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Gauge fields play important roles in condensed matter, explaining for example nonreciprocal
and topological transport phenomena. Establishing gauge potentials for phonon transport in
nanomechanical systems would bring quantum Hall physics to a new domain, which offers broad
applications in sensing and signal processing, and is naturally associated with strong nonlinearities
and thermodynamics. In this work, we demonstrate a magnetic gauge field for nanomechanical
vibrations in a scalable, on-chip optomechanical system. We exploit multimode optomechanical
interactions, which provide a useful resource for the necessary breaking of time-reversal symmetry.
In a dynamically modulated nanophotonic system, we observe how radiation pressure forces mediate
phonon transport between resonators of different frequencies, with a high rate and a characteristic
nonreciprocal phase mimicking the Aharonov-Bohm effect. We show that the introduced scheme
does not require high-quality cavities, such that it can be straightforwardly extended to explore
topological acoustic phases in many-mode systems resilient to realistic disorder.

Recent years have seen the emergence of theoretical
and experimental efforts exploring exotic transport phenomena in bosonic systems exploiting broken structural
and temporal symmetries [1–3]. Magnetic gauge potentials play a particularly important role in those efforts.
They can break time-reversal symmetry for transport,
imparting a nonreciprocal, direction-dependent phase on
a particle’s wavefunction. For electrons, this leads to the
celebrated Aharonov-Bohm effect [4] as well as the integer
quantum Hall effect, which offers topologically protected
transport in extended systems. Periodic modulation has
been proposed to create synthetic gauge fields to achieve
similarly rich phenomena: It allows to effectively break
time-reversal symmetry and explore emergent phases for
electrons [5], but importantly also for chargeless excitations of cold atoms and ions [6, 7], light [8, 9] and
mechanics [10]. Cavity optomechanics provides a natural
platform to realize time-varying potentials for either light
or sound, and has been used to demonstrate nonreciprocal
control of photons and phonons recently [11–17]. In manymode optomechanical lattices, the phase and amplitude
of interactions could be controlled with optical fields to
induce exotic topological phases of light and sound at the
nanoscale [18–20]. These inspiring proposals, however,
require high quality factors and put extreme demands on
fabrication tolerances and control intensities to achieve
sufficiently strong interactions.
Here we introduce a new mechanism to establish a
magnetic gauge potential for sound at the nanoscale to
overcome those challenges. It relies on optically-mediated
mechanical mode transfer, which arises naturally in a
system that dispersively couples two mechanical modes
to a single optical cavity driven with a detuned laser [21]:
A displacement of one mechanical mode then shifts the
cavity resonance, modifying the intra-cavity photon number and hence the radiation pressure acting on the second
mode. This principle has been used to demonstrate coherent mechanical transfer and entanglement [22, 23].
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Figure 1.
Optomechanical system for synthetic
nanomechanical gauge fields. a, Simulated transverse
electric field profile of the fundamental cavity mode of the
sliced photonic crystal nanobeam. b, Displacement profile
(exaggerated) of the mechanical modes employed in the experiment. c, Time-modulated radiation pressure induces a
synthetic gauge field for phonon transfer between modes of
different frequency: The modulation phase is imprinted nonreciprocally along opposite transfer paths. Symbols as defined
in text. d, Schematic of the experimental setup used. IM: intensity modulator, LP: linear polarizer, PBS: polarizing beam
splitter, BPF: optical bandpass filter, PD: photodiode, LIA:
lock-in amplifier. The LIA ports serve to (Out) drive the
IM through an amplification stage (not shown) and to (In)
analyze coherent intensity modulations of the detection laser.

Our experimental system is a sliced photonic crystal
nanobeam [24, 25], which supports an optical defect
mode of frequency ωc = 2π × 192.36 THz and linewidth
κ = 2π × 256 GHz that is localized in the subwavelength
gap between the two halves of the nanobeam and coupled
to the two ∼ 2.4 MHz-frequency in-plane flexural modes
of the beam halves (cf. Fig. 1a, b).
To allow the creation of a gauge field, the lengths of
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Figure 2. Optically mediated phonon conversion. a, Thermomechanical noise spectra of the two mechanical modes
imprinted on the detection laser as the (unmodulated) drive laser frequency is swept across the cavity resonance. The mechanical
modes are seen to be tuned via the optical spring shift. The white line denotes the cavity frequency ωc and the blue line denotes
the drive laser frequency used in subsequent measurements. Input power of the drive laser was locked to Pin = 33.4 µW (see
Methods). b, Amplitude of the driven response of mode 1 and simultaneously measured transferred response to mode 2 as a
function of the modulation frequency for different modulation strengths cm . Lock-in measurement of the detection laser intensity
modulation at ωd ' Ω̃1 gives the driven response and demodulation at ωd + ωm ≈ Ω̃2 gives the transferred response. For cm = 0,
there is no coherent transfer and only a faint thermal noise of mode 2 is observed. Transfer to mode 2 occurs in the vicinity
of ωm ∼ ∆Ω. At large modulation strengths, a clear splitting is observed in the response. c, Theoretical response plots the
absolute value of the susceptibility function for each mode for cm = 0.98 with phenomenological linewidths, Γi /2π = {8.1, 8.6}
kHz (see Methods) where max = max(χ1 ). The incident power in b-c is Pin = 174 µW.

