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Since the invention of optical tweezers, optical manipulation has advanced significantly in many applications,
including atomic physics, biochemistry and soft matter physics. Here, we propose a method to trap metallic
particles with adjustable trapping range in the transverse plane with the help of customized field. By tailoring
the polarization state of the incident field, the focal field with elongation in the direction perpendicular to
optical axis can be turned in the 4z focusing system. As a result, optical trapping with tunable trapping range

is possible when the metallic particle is interacted with such customized field.

1. Introduction

Maxwell’s classical electromagnetic field theory shows that the
momentum transfer from an electromagnetic field to an object will
produce optical pressure on that object. However, because this force
is rather small, laboratory demonstrations of the phenomenon were
extremely difficult. The acceleration and trapping of micron-sized par-
ticles using optical pressure was first demonstrated experimentally by
Ashkin et al. in 1970 [1]. This work established the foundation for the
subsequent realization of laser trapping [2] and atomic cooling [3].
It was not until 1986 that Ashkin developed a three-dimensional (3D)
stable optical trap based on a single-beam gradient force [3], which is
now commonly known as optical tweezers. Since then, optical tweezers
have been used successfully in a wide-ranging series of studies, from the
trapping and modification of nanometer-scale materials [4-8] to mea-
surement of force with femtonewton resolution [9,10]. In recent years,
various optical fields have been used for observation research, layout
assembly and modification processing of particles to meet the needs
of different applications [11-14]. To date, stable optical trapping and
manipulation of subnanometer- to micrometer-scale particles has been
demonstrated extensively using optical traps composed of a continuous-
wave Gaussian laser beam [15,16], a cylindrical vector beam [17,18],
an evanescent field [19], a highly focused plasmonic field [20] and
spinning light fields [21,22].

In optical tweezers applications, the ability to manipulate particles
over relatively long distances is essential in determining overall process
efficiency. In order to maximize manipulation range, it is necessary to
increase the optical trap range, which, however, is often accompanied

by the destruction of stable trapping conditions due to decrease of
optical intensity gradient. As such, numerous efforts have been de-
voted to the development of original optical tweezers configurations
in conjunction with optimized illumination conditions that can simul-
taneously enlarge the trapping range and enable 3D manipulation of
multiple metallic nanoparticles [23-32]. Although stable 3D trapping
with multiple equilibrium locations can be achieved within a large focal
region by appropriate adjustment of the focusing conditions, this type
of trapping can only be achieved along the optical axis and, to the best
of our knowledge, there have been few reports concerning trapping in
the transverse direction. Recently, a method for particle trapping and
manipulation using a mirror-symmetric optical vortex beam has been
reported [33]. However, only two-dimensional trapping of yeast cells
has been verified thus far, although the transverse trapping range of
this technique is three times longer than that of the Gaussian beam-
based technique. Therefore, enlargement of the transverse trapping
range while simultaneously ensuring stable 3D trapping of metallic
nanoparticles within an arbitrary trapping range is a major challenge.

In this work, we propose a strategy for formation of a stable
3D optical trap for a resonant metallic nanoparticle using the 4
high numerical aperture (NA) focusing system by elongating a tightly
focused field in the transverse direction. Unlike cylindrically symmet-
rical optical traps, we have demonstrated that 50-nm-diameter gold
nanoparticles are trapped in a linear potential well when illuminated
using shaped optical fields at a wavelength of 532 nm. We analyzed the
trapping range and the trapping force of this linear trap along with the
dependence of these effects on the incident light polarization. Through
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a detailed force-field analysis, it is found that gold nanoparticles can
be trapped within a long range of 5.4684, where 1 is the wavelength,
and the corresponding maximum optical force and potential depth are
calculated to be 0.547 pN and 51.4kgT along the x-axis, respectively,
where kg is the Boltzmann constant. In addition, the trapping range can
be adjusted easily by varying one of the parameters as desired. This
technology provides a whole new optical tweezers configuration that
will help to open up new avenues for optical trapping.

2. Theoretical approach

It is difficult to perform 3D confinement of metallic particles using
a single focused laser beam because the strong axial scattering force
pushes the metallic particles away from the focal spot. One potentially
viable approach is to cancel the effect of the axial scattering force on
the metallic particles using the symmetry of the 4z focusing system. To
this end, we construct a 4 focusing system that consists of two high-NA
objectives illuminated using two counterpropagating vector beams, as
shown in Fig. 1. We consider here that the electric field distribution of
the initial incident light with homogeneous linear polarization can be
expressed as

Eq = Ay (cos cpe, +sin ¢pe,) , @

where A, is the amplitude constant and c, is the initial electric field
vector orientation with respect to the x axis. e, and e, are the unit
vectors corresponding to the x and y directions, respectively.

