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We observe couplings between orthogonally-polarized
modes in a birefringent whispering-gallery-mode res-
onator. The modes show strong interactions leading
to polarization conversion and avoided mode crossings.
We show that a phenomenological model, based on
coupled-mode theory, is in good agreement with the ex-
periments. The device provides an excellent laboratory
to perform controllable and tunable mode interactions.
© 2015 Optical Society of America

OCIS codes:  (140.4780) Optical resonators; (140.6810) Thermal ef-
fects; (130.5440) Polarization-selective devices; (160.1190) Anisotropic
optical materials.
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There has been much interest in observing coupling be-
tween different modes in whispering-gallery-mode resonators
(WGMR). These couplings alter the mode spectra, modify the
field dynamics, and can be used to beneficial effect in sensing
and optomechanical experiments [1-4]. While most effort has
been aimed at understanding scattering-induced coupling be-
tween forward- and backward-propagating modes, there has
been some effort to observe coupling between orthogonally-
polarized modes [5]. This type of coupling has also been studied
in fiber and waveguide resonators, where the effect influences
the dispersive properties and has prospective applications in po-
larization conversion and nonlinear frequency generation [6, 7].

The production of a desired level of mode coupling requires
precise control of the position and strength of an exterior scatter
[1, 8], or intimate control of the resonator geometry or mate-
rial parameters [9, 10]. Ioannidis et al. [11] circumvented these
challenging requirements by temperature tuning a fiber ring
resonator and were able to explain their observations using a
matrix method.

In this work, we extend this approach to show highly con-
trollable polarization conversion in a birefringent WGMR by
adjusting the relative detuning of two modes through a differ-
ential thermooptic effect. We then exploit the extremely low
losses of the resonator to show much stronger mode interactions:
we demonstrate mode interactions that possess a clear avoided
mode-crossing, emphasising that the mode coupling strength is
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Fig. 1. The resonator was driven by light with carefully tai-
lored polarization. The polarization state of the transmitted
light is polarization analyzed and then falls on two photodi-
odes. HWP: half-wave plate; PBS: polarizing beam splitter.

substantially higher than any dissipative processes.

The experimental setup is presented in Fig. 1. The output of
a 1064-nm Nd:YAG laser is coupled into a MgFy WGMR using a
coupling prism. The resonator is a disk with a radius of 5mm
and a thickness of 1 mm with its output edge polished to a radius
of curvature of 1 mm. A thermistor-heater pair is attached to
the center of the resonator to control the temperature. The laser
power is kept low to eliminate observable thermal nonlinearity
[12, 13]. The resonator’s optical axis has been carefully aligned
with the geometric axis to within 5° (Z-cut).

The resonator is mounted in a hermetic shielded environ-
ment and the laser light is transfer to the prism coupler with
polarization-maintaining fiber. The polarization of the light
is carefully set using a polarizer and a half-wave plate. The
transmitted beam’s polarization is analyzed using a polarization
beam splitter which then feeds two photodetectors. When no
light is coupled to the resonator, either because of a large fre-
quency detuning between the mode and the laser, or because of
a large spacing between the prism and the resonator, then we
see less than 0.1% cross-coupling between either of the input
polarization states and the opposite output polarization state.
This residual cross-coupling is associated with the imperfect ex-
tinction ratio of the output and input polarization beam splitters.

Fig. 2 shows the measured and calculated transmission spec-
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Fig. 2. The observed (left-hand panels) and calculated (right-
hand panels) spectra for the horizontal (red) and vertical po-
larization (blue) outputs. The different vertical panels show
the output at different relative resonator temperatures. The
solid arrows point to the TE mode, while the dashed arrows
indicate the positions of TM mode. The amplitude of the trans-
mission of the vertical polarization has been multiplied by a
factor of 50 to increase clarity. The TM mode is only just vis-
ible in the vertical polarization when the detuning is large
because of its low amplitude and the limited signal-to-noise
ratio of the spectra.

tra as the resonator temperature is varied. For this first exper-
iment the input beam is adjusted to be horizontally polarized,
which can couple to the fundamental TE modes of the resonator
(see dip in center of the frequency scans shown on Fig. 2). The
coupling into the vertical output polarization is relatively weak
and we have thus multiplied the measured transmission by 50
to improve clarity on the figure. We re-tune the laser for each of
the temperatures displayed on Fig. 2 so as to keep the TE mode
centered in the scan.

We note that a weak polarization conversion effect is ob-
served when the laser is in resonance with the TE mode - (see
the top left hand panel of Fig. 2 as an example). The fractional
conversion is only 1% and arises from a mismatch of the eigen-
polarizations of the resonator modes and the linear polarization
of the free space modes. It is not possible to eliminate this effect
by rotating the input linear polarization. This observation shows
that the resonator eigenmodes contain some ellipticity or spa-
tially non-uniform polarization - this is to be expected because

of resonator curvature, residual stress and misalignment of the
geometric and optical axes [14, 15].

