipping the Si substrate in a 1:7 buffered solution of hydro-
fluoric acid (HF) for 2 min, which both etches away surface
oxides and terminates the Si surface with hydrogen.20,24 We
then include an additional step immediately following the HF
dip, placing the substrate on a hot plate for 2 min at 110 "C
while exposing the surface to an HMDS-nitrogen(N2) atmos-
phere. HMDS is an organosilicon compound most commonly
used as a primer to improve resist adhesion, to create hydro-
phobic surfaces, and to prepare substrates in the growth of
high-mobility graphene.25 XPS surface analysis of substrates
immediately after these treatments revealed an absence of Si-
O bonds for both the HF-only and HFþHMDS cases.24

After also analyzing the dynamics of surface re-oxidation,24

we conclude that the Si surface does not re-oxidize either dur-
ing the HMDS treatment or loading of the substrate in the
high-vacuum chamber for NbTiN deposition. Following sur-
face preparation, NbTiN is sputtered in a reactive atmosphere
of argon (Ar: 100 sccm) and nitrogen (N2: 5.2 sccm) at 6
mTorr and 450 W (DC). The films are 160 or 300 nm thick,24

with a typical critical temperature of 15.5 K and q¼ 110 lX
cm (measured at room temperature).

We next aim to reduce intrinsic losses associated with
the substrate-vacuum interface. We employ DRIE of the
exposed Si substrate using the Bosch process26 to move the
substrate-vacuum interface away from regions of high elec-
tric field (Figs. 1(a) and 1(b)). The Bosch process, consisting
of alternating etching and passivation steps, is highly tuna-
ble, with variable etch depth, under-etch, sidewall roughness
and passivation.27 The DRIE resonators presented here have
!1 lm under-etch below the edges of the metal regions,
side-wall scalloping with !100 nm features (Fig. 1(c)), and a
polymeric fluorocarbon layer uniformly deposited on the
exposed Si surfaces during the etching process.

We now describe a recipe which allows fabrication of
both RIE and DRIE structures on the same chip. First, the
NbTiN films are patterned using e-beam lithography and
RIE to define feedlines and standard resonators. Next, an
8-lm-thick layer of AZ 9216 photoresist is spun, followed
by 25 nm of sputtered tungsten and a layer of PMMA A4.
After e-beam patterning and developing the PMMA, a short
RIE step is used to etch the tungsten, creating a metallic
mask for a 1-h anisotropic O2-plasma ashing of the AZ resist.
We then deep-etch the Si substrate, alternating between etch-
ing using an inductively coupled plasma (ICP) of SF6 gas

(20 mTorr, 2200 W, 7 s) and fluorocarbon passivation with
an ICP of C4F8 (2 mTorr, 1200 W, 2 s). The thick AZ layer
allows etching to a depth of 80 lm (Fig. 1(d)) and 500 nm
minimum feature size. The highly anisotropic O2 etch of the
thick AZ resist enables <100 nm misalignment between
DRIE and RIE structures, limited only by the precision of
e-beam patterning for the top PMMA layer. After the DRIE
process, the residual AZ resist is cleaned in PRS-3000 photo-
resist stripper for 30 min at 88 "C, leaving no residuals visi-
ble under either optical or electron microscopy.

For the devices in this study, we employ quarter-wave
CPW resonators with center conductor width fixed to
W¼ 12 lm and separation S between the center conductor
and ground planes set to give a transmission-line impedance
close to 50 X. For RIE resonators, we set S¼ 5 lm, taking
into account !r¼ 11.9 for the silicon substrate and a kinetic
inductance fraction of !16%. For DRIE resonators, we
decreased S to 2 lm to compensate for the reduced effective
dielectric constant. From resonator frequencies, we estimate
a DRIE resonator impedance of !62 X. The resonators are
capacitively coupled to a common feedline with a target cou-
pling quality factor Qc between 700 K and 1 M. After dicing
and final cleaning in N-Methyl-2-pyrrolidone (NMP), the
devices are mounted in a copper PCB with Apiezon N
grease, wire-bonded and anchored to the mixing chamber
plate of a dilution refrigerator routinely employed for charac-
terizing resonators (and qubits) in the quantum regime.24

We quantify resonator performance by measuring their
power and temperature-dependent resonance lineshapes.
Specifically, we measure the complex-valued feedline trans-
mission S21 near the fundamental frequencies fr of each
coupled resonator and fit the data24,28 to extract fr and Qi.
Here, we report measurements for our best resonators, fabri-
cated using both surface treatment and DRIE techniques
(see supplementary material24 for other devices). We show
Qi as a function of excitation power for four HMDS-DRIE
resonators with fundamental frequencies fr¼ 2.75–6.41 GHz
(Fig. 2). All resonators show Qi> 1 M in the quantum re-
gime (average intraresonator photon number hnphi ! 1;
T ! 15 mK). However, we observe further increases in Qi

FIG. 2. Intrinsic quality factors of four DRIE resonators measured at 15 mK.
Qi is extracted from measurements of complex-valued feedline transmission.
The DRIE resonators (NbTiN thickness !300 lm, central conductor width
W¼ 12 lm, and gap S¼ 2 lm) have fundamental frequencies ranging from
2.75 to 6.41 GHz. The best-fit values of fr, Qi, and Qc are used to convert the
calibrated input power to hnphi.24 All resonators show Qi> 1 M in the quan-
tum regime, with higher Qis attainable for higher hnphi and lower fr. Error
bars are smaller than the symbol size.

182601-2 Bruno et al. Appl. Phys. Lett. 106, 182601 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  163.1.18.246 On: Wed, 18 May 2016
19:42:06

Megrant et al., APL (2012)
Surface treatments, annealing 

Q > 1M

‣ Superconducting CPW resonators typically reach Q > 100,000
‣ Evidence suggests limited by defects/‘TLS’s in environment @ low T
‣ Specialist fabrication techniques can give Q > 1M

‣ Also 3D cavities, which can reach Q > 100M 
    (Paik, PRL 2011, Reagor APL, 2012)
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G/2p< 100 MHz nm21. This is to be contrasted with previous experi-
ments that used nanowires of very low mass and high aspect ratio18–22.
These wires only contribute a fraction g (,1/1,000) of the total capa-
citance so that G < 2gvc/(2d). So although these wires have large
zero-point motion, the sensitivity is limited to G/2p, 100 kHz nm21.

Our circuit is fabricated with wafer-scale optical lithographic tech-
niques developed for creating low-loss vacuum-gap-based microwave
components23. The nearly circular membrane is 100 nm thick and has
a diameter of 15mm, allowing drum-like modes to resonate freely. The
fundamental mode is Vm/2p5 10.69 MHz, giving a zero-point
motion of xzp 5 4.1 fm. The total capacitance C < 38 fF combined with
a parallel inductance, L < 12 nH, provides a fundamental microwave
cavity resonance23 of vc/2p< 7.5 GHz. The device is cooled to 40 mK,
far below the superconducting transition temperature of aluminium.
To measure the motion of the membrane, we apply microwave signals
through heavily attenuated coaxial lines, which inductively couple to
the superconducting cavity, as shown schematically in Fig. 1c. The
transmitted signals are amplified at 4 K with a cryogenic low-noise
amplifier and demodulated at room temperature with either a com-
mercial vector network analyser (for characterizing the cavity mode)
or a spectrum analyser (for characterizing the mechanical mode).

Figure 2a shows the magnitude of transmission, jTj2, near the cavity
resonance at sufficiently low microwave power that radiation pressure
effects can be neglected. A Lorentzian fit yields a resonance frequency
of vc/2p5 7.47 GHz and a loaded intensity decay rate of
k/2p5 170 kHz. The depth of the dip at resonance shows that the
circuit is overcoupled, so that the dominant source of damping is
the intentional inductive coupling to the transmission line, kex/
2p5 130 kHz, which is much greater than the intrinsic decay rate,

k0/2p5 40 kHz. The motion of the drum mode modulates the capa-
citance and thus the frequency of the electrical resonator, creating
sidebands above and below the microwave drive frequency at
vd 6 Vm. Figure 2b shows the noise power of the upper sideband
due to the thermal motion of the drum at its fundamental mode,
Vm/2p5 10.69 MHz. These data show that the mechanical resonance
has an intrinsic damping rate of Cm/2p5 30 Hz and a high mechanical
quality factor of Qm 5 360,000. Although the microscopic mechan-
isms responsible for mechanical dissipation need more investigation,
these values are consistent with the improved Q-values associated with
tensile stress found with aluminium nanowire-based oscillators18,19,21.
With Vm/k 5 63, it is clear that we are deeply within the resolved-
sideband regime where the mechanical resonance frequency is much
larger than the cavity linewidth: this is a prerequisite for both sideband
cooling to the ground state and for observing normal-mode splitting7–9.

