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Creating and detecting quantum states of mechanical motion 
open up new possibilities for quantum information pro-
cessing, quantum sensing and probing the foundations of 

quantum physics1. In particular, within the field of quantum opto-
mechanics, many remarkable milestones have been reached over 
the past years, from showing the ability to realize the quantum 
ground state of a mechanical oscillator and single-phonon control2, 
unambiguous demonstration of the quantum nature of phonons 
through the creation of entangled states3–5 and a Bell test6, to real-
izing a long-coherence-time quantum memory7. Furthermore, the 
field has shown the potential to enable crucial applications in con-
necting quantum computers and transferring information between 
them8–11. While these applications usually rely on highly confined 
phononic states (with a typical mode volume on the order of the 
wavelength), the use of travelling phonons promises the ability to 
create on-chip architectures for classical and quantum informa-
tion12, with the potential to add completely new capabilities com-
pared with their optical counterparts. The exciting prospects in 
this new field of quantum acoustics are enabled by the orders of 
magnitude slower propagation speed compared with photons, 
the inherently low loss, their extremely low energy and the small 
mode volume compared with gigahertz-frequency photons. These 
features make phonons ideally suited for direct manipulation on a 
chip with wavelength-sized components, while the ability to realize 
significant time delays in a short distance makes this type of sys-
tem an ideal platform for on-chip operations13. Furthermore, pho-
nons have also demonstrated their unique capability to efficiently 
couple and even mediate the interaction between various quantum 
systems14, such as superconducting qubits15, defect centres in sol-
ids16 and quantum dots17,18. Using mechanical excitations as low-loss 
carriers of quantum information will allow for the construction of 
two-dimensional architectures and large-scale phononic quantum 
networks19.

While the creation of non-classical mechanical states has been 
demonstrated in multiple physical systems20, only a very limited 
number of experiments have been able to realize propagating modes 

in the quantum regime, all based on surface acoustic waves15,21,22. 
This approach comes with its own limitations and challenges, such 
as relatively short lifetimes, losses due to beam steering and diffrac-
tion, typically only bidirectional emission and no full confinement 
of the mode except in resonators. In the classical domain on the 
other hand, several proof-of-concept experiments have realized 
the creation, transport and detection of mechanical states at cryo-
genic temperatures23 over millimetre ranges, as well as at room tem-
perature and atmospheric pressure24. The possibility of guiding a 
mechanical quantum state in a waveguide that confines the excita-
tion in all directions transverse to its propagation, similar to optical 
fibres and waveguides, remains an open challenge.

In this work, we demonstrate a single-mode phononic waveguide 
directly coupled to an on-chip source and detector for non-classical 
mechanical states. We verify the non-classicality of the launched 
mechanical states by measuring their quantum correlations with 
an optical read-out field. In particular, we use the optomechani-
cal interaction to herald the creation of a single phonon, which 
then leaks into the phononic waveguide. Since the waveguide has a 
free-standing end that acts as a mirror for the phonons, the excita-
tions bounce, that is, reflect back and forth with a certain charac-
teristic time that is determined by the group velocity and the length 
of the waveguide. Moreover, we observe non-classical correlations 
between time-bin-encoded phonons25, by creating and detecting a 
phonon in either an early or late time window. The long mechanical 
lifetime of the device will also allow the creation of an on-chip net-
work for quantum acoustic experiments. With the on-chip source, 
detector and waveguide presented in this work, only a phononic 
beam splitter and phase modulator need to be developed to achieve 
full coherent control over phonons on a chip.

We design our phononic crystal waveguide in thin-film silicon, 
which is single-mode for the symmetric breathing mode of the 
structure, in the frequency range of interest (at around 5 GHz with 
a single-mode range of 750 MHz) and has an approximately linear 
dispersion, to maintain the spatial mode shape of the travelling pho-
nons. This waveguide is connected to an optomechanical resonator 
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acting as the single-phonon source and detector. For the waveguide 
design, only the symmetric breathing mode is considered, to enable 
good mode overlap with the mode of the optomechanical cavity, as 
these resonant modes have large optomechanical coupling and can 
easily be created and detected optically. At the same time, to realize 
a high-finesse optical cavity, we design our phononic waveguide to 
act as a mirror for photons, therefore confining the optical field in 
the optomechanical resonator.