the beam halves are kept dissimilar, which separates their
mechanical resonance frequencies (Ωi , with i = {1, 2}
labelling the mechanical modes) by about 0.5 MHz —
many times the mechanical linewidths Γi ≈ 2π × 3 kHz.
Even though they are at very different frequencies, the
two mechanical modes can be coupled through timevarying forces [17, 22, 23, 26, 27]. By modulating the
intensity of a drive laser incident from free space, the
intracavity photon number acquires the form n(t) =
n̄c (1+cm cos(ωm t + φm )+· · · ) with average photon population n̄c , frequency ωm , phase φm and modulation depth
cm , the dots denoting small modulation overtones at
(2k + 1)ωm , k ∈ N. Instantaneous response of photon
number — and thus the radiation pressure force — to the
incident modulated laser beam is guaranteed by the large
cavity linewidth, meaning operation in the bad-cavity
limit κ  Ωi . After linearization around the photonic
steady state and adiabatic elimination of the cavity dynamics, the coherent evolution of the phononic modes
(annihilation operators b̂i ) within the resonance condition
ωm = |Ω̃2 − Ω̃1 | is governed by the effective Hamiltonian
˜
in the mechanical rotating frame (b̃i = eiΩi t b̂i )
H̃eff = geff (b̃†1 b̃2 e−iφm + b̃†2 b̃1 eiφm ),

(1)

where we set ~ = 1 (see derivation in Supplementary
Information).
In view of Eq. (1), the modulated cavity field provides
an effective pathway to swap phonons between mechanical
modes b̂1 and b̂2 , characterized by a nonreciprocal imprint

of the modulation phase φm for up/down mode conversion
paths (see Fig. 1c). As noted in photonics [8, 9, 28–30]
and cold atoms [2], the modulation phase plays the role of
a Peierls phase for a charged particle in a magnetic field.
Here, the time-modulated radiation pressure force induces
a synthetic magnetic flux for phononic transport,
R 2 via an
~ eff · d~l.
effective gauge potential defined through φm = 1 A
In order to leverage this gauge field, it is paramount
that the optically induced coupling rate geff overcomes
mechanical dissipation as well as mechanical frequency
disorder. The intermode coupling strength is given by
geff = 2cm g1 g2 ∆/(∆2 + κ2 /4), where
∆ = ωL − ωc is
√
the laser detuning and gi = g0i n̄c denote the cavityenhanced optomechanical couplings for photon-phonon
coupling rates g0i . We recognize here that the crossmode coupling has similar origin as the optical spring
effect, which shifts the mechanical frequencies to Ω̃i =
Ωi + 2gi2 ∆/(∆2 + κ2 /4). The coupling geff can overcome
mechanical damping for typical detunings ∆ ≈ ±κ/2
if the cooperativity 4gi2 /(κΓi ) exceeds unity. This can
be reached in the sliced nanobeam platform even for
n̄c < 1 [25], and very large optical bandwidths [24]. In
fact, our unique advantage is the ability to operate in the
bad-cavity limit κ  Ωi — in contrast to other proposed
mechanisms [18–20] — which greatly relaxes the practical
requirements for extending the concepts to many-mode
systems as shown below.
In our experiment, we measure mechanical motion by
analyzing intensity variations imprinted on a second ‘detection’ laser far detuned from the cavity, using cross-
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χ↑1 (ωd ) =

1 + geff χ↑2 (ωd + ωm )

 ,
ωd − Ω̃1 − i Γ21

(2a)

χ↑2 (ωd + ωm ) =

geff eiφm
.
(ωd − z+ ) (ωd − z− )

(2b)

