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Effect of Degree of Polarization on Localized Spin
Density in Tightly Focusing of Vortex Beams

Zixuan Wang, Chencheng Yan, Zhen Dong, Fei Wang, Yahong Chen , and Yangjian Cai

Abstract—The transverse spin and orbital-to-spin angular mo-
mentum conversion during strong focusing of light beams have
attracted wide interest due to the novel physics behind and their
broad potential applications. In this work, we study the effect of
incident beam’s degree of polarization on the localized spin density
of a tightly focused field. By modulating the correlation strength
between two orthogonally polarized vortex modes of the incident
beam, we find that the magnitude of the focal-plane transverse
spin density component changes only slightly, while its spatial
shape becomes an isotropic spin vortex with the decrease of the
incident degree of polarization. Whereas, the longitudinal spin
density, induced by the vortex phase, reduces its magnitude signif-
icantly with the decrease of incident beam’s degree of polarization.
The behavior of the focal-plane spin density is interpreted with
the two-dimensional degrees of polarization among the tightly
focused field components. Furthermore, we explore the roles of
the topological charge on enhancing the longitudinal spin density
for unpolarized incident beam. Our results reveal the feasibility of
spin-orbit interaction with partially polarized or even completely
unpolarized light, such as the thermal light.

Index Terms—Degree of polarization, optical vortex, spin
density, spin-orbit interaction of light, tight focusing.

I. INTRODUCTION

ANGULAR momentum (AM) is one of the most intrigu-
ing characteristics of light [1], [2], which has played an

important role in understanding the nature of light and has
triggered a wide array of light applications in both classical
and quantum realms [3]–[9]. The AM of light can be divided
into two distinct types, i.e., the spin AM and the orbital AM.
The former is related to the circular polarization of light [10],
[11], i.e., with a spinning electric (and magnetic) field vector,
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while the intrinsic part of the orbital AM is originated from
the helical wavefront (vortex phase) of a light wave [12]. In
the paraxial regime of light propagation, the spin and orbital
AM can be separated neatly [13] and are manifested, in the
experiment during light-matter interaction, as the spinning and
orbiting motions in a trapped microparticle [14], respectively.

However, in the nonparaxial regime of light propagation, such
as during the tight focusing of light, the spin and orbital AM are
coupled with each other, and typically, cannot be separated [15],
[16]. The effect of spin-orbit coupling of light has found impor-
tant roles in the directional waveguide, mode converters, and
optical tweezers [15], [16]. Most spin-orbit interaction studied
during light strong focusing have focused on the spin (circular
polarization) control of the orbital degrees of freedom, such as
spin-dependent vortex generation [17]–[20] and spin-induced
beam shifts, or spin-Hall effect of light [21]–[25]. The orbit-to-
spin degree of freedom, i.e., the orbitally induced spin AM in the
tightly focused field, on the other hand, has received much less
attention. The effects of the initial polarization state distribution
and the topological charge of vortex phase on the orbitally
induced spin AM in the tightly focused field have been studied
numerically [26]–[32]. More recently, Zhang and coauthors
proposed a principle experimental method for identifying the
induced spin AM in the tightly focused beam by measuring the
orientation of the major axis of the captured ellipsoidal particles
in optical tweezers [33].

To the best of our knowledge, the orbit-to-spin AM conversion
in the tightly focused fields considers only fully coherent and
fully polarized incident beams. Thus, a natural question comes
up: can the orbitally induced spin preserves when the incident
beam becomes unpolarized, similar to the behavior of the trans-
verse spin induced during strong focusing of a two-dimensional
(2D) unpolarized plane wave [34]–[36]? If not, how will the
degree of polarization affect the localized spin in the focal plane?

In this work, we construct a simple model for the partially
polarized incident beam via a partially correlated superposition
of two orthogonally polarized vortex modes and we examine
the effect of incident beam’s degree of polarization on the
focal-plane localized spin density. We find with the decrease
of the incident beam’s degree of polarization, the magnitude
of transverse spin component changes only slightly, whereas its
spatial distribution turns from anisotropic shape to isotropic spin
vortex distribution. While, the magnitude of the longitudinal
spin reduces significantly with the decrease of the incident
beam’s degree of polarization. We also find the effect of the
incident beam’s topological charge on the enhancement of the
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longitudinal spin in the unpolarized case. The evolution of
the spin is interpreted well with the help of the focal-plane
2D degrees of polarization among different orthogonal field
components.

