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al trapping of metal–dielectric
hybrid nanoparticles under ultrafast pulsed
excitation: a theoretical investigation†

Anita Devi, ‡a Shruthi S. Nair,‡bcd Sumit Yadav a and Arijit K. De *b

Crucial to effective optical trapping is the ability to precisely control the nature of force/potential to be

attractive or repulsive. The nature of particles being trapped is as important as the role of laser

parameters in determining the stability of the optical trap. In this context, hybrid particles comprising of

both dielectric and metallic materials offer a wide range of new possibilities due to their tunable optical

properties. On the other hand, femtosecond pulsed excitation is shown to provide additional advantages

in tuning of trap stiffness through harnessing optical and thermal nonlinearity. Here we demonstrate that

(metal/dielectric hybrid) core/shell type and hollow-core type nanoparticles experience more force than

conventional core-type nanoparticles under both continuous-wave and, in particular, ultrafast pulsed

excitation. Thus, for the first time, we show how tuning both materials properties as well as the nature of

excitation can impart unprecedented control over nanoscale optical trapping and manipulation leading

to a wide range of applications.
Introduction

Optical trapping with laser tweezers1 employs highly focused
laser beams to achieve a high degree of controlledmanipulation
of dynamics of particles, of micrometers in size down to as
small as single atoms, in a contact free manner. Over decades,
efforts have beenmade to trap a wide variety of dielectric objects
including live cells and organelles.1–8 Contrary to dielectrics, for
metals reectivity causes a signicant dominance of scattering
force over gradient force;9 also, absorptivity results in an addi-
tional force known as absorption force and is responsible for
unwanted thermal effects.10 Despite this, metallic nanoparticles
experience enhanced forces because they have higher polariz-
ability which results from the presence of a large number of free
electrons;11–14 this amplies the electromagnetic eld in the
vicinity of the particle and is responsible for the plasmonic
effects. Owing to this unique behavior, metallic nanoparticles
have widespread application in the eld of sensing and detec-
tion.15,16 In particular, silver nanoparticles are amply used in
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medicine due to their biocompatible and antimicrobial prop-
erties.17,18 Moving ahead, one of the ways to improve the trap-
ping efficiency is by using hybrid particles that comprise both
metallic and dielectric materials. These novel materials enable
ne-tuning of the optical properties according to the specic
needs of the experiment by integrating the properties of both
the parent materials.19–21 These metal–dielectric core–shell
particles have other advantages such as improved chemical and
physical properties, catalytic properties, improved biocompati-
bility, etc., which makes them good candidates for bio-conju-
gated experiments.22–24 A number of techniques and procedures
emerged for fabrication of these particles with a controllable
composition and morphology,25–27 opening up the possibilities
of using these particles in the aforementioned wide range of
applications.15–18,22–24

In this article, we discuss how optical trapping efficiency
changes with the nature of metal/dielectric core/shell particles,
which consist of an inner core made of metal and an outer shell
or covering made of dielectric or vice versa as well as hollow-core
type nanoparticles as well. Specically, using the dipole
approximation, we show theoretical/numerical results on the
role of optical nonlinearity in modulating trapping behavior
when femtosecond pulsed excitation is used. Although, in the
dipole limit, the nonlinear nature of the optical force/potential
in femtosecond laser trapping of dielectric28–30 and metallic31,32

nanoparticles was theoretically explored in recent times, the
same with hybrid nanoparticles is yet to be explored which we
present here. It is worth mentioning here that in a recent study
optical manipulation of such particles in a counter-propagating
beam geometry was investigated where nonlinear scaling of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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optical force with power was shown;33 this arises naturally from
multiphoton processes involving an absorbing core (a gain
medium), the emission of which is in resonance with the
plasmonic transition in the shell. In contrast, in the present
work we choose parameters far from resonance where optical
nonlinearity arises explicitly from nonlinear polarizability.28–32
Results and discussion

