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Stable Optical Trap from a Single Optical Field Utilizing Birefringence
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We report a stable double optical spring effect in an optical cavity pumped with a single optical field that
arises as a result of birefringence. One end of the cavity is formed by a multilayer Aljg,GagogAs/GaAs
stack supported by a microfabricated cantilever with a natural mode frequency 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.
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Cavity optomechanics, the interaction of radiation pres-
sure with movable optical elements, is an important field of
study in gravitational-wave interferometers [1-3] and in
probing quantum mechanics with macroscopic systems
[4-10]. It is well established that in an optomechanical
cavity, the radiation pressure due to the circulating field can
act as a (anti-)restoring and (anti-)damping force, depend-
ing on whether the cavity is red or blue detuned [1,11-13].
The (anti-)restoring force is generated 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
frequency is less than the laser frequency (blue detuned),
the radiation pressure gives rise to a positive restoring force
and an antidamping force. Likewise, when red detuned,
antirestoring and positive damping forces are generated.
For systems in which the optical forces dominate their
mechanical counterparts, this leads to instability from either
an antirestoring or antidamping 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 optical 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 systems with soft mechanical suspen-
sions and can be used to enhance the sensitivity of detection
by amplifying the mirror’s motion. The strong antidamping
force can dominate the mechanical damping in this scenario
giving rise to dynamic instabilities [2,14,15] and is usually
stabilized by actively controlling the optical response of the
cavity through feedback loops [2,14].

In 2007, Corbitt et al. [16] introduced a dual carrier
stable optical trap in which a damping force due to a red
detuned subcarrier field cancels out the antidamping force
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due to the blue detuned carrier field [16]. 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. [17]. 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 Letter, we introduce a new scheme to achieve a
stable optical trap by exploiting the birefringence inherent
to the mirrors, without relying on absorption or multiple
carrier fields. We inject a single field with linear polari-
zation into the cavity. The cavity consists of a 0.5-in. input
mirror and a microfabricated mirror supported on a
cantilever as the end mirror. The microresonator is fab-
ricated from a stack of crystalline Aljq,GaggAs/GaAs
layers and is inherently birefringent, resulting in differing
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 layers of the
epitaxially grown distributed Bragg reflector structure of
the microresonator [18,19]. The fabrication of the micro-
resonator is described in the Supplemental Material [20].

The two polarization components of the input field
undergo a relative phase shift as a function of the birefrin-
gence. This phase shift allows the two polarization compo-
nents 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 orthogonal polarization components
as the carrier (C) and the subcarrier (SC) polarizations, for
convenience.

The schematic shown in Fig. 1 describes the experiment
performed to demonstrate our scheme. Initially, the intensity
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FIG. 1. Experimental setup: A 1064-nm Nd:YAG laser outputs
500 mW of near infrared light. The intensity of the input laser
field is controlled by the amplitude modulator through a high pass
feedback control loop. The first half wave plate (HWP) and a
polarization beam splitter (PBS) set 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 components of the input field to about 22:1. The
cavity is located inside a vacuum tank and consists of a
0.5-in.-diameter input mirror and the 100-gm-diameter micro-
resonator (inset). The transmitted signals from the carrier (red)
and the subcarrier (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.

of the laser field from the Nd:YAG laser is modulated by an
amplitude modulator through a servocontrolled 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 region, and it only acts in a narrow
frequency band around the optical spring resonance. The
optical spring suppresses the cavity fluctuations below the
optical spring resonance, up to a maximum factor of about
5 000 at 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 polari-
zation angle of the input field is set using a combination of
two half wave plates and a polarizing beam splitter, 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 and 1.9 mW,
respectively.

The in-vacuum cavity is 1 cm long and consists of an
input mirror that has a radius of curvature of 1 cm. The
input mirror is mounted on a piezoelectric device to allow
for fine-tuning of the cavity length. The optical field is
focused on a microresonator that is about 100 ym in
diameter and about 400 ng in mass. The microresonator
has a natural mechanical frequency of Q,, = 27 x 274 Hz

with a mechanical quality factor Q,, ~2 x 10*. The
birefringence-induced frequency 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 y ~ 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 error signal
for the initial control of the cavity. The C and the SC
components of the transmitted fields are separated using
a polarizing beam splitter, and the amplitude of the SC
transmission is measured by a photodetector. The trans-
mitted 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 initial feedback
control and the signal analysis of the cavity features. The
electronic feedback control of the intensity of the input field
is turned off once the self-stable regime is reached.