II. METHODS

We consider a simple model for the incident beam with
controllable degree of polarization and topological charge. The
incident beam is composed with well-collimated x and y orthog-
onally polarized Laguerre-Gaussian modes with an adjustable
correlation strength, i.e., the electric fields of the beam modes
are written as

Ex(r) = ExLGl
p(r) exp(ik0z)êx, (1)

Ey(r) = EyLGl
p(r) exp(ik0z)êy, (2)

whereEx andEy are the random variables, k0 is the vacuum wave
number, and êx and êy are the x and y Cartesian unit vectors.
The random variables satisfy that

〈E∗
xEx〉 = 〈E∗

yEy〉 = 1, (3)

〈E∗
xEy〉 = 〈E∗

yEx〉 = a, (4)

where the angle brackets and the asterisk denote the ensemble
average and complex conjugate, respectively. The real factor a,
bounded by0 ≤ a ≤ 1, controls the correlation strength between
the two orthogonal beam modes. The upper and lower limits
for a correspond to fully correlated and completely uncorre-
lated, respectively, whereas the intermediate values represent
partial correlated. The deterministic part LGl

p(r) is expressed
as [12]

LGl
p(r) =

√
2p!

π(p+ |l|)! (
√
2r/w0)

|l| exp(−r2/w2
0)

× L|l|
p (2r

2/w2
0) exp(ilϕ), (5)

where L
|l|
p (·) is the generalized Laguerre polynomial with p

being the radial index and l being the topological charge of
vortex phase exp(ilϕ), w0 is the waist radius, and (r, ϕ) are the
polar coordinates.

The statistical properties of such incident beam are involved
in a 2× 2 cross-spectral density matrix [37], [38],

W(r1, r2) = 〈E∗(r1)ET(r2)〉, (6)

where E(r) = [Ex(r), Ey(r)]
T represents the transverse elec-

tric vector of the beam taken to propagate along the z axis.
The superscript T denotes the matrix transpose. The polarization
matrix of the incident beam can be obtained byΦ(r) = W(r, r).
By using (1)–(4), we obtain that

Φ(r) =

(
1 a

a 1

)
|LGl

p(r)|2, (7)

The degree of polarization of the incident beam, therefore, can
be obtained as [by taking (7) into the definition of the degree of
polarization in (8)] [38]

Fig. 1. Geometry related to focusing a partially polarized vortex beam by an
aplanatic lens of focal length f . The incident beam is composed by the x and y
polarized optical modes E1(r) and E2(r) with controllable correlation strength
a. The mode vector transmitted through the lens is E t

n(ϕ, θ). The wavevector
k specifies the direction of a plane wave (ray) emanating from a point on the
reference sphere and is expressed in terms of angles ϕ and θ. The focal plane is
at z = 0.

P (r) =

[
2

trΦ2(r)

tr2Φ(r)
− 1

]1/2
= a. (8)

The degree of polarization of such incident beam is uniform in
the transverse plane and is controlled by the field correlation
strength a. The degree of polarization is bounded between 0
and 1 with the limits referring to fully 2D unpolarized and fully
polarized beam, respectively.

The tight focusing of such partially polarized incident beam
by an aplanatic object lens can be solved with the Richards–Wolf
formalism. In the calculation, the incident beam is decom-
posed into two optical modes, i.e., E1(r) and E2(r), where
E1(r) = Ex(r) and E2(r) = Ey(r). The transmission of each
mode through the lens is treated within the ray picture (see
Fig. 1) and the lens is taken to obey the sine condition, i.e.,
the incident rays are refracted at the reference sphere whose
radius equals the focal distance f of the lens. The medium
preceding the lens is assumed to be vacuum and the space after
the lens is vacuum as well. The incident beam mode En(r) with
n = (1, 2) propagating along the z axis is decomposed into the
radially and azimuthally polarized constituents, with the related
polarization unit vectors being êr(r) = cosϕêx + sinϕêy and
êϕ(r) = − sinϕêx + cosϕêy , respectively. In the transmis-
sion, the radial polarization unit vector tilts at the off-axis points
and it acquires a longitudinal component, while the azimuthal
polarization unit vector remains in its original direction. The
transmitted vectors can be written as ê