The optical trap is always stable along the radial direction as
gradient force is the only contributing force. Along the axial
direction, the potential well is anharmonic due to contributions
from scattering and absorption forces and is majorly respon-
sible for the instability of the trap. Depending on the degree of
anharmonicity of the potential, the ease of ejecting the particle
along the axial direction also increases.28–32 The anharmonicity
of the potential well along the axial direction for conventional
silver nanoparticles is particle-size dependent and it can be
along the negative axial direction due the occurrence of Fano
resonance (enhanced forward scattering leading to a negative
optical scattering force).32 Hence, we have restricted the
discussion in this paper to axial force/potential which deter-
mines the stability of the optical trap which is characterized by
the quantity escape potential (Uesc, potential barrier to escape
trap along the axial direction) but not by the absolute potential
(Uabs, absolute depth of the potential well); these quantities are
evaluated by considering the numerical values of potential at
the global minimum (z ¼ z0) and in asymptotic regions (z /

�N): Uabs¼ U (z/�N)� Umin (z¼ z0) and Uesc¼ Umax (z0 < z <
N) � Umin (z ¼ z0).28 A detailed methodology is provided in the
accompanied ESI.†

Before discussing the extensive study of the hybrid nano-
particles (with varying the laser parameters such as laser power
Fig. 1 Plots of trapping force (a and b), potential (c and d) along the axia
nanoparticles and trapping force (e and f), potential (g and h) for conve
average power under CW excitation for fixed NA 1.4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and focusing via numerical aperture (NA) as well as particle
parameters such as radius of the core/shell), we compare the
force/potential experienced by the hybrid particles to that of
conventional particles (i.e., purely metallic or dielectric nano-
particles) to illustrate how advantageous it is to use hybrid
particles. We have also included a brief section on the behavior
of hollow nanoparticles to provide a clear picture. All numerical
studies are performed under both CW and pulsed excitation to
emphasize the role of nonlinear effects. All parameters used in
the numerical simulations are listed in Table 1.
Comparison of hybrid and
conventional nanoparticles
CW excitation

The comparison of the force/potential of conventional dielectric
(polystyrene) with metallic–dielectric (silver–polystyrene)
nanoparticles is shown in Fig. 1a–d. Similarly, the comparison
of conventional silver with dielectric–metallic (polystyrene–
silver) nanoparticles is shown in Fig. 1e–h. Fig. 1a shows the
force/potential of polystyrene nanoparticles with a radius of 10
nm compared to that of core–shell particles with a silver core
with a radius of 5 nm embedded within a polystyrene shell with
a thickness of 5 nm (denoted as core–shell (5–10 nm) radius;
this convention of denoting the respective core–shell thickness
is followed throughout the paper).

The silver–polystyrene hybrid particle experiences consider-
ably enhanced forces compared to conventional polystyrene
particles, and the corresponding absolute (Uabs; longer double-
sided arrow) and escape (Uesc; shorter double-sided arrow)
potentials are also higher for the hybrid particles (shown in
Fig. 1c). Thus, by integrating a silver core within a polystyrene
particle, the forces acting on it can be signicantly enhanced
l direction for conventional polystyrene and hybrid silver–polystyrene
ntional silver and hybrid polystyrene–silver nanoparticles at 100 mW

Nanoscale Adv., 2021, 3, 3288–3297 | 3289
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due to the high polarizability of the metallic component of the
hybrid particle. Therefore, by accurately controlling the core
and shell radius, we can control the force acting on the trapped
particle according to our requirement.

The effect of increasing the core size can be seen in Fig. 1b
which shows the force/potential for 20 nm polystyrene
compared with varying thicknesses of the silver–polystyrene
particle: 10–20 nm and 15–20 nm. The force acting on the
particle increases with an increasing radius of the silver core,
which can be seen from Fig. 1a and b. This can be of major
signicance while doing bio-conjugated experiments that
require a high magnitude of force.27 Although silver nano-
particles are known for their anti-microbial and anti-cancer
properties,40 they still have the problem of unwanted heating
effects that can degrade the samples while using high laser
powers. This problem can be circumvented by adding an outer
coating of dielectric material that can minimise the absorption
or heating effects while utilising the high polarizability of the
metallic core. Thus, the choice of outer surface also matters,
especially for bio-conjugated samples where we require mate-
rials that are bio-compatible while not compromising with the
trapping efficiency.