The details of our design are shown in Fig. 1a,b, where we plot 
the band structure with the right mechanical symmetry, as well as 
the transverse electric (TE)-polarized optical mode. An eigenvalue 
simulation of the full structure, cavity and waveguide is shown in 
Fig. 1c. The mechanical mode extends into the waveguide, while 
the optical mode is strongly confined to the cavity region with a 
mode volume similar to previous works4,26–28. The different sizes of 
the holes in the structure create the mirror, defect and waveguide. 
The hole dimensions and periodicity in the waveguide part are 
adjusted to tune the group velocity. We design the waveguide to 
have a small group velocity while still having a linear band inside 
the frequency range of interest (see the Supplementary Information 
(SI) for more details). From the simulated group velocity, the time 
duration of the mechanical packet (set by the optical pulse length 
of 40 ns) and the time of the mechanical excitation to leak from the 
cavity to the waveguide, we determine a minimum length of about 
40 μm for the waveguide for the excitation to completely leave the 

cavity before it comes back again, which is why we choose a length 
of 92 μm. To support the long waveguide after suspension, we use 
narrow (50-nm-wide) tethers to connect it to the surrounding sili-
con. Moreover, to prevent any mechanical dissipation through the 
tethers, they are directly connected to a phononic shield, as seen in 
the zoomed-in image of the device in Fig. 1e. The phononic shield 
features a bandgap from 4 to 6 GHz, and by increasing the number 
of periods in the shields, we can increase the mechanical lifetime 
(SI). The same phononic shields are used at the left end of the device 
to further increase the mechanical lifetime.

A picture of the device and sketch of the experimental set-up can 
be found in Fig. 1d,e. To excite and detect non-classical phonons, we 
use laser pulses detuned from the optical resonance to address the 
optomechanical Stokes and anti-Stokes sidebands in order to create 
(write) the mechanical excitation and map it onto the optical mode 
(read), respectively29. After being combined on a 50:50 beam split-
ter (BS), the light is routed via an optical circulator to the device. 
The reflected light from the device is then filtered using free-space 
Fabry–Pérot cavities to block the pump laser pulses and, after 
another BS, is sent to the superconducting nanowire single-photon 
detectors (SNSPDs). The device itself is cooled to 20 mK to initialize 
the mechanical mode of interest deep in the ground state.

For the initial characterization of the device, we use a tun-
able continuous-wave laser to determine the optical resonance 
in reflection. As shown in Fig. 2a, the fundamental optical  
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Fig. 1 | Phononic waveguide design. a, Band diagram for the modes with a symmetric displacement field with respect to the propagation direction along the 
waveguide. These modes are expected to couple efficiently to the resonant optomechanical cavity mode. The highlighted region (red) shows a single-mode 
waveguide for the symmetric breathing mode with linear dispersion. The dashed line represents the frequency of the modes of the optomechanical 
structure. Inset: mode shape of the unit cell from this simulation for the band of interest. b, Band diagram for the optical TE mode of the phononic 
waveguide, exhibiting a band gap at telecommunications wavelengths, allowing for a confined optical mode inside the optomechanical resonator. The 
dashed blue line is the light cone, with the non-guided modes in the grey-shaded area. c, Mechanical (top) and optical (bottom) eigenfrequency simulation 
of the full cavity and waveguide structure. Clearly visible are the resonant breathing mode of the optomechanical crystal (left) and the waveguide mode 
(right). As the mechanical mode leaks through the waveguide, the optical mode remains confined inside the optomechanical resonator. d, A scanning 
electron microscopy image of the device used in the experiment, showing the full device with mirror, cavity and the 92-μm-long waveguide, as well as the 
optical coupling waveguide (top left). e, Schematic of the set-up together with a zoomed-in section of d (indicated by the red box). The blue, red and green 
regions show the mirror, cavity and waveguide, respectively. The white dashed rectangle is the area of the simulation in c. See the text and SI for  
more details.
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resonance has a central wavelength of around 1,541 nm and a line-
width of κt = 1,021 MHz (with extrinsic and intrinsic loss rates of 
κe = 364 MHz and κi = 656 MHz, respectively). We measure the 
mechanical spectrum using the optomechanical-induced transpar-
ency technique30 (see SI for details). The resulting renormalized 
amplitude of the reflected probe field (∣S21∣) is plotted in Fig. 2b, 
where a series of (almost) equally spaced peaks shows the hybrid-
ization of the single mode of the cavity with the series of modes of 
the free-ended waveguide. We choose the first prominent mechani-
cal resonance (at around 4.98 GHz) as the frequency to which we 
detune the laser with respect to the optical resonance wavelength 
for addressing the Stokes and anti-Stokes interaction. We further 
measure the equivalent single-photon optomechanical coupling 
rate from the Stokes scattering probability using a short optical 
pulse with full-width at half-maximum of about 40 ns, obtaining 
a collective g0/2π ≈ 460 kHz (for a detailed explanation, see the SI). 
This is the joint coupling rate of all mechanical eigenmodes within 
the detection filter bandwidth.