The quantum-mechanical behaviour of this parametrically cou-
pled system is described by the interaction Hamiltonian, HI 5
2Ba{ag0(b{ 1 b), where a{ (a) and b{ (b) are the creation (annihila-
tion) operators for photons and phonons, respectively. Because the
motion of this drum strongly influences vc, microwave signals can
be used not only to detect the motion of the oscillator but also to impart
back-action forces on it. The radiation pressure force of the microwave
drive photons gives rise to ‘optical’ spring and damping effects. The
interaction Hamiltonian can be linearized in a frame co-rotating with
the drive, taking the form, HI 5 2Bg(a{ 1 a)(b{ 1 b), where g~g0

ffiffiffiffiffi
nd
p

is the total (linearized optomechanical) coupling strength7–9, and nd is

c

ωd
ωp

  

~

4 K

40 mK

a

b

2 μm

300 K

20 μm

  

Figure 1 | Schematic description of the experiment. a, False-colour optical
micrograph of the microwave resonator formed by a spiral inductor shunted by
a parallel-plate capacitor. A coplanar waveguide transmission line (top)
inductively couples microwave signals to and from the resonator (centre).
b, False-colour scanning electron micrograph showing the upper plate of the
capacitor suspended ,50 nm above the lower plate and free to vibrate like a
taut, circular drum. The metallization is sputtered aluminium (grey) patterned
on a sapphire substrate (blue). c, This circuit is measured by applying a
microwave tone near the electrical resonance frequency through coaxial lines.
Cryogenic attenuators (20 dB) on the input line and isolators (circular
structures) on the output line ensure that thermal noise is reduced below the
vacuum noise at microwave frequencies. The measured signal encoding the
mechanical motion as modulation sidebands is transmitted to a low noise,
cryogenic amplifier (triangle) via a superconducting coaxial cable and
demodulated at room temperature with either a vector network analyser (green
trace) or a spectrum analyser (blue trace).
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Figure 2 | Characterization of mechanical and microwave resonances.
a, Measured probe transmission spectrum (green) and Lorentzian fit (black) of
the microwave circuit at low power, where optomechanical effects are
negligible. The width of the resonance yields the overcoupled, intensity decay
rate k/2p5 170 kHz. b, The mechanical resonance manifests itself as a peak in
the noise spectrum (blue), which appears Vm above and below the microwave
drive frequency, owing to the thermal motion of the drum up- or down-
converting microwave photons. At low microwave power, where back-action
effects are negligible, the Lorentzian fit (black) yields an intrinsic mechanical
dissipation rate Cm/2p5 30 Hz (Qm 5 360,000). c, Schematic diagram for the
relative frequencies of the microwave drive (red) and the upper mechanical
sideband (blue) with respect to the narrow cavity resonance (green). d, The
modified mechanical resonance frequency V’m and damping rate C ’m as a
function of the relative detuning d fit well to the theory of dynamical back-
action (black), yielding G/2p5 56 6 7 MHz nm21.
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In the resolved-sideband limit, where vm/k . 1, driving the system
with a laser (frequency, vl) tuned to the red side of the optical cavity
(detuning, D ; vo 2 vl 5 vm), creates an optically induced damp-
ing, cOM, of the mechanical resonance25. In the weak-coupling
regime (cOM=k), the optical back-action damping is given by
cOM 5 4g2nc/k, where nc is the average number of drive-laser photons
stored in the cavity and g is the optomechanical coupling rate between
the mechanical and optical modes. This coupling rate, g, is quantified
as the shift in the optical resonance for an amplitude of motion equal to

the zero-point fluctuation amplitude (xzpf~(B=2mvm)1=2, where m is
the motional mass of the localized acoustic mode and B is Planck’s
constant divided by 2p). The optomechanical damping, which is a
result of the preferential scattering of drive photons into the upper-
frequency sideband, also cools the mechanical mode. For a quantum-
limited drive laser, the phonon occupancy of the mechanical oscillator
can be reduced from nb~kBTb=Bvm?1 to !n~nb= 1zCð Þznmin,
where kB is Boltzmann’s constant and C ; cOM/ci is the cooperativity.
The residual scattering of drive photons into the lower-frequency
sideband limits the cooled phonon occupancy to nmin 5 (k/4vm)2,
which is determined by the level of sideband resolution25.

The drive laser, in addition to providing mechanical damping and
cooling, can be used to measure the mechanical and optical properties
of the system through a series of calibrated measurements. In a first set
of measurements, we use the noise power spectral density (PSD) of
the drive laser transmitted through the optomechanical cavity to
perform spectroscopy of the mechanical mode. As shown in Sup-
plementary Information, the noise PSD of the photocurrent generated
by the transmitted field of the drive laser with red-sideband detun-
ing (D 5 vm) yields a Lorentzian component of the single-sided
PSD proportional to Sb vð Þ~!nc

!
v{vmð Þ2z c=2ð Þ2

" #
, where

c 5 ci 1 cOM 5 ci(1 1 C) is the total mechanical damping rate. For a
blue laser detuning of D 5 2vm, the optically induced damping is
negative (cOM 5 24g2nc/k) and the photocurrent noise PSD is pro-
portional to Sb{ vð Þ~ !nz1ð Þc

!
v{vmð Þ2z c=2ð Þ2

" #
. Typical mea-

sured noise power spectra under low-power laser drive (nc 5 1.4,
C 5 0.27), for both red detuning and blue detuning, are shown in
Fig. 3a. Even at these small drive powers, the effects of back-action
on the measured spectra are evident, with the red-detuned drive
broadening the mechanical line and the blue-detuned drive narrowing
the line. The noise floor in Fig. 3a (shaded in grey) corresponds to the
noise generated by the EDFA used to pre-amplify the transmitted
drive-laser signal before photodetection, and is several orders of mag-
nitude greater than the electronic noise of the photoreceiver and the
real-time spectrum analyser.

Calibration of the EDFA gain, along with the photoreceiver and
real-time spectrum analyser photodetection gain, makes it possible
to convert the measured area under the photocurrent noise PSD into
a mechanical mode phonon occupancy. As described in detail in
Supplementary Information, we perform these calibrations, along with
measurements of low-drive-power (C= 1), radio-frequency spectra of
both detunings (D 5 6vm), to provide accurate, local thermometry of
the optomechanical cavity. An example of this form of calibrated mode
thermometry is shown in Fig. 3b, where we plot the optically measured
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Figure 2 | Experimental set-up. A single, tunable, 1,550-nm diode laser is
used as the cooling and mechanical transduction beam sent into the nanobeam
optomechanical resonator cavity held in a continuous-flow helium cryostat. A
wavemetre (WM) is used to track and lock the laser frequency, and a variable
optical attenuator (VOA) is used to set the laser power. The transmitted signal
is amplified by an erbium-doped fibre amplifier (EDFA) and detected on a
high-speed photodetector (D2) connected to a real-time spectrum analyser
(RSA), where the mechanical noise power spectrum is measured. A slowly
modulated probe signal used for optical spectroscopy and calibration is
generated from the cooling laser beam using an amplitude electro-optic
modulator (EOM) driven by a microwave source (RFSG). The reflected
component of this signal is separated from the input by an optical circulator
(CIRC), sent to a photodetector (D1) and then demodulated using a lock-in
amplifier (LIA). Paddle-wheel fibre polarization controllers (FPCs) are used to
set the laser polarization at the input to the EOM and the input to the
optomechanical cavity. For more detail, see Supplementary Information.
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Figure 1 | Optomechanical resonator with phononic shield. a, Scanning
electron microscope (SEM) image of the patterned silicon nanobeam and the
external phononic bandgap shield. b, Enlarged SEM image of the central cavity
region of the nanobeam. c, Top: normalized electric field (colour scale) of the
localized optical resonance of the nanobeam cavity, simulated using the finite-
element method (FEM). Bottom: FEM simulation of the normalized
displacement field of the acoustic resonance (breathing mode), which is
coupled by radiation pressure to the co-localized optical resonance. The

displacement field is indicated by the exaggerated deformation of the structure,
with the relative magnitude of the local displacement (strain) indicated by the
colour. d, SEM image of the interface between the nanobeam and the phononic
bandgap shield. e, FEM simulation of the normalized squared displacement
field amplitude of the localized acoustic resonance at the nanobeam–shield
interface, indicating the strong suppression of acoustic radiation provided by
the phononic bandgap shield. The colour scale represents log[x2/max(x2)],
where x is the displacement field amplitude.
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‣ Bulk MHz acoustic resonators 
reach Q > 1 billion at mK

general, the electromechanical coupling is made more diffi-
cult at higher frequencies due to smaller associated displace-
ments for the sensing transducer. However, as in the work of
O’Connell et al.,4 the piezoelectricity allows strong electro-
mechanical coupling between photons and acoustic phonons,
making them well suited for hybrid quantum applications.
Measurements of the BAW resonators at cryogenic tempera-
tures showed a T6 dependence for the Q-factor of the longitu-
dinal mode, and a T4 law for shear modes in the range of
5–21 K, as predicted by Landau-Rumer theory.19,20 How-
ever, between 3 and 6 K, the exponent of the power law
decreased, suggesting an additional unknown source of loss.