The Pancharatnam-Berry (PB) phase is a geometric phase associated
with the polarization of light that can manipulate the polarization to
create vector beams [34-39]. To obtain the ideal highly-confined focal
field distributions required in the focusing system, a special PB phase
is designed to tailor the polarization state of the input field E,. The
corresponding input field E;, is expressed as

3 3
E,, =4y {cos [271.1 (rCOS(p) + co] e, +sin [Zzt (rcosgo) + CO] ey},
o o
@

where r and ¢ are the polar radius and the azimuthal angle in the
polar coordinate system, respectively, and r, is the input field radius; t
is the phase index, which in theory can have any integer value. For
a nonzero value of t, the input beam has spatially varying states of
polarization. The diagram of the optical tweezers in Fig. 1 below shows
the polarization distributions of the two counter-propagating vector
beams with phase indexes of (7, tzg) = (16, —16). Here, #; and tz stand
for the phase indexes of the left and right incident beams, respectively.
Richards and Wolf’s vectorial diffraction theory [40] can be used
to determine the electric fields in the vicinity of the focus of the
counter-propagating incident beams in the 4 focusing system:

Bl ik Fly 2% O L,
EL (pp ¢p-2,) =| B, |= > / Veos 61 (0)sin6| L,
E. o Jo ™
x e{ik[—pp sin @ cos(p—¢,)+z, cns&]}ded(p’ 3)
Ex [R,]
X —ikfl 2z Omax . 1
Eg (pp,q.')p, zp) =|Eg, |= TO/ Vcos 0l (0)sin0| R,
Eg o Jo | R
x e{ik[—pp sin6 cos(p—¢,) -z, COSB]}dOd(ﬂ, 4)

where E; and Ey denote the focal electric fields of the left and right
objectives, respectively. p,, ¢,, and z, are the cylindrical coordinates
of an arbitrary point P within the focal region. [ is an amplitude factor
related to the power of the incident field, f is the focal length, and k =
2zn, /A is the wave vector in the image space; 4 is the wavelength of the
incident wave; and 6,,,, = arcsin (NA/n,) is the maximum convergence
angle, where n; denotes the refractive index in the image space. 1(6)
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represents the amplitude distribution of the incident beam in the pupil
plane of the objective and is considered as [41]:

. 2 .
1(6) = exp [—ﬂz <ﬂ> ]J. <2ﬂ.s‘i>, ®)
Sin 6.« Sin 6.«

where § is the ratio of the pupil radius to the beam waist and J, is the
first-order Bessel function of the first kind.

L, G=12 and 3) and R; =1, 2, and 3) represent the three
orthogonal polarization components in the image space, which are
determined by the input polarization states in the left and right sides,
respectively. Using Egs. (3) and (4), the relationships between L; and
R; can be expressed as follows:

. 3
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Therefore, the total electric field at an arbitrary point P in the focal
region is given by the vector superposition of the electric fields from
the left and right targets. This is expressed as

Eiotal (,0,,,¢,,, zp) =E, (/’p’ bp> zp) +Eg (/’p’ bp> Zp) . 9

Egs. (2)-(9) demonstrate that it is possible to control the shape of
the objective electric field constructively by manipulating the polariza-
tion patterns of the incident beams, which are determined using the
phase index t.

To illustrate the strength of the interaction between a nanostructure
and such an optical field, we assume that a Rayleigh spherical particle
with relative permittivity ¢, is placed in the focused fields in a medium
with a dielectric constant of €; and its optical properties are then
characterized as follows using the polarizability « [24]:

%o €27 &

o= ——" g =dregad —L, 10
1 —ik3ay/6meg 0 0% &y +2¢, (10)

where ¢ is the vacuum permittivity and a is the radius of the nanopar-
ticle. The time-averaged light-induced forces acting on the Rayleigh
particle can be written as the sum of two terms: the gradient force and
the scattering force. The gradient force is proportional to the gradient
of the electric field intensity and its purpose is to confine the particles
toward the center of the focus; this force can be written as

