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Optomechanics with a polarization nondegenerate
cavity

In the previous chapters, the polarization degree of light was only used to sepa-
rate different laser frequencies. In this chapter, we show that a polarization non-
degenerate cavity can be used to gain access to the polarization degree of freedom in
optomechanical experiments. Furthermore, we propose how to use this additional
degree of freedom to perform accurate side-band thermometry and to create novel
forms of photon-phonon entanglement. The experimental system in this chapter uti-
lizes the compressive force in the mirror attached to a mechanical resonator to create
a micromirror with two radii of curvature which leads, when combined with a sec-
ond mirror, to a significant polarization splitting of the cavity modes.

The work presented in this chapter is based on: EM. Buters, M.J]. Weaver, H.]J. Eerkens, K. Heeck, S.
de Man and D. Bouwmeester, “Optomechanics with a polarization nondegenerate cavity”, Phys. Rev. A
94 063813 (2016)
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6.1 Introduction

Coupling mechanical motion to electromagnetic radiation lies at the heart of cav-
ity optomechanics. Because the coupling is so general, a wide variety of of exper-
iments exists. For example the scale on which the mechanical motion takes place
can range from suspended macroscopic mirrors [75, 76, 77] to cold atoms coupled to
an optical cavity [78], see Ref. [16] for a review. Also the source of electromagnetic
radiation varies greatly, ranging from the microwave [39, 79] to the optical domain
[40, 61, 44, 80]. Each device and set-up has its own advantages. In the optical domain,
the availability of the polarization degree of freedom adds an additional knob for
controlling and tuning the optomechanical devices. This means that techniques and
methods from several landmark experiments demonstrating photon-photon [81, 82]
or photon-matter [83, 84] entanglement can be implemented in existing optomechan-
ical set-ups. However, so far, polarization has mostly been used to experimentally
separate different optical signals and is not yet considered as a degree of freedom in,
e.g., proposals [8, 85, 86, 87, 88] and experiments [89, 90] on photon-phonon entan-
glement.

This is understandable since the mechanical mode in an optomechanical system
is not sensitive to the polarization of the incoming photon. However, the optical
mode can be engineered to be polarization sensitive. Birefringence or astigmatism
can cause a polarization splitting of the (fundamental) mode of an optical cavity.
Although such birefringence has been observed before in optomechanical set-ups,
it has been regarded as a parasitic effect [91, 92]. In this article we show an op-
tomechanical system in which a significant polarization splitting of the fundamental
mode is present. After a brief characterization of the set-up we show how for a sin-
gle laser frequency, the interaction can be changed from cooling to driving simply by
varying the polarization. Finally, some advantages of a polarization nondegenerate
optomechanical system are discussed.

6.2 Experimental details

In a Fabry-Perot-based system birefringence, occurs when one cavity mirror, either
the stationary or the movable mirror, has two radii of curvature. We chose to use the
curvature already present in the mirror attached to a trampoline resonator. The tram-
poline resonator consists of multiple DBR layers on top of a patterned silicon nitride
membrane (see inset Fig. 6.1a). Finite element analysis using COMSOL shows that
the compressive force in the DBR mirror is much larger than the tensile force in the
silicon nitride causing the mirror to buckle slightly. This is schematically depicted in
Fig. 6.1a. We have confirmed the mirror curvature with an optical profiler. Fig. 6.1b
shows a concave mirror surface. Such small high quality curved mirrors are already
interesting on their own to make small micro cavities for cavity QED experiments.
For a polarization nondegenerate cavity however, an astigmatic mirror is needed.
Closer inspection of the mirror surface reveals a four-fold symmetry for the cur-
vature in the center of the mirror, as expected from the geometry of the trampoline
resonator. Because the DBR mirror is over-sized, 110 ym diameter, compared with
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Figure 6.1: (a) Compressive stress in the DBR layers causes the mirror to buckle. Inset shows
optical image of the trampoline resonator (b) Optical profiling with a confocal microscope
reveals a concave mirror surface. (c) Local radius of curvature as function of angle obtained
for the off center location indicated with the white dot in panel (b). (d) Demonstration of mode
splitting for an off axis aligned cavity by monitoring the transmitted intensity when the laser
frequency is varied.
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the beam size, typically 12 um diameter, a high-quality cavity can still be constructed
by placing the beam off axis. It is therefore interesting to look at the local curvature
away from the middle. For the white dot in 6.1b we determine the local radius of
curvature (ROC) by fitting a parabola to a line-cut straight through the center of the
white dot (see dashed line 6.1b). From the derivative of the parabola the ROC is
obtained [93]. If we repeat this procedure for linecuts at differents angles we obtain
Fig. 6.1c. A clear two-fold symmetry is present, with a minimum ROC of about 1
mm and a maximum ROC of about 4 mm. Using these numbers together with the
recently published work by Uphoff et al. [94], a polarization splitting of about 60
kHz for the fundamental mode is expected, based on the parameters of the set up.

