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Spin-locked scattering of unpolarized light by magnetoelectric coupling

Wenjia Li,1 Haoran Li,1 Zhaoqi Jiang,1 Wenxia Xu,1 Yang Gao,2 Shutian Liu,3 Zheng Zhu,1 Chunying Guan,1

Jinhui Shi ,1,* and Jianlong Liu 1,†

1Key Laboratory of In-Fiber Integrated Optics of Ministry of Education, College of Physics and Optoelectronic Engineering,
Harbin Engineering University, Harbin 150001, China

2College of Electronic Engineering, Heilongjiang University, Harbin 150080, China
3School of Physics, Harbin Institute of Technology, Harbin 150001, China

(Received 27 February 2022; revised 9 October 2022; accepted 17 October 2022; published 1 November 2022)

Unpolarized light is ubiquitous in nature. It does not carry spin angular momentum but it can be converted to
partially polarized light with spin angular momentum after scattering. In this work, we demonstrate that the
unpolarized light not only possesses a definite spin state after scattering but also induces lateral separation
of scattered light with opposite chiralities. Such spin-locked scattering of unpolarized light stems from the
inherent property of magnetoelectric coupling of the scatterer. Moreover, the spin-locked scattering for arbitrary
linearly polarized light is also investigated and compared with the case of unpolarized light. Our findings can
broaden the application range of unpolarized light and open other avenues for spin-related phenomena induced
by unpolarized light.

DOI: 10.1103/PhysRevA.106.053501

I. INTRODUCTION

Angular momentum of light plays an indispensable role
in modern optics. It is divided into spin angular momentum
(SAM) and orbital angular momentum (OAM). SAM is in-
fluenced by the polarization state and OAM is dependent
on the spatial distribution of the field. Spin-orbit interaction
of light refers to the coupling of SAM and OAM of light
[1,2]. Spin-locked scattering originates from the spin-orbit
interaction of light, which manifests as polarized light with
opposite chiralities located in different directions [3–5]. In
recent years, there has been a growing interest in spin-locked
scattering due to its potential applications in polarization de-
tection, optical metrology, and on-chip optical manipulation
[6–10]. In general, spin-locked scattering does not exist for
plane waves in conventional media. Nonparaxial optical fields
such as evanescent waves and tightly focused beams pro-
vide pathways to achieve spin-locked scattering [8,11–15].
In contrast to a conventional medium, bianisotropic media
can realize spin-locked scattering for bulk modes based on
magnetoelectric coupling [16]. Furthermore, the spin-locked
scattering can be induced by the polarized light acting on
a bianisotropic particle [17]. Notably, spin-locked scattering
may give rise to intriguing phenomena such as asymmetric
scattering, spin-controlled unidirectional waveguided modes,
and radiation [4,18,19].

Unpolarized light is ubiquitous in nature and consists of
polarization states in all directions perpendicular to the prop-
agating direction of the light. Spin-locked scattering under
unpolarized light can survive in tightly focused beams and
evanescent waves generated by the spin-orbit interaction of
light [20,21]. The resulting nonparaxial field stems from the
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transformation of the wave vector direction, which leads to
spin dependent phenomena. Besides, the incident polarization
independent spin Hall effect has been proved both analytically
and numerically in Ref. [22], in which the reflected beam
can be split equally into opposite circular polarizations under
unpolarized incidence. The unpolarized light-dependent spin
phenomena contain interesting physical mechanisms and can
broaden the applicability of the spin-orbit interaction of light
to cover optical systems with unpolarized light.

Specially designed particles under unpolarized light may
generate unusual dipole moments that can inspire novel physi-
cal phenomena. In this paper, we demonstrate that unpolarized
light can induce spin-locked scattering by exploiting the mag-
netoelectric coupling property of the particle. We analyze
the intrinsic mechanism of the spin-locked scattering excited
by unpolarized light and reveal the relationship between the
polarization state of the scattered far field and the dipole
moments of the particle. Under an unpolarized incidence, both
the transverse spin electric dipole and magnetic dipole of the
particle are excited based on magnetoelectric coupling. Partic-
ularly, diverse Stokes polarization parameters can be achieved
in the near field. In addition, we investigate the spin-locked
scattering of arbitrary linearly polarized light and compare
with the case of unpolarized light. Our findings offer an
alternative route to achieve spin-related phenomena induced
by unpolarized incidence, which may broaden the application
range of unpolarized light.

