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Abstract

In micro- and nanoscale optomechanical systems, radiation pressure interactions are

often complemented or impeded by photothermal forces arising from thermal strain in-

duced by optical heating. We show that the sign and magnitude of the photothermal

force can be engineered through deterministic nanoscale structural design, by con-

sidering the overlap of temperature and modal strain profiles. We demonstrate this

capability experimentally in a specific system: a nanobeam zipper cavity by changing

the geometry of its supporting tethers. A single design parameter, corresponding to

a nanoscale geometry change, controls the magnitude of the photothermal backaction

and even its sign. These insights will allow engineering the combined photothermal

and radiation pressure forces in nano-optomechanical systems, such that backaction-

induced linewidth variations are deterministically minimized if needed, or maximized

for applications that require cooling or amplification at specific laser detuning.
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1 Introduction

Cavity optomechanics offers powerful mechanisms for controlling mechanical resonators via

light, with applications ranging from precision sensing1–5 to quantum information process-

ing.6–9 Specifically, the dissipation and occupation of mechanical resonators can be controlled

through dynamical backaction, leading to cooling or amplification.10–13 By harnessing this ef-

fect, ground state cooling of macroscopic mechanical resonators has been demonstrated.14,15

Traditionally, radiation pressure and, for higher frequency mechanics, electrostriction have

been considered the primary forces mediating the interaction between optical and mechani-

cal degrees of freedom.16 However, the confinement of the optical field used to achieve large

optomechanical coupling means that in many systems there are significant photothermal

forces, arising from the strain produced by thermal expansion due to local heating.17–26

These photothermal forces have even been used to implement advanced nanophotonic func-

tionalities including phonon lasers and polarization control.27,28 A better understanding of

photothermal forces could allow their maximization or minimization, expanding the level of

control in optomechanical application scenarios in both the classical and quantum domains.

In photonic cavities, backaction that modifies the mechanical response arises from optical

forces that depend on mechanical displacement. Photothermal forces differ fundamentally

from radiation pressure forces in how they affect mechanical dissipation, as a result of the

different temporal dynamics of the mechanisms involved. The in-phase component of these

forces affects the mechanical frequency, while the out-of-phase component can affect the

dissipation. The ratio between these components depends on their delay in responding to

a change in mechanical position.16 Whereas radiation pressure relies on the photon lifetime
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to introduce a delay, the photothermal out-of-phase component arises from slower thermal

time constants. This makes it particularly potent in low-frequency mechanical systems in the

unresolved sideband regime, where it can dominate the linewidth variation from radiation

pressure.29 The photothermal force has even been argued to be able to achieve ground-state

cooling in absorption-limited cavities.21 Additionally, optical heating can introduce frequency

shifts with a detuning dependence that differs from that expected from pure optomechanical

backaction.

Cancellation of the photothermal force has been investigated using an optically levitated

mirror,30 but the sensitive interplay of optical, thermal, and mechanical strain fields in inte-

grated systems opens avenues for more precise engineering. Recently, it has been argued that

photothermal backaction can be predicted by evaluating the spatial overlap between thermal

fields and the strain profiles of mechanical eigenmodes, and shown that this corresponds well

to experimentally found values.31

The question is whether such understanding of the origin of this force can be leveraged

to deterministically manipulate it, controlling its sign and magnitude at will. In this work,

we show that by engineering the geometry of a nanoscale optomechanical device, the sign

and magnitude of the photothermal force can be deterministically controlled. This can be

achieved through subtle design changes that do not affect the essential optical and mechanical

performance of the device. To this end, we first briefly discuss the theory of photothermal

effects in optomechanical devices in terms of modal fields. We then use this to simulate

the photothermal forces in a model system, a nanobeam zipper cavity, revealing symmetries

that can be broken and exploited to manipulate the photothermal force. Finally, we show

experimentally that breaking strain symmetry indeed allows the tuning of the photothermal

force. We observe that optomechanical dissipation depends strongly on design, and can in

fact be completely reversed. This opens a new degree of freedom for the design of nano-

optomechanical systems, that could be employed in many different material and cavity design

platforms.
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2 Results and discussion

2.1 Photothermal and radiation pressure backaction

In an optomechanical device, there are multiple pathways for position fluctuations of the me-

chanical resonator to generate a force that acts back on the resonator. Two of these, through

the radiation pressure and photothermal force, are schematically introduced in Figure 1a.

