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High-frequency phonons hold great promise as carriers of quantum information on chip and as quantum
memories. Because of their coherent interaction with several systems, their compact mode volume, and
slow group velocity, multiple experiments have recently demonstrated coherent transport of information on
chip using phonon modes, interconnecting distinct quantum devices. Strongly confined phonons in
waveguidelike geometries are particularly interesting because of their long lifetime. However, spectral
diffusion has been observed to substantially limit their coherence times [S. M. Meenehan et al., Silicon
optomechanical crystal resonator at millikelvin temperatures, Phys. Rev. A 90, 011803(R) (2014),
A. Wallucks et al., A quantum memory at telecom wavelengths, Nat. Phys. 16, 772 (2020), and G. S.
MacCabe et al., Nano-acoustic resonator with ultralong phonon lifetime, Science 370, 840 (2020)].
Coupling to two-level systems is suspected to be a major contributor to the diffusion; however, to date, the
origin and underlying mechanisms are still not fully understood. Here, we perform a time-domain study on
two adjacent mechanical modes (separated by around 5 MHz) and show that the frequency positions of the
two modes are not correlated in time, in agreement with our theoretical model and Monte Carlo
simulations. This result is an important step in fully understanding the microscopic mechanisms of
dephasing in mechanical quantum buses and memories.

DOI: 10.1103/tcpy-jhjy

Introduction—Over the past years, several ground-break-
ing experiments have shown that high-frequency phonons
can be effectively used as carriers of quantum information
on chip. In particular, surface acoustic waves (SAWs) have
enabled quantum state transfer and remote entanglement
between two superconducting qubits [1]. SAWs have
received most of the early interest, since they represent a
mature platform for coherent control of quantum informa-
tion on chip, having also allowed one to realize a beam
splitter [2] and a phase shifter [3]. However, SAWs have
inherently limited coherence time due to their short lifetime
on the order of microseconds [4]. More strongly confined
phonons in waveguidelike systems are a promising alter-
native to overcoming these limitations and allow for on-
chip distribution of quantum information [5,6]. In this type
of system, the coherence of the information that travels in
the waveguide is ultimately limited by the spectral diffu-
sion, i.e., the frequency jitter of the mechanical mode. This
phenomenon was initially observed and studied in single-
mode optomechanical cavities [7], where the coherence
time of the single mechanical mode is on the order of
100 μs [8,9]. The generally accepted interpretation of this
phenomenon involves a bath of two-level systems (TLS)
that interact with the mechanical mode(s) [7,9]. Similar

types of defects are widely studied in superconducting
circuits, since they are a major source of energy loss and
decoherence [10–13]. Engineering the phononic environ-
ment that interacts with the TLS can be used to investigate
and control the TLS [14,15]. While their actual nature
remains elusive, efforts in understanding the microscopic
characteristics of these TLS are ongoing [16].
In this work, we take a new approach to studying the

time dynamics of the spectral diffusion of two spectrally
close mechanical modes (centered at ∼5 GHz and spaced
by ∼5 MHz) of the same optomechanical device, with a
time resolution of a few microseconds. We find that the
frequency positions of the two mechanical modes are not
correlated in time. Even with the measurements operating
in a continuous fashion, leading to an effective thermal bath
elevated from the 50 mK environment, our result helps in
understanding the effect of TLSs on mechanical resonators,
developing a method for fast time resolution of TLS-
induced frequency shifts. To support our findings and for a
better understanding of the TLS to mechanical mode
interaction, we further develop a theoretical model and
perform Monte Carlo simulations of the frequency shift—
in good qualitative agreement with the measured data. The
model confirms the coupling mechanism, strength, and
TLSs spectral distribution. The developed method can help
the design of mechanical systems, providing a tool to
estimate the spectral diffusion for any mechanical mode.
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Methods—The device used in this work, identical to the
one of [5], consists of an optomechanical cavity coupled to
a phononic waveguide, where the freestanding end acts as a
mechanical mirror. The hybridized mechanical modes of
the structure form a series of Fabry-Pérot modes, with
similar spatial profile, closely spaced by ∼5 MHz around a
central frequency of ∼5 GHz. The optical cavity features a
single mode for the optical field with a resonance in the
telecom band around ∼1550 nm. Figure 1(a) shows a
scanning electron microscope (SEM) image of a device
nominally identical to the one used in this work. We model
our system as two mechanical modes of the cavity-wave-
guide system (modes A and B), which are dispersively
coupled to a bath of TLS. The dispersive coupling results in
a frequency shift of the mechanical modes, which depends
on the instantaneous occupation, coupling strength, and
detuning of the TLS to that particular mode. Differences in
coupling strengths and detunings for the two modes result
in different frequency shifts and lead to uncorrelated
frequency jitters [see Fig. 1(b) for a schematic of the
model and Supplemental Material, Sec. 9 [17], for more
details).

