PHYSICAL REVIEW A 109, 013508 (2024)

Anomalous optical whispering-gallery mode induced by rotational symmetry breaking
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We report that an anomalous optical whispering-gallery mode (WGM) emerges with self-focusing field
patterns in a nearly spherical cavity of ultrahigh-Q factor, driven by rotational symmetry breaking and positive
surface curvature. The positive Gaussian curvature modulates the evolution of light fields in the vicinity of
a microsized surface, which is revealed by transformation optics theory. The geometry-induced self-focusing
effect is resolved by the strongly confined field patterns of ultrahigh-Q modes. Furthermore, the nondiffracting
interferometric field patterns with twist-chain-like profiles are observed by leveraging the degenerate-mode
excitations in the surface of the microsphere cavity. The morphology-dependent WGMs can have potential
applications in generating multiple orbital angular momentum beams when integrated with grating struc-
tures at the cavity surface. This work not only bridges the transformation optics and microcavity photonics
in curved geometries but also provides a new route to on-chip optical field manipulation and light-matter

interactions.
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I. INTRODUCTION

Whispering-gallery-mode (WGM) microcavities confine
light fields in a small volume for a long period of time,
serving as a prominent platform for enhancing light-matter
interactions. The past decades have witnessed the boom-
ing development of low-threshold microlasers, ultrasensitive
sensors, efficient nonlinear optics, and cavity quantum op-
tomechanics in WGM cavities [1-9]. Investigations into
WGM microcavity optics have traditionally centered on the
optical attributes inherent to bulk materials, such as the
refractive index, absorption, thermal-optic effect, and optome-
chanical functions [3,4,10-12], for the proposed applications.
Recently, photonic advances have ignited a substantial explo-
ration of surface effects in WGM microcavities, for example,
the second-order nonlinearity induced by surface symme-
try breaking [9,13] and the strong spin-orbit coupling fields
[14,15]. Notably, surface geometry plays a crucial role in
the investigation of optics in curved space, inspired by gen-
eral relativity. This field is fast emerging in the past years
and has been instrumental in providing an experimental
platform for the optical emulation of intriguing space-time
phenomena [16-26]. Considering conventional WGM micro-
cavities of a curved surface, nontrivial Gaussian curvature
is expected to modulate the evolution of light fields in
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the surface [21,23,27], although experimental observations
remain elusive.

Microspheres, as the most fundamental three-dimensional
WGM cavities, have been extensively studied for their robust
ultrahigh-Q factors and the featured atomiclike mode spec-
trum [1,9,28-30]. At a microsphere surface, the WGM fields
can be solved from the vector Helmholtz equation via a sepa-
rate variable method, and they are characterized by the angular
momentum number /, azimuthal mode number m, and the
transverse mode order p equals / — m + 1, i.e., the number of
intensity maxima between the north and south poles [28,30].
When ! > 1 and [ ~ m, these WGM fields are confined in the
equatorial area close to the cavity surface, akin to the light
in a curved surface [21,23]. Due to the rotational symmetry
of an ideal sphere, the azimuthal mode number is a good
quantum number, resulting in a constant beam width along
the azimuthal direction [Figs. 1(a) and 1(b)]. On the other
hand, transformation optics exhibits a remarkable capacity
for elucidating the behavior of light in curved surfaces. For
example, the light field in a spherical surface can be emulated
by a two-dimensional Maxwell’s fish-eye lens based on the
conformal coordinate transformation [27,31,32], and the latter
can be further converted into one-dimensional (1D) Mikaelian
lens (ML) by a simple exponential mapping [33,34]. In the
scalar field approximation, WGMs of small transverse mode
order can be emulated by the eigenstates of 1D ML [35], as
shown in Fig. 1(c).

In this paper, we report that anomalous WGM fields with
self-focusing patterns emerge in a slightly deformed micro-
sphere surface, as shown in Figs. 1(d) and 1(e). These patterns
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FIG. 1. (a) Schematic diagram of normal whispering-gallery-
mode (WGM) field distributions in the surface of an ideal sphere
cavity. (b) Constant beam width of normal WGM fields along the
azimuthal direction. The radius of the sphere is set as 10 ym.
(c) Normal WGM is emulated by the eigenstate of the 1D Mikaelian
lens (ML). (d) Schematic diagram of anomalous WGM fields with
self-focusing in a deformed sphere cavity (ellipsoid). The term
“anomalous” is to characterize the oscillating beam widths and the
self-focusing effect of WGM fields. (e) Beam width of various
anomalous WGM fields along the azimuthal direction. The axis
radii of an ellipsoid are set as ay, a,, a3 (a3 > ay, a,), deformation
& = (a; — ay)/as. The simulated structures of three typical ellipsoids
are (9.93, 9.7, 10) um, (9.93, 9.87, 10) um, and (9.8, 9.93, 10) um.
Detailed simulations can be found in the Supplemental Material [35].
(f) Anomalous WGM is emulated by the superposition eigenstates
of ML.

