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Controllable photonic spin Hall effect induced by an off-axis polarization singularity
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The photonic spin Hall effect (PSHE) with high efficiency is of significance for the application of spin photonic
devices, but the spin-dependent separation induced by the refraction or reflection at the interface of the media is
too tiny to be used in practice. In this paper, we realize a PSHE by designing off-axis polarization singularity in
free space and reveal the relationship between controllable spin-orbit coupling and orbital angular momentum
(OAM) spectra of the off-axis vector beam. The numerical simulations and experimental results show that
the spin-dependent separated distance and the OAM spectra are manipulated by the embedded position and
polarization order of polarization singularity, and the separating direction perpendicular to the off-axis direction
of polarization singularity. Our work provides a feasible and simple path for manipulating spin photons toward
information processing based on optical spintronics.
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L. INTRODUCTION the fan-shaped baffles [35] induces the discontinuous vortex

The photonic spin Hall effect (PSHE) [1,2] has attracted P hases of two. spin. components in the azimuthgl direction,
. . . . o . which results in spin accumulation at the opposite edge, or
intense research interest for its potential applications in pre- o 1 PSHE 1 incid it th
cision metrology [3,4], optical manipulations [5,6], analog generatmg‘ arge a nearnormal incidence wit t ©

tical G [7’ 8]’ tc. Thi 1 £ th . ’H 1 ef metamaterial slab [36], the optical bound states in the contin-
opticat computing 17,81, etc. 1a1s anaiogy ol the spin Halt el- uum (BICS) hosting metasurface [37], the effective g plates
fect in the electronic system [9] presents the spatial separation in Fourier or real spaces [38], the anisotropic uniaxial crystal
of two spin states of light. It is generally an external mani- ’

festation of spin-orbit interaction (SOI) [10], which originates .[39]’ and so on. Could the brealgng of .rotatlonal Symmetry
. : induced by off-axis polarization singularity cause the PSHE?
from the optical angular momentum [11] and two kinds of

- . L In this paper, we numerically and experimentally investi-
giometrllg lrgl]asisci ;;: Pthr? Eyrt%-\r’r:?gl?rsgg?ergy (R[\l’f]) gate the PSHE induced by the off-axis polarization singularity.
EI),haS? ol lat g ¢ atlcl a E am-be fyb phase " : The influences on PSHE at the focal plane are represented by
di © tgrmer 18 hr © at(;l ° ; et'c angln% N . eantl tﬁropfitg?flon changing the off-axial distances, the embedded positions, and

irections, S u.c as e efraction or retiection at the mtertace the polarization order of polarization singularities at the initial
of the media; the spin-dependent separation is t0o tiny to be lane. Furthermore, the connection between the modulated
. plane. ,
observed unless weak measurement technology is used [15], OAM spectrum and PSHE was discussed. The mechanism of
but the latter, which is associated with polarization transfor- )

mation, could significantly enhance the SOT of light [16-19]. PSHE induced by the off-axis polarization singularity we pre-

Currently, researchers have demonstrated the phenomena of :eIi]rtledhftgrrl(s)rzlr?:jnt%;zg;selrls;?ﬁﬁggﬁ)lli;atlrzt:}far:;l;p(?fl?at;ni
PSHE by exploiting the uniaxial-crystal plates [20,21], pho- pIn b ’ ying £

tonic graphene [22], surface plasmon nanostructures [23], PSHE in the platforms using a nonperfect vortex.
metasurfaces [24], on-chip devices [25], and so on.

Cylindrical vector beams [26,27] embedded with po- II. THEORY
larization singularity are classic beams with spatially in- . N .
homogeneous polarization, which have been widely used In paraxial conditions, the Gauss beam embedded with
in microfabrication [28,29], optical tweezers [30], high-  off-axis polarization singularity [40] could be expressed as

resolution imaging [31], optical data storage [32,33], and so the superposition of left- (LCP) and right-handed circularly
on. The phenomena of spin-dependent splitting have been polarized (RCP) components with off-axis opposite vortex
unveiled by breaking the rotational symmetry of a cylindrical ~ Pphases; this initial beam in the Cartesian coordinates (Xin, Yin)
vector beam. For example, when the incident beam is shifted ~ can be written as

from the central optical axis of the metasurface [34], using

2

2 2
Xin + Yin )
Wy

E(xin, yin) = Egexp (—
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FIG. 1. Gauss beam embedded with an off-axis polarization sin-
gularity. (a), (b) Embedded positions of polarization singularity (the
red and black dots represent the center of polarization singularity
and the Gauss beam, respectively; the blue circle depicts the waist
radius). (c) Schematic illustration of PSHE induced by an off-axis
polarization singularity at the focal plane; the blue and red ellipses
represent the separated left- (LCP) and right-handed circularly polar-
ized (RCP) components, respectively.