In this work, we measure a quartz BAW resonator
designed with non-contacting electrodes down to 18 mK
and show that the Q-factor continues to increase beyond
109, albeit with a smaller power law exponent. The reso-
nator is a state of the art SC-cut (Stress Compensated)21

quartz utilising BVA technology,22 purchased commer-
cially and designed for room temperature operation in its
shear mode (5 MHz with a frequency-temperature turnover
point at 80 !C). Although purchased commercially, the res-
onator is a custom designed experimental sample, a sche-

matic of which is shown in Fig. 1. To allow the acoustic
modes to be trapped between the electrodes at the centre
of the resonator, isolating the mode from mechanical
losses due to coupling to the support ring, the resonator is
manufactured with a planoconvex shape.23 The longitudi-
nal overtones are the most strongly trapped and thus ex-
hibit particularly high quality factors. Here, we present
measurements characterizing the 5th and 21st overtones
with effective mode masses of order 5 and 0.7 mg, respec-
tively (total resonator mass of 220 mg) at frequencies 15.6
and 65.4 MHz, respectively, which exhibit Q-factors
exceeding 109 corresponding to decay times of order 10 s.

Our experiment was cooled using a cryogen-free dilu-
tion refrigerator (DR) system, with the quartz resonator
thermally connected via an oxygen-free copper mount to
the mixing chamber of the DR and cooled to "20 mK. To
measure the intrinsic Q-factor of the quartz BAW resona-
tors, a passive method was employed using an Agilent
E5061B-005 Impedance Analyzer with a frequency resolu-
tion of 0.02 mHz. For BAW devices at low temperatures,
this measurement method is preferable to traditional bridge
methods26 because of the significant temperature induced
changes in the resonator that result in impedance mis-
matching of the usual p-network. A distinctive feature of
the impedance analyzer method is a need for compensation
of the long connecting cables. For this purpose, three cali-
bration references (an open circuit, a short circuit, and a
50 X standard) are placed close to the quartz resonator at
the end of nominally identical cables. The purpose of the
calibration is to remove cable effects from measurement
results. Once the calibration is performed under cryogenic
conditions for a given frequency range, amplitude, number
of points, and sweep rate, the magnitude and phase of the
resonator motional branch impedance are measured in the
vicinity of the resonance. A magnitude and phase represen-
tation of the 5th overtone resonance, as measured by the
impedance analyser, is given in Fig. 2. The data are then
approximated by a neural network model, from which the
resonator parameters can be obtained through a complex
admittance representation of the approximated data. These
parameters can then be used in the usual circuit model

FIG. 1. Schematic of the quartz BAW resonator manufactured by BVA
Industries with non—contacting electrodes. The radius of curvature of the
resonator is 300 mm. Vibrations are trapped in the area of the resonator
between the electrodes attached to the quartz support structure.

FIG. 2. Magnitude and phase of the
measured impedance for the 5th overtone
at the highest power (Q ¼ 7:8$ 109;
fr ¼ 15:597; 316 MHz). A corresponding
linear fit for each curve is shown as a
dashed line. Note that the frequency
range shown spans only 0.02 Hz around
resonance.
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Outline
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‣ Intro: Resonators in quantum devices

‣ SAW resonators in the quantum regime

‣ Steps towards SAW-cQED and SAW-SR
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SAW resonator devices
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‣ Quartz substrate (ST-cut) 
K2 ~ 0.15% 
vSAW ~ 3100 m/s 

‣ Weak piezoelectric — 
an almost entirely 
mechanical system

‣ Devices up to 500 MHz 
(wavelength 6 µm) 
fabricated using 
photolithography

‣ Higher frequencies 
fabricated using 
E-beam lithography

‣ All devices measured in 
dilution fridge at ~10 mK
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Example measurement @ 500 MHz
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S11 = (Qe�Qi)/Qe+i(2Qi(f�f0))/f0
(Qe+Qi)/Qe+i(2Qi(f�f0))/f0

RAPID COMMUNICATIONS

R. MANENTI et al. PHYSICAL REVIEW B 93, 041411(R) (2016)

FIG. 1. (a) Schematic of a one-port SAW resonator connected to
the measurement setup (A: cryogenic amplifier, B: cold attenuators,
C: circulator, and VNA: Vector Network Analyzer). (b) Optical
microscope image of a SAW resonator (device r3; see Table I). Inset:
magnification of the IDT electrodes of a similar device (q1).

to being smaller spatially) and has a bandwidth !fIDT =
1.8f0/Nt, where Nt is the number of electrodes in the
IDT [18]. Thus within |f − f0| < !f1SB/2 the resonator
supports high-quality resonant modes, measurable via the
IDT. Since the electrode reflectivity is small (|rs| ≈ 0.2%
for our devices), the resonant modes partly penetrate into
the mirrors to a penetration depth Lp = a/|rs| [18]. The
devices therefore behave as acoustic Fabry-Perot cavities,
with cavity length Lc = d + 2Lp and free spectral range
FSR = v/Lc = 2f0/(d/2a + 1/|rs|). When FSR > !f1SB, a
single mode resonance is observed within the mirror stopband,
whereas for longer resonators, for which FSR < !f1SB,
multiple resonances are observed (see Fig. 2).

We have initially performed a comprehensive study of SAW
resonators at a wavelength of λ0 = 6 µm (f0 = 524 MHz) to
determine how Qe and Qi depend on transducer and grating
geometry. This frequency was chosen for compatibility with
standard photolithography for which the feature sizes of a =
1.5 µm are achievable and a large number of devices could
be fabricated on a single wafer. In this initial investigation
we determined that, in accordance with SAW theory [20], the
external quality factor follows Qe ∝ Lc/N

2
t and the internal

quality factors were limited by grating reflectivity, following

Qg =
π (d + 2Lp)

λ0[1 − tanh(|rs|Ng)]
. (2)

Based on these observations, we designed a device to realize a
high Qi (within the confines of our chip geometry) with widely
spaced long gratings (device p1 see Table I). This device
exhibits Qe = 1.16 × 105, Qi = 4.53 × 105 and the frequency

TABLE I. Parameters of the measured SAW resonators. For
device p1, the thickness of the aluminum layer is h = 100 nm and the
geometric parameters are W = 600a, Nt = 51, and Ng = 1500; for
all other devices h = 30 nm, W = 400a, Nt = 71, and Ng = 1000.

Device a (nm) f 0 (GHz) d/2a Qe/103 Qi/103 Qif 0/1014

p1 1500 0.52 1051 116 453 2.36

r1 250 3.11 109 24 8.8 0.27
r2 250 3.12 229 18 10.4 0.32
r3 250 3.11 429 98 18.8 0.62
r4 250 3.11 829 167 38.4 1.19
r5 250 3.10 1229 363 54.5 1.74
r6 250 3.09 1929 657 74.7 2.32
r7 250 3.09 2429 473 81.0 2.52
r8 250 3.10 2829 843 79.6 2.45
r9 250 3.11 3229 1230 103 3.18
r10 250 3.08 3629 927 109 3.23

q1 390 2.01 1929 242 171 3.43
q2 340 2.29 1929 499 126 2.88
q3 300 2.60 1929 174 108 2.81
q4 275 2.81 1929 232 78.8 2.21
q5 225 3.44 1929 445 47.3 1.63
q6 200 3.83 1929 358 41.0 1.57
q7 175 4.42 1929 528 40.2 1.78

response is shown in Fig. 2(a). Note that this measurement is
not in the quantum regime, since kBT ≈ hf0.

We next proceeded to fabricate SAW resonators at higher
frequencies, using electron beam lithography. In Fig. 3(a)
we plot Qi for a series of resonators with λ0 = 1.0 µm
(f0 ≈ 3.1 GHz), for which the distance between the two
gratings d was varied over the range 0.05–1.8 mm with all

FIG. 2. (a) Magnitude (blue) and phase (green) of the measured
reflection coefficient S11(f ) of the SAW resonator p1. Solid lines
are a fit to Eq. (1). (b) Frequency response of device q7 showing 18
supported high-Q modes. The solid red box indicates the resonant
mode measured in Fig. 4. A background due to the measurement
setup has been subtracted in both (a) and (b).

041411-2

Qe = 1.16 x 105          Qi = 4.53 x 105
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What can contribute to SAW resonator loss?
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 = 1
Q = 1

Qi
+ 1

Qe

External Q due to the IDT
A larger IDT will cause more 
effective transduction of the 
SAW to an electrical signal and 
hence a lower external Q.

Internal Q due to the Bragg gratings
The gratings have finite reflectivity - a longer 
grating or longer cavity will give a higher Q, 
similar to an optical Fabry-Perot cavity.

