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Emergence of momentum-space topological half vortices in an anisotropic cavity
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Topological half vortices in momentum space have recently attracted great interest in photonic research.
Characterized by winding polarization distributions, topological half vortices carry half-integer topologi-
cal charges, underlying many exotic optical phenomena. To date, in systems with continuous translational
symmetry, the study of momentum-space topological vortices is based mostly on the band degenera-
cies. Here we theoretically propose that by optical cavities that contain uniaxial materials, two types of
momentum-space topological half vortex can emerge. With both a Hamiltonian model and eigenmode
simulations, we reveal that paired degenerate and nondegenerate half vortices can be spawned from zero
topological charge with different energy detuning of bands. The winding configurations of topological half
vortices are closely associated with the distinctive characteristics of Berry curvature. Our work broad-
ens methods to generate and manipulate topological half vortices in momentum space, and also offers a
perspective of polarization vortices in the investigation of cavity photons in anisotropic media.
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I. INTRODUCTION

Topological vortices, which are universal in real space,
have been widely discussed in various fields, such as
superfluids [1], superconductors [2], and exciton—polariton
condensates [3]. In recent photonic research, topologi-
cal vortices were also discovered to exist in momentum
space, known as momentum-space polarization vortices
[4-T7]. For these polarization vortices, major axes of states
of polarization (SOPs) will wind around specific vortex
centers in momentum space, causing nonzero winding
numbers (topological charges). Topological charges can be
integers; for example, the SOPs will wind around bound
states in the continuum, forming polarization vortices with
integer topological charges [8—18]. Besides, topological
charges can also be half-integers [19—27]. Polarization
vortices with half-integer charges (topological half vor-
tices) can be divided into two cases with different vortex
centers. For the nondegenerate case (nondegenerate half
vortices), vortex centers are circularly polarized states (C
points), which are radiative states with circular SOPs.
Because of chiral responses of C points, nondegenerate
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half vortices have provided significant applications in chi-
ral emission, light-matter interactions, etc [28—33]. For the
degenerate case (degenerate half vortices), vortex centers
are degenerate points, whose SOPs are undefined owing
to the arbitrary superposition of modes at band degenera-
cies [19,21,34]. Exhibiting abundant topological features,
degenerate half vortices are closely associated with a non-
trivial Berry phase, and have also resulted in exotic discov-
eries in non-Hermitian physics, such as exceptional points
[19,34].

The light field with various topological half vortices has
been studied previously. For example, various polarization
configurations, such as C points, have been explored in
propagation waves in media uniformly distributed in three
dimensions [35]. When light beams propagate through
a bulky crystal, the topological-half-vortex features can
also be passively obtained by propagation-induced mod-
ulation [36-38]. Recently, with the rapid development of
microphotonics and nanophotonics, the emergence of com-
pact photonic structures brings new degrees of freedom in
light-field modulation. These compact photonic structures,
such as photonic crystal slabs [39], support optical eigen-
modes that can interact with light in free space. On the one
hand, when satisfying the condition of momentum match-
ing, the optical modes can radiate into free space, and their
SOPs can form an eigenpolarization field in momentum
space, including various topological half vortices [25]. On
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the other hand, the optical modes can also be excited by
light from free space, and the existence of topological half
vortices will give rise to a wide range of effects in the
resonant process [18].

In microphotonics and nanophotonics, the topological
half vortices in momentum space have rich physical sig-
nificance to be further explored. To fully investigate and
utilize the properties of topological half vortices, the gen-
eration and modulation of topological half vortices are of
vital importance. Breaking symmetries and varying struc-
tural parameters are commonly applied methods, with
which various evolutions of topological half vortices have
been explored [20-24,26,27,40]. On the one hand, topo-
logical half vortices can be spawned from integer-charge
vortices. For instance, a pair of nondegenerate half vortices
can be spawned from an integer-charge vortex centered
at a bound state in the continuum by the breaking of the
in-plane inversion symmetry or up-down mirror symmetry
[20,22]; a pair of degenerate half vortices can be generated
from an integer-charge degenerate vortex by variation of
the in-plane symmetry from Cy, to Cy, [19,21]. On the
other hand, topological half vortices can also be gener-
ated from zero charge; for example, paired nondegenerate
half vortices with opposite-signed charges can emerge by
the shifting of the misalignment of a double-layer-grating
structure [26]. In these previous studies, topological half
vortices were mostly realized and discussed in periodic
structures with discrete translational symmetry, such as
photonic crystal slabs. Besides periodic structures, pho-
tonic systems with continuous translational symmetry also
have well-defined momentum space, but the topologi-
cal half vortices in these systems have not been fully
investigated.

