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Optically Induced Self-Excited Oscillations in an
On-Fiber Optomechanical Cavity

Ilya Baskin, D. Yuvaraj, Gil Bachar, Keren Shlomi, Oleg Shtempluck, and Eyal Buks

Abstract— Optically induced self-excited oscillations of sus-
pended mirror of a fully on-fiber optomechanical cavity are
experimentally demonstrated. The cavity is fabricated by pat-
terning a suspended metallic mirror on the tip of an optical fiber
and by introducing a static reflector in the fiber. We discuss the
use of on-fiber optomechanical cavities for sensing applications.
A theoretical analysis evaluates the sensitivity of the proposed
sensor operating in the region of the self-excited oscillations. The
results are compared with the experimental data and with the
sensitivity that is achievable when the oscillations are driven by
an external oscillatory force. [2013-0240]

Index Terms— Optomechanical cavity, optical fiber sensors.

I. INTRODUCTION

OPTOMECHANICAL cavities, which are formed by cou-
pling an optical cavity with a mechanical resonator,

are currently a subject of intense basic and applied research
[1, 2]. The optomechanical cavities can be employed in various
sensing [3-6] and photonics applications [7-12] and may also
allow an experimental study of basic physical effects (e.g. the
crossover from classical to quantum mechanics [13, 14]).

When the finesse of the optical resonator that is employed
for constructing the optomechanical cavity is sufficiently
high, the coupling to the mechanical resonator that serves
as a vibrating mirror is typically dominated by the effect
of radiation pressure [1, 15-19]. On the other hand, bolo-
metric effects can contribute to the optomechanical coupling
when optical absorption by the vibrating mirror is significant
[20-23]. In general, bolometric effects play an important
role in relatively large mirrors, in which the thermal relax-
ation rate is comparable to the mechanical resonance fre-
quency [24-27]. Phenomena such as mode cooling and
self-excited oscillations [22, 25, 28-33] have been shown
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in systems in which bolometric effects are dominant
[20-22, 24, 34, 35]

Recently, it was demonstrated that optomechanical cavities
can be fabricated on the tip of an optical fiber [36, 42]. These
miniature devices appear to be very promising for sensing
applications. However, their operation requires external driving
of the on-fiber mechanical resonator. Traditional driving using
either electrical or magnetic actuation, however, is hard to
implement with a mechanical resonator on the tip of an optical
fiber; a limitation that can be overcome by optical actuation
schemes [43].

In this paper we study a novel configuration of an on-fiber
optomechanical cavity and demonstrate that self-excited oscil-
lations can be optically induced by injecting a monochromatic
laser light into the fiber. The optomechanical cavity is formed
between the vibrating mirror that is fabricated on the tip of
a single mode optical fiber and an additional static reflector
which is introduced in the fiber. Optically-induced self-excited
oscillations are attributed to the bolometric optomechanical
coupling between the optical mode and the mechanical res-
onator and can be employed for resonator driving [34, 35].

The ability to induce self-excited oscillations can be
exploited for operating an on-fiber optomechanical cavity
as a sensor. Such a device can sense physical parameters
that affect the resonance frequency of the suspended mirror
(e.g. absorbed mass, acceleration, heating by external radia-
tion, etc.). A sensor based on self-excited-oscillations effect
is simple to fabricate and to operate, compact and robust.
Moreover, the unneeded actuator coupling and circuitry might
be beneficial fors future sensor applications. We present
below the on-fiber optomechanical cavity showing self-excited
oscillations, give a theoretical estimate of its sensitivity and
compare it with the measured performance.