are driven by rotational symmetry breaking with inhomo-
geneous positive surface curvature, setting them apart from
conventional WGMs. In the experiment, the self-focusing
light field patterns of ultrahigh-Q WGMSs in morphology-
engineered microspheres are unambiguously demonstrated. In
addition, complex light fields with the featured twist-chain-
like distributions are observed, attributed to the interplay
between the surface curvature and mode-interference effect.
The morphology-dependent WGMs have potential appli-
cations for multiple orbital angular momentum (OAM)
beam generation when the cavity surface is integrated with
diffractive grating structures.

II. MODEL OF LIGHT FIELDS IN MICROSPHERE
SURFACE

Without loss of generality, we first study the evolution of
Hermite-Gaussian fields in a perfectly spherical surface emu-
lated by the 1D ML in a flat x—y plane (x and y are Cartesian
coordinate variables) by means of the transformation optics
method [32,34]. Here, we suppose that Hermite-Gaussian
fields,

¢(x,y = 0) = goH,(2x/do)exp (— 2x*/d3), (1)

are input into the ML ny, = ng/ cosh(x/R), where ¢, is the
optical field amplitude, H,(2x/dp) is the n-order Hermite

polynomial, dj is the incident field width, ny is the background
refractive index, and R is the surface radius of curvature. The
propagating fields in the ML can be analytically solved with
respect to the superposition of its eigenstates [35,36],

Yy =Y Gl = n*Y PPV (pexpliyy/R),  (2)
n=0

where

y = [V 1+ 4(konoR)* — 2n + 1)]1/2, 3)

ko is the wave vector in vacuum, y /R is the propagation
constant of the nth mode, n = tanh(x/R), P\"""’(n) is the
normalized Jacobi polynomial, and C, is the mode coefficient
that can be calculated as

+o0

P(x, y = 0) (x)dx, “4)

—00

C, =

where Q,(x) = (1 — n2)Y/2PY"") (). Note that from Egq. (3),
we have kongR = /(y + n)(y +n+ 1), which is exactly
the resonant condition of WGMs in the surface if y is an
integer [27].

Based on the stereographic projection, the coordinates
X,Y,Z on a spherical surface can be linked to a flat plane

. . . x/R )
with the coordinate transformation [35], X/R = %,
SR

Y/R = %, Z/R = SEwar where X, Y, Z are Cartesian
coordinate variables in three-dimensional space. Conse-
quently, the evolution of Hermite-Gaussian optical fields in
a spherical surface can be obtained from Eq. (2).

In particular, under the paraxial approximation, the analyt-
ical expression of the propagating Hermite-Gaussian fields of
the fundamental mode can be derived through the coordinate
transformation [35],

WO, $) = -2 exp(— i ) (5)
o($) 2 (¢)

where (@) = dov/cos* (@) + (2a/dy)* sin*(¢), o=
/R/(kong) is the characteristic length related to the surface
radius of curvature (R), lp = R(w /2 —0), and ¢ and 6 are
the azimuthal and polar angles, respectively. Intriguingly,
when the incident Hermite-Gaussian fields strictly satisfy the
condition of dy = 2«, the propagating field profile is constant,
which accords with results via directly solving the Helmholtz
equation in generalized coordinates [20,21]. We note that
when the critical beam width and spectral resonance of light
are simultaneously fulfilled, the conventional WGMs can be
emulated by the eigenstates in 1D ML as shown in Fig. 1(c)
[35]. In addition, when dy > 2« (dy < 2«), the propagating
fields in the sphere surface are self-focused (self-defocused)
with an azimuthal period of 7 based on Eq. (5).