II. THEORETICAL MODEL AND REALIZATION

We use a dipole model assuming that the particle solely
has electric and magnetic dipole responses. The electric and
magnetic dipole moments can be written as

p = (px, py, pz )T , (1)

m = (mx, my, mz )T . (2)

2469-9926/2022/106(5)/053501(9) 053501-1 ©2022 American Physical Society

https://orcid.org/0000-0002-7701-8247
https://orcid.org/0000-0001-5408-9934
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.106.053501&domain=pdf&date_stamp=2022-11-01
https://doi.org/10.1103/PhysRevA.106.053501


WENJIA LI et al. PHYSICAL REVIEW A 106, 053501 (2022)

In cgs units, the electric field of the scattered far field is
given by

Esc = k2
0eik0r

r
[(n̂ × p) × n̂ − n̂ × m], (3)

where k0 is the wave number in free space, r is the distance
from the particle center, and n̂ is the unit directional vector.
The scattered electric field Esc can be decomposed into three
orthogonal components Er , Eθ , and Eϕ . θ is the elevation angle
with respect to the z axis and ϕ is the azimuthal angle in the
x-y plane. In the spherical coordinate system, Eθ and Eϕ can
be written as follows:

Eθ = k2
0eik0r

r
[cos ϕ(my + px cos θ )

− sin ϕ(mx − py cos θ ) − pz sin θ], (4)

Eϕ = k2
0eik0r

r
[cos ϕ(py − mx cos θ )

− sin ϕ(px + my cos θ ) + mz sin θ ]. (5)

The SAM density S of the scattered electric field can be
expressed as

S ∝ Im[E∗
sc × Esc]. (6)

The Stokes polarization parameter S0 is the intensity of the
electric field that can be written as

S0 = |Esc|2. (7)

The Stokes polarization parameter S3 represents the pre-
ponderance of right circularly polarized (RCP) over left
circularly polarized (LCP) light. The normalized Stokes po-
larization parameter S3/S0 is related to the normalized SAM
density of the scattered field. The normalized Stokes polar-
ization parameter S3/S0 = –1, 0, and 1 denote left circular,
linear, and right circular polarizations, respectively. S3 of the
scattered electric field can be divided into S3r , S3θ , and S3ϕ in
the different directions that can be described by

S3r = Im(E∗
θ Eϕ − E∗

ϕ Eθ ), (8)

S3θ = Im(E∗
ϕ Er − E∗

r Eϕ ), (9)

S3ϕ = Im(E∗
r Eθ − E∗

θ Er ). (10)

In the scattered far field, there is only S3r due to the absence
of the longitudinal electric field Er . By inserting Eqs. (4) and
(5) into Eq. (8), we obtain

S3r = 2Im(E∗
θ Eϕ )

= 2
k4

0

r2
Im{[cos ϕ(m∗

y + p∗
x cos θ )

× − sin ϕ(m∗
x − p∗

y cos θ ) − sin θ p∗
z ]

× [cos ϕ(py − mx cos θ )

× − sin ϕ(px + my cos θ ) + sin θmz]}. (11)

A particular particle under the illumination of an un-
polarized plane wave is shown schematically in Fig. 1(a).

FIG. 1. (a) Schematic of perfect spin-locked scattering by a par-
ticle under unpolarized incidence. (b) Illustration of a transverse spin
electric dipole. (c) Illustration of a transverse spin magnetic dipole.

The polarized light with opposite chiralities is separated in
the scattered field. The RCP and LCP lights are located
in opposite lateral directions. The incident unpolarized light
propagates along the y axis without a spin state.