II. EXPERIMENT

The optomechanical cavity shown in Fig. 1 was fabricated
on the flat polished tip of a single mode fused silica optical
fiber having outer diameter of 126 μm (Corning SMF-28
operating at wavelength λ0 ≈ 1550 nm) held in a zirconia
ferrule. A 10 nm-thick chromium layer and a 200 nm gold
layer were deposited successively by thermal evaporation. The
bi-layer was directly patterned by a focused ion beam to the
desired mirror shape (20 μm-wide doubly clamped beam).
Finally, the mirror was released by etching approximately
12 μm of the underlying silica in 7% HF acid (90 min etch
time at room temperature). The beam remained supported by
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Fig. 1. (a) A schematic drawing of the sample and the experimental
set-up. On-fiber optomechanical cavity is excited by a tunable laser. The
reflected light intensity is measured and analyzed. (b) Electron micrograph
of a suspended micromechanical mirror (false color code: blue-silica fiber,
yellow - gold mirror, gray - zirconia ferrule), the view is tilted by 52°.
(c) Spectral decomposition of the reflected light power (PR) vs. excitation
wavelengths. High amplitude oscillations of the PR (visible as an intense peak
in the spectrum) correspond to self-excited oscillations. Curves corresponding
to λ = 1545.322 nm and λ = 1545.320 nm are shifted vertically for clarity.

the zirconia ferrule, which is resistant to HF. The precise
alignment between the micro-mechanical mirror and fiber core
that was achieved in the fabrication process allowed robust
and simple operation without a need of any post-fabrication
positioning.

The static mirror of the optomechanical cavity was provided
by a fiber Bragg grating (FBG) mirror (made using a standard
phase mask technique [44], grating period of 0.527 μm and
length ≈ 8 mm) with the reflectivity band of 0.4 nm FWHM
centered at λ0. The length of the optical cavity was l ≈ 10 mm
providing a free spectral range �λ = λ2

0/2neff l ≈ 80 pm
(where neff = 1.468 is the effective refraction index for
SMF-28). The cavity length was chosen so that at least five
cavity resonance wavelengths would be located within the
range of the FBG reflectivity band. Despite of the high FBG
reflectivity (≈ 90%) the resulting cavity finesse was low
(about 2) due to the high cavity losses (see Ref. [34] for
detailed discussion of the cavity reflectivity spectrum). The
most plausible source of losses is the light scattering on the
rough etched fiber tip surface (protuberances of micron size
were observed below the suspended beam), giving rise to
radiation loss.

Monochromatic light was injected into the fiber bearing
the cavity on its tip from a laser source with an adjustable
output wavelength (λ, tunable in the range of 1525–1575 nm)
and power level (PL , up to 20 mW). The laser was connected
through an optical circulator, that allowed the measurement of
the reflected light intensity (PR) by a fast responding photode-
tector. The detected signal was analyzed by an oscilloscope
and a spectrum analyzer (see the schematics at Fig. 1(a). The
experiments were performed in vacuum (at residual pressure
below 10 mPa) with sample thermally anchored to a cold
finger with temperature adjustable between 4 to 300 K.
The resonance frequency of the suspended mirror, ω0 was
estimated by the frequency of thermal oscillations measured
at low input laser power. (At power levels well below the

self-excited oscillations threshold the mechanical and optical
systems are effectively decoupled [34].)

The spectral decomposition of the reflected signal power
PR( f ), measured for λ = 1545.318, 1545.320 and
1545.322 nm (curves marked by empty circles, squares and
filed circles, respectively) is shown in Fig. 1(c). The appear-
ance of a striking peak in PR( f ) spectrum (measured at
λ = 1545.322 nm) indicates the onset of self-excited oscil-
lations. The mechanical origin of these oscillations was ver-
ified by observation of the spectral peak broadening induced
by a deliberate reduction of the mechanical quality factor
(by increasing the drag friction by venting the vacuum cham-
ber with atmospheric air). When the air pressure was increased
to 1 atm, the peak of Fig. 1(c) became over-broaden and was
obscured by the measurement noise.

The PR( f, λ) spectrum (shown as a color-map in Fig. 2(a)
was measured for the wavelength range covering the sample
reflectivity band. The sharp spectral peaks that appear just
below the mechanical resonance frequency ω0 (marked by a
dotted line in Fig. 2(a) correspond to the self-excited oscilla-
tions of the vibrating mirror. These oscillations are “turned on”
when the laser wavelength is adjusted to the specific regions of
the cavity’s reflectivity spectrum (R(λ), blue curve in Fig. 2(b)
and PL exceeds a (wavelength dependent) threshold value.