We clarify that with the term ‘radiation pressure’, in this work we denote the combined forces

associated with the moving boundary effect (in some other works exclusively referred to as

radiation pressure) and the photoelastic effect (electrostriction). These can be calculated

in a single perturbation-theory formalism, from a proper overlap integral of the optical and

mechanical mode profiles.32

Both photothermal and radiation pressure backaction cycles can be understood starting

with optomechanical transduction; fluctuations in the mechanical displacement, denoted in

the frequency domain by δx(ω) in Figure 1a, lead to fluctuations in the frequency of the

optical mode δωo(ω) = Gxδx(ω), where Gx is the optomechanical coupling. Considering

that the optical mode is driven by a laser at constant frequency, the resulting detuning

fluctuations, δ∆(ω), will affect the number of photons, δnph(ω) = Ψ(ω,∆)Gxδx(ω)nph, where

Ψ(ω,∆) = ((∆+ω)+ iκ/2)−1+((∆−ω)− iκ/2)−1 is the symmetrized optical susceptibility,

whose imaginary part is related to the optical delay τo given by the inverse of the optical

mode decay rate, κ−1. In the case of radiation pressure backaction, these photon number

fluctuations generate a fluctuating force that is also proportional to Gx, being the converse

effect to the transduction. Upon joining all steps, the overall radiation pressure backaction

force can be written as:

Frp(ω) = h̄G2
xΨ(ω,∆)δx(ω)nph. (1)

In addition to the radiation pressure force, δnph(ω) leads to fluctuations in the absorbed

number of photons, proportional to the optical absorption rate κabs, which in turn causes
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Figure 1: a Schematic of the radiation pressure (grey) and photothermal (orange) backaction cycles,
with coupling rates displayed in blue ellipses, delay time constants in green hexagons and resulting
dynamical variables in red rectangles. b, c, and d Schematic examples of a temperature profile
Tk(r⃗), strain component Sxx(r⃗), and the integrand of Equation 6 resulting from their multiplication.

temperature fluctuations across the device. These temperature fluctuations will cause ther-

mal strain, which can drive the mechanical mode of interest;31

meff

(
δẍ+ Γδẋ+ Ω2δx

)
=

∫
Sx(r⃗):

(
c:Sθ(r⃗, t)

)
dV, (2)

where meff, Γ, and Ω are its effective mass, decay rate, and angular frequency, c is the

stiffness tensor of the medium, the operator “:” is the tensor contraction operation, Sx(r⃗) is

the normalized strain profile of the mechanical mode of interest and Sθ(r⃗, t) is the thermal

strain profile, which is given by

Sθ(r⃗, t) = αδT (r⃗, t), (3)

where α is the thermal expansion tensor and δT (r⃗, t) is the temperature fluctuation profile.

In the treatment of the photothermal effects, one should perform a multimodal expansion
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of the thermal field, which is discussed more thoroughly in section S5 of the Supporting

Information. The end result of this expansion is a description of the temperature field

δT (r⃗, t) in terms of thermal eigenmodes T̃k(r⃗) and time dependent amplitudes δθk(t):

δT (r⃗, t) =
∑
k

δθk(t)T̃k(r⃗). (4)

Considering here only the k-th thermal mode, one can solve the coupled dynamic equa-

tions in frequency space, see also section 5 of the Supporting Information, and obtain an

expression for the amplitude of the fluctuations, given by

δθk(ω) = Rθ
kχ

θ
k(ω)/τk · δnph(ω), (5)

where Rθ
k is a thermal resistance that depends on the overlap between the optical and thermal

fields, derived in more detail in section 5 of the Supporting Information, τk is the thermal

response time and χθ
k(ω) = (τ−1

k − iω)−1 is the thermal susceptibility, responsible for intro-

ducing the extra thermal delay, given by τk. Finally, δθk(ω), leads to a contribution to the

photothermal force Fpt,k(ω) = Λkδθk(ω), where Λk is the thermo-elastic coupling, defined as:

