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S1 System Model

S1.1 Dynamics of Traveling Acousto-optical Interaction

Our system consists of two optical modes in a racetrack resonator (quasi-TE10 (ω1, k1) and
quasi-TE00 (ω2, k2)) that are coupled by means of an acoustic pump (Ω, q) (Fig. S1, S2).
The directionality of the acoustic pump is pre-selected via the electromechanical driving
stimulus. With respect to this pump, we define ”forward” as the direction in which the light
and the acoustic pump are co-propagating, and ”backward” as the counter-propagating
direction.

The interaction Hamiltonian categorized to the forward and backward direction can
be expressed as:

Hint = ~(βf â1â
†
2b̂+ β∗f â

†
1â2b̂

†) + ~(βbâ1â
†
2b̂
† + β∗b â

†
1â2b̂) (S1)

where βf = β δ(k1 − k2 + q) and βb = β δ(−k1 + k2 + q) are the optomechanical coupling
coefficients including the phase matching conditions in the forward and backward directions
respectively. Here, δ() is the Kronecker delta function, â†1(â1) and â†2(â2) are the creation

(annihilation) operators for the TE10 and TE00 modes respectively, and b̂†(b̂) is for the
acoustic pump [1, 2].

In addition, we include the RF-electromechanically driven acoustic field (sRF ). The
input acoustic field is defined as |sRF |2 = ηaPRF /~Ω where PRF is the RF driving power, Ω
is the RF driving frequency, ηa is the electromechanical coupling, and Γ is the mechanical
loss rate. An externally provided laser (sin) is coupled to the TE10 and TE00 modes through
the external coupling rates κex1 and κex2. As above, the input optical field is defined as
|sin|2 = Pin/~ωl where Pin is the input laser power and ωl is the frequency of carrier laser.
Therefore, the total effective Hamiltonian for the system can be written as [3]:

Heff = ~ω1â
†
1â1 + ~ω2â

†
2â2 + ~ωmb̂

†b̂

+ ~ (βf â1â
†
2b̂+ β∗f â

†
1â2b̂

†) + ~ (βbâ1â
†
2b̂
† + β∗b â

†
1â2b̂)

+ i~
√
κex1 (â†1sine

−iωlt − â1s
∗
ine

iωlt) + i~
√
κex2 (â†2sine

−iωlt − â2s
∗
ine

iωlt)

+ i~
√

Γ (b̂†sRF e
−iΩt − b̂s∗RF e

iΩt) (S2)

Working in a frame rotating with the RF driving frequency (Ω), we write the equations of
motion for the mechanical and optical modes by means of Heisenberg-Langevin equation:

˙̂
b =− i(ωm − Ω)b̂− Γ

2
b̂− iβ∗f â

†
1â2e

iΩt − iβbâ1â
†
2e

iΩt +
√

Γ sRF (S3a)

˙̂a1 =− iω1â1 −
κ1

2
â1 − iβ∗f â2b̂

†eiΩt − iβ∗b â2b̂e
−iΩt +

√
κex1 sine

−iωlt (S3b)

˙̂a2 =− iω2â2 −
κ2

2
â2 − iβf â1b̂e

−iΩt − iβbâ1b̂
†eiΩt +

√
κex2 sine

−iωlt (S3c)
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where κ1 (κ2) are the optical loss rates of the TE10 (TE00) modes.
We will now distill the above general equations for the two specific cases in which

light enters from the forward and backward directions.