F 3—‘Re (@) V |E|*. 1n)

grad =

In free space, the scattering force acting on the Rayleigh particle
is usually considered to be proportional to the Poynting vector when
the light is linearly polarized. However, the curl force associated with
the nonuniform spin density distribution of the light field makes an
additional contribution to the scattering force in the nonuniform helical
light field [24]. Therefore, we can finally write the total scattering force
as:

car = 3-Re (EXH') +0eV x | 22 (EXE")]. a2
where ¢((EXE*)/(4wi) is the well-known time averaged spin density of
a transverse electromagnetic field [42-44]. c is the speed of light, H is
the magnetic field, 6 = k Im(a)/¢, is the extinction cross-section, and
w is the angular frequency of the electromagnetic field. The first term
is the radiation pressure caused by the momentum transferred from the
photons in the beam, the second term is the curl force that arises as a

F
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Fig. 2. Normalized intensity distributions of tightly focused input beams in the x-y plane with phase indexes (z, fz) of (a) (0, 0), (b) (2, —2), (c) (6, —6), and (d) (16, —16).

reaction of the particle in opposition to the rotation of the spin, and the
total scattering force is proportional to the total particle cross-section
c.

3. Results and discussion

After some numerical calculations, we found that when two counter-
propagating beams are incident on the objective, an elliptically-shaped
focal spot can be generated within the focal region when 7 and 7y are
opposite to each other. For all the following calculations, ;= —t is
chosen. We initially used four pairs of input fields with phase indexes
(., tg) of (0, 0), (2, —2), (6, —6), and (16, —16) to investigate the
intensity distribution of the focused electrical field. The objective lens
NA = 0.95, the image space refractive index n; = 1.333, and the ratio
p = 1. Fig. 2(a)-(d) show the corresponding normalized electric field
intensity profiles in the focal plane for the input beams when focused
using the 4z focusing system. Unlike Fig. 2(b)—(d), where the intensity
shows a linear shape, the uniform polarization illumination with (7, tg)
= (0, 0) generates a sharp focal spot, as illustrated in Fig. 2(a). When
the phase index has a nonzero value, the full width at half maximum
(FWHM) values along the y-axis direction appear to be suppressed
by the 4z system, and the FWHM in the y direction (W), the same
quantity in the x direction (W,), and the strengths of the side lobes
are tunable using the phase index of the input field (Fig. 2(b)-(d)). It
is found that a remarkable, almost needle-like (aspect ratio of 0.114)
focal spot with subwavelength width can be realized at the focal region
when (7, tzg) = (16, —16). The calculated values of W, are 1.7014
and 2.5921 for (1, 1g) = (2, —2) and (6, —6), respectively, while the
corresponding values of W, are 0.4404 and 0.4304, respectively, which
are both smaller than the diffraction limit for the objective lenses given
by A/(2NA) = 0.526 4. To provide further verification of these analyses,
we plot the corresponding line-scans of the x axis intensity distributions
(Fig. 3(a)) and the quantitative relationships between #; and both W,
and w, (Fig. 3(b)). It is obvious that the intensity uniformity becomes

stronger when the focus is elongated (Fig. 3(a)), which leads to a
descent in the intensity gradient. To evaluate the uniformity of the
linear focal spot along the x-axis, a uniformity factor is defined as Q=
21 in/Unax + Imin) [45], where I, and I,;, represent the maximum
and minimum intensities along the x-axis, respectively. The uniformity
in the central 24 area is approximately 96% when (¢, tzg) = (16,
—16). In addition, the results clearly show that as 7, increases, W,
decreases while W, increases (Fig. 3(b)). As a result, we have achieved
a linear focal spot with controllable length and a subwavelength width
in the transverse plane, which acts as new optical tweezers for optical
manipulation applications.

To illustrate the trapping properties of these novel optical tweezers,
it is essential to understand the most challenging situation that they
face. When the illumination wavelength approaches the wavelength
that corresponds to the peak of the absorption cross-section (ACS)
(which is also known as the absorption resonance), the two main
challenges for trapping of metallic nanoparticles are as follows: (i) the
scattering force is maximized because the absorption peak wavelength
corresponds to the maximum of the imaginary part of the polarizability;
and (ii) the thermal effect is more significant at the peak of the ACS
because the ACS is used to measure the strength of the nanoparticle’s
absorption of the photons. Therefore, we present here the most chal-
lenging situation to be faced when attempting to achieve 3D trapping
of a metallic nanoparticle in the absorption resonance band. Consider
a gold nanoparticle with a radius of 50 nm immersed in water (n; =
1.333, ¢, = 1.77). The index of refractive of the gold nanoparticle is
0.467 + 2.4083i [27] when the illumination wavelength is 532 nm
(wavelength corresponding to the peak of the ACS). The incident power
is assumed to be 100 mW. Using Egs. (1)-(12), we investigated both the
distributions and the magnitudes of the resulting optical forces that are
exerted on the gold nanoparticle.