Comparison for 10–20 nm and 15–20 nm polystyrene–silver
core–shell particles with 10 nm and 20 nm conventional
nanoparticles respectively shows that there is only a slight
enhancement in the force/potential as the force on the
conventional silver nanoparticle sphere is already high enough.
On the other hand, although 15–20 nm particles feel highly
enhanced forces compared to 20 nm silver nanoparticles, the
potential becomes unbound due to enhanced scattering and
absorption forces and thus is not suitable for trapping. Thus, we
see that the choice of outer material, the thickness of the outer
shell and the inner core are crucial determining factors and
Fig. 2 Plots of trapping force (a–b), potential (c–d) along the axial d
nanoparticles and trapping force (e–f), potential (g–h) for conventional
power under pulsed excitation for fixed NA 1.4.

3290 | Nanoscale Adv., 2021, 3, 3288–3297
should be carefully chosen according to the specic require-
ments of the experiment. Similarly, along the radial direction,
the force/potential is enhanced or diminished depending upon
the choice of size/composition of the hybrid particle. As already
mentioned, the axial stability of the trap is what ultimately
dictates the efficiency of the trap, and the use of hybrid particles
increases the axial forces, which improve the trapping effi-
ciency. Along the radial direction, the force may be increased/
decreased depending upon the choice of the size/composition
of hybrid particles. However, since the trap is always stable
along the radial direction, the reduction in the magnitude of
force is a minor drawback and, the change in the magnitude of
force may be used for ne-tuning the overall force acting the
particle.

Pulsed excitation

Under pulsed excitation, the comparison of the force/poten-
tial of conventional dielectric (polystyrene) with metallic–
dielectric (silver–polystyrene) and conventional metallic
(silver) with dielectric–metallic (polystyrene–silver) nano-
particles is shown in Fig. 2a–d and Fig. 2e–h, respectively.
Fig. 2a and b correspond to the axial force under pulsed
excitation and for different size ratios of silver–polystyrene
nanoparticles. The forces are enhanced similar to CW exci-
tation; however, under pulsed excitation, the enhancement is
higher in magnitude and can be seen from Fig. 2c and d.
However, it has to be kept in mind that both materials have
high optical nonlinearity and consequential alteration in the
refractive index of the hybrid material can lead to a better or
worse modulation of the trapping behaviour depending upon
their relative composition and size. Fig. 2e–h indicate that
polystyrene–silver with 5–10 nm and 10–20 nm size compo-
sition shows a signicant enhancement in force. However,
irection for conventional polystyrene and hybrid silver–polystyrene
silver and hybrid polystyrene-silver nanoparticles at 100 mW average

© 2021 The Author(s). Published by the Royal Society of Chemistry
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15–20 nm shows a splitting nature of the potential well due to
the splitting of the absorption force.31,32 This is because, aer
a specic size of core particles, plasmonic effects from silver
particles dominate. So, the material composition has to be
chosen in such a manner that absorption should be mini-
mized. Thus, under pulsed excitation, the choice of shell
thickness is crucial and must be chosen judiciously. Under
pulsed excitation, the trend observed in radial force/potential
is similar to the case of CW excitation; the only difference is in
the magnitude of the force/potential, which is more in the
case of pulsed excitation.

In previous theoretical work on dielectric and metallic
particles from our group,29–32 we justied that instead of the
absolute potential, it is the escape potential that is the appro-
priate parameter to quantify the stability of the trap. In the ESI,†
we provide a detailed theoretical methodology.31 Fig. S1 in the
ESI† shows the plot of the escape potential against the particle
size at 100 mW average power under CW excitation for a xed
NA equal to 1.4. Thus, silver particles with a radius of more than
27 nm cannot be trapped due to the dominance of scattering
and absorption forces. However, polystyrene particles can be
trapped up to 40 nm; beyond this limit we cannot make any
comment on trapping of particles since the dipole approxima-
tion is not valid anymore.
Fig. 3 Plots of the escape potential against core radius by fixing the she
nanoparticles. Plots of trapping force/potentials along the axial direction
nm, and (i) 28–30 nm polystyrene–silver nanoparticles under CW excita

© 2021 The Author(s). Published by the Royal Society of Chemistry
Hybrid nanoparticles

