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Abstract: Beyond diffraction limit, multitrapping of nano-
particles is important in numerous scientific fields,
including biophysics, materials science and quantum op-
tics. Here, we demonstrate the 3-dimensional (3D) shell-like
structure of optical trapping well induced by nonlinear op-
tical effects in the femtosecond Gaussian beam trapping for
the first time. Under the joint action of gradient force, scat-
tering force and nonlinear trapping force, the gold nano-
particles can be stably trapped in some special positions, or
hop between the trap positions along a route within the 3D
shell. The separation between the trap positions can be
adjusted by laser power and numerical aperture (NA) of the
trapping objective lens. With a high NA lens, we achieved
dual traps with less than 100 nm separation without

Lu Huang, Yagiang Qin and Yunfeng Jin have same contribution to the
work.

*Corresponding authors: Liantuan Xiao, Collaborative Innovation
Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi,
030006, China, E-mail: xlt@sxu.edu.cn; Yugiang Jiang, State Key
Laboratory of Molecular Developmental Biology, Institute of Genetics
and Developmental Biology, Innovation Academy for Seed Design,
Chinese Academy of Sciences, Beijing, 100101, China; University of
Chinese Academy of Sciences, Beijing, 100049, China; and
Collaborative Innovation Center of Extreme Optics, Shanxi University,
Taiyuan, Shanxi, 030006, China, E-mail: ygjiang@genetics.ac.cn
Lu Huang and Yagiang Qin, State Key Laboratory of Molecular
Developmental Biology, Institute of Genetics and Developmental
Biology, Innovation Academy for Seed Design, Chinese Academy of
Sciences, Beijing, 100101, China; University of Chinese Academy of
Sciences, Beijing, 100049, China. https://orcid.org/0000-0002-
1754-9708 (L. Huang). https://orcid.org/0000-0002-5633-7417

(Y. Qin)

Yunfeng Jin and Hao Shi, State Key Laboratory of Molecular
Developmental Biology, Institute of Genetics and Developmental
Biology, Innovation Academy for Seed Design, Chinese Academy of
Sciences, Beijing, 100101, China

Honglian Guo, Minzu University of China, Beijing, 100081, China

utilizing complicated optical systems or any on-chip nano-
structures. These curious findings will greatly extend and
deepen our understanding of optical trapping based on
nonlinear interaction and generate novel applications in
various fields, such as microfabrication/nanofabrication,
sensing and novel micromanipulations.

Keywords: diffraction limit; nonlinear effects; optical
trapping.

1 Introduction

Optical tweezers have become a versatile tool that is widely
applied in various research areas, especially in biophysical
studies, materials science and soft condensed matter
physics [1-6]. In the conventional optical tweezers, a
continuous wave (CW) laser is usually used for light
source, and the trapping is realized based on the linear
interaction between sample and light. A Gaussian beam
focused by a high NA lens generates only one trap, while
the multitraps in 3-dimension (3D) can be obtained by the
approaches of beam splitting [7-9], time sharing [10-12] or
diffractive optics [13-21]. For conventional optical tweezers
based on the far-field technique with lens or microscope
objectives, its performance is inevitably limited by
diffraction, and the distance between traps cannot be
smaller than the diffraction limit. Although some strategies
relying on strong near-field concentration of plasmonic
nanostructures are carried out [22-24], these manipula-
tions are usually confined in the region near surface, which
greatly limits their applications.

Reducing the size of the trapped particle results in a
sharp decrease in the gradient force and a shallower
trapping potential well; hence, it is a challenge to trap
nanoparticles with conventional optical tweezers. The use
of ultrashort laser pulses instead of CW lasers as trapping
source in optical tweezers give some advantages when the
target particles are in the Rayleigh regime. In comparison
to conventional CW optical tweezers, the distinctive feature
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of trapping with ultrashort laser pulses is the nonlinear
optical effects in the trapped particles induced by the high
impulsive peak powers [25-32]. Femtosecond (fs) lasers
can be used for optical trapping and simultaneously uti-
lized to induce nonlinear two-photon processes. A more
fascinating trapping behavior induced by the nonlinear
optical effects is called “trap split”, in which the trapping
potential well of the gold nanoparticle (GNP) splits into two
off-axis subwell along the polarization direction of femto-
second trapping laser [32].