So far, the study of momentum-space topological vor-
tices in continuous photonic systems has been based
mostly on degenerate points [41—45]. In planar optical
microcavities, degenerate half vortices have been realized,
associated with various effects such as conical diffrac-
tion and non-Abelian gauge fields [41,44]. Recently, it
was found that Rashba-Dresselhaus (RD) coupling will
lead to the chirality of modes [46], which has attracted
much research interest and has been used to realize var-
ious applications [47-55]. However, nondegenerate half
vortices in these systems have not been revealed to date.
To promote further research and practical applications, it
is still worth exploring new mechanisms to generate and
modulate topological half vortices.

In this study, we propose a general approach to gener-
ating and modulating two types of topological half vortex
in optical cavities containing uniaxial media. On the basis
of systems with continuous translational symmetry, we
focus on cavity modes of two bands with different pari-
ties. Accompanied by different energy detuning of bands,
we show that paired degenerate and nondegenerate half
vortices can be spawned from zero topological charge.

The topological half vortices are paired and carry oppo-
site topological charges, maintaining the conservation of
total topological charges. The winding topology of SOPs
and RD coupling will lead to distinctive characteristics in
Berry curvature. Two types of vortex center, half-charge
degenerate points and C points, can be directly char-
acterized by linearly polarized and circularly polarized
reflectance spectra.

II. RESULTS AND DISCUSSION

Our platform is constructed by our embedding a uniax-
ial layer in a pair of distributed Bragg reflectors (DBRs),
as is shown in the middle panel in Fig. 1(a). Owing to
constraints along the z direction and continuous transla-
tional symmetry in the x-y plane, this structure supports
cavity modes with well-defined in-plane wave vector kj =
(kx, k). The optical axis of the uniaxial layer is set in the
x-z plane with a tilt angle 6 relative to the x axis. Here we
are focusing on a transverse electric (TE) band and a trans-
verse magnetic (TM) band, which are energetically close
and of different parities. In the parabolic approximation
and with the radiation loss ignored, this two-band system
can be described by a 2 x 2 effective Hamiltonian in the
circular-polarization basis [45—47]:

RAE WPk
H=Ey+—+—
2m, 2m,

—2ak,

Bo — Bikj + Bakje ¢
+ /3 _ﬂk2+ﬂk2621¢ 5
0 B 24

20k,
(1)

where Ej is the mean mode energy, m, and m, are the
effective masses of cavity photons, o represents the RD
coupling between cavity modes with different parities, S
represents the detuning of the modes’ energy at kj = 0 (it
can be dynamically controlled by variation of the tilt angle
0), B1 and B, contribute to the TE-TM splitting and TE-
TM spin-orbital coupling, and ¢ is the propagation angle
following k, = kj cos ¢ and k,, = kj sin ¢. By obtaining the
eigensolutions of the Hamiltonian model, one can deter-
mine the SOPs of the modes. In our discussions, the wave
vectors considered are relatively small, and hence the x and
y components are applied to define the SOPs.

With the variation of Sy, two types of topological half
vortex will emerge from zero topological charge. When
Bo < 0, the two bands are separated, as shown in the left
panel in Fig. 1(a). In this case, there is no polarization sin-
gularity on both bands and the topological charge of this
region is zero [left panel in Fig. 1(b)]. When gy > 0, polar-
ization singularities emerge along both the &, direction and
the k, direction. On the one hand, the bands intersect at

(ke, k) = (/Bo/(B1 — B2),0), forming two degenerate
points. On the other hand, the modes will become fully
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FIG. 1. (a) Schematic view of the structure (middle panel) and

energy dispersions of modes at a negative detuning and a positive
detuning (left and right panels). (b) Polarization distributions of
upper and lower bands in (a). Dashed lines represent major axes
of SOPs, red and blue dots represent LCP and RCP C points,
respectively, and black dots represent half-charge degenerate
points.

circular at (ky, k,) = (0, £+/Bo/(B1 + B2)), corresponding

to C points. In the vicinity of these polarization singular-
ities, the major axis of SOPs exhibits winding topology,
forming both degenerate and nondegenerate half vortices,
as shown in the right panel in Fig. 1(b). Around a degen-
erate half vortex, the major axis of SOPs winds by —,
corresponding to a —1/2 topological charge, while around
a nondegenerate half vortex, the major axis of SOPs winds
by +m, corresponding to a +1/2 topological charge. In
this region, the total topological charges of both the upper
band and the lower band are always zero, maintaining the
conservation law of topological charges.

To give a specific example of the generation and evolu-
tion of topological half vortices, we set a liquid crystal as
the uniaxial layer. A liquid crystal is a commonly used uni-
axial anisotropic medium, whose optical axis can be tuned
by application of an external voltage [46,56—59]. In our
discussions, the liquid crystal is of positive birefringence
(n, = 1.59,n, = 2.18) [57,59], and its thickness is 1.6 pm.
The DBRs are designed with use of SiO; and TiO, layers
to make the bands concerned be located in the band gap
(details are provided in Supplemental Material [60]).