To determine the time dynamics of the phononic wave packet, 
we measure the second-order correlation function g(2)τ  of the 
light scattered from the cavity with a continuous-wave read-out 
tone detuned to the anti-Stokes sideband. Due to non-negligible  

optical absorption in silicon, the continuous laser creates a ther-
mal–mechanical population in the device31. In this experiment, the 
continuous red-detuned laser field excites thermal phonons in a 
broad frequency range. These phonons are read out by the same 
red-detuned field, which allows us to measure only the anti-Stokes 
scattered photons on resonance with the optical cavity. The pho-
nonic state is therefore mapped onto the photonic state, and the 
photons are finally detected using our SNSPDs. As a result, the pho-
ton statistics of the optical field corresponds to the phonon statis-
tics of the thermal–mechanical mode. We obtain the g(2)τ  between 
emitted photons from the device by measuring two-photon coin-
cidences on two different SNSPDs and normalizing them to the 
single-photon counts of the SNSPDs. Owing to the optomechanical 
interaction, this is equivalent to measuring the g(2)τ  of the mechani-
cal–thermal states, for different delays between the SNSPDs clicks 
τ. The results are plotted in Fig. 2c, showing an (almost) equally 
spaced series of peaks. As expected for a thermal state, at τ = 0, we 
observe g(2)τ = 2, which is then modulated as the state leaks into 
the waveguide. We attribute the reduced maxima for the round-trip 
peaks ( g(2)τ ≈ 1.5 instead of 2) to coupling to undesirable asymmet-
ric mechanical modes (which have relatively low optomechanical 
coupling rates and thus cannot be detected optically), as well as the 
non-constant FSR between mechanical modes of the device, which 
could be caused by the dispersion of the phononic waveguide. The 
exact effect will require a more detailed theoretical and experimen-
tal analysis in the future.

We use three 150 MHz broad filter cavities in series to filter out 
the strong optical driving pumps, which also filter the Stokes and 
anti-Stokes scattered photons within a frequency range of 80 MHz 
around the setpoint (4.98 GHz). In this way, any signal from the 
mechanical modes greater than 5.02 GHz is strongly suppressed, 
and hence only the part of the spectrum with the evenly spaced 
mechanical modes will contribute considerably to the correlation. 
These modes build a frequency comb with a free spectral range 
(FSR) of around 11 MHz, which corresponds to a rephasing time of 
1/FSR = 91 ns. This is consistent with the round-trip time that can 
be inferred from the measurement, which is around 85 ns.