As we travel downwards on the panels of Fig. 2 we observe
the effects of a resonator temperature change on the spectra.
We see a second mode that is of predominantly TM character
(shown by the fact it can be principally observed in the TM
output channel when it is detuned from the TE mode) tune
through the main mode. A relative tuning of the two modes is
possible because of the difference in thermooptic coefficients for
the TE and TM modes in birefringent MgF,. As the smaller mode
tunes across the stronger TE mode we see a strong increase in the
strength of the polarization conversion. A highest conversion
efficiency of ~ 4% was observed (see the middle left hand panel
of Fig. 2) when the the frequency of the two modes is tuned into
coincidence.

We deduce that this polarization conversion is caused by
mode interaction between the orthogonally polarized modes.
The cross-polarization coupling can arise from sidewall scatter-
ing or through small spatial variations in the birefringence in
the resonator [5, 11, 16]. We use coupled-mode theory [17] to
calculate the amplitude of two eigenmodes, , b in the resonator:

di . ..z N
dltl = —(iwg+va+Ta)d—igh— xad;y, ey
db . s -
o = —lwp+ 7y +Tp)b —igd —rybiy @

where w, and wy, are the angular mode frequency, and 7,4, ¥y, I's
and I'y are the intrinsic loss rates and prism coupling loss rates
of the two modes respectively. ¢ denotes the coupling strength
between the two modes. The mode frequency difference can be
related to changes in the temperature through w;, — w,; = aAT,
where AT is the resonator temperature difference from some
fixed value, and « is determined by the difference in the TE and
TM thermooptic coefficients. The value of « can be estimated
as —110 =20 MHz/K from the known thermooptic coefficients
of dny/dT = 0.89 x 107°/K and dn, /dT = 0.34 x 10~¢ /K [18].
The error bound was estimated from the inconsistency between
the theory and experimental data at the nearest wavelength data
provided in [18] and serves only as lower bound.

The coefficients «,, k; can be related to the coupling loss rates
as: k. = /20, respectively. However, the effects of mode-
matching at coupling-in process can substantially reduce the
observed x. We observed that the in-coupling to the TM mode
shown on Fig. 2 was exceedingly low for any adjustment of
input angle or beam size — this provides strong evidence that
the TM mode that is excited through the modal cross-coupling
has a high angular and/or radial mode number. The low input
coupling was expressed in our model by setting x; ~ 0.

We allow for polarization mismatch between the input fields
din, biy, and the resonator eigenmodes, 4, b by including a Jones

i cos(0) sin(60)
matrix, M = , that al-
—exp(—in)sin(8) exp(—in)cos(6)
lows for arbitrary polarization rotation, 6, and phase retardation,

nie. lfm =M ~h , where Ej, and E, denote the horizontally
bin Ey

and vertically polarized input fields respectively. The values of

f and 7 are determined as part of the fitting procedure. At the

resonator output, the transmitted fields of TE and TM modes are

. . iy + Kadl
a sum of the input and out-coupled fields E, = | _ . The

b, + KbE
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Fig. 3. Experimental and simulated transmission spectra as observed in two orthogonal polarizations with vertical polarization
excitation. The upper (lower) panels show the vertical (horizontal) polarization respectively. Not only is polarization conversion
clearly seen but also an avoided mode crossing. The experimental data shows a slight tilt when compared to theory because the
anchor mode (not shown in the figures) and the TM mode do not have exactly the same temperature sensitivity.

fields registered on the two photodetectors have been projected

onto the free-space modes, Ep; and Ey, as {EH] = M 1E,.

Ey

The solutions of the normalized transmissions detected by the

two photodetectors are shown on the right-hand panels of Fig. 2,

which agree very well with the experimental observations using

Yo =2.8x10° x 271, v, = 1.8 x 10° x 27, T, = 4.3 x 10* x 27,
T, =34 x10* x 271, ¢ = 9 x 10* x 277, 6 = 0.23 and 7 = 1.95.

