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Over the past decades, topology has provided unique insight into numerous physical phenomena. Here,
we report on a topological mechanism for spin-dependent photonic transport. We observe photonic
topological defects of bound vortex pairs and unbound vortices generated from a two-dimensional array of
nanoantennas, i.e., a metasurface, which is achieved by randomly inserting local deformations in the
metasurfaces, inducing the Pancharatnam-Berry phase. The observed spin-dependent bound vortex pairs
are established as the origin of the photonic topological spin Hall effect—a subdiffraction-limited spin-split
mode in momentum space, while the spin-dependent unbound vortices induce random spin-split modes
throughout the entire momentum space as a random Rashba effect. The topological phenomena—creation
of bound vortex pairs and unbound vortices—indicate the universality of the topological effect for particles

of different natures.
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Photonic systems resemble their electronic counterparts
when light travels through distorted space, such as
space with curvature or deformations. In particular, spin-
dependent phenomena arise in optical systems providing a
rotational coordinate transformation, which induces a
spin-dependent momentum correction in the Helmholtz
equation. The rotational wave equation takes the form of
(V2 + k* — 26Qk)y, = 0 for a deformed space with local
orientation 6(£) and rotation rate Q = d@(£)/dE along a
predefined path & [1,2]. Here, y, are the spin-dependent
eigenfunctions, k is the wave number, and ¢ = 1 denote
the helicity for right (¢, ) or left (6_) circular polarization.
The deformation ¢Q acts similar to the gA term in the
Schrodinger equation (g is the electronic charge and A is
the vectorial potential), contributing an effective magnetic
field (EMF) to the optical system. As Berry reported in
1980 [3], the emerging EMF due to deformation is deeply
connected to the generation of topological defects (TDs).
For instance, a photonic Aharonov-Bohm effect was
achieved by inserting a localized circular distortion in a
homogeneous two-dimensional space [1]. This deformation
induces an artificial vectorial potential gA s = (6/r)@
surrounding the singularity, which exhibits an EMF B,
resulting in y, ~ /%, i.e., a single TD [Fig. 1(a)] (r is the
radius coordinate and ¢ is the azimuthal angle). Similarly, a
photonic Rashba effect was obtained due to periodically
arranged TDs from kagome structures without inversion
symmetry [4]. The observed photonic effect manifests a
spin-split dispersion, equivalent to a condensed matter
Rashba system in which the electron’s spin-degenerate
parabolic bands split into dispersions with opposite
spin-polarized states [5]. When light encounters random
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TDs [6], unforeseen physical phenomena occur due to
complex light-matter interactions.

Random TDs emerge as vortices in a broad spectrum of
physical systems, such as superconductors [7], liquid
crystals [8], and magnetic materials [9]. When an electron
travels through a nanoscale TD such as a skyrmion (vortex-
like spin texture), it acquires a Berry phase which acts as an
EMF bending the electron’s trajectory [10,11]. This phe-
nomenon is known as the topological Hall effect, where
the EMF is associated to the TD. Although optical analogs
of Hall effects have been extensively studied [12-16],
a photonic version of topological Hall effect has not
been found. Recently, we observed a photonic spin
Hall effect (PSHE)—a subdiffraction-limited spin-split

FIG. 1. Schematic of TDs and EMFs. (a) The phase distribution
of a single TD (~e~). The TD is associated to an out-of-plane
EMF (the red mark), black arrows denote artificial vectorial
potential. (b) The phase distribution of a pair of TDs, i.e., VP. VP
can be considered as two EMF singularities with opposite
directions (the red and blue marks). For a spin-dependent VP,
the EMFs reverse their directions for different spin illuminations,
inducing a spin-dependent deflection of light, i.e., a PSHE.
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FIG. 2. Bound VPs and unbound vortices emerging from defect-induced GPMs. (a),(b) Metasurfaces with low (a) and high (b) defect
concentrations yield spin-dependent VPs and vortices in the near field, respectively. The calculated phase distributions of spin-flipped
components from the corresponding metasurfaces are shown for 6, and ¢_ illumination, respectively. The point defects are depicted by
yellow antennas in an aligned lattice (green). The size of one unit is 600 x 600 nm?. (c) SEM images of GPMs with different defect
concentrations. (d) Experimental interference patterns of the near field emerging from the metasurfaces. The red and blue dashed disks

depict opposite topological charges of [ = +1.