In this paper, we report novel optical manipulations
based on the nonlinear optical effects. An ellipsoidal shell-
like 3D potential well formed by the effects of trap split is
experimentally demonstrated for the first time. By applying
an orthogonal illuminating and imaging system, the mo-
tion of the trapped GNPs along the shell-like potential well
is observed. Some characteristic points on the shell, where
the GNPs can be stably trapped form multiple traps.
Compared to the previous methods that formed multitraps,
such as time sharing or diffractive optics, this nonlinear-
based method have much simpler optical design and op-
tical system. The most attractive feature of nonlinear op-
tical trapping is the separation of the subtraps breaks the
diffraction limit. Unlike near-field plasmonic tweezers
which need complex nanofabrication to form the beyond
diffraction-limit particle manipulation, we realized multi-
ple GNPs trapping beyond the diffraction-limit in far-field
with a microscope objective and a femtosecond Gaussian
laser beam. These works will greatly deepen and extend
our understanding about the optical trapping based on
nonlinear effects, and generate wide applications in the
fields of optical manipulations, microfabrications, optical
printing, and so on.

2 Theoretical analysis and
numerical simulations

In the Rayleigh region, the nanoparticles in electrical field
can be treated as dipoles. When the nanoparticles are
trapped by a CW laser, the interaction between the parti-
cles and the electric field of light is linear, so the polari-
zation can be expressed as P =¢gopE, where g, is
permittivity of free space, y the electric susceptibility of
the particles, and E the electric field of light. In the case
of fs laser trapping of nonlinear nanoparticles, however,
the nonlinear effects will become prominent, so the
electric polarization of the particles can be given by
P = &y (x, + x3|EI)E = & (x; + x;]E, wherey, and x; are the
linear and nonlinear electric susceptibility of the
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particles, and I is the intensity of electric field. If the fs
laser is assumed to be a Gaussian beam with the trans-
verse electromagnetic (0,0) (TEMy,) mode, then at the
focal plane, I = Iyexp(-2p?), where p is the radial dis-
tance from beam center. The interaction potential is given
by the following equation when the scattering force is
negligible,

(Up) = ~(P-E) ~ —gox, (I - al’)
= —gox,Jo - exp(-2p?)[1 - alp - exp(-20°)]. (1)

<Up> denotes the time averaged potential over the
optical cycle. a = —(3/4) (x5/x,) is a function of laser fre-
quency and al reflects the degree of nonlinear polariza-
tion. The condition for the extremal values of <Up> is found
to be p exp(-20%) =0 or 1 -2alyexp(-20%) = 0. As aly
increases from zero, the potential minimum is found
initially located at the beam center (p = 0), and then splits
when al > 1/2. The minima of <Up> appear at the positions
of p, = [In(2aly)/2]"?, i.e., the trap position under fs laser
splits from focal point into a circle with radius of p,,.

The split of potential well suggests a distinct interac-
tion from conventional optical tweezers. The trapping force
exerted on the GNP can be expressed as following after
considering the nonlinear polarization,

Fg~~V Up(p) = ~4peoy,lo - exp(-2p%)
+8apeox I - exp (-4p°). ()

The first term in Eq. (2) arises from linear interaction
between light and GNPs, which is corresponding to the
gradient force in conventional optical trapping, we
name it as “linear optical trapping force”, F =
~4peox,Io - exp (—2p?); while the second term indicates a
new kind of interaction, which is derived from nonlinear
polarization caused by fs laser, we name it as “nonlinear
optical trapping force”, i.e., Fyr = 8ap£0)(11%~exp(—4p2).
The linear, nonlinear and the resultant forces are calculated
with various values of aly, as shown respectively in
Figure 1(a)—(c). It is worth noting that the directions of the
two kinds of trapping forces, linear and nonlinear, are
opposite. The linear trapping force confines the particles in
beam axis (point O) while the nonlinear trapping force
pushes them away from beam axis. When al is less than 1/2,
the amplitude of linear optical trapping force is larger than
that of the nonlinear one, so the particles will be confined in
the beam center, similar to that of the conventional CW
trapping. When aly is larger than 1/2, however, the nonlinear
effects are dominant as the amplitude of nonlinear optical
trapping force is larger. Therefore, the resultant force pushes
the particles away from beam axis and reaches equilibrium



DE GRUYTER

’3 T T T T T T T
20 15 10 -05 00 05 10 15 20
p
4
“ al,=0.1
,](b) SN oal=025

-3 ‘.,/"
4 T T Ll T T T T
20 15 10 -05 00 05 10 15 20
P
1.5

0.51

w. 0.0

-0.5

-1.04 :‘. '

5
20 1.5 10 05 00 05 1.0
p

15 20

Figure 1: The optical trapping forces in the femtosecond (fs) laser
trapping of gold nanoparticle (GNPs).

(@)-(c) The linear component, nonlinear component and resultant
force, respectively.

at the position of p, = [In (2al,)/2]"?, as shown by points S;,
S/, S, and Sy in Figure 1(c). i.e., the trap position splits into a
circle with radius of in focal plane.
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In the case of the laser intensity is very strong, higher
order nonlinear polarization should also be considered.
After expanding the nonlinear polarization up to fifth order
(for details, see Supplementary material), the experimental
results could be fitted very well according to the theoretical
analysis, as shown in Figure S2. We also found the main
features of nonlinear trapping force considering fifth order
polarization is very similar to that of expanded up to third
order, as shown in Figure S3.

It is worth noting that we analyse the nonlinear effect
based on the perturbation expansion of the polarization in
the paper [32-34]. The theoretical analysis qualitatively
illustrates the basic concept and main characteristics in
this novel nonlinear trapping. For rigorous analysis, a
calculation with nonperturbative method used in the pa-
pers published by Kudo [35] and Hoshina [36] could be
referred.

If we neglect the polarization of light, the potential
energy along the split circle should be identical. That
means the trapped particles may locate in any position on
the circle. In the case of tightly focusing of linear polarized
laser beam, however, the trapping potential energy in the
direction of polarization will be lower, as shown in the
following analysis.

The trap split is not limited in the focal plane but oc-
curs in all the 3D focal volume. When the linearly polarized
light beam is tightly focused, the electrical field distribu-
tion of light beam in the focal region can be calculated by
the vector diffraction theory [37-39],

ikfe—ikf Omax 27
Ep.p2)=—5— |

(U]

xsin@ d¢ dé.

E.. (9) ¢)eikzcos 0 ik psinfcos (¢-9)

€©)

Then the potential energy of trapped GNPs in all the
focal volume can be calculated by combining Egs. (1) and
(3). Figure 2 shows the calculated results of the potential
energy in the focal volume when the GNPs are trapped by
linearly polarized fs laser beam in Gaussian mode. Here set
aly = 1, the wavelength of fs laser is set to be 840 nm, and
the filling factor (the ratio of the beam diameter to the back
aperture size of the objective lens) is set to be 9.5/8 in the
theoretical simulation. We define the direction of light
polarization as X axis, and the direction of light propaga-
tion as Z axis. The strong focusing of linearly polarized
Gaussian beam, especially the generation of longitudinal
component of light field, makes the distribution of poten-
tial energy no longer circular uniform. Figure 2(a) shows
the distribution of trapping potential in transverse (X0Y)
planes with different z values, it is very interesting that all
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the radial minima in the focal volume constitute an ellip-
soidal shell, we name it as “trap split shell (TSS)”. The
distribution of potential energy in XOY, XOZ and YOZ is
shown in Figure 2(b)-(d), respectively. The potential
minima in XOY, XOZ and YOZ are indicated by the curves
L;, L, and Ls, respectively, and the values are compared in
Figure 2(e). It is very clear that the potential values at points
A and B are the lowest within the TSS. The potential dif-
ference between points A (or B) and C (or D), i.e., the height
of potential barriers between A and B within TSS, is
dependent on the trapping laser power. When laser power
is high enough, the trapped particles will be confined at
points A and (or) B, and this should be corresponding to the
reported “trap split” [32].

Although the light field is still in Gaussian mode, the
nonlinear effect of GNPs in fs pulses generates a shell-like
potential energy well. And a very important feature of the
split shell is its small size. Figure 2(f) shows the profiles of
light intensity and trapping potential energy in the focal
plane. The shell-like potential well generated by nonlinear
effects, including points A and B, are confined within the
beam profile, and the transversal diameter changes with
the light intensity, p, = [In(2al,)/2]"?. For a focused
Gaussian beam, the intensity profile can be adjusted by the
numerical aperture (NA) of objective lens, so the sophisti-
cated trapping structure beyond diffraction limit could be
achieved.

3 Experimental results

To observe the 3D structure of shell-like potential well, we
built an orthogonal illuminating and imaging system. The
schematic diagram of experimental setup is shown in
Figure S1 in Supplementary material. Preliminarily we
used a relatively low NA objective lens (NA = 0.65) for
optical trapping and front-view imaging. The linearly
polarized Ti: sapphire laser was first set to he CW mode,
and only one trap position was observed when the GNPs
were trapped. When the laser was switched to fs pulsed
mode, the trapping position split from one point into two
points along the polarization direction.

The trap split was highly dependent on the power of
the trapping laser. When the laser power was higher than
450 mW, the particles were stably trapped. However, when
the power of the laser decreased, the trapping became
unstable, and the particles might jump between the two
split trap positions. We define a coordinate system in which
the CW trapping point is set as origin, the direction of po-
larization as X axis and the propagating direction of light as
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Z axis. When we observed the particles in XOY plane, they
usually jumped directly between the two positions, as
indicated by the green arrows in Figure 3(a) (see Supple-
mentary video 1, front-view). These processes were also
observed by the other imaging system (side objective lens
[SOLs] and cam 2 in Figure S1). We found that the trapping
of GNPs gradually became unstable in longitudinal direc-
tion with the decrease of the laser power. The Brownian
motion of particles became more and more obvious, until
the particles escaped from one trap and moved to the other
one. As expectation, this motion is along an oval trajectory
in longitudinal direction (within XOZ plane), as indicated
by the green line in Figure 3(b) (see Supplementary Video 1,
side-view). We also noticed that the oval motion trajectory
was always along downstream of laser light propagation.
With the power of fs laser further decreasing, the jumping
became more and more frequent, meanwhile another
type of motion which is along a circular trajectory in
XOY plane was also observed, as shown in Figure 3(c) (see
Supplementary Video 2, front-view). In side-view, the
particles were observed hopping from one position to the
other, as shown in Figure 3(d) (see Supplementary Video 2,
side-view). The probabilities of these two types of motion
were dependent on laser power. At relative high power, the
jumping is mainly in XOZ plane. With the decrease of po-
wer, the probability of motion in XOZ plane decreased
while that in XOY plane increased, as shown in Figure 4(a).

The distance between trapping points (A and B in
Figure 3) is dependent on the trapping laser power. With
decreasing the power of fs laser, the distance became small
and small, as shown in Figure 4(b). By Gaussian fitting at
the trapped particle intensity (Figure S4), the trap position
and separation distance can be easily measured. While the
trap separation is beyond the diffraction limit, we deter-
mined each trap position, respectively, using the method of
single molecule localization technique by adjusting the
concentration of the GNPs to ensure only one particle was
trapped. Another two objective lenses of NA = 0.95 and
NA = 1.40 were also employed for optical trapping instead
of the one of NA = 0.65. The separation distance gets
smaller as the laser power decreasing, and broke the
diffraction limit for all the three objectives of different NA,
as shown in Figure 4(b).

4 Discussions

The experimental results (Figure 3(a)-(d)) clearly demon-
strated the 3D structure of spherical shell-like potential
well generated by the nonlinear effects, i.e., the TSS
described in Figure 2(a). Although the trapping well is
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Figure 2: Numerical simulated potential energy of the trapped gold nanoparticle (GNP) in a femtosecond (fs) laser Gaussian beam. The
propagation direction of the trapping beam is along z axis, and the direction of polarization is along x axis.

(@) The three-dimensional (3D) distribution of potential energy of trapped GNPs in the focal volume; (b)—(d) potential energy of trapped GNPs in
XOY, X0Z and YOZ planes, respectively. The white dashed lines indicate the minima of potential energy; (e) comparison of potential minima in
the three planes (L, in XOY, L, in XOZ and Ls in YOZ); (f) the profiles of light intensity and trapping potential energy in the focal plane. The
potential with different al, also showed. In all figures, the potential energy is normalized to the value of point C or D.
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shell-like, and the potential energy at each point on the
shell is radial minimum, the strong focusing of linear
polarized light beam makes the potential on the shell not
identical anymore because the obvious z component of
electric field is generated. The potential energy at points A
and B becomes lower than the others. When laser power is
high enough (e.g., 450 mW in our experiments), the po-
tential difference between points A (or B) and C (or D),
i.e., the height of potential barriers between A and B within
the TSS is large enough (more than a few kgT), so the
trapped particles will be confined at points A and (or) B.
When the laser power decreases, the potential barriers
between points A and B become lower and lower, so the
particles trapped at points A or B may jump from one po-
sition to the other one because of Brownian motion or other
disturbance. Meanwhile, the potential energy on the TSS is

DE GRUYTER

Figure 3: Experimental results of
femtosecond (fs) trapping.

Column (a) gold nanoparticles (GNPs)
trapped by fs laser, the green arrows
indicate the jumping motion in XOZ plane of
GNP between the two split positions viewed
by the front objective lens (FOL in Figure S1);
(b) the motion of GNP(s) shown in (a) viewed
by the side objective lens (SOLs in

Figure S1), the green curve and arrows show
the trajectory of particles motion; (c) the
circular motion in XOY plane of GNPs
between the two trap positions viewed by
FOL when laser power is relative low; the
green curves indicate the trajectory of
particles motion; (d) the motion of GNP(s)
shown in (c) viewed by the SOLs, the green
curve and arrows show the trajectory of
particles motion. In all figures, the
polarization is along x direction, and the
light propagates along Z axis. Scale bar:
1pm.

radial minimum, then the motion of trapped particles must
be confined within the TSS.

There are two potential barriers between point A and B
both in L; and in L, (shown in Figure 2(e)). As the potential
barrier between points A and B in XOY plane is similar to
that in XOZ, there are two possible routes for the GNPs
hopping (L; or L,) within the TSS, and this has been
demonstrated in our experiments, as shown in Figure 3.
From Figure 2(e), the potential energy near points A and B
along L, is much flatter than that along L,, so it is easy to
understand that the stability of particles in longitudinal (Z)
direction is less than that in lateral directions. However, the
simulation results in Figure 2 cannot explain the different
hopping probability along L; and L,, and why the jumping
always locates in the downstream of trapping points
(A and B).
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Figure 4: Beyond diffraction limit multiparticle manipulation with
femtosecond (fs) Gaussian beam laser.

(@) The probability of gold nanoparticles (GNPs) hopping in the XOZ
and XOY planes measured in the experiments; (b) The trap
separations beyond the diffraction limit as the trapping power
decreased. Data of trapping objectives with different NA also
showed.

For a particle trapped in a tightly focused laser pulse,
the transverse scattering force is several orders of magni-
tude smaller than the gradient force [33], the scattering
force as shown in Figure S5 in the Supplementary material.
The longitudinal scattering force will become significant or
even dominant in the case of GNPs trapping because of the
strong scattering and absorption of light by the particles,
but it does not account for the generation of trap split, as
while as the 3D structure of potential well because the
scattering is axisymmetric and monotonically along the
light propagation. To avoid the complexity and clearly
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demonstrate the significant and the domination role of the
nonlinear effect in the 3D shell-like potential well forma-
tion, the scattering force was neglected in all above anal-
ysis. Although scattering force has little influence on the
structure of shell-like potential well, it greatly affects the
trapping behaviors, especially in the longitudinal plane, as
shown in the following.
The scattering force can be expressed as

Fsc =Ny - (S)CSC/C, (4)

where n,, is the refractive index of surrounding, C. the
scattering cross section of GNP, c the speed of light, and <S>
the Poynting vector, which can be expressed as

() = %Re[fxﬁ* ]

- %Re[(EyH; “EH)i+(EH -EH)j ()
+ (EH; - EH; )k |

The distributions of lateral and longitudinal compo-
nents of scattering force in XOY and XOZ planes are
calculated, as shown in Figure S5. The amplitude of lateral
component is two orders less than the longitudinal one.
The scattering force generates additional potential differ-
ence in the focal region and greatly affects the behaviors of
the trapped GNPs in fs laser trapping. The distribution of
potential energy in XOZ plane after considering scattering
force is calculated, as shown in Figure 5(a). The potential
distributions along L, under various trapping power are
shown in Figure 5(b). The potential value at point F de-
creases because of the scattering effect while that at point E
increases, so the upstream potential barrier, Upgp, i
higher than the downstream one (U p/) after considering
the scattering force. That is why the GNPs always move
along downstream route when they hop between trapping
positions, as we observe in the experiments. The positions
of minima (i.e., trapping positions) also shift from points A
and B to points A’ and B’ because of scattering force
(Figure 5(a, b)). The distributions of potential minima in
lateral plane where the points A’ and B’ are included after
considering scattering is also calculated, as shown in
Figure 5(c). The potentials along L,’ in Figure 5(c) under
different trapping intensity are shown in Figure 5(d). The
value of potential barriers between points A’ and B’ (Ua-c'p/
or Uppp) are compared with those at point F (Uar), as
shown in Figure 5(e). At each power level, the potential
barrier in XOZ plane (Uarg) is lower than that in lateral
plane. That is why the probability of GNP jumping in lon-
gitudinal direction is higher than that in lateral. The dif-
ference between U pp- and Up-cp increases with increasing
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the power, so the probability hopping in XOZ plane become
larger and larger, just as we observed in experiments
(Figure 4(a)). The scattering force played an important role
in the particle hopping phenomena.

A significant feature of TSS is that the small trap sep-
aration could be far beyond diffraction limit. Manipulation
of colloidal objects with light has been applied in various
fields, but the performance is often restricted by the
diffraction limit in the traditional optical trapping, espe-
cially for the dual (multiple) traps tweezers, as the trapping
energy is proportional to light intensity. Some approaches
based on plasmonic tweezers provides high manipulating
accuracy and efficiency, but suffer from the disadvantage
that plasmonic nanostructures are fixed in space, as while
as the manipulation scope is limited in near-field. The
manipulation based on nonlinear interaction described
here provides a distinct full optical method which is
capable of breaking diffraction limit, as shown in Figure 4.

The potential well locates in the beam center and split
into a spherical shell when laser power is high enough
(al, > 0.5). The separation distance is determined by the
degree of nonlinear polarization (i.e., aly) and the NA of
objective lens used for trapping, as shown in Figure 6(a),
and the simulation is consistent with the experimental re-
sults (Figure 4(b)). Figure 2(f) indicates that the separation
become larger with increasing the laser power, meanwhile,
the depth of potential well AU (the potential difference
between beam center (Uo,) and split position (Uy))
increases.