Fig. 4 illustrates the transverse optical force distributions on the
gold nanoparticle produced by focusing of different input fields along



Z. Bai, S. Zhang, Y. Lyu et al.

ey EAETOND
O 8_ )=(2a _2)

' =(6,-6)
20.6- (16, -16)
S
— 0.4

0.21
0.0 . . . . :

30 20 -1 1 2 3

0
x(\)

Optics Communications 473 (2020) 126045

4.0-(b) _»_ x_axis ...’--- y_a,XiS/> —058
3.5 % >/>/> >

/»/,/ 10.54

o 10.52 T

<

+0.50 =

=2

+0.48~
" 10.46
..;.,..;....»....;....y....’ L0.44

T T

6 8 10 12 14 16 18

Iy

0 2 4
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401a) — =00 | o i g
2 30 (t,.1)=@2.-2) a 0.04 — 304
2 204 — (. 1)=(6,-6) 8 -0.6 % 204
8 104 — @, 1)=016,-16) = ; 10+
g 0 P 5 o
£-10 £ -1.81 = -101
.9 o 3
g -207 S -2.44 S -204
i =
G -301 @ 3.0 =30/
-40 . . . ; ; ; -40 ; ; ;
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
y) y) Yy

Fig. 4. Transverse optical force distributions of the gold nanoparticle along the y-axis produced using tightly focused optical fields with phase indexes (r,, z) of (0, 0), (2, —2),
(6, —6), and (16, —16). (a) Transverse gradient force along the y-axis. (b) Transverse scattering force along the y-axis. (c) Summation of the transverse gradient and scattering

forces acting along the y-axis.

the y-axis. The total optical force here is given by the vector superpo-
sition of the gradient and scattering forces and the total optical force is
defined as F, 4 + F,- It is shown that the gradient forces near the ge-
ometric focus all demonstrate restoring force behavior (Fig. 4(a)), and
the maximal gradient force of the cylindrically symmetrical optical trap
is greater than that of the linear optical trap. Unlike the gradient force,
the scattering force distribution is sunken, with the focus at the center
and a negative magnitude along the y-axis (Fig. 4(b)). Furthermore,
the gradient force dominates the total optical force distribution in all
cases (Fig. 4(c)) and the gold nanoparticle can be trapped near the focus
along the y-axis because the total optical forces acting on either side of
the focus provide an opposing effect on the particle.

Similarly, Fig. 5 shows the transverse optical forces exerted on
the gold particle along the x-axis. For a cylindrically symmetrical
optical trap, the gradient force magnitude acting along the x-axis is
comparable with that acting along the y-axis. With the linear optical
trap, the maximal x-axis gradient force FE™ is obviously smaller than
the corresponding y-axis force FF™*. This is because, for a Rayleigh
particle, the gradient force is proportional to the intensity gradient of
the focused beam. For a linear optical trap, the intensity gradient along
the y-axis appears to be greater than that along the x-axis. Notably,
the magnitude of the scattering forces is negligible when compared
with that of the gradient forces. Therefore, the distribution trends for
the total optical force and the gradient force are basically the same.
In addition, the total force is always directed toward the focal point
position to produce a force balance.

The trapping range is an important index for evaluation of the
trapping ability of an optical trap. The trapping range of the optical
trap, denoted by R, is defined as twice the continuous length of the
positive total force acting on the left side of an equilibrium point. By
analyzing the total optical force distributions, the transverse trapping