S1.2 Scattering Process in the Forward Direction (Co-propagating Di-
rection)

We treat the equations of motion in Eq. (S3) classically by making substitutions as follows:
â1, (â2) → a1 (a2) and b̂ → u. Thus a1 and a2 are the amplitudes of the TE10 and TE00

intracavity fields respectively and u is the steady state amplitude of the acoustic field
under the non-depleted RF pump approximation. We consider the situation illustrated in
Fig. S1, where phase matching only occurs for forward propagating light (k1− k2 + q = 0).
Here, the non-phase matched terms can be neglected, i.e. the term with βb in Eq. S3.
We can also drop δ() in the forward intermodal coupling coefficient and simply use β as
the optomechanical coupling rate. The TE10 mode can only convert into the TE00 mode
through anti-Stokes scattering. Similarly, the TE00 mode can only convert into the TE10

mode through Stokes scattering. Thus, we can rewrite Eq. S3 as:

ȧ1 =− κ1

2
a1 − iω1a1 − iβ∗u∗a2e

iΩt +
√
κex1 sine

−iωlt (S4a)

ȧ2 =− κ2

2
a2 − iω2a2 − iβua1e

−iΩt +
√
κex2 sine

−iωlt (S4b)

The mode amplitudes a1 and a2 can be now expressed through Fourier decomposition
of the sidebands created by the intermodal scattering:

a1 =
∞∑

n=−∞
a1,ne

−i(ωl+nΩ)t = a1,−1e
−i(ωl−Ω)t + a1,0e

−iωlt (S5a)

a2 =
∞∑

n=−∞
a2,ne

−i(ωl+nΩ)t = a2,0e
−iωlt + a2,+1e

−i(ωl+Ω)t (S5b)

where n indicates the sideband order. Here, we adopted the following convention: ai,0 is
the intracavity field at the carrier frequency, while ai,−1 (ai,+1) are the intracavity fields
at the Stokes (anti-Stokes) shifted frequency for the ith order mode. Thus, a1,0 (a2,0) are
the intracavity field amplitude for TE10 (TE00) mode at the carrier frequency i.e. the
frequency of the source laser. a1,−1 is the Stokes sideband amplitude for the TE10 mode.
a2,+1 is the anti-Stokes sideband amplitude for the TE00 mode. The remaining sidebands
are suppressed due to the phase matching condition, i.e. absence of suitable optical modes.
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Figure S1: (a) Intermodal scattering illustrated in frequency-momentum space. In the
case where the carrier laser is presented to the TE10 mode in the forward direction, the anti-
Stokes sideband is resonantly enhanced by the TE00 resonance mode. The Stokes sideband
is suppressed since there is no optical mode available. (b) The intermodal scattering process
illustrated in frequency domain. Due to the energy-momentum phase matching condition
only the anti-Stokes sideband appears, which is located at the frequency ωl + Ω.
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The intracavity field amplitudes a1,0, a2,0, a1,−1 and a2,+1 are obtained by substituting
Eq. (S5) to Eq. (S4).

a1,0 =

√
κex1 sin − iβ∗u∗a2,+1

κ1/2− i∆1
and a2,0 =

√
κex2 sin − iβua1,−1

κ2/2− i∆2

a1,−1 =
−iβ∗u∗a2,0

κ1/2− i(∆1 − Ω)
and a2,+1 =

−iβua1,0

κ2/2− i(∆2 + Ω)
(S6)

where the optical detunings are ∆1 = ωl − ω1 and ∆2 = ωl − ω2.
In the solutions for the carrier frequency components (a1,0 and a2,0), the first term in

the numerator is the input field coupled from the optical waveguide and the second term is
the field scattered back from the corresponding sideband. The sideband intracavity fields
can be finally expressed in terms of the input laser (sin) as follows:

a1,0 =

√
κex1 (κ2/2− i(∆2 + Ω))

(κ2/2− i(∆2 + Ω)) (κ1/2− i∆1) + |β|2|u|2
sin, (S7a)

a2,0 =

√
κex2(κ1/2− i(∆1 − Ω))

(κ1/2− i(∆1 − Ω))(κ2/2− i∆2) + |β|2|u|2
sin, (S7b)

a1,−1 =
−iβ∗u∗√κex2

(κ1/2− i(∆1 − Ω))(κ2/2− i∆2) + |β|2|u|2
sin, (S7c)

a2,+1 =
−iβu√κex1

(κ2/2− i(∆2 + Ω))(κ1/2− i∆1) + |β|2|u|2
sin. (S7d)