Unpolarized light consists of polarization states in all
directions perpendicular to the propagating direction. The po-
larization state of the scattered field under the incidence of
unpolarized light is determined by the incoherent superpo-
sition of scattered light. Note that the unpolarized light can
be considered as an incoherent superposition of two waves
with mutually orthogonal polarization states [20]. Therefore,
the polarization state of the scattered light under unpolar-
ized light incidence can be obtained by using two incident
lights with orthogonal polarizations E1

inc = (0, 0, 1)T and
E2

inc = (1, 0, 0)T . If the two orthogonally polarized lights
both produce the same spin splitting, according to the theory
of incoherent superposition, a similar phenomenon can also
be achieved by using unpolarized light, as shown in Fig. 1(a).
In general, spin splitting under the polarized incidence can
be achieved by constructing transverse spin dipoles [3,17].
The two incidences are supposed to excite two kinds of ideal
transverse spin dipoles as shown in Figs. 1(b) and 1(c), respec-
tively. The ideal transverse spin dipoles can be written as p =
C1(0, 1, i)T and m = C2(0, 1, i)T , which lead to polarized
light with opposite chiralities into opposite directions. C1 and
C2 are arbitrary complex numbers. The longitudinal moments
(py and my) are essential for the transverse spin dipoles, but
they are difficult to excite because light is a transverse wave.

Recently, magnetoelectric coupling has attracted increas-
ing attention due to the unusual property in cross induction
between electromagnetic fields [23–28]. Particles with mag-
netoelectric coupling are promising for achieving electric
and magnetic transverse spin dipoles due to the available
longitudinal dipole moment. In this paper, we propose to
exploit the magnetoelectric coupling of the particle to obtain
spin-locked scattering of unpolarized light. The particle is a
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FIG. 2. (a) Schematic of the particle with magnetoelectric cou-
pling. (b) Geometry of the particle in the x-z plane.

nonmagnetic dielectric disk of radius r1 (= λ/8), height
h1 (= λ/10), and relative permittivity ε = 40 with an air
hole of radius r2 (= ar1) and height h2 (= bh1), as shown in
Figs. 2(a) and 2(b). It has been widely employed in magneto-
electric coupling configurations [17,25,26].

Unpolarized incident light propagates along the y axis.
Considering the magnetoelectric coupling, the induced dipole
moments of the particle can be calculated as
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where αxx
ee , α

yy
ee , and αzz

ee are the electric polarizabilities in the
x, y, and z directions; αxx

mm, α
yy
mm, and αzz

mm are the magnetic
polarizabilities in the x, y, and z directions; and α

xy
em, α

yx
em,

α
xy
me, and α

yx
me are the polarizabilities of magnetoelectric cou-

pling. According to the symmetry of the particle in the x
and y directions, it is deduced that αxx

ee = α
yy
ee , αxx

mm = α
yy
mm,

and α
xy
em = α

xy
me = −α

yx
em = −α

yx
me. In this way, the longitudinal

electric dipole (py) can be excited by the incident Hx and the
longitudinal magnetic dipole (my) can be generated by the
incident Ex.

For the unpolarized light, we can choose two orthogonal
incident fields E1

inc = (0, 0, 1)T and E2
inc = (1, 0, 0)T for

incoherent superposition. In the two cases, the polarizabili-
ties of the particle can be expressed as (0, py, pz, mx, 0, 0)T

and (px, 0, 0, 0, my, mz )T . The averaged Stokes polarization
parameters can be written as

SU
i = 1

2

(
S1

i + S2
i

)
, (14)

where Si (i = 0, 1, 2, 3) represent the Stokes polarization
parameters of the scattered far field. The superscripts 1 and
2 correspond to the two orthogonally polarized incidences,
respectively. The normalized Stokes polarization parameter
SU

3r/SU
0 represents the normalized longitudinal SAM density

of the scattered field under the unpolarized light, which can

be expressed as

SU
3r/SU

0 ∝ cos ϕIm{[sin ϕ(p∗
y cos θ − m∗

x )

− p∗
z sin θ ](py − mx cos θ )

+ [mz sin θ−sin θ (px +my cos θ )](m∗
y +p∗

x cos θ )}.
(15)

It is clear that SU
3r/SU

0 is 0 (linear polarization) at ϕ = 90◦
and 270 ° for all θ . It is a necessary condition for the perfect
spin-locked scattering in Fig. 1(a).