To generalize these phenomena for hybrid nanoparticles as
well, we have rigorously studied the variation in the core and
shell size with different NA.
CW excitation

Fig. S2 and S3 in the ESI† show the variation of the escape
potential by xing the shell radius but varying the core radius
and vice versa respectively for silver–polystyrene nanoparticles
at 100 mW average power under CW excitation for different NA.
We observe that if we x the shell/core (metallic/dielectric)
radius and vary the core/shell (dielectric/metallic) radius, the
maximum radius of the core of a particle that can be trapped is
less than 27 nm. This is because above a threshold, the
absorption and scattering forces dominate over the gradient
force, which results in destabilizing the trap. Adding a dielectric
coating on the core does not appear to provide any advantage in
terms of improvement in the range of particle size that can be
trapped. But it has an advantage in terms of trap stability, which
can be seen by comparing Fig. S1 with Fig. S2 & S3.† For
example, the escape potential for conventional 20 nm poly-
styrene nanoparticles is <2kBT, but we can obtain the escape
potential >2kBT for hybrid nanoparticles under similar
ll radius to (a) 20 nm, (b) 30 nm, and (c) 40 nm for polystyrene–silver
for (d) 13–20 nm, (e) 15–20 nm, (f) 19–20 nm, (g) 5–30 nm, (h) 22–30
tion at 100 mW average power for fixed NA 1.4.

Nanoscale Adv., 2021, 3, 3288–3297 | 3291
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conditions according to Fig. S2a,† which is a promising
advantage of using hybrid nanoparticles over conventional
nanoparticles for stable trapping. Hence, depending on the
requirement, choosing an accurate combination of core and
shell size can help to give stable trapping.

Further, we show similar analysis for polystyrene–silver
nanoparticles by varying the core radius for a xed shell radius
at 100 mW average power under CW excitation for different NA.
From Fig. 3, it can be observed that if we x the shell radius to
20 nm, the polystyrene core can be varied up to 14 nm, 13 nm,
12 nm, and 11 nm for NA ¼ 1.1, 1.2, 1.3, and 1.4 respectively for
achieving a stable trap. For a 20 nm shell, the value of Uesc

decreases with an increase in the radius of the polystyrene core.
This is because with an increase in the core size, the effects of
absorption and scattering forces become prominent, due to
which the absorption force is enhanced more than the scat-
tering force, and the resulting destabilization can be seen from
Fig. 3d and e. Quite interestingly, we observe that for 19–20 nm
(polystyrene–silver) particle size, gradient force shows a repul-
sive nature. Hence, the overall force acting on the particle is also
repulsive. On account of decreasing the shell thickness, the
polarizability due to the shell layer also decreases and aer
a specic limit (ns

2 � nw
2 < 0), the sign of the real part of the
Fig. 4 Plots of the escape potential against shell radius by fixing the co
nanoparticles. Plots of trapping force/potentials along the axial direction f
and (i) 10–30 nm polystyrene–silver nanoparticles under CW excitation

3292 | Nanoscale Adv., 2021, 3, 3288–3297
polarizability reverses; hence gradient force shows a repulsive
nature as shown in Fig. 3f. Further, Fig. 3b and c show the
variation of the escape potential with varying core radius when
we x the shell radius to 30 nm and 40 nm. No stable trapping is
observed, which is similar to the case of conventional particles
because of increased scattering and absorption forces for bigger
sized particles. For example, when the core radius is 5 nm, and
the shell radius is either 30 nm or 40 nm, we can observe three
distinct causes for the destabilization of the trap as we increase
the size of the core: initially, the scattering force dominates over
both gradient and absorption force. With the further increase,
the absorption force exceeds the scattering force, and at 28–30
nm particle size, in addition to this, the gradient force shows
the reversal nature of force due to negative polarizability as
discussed above and shown in Fig. 3g–i.