Other contributions
- phonon-phonon scattering 
- diffraction 
- finite electrode resistivity 
- substrate misalignment 
- …

Loss rate
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External Q due to coupling IDT

13

‣ Charge accumulates on transducer fingers 
to maintain charge neutrality

‣ AC current I flows through 50 ohm load and 
dissipates power P

P = I2R
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Q due to Bragg grating reflectivity

14

‣ Metallized surface changes the acoustic 
wave impedance and causes a reflection

‣ Constructive interference of reflections 
from large array of electrodes

r

�

� = tanh(rNg)
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Ng = 1000 =) � = 0.96
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Q due to propagation loss
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FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f

−c2 .

other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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RAPID COMMUNICATIONS

SURFACE ACOUSTIC WAVE RESONATORS IN THE . . . PHYSICAL REVIEW B 93, 041411(R) (2016)

FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f

−c2 .

other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f
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other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ
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)(
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)−0.5
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where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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FIG. 1. (a) Schematic of a one-port SAW resonator connected to
the measurement setup (A: cryogenic amplifier, B: cold attenuators,
C: circulator, and VNA: Vector Network Analyzer). (b) Optical
microscope image of a SAW resonator (device r3; see Table I). Inset:
magnification of the IDT electrodes of a similar device (q1).

to being smaller spatially) and has a bandwidth !fIDT =
1.8f0/Nt, where Nt is the number of electrodes in the
IDT [18]. Thus within |f − f0| < !f1SB/2 the resonator
supports high-quality resonant modes, measurable via the
IDT. Since the electrode reflectivity is small (|rs| ≈ 0.2%
for our devices), the resonant modes partly penetrate into
the mirrors to a penetration depth Lp = a/|rs| [18]. The
devices therefore behave as acoustic Fabry-Perot cavities,
with cavity length Lc = d + 2Lp and free spectral range
FSR = v/Lc = 2f0/(d/2a + 1/|rs|). When FSR > !f1SB, a
single mode resonance is observed within the mirror stopband,
whereas for longer resonators, for which FSR < !f1SB,
multiple resonances are observed (see Fig. 2).

We have initially performed a comprehensive study of SAW
resonators at a wavelength of λ0 = 6 µm (f0 = 524 MHz) to
determine how Qe and Qi depend on transducer and grating
geometry. This frequency was chosen for compatibility with
standard photolithography for which the feature sizes of a =
1.5 µm are achievable and a large number of devices could
be fabricated on a single wafer. In this initial investigation
we determined that, in accordance with SAW theory [20], the
external quality factor follows Qe ∝ Lc/N

2
t and the internal

quality factors were limited by grating reflectivity, following

Qg =
π (d + 2Lp)

λ0[1 − tanh(|rs|Ng)]
. (2)

Based on these observations, we designed a device to realize a
high Qi (within the confines of our chip geometry) with widely
spaced long gratings (device p1 see Table I). This device
exhibits Qe = 1.16 × 105, Qi = 4.53 × 105 and the frequency

TABLE I. Parameters of the measured SAW resonators. For
device p1, the thickness of the aluminum layer is h = 100 nm and the
geometric parameters are W = 600a, Nt = 51, and Ng = 1500; for
all other devices h = 30 nm, W = 400a, Nt = 71, and Ng = 1000.

Device a (nm) f 0 (GHz) d/2a Qe/103 Qi/103 Qif 0/1014

p1 1500 0.52 1051 116 453 2.36

r1 250 3.11 109 24 8.8 0.27
r2 250 3.12 229 18 10.4 0.32
r3 250 3.11 429 98 18.8 0.62
r4 250 3.11 829 167 38.4 1.19
r5 250 3.10 1229 363 54.5 1.74
r6 250 3.09 1929 657 74.7 2.32
r7 250 3.09 2429 473 81.0 2.52
r8 250 3.10 2829 843 79.6 2.45
r9 250 3.11 3229 1230 103 3.18
r10 250 3.08 3629 927 109 3.23

q1 390 2.01 1929 242 171 3.43
q2 340 2.29 1929 499 126 2.88
q3 300 2.60 1929 174 108 2.81
q4 275 2.81 1929 232 78.8 2.21
q5 225 3.44 1929 445 47.3 1.63
q6 200 3.83 1929 358 41.0 1.57
q7 175 4.42 1929 528 40.2 1.78

response is shown in Fig. 2(a). Note that this measurement is
not in the quantum regime, since kBT ≈ hf0.

We next proceeded to fabricate SAW resonators at higher
frequencies, using electron beam lithography. In Fig. 3(a)
we plot Qi for a series of resonators with λ0 = 1.0 µm
(f0 ≈ 3.1 GHz), for which the distance between the two
gratings d was varied over the range 0.05–1.8 mm with all

FIG. 2. (a) Magnitude (blue) and phase (green) of the measured
reflection coefficient S11(f ) of the SAW resonator p1. Solid lines
are a fit to Eq. (1). (b) Frequency response of device q7 showing 18
supported high-Q modes. The solid red box indicates the resonant
mode measured in Fig. 4. A background due to the measurement
setup has been subtracted in both (a) and (b).
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‣ Implies phonon scattering rate ~ f3  as has been suggested in the hf > kT limit*

* Sakuma & Nakayama, APL 25, 176 (1974)
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FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f

−c2 .

other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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V s , where L is the sample length and Vs is the velocity 
of the Rayleigh wave (= 1. 73x103 m/sec). It can be said 
that this agreement shows evidence of the excitation of 
the surface-wave domain by the round-trip electro-
acoustic amplification. Another evidence is shown in 
Fig. 2(c), in which the observed current is plotted. The 
current is measured under the same circumstances as 
(b), except that a transparent adhesive tape is stuck on 
the propagation plane near the anode so that the surface 
wave can be amplified near the cathode but decays near 
the anode. As shown in this figure, the solid line does 
not show the oscillation, even though we can expect the 
strong triggering action of the external signal amplified 
near the cathode. 

In conclusion, we consider that the surface-wave 
acoustoelectric domain triggered by the external signal 
is excited. 
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Attenuation of elastic surface waves by anharmonic interactions 
at low temperatures * 

Tetsuro Sakuma and Tsuneyoshi Nakayama 
Department of Engineering Science. Faculty of Engineering. Hokkaido University. Sapporo, Japan 
(Received 19 April 1974) 

Based on the theory of surfons, we present a formalism to calculate the attenuation rate of elastic 
surface waves at low temperatures in the high-frequency region. A general formula for the 
attenuation rate due to the cubic anharmonic terms in the elastic energy of an isotropic elastic 
continuum is given by means of a temperature-dependent Green's function. In a frequency region 
between 20 and 40 GHz at T = I 'K, our result shows quite different frequency and temperature 
dependence w'+" T 4

-" (1.9:::;n:::;2.2) from that obtained in the low-frequency region. 

In the field of anharmonic attenuation of elastic sur-
face waves at low temperatures, theoretical investiga-
tions in low -frequency regions have been done by Mara-
dudin and Mills! and King and Sheard. 2 In both of their 
workS, it is assumed that the absorption mechanism is 
the interaction between Rayleigh waves and the bulk 
thermal phonons and their results show that the attenua-
tion rate is proportional to wT 4. This assumption is 
valid in the low -frequency region. However, when the 
frequencies of ultrasonic Rayleigh waves become com-
parable to those of thermal phonons, the surface effect 
on the wave functions of thermal phonons should be taken 
into account. 

Recently, a quantum theory of elastic waves in a half-
space was presented by Ezawa, 3 who constructed a com-
plete orthogonal set of the eigenmodes of elastic waves 
in a half -space with a stress -free plane boundary. Here-
after we refer to this as the surfon formalism. In this 
formalism, it is much easier to calculate the attenuation 
rate of elastic surface waves with a given boundary con-
dition than in the lattice dynamical theory, because the 
boundary conditions are completely taken into account 
in the form of the wave functions. 

The purpose of this letter is to present a formalism 
to investigate the anharmonic attenuation of ultrasonic 
Rayleigh waves on the basis of the surfon formalism. 
We calculate the frequency and temperature dependence 
of the attenuation rate in the low -temperature high -fre-
quency regime. Throughout this article, a system of 
units in which Yi= kB= 1 is used. 

Applied Physics Letters, Vol. 25, No.4, 15 August 1974 

Suppose that an isotropiC elastic continuum occupies 
the half -space z 0, with a stress -free boundary at 
z = O. As in the bulk phonon case, the displacement 
vector u(x, t) at a point x= (r, z) and time t can be ex-
panded in terms of eigenmodes, 

u(x, t) = 2:; J (s1fpw J t!/2cp J (t)u(J)(z) exp(iK' r), (1) 

where 

(2) 

Here J represents a set of quantum numbers specifying 
the surfon states, K and r the wave and coordinate vec-
tors in the x-y plane, p is the density of the SOlid, wJ 
is the frequency, and aJ and aj. are the annihilation and 
creation operators of the J-mode surfon satisfying the 
ordinary commutation relations of the Bose type. The 
five eigenmodes of surfons, u(J)(z), are given explicitly 
in Ref. 3. 