When the optomechanical coupling rate is much smaller than the optical loss rate
(|β||u| << √κ1κ2/2), e.g. for small acoustic drive (u), Eq. S6 can be simplified to:

a1,0 =

√
κex1

κ1/2− i∆1
sin, (S8a)

a2,0 =

√
κex2

κ2/2− i∆2
sin, (S8b)

a1,−1 =
−iβ∗u∗√κex2

(κ1/2− i(∆1 − Ω))(κ2/2− i∆2)
sin, (S8c)

a2,+1 =
−iβu√κex1

(κ2/2− i(∆2 + Ω))(κ1/2− i∆1)
sin (S8d)

By means of input output theorem, we obtain the expression for the output spec-
trum (sout) from the waveguide containing carrier (sout,0), Stokes (sout,−1), and anti-Stokes
(sout,+1) frequency components:

sout = sout,0 + sout,+1e
−iΩt + sout,−1e

iΩt (S9)
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where

sout,0 = sin −
√
κex1 a1,0 −

√
κex2 a2,0 (S10a)

sout,−1 = −
√
κex1 a1,−1 (S10b)

sout,+1 = −
√
κex2 a2,+1 (S10c)

These equations represent ideal interband scattering when the light enters in the forward
direction.

S1.3 Scattering Process in the Backward Direction (Counter-propagating
Direction)

Let us now consider the case shown in Fig. S2 where the light propagating direction is in the
backward direction. Due to the backward phase matching condition (−k1 + k2 + q = 0),
as opposed to the scattering in the forward direction, the TE10 (TE00) modes can only
convert into the TE00 (TE10) modes through Stokes (anti-Stokes) scattering. When the
resonance frequency of the TE10 mode is higher than the TE00 mode, the phase matching
condition is satisfied in the backward direction. Thus, in this case, the equations of motion
in Eq. S3 are simplified to:

ȧ1 =− κ1

2
a1 − iω1a1 − iβ∗ua2e

−iΩt +
√
κex1 sine

−iωlt (S11a)

ȧ2 =− κ2

2
a2 − iω2a2 − iβu∗a1e

iΩt +
√
κex2 sine

−iωlt (S11b)

The composited amplitudes a1 and a2 can be written as:

a1 =a1,0e
−iωlt + a1,+1e

−i(ωl+Ω)t (S12a)

a2 =a2,−1e
−i(ωl−Ω)t + a2,−1e

−iωlt (S12b)

where a1,+1 is the anti-Stokes sideband amplitude in the TE10 mode, and a2,−1 is the
Stokes sideband amplitude in the TE00 mode.

a1,0 =

√
κex1 sin − iβ∗ua2,−1

κ1/2− i∆1
and a2,0 =

√
κex2 sin − iβu∗a1,+1

κ2/2− i∆2

a1,+1 =
−iβ∗ua2,0

κ1/2− i(∆1 + Ω)
and a2,−1 =

−iβu∗a1,0

κ2/2− i(∆2 − Ω)
(S13)

The sideband intracavity fields can be expressed in terms of the input laser (sin) as
follows:

a1,0 =

√
κex1 (κ2/2− i(∆2 − Ω))

(κ2/2− i(∆2 − Ω)) (κ1/2− i∆1) + |β|2|u|2
sin, (S14a)
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Figure S2: (a) Intermodal scattering illustrated in frequency-momentum space. In the
case where the carrier laser is presented to the TE10 mode in the backward direction,
the Stokes sideband is resonantly enhanced by the TE10 mode. The anti-Stokes sideband
is suppressed since there is no optical mode that allows scattering. (b) The intermodal
scattering illustrated in frequency domain. Due to the phase matching condition only the
Stokes sideband appears, which is located at the frequency ωl − Ω.
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a2,0 =

