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Abstract We investigate the focusing property and the

polarization evolution characteristics of hybridly polarized

vector fields in the focal region. Three types of hybridly

polarized vector fields, namely azimuthal-variant hybridly

polarized vector field, radial-variant hybridly polarized

vector field, and spatial-variant hybridly polarized vector

field, are experimentally generated. The intensity distri-

butions and the polarization evolution of these hybridly

polarized vector fields focused under low numerical aper-

ture (NA) are experimentally studied and good agreements

with the numerical simulations are obtained. The three-

dimensional (3D) state of polarization and the field distri-

bution within the focal volume of these hybridly polarized

vector fields under high-NA focusing are studied numeri-

cally. The optical curl force on Rayleigh particles induced

by tightly focused hybridly polarized vector fields, which

results in the orbital motion of trapped particles, is ana-

lyzed. Simulation results demonstrate that polarization-

only modulation provided by the hybridly polarized vector

field allows one to control both the intensity distribution

and 3D elliptical polarization in the focal region, which

may find interesting applications in particle trapping,

manipulation, and orientation analysis.

1 Introduction

Optical vector fields with spatially variant state of polari-

zation (SoP) have attracted increasing attention due to their

broad potential applications in various areas, including

optical tweezers [1], micromechanics [2], nonlinear optics

[3, 4], quantum optics [5], atom optics [6], and optical

microscopy [7, 8]. There have been many works that dealt

with the generation, propagation, and applications of dif-

ferent types of vector fields, such as the radially and azi-

muthally polarized beams [9], cylindrical vector fields [10],

and spatial-variant linearly polarized vector field [11]. By

manipulating the amplitude, phase and polarization of vec-

tor fields as illumination, researchers have created a wide

range of novel focal field distributions, such as optical bottle

[12], optical cage [13, 14], optical chain [15], optical needle

[16–18], and longitudinal bifocusing [19]. It should be noted

that the SoP distribution of the above-mentioned vector

fields can be characterized by local linear polarization with

spatially varying orientation in the cross section of the field.

Recently, hybridly polarized vector fields with spatially

variant hybrid SoP (including linear, elliptical, and circular

polarizations) in the cross section of the field have been

generated by transmitting radially polarized light through a

wave plate [20] and a common path interferometer [21].

Interests in hybridly polarized vector fields have been

prompted by their intriguing applications in particle ori-

entation analysis [6, 20], laser material processing [22],

controllable field collapse [4], and optical trapping [23, 24].

The focusing property of the hybridly polarized vector

fields differs from that of the spatially variant linearly

polarized vector fields. For instance, the tightly focused

radial-variant hybridly polarized vector field has been

studied to induce orbital motion of the isotropic particles

[23], convert the radial-variant spin angular momentum

B. Gu � Y. Pan � D. Xu � Y. Cui (&)

Advanced Photonics Center, Southeast University,

Nanjing 210096, China

e-mail: cyp@seu.edu.cn

G. Rui � Q. Zhan

Electro-Optics Program, University of Dayton, 300 College

Park, Dayton, OH 45469-2951, USA

e-mail: qzhan1@udayton.edu

123

Appl. Phys. B (2014) 117:915–926

DOI 10.1007/s00340-014-5909-8



into the radial-variant orbital angular momentum [25], and

generate a super-long optical needle with the aid of an

annular lens [17]. Li et al. [4] demonstrated the controllable

collapse of the focused azimuthal-variant hybridly polar-

ized vector field in a self-focusing Kerr medium. Lerman

et al. [20] and Hu et al. [26] investigated the tight focusing

properties of the azimuthal-variant hybridly polarized

vector fields, respectively.

