
Polarization-Selective Out-Coupling of Whispering-Gallery Modes

Florian Sedlmeir,1,2,* Matthew R. Foreman,1,3 Ulrich Vogl,1,2 Richard Zeltner,1,2 Gerhard Schunk,1,2,4

Dmitry V. Strekalov,1,2 Christoph Marquardt,1,2 Gerd Leuchs,1,2 and Harald G. L. Schwefel5
1Max Planck Institute for the Science of Light, Staudtstraße 2, 91058 Erlangen, Germany

2Institute for Optics, Information and Photonics, University of Erlangen-Nürnberg,
Staudtstraße 7/B2, 91058 Erlangen, Germany

3Department of Physics, Blackett Laboratory, Imperial College London,
London SW7 2AZ, United Kingdom

4School of Advanced Optical Technologies (SAOT), University of Erlangen-Nürnberg,
Paul-Gordan-Straße 6, 91052 Erlangen, Germany

5The Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics,
University of Otago, 730 Cumberland Street, Dunedin 9016, New Zealand

(Received 5 September 2016; revised manuscript received 12 January 2017; published 27 February 2017)

Whispering-gallery mode (WGM) resonators are an important platform for linear, nonlinear, and
quantum optical experiments. In such experiments, independent control of in-coupling and out-coupling
rates to different modes can lead to higher conversion efficiencies and greater flexibility in the generation of
nonclassical states based on parametric down-conversion. In this work, we introduce a scheme that enables
selective out-coupling of WGMs belonging to a specific polarization family, while the orthogonally
polarized modes remain largely unperturbed. Our technique utilizes material birefringence in both the
resonator and the coupler such that a negative (positive) birefringence allows for polarization-selective
coupling to TE (TM) WGMs. We formulate a refined coupling condition suitable for describing the case
where the refractive indices of the resonator and the coupler are almost the same, from which we derive a
criterion for polarization-selective coupling. Finally, we experimentally demonstrate our proposed method
using a lithium niobate disk resonator coupled to a lithium niobate prism, where we show a 22-dB
suppression of coupling to TM modes relative to TE modes.
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I. INTRODUCTION

Convex-shaped dielectric resonators, such as spheroids
and spheres, can support whispering-gallery modes
(WGMs) by continuous total internal reflection of light
at their surface. WGMs possess a number of unique
properties which make them an outstanding platform for
the study and exploitation of nonlinear optical effects [1,2].
First, since WGMs are guided by total internal reflection
they are spatially well confined within the resonator.
Together with extremely low losses, or, equivalently,
high-quality (Q) factors, this leads to a strong intracavity
field. Moreover, high-Q resonances can be supported over
the complete spectral range for which the dielectric is
transparent, enabling efficient all-resonant frequency mix-
ing of vastly different wavelengths. For instance, conver-
sion from microwave to optical frequencies [3,4] has
recently been demonstrated. Further examples include
second-harmonic generation (ranging from visible [5] to
ultraviolet wavelengths [6]) and resonantly enhanced para-
metric down-conversion [7,8]. Octave-spanning frequency
combs have also been realized with WGM resonators [9].