The self-focusing/defocusing effects of propagating fields
regulated by the input beam width have been reported pre-
viously [21,23,27], which are driven by the positive constant
surface curvature. Nevertheless, such anomalous WGMs with
resonant spectral properties cannot be observed in a perfect
sphere cavity. The eigenstates of the spherical cavity from
the Helmholtz equation are unique, i.e., normal WGMs with
propagation-invariant fields, which are protected by rotational
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FIG. 2. Observation of anomalous WGM field patterns. Optical microscope images of anomalous WGM field patterns with self-focusing
in a whole microsphere surface from (a) the front view and (b) the back view. The infrared pump light is input from a microfiber coupler. The
optical fields with various transverse mode orders (p = 1-5) are excited by simply tuning the pump light wavelength and the fiber coupler
positions. The scale bar is 20 um. (c) Analytical results of anomalous WGM fields in the microsphere surface based on transformation optics
theory. (d) Measured and calculated beam width of anomalous WGM fields with transverse mode order p in the range of 1-7. (¢) Anomalous

WGM fields emulated by superposition of the eigenstates in ML.

symmetry. Here, we show that by simply breaking the ro-
tational symmetry of a spherical cavity, for example, using
an ellipsoid, the resonant anomalous WGMs of high-Q fac-
tors can be achieved as shown in Figs. 1(d) and 1(e). These
anomalous WGMs can be emulated by the superposition
of eigenstates in 1D ML [35], as shown in Fig. 1(f). We
also conduct numerical simulations of eigenstates of three-
dimensional ellipsoids in COMSOL MULTIPHYSICS, and their
self-focusing properties are clearly verified [35].

III. EXPERIMENTS OF ANOMALOUS
WGM IN MICROSPHERE

In the experiment, a morphology-engineered silica micro-
sphere with a diameter of ~60 wm is fabricated and is further
doped with erbium ions (Er*") in the surface [35,37,38].
The average Gaussian curvature of the microsphere cavity
is approximately 3-5 orders of magnitude higher than that
of previous work [21,23,27], therefore the curvature effect is
significantly enhanced. The continuous tunable infrared laser
source (CTL 1550, Toptica) is evanescently coupled into the
Er**-doped microsphere cavity by a tapered fiber coupler.
The microscope system is assembled for imaging the surface
optical fields from different spatial views [35]. From the trans-
mission spectra under weak input power, the resonant mode of
the doped-microsphere shows an ultrahigh-Q factor of ~1.1 x
107 [35], which can achieve strong light-matter interactions.
The broadband transmission spectrum of the microsphere cav-
ity can be used to estimate the structural deformations via
the eccentricity-induced mode splitting [28,35]. Under a high
pump power of the infrared laser, the Er** in the microsphere
surface could convert coherent infrared light to broadband

incoherent green emission through the multiphoton absorp-
tion process, which is used for the direct optical imaging of
infrared WGM field distributions.

The pump light is meticulously scanned within a wave-
length range spanning from 1510 to 1570 nm to excite WGMs
of different transverse mode orders (p). During this process,
careful optimization of the tapered-fiber coupler’s position is
conducted to ensure efficient light coupling. In the micro-
sphere surface, these anomalous WGM fields characterized
by self-focusing patterns are unequivocally captured through
the optical microscope system, as demonstrated in Figs. 2(a)
and 2(b). This comprehensive imaging is performed from both
frontside and backside views, offering a clear observation
of these intriguing phenomena. With an increase of trans-
verse mode order, the self-focusing effect of the optical fields
is enhanced, which agrees well with the analytical results
based on transformation optics theory, as shown in Fig. 2(c).
Quantitatively, the extracted beam widths along the azimuthal
direction from the measurements are also consistent with the-
oretical results as shown in Fig. 2(d). In view of the emulation
by the superposition of eigenstates in ML, the higher the
mode order is of anomalous WGM, the more diffuseness
of the eigenstate components can be obtained as shown in
Fig. 2(e). It is noteworthy that such resonant WGM fields with
a self-focusing phenomenon induced by rotational symmetry
breaking and positive surface curvature are experimentally
observed. In addition, in the ultrahigh-Q microsphere cavity,
the different orders of anomalous WGM fields can be directly
excited in the near-field coupling configuration without any
spatial modulators or photonic microstructures. We also fabri-
cate various microsphere cavities with controlled morphology
and measure their resonant field profiles [35]. The deformed
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FIG. 3. Observation of nondiffracting mode-interference patterns at a full microsphere surface. (a) Optical microscope images of twist-
chain-like field patterns in a microsphere surface from the frontside view (left panel) and backside view (right panel). (b) Analytical results of
mode-interference patterns in the microsphere surface. The scale bar is 20 um. Measured (green) and calculated (blue) optical field intensities
at (c) curve line position i and (d) curve line position ii from (a), respectively.

microsphere cavity with rotational symmetry still supports
normal WGMs, which accords with previous results [38,39].
In contrast, the microspheres of higher deformations along
with rotational symmetry breaking show an enhanced self-
focusing phenomenon as expected. We note that in order to
clearly resolve these curving fields in the far-field regimes, the
structural deformation-induced cross-sectional field deflection
displacement should be larger than the optical diffraction
limit, i.e., approximately half of the probe wavelength. For
example, the calculated minimal deformation for observing
these anomalous WGM is approximately 0.3% for a micro-
sphere cavity of radius 10 um.