Next, we xed the polystyrene core-radius and varied the
metal shell radius and observed that if we x the core radius of
polystyrene to 5 nm, we can trap the particle with the shell
radius up to 22 nm, 23 nm, 25 nm, and 27 nm, corresponding to
NA ¼ 1.1, 1.2, 1.3, 1.4 as shown in Fig. 4. In this case, initially,
for a small-sized hybrid particle, the gradient force dominates
over both scattering and absorption forces (Fig. 4d), resulting in
stable trapping but a further increase in the particle size or shell
re radius to (a) 5 nm, (b) 10 nm, and (c) 15 nm for polystyrene–silver
or (d) 5–20 nm, (e) 5–30 nm, (f) 5–40 nm, (g) 10–12 nm, (h) 10–20 nm,
at 100 mW average power for fixed NA 1.4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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radius results in destabilizing of the trap (Fig. 4e and f). When
the core radius is xed to 10 nm, and the shell thickness is less
than 4 nm, the absorption force dominates over scattering and
gradient forces, and gradient force shows reverse behavior
because the polarizability of the shell layer is less than the
surrounding medium—consequently, the total force acting on
the particle results in destabilizing the trap (Fig. 4g). A further
increase in the shell thickness results in a more stabilized trap
due to a ne balance between all three forces (Fig. 4h). However,
if the shell thickness is more than 20 nm, the trap gets desta-
bilized due to the dominance of the scattering force over both
gradient and absorption forces (Fig. 4i). Thus, there is an
optimum size range in which particles can be stably trapped. If
the particle size is less than that of this region, then the
absorption force is responsible for destabilizing. Beyond this
size range, the scattering force is responsible for destabilizing
the trap. However, when we increase the core radius to 15 nm,
no stable trapping is achieved for any particle size due to the
combined destabilising effect of both scattering and absorption
forces (Table 1).

Pulsed excitation

Fig. S4† shows the variation of escape potential by xing the
shell radius and varying the core radius for silver–polystyrene
nanoparticles under pulsed excitation. Fig. S4a–c† show the
variation of the core radius at three different xed shell radii 20
nm, 30 nm, and 40 nm at 100 mW average power. Under pulsed
excitation, nonlinearity contributes signicantly, leading to
signicant enhancement in scattering and absorption forces
compared to the case of CW excitation. The destabilization is
strongest for bigger sized particles. For instance, the 20–40 nm
(silver–polystyrene) particles can be trapped under CW excita-
tion but not under pulsed excitation for xed NA ¼ 1.4. On the
other hand, for small-sized particles, pulsed excitation can trap
much better than CW excitation. For example, the 5 nm–30 nm
(silver–polystyrene) particles have Uesc � 4kBT under CW
Table 1 The parameters used in simulations for trapping force and
potentials

Description Symbol Expression/value

Central wavelength l 800 nm
Speed of light c 3 � 108 m s�1

Repetition rate f 76 MHz
Pulse width s 120 fs
Background permittivity36 3N 2.5
Plasma frequency36 up 1.37 � 1016 Hz
Collision damping
frequency36

gc 3.2258 � 1013 Hz

Linear RI of water37 nw 1.329
Linear RI of polystyrene37 np 1.578
2nd order NRI of water38 nw2 2.7 � 10�20 m2 W�1

2nd order NRI of silver NP39 ns2 7.5 � 10�20 m2 W�1

4th order NRI of silver NP39 ns4 5 � 10�35 m4 W�2

6th order NRI of silver NP39 ns6 7.5 � 10�51 m6 W�3

2nd order NAC of silver NP39 ss2 13.2 � 10�14 m W�1

4th order NAC of silver NP39 ss4 9 � 10�29 m3 W�2

6th order NAC of silver NP39 ss6 7 � 10�44 m5 W�3

© 2021 The Author(s). Published by the Royal Society of Chemistry
excitation, however, under pulsed excitation Uesc � 7kBT. This is
a clear indication that pulsed excitation is advantageous over
CW excitation for smaller sized particles but less favorable for
bigger size particles under similar conditions.