To verify that we can guide a non-classical mechanical state, we 
employ a scheme in which we herald the creation of a quantum exci-
tation in the optomechanical cavity, which we confirm by swapping 
out the mechanical excitation to an optical photon after some time 
and correlating the photon statistics from the two processes29. We 
obtain these correlations by measuring the coincidences between 
the events on the SNPSDs. We realize this scheme by first address-
ing the Stokes process with a 119 fJ blue-detuned 40 ns laser pulse 
creating a two-mode squeezed optomechanical state with scatter-
ing probability of ps,write ≈ 1.4%. Similarly, to read out the mechanical 
state from the optomechanical cavity, a red-detuned laser pulse with 
the same energy, duration and scattering probability of ps,read ≈ 1.4% 
is sent to the device addressing the anti-Stokes process. These low 
values are chosen to avoid excess heating of the optomechanical 
device from the remaining optical absorption in the silicon. Note 
however that it has been shown that these can be increased up to 
around 30% (ref. 27). These scattering probabilities set the thermal 
occupation of the mode of interest to nth ≈ 0.27 (see SI).

The scheme of the pulses can be seen in Fig. 3a, and the delay 
between the red-detuned and blue-detuned pulses is set to approxi-
mately the second round-trip time (τ ≈ 170 ns). The detection of a 
single photon in one of the detectors from the blue-detuned pulse 
heralds the mechanical state of the defect to a single-phonon Fock 
state27. This phonon leaks through the attached phononic wave-
guide after a short time Tc and travels back and forth between the 
defect part and the end of the waveguide. In Fig. 2c, the highlighted 
area shows the chosen peak, which has a delay of τ ≈ 170 ns, much 
smaller than the measured lifetime T1 ≈ 78 μs for this particu-
lar device (see the SI for more details). We choose to perform the  

a

b

c

0
1,540.545

4.96

0 200 400

Time, τ (ns)

600 800

200175150
1

2

1,000

4.97 4.98 4.99 5.00 5.01 5.02 5.03 5.04

1,540.570

Wavelength (nm)

Frequency (GHz)

1,540.595

0.5

N
or

m
al

iz
ed

am
pl

itu
de

N
or

m
al

iz
ed

am
pl

itu
de

1.0

0

2.0

1.5g
τ(2

)

1.0

0.5

1.0

Fig. 2 | Device characterization. a, Characterization of the optical 
resonance of the device in reflection, with experimental data in blue and 
Lorentzian fit in orange. b, Mechanical spectrum measured using the 
optomechanical-induced transparency technique at 20 mK. The series of 
peaks is given by the hybridization of the cavity mode and the modes of the 
waveguide (approximately equally spaced). Orange circles highlighting the 
mechanical eigenmodes. c, g(2)τ  of a waveguide-coupled thermal state for 
different delays between two detection events (τ). Note the series of peaks 
indicating the back-and-forth travel of phonons in the waveguide. The 
reduced maxima for these peaks are attributed to the non-constant FSR. 
The area highlighted in orange is the round-trip peak chosen for the pulsed 
experiment with single-phonon states and the black dashed lines show 
the g(2) for uncorrelated events (at 1) and for a thermal state (at 2). Inset: 
zoom-in around the highlighted area.
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measurement after two round trips of the phonons to avoid any 
overlap between the optical write and read pulses. Another reason 
for this is to overcome the SNSPDs’ dead time of around 100 ns and 
hence be able to measure coincidences on the same SNSPD as well 
as from different SNSPDs. Note that the expected cross-correlation 
between phonons and photons on multiple round trips is expected 
to be similar or slightly lower as a result of optical absorption and 
delayed heating27,29. From this measurement, we can also infer the 
coupling between the cavity and the waveguide from the width of 
the chosen peak, obtaining a decay time of Tc ≈ 10 ns, corresponding 
to a coupling rate of around 2π × 16 MHz.