Here, z± are the complex roots of the polynomial
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. (3)
z − Ω̃1 − i
2
2
Without modulation (cm = 0), the coherent amplitude response of mode 1 is seen as a single peaked function in Fig. 2b, with no corresponding transferred response. In contrast, as cm > 0, tuning the modulation
frequency across ∆Ω̃ = Ω̃2 − Ω̃2 reveals broadening of
the mode 1 response and non-zero transfer to mode 2 on
resonance (ωm = ∆Ω̃). The modes are hybridized, achieving strong coupling at the highest modulation strength
(cm = 0.98), where a mode anticrossing is observed in the
measured and predicted (Fig. 2c) response amplitudes
↑
|χ↑1 (ωd )|, |χp
2 (ωd + ωm )|, with a resonant Rabi splitting
eff
2 − (Γ − Γ )2 /4. The strength of this
of ΩR = 4geff
1
2
dynamical strong coupling is tunable with the input optical power (geff ∝ Pin ) and coupling rates as high as
4% of the mechanical frequencies are measured in experiment (see Supplementary Information). These large,
tunable coupling rates, far exceeding achievable mechanical linewidths ≈ 2π × 100 Hz [25], emphasize the high
potential of nanophotonic control to induce nontrivial
forms of nanomechanical transport.
In order to experimentally address the phase acquired
during nanomechanical transfer and the tunability of the
gauge potential, the phase of the lock-in signal at the
transfer frequency (for a fixed set ωd , ωm , cm tuned to
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polarized direct reflection (see Fig. 1d) [24]. The thermal
fluctuation spectra of both mechanical modes are observed
in Fig. 2a, showing the optical spring shift impacting both
modes’ frequencies Ω̃i to similar extent as the drive laser
is tuned across the cavity resonance. Subsequently, for
a fixed detuning ∆ = 0.35κ, the drive laser intensity is
modulated using the outputs of a lock-in amplifier (LIA)
such that, besides the modulation tone, a weak probe tone
cd cos(ωd t) is realized (with modulation depth cd  cm ).
Assuming without loss of generality that Ω̃2 > Ω̃1 and
tuning ωd ≈ Ω̃1 , the mechanical mode 1 is driven and the
strong tone at ωm ≈ Ω̃2 − Ω̃1 parametrically couples the
two modes. Driven and transferred coherent responses
of the mechanical modes are then analyzed by a lock-in
measurement of the reflected detection laser (field αd (ωd ))
intensity at ωd and ωd + ωm , respectively, providing information on the amplitude and phase response of the
modes (see Methods). The outcome is captured by the
R
0
0
linear susceptibilities hb̂i (ω)i = dω 0 χ↑↓
i (ω − ω )αd (ω )
(↑, ↓ label up- and down-transfer pathways), with
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Figure 3. Nonreciprocal phase imprint. a, Phase measured at the frequency of the transferred mode for the up and
down transfer processes as a function of the modulation phase,
φm . The optically induced gauge field imprints a nonreciprocal modulation phase on the transfer. b, The out-of-phase
response of the two conversion paths as a function of the
modulation phase and drive laser detuning. The theoretical response shows the imaginary part of the susceptibility
of the transferred mode. The green curve and corresponding axis denote the calculated optical spring shift. For these
measurements, the phase calibration procedure is followed at
ωL /2π = 192.45 THz (see Methods).

achieve resonant transfer) is measured as a function of
φm in Fig. 3a. Since the input and detected phases evolve
at different frequencies ωd and ωd ± ωm , the transfer
phases φ↑↓ cannot be unambiguously determined. They
essentially depend on the (arbitrary) choice of origin of
time t, which reflects gauge freedom. We effectively choose
a certain gauge in an experimental calibration procedure
(see Methods), by choosing the phase of the local oscillator
to which the detected signal is referenced in the LIA
such that the measured phase φt = 0 when φm = 0,
before sweeping φm . In Fig. 3a the transfer phase is
seen to accumulate nonreciprocally during up- and downconversion processes, as envisaged by Eq. (1), confirming
the role of φm as a synthetic gauge potential for phonon
transfer. These measurements are made possible by the
fact that probe and modulation signals, as well as the
local oscillator, are all referenced to the same clock in the
LIA. As such, the mixing of local oscillator and detected
signal at the target frequency can be interpreted as closing
an Aharonov-Bohm loop composed of the nanomechanical
transport (experiencing the gauge potential) and optical
and electronic signal paths.
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Figure 4. Extended optomechanical nanobeam lattice.
a, Experimental realization of a nanobeam array. Nanobeams
of different frequency are color-coded, with grey rectangles
depicting supports. Each nanobeam is interconnected to three
nanobeams of different frequency via broadband nanophotonic
cavities. b This structure forms a honeycomb plaquette, surrounded by dashed lines, where each circle denotes an entire
arm. By repetition, a honeycomb lattice with primitive lattice
vectors ~a1 , ~a2 is formed. The optical modulation phases to
create a specific topological insulator phase, defined in the
text, are indicated by the colors of the links. c, Simulated
steady state phononic amplitude under continuous driving,
focused on the site pointed by an arrow. Chosen parameters
are Γ1 /2π = Γ2 /2π = 4.5 kHz, geff /2π = 200 kHz, a phononic
frequency disorder with standard deviation σΩ /2π = 20 kHz
and a direct mechanical coupling of t2 /2π = 10 kHz.