Two important metrics used to describe optical resonators
are the rate at which photons couple into and out of the
resonator (coupling rate) and the rate at which photons are
absorbed or scattered inside the resonator (loss rate).
Together, these rates determine the overall decay time within
the resonator, the associated bandwidth of the mode, and the
effective field enhancement (finesse) inside the resonator.
While the loss rate is usually fixed, WGM resonators are
commonly used with external dielectric couplers, such as
tapered fibers [10] or prisms [11], which are placed within
the evanescent field of the WGM such that it is partially
converted to a propagating wave in the coupler (or vice
versa). Evanescent coupling allows the coupling strength to
be tuned continuously by adjusting the distance between the
coupler and resonator. This represents one of the primary
advantages of using aWGM system. Control of the coupling
rates is desirable since it allows an optimal experimental
regime to be reached. This regime is determined by the
intrinsic losses and, in nonlinear experiments, by the non-
linear coupling coefficients. Specifically, in cavity-enhanced
nonlinear optics experiments one usually tries to match the
coupling rate to the sum of the loss rate and the nonlinear
coupling rate between different modes [12]. As a result, the
pump can be injected into the resonator, under the so-called
critical coupling condition, with the highest efficiency
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possible. In WGM resonators, this can be realized, to some
extent, by adjusting the evanescent coupling rate. In the usual
configuration, however, the pump and the signal mode
couple differently to a given prism due to their differing
wavelengths (and hence evanescent decay length). Therefore,
it is usually not possible to reach the ideal working regime in
which both the pump mode and the signal modes are
critically coupled. WGM crystalline resonators are also a
versatile source of nonclassical light due to their excellent
nonlinear properties [13]. Here, tunability of the coupling
rate is also beneficial: optimal generation of squeezed
light, either using parametric down-conversion or second-
harmonic generation, requires a critically coupled pump
beam to achieve maximum conversion efficiency, while the
signal modes should be simultaneously overcoupled to
minimize losses (decoherence) and hence preserve the fragile
quantum states. If the resonator is used as a source of single
photon pairs [14], overcoupling of the signal modes max-
imizes the heralding efficiency. Furthermore, tuning the
coupling rate of the signal allows the bandwidth of the
generated photon pairs to be adjusted to match atomic
transitions [15]. All these applications ideally require the
coupling rates of different modes to be independently
tunable. Coupling light into WGMs (in-coupling) is highly
selective since different modes often have different frequen-
cies, different far-field properties, or different polarization.
Selective excitation can thus often be achieved by tuning the
laser frequency, adjusting the beam profile, or changing the
state of polarization of the pump. If, however, different
modes are simultaneously excited via nonlinear frequency
conversion within the resonator, they can typically all couple
out (out-coupling) through the same prism even if they have
different properties. Decreasing the distance between the
prism and the resonator causes all of the associated coupling
rates to increase, and hence reduces theQ factor of all modes.
Consequently, selective and independent manipulation of the
individual coupling rates is not possible. Material birefrin-
gence, however, has been shown to facilitate polarization-
selective coupling to modes of a dielectric ring resonator
[16]. Specifically, if either the prism, the resonator, or both
are birefringent, the effective refractive index experienced by
TE and TM modes differs. If the effective refractive index
experienced by a given polarization in the prism is below that
of the resonator, out-coupling of the respective modes is
suppressed. Accordingly, selective out-coupling of WGMs
belonging to a single polarization family can be realized. In
this article, we describe polarization-selective out-coupling
using a prism andWGM resonator which are both fabricated
from the same birefringent material. In this case, the
refractive indices of the resonator and prism are comparable,
although they may not be identical, depending on the
orientation of their respective optic axes. For this system,
we formulate the selective coupling criterion which allows us
to establish which birefringent crystals are suitable for the
realization of polarization-selective out-coupling. We find
that the finite extent of the coupling region (or “coupling

window”) necessitates modification of the commonly used
coupling condition [17]. Furthermore, we experimentally
demonstrate selective out-coupling with a z-cut lithium
niobate (LN) resonator (optic axis parallel to the symmetry
axis) and an x-cut LN prism (optic axis perpendicular to that
of the resonator). We find that out-coupling of TM modes is
suppressed by 22 dB relative to that of highly overcoupled
TE modes. With critically coupled TE modes, out-coupling
of TM modes is not measurable.

II. THEORY

To first order, evanescent coupling of a WGM to a prism
can be described using ray optics, whereby the WGM is
treated as a plane wave propagating at a near-glancing
angle to the resonator surface. The tangential component
of the wave vector is equal to the propagation constant
β ¼ knr of the WGM, where k is the wave number in
vacuum and nr is the geometry-dependent effective refrac-
tive index of the mode [2]. Application of Snell’s law then
shows that the emission angle of the WGM into the prism is
ϕ ≈ arcsinðnr=npÞ, where np denotes the refractive index of
the prism (see Fig. 1). Coupling can, therefore, only be
achieved if np ≥ nr. If this condition is not satisfied, only
evanescent waves are formed in the prism and no energy is
carried away from the resonator.
Closer examination of the coupling process reveals that