Λθ
k =

∫
Sx(r⃗) : (c :α) T̃k(r⃗) dV. (6)

In Figure 1b, c, and d we present, respectively, schematic examples of T̃k(r⃗), a component

Sxx(r⃗) of S
x(r⃗), and the resulting integrand of Equation 6.

Summing over all thermal modes, the photothermal force can be written as:

Fpt(ω) = h̄GxGpt(ω)Ψ(ω,∆)δx(ω)nph, (7)

where Gpt(ω) = ω0κabs

∑
k

(
Λθ

kR
θ
kχ

θ
k(ω)/τk

)
is the photothermal equivalent to Gx, with one

fundamental difference: Gpt(ω) carries an extra phase delay. Applying Equation 6 to the

definition of Gpt(ω) and performing the sum over all thermal modes, we can define it in
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terms of the profile of thermal fluctuations, δT (r⃗, ω) =
∑

k

(
T̃k(r⃗)R

θ
kχ

θ
k(ω)/τk

)
:

Gpt(ω) = ω0κabs

∫
Sx(r⃗) : (c :α) δT (r⃗, ω) dV. (8)

The sign of Fom(ω) is uniquely given by Ψ(ω,∆), as it further depends only on G2
x, which

is always positive. This is not the case for Fpt(ω), with its overall sign also affected by the

relative sign between Gpt(ω) and Gx. The ability to control the thermoelastic coupling Λθ
k,

and consequentially Gpt(ω), through the geometry of the device is precisely what we explore

here to achieve deterministic control over the photothermal force: By controlling the overlap

of the fields Sx(r⃗) and δT (r⃗, ω), the integral of Equation 6 can be drastically changed.

Specifically, as we will see, both fields can have approximately orthogonal symmetries in

realistic devices. A small breaking of symmetry through structural design can then lead to

large changes of the backaction.

2.2 Photothermal forces in zipper cavities

As shown by Equation 8, we can engineer either the thermal strain field, α δT (r⃗, ω) or

the mechanical eigenmode strain field, Sx(r⃗), to manipulate the photothermal force. Here

we present an example of such engineering capability by breaking the symmetry of the

mechanical strain field in a photonic crystal zipper cavity. The simulations required for

this engineering were performed using the finite element method (FEM) program COMSOL

Multiphysics.33

Zipper cavities are composed of two suspended nanobeams with elliptical holes, as shown

in Figure 2b. In a single beam, the optical modes are confined within the central region by a

quasi-1D photonic crystal, in which a defect is introduced by changing the spacing and the

size of the ellipses.34 As the nanobeams are brought together, their modes hybridize, giving

origin to even and odd supermodes.35–37 In our device, these are situated around 196THz.

As the gap decreases, the frequency of the even mode decreases, while the frequency of the
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odd mode increases.

Due to the supporting tethers, the flexural mechanical modes of the nanobeams also

hybridize.38 The fundamental odd mode shown in Figure 2b presents a very high g0, due

to its modulation of the gap between the nanobeams. For a gap of 200nm g0/2π is around

−150kHz for the even mode and +30kHz for the odd mode.
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Figure 2: a Definition of the tether asymmetry, A, in terms of other tether parameters. The
shown example is the case of A = +1. More examples are shown in Figure 3. b Electric field in
the y direction for the even optical mode with frequency 196THz with a 2 µm scale indicated by
the black line. c Imaginary part of the thermal fluctuations at the mechanical frequency. d Sxx

stress component for the odd mechanical mode with frequency 5 6MHz. e Component Sxx of the
normalized strain profile for different values of A evaluated at the cut-line shown by the dashed line
in d. f In red and blue we have, respectively, the expected maximal linewidth variation, given by
Equation 9, at the blue side of the resonance due to photothermal and radiation pressure effects,
assuming typical experimental parameters for our devices and considering a temperature of 30K,
where the silicon expansion coefficient is negative. As the the radiation pressure contributions are
small we scaled it by a factor of 3 to improve the graph readability.