To measure the coincidences required to determine the cor-
relations, two 6-ns-wide time windows, with a varying delay t 
between them, are scanned through the whole area of pulses in a 
post-processing step (Fig. 3a). Note that we also use the measure-
ment shown in Fig. 2c to calibrate these filtering windows. By sum-
ming all the coincidences with each click happening in the same 
trial (Δn = 0, for n indicating each trial), we gather all the corre-
lated coincidences for each delay. To obtain the average uncorre-
lated coincidences, we perform a similar post-processing step, but 
finding coincidences in different trials (Δn ≠ 0) where the clicks can 
be assumed to be uncorrelated. Averaging this value over different 
Δn ≠ 0 gives the average number of uncorrelated coincidences. We 
use these two values to calculate g(2)om(t). The time window is cho-
sen to be less than the coupling time between the cavity and the 
waveguide (Tc) in order to select only the correlated photons that 
have indeed travelled in the waveguide (see SI for more details). The 
result is shown in Fig. 3b. To gather more statistics, two separate 

measurements with identical thermal occupation have been used for 
the data shown here, one with the sequence of red and blue pulses 
repeated every 200 μs and the other every 300 μs. After merging all 
the coincidences, a maximum cross correlation of g(2)om = 4.4+1.0

−0.7 is 
obtained from the reflected phonons at a time of t = 168 ns, which is 
more than 3 s.d. above the classical threshold of 2, unambiguously 
showing the non-classical behaviour of the guided single-phonon 
state29. Furthermore, no non-classical correlations between the 
photons can be observed at times where the phonon is not spatially 
located inside the defect (that is, outside a window of width Tc cen-
tred at t ≈ τ ≈ 170 ns). We suspect the slightly increased correlations 
at longer times to be a result of the waveguide dispersion. This effect 
is also clearly visible in the envelope of the peak shape correspond-
ing to the second round trip in the inset of Fig. 2c, with both pat-
terns closely resembling one another.

We further explore the potential for creating a time-bin-encoded 
phononic state by extending our scheme to using two optical exci-
tation (write) and two detection pulses (read), effectively realizing 
a phononic first-in first-out quantum memory32. The identical 
blue-detuned optical pulses (full-width at half-maximum 40 ns) 
have a scattering probability of ps,write ≈ 2.7% with Δτ = 45 ns delay. 
The red-detuned detection pulses (full-width at half-maximum 
40 ns) have a scattering probability of ps,read ≈ 1.5% with the same 
time delay. The first blue- and red-detuned pulses are spaced 
by τ = 170 ns from each other, and we repeat this sequence every 
800 μs. We then measure the maximum cross correlation in time 
between all four combinations of write and read pulses, using the 
same technique for delay filtering as used to extract the data shown 
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in Fig. 3. We choose 40-ns-long non-overlapping time windows to 
separate ‘early’ write and read pulses from ‘late’ ones, as depicted in 
Fig. 4a. As shown in Fig. 4b, we can clearly see strong non-classical 
correlation between the ‘early–early’ and ‘late–late’ combination of 
excitation and detection pulse, while observing only classical cor-
relations (due to absorption-induced heating) between the other 
combinations of ‘early–late’ and ‘late–early’.

Our results clearly demonstrate the potential for creating, guid-
ing and detecting a non-classical mechanical state inside a pho-
nonic crystal, using optomechanical techniques. Thanks to the long 
mechanical lifetime (up to 5.5 ms for similar devices on the same 
chip) and the full lateral confinement, this type of device paves the 
way towards on-chip quantum acoustic experiments. The current 
efficiency of the device is limited by residual optical absorption in 
the silicon, which can be reduced through improved fabrication27 
and surface passivation33. While some of the motivation for these 
experiments stems from the similarity to quantum optics, phonons 
are crucially different, due to the five orders of magnitude smaller 
propagation speed and the ease of coupling them to other quan-
tum systems. The realization of phononic beamsplitters and phase 
modulators will complete the toolbox required for full control over 
travelling single phonons and more complex quantum experiments 
on a chip. Furthermore, the possibility of retrieving the state after 
several round trips and of having time-bin-encoded phononic 
states, together with the full engineerability of the band structure, 
will allow for the creation of time-bin-encoded phononic qubits and 
an optomechanical multimode quantum memory working natively 
at telecommunications wavelengths. We also expect guided phonon 
modes to play a crucial role in the low-energy transmission of quan-
tum information on a chip and for next-generation filtering.
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