(t)
r = cos θêr + sin θêz

and ê
(t)
ϕ = êϕ, where θ is the angle between a ray emanating

from the reference sphere and the z axis (see in Fig. 1), which
is bounded between 0 and θmax = arcsin(NA) with NA being
the numerical aperture of the lens. The beam mode after the ref-
erence sphere, thus, becomes E(t)

n (ϕ, θ) = trE(rad)
n (ϕ, θ)ê

(t)
r +

tϕE(azi)
n (ϕ, θ)ê

(t)
ϕ , where E(rad)

n (ϕ, θ) and E(azi)
n (ϕ, θ) are the

amplitudes of the radial and azimuthal components of the in-
cident beam mode, respectively, and tr = tϕ =

√
cos θ are the

transmission coefficients for the two polarization directions.
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The electric field in the focal region of the tightly focused
beam mode is obtained by insertingE(t)

n (ϕ, θ) into the Richards–
Wolf integral [39], i.e.,

Ψn(ρ, z) = − if

2π

∫∫
|k⊥|≤Ω

E(t)
n (kx, ky) exp(ikzz)k

−1
z

× exp[−i(kxx+ kyy)]dkxdky, (9)

where ρ = (x, y) denotes the transverse position vector, k⊥ =
(kx, ky), and Ω = 2πNA/λ with λ being the wavelength. The
location (ϕ, θ) on the reference sphere is represented in terms
of the wavevector components, i.e., kx = −k sin θ cosϕ, ky =
−k sin θ sinϕ, and kz = k cos θ with k = 2π/λ. The transfor-
mation from the angles to wavevector components is made to
conform to the fast numerical calculation algorithm for beam’s
tight focusing [40].

The 3× 3 polarization matrix in the focal region can be
obtained as

Φ(ρ, z) = 〈Ψ∗(ρ, z)ΨT(ρ, z)〉, (10)

where Ψ(ρ, z) = Ψ1(ρ, z) +Ψ2(ρ, z). The spin density vec-
tor [8] S(ρ, z) = ε0

4ω 〈Ψ∗(ρ, z)×Ψ(ρ, z)〉′′, with ω referring
to the angular frequency, ε0 representing the permittivity in
vacuum, and the double prime being the imaginary part, can
be extracted from the polarization matrix as

Sx(ρ, z) =
ε0
2ω

Φ′′
yz(ρ, z), (11)

Sy(ρ, z) =
ε0
2ω

Φ′′
zx(ρ, z), (12)

Sz(ρ, z) =
ε0
2ω

Φ′′
xy(ρ, z), (13)

where Sx(ρ, z), Sy(ρ, z), and Sz(ρ, z) are the spin density
components along the x, y, and z directions, while Φyz(ρ, z),
Φzx(ρ, z), and Φxy(ρ, z) are the elements of the polariza-
tion matrix Φ(ρ, z). The spin density components Sx(ρ, z),
Sy(ρ, z), and Sz(ρ, z) relate to the circular polarization in
the yz, zx, and xy plane, respectively. The sign of the spin
density components relates to the handedness of the circular
polarization, i.e., the positive and negative signs correspond to
the right-handed and the left-handed circular polarization states.
By controlling the correlation factor a, the effect of incident
beam’s degree of polarization on the spin properties of a tightly
focused beam can be studied conveniently.

III. RESULTS AND DISCUSSION

In this section, we present the simulation results for the focal-
plane spin density and discuss the effect of the incident beam’s
degree of polarization. The physics behind the results is analyzed
with the help of the focal-plane 2D degrees of polarization. In
the simulation, the wavelength, the beam waist, and the radial
index of the incident beam are 632.8 nm, 2.5 mm, and p = 0,
respectively. The lens has a numerical aperture NA = 0.95 and
with focal length f = 3 mm.