To demonstrate such a splitting, a 5-cm-long Fabry-Perot cavity operating around
1064 nm is placed in a vibration isolated vacuum chamber. In this configuration the
convex side of the trampoline resonator faces the stationary mirror. The fundamental
mode of the cavity is aligned such that the cavity mode is located on the side of
the small curved mirror. The optical quality factor is constant with respect to beam
placement, only near the very edge of the mirror does the optical quality degrade
due to clipping of the beam. Both beam placement and optical quality factor are
actively monitored during alignment to prevent this clipping of the beam. Via a
cavity ringdown [67] the optical linewidth is determined to be 51+1 kHz and the
mechanical resonator is characterized by measuring its mechanical thermal noise
spectrum with a laser locked to a cavity resonance by using the Pound-Drever-Hall
(PDH) technique [38]. With this technique an intrinsic mechanical linewidth I';,, of
19 Hz and a mechanical frequency €, of 222 kHz is measured.

6.3 Results

To see if any polarization splitting is present, a laser is scanned across the cavity res-
onance and the input polarization is adjusted to address both polarization modes
equally. A polarization splitting of 83+1.0 kHz is observed, as shown in Fig. 6.1d.
This is of the same order as the expected polarization splitting of 60 kHz. Further-
more, the splitting is large enough to already show some interesting optomechanical
effects. For this the measurement scheme outlined in ref. [67] is used. A probe laser
at the cavity resonance is used to monitor the mechanical motion while the detuning
of a second pump laser is varied.

For each specific laser detuning we measure the mechanical noise spectrum, fit
a Lorentzian and extract the mechanical linewidth and frequency. The results are
shown in Fig. 6.2. Note that the laser detuning is indicated for one of the two op-
tical modes. The detuning for the other mode is shifted by 83 kHz, the polarization
splitting. Since our optomechanical system operates in the linearized regime, the fre-
quency shift and effective damping can be understood by adding the contributions
of both modes:

5Qm,tota,l = 6Qm,1 + 5Qm,2 (61)
Feff,total = Fo;Dt,l + Fopt,2 + F7n (62)

where €2, ; and I, ; are the optically induced frequency shift and damping (see
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Figure 6.2: (color online) Optomechanical interaction for a polarization nonnegenerate cavity.
Blue points are extracted from the Lorentzian fit to the mechanical resonance. Red is a simul-
taneous fit of the data with four free parameters: optical linewidth, optical splitting, and input
laser power for both modes. Green shows the contribution of the individual modes. Panel(a)
shows the mechanical frequency shift and panel (b) shows effective mechanical damping.

for example ref. [16] for detailed expressions). In green is shown the individual
contribution from each mode and in red is shown the result of a fit for the combined
effect of both modes. Note that the red curve in Fig. 6.2 and Fig. 6.3 is obtained
from a single simultaneous fit to all data with only four free parameters: the optical
linewidth, the mode splitting and the input power of both the horizontal and vertical
polarization modes. From Fig. 6.2 we see that the experimental results are nicely
described by the addition of the two separate contributions. Furthermore we obtain
an optical linewidth « of 52+0.9 kHz, a mode splitting of 82.4+1.2 kHz and an input
laser power of 2.19+0.04 W and 1.854-0.04 uW for both optical modes. These results
are in good agreement with the optical characterization. It is also clear that at A =
41.5 kHz, precisely in between both optical modes, their contributions cancel.

This is even more clear when looking at the effective temperature of the mechan-
ical mode, which is obtained from the area of the Lorentzian fit to the mechanical
resonance. The theory curve for Fig. 6.3 is given by

th ﬁthrm + 777‘minropt

6.3
kB Fm + 1_\o;mf ( )

Teys =

with T = (k/ 4Qm)2 the theoretical minimum phonon number in the side-band
resolved regime and 7, the thermal phonon occupation number. For the optical
damping I',,: we use the sum of the contributions from both modes (see Eq. 6.2).
From the resulting graph of Fig. 6.3 we see again that the experimental results fol-
low the theory nicely. Furthermore, at laser detuning A = 41.5 kHz indicated by
the arrow, the effective mode temperature is just the environmental temperature,
showing once more that the contribution from both polarization modes cancel out.
However, if the laser is kept at A = 41.5 kHz and the input polarization is changed,
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Figure 6.3: (color online) Effective temperature as a function of laser detuning. The arrow in-
dicates the point where the contribution from both modes precisely cancel each other, leading
to an effective temperature equal to the bath temperature.

one mode will dominate leading to either heating or cooling.