mode in momentum space—from disordered nanoantenna
arrays, where no defects or impurities were involved [17].
Compared to the previous findings [12-16], the PSHE in
Ref. [17] originates from a quite distinct yet unclear
mechanism. Nevertheless, the complicated phase evolution
embedded in the random process disturbs our deep explora-
tions of the underlying physics.

In this Letter, we observe spin-enabled photonic trans-
ports induced by bound vortex pairs (VPs) and unbound
vortices from geometric phase metasurfaces (GPMs),
which are designed by inserting geometric phase defects
into GPMs of aligned antennas. Metasurfaces are two-
dimensional arrays of nanoantennas of customized shapes
and sizes [18-24], while the GPM is consisted of aniso-
tropic nanoantennas oriented in an on-demand profile
[18,25,26]. The nanoantennas perform local rotational
coordinate transformations, providing the opportunity to
generate random TDs. As a result, photonic bound VPs—
two closely located TDs with topological charges of
[ = £1 [Fig. 1(b)]—and unbound vortices emerge in the
near field of the metasurfaces, in the quasi-long-range-
order and short-range-order regimes, respectively. The
PSHE originates from a single spin-dependent VP or a
vectorial summation of multiple spin-dependent VPs,

manifesting as a photonic topological spin Hall effect.
The photonic random Rashba effect—random spin-split
modes throughout the entire momentum space—is attrib-
uted to the spin-dependent unbound vortices. These find-
ings reveal a general relation between spin-dependent wave
scattering in momentum space and the associated random
TDs in the near field, which can be applied in a wide scope
of optical systems.

The geometric phase accumulation of the metasurface
arises from a space-variant manipulation of the polarization
state of light in the array of oriented nanoantennas. By
impinging a circularly polarized beam onto a GPM with an
orientation profile 6(x,y), a geometric phase pickup of
¢(x,y) = —2060(x,y) is obtained for the spin-flipped
component in the transmitted wave [18]. In order to observe
distinct TDs, we insert defects into a metasurface in
which anisotropic antennas were aligned in the same
direction [Figs. 2(a) and 2(b)]. The defects are introduced
by randomly replacing ordered nanoantennas (0 = 0)
with nanoantennas that were oriented following a
uniform distribution function f;(6(x,y)) = 1/ 6(x,y) €
[—7/2,7/2]. Here, ¢ is the defect concentration defined as
the number of defects normalized to the total number of
nanoantennas in the metasurface.
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FIG. 3. The length scale ordering of the defect-induced GPMs.
(a) Experimental (blue dots) and calculated (blue curve) loga-
rithm of the number of TDs, as well as the calculated Wigner
entropy of the metasurface (orange curve) as a function of defect
concentration. (b) Experimental (blue dots) and calculated (blue
curve) correlation parameter @ as a function of defect concen-
tration for interference patterns with a size of 10 x 10 gm?. The
red curve depicts the calculated correlation parameter for inter-
ference patterns with a size of 80 x 80 ym?. The variances of a
from statistics are denoted by the shaded areas.