The radiation pressure coupling arises from the overlap of the optical field and mechan-

ical displacement, while the thermo-elastic one arises from the overlap of the thermal and

mechanical strain fields, as shown in Equation 8. By changing the positioning of the sup-

porting tethers, we can significantly affect the mechanical strain while keeping the optical

and thermal fields constant. In our device, this can be achieved through the displacement

of the tether with respect to the center line of the nanobeam, d, shown in Figure 2a, with
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which we define the dimensionless tether asymmetry, A = 2d/(w − wn).

In Figure 2c the imaginary part of the temperature fluctuation profile, δT (r⃗,Ω), is shown,

as it is the part related to variations on the mechanical linewidth. Across the short transversal

direction, heat is evenly spread, while across the longer longitudinal direction, it is mostly

concentrated near the optical mode, as heat does not have enough time to homogenize during

a mechanical period; Ωτk ≫ 1 for all the relevant thermal modes. The mechanical strain

profile, shown in Figure 2d, is dominated by the Sxx component, which presents compressive

stress in the inner part of the nanobeams and tensile stress in the outer part (for outwards

displacement), with a neutral line close to the center of the nanobeam. For A = 0 the strain

field has an almost perfect odd distribution in the y-direction with respect to the center line

of a single nanobeam, as shown by the orange dashed line in Figure 2e, while the temperature

profile presents an even distribution leading to an odd integrand in Equation 8 such that the

photothermal coupling is approximately zero; Gpt(Ω) = 0.

Crucially, by changing the asymmetry A of the tether, we can control the intensity of the

strain at the inner and outer edges of the nanobeam, as shown by the blue and green lines

in Figure 2e. The temperature profile remains almost completely unchanged, since it does

not reach the tether region. This combination breaks the symmetry in Equation 8, allowing

for the control of photothermal effects.

As the tether approaches one extremity, the strain increases at the opposite edge. For

A = 1, the strain at the inner edge (y < 0 in the graph) is larger in absolute terms than at the

outer edge. This symmetry breaking mechanism is the dominant factor in the thermoelastic

coupling, showing that by changing A we can have a positive or negative photothermal force.

In other words, if there is thermal expansion with A = 1, the inner edge will expand more,

as the outer edge is constrained by the tethers. This will bend the device inward, bringing

the two nanobeams closer together.

By controlling the sign of the thermo-elastic coupling we control the sign of the linewidth
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variation, given by

δΓ =
−1

meffΩ
Im
[
ΣRP(Ω,∆) + Σθ(Ω,∆)

]
, (9)

as derived in detail in section 5 of the Supporting Information, with

ΣRP(ω,∆) =h̄(Gx)
2Ψ(ω,∆)nph, (10a)

Σθ(ω,∆) =h̄ω0κabs

∑
k

Rθ
kΛ

θ
kχ

θ
k(ω)

τk
GxΨ(ω,∆)nph. (10b)

The result is shown in Figure 2f, where the calculated absolute maximal linewidth vari-

ation at the blue detuned side, occurring at ∆ = κ/(2
√
3), is shown as a function of A. As

expected in the sideband non-resolved regime, the linewidth variation induced by radiation

pressure forces is small and does not depend on A, while the effects of photothermal forces,

more or less proportional to A, are dominant, showing that changing the tether asymmetry

allows tuning from amplification to cooling.

The length and width of the tethers are also relevant for the photothermal force. If the

tethers are either too rigid or too compliant, the asymmetry effect is gradually lost, leading

to small photothermal effects. As we increase the tether length, the mechanical frequency

drops, and both radiation pressure and photothermal effects fall. Nevertheless, the latter

are less affected in such a way that the ratio between photothermal and radiation pressure

effects increases. In real devices, residual stress is another important aspect to consider as it

can lead to large lateral warping of devices with asymmetric tethers, changing the intended

gap between the nanobeams, and even leading to the collapse of the devices.