When multiple anomalous WGMs of nearly degenerate
resonant frequency are simultaneously excited in a micro-
sphere surface, fascinating mode-interference patterns can
be constructed. In the experiment, the infrared pump wave-
length and fiber coupler position are finely tuned to realize
simultaneous two-mode excitations and unconventional field
patterns as shown in Fig. 3(a). The nondiffracting twist-chain-
like fields along the equatorial circle are clearly imaged and
accompanied by dim curved patterns. These complex mode-
interference patterns can be emulated in the framework of ML,
by two interferometric Hermite-Gaussian fields in the funda-
mental mode and ninth-order mode, respectively [35]. Based
on the transformation, the theoretical results of propagating
optical fields in the spherical surface are shown in Fig. 3(b).
Note that the first focusing spot [Fig. 3(b), left panel] is not
physically equal to the second one [Fig. 3(b), right panel]
for their phase difference [35]. Quantitatively, we extract two

typical cross-section fields in the neighboring twist chains
in Figs. 3(c) and 3(d), which are in good agreement with
the calculations. We also conduct the numerical simulations
of an ellipsoid cavity via the finite-difference time domain
(FDTD) method, and similar multimode-interference patterns
are obtained [35]. Thus by tailoring the optical excitations
in a morphology-engineered microsphere, we can construct
remarkably diversified optical fields in the microsphere sur-
face, and this strategy can be readily applied to various curved
microcavities.

IV. APPLICATION OF ANOMALOUS WGM

The morphology-dependent WGMs can have numerous
potential applications such as optical coupling and sensing.
Here, we propose that a deformed spherical cavity with self-
focusing WGMs can be used to control the radiating OAM
beams, as shown in Fig. 4(a). Supposing that diffracting grat-
ing structures are integrated in the surface of a spherical cavity
at the equatorial plane, under the phase-matching conditions,
the OAM beam can be radiated into free space [35,40]. A
spheroid cavity with rotational symmetry can be used to
generate OAM beams of high mode purity. In contrast, an
ellipsoid cavity without rotational symmetry can be used to
create multiple OAM beams [Fig. 4(b)], which have important
applications in high-capacity information processing systems
[41,42]. The mode purity of generated OAM beams by the
spherical cavities is tunable by geometric deformations, as
shown in Fig. 4(c). Thereafter, the morphology-dependent
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FIG. 4. Orbital angular momentum (OAM) beam emissions by
the spherical cavity. (a) Schematic of radiating OAM in a deformed
microsphere cavity with gratings along the surface of the equator.
(b) The emitted left-handed circular polarization (LCP) OAM spectra
from a spheroid cavity (with rotational symmetry) and an ellipsoid
cavity (rotational symmetry breaking). The spheroid cavity is of the
structural parameters (axis radius) a; = a, =4.95 um, a3 =5 um.
The ellipsoid cavity is of the structural parameters a; = 4.7 um, a, =
4.95 um, a3 = 5 um. The simulated WGM field is of [ = m = 24,
and the number of grating elements is 25. (c) Simulated LCP-OAM
mode-purity change with the increase of structural deformations. The
insets show the corresponding far-field patterns of radiated OAM
beams.

WGMs in deformed spherical cavities provide a new route
toward manipulating cavity OAM emission.

V. CONCLUSION

In summary, we have studied anomalous WGMs in
ultrahigh-Q microsphere cavities with rotational symmetry
breaking. Experimentally, we observe anomalous WGM fields
with self-focusing driven by rotational symmetry breaking

and positive surface curvature. The intriguing twist-chain-like
field patterns are obtained by leveraging degenerate-mode
excitations in a morphology-engineered cavity, which unam-
biguously demonstrates the wave optics effect in the curved
surface. Our work bridges the transformation optics and
microcavity optics in curved geometries, and may provide
a new paradigm for on-chip field manipulation and light-
matter interactions [15,43]. Since the surface WGM fields
play prominent functions in near-field coupling and optical
sensing, the modulated WGM fields of a microcavity may
spur innovative concepts in conventional cavity optics [2,44—
46]. For example, the potential application for multiple OAM
beam generation via anomalous WGMs is studied. In addi-
tion, the effect of surface curvature on WGMSs can be used
to develop sensitive optical measurements of shape deforma-
tions. It is worth emphasizing that the microcavity is an ideal
platform for nonlinear optics [3,44], and the space curvature
can serve as an additional dimension for modulating nonlinear
effects such as the optical solitons in curved surfaces [20,47].
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