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Control of quality factor of atomic force microscopy cantilever by cavity optomechanical effect
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Quality factor plays a fundamental role in dynamic mode atomic force microscopy. We present a technique to
modify the quality factor of an atomic force microscopy cantilever within a Fabry-Pérot optical interferometer.
The experimental setup uses two separate laser sources to detect and excite the oscillation of the cantilever.
While the intensity modulation of the excitation laser drives the oscillation of the cantilever, the average intensity
can be used to modify the quality factor via optomechanical force, without changing the fiber-cantilever cavity
length. The technique enables users to optimize the quality factor for different types of measurements without
influencing the deflection measurement sensitivity. An unexpected frequency shift was also observed and
modelled as temperature dependence of the cantilever’s Young’s modulus, which was validated using finite
element simulation. The model was used to compensate for the thermal frequency shift. The simulation
provided relations between optical power, temperature, and frequency shift.

1. INTRODUCTION

The mechanical quality factor (Q factor) of an atomic force
microscopy (AFM) cantilever is one of the most important
quantities which determine the measurement noise and mea-
surement speed [1]. A number of techniques for increasing
or decreasing the Q factor of AFM cantilevers have been re-
ported [2]. In these techniques, an external damping force
is applied to feed energy into or out of the resonator, which
modifies the effective Q factor. The type of actuation force
can be optical [3]], capacitive [4]], and mechanical forces [3].
The means to produce the damping force can be an active feed-
back of the displacement (deflection) signal with an external
circuit [3H7]] and a coupling the cantilever to an environment
which produces a position (deflection)-dependent force such
as an optical cavity (cavity optomechanical force) [8H12]]. The
optical force (radiation pressure and photothermal) acting on
the cantilever is proportional to the optical intensity on the
cantilever surface, which is dependent on the position (deflec-
tion) of the cantilever in the optical cavity due to the periodic
modulation of the optical intensity caused by optical interfer-
ence. The resulting position dependent optical force acts as
an optical spring whose sign depends on the slope of the inter-
ferogram (optical intensity vs position relation). When there
is a time delay between the position and the optical force, the
quadrature component of the optical force acts as a damping
force, leading to the change in effective Q factor [9, [13]].

In the fiber-optic interferometer setup, it is well-known that
the effective Q factor of a cantilever can be modified by chang-
ing the cavity length (fiber-cantilever distance) and the laser
power [2,I8H12]]. In the practical operation of the AFM, how-
ever, these two parameters are chosen such that the cantilever
deflection measurement sensitivity is optimized. Therefore,
with the conventional interferometer setup with only one laser,
one cannot change these two parameters to modify the effec-
tive Q factor. Fiber-optic interferometer setups with two lasers
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have been reported [6, [14]], in which one laser (detection laser)
is used to detect the cantilever deflection and another laser
(excitation laser) is used to excite the cantilever oscillation.
Weld and Kapitulnik used the two laser setup for modifying
the effective QO factor of the AFM cantilever by an external
feedback circuit [[6]. Miyahara et al. demonstrated that the
two laser setup enables to obtain clean cantilever resonance
spectra free from spurious resonance features [14], which are
critically important for accurate dissipation measurement [[15].
In both studies, the intensity of the excitation laser is modu-
lated at the resonant frequency of the cantilever to excite the
cantilever oscillation. In this report, we show that a similar
setup can be used to modify the effective Q factor via cavity
optomechanical force by changing the average intensity of the
excitation laser, without changing the deflection measurement
sensitivity.