In this work, we investigate both theoretically and

experimentally the focusing properties and the polarization

evolution characteristics of hybridly polarized vector fields

in the focal region. Three types of hybridly polarized

vector fields, namely azimuthal-variant hybridly polarized

vector field, radial-variant hybridly polarized vector field,

and spatial-variant hybridly polarized vector field, are

generated experimentally. The intensity distributions and

the evolution of polarization through the focal region of

these hybridly polarized vector fields under both low and

high numerical aperture (NA) focusing conditions are

studied in details. The optical curl force on Rayleigh par-

ticles induced by tightly focused hybridly polarized vector

fields, which results in the orbital motion of trapped par-

ticles, is analyzed. Polarization-only modulation provided

by the hybridly polarized vector field allows one not only

to control the overall intensity distribution but also to

manipulate the polarization distribution with 3D orienta-

tion and spatially variant ellipticity in the focal region,

which may find interesting applications in trapping,

manipulation, and orientation analysis.

2 Generation of hybridly polarized vector fields

The electric field distribution of a hybridly polarized vector

field can be expressed as [25]

Eðr;/Þ ¼ A0circðr=r0Þ½expðidÞêx þ expð�idÞêy� ð1Þ

with d ¼ m/þ 2npr2=r2
0 þ u0. Here, the nonnegative

integer m is the azimuthal index, the arbitrary number n is

the radial index, u0 is the initial phase, r0 is the radius of the

vector field, A0 is a constant, circð�Þ is the circular function,

r is the polar radius, and / is the azimuthal angle. êx and êy

are the unit vectors in the Cartesian coordinate system (x, y).

In general, hybridly polarized vector fields can be classified

into three categories, namely azimuthal-variant hybridly

polarized vector field (m 6¼ 0; n ¼ 0), radial-variant hyb-

ridly polarized vector field (m ¼ 0; n 6¼ 0), and spatial-

variant hybridly polarized vector field (m 6¼ 0; n 6¼ 0). Note

that the spatial-variant hybridly polarized vector field has

the spatial distribution of hybrid SoP with simultaneous

azimuthal and radial variations.

The azimuthal-variant hybridly polarized vector field

has been generated by a common path interferometer

implemented with the use of a spatial light modulator

(SLM) [21]. Following the same method presented by

Wang et al. [21] and using a 532-nm CW laser beam, three

types of hybridly polarized vector fields with u0 ¼ 0

are generated (shown in Fig. 1). Note that the addi-

tional phase in a computer-controlled SLM is set as

dðr;/Þ ¼ m/þ 2npr2=r2
0 þ u0, whereas dð/Þ ¼ m/þ u0

ThNo Polarizer(a)

(b)

(c)

(d)

Fig. 1 Intensity patterns

without and with a linear

polarizer for b the azimuthal-

variant hybridly polarized

vector field (m ¼ 2 and n ¼ 0),

c the radial-variant hybridly

polarized vector field (m ¼ 0

and n ¼ 1), and d the spatial-

variant hybridly polarized

vector field (m ¼ 2 and n ¼ 1).

The first row illustrates the

directions of the linear

polarizer. The fifth column

shows schematics of SoP

(purple RH polarization; yellow

LH polarization; white arrows

linear polarization). The

dimension for all of these

images is 4 mm� 4 mm
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was used for the azimuthal-variant hybridly polarized

vector field reported previously [21]. The radius of all

the generated vector fields is measured to be r0 ¼
1:7 � 0:1 mm. Without the use of a linear polarizer, the

generated vector fields have no distinction in intensity

patterns except for the central dark spots when m 6¼ 0.

These central dark spots arise from the singularity in the

polarization orientation at the center of the vector fields, in

contrary to the case for a radial-variant hybridly polarized

vector field that has a well-defined polarization direction in

the center. Interestingly, the intensity patterns for three

types of hybridly polarized vector fields after passing a

horizontal or a vertical linear polarizers are also undistin-

guishable, except that the overall intensities are reduced to a

half of that prior to the polarizer. However, the intensity

patterns after a p=4 and 3p=4 linear polarizers appear as the

fanlike extinction for the azimuthal-variant hybridly

polarized vector field [21], the homocentric extinction rings

for the radial-variant hybridly polarized vector field [23],

and the spiral structure for the spatial-variant hybridly

polarized vector field. In contrast, for the spatial-variant

linearly polarized vector field, the intensity patterns behind

the linear polarizer are always distinguishable [21, 27]. As

illustrated in the fifth column of Fig. 1, the hybridly

polarized vector fields have the rich SoP (including linear

polarization, right-handed (RH) and left-handed (LH)

elliptical polarizations) in the cross section of the field.