Some interesting observations can be made by inspection of
Fig. 2. (1) The self-excited oscillations appear at wavebands
having positive slope of reflectivity vs. wavelength. In other
words, self-excited oscillations are induced by a light that
is “red-detuned” from the cavity resonance. Note that, in
contrast, in dispersively coupled optomechanical systems self-
excited oscillations can only be induced by “blue-detuned”
light [1]. (2) The self-excited oscillation frequency signifi-
cantly varies as a function of λ. (3) The step-like onset of the
oscillations amplitude as a function of λ (sweeping through the
region of self-excited oscillations, black solid line in Fig. 2(b)
indicates a threshold behavior of optomechanical system. We
will refer to these observations further, in the framework of
the model developed in Section IV.

III. RESONANT DETECTION

To estimate the sensitivity of a sensor that is based on
optomechanical cavity, the phase noise of the self-excited
oscillations is theoretically evaluated below. In general, the
resonant detection with a mechanical resonator is a widely
employed technique in a variety of applications [45-48]. A
detector belonging to this class typically consists of a mechan-
ical resonator, which is characterized by an angular resonance
frequency � and characteristic damping rate �. Detection
is achieved by coupling the measured physical parameter of
interest, denoted as p, to the resonator in such a way that
� becomes effectively p-dependent, i.e. � = � (p). The
sensitivity of the detection scheme that is employed for mon-
itoring the parameter p can be characterized by the minimum
detectable change in p, denoted as δp. For small changes, δp
is related to the normalized minimum detectable change in the
frequency σy = δ�/� by the relation δp = |∂�/∂p|−1 �σy.
The dimensionless parameter σy, in turn, typically depends on
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Fig. 2. (a) Spectral power density of the reflected optical power as function
of frequency and excitation wavelength. The self-excited oscillations are seen
as sharp peaks in the reflected power spectrum (dark-gray regions of the
colormap). The effective resonance frequency fit by Eq. (10) (dashed curve)
and the uncoupled mechanical oscillator resonance frequency (dotted line)
are shown. Inset: zoom-in to a self-excited oscillations peak (marked by a
rectangle) and the sensitivity factor estimation Jy. (b) The reflected power
oscillations amplitude (black solid curve) and the wavelength bands where
the self-excited oscillations are expected (�0 < 0 in Eq. (20), indicated by
the pink bars). Fitting curves of panels a) and b) are based on the sample
reflectivity spectrum (blue curve on panel b) and the following experimental
parameters: ω0/2π = 2.2465 × 105 γ0/2π = 50 Hz, κ = 12.0 × 103 Hz,
β = 2.2×103 s−1 K−1, θ = −14×103 N kg−1 K−1 and η = 3.5×106 K J−1.

the noise in the system and on the averaging time τ that is
employed for the measurement. For a detection scheme based
on forced oscillations the normalized minimum detectable
change in the frequency (σy) is found to be given by [49]

σy =
(

2�kBTeff

U0�2τ

)1/2

, (1)

where kB is the Boltzmann’s constant, Teff is the noise effec-
tive temperature and U0 is the energy stored in the externally
driven resonator in steady state. It is convenient to define
the sensitivity factor Jy = σyτ

1/2 that does not depend on
the integration time [see Eq.(1)] and can be used to compare
detectors measured in different experimental conditions. Note
that Eq. (1) is derived for a linear resonator in the classical
limit (kBTeff � h̄�). The generalization of Eq. (1) for the
case of nonlinear response is discussed in Ref. [50].

IV. MODEL AND DISCUSSION

In the limit of small displacement, the dynamics of the
system can be approximately described using a single evo-
lution equation [35]. The theoretical model that is used to
derive the evolution equation is briefly described below. Note
that some optomechanical effects that were taken into account
in the theoretical modeling [35] were found experimentally
to have a negligible effect on the dynamics [34] (e.g. the
effect of radiation pressure). In what follows such effects are
disregarded.