the actual coupling condition is less strict than that given
by geometric optics. Given that the resonator surface is
curved and that the evanescent field outside the resonator
decays quickly with distance, coupling occurs in a strongly
localized region of space between the resonator and the
coupler. This spatially confined field distribution can be
described by an infinite sum of plane waves with their wave
numbers distributed around the propagation constant β of
the WGM. Consequently, even if the refractive index of the
prism is slightly smaller than that of the resonator, coupling
can still be achieved through a wing of this distribution.
In order to derive the coupling condition more quanti-

tatively, we consider the WGM field distribution on the
exterior surface of a disk-shaped resonator with major
and minor radius of curvature R and r, respectively (see
Fig. 1). The field on the surface of the resonator can be
expressed as [18]
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FIG. 1. (left) Coordinate system and geometrical parameters
considered in this work. (right) Illustration of the coupling
condition within the ray-optics picture.
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where θ and φ are the polar and the azimuthal angles shown
in Fig. 1, Hp are the pth-order Hermite polynomials, m
and p are the azimuthal and polar mode numbers, and
θm ¼ ðR=rÞð3=4Þ= ffiffiffiffi

m
p

. Because of the evanescent nature of
the mode outside the resonator, which can be well approxi-
mated by an exponential decay [19], the size of the
coupling spot is small compared to the resonator size.
We, therefore, can make the small-angle approximations
θ ≈ z=r and φ ≈ y=R. The mode profile at the prism
interface can, furthermore, be related to that at the resonator
surface via Ψp ¼ TΨr, where

Tðy; zÞ ¼ exp
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2R
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describes the Gaussian coupling window [17]. The decay
constant is given by κ ≈ k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r − n2h

p
, where nh is the

refractive index of the medium surrounding the resonator
and d is the smallest distance between the prism and the
resonator (see Fig. 1). While the y dependence ofΨp is thus
ultimately determined only by the size of the coupling
window and the angular momentum m of the WGM, the z
behavior exhibits an additional dependence on the polar
shape of the mode. The most commonly addressedWGM is
the Gaussian-shaped fundamental mode (p ¼ 0), for which
H0 ¼ 1. In this case, the field in the plane of the coupling
prism reduces to

Ψpðy; zÞ ∝ exp

�
−
1

2
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þ z2
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exp ½iβy − κd�; ð3Þ

where Δy2 ¼ R=κ, Δz−2 ¼ ðrθmÞ−2 þ ðκ=rÞ−2, and the
propagation constant is given by β ¼ m=R ¼ knr. The
field distribution at the prism surface can now be
analytically decomposed into its Fourier components
yielding [20]

~Ψpðky; kzÞ ∝ exp

�
−
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2
ðky − βÞ2 þ Δz2

2
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�
: ð4Þ

The spatial Fourier components in the ky direction are
distributed around βwith a spread ofΔky ¼ 1=Δy, whereas
the kz spectrum is centered on zero with a width of
Δkz ¼ 1=Δz. Similarly to above, plane-wave components
with k2y þ k2z ≤ n2pk2 generate traveling waves upon trans-
mission at the prism and therefore couple out of the
resonator. Noting that Δkz ≪ npk, we can, however,
safely neglect the kz dependence. Designating a WGM
to be coupled if β − Δky ≤ npk, we obtain the modified
coupling condition

ðnr − npÞk ≤
ffiffiffiffi
κ

R

r
or nr − np ≲

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2r − n2h

p
2πR=λ

s
; ð5Þ

where we have used k ¼ 2π=λ. To derive the second
expression in Eq. (5), we have used the approximation
of κ given above. Consequently, coupling is possible even
if nr > np due to the finite extent of the coupling window.
Note that the effective refractive index nr is always smaller
than the bulk index of the resonator but approaches it
for sufficiently large resonators. The deviation from the
ray-optics coupling condition, where Δky ¼ 0, becomes
greater for smaller resonators and longer wavelengths since
the corresponding smaller coupling window leads to a
larger k spread.
Equation (5) also holds for the case of birefringent

