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The vectorial structure of an optical field with hybrid states of polarization (SoP) in the near-field is studied by using
the angular spectrum method of an electromagnetic beam. Physical images of the longitudinal components of evanescent
waves are illustrated and compared with those of the transverse components from the vectorial structure. Our results indicate
that the relative weight integrated over the transverse plane of the evanescent wave depends strongly on the number of the
polarization topological charges. The shapes of the intensity profiles of the longitudinal components are different from
those of the transverse components, and it can be manipulated by changing the initial SoP of the field cross-section. The
longitudinal component of evanescent wave dominates the near-field region. In addition, it also leads to three-dimensional
shape variations of the optical field and the optical spin angular momentum flux density distributions.
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1. Introduction
The propagation of non-paraxial electromagnetic beam

has been extensively investigated in the last decade.[1–5] Sev-
eral kinds of representations of an electromagnetic beam based
on its angular plane-wave spectrum have been reported.[6–8]

The contribution of evanescent waves is non-negligible and
plays a key role in the near-field region.[1–6] Evanescent
waves, which are also known as inhomogeneous waves,[1]

have long been studied. They have been the subject of many
studies and appeared in many branches of physics.[2] The
evanescent waves of scalar beams with solely homogeneous
polarization (e.g., linear, circular, or elliptical) in the cross-
section of the field have been extensively studied[3–7] be-
cause of their novel properties and potential application in
many areas, especially in the near-field region: nanophoton-
ics, guided optics, internal reflection spectroscopy, and optical
microscopy.[2] Merlin,[8] Grbic et al.[9] demonstrated the fo-
cusing of pure evanescent waves of a scalar optical field to
generate a small focal spot beyond the diffraction limit. In
contrast to most of the past researches based on spatially ho-
mogeneous polarization states such as linear, elliptical, and
circular polarization, vector optical fields deal with spatially
variant states of polarization (SoP) in the field cross-section.
Recently, vector optical fields have aroused much interest in

the linear and nonlinear optical fields because of their unique
and novel properties and their potential applications, such as
the generation of a different vector beam,[10–14] paraxial and
nonparaxial propagation,[15–18] focusing a radially polarized
beam to minimize the spot size,[19–23] and the self-focusing
dynamics of a vector beam.[24,25] More recently, the evanes-
cent waves of radially and azimuthally polarized and higher-
order vector optical fields with locally linear polarization have
been demonstrated.[26–29] The properties of a vectorial struc-
ture of an electromagnetic beam are well-known to play an
important role in corresponding fields and applications such
as propagation, beam control, and the excitation of surface
plasmon polaritons (SPPs).[30,31] In a nanostructured mate-
rial, only the component of the incident light that is polar-
ized perpendicularly to either groove- or ridge–like scatter-
ing elements (e.g. gratings) or to the metal surface itself (e.g.
prism-based schemes) can be coupled into SPPs. For an opti-
cal field with hybrid SoP (i.e., there are simultaneously linear,
circular, and elliptical polarizations in the field cross-section),
novel properties and potential applications have emerged ow-
ing to the existence of hybrid SoPs, especially their longi-
tudinal components in a nano/micro-structure material.[32–34]

Nonetheless, the near-field characteristics of an optical field
with a hybrid SoP, especially the dynamic manipulation of the
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evanescent wave part, are scarcely known and the exploration
of them is still in its infancy.

In this paper, we examine the evanescent wave of a vec-
tor optical field with a hybrid SoP in the cross-section of the
field. The angular spectrum method,[22–25] which gives a rig-
orous solution to the Maxwell equations, is employed to sep-
arate the contributions of propagating and evanescent waves.
The formalism is presented and discussed. The propagating
and evanescent waves, which are expressed in terms of the
non-paraxial vector optical field, are split into transverse and
longitudinal components. The analytical expressions are de-
rived and discussed. The spatial shapes of these components
and the ratios between their respective contributions are nu-
merically obtained. The intensities of the longitudinal compo-
nent of the evanescent and propagating waves of a cylindrical
vector optical field (with a hybrid SoP) are investigated each
as a function of the propagation distance in the near-field re-
gion. The intensity distributions of the vector optical fields in
the near-field region are found to strongly depend on the spa-
tial distribution of the SoP in the cross-section of the field. In
particular, the shapes of the intensity distributions of the longi-
tudinal components are different from those of the transverse
components, and it is sensitive to the spatial distribution of the
SoP in the field cross-section. This is because of the contri-
butions of different polarization components of a vector field
to the evanescent wave. The longitudinal components of the
evanescent term dominate the near-field, which gives rise to a
variety of shapes in the field and the spin angular momentum
(SAM) flux density distributions. Since many applications are
related to reshaping the laser beam, the ability to modify the
intensity profiles and the spin angular momentum flux density
distributions by tailoring the SoP distribution may lead to the
creations of more image spaces for applications in superres-
olution, nanofabrication, and plasmonic beaming. This work
may provide useful information about manipulating the vec-
tor structure of a cylindrical optical field in the near-field by
choosing appropriate SoPs in the field cross-section.