Generally, the Poincaré sphere is adopted to visualize the

distribution of SoP. For the azimuthal-variant hybridly

polarized vector field, its Stokes parameters are only

dependent on the azimuthal angle and the SoP spans com-

plete meridians on the surface of the Poincaré sphere [20].

For the radial-variant hybridly polarized vector field or the

spatial-variant hybridly polarized vector field, however, the

SoP representation should use the radius-dependent Poin-

caré sphere because its Stokes parameters are dependent on

both the azimuthal angle and the radial position.

3 Focusing properties of hybridly polarized vector

fields

For the spatial-variant hybridly polarized vector field

described by Eq. (1), its pupil function along the x and y

axes can be written as

Axðh;/Þ ¼ A0PðhÞ exp½iðm/þ 2pnb2 sin h
sin a

� �2

þu0Þ�;

ð2Þ

Ayðh;/Þ ¼ A0PðhÞ exp½�iðm/þ 2pnb2 sin h
sin a

� �2

þu0Þ�;

ð3Þ

where b is the pupil filling factor defined as the ratio of the

pupil radius to the beam waist, and PðhÞ is the pupil apo-

dization function. For a uniform-intensity illumination,

PðhÞ ¼ circðb sin h= sin aÞ is chosen in the entire analysis

in this work.

According to the vectorial Debye theory, the electric

field in the focal region of an aplanatic lens can be

expressed as [28]

Exðq;u; zÞ ¼ �
if

k

Z a

0

Z 2p

0

sinh
ffiffiffiffiffiffiffiffiffiffi
cosh
p

eik½z coshþq sinhcosð/�uÞ�

� ½Axðh;/Þðcos2 / coshþ sin2 /Þ
þAyðh;/Þcos/ sin/ðcosh� 1Þ�dhd/; ð4Þ

Eyðq;u; zÞ ¼ �
if

k

Z a

0

Z 2p

0

sinh
ffiffiffiffiffiffiffiffiffiffi
cosh
p

eik½z coshþq sinhcosð/�uÞ�

� ½Axðh;/Þcos/ sin/ðcosh� 1Þ
þAyðh;/Þðcos2 /þ sin2 / coshÞ�dhd/; ð5Þ

Ezðq;u; zÞ ¼�
if

k

Z a

0

Z 2p

0

sin2 h
ffiffiffiffiffiffiffiffiffiffi
cosh
p

eik½zcoshþqsinhcosð/�uÞ�

� ½Axðh;/Þcos/þAyðh;/Þ sin/�dhd/;

ð6Þ

where q; u, and z are the polar radius, azimuthal angle, and

longitudinal position in the cylindrical coordinate system

for the observation point, respectively; k ¼ 2p=k is the

wave number, f is the focal length of the objective lens, k is

the wavelength, and a ¼ arcsinðNAÞ is the maximal angle

yielded by the NA of the objective lens.

Substituting Eqs. (2) and (3) into Eqs. (4)–(6), after

tedious mathematical reduction, the electric field in the

vicinity of focus can be found as

Exðq;u; zÞ ¼ c0im�1

Z a

0

sin h
ffiffiffiffiffiffiffiffiffiffi
cos h
p

PðhÞeikz cos hfð1þ cos hÞJmðnÞeiW

þ ð1� cos hÞ
2

½Jmþ2ðnÞeiðWþ2uÞ þ Jm�2eiðW�2uÞ

þ iJmþ2ðnÞe�iðWþ2uÞ � iJm�2ðnÞe�iðW�2uÞ�gdh; ð7Þ

Eyðq;u; zÞ ¼ c0im�1

Z a

0

sinh
ffiffiffiffiffiffiffiffiffiffi
cosh
p

PðhÞeikz coshfð1þ coshÞJmðnÞe�iW

� ð1� coshÞ
2

½Jmþ2ðnÞe�iðWþ2uÞ þ Jm�2e�iðW�2uÞ

þ iJmþ2ðnÞeiðWþ2uÞ � iJm�2ðnÞeiðW�2uÞ�gdh; ð8Þ

Ezðq;u; zÞ ¼ c0im

Z a

0

sin2 h
ffiffiffiffiffiffiffiffiffiffi
cos h
p

PðhÞeikz cos h

� ½Jmþ1ðnÞeiðWþuÞ � Jm�1ðnÞeiðW�uÞ

þ iJmþ1ðnÞe�iðWþuÞ þ iJm�1ðnÞe�iðW�uÞ�dh;