To further investigate the impact of the cavity mode
in the process, the out-of-phase quadrature (see Methods) of the transferred response is measured as a function
of laser frequency for both conversion pathways, and
results are compared with the imaginary parts of the
mechanical susceptibilities in Eq. (2a). As observed in
Fig. 3b, phase nonreciprocity causes a change of sign in
the imaginary part of the up/down transfer responses if
ωm = ∆Ω̃, i.e., Im χ↑2 (ωd↑ + ωm ) = − Im χ↓1 (ωd↓ − ωm ) =
2
geff sin φm / geff
+ Γ1 Γ2 /4 for φ↑ = φm = −φ↓ , where
↑
↓
ωd = Ω̃1 and ωd = Ω̃2 . Optimal transfer amplitude occurs at the maximum of the optical spring effect, with
a non-zero transfer window for nearby frequencies determined by the spring shift of mechanical modes out
of resonance
a non-zero phase
h for fixed ωd , ωm , yielding
i
ϕ = arg (Ω̃1 − z+ )−1 (Ω̃2 − z− )−1 (see Eq. (3)), accumulated for both up/down transfer channels and the
break-down of the ideal gauge condition (φ↑ 6= −φ↓ ).
By virtue of bad-cavity limit operation of our optome-

chanical mechanism, the tolerances for nanobeam fabrication (see below), and the ability to optically control transport through out-of-plane illumination, the two-mode
setup has high potential to be scaled up by suitably
assembling many nanobeams. A synthetic gauge field
for phonon transport could then enable artificial engineering of topological phases in extended systems which
connect nanobeam resonators through THz-linewidth optical modes. As an example, we consider the 2D-network
of nanobeams depicted in Fig. 4a, where each mechanical mode is linked to three nearest neighbours of the
opposite flavor (frequency) via modulated optical cavity modes, recognizing a honeycomb lattice with tunable
links. By imprinting a spatially-varying phase pattern
in the hopping terms, an artificial magnetic flux piercing
the lattice can be realized. In particular, the phase choice
φi,j = 2π~ri,j · ~a2 p/(aq) (a is the lattice constant and p, q
are coprime integers) along a unit vector ~a2 with no evolution along ~a1 , (see Fig. 4b) emulates the Landau gauge
for an off-plane constant magnetic field Beff = 2π/(qS),
permeating each honeycomb plaquette with area S).
The 2D-extension of the phononic Hamiltonian Eq. (1)
on resonance, namely
X
(i)† (j)
lat
H̃eff
= geff
b̃1 b̃2 e−iφij + H.c.,
(4)
hi,ji∈n.n.

is dubbed as the Harper-Hofstadter model [31]. Nontrivial topological properties are then signaled by the
formation of chiral edge states. For rational p/q (= 1/3
in the following), the bandstructure for an infinite ribbon geometry shows 2q bulk bands split into 2q − 2
gaps, traversed by counterpropagating edge states (see
Supplementary Information). To exemplify the efficient
propagation of phononic excitations along the boundary
of the optomechanical array, we calculate the steadystate phononic amplitude for a finite lattice undergoing continuous-wave driving focused on a given site
(Fig. Fig. 4c). A moderate frequency disorder of ∼ 1% is
introduced, in addition to a direct mechanical coupling
P
(i)† (j)
∼ t2 k=1,2 (b̃k b̃k + H.c.) linking next-nearest neighbours [25]. Disorder in photonic-mediated couplings
is set to zero as it could be counterbalanced via intensity tuning of the incoming field (which could be derived
from a single laser through judicious spatial structuring
of amplitude and phase of its modulation sideband). As
displayed by Fig. 4c, even in the presence of imperfections,
the topological protection of the edge state imprinted by
the externally tailored gauge field results in a large unidirectional propagation length of phonons for parameters
within state-of-the-art fabrication tolerances, demonstrating a feasible platform for on-chip phononic topological
insulators.
In conclusion, we establish a synthetic gauge field for
phonon transport using optically mediated couplings in
an optomechanical system. We introduce an experimental
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platform with large optomechanical coupling strengths
and bandwidths that leads to experimentally realizable
many-mode implementations in the nanomechanical domain. The tunability of our system allows investigation of
physics beyond the rotating wave approximation and in
synthetic dimensions [32]. It opens up important avenues
for exploring the impact of thermal and quantum fluctuations on topologically protected phonon transport [33] and
the effects of mechanical or optomechanical nonlinearities [25]. It is an advance towards exploiting topologically
protected sound in the quantum acoustics regime and
searching for exotic states such as those produced by nonAbelian gauge fields and analogs of fractional quantum
Hall effect [34] in the realm of nanomechanics.

METHODS
Fabrication

Devices were fabricated from a silicon-on-insulator substrate, with a 250 nm device layer and 3 µm buried oxide
layer (BOX). A 75 nm layer of diluted HSQ resist (1:2
in MIBK) was spin-coated, and electron-beam lithography was used to write patterns on the sample. After
developing in TMAH, an anisotropic etch of the exposed
device layer was done using ICP-RIE in the presence of
HBr and O2 gases. Finally, suspended nanobeams were
obtained after a wet etch of the underlying BOX layer
with hydrofluoric acid followed by critical point drying.

