
 

Single-Mode Phononic Wire

Rishi N. Patel,* Zhaoyou Wang, Wentao Jiang, Christopher J. Sarabalis, Jeff T. Hill, and Amir H. Safavi-Naeini†

Department of Applied Physics and Ginzton Laboratory, Stanford University, 348 Via Pueblo Mall, Stanford, California 94305, USA

(Received 23 November 2017; published 24 July 2018)

Photons and electrons transmit information to form complex systems and networks. Phonons on the
other hand, the quanta of mechanical motion, are often considered only as carriers of thermal energy.
Nonetheless, their flow can also be molded in fabricated nanoscale circuits. We design and experimentally
demonstrate wires for phonons by patterning the surface of a silicon chip. Our device eliminates all but
one channel of phonon conduction, allowing coherent phonon transport over millimeter length scales. We
characterize the phononic wire optically, by coupling it strongly to an optomechanical transducer. The
phononic wire enables new ways to manipulate information and energy on a chip. In particular, our result is
an important step towards realizing on-chip phonon networks, in which quantum information is transmitted
between nodes via phonons.
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Engineered structures guide waves of light, sound, and
electrons—transmitting information and energy across
distances from microns to kilometers. The most prominent
examples are the optical waveguides that form the physical
basis of the internet, integrated photonic technologies [1],
nonlinear optics [2], and the emerging quantum internet
[3–5]. The mechanical analog of these electromagnetic
structures are phononic wires or waveguides that would
coherently transport mechanical energy and information in
highly confined waves. Currently established approaches
for guiding mechanical waves over many wavelengths
use surface or bulk acoustic waves that are unconfined
in the direction transverse to propagation [6–9]. Attempting
to confine these waves leads to large scattering and
diffractive losses and prevents the development of complex
phononic circuitry and confinement-enhanced interactions.
Additionally, highly confined mechanical waveguides are
difficult to excite electromagnetically by direct capacitive
or piezoelectric coupling due to the vanishing capacitance of
small transducers. In this work, we address these challenges
by realizing a single-mode phononic wire. We observe low-
loss coherent phonon transport of highly confined phonons
over millimeter length scales at cryogenic temperatures.
Furthermore, we demonstrate an efficient means to excite
and detect phonons in the wire using an optomechanical
transducer that realizes highly efficient readout of the guided
modes. Our work takes a key step towards realizing phonon
networks such as those recently proposed to distribute
quantum information on a chip [10–12].
Phonon conduction in a quantum wire can occur through

four independent channels [13]. These channels correspond
to two flexural excitations, a dilatational, and a torsional
wave. All channels persist in the long-wavelength limit
down to zero frequency. The existence of multiple polar-
izations complicates phonon transport over long distances

since small amounts of disorder lead to interchannel
scattering and a rapid loss of coherence. This scattering
makes the response of the system sensitive to details,
reminiscent of quantum chaos in mesoscopic samples
[14,15]. Moreover, interchannel scattering is enhanced
by going to highly confining structures as needed to push
higher-order phonon conduction channels into cutoff.
We overcome these challenges by nanoscale patterning

of phononic materials. Phononic crystals use periodicity to
significantly modify the mode spectrum for mechanical
waves [16,17]. The most dramatic effect is the elimination
of phonons of all polarizations for a given range of
frequencies by formation of a full phononic band gap
[18,19]. We induce a line defect on a phononic crystal
possessing a full band gap to generate a structure where
only a single propagating mode of group velocity vg ≈
6800 m=s is allowed within a large range of frequencies
[Fig. 1(a)]. The waveguide is fabricated in a suspended
film of silicon with thickness 220 nm using a combination
of e-beam lithography, and dry and wet etching [20].
We use techniques from cavity optomechanics to trans-

duce propagating waves within the phononic wire. A
nanoscale cavity optomechanical resonator, in which a
high-Q optical cavity is dispersively coupled to a mechani-
cal mode, is fabricated adjacent to the waveguide structure.
The device has an optical cavity resonance near λc ¼
1560 nm (with annihilation operator â) and a mechanical
resonance near ωm=2π ¼ 4.4 GHz (with annihilation oper-
ator b̂). The interaction between these modes is described
by Ĥint ¼ ℏg0â†âðb̂þ b̂†Þ, where g0 denotes the frequency
jitter of the optical resonator due to the zero-point-motion
of the mechanical resonator. In our experiment, optical
photons are used to read out and control the motion of
the localized phonon mode b̂. By engineering controlled
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phonon leakage of the localized mechanical resonator, we
achieve optical readout of phononic wire modes.
As shown in Fig. 1(c) a phonon waveguide of length L,