ð9Þ

with n ¼ kq sin h; W ¼ muþ 2npb2ðsin h= sin aÞ2 þ u0,

and c0 ¼ pA0f=k. Here, JmðxÞ is the mth order Bessel

function of the first kind. Equations (7)–(9) are the basic
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result of the present work, which provides a general

expression for the electric components in the focal region

of a spatial-variant hybridly polarized vector field. Note

that the focal field of a radial-variant hybridly polarized

vector field is obtained by setting m ¼ 0 in Eqs. (7)–(9),

which is consistent with the one reported previously [25].

3.1 Low-NA focusing of hybridly polarized vector

fields

With the above results, we first investigate the focusing

property and the polarization evolution of the hybridly

polarized vector fields focused under low-NA condition both

theoretically and experimentally. The generated vector fields

are focused by an NA ¼ 0:17 objective lens with a focal

length of 150 mm. The parameters of the focusing lens are

chosen such that a detector (Beamview, Coherent Inc.) can

probe a region-of-interest field in the entire focal region. It

should be noted that the longitudinal field becomes negligi-

ble compared with the transverse field for the low-NA case.

Accordingly, the longitudinal component of the focal field

(Eq. 9) can be safely omitted for the analysis.

Figure 2 shows the intensity patterns of hybridly

polarized vector fields at the geometrical focal plane of the

low-NA lens when k ¼ 532 nm, b ¼ 15; NA ¼ 0:17, and

u0 ¼ 0. To identify the vector behavior of the focused

field, a linear polarizer is used and the corresponding

simulated and measured transverse intensity patterns are

displayed. The measured results are consistent with the

numerical simulations. Without the polarizer, the focal

fields of the hybridly polarized vector fields exhibit the

doughnut profile with a central dark spot, as displayed in

the first column of Fig. 2. When a linear polarizer is used,

the extinction behaviors of the focal fields are similar to

those of the input fields shown in Fig. 1. Note that the

chirality of the extinction spiral for the spatial-variant

hybridly polarized vector field after a p=4 and 3p=4 linear

polarizers (see Fig. 2e) exhibits a LH screw orientation,

different from that of the input field (see Fig. 1d). This

result is similar to that reported for the spatial-variant

linearly polarized vector field [11] and can be understood

as the following. In general, the polarization orientations of

the optical field on two sides of the geometrical focal plane

are orthogonal to each other opposite, due to the bifocusing

behavior of the spatial-variant hybridly polarized vector

field (see the first row of Fig. 5). For the spatial-variant

hybridly polarized vector field after a p=4 linear polarizer

in front of the lens and before the first focus, its extinction

spiral is a RH screw orientation (see Fig. 1d). Between the

two foci and near the geometrical focal plane, the extinc-

tion spiral turns to a LH screw. That is, the chirality of the

extinction spiral for the spatial-variant hybridly polarized

vector field after a p=4 or 3p=4 linear polarizer at the

geometrical focal plane (see Fig. 2e) exhibits a LH screw

orientation. After the second focus and further down the

optical axis, the intensity pattern after passing a p=4 or

3p=4 linear polarizer shows the extinction spiral with a RH

screw orientation (see Fig. 5).