To resolve the mechanical frequency of the device in
time, we use a frequency demodulation scheme, with its
main working principle illustrated in Fig. 1(c). For each
mode, we first measure its power spectral density (PSD)
and average it over several scans (orange curve). We then
use two real-time spectrum analyzers (RSAs) in zero-span
mode to acquire the total power filtered from the resolution
bandwidth (RBW) filter as a function of time. One RSA
(RSA1, with RBW depicted by the green line in the figure)
has the filter detuned by −RBW=2 ¼ −100 kHz from the
mechanical mode. In this way, the frequency jitter is
mapped onto an amplitude modulation of the signal
measured by RSA1. The dark orange line depicts a sketch
of the time trace of the frequency jitter, while the dark green
line is the corresponding amplitude variation of the signal
measured (and the dashed lines are the time axes). As the
measured power is also proportional to the thermal
mechanical population, a change in the amplitude of the
mechanical peak will also cause a change in the amplitude
of the measured signal. For this reason, the second RSA
(RSA2, RBW in dark gray) has the filter on resonance
with the mechanical mode, such that its sensitivity to the

FIG. 1. Setup and device characterization. (a) SEM image of a device nominally identical to the one used in the measurements. The
optomechanical cavity is highlighted in red, the photonic and phononic mirror in blue, and the single-mode (for in-plane symmetric
modes) mechanical waveguide (and photonic mirror) in green. The total length of the waveguide ∼200 μm. (b) Schematic of the
theoretical model for the Monte Carlo simulations. The mechanical modes A and B at frequency νA and νB are coupled to a bath of N
TLS. Each TLS has frequency νi and coupling rate gi;A and gi;B, with i being the index of the TLS, to mode A and B, respectively. Note
that the coupling rate for the two modes is, in general, different for each TLS. The bath shifts the frequency of mode A by δA and of B by
δB. (c) Sketch of the method used for resolving the spectral diffusion of a single-mode mechanical mode in time (orange line, averaged
PSD). See the text for details. (d) Scheme of the experimental setup. The laser is routed to the device at the base plate of the dilution
refrigerator via a fiber circulator and a lensed fiber. The light coming out of the device is amplified with an erbium-doped fiber amplifier
(EDFA) and sent to a fast photodiode. The signal from the photodiode is split with rf splitters and analyzed with four synchronized real-
time spectrum analyzers (RSA1–4). All RSAs are triggered externally via a TTL signal from a DAC card, which allows submicrosecond
synchronization. (e) Mechanical spectrum of the device with several visible modes. The modes measured in this Letter are called mode A
(shaded in orange) and mode B (shaded in blue).
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frequency jitter is negligible. In this way, we can measure
the amplitude fluctuations of the signal with RSA2 and
the amplitude and frequency fluctuations with RSA1.
Normalizing the signal from RSA1 with the one from
RSA2 then allows us to extract the frequency position of
the mechanical mode in time, even if the signal is
modulated in amplitude and frequency. We use two
RSAs in this configuration for each mechanical mode in
all the measurements.
The setup for the frequency demodulation is schemati-

cally shown in Fig. 1(d). A continuous wave (cw) laser,
red detuned from the optical resonance by the average
mechanical frequency of the modes of interest (≈5 GHz), is
routed to the device at the mixing chamber of a dilution
refrigerator (temperature of around 50 mK) via a circulator
and a lensed fiber (coupling efficiency of 10%). The cw
light is partially absorbed by the device, creating a thermal
population in the mechanical modes of interest. This
population is read via the beam-splitter interaction with
the same cw laser, which creates sidebands detuned from
the laser carrier by the mechanical frequencies [5].
Throughout all measurements, the instantaneous photon
number in the optomechanical cavity is approximately
3000 (see Supplemental Material, Sec. 1 [17], for more
information). The output of the circulator is amplified with

an erbium-doped fiber amplifier (EDFA) to boost the signal
on a fast photodetector. The output of the detector is split
with three power splitters and sent to four RSAs (1–4).
RSA1 and 3 are detuned by −RBW=2 ¼ −100 kHz from
the measured mechanical mode, while RSA2 and 4 are
always on resonance with them. The RSAs are synchron-
ized in the data acquisition via a transistor-transistor logic
(TTL) signal that triggers all the RSAs simultaneously, with
a relative delay of submicroseconds.
After the scan of the optical resonance (cf.

