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We report a stable double optical spring effect in an optical cavity pumped with a single opti-
cal field that arises as a result of birefringence. One end of the cavity is formed by a multilayer
Alp.92Gag.0s As/GaAs stack supported by a microfabricated cantilever, with a natural mode fre-
quency of 274 Hz. The optical spring shifts the resonance to 21 kHz, corresponding to a suppression
of low frequency vibrations by a factor of about 5,000. The stable nature of the optical trap allows
the cavity to be operated without any external feedback and with only a single optical field incident.

Cavity opto-mechanics, the interaction of radiation
pressure with movable optical elements, is an important
field of study in gravitational-wave (GW) interferometers
[1-3] and in probing quantum mechanics with macro-
scopic systems [4-10]. It is well established that in an
opto-mechanical cavity, the radiation pressure due to the
circulating field can act as a (anti-)restoring and (anti-
)damping force, depending on whether the cavity is red
or blue detuned [11-14]. The (anti-)restoring force is gen-
erated by the position dependent intracavity power and
radiation pressure, while the (anti-)damping force is due
to the finite response time of the cavity to changes of the
mirror position.

If the cavity length is adjusted so that its resonant fre-
quency is less than the laser frequency (blue detuned),
the radiation pressure gives rise to a positive restoring
force and an anti-damping force. Likewise, when red
detuned, anti-restoring and positive damping forces are
generated. For systems in which the optical forces domi-
nate their mechanical counterparts, this leads to instabil-
ity from either an anti-restoring or anti-damping force.
The relative signs of the restoring and damping may be
modified when operated in the resolved-sideband regime
[9], but here we focus on the regime in which the opti-
cal spring is much stronger than the mechanical stiffness,
and the resulting optical spring resonance is at a lower
frequency than the cavity linewidth. The optical spring
formed by a restoring force has a profound effect in sys-
tems with soft mechanical suspensions and can be used
to enhance the sensitivity of detection by amplifying the
mirror’s motion. The strong anti-damping force can dom-
inate the mechanical damping in this scenario giving rise
to dynamic instabilities [2, 15, 16] and is usually stabi-
lized by actively controlling the optical response of the
cavity through feedback loops [2, 15].

In 2007, Corbitt et. al. introduced a dual carrier stable
optical trap, in which a damping force due to a red de-
tuned sub-carrier field cancels out the anti-damping force
due to the blue detuned carrier field [17]. That approach
eliminated the need for electronic feedback, but required
using two distinct optical fields incident on the cavity.
Recently, a new approach that exploits the bolometric

backaction due to the photothermal effect was proposed
by Kelley et. al. [18]. This approach produces a damping
force by exploiting the thermal expansion of the mirrors
from absorption of the intracavity optical field. Though
stable, such optical absorption introduces excess vacuum
fluctuations and deteriorates the sensitivity of the device.

In this paper we introduce a new scheme to achieve a
stable optical trap by exploiting the birefringence inher-
ent to the mirrors, without relying on absorption or mul-
tiple carrier fields. We inject a single field with linear po-
larization into the cavity. The cavity consists of a 0.5 inch
input mirror and a microfabricated mirror supported on
a cantilever as the end mirror. The microresonator is fab-
ricated from a stack of crystalline Alg g2Gag osAs/GaAs
layers and is inherently birefringent, resulting in differ-
ing resonance conditions for the orthogonal polarizations.
The observed birefringence is in part a consequence of
the finite lattice mismatch in the high and low index lay-
ers of the epitaxially grown distributed Bragg reflector
structure of the microresonator [19, 20]. The fabrication
of the microresonator is described in the Supplemental
Material [21].

The two polarization components of the input field un-
dergo a relative phase shift as a function of the birefrin-
gence. This phase shift allows the two polarization com-
ponents to operate at different cavity detunings, which
gives rise to the stable double optical spring. We note
that the phase shifted polarizations behave as if there
were two input fields. We will refer to these orthogo-
nal polarization components as the carrier (C) and the
subcarrier (SC) polarizations, for convenience.

The schematic shown in Fig 1 describes the experi-
ment performed to demonstrate our scheme. Initially
the intensity of the laser field from the Nd:YAG laser is
modulated by an amplitude modulator through a servo-
controlled feedback signal from the transmitted cavity
output field. The feedback provides a damping force to
stabilize the optical spring while it is in the unstable re-
gion, and it only acts in a narrow frequency band around
the optical spring resonance. The optical spring sup-
presses the cavity fluctuations below the optical spring
resonance, up to a maximum factor of about 5,000 at
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FIG. 1: Experimental setup: A 1064 nm Nd:YAG laser out-
puts 500 mW of near infrared light. The intensity of the
input laser field is controlled by the amplitude modulator
(Amp Mod) through a high pass feedback control loop. The
first half wave plate (HWP) and a polarization beam splitter
(PBS) sets the total coupled power of the input laser field to
about 42 mW and the second HWP controls the power ratio
between the carrier (C) and subcarrier (SC) polarization com-
ponents of the input field to about 22:1. The cavity is located
inside a vacuum tank and consists of a 0.5-inch diameter in-
put mirror and the 100 pm diameter microresonator (inset).
The transmitted signals from the carrier (red) and the sub-
carrier (blue) components are separated by a PBS. A 90:10
beam splitter (BS) splits the carrier transmission for signal
detection by a photodetector and for qualitative detection by
a camera. The carrier photodetector signal is used for signal
analysis and as an error signal for the feedback control.