2. EXPERIMENTAL

We performed the experiments with a home-built low-
temperature atomic force microscope which is operated in
a cryogen-free dilution refrigerator (LD250, Bluefors). All
the experiments were performed at 4 K in cryogenic vacuum
(pressure lower than 3 x 10~® mbar) without running the di-
lution unit. Figure [1| shows the schematic diagram of the
optical setup, which is similar to what has been reported by
Miyahara et al. [[14]]. The setup utilizes two laser diodes at
wavelengths of 1550 nm (PL15CEO01FAG-A-1-01, NECSEL
(Ushio)) and 1310 nm (PL13AG0021FAG-A-1-01, NECSEL
(Ushio)). These wavelengths are commonly used optical com-
munications wavelengths, which greatly reduces the cost of
the apparatus. In the experiments reported here, the 1550 nm
laser is used for interferometric detection of the cantilever os-
cillation, while the intensity of the 1310 nm laser is modulated
at the cantilever resonance frequency to excite the cantilever
via photothermal force and radiation pressure. We selected
the 1310 nm laser (excitation laser) for the excitation because
only the 1550 nm laser (detection laser) was equipped with an
optical isolator in the original setup.
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If the 1310 nm laser is equipped with an optical isolator,
using the 1310 nm laser for detection would give a better
deflection measurement sensitivity because the sensitivity is
inversely proportional to the wavelength. The intensity of the
excitation laser is sinusoidally modulated via the drive current
using a laser current source with an external modulation input
(LDC202C, Thorlabs). The bandwidth of the modulation of
the current source ranges from DC to 250 kHz (-3 dB) and
the modulation sensitivity is 20 mA/V.
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FIG. 1. Schematic diagram of optical circuit with two laser diodes.
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The optical outputs from both lasers are multiplexed to a
single optical fiber using a filter wavelength division multi-
plexer (FWDM, FWDM-1513, AFW Technology). Reflected
light returning from the fiber end is diverted to InGaAs pho-
todiodes (PDINAS0701FAD-A-0-01, NECSEL) using optical
circulators (CIR-3-13-L-1-2 and CIR-3-15-L-1-2, AFW Tech-
nology). Therefore the reflected light is separated by wave-
length and separated from the outgoing light, which makes
readout of the reflected power straightforward. All the con-
nectors for the optical fibers are of FC/APC (angled polished
face) type to minimize optical back-reflection. The photodi-
odes are connected to custom-built transimpedance amplifiers
to convert the photocurrents to voltage signals.

The 1550 nm (detection) laser diode has an integrated op-
tical isolator, which prevents stray reflection within the optics
from reentering the laser diode. This helps to improve the sta-
bility of the diode and reduce noise. To further reduce noise
from stray reflections, the 1550 nm laser diode is modulated
at around 10 MHz using an RF source and a bias tee (PBTC-
1GW, Mini-Circuit), which reduces the coherence length of
the laser light. Because the fiber cantilever gap is very small
(several um) in the normal AFM operation, a long coherence
length is not necessary to maintain interference. However, the
reflections within the fiber optics, such as at connectors, can
produce unwanted interferometric effects which act as pickups
of mechanical vibration and thermal expansion of the optical
components. Because the lengths of these unwanted interfer-
ometers are much longer, on the order of the lengths of the
fiber segments, a reduced coherence length effectively elimi-
nates interference here.

We coated the cleaved end of the optical fiber with titanium
dioxide film by dip-coating technique to enhance reflectivity
of the fiber-vacuum interface [16]. We typically achieve the
reflectivity of about 30 %. The gap between the fiber and
the cantilever surface forms a low-finesse Fabry-Pérot (FP)
cavity. The fiber-cantilever gap (cavity length) is adjustable
using a piezoelectric stick slip motor whose step size can be
as small as ~10 nm. Adjusting the fiber-cantilever gap yields
an interferogram (interference fringe) for each laser. To max-
imize the sensitivity for deflection measurement, we set the
fiber position on a high slope region of the interferogram for
the detection laser (1550 nm). The slope determines the de-
tection sensitivity as well as the optical spring force (cavity
optomechanical force) due to the detection laser. In the con-
ventional single laser setup, the optical spring force caused by
the detection laser is responsible for the observed changes in
effective Q factor. Therefore, controlling the effective Q factor
necessitates changing the slope either by changing the cavity
length or the optical power.