√
κex2(κ1/2− i(∆1 + Ω))

(κ1/2− i(∆1 + Ω))(κ2/2− i∆2) + |β|2|u|2
sin, (S14b)

a1,+1 =
−iβ∗u√κex2

(κ1/2− i(∆1 + Ω))(κ2/2− i∆2) + |β|2|u|2
sin, (S14c)

a2,−1 =
−iβu∗√κex1

(κ2/2− i(∆2 − Ω))(κ1/2− i∆1) + |β|2|u|2
sin. (S14d)

When the optomechanical coupling rate is much smaller than the optical loss rate
(|β||u| << √κ1κ2/2), e.g. for small acoustic drive (u), Eq. S13 can be simplified to:

a1,0 =

√
κex1

κ1/2− i∆1
sin, (S15a)

a2,0 =

√
κex2

κ2/2− i∆2
sin, (S15b)

a1,+1 =
−iβ∗u√κex2

(κ1/2− i(∆1 + Ω))(κ2/2− i∆2)
sin, (S15c)

a2,−1 =
−iβu∗√κex1

(κ2/2− i(∆2 − Ω))(κ1/2− i∆1)
sin (S15d)

Similar to the output from the previous section, the output spectrum (sout) from the
waveguide contains the carrier (sout,0), Stokes (sout,−1), and anti-Stokes (sout,+1) frequency
components:

sout = sout,0 + sout,+1 e
−iΩt + sout,−1 e

iΩt (S16)

where

sout,0 = sin −
√
κex1 a1,0 −

√
κex2 a2,0 (S17a)

sout,−1 = −
√
κex2 a2,−1 (S17b)

sout,+1 = −
√
κex1 a1,+1 (S17c)

These equations represent ideal interband scattering when the light enters in the backward
direction.

S1.4 Residual Intra-modal Light Scattering

Our experimental measurements exhibit residual light scattering signatures that are con-
sistent with intra-modal light scattering even in cases without correct inter-modal phase
matching. This additional scattering can arise due to acousto-optical misalignment in the
experimental device and due to waveguide curvature. Here, we incorporate intramodal
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scattering into the theoretical model [4] by introducing two additional scattering terms
in the equations of motion for the optical modes (we show here for the forward case of
Eqns. S4):

ȧ1 =− κ1

2
a1 − i (ω1 + g1u cos(Ωt)) a1 − iβ∗u∗a2e

iΩt +
√
κex1 sine

−iωlt (S18a)

ȧ2 =− κ2

2
a2 − i (ω2 + g2u cos(Ωt)) a2 − iβua1e

−iΩt +
√
κex2 sine

−iωlt . (S18b)

Here g1 and g2 are the newly introduced intramodal optomechanical coupling coefficients for
the TE10 and TE00 modes respectively. We consider the case where modulation amplitude
is relatively small so that the sidebands from intramodal and intermodal scattering can
be independently calculated. As before, we can perform a Fourier decomposition of the
optical sidebands a1 and a2 with a particular focus on the intramodal modulation terms
(ignoring intermodal scattering terms):

a1 =
∞∑

n=−∞
a

(r)
1,ne

−i(ωl+nΩ)t (S19)

a2 =

∞∑
n=−∞

a
(r)
2,ne

−i(ωl+nΩ)t (S20)

Here, we use the superscript (r) to indicate terms arising from the residual intramodal
scattering.