A. Spin Density for Linearly Polarized Beam Modes

We first examine the spin density for the (fully polarized)
beam modes E1(r) and E2(r) with x and y linear initial po-
larization state, respectively. Fig. 2 shows the focal-plane spin
density components along x, y, and z directions for the tightly
focused beam modes without and with vortex phase (topological
charge l = 1). It is found that when the incident beam carries
no vortex phase, the longitudinal spin density component Sz is
effectively vanished [see in Fig. 2(c1) and (f1), the magnitude
of Sz can be safely neglected, compared to Sx and Sy], since
the transverse field components (i.e., Ex and Ey) are always in
phase during strong focusing [41], and therefore, the transverse
field in the xy plane is always linearly polarized.

When the vortex phase appears in the incident beam, the
transverse field components Ex and Ey of the tightly focused
field become out of phase in particular spatial area [27]. Thus, the
circular polarization state appears as well in the transverse plane,
indicating nonzero spin density along longitudinal direction [see
in Fig. 2(c2) and (f2)]. In addition to the longitudinal spin
density, we find x-polarized incident beam always induces the
spin density dominated along y direction, i.e., Sy is dominant
[see in Fig. 2(b1) and (b2)], and y-polarized incident beam
always induces the spin density dominated along x direction,
Sx in Fig. 2(d1) and (d2), no matter whether the incident beam
carries vortex phase or not. This is because a longitudinal field
component (Ez) appears during the tight focusing of a linearly
polarized beam and such a longitudinal field component is out
of phase of the transverse field components [41]. It is also
found from Fig. 2 that before introducing the vortex phase into
the incident beam, the total spin (integral over the transverse
cross section) in the tightly focused beam is zero, which can be
obtained from the symmetrical spatial distributions as well as
the color bars from Fig. 2(a1)–(f1). When the vortex phase is
introduced, we find although the transverse spin density compo-
nents (Sx and Sy) are redistributed, the total transverse spin is
still zero. However, it is found from the asymmetric color bars
in Fig. 2(c2) and (f2) that the total longitudinal spin is not zero,
indicating that the orbital AM of the incident beam induces not
only the local distribution of the spin density, but also the global
spin AM in the tightly focused beam.

B. Effect of Degree of Polarization

Next, we superpose the x- and y-polarized beams with dif-
ferent correlation strengths and study the spin density of the
tightly focused superposed beams. The effect of degree of po-
larization of the incident beam on the focal-plane spin density
distributions is examined. Fig. 3 shows the simulation results
of the focal-plane spin density components along x, y, and z
directions. Both the cases for the incident beam without and
with vortex phase are considered in the simulation. In Fig. 3,
three different superpositions are simulated, i.e., fully correlated
superposition with correlation strength a = 1, partially corre-
lated superposition with a = 0.5, and completely uncorrelated
superposition with a = 0, which refer to fully polarized, par-
tially polarized, and unpolarized incident beams, respectively.
We find from the simulation results that with the decrease
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Fig. 2. Spatial distributions of the spin density components Sx, Sy , and Sz associated with the tightly focused (a1)–(c1) and (a2)–(c2) x-polarized and (d1)–(f1)
and (d2)–(f2) y-polarized Laguerre-Gaussian beam at the focal plane (z = 0). (a1)–(f1) correspond to the incident beam with no vortex phase, while (a2)–(f2)
correspond to the incident beam with vortex phase having topological charge l = 1. The spin distributions in the figure towards the reader.

Fig. 3. Spatial distributions of the focal-plane spin density components Sx, Sy , and Sz associated with the tightly focused beams composed with x-polarized and
y-polarized Laguerre-Gaussian beams with varying correlation strength: (a1)–(c1) and (a2)–(c2), a = 1; (d1)–(f1) and (d2)–(f2), a = 0.5; (g1)–(i1) and (g2)–(i2),
a = 0. (a1)–(i1) correspond to the incident beam with no vortex phase, while (a2)–(i2) correspond to the incident beam with vortex phase having topological charge
l = 1. The spin distributions in the figure towards the reader.