Supplemental Material, Sec. 1 [17]), we measure the
PSD of the device over a broad range of frequencies to
identify the two mechanical modes of interest, which is
plotted in Fig. 1(e). We see that the device has a comb of
mechanical modes due to the hybridization of the single-
mode mechanical cavity with the Fabry-Pérot cavity
formed by the long waveguide with its freestanding end
[5]. The shaded regions in the plot highlight the twomodes
used in this work. The resonances have a FWHM ¼
20 kHz (see Supplemental Material, Sec. 1 [17], for
details). We use optomechanical-induced transparency
to determine the optomechanical coupling of each mode,
finding 0.3MHz forA and 0.2MHz forB.We alsomeasure
a phonon lifetime of around 1 ms (see Supplemental
Material, Sec. 2 [17]).

(a) (b) (c)

FIG. 2. Frequency jitter in time. (a) Time traces for mode A (orange measured on RSA1 and light orange on RSA3) and B (blue
measured on RSA1 and light blue on RSA3). From top to bottom: the synchronized measurements are for the configurations AA, AB,
BA, and BB measured from RSA1 and RSA3, respectively (using RSA2 and RSA4 for the amplitude normalization). AA and BB have
clearly (almost) identical time traces, while AB and BA show uncorrelated time traces. (b),(c) Histogram of the frequency shift modes
AA, AB, BA, and BB (from top to bottom) for a trace with 10 ms length. The dashed black line is the averaged mechanical spectrum
(independently) measured with the corresponding RSA, which is in good agreement with the histogram. All data here are measured
at 50 mK.
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For an initial characterization of the frequency diffusion,
we use RSA1 and RSA3 to take synchronized fast
frequency scans of the peaks (PSD), similar to the pro-
cedure reported in [8]. To obtain sufficient information
of the peak, the fastest possible scan takes 200 μs
(RBW ¼ 10 kHz). In this configuration, approximately
half of the scans have more than one prominent peak
(see Supplemental Material, Sec. 3 [17]). This indicates that
the timescale of the jitter is much faster than the scanning
time. We overcome this limitation by using a frequency
demodulation scheme, which allows us to use larger RBW
and, therefore, have finer time resolution.
Results—We use the four RSAs to measure (synchron-

ized) time traces of the two mechanical modes in four
configurations: AA, AB, BA, and BB. RSA1 (3) is detuned
by −RBW=2 ¼ −100 kHz from the mode A (A), A (B), B
(A), and B (B), respectively, while RSA2 and 4 are always
on resonance with the mode measured by RSA1 and 3,
respectively. Each time trace is 10 ms long. For this
measurement, the choice of the RBW is crucial: We set
a 200 kHz RBW filter as a trade-off for having a large
enough time resolution (∼1=RBW ¼ 5 μs) while still
maintaining a good signal-to-noise ratio, high dynamical
range, and high sensitivity. The RBW is also chosen to be
much bigger than the average frequency shift to avoid
signal distortion. We report an average signal-to-noise ratio
of 10 for mode A (with a maximum value of 80) and 5 for B
(with a maximum value of 30). The peak fluctuates in the
linear part (in the detuned case) and on the flat part (in the
resonant case) of the filter. For the chosen filter, a typical
frequency fluctuation of 10 kHz (FWHM=2) gives a 0.7%
relative change in amplitude for the filter at resonance with
the mechanical mode and a 7% relative change for the filter
detuned by −RBW=2. With the amplitude of the signal
from RSA2 and 4, we normalize the trace measured from
RSA1 and 3 (see Supplemental Material, Sec. 6 [17]). We
then use the filter shape to convert the amplitude fluctua-
tions into frequency fluctuations (see Supplemental
Material, Sec. 5 [17]). The result of the measurements is
reported in Fig. 2(a), where we plot the frequency shift in
time, from top to bottom, for the four configurations AA,
AB, BA, and BB, in orange (blue) and light orange (light
blue) for mode A (B). In this plot, we show a 200-μs-long
segment of the measured trace. It is clearly visible that the
AA and BB configurations have highly correlated traces,
while the AB and BA configurations have uncorrelated time
traces of the two modes. The (common mode) frequency
jitter, which can be caused by laser frequency shifts and
changes in laser power, is much smaller than the measured
frequency shifts (see Supplemental Material, Sec. 4 [17]).
We further show in Figs. 2(b) and 2(c) the histogram of the
frequency shift for the complete time traces. The letters in
the plot refer to which mode is analyzed. The dashed black
line is the mechanical PSD as measured from the RSAs in
scanning mode (averaging for approximately 30 s for each