which supports traveling waves of group velocity vg, can be
considered as an extended acoustic cavity that supports
standing-wave modes. Each extended mode of the wire,
indexed by k, is coupled to the localized mechanical
resonance of the transducer at a rate fk. The coupling
between the extended modes and the transducer mode is
given by

Ĥwg;int ¼
X

k

ℏfkðĉ†kb̂þ b̂†ĉkÞ; ð1Þ

where we take fk to be real, and operators ĉk annihilate
phonons in the kth standing-wave mode of the wire. To
optically read out phonons in the localized transducer,
we drive the system with a laser whose frequency is lower
than the cavity frequency by an amount ωm. Under this
condition, and considering that the optical linewidth κ is
smaller than ωm, the optomechanical interaction is
described by a linearized beam splitter Hamiltonian:
Ĥint ¼ ℏGðâ†b̂þ b̂†âÞ, where G ¼ g0

ffiffiffiffiffi
nc

p
is the laser-

enhanced optomechanical coupling rate for nc pump
photons [21]. Any optical interaction with the phonon
waveguide modes ĉk occurs through the transducer mode b̂,
and is therefore enhanced near the mechanical resonance at
frequency ωm.

A simplified diagram of the experimental setup used to
perform low-temperature (T ¼ 11 K) coherent and thermal
spectroscopy is shown in Fig. 1(e). In coherent spectros-
copy, in addition to the strong pump described above, we
generate a weak probe tone that is swept across the cavity
resonance. The probe experiences a large phase shift at
pump-probe detunings near the mechanical resonances of
the structure. This is a generalization of electromagnetically
induced transparency (EIT) for optomechanical systems
[22–25]. Separately, the incoherent spectrum of the thermal
phonons scattered into a sideband of the optical pump field
is measured by analyzing the power spectral density of the
detected light field. The thermal spectrum of an optome-
chanical transducer uncoupled from a phononic wire would
have a Lorentzian line shape centered at the mechanical
frequency, arising from losses into a nearly Markovian
bath. In contrast, the phononic wire acts as a strongly non-
Markovian bath and modifies this detected spectrum
leading to the emergence of multiple peaks as shown in
Fig. 2(a).
The results of thermal spectroscopy performed on two

separate transducer modes with frequencies separated by
200 MHz are presented by the red and blue solid lines in
Fig. 2. During fabrication, we sweep the phononic wire
lattice constant over an 8% range, shifting the single-mode
region of the wires across the frequencies of the two
localized readout modes [Fig. 2(b)]. For each device,
we record the normalized thermal spectrum as shown in
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FIG. 1. System concept and experiment overview. (a) Band diagram for the single-mode phonon waveguide. The solid black (dotted-
red) lines show the z-symmetric (antisymmetric) bands, respectively. The single-mode region is shaded. (b) Simulated displacement
field for a longitudinal edge mode in the band gap. (c) Concept of the readout mechanism, showing an optical mode â (with loss rate κ),
coupled to a localized mechanical resonance b̂ (with loss rate γi) at a rate G. The localized mechanical mode is coupled to a terminated
single-mode waveguide at rate γe. On the bottom is an equivalent picture, treating each waveguide mode as a standing wave coupled at a
rate fk (with loss rate γk;i). (d) The cryostat setup, a laser confocal image of the device, and two scanning electron micrographs.
(e) Simplified diagram of the optical setup. A laser probes an optomechanical cavity in reflection. Electro-optic modulator (EOM),
variable optical attenuator (VOA), erbium-doped fiber amplifier (EDFA), vector network analyzer (VNA), realtime spectrum analyzer
(RSA), fiber polarization controller (FPC).
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Fig. 2(a). The single-mode operation regime shows regu-
larly spaced peaks on top of the broad thermal noise
pedestal of the transducer signal [Fig. 2(a),iii]. The thermal
spectra corresponding to multiband propagation are quali-
tatively different—they do not have a well-defined free
spectral range (FSR) due to mixing between different
phonon propagation channels [Fig. 2(a), i and ii]. In the
single-mode case we determine an average mode spacing
¯Δωk=2π ¼ 1.1� 0.2 MHz, agreeing with the expected