Following this, we also studied the variation of average
power by xing the shell radius as 20 nm and varying the core
radius as optical nonlinearity is strongly dependent on the
average power. For smaller core (silver) particles, we observed
that at high average powers (300 mW or 500 mW), there is an
appearance of a second potential well in addition to the one
already present.31,32 Such behavior was not observed in the case
of dielectric particles and we traced the origin of this
phenomenon due to the splitting observed in the absorption
force and in the imaginary part of polarizability. This splitting
behavior may be attributed to the plasmonic and heating effects
that are absent in the case of dielectric particles which results in
an initial decrease in Uesc with increasing core radius followed
by a subsequent increase shown in Fig. S4d–f.†

Fig. S5† shows the variation of escape potential by xing the
core radius and varying the shell radius for silver–polystyrene
nanoparticles under pulsed excitation. Fig. S5a–c† show the
escape potential against variation of the shell radius at three
different xed core radii 5 nm, 10 nm, and 15 nm at 100 mW
average power. Under pulsed excitation, the escape potential
rst increases with increasing overall particle size along the
axial direction, followed by a maximum and then decreases.
However, under CW excitation, the escape potential continu-
ously increases with increasing (overall) particle size when the
core radius is 5 nm. Comparing the plots in Fig. S5,† we can see
that the maximum in the curve becomes less dened on
increasing the size of the silver core from 5 nm to 15 nm. This is
because the nonlinear contribution is dependent on the size
proportionality of the core and the shell and with increasing
contribution from the metal, the magnitude of the escape
potential diminishes rapidly. As seen in Fig. S3,† in the linear
case, there is no well-dened maximum for the silver–poly-
styrene nanoparticles, which means that under CW excitation,
the corresponding optimal particle-size for most stable trapping
is much higher, for a xed average power.

The inclusion of nonlinearity brings about a shi in the peak
for the case of polystyrene, which indicates that even smaller
particles can be trapped with better efficiency. So, it can be
concluded that for a xed power, nonlinear contributions must
be included to precisely predict the optimal particle-size for
stable trapping. This is particularly important for particles with
high nonlinear refractive indices like polystyrene and silver. The
appearance of maxima can be explained by considering the fact
that at small sizes, the contribution of scattering and absorp-
tion forces is comparatively less, but it contributes as the
particle size increases, rst stabilizing the trap and then
destabilizing as the size increases further. A peak in the curve
marks this change from stabilizing to destabilizing behavior.
The same behaviour is observed when the core radius is smaller
in size, so that polystyrene effects dominate over silver because
the outer layer is polystyrene, but with increasing core radius,
the effect of silver also contributes signicantly. Aer
a threshold particle-size, the trap becomes unbound. Another
Nanoscale Adv., 2021, 3, 3288–3297 | 3293
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feature observed is that including nonlinearity leads to a strong
dependency on the average power for achieving stable trapping.
Under pulsed excitation, there is a shi of maxima towards
a smaller particle size, indicating that by increasing the power,
it is possible to trap even smaller particles. However, under CW
excitation, unlike pulsed excitation, there is no shi in peaks
(with respect to particle-size) with the change in power because
trap stiffness is linearly dependent on power.

Fig. 5 shows the variation of the escape potential by xing the
shell radius and varying the core radius for polystyrene–silver
nanoparticles under pulsed excitation. Fig. 5a–c show the vari-
ation of the core radius at three different xed shell radii 20 nm,
30 nm, and 40 nm. It is evident that if the shell material is silver,
then particles with overall size of more than 27 nm cannot be
trapped, as discussed above. Fig. 5d–f show the trapping force
along the axial direction, and for 10–20 nm particle size, where
absorption force dominates over the gradient and scattering
Fig. 5 Plots of the escape potential against core radius by fixing the she
nanoparticles under pulsed excitation at 100mW average power. Plots of
13–20 nm, and (f) 19–20 nm polystyrene–silver nanoparticles under pul
escape potential against core radius by fixing the shell radius to 20 nm (g)
silver nanoparticles under pulsed excitation.