where E represents the amplitude; wg depicts the initial waist
radius; m denotes the topological charges of the vortex phases
of spin components; & = 2 arctan[(y;, + yo)/(xin + Xo)] is the
angular coordinate of off-axis polarization singularity, and
(=x0, —yo) indicate the embedded position of polarization sin-
gularity, which is shown by a red dot in Fig. 1(a) ; 6y is
a constant phase; {e;, eg} are LCP and RCP basis vectors.
To facilitate analysis, we translate the coordinate system to
a new one (x, y) where polarization singularity is the coor-
dinate origin, as shown in Fig. 1(b); then the center of the
Gauss beam is located at (xg, yg). By setting xo = § cos,
Yo = §sinc, the two spin components Eg 1 (p, ¢) of Eq. (1)
in polar coordinates (p, @) can be rewritten as

2 2
+6 2pd cos(p — a)
b1 = o (255 ) o (22528
wy Wy
x exp[Eim(¢ + ¢o)]. (2)

We set the amplitude part in Eq. (2) as A (p, ¢), which can
be expanded into a series of OAM spectra with vortex phase
exp(ing) [41-43] as

2, 92
p°+4é 2pdcos(p — o)
A(p, ¢) = Epexp (_ w2 ) exp ( 2

0 Wy

o0

= Y calp)expling), 3)

n=—oo

where spectrum ¢, is obtained by the angular Fourier
transform:

1 2
en(p) = 5 / Alp, 9)exp(—ing)dp. (&)
T Jo

Then two spin components in Eq. (2) can be written as

,02-‘1- 2
Eg1(p, ) = Egexp (— 2 ) exp [£im(¢ + ¢o)]
0
> 2p8
x Y 1(%) explin(p — o), (5)
n=—o0 0

where I, is the modified Bessel function of the first kind [44]
with integer order n. Therefore, it is clear that the off-axis vec-
tor Gauss beam can be viewed as the coherent superposition
of a series of Bessel-Gauss (BG) beams with an on-axis topo-
logical charge Iz ; = n & m, i.e., (n £ m)i OAM per photon.

The constant phase ¢, in polar coordinates (o, ¢) does
not affect the OAM spectra, so we set ¢y = 0. Due to
the rotational symmetry of the Gauss beam concerning the
coordinate origin, we also set « = 0, and /th-order OAM
spectra in spin components as u;(p, ¢), with u;(p, ¢) =
Egexp[—(p? + 8%)/will,(2p8/wi) exp(ilp) depicting sep-
arable functions in polar coordinates, i.e., u;(p, )=
R(p)F (¢); then R(p) = Egexp[—(p* + 8%)/will,(2p8/wp)
and F(¢) = exp(ilp). The Fourier transform of u;(p, ¢) is
given by

Flur(p. )] = (=)' exp [il$1Hi[R(p)]

= exp [il¢p — ilm /21Hi[R(p)], (6)
where (r, ¢) are polar coordinates at the Fourier transform
plane, and H;[R(p)] represents an /th-order Hankel transform
[45] of the radially symmetric function R(p). Equations (5)
and (6) imply that OAM spectra of two spin components have
the same amplitude with opposite vortex phases and additional
phases when [;, = —Ig, owing to 1,(2p8/w}) = I_,(2p8/w§)
and (-1 )l Hi[R(p)] = H_i[R(p)]. These OAM spectra in LCP
and RCP components are in one-to-one correspondence, SO
the two spin components have a phase difference 7 at the
focal plane. The maximum intensity positions of two spin
components are origin symmetric, which means that the
spin-dependent separation could be induced by the off-axis
polarization singularity and observed at the focal planes of
the thin lens.