of the degree of polarization, the magnitude of the transverse
spin density components (Sx and Sy) changes only slightly
for both cases with and without vortex phase, although their
spatial distribution rotates with the degree of polarization. For
the fully polarized incident beam, both Sx and Sy are spatially
distributed along −45◦ direction, as shown in Fig. 3(a1), (b1),
and (a2), (b2), since the incident beam superposed by the x- and
y-polarized modes is 45◦ linearly polarized. With the degree
of polarization decreases, the spatial distribution for Sx rotates
clockwise, while the spatial distribution for Sy rotates in a
counterclockwise direction. When the degree of polarization of
the incident beam vanishes, Sx and Sy are distributed orthogo-
nally, i.e., along the y- and x-directions, respectively, indicating
that a transverse spin vortex appears by tightly focusing an
unpolarized light beam. The transverse spin vortex has been
confirmed experimentally very recently [34]. With the introduc-
tion of the vortex phase in the incident unpolarized light beam,

we find in Fig. 3(g2) and (h2) that the transverse spin vortex
expands from a single ring to a double-ring with reverse spin
directions.

On the other hand, the behavior of the longitudinal spin den-
sity Sz with the incident beam’s degree of polarization is quite
different from the transverse spin components. With the decrease
of the degree of polarization, the magnitude of Sz decreases
significantly. For the unpolarized incident beam (a = 0), the
longitudinal spin density Sz is nearly vanished [Fig. 3(i2)],
compared to Sx and Sy . It is noted that we only consider the lon-
gitudinal spin for the case when the incident beam carries vortex
phase, since Sz is effectively vanished for the no vortex case.
The spin density components for the unpolarized case can be
also obtained by the incoherent superposition (algebraic sum) of
the spin density components for the x- and y-polarized incident
beams shown in Fig. 2. Thus, we find the spatial distributions for
Sx and Sy in the unpolarized case are orthogonal to each other
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Fig. 4. Spatial distributions of the focal-plane 2D degrees of polarizationPyz ,Pzx, andPxy associated with the tightly focused beams composed withx-polarized
and y-polarized Laguerre-Gaussian beams with varying correlation strength: (a1)–(c1) and (a2)–(c2), a = 1; (d1)–(f1) and (d2)–(f2), a = 0.5; (g1)–(i1) and
(g2)–(i2), a = 0. (a1)–(i1) correspond to the incident beam with no vortex phase, while (a2)–(i2) correspond to the incident beam with vortex phase having
topological charge l = 1.

and most of the magnitude in the spatial distribution of Sz is
cancelled out, leading to a nearly vanished longitudinal spin for
the unpolarized incident beam. For the partially polarized case,
the spin density components can be viewed as the superposition
of those for the fully polarized and unpolarized cases, since the
incident partially polarized beam can be decomposed into fully
polarized and completely unpolarized parts [38].

C. Physical Interpretation

To deeper understand the behavior of the spin density with the
changes of the incident beam’s degree of polarization, we now
turn to study the degrees of polarization of the tightly focused
beam in the focal plane. In order to explain the evolution of
the spin along different orthogonal directions, we examine the
2D degrees of polarization among orthogonal field components
of the tightly focused beam. The 3D degree of polarization as
well as the polarization dimensionality for the tightly focused
partially polarized plane wave can be found in [35], [42]. The
2D degree of polarization in the focal plane (z = 0) between the
field components along two orthogonal directions, say α and β
directions, can be obtained by

Pαβ(ρ) =

[
2

trΦ2
αβ(ρ)

tr2Φαβ(ρ)
− 1

]1/2
, (14)

where Φαβ(ρ) denotes the 2× 2 polarization matrix for the α
andβ field components. The matrix components can be obtained
from Φ(ρ, z) in (10). The value of the degree of polarization
0 ≤ Pαβ(ρ) ≤ 1 reflects the strength of the correlation between
the field components alongα andβ directions. With the decrease
of Pαβ(ρ), the field components gradually become uncorre-
lated. Therefore, the spin originated from the filed correlation
decreases as well. The spins along x, y, and z directions are con-
nected with the field correlations between y and z components,

z and x components, and x and y components, respectively, and
therefore, related to Pyz(ρ), Pzx(ρ), and Pxy(ρ), respectively.