2. Formalism
We consider the propagation dynamics of a vector field

with a hybrid SoP when using the cylindrical coordinate sys-

tem. For this coordinate system, the z-axis is taken to be the
propagation axis. A cylindrical vector optical field with a hy-
brid SoP in the cross-section of the field is expressed as[13]

E(r,θ) = A(r,θ)[cos(mθ +θ0)𝑒x + i sin(mθ +θ0)𝑒y], (1)

where r = (x2 + y2)1/2 and θ = arctan(y/x) denote the po-
lar radius and azimuthal angle, respectively, of the polar co-
ordinate system. m is the number of the topological charges,
and θ 0 is the initial phase, 𝑒x and 𝑒y are the unit vectors in
the x and y directions, respectively. Equation (1) indicates a
hybrid-polarized vector field with linear, circular and elliptical
polarizations that are located at different positions in the cross-
section of the field. For a locally linear polarization in the field
cross-section, the imaginary sign ‘i’ on the right-hand side of
Eq. (1) should be cancelled.[17–21] Figure 1 shows the corre-
sponding hybrid SoP distributions in the cross-section of the
initial field with m = 1 and m = 2. The white arrows indicate
the directions of the polarization.
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Fig. 1. (color online) Initial SoP distributions in the cross-sections of
a vector optical field for different numbers of polarization topological
charges m with (a) locally linear polarizations and (b) hybrid polariza-
tions. The initial phase is set to be θ0 = 0.

The transverse components of the vector angular spec-
trum Ẽx(ρ cosϕ , ρ sinϕ) and Ẽy(ρ cosϕ , ρ sinϕ) of the initial
field are given by using Fourier transforms[35,36]

(
Ẽx(ρ cosφ ,ρ sinφ)

Ẽy(ρ cosφ ,ρ sinφ)

)
=

(
k

2π

)2


∫

∞

0

∫ 2π

0
A(r)cos(mθ +θ0)exp[−ikrρ cos(θ −φ)]rdθ dr∫

∞

0

∫ 2π

0
A(r)i sin(mθ +θ0)exp[−ikrρ cos(θ −φ)]rdθ dr

 , (2)

where k is the wavenumber. ρ and ϕ represent variables
that are related to the transverse Fourier-transform, i.e., u,
v, and γ . Here, u = ρ cosϕ , v = ρ sinϕ , and γ = (1−
ρ2)1/2. For a hybrid-polarized optical field as given in

Eq. (1), in the source plane z = 0 with the Gaussian distri-
bution A(r) = exp(−r2/w2), where w is the beam width, the
transverse components of the angular spectrum Ẽx(ρ cosϕ ,
ρ sinϕ) and Ẽy(ρ cosϕ , ρ sinϕ) can be obtained from the in-
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tegrals in Eq. (2). The z component of the angular spec-
trum is Ẽz(ρ cosϕ , ρ sinϕ) = cosϕẼx(ρ cosϕ , ρ sinϕ) +

sinϕẼx(ρ cosϕ , ρ sinϕ).[26–29,34] Therefore, the angular spec-
trum of the vector beam is described as follows:

Ẽ(ρ cosϕ,ρ sinϕ)

= PQ{2cos(mϕ +θ0)𝑒x +2i sin(mϕ +θ0)𝑒y

− [(2cos(mϕ +θ0)cosϕ

+2i sin(mϕ +θ0)sinϕ) ]ρ/γ𝑒z} , (3)

where

P = I(m−1)/2(k
2w2

ρ
2/8− I(m+1)/2(k

2w2
ρ

2/8))

and Q = π3/2 im(kw3
ρ/8λ 2)exp(−k2w2ρ2/8). I(·) denotes

the Bessel function of the second kind, and 𝑒z is the unit vector
in the z direction. The electric field component of the cylindri-
cal vector optical field in the z plane can be represented as

E(r) = (−1)m k3w3√π

16

∫
∞

0
exp
(
−k2w2ρ2

8

)
P{Jm(−krρ)2[cos(mθ +θ0)𝑒x + i sin(mθ +θ0)𝑒y]

+2[iJm+1(−krρ)cos(mθ +θ +θ0)(1− i)

+ iJm−1(−krρ)cos(mθ −θ +θ0)(1+ i) ]ρ/2γ𝑒z}
× exp(ikγz)ρ

2 dρ. (4)

When ρ < 1, equation (4) describes the propagating waves
Epr. On the other hand, it gives the evanescent waves Eev when
ρ ≥ 1.