Figure 1(c) schematically shows the focusing dynamic of
the Gauss beam embedded with an off-axis polarization singu-
larity located at (0.4wy, 0) in Cartesian coordinates (Xiy, Vin);
it can be seen that the propagating beam splits into two
independent spin components along the y; direction at the
focal plane. Note that the spin-dependent separated distance,
the separating direction, and the OAM spectra are closely
related to the embedded position and polarization order of
polarization singularity from Egs. (5) and (6); the subsequent
simulations and experiments will elucidate the corresponding
relationships in detail.

To clarify the weight coefficient of each OAM state, we set
P(n) as the OAM power spectrum, which means the probabil-
ity of a photon with ni OAM could be obtained by integrating
|c,|? along the radial direction,

& [
S= ) /0 len(p)I pd .,
n=—0oo

- )
Py = / len(0)P pdp,
0
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FIG. 2. OAM spectra of Gauss beam embedded with off-axis
polarization singularity. (a;)—(a;) Normalized OAM power spectra
P(n) with xy = -0.2wy, —0.6wy, —wy, and y, = 0; the blue, red, and
green bars represent LCP and RCP components of off-axis vector
Gauss beam (m = 1) and off-axis scalar Gauss beam, respectively.
(by)—(bs), (c1)—(cs) Comparison of off-axis vector Gauss beam and
light field constructed from the superposition of OAM spectra in the
case of xo = —wy, yo =0, and m = 1. From top to bottom: initial
field intensities, focal field intensities, LCP intensities, RCP inten-
sities, and Sz distributions in focal field. Insets: S3 distributions of
initial fields.

5

where S is the beam power at the transverse plane. First, we
explore the influences of the embedded position (—xg, —yg) on
the OAM spectra; Figures 2(a;)-2(a3) show the normalized
power spectra P(n) of two spin components of the off-axis
vector Gauss beam (m = 1) when xy = —0.2wy, -0.6wg, —wy,
and yp = 0. As shown in Figs. 2(a;)-2(a3), the OAM spec-
tra [blue (red) bars] of the left- (right-) handed circularly
polarized component moves to the left (right) by one unit
compared to the situation of off-axis scalar Gauss beams
(green bars) without the vortex phase. The power of the OAM
spectra (|n £ m| # 1) increases with the increased off-axis
displacement 6.

The dispersion of the OAM power spectrum has a relation-
ship with the displacement § in the form [Ziooo nzP(n)]l/ 2=
8/wp, with n denoting the order of the OAM spectrum. In
addition, the power of OAM spectra with the topological
charge |n &= m| > 3 is negligible in the two spin components,
respectively. We compare the simulation results of an off-axis
vector Gauss beam with a light field constructed from the
superposition of seven OAM spectra with |n & m| < 3. Fig-
ures 2(b;)-2(bs) and 2(c;)-2(cs), from top to bottom, display
initial field intensities, focal field intensities, LCP intensities,
RCP intensities, and S3 distributions (drawn with total inten-
sity as background) in the focal field, respectively. We set the
parameters A = 632.8 nm, wy = 1.089 mm, xy = —wyg, Yo =
0, m =1, and f =20 cm. It can be seen that the rotational
symmetry of the initial intensity distribution with S3 = 0 is

FIG. 3. Experimental observation of PSHE with off-axis polar-
ization singularity. (a) Experimental setup for generating off-axis
vector Gauss beam (the arrows with white short lines and dots
represent p- and s-polarized components, respectively). L;_s, lenses;
M, », mirrors; HWP, ,, half-wave plates; BD, ,, beam deflector;
TPM, triangle prism mirror (96 ° obtuse angles); SLM, spatial light
modulator; QWP, quarter-wave plates; CCD, charge-coupled device.
Insets, an example of CGH on the SLM; (b;)—(bs), (c;)—(cs) Exper-
imentally measured initial total intensities with xo = 0 and —0.4wy,
yo = 0, m = 1. From left to right: initial field intensities (cyan lines
represent states of polarization), focal field intensities, LCP inten-
sities, RCP intensities, and S5 distributions in focal field. Insets: S;
distributions of initial fields.

broken from Fig. 2(b;) and its inset; the corresponding total
intensity distributions calculated by the Fresnel diffraction
integral are elliptical at focal fields from Fig. 2(b,); and
two spin components have the same intensity distributions,
but are symmetric about the x axis, as shown in Figs. 2(bj)
and 2(by). The centroids of the two spin components have
a significant separation from Fig. 2(bs). The corresponding
superposed fields of multiple OAM spectra restore the focal
results with high accuracy without noticeable differences, as
shown in Figs. 2(c;)-2(cs). Therefore, the distribution and
broadening of the OAM spectra can be manipulated by the
topological charges m and the off-axis displacement §; then
the increasing weight coefficients of the higher-order OAM
spectra with larger dark core sizes will enhance the PSHE.