resonators and prisms. In this case, the polarization of the
WGM determines the refractive index of the resonator and
the prism. With a proper choice of material (i.e., magnitude
of birefringence) and resonator size, selective coupling of
WGMs belonging to a given polarization family can be
achieved, while the orthogonally polarized modes remain
uncoupled. Henceforth, we restrict attention to the case
where both the resonator and prism are made from the same
birefringent material, albeit with differently oriented optic
axes. The basic configuration, shown in the inset of Fig. 2,
is such that the optic axis of the resonator is aligned parallel
to its symmetry axis (z cut), whereas the optic axis of the
prism is normal to the coupling plane (x cut). Consequently,
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FIG. 2. The inset schematic shows the configuration considered
in this work: the optic axis of the z-cut WGM resonator is
perpendicular to the optic axis of the prism which are both made
from the same material. The main plot shows the ky spectrum of a
fundamental TE and TM mode at the prism interface for the case
of a LN resonator (λ ¼ 1550 nm, R ¼ 2.1 mm). The correspond-
ing propagation constants and bulk wave numbers inside the LN
prism (nok and nek) are also indicated. Note that the coupling of
the out-of-plane TE-polarized mode (red) is possible, whereas it
is not for the in-plane TM case (blue).
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within the resonator the TE and TM modes experience
the extraordinary (ne) and ordinary (no) refractive index,
respectively. In the prism the TE mode is ordinarily
polarized and sees no. The TM mode is extraordinarily
polarized and, therefore, each constituent plane wave has
its own angle-dependent refractive index. Those waves
propagating perpendicular to the optic axis, kx ¼ 0, expe-
rience a refractive index of ne. Since this case corresponds
to the transition from a propagating to an evanescent wave
we take np ¼ ne in Eq. (5) when considering TM modes.
Selective coupling can thus be achieved with this arrange-
ment for a negatively birefringent crystal when

½nrðnoÞ − ne�k >

ffiffiffiffiffiffiffiffiffiffiffi
κðnoÞ
R

r
; ð6Þ

where we explicitly indicate the dependence of nr on the
ordinary refractive index. For a positive crystal, the
ordinary and extraordinary refractive indices in Eq. (6)
must be interchanged.
Table I lists a selection of birefringent resonator materi-

als which can support high-Q WGMs and have been used,
or have a potential use, in nonlinear optics. Also shown is
the minimum resonator radius Rmin required to achieve
selective coupling of fundamental WGMs in a resonator
in air, assuming an excitation wavelength of 1550 nm. A
strong dependence of Rmin on the magnitude of the
birefringence Δn ¼ ne − no is evident. A size limitation
arises since for smaller resonators the coupling window
narrows (broadening the corresponding angular spectrum)
and geometrical dispersion reduces the effective refractive
index nr. For shorter wavelengths the condition typically
becomes less stringent due to decreased geometrical
dispersion. Variation of Rmin with the minor radius r is
relatively weak. We note that Eq. (6) applies, in particular,
to polarization-selective out-coupling of WGMs. Selective
excitation (in-coupling) of modes with differing polariza-
tion can also be realized using an appropriately polarized

pump beam. When the material birefringence is large, a
proper choice of the in-coupling angle (when using prism
coupling) can also lead to selective in-coupling.

III. EXPERIMENTAL DEMONSTRATION

In the remainder of this work, we present an exper-
imental demonstration of polarization-selective out-
coupling of a z-cut LN resonator to an x-cut LN prism.
Since LN has a negative birefringence (no > ne), TE modes
can couple to the LN prism, whereas coupling of TM
modes is suppressed. We note that the converse holds for
a material with positive birefringence. For wavelengths
λ ≈ 1550 nm selective coupling is easily achieved for
millimeter-sized LN resonators in air (Δn ¼ −0.073,
κ ≈ 8 μm−1), as further illustrated in Fig. 2, which shows
the ky Fourier spectra for fundamental TE and TM modes
in a LN resonator with R ¼ 2.1 mm and r ¼ 0.3 mm.
Practically, all Fourier components of the TE mode
[ ~Ψp

TEðky; 0Þ, plotted in red] are smaller than the wave
vector within the LN prism (nok) and, consequently,
coupling is allowed. In contrast, all components of the
TM mode [ ~Ψp