To illustrate the propagation behavior of the azimuthal-

variant hybridly polarized vector field, numerical simula-

tions have been performed using Eqs. (7)–(9) with

n ¼ 0; k ¼ 532 nm, b ¼ 15, and NA ¼ 0:17. Figure 3

shows the intensity distributions of a vector field with m ¼
2 and u0 ¼ 0 through the focal region of the lens. Fig-

ure 3a displays the simulated intensity pattern through the

lens’ geometrical focus in the YZ plane (x ¼ 0). Clearly,

the focused vector field forms a doughnut field with a

central dark spot. Setting n ¼ 0 in Eqs. (7) and (8), one

finds that the intensities along the x and y components are

independent of the azimuthal angle u, suggesting that the

transverse intensity holds the cylindrical symmetry at any

propagation position. Figure 3b, c shows the measured and

simulated transverse intensity patterns taken at planes

(1! 5) with the separation of d ¼ 6:25 mm marked in

Fig. 3a, respectively. The corresponding intensity patterns

after passing a p=4 linear polarizer are displayed in Fig. 3d,

e. Clearly, the experimental results are in good agreement

with the numerical simulations. By calculating the Stokes

parameters, we map the distribution of SoP at their planes

(shown in Fig. 3e). The focal field at different planes

exhibits hybrid SoP. More importantly, the focused field of

the azimuthal-variant hybridly polarized vector fields pre-

serves the initial polarization at any propagation position.

The focusing property of radial-variant hybridly polar-

ized vector fields under low-NA condition are studied with

Eqs. (7)–(9) for m ¼ 0 and shown in Fig. 4. One can see that

the transverse intensity IT ¼ jExj2 þ jEyj2 is independent of

the azimuthal angle u, indicating that the transverse inten-

sity preserves the cylindrical symmetry at any propagation

position. Figure 4 shows the intensity distributions of the

radial-variant hybridly polarized vector field in the focal

region when k ¼ 532 nm, b ¼ 15, n = 1, and NA ¼ 0:17.

Both the measured and simulated results indicate that the

focal field of the radial-variant hybridly polarized vector

field exhibits a bifocusing behavior along the optical axis,

similar to that of a radial-variant linearly polarized vector

field [19]. This phenomenon can be easily understood by

inspecting Eq. (1). For n [ 0, the radial-dependent terms of

the phase for the x-polarized and y-polarized components

can be regarded as equivalent to lens functions with oppo-

site powers. After the lens, the y-polarized component will

be focused in front of the geometrical focal plane with the x-

polarized component being focused behind the geometrical

focal plane. Consequently, the focused radial-variant vector

918 B. Gu et al.
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fields with hybrid SoP exhibit bifocal behavior along the

optical axis. The distributions of SoP at planes (1! 5)

marked in Fig. 4a are displayed in Fig. 4e. The polarization

evolution of the focused radial-variant hybridly polarized

vector field demonstrates some salient features: (1) the

distributions of SoP preserve the radial symmetry at any

propagation position and (2) the direction of the SoP dis-

tributions are nearly orthogonal with respect to the geo-

metrical focal plane.

The intensity distribution and polarization evolution of

spatial-variant hybridly polarized vector field focused

under the low-NA illumination condition are studied with

the parameters as k ¼ 532 nm, b ¼ 15; NA ¼ 0:17;

m ¼ 2; n ¼ 1, and u0 ¼ 0. As displayed in Fig. 5a, the

focused vector field forms an optical bottle-shaped profile

with zero on-axis intensity surrounded by regions of higher

intensity. The measured intensity patterns (see Fig. 5b, d)

are in good agreement with the simulated results (see

Fig. 5c, e). Recently, it has been demonstrated that an

optical bottle field generated by focused spatial-variant

linearly polarized vector field is controllable through tun-

ing the azimuthal and radial indexes [11]. Analogously, the
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(f)

Fig. 2 Theoretically predicted

and experimentally measured

intensity patterns of various

hybridly polarized vector fields

at the geometrical focal plane

(k ¼ 532 nm, b ¼ 15;
NA ¼ 0:17, and u0 ¼ 0). a, b
m ¼ 2 and n ¼ 0; c, d m ¼ 0

and n ¼ 1; and e, f m ¼ 2 and

n ¼ 1
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controllable bottle-shaped field is generated easily by

focusing the spatial-variant hybridly polarized vector fields

with tunable values of m and n. The bottle-shaped field

exhibits complicated evolution of SoP at different planes,

as shown in Fig. 5e. The focused spatial-variant hybridly

polarized vector field has the distribution of azimuthal and

radial hybrid SoP with fourfold rotation symmetry. Fur-

thermore, the distributions of SoP on both sides of the

geometrical focal plane are nearly orthogonal to each other.