The micromechanical mirror in the optical cavity is treated
as a mechanical resonator with a single degree of freedom x
having mass m and damping rate γ0 (when it is decoupled from

the optical cavity). It is assumed that the angular resonance
frequency (ωm) of the mechanical resonator depends on the
temperature T of the suspended mirror. For small deviation of
T from the base temperature T0 (i.e. the temperature of the
supporting substrate) ωm is taken to be given by

ωm = ω0 − β (T − T0) , (2)

where β is a constant. Furthermore, to model the effect of ther-
mal deformation it is assumed that a temperature dependent
force given by

Fth = θ (T − T0) , (3)

where θ is a constant, acts on the mechanical resonator [22].
The mechanical oscillator’s equation of motion is given by

ẍ + 2γ0ẋ + ω2
m(T )x = Fth(T ), (4)

where an overdot denotes differentiation with respect to time.
The time evolution of the effective temperature T is

governed by the thermal balance equation

Ṫ = κ (T0 − T ) + ηPL I (x) , (5)

where η is the heating coefficient due to optical absorption, κ is
the thermal rate, PL is the injected laser power and PL I (x)
is the intra-cavity optical power incident on the suspended
mirror, which depends on the mechanical displacement x (i.e.
on the length of the optical cavity) due to the effect of optical
interference.

For small x the expansion

I (x) � I0 + I ′
0x + (1/2) I ′′

0 x2 (6)

is employed, where a prime denotes differentiation with
respect to the displacement x . This model neglects the mechan-
ical nonlinearities of the resonator, i.e. it is assumed that
nonlinear behavior exclusively originates from bolometric
optomechanical coupling.

The displacement x (t) can be expressed in terms of the
complex amplitude A as

x (t) = x0 + 2 Re A, (7)

where x0, which is given by x0 = ηθ PL I0/κω2
0, is the

optically-induced static displacement. For small displacement,
the evolution equation for the complex amplitude A is found
to be given by the following Langevin equation [35]

Ȧ + (�eff + i�eff) A = ξ (t) , (8)

where both the effective resonance frequency �eff and the
effective damping rate �eff are real even functions of |A|.
To second order in |A| they are given by

�eff = γ0 + ηθ PL

2ω2
0

I ′
0 + ηβ PL

4ω0
I ′′
0 |A|2 , (9)

�eff = ω0 − ηβ PL

κ
I0 − ηβ PL

κ
I ′′
0 |A|2 . (10)

The above expressions for �eff and �eff are obtained by mak-
ing the following assumptions βx0 � θ/2ω0, θκ2 � βω3

0λ
and κ � ω0, which typically hold experimentally [34]. The
fluctuating term [51]

ξ (t) = ξx (t) + iξy (t) , (11)
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where both ξx and ξy are real, represents white noise and the
following is assumed to hold

〈ξx (t1) ξx (t2)〉 = 2�δ (t1 − t2) , (12)〈
ξy (t1) ξy (t2)

〉 = 2�δ (t1 − t2) , (13)〈
ξx (t1) ξy (t2)

〉 = 0, (14)

where � = γ0kBTeff/4mω2
0 and where Teff is the effective

noise temperature.
The self-excited oscillations frequency variation as a func-

tion of λ was fitted by Eq. (10) (dashed curve in Fig. 2(a)
using β as a fitting parameter. To preform the fit we estimated
the power absorbed by the beam (PL I0) from the reflection
spectrum and the nonlinear term of the Eq. (10) was neglected.
The good agreement with data that is obtained from fitting pro-
cedure shows that self-excited oscillations frequency variation
stems mainly from beam heating.

In cylindrical coordinates A is expressed as

A = Ar ei Aθ , (15)

where Ar = |A| and Aθ is real [52]. The equations of motion
for Ar and for Aθ are given by [see Eq. (8)]

Ȧr + Ar�eff = ξr (t) , (16)

and
Ȧθ + �eff (Ar ) = ξθ (t) /Ar , (17)

where the fluctuating terms satisfy the following relations

〈ξθ (t1) ξθ (t2)〉 = 2�δ (t1 − t2) , (18)

〈ξr (t1) ξθ (t2)〉 = 0. (19)

By introducing the notation

�0 = γ0 + ηθ PL I ′
0/2ω2

0 (20)

and
�2 = ηβ PL I ′′

0 /4ω0 (21)

one can express the effective damping rate �eff as [see Eq. (9)]