III. SPIN PROPERTIES IN THE FAR FIELD

We begin the discussion by considering the incidence
E1

inc = (0, 0, 1)T to construct the electric transverse spin
dipole. The dipole moments of a particle are dependent on
its shape and material. The dependency of the dipole mo-
ments with the shape of the cylindrical air hole is shown in
Figs. 3(a)–3(f) where the magnitudes and phases of the dipole
moments provide a direct guide to evaluate the transverse spin
dipole. The spin dipole is generated when the magnitudes of
py and pz are close to each other, the phase difference between
py and pz is π/2, and mx is weak. In this case, the spin dipole
can be achieved approximatively in the zones marked by stars
in Figs. 3(a)–3(f).

We proceed to discuss the incidence with field E2
inc =

(1, 0, 0)T to construct the magnetic transverse spin dipole.
As is shown in Figs. 4(a)–4(f), the spin dipole occurs in the
region marked by stars satisfying mz = –imy (green stars)
or mz = imy (yellow stars) and px = 0, approximatively. The
green and yellow stars correspond to the magnetic spin dipoles
with opposite signs. It is worth noting that the electric and
magnetic transverse spin dipoles are both excited by utilizing
this configuration [Figs. 1(b) and 1(c)]. If the spin-locked scat-
tering field is generated by the unpolarized light, the two spin
dipole moments should be in the same direction. Therefore,
only areas close to the yellow stars are eligible.

To further evaluate the transverse spin dipole, we define the
spin factors Pt and Mt for the electric and magnetic transverse
spin dipoles, respectively. For the two orthogonal incidences,
the spin factors Pt and Mt can be given by

Pt = 2Im(p∗
y pz )/(m∗

x mx + p∗
y py + p∗

z pz ), (16)

Mt = 2Im(m∗
y mz )/(p∗

x px + m∗
y my + m∗

z mz ). (17)

The spin factors are ±1 for the ideal transverse spin dipole.
The spin factors Pt and Mt change with a and b [see Figs. 5(a)
and 5(b)]. The values of Pt and Mt are both equal to 1, ap-
proximatively, at the solid star marker in Figs. 5(a) and 5(b),
which means that the electric and magnetic transverse spin
dipoles can be excited simultaneously for this structure with
such geometric parameters.

Here we investigate the evolution of spin factors Pt and
Mt with b at fixed a = 0.68 [see Fig. 6(a)]. The solid and
dotted curves denote Pt and Mt , respectively. The red point
marked in Fig. 6(a) at b = 0.32 corresponds to the solid
stars shown in Figs. 5(a) and 5(b). The unpolarized incidence
satisfies (S0, S1, S2, S3) ∝ (1, 0, 0, 0) [20,22], while the
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FIG. 3. Dependence of dipole moments on a and b for Ez incidence. (a–c) The magnitudes of the dipole moments mx , py, and pz. (d–f) The
phases of each dipole moment.

polarization comes into being in the scattered light due to the
interaction between the light and the particle. To unravel our
theory, the distribution of the normalized Stokes polarization
parameter SU

3r/SU
0 in the scattered far field at a = 0.68 and

b = 0.32 are shown in Fig. 6(b). The unpolarized incidence
can be considered as an incoherent superposition of two
orthogonally polarized incidences with the same intensity.
Thus SU

3r has the additive properties for the two incidences.
More importantly, LCP and RCP are equally split in the
opposite lateral directions as shown in Fig. 6(b). Such a
phenomenon is also known as the giant spin Hall effect of

light. To obtain the spin-locked scattering under unpolarized
incidence, it is most important to construct the transverse spin
dipoles under two orthogonally polarized incidences. The ex-
cited transverse spin dipoles lead to the giant spin Hall effect
of light for the unpolarized incidence.

IV. SPIN PROPERTIES IN THE NEAR FIELD

Compared with the scattered far field, the scattered near
field is more interesting because of the more diverse distri-
butions of the electromagnetic components in the near field.

FIG. 4. Dependence of dipole moments on a and b for Ex incidence. (a–c) The magnitudes of the dipole moments px , my, and mz. (d–f)
The phases of each dipole moment.
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FIG. 5. Dependence of spin factors (a) Pt and (b) Mt on a and b.