Figure 2(c) depicts the scanning electron microscopy
(SEM) images of Si-based GPMs with different defect
concentrations [27]. In these photonic structures, the TDs
appear as phase singularities due to the light interaction
with point defects. Bound VPs and unbound vortices were
demonstrated by calculating the propagation of the trans-
mitted spin-dependent electromagnetic field over the
distance of a wavelength above the metasurfaces using
Huygens’s principle [27]. The experimental observation of
VPs and vortices was achieved by measuring the interfer-
ence between the spin-flipped component of the near field
emerging from the metasurfaces and a plane wave using a
He-Ne laser at a wavelength of 632.8 nm [Fig. 2(d)] [27].
The revealed fork-shaped intensity patterns indicate vorti-
ces emerging from the metasurface. The presented phe-
nomena resemble the generation of random EMF in bound
[Fig. 2(a)] and unbound [Fig. 2(b)] formations resulting
from low and high defect concentrations, respectively. We
experimentally studied the vortex formation as a function of
defect concentration. The measured number of TDs (N)
increases with the defect concentration, forming bound VPs
at low concentrations, in agreement with calculations
[Fig. 3(a)]. As the number of point defects is further
increased in the system, the value N remains relatively
unchanged; however, the VPs are progressively broken,
forming a field of unbound vortices at high defect con-
centrations. We observed a similar behavior for the Wigner
phase space distribution entropy [27,28] using the mutual
information of the GPMs [Fig. 3(a)], providing an addi-
tional tool for analyzing the disorder evolution.

To further understand this phenomenon, we applied the
first-order correlation function c(jr — r'|) = (y*(r)y(r'))
to the near fields of GPMs with different defect concen-
trations [29]. Here, w is the complex electric field of
the spin-flipped component and r, r are coordinate

vectors. The bracket indicates a statistical averaging.
The correlation parameter @, which defines the decay
of the correlation, C?(R) o« R72%, indicates the length
scale ordering of the system [30]. Here, C*(R)=
(1/R) JRAR'[c(R")]*; R =|r—7| is a variable distance,
the maximum of which is the metasurface diameter
D = 200 ym. We measured « [Fig. 3(b), dots] by applying
Fourier analysis to the interference patterns with a size of
10 x 10 yum? and calculating the correlations from the
extracted complex fields [27]. The average and variance
of the correlation parameter [Fig. 3(b), blue curve] were
theoretically evaluated from statistics of different sets of
GPMs, with each interference pattern a size equal to the
experiment condition. We found a good agreement between
the theory and experiment [Fig. 3(b), blue curve and dots].
The parameter a changes from 0 to 0.479 as the defect
concentration increases, indicating a transition from quasi-
long-range-order to short-range-order regimes. Moreover,
a depends on the size of interference patterns: a steeper
transition is obtained from interference patterns with a
larger size [Fig. 3(b), red curve].

The spin-orbit interaction manifested by the geometric
phase enables a further discrimination between the quasi-
long-range-order and short-range-order states by the photon’s
spin degree of freedom. We studied the momentum space
intensities by illuminating the GPMs with circularly polarized
light 6, and measured the emerging far-field spin-flipped
components /,_ (k). The spin projection of the Stokes vector
S3(k), defined as [l, (k) —1, (K)]/[l,, (k)+1, (k)]
demonstrated distinct spin-split modes for GPMs of different
defect concentrations. In the low-concentration regime,
calculations predict a spin deflection that is much smaller
than the diffraction-limited spot [Fig. 4(a), solid curve],
1.e., the PSHE. Here, the deflection 6 is the distance between
the maxima of 7, (k) and I, (k). We utilized the weak
measurement technique [12,31] to measure 6 and observed a
moderate increase [dots in Fig. 4(a)] in the deflection with
defect concentration, in agreement with the statistical calcu-
lation [the red curve and the purple shaded area in Fig. 4(a)]
[27]. In the high-concentration regime ({ > 0.9), numerous
spin-dependent modes emerged randomly, filling the
momentum space, where the dominant deflection § was
much larger than the diffraction-limited spot [Fig. 4(a)]. The
observed modes possessed both spin-symmetry breaking
I, (k) #1, (k) and time-reversal symmetry I, (k)=
I, (k) [Fig. 4(a), upper inset]. The random spin-split
modes are a manifestation of the photonic Rashba effect
[4] generated from a superposition of random Rashba
potentials, thus exhibiting a random Rashba effect [17].