III. RESULTS AND DISCUSSIONS

To explore the influence of the above parameters on PSHE
induced by off-axis polarization singularity, we experimen-
tally studied the focusing dynamic of the off-axis vector Gauss
beam. The experimental setup is shown in Fig. 3(a). A p-
polarized Gaussian beam from a He-Ne laser (wavelength
A = 632.8 nm) is expanded and collimated by a lens set (L,
and L,); then it is converted into 45 ° linearly polarized light
by a half-wave plate (HWP; with its fast axis oriented 22.5 °
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concerning the x axis) and through the first beam deflectors
(BD;) to get two parallel propagating beams with orthog-
onal polarization. Then the two decomposed light beams
with linear polarizations (i.e., p- and s-polarized compo-
nents) are modulated by two-dimensional computer-generated
holograms [46] [CGHs, as shown in the inset of Fig. 3(a)]
displayed on the spatial light modulator (SLM), respectively.
Then they pass the second inverted beam deflectors (BD,)
for combination, both of them are converted into LCP and
RCP constituents by a quarter-wave plate (QWP), and the
first diffracting order is filtered and imaged at the back focal
plane of a 4f filter system (L3 and L,); the focal field was
recorded by the charge-coupled device (CCD) at the focal
plane of the lens (Ls). The HWP, (fast axis oriented 45 °)
converts the s-polarized component into p-polarized light to
be modulated by the SLM. We use the CGHs displayed on the
SLM to precisely manipulate the embedded position and the
topological charge of the off-axis polarization singularity [47].

Figures 3(b;)-3(bs) and 3(c;)-3(cs) show the measure-
ment results of the Gauss beam with on-axis and off-axis
first-order polarization singularity. Panels from left to right
are the initial total intensity (/) and Stokes parameters S3
(insets), focal field intensity (), two spin components (/;, and
Ir), and Stokes parameters S3 at the focal plane, respectively.
In experiment, all parameters are selected as A = 632.8 nm,
wo = 1.089 mm, xo =0, —0.4wy, yo=0, m =1, and f
= 20 cm. Figures 3(b;) and 3(b,) show that the radially polar-
ized Gauss beam with S3 = 0 has a dark core at the center of
the initial and focal plane, and two spin components have the
same intensity distribution with the shape of donuts as shown
in Figs. 3(bs) and 3(by); Fig. 3(bs) indicates that the focal
spot is linearly polarized with S3 = 0. It meets the expectation
that the radial polarized Gauss beam maintains its polarization
distribution when it is focused by the thin lens. When the
polarization singularity deviates from the center along the x
axis with a shift xop = —0.4wy, the polarization distribution
maintains radial polarization with S3 = 0 around the shifted
dark core at the initial plane, as shown in Fig. 3(c;) and its
inset. In contrast, the shifted circular dark core evolves into an
elliptical dark core located at the center of the focal plane with
the two spin constituents dominating the upper (1) and lower
(Ir) parts, respectively, evidenced by the measured intensity
distributions in Figs. 3(c3) and 3(c4). This is further confirmed
by the Stokes parameter S; distribution in Fig. 3(cs), which
represents the giant PSHE.