measurement). Note that the two (independent) measure-
ments are in very good agreement, confirming the validity
of the method used. The small discrepancy in the FWHM of
the distribution should arise mainly from the noise in the
measurement of the amplitude from RSA2 and 4. The small
discrepancy in the center of the distribution is attributed to
slow frequency drifts of the mechanical modes [8].
To quantitatively assess if the time traces are correlated

or not, we calculate the correlation function in the four
configurations (see Supplemental Material, Sec. 7 [17,18]),
and we show the results for zero delay (τ ¼ 0) in Fig. 3. It is
clearly visible from the matrix that AA and BB have a
strong correlation, while AB and BA have uncorrelated
values. We would like to note that a more detailed study
with different RBWs could be beneficial in extracting
short-delay coherence time. To validate the measurements
and gain some additional information on the frequency
jitter mechanism, we develop a theoretical model and use it
to run Monte Carlo simulations to obtain the frequency
diffusion of two mechanical modes shifted by a bath of TLS
(see Supplemental Material, Sec. 9 [17]). For our model,
we use a COMSOL simulation to calculate the coupling rates
between the mechanical modes of the device and each TLS
of the bath. We find that each mechanical mode can couple
very differently to the same TLS bath. We then calculate,
for each time step of the simulation, the frequency shift of
the mechanical mode arising from the dispersive coupling
with each TLS. We find good qualitative agreement
between the measured data and the model, finding a
frequency jitter in time with amplitude and timescale
comparable with the one measured and with the same
pattern of correlation, as can be seen in Fig. 2(a) and
Supplemental Material, Sec. 9 [17], Fig. 8(d), and Fig. 3
and Supplemental Material, Sec. 9 [17], Fig. 9.
In order to get a better understanding of the nature of the

TLS, we perform the same experiment at a temperature of
800 mK (see Supplemental Material, Sec. 8 [17]) and
perform Monte Carlo simulations up to 4K (see
Supplemental Material, Sec. 9 [17]), and in both cases
the correlation results are practically identical. This indi-
cates that a considerable part of the frequency diffusion is
caused by far-detuned TLS, which are only partially
affected by the higher temperature [9], as the TLS with
frequency close to the mechanical modes of interest are
mostly saturated.
Discussion—In our experiment, we show that two

mechanical modes, even if spectrally close and with similar
mode shapes, have an uncorrelated spectral diffusion for
timescales greater than a few microseconds. This leads us
to conclude that when using two devices in a dual-rail
scheme [19,25] or a single device with multiple mechanical
modes [6] the resulting coherence times would be similar.
The uncorrelated traces and the developed model show that
the two modes are coupled very differently to the same
surface defect (TLS) bath, which, most likely, are the cause
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of the jittering [9]. From the model, we estimate that each
TLS can have a difference in coupling rate to the two
mechanical modes of up to 2 orders of magnitude. Our
results shed further light on the cause of the frequency
diffusion in mechanical oscillators and could be used to
design higher coherence-time multimode devices (that have
mostly common mode frequency shift, for example).
Additional experiments are, however, required to fully
understand the underlying mechanisms and to open the
way to long coherence-time mechanical quantummemories
without the use of dynamical decoupling methods. In
particular, a detailed and systematic analysis via surface
treatments of the silicon is necessary or the use of
alternative materials such as GaP or silicon nitride. We
can further conclude that, in order to reach long coherence
times in mechanical quantum memories, it is necessary to
saturate the TLS over a very wide frequency range
(≳20 GHz), for example, through an ac electric field.
For this reason, the use of acoustic metamaterials—pho-
nonic shields—given their limited band gap (∼2 GHz),
have been only partially beneficial for the coherence
time [8,9].
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