We studied the relation between spin-dependent TDs and
the photonic transport using a simple VP model as an
approximation of the bound VP shown in Fig. 2(a). In the
model, the VP phase is ¢yp = o[p(r —r|) — @(r —1,)],
where ¢ is the azimuthal angle with respect to the center of
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FIG. 4. Photonic topological spin Hall effect mediated by VPs. (a) Logarithm of spin-dependent deflection normalized to the
diffraction limit in momentum space as a function of defect concentration. The dots depict the experimental results. The averages and
variances of the PSHEs from statistical calculation of different sets of metasurfaces are depicted by the red curve and the purple area,
respectively. The top inset depicts the experimental random Rashba effect via an S5 (k) image; the exampled modes at k| and k, indicate
the Rashba spin-split behavior, and here & is 2|k, |. The bottom insets depict the amplified PSHE for two defect concentrations, obtained
from weak measurements. The red horizontal line denotes the diffraction limit § = A/D. (b) Quantized PSHE emerging from N
uniformly aligned VPs at random locations, demonstrated by phase distributions (N ranging from 1 to 5); the arrow denotes the local
phase gradient (for o_ illumination). At the top right, the resultant spin-dependent deflections Néyp are depicted for different numbers of
VPs in random locations. Here, the dots are calculated from individual statistic cases, the solid lines indicate Ndyp, and the dashed lines
are the average shifts of the statistical results. At the bottom right, the average quantized spin-dependent deflection with corresponding
standard deviations (the error bars) is depicted as a function of N. (c) Model of the phase distributions for N = 1,2, 3 VPs (upper panel)
and the resultant PSHE for different orientations (lower panel). The blue arrows indicate the orientation of the VPs and the purple arrows
indicate the orientation of the PSHE. (d) Large number of VPs gives rise to a random Rashba effect.

entire metasurfaces. In addition, by illuminating a plane
consisting of N randomly located VPs of identical size
and orientation, we obtained a quantized split of Noyp
[Fig. 4(b)]. When these VPs were randomly aligned, the

each vortex ry, r, [27]. The diffracted spin-dependent field
from such a single VP phase distribution e*v* yields the
PSHE of a split in momentum space [Fig. 4(c), left-hand
panel]; this result indicates that the VP is the origin of the

PSHE, thus manifesting as a photonic topological spin
Hall effect. This is different from the PSHE of Ref. [17],
which was generated from disordered phases across the

PSHE was found to obey a simple vectorial summation
rule determining the orientation of the deflection
[Fig. 4(c)]. Therefore, PSHE of different orientations were

266101-4



PHYSICAL REVIEW LETTERS 123, 266101 (2019)

experimentally observed due to randomly orientated VPs in
different GPMs [Fig. 4(a), lower insets]. A continual
increase in the number of VPs resulted in random phase
fluctuations, i.e., the proliferation of unbound vortices
[Fig. 4(d)]. Accordingly, the momentum space is mani-
fested by numerous spin-dependent modes beyond the
diffraction limit, until these modes fill the entire momentum
space, exhibiting the transition from the PSHE to a random
Rashba effect.

In summary, we established a topological mechanism for
PSHE by the generation of spin-dependent VPs in the near
field of defect-induced GPMs. A spin-dependent VP acts as
a pair of EMF singularities, inducing a spin deflection. This
is a photonic picture resembling the spin-dependent bend-
ing of an electron’s trajectory when it passes through a
skyrmion, as occurring in the topological Hall effect
[10,11]. The PSHE associated with VPs can inspire further
exploration of various physical phenomena involving TD
pairs, such as optical VPs in superoscillations [32] and the
skyrmion-antiskyrmion pairs in magnetized materials [33].
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