The dual-laser scheme has the following advantage com-
pared to the optical cantilever excitation scheme with only
a single laser [17] and is critical to the effective Q factor
modulation technique presented here. Because the detection
(1550 nm) laser is dedicated solely to detection, it does not
need to be modulated for the cantilever excitation. The AC
component of the reflected detection laser power directly re-
flects the cantilever oscillation, and there is no need to subtract
the modulation signal unlike in a single laser setup where
a single laser is used for both detection and excitation [17].
Additionally, we can vary the average (DC) intensity of the ex-
citation (1310 nm) laser by varying the DC component of the
modulation signal which is applied to the laser current driver.
This permits us to vary the optomechanical spring force which
is caused by the excitation (1310 nm) laser without changing
the deflection measurement sensitivity. A lock-in amplifier
(MFLI, Zurich Instruments) was used to drive the cantilever
oscillation and capture and demodulate the deflection signal.
The output of the lock-in amplifier is connected to the modula-
tion input of the current driver for the excitation laser. Adding
a DC offset voltage to the lock-in output enables to change the
DC power of the excitation laser, which is exploited to modify
the effective Q factor.

Measurements of the Q factor modulation were taken at
several fiber positions using an automated program written
with Python and leveraging the LabOne Python API from
Zurich instruments. The fiber position was controlled by using
a MK3-PLL Signal Ranger with open-source GXSM control
software [18]. The GXSM software was controlled remotely
from Python via a custom socket server interface written in
Python. The fiber is stepped by providing a sawtooth burst
from the Signal Ranger to the stick-slip motor’s amplifier.

A control sequence was implemented in the main Python
script to step the fiber over many positions. At each position,
the DC current of the excitation laser was swept over 5 values
ranging from 10 mA to 42 mA (corresponding to a power
range of 67 uW to 2023 uW at the coated fiber end). For each
DC power, a frequency sweep was performed from which
the O factor was obtained by a Lorentzian fit. The relevant
experimental parameters are summarized in Table



Parameter Value
Cantilever resonant frequency, fj 143 kHz
Cantilever spring constant, k. 20 N/m
Cantilever coating Pt, both front and back
1550 nm (detection) laser power at coated fiber end 670 uW

1310 nm (excitation) laser power at coated fiber end up to 2023 uW
Measurement temperature 4K

TABLE I. List of experimental parameters

3. RESULTS AND DISCUSSION

3.1. Cavity length and excitation DC power dependence of the
Q factor and the resonance frequency

Figure |2 shows the effective Q factor Q.g, resonant fre-
quency shift Af, effective damping y.q, and optical spring
constant Ak, as a function of the cavity length, AL, and the
DC optical power of the excitation laser, P. Figure [Zh shows
the interferograms of both detection and excitation lasers.

The cavity lengths (fiber positions) at which measurements
were performed are indicated by numbers (1-4) and colored

Positions 1 and 3 represent the locations with opposite slope
on the excitation (1310 nm) laser fringe (blue line). Position
1 is on a downward slope, where a negative optical spring
constant is expected. We observe a significant decrease in
the effective Q factor from 183,000 to 29,000 with increasing
the excitation laser DC power. The resonant frequency de-
creases by 2.3 Hz. Position 3 is on an upward slope, where
a positive optical spring constant is expected. A comparable
increase in the Q factor from 48,000 to 206,000 is observed
with increasing the excitation laser DC power, as would be
expected from a time delayed positive spring force. However,
the increase in the frequency shift is much smaller (-0.17 Hz)
than that observed at position 1. We ascribe this unexpected
asymmetric change in the frequency shift to the temperature
dependence of the cantilever’s Young’s modulus, causing an
additional negative frequency shift (thermal frequency shift)
with increasing optical power.

At positions 2 and 4, the effective Q factor is almost con-
stant over the whole range of the excitation laser DC power.
This behavior is consistent with the nearly zero slope of the
excitation laser fringe at these positions. The frequency shift,
however, show an appreciable decrease at both positions which
is inconsistent with the nearly zero slope. These unexpected
negative frequency shifts can also be explained by the thermal
frequency shift. We will discuss the thermal frequency shift
in more detail in the next section.