TMðky; 0Þ, plotted in blue] are larger than the
associated wave vector in the LN prism (nek). In this case,
no coupling can occur. Each Fourier spectrum is peaked
at the respective propagation constant β, which, by virtue
of the geometric dispersion of WGMs, is slightly smaller
than the associated wave vector of a plane wave in a bulk
crystal. This reflects the fact that the effective refractive
index nr is slightly smaller than the bulk index.
To experimentally demonstrate polarization-selective

out-coupling, we use a two-port configuration composed
of an isotropic (nonselective) in-coupling prism and
an anisotropic (selective) out-coupling prism, as shown
in Fig. 3(a). A diamond-turned z-cut LN resonator
(R ¼ 2.1 mm, r ¼ 0.3 mm) is mounted onto a rotation
stage. A narrow-band, frequency tunable telecom laser
(λ ≈ 1550 nm) is coupled into the resonator via a diamond
prism after passing through a polarization controller. To
determine the intrinsic loss rate of the resonator from the
linewidths of the modes, the in-coupling prism is critically
coupled to the WGM resonator. For the selective coupler
we use a homemade x-cut LN prism. Both prisms are
mounted on computer-controlled piezoelectric stages for
precise distance control. The spectral positions and line-
widths of excited modes are monitored in reflection after
the in-coupling prism with a photodiode, as the LN prism is
brought closer to the resonator. When light is coupled out
of a given WGM through the LN prism, the linewidth and
coupling depth of the mode are modified since the out-
coupling acts as an additional loss channel. The prisms are
mounted orthogonally to each other to prevent the LN
prism from pushing the resonator towards the diamond
prism, which would produce a change of the in-coupling
rate, hence masking the effect of the out-coupler.

TABLE I. Birefringent materials for which selective coupling
using the scheme shown in Fig. 2 can be achieved. Note that the
minimum resonator radius Rmin required for selective coupling, as
determined from Eq. (6), depends on wavelength (we assume
λ ¼ 1550 nm), birefringence (Δn ¼ no − ne), and the effective
refractive index. The latter is calculated using the dispersion
relation given in Ref. [18], assuming r ¼ R=7.

Material Rmin (mm) Δn no ne

Lithium niobate [21] 0.24 −0.073 2.211 2.138
Barium borate [22] 0.09 −0.116 1.647 1.531
Lithium tetraborate [23] 0.31 −0.053 1.589 1.536
Rutile [24] 0.04 0.256 2.453 2.709
Crystal quartz [25] 8.41 0.008 1.528 1.536
Magnesium fluoride [26] 4.09 0.011 1.371 1.382
Sapphire [27] 9.85 −0.008 1.746 1.738
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The uppermost (blue) plots in Figs. 3(a) and 3(c) show
the observed TE- and TM-mode spectra under critical
coupling conditions, when the LN prism is far from the
resonator. Since the in-coupling angle required for excita-
tion of TE and TM modes differs, the two polarizations are
measured separately. We determine the radial mode order q
via ordering the modes according to their free spectral
range [28], whereas the p ¼ 0 modes are identified
by inspection of their relative coupling contrast [29].
The loaded linewidth of the fundamental TE (TM) mode
is measured to be ΔνTE ≈ 2.2 MHz (ΔνTM ≈ 1.0 MHz)
corresponding to a quality factor of QTE ≈ 8.8 × 107

(QTM ≈ 1.9 × 108). By increasing the voltage applied to
the piezoelectric stage in increments of 0.1 V, the LN prism
is slowly shifted towards the resonator in steps of approx-
imately 6.3 nm (see below). For each step, the reflected
spectra are recorded and are shown in the gray-scale
intensity maps of Figs. 3(b) and 3(c). From top to bottom,
the intensity map represents measured spectra as the
separation between the LN prism and the resonator is
varied from 252 to 0 nm. Both TE and TM modes remain
unperturbed until the LN prism draws close to the resonator
(d ∼ 1=κ), where the modes start to shift in frequency due
to the dielectric interaction with the LN prism [20]. The TE
modes show significant linewidth broadening and become
strongly undercoupled as shown in the lower spectrum of
Fig. 3(c). In contrast, the TM modes show almost no
linewidth change as expected.
For quantification, we select the two lowest radial-order