In the resolved sideband regime (Ω > κ1/2 and κ2/2) higher order sidebands (n ≥ 1)
can generally be neglected. Using the same analysis as before, the intracavity fields at the

Stokes (a
(r)
i,−1) and anti-Stokes (a

(r)
i,+1) sidebands resulting from residual scattering only can

be calculated as:

a
(r)
1,±1 =

−ig1u
√
κex1

(κ1/2− i(∆1 ± Ω))(κ1/2− i∆1)
sin, (S21a)

a
(r)
2,±1 =

−ig2u
√
κex2

(κ2/2− i(∆2 ± Ω))(κ2/2− i∆2)
sin (S21b)

Finally, the output spectrum measured in the waveguide incorportating both intramodal
and intermodal scattering can be calculated. When the light enters in the forward direction,
the transmission (sout,+1), Stokes (sout,−1), and anti-Stokes (sout,+1) terms in the waveguide
are expressed as:

sout,0 = sin −
√
κex1 a1,0 −

√
κex2 a2,0 (S22a)

sout,−1 = −
√
κex1

(
a1,−1 + a

(r)
1,−1

)
−
√
κex2 a

(r)
2,−1 (S22b)

sout,+1 = −
√
κex1 a

(r)
1,+1 −

√
κex2

(
a2,+1 + a

(r)
2,+1

)
(S22c)
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Similarly, when the light enters in the backward direction, the output spectrum from the
waveguide can be expressed using:

sout,0 = sin −
√
κex1 a1,0 −

√
κex2 a2,0 (S23a)

sout,−1 = −
√
κex1 a

(r)
1,−1 −

√
κex2

(
a2,−1 + a

(r)
2,−1

)
(S23b)

sout,+1 = −
√
κex1

(
a1,+1 + a

(r)
1,+1

)
−
√
κex2 a

(r)
2,+1 (S23c)

The above expressions are used to plot the fits of experimental data to theory presented
in the manuscript.

S2 Measurement of Optical Spectra

In order to measure the amplitude of the Stokes and anti-Stokes sidebands separately, we
utilize optical heterodyne detection with assistance of an acousto-optic frequency shifter
(AOFS). The detailed experimental setup is shown in Fig.S3.

Considering the frequency up-shifted reference signal (sre
−iΩrt) generated from the

Op�cal source
1550nm laser

50

AOFS

Ωr: Offset reference frequency

DUTωl

ωl + Ωr

ωl  - Ωωl ωl + Ω

PD
Reference arm

Device arm

Ω - Ωr: an�-Stokes
Ω + Ωr: Stokes
Ωr: Carrier{

50

Ω: RF driving frequency

Figure S3: Measurement setup utilizing optical heterodyne detection. The light from the
optical source is split into the reference arm and the device arm. The frequency of the light
in the reference arm is shifted by the AOFS by predetermined offset Ωr. The beat notes
of the frequency shifted reference with the carrier, Stokes, and anti-Stokes from the device
under test (DUT) are measured by the photodetector and have frequency components Ωr,
Ω + Ωr, and Ω− Ωr respectively.
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AOFS in the reference arm, the optical output spectrum at the photodector can be ex-
pressed as:

sout = sout,0 + sout,+1 e
−iΩt + sout,−1 e

iΩt + sr e
−iΩrt (S24)

The resulting electronic signals from the photodetector are beat notes of the optical
reference signal with the carrier, Stokes, and anti-Stokes signals, and occur at Ωr, Ω + Ωr,
and Ω − Ωr respectively. The powers of each frequency component can be independently
measured using an electronic spectrum analyzer. Solving Eq. (S24) for each frequency
component while considering the photodetector gain, the RF outputs are expressed as:

PC,Ωr = gpd|sr|2|sout,0|2

PS,Ω+Ωr = gpd|sr|2|sout,−1|2

PAS,Ω−Ωr = gpd|sr|2|sout,+1|2
(S25)

where PC,Ωr , PS,Ω+Ωr , and PAS,Ω−Ωr are the carrier, Stokes, and anti-Stokes RF power
outputs from the photodetector, respectively. Here, gpd is the lumped proportionality
constant including photodetector gain.

Since the acousto-optic scattering process is linearly proportional to the input light
power, the optical power from the output waveguide should normalize to the input light
power:

Pin = gpd|sr|2|sin|2

Dividing the measured power by the input power, the normalized power coefficients
are given by:

P̄C,Ωr =

∣∣∣∣sout,0sin

∣∣∣∣2
P̄S,Ω+Ωr =

∣∣∣∣sout,−1

sin

∣∣∣∣2
P̄AS,Ω−Ωr =

∣∣∣∣sout,+1

sin

∣∣∣∣2
(S26)

We use these coefficients to quantify the performance of this mode converting modu-
lator.