Experimental setup

The sample was placed in a vacuum chamber at
room temperature and pumped down to a pressure of
∼ 2 × 10−6 mbar. The devices were illuminated from outside the vacuum chamber using a broadband source and
imaged in transmission on a phosphor coated NIR camera
(imaging components not shown in Fig. 1d). A tunable
laser (Toptica CTL 1500) connected through a Thorlabs
LN81S-FC intensity modulator (IM) was used as the drive
laser, and a second laser (New Focus TLB-6728) far detuned from the cavity resonance (ωL /2π = 191.68 THz)
was used as the detection laser. The lasers were combined
on a fiber-based beam combiner and launched using a
fiber collimator into the free-space setup. Optical spring
shifts were measured keeping the drive laser power locked
by sampling the power in the free space path and feedback
control on the bias port of the IM (power stabilization
not shown in Fig. 1d). Power stabilization was turned
off for mode transfer measurements in order to operate
the modulator at the optimal point (see Supplementary
Information for modulation depth). The two outputs of
the LIA carrying signals at ωd and ωm were combined,
amplified (Mini Circuits ZHL-32A+ with 10 dB attenu-

ation) and connected to the rf port of the IM to drive
and modulate the nanobeam mechanics. The IM response
(Vπ = 5.33 V) and input amplification were characterized
in order to quantify the modulation coefficients. The
reflected detection laser was fiber coupled, filtered using
a tunable bandpass filter (DiCon), and detected on a fast,
low-noise photodetector. Intensity modulations of the
detection laser were analyzed using a Zurich Instruments
UHFLI lock-in amplifier (LIA).

Lock-in measurement and phase calibration
procedure

The coherent mechanical transfer shown in the
manuscript involves lock-in measurements performed by
dual-phase demodulation of the detection laser signal at
ωd ± ωm , which provides the in-phase (X) and out-ofphase (Y) quadratures as referenced to the local oscillator
of the LIA. For the phase measurements provided in
Fig. 3, a phase calibration procedure is carried out to
effectively define the time origin. The first step involves
choosing the appropriate laser detuning and applying the
probe and modulation tones, Vd = cos(ωd t + φd ) and
Vm = cos(ωm t + φm ). Initially, the tones are applied
from the two outputs of the LIA keeping φd = φm = 0,
with ωd = Ω̃1 and ωm = ∆Ω̃ (considering an up transfer measurement). The intensity modulations of the
drive laser then give rise to phonon transfer that excites the second mode. This causes intensity modulations of the detection laser that are converted to an electronic signal (ignoring
dc and

 Ω̃1 terms) of the form
√
Vsig (t) = 2R cos Ω̃2 t + θarb where θarb arises due to
timing differences in the applied tones. The action of the
dual-phase, down-mixing performed by the LIA is mathematically represented by multiplication of the input signal
with a complex
local oscillator reference signal of the form
√
VLO (t) = 2 exp(iωLO t), where ωLO = Ω̃2 . The complex
transfer signal after down-mixing and subsequent filtering
is then given by Zsig (t) = R exp(iθarb ) which measures
θarb . The local oscillator arm is now provided a phase
shift equal to θarb
√ such that the new reference signal becomes VLO (t) = 2 exp(iωLO t − iθarb ). The demodulated
response of the transfer signal now has zero out-of-phase
component and reads Zsig (t) = R. Subsequently, the
phase of the modulation tone, φm , is swept, causing the
transferred signal to acquire
the additional
phase, φt ,


such that Vsig (t) = R cos Ω̃2 t + θarb + φt . The demodulated signal now becomes Zsig (t) = R exp(iφt ), which
measures the transferred phase. The same procedure is
then followed for the down transfer measurement.

6
Mechanical linewidth broadening

For the driven measurements presented here, the mechanical linewidths are observed to be larger than the intrinsic
damping rates of ∼ 2π × 3 kHz. The subwavelength
confinement of the optical mode and its colocalization
with the mechanical modes causes sizable optomechanical
cooperativities in our devices. In this scenario, the thermal motion of the mechanical modes causes large cavity
frequency fluctuations of the order of κ, which in turn
causes the optical spring shift to fluctuate. This leads
to a broadening of the mechanical spectra beyond the
intrinsic damping rate [25] and is captured in the model
by using phenomenological linewidths ∼ 2π × 8 kHz. This
spectral broadening can be overcome by increasing the
optical linewidths or cooling the devices to reduce the
effect of fluctuations.

Simulation details for the edge state propagation

Continuous wave-driving focused on site ~r0 of a
phononic lattice is introduced via Ĥd = α
~ d (ωd , ~r0 ) ·
~ −iωL t + H.c., where w denotes is the spot diameter
βe
2
~ is a vector encompassing
(~
αd (ωd , ~r0 ) ∼ e−|~r0 |/w .) and β
operators for localized phonons at different sites. The
steady-state phononic amplitude (~uss ), in presence of
phononic frequency disorder, next-nearest neighbour couplings, is given by the solution of the sparse linear system
A~uss = α
~ d (ωd , ~r0 )

(5)

lat
where the calculation of the matrix A (defined as Ĥeff
=
†
~
~
β Aβ), is facilitated by use of the Kwant open source
package [35].
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Supplementary Information
Synthetic gauge fields for phonon transport in a nano-optomechanical system