10



2.3 Experimental verification

Using our model as a guide, we fabricate and characterize zipper cavities with varying asym-

metrical tether positions, examples of which are shown in Figure 3a, b, and c. The details of

the fabrication procedure are given in section 1 of the Supporting Information. We charac-

terize the devices in a closed-loop cryostat at 30K using optical heterodyne detection. Light

is side-coupled to the nanocavities using an on-chip waveguide, that is interfaced to a lensed

optical fiber at the side of the chip. The setup is described in section 3 of the Supporting

Information.

Simulations of the symmetric and anti-symmetric hybridized cavity mode profiles, which

are the same for all tether asymmetries due to their insensitivity to A, are shown in Figure 3d

and k, respectively. For each device, we step the laser wavelength over either of the optical

resonances, and record a mechanical spectrum at each wavelength. From these spectra,

the frequency and linewidth of the mechanical resonator can be determined through fitting

the Lorentzian thermomechanical spectra. The results are shown in Figure 3e - j for the

symmetric and Figure 3l - q for the anti-symmetric optical mode.

The main source of noise in the data stems from the limited integration time of the

measurement, yielding a slight variation of the noise floor in each frequency bin, leading to

uncertainty on the fitted frequencies and, more significantly, linewidths. Additionally, a drift

can be seen in some of the measurements, likely originating from small temperature drifts

of the setup. These effects are however small relative to the effects we are looking to study

and exploit.

Before we continue with further quantitative analysis, we can immediately see some

striking effects in Figure 3. Firstly, the sign of the linewidth variation δΓ is opposite for the

optical modes with opposite symmetries, giving a first indication that our backaction is likely

photothermal in nature, as discussed at the end of subsection 2.1 and seen in Equations 1 and

7. Secondly, the sign of the linewidth variation δΓ is opposite for opposite tether asymmetry

A, showing that we can indeed control the photothermal force. Finally, the magnitude of the
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Figure 3: a-c SEM micrographs of the tethers of three fabricated devices, with 1 µm scale bar. d,
k Simulated Ey mode profile of respectively the symmetric and anti-symmetric optical modes in
the device. e-g (h-j) Measured frequency (linewidth) of the mechanical resonator as a function of
optical detuning relative to the symmetric optical mode. Measured using respectively 17, 38, and
36 nW (A=-1, 0, +1) at the device. Measured data is indicated by the blue (orange) dots with
error bars. The black line is the complete fit to Equation 11, with the red (green) line indicating the
static (dynamic) contribution. l-n (o-q) Similar to e-j, but for the anti-symmetric optical mode.

frequency variations δΩ varies by a factor two to three, which can partially be explained by

the difference in used input power, but indicates there are variations in device parameters

that we must account for. This requires more quantitative analysis, which follows in the

12



next few paragraphs.

The observed frequency and linewidth variations can be decomposed into static and

dynamic contributions in the fit. The static components are purely due to the effects of the

time-averaged local optical heating, κabsnph(∆), causing a change of the local temperature,

therefore they follow the same even squared Lorentzian function with respect to optical

detuning ∆ as nph(∆). The frequency of the mechanical mode increases due to the thermal

contraction of the nanobeams39 — the thermal expansion coefficient of silicon is negative

at the temperatures used in our experiment.40,41 The linewidth, in turn, is altered due to

temperature-dependent mechanical loss mechanisms.42

The dynamic contributions are related to the movement of the mechanical resonator

(hence their nomenclature), and originate from the backaction loops discussed in subsec-

tion 2.1.They are therefore proportional to the derivative of the cavity Lorentzian; ∂nph/∂∆,

which is odd with respect to ∆. This leads to the following equations to fit to the experi-

mental data:

Ω(∆) = Ω0 + δΩdrift ·∆+ δΩdyn ·
32

3
√
3
· κ3 ·∆
(4∆2 + κ2)2

+ δΩstat ·
κ2

4∆2 + κ2
(11a)