S3 Theoretical Limit of Sideband Amplitude

We now wish to theoretically quantify the maximum sideband amplitude achievable in
this system. Let us recall the intracavity Stokes sideband field amplitude (Eq. S10b) for
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the TE10 mode. Here, we introduce the phonon enhanced optomechanical coupling rate
Gph = βu. The Stokes sideband from the waveguide sout,−1 is:

sout,−1 =
√
κex1

( −iG∗ph
√
κex2

(κ1/2− i(∆1 − Ω))(κ2/2− i∆2) + |Gph|2

)
sin (S27)

From the above equation, we can see that the sideband amplitude is maximized when
the frequency matching between the modes is perfect (ω1 − ω2 + Ω = 0) and the carrier
is located on the resonance of the TE00 mode. As a result, the imaginary parts in the
denominator vanish and the equation can be simplified to:

sout,−1 =
−iG∗ph

√
κex1κex2

κ1κ2/4 + |Gph|2
sin (S28)

To investigate the thoeretical limit of sideband amplitude with respect to phonon-enhanced
optomechanical couplingGph, we calculate the maximum point whereGph satisfies

∂sout,−1

∂Gph
=

0, which is:

Gph =

√
κ1κ2

2
(S29)

At this pump level, the calculated maximum sideband field amplitude becomes:

sout,−1|max =

√
κex1κex2

κ1κ2
sin (S30)

This is the point where the photon energy exchange between the two optical modes a1 and
a2 is in equilibrium. From the equation, we can see that if there is no intrinsic photon loss
in the resonator, which means that the external couplings are only photon loss mechanism
(κex1 = κ1, κex2 = κ2), 100% of light can be transfered to the sideband. In case where
both optical modes are critically coupled to the waveguide (κex1 = κ1/2, κex2 = κ2/2), the
maximum sideband amplitude is 25% of carrier power (50% of carrier field). The rest of
power is dissipated in the resonator. If the acoustic pump increases beyond this point, the
optical modes split, i.e the system enters the strong coupling regime (see Supplement §S5).

S4 Optomechanical Coupling Coefficient

In order to quantify the intermodal optomechanical coupling coefficient (β) from the ex-
perimental data, we employ the model used in [4]. From the fitting of experimental data
shown in Fig.5a (main manuscript), we obtain Gph = |β||u| = 0.073 GHz when 0 dBm of
RF input power is supplied. Since, |β| and |u| cannot be independently determined from
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Figure S4: Reflection (s11) measurement at IDT using a calibrated vector network ana-
lyzer (VNA). The S0 Lamb acoustic wave is efficiently actuated at 4.82 GHz leading to a
reduction in the s11 parameter (reflection). ηa is the efficiency of conversion of electrical
power to acoustic power. ηr is the power loss at the IDT through parasitic capacitance.

our fitting model, the displacement u associated with the acoustic wave is estimated with
the assistance of finite element simulation (COMSOL). The displacement associated with
the acoustic pump for a given RF power is calculated using:

u =

√
2πηaPRF

γWΩ
(S31)

where W is the IDT aperture, and γ is the proportionality factor relating u2 and acoustic
energy γ = 1

Wu2

∫ x,y,z=Λ,W,∞
x,y,z=0 U(x, y, z)dxdydz, Λ is the wavelength of acoustic pump, and

U is the total mechanical energy density of mechanical mode.
The RF power transferred to the acoustic pump power is calculated using the s11

parameter measurement with an electronic VNA. As shown in Fig. S4, ηa = 3.9%, implying
that 3.9% of the RF power is transferred to the acoustic power. γ of the S0 acoustic mode
generated by the IDTs is calculated using FEM simulation (=2.55× 1011J/m3). From the
fitting of Fig. 5a, the calculated β is found to be 1.64 GHz/nm.