In cgs units, the electric field of the scattered near field is
given by

Esc ∝ k2
0

r
(n̂ × p) × n̂ + [3n̂(n̂ · p) − p]

(
1

r3
− ik0

r2

)

− k2
0

r
(n̂ × m)

(
1 − 1

ik0r

)
. (18)

In this case, the electric field has transverse and longitudi-
nal components that can be expressed as

Er ∝ (1 − ik0r)[pz cos θ + (px cos ϕ + py sin ϕ) sin θ ],
(19)

Eθ ∝ cos ϕ
[
px

(
k2

0r2 + ik0r − 1
)

cos θ + k0myr(i + k0r)
]

+ sin ϕ
[
py

(
k2

0r2 + ik0r − 1
)

cos θ − k0mxr(i + k0r)
]

− pz
(
k2

0r2 + ik0r − 1
)

sin θ, (20)

Eϕ ∝ cos ϕ
[
py

(
k2

0r2 + ik0r − 1
) − k0mxr(i + k0r) cos θ

]

− sin ϕ
[
px

(
k2

0r2 + ik0r − 1
) + k0myr(i + k0r) cos θ

]
+ k0mzr(i + k0r) sin θ. (21)

It can be inferred that the longitudinal component (Er )
decays faster with propagation distance than the transverse
components (Eθ and Eϕ). Therefore, the Stokes polarization
parameters S3θ and S3ϕ can only exist in the near field.
Considering the ideal electric and magnetic transverse spin
dipoles, the dipole moments satisfy p = C1(0, 1, i)T and m =
C2(0, 1, i)T , respectively. By inserting the dipole moments

FIG. 6. (a) Evolution of spin factors with b at a = 0.68. (b)
Distributions of the normalized Stokes polarization parameter SU

3r/SU
0

in scattered far field at a = 0.68 and b = 0.32.

into Eqs. (20) and (21), the Stokes polarization parameter S3r

on the plane of θ = 90◦ can be written as

Se
3r ∝ cos ϕ, (22)

Sm
3r ∝ cos ϕ, (23)

where the superscripts “e” and “m” correspond to the ideal
electric and magnetic transverse spin dipoles, respectively. By
inserting p = C1(0, 1, i)T and m = C2(0, 1, i)T , respectively,
the Stokes polarization parameter S3θ on the plane of θ = 90◦
can be written as

Se
3θ ∝ − sin ϕ cos ϕ, (24)

Sm
3θ = 0. (25)

The electric and magnetic transverse spin dipoles will
generate corresponding spin properties in the electric and
magnetic fields. The magnetic field of the scattered near field
can be written as

Hsc ∝ k2
0

r
(n̂ × m) × n̂ + [3n̂(n̂ · m) − m]

(
1

r3
− ik0

r2

)

+ k2
0

r
(n̂ × p)

(
1 − 1

ik0r

)
. (26)

The longitudinal and transverse components of the mag-
netic field can be expressed as

Hr ∝ (1−ik0r)[mz cos θ + (mx cos ϕ + my sin ϕ) sin θ ],
(27)

Hθ ∝ cos ϕ
[−mx

(
k2

0r2 + ik0r − 1
)

cos θ + k0 pyr(i + k0r)
]

− sin ϕ
[
my

(
k2

0r2+ik0r − 1
)

cos θ + k0 pxr(i + k0r)
]

+ mz
(
k2

0r2 + ik0r − 1
)

sin θ, (28)

Hϕ ∝ cos ϕ
[
my

(
k2

0r2 + ik0r − 1
) + k0 pxr(i + k0r) cos θ

]

− sin ϕ
[
mx

(
k2

0r2+ik0r − 1
) − k0 pyr(i + k0r) cos θ

]
− k0 pzr(i + k0r) sin θ. (29)

The expression of Stokes polarization parameters of the
magnetic field analogous to that of the electric field can be
presented by

SH
3r = Im(H∗

θ Hϕ − H∗
ϕ Hθ ), (30)

SH
3θ = Im(H∗

ϕ Hr − H∗
r Hϕ ), (31)