Γ(∆) = Γ0 + δΓdyn ·
32

3
√
3
· κ3 ·∆
(4∆2 + κ2)2

+ δΓstat ·
κ2

4∆2 + κ2
, (11b)

where the various terms have been normalized such that their maxima are equal to δ{Ω,Γ}{dyn,stat},

similar to the value given for δΓdyn in Figure 2f. Additionally, there is a term δΩdrift to ac-

count for small thermal drifts during the experimental sweep. The dynamic contributions

can be related to the theory derived in subsection 2.1 through

δΩdyn =
1

2meffΩ
Re

[
Σom

(
Ω,

κ

2
√
3

)
+ Σpt

(
Ω,

κ

2
√
3

)]
(12a)

δΓdyn =
−1

meffΩ
Im

[
Σom

(
Ω,

κ

2
√
3

)
+ Σpt

(
Ω,

κ

2
√
3

)]
, (12b)
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with

Σrp(ω,∆) =h̄(Gx)
2Ψ(ω,∆)nph(∆), (13a)

Σpt(ω,∆) =h̄Gpt(ω)GxΨ(ω,∆)nph(∆). (13b)

The static contributions are limited to a phenomenological model as described above, but

can still be used to infer information about effects that are proportional to temperature and

time-averaged local heating.

As shown in Figure 2f, the photothermal force is expected to be the main source of

dynamic linewidth variation δΓdyn in these unresolved sideband systems. Indeed, our ex-

perimental results show values 20 times higher than what would be expected from radiation

pressure.

Using Equation 13, the ratio between the mechanical linewidth variation due to pho-

tothermal and radiation pressure forces is given by

δΓdyn,pt

δΓdyn,rp

=
Im [Gpt(Ω)]

Gx

Re [Ψ]

Im [Ψ]
+

Re [Gpt(Ω)]

Gx

. (14)

In a sideband-unresolved mechanical resonator Re [Ψ] /Im [Ψ] ≈ κ/4Ω ≫ 1. Recalling the

definition of Gpt,k(Ω) = ω0κabsR
θ
kχ

θ
k(Ω)Λ

θ
k/τk we can examine the ratio between its real and

imaginary parts. Using the fact that Rθ
k is proportional to τk and the assumption 1/τk ≪ Ω,

which is true for all relevant thermal modes, we get Gpt,k(Ω) ∝ (Ω2τk)
−1 + i/Ω. From this

we see that Im [Gpt,k(Ω)] /Re [Gpt,k(Ω)] ≈ Ωτk ≫ 1. A more detailed discussion about the

contributions of various thermal modes and their timescales can be found in section 5 of the

Supporting Information and Figure S5.

For the sake of our discussion here we can lump all the relevant thermal modes using an ef-

fective thermal response time defined as τeff = Im [Gpt(Ω)] / (Re [Gpt(Ω)] · Ω). As an example,

for A = 1 we can calculate from simulation that Ωτeff = 10.1, meaning τeff = 297 ns, in line

with Ωτeff ≫ 1. Using κ/2π ≈ 4 GHz and Ω/2π ≈ 5 MHz we arrive at Im [Gpt(Ω)] /Gx ∼ 0.1.
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Using these values we can show that (Im [Gpt(Ω)] /Gx) · (Re [Ψ] /Im [Ψ]) ∼ 20, illustrating

that the linewidth variation is dominated by the photothermal effect.

This result can also be used to estimate the ratio between the photothermal and radiation

pressure contributions to the dynamic mechanical frequency variation, which is given by

δΩdyn,pt

δΩdyn,rp

=
Re [Gpt(Ω)]

Gx

− Im [Gpt(Ω)]

Gx

Im [Ψ]

Re [Ψ]
(15)

≈Im [Gpt(Ω)]

Gx

(
1

Ωτeff
− 4Ω

κ

)
. (16)

As Im [Gpt(Ω)] /Gx ∼ 0.1 and ((Ωτeff)
−1 − 4Ω/κ) ∼ 0.1 we can conclude that δΩdyn,pt/δΩdyn,rp ∼

0.01, confirming that the dynamical mechanical frequency variation is indeed dominated by

radiation pressure effects.