The calculated optomechanical coupling coefficient β quantifies how efficiently the
acoustic wave can couple the two optical modes. Note that the estimated displacement u
in the above model is the acoustic response of the IDT, which is not the actual amplitude
of the acoustic pump traveling in the waveguide. This is a limitation since there exist
multiple sources of loss such as intrinsic acoustic loss of the material or reflections from
the waveguide ridge, that do not permit a better estimate.
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S5 Producing an Optical Isolator

An optical isolator that blocks light in one direction but allows light transmission in the
other direction is a canonical example of a non-reciprocal device (Fig. S5). Here, we propose
a theoretical model to build a magnetless optical isolator by simply changing few design
parameters of our device.

Let us examine at the transmission spectrum of the TE10 mode in the forward phase
matched case (Eq. S16). We assume that the mechanical driving frequency and the fre-
quency separation between the two optical modes are the same (ω2 − ω1 = Ω) so that the
intermodal scattering can most efficiently take place. We also assume that the sideband
is in the fully resolved regime (Ω >> κ1/2 and κ2/2 ). The power transmission from the
waveguide in the forward direction can be now expressed as:

|sout|2 = |sin −
√
κex1a1,0 +

√
κex2a2,+1e

−iΩt|2 (S32)

We note that a2,0 and a1,−1 terms approach zero when ∆1 << ω2−ω1. Here, we make the
TE10 mode critically coupled to the waveguide (κex1 = κ1/2 = 1 GHz) so that there is no
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Figure S5: Conceptual schematic of optical isolator and 3D plot of light transmission
spectrum respect to optomechanical coupling rate (Gph) and TE10 detuning (∆1). (a) In the
forward direction (phase matched direction), the optical mode is split and the transmission
approaches 100 % on resonance (∆1 = 0) for large optomechanical coupling. (b) In the
backward direction (non-phase matched direction) the optical mode shape remains the
same so that light is absorbed by the resonator.
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transmission through the waveguide. We also assume that the optical loss rate of TE00 (κ2)
is 1 GHz. Using this equation, we plot the forward and backward transmission spectrum
(Fig. S5) with respect to the optical detuning of the laser from the TE10 mode (∆1).
Without optomechanical coupling (Gph = 0), the backward and forward transmissions
exhibit identical Lorentzian shape transmission absorbing all the light on the resonance of
the TE10 mode (∆1 = 0) as shown in Fig. S5. When the optomechanical coupling enters
the strong coupling regime (Gph >

√
κ1κ2/2), the TE10 resonance mode begins to split

(Fig. S5a). With sufficient acoustic power, the system becomes completely transparent at
zero detuning only in the forward direction. In the backward direction, where the phase
matching condition is not satisfied, the TE10 resonance mode remains the same (Fig. S5b)
so that all the light is absorbed by the resonator.

S6 Producing an Acousto-optic Frequency Shifter (AOFS)

For an ideal AOFS, we desire carrier transmission to be attenuated so that the output of
the device is only the frequency shifted light (Fig. S6a). In this section, we theoretically
provide an example of a chip-scale acousto-optic frequency shifter (AOFS) using our device.
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Figure S6: (a) Conceptual schematic of AOFS. (b) Example AOFS simulated based on
the non-reciprocal modulator model. The carrier transmission is suppressed on resonance.
50% of power is converted into the anti-Stokes sideband.
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Let us consider the transmission spectrum of TE10 mode (∆1 << ω2 − ω1) in the
forward phase matched case. We assume that the two optical modes are fully resolved
(ω2 − ω1 > κ1/2 and κ1/2). The output from the waveguide can be expressed as:

|sout|2 = |sin −
√
κex1 a1,0 +

√
κex2 a2,+1e

−iΩt|2 (S33)