3. Contribution of the longitudinal component
of evanescent wave to vector optical field with
hybrid SoP in the near-field region
In order to compare the contributions of the propagating

and evanescent waves associated with the cylindrical vector
field, the plane-integrated intensity (squared modulus) of the
propagating field Ipr and evanescent field Iev

[25–29] are calcu-
lated. Ipr and Iev are expressed as follows:

Ipr =
∫∫ ∣∣Epr

∣∣2 dxdy =
∫ 1

0

∫ 2π

0

[
|a|2 + |b|2

]
ρ dρ dϕ, (5)

Iev =
∫∫
|Eev|2 dxdy =

∫
∞

1

∫ 2π

0

[
|a|2 + |bev|2

]
× exp(−2kz

√
ρ2−1)ρ dρ dϕ, (6)

where a = Ẽ(ρ,ϕ) · 𝑒1, b = (ρ,ϕ) · 𝑒2, and bev = Ẽ(ρ,ϕ) ·
𝑒ev. Here 𝑒1 = (sinϕ,cosϕ,0), 𝑒2 = ((1 − ρ2)1/2 cosϕ ,
(1−ρ2)1/2 sinϕ,−ρ), and 𝑒ev = (i(ρ2− 1)1/2 cosϕ , i(ρ2−
1)1/2 sinϕ,−ρ)/(2ρ2− 1)1/2. Integrating Ipr and Iev over ϕ

leads to the following single-variable ρ integrals:

Ipr = 2π

∫ 1

0
|Q|2 P2(2−ρ

2)ρ/(1−ρ
2)dρ, (7)

Iev = 2π

∫
∞

1

|Q|2 P2(2−3ρ2 +2ρ4)exp(−2kz
√

ρ2−1)ρ
1−3ρ2 +2ρ4 dρ,

(8)

which can be solved by performing numerical integration over
ρ . The ratio of the evanescent intensity Iev to the total inten-
sity of propagating and evanescent intensities Ipr + Iev is in-
troduced here to describe the relative weight factor of evanes-
cent wave. The ratio of the evanescent wave component to
the total field is shown in Fig. 2(a), whereas the ratio of the
longitudinal component of the evanescent wave to the propa-
gating wave is given in Fig. 2(b). Figure 2(a) illustrates the
Iev/(Ipr + Iev) ratios each as a function of the propagation dis-
tance z for a highly non-paraxial case of w = 0.1λ for different
values of the number of topological charges m. The evanes-
cent field clearly dominates the optical field, particularly near
the source plane z = 0. For z < 0.5λ , Iev drastically decreases
with propagation distance increasing. As the propagation dis-
tance further increases above z = 0.5λ , Iev continues to de-
cay and approaches to zero. Thus, the contribution of evanes-
cent wave can be neglected when z > 0.5λ . As the number of
the topological charge m increases, Iev increases as shown in
Fig. 2(a). This is because the field distribution broadens and
extends from the beam centre as the number of the topological
charge increases.
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Fig. 2. (color online) (a) Variations of Iev/(Ipr + Iev) with propagation
distance z; (b) variations of (Iev)L/(Iev)T with waist size w for different
values of the number of polarization topological charges m. The waist
size w was calculated for the interval [0.01λ , λ ].

For the case of the paraxial condition, the longitudinal
component of the evanescent wave can be ignored. In this
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high non-paraxial case (w = 0.1λ ), however, the longitudinal

component of the evanescent wave cannot be neglected. In

the following discussion, we focus on the relative weights of

the transverse and longitudinal components of the evanescent

wave, particularly for a high non-paraxial case (w = 0.1λ ).