The model was tested with greater stringency by exciting
two modes that had a much stronger coupling than those de-
scribed earlier and by also using a frequency comb to measure
the absolute mode frequency of both modes. For this second
experiment we have chosen to predominately excite TM modes
using a vertically polarized input beam. This was to show that
the same types of mode interaction were observable irrespective
of the polarization of the exciting mode: similar behavior could
be observed with TE excitation. Due to the complexity of the
mode structure and the high mode density in millimeter-scale
resonators, we did not identify the mode numbers of the modes,
although, the imaging method in [19] could be utilized. We used
a third mode that was a few tens of MHz away from the targeted
interacting modes as an in situ temperature probe. The mode
frequency was measured using a stabilized frequency comb with
a fractional frequency accuracy better than 10~12. We calculated
the mode-frequency temperature sensitivity of the probe mode
of df /dT ~ 2.8 GHz/K [18] and then used this coefficient to
convert the measured frequency to a temperature change, AT.

Fig. 3 shows both the observed and simulated spectral maps
as recorded by photodetectors recording the intensity of trans-
mitted light in the two orthogonal output polarizations. Vertical

(horizontal) output polarization is shown in the upper (lower)
panels. The color of the map is proportional to the transmit-
ted intensity at various frequencies while the horizontal axis
records the relative temperature of the resonator. The right
hand side shows the experimentally measured results while
the left hand side shows a simulation using the values v, =
3 x10° x 271, 9, = 4.7 x 10° x 271, T, = T}, = 3.5 x 10* x 27,
g = 1.68 x 10° x 27, § = 0.093 and 7 = 2.39. We can see
that there is excellent agreement between the model and the
measured results. We clearly see an avoided crossing with a
minimum frequency spacing of ~ 4 bandwidths showing the
strength of the interaction between the two modes. We see a
polarization conversion of nearly 5% at this point. Through
these absolute frequency measurement we can calculate an accu-
rate value for a of —140 MHz/K. This is on the outside bound
of the value, —110 £ 20MHz/K, provided by [18]. The ex-
tracted value for g corresponds to a mode splitting of ~3.3 MHz
when AT = 0K. The ratio of the mode coupling to dissipation,
8/ (Tap + Yap), is around 5 in contrast to the earlier example on
Fig. 2 where it was 0.2 - this explains why one only observes
polarization conversion in the earlier experiment rather than
mode-splitting that is reported here.

We repeated these measurements with a large number of
mode pairings, and noted that the mode interaction was much
stronger when at least one mode had high angular mode number.
One possible reason would be that modes with high angular
mode number have larger sidewall angles and hence higher
scattering [6, 20]. Further study is demanded to fully explain the
detailed mechanism that produces the dependence of the mode
interaction strength on the mode type.

In Fig. 4 we plot the observed and simulated frequency split-
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Fig. 4. (upper panel) Frequency splitting of the mode spectra
excited with a vertically-polarized beam. (lower panel) Band-
width exchange of the lower frequency mode (LF) and higher
frequency mode (HF) of the horizontal spectra as a function of
resonator temperature.

ting between the two modes for the same data as shown on the
horizontal spectra in Fig. 3. We see excellent agreement of the
frequency evolution during the mode interaction. On the lower
panel of Fig. 4 we examine the mode bandwidth variation and
we see only qualitative agreement. In a two-mode interaction
one expects the product of the Q-factors of the two modes to be
approximately constant as a function of mode detuning — the
data shown on Fig. 4 clearly indicates that our experiment does
not follow this expectation. In large resonators, with their associ-
ated high mode densities, there are many additional modes that
provide a means for additional couplings between the observed
modes. The modes can be only poorly coupled to the external
environment and hence are not easily observed (similar to the
reservoir modes described in [1, 8]). If we extend Eqgs. 1 and 2 to
allow for additional coupling paths between modes via these un-
observed modes then we can reproduce the behavior observed
on Fig. 4; although, this comes necessarily at the expense of
an additional set of parameters that cannot be independently
determined. In the circumstances in which we do not allow for
these additional couplings we would only expect qualitative
agreement which is indeed what is seen on the lower panel of
Fig. 4.

In conclusion, we have demonstrated polarization conver-
sion and avoided crossing in a birefringent WGMR that can be
controlled through resonator temperature. A highest polariza-
tion conversion efficiency of nearly 5% was observed. Our phe-
nomenological model showed that these effects can be explained
through the strong coupling between orthogonally polarized
modes. We presented two detailed examples: one where the
normalized mode coupling strength was less than one, and a
second where it greatly exceeded one. The thermooptic coeffi-
cients of the birefringent material give excellent control of the
coupling strength as well as the ability to follow the process in

great detail. This mechanism can provide an extra method for
dispersion engineering for Kerr comb generation and has the
potential to increase the versatility of WGMR for signal process-
ing applications. On the other hand, the polarization coupling
effect reported in this work can have a disruptive effect on dual-
mode temperature measurements using WGMRs [21] and also
interrupt the formation of temporal solitons under otherwise
appropriate conditions [22, 23]. It is thus vital to have a good
understanding of the effect to avoid these deleterious effects.
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