modes (q ¼ 1, 2) for both TE and TM polarizations and
determine the associated resonance linewidths for every
voltage step by means of Lorentzian fitting. The measured
linewidths Δν can be expressed as Δνc þ Δνi þ ΔνLNc ,
where Δνc represents the constant coupling rate to the
diamond prism, Δνi denotes the intrinsic loss rate, and
ΔνLNc is the variable coupling rate to the LN prism.
Subtraction of the unperturbed linewidth (measured when
the LN prism is far from the resonator) from those
determined as the LN prism is brought closer allows

ΔνLNc to be found. The experimentally determined coupling
rates ΔνLNc are plotted in Fig. 4 as a function of the
relative voltage applied to the piezoelectric stage shifting
the LN prism. An estimate of the distance traveled by the
piezoelectric stage per volt can also be deduced from
the variation of the TE coupling rate by noting that
ΔνLNc ∝ e−2κd, which yields a displacement of approxi-
mately 63 nm=V. We show the estimated separation
between the LN prism and the resonator on the upper
axis of Fig. 4. When plotted on a logarithmic scale, the
coupling linewidth increases with a constant gradient as d is

d = 0 nm
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FIG. 3. (a) Schematic of the experimental setup. The gray intensity maps in panels (b) and (c) show the evolution of the spectra for the
TE and TM modes, respectively, as the LN prism is brought closer to the resonator. The top (blue) spectra correspond to the critically
coupled, almost unperturbed resonator (the distance between the LN prism and the resonator is approximately 252 nm), while the lower
(red) plots show the spectra when the LN prism and resonator are in contact.

-8 -6 -4 -2 0 2 4

504 378 252 126 0

0,01

0,1

1

10

100

TM (q = 1)
TM (q = 2)

TE (q = 1)
TE (q = 2)

Piezoelectric voltage (V)

Separation between LN prism and resonator (nm)

C
ou

pl
in

g 
lin

ew
id

th
 Δ

ν c  
(M

H
z)

~22.dB

LN

FIG. 4. WGM linewidth change induced by coupling to the LN
prism for two different radial-order TE and TM modes. The
linewidth changes are plotted against the voltage applied to the
piezoelectric stage (bottom axis) and the corresponding estimated
relative displacement of the LN prism (top axis). The qualitative
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before contact, while the linewidth of the TM modes is largely
unchanged.
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decreased. The strong change in the gradient, seen in Fig. 4,
is used to determine the position at which the LN prism and
resonator come into mechanical contact. All voltages and
distances have been defined relative to this point. At the
contact point, the coupling rate of TE modes to the LN
prism reaches 53 MHz, whereas the TM modes only
weakly couple at a rate of 0.3 MHz. Out-coupling of the
TM modes relative to the TE modes is therefore suppressed
by a factor of 177, or equivalently about 22 dB. A further
increase of the piezoelectric voltage pushes the LN
prism into the resonator leading to further increases in
the observed linewidths, attributable to deformation of the
resonator and an associated higher intrinsic loss. The
steplike increase in the TM linewidth upon contact is
ascribed to these additional losses or alternatively to a slight
modification of the distance between the in-coupling
diamond prism and the resonator.

IV. CONCLUSION

In conclusion, we have derived a criterion for polariza-
tion-selective coupling using a prism and resonator of the
same material. Many commonly used nonlinear crystals
fulfill this condition. We have shown that an x-cut lithium
niobate prism can be used to tune the rate at which TE
modes of a z-cut LN resonator are out-coupled without
disturbing the bandwidth of the TM modes. This provides a
useful tool for nonlinear optical experiments in birefringent
WGM resonators, allowing for independent control of
coupling to differently polarized modes, which in many
schemes correspond to the pump and the signal modes. We
also provide a generalized coupling theory which accounts
for the finite spatial extent of the coupling window. As a
consequence, we find that coupling to WGMs is possible
even if the refractive index of the prism is slightly smaller
than the WGM effective index.
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