In Fig. 4, we show the simulation results for the 2D degrees of
polarization for the tightly focused field in the focal plane with
the incident beam having different initial degrees of polarization.
Both the cases for the incident beam with and without vortex are
studied. First of all, as expected that the tightly focused field in
the focal plane is fully polarized when the incident beam modes
are fully correlated [a = 1, Fig. 4(a1)–(c1) and (a2)–(c2)]. With
the decrease of incident beam’s degree of polarization, it is
found that the tightly focused field in the focal plane becomes
partially polarized or unpolarized in some areas, while the field
in other areas in the focal plane is still fully polarized. The spatial
distributions for the focal-plane degrees of polarization express
oscillation patterns. It is noticed that within the high-spin area
for Sx and Sy , the degrees of polarization Pyz(ρ) and Pzx(ρ)
always remain the high value for the different incident beam’s
degrees of polarization. For instance, when the incident beam
becomes unpolarized, the spatial distribution for Sx oscillates
in the y direction [Fig. 3(g1)], while the spatial distribution for
Pyz(ρ) oscillates in the x direction [Fig. 4(g1)], making the
high-spin area be highly polarized. The above observation indi-
cates that the transverse field components are strongly correlated
with the longitudinal field component in the focal plane no matter
how uncorrelated of the incident field modes is. This is the reason
why the magnitude of the transverse spin density components
(Sx and Sy) changes only slightly with decreasing the incident
beam’s degree of polarization.

The behavior of the degree of polarization Pxy(ρ) for the
transverse field components, connected to the longitudinal spin
density Sz , is quite different from Pyz(ρ) and Pzx(ρ). With the
decrease of the incident beam’s degree of polarization,Pxy(ρ) in
the high-value area of Sz decreases significantly as well. When
the incident beam becomes unpolarized, it is found in Fig. 4(i1)
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Fig. 5. Spatial distributions of the focal-plane 2D degrees of polarizationPyz ,
Pzx, and Pxy associated with the tightly focused beams composed with x-
polarized and y-polarized Laguerre-Gaussian beams with varying correlation
strength: (a1)–(c1) and (a2)–(c2),a = 1; (d1)–(f1) and (d2)–(f2),a = 0.5; (g1)–
(i1) and (g2)–(i2), a = 0. The topological charge of the vortex phase in the
incident beam is l = 2.

and (i2) that the focal-plane degree of polarization in the high-
spin area becomes effectively unpolarized, which indicates that
the correlation between the focal-plane field components along
x and y directions is very weak. Therefore, the magnitude of the
longitudinal spin densitySz decreases with reducing the incident
beam’s degree of polarization. In addition to the magnitude of
the degree of polarization, we find that with the decrease of the
incident beam’s degree of polarization, the spatial distribution
for Pxy(ρ) gradually becomes isotropic, while Pyz(ρ) and
Pzx(ρ) still show the anisotropic spatial distribution, indicating
that the isotropic property in the x and y field components of an
unpolarized incident beam maintains during strong focusing.

D. Effect of Topological Charge

In Fig. 4(i1) and (i2), we find that by introducing the vortex
phase (with topological charge l = 1) in the incident beam’s
wavefront, the magnitude ofPxy(ρ) in the central area increases.
We now increase the topological charge from l = 1 to l = 2 and
study the effect of topological charge on the focal-plane 2D
degrees of polarization and spin density distributions. Fig. 5
displays the spatial distribution of the focal-plane 2D degrees of
polarization among different field components for the incident
beams with different degrees of polarization and with topolog-
ical charge l = 2. Fig. 6 shows the corresponding focal-plane
spin density components. It is found from Fig. 5 that the spatial
distributions for Pyz(ρ) and Pzx(ρ) change only slightly, i.e.,
the distributions expand a bit with the increase of the topological
charge. Thus, as shown in Fig. 6 the spatial distributions for Sx

and Sy expand as well with l increasing. However, the spatial
distributions of Pxy(ρ) and Sz have the different behavior with
the increase of the incident beam’s topological charge. We find
Pxy(ρ) in the central area always maintains the high value with