We can obtain the anharmonic Hamiltonian by substi-
tuting the eigenmode expansion Eq. (1) into the anhar-
monic energy denSity of the isotropiC elastic continuum 
cubic in the displacement vector: 

(3) 

Here VU'J"' the vertex function for the three-surfon 
process, depends on the Lame coefficients of the second 
and third order and the surfon wave functions. The ex-
plicit form of VU'J" is so lengthy that it will not be 
given here. 
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V s , where L is the sample length and Vs is the velocity 
of the Rayleigh wave (= 1. 73x103 m/sec). It can be said 
that this agreement shows evidence of the excitation of 
the surface-wave domain by the round-trip electro-
acoustic amplification. Another evidence is shown in 
Fig. 2(c), in which the observed current is plotted. The 
current is measured under the same circumstances as 
(b), except that a transparent adhesive tape is stuck on 
the propagation plane near the anode so that the surface 
wave can be amplified near the cathode but decays near 
the anode. As shown in this figure, the solid line does 
not show the oscillation, even though we can expect the 
strong triggering action of the external signal amplified 
near the cathode. 

In conclusion, we consider that the surface-wave 
acoustoelectric domain triggered by the external signal 
is excited. 
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surface waves at low temperatures in the high-frequency region. A general formula for the 
attenuation rate due to the cubic anharmonic terms in the elastic energy of an isotropic elastic 
continuum is given by means of a temperature-dependent Green's function. In a frequency region 
between 20 and 40 GHz at T = I 'K, our result shows quite different frequency and temperature 
dependence w'+" T 4
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tions in low -frequency regions have been done by Mara-
dudin and Mills! and King and Sheard. 2 In both of their 
workS, it is assumed that the absorption mechanism is 
the interaction between Rayleigh waves and the bulk 
thermal phonons and their results show that the attenua-
tion rate is proportional to wT 4. This assumption is 
valid in the low -frequency region. However, when the 
frequencies of ultrasonic Rayleigh waves become com-
parable to those of thermal phonons, the surface effect 
on the wave functions of thermal phonons should be taken 
into account. 

Recently, a quantum theory of elastic waves in a half-
space was presented by Ezawa, 3 who constructed a com-
plete orthogonal set of the eigenmodes of elastic waves 
in a half -space with a stress -free plane boundary. Here-
after we refer to this as the surfon formalism. In this 
formalism, it is much easier to calculate the attenuation 
rate of elastic surface waves with a given boundary con-
dition than in the lattice dynamical theory, because the 
boundary conditions are completely taken into account 
in the form of the wave functions. 

The purpose of this letter is to present a formalism 
to investigate the anharmonic attenuation of ultrasonic 
Rayleigh waves on the basis of the surfon formalism. 
We calculate the frequency and temperature dependence 
of the attenuation rate in the low -temperature high -fre-
quency regime. Throughout this article, a system of 
units in which Yi= kB= 1 is used. 
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Suppose that an isotropiC elastic continuum occupies 
the half -space z 0, with a stress -free boundary at 
z = O. As in the bulk phonon case, the displacement 
vector u(x, t) at a point x= (r, z) and time t can be ex-
panded in terms of eigenmodes, 

u(x, t) = 2:; J (s1fpw J t!/2cp J (t)u(J)(z) exp(iK' r), (1) 

where 

(2) 

Here J represents a set of quantum numbers specifying 
the surfon states, K and r the wave and coordinate vec-
tors in the x-y plane, p is the density of the SOlid, wJ 
is the frequency, and aJ and aj. are the annihilation and 
creation operators of the J-mode surfon satisfying the 
ordinary commutation relations of the Bose type. The 
five eigenmodes of surfons, u(J)(z), are given explicitly 
in Ref. 3. 

We can obtain the anharmonic Hamiltonian by substi-
tuting the eigenmode expansion Eq. (1) into the anhar-
monic energy denSity of the isotropiC elastic continuum 
cubic in the displacement vector: 

(3) 

Here VU'J"' the vertex function for the three-surfon 
process, depends on the Lame coefficients of the second 
and third order and the surfon wave functions. The ex-
plicit form of VU'J" is so lengthy that it will not be 
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V s , where L is the sample length and Vs is the velocity 
of the Rayleigh wave (= 1. 73x103 m/sec). It can be said 
that this agreement shows evidence of the excitation of 
the surface-wave domain by the round-trip electro-
acoustic amplification. Another evidence is shown in 
Fig. 2(c), in which the observed current is plotted. The 
current is measured under the same circumstances as 
(b), except that a transparent adhesive tape is stuck on 
the propagation plane near the anode so that the surface 
wave can be amplified near the cathode but decays near 
the anode. As shown in this figure, the solid line does 
not show the oscillation, even though we can expect the 
strong triggering action of the external signal amplified 
near the cathode. 

In conclusion, we consider that the surface-wave 
acoustoelectric domain triggered by the external signal 
is excited. 
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V s , where L is the sample length and Vs is the velocity 
of the Rayleigh wave (= 1. 73x103 m/sec). It can be said 
that this agreement shows evidence of the excitation of 
the surface-wave domain by the round-trip electro-
acoustic amplification. Another evidence is shown in 
Fig. 2(c), in which the observed current is plotted. The 
current is measured under the same circumstances as 
(b), except that a transparent adhesive tape is stuck on 
the propagation plane near the anode so that the surface 
wave can be amplified near the cathode but decays near 
the anode. As shown in this figure, the solid line does 
not show the oscillation, even though we can expect the 
strong triggering action of the external signal amplified 
near the cathode. 

In conclusion, we consider that the surface-wave 
acoustoelectric domain triggered by the external signal 
is excited. 
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Based on the theory of surfons, we present a formalism to calculate the attenuation rate of elastic 
surface waves at low temperatures in the high-frequency region. A general formula for the 
attenuation rate due to the cubic anharmonic terms in the elastic energy of an isotropic elastic 
continuum is given by means of a temperature-dependent Green's function. In a frequency region 
between 20 and 40 GHz at T = I 'K, our result shows quite different frequency and temperature 
dependence w'+" T 4
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In the field of anharmonic attenuation of elastic sur-
face waves at low temperatures, theoretical investiga-
tions in low -frequency regions have been done by Mara-
dudin and Mills! and King and Sheard. 2 In both of their 
workS, it is assumed that the absorption mechanism is 
the interaction between Rayleigh waves and the bulk 
thermal phonons and their results show that the attenua-
tion rate is proportional to wT 4. This assumption is 
valid in the low -frequency region. However, when the 
frequencies of ultrasonic Rayleigh waves become com-
parable to those of thermal phonons, the surface effect 
on the wave functions of thermal phonons should be taken 
into account. 

Recently, a quantum theory of elastic waves in a half-
space was presented by Ezawa, 3 who constructed a com-
plete orthogonal set of the eigenmodes of elastic waves 
in a half -space with a stress -free plane boundary. Here-
after we refer to this as the surfon formalism. In this 
formalism, it is much easier to calculate the attenuation 
rate of elastic surface waves with a given boundary con-
dition than in the lattice dynamical theory, because the 
boundary conditions are completely taken into account 
in the form of the wave functions. 

The purpose of this letter is to present a formalism 
to investigate the anharmonic attenuation of ultrasonic 
Rayleigh waves on the basis of the surfon formalism. 
We calculate the frequency and temperature dependence 
of the attenuation rate in the low -temperature high -fre-
quency regime. Throughout this article, a system of 
units in which Yi= kB= 1 is used. 
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Suppose that an isotropiC elastic continuum occupies 
the half -space z 0, with a stress -free boundary at 
z = O. As in the bulk phonon case, the displacement 
vector u(x, t) at a point x= (r, z) and time t can be ex-
panded in terms of eigenmodes, 
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Here J represents a set of quantum numbers specifying 
the surfon states, K and r the wave and coordinate vec-
tors in the x-y plane, p is the density of the SOlid, wJ 
is the frequency, and aJ and aj. are the annihilation and 
creation operators of the J-mode surfon satisfying the 
ordinary commutation relations of the Bose type. The 
five eigenmodes of surfons, u(J)(z), are given explicitly 
in Ref. 3. 

We can obtain the anharmonic Hamiltonian by substi-
tuting the eigenmode expansion Eq. (1) into the anhar-
monic energy denSity of the isotropiC elastic continuum 
cubic in the displacement vector: 
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Here VU'J"' the vertex function for the three-surfon 
process, depends on the Lame coefficients of the second 
and third order and the surfon wave functions. The ex-
plicit form of VU'J" is so lengthy that it will not be 
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of the Rayleigh wave (= 1. 73x103 m/sec). It can be said 
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the surface-wave domain by the round-trip electro-
acoustic amplification. Another evidence is shown in 
Fig. 2(c), in which the observed current is plotted. The 
current is measured under the same circumstances as 
(b), except that a transparent adhesive tape is stuck on 
the propagation plane near the anode so that the surface 
wave can be amplified near the cathode but decays near 
the anode. As shown in this figure, the solid line does 
not show the oscillation, even though we can expect the 
strong triggering action of the external signal amplified 
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wave can be amplified near the cathode but decays near 
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FIG. 1. Theoretical plot of the attenuation rate vs Rayleigh 
wave frequency at T= 10K. 