The power inside the cavity and the resulting radiation
pressure on the microresonator test mass depend on the
resonance condition of the cavity. For a large cavity line-
width, we take the frequency of motion Q2 < y, such that the
associated oscillatory spring constant is given by [17]
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where P;, is the input power of the laser field. 7'; and R; are
the transmittance and the reflectance of the input mirror
(i = 1) and the end test mass (i = 2), , = /v is the field
detuning in terms of the cavity linewidth, 1, 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 y~!, and, hence, the response of the
intracavity power lags the mirror motion. This lag, in
effect, leads to a viscous damping force with a damping
coefficient given by Refs. [11,14], again under the
assumption that Q <y,

—2K

) ?

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 positive
spring constant (K > 0) and a positive damping coefficient
(" > 0) are required. But as is evident from the dependence
of K and I' on the sign of 6 [Egs. (1) and (2)], a positive
(restoring) spring constant implies instabilities due to
negative damping force under the assumption that Q < y.
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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 a statically
unstable region with K <0 and I" > 0, dynamically unstable
region with K > 0 and I < 0, antistable 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/y ~5.3 and
dsc/y ~—2.1. The inset (b) shows the spring constant and
damping as a function of 6¢/y, K, and I where the vertical
red line represents the stable optical trap from the experimental
data.

This instability due to negative damping usually requires
feedback control.

In our experiment, the system is stabilized by adjusting
the detuning of the C and SC components of the intracavity
field such that the blue detuned C polarization component
creates a large restoring force and only small antidamping
force, while the red detuned SC polarization creates a small
antirestoring force and a large damping force. The reflec-
tivities of the mirrors are the same for both polarizations in
this system, as determined by optical ringdown measure-
ments. At detunings of 6c =~ 5.3y and dgc =~ —2.1y, the
intracavity carrier and subcarrier polarization component
fields interact with the mechanical system resulting in
Kot = K+ K5 >0 and Ty = Te + Tge > 0.

Figure 2 depicts the numerical model for the operating
regimes of our system at a fixed input coupled power of
42 mW. The total optical rigidity due to the two polari-
zation field components is plotted as a function of carrier
and the subcarrier detunings. The numerical model is in
agreement with our experimentally observed stable optical
trap, as can be seen from the locking acquisition of our
optomechanical system (Fig. 3). The blue dotted line in
Fig. 2 corresponds to the locking acquisition in Fig. 3
where the amplitudes for the transmission of the carrier (I),
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FIG. 3. The real time sweep data showing the output signal for
the C polarization (I), the SC polarization (II), and the feedback to
the amplitude modulator (III). Region 1 of the plot shows the rise
in the amplitude for the C and the SC polarizations, as they scan
up the resonant cavity. The oscillations as a result of static
instabilities are shown in region 2 of the plot and are magnified in
the inset plot (b). 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.

subcarrier (II), and the feedback control signal are shown.
The feedback control signal is designed to provide a
damping force and is capable of counteracting the optical
antidamping that is dominant during initial locking, which
is shown as region 1 in Figs. 2 and 3. When the system
enters region 2, the SC crosses onto the other side of the
resonance and exerts a strong antirestoring force. The
feedback is unable to counteract an antirestoring 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 antirestoring 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.

Figure 2(b) depicts the sign of the total spring constant
and the damping coefficient due to the two polarization
components as a function of carrier detuning 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 without any
feedback control. The fluctuations of the optically trapped
mirror are relatively large in the performed measurement
regime, and there are some nonlinearities that are contrib-
uting to the noise in this measurement. Figure 4 shows the
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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 optical response
(dotted red). We note that this measurement is performed open
loop, where the feedback signal to the amplitude 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 resulting vibrations
in the system are sufficient to jitter the intracavity power and
modulate the optical spring frequency in the time that it takes to
perform this measurement.

effects of such fluctuations on the measured 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 effects, such as photo-
thermal effects, by confirming the polarization 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-
dependent stable optical trap for a microresonator-based
optomechanical system, as the outcome of a strong optical
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 have experimentally demonstrated the stability of the
system and confirmed that the deactivation of the feedback
control does not render the system unstable. We believe our
scheme to be a useful technique for manipulating and
stabilizing the dynamics of the vast variety of optome-
chanical systems.

Because of the simplicity of the technique, the polari-
zation-based optical trapping technique has many potential
applications in high sensitivity optomechanical 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 be beneficial to have
control over the birefringence effect, so that the difference
in the detunings of the carrier and subcarrier dc — dgc could
be adjusted ideally to lie in the range of about 3y. 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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