FSR of vg=2L ¼ 1.14 MHz (with L ¼ 3 mm). This cor-
responds to a round-trip time of approximately 900 ns.
We turn our attention to a device (where L ¼ 2 mm)

operating in the single-mode regime that is well represented
by the model shown in Fig. 1(c) and in Eq. (1). Using
coherent spectroscopy, we measure the frequency-
dependent phase shift of the reflected probe, shown in
Fig. 3. The force generated by the pump-probe interaction
in the optomechanical transducer excites the phononic
wire and leads to a significant modification of the probe
response. The full system response is captured by a probe
reflection coefficient derived from Eq. (1) and the opto-
mechanical interaction Hamiltonian (for details see
Supplemental Material [26]). The system parameters are
estimated by fitting the theoretical phase response to
the measured response. Here, the intracavity photon num-
ber nc is independently measured at five different pump
powers ranging from P ¼ 43 to P ¼ 254 μW, and our
model is constrained by fitting to all five data sets
simultaneously. We find good agreement between the
data and the model with estimated waveguide mode
coupling rates fk, and intrinsic losses γk;i [Fig. 3(c)]. In
addition, the estimated parameters are consistent with
simulations and previous measurements of intrinsic
mechanical losses [20]. The average frequency spacing
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FIG. 3. Coherent linear spectroscopy results. (a) Phase response of a weak coherent probe tone as a function of detuning from the
pump beam. Several coupled waveguide resonances are seen. The central dip broadens with laser power, due to sideband cooling of the
localized mechanical mode. The black line is a fit to a theoretical model, described in the main text. (b) An enlargement of data from (a).
The localized mode that is strongly mixed with the waveguide mode is highlighted in purple. (c) Model parameters estimated from the
data set in (a), showing the waveguide-coupling rates fk (top) and the intrinsic loss rates γk;i (bottom) vs waveguide mode frequency. The
gray dashed line shows the approximate frequency of the localized mechanical resonance. (d) Waveguide cooperativity inferred from
model parameters for the mode highlighted in (b).
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FIG. 2. Probing the single mode regime via structural tuning.
(a) Experimentally measured thermal power spectra of the
waveguide-cavity device as the lattice constant a is changed
across five different devices, increasing from bottom to top. The
left (right) sides show the spectra from localized readout mode 1
(2), respectively. ωm;1=2π ≈ 4.4 and ωm;2=2π ≈ 4.6 GHz. Labels
denote a ¼ 450ðiÞ, 457(ii), 464(iii), 472(iv), and 486 nm(v).
Shaded plots are multimode. (b) Band diagram of the waveguide
for each lattice constant, with band gap denoted in gray.
Horizontal lines show frequencies of the two transducer modes.
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between modes, Δωk=2π ¼ 1.6� 0.2 MHz, agrees with
an expected FSR (vg=2L ¼ 1.7 MHz) for the 2-mm-long

phononic wire. Using the relation fk¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωFSRγe=2π

p
, we

find that the extrinsic mechanical loss rate, coupling the
localized resonator to the waveguide, is γe=2π ¼ 386 kHz,
exceeding its intrinsic damping by more than an order of
magnitude.
In our phase response data we observe broadening of the