This is because the evanescent wave component is the domi-

nant component in the near-field. Here the case of w = 0.1λ

is valid for any other beam waist[6,7,25] even though the rel-

ative weights of the components of evanescent and propagat-

ing waves vary with beam waist as shown in Eqs. (4)–(6) and

Fig. 2. The relative contribution of the transverse and lon-

gitudinal components of the evanescent wave can be exam-

ined by examining the (Iev)L/(Iev)T ratio. Here, (Iev)L and

(Iev)T denote the plane-integrated intensities of the longitudi-

nal and transverse parts, respectively, of the evanescent wave

Eev. They are described by

(Iev)L = 2π

∫
∞

1
|Q|2 P2 ρ5

(ρ2−1)(2ρ2−1)
dρ, (9)

(Iev)T = 2π

∫
∞

1
|Q|2 P2 3ρ2−2

2ρ2−1
ρ dρ. (10)

As the longitudinal and transverse components of Eev are ex-
pressed in the plane-wave spectrum, the Parseval theorem[28]

indicates that (Iev)L and (Iev)T are constant during propagation.
Therefore, the (Iev)L/(Iev)T ratio of the initial plane is suffi-
cient to examine the contribution of the transverse component.
Figure 2(b) shows the variations of (Iev)L/(Iev)T ratio with
waist size w of an optical field. It is found that the (Iev)L/(Iev)T

ratio increases with w increasing and it approaches to a sat-
urated value at a certain w. As the polarization topological
charge number m increases, (Iev)L/(Iev)T decreases, and the
saturated value corresponds to m shifts to a higher w.
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Fig. 3. (color online) Intensity distributions of (a) inhomogeneous and (b) propagating waves at z = 0.1λ . In panels (a) and (b), the
upper rows represent the longitudinal components, and the lower rows represent the transverse components. The dimensions in panels
(a) and (b) are 1×1λ 2 and 2×2λ 2, respectively.

The contribution of the longitudinal component to the to-

tal field distribution in the near-field region of a vector field

cannot be neglected. Therefore, we further examine the prop-

agation properties of the vectorial structure to gain an insight

into the behavior of the evanescent wave. The propagation

behavior of the evanescent wave of a vector field with a hy-

brid SoP is analyzed by observing the evolutions of the field

distributions, especially the longitudinal component. Figure 3
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shows the intensity distributions of the longitudinal and trans-
verse components for both the propagating and evanescent
waves. As the number of the topological charge m increases,
the distributions of the longitudinal and transverse compo-
nents of the evanescent and propagating waves stretch out in
the cross-section of the field. On the other hand, there are
more longitudinal components that expand to the neighbour-
ing region than the transverse components with increasing m
as shown in Figs. 3 and 4. This is because the central field
decreases with increasing w. Thus, the (Iev)L/(Iev)T ratio de-
creases with increasing w, which results in the plot inflect-

ing after w > 0.5 when m = 1 in Fig. 2(b). However, as dis-

cussed above, with increasing topological charge m, the sat-

urated value shifts to a higher w as shown in Fig. 2(b). For

the evanescent wave, the reshaped intensity distributions of the

longitudinal components are similiar to those of the propagat-

ing wave components. In addition, the evanescent wave has a

smaller spatial size than the propagating wave. Interestingly,

the longitudinal components of the reshaped intensity distribu-

tions are different from those of their corresponding transverse

components.
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Fig. 4. (color online) Intensity distributions at z = 0.1λ . The upper row represents the total longitudinal component, and the lower
row describes the total field. The dimensions for all plots are 1×1λ 2.

The last column of Fig. 3 illustrates the centres of the lon-
gitudinal component for both the propagating and evanescent
wave components of a radially polarized beam. The intensity
distribution profile of the propagating wave is similar to that
of the radially polarized sharper focusing beam on a subwave-
length scale.[19,20] Figure 3 shows that the SoP distributions
in the field cross-section result in the reshaping of the inten-
sity distributions of the longitudinal components. Figure 4
shows the comparisons of the total longitudinal components of
the propagating and evanescent wave terms with the total field
(i.e., all components of the propagating wave and evanescent
wave terms). The evanescent waves are found to dominate the
near-field and be sensitive to the number of the polarization
topological charge m and the distribution of SoP in the field
cross-section. In the near-field region, the longitudinal compo-
nents are the dominant components and play an important role
in governing the shapes of field distributions. The reshaping
of the intensity distributions of the longitudinal components
is attributed to the SoP distribution in the field cross-section.
As the distributions of the x and y components determine the
distribution of the longitudinal components in the near field,
a coherent superposition of the longitudinal components leads
to the different longitudinal distributions in the near field as
shown in Figs. 3 and 4. Such a vector structure of the optical
field especially the longitudinal component can offer many ap-

plications such as the flexible manipulation of the optical field
on a nanoscale by purposely choosing the initial SoP.