In addition, the polarization distribution of the generated

bottle-shaped field is controllable by altering the azimuthal

and radial indexes.

3.2 High-NA focusing of hybridly polarized vector fields

In this subsection, the tight focusing properties and

polarization evolutions of hybridly polarized vector fields

under high-NA condition are investigated numerically.

The fixed parameters for the calculations are c0 ¼ 1 and

u0 ¼ 0. All intensity patterns shown in Figs. 6, 7, and 8

are normalized to the maximum of the total intensity

I ¼ jExj2 þ jEyj2 þ jEzj2.

Firstly, we study the intensities of the tightly focused

azimuthal-variant hybridly polarized vector fields for dif-

ferent values of m and u0 using Eqs. (7)–(9) for n ¼ 0. For

an example, Fig. 6 illustrates the intensity and polarization

distributions in the focal region projected onto three

orthogonal planes (XY, XZ and YZ planes, respectively) of

the azimuthal-variant hybridly polarized vector field when

NA ¼ 0:8; b ¼ 1:0, and m ¼ 2. As shown in Fig. 6, the 3D

polarization in the focal volume exhibits complex elliptical

polarization. The azimuthal-variant hybridly polarized

vector field is tightly focused into a flower-like intensity

pattern with a hollow spot, similar to that of the azimuthal-
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Fig. 3 Intensity distributions of the focused azimuthal-variant

hybridly polarized vector field for k ¼ 532 nm, b ¼ 15; NA ¼ 0:17;
m ¼ 2; n ¼ 0, and u0 ¼ 0. a Intensity pattern through the focus in the

YZ plane with a dimension of 30 mm� 300 lm. b–e The measured

and simulated intensity patterns (after a p=4 linear polarizer) at planes

(1! 5) with separation of d ¼ 6:25 mm marked in (a), respectively.

The fifth row also shows the distribution of SoP (purple RH

polarization; yellow LH polarization; white arrows linear polariza-

tion) at planes marked in (a)
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variant linearly polarized vector field [29]. Furthermore,

the radius of the hollow spot increases with increasing the

azimuthal index m. In addition, it is found that the intensity

distribution in the focal region is nearly independent of u0.

It should be emphasized that the focal field of the tightly

focused spatial-variant hybridly polarized vector field has

3D elliptical polarization, different from the 3D linear

polarization of the spatial-variant linearly polarized vector

field [30].

Figure 7 illustrates the intensity and polarization distri-

butions in the focal region projected onto three orthogonal

planes of a radial-variant hybridly polarized vector field

with NA ¼ 0:8; b ¼ 1:0, and n ¼ 1. It can be seen that the

intensity pattern at the geometrical focal plane (XY plane)

exhibits a ring shape, which is consistent with the previ-

ously reported results [23]. Numerical simulation indicates

that the radius of the focal ring increases as the radial index

n increases. As shown in Fig. 7, the intensity of the radial-

variant hybridly polarized vector field in the XZ (or YZ)

plane has two foci along the optical axis sandwiching a

dark region around the geometrical focus. From the 3D

polarization projection shown in Fig. 7, it can be seen that

one of the focal spot is predominantly x-polarized with the

other one predominantly y-polarized, which is consistent

with the analysis in Sect. 3.1.

The focal field distribution of a spatial-variant hybridly

polarized vector field will have characteristics in combi-

nation of the azimuthal-variant hybridly polarized vector

field having the flower-like pattern and the radial-variant

hybridly polarized vector field exhibiting the bifocal

behavior through the focus. Accordingly, the tightly

focused spatial-variant hybridly polarized vector field
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Fig. 4 Intensity distributions of the focused radial-variant hybridly

polarized vector field for k ¼ 532 nm, b ¼ 15; NA ¼ 0:17; n ¼ 1;
m ¼ 0, and u0 ¼ 0. a Intensity pattern through the focus in the YZ

plane with a dimension of 30 mm� 30 lm. b–e The measured and

simulated intensity patterns (after a p=4 linear polarizer) at planes

(1! 5) with separation of d ¼ 6:25 mm marked in (a), respectively.