3294 | Nanoscale Adv., 2021, 3, 3288–3297
force, but still resultant force shows connement along the axial
direction. Further increasing the core radius results in splitting
of the absorption force curve which regains connement again.
In other words, we can say that with increasing core radius, the
optical trap rst stabilizes and then becomes unbound, and aer
a certain particle size, it again stabilizes. An interesting point
here is that force acting on the 19–20 nm particles is repulsive
under CW excitation while it is attractive under pulsed excitation
under similar conditions. This means that the 19–20 nm parti-
cles cannot be trapped under CW excitation, but they can be
trapped under pulsed excitation due to the signicant contri-
bution of nonlinear effects since the optical nonlinearity is
strongly dependent on the average power. We further explore the
effect of average power on trapping efficiency as shown in
Fig. 5g–i and observe that for smaller sized particles, increasing
power destabilizes the trap, however, bigger sized particles
which cannot be trapped at low average power, can be trapped at
ll radius to (a) 20 nm, (b) 30 nm, and (c) 40 nm for polystyrene–silver
trapping force/potentials along the axial direction for (d) 10–20 nm, (e)
sed excitation at 100 mW average power for fixed NA 1.4. Plots of the
100 mW, (h) 300 mW, and (i) 500 mW average power for polystyrene–

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Plots of the escape potential against shell radius by fixing the core radius to (a) 5 nm, (b) 10 nm, and (c) 15 nm at 100 mW average power,
and (d) 100 mW, (e) 300 mW, and (f) 500 mW for the fixed core radius of 5 nm for silver–polystyrene nanoparticles under pulsed excitation.
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high average power. For example, 18–20 nm particles cannot be
trapped at 100 mW average power but can be trapped at 500mW
average power. However, 10–20 nm particles can be trapped at
Fig. 7 Plots of trapping (a) force, (c) potential under CW excitation and (b
conventional silver and hollow core silver nanoparticles at 100 mW aver

© 2021 The Author(s). Published by the Royal Society of Chemistry
100mWaverage power but cannot be trapped at 500mWaverage
power. So, depending on the particle size, we should cautiously
choose the average power to obtain stable trapping.
) force, (d) potential under pulsed excitation along the axial direction for
age power for fixed NA 1.4.
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Fig. 6 shows the variation of the escape potential by xing
the core radius and varying the shell radius for polystyrene–
silver nanoparticles under pulsed excitation. Fig. 6a–c show
the variation of the shell radius at three different xed core
radii 5 nm, 10 nm, and 15 nm at 100 mW average power. If
the core (metallic) radius is more than 15 nm, no stable
trapping is observed, as discussed in Fig. 4 under CW exci-
tation. The trend of the curve is similar to that under CW
excitation, but increasing average power narrows down the
region of stable trapping in terms of particle size, as shown
in Fig. 6d–f. This is because with increasing power, the
contribution of the nonlinear refractive index increases
more than the linear refractive index, which elevates the
absorption and scattering forces. So, for small-sized parti-
cles, the absorption force increases signicantly, and is
responsible for destabilizing the optical trap. For bigger
sized particles, the rapidly increasing scattering force is
responsible for destabilizing the trap. In between both the
limiting cases, there is a region where scattering, gradient,
and absorption forces balance each other in such a way that
stable trapping can be achieved.
Hollow nanoparticles

As the name suggests, these particles have a hollow space
within them and have vast application in the medical eld,
especially, for drug delivery purposes utilizing the large frac-
tion of empty space for loading and controlled release of
target-specic materials such as drugs, genes, biological
molecules, etc. The increased surface area of these particles
opens up new possibilities in high energy storage and
conversion, sensing, and catalysis.39 In previous studies, the
advantage of using pulsed excitation to reverse the direction of
trapping of hollow dielectric particles was theoretically
shown.34,35 Fig. 7 shows the trapping force/potential along the
axial direction, compared among conventional (silver) and
hollow-core silver nanoparticles at 100 mW average power for
xed NA 1.4 under both CW and pulsed excitation. On
comparison of the force/potential for 10 nm silver nano-
particles with 7 nm�10 nm (air–silver) hollow nanoparticles,
we observe that hollow-core nanoparticles show signicant
enhancement in force relative to conventional nanoparticles.
This enhancement is further increased under pulsed
excitation.
Conclusion

From the studies presented here on the diverse trapping
behavior of conventional, hybrid and hollow-core nanoparticles
under both CW and femtosecond pulsed excitations, it is
evident that hybrid and hollow-core nanoparticles are advan-
tageous over conventional nanoparticles, in particular under
pulsed excitation. The ndings show how one can simulta-
neously optimize the design of materials as well as laser
parameters that would result in the best trapping conditions for
facile manipulation of these hybrid and hollow-core particles
and envision far-reaching applications.
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