I. DERIVATION OF THE EFFECTIVE
HAMILTONIAN

The coherent dynamics of the system is modeled in the
rotating frame of an input laser (detuned by ∆) by the optomechanical Hamiltonian for the two mechanical modes
of interest b̂i , the cavity mode (annihilation operator â),
and their mutual (non-linear) interaction measured by
the vacuum optomechanical coupling rates g0i , reading

For simplicity, we now consider the case where αin (t) only
contains the strong term ∼ cos(ωm t + φm ). For moderate
optomechanical coupling strengths and in the bad-cavity
limit, the cavity dynamics reach the steady state rapidly
and can be removed adiabatically.
The effective Hamiltonian thus follows from [2]

X 
1
δâ† δâ
Heff = V̂−
+
H.c.
v̂+ ef ωm t + Ĥg .
2
∆ + i κ2 − ωf
f ∈{±}

(S7)
Here V± create/destroy excitations for each perturbation
"
#
in the ‘excited’ subspace (the high energy cavity modes in
X
X
P
P (i)
†
†
†
Ĥ(t) =
Ωi b̂i b̂i −â â ∆ +
g0i (b̂i + b̂i ) +Ĥin (t),
our case) and Hg = i Ωi b†i b̂i − |α0 (t)|2 ( i g0 (b̂i + b̂†i ))
i
i
governs the ground states evolution (mechanics). In
(S1) Eq. (S7), the interactions in Eq. (S4), Eq. (S5) are expanded into positive and negative frequency components,
where we set ~ = 1. The last term in Eq. (S1) introduces
i.e. V̂ = v̂+ (eiωm t + e−iωm t ) + H.c. In the following we
the time-varying input αin (t) with in-coupling rate κin and
assume detuning is the largest frequency scale of the sys√
reads Ĥin (t) = i κin â† αin (t) + H.c.. In the experiment,
tem (∆ ± ωm ' ∆), and the modulation frequency is
the intensity of the driving laser incident on the device is
assumed to be close to the frequency difference ωm ' ∆Ω.
modulated using the high frequency outputs of the LIA
int
Evaluation of Eq. (S7) then yields Ĥeff = Ĥg + Ĥeff
(see Fig. 1d) such that the relevant contribution is


!2
X
eff
2
∆
|αin (t)|
int
2
Ĥeff
'
gi (b̂i + b̂†i ) + κin  +
= 1 + cm cos(ωm t + φm ) + cd cos(ωd t), (S2)
2 {|α0 (t)|
(∆2 + κ4 )
|α0in |2
i
X (i)
√
∗
i κin [αin
(t)α0 (t) + H.c.]
g0 (b̂i + b̂†i )}. (S8)
where |α0in |2 is the average intensity of the incident field,
i
and the modulation strength cm , cd ∈ [0, 2J1 (π/2) '
1.16] (J1 (z) is a Bessel function of the first kind) are
Keeping the resonant terms in Eq. (S8), within the
the electrically controlled modulation depth factors at
rotating-wave approximation (RWA) (in the picture defrequencies ωm and ωd respectively (further details below).
fined as b̃i = eiΩi t b̂i ) yields Ĥeff = Ĥ0eff + Ĥdeff where
In the strong field limit Eq. (S1) is linearized around
m
X
the control input αin
(t) ∝ cm cos(ωm t) by defining â →
ss
2
Ĥ
(t)
=
Ω̃i b̂†i b̂i + geff (b̂†1 b̂2 e−iωm t e−iφm + H.c.), (S9)
eff
α0 (t)+δâ and neglecting small fluctuations O(δâ ). Here
√
m
i
α0ss = κin χα (ω)αin
(ω) is the photonic homogeneous
(i)
amplitude for g0 , cd = 0 and the optical susceptibility
where the shifted frequencies and coupling rate
κ
−1
is defined as χ−1
(ω)
=
(
−
i(ω
+
∆))
[1].
This
yields
α
2
2g1 g2 ∆
2g1 g2 ∆
Ĥ(t) ' Ĥ0 (t) + V̂ rp (t) + V̂ d (t), where
Ω̃i = Ωi + 2
, geff = 2
cm , (S10)
2
∆ + κ /4
∆ + κ2 /4
X †

(i)
Ĥ0 (t) = − ∆δâ† δâ +
Ωi b̂i b̂i −|α0 (t)|2 g0 (b̂i + b̂†i ) ,
contain the cavity-enhanced optomechanical coupling
√
2
i
rates gi = g0i n̄c with n̄c = κin |α0in |2 /(∆2 + κ4 ) the
(S3)
average intra-cavity population. The RWA, valid under
!
 X (i)
the condition geff  Ω̃i , effectively removes terms creating
†
rp
†
∗
V̂ (t) = α0 (t)δâ + α0 (t)δâ
g0 (b̂i + b̂i ) (S4)
and annihilating two excitations.
i