�eff = �0 + �2 A2
r . (22)

Consider the case where θ I ′
0 < 0 and where β I ′′

0 > 0. For
such a case a supercritical Hopf bifurcation occurs when �0
vanishes, i.e. for a critical value of the laser power given by
PLC = −2ω2

0γ0/ηθ I ′
0. The self-excited oscillations emerge

above the threshold, i.e. when �0 becomes negative.
In many optomechanical systems the light stored in optical

cavity acts to reduce the optical resonance frequency by
lengthening the cavity. This is always the case for the radiation
pressure coupled optomechanical cavities. For the bolometric
coupling, on the other hand, this is the case only when
θ > 0. However, θ may take negative values due to beam
buckling effects and consequently self-excited oscillations are
possible only for the wavebands corresponding to d I/dx > 0
(i.e. “red detuning” as in Fig. 2(b) [53]. We note that the
observation of the self-excited oscillations for “red-detuned”
laser input eliminates the possibility of the dispersive coupling
mechanism in the optomechanical cavity. A detailed study of
optomechanical cavity comprised of buckled mirror has been
published [53].

A reasonably good fit of the wavebands supporting self-
excited oscillations was achieved by solving �0 < 0 for λ,
while θ is taken as a fit parameter. The solution is mapped in
Fig. 2(b) as pink bars (with oscillation amplitude curve). For
two wavebands around λ = 1545.072 and 1545.144 nm the
self-excited oscillations do not appear in experiment despite
the fact that �0 was estimated to be negative. We consider that
the saturation of the photo-detector response led to “flattening”
of central lobes of the reflectivity spectrum and to overesti-
mation of the effective damping rate variation at side-lobes.

The steady state value of Ar (when noise is disregarded) is
given by r0 = √−�0/�2. In terms of the laser power r0 can
be expressed as

r0 = λ

√
− 2θ

βω0λ

I ′
0

λI ′′
0

�PL

PL
, (23)

where �PL = PL − PLC.
Using the notation

Ar = r0 + ρ, (24)

one finds to lowest nonvanishing order in ρ that Ar�eff =
−2�0ρ + O

(
ρ2

)
. Moreover �eff = �H + ζρ + O

(
ρ2

)
, where

�H = �eff (r0) and where ζ = d�eff/d Ar at the point r0.
To lowest nonvanishing order in ρ the equations of motion
for Ar and Aθ become

ρ̇ − 2�0ρ = ξr (t) (25)

and
φ̇ + ζρ = ξθ (t)

r0
, (26)

where φ = Aθ +�Ht . In steady state (i.e. in the limit t → ∞)
the solution for ρ reads

ρ (t) =
∫ t

0
e2�0(t−t1)ξr (t1) dt1. (27)

The correlation function of ρ (t) is 〈ρ (t1) ρ (t2)〉 = −(
�/2�0

)
e2�0|t1−t2|, and thus the autocorrelation function of φ̇ is
given by

〈
φ̇ (t1) φ̇ (t2)

〉 = �

[
ζ 2e2�0|t1−t2|

2 |�0| + 2
�2

|�0|δ (t1 − t2)

]
. (28)

The power spectrum Sφ̇ (ω) of φ̇ can be directly evaluated
from Eq. (28) using Wiener-Khinchine theorem [54], which
relates auto correlation function with spectral density,

Sφ̇ (ω) = 1

π

�ζ 2

4�2
0 + ω2

+ ��2

π |�0| . (29)

The signal
y (t) ≡ φ̇/�H (30)

represents the normalized the momentary angular frequency
�H + φ̇. The average value of y (t) is estimated by monitoring
the signal y (t) in a time interval τ :

ŷ (τ ) = 1

τ

∫ τ/2

−τ/2
dt y (t) . (31)

In the limit of steady state, i.e. when τ � 1/ |�0|, the
variance of the estimator ŷ (τ ), which is proportional to the
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minimal detectable frequency change, is given by σ 2
y (τ ) =

2π Sy (0) /τ , thus

σ 2
y (τ ) = 2�

�2
Hr2

0 τ

(
1 + ζ 2

4|�0|�2

)
. (32)