As observed before in Figure 3, there are significant differences between measurements

on different devices, in terms of input powers and device parameters. To allow a quan-

titative comparison of different physical devices, we repeat the procedure of sweeping the

laser frequency over the optical resonances at various input powers. The slope βΓ,dyn =

∂δΓdyn/∂nph|∆=0 of the dynamic linewidth variation δΓdyn to the number of photons at zero

detuning nph|∆=0 will allow us to compare Gpt(Ω). The δΓdyn acquired from fitting to Equa-

tion 11b is shown as a function of the number of photons at zero detuning nph|∆=0 for the

symmetric optical mode in Figure 4b and for the anti-symmetric optical mode in Figure 4c,

together with linear fits, performed using orthogonal distance regression (ODR). The other

components and their fits are shown in Figure S3.

Importantly, the slope βΓ,dyn depends on |g0| and κabs, which vary significantly between

devices. In order to obtain a quantity related to the photothermal coupling, which can be

easily compared between different devices, we normalize βΓ,dyn by |g0| and κabs. Applying

the definition g0 = Gx

√
h̄

2Ωmeff
to Equation 11b and Equation 12b, within the relevant regime

κ ≫ Ω ≫ τ−1
eff we get:
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βΓ,dyn

|g0|κabs

= −

(√
2h̄

Ωmeff

Im

[
Ψ

(
Ω,

κ

2
√
3

)])
· g0
|g0|

Im [Gpt(Ω)]

κabs

, (17)

where the first, bracketed, factor of this equation changes little between different devices,

while the second term is the photothermal coupling normalized by κabs, multiplied by sgn (g0).

To enable this, we can extract information about |g0| and κabs from the derivative of the

dynamic and static frequency variation to the number of photons in the cavity, respectively.

In order to determine g0, we assume, based on our previous discussion, that the dynamic

frequency change δΩdyn, plotted as the green line in Figure 3e-g and l-n, is purely due

to radiation pressure. The g0 of each optical mode can then be extracted from the slope

βΩ,dyn = ∂δΩdyn/∂nph|∆=0 of the dynamic frequency variation δΩdyn to the number of photons

at zero detuning nph|∆=0, with |g0| =
√

4
3
√
3
βΩ,dynκ, as detailed in section 4 of the Supporting

Information and shown in Figure S3e and f. As we show in Table S3, we obtain reasonable

agreement between experiment and simulation.

Determining κabs is generally difficult, as the temperature cannot be measured directly

in our devices. While it is possible to extract this value from a nonlinear thermo-optic shift

of the optical resonance, in conjunction with FEM simulations and the knowledge of the

thermo-optical coefficient of the material,31 we did not perform the equivalent characteriza-

tion as in our case the nonlinear optical shift is dominated itself by static optomechanical

effects. However, for small temperature changes δT , the static frequency variation δΩstat is

linearly proportional to δT ,39 which in turn is linearly proportional to the product κabsnph.
31

Therefore, we can use the slope βΩ,stat = ∂δΩstat/∂nph|∆=0, shown in Figure S3g and h, as a

proxy for κabs.

The static temperature profile is nearly independent from the tether asymmetry. As

such, we assume here, that such static effects are independent from A. From the analysis of

the static frequency variation for even and odd modes, shown in Figure S3, where data for

different optical powers are presented, we do not observe any systematic trend attributable to

A, confirming our assumption. Our data also shows that static effects are independent from
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Gx, as can be verified from Figure 3, by comparing the static contributions to the frequency

variation between the symmetric and anti-symmetric optical modes (Figure 3e and l, f and

m, and g and n). These optical modes differ in Gx by approximately a factor of 5, but show

very similar magnitude static components, taken at similar input powers. The variation of

static effects between different devices is probably due to random variations of κabs

This static temperature change could potentially modify device parameters. A rough

estimate of such heating can be obtained from the observed static mechanical frequency

shifts, which go up to 200 Hz, assuming that these shifts are due to the stress induced

by thermal contraction.39 We used FEM simulations of the average thermal stress in the

device to estimate that the frequency change due to thermal stress is around 5 kHz/MPa.