3.2. Effect of optical absorption on resonance frequency shift

We propose a model to explain the unexpected frequency
shift based on heating by optical absorption and the temper-
ature dependence of the cantilever’s Young’s modulus. The
Young’s modulus in turn affects the spring constant and res-

markers. At each measurement position, we measured the
frequency response of the cantilever at five different DC power
settings of the excitation laser. Figure 2b shows the measured
frequency responses. Figure 2k and d show the extracted
effective Q factor, Q.g, and the shift of resonant frequency, A f
versus the excitation laser power, P, respectively. Figure[2e and
f show the effective damping, y.g, and optical spring constant,
Ak which are extracted from Q¢ and A f, respectively. Here
we use the relations, yeg = 27(fo + Af)/Qet = 27 fo/ Qe
and Ak = 2k, X Af/fo where fy is the resonant frequency
measured at the lowest power.

onant frequency of the cantilever. Kazantsev et al. [19] ob-
served a significant frequency shift in an AFM cantilever due
to thermal coupling to the sample, with sample temperatures
ranging from 15 to 399 K. The effect was ascribed to a change
in the Young’s modulus. Likewise Boyd ez al. found a 0.5 %
change in the Young’s modulus and a decrease in resonant fre-
quency with temperature over the range of 200 to 290 K. From
Boyd et al. we derived a linear temperature coefficient for the
Young’s modulus of —5.55 x 107> (K~') [20]. A similar in-
terplay between the thermally induced and optomechanically
induced resonant frequency shifts was reported by Vy et al.
[21].

To assess whether heating by our interferometer is sufficient
to account for the unexpected frequency shift, we performed
a finite element eigenfrequency study with COMSOL Mul-
tiphysics. We modelled our cantilever using a temperature
dependent function for the Young’s modulus and performed
thermal studies to predict the temperature of the cantilever
under varying optical power. The details of the study are
discussed below.

We modelled a rectangular silicon cantilever with dimen-
sions of 240 (length) x 20 (width) X 7 (thickness) ym with
a 25 nm thick platinum coating on both tip and backside
surfaces. The material models from the COMSOL material
library include temperature dependent functions for thermal
conductivity and heat capacity for both silicon and platinum.
For silicon, we defined the temperature dependent Young’s
modulus as follows. Deviation from the reference tempera-
ture (4 K) produced a linearly proportional deviation in the
Young’s modulus via the linear temperature coefficient from
Ref. [20]. The initial Young’s modulus at 4k was given a value
of 170 GPa which is the default in COMSOL’s built in silicon
model. This value is not too critical, since we are interested in
the proportional change in Young’s modulus. The cantilever
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FIG. 2. (a) Interferograms of detection laser (red) and excitation laser (blue). The numbers 1, 2, 3, 4 indicate the measurement positions. (b)
Average excitation laser power, P, dependence of the resonance curves measured at the positions 1, 2, 3, 4. Frequency is shown relative to the
resonant frequency at the lowest laser power. (c) Effective Q factor, (d) Resonant frequency shift, shown relative the resonant frequency at the
lowest laser power, A f, (e) Effective damping factor y., and (f) Optically induced spring constant versus average excitation laser power, P. In
(d) and (f), the corrected values which exclude the thermally induced effect are shown as violet markers. In (e) and (f), dashed linear lines are
the least square linear fit of the experimental plots.

end, representing the region in proximity to the optical fiber
core. The magnitude of the heat flux was determined from
the reflectance of the platinum coating and the incident optical
power. We used a surface reflectance of 0.8 at the platinum
cantilever coating. This is a conservative value for both the
1550 nm and 1310 nm wavelengths derived from Ref. [22].

base was fixed at a temperature of 4.00 K, representing the
temperature of the AFM body.

The COMSOL simulation was performed in two steps. First
a thermal study under various heat flux inputs was performed
to obtain the temperature profile of the cantilever. Heat flux
was applied to the cantilever in a circular region near the free
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FIG. 3.  Simulated cantilever tip temperature (red) and eigenfre-
quency (blue) of the cantilever versus excitation laser power.