transducer mode, the broad resonance of Fig. 3(a), with
increased optical power. This additional damping, given by
γOM ¼ 4g20nc=κ, is the optical measurement rate of local-
ized phonons [27]. In addition, in Fig. 3(b) we observe
linewidth broadening of the waveguide resonances with
increasing power. The total waveguide linewidth is defined
as γk ¼ γk;i þ γk;S where the first contribution is from
intrinsic damping, and the second, power dependent con-
tribution, is from optically induced damping. We define
waveguide mode cooperativity as Cwg ¼ γk;S=γk;i. A coop-
erativity larger than 1 represents coupling of an extended
mode to the optical readout channel that is stronger than its
intrinsic damping. In this regime, the waveguide modes
undergo sympathetic cooling, in analogy to recent experi-
ments in atomic physics [28]. Cwg is plotted in Fig. 3(d).
We reach the large cooperativity regime, Cwg > 1 for the
near-resonant waveguide mode. The peak cooperativity
achieved is Cwg ≈ 6.3 for an extended mode detuned by
δk=2π ≈ 630 kHz from the localized transducer resonance.
In contrast to a typical optomechanical system where
the cooling rate increases linearly with input laser power,
the extended mode cooperativity may display nonmono-
tonic behavior. The sympathetic cooling rate in the
weak coupling limit fk≪ γOM≪ κ is γk;S ≈ jfkj2γOM=
ðδ2k þ γ2OMÞ. At low optical power (γOM ≪ δk), increasing
pump intensity leads to increased damping of the extended
mode since the transducer mechanical response covers a
broader bandwidth. At higher optical powers (δk ≪ γOM),
we reduce the total quality factor of the transducer
resonance, diminishing the readout rate in a manner
analogous to a reduced Purcell enhancement.
The calibrated noise power spectrum for the same device

is shown in Fig. 4(a). The black line in Fig. 4(a) is a fit to
theory, using independent system parameters determined
from our coherent spectroscopy results. The mode occu-
pancy for both the localized and the extended modes are
calculated from the measured noise powers [Fig. 4(b)].
We observe optical cooling of the extended modes of the
phononic wire. The minimum waveguide mode phonon
occupancy achieved is nphon ¼ 42� 4, a factor of 2 below
the intrinsic bath occupancy of ni ¼ 87� 11. This intrinsic
bath occupancy, denoted by the gray band in Fig. 4(b) and
measured at low power across many devices [27] in the
same experimental run, is smaller than the occupancy of
detuned extended modes. For the extended mode nearly
resonant with the transducer, the factor of 2 cooling

achieved is 3 times less than that estimated from
Cwg ≈ 6, due to optical absorption induced heating of
the waveguide.
In addition to optical absorption, two other nonidealities

of the phononic waveguide are loss and fabrication dis-
order. A simple estimate for the phonon loss rate per unit
length is given by αm ¼ γk;i=vg ≈ 0.88 dB=cm, values
comparable to silicon photonic wires [29,30]. This loss
is likely thermally activated by nonlinear phonon processes
and αm would be orders of magnitude smaller at lower
temperatures (10 mK) [31]. For large classical signals at
10 K, we estimate a propagation distance of L3dB;c ≈ 3 cm.
At the 10 K temperature, the injection of thermal phonons
from the bath leads to a more rapid decoherence of
quantum signals of roughly αm;th ¼ ðni þ 1Þγk;i=vg and a
phonon being injected into the phononic wire after L3dB;q ≈
0.5 mm of propagation. This decoherence would also be far
smaller at 10 mK temperatures.
To faithfully transmit information along a wire, we must

also consider the effect of disorder. Using a disordered
tight-binding model of the waveguide we simulate both
the single and multiband case and find that most of the
features of the thermal and coherent spectra and resulting
waveguide parameters can be reproduced theoretically for
levels of disorder consistent with experiment. The mea-
sured disorder in the waveguide, i.e., the distribution of
Δωk, allows us to estimate the dephasing of an itinerant
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excitation propagating in the phononic wire caused by
random and static frequency-dependent phase shifts (see
Supplemental Material [26]). This dephasing limits trans-
mission to L3dB;δ ≈ 6 mm.
Our demonstration of single-channel conduction of highly

confined phonons is an important step in the development
of phononic systems. The techniques of quantum optome-
chanics give us a powerful toolbox for manipulating
propagating phonons on the surface of a chip. We have
shown that optomechanical systems allow cooling and
control of phononic circuits. In turn, the phononic guided
wave structures can enhance optomechanical experiments by
connecting elements spaced by millimeters, for example, in
mechanically mediated microwave-to-optical converters
[32–34] and phonon routers [35]. Though we have focused
on linear ballistic phonon transport, applications to engineer-
ing heat flow in nonlinear structures are also possible [36].
Finally, the demonstrated mechanical waves have 3 to 5
orders of magnitude higher confinement than surface and
bulk acoustic waves in the same frequency range, opening
the way to the study of phonon-coupled emitters [37–39],
two-level systems [40], and other phonon nonlinearities.
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