Starting from the cubic anharmonic Hamiltonian Eq. 
(3), we can easily obtain an expression for the attenua-
tion of the J-mode surfon by means of standard tempera-
ture -dependent Green' $ functions. 4 

x{[l + n(w') + n(w")][li(w - w' - w") -li(w + w' + w")] 

+ [n(w') - n(w") ]Ii(w + w' - w")}. 

This equation is the general result for the attenuation 
rate in an elastic continuum model. 

(4) 

Consider the attenuation of the ultrasonic Rayleigh 
waves in the low -temperature high -frequency region. 
Although the ultrasonic Rayleigh waves are able to in-
teract with all modes of thermally excited surfons ex-
cept the Rayleigh mode (R-mode) surfons owing to the 
neglect of the lifetime broadening, we can retain only 
the contribution to the attenuation rate from processes 
in which the R-mode wave combines with thermally ex-
cited surfons of the total-reflection (TR) mode due to 
the localized nature of their wave functions in the vicini-
ty of the solid surface. This is because the attenuation 
rate depends upon the overlapping of the relevant sur-
fon wave functions. 

Using the explicit wave functions of surfons, 3 we can 
easily calculate the attenuation rate of surfons in the 
low-temperature high-frequency region from Eq. (4). 
The attenuation rate thus obtained is given by 
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(5) 

where x = {3w, y = {3w', {3= T -1, and c1 and ct are the 
velocities of longitudinal and transverse sound waves. 
In Eqo (5) the integrand f contains the vertex function 
squared and kinematical factors. The upper and lower 
limits of the frequency integral depend upon the velocity 
variables c', c" and the frequency variable x. There-
fore, this triple integral gives the extra frequency and 
temperature dependence in addition to the well-known 
wT 4 dependence in the low-frequency region. Further-
more, it should be emphasized that the extra frequency 
and temperature dependence appears only through the 
factor (/3w)" and consequently the attenuation rate varies 
as 

(6) 

In order to see an actual frequency dependence of the 
attenuation rate, we suppose, for instance, that the 
temperature is approximately 1 0 K. Then the TR mode 
can be estimated to contribute predominantly to the at-
tenuation of the R -mode surfons of frequencies of about 
20 GHz and higher. Replacing the velocity variables c' 
and c" by average values to reduce the triple integral, 
we show in Fig. 1 the predicted numerical result of the 
frequency dependence of the attenuation at T= 1 0 K, with 
the index n between 1. 9 and 2. 2. It should be noted that 
the same frequency dependence is obtained in a frequen-
cy region between 2 and 4 GHz at T= 0.1 OK, because 
the overlapping ratio of the wave functions is not altered 
in this case. 

Finally, we wish to emphasize again that the frequency 
dependence of the attenuation rate also determines its 
temperature dependence by T 4-" with the nonvanishing 
index n. This dependence is quite different from that 
obtained in the low -frequency region. 

The numerical calculations were performed using a 
F ACOM 230-60 computer at the Computer Center of 
Hokkaido University. One of the authors (T.N.) is grate-
ful to the Sakkokai Foundation for financial support. 
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FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f

−c2 .

other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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‣ Q reduces at low power, similar to CPW resonators

‣ May be explained as coupling to a TLS bath
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where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
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to the geometry of the SAW mode [26]. The internal quality
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Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f

−c2 .

other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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Further evidence for TLS environment

21

! 7!

reduced signal-to-noise ratio at lower powers, it 
was not practical to stabilise the fridge temperature 
above 700 mK for long enough to obtain reliable 
measurements at powers below –30 dBm. These 
practical limitations also set the upper limit of all 
measured temperatures at 1.7 K. Full results for the 
1.3 GHz resonator are shown in Figs. 6 and 7a, 
however we note that both devices demonstrated 
qualitatively the same response over the measured 
ranges of temperature and power.  

For both resonators, the internal quality factor 
(Fig. 6) remained approximately constant up to 
~500 mK, but decreased with increasing 
temperature thereafter. A notable increase in 
gradient is observed in the region 1.2 ± 0.2  K, 
consistent with the introduction of resistive losses 
as we pass through the superconducting transition 
of the aluminium electrodes at 1.2 K. We further 
note that at low fridge temperatures, the quality 
factor appears to also depend on drive power, with 
lower Qi at higher powers. As fridge temperature 
increases however, curves for different powers 
appear to converge, and the dependence of Qi on 
power is therefore reduced. 

Interestingly the resonant frequency (Fig. 7a) 
showed similar behaviour with respect to power as 
the temperature was changed. At low temperatures, 
a large power-dependence is observed that is 
consistent with the results from the power series 
data of §4.1 (overlaid as purple data points in     
Fig. 7a). As the fridge temperature increases 
however, the results from different powers 
converge and the power dependence disappears.  

The fact that the power-dependences of 
quality factor and resonant frequency both 
disappear at high temperature suggests that these 
two quantities – drive power and device 
temperature – are not independent but suggest that 
increasing drive power may be causing the devices 
to heat up. If this is the case then the fridge 
temperature, TF, is not an accurate reflection of the 
temperature of the devices, TD, when driven at high 
powers. We would however, expect !! ≈ !! in the 
limits of low drive power or high fridge 
temperature, where the contribution from power-
induced heating is small compared to the 
temperature of the fridge. Taking data points from 
these extremes, we find that the shift in resonant 
frequency of both devices fits well to a function of 
the form, 
 

Δ!
!!

= ! ln !! + ∆!
!!

!!!!(10) 
 

Fig. 6: The internal quality factor of a single 
resonant mode of the 1.3 GHz device as a function 
of power and temperature. Data points are joined to 
make the individual temperature-series clearer. As 
previously, external Q remained constant throughout 
these measurements. 
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Fig. 7: (a) Fractional frequency shift for the          
1.3 GHz device as a function of fridge temperature 
at different drive powers. Purple data points are 
from the 9 mK power-series data of Fig. 5b, 
showing good consistency between these two data 
sets. (b) Frequency shift against temperature for 
both devices. Black curves shows the fits produced 
by Eqn. 10. 
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‣ Few ppm cavity frequency shifts observed over 0-1 K

‣ Not explained by crystal expansion (~1000x larger effect)

‣ Parameters from TLS model fit consistent with P-dependence, and with other 
reports of SAWs on quartz: Vanreyten, Solid State Comms. 60, 63 (1986)
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Outline

22

‣ Intro: Resonators in quantum devices

‣ SAW resonators in the quantum regime

‣ Steps towards SAW-cQED and SAW-SR
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Prospects for SAW circuit QED

23

‣ Estimate for our current geometries on quartz:

‣ Cavity Q ~ 10,000 at 4.5 GHz in a single mode cavity:

‣ Qubit linewidth on quartz?

g > , �Require
- is this realistic?

g ⇡ 1� 10 MHz

  1 MHz

✴ Will suffer from bulk phonon emission

✴ Check with a clean 3D circuit QED experiment…

u0 =
q

~
⇢WL⇡vSAW

�0 = e14
✏ u0 g ⇠ e�0
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Qubit coherence on quartz in 3D
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SAW Circuit QED device

25

CPW for standard circuit QED qubit readout

Transmon embedded in SAW resonator
Transmon design
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Device design for SAWR-qubit coupling

26

‣ Qubit IDT couples to SAW 
resonator (4.35 GHz) at its 
3rd harmonic

Frequency response of qubit IDT

SQUID‣ 3x period transducer for qubit, to enable simultaneous 
fabrication with shadow evaporated Josephson junctions

Mirror Qubit IDT IDT Mirror

Qubit 
IDT
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First measurements of a SAWR/qubit device

27

fCPW = 5.8 GHz

fSAW = 4.3 GHz

5.78 5.79
CPW frequency [GHz]

gCPW ⇠ 2⇡.100 MHz

SAW modes at  4.35 GHz 
(~10 modes, FSR ~ 10 MHz, Q ~ 10,000)

Preliminary!
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First measurements of a SAWR/qubit device

28

4.15 4.45
Qubit frequency [GHz]

4.35

‣ Qubit spectral line disappearance — likely phonon emission due to qubit IDT, 
which has a bandwidth of around 100 MHz

‣ No clear sign of coupling to SAW resonator modes (probably                           )

‣ Work underway to measure devices which should have higher coupling

Preliminary!

g < FSR < �
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Outline
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‣ Intro: Resonators in quantum devices

‣ SAW resonators in the quantum regime

‣ Steps towards SAW-cQED …and SAW-SR
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An electric field sensitive spin ensemble
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High-spin paramagnetic manganese defects in polar piezoelectric zinc oxide exhibit a simple, almost

axial anisotropy and phase coherence times of the order of a millisecond at low temperatures. The

anisotropy energy is tunable using an externally applied electric field. This can be used to control

electrically the phase of spin superpositions and to drive spin transitions with resonant microwave

electric fields.
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Couplings between magnetic and electric degrees of
freedom give rise to such fundamental phenomena in con-
densed matter as multiferroelectricity [1,2], unconven-
tional superconductivity [3], and spin-density waves [4],
and are key to proposed future technologies such as high
sensitivity metrology [5] and quantum-dot-based quantum
information processing [6]. The control of spin states using
electric fields rather than magnetic fields is particularly
valuable for quantum information processing [7], because
electric fields can be applied on short length scales, and
down to the scale of qubit separations in a device [8–10]. In
this Letter, we identify a class of electrically controllable
spin qubits: high-spin magnetic defects in polar semicon-
ductor hosts. In one member of this class, the manganese
substitutional defect in a crystalline zinc oxide host, we
demonstrate coherent oscillations of the spin state driven
by dc electric field pulses and spin transitions driven by
resonant microwave electric fields.