The incident powers used in the simulation were chosen to be
comparable to those in the experiment. In the simulation, we
chose to ignore any effect of cavity enhancement. In our low
finesse cavity the enhancement is on the order of 1, so the
power exiting the fiber end is representative of the range of
powers seen by the cantilever. Laser powers exiting the fiber
end in the experiment were a constant 670 uW for 1550 nm and
arange from 67 to 2022 uW for 1310 nm. Using the reflectance
value from Coblentz, these powers result in an absorbed heat
flux ranging from 147 to 539 uW with temperature at the
cantilever tip ranging from 4.52 to 5.45 K. The temperature
profile is shown for the highest applied power in Supporting
figure Fig. S1.

The temperature profiles from the thermal study were next
used as inputs to the mechanical model to calculate the tem-
perature dependent Young’s modulus. Eigenfrequencies were
calculated for each value of the input heat flux. The study was
run with and without modelling the effect of thermal expan-
sion on the eigenfrequencies. The effect of thermal expansion
was insignificant compared to that of the Young’s modulus, in
agreement with Kazantsev et al.. Finally, in a separate study,
heat flux ranging from 0 ~ 1600 uW was introduced to the
cantilever, resulting in a larger temperature rise of ~ 2.1 K at
the cantilever tip (see Supporting figure Fig. S1 and Supporting
figure Fig. S2.

Figure[3|shows the simulated cantilever tip temperature (red)
and the resonant frequency shift (blue) as a function of the exci-
tation laser power. The simulated frequency shift of —1.50 Hz
at the maximum applied power is in remarkable agreement
with our results. Position 2 in Fig. [2| where no optomechan-
ical spring force is expected, displays a frequency shift of
—-1.58 Hz.

The COMSOL simulation result shows that this is a feasible
model. We applied the principle to our data by splitting our
optically induced spring constant shift into an optomechanical
component and a thermal component, as Ak = kopy + Kiherm-
The optomechanical spring constant term, Koy, is proportional
to the gradient of the optical power within the cavity, while

the thermally induced change in spring constant, kierm, iS
dependent on the magnitude of the circulating power within
the cavity. The circulating power was derived from a fitting
of the excitation laser interferogram [23]] (See more details
about the fitting in Supporting information S2). The fitting
yielded the reflectivity at the fiber-vacuum interface, R; =
0.251, and the reflectivity at the cantilever surface, Ry = 0.155.
While the fitted reflectivity at the fiber-vacuum interface agrees
reasonably well with the expected value of ~ 0.3, the fitted
reflectivity at the cantilever surface is much lower than the
value (0.8) given by Coblenz. This is likely due to coupling
losses from the cavity due to imperfect alignment of the mirrors
[24]]. The fitted cavity reflectivities were used to calculate the
circulating power as a function of the cavity length and applied
optical power (Supporting figure Fig. S5).

Finally the calculated circulating power was used to predict
the thermal spring constant shift via a linear coefficient, Ciherm,
such as kierm = CihermPeire. T find the value of Ciperm We
leveraged the zero slope fringe positions (positions 2 and 4).
At these positions we expect no change in frequency shift and
no Ak due to the changing laser power if only the cavity op-
tomechanical effect were present. We sought a value of Ciherm
which nullifies the predicted Ak at both of the zero slope loca-
tions when subtracting the predicted kperm from the measured
Ak. To achieve the desired cancellation at the zero slope posi-
tions, we found that a vertical shift needed to be applied to the
circulating power curves (see Supporting figure Fig. S6). A
negative shift equal to 27% of the average magnitude of each
curve was applied to all curves. The necessity for this shift
may be due the non-ideality of our Fabry-Pérot cavity (it is not
a lossless cavity, the mirrors are not perfectly aligned, etc.).

Application of the shift to P allowed perfect cancella-
tion of the Ak and frequency shift at the zero slope loca-
tions. The correction was then applied to the whole dataset
using the shifted P curves and the value obtained for
Ctherm- The value of Ciperm derived from this procedure was
~1.67 (Nm~!xW~"), which is in very good agreement with
the value, Ciperm = —2.01 (Nm~'uW™"), which is derived
from the COMSOL simulation.