low frequencies, as determined by the ratio of the optical
spring constant to the mechanical spring constant. That
reduction stabilizes the cavity, and allows for long term
operation without feedback at low frequencies. The po-
larization angle of the input field is set using a combina-
tion of two half wave plates and a polarizing beam split-
ter, such that the power in the C polarization is about 22
times the power in the SC polarization. The input power
coupled to the cavity in C and SC polarizations is about
40.1 mW and 1.9 mW, respectively.

The in-vacuum cavity is one centimeter long and con-
sists of an input mirror that has a radius of curvature of
one centimeter. The input mirror is mounted on a piezo-
electric device to allow for fine tuning of the cavity length.
The optical field is focused on a microresonator that is
about 100 pm in diameter, and about 400 nanograms in
mass. The microresonator has a natural mechanical fre-
quency of Q,, = 27 x 274 Hz with a mechanical quality
factor Q,, ~ 2 x 10*. The birefrengence induced fre-
quency shift of the resonance condition between the two
polarizations in our experiment is measured to be about
7.4 times the cavity linewidth (HWHM) of v = 27 x 254
kHz.

The transmitted field from the end mirror is used to

qualitatively analyze the cavity modes, determine the
cavity noise spectrum, and to generate a feedback er-
ror signal for the initial control of the cavity. The C and
the SC components of the transmitted fields are sepa-
rated using a polarizing beam splitter, and the amplitude
of the SC transmission is measured by a photodetector.
The transmitted C polarization is further split by a 90:10
beam splitter for which 10% of the signal is detected by
a CCD camera in order to realize a qualitative analysis
of the cavity modes. The rest of the C transmission is
detected by a photodetector and is used both for the ini-
tial feedback control and the signal analysis of the cavity
features. The electronic feedback control to the intensity
of the input field is turned off once the self-stable regime
is reached.

The power inside the cavity and the resulting radia-
tion pressure on the microresonator test mass depends
on the resonance condition of the cavity. For a large cav-
ity linewidth, we take the frequency of motion Q < ~,
such that the associated spring constant is given by [18]
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where Py, is the input power of the laser field. T; and
R; are the transmittance and the reflectance of the input
mirror (¢ = 1) and the end test mass (i = 2), 6, = 6/v
is the field detuning in terms of the cavity linewidth, A,
is the center wavelength of the input laser field, and c is
the velocity of light.

In addition, the detuned cavity has a finite response
time on the scale of v~ and hence the intracavity power
buildup lags the mirror motion. This lag in effect leads to
a viscous damping force with a damping coefficient given
by [12, 15], again under the assumption that £ < ~:
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where M is the reduced mass of the two cavity mirrors.
Compared with the fixed mirror the microresonator has
a negligible mass and hence the reduced mass is simply
equal to the mass of the cantilever.

For the optomechanical dynamics to be stable, a pos-
itive spring constant (K > 0) and a positive damping
coefficient (I' > 0) are required. But as is evident from
the dependence of K and I" on the sign of 6 (Eq 1 and
2), a positive (restoring) spring constant implies instabili-
ties due to negative damping force, under the assumption
that < . This instability due to negative damping
usually requires feedback control.

In our experiment, the system is stabilized by adjust-
ing the detuning of the C and SC components of the in-
tracavity field such that the blue detuned C polarization
component creates a large restoring force and only small
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FIG. 2: Graphical representation for the total optical rigidity
as a function of detunings of the carrier C and subcarrier
SC at a fixed input power ratio of 22:1, respectively. The
shaded regions [I], [II], [III], and [IV] respectively correspond
to statically unstable region with K<0 and I'>0, dynamically
unstable region with K>0 and I'<0, anti-stable region with
K<0 and I'<0, and stable region with K>0 and I"'>0. The
dotted blue line represents the trajectory of the C over the
cavity resonance and agrees with both the calculated and the
experimentally measured data. Regions 1, 2, and 3 on the
trajectory of C are in direct correspondence with the real time
sweep data as shown in Fig 3. A stable optical trap is achieved
at dc¢ /v ~ 5.3 and dsc/y ~ —2.1. The inset (b) shows the
spring constant and damping as a function of ¢ /v, K and T’
where the vertical red line represent the stable optical trap
from the experimental data.

anti-damping force, while the red detuned SC polariza-
tion creates a small anti-restoring force and a large damp-
ing force. The reflectivities of the mirrors are the same for
both polarizations in this system, as determined by opti-
cal ringdown measurements. At detunings of d¢ =~ 5.3y
and dgc ~ —2.1v, the intracavity carrier and subcar-
rier polarizations component fields interact with the me-
chanical system resulting in Ko, = K + K5C > 0 and
Tt = To+Tsc >0.