4. Vectorial structure of the optical spin angular
momentum flux in near field
Under a highly nonparaxial condition, neither the evolu-

tion nor the distribution of the SoP of the vector beam in the
near field can be described in a two-dimensional plane. In
particular, the distribution of the circular polarization associ-
ated with the optical SAM is an important phenomenon due to
the fundamental interest and its potential applications ranging
from optical trapping to quantum information. Here we give
vectorial descriptions of the optical SAM flux densities of x, y,
and z components in the near field. The corresponding optical
SAM flux density distributions of the optical field in the x, y,
and z directions can be given by[36]

Sx = ε0Im(EyE∗z )/ω, (11)

Sy = ε0Im(E∗x Ez)/ω, (12)

Sz = ε0Im(ExE∗y )/ω, (13)

where Sx, Sy, and Sz are the x, y, and z components of the opti-
cal SAM flux density, ε0 is the permittivity in a vacuum, ω is
the angular frequency, Im[·] mean taking the imagery part and
the asterisk denotes complex conjugation. Figure 5 shows the
distributions of x, y, and z components of the SAM flux density
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when z = 0.1λ , hereafter the values of the SAM flux density
are normalized to the peak value in the source plane z = 0,
and the positive and negative SAM flux denote the opposite
circular polarizations (i.e., left and right circular polarization).
Under the paraxial condition, the optical angular momentum
flux can be considered as propagating along the z direction and
the transverse components can be ignored. Under the highly
non-paraixal circumstance, however, the longitudinal compo-
nent plays an important role and results in the occurrence of
the transverse components of the SAM flux in the near field of
the vector field. As can be seen from Eq. (4), the phase dif-
ferences among the x, y, and z components are closely related
to azimuthal angle θ and topological charge m. In particular,
the distributions of the phases of x and y components and the
distribution of the optical SAM of the z component are similar
to those in the paraxial case as shown in Fig. 5. However, the
SAM flux density distributions of the transverse components
which result from the longitudinal component are more inter-
esting. The x component and the y component of the SAM
flux density distribution are similar to each other because the
vector optical field is cylindrically symmetric. However, the
transverse components (x component and y component) of the
SAM flux density distribution are different from those of the
longitudinal component as shown in Fig. 5.
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Fig. 5. (color online) The SAM flux density distributions of (a) evanes-
cent and (b) propagating waves at z = 0.1λ . In panels (a) and (b), the
upper rows represent the longitudinal components, whereas the lower
rows exhibit the transverse components (x and y components).

The transverse component of the SAM flux density is

greater than the z component when z < 0.1λ . The component
decreases rapidly with increasing propagating distance. The
different distributions of the transverse component of the SAM
flux density as shown in Fig. 5 arise from the variation of the
longitudinal components as shown in Figs. 3 and 4. Since the
micro-particle manipulation depends on optical angular mo-
mentum distribution, the three-dimensional vector structure of
the optical angular momentum flux distribution may provide a
more flexible manipulation of the micro-particle.

5. Conclusions and perspectives
The near-field contributions of the transverse and longi-

tudinal components of a vector optical field with a hybrid SoP
are analyzed in detail. Physical images of the longitudinal
components of evanescent waves are illustrated and compared
with the transverse components from the vectorial structure.
The contribution of the evanescent wave to the vector optical
field is numerically analyzed and discussed. The relative in-
tensity of the evanescent wave is found to increase with the
number of the topological charge. As the propagation dis-
tance increases, the relative intensity of the evanescent wave
decreases. The intensity profiles of the transverse compo-
nents of evanescent waves are similar to those of the prop-
agating waves, but the spatial sizes of the evanescent waves
are smaller than those of the propagating waves. However,
the spatial shapes of the intensity distributions of the longi-
tudinal components are different from those of the transverse
components, and they are more sensitive to the number of po-
larization topological charges. The distribution of the SoP in
the field cross-section reshapes the intensity distribution of the
longitudinal component. The longitudinal component of the
evanescent wave dominates the near-field region to reshape
the three-dimemsional vectorial structure of the optical field
and the optical SAM flux density distribution. This study re-
veals that the ability to manipulate the longitudinal component
distribution by controlling the SoP distributions, may lead to
more image spaces for potential applications in superresolu-
tion, nanofabrication, micro-particle manipulation, and plas-
monic beaming on a nanometre scale.
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