3.3. Estimation of optical force gradient and delay time from
the observed effective O and frequency shift

From the measured resonant frequency shift, Af, and ef-
fective Q factor, Q.f, we can estimate the magnitude of the
optical spring constant, kop, and its time delay, 7. We use the
theory developed by Metzger et al. [9]]. For a small resonant
frequency shift Af < fo,

OF, 1
Af = - Jo 0Fopt . 1
2k, 0z 1+ (2nfyr)
27 fo OF 27 fot
Ay = ye - yo = 2P Lo _ 2o 2)

ke 0z 1+ (2nfyr)?

where fy, k., and yo are the resonant frequency, the spring
constant, and the intrinsic damping constant of the cantilever,



respectively. 7 is a time constant which describes the delayed
response of the optical force with respect to the cantilever
deflection. The derivation of Eqs. [T] and 2] can be found in
Supporting Information S3. Note that the damping due to the
optical force, Ay, can be obtained from the experiments as

w w 1 1
Ay = Yet — y0 = °ff——°~wo( ) 3)

Ot Qo Ot Qo

where we = 27( fo + Af). Taking the ratio of Eq. [2]to Eq.
yields an expression for the time constant,

_ 1 Ay
T T8 f Af X

We can obtain 7 from the experimentally observed A f and Ay.
Once we obtain 7, we can estimate the optical spring constant,
kope from

Ton _ ok M 1vnprry )
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kopt =

We used the corrected values of the frequency shift to calculate
7 and kop. At each measurement point, we used the damping
and fp to derive Ay and Af, taking the values at the lowest
laser power as the yg and fy. We also used the fitted circulating
power curves to calculate the expected spring constant due
solely to radiation pressure.

Figure [] shows the calculated optomechanical spring con-
stant from the above equations. The radiation pressure com-
prises a small fraction (roughly 4 ~ 5%) of the total spring
constant (see Supporting figure Fig. S7, implying that the ef-
fect is dominated by photothermal force, which is consistent
with other studies [9} 10, [14]. We obtained the delay time,
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positions 1-4.

T ~ 1 us, from the data at position 1, which corresponds to
the phase delay of ~ 60 degree. This is consistent with the
above observation because the photo-decay time (which is on
the order of fractions of a picosecond) of our low finesse FP
cavity is much shorter than 7 we obtained.

4. CONCLUSION

We demonstrated a simple and effective technique to control
the effective Q factor of an AFM cantilever using cavity op-
tomechanical force. The two-laser technique offers the ability
to alter the effective Q factor without changing the detection
sensitivity. Optomechanically controlled damping offers new
options to AFM users. For instance, one can operate the
cantilever at high effective Q factor for frequency modulation
AFM, and then reduce the effective Q factor to help facilitate Q
control tapping mode even in vacuum. Capability of adjusting
the effective Q factor will be useful to optimize the dynamic
response and noise performance of phase-locked loop used for
frequency modulation mode AFM [25]]. The influence of op-
tical absorption on the cantilever’s temperature and resonant
frequency was modeled and simulated, providing a more com-
plete picture of the interactions involved in interferometric
sensing. Our finite element simulation provided a tempera-
ture vs absorbed power relation. For an absorbed power of
1600 W, which is a plausible value for our interferometer,
a significant temperature rise of ~ 2.1 K was observed. It
is useful to understand the effect of laser power in interfero-
metric sensing on the cantilever temperature, especially in low
temperature atomic force microscopy.
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S1.

FIG. S1.

20 % absorbed fraction of incident light. The base is fixed at 4 K.
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FIG. S2. Temperature at the tip of the simulated cantilever for heat flux in range 0-1600 W

SUPPORTING FIGURES FOR TEMPERATURE INCREASE OF THE CANTILEVER DUE TO OPTICAL ABSORPTION

Temperature profile of the simulated cantilever using the highest laser power from the experiment (2022 uW for 1310 nm and
670 uW for 1550 nm at fiber end). Heat flows into the cantilever in the circular region near the 50 ym marker. Heat flux is 539 uW due to the



S2. FITTING OF INTERFEROGRAMS

We use the Fabry-Pérot interferometer model reported in Ref. [S1] for the following analysis. The relevant parameters are
illustrated in Fig.

R, R,

Irefl Icirc

L

FIG. S3. Diagram of Fabry-Pérot interferometer.