Fig 2 depicts the numerical model for operating
regimes of our system at a fixed input coupled power of
42 mW. The total optical rigidity due to the two polar-
ization field components is plotted as a function of carrier
and the sub-carrier detunings. The numerical model is in
agreement with our experimentally observed stable opti-
cal trap, as can be seen from the locking acquisition of
our opto-mechanical system (Fig 3). The blue dotted
line in Fig 2. correspond to the locking acquisition in
Fig 3 where the amplitudes for the transmission of the
carrier (I), subcarrier (IT), and the feedback control sig-
nal are shown. The feedback control signal is designed
to provide a damping force and is capable of counter-
acting the optical anti-damping that is dominant during
initial locking, which is shown as region 1 in Fig. 2 and
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FIG. 3: The real time sweep data showing the output sig-
nal for the C polarization (I), the SC polarization (II), and
the feedback to the Amp Mod (III). The region 1 of the plot
shows the rise in the amplitude for the C and the SC polar-
izations, as they scan up the resonant cavity. Oscillations as
a result of static instabilities are shown in region 2 of the plot
and are magnified in the inset plot (b). The region 3 of the
plot shows the system being stable and independent of the
feedback control, as shown in region of the plot where the
feedback is turned off.

3. When the system enters region 2, the SC crosses onto
the other side of resonance, and exerts a strong anti-
restoring force. The feedback is unable to counteract an
anti-restoring force, and the system oscillates. As the SC
detuning increases, and the system moves into region 3,
the optomechanical dynamics stabilizes as the restoring
force from the C exceeds the anti-restoring force of the
SC. At this point, the feedback loop is turned off, and
the system remains locked and stable. This does result
in slightly higher vibration levels in the absence of the
damping feedback loop.

The inset plot (b) of Fig 2 depicts the sign of the total
spring constant and the damping coefficient due to the
two polarization components, as a function of carrier de-
tuning around the stable optical trap region. The results
further correspond to the experimental measurement for
the optical spring response at a polarization dependent
stable optical trap, discussed above.

As shown in Fig 4, the mechanical resonance of the
microresonator is shifted from 274 Hz to about 21 kHz.
The optical trap is stable as can be seen from the decrease
in the phase, allowing the system to be operated with-
out any feedback control. The fluctuations of the opti-
cally trapped mirror are relatively large in the performed
measurement regime, and there are some non-linearities
that are contributing to the noise in this measurement.
Fig 4 shows the effects of such fluctuations on the mea-
sured transfer function of the oscillator as compared to
the calculated transfer function. We have verified that
this stabilization is due to polarization and not other ef-
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FIG. 4: The measured transfer function of a signal sent to
the amplitude modulator to the transmission photodetector
of the carrier is shown (blue), along with the calculated op-
tical response (dotted red). We note that this measurement
is performed open-loop, where the feedback signal to the am-
plitude modulator is turned off here and the cavity is self-
stabilized as a result of an optical trap. The disagreement
between the measured and calculated Q is attributed to the
fact that the the resulting vibrations in the system are suffi-
cient to jitter the intracavity power and modulate the optical
spring frequency in the time that it takes to perform this
measurement.

fects, such as photothermal effects, by confirming the po-
larization dependence on the observed stability. We note
that by varying the input polarization angle and hence
the power in the C and the SC, the observed stability
region shifts in agreement with the expected shifts in the
detunings of the C and the SC polarizations, and lies in
the stable region IV of Fig 2.

In conclusion, we have demonstrated a polarization de-
pendent stable optical trap for a microresonator based
opto-mechanical system, as the outcome of a strong op-
tical spring and optical damping. The dynamics of the
system are controlled by radiation pressure and depend
on the detunings of the polarization components of the
input field. We experimentally demonstrated the stabil-
ity of the system and confirmed that the deactivation of
the feedback control does not render the system unsta-
ble. We believe our scheme to be a useful technique for
manipulating and stabilizing the dynamics of the vast
variety of opto-mechanical systems.

Due to the simplicity of the technique, the polariza-
tion based optical trapping technique has many potential
applications in high sensitivity opto-mechanical systems.
Since our technique does not depend on absorption, the
application can be used without degrading the quantum
limited sensitivity of the experiment.

In the present measurement, the large separation of the
two polarizations leads to a smaller than desired optical

spring. Thus, we note that it would beneficial to have
control over the birefringence effect, so that the difference
in the detunings of the carrier and subcarrier, ¢ — dgc
could be adjusted, ideally to lie in the range of about 3~.
This could be accomplished if both cavity mirrors were
made to be birefringent. In that case, one of the mirrors
could be rotated with respect to the other, effectively
tuning the splitting frequency between the neighboring
polarization eigenmodes.
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