Using a value of 169 GPa for the Young’s modulus of silicon and 5.3 × 10−8 K−1 for its

thermal expansion coefficient at 30K, we arrive at a maximal temperature variation on the

order of 0.5K. This magnitude of heating should not change the heat capacity or thermal

expansion coefficient significantly enough to affect our conclusions. Importantly, it does not

significantly affect the comparisons between devices.

Finally, we are in a position to compare Gpt/κabs between devices. To this end, we

plot the normalized slope βΓ,dyn/(|g0|βΩ,stat) for all characterized geometries, as shown in

Figure 4a.

Looking at the change in normalized βΓ,dyn as a function of A, we see that the sign and

magnitude of the variation in linewidth can be controlled by changing the tether asymmetry,

as predicted in subsection 2.2. Comparing the results for even and odd optical modes, we see

that the sign of the effect changes due to the change in the sign of g0, while the magnitude

of the effect remains the same, indicating that our normalized metric is indeed independent

of g0, as expected from photothermal effects.

Despite the clear qualitative agreement with the theory, we should note that according

to our theory the A = 0 device is expected to have a very small linewidth variation, while

this occurs in our experiments for slightly larger asymmetry A ≈ 0.5. Because the non-
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Figure 4: a The slope of the dynamic linewidth variation, βΓ,dyn = ∂δΓdyn/∂nph, normalized
by |g0| and βΩ,stat, with a linear fit to the data for the symmetric (blue) and anti-symmetric
(orange) optical modes. b (c) Measured dynamic linewidth variation for devices with various
A for the symmetric (anti-symmetric) optical mode. Lines are linear fits to the data using
ODR.

zero photothermal coupling originates from breaking the symmetry of the mechanical strain

profile, this indicates that some other mechanism is inducing additional symmetry breaking.

Possible explanations could be an asymmetry in the sidewall properties between the inner

and outer edges of the nanobeams due to different etch conditions in the gap. These could

be the angle of the sidewall or the roughness of the surface. Assuming that we are close to

the transition between ballistic and diffusive heat transport, even differences in roughness of

the walls could lead to different effective temperatures. Finally, geometric asymmetry could

also play a role, arising from a difference in alignment of the small asymmetric tethers with

the long tethers to the substrate.

2.4 Conclusion

In summary, we showed that photothermal forces in nanoscale optomechanical devices can

be controlled through strain engineering. We demonstrated this capability using the model

system of a nanobeam zipper cavity. Using a theoretical model, we observed that the tether

asymmetry strongly influences the strain profile across the nanobeams and thereby the ther-
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moelastic overlap integral, while leaving the optomechanical coupling rate and mechanical

frequency largely unaffected. Photothermal backaction is seen to depend very sensitively

on geometrical parameters. For the same reason, we observed deviations due to inherent

symmetry breaking, but geometrical control was seen to exceed that effect.

The ability to engineer photothermal forces enables a new degree of freedom in cav-

ity optomechanics, allowing either suppression or enhancement of photothermal backaction.

It could be used to suppress linewidth variation, thereby avoiding unwanted instabilities.

Moreover, photothermal backaction could be maximized together with radiation pressure

in optomechanical devices, leading to enhanced cooling and amplification performance in

devices where purely optomechanical backaction is limited. This could allow the study

of chaos in self-oscillating systems at lower input powers, or reaching stronger nonlinear

regimes.43 This enhancement of photothermal forces could also open up the exploration of

macroscopic quantum mechanics with more massive mechanical resonators, which are usually

deeply sideband-unresolved. It could allow studying the potential of photothermal forces for

ground-state cooling in such systems, in regimes where regular radiation pressure backaction

cooling is limited by the Doppler limit.21
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