From Eq. S7a, we find that the transmission of the carrier laser vanishes (sin−
√
κex1 a1,0 = 0),

when the following equation is satisfied.

|Gph|2 =
κ2

2

(
κex1 −

κ1

2

)
(S34)

Therefore, the output from the waveguide is only an anti-Stokes sideband, which can be
represented as:

|sout|2 =

∣∣∣∣ −iGph
√
κex1κex2

(κ2/2− i(∆2 + Ω))(κ1/2− i∆1) + |Gph|2
sine

−iΩt

∣∣∣∣2 (S35)

From Eq. S34, we see that the carrier transmission can be fully suppressed for certain
optomechanical coupling coefficient (Gph) such that the resonator is over-coupled to the
waveguide (κex1 > κ1/2). In other words, when the combined photon loss rate induced
by the scattering process and the intrinsic loss is the same as the external coupling rate,
the optical mode is critically coupled to the waveguide. Based on the above equations,
we calculate output spectrum of the TE10 mode from the waveguide (Fig. S6b). In this
simulation, we assume that κex1 = κex2 = 1.5 GHz and κ1 = κ2 = 2 GHz. As shown
in Figure S7, when the acoustic power satisfying Eq. S34 is applied to the system, the
carrier is fully absorbed by the resonator and only the anti-Stokes light comes out from
the waveguide.

S7 Racetrack Resonator Dimensions

Specific geometry of our racetrack device is shown in Fig. S7. The resonator is composed
of a 2.2 µm width waveguide, having 170 µm linear regions and 100 µm radius curved
regions. Thus, the total circumference of the racetrack resonator is 968 µm. The resonator
is fabricated on 350 nm of AlN on silicon substrate, which is undercut to confine light and
the S0 Lamb acoustic wave in AlN only. The ridge for the racetrack is defined by 200 nm
deep etches on either side. This leaves behind 150 nm of AlN such that the racetrack is
mechanically supported by the rest of the substrate and is acoustically linked to it.
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Figure S7: Dimensions of the racetrack optical resonator produced in this work that
supports the required two optical modes.

S17



S8 Tabular Summary of Device Parameters

Table S1: Summary of the device parameters.

Two-mode Optical
Racetrack Resonator

Parameters Unit †Mode pair 1 †Mode pair 2 †Mode pair 3

Frequency separation of
TE10 and TE00 modes (ω1 − ω2) GHz 4.55 8.01 -11.76

Total loss rate of TE10 mode (κ1) GHz 2.04 2.46 2.66

Total loss rate of TE00 mode (κ2) GHz 1.14 1.00 0.76

Quality factor of TE10 mode (Q1) - 9.54× 104 7.91× 104 7.32× 104

Quality factor of TE00 mode (Q2) - 1.71× 105 1.95× 105 2.56× 105

External coupling rate (κex1) GHz 0.74 0.85 0.8

External coupling rate (κex2) GHz 0.39 0.41 0.11

∗Wave number difference (k2 − k1) m−1 3.54× 105

S0 Lamb
Acoustic Wave

Transverse wave number (qtransverse) m−1 2.86× 106

Propagating wave number (qpropagating) m−1 3.54× 105

Total wave number (qtotal) m−1 2.88× 106

IDT Pitch (Λ) µm 2.186

IDT Aperture (W ) µm 123.00

IDT Angle (θ) ◦ 7.06

Center frequency (Ωm) GHz 4.82

Driving frequency (Ω) GHz 4.82

Bandwidth (Γ) MHz 56

Acutation efficiency (ηa) - 3.9%

∗Acoustic proportionality
factor in Eqn. S31 (γ) J/m3 2.55× 1011

Acoustic-optic
Interaction

Phonon enhanced
optomechanical coupling (Gph) GHz 0.066 0.073 0.024

Optomechanical coupling (β) GHz/nm 1.64 1.81 0.60

∗From FEM simulation † Mode pairs are identified in the main manuscript
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