Note that due to the fact that in the present case Sφ̇ (ω)
remains finite in the limit ω → 0, the above defined variance
σ 2

y (τ ) is identical to the Allan variance [55]–[57]. With the
help of Eq. (10) one finds that ζ 2/4 |�0|�2 = (4ω0/κ)2.
The assumption that κ � ω0 [34] leads to

σy (τ ) = 4ω0

κ

(
2γ0kBTeff

U0ω
2
0τ

)1/2

, (33)

where U0 = 4m�2
Hr2

0 is the energy stored in the self-
excited resonator in steady state close to the threshold. The
comparison with Eq. (1) indicates that σy (τ ) for the case of
optically induced self-excited oscillations is roughly 4ω0/κ
times larger compared with the case of external drive for the
same values of U0 and Teff . Generally bolometrically coupled
optomechanical cavities support the self-excited oscillations
only if the thermal relaxation rate is lower than the oscillator
resonance frequency (i.e. sufficient retardation between the
mechanical mirror movement and the thermal force variation
is provided [22], [34], [35]). For the optomechanical devices
under study the ratio ω0/κ is about 100.

The factor Jy as a function of PL was experimentally
measured using an on-fiber optomechanical cavity device, in
which the mechanical mirror covers almost the entire fiber
cross section (schematically shown in the inset of Fig. 3).
In this device self-excited oscillations as a function of input
power were observed above a threshold value of PL = 8.7 mW
[see Fig. 3]. To experimentally determine the factor Jy, the
reflected optical power was recorded over a time period of
2 ms using an oscilloscope. The factor σy, which was found
by the zero-crossing technique [56], allowed evaluation of Jy.

The frequency of self-excited oscillations �H/2π , the sensi-
tivity factor Jy and oscillations amplitude are plotted vs. laser
power PL in panels (a), (b) and (c) of Fig. 3, respectively.
The experimental data is shown by star marks, while a
theoretical fit that is based on Eqs. (10), (33) and (23) is
shown by the red solid lines. Since the presented model is
only valid in the small amplitude limit i.e. for PL just above
the threshold, the theoretical curve was limited to the maximal
range for which a reasonable fit can be achieved. Noticeably,
Jy continues to decrease with increasing PL even beyond
the range that is covered by our approximated model. The
experimental parameters that have been employed in the curve
fitting are listed in the figure caption.

The sensitivity factor (in the self-excited oscillations
regime) was evaluated for a number of on-fiber optomechan-
ical cavities of various geometries (e.g. Jy data shown in
the inset of Fig. 2) and for cavities comprising an optical
fiber actively aligned against a suspended micro-mirror (as in
preceding work by Zaitsev et al. [34]). The sensitivity of these
devices was of the same order of magnitude as in the data seen
in Fig. 3(b).

Fig. 3. The frequency of self-excited oscillations �H/2π [panel (a)], the
sensitivity factor Jy [panel (b)] and oscillations amplitude [panel (c)] vs. laser
power PL. The star marks represent experimental data, the solid lines represent
a theoretical fit that is based on the following experimental parameters:
κ = 22 × 103 Hz, m = 30 × 10−12 kg, λ = 1.55 μm, Teff = 300 K,
�/� = 103,

∣∣I ′
0

∣∣ /λI ′′
0 = 0.8, β = 104 s−1 K−1, θ = 1.6 × 103 N kg−1 K−1

and η = 3.5 × 106 K J−1. Inset: sample schematics (top-view, not to scale).
Yellow - suspended membrane, blue - the fiber top, gray - ferrule.

V. CONCLUSION

Optically induced self-excited oscillations of the suspended
mirror fabricated on the optical fiber tip were experimentally
demonstrated. Based on previously developed model of bolo-
metrically coupled optomechanical cavity we estimated the
sensitivity of a detector exploiting the self-excited oscillations
effect. The estimations predict an inherent loss of the sensi-
tivity (compared to traditional externally actuated resonator).
However, the fabrication and operation simplicity of self-
excited optomechanical detectors in many cases compensates
the possible degradation in the sensitivity and can be very
attractive for future sensor applications.
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