The ratio of the intracavity intensity, I, to the intensity incident upon mirror 1, [;,., (enhancement factor, Aéirc) is given by
Airy distribution,
I 1-R
Aéirc === 1 .2 (Sl)
Line (1 —\/R1R2)2+4\/R1stm [0}
where ¢ is the single-pass phase shift between the mirrors and can be expressed as
2nd
- S2
;] (S2)

where d is the distance between the two mirrors (cavity length) and A is wavelength. Similarly, the enhancement factor for the
total back reflected light with respect to Iiy is given by

Len _ (VRI - VR2)? + 4VR Ry sin’ ¢ s3)

Ine (1 - VRIR2)? +4VR Rysin

The fitting, done by SciPy’s optimize function, was performed for the 1310 nm reflection signal over a range of 2.5 fringes
using Eq. Fitting results are shown in Fig.

The key parameters are the reflectivities of the two cavity mirrors, as these allow calculation of the circulating power in the
cavity for a given [ and cavity length. Circulating power curves were calculated from the fitted parameters and the laser powers
used in the experiment and are shown in Fig. The measurement positions, as shown in Fig. 2 in the body text, are indicated
by the colored dots.
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FIG. S4. Fitting of the interferogram for the 1310 nm laser according to Eq.[S3] The predicted circulating power curve is also shown according
to Eq. |§_Tl The curves are shown in units of volts at the photodiode amplifier output, which is proportional to the power. The scaling of the
curve has no effect on the fitted cavity parameters R| and R;, so no calibration was performed. Fitted parameters are A = 1324 nm, R; = 0.251,
Ry =0.155, Ijp. = 15.158 (note that [j, is not calibrated to the true power here).
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FIG. S5. Circulating power for the 1310 nm laser derived from the fitted cavity parameters Ry and R, and using the values of [j,. from the
experiment. Each curve corresponds to one laser power used. See Eq. |§_T| Iinc was calculated from the power at the free fiber end using the
fitted reflectance R| according to finc = liaun/(1 — R}).



S3. DERIVATION OF EQUATIONS 1 AND 2

Adapting the theory by Metzger et al. [[S2]], the effective spring constant, ke = mw?., can be described as follows:

eff®
1 aFopt 1
ket = ke [1- ——— 270t 1
eff = e 1+ w272 9z ke
keff_kc_wgff_w(z)_ 1 6F0pt 1
ke a)(z) T 1+ w22 0z ke

Considering a small (angular) resonant frequency shift, Aw = we — wo, |Aw| < wo,

wiﬁ—wé_(wo+Aw)2—wé~2Aw Af

~2— =2=L
5 wo  fo

w w

2
0
From Egs. [S4and[S3] we obtain Eq. 1 in the body text.

_ fO aFopt 1
2ke 0z 1+ (2nfor)?

Af =

Similarly, the effective damping constant, yef = wefr/Qeff, can be expressed by

woT aFopt 1 )

= 1+0)——m— —
Yell 70( Q01+w2‘r2 0z ke

Ay = e — g = [ @0 0T OFopt 1\ _wo  wor  9Fop
VI el = Y0 = 7/0)/01+a)272 0z ke ke 1+02T2 0z

From Eq.|S7|and considering w = wq, we obtain Eq. 2 in the body text.

[S1] N. Ismail, C. C. Kores, D. Geskus, and M. Pollnau, Opt. Express 24, 16366 (2016).
[S2] C. Metzger, I. Favero, A. Ortlieb, and K. Karrai, Phys. Rev. B 78, 035309 (2008).
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FIG. S6. The shift in the circulating power curves needed to adequately cancel the thermal frequency shift at both zero slope positions. Shifted
curves are shown as dotted lines. Each curve is shifted down by 27.5% of its average value.
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FIG. S7.  kopt due to radiation pressure vs average excitation laser power. The curve for position 4 overlays that of position 2. Force curves
were obtained from the circulating power assuming a perfectly reflective surface as F,q = 2Pjyc/c, where Py is the incident power and c is
the speed of light. Spring constants were derived by taking the numerical derivative at each measurement point.
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