Fig. 6. Spatial distributions of the focal-plane spin density components Sx,
Sy , and Sz associated with the tightly focused beams composed with x-
polarized and y-polarized Laguerre-Gaussian beams with varying correlation
strength: (a1)–(c1) and (a2)–(c2), a = 1; (d1)–(f1) and (d2)–(f2), a = 0.5;
(g1)–(i1) and (g2)–(i2), a = 0. The topological charge of the vortex phase in the
incident beam is l = 2. The spin distributions in the figure towards the reader.

the decrease of the incident beam’s degree of polarization, which
means that the field components along x and y directions are
highly correlated in the focal plane although they are completely
uncorrelated at the source. Due to such counterintuitive degree
of polarization in the focal plane, we find in Fig. 6 that the magni-
tude of the focal-plane longitudinal spin density Sz is enhanced
significantly for the unpolarized incident beam. Compared to the
spatial distribution ofSz shown in Fig. 3(i2), we findSz becomes
a bright spot from a dark ring distribution with the topological
charge increased from 1 to 2. The difference is induced by the
changes of the correlation among the field components along x
and y directions [see in Figs. 4(i2) and 5(i)]. The topological
charge provides a novel degree of freedom to govern the spin
density distribution for a tightly focused unpolarized light.

IV. CONCLUSION

In summary, we have examined the effect of the incident
beam’s degree of polarization on the focal-plane local spin den-
sity distribution of the tightly focused light beam. We adopted
a simply model for the incident beam having controllable,
spatially uniform degree of polarization. The incident beam is
composed by two orthogonally polarized (x and y polarized)
Laguerre-Gaussian vortex modes with an adjustable correlation
strength that controls the incident beam’s degree of polarization.
Our results showed that with the decrease of the incident beam’s
degree of polarization, the magnitude for the focal-plane trans-
verse spin component changes only slightly, while its spatial
distribution gradually changes from the anisotropic shape to
the isotropic spin vortex distribution. With the introduction of
the vortex phase (with topological charge l = 1) in the incident
beam, we found that the focal-plane spin vortex expands from
a single ring to a double-ring distribution. On the other hand,
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it is found that with the decrease of the incident beam’s degree
of polarization, the longitudinal spin density, induced by the
vortex phase of the incident beam, changes its magnitude signif-
icantly. When the incident beam becomes completely unpolar-
ized, the focal-plane longitudinal spin density for the case when
l = 1 is nearly vanished. It is noted that we only consider the
homogeneous polarization state for the incident beam. The
inhomogeneous vectorial polarization of incident beam will
induce the changes of spin density in the focal plane. However,
the effect of degree of polarization (describing the correlation
strength between the orthogonal field components at a single
spatial point) on the focal-plane spin density will not change
with the switch of the incident beam’s initial polarization state,
i.e., the longitudinal spin always decreases with decreasing the
incident beam’s degree of polarization.

The evolution properties of the focal-plane spin density have
been interpreted with the help of the two-dimensional degrees of
polarization among any two of the three orthogonal components
of the tightly focused field, since the two-dimensional degrees
of polarization describe the correlation strength between orthog-
onal field components, which is the origin of the spin angular
momentum. We found that in the high-spin area, the focal-plane
degrees of polarization among y and z field components, as
well as among z and x field components always remain the high
value, whereas the focal-plane degree of polarization among
x and y field components reduces largely with the decrease
of the incident beam’s degree of polarization. However, it is
found that with the topological charge increasing from l = 1
to l = 2, the x and y field components in the central area of
the focal plane become highly correlated even though they are
completely uncorrelated in the source plane, which explains the
enhancement of the longitudinal spin density in the unpolarized
case with the increase of the incident beam’s topological charge.
We expect the findings in this work can find uses in the studies
of spin-orbit interaction with unpolarized light, such as natural
light and blackbody radiation [43], [44]. As a final remark,
the localized spin density vector of a tightly focused partially
polarized vortex beam can be probed with the help of a near-field
optical microscope by placing a nanoscatterer in the focal area.
The scattered light, which can be measured in the far field,
carries all the polarization information about the tightly focused
light in the near field [34], [45]. We expect that the technique
of photo-induced force microscopy [46], [47] can be used to
further increase the signal to noise ratio and the resolution of the
near-field polarization information.
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