SH
3ϕ = Im(H∗

r Hθ − H∗
θ Hr ). (32)

When θ = 90◦, the Stokes polarization parameters SH
3r and

SH
3θ for the ideal electric and magnetic transverse spin dipoles
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FIG. 7. Distributions of the normalized Stokes polarization parameters S3r/S0 for (a) the ideal electric transverse spin dipoles, (b) the
ideal magnetic transverse spin dipoles, and (c) the real particle on the plane of θ = 90◦. Distributions of the normalized Stokes polarization
parameters S3θ /S0 for (d) the ideal electric transverse spin dipoles, (e) the ideal magnetic transverse spin dipoles, and (f) the real particle under
unpolarized light. Distributions of the normalized Stokes polarization parameters SH

3θ /S0 for (g) the ideal electric transverse spin dipoles, (h)
the ideal magnetic transverse spin dipoles, and (i) the real particle under unpolarized light.

are given by

SHe
3r ∝ cos ϕ, (33)

SHm
3r ∝ cos ϕ, (34)

SHe
3θ =0, (35)

SHm
3θ ∝ − sin ϕ cos ϕ. (36)

It is clear that the Stokes polarization parameters S3r for
the electric and magnetic fields have the same distributions
at θ = 90◦. Figures 7(a) and 7(b) show the distributions of
S3r/S0 on the plane of θ = 90◦ for ideal electric and magnetic
transverse spin dipoles [p = C1(0, 1, i)T , m = C2(0, 1, i)T ],
respectively. Figures 7(d) and 7(e) depict the distributions
of S3θ /S0 for the ideal electric and magnetic transverse spin
dipoles. It is shown that S3θ /S0 gradually decreases with the
increasing of the propagation distance, which is essentially
different from S3r/S0. Figure 7(e) also reveals that S3θ /S0 is
zero on the plane of θ = 90◦ for a magnetic transverse spin
dipole, which is in accord with Eq. (25). It is worth noting that
the distribution of SH

3θ /S0 for the magnetic (electric) transverse
spin dipoles is the same as the distribution of S3θ /S0 for the
electric (magnetic) transverse spin dipoles. The distributions
of SH

3θ /S0 for the ideal electric and magnetic transverse spin
dipoles are shown in Figs. 7(g) and 7(h). Figures 7(c), 7(f),

and 7(i) present the distribution of S3r/S0, S3θ /S0, and SH
3θ /S0

for the real particle with a = 0.68 and b = 0.32 when it is
illuminated by unpolarized light. They are almost the same
as the incoherent superposition of the two transverse spin
dipoles. The error stems from the fact that the unpolarized
light not only excites the ideal transverse spin dipoles, but also
other components.

V. COMPARISON WITH LINEAR
POLARIZATION EXCITATIONS

To exemplarily demonstrate the spin-locked scattering, we
move to the case of arbitrary linearly polarized incidence
which refers to the linearly polarized light with arbitrary
polarization directions. Similar to the unpolarized incidence,
the arbitrary linearly polarized incidence can be regarded
as a combination of the two orthogonally polarized inci-
dences. The spin-locked scattering under the unpolarized light
can be considered as the incoherent superposition result un-
der the two orthogonally polarized incidences, whereas the
spin-locked scattering under the arbitrary linearly polarized
incidence corresponds to the result of the coherent superpo-
sition result. The arbitrary linearly polarized incidence can
be decomposed into two orthogonally polarized incidences
E1

inc = (0, 0, 1)T and E2
inc = (1, 0, 0)T . Assuming the electric

transverse spin dipole moment p = C1(0, 1, i)T and magnetic
transverse spin dipole moment m = C2(0, 1, i)T are excited
by the orthogonally polarized incidences, we substitute the

053501-6



SPIN-LOCKED SCATTERING OF UNPOLARIZED LIGHT … PHYSICAL REVIEW A 106, 053501 (2022)

FIG. 8. Distributions of S3r/S0 in scattered far field at a = 0.68 and b = 0.32 for incident polarization direction (a) 0 °, (b) 30 °, (c) 60 °,
(d) 90 °, (e) 120 °, and (f) 150 ° with respect to the x axis.