Of course the same effect can be obtained by using two lasers placed at either side
of the cavity resonance, or perhaps even by using higher-order optical modes, but
using the polarization degree of freedom as described above has several advantages.
Because only a single frequency is used, the whole set-up has one common path,
which improves the stability of the experiment. Second, one single narrow linewidth
laser frequency is needed. Furthermore, only the fundamental Gaussian transverse
mode is required, which has the same optical quality for both polarization modes.
Finally, the power ratio between the two modes is easily adjusted simply by rotating
the incident polarization.

In principle these advantages are only technical. There are however interesting
opportunities when the polarization splitting is precisely two times the mechanical
frequency. For example an alternative method for side-band thermometry [71, 73,
95, 96, 97], which is the optomechanical equivalent to Raman-ratio thermometry in
cold atoms [98] and solids [99], is possible. In Fig. 6.4 a laser, 45° linearly polarized,
is placed precisely in the middle of the two polarization modes. Interaction with
the horizontal mode leads to Stokes scattering, while interaction with the vertical
mode leads to anti-Stokes scattering. For a large average phonon number (n) both
the horizontal mode (Stokes sideband) and vertical mode (anti-Stokes sideband) will
exit the cavity with equal intensity. However, when the phonon occupation number
is lowered, Stokes scattering becomes dominant and the light exiting the cavity will
be mainly in the horizontal mode. Therefore the phonon number can be accurately
obtained by measuring the ratio of transmitted light in the horizontal and vertical
mode, since this will scale as 1 + 1/(n).

Another interesting opportunity arises when a polarization nondegenerate sys-
tem is prepared in the quantum-mechanical ground state, a prerequisite for photon-
phonon entanglement. Often a beamsplitter is used to create photon-photon en-
tanglement [8, 85, 86, 87, 88]. For a polarization sensitive cavity this is no longer
needed. If we again consider the situation of Fig. 6.4, but replace the laser with a
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Figure 6.4: A polarization nondegenerate cavity with a splitting § = 2Q,,. H and V denote
the different polarization and corresponding cavity mode.

single photon source, we see that entanglement arises when the incoming photon,
45° linearly polarized, is projected onto either basis state. By projecting onto the
horizontal basis state, a phonon will be added to the mechanical resonator, while
projecting onto the vertical basis state will extract a phonon. When, for example,
starting from the (n) = 1 state, the mechanical resonator is put into a superposition
between the ground state and the second-excited state. This is not possible when a
beamsplitter is used together with multiple laser frequencies. The addition of the
polarization degree of freedom has created a new possibility to manipulate the state
of the mechanical resonator. Furthermore, additional tools from the polarization-
quantum optics toolbox can now be used. The input photon can be replaced with
polarization entangled photon pairs, where one photon interacts with the resonator
while the state of the other photon is monitored. We must however remark that for
such single photon experiments either single photon strong coupling is required or
a postselection method has to be implemented [14].

To access this new and interesting regime, a system with a polarization splitting
of two times the mechanical frequency is needed. This requires only a small mod-
ification to the system presented here. Fabry-Perot-based optomechanical systems
are available with an optical linewidth smaller than 17 kHz, a mechanical frequency
of 250 kHz, and a mechanical quality factor approaching 5x10° [35]. Taking this as
a starting point, a cavity with a mode splitting of 500 kHz is needed. With some
small modifications to the trampoline resonator design the mode splitting can be
pushed from 83 to about 100 kHz. Since the mode splitting scales inversely with
cavity length [94], reducing the cavity length by a factor of five results in the desired
mode-splitting. This will also increase the optomechanical coupling strength g, to
about 27x 8 rad/s. A downside to this method is that the cavity linewidth increases
by a factor of five, but an optical linewidth of 85 kHz is still sufficient to be side-band
resolved. More importantly, to achieve ground-state cooling, the multiphoton coop-
erativity should be much larger than the thermal occupation number. In this case a
base temperature of 1 K together with a laser power of 50 yW is needed, which is
experimentally feasible.
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6.4 Conclusion

In conclusion, we have shown how a polarization nondegenerate optomechanical
system can be a valuable addition to the existing optomechanical toolbox. We have
created a system where optomechanical interaction with a single frequency laser can
be tuned from cooling to heating simply by varying the incident polarization. On its
own this offers some technical advantages but, combined with an optomechanical
system close to the quantum ground state, this leads to new possibilities for photon
- phonon entanglement. We have demonstrated how such a system can be fabri-
cated and showed that the last remaining step is to decrease the length to bring the
presented system into the target regime.
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