√
A similar treatment including modulation at a de(S5)
V̂ d (t) =i κin αin (t)δâ† + αin α0∗ (t) + H.c..
tection frequency (either Ω̃1 or Ω̃2 ) leads to a term
Ĥdeff ∝ b̂i e−iωd t + H.c., where the radiation pressure
In the bad-cavity limit, intracavity population is instanforce addresses instaneously resonant mechanical modes.
taneously addressed by the external optical field
Cavity-induced losses in the mechanics, arising in the
2
√
m
α0 (t) ' κin χα (0)αin
(t).
(S6)
formalism, are neglected provided Γi ∆/(∆2 + κ4 )  Γi .
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Fabrication imperfections can influence the frequencies
of the mechanical modes and introduce disorder into the
system. This becomes relevant when considering optomechanical arrays for topological transport. From previous
experiments on sliced nanobeams of same lengths, we estimate the frequency disorder to be less than 4%, with possibility of further improvements using appropriate device
designs and improved fabrication processes. Figure S1a
shows parametric strong coupling achieved in a separate
device where the coupling rate approaches 200 kHz. Direct mechanical coupling between next-nearest-neighbour
mechanical modes is can be minimize by proper isolation

6.0

The previous Hamiltonian reduces to the HarperHofstadter model for phase varying along a given direction
(e.g. φi,j = 2π~ri,j · ~a2 p/(aq)), a case that can be directly
mapped to the Landau gauge field choice for a uniform
magnetic field.

4.0

hi,ji∈n.n.

a

We here address in further detail the model for a 2D
lattice of identical nanobeams. Assuming i) the bad-cavity
limit holds for each of the optical links between nanobeam
phononic modes (unit cells), ii) the modulation frequency
is tuned to the optimal transfer condition (ωm = ∆Ω̃) and
iii) there is zero spatial overlap between cavity modes,
Eq. (1) generalizes, in the mechanical rotating frame, to
X
(i)
(i)† (j)
lat
H̃eff
= geff
b̃1 b̃2 e−iφij + H.c..
(S11)

6.0

a

II. ROBUSTNESS OF THE PHONONIC EDGE
STATE TRANSPORT

4.0

6.0

4.0

Figure S1. Robust phononic edge states. a, Optical spring shift measured at higher optical powers for a separate device
ωm/2π (MHz)
/2π (MHz)
ωm/2πused
(MHz)in b. The unusual
shows large tunability of the mechanical
modes. The dashed, whiteωmline
shows the drive laser detuning
features between 193.0 and 193.2 THz are due to a dynamically unstable regime of potential photothermoelastic origin. b, The
modulated coupling strength, geff , is higher for higher optical powers. The largest modulated coupling strength measured in our
experiments is marked by the dashed line and seen to be ∼ 2π×200 kHz. Here the detection laser was absent and the drive laser
response was directly demodulated using the LIA leading to a Fano shaped feature for the driven response. c,d,e, (top panels)
Band structure for a ribbon geometry (size ∞ × 20) for increasing values of the direct mechanical coupling from left to right
(t2 /2π = 0, 10 and 20 kHz respectively), displaying the chosen value for excitation. The steady-state phononic amplitude in the
absence of disorder is displayed in the middle row, while the result with a phononic frequency disorder with standard deviation
σΩ /2π = 20 kHz (averaged over 100 realizations) is shown at the bottom. For this plots, p/q = 1/3.

of supports, as displayed in Fig. 4a, in general leading to
a contribution
X
(2)
(i)† (j)
(i)† (j)
Ĥlat = t2
(b̃1 b̃1 + b̃2 b̃2 + H.c.) (S12)
hi,ji∈n.n.n.

For a ribbon geometry (size ∞ × L) the band structure
of the Hamiltonian Eq. (S11) is mirror-symmetric (owing
to sublattice symmetry) and shows many gaps (the number, 2q − 2, is determined externally by the periodicity
of the effective gauge potential along the direction ~a2 ),
traversed by pairs of counter-propagating edge states (see
the top panels in Fig. 4c,d,e). As the direct mechanical coupling increases, energy gaps close and a localized
excitation (delocalized in momentum space) hits bulk
modes in addition to edge states (left to right panels).
Phononic frequency disorder limit the average efficiency
of the transport (bottom plots). Gap-closing caused by
mechanical coupling also signifies that the system is more
sensitive to disorder, as the transverse length of the edge
states and scattering into the bulk is increased.