dipole moments into Eq. (11) that can be written as

S3r ∝ Im{cos ϕ[(i sin θ− sin ϕ cos θ )C∗
2C2

+(sin ϕ cos θ + i sin θ )C∗
1C1]

+ cos2ϕC∗
2C1−(sin2θ+sin2ϕcos2θ )C∗

1C2}. (37)

As mentioned above, linear polarization at ϕ = 90◦ and
270 ° is the necessary condition for the perfect spin-locked
scattering. By substituting ϕ = 90◦ and 270 ° into the above
formula, the condition for the perfect spin-locked scatter-
ing under arbitrary linearly polarized incidence is given
by

S3r ∝ Im(C∗
1C2)=0. (38)

It can be formulated as arg(C1)= arg(C2) + 2πn, where n
is an integer. It means that the two orthogonally polarized
fields should induce the electric and magnetic transverse spin
dipole moments independently and the phase difference be-
tween them should be zero. Figures 8(a) and 8(b) present
the distributions of S3r/S0 in the scattered far field for the

ideal spin dipoles with C1 = C2 = 1. The arrows denote the
major axis of the polarization ellipse. The same spin-locked
scattering is achieved for the two incidences and there is no
phase difference between scattered fields on the yoz plane. The
coherent superposition of scattered farfields will exhibit sepa-
ration of light with opposite chiralities as shown in Fig. 8(c).

Then we investigate the performance of the designed parti-
cle in spin-locked scattering for arbitrary linearly polarized
incidence. The distributions of S3r/S0 in the scattered far
field for incident polarization direction 0 °, 30 °, 60 °, 90 °,
120 °, and 150 ° with respect to the x axis are depicted in
Figs. 9(a)–9(f). The particle with a = 0.68 and b = 0.32 is
chosen. Interestingly, the scattered light with opposite chiral-
ities is almost split into lateral opposite directions regardless
of the incident polarization directions. However, the interface
between opposite chiralities is not always located on the yoz
plane. It originates from the phase difference between the
electric and magnetic transverse spin dipole moments. In ad-
dition, extra dipole moments may be excited which could also
affect the polarization distribution in the scattering far field.

FIG. 9. Distributions of S3r/S0 in scattered far field for (a) p = (0, 1, i)T , (b) m = (0, 1, i)T , and (c) p = (0, 1, i)T and m = (0, 1, i)T .
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FIG. 10. Distributions of S3r/S0 in scattered near field at a = 0.68 and b = 0.32 for incident polarization direction (a) 0 °, (b) 30 °, (c)
60 °, (d) 90 °, (e) 120 °, and (f) 150 ° with respect to the x axis.

Last, we check the spin-locked scattering in the near field
for linearly polarized incidence. Figures 10(a)–10(f) depict
the distributions of S3r/S0 on the plane of θ = 90◦ for the real
particle with a = 0.68 and b = 0.32 for incident polarization
direction 0 °, 30 °, 60 °, 90 °, 120 °, and 150 ° with respect
to the x axis. The distributions are basically similar to those
in the far field shown in Figs. 9(a)–9(f). It means that the
scattered light with opposite chiralities is almost split into
lateral opposite directions in both near and far fields regardless
of the incident polarization directions.

VI. CONCLUSION

In conclusion, we have discovered an intriguing spin-
locked scattering of unpolarized light based on magnetoelec-
tric coupling of the particle and revealed a subtle connection
between transverse spin dipole and the spin Hall effect of light
which originate from the spin-orbit interaction of light. It is
shown that the electric and magnetic transverse spin dipoles
can be achieved simultaneously by utilizing the particles with
magnetoelectric coupling properties. Furthermore, we reveal

the spin properties in the far field and near field. Notably, the
condition to achieve the spin-locked scattering for arbitrary
linearly polarized light is more severe than that for unpolar-
ized light due to the different superposition manners of the
orthogonally polarized light. There must be no phase differ-
ence between the excited transverse spin dipoles for the case
of arbitrary linearly polarized light. The present study offers a
promising avenue for spin-related phenomena by unpolarized
light, which is conducive to exploring novel mechanisms of
interaction between unpolarized light and particles.
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