Electrical control has been considered in various candi-
date physical systems for spin qubits, both experimentally
and theoretically. In lithographically defined GaAs quan-
tum dots, spin-orbit coupling permits coherent control of
an electron spin by applying a resonant high frequency
voltage to one of the confining gates [11]. Stark shifts in
spin splittings, originating from hybridization with excited
state orbitals, have been observed in self-assembled quan-
tum dots [12] and in bound donors in semiconductors
[13,14] and in defects in diamond [15], while frustrated
spin triangles exhibit spin-electric couplings via modulation
of exchange interactions [16,17]. Here, our approach is to
manipulate the electrostatic environment of a high-spin
paramagnetic defect, manganese, in a polar piezoelectric
host material, zinc oxide, thereby controlling electrically
the spin Hamiltonian of the defect [18].

The spin Hamiltonian of manganese defects in zinc
oxide (ZnO:Mn) is well known from continuous-wave
ESR [19]. The polar environment lifts the spin degeneracy
of the S ¼ 5=2 Mn2þ ions which are substitutional on
Zn2þ sites, while the I ¼ 5=2 nuclear spin of 55Mn is
coupled to the electron spin by the hyperfine interaction.

The Hamiltonian, including a magnetic field which lifts the
remaining Kramer’s degeneracies, is

H ¼ !BŜ $ g $Bþ gN!NÎ $Bþ Ŝ $A $ ÎþHZFS; (1)

where the axial anisotropy, or zero-field splitting (ZFS),
term

HZFS ¼ !DŜ2z : (2)

Higher order effects, such as fourth order electron spin
anisotropy and nuclear quadrupole terms, have been
detected [19], but they are small and not relevant for the
following discussion. The resulting energy spectrum is
shown as a function of the magnetic field applied at a small
angle to the anisotropy axis in Fig. 1(a). The absorption in
response to an oscillating magnetic field of frequency
9.7 GHz, applied perpendicular to the static field, is shown
in Fig. 1(b); the peaks are magnetic dipole electron spin
resonance transitions corresponding to the selection rule
!ms ¼ %1.
The spin states are highly coherent. Figure 1(c) shows

the relaxation times for the electron spin population (T1e)
and coherence (T2e) as a function of temperature, measured
on thems ¼ %1=2 transition [h symbols in Fig. 1(b)]. The
relaxation times increase rapidly below room temperature
with T1e & T!3 and T2e & T!2, saturating at T1e ' 0:2 s
and T2e ' 0:8 ms below 10 K. The cubic temperature
dependence of T1e is consistent with scattering by a popu-
lation of phonons, an indication that lattice distortions
couple to the Mn spin.
The total Mn density is 4:0% 0:1( 1016 cm!3, corre-

sponding to a mean separation of 17 nm between nearest
neighbors. The thermal spin populations lead to an
effective dilution of on-resonance spins by a factor of
ð2Sþ 1Þð2I þ 1Þ ¼ 36, so spin centers in the same state
are separated on average by 58 nm. The quadratic T2e

temperature dependence is characteristic of decoherence
driven by spin flips (i.e., T1e relaxation) of off-resonant
neighboring spins [20,21], and the saturation of T2e at
about 1 ms below 10 K is consistent with magnetic dipole
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densed matter as multiferroelectricity [1,2], unconven-
tional superconductivity [3], and spin-density waves [4],
and are key to proposed future technologies such as high
sensitivity metrology [5] and quantum-dot-based quantum
information processing [6]. The control of spin states using
electric fields rather than magnetic fields is particularly
valuable for quantum information processing [7], because
electric fields can be applied on short length scales, and
down to the scale of qubit separations in a device [8–10]. In
this Letter, we identify a class of electrically controllable
spin qubits: high-spin magnetic defects in polar semicon-
ductor hosts. In one member of this class, the manganese
substitutional defect in a crystalline zinc oxide host, we
demonstrate coherent oscillations of the spin state driven
by dc electric field pulses and spin transitions driven by
resonant microwave electric fields.

Electrical control has been considered in various candi-
date physical systems for spin qubits, both experimentally
and theoretically. In lithographically defined GaAs quan-
tum dots, spin-orbit coupling permits coherent control of
an electron spin by applying a resonant high frequency
voltage to one of the confining gates [11]. Stark shifts in
spin splittings, originating from hybridization with excited
state orbitals, have been observed in self-assembled quan-
tum dots [12] and in bound donors in semiconductors
[13,14] and in defects in diamond [15], while frustrated
spin triangles exhibit spin-electric couplings via modulation
of exchange interactions [16,17]. Here, our approach is to
manipulate the electrostatic environment of a high-spin
paramagnetic defect, manganese, in a polar piezoelectric
host material, zinc oxide, thereby controlling electrically
the spin Hamiltonian of the defect [18].

The spin Hamiltonian of manganese defects in zinc
oxide (ZnO:Mn) is well known from continuous-wave
ESR [19]. The polar environment lifts the spin degeneracy
of the S ¼ 5=2 Mn2þ ions which are substitutional on
Zn2þ sites, while the I ¼ 5=2 nuclear spin of 55Mn is
coupled to the electron spin by the hyperfine interaction.

The Hamiltonian, including a magnetic field which lifts the
remaining Kramer’s degeneracies, is

H ¼ !BŜ $ g $Bþ gN!NÎ $Bþ Ŝ $A $ ÎþHZFS; (1)

where the axial anisotropy, or zero-field splitting (ZFS),
term

HZFS ¼ !DŜ2z : (2)

Higher order effects, such as fourth order electron spin
anisotropy and nuclear quadrupole terms, have been
detected [19], but they are small and not relevant for the
following discussion. The resulting energy spectrum is
shown as a function of the magnetic field applied at a small
angle to the anisotropy axis in Fig. 1(a). The absorption in
response to an oscillating magnetic field of frequency
9.7 GHz, applied perpendicular to the static field, is shown
in Fig. 1(b); the peaks are magnetic dipole electron spin
resonance transitions corresponding to the selection rule
!ms ¼ %1.
The spin states are highly coherent. Figure 1(c) shows

the relaxation times for the electron spin population (T1e)
and coherence (T2e) as a function of temperature, measured
on thems ¼ %1=2 transition [h symbols in Fig. 1(b)]. The
relaxation times increase rapidly below room temperature
with T1e & T!3 and T2e & T!2, saturating at T1e ' 0:2 s
and T2e ' 0:8 ms below 10 K. The cubic temperature
dependence of T1e is consistent with scattering by a popu-
lation of phonons, an indication that lattice distortions
couple to the Mn spin.
The total Mn density is 4:0% 0:1( 1016 cm!3, corre-

sponding to a mean separation of 17 nm between nearest
neighbors. The thermal spin populations lead to an
effective dilution of on-resonance spins by a factor of
ð2Sþ 1Þð2I þ 1Þ ¼ 36, so spin centers in the same state
are separated on average by 58 nm. The quadratic T2e

temperature dependence is characteristic of decoherence
driven by spin flips (i.e., T1e relaxation) of off-resonant
neighboring spins [20,21], and the saturation of T2e at
about 1 ms below 10 K is consistent with magnetic dipole
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Anisotropy of crystal causes zero-field splitting
and sensitivity of spins to strain / electric field.

‣ Can we make high quality SAW devices on ZnO, and acoustically excite these spins?

D = 1.6 GHz 
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SAW devices on bulk crystal ZnO
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‣ Delay lines at ~500 MHz behave according 
to theory, and dissipation correlates with 
bulk crystal conductivity

‣ Resonator at ~1.7 GHz reaches 
internal Q of 150,000 at 10 mK

Magnusson et al., APL 106, 063509 (2015)
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SAW spin-resonance in Fe2+-doped LiNbO3

32

Cho et al., JJAP 29, 19 (1990)

‣ Continuous wave 5.8 GHz SAW absorption, 
peaks predominantly in 100-150 mT range

D = 1.2 THz 
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SAW resonators on LiNbO3

33

5.2. SAW RESONATOR ON LITHIUM NIOBATE 109
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Figure 5.6: Response of one-port SAW resonators on Z-cut lithium niobate at room
temperature. a) X propagation. b) Y propagation.
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Figure 5.6: Response of one-port SAW resonators on Z-cut lithium niobate at room
temperature. a) X propagation. b) Y propagation.vX ⇡ 3730 m/s vY ⇡ 3810 m/s� ⇡ 1.6 µm

‣ Z-cut LiNbO3, 0.05% Fe-doped, reduced to Fe2+ 
1000-finger gratings, 21-finger IDT, Q ~ 10,000

X propagation Y propagation
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SAW resonator on Fe2+ LiNbO3 at low T
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2.2. SPIN PHYSICS 24

hf/gµ
B0

E

ms = +1/2

ms = -1/2

E = gµB 0

B0

 B0

S 

A

A

S

a) b)

Figure 2.3: a) The energy levels of a free electron placed in a magnetic field, and a
sketch of the absorption as a function of applied magnetic field B0 when irradiated
with a frequency f . b) For increased sensitivity, the absorption A is measured with
a modulation of the magnetic field, resulting in a derivative signal S = dA

dB
being

recorded.

which shows that the absorption increases with microwave power up to a saturating

value. The linewidth also gets broadened by the factor 1 + �2B2
1T1T2, and if it is

limited by the relaxation rate, it is [36]

(�B
pp

)2 =
4

3�T 2
2

(1 + �2B2
1T1T2) (2.67)

where �B
pp

is the peak-to-peak linewidth of the resonance.