Next, we demonstrate that the proposed controllable PSHE
induced by off-axis polarization singularity can be pre-
designed along the arbitrary direction, which may bring extra
advantages for PSHE-based imaging techniques such as edge
imaging [48,49]. Figure 4 gives two examples of PSHE along
the y and x directions by presetting polarization singularity
shifted along the x and y directions, respectively. The de-
signed polarization singularity is illustrated in the left column
of Fig. 4. When the polarization singularity is located at
(=0.4wy, 0) as shown in Figs. 4(a;)—4(as) show that the two
spin components are the upper (Ig) and lower (I) parts of
the total intensity distribution, respectively. Their separated
direction is opposite to the situation as shown in Fig. 3(cs),
where the polarization singularity is shifted along the positive
x direction. In contrast, when the polarization singularity is

(a)

0

0.1mm

I A 0 1_

FIG. 4. Controllable PSHE along designed directions. (a;), (b;)
Embedded position of polarization singularity with (-0.4wy, 0) and
(0, 0.4wy). (az)—(as), (by)—(bs) Experimentally measured total inten-
sity distributions (/y), two spin components (I, and Iz), and Stokes
parameters S at the focal plane. Insets: simulated results.

located at (0, 0.4wp) as shown in Figs. 4(b;)—4(bs) show
that the two spin components are the left (Ix) and right (1)
parts of the total intensity distribution. It is clear that the
spin splitting direction can be determined by manipulating the
position of the polarization singularity at the initial parameter
setting stage, which provides an extra knob to manipulate the
PSHE compared to previously reported PSHE of vector beams
[34,35,50]. Therefore, we conclude that the spin-dependent
separating direction is perpendicular to the off-axis direction
of polarization singularity.

Finally, we demonstrate the controllable separated dis-
tances of PSHE by manipulating the off-axis displacement

1
o e B

-0. 2w0 -0.4 Wo -0.6w, -0 w0
0.4 d m=1
@ m=2 . .
03 ~—— m=3
£
202t
0.1} * :
0 0.2 0.4 0.6 0.8 1 1.2

dw,

FIG. 5. The controllable separated distances of PSHE. (a)—(c)
Experimentally measured Stokes parameters S; at focal plane with
different embedded positions when m = 1, 2, and 3. Insets: simulated
results. (d) The trends of separated distances with the increase of
off-axis displacement; blue, green, and red lines represent the simu-
lated results with m = 1, 2, 3, and the dots with corresponding color
represent the measured results, respectively.
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and polarization order of the polarization singularity. Figure 5
shows the experimental results at the focal planes with m
= 1, 2, 3, X0 :—0.211)(), —0.411)(), —0.611)0, —0.8w0, —Wo,
and yo = 0. It displays the measured Stokes parameters (top
three rows) and the changing trends of the spin-dependent
separated distance of two spin components, respectively.
The separated distances Ay get larger with the increase of
polarization order of polarization singularity at the focal
center, and the sizes of the focal spot get smaller with in-
creasing off-axis displacement §. The OAM spectra mainly
present the mth-order OAM component with other com-
ponents of tiny power when the off-axis displacement is
minor, as shown in Fig. 2(a;). For this reason, the off-
axis vector beams present donut shapes, as shown in Fig.
5(a;). The power of other components increases with in-
creased off-axis displacement, and the (m=1)-th-order OAM
components increase significantly, as shown in Figs. 2(ay)
and 2(a3), so the Oth-order OAM spectra components with
larger power present a solid spot when m + 1 = 0, as shown
in Figs. 5(a3)-5(as). The separated distances Ay first increase
and then decrease with the increasing of off-axis displace-
ment, as shown in Fig. 5(d), and the maximum separation
reaches 0.34wy when m = 3 and § = 0.8wy, as shown by the
red line in Fig. 5(d). The increased m naturally enlarges the
separated distances Ay at the focal plane, due to the larger
dark core size of the higher vortex mode. Note that the max-
imum power weight of higher-order OAM spectra is limited
owing to the limited Gauss beam waist (i.e., § < wy), which
leads to a maximum separated distance Ay when § = 0.8wy.

IV. CONCLUSIONS

In conclusion, the controllable PSHE at focal planes of
the Gauss beam with an initial polarization singularity shifted
from its center is represented, and the results show that
the spin-dependent separating direction is always perpen-
dicular to the off-axis direction of polarization singularity.
The embedded position and polarization order of polarization
singularity could significantly influence the spin-dependent
separated distance and the OAM spectrum of vector Gauss
beams. The separated spin distances increase with the po-
larization order of polarization singularity when the off-axis
displacement is fixed; in contrast, the separated spin distances
increase first with off-axis displacement and then decrease.
The connection between PSHE and the broadening of the
OAM spectrum is revealed. We believe the reported PSHE
induced by off-axis polarization singularity could contribute
to the SOI and manufacturing of optical spin filters.
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