The fifth row also shows the SoP distributions (purple RH polariza-

tion; yellow LH polarization; white arrows linear polarization) at

planes marked in (a)
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exhibits an abundant focal volume shape. For instance,

Fig. 8 illustrates the intensity and 3D polarization distri-

butions of the tightly focused vector field with m ¼ 2 and

n ¼ 1. Obviously, the focused vector field forms an optical

bottle-shaped field with zero on-axis intensity surrounded

by a cylindrical light wall. It should be noted that this

bottle-shaped field shows an interesting polarization dis-

tribution with 3D orientation and space variant ellipticity.

Moreover, one could easily modify both the intensity pat-

terns and 3D polarization distributions in the focal region

by tuning the azimuthal and radial indexes.

It should be emphasized that the focal field distributions

presented here are under moderately high-NA. Numerical

simulations indicate that the contribution of the longitudi-

nal component in the total intensity increases with

increasing the value of NA. It is found that the polarization

distribution nearly along the optical axis will emerge in the

extreme high-NA case although the intensity patterns

remain almost unchanged.

4 Optical curl forces on Rayleigh particles induced

by tightly focused hybridly polarized vector fields

In Sect. 3, we demonstrated the controllable focal volume

and 3D polarization distribution of tightly focused spatial-

variant hybridly polarized vector fields, which has the

intriguing applications in particle orientation analysis [6,

20, 31, 32], controllable field collapse [4], and particle

trapping and manipulation [23, 24]. Traditionally, optical

forces on Rayleigh particles are divided into two contri-

butions: the gradient force and the scattering (or radiation

pressure) force. The gradient force is proportional to the

gradient of the optical intensity and pulls the particles

Fig. 5 Intensity distributions of the focused spatial-variant hybridly

polarized vector field for m ¼ 2; n ¼ 1; u0 ¼ 0; k ¼ 532 nm,

b ¼ 15, and NA ¼ 0:17. a Intensity pattern through the focus in the

YZ plane with a dimension of 30 mm� 30 lm. b–e The measured and

simulated intensity patterns (after a p=4 linear polarizer) at planes

(1! 5) with separation of d ¼ 6:25 mm marked in (a), respectively.

The fifth row also shows the distributions of SoP (purple RH

polarization; yellow LH polarization; white arrows linear polariza-

tion) at planes marked in (a)

922 B. Gu et al.
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toward the center of focus. However, the scattering force is

proportional to the Poynting vector and tends to push the

particles out of focus. By fashioning the proper optical field

gradient, it is possible to trap and manipulate Rayleigh

particles with optical tweezers [33]. For many scalar light

fields and linearly polarized vector fields, such as

Fig. 6 Projections of the

intensity and polarization

distributions (blue LH

polarization; green RH

polarization) in the focal region

onto three orthogonal planes of

the azimuthal-variant hybridly

polarized vector field when

NA ¼ 0:8; b ¼ 1:0; m ¼ 2, and

n ¼ 0

Fig. 7 Projections of the

intensity and polarization

distributions (blue LH

polarization; green RH

polarization) in the focal region

onto three orthogonal planes of

the radial-variant hybridly

polarized vector field when

NA ¼ 0:8; b ¼ 1:0; m ¼ 0, and

n ¼ 1
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anomalous hollow beams [34] and radially polarized beams

[1], the usual gradient and scattering light forces provide

the well-known descriptions.

Recently, one has found that a so-called curl force

originated from the curl of the light angular momentum

[35] plays an important role in determining the resultant

optical forces on manometer-sized absorbing particles [24].

For the sake of simplicity, we consider only the light curl

force on Rayleigh particles induced by tightly focused

hybridly polarized vector fields. For continuous-wave

harmonic vector light fields, this optical curl force can be

expressed by [35]

Fcurl ¼
1

2
Imða0ÞIm½ðE� � 5ÞE�: ð10Þ

Here the complex polarizability a0 is given by [36]

a0 ¼ a0

1� ia0k03=ð6pe0Þ
; a0 ¼ 4pe0a3 ðn1=n2Þ2 � 1

ðn1=n2Þ2 þ 2
;

ð11Þ

where e0 is the vacuum’s permittivity, a is the radius of

spherical particle, n1 is the refractive index of particles,

k0 ¼ kn2 is the wave number in a surrounding medium

(liquid) of the refractive index n2.