2.2.6 Spin dynamics

To probe the dynamics of a spin system, we need to make time-resolved measurements.

This means sending time-dependent pulses of microwave radiation to manipulate the

spins and then observing how they evolve over time.

For talking about the dynamics of ESR transitions, it is useful to introduce the

concept of the Bloch sphere. The idea is essentially that whenever you are resonantly

addressing two levels |gi and |ei, and all other transition frequencies are far o↵ from

Sweep magnetic field 
and carry out ESR-like 

measurement of absorption
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Energy levels of Fe2+ @ LiNbO3

35
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2.3. SPIN-LATTICE INTERACTION 35

by applying the Zeeman magnetic field at an angle to the anisotropy axis. For ESR

frequencies larger than the zero field splitting we can approximate the quantisation z

axis to be along the magnetic field. The Hamiltonian thus becomes

H =H0 +D(S
z

cos(✓) + S
x

sin(✓))2 (2.82)

=H0 +D

✓
S2
z

cos2(✓) +
sin(2✓)

2
S
z

(S+ + S�) +
1

4
sin2(✓)(S2

+ + 2S+S� + S2
�)

◆

(2.83)

A resonant variation of D can thus excite both �m
s

= ±1 and �m
s

= ±2 transi-

tions, depending on the orientation of the magnetic field. The single transitions are

maximised at ✓ = 45� while the double transitions are maximised at ✓ = 90�, at which

angle no single transitions should be seen.

2.3.3 Literature review

2.3.3.1 Acoustic paramagnetic resonance

There has in fact been a fair amount of work done in the field of acoustic paramag-

netic resonance decades ago [33]. The most common approach is to use a pulse-echo

method. The sample is in form of a crystal rod with paramagnetic ion impurities,

mounted on a piezoelectric transducer. A short pulse of up to 10GHz frequency is

sent to the transducer and gets converted to an acoustic pulse that travels through

the rod, gets reflected at the end, and picked up again at the transducer. Measuring

the amplitude of the echo while sweeping magnetic field allows to plot the attenuation

as a function of field.

Another approach is to essentially do CW-EPR, but with the mechanical resonance

of a sample rod instead of a microwave cavity. It is di�cult to get higher frequencies

Fe2+ @ LiNbO3  S=2

D = 1.2 THz 
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SAW resonator on Fe2+ LiNbO3 at T = 25K
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‣ SAW spin resonance signal observed at approximately calculated field

‣ Angular dependence appears to fit to g = 1.6 (unexplained)

‣ No signal observed on control (unreduced) Fe3+ sample 
      => likely that this is Fe2+ resonance

Preliminary!
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Summary

37

‣ Quartz SAW resonators at low temperature reach: 
    Q ~ 450,000 at 500 MHz 
    Q ~ 30,000 at 4 GHz in the single phonon regime

‣ Losses likely limited by phonon scattering, TLSs

‣ SAWR - qubit coupling experiments underway

‣ Indication of SAW spin resonance in Fe2+@LiNbO3

Manenti et al., PRB 93, 041411(R) (2016) 
Magnusson et al., APL 106, 063509 (2015)
Aref et al., arXiv:1506.01631
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FIG. 3. (a) Qi versus d for devices r1 − r10. Solid line is a fit to
Eq. (3). Shaded area indicates one standard deviation of αp and the
dashed line is the linear part of this fit (αp = 0). (b) Qi versus f 0 for
devices q1 − q7 and r6. Dashed line is a fit to Qi = c1f

−c2 .

other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:

Qi =
(

1
Qg

+
vαp

πf0

)−1

. (3)

From a fit to Eq. (3), we determine the electrode reflectivity
to be |rs| = 0.002, and we can place an upper limit on
the propagation loss at 3.1 GHz of αp|10 mK < 0.015 mm−1

corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
We then moved on to investigate the frequency dependence

of Qi, using a device geometry with large d = 1929λ0/2,
over the range 2.0–4.4 GHz (devices q1–q7; see Table I).
These long devices all display around 20 resonant modes
within the stopband of the reflectors [see Fig. 2(b) for the
frequency response of device q7]. In Fig. 3(b) we plot the
dependence of the average internal quality factor Qi of
all modes of each device against average mode frequency
f̄0. Error bars represent the standard deviation of Qi from
the set of resonant modes. The quality factor is seen to
decrease with frequency, and the linear trend observed on
a log-log scale indicates a polynomial dependence. We fit
the data to Q̄i = πf/vαp = c1f

−c2 and find c1 = 719 ± 85 ,
c2 = 2.07 ± 0.13. This strongly suggests αp ∝ f 3, agreeing
with a model developed for SAW propagation loss in the high
frequency and low temperature limit [21].

We conclude our investigation with a measurement of
the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]

αTLS = F
2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric

041411-3
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other geometric parameters fixed (see Table I). The number
of modes seen increases from 1 for device r1 to 65 for device
r10. For devices with more than five modes (r5–r10), we took
the average Qi for the five modes at the center of the grating
stopband where the reflectivity is highest. We expect Qi to be
dominated by the grating reflectivity at low d and saturate at
high d due to propagation losses. The data follow this trend
and they can be fitted with the following relation:
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From a fit to Eq. (3), we determine the electrode reflectivity
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corresponding to a phonon mean free path of l = 1/αp ≈ 6 cm.
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the internal quality factor of one of the modes of device
q7 (f0 = 4.449 GHz) at low drive powers such that the
average resonator phonon population reaches the regime

FIG. 4. Qi versus drive power P for the resonant mode
f0 = 4.449 GHz of device q7. Solid line: fit to Qi =
[v αTLS/(πf0) + 1/Qrl]−1; n is the mean number of phonons occu-
pying the resonator due to the coherent drive P .

n≪1. Figure 4 shows the dependence of Qi on drive power
P . In this case, the VNA was connected to device q7 through
highly attenuated microwave lines with an overall attenuation
from the instrument to the sample of −67 ± 1 dB. This allows
us to accurately estimate the average phonon population n
resulting from the coherent drive, shown in the upper scale of
Fig. 4. A clear reduction in Qi is observed as P is reduced,
saturating at low power at a value of Qi0 = 34 500. A similar
dependence has been observed in bulk mechanical resonators
[22,23] and electromagnetic coplanar waveguide resonators
(CPWRs) [24] at low temperature, and has been attributed to
coupling to a bath of two-level systems (TLS). The analytical
expression of the loss rate caused by a TLS bath is given by [25]
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2π2f0n0γ

2

ρv2
tanh

(
hf0

2kBT

)(
1 + P

Pc

)−0.5

,

where n0 is the density of states of the TLS, ρ is the density of
the crystal, Pc is a critical power, and γ describes the strength
of the coupling between the TLS and the phonons. The filling
factor F takes into account spatial variation of ρ and γ , due
to the geometry of the SAW mode [26]. The internal quality
factor is related to αTLS by Qi = (v αTLS/πf0 + 1/Qrl)−1,
where Qrl takes into account remaining losses. We find that
our data fits well to this expression with Pc = −65.7 dBm
and Fn0γ

2 = 4.5 × 104 J/m3. In order to completely validate
this model and to estimate the value of F , temperature
dependent measurement will be required [24,26]. The ratio
Qi0/Qrl ≈ 0.6 is much higher than typically seen in CPWRs
[27], indicating that any TLS contribution to the loss is
considerably less in the SAW case. Such a difference is
qualitatively in agreement with an electric field coupling to
the TLS bath, since in a weak piezoelectric such as quartz,
only a small fraction of the SAW energy is electrical.

We finally comment on the prospects for realizing strong
coupling cavity QED between a SAW resonator and a
superconducting qubit, which requires a coupling strength
g between qubit and resonator exceeding the linewidths of
both [28]. The linewidth for resonator q7 in the quantum
regime is κ = f/Qi ≈ 130 kHz, while a superconducting
qubit on quartz may be expected to have linewidth γ !
1 MHz from experiments on GaAs, a similar piezoelectric
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