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Optical forces applied on an object or cell in a non-destructive manner have revolutionised scientific
instruments. Optical tweezers and atomic traps are just two representative examples. Curved forces such
as photonic hooks are of particular interest for non-destructive manipulation; however, they are
extremely weak in low-contrast media. Here, for the first time, we report the amplification of optical
forces generated by a photonic hook via pulsed illumination mediated by temperature effects. We show
that the optical force generated by the photonic hook subjected to illumination by an incident Gaussian
pulse is significantly larger than the optical force generated by the photonic hook subjected to
a continuous wave. We notice that under the applied photonic hook generated by a Gaussian beam,
a spherical gold nanoparticle experiences a variation in its lattice temperature of AT, ~ 2—-4 K, leading to

high index resolution. We envision that heat-associated effects can be further mitigated to achieve
Received 5th December 2019 t t isted photonic hook ioulati ¢ ticles i trollabl by taki
Accepted 26th April 2020 emperature assisted photonic hook manipulation of nanoparticles in a controllable manner by taking

into account the thermo-optical properties of metals. Our findings are particularly important for tracing

DOI: 10.1039/c9na00755h objects in low-contrast environments, such as optomechanically controlled drug delivery with
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1 Introduction

Shortly after the laser was invented, Ashkin proposed and
demonstrated® that the incident laser beam can be imple-
mented to trap and manipulate dielectric particles. Moreover,
while the traditional microscope-based trap has found appli-
cations in a wide variety of disciplines, such as biophysical
research,” this free-space optical approach is diffraction limited.
Thus, achieving manipulation on the nanoscale requires
auxiliary structures that generate tightly confined electric fields.
Field localization has been successfully demonstrated in plas-
monics research.*” An alternative route to sub-diffraction
trapping and manipulation®™ has been explored using high-
intensity narrow light beams generated by dielectric struc-
tures, referred to as photonic nanojets.*

Photonic nanojets (PNJs) are usually generated using
spherical structures subjected to illumination by a plane
continuous wave (CW). When a PNJ is applied to a metallic
nanoparticle, the optical forces acting on the nanoparticle
result from momentum exchange.” In addition, PNJs can also

“School of Electrical and Computer Engineering, Ben-Gurion University of the Negev,
Beer-Sheva 8410501, Israel. E-mail: alinak@bgu.ac.il; maratspector@gmail.com
*National Research Tomsk State University, Tomsk, 634050, Russia

“Tomsk Polytechnic University, Tomsk, 634050, Russia

T Electronic supplementary information (ESI) available: (1) acceleration.avi and
(2) force.avi. See DOI: 10.1039/c9na00759h

i These authors contributed equally to the work.

This journal is © The Royal Society of Chemistry 2020

nanoparticles in intercellular and intracellular media or cellular differentiation, to list a few examples.

be generated using other symmetric structures.”> By breaking
this symmetry, the generated structured light beams become
curved. This effect is known as a photonic hook (PH)"*¢ and has
unique properties. Specifically, a PH experiences both lateral
size and a radius of curvature as a fraction of the incident
wavelength.”” PH configurations have been optimized,*® inves-
tigated for optomechanically moving nanoparticles around
obstacles,'® and experimentally demonstrated.” Previously, we
explored PH-based optical manipulation under CW illumina-
tion and concluded that the generated force has a small
magnitude for realistic applications.'®** In the context of optical
manipulation, CW field-based illumination causes heating of
the system, which can be potentially destructive if a very large
input amplitude is required.

One way to mitigate the destructive effect of CW illumina-
tion®* is by utilizing a pulsed input field.”* This largely over-
looked method of increasing optical force performance has
been studied numerically*® and demonstrated experimentally
for femtosecond input sources for trapping latex nano-
particles.* Pulsed illumination has also been studied for
structