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The elusive role of femtosecond pulsed excitation in enhancing the efficiency of optical trapping of nanopar-
ticles over continuous-wave excitation is revisited. Using generalized Lorentz-Mie theory, optical trapping force
on nanoparticles composed of materials having a wide range of linear refractive indices, including metamaterials
having negative refractive indices, is investigated. It is shown how the incorporation of optical nonlinearity,
fine-tuned by the laser parameters (for example, average power, pulse width, etc.), leads to the emergence of
novel phenomena such as trap splitting facilitating trapping of multiple particles that were not captured in a
previous study on nanoparticles with varying refractive indices using dipole approximation. Intriguingly, we
show that the trap becomes highly stable due to negative optical scattering force, known as “Fano resonance.”
Furthermore, we observe the disappearance and reappearance of trapping wells with increasing refractive index
under both continuous-wave and pulsed excitations. These findings show promising applications in the field of
photonics through nanoscale optical manipulation controlled by optical nonlinearity.
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I. INTRODUCTION

Over the past few decades, a wide range of materials with
nanoscale dimensions were synthesized which found broad
applications due to their unique properties (for example, elec-
tron confinement), leading to the development of the vast
field of nanotechnology. The significance of these materials
was apparent when researchers discovered that size might af-
fect a substance’s chemical and physical properties, including
unique optical properties. The manipulation of nanoparti-
cles using optical tweezers (OT) has gained attention due
to the ability to apply force directly to nanoparticles [1,2],
such as exploring the physics of rheology [3,4], manipulating
macromolecules [5] and metallic nanoparticles [6], quantita-
tively measuring minuscule vital force [7,8], and so on. Ever
since the invention of the OT, most researchers have used
continuous-wave (cw) excitation for trapping. However, there
were a few cases where micro- or nanosecond pulsed exci-
tations were used, which conjectured that pulsed excitation
might provide more efficient trapping of nanoparticles. On
the other hand, in spite of the wide use of high-repetition-
rate pico- or femtosecond pulsed excitation at similar average
power, the advantages of using it over cw excitation remain
elusive since only a limited number of experiments with fem-
tosecond pulse laser were conducted [9—18]. The noteworthy
fact with pulsed excitation is that it has a substantially higher
peak intensity that is high enough to ensure a variety of
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nonlinear optical phenomena. Thus, under pulsed excitation,
without including the nonlinear effects, it would be fallacious
to determine the real-time dynamics of particles.

In 2016, our group showed the importance of optical non-
linearity in trapping under pulsed excitation for dielectric
nanoparticles [19]. We showed that using femtosecond lasers
is one of the more promising and theoretically demonstrated
ways to increase optical trapping capabilities for low refrac-
tive index (RI) nanoparticles [20,21]. Besides, a few other
research groups reported that the trap stiffness of a silica
particle does not show a substantial change under pulsed ex-
citation [12], even though these results contradicted those on
polystyrene particles [18]. We recently observed a significant
change in trap stiffness under pulsed excitation compared to
cw excitation and provided a detailed explanation of nonlinear
phenomena, combining theory and experiment for polystyrene
particles [20]. This is because polystyrene’s nonlinear RI is
higher than silica. The considerable contribution of nonlin-
ear phenomena gives a significant shift in trap stiffness for
polystyrene particles [19,20].

These findings prompted us to explore beyond polystyrene
nanoparticles, i.e., to investigate the optical trapping of dielec-
tric nanoparticles with varying RIs [21]. Additionally, using
generalized Lorentz-Mie theory (GLMT), we showed how
optical nonlinearity could lead to split trapping wells accom-
modating multiple polystyrene nanoparticles [22] that were
not captured in earlier studies using dipole approximation
[19]. In this paper, we integrate these two concepts and present
theoretical studies on the trapping of dielectric nanoparticles
with varying RIs using GLMT, eventually including optical
nonlinearity under femtosecond pulsed excitation. This study
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also explains why antireflection coatings are required to trap
high-RI particles [23,24]. This work compares the trapping
efficiency of cw and pulsed excitations. It determines their
pros and cons in various regimes depending on the properties
of nanoparticles. Interestingly, we observe the disappearance
and reappearance of trapping wells under both cw and pulsed
excitations. Unique nonlinear optical phenomena such as trap
splitting and Fano resonance are also observed to emerge,
which helps in trapping and manipulating nanoparticles that
cannot be extensively modulated by cw excitation. We also
present a detailed discussion of the trapping and manipulating
nanoparticles made of metamaterials having negative Rls that
have drawn much attention in recent years due to their novel
optical properties [25].

II. METHOD

Here, we discuss the trapping force and potential along
the axial direction only because the force and potential is
harmonic along the radial direction, giving a stable trap.

The value of M (relative RI = :—é; here ng' is the RI of the
0

surrounding medium and n{ is the RI of the particle) only
controls the type of force (attractive or repulsive) [21]. The
type of total force in the axial direction cannot be deter-
mined just by the value of M because it is contributed by
both gradient and scattering forces, which change with M
in various ways. Metamaterials is an emerging field because
of its unique property of having either negative permeability
(e) or permittivity (u) or both [26]. One of the examples
for epsilon negative metamaterials (ENG) is noble metals
[26-28], while gyrotropic or gyromagnetic materials have
mu-negative metamaterials (MNG) [26,27]. A combination of
both materials exhibits distinct properties such as resonances,
anomalous tunneling, transparency, etc. Besides, a few meta-
materials have both negative permeability and permittivity,
resulting in negligible dispersion [29,30]. Therefore, the effect
of permittivity dispersion for metamaterials has been ignored
near 800 nm for nanoparticles in our simulations. A detailed
explanation is given Sec. A in Appendix. Please note that
all the simulations are done here for spherical nanoparticles
(nonmagnetic and isotropic) using localized approximation
within GLMT. The force component along the axial direction
on axis is [31]

FS (@ r=0) = (”—) (M)Cﬁ”(z)’ M
C 7Tw0

where C}"(z) is the pressure cross section given by [31-33]
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where St =Re(a, + b, —2a,b?), and S? =
(@n+bp+ay  + b —2aya;, —2byb), ) are  the
combination of Mie scattering coefficients (a, and by;
MSCs). Earlier work [22] determined that the first term in
Eq. (2) (highlighted in gray) corresponds to the scattering
force, and the second term corresponds to the gradient
force (highlighted in cyan). g, in Eq. (2) corresponds to the

TABLE I. List of the parameters used in the simulations. RI:
refractive index; NRI: nonlinear refractive index.

Parameters used Symbol Value/expression
Central wavelength A 800 nm
Speed of light c 3 x 108 m/s
Repetition rate (RR) RR 76 MHz
Pulse width T 120 fs

Peak power Pyeax RIZ‘%

RI of medium ng 1.329
Second-order NRI [10] ny’ 5.9 x 1077 m?*/W
Second-order NRI of water [10] ny 2.7 x 1072 m?/W

beam shaping coefficients (BSCs). Since we use localized
approximation, g, is approximated corresponding to the
standard BSCs [31-33]. BSCs using localized approximation
can be expressed as [31-33] g, = iQexp[—iQ(Z—g)z]exp[ikz()].

Here, Q= 1-#2;7—0’ l:ka)g is the spreading length
of the beam, and for the on-axis location of the
particle, we consider zo =0 and p, = (”;}T/ 2 )Ao; here
Ao = ,,lu Mie scattering coefficients (MSCs) for the

. . U@y, (Ma)—My, (@) (Me)
particle are [31,32]: a"_(gn(a)g//;(Ma)—Ms,;(aw/n(Ma)) and

b — (Mw,l(a)w,1<Ma>—1/x,i<a>wn(Ma>
" ME, (), (Ma)=, () (Mar) ‘
o =k x a; k is the propagation wave vector and a is the

radius of the particle. Here, 1,,(x) and &,(x) are the spherical
Bessel functions of positive and negative half-integer order.
All parameters used in the simulation are listed in Table I.
In the numerical simulation, we have phenomenologically
incorporated the optical Kerr effect (OKE), which gives an
instantaneous response to high peak power pulsesl.) According

), where the variable x is

to OKE, the relative RI is modifying as M = ::—3 under cw
0
excitation and under pulsed excitation, we use the relative
P P
RI as D0 Xbea®2 — A1 14,44 % 10717 X Leq (1, 2). The

n

first term is the linear RI of the material while the second
term accounts for optical nonlinearity. Note that we have
considered only the OKE as optical nonlinearity, which leads
to self-focusing, self-phase modulation, etc. The OKE is
an instantaneous process that occurs when a strong field
interacts with the particle resulting in a change of the relative
RI of the material. Higher-order nonlinearity may contribute
significantly, as was shown for metallic nanoparticles [34,35].
However, for dielectric nanoparticles, due to higher-order
terms, the change occurs in the third digit, which can be safely
ignored, and so, we did not consider here any contribution
from higher-order nonlinear RIs. A detailed discussion on
defining the RI for the particle is given in Sec. B in the
Appendix. Here, n} is the second-order nonlinear RI of the
particle (which varies depending on the particle material,
but in our simulation, we have considered it as constant)
and I (7, 2) is the intensity of the focused Gaussian beam.
The ny is 1000 times less (can be seen from Table I) than
ng ; therefore, it will not contribute significantly to n; under
both cw and pulsed excitation. Hence, it can be ignored. The
details of calculating the time-averaged force acting on the
particle under pulsed excitation can be seen in Ref. [19].
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FIG. 1. The plots of trapping force and potential under both cw
and pulsed excitations for different M values at 100 mW average
power for 40 nm particle size for numerical aperture (NA) = 1.4.

III. RESULTS AND DISCUSSION

Here, we have assessed the trapping force and potential
for both cw and pulsed excitations. Remarkably, we have
tested the validity of GLMT using localized approximation
and compared the results with dipole approximation (a < %;
a is the radius of the particle, and A is the wavelength of
the trapping beam) [21]; on that account, we have analyzed
the 40 nm particle size separately since 40 nm is limiting for
dipole approximation when the trapping beam wavelength is
800 nm.

Figure 1 shows the comparison of force and potential under
both cw and pulsed excitation for different M. Here, Fiux
and Fp, represent the maximum and minimum trapping force
(marked by arrows); U, represents the absolute depth of
the potential well; and U,g, called the escape potential [19],
is the potential barrier along the direction of light propaga-
tion. For stable trapping Fya.x > 0 and F;, < 0; these are
the required conditions. F,x > 0 and Fy, < O indicates the
attractive force and Fy,x < 0 and F;, > O indicates that the
force is repulsive. Under cw excitation, it can be seen that
for M = 1, there is no trapping force because the particle’s
RI is equal to the surrounding medium, which leads to van-
ishing of the scattering coefficient. When the M < 1 particle
experiences a repulsive force, it indicates no trapping (as it
was known over the decades that a particle having a RI less
than the surrounding medium could not be trapped using cw
excitation). Yet, under pulsed excitation, if we compare results
for M = 0.9 and 1, the U is greater than 15kzT which
indicates stable trapping due to the significant contribution
of nonlinear phenomena. For M > 1, the U is >10kgT,
which indicates stable trapping, and it is also evident that
the trap is more stable than cw excitation under similar con-
ditions. From these results, we can conjecture that we can
trap those nanoparticles under pulsed excitation, which cannot
be trapped under cw excitation. For example, we can trap
nanoparticles that have RI less than the surrounding medium
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FIG. 2. The plots of trapping force (a,b) and corresponding po-
tential (c,d) at different M values where the transition is occurring
from attractive to repulsive or repulsive to attractive under pulsed
excitation for 40 nm particle size at 100 mW average power for fixed
NA = 1.4.

by taking advantage of nonlinear phenomena. We observe a
sharp transition around M = +1 from attractive to repulsive
force or potential under cw excitation [Figs. 1(a) and 1(c)].
This gradual transition occurs at lower M values under pulsed
excitation (Fig. 2). The M value at which transition occurs
is different for positive and negative (metamaterials) RI ma-
terial. In other words, we can say that under cw excitation,
the nature of force and potential is symmetric around the
origin (M = 0); however, no such correlation is observed in
pulsed excitation. For 0.1 < M < 0.4, an indication of trap
is there but U, is not enough to trap the particle stably. We
observe a quite interesting feature here: the splitting of the
potential well [highlighted and marked in Figs. 2(c) and 2(d)],
which allows two nanoparticles to sit side-by-side because
after a certain threshold of M both traps have enough Uy to
stably trap the nanoparticles. This phenomenon gives more
flexibility in manipulating two particles side-by-side without
any beam shaping or beam manipulation.

Note that a comparison of Uy, (or, equivalently, the
maxima and minima of force) should be made if one seeks
to quantify the maximum impulsive force on the particle;
alternatively, a comparative study of U has to be made if
the conditions for the most stable trap are to be ascertained.
Fig. 3 shows the U against M, and quite interestingly, within
the range of —10 to 10, four different regimes of the trapping
are observed (please note that the regime in which the trap is
splitting, we have considered the higher U, among both the
traps for plotting). The process of stabilizing (regimes R1 and
R1’), destabilizing (between the regimes R1 and R2 and R1’
and R2'), and stabilizing again (regimes R2 and R2’) is known
as “disappearance and reappearance phenomena.” The range
of M corresponding to each regime can be seen in Table II.
The regimes R1 and R1’ are very well known, but regimes

053529-3



DEVI, SIKDAR, AND DE

PHYSICAL REVIEW A 105, 053529 (2022)

(a) 35 —R2 R3 ® R RZ
U: Unbound 1 1
30 R: Repulsive cw
I: Repulsive and Splitting ——Pulse
—~ 25 =105 =
X 20 5 5
o g8 0 £
815 s s
S =
10 05
5fun uu
le— >
0 “—,J !
-10 5 0 5 10 0 25 5 75 10
M M

FIG. 3. The plots of (a) U, against M, and (b) v, («) and w;(a)
against M values for 40 nm particle size at 100 mW average power
under pulsed excitation for fixed NA = 1.4.

R2 and R2’ are unexplored. In regimes R1 and R1’, stable
trapping is observed due to a delicate balance between scat-
tering and gradient force but, in between the R1 and R2 (R1’
and R2') regimes, scattering dominates over the gradient force
which results in destabilizing the trap. Hence, researchers
have used antireflection coating on top of high-RI particles
to be trapped [23,24]. To improve the trapping efficiency in
the fall-off regimes (R1, R2, R1’, R2’), antireflection coating
can be used because destabilizing the trap in the fall of the
regime is implemented by the dominancy of scattering force,
and trapping in the R2 and R2’ regimes is observed. Please
note that the total force acting along the axial direction is
contributed by two major components: (1) MSC and (2) BSC.
BSCs are independent of the M, which implies that overall
force changes by changing the MSC. Thus, changing the M
value changes the MSCs as they are a combination of v, («),
¥ (@), E.(a), & (a), Y,(Ma), and ¥, (Ma). First four are
independent of the M value; thus, MSC changes with chang-
ing ¥,(Ma), and ¥, (Ma). Recently, GLMT using localized
approximation was described for dielectric particles, and it
was mentioned that for nanoparticles, the first (n = 1) term
of a, and b, contributes significantly to the total force [22],
which implies that ; (M« ), and Wi(M «) will have the major
contribution in total force. Fig. 3(b) shows the plot of ¥/| (M«),
and wi(Ma) against M; it can be seen that both factors are
increasing in the first regime, but in the second regime, one
is decreasing significantly, while the other is increasing. As a
result, the combination of both of them will lead to an equal

contribution of MSC in the total force in both regimes which
is why we can confirm the two different regimes of trapping.
Please note that we plotted positive M only, but this behav-
ior is similar for negative M. From the discussion, we can
conjecture that there might be many other different regimes
of trapping which exist as we go towards a higher M. This
happens because Bessel functions are oscillatory, so the same
pattern might be repeated in the next cycle, which gives a sta-
ble trap indicating that we do not need antireflection coating
for all high-RI particles. Comparing cw and pulsed excitation
[Fig. 3(a)] shows that both have advantages and disadvantages
depending on the relative RI values. For example, at M = 1.1,
pulse excitation gives the most stable trap while cw excitation
shows the particle can trap, but Ue is less than 10 kg7 . That
being the case, the particle will leave the trap soon, suggesting
that pulsed excitation will improve trapping efficiency more
than cw excitation. Furthermore, at M = 1.4, cw excitation
gives the most stable trap. The pulsed excitation, on the
other hand, has less trapping efficiency than cw excitation.
One significant advantage of pulsed over cw excitation which
cannot be ignored is that trapping a particle with average RI
less than the surrounding medium (0.1 < M < 1; highlighted
rectangle in Fig. 3(a)) cannot be trapped under cw excitation.
To get stable trapping of such nanoparticles, we have to take
advantage of nonlinear effects. Apart from that, it is evident
that in regimes R2 and R2’, pulsed excitation gives overall
better trapping efficiency than cw excitation.

Figures 4(a) and 4(b) represent the trapping F.x and Fin
against the M. Please note that the gray arrow in Fig. 1
represents the direction of force F,x and Fy;, when we
lower M. After a certain value, this trend will be reversed.
Consequently, under cw excitation, for —1 < M < 1, as we
move towards lower M, Fy.x decreases and becomes nega-
tive, and after a certain M, it increases again and becomes
positive. Similar phenomena occur for the minima, but when
the maxima are moving towards negative force values, the
minima will move towards the positive force value, and after
a threshold, they again decrease and eventually get negative at
M < —1.1and M > 1.1. At M = 1, F,, and F;, are both
zero, evidencing no force acts on the particle (marked points
A and B in Fig. 4). However, we observe an exception for the
50 nm particle size, —0.3 < M < 0.3, where F,x > 0 and
Fmin > 0, showing no equilibrium point exists, making the

TABLE II. Lists the different regimes M values for trapping events.

Laser  Attractive to repulsive Repulsive Repulsive Trapping Most stable Unbound
type regime® regime to attractive regime® regime trap® regime
cw The sudden change at M = =£1; no trap splitting is observed. —66<M<—-58 M= %£1.5 M < —6.6
Repulsive regime —1 < M < 1 21 <M< -1.1 —58<M< =21
11<M <21 M= +64 21 <M <58
58<M < 6.6 M > 6.6
Pulsed —21<M<-1.1 —1.1 <M< -0.1 0.1 <M<0.8 —67<M<—-62 M=-638 M < —6.7
31 <M< =21 M=-22 —6.2 <M < -3.1
08 <M <18 1.8 <M <52
52<M <63 M=1.1 M >63
M=538

#Please note that repulsive to attractive and attractive to repulsive is not a sudden transformation under pulsed excitation. Therefore, potential

changes gradually pass through the splitting of the potential well.
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FIG. 4. (a) Maximum force (shown by an arrow in Fig. 1) and
(b) minimum force (shown by an arrow in Fig. 1) against M under
cw excitation for different particle sizes at 100 mW average power
for fixed NA = 1.4.

potential unbound. From the Fi,,x and Fuj, curves, we can
quickly determine which limit allows trapping and which does
not. However, it is very difficult to determine which regime
would give stable trapping. For example, according to Fig. 4,
we can get trapping at M = 2.7 for a 40 nm particle size
at 100 mW average power. However, according to Fig. 3 at
M = 2.7, trapping is not stable because Ue. < 10kgT. The
widely accepted rule of thumb says if the well depth is more
than 10kgT , the trap is stable, allowing the U, curve to give a
clear idea of stable (U, > 10kgT), unstable (U < 10kgT),
and unbound (Ugs. = 0 kgT) trapping. From this, we conclude
that to get better trapping information, we should analyze
the Ue instead of F,x and Fpi,. Comparision under cw and
pulsed excitation is easier for U instead of Fi,x and Fiy, due
to which under pulsed excitation, we are mostly focusing on
U.s. analysis, and hereafter, we discuss everything in terms
of Ugs.. Under cw excitation [Figs. 3(a) and 6 in the Ap-
pendix], U also tells us which can be trapped more
efficiently under specific conditions. The M value correspond-
ing to maximum U is the most stable trap. Most of the
researchers mostly report in terms of the trap stiffness; in spite
of that, if we calculate the trap stiffness using harmonic ap-
proximation, then the trap stiffness at M = £1.4 1S Kgitfess =
0.11 pN/pum and M = +£1.8 is Kgiftness ~ 0.2 pN/um. Ac-
cording to this trap stiffness value, a higher RI gives better
trapping stability. Nevertheless, at M = £1.4, Uy & 20kgT
and at M = =£1.8, Ussc = 12 kT, conveying trap stiffness
has decreased by 60%, but according to trap stiffness values,
trap stability is increased by approximately 80%. After ana-
lyzing the force and potential, we conclude that U results
are correct, implying that U, gives more reliable results to
determine trapping stability. From this discussion, we can say
that the trap is anharmonic due to the significant contribution
of scattering force over gradient force. Calculating trap stabil-
ity using harmonic approximation leads to misleading results.

As we go down in particle size, there is no significant
difference in trapping efficiency under both cw and pulse exci-
tations (Fig. 6 in the Appendix). The advantage of using pulse
excitation over cw excitation is consistent for nanoparticles
having a RI less than the surrounding medium (or M<1).
Moreover, as we go towards higher particle size, it indicates
that cw excitation gives better trap stiffness than pulse ex-
citation. However, when we talk about 50 nm particle size,
there is a question of the validity of GLMT using localized ap-

proximation because researchers have shown experimentally
that the trapping of germanium nanoparticles [36] has a RI
around 4.0. According to Fig. 6(b), germanium nanoparticles
cannot be trapped whereas the researchers reported the trap-
ping of smaller nanoparticles with higher RI, which agrees
with the theoretical results [37]. Hence, we can conclude that
the GLMT using localized approximation is not valid for any
arbitrary size particle. This theory is valid only for dipole
approximation.

Further, we explore the change in trapping efficiency with
average power for different particle sizes because changing
average power and particle size changes the limiting M value
for different regimes. Under cw excitation, power is directly
proportional to the force due to which the increasing average
power will increase the order of magnitude whereas the nature
of the force and potential curve remains the same, which
implies that the limits of M for different regimes remain the
same for fixed particle size. In addition, there is no change
in the repulsive regime under cw excitation, and no splitting
in the potential well is observed. In contrast, under pulsed
excitation, forces and potentials are nonlinearly dependent on
the average power because the relative RI is power dependent.
Consequently, the limits of M are changing with changing
average power and particle size. Also, the splitting of the
potential well is present, but the limit of M for the splitting
regime changes with average power and particle size as we
move towards higher power and larger particle sizes, and the
M limit for distinct trapping events shifts towards a lower
M attributed to the increasing contribution of the nonlinear
effect. A detailed analysis on the limits of M is listed in
Table III.

Later, we observed Fano resonance at different M for fixed
NA and vice versa. Increased power increases the magnitude
of the force under cw excitation, but the nature of the force
curve does not change due to the linear dependence on the
average power. Under pulsed excitation, the magnitude and
nature of the force curve change drastically with a slight
change in the power and M value, as shown in Fig. 5. Please
note that for small M, the Fano resonance process starts ap-
pearing at high average power [Fig. 5(a)] and for large M,
Fano resonance appears at low average power [Fig. 5(b)]. At
200 mW average power, Fano resonance starts contributing to
the total force, which is evident by a sharpness in the force
curve at F,x. As we move from 200 to 250 mW average
power, for M =5, the force experienced by the particle is
30 times higher than the force experienced by the particle at
200 mW average power. MSCs are responsible for these oscil-
lations or spikes [22], and this phenomenon is known as Fano
resonance. The interference between the scattering amplitude
of resonance (discrete level transition) and the background
transition causes Fano resonance to emerge in any media
[38—44]. It can be understood in terms of excitation of the
anapole mode of the particle, which is associated with Fano
resonance [40]. The nonradiative anapole mode arises from
the destructive interference of electric and toroidal dipoles,
which improves scattering efficiency. Because of the signif-
icantly increased scattering force, the particle with a much
higher RI than the surrounding medium cannot be trapped.
As a result, Fano resonance introduces the idea of NOSF
(negative optical scattering force) [42], which helps in the
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FIG. 5. Plots of trapping force (a), (b) and corresponding po-
tential (c), (d) against the axial position under pulsed excitation for
40 nm particle size and NA = 1.4. Left panel: for different M and
fixed power. Right panel: different power and fixed M.

trapping of such nanoparticles. Clear evidence can be seen
from the trapping potential [Figs. 5(c) and 5(d)], where at
fixed average power, increasing M value increases the Ueg
which indicates that the trap is moving towards stability. Even
s0, according to the rule of thumb, U is enough to stably
trap a particle. Similarly, for fixed M = 5, increasing average
power increases the Ue.. Interestingly, the most stable trap lies
in the Fano resonance regime, which implies that Fano reso-
nance helps nanoparticles to trap better. In Table III, all the
highlighted values of the most stable point for a 40 nm particle
are due to Fano resonance. Similar behavior is observed for
metamaterials as well. Hence, depending on the value of M,
the nature of forces and potentials are broadly categorized into
four regimes: splitting, repulsive, attractive, and unbound. In
addition to this, we observed the Fano resonance phenomena
under pulsed excitation due to the significant contribution of
nonlinear phenomena that help us trap high-RI nanoparticles
using NOSF.

IV. CONCLUSION

In summary, using generalized Lorentz-Mie theory, we
have theoretically shown how optical nonlinearity in laser
trapping of dielectric nanoparticles leads to the emergence
of novel phenomena that may be harnessed for controlled
nanoscale optical manipulation with far-reaching technical
applications.

The authors declare no conflicts of interest.

APPENDIX

Theory
A. Approximation in numerical simulations

Metamaterials have a large dispersion of permittivity, and
it depends on many factors such as shape, size, wavelength

(a) - 30 nm ) 20 50 nm

R:Repulsive
I: Replusive and Splitting
U: Unbound

-
915 —Pulse 10
=10
5
5 urt RII uu
0
0
-5 -2.5 0 25 5 -5 -25 0 25 5
M M

FIG. 6. The plot of U against M (relative refractive index) for
(a) 30 nm and (b) 50 nm under both cw and pulsed excitation at
100 mW average power for fixed NA = 1.4. Trapping stability is
classified into different regimes based on the values of the relative
refractive index and the corresponding escape potential, such as R
representing the repulsive regime, where the particle experiences the
repulsive force and cannot be trapped, I representing the repulsive
and splitting regime, where the particle can be trapped within split-
ting regime but only for a short period of time, and U representing the
unbound regime, where the particle will get trapped and immediately
leave the trap.

of incident beam, etc. The metamaterial dispersion effects are
more prominent when wavelength (A > 1.2 um) or frequency
is in GHz [45-50]. The trapping wavelength we chose here
is 800 nm and this effect can be ignored because the change
in the electric and magnetic permeability is negligible below
A < 1.5 um (see Figs. 3 and 4 in Ref. [45], and Fig. 1(b) in
Ref. [46]). Figure 1 of Ref. [49] indicates that this effect for
imaginary refractive index is almost negligible for 800 nm;
however, it is significant near resonance and in the deep IR
wavelength regime.

B. Defining refractive index

Please note that in this paper, we have revisited the problem
for dielectric particles or particles having higher real refractive
index and negligible imaginary part of the refractive index
such as titanium dioxide, germanium, ZnO, etc. For metal
particles (which have complex refractive index), we also need
to account for the interband transitions which are not present
in the dielectric particles. Metamaterials are known to have
negligible imaginary refractive index around 800 nm wave-
length [51]. Hence, our simulations are valid for a wide range
of particles where absorption is not a dominating factor. Apart
from that, this calculation has been performed for considering
the application of optical tweezers for bioconjugated appli-
cations. For the bioconjugated experiment, absorption can
lead to give significant thermal effect. Hence, those particles
cannot be used.

C. Dielectric and metallic particles

The results for dielectrics hold equally for nanoparticles
as well. However, we have another extra force named the ab-
sorption force acting on the particle for metallic nanoparticles
calculation. The direction of absorption force is the same as
the scattering force which leads these particles to destabilize
faster than the dielectric nanoparticles. A detailed discussion
can be seen in Refs. [19,34,35].
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