To exhibit the energy evolution caused by rotation of
the optical axis, we calculated bands at different tilt angles.
First, we focus our discussion on a TE band with mode
number N and a TM band with mode number N + 1,
denoted by (N,N + 1). In this regime, we plot the band

dispersions and polarization distributions of a negative
detuning (By = —17.2 meV) and a positive detuning (By =
1.79 meV) in the left and middle columns in Fig. 2.
The energy dispersions of bands along the &, direction
[Fig. 2(a)] are separated when By < 0, while they inter-
sect with each other when By > 0. In contrast, along the
k, direction [Fig. 2(b)], the two bands will not intersect
with each other for both positive and negative fy. Figures
2(c) and 2(d) show corresponding polarization distribu-
tions of the upper band and the lower band, respectively.
When By < 0, in both the upper band and the lower band,
the major axis of the SOPs points in nearly the same
direction, meaning that no topological vortex exists. When
Bo becomes positive, paired degenerate and nondegener-
ate half vortices emerge in both the upper band and the
lower band, in correspondence with our discussion from
the Hamiltonian model.

By varying the optical axis, we can also realize the
emergence of topological half vortices in the (N, N + 3)
regime, as shown in the right column in Fig. 2. The band
dispersions and polarization distributions in this case are
similar to those in the (N, N + 1) case. However, in this
regime, the energy splitting of modes along the &, direction
is much smaller than that in the (N, N + 1) regime, indi-
cating that the strength of RD coupling is weaker in this
case. From the band dispersions, we extracted the strength
of RD coupling, which is 3.53 meV - pminthe (N, N + 1)
case and 1.08 meV - um in the (N, N + 3) case. The dif-
ferent RD couplings will lead to different characteristics of
the distributions of SOPs: In the (N, N + 1) case, the SOPs
are very close to circular in a large area around the C point.
In contrast, in the (N, N + 3) case, only a small area near
the C point has a high degree of circular polarization.

The winding configuration of SOPs are closely con-
nected with some intrinsic topological natures of the sys-
tem, e.g., nonzero Berry curvature. The Berry curvature
can be calculated by [47,61,62]

1.
Q= 3 sin © (3, Oy, © — 0, P, ©) (2)

where ® and @ are the polar and azimuthal angles of the
Poincaré sphere, defined by ® = arccos (S3/5) and & =
arctan (S,/S1) (where Sy, Si, Sz, and S5 are Stokes param-
eters). From this perspective, the distribution of Berry
curvature is closely related to the changing rate of SOPs in
momentum space. We show the distribution of Berry cur-
vature of the upper band from the Hamiltonian model in
Fig. 3(a) and from numerical simulation in Fig. 3(b). The
Berry-curvature distributions are calculated by using the
SOPs of nondegenerate optical modes; the cases of degen-
erate points with ill-defined SOPs are outside the scope
of this work. In the calculation of Berry curvature by the
Hamiltonian model, the non-Hermiticity due to radiation
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FIG. 2. Evolutions of dispersions and polarization distribu-
tions. The left column and the middle column correspond to
Bo < 0 and By > 0, respectively, in the (N, N + 1) regime. The
right column corresponds to 8y > 0 in the (N, N + 3) regime. (a)
Dispersions along the k, direction. Green (orange) lines corre-
spond to TE (TM) bands. (b) Dispersions along the k, direction.
(¢),(d) Polarization distributions of (c) the upper band and (d) the
lower band. Red and blue dots represent LCP and RCP C points,
respectively, and black dots represent half-charge degenerate
points.

loss should also be taken into consideration (details are
provided in Supplementary Material [60]).

In the (N,N 4 1) regime, when the two bands are
widely separated and no topological half vortex exists at
Bo < 0 (left column in Fig. 3), the Berry curvature in the
whole region is close to zero. In contrast, when the topo-
logical half vortices emerge at Sy > 0 (middle column
in Fig. 3), the distribution of Berry curvature around the
topological half vortices appears with nonzero value and
obviously varies. In this case, for the nondegenerate half
vortices, the Berry curvature is relatively small at vortex
centers (C points). In contrast, in the (N, N + 3) regime,
the Berry curvature at By > 0 is shown in the right column

(a) (N, N+1) regime (N, N+3) regime
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FIG. 3. Distributions of Berry curvature by (a) the Hamilto-
nian model and (b) numerical simulation. The left column and the
middle column correspond to By < 0 and By > 0, respectively,
in (N,N + 1) regime. The right column corresponds to Sy > 0
in the (N, N + 3) regime. Red and blue dots represent LCP and
RCP C points, respectively, and black dots represent half-charge
degenerate points.