range of the optical trap can be determined and R/2 is also shown
in Fig. 5(c1)-(c4). These results show that while the cylindrically
symmetrical optical trap is able to generate the maximal trapping force,
its trapping range is relatively short (1.1774) (Fig. 5(c1)). The trapping
range for a linear optical trap can be tuned by adjusting the phase index
of the incident field. The maximum trapping range of the linear optical
trap is approximately five times larger than that of the cylindrically
symmetrical optical trap (Fig. 5(c1) and (c4)). Generally, there is a
trade-off between the trapping force and the trapping range. Because
the magnitude of the trapping force is correlated with the incident laser
power, the trapping force can be modulated by varying the power of the
incident beam when a larger trapping range is obtained. The condition
for stable optical trapping is that the potential depth of the optical trap
must be sufficient to overcome the kinetic energy of the particles in
Brownian motion, kT, where kg is the Boltzmann constant and T is
the temperature of the environment surrounding the particle, which is
assumed to be 293 K. The trapping potential of the linear optical trap is
estimated using U = — / F- ds [27], which represents the work done by
the optical force along the trapping length direction. The computational
results show that the minimum potential depths along the x and y
directions are 51kgT and 62k T, respectively, thus demonstrating that
stable trapping can be realized in the transverse plane.

To create stable 3D trapping of the gold nanoparticle, we perform
both numerical calculations and an analytical study of the axial optical
force acting along the z direction (Fig. 6). The distributions of the
optical forces in the case of a 2z focusing system illuminated by the
incident beams are shown in Fig. 6(al)-(cl). Unlike the transverse
forces in the focal plane, which mainly originate from the gradient
forces (Figs. 4 and 5), the axial scattering force is greater than the
gradient force (Fig. 6(al) and (b1)). The results show that the positive
axial scattering force is generated in the focal region, where it becomes
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dominant over the total optical force. The gold nanoparticle will be
pushed axially away from the focus because of the strong positive
longitudinal optical force. Consequently, the capability for 3D trap-
ping of particles using the 2z focusing system is then disabled. When
compared with the 2z focusing system case, this axial scattering force
is reduced because of the symmetry of the 4r focusing system. The

results show that the axial gradient force has been enhanced in the
4r focusing system and dominates the total optical force distributions.
Obviously, an equilibrium point at z = 0 still exists along the optical
axis (Fig. 6(c1)), and the minimum potential depth is calculated to be
80kgT. As a result, 3D trapping of the gold nanoparticle is realized
under the resonance condition.
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In addition to the phase index t, the maximum optical force F,
exerted on the gold nanoparticle and the trapping range of the optical
trap are strongly dependent on the NA of the objective lens. The
dependences of the trapping range and F,,, along the x direction on
t and the NA are investigated quantificationally as shown in Fig. 7. In
Fig. 7(a), we set the NA to be 0.95 and vary #; , whereas in Fig. 7(b),
the phase indexes are set at (¢, tg) = (16, —16), and the NA is varied.
We find that an increase in 7 results in a reduction in F,,, and an
increase in the trapping range, which agrees well with the results of
the previous analysis shown in Fig. 5. In contrast to the results shown
in Fig. 7(a), the value of F,,, increases with increasing NA, and the
trapping range also decreases with an increase in the NA (as shown
in Fig. 7(b). In particular, the optical trap has a stronger trapping
capability and greater trap stiffness when a higher trapping force is
exerted on the particles. However, the results show that the trapping
range variation trend is always opposite to that of F,,,. Therefore, to
increase both the trapping range and the trap stiffness in the optical
tweezers simultaneously, we must balance 7; with the NA.

4. Conclusions

In conclusion, we have proposed a novel optical tweezers configura-
tion to enable 3D trapping of a metallic nanoparticle. By focusing two
counterpropagating vector beams using two high-NA aplanatic objec-
tive lenses, a transverse enhanced optical field can be created within
the focal plane by tailoring the polarizations of the incident fields.
We have studied the characteristics of the transverse and longitudinal
optical forces for a gold nanoparticle. The analysis results show that
the gold nanoparticle can be trapped stably in the proposed optical
trap. Additionally, the transverse trapping range can be adjusted via the
simultaneous and independent control of the phase index t and the NA
and the range increases with increasing #; or decreasing NA. It should
be noted that the trapping range should be enlarged while keeping the
magnitudes of the optical forces in mind, because the optical forces
that are exerted on the nanoparticles are directly related to both the
trapping efficiency and the stiffness. This novel trapping method will
hopefully be applicable to other types of nanoparticles, e.g., ellipsoidal-
shaped metallic nanoparticles, semiconductor nanowires and carbon
nanotubes, thus opening up new paths for optical manipulation of these
materials. It should also be emphasized that the incident two beams
need to be precisely aligned in practical applications.
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