Using Eqs. (7)–(11), one can calculate the light curl

force on a Rayleigh dielectric sphere produced by tightly

focused spatial-variant hybridly polarized vector fields.

Without loss of generality, we take the parameters as

NA ¼ 0:8; r0 ¼ 2 mm; b ¼ 1; k ¼ 532 nm, a ¼ 50 nm,

n1 ¼ 1:6; n2 ¼ 1:33 (for water), and the laser beam power

P0 ¼ 1 W. Figure 9 shows the magnitude and direction

distributions of the curl force at the lens’ focal plane for the

hybridly polarized vector fields. As displayed in Fig. 9, the

magnitude of curl force for the azimuthal-variant hybridly

polarized vector field is one order of magnitude greater

than that for the radial-variant hybridly polarized vector

field. While the magnitude of curl force for the spatial-

variant hybridly polarized vector field can be regarded as

the coupling between that for the azimuthal- and radial-

variant hybridly polarized vector fields. Besides, the

transverse curl forces may demonstrate as the swirling

force. Interestingly, the direction of curl force produced by

the radial-variant hybridly polarized vector field for n [ 0

is mainly manifesting the clockwise direction, contrast to

the anticlockwise direction for n\0. In the trapping

experiments using the tightly focused radial-variant hyb-

ridly polarized vector field, the motion direction of the

trapped particles is synchronously reversed when the radial

index n is switched from positive to negative. The results

have been validated by the reported experiments [23].

Besides, we also calculate the transverse curl forces pro-

duced by the radial-variant linearly polarized vector field

and find that it is negligible. Consequently, for the particles

trapped in the ring optical tweezers produced by radial-

Fig. 8 Projections of the

intensity and SoP distributions

(blue LH polarization; green

RH polarization) in the focal

region onto three orthogonal

planes of the hybridly polarized

vector field when

NA ¼ 0:8; b ¼ 1:0; m ¼ 2, and

n ¼ 1
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variant linearly polarized vector fields, no motion is

observed around the ring focus [23].

5 Conclusions

In summary, we have investigated both theoretically and

experimentally the focusing property and polarization

evolution characteristics of focused hybridly polarized

vector fields. Three types of hybridly polarized vector

fields, namely azimuthal-variant hybridly polarized vector

field, radial-variant hybridly polarized vector field, and

spatial-variant hybridly polarized vector field, are suc-

cessfully generated by a common path interferometer

implemented with a SLM. The focal field of the focused

hybridly polarized vector fields is studied with the vec-

torial diffraction method. The intensity distributions and

the polarization evolution of the hybridly polarized vector

fields focused with low-NA lens are studied experimen-

tally. Good agreements between the numerical simulations

and experimental results are obtained. The 3D polariza-

tion and 3D intensity distributions near the focus of a

high-NA objective lens using these hybridly polarized

vector fields as illumination are numerically studied. It is

found that the focal field of highly focused azimuthal-

variant hybridly polarized vector field exhibits a flower-

like pattern, while the focal field of a tightly focused

radial-variant hybridly polarized vector field exhibiting a

bifoci behavior, and a highly focused spatial-variant

hybridly polarized vector field forming an optical bottle-

shaped distribution. Furthermore, the focal regions of the

tightly focused hybridly polarized vector fields show very

complex and interesting polarization distributions with 3D

orientation and space variant ellipticity. The optical curl

force on Rayleigh particles induced by tightly focused

hybridly polarized vector fields, which results in the

orbital motion of trapped particles, is analyzed. The

intensity distributions and 3D polarization distributions of

these focused spatial-variant hybridly polarized vector

fields are controllable through adjusting the parameters of

the phase modulation, which may find intriguing appli-

cations in particle orientation analysis [6, 20, 31, 32],

controllable field collapse [4], particle trapping and

manipulation [23, 24].
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