When the potential difference is large enough to
overcome Brownian motion, the particles can be trapped in
the TSS, and that indicates the minimum of separation. In
the focal plane, the potential difference is

AU =(Uo) - Uy
= —gox,Jo - {1 - exp(-2p7) — alo[1 - exp(-4p7)]}. (6)

The dependence of trap separation on the potential
difference under various NA values are shown in
Figure 6(b). The values of potential difference are
normalized to minimum of potential shown in Figure 2(f),
which is evaluated to be about 50 kgT. The threshold of
potential difference corresponding to diffraction limit is
about 20 kgT, as indicated in Figure 6(b) by the dashed
lines. That means even the separation size is beyond
diffraction limit, the particles can be effectively trapped. In
the case of NA = 0.65, the distance between trap points
could be less than 700 nm in our experiment while the
diffraction limit is about 790 nm. And in the case of
NA = 1.40, the distance between two traps could be less
than 100 nm, and this should the smallest separation of
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Figure 6: The separation distance is determined by the degree of
nonlinear polarization and the numerical aperture of objective lens
used for trapping.

(@) The numerical simulation of the trap separation distance on
degree of nonlinear polarization, i.e., aly under various NA values;
(b) the NA of the dependence of trap separation on the potential
difference under various NA values.

multiple traps obtained by the full optical methods without
any assisted microstructures-nanostructures, to the best of
our knowledge.

In the above experiments, when the trap separations
are beyond the diffraction limit, we determined each trap
position respectively by using the method of single mole-
cule localization technique by adjusting the concentration
of the GNPs to ensure only one particle was trapped. And
the positions measured by this method can reflect the
actual distance between the two individual potential well.
However, when the distance becomes comparable with the
particle diameter and particles are simultaneously trapped
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in the two split traps, the interaction between the particles
should be taken into account. The interaction (typically
binding force) between the particles which is caused by the
scattering field of the trapped particles [40] is calculated
when two 60 nm-diameter particles are trapped simulta-
neously and the separation is about 100 nm (shown in
Figure S6). The results show that the binding force in-
creases when the particles get close to each other, and the
binding force between the two particles is larger than the
trapping force (about 10! pN) when the distance becomes
comparable with the particle diameter. And with 60 nm-
diameter particles, when the splitting separation is down to
100 nm, the two particles cannot be trapped simulta-
neously. In spite of this, when the radius of the trapped
particle decreases, the optical binding force decreases
much faster than the gradient force (binding force
decreasing with a®, while gradient decreasing with @°, see
Supplementary material). Figure S6 shows that when the
radius decreases to 10 nm, the binding force between the
particles decreases to several fN which is much smaller
than the corresponding gradient force. So, when trapping
with small particles, we can realize dual-trapping beyond
diffraction limit with high NA objective and proper trap-
ping power.

5 Conclusion

In conclusion, 3D shell-like potential well can be gener-
ated by the nonlinear optical effects when the GNPs were
trapped by a linearly polarized fs laser beam in Gaussian
mode, and were experimentally demonstrated for the
first time. The GNPs can be stably trapped in some special
positions, or hop between the trap positions along a route
within the 3D shell. And the dynamic hopping of the
trapped particle can be controlled by simply adjusting
the trapping laser power and polarization, and this might
be used as path choice in nanoscale. The more attrac-
tive feature of nonlinear optical trapping is, without
applying complicated optical systems and on-chip
nanostructures, the separation of the subtraps breaks
the diffraction limit. Also, the beyond diffraction-limit
potential well can be easily controlled by adjusting
the trapping power and the material of trapped particles,
this may provide opportunities in studies of distance-,
material- and orientation-dependent phenomena. This
study may be applied in the fields such as micro-
fabrication/nanofabrication, sensing, also can be used
for some novel micromanipulations.
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