III. EXPERIMENTAL ESTIMATES AND
FURTHER DETAILS
Electro-optic modulation and effective input driving

The input field intensity is modulated via an electrooptic intensity modulator, which produces an optical signal |αin (t)|2 = |α0in |2 (1 + Re[eiπ(V /Vπ ) ]) where V is an
input electrical voltage. In our experiment, this contains

3

Re e



Vd
Vm
'π
cos ωd t cos π
cos ωm t −
Vπ
Vπ


Vm
sin π
cos ωm t
(S13)
Vπ

where Vd  Vπ is assumed. Jacobi-Anger expansions
[4] show the former contribution only includes even overtones ∼ cos(2nωm t) while the latter contains only the odd
modulation harmonics ∼ cos((2n − 1)ωm t) (n ∈ N). For
modulation frequencies approaching resonance ωm ' ∆Ω̃,
the only terms that couple resonantly to the mechanics
can be arranged into |αin (t)|2eff = |α0 |2 (1 + cm cos ωm t +
cd cos ωd t), where the modulation depth cm = 2J1 (π VVM
)
π
(max cm ' 1.16373) measures the strength of the control
component and weak detection tone couples to the system
via cd = −π VVπd J0 (π VVM
). A non-zero phase φm imprinted
π
in the modulation yields cos ωm t → cos(ωm t + φ).

b
22.5

Frequency (MHz)

i πV
Vπ

a
Cross-pol. refl. (%)

three contributions: i) a carrier tone at zero-frequency Vπ ,
ii) a modulated signal Vm and a iii) weak probe voltage
cos ωM t + VVπd cos ωd t) and
Vd . Then V = Vπ ( 21 + VVM
π

22.0
21.5
192.25 192.50
ωL/2π (THz)

2.65
2.64

Mode 2

2.17
2.16

Mode 1

192.25 192.50
ωL/2π (THz)

Figure S2. Estimation of κin and g0 . a, Measured reflection
spectrum (blue points) along with the fitted response (orange
curve) obtained as a function of the drive laser detuning in
the absence of the detection laser. The in-coupling rate is
obtained from the fit. Pin = 126.7 µW. b, The mechanical
frequencies of the modes (blue data points) are obtained by a
Lorentzian fits to the thermo-mechanical noise spectra (shown
in the main manuscript). The optical spring shift of the two
mechanical modes, as measured by the detection laser, is fitted
(orange curve) to extract g0 for each mode. Pin = 33.4 µW.

equation
δΩm = g02 κin

In-coupling photonic efficiency (κin ) and
optomechanical coupling (g0 )

The in-coupling rate to the cavity can be estimated
from the reflection spectra obtained as the drive laser is
detuned across the cavity resonance while keeping the
laser power constant. Figure S2a shows the measured
cross-polarized reflection from the cavity in the absence
of the detection laser. The reflection spectrum shows
the cavity resonance as a Fano lineshape which arises
from an interference of the resonant and non-resonant
contributions to the reflection. The overall slope in the
background arises external to the device and is attributed
to optical components in the setup. The cross-polarized
reflectance is fitted to an equation of the form [3]
√

R = ce

iφ

−

κin κout
−i∆ + κ/2

2

+ b∆

(S14)

where κin , κout are the in-, out-coupling rates of the cavity,
c and φ are the amplitude and phase of the non-resonant
contribution to the reflection due to direct scattering,
and b is the slope of the background. For the crosspolarized measurement scheme used here, the in-coupling
√
rate is bounded by κin ≤ κin κout [3]. The upper bound
assumes that the in-/out-coupling rates of the cavity are
equal, where the fitted response gives κin /κ = 0.416%.
The presence of the drive laser modifies the mechanical response of the two modes according to the optical
spring shift. The optical spring effect can be fitted to the

Pin
2∆
~ωL (∆2 + κ2 /4)2

(S15)

where g0 is the single-photon optomechanical coupling
strength and Pin is the drive laser power. The mechanical
frequencies of the two modes along with the fitted optical
spring shift response is shown in Fig. S2b with fitted
parameters g01 /2π = 18.5 MHz and g02 /2π = 15.4 MHz.

Phonon conversion - detuning dependence

The mode conversion experiments shown in the
manuscript are performed at a drive laser detuning chosen such that the optical spring shift is large. The maximum optical spring shift, and hence the largest intermodal coupling
√ strength, corresponds to a detuning of
∆/κ = ±1/2 3 = ±0.289. This is obtained from the functional form of geff incorporating the detuning dependence
of the average photon population. It is also evident from
the form of geff that the mode conversion strength is zero
for zero detuning. This detuning dependence is observed
in the plots shown in Fig. S3. The driven response of
mode 1 is largest when the drive laser is resonant with
the cavity (Fig. S3b). However, the transferred response
is seen to be negligible compared to the transfer obtained
for other detunings (Fig. S3a,c). This is also evident from
the measurements showing the transferred phase where
there is no clear phase pickup at mode 2 for zero detuning.
The optical power of the drive laser is not kept constant
for the different detunings used in Fig. S3.
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Figure S3. Detuning dependent phonon transfer. a,b,c,
Mode transfer measurements for a detuning of ∆/κ ≈ 0.25,
0.01, and -0.23 respectively. The left two panels show the
driven response of mode 1 and simultaneously measured transferred response to mode 2 for a fixed ωm chosen at each
detuning. The phase imprint on mode 2 as a function of the
modulation phase is shown in the rightmost panels. There is
no clear phase pickup for near zero detuning of the drive laser.
The dashed line in the transferred response corresponds to the
average magnitude of the transfer signal measured during the
phase transfer measurement.
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