in Fig. 3. In this case, nonzero Berry curvature signifi-
cantly accumulates around the C points. The reason is that,
in the (N, N + 1) regime, the SOPs are very close to cir-
cular (e.g., ® ~ 0) in a wide range around the C points
owing to a strong RD coupling. Thus, the Berry curvature
around C points is relatively small in this case, while in the
(N,N + 3) regime, both the major axis and the ellipticity
of the SOPs undergo drastic changes around the C points
due to a relatively weak RD coupling, which will lead to
the accumulation of Berry curvature around C points. In
addition, when the RD coupling o becomes weaker, the
Berry curvature will be more concentrated at C points (see
Sec. 8 of Supplemental Material [60]).

The cavity modes in our discussion are above the light
cone,and thus they can be excited by light incident on the
structures, leading to obvious changes in reflection and
transmission spectra. The resonance-induced spectra can
manifest characteristics of both energy dispersions and
SOPs of cavity modes. For the two types of topologi-
cal half vortex discussed, there are different polarization-
related responses for the far-field incidence, which can
be used to characterize the generation and evolution of
topological half vortices. Later, by applying Berreman’s
transfer-matrix method [63] (details are provided in Sup-
plemental Material [60]), we calculated reflectance spectra
along the k, and k, directions in the (N, N + 3) regime,
and found that they exhibit far-field polarization responses
resulting from topological half vortices.
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FIG. 4. (a) Reflectance spectra along the k, direction under

s-polarized and p-polarized incidence in the (N,N + 3) case
(left and middle panels) and calculated DLP of the reflection
(right panel). (b) Reflectance spectra along the k, direction under
LCP and RCP incidence in the (N, N + 3) case (left and middle
panels) and calculated DCP of the reflection (right panel). Red
and blue dots represent LCP and RCP C points and black dots
represent half-charge degenerate points.

Figure 4(a) shows linearly polarized reflectance spec-
tra along the k, direction. The left and middle pan-
els refer to reflectance spectra under s-polarized and p-
polarized incidence, respectively. The TE (TM) modes
cannot be excited by the p-polarized (s-polarized) inci-
dence; therefore, the reflectance spectra under s-polarized
(p-polarized) incidence correspond to responses of the TE
(TM) band. In the right panel in Fig. 4(a), we also plot
the degree of linear polarization (DLP), which is defined
as (Ry — R,)/(Ry + R,), where R, (R,) is the reflectance
under s-polarized (p-polarized) incidence. For both the
upper band and the lower band, there is a switch of signs
of the DLP in the vicinity of band intersections, as shown
in the right panel in Fig. 4(c). The sign changes of the DLP
are in accordance with the polarization distributions shown
in Figs. 2(c) and 2(d), where a transition of SOPs appears
around a degenerate half vortex.

In Fig. 4(b), circularly polarized reflectance spectra
along the k, direction are shown that characterize opti-
cal responses related to nondegenerate half vortices. The
left and middle panels refer to reflectance spectra under
left-handed-circularly-polarized (LCP) and right-handed-
circularly-polarized (RCP) incidence, respectively. There
are diminished regions in the reflectance spectra, indicat-
ing the existence of C points. As centers of nondegenerate
half vortices, C points cannot be excited by incidence with
opposite circular polarization. These diminished regions in

the reflectance spectra for LCP and RCP incidence corre-
spond to the RCP and LCP C points, which are marked
by blue and red dots. Since the SOPs are close to circular
only in a small area around the C points, the diminished
regions are relatively narrow. Moreover, in the right panel
of Fig. 4(b), we also show the degree of circular polar-
ization (DCP), which is defined as (R, — R))/(R, + R)),
where R; (R,) is the reflectance under LCP (RCP) inci-
dence. Accompanied by the emergence of nondegenerate
half vortices, the maximum DCP and the minimum DCP
in the reflectance spectra approach £1 around the C points.
It should be noted that, at k; = 0, the DCP is always zero
due to the mirror symmetry. These results agree well with
the polarization distribution in Figs. 2(c) and 2(d).

III. CONCLUSION

In conclusion, we have proposed an anisotropy-based
mechanism to generate momentum-space topological half
vortices. By just varying the optical axis of the uniaxial
layer, we can realize the generation of two types of topo-
logical half vortex from zero topological charge. The emer-
gence of topological half vortices will bring rich properties
of Berry curvature and far-field polarization responses. Our
results extend the investigation on topological half vor-
tices in systems with continuous translational symmetry,
and also demonstrate that optical cavities with anisotropic
media can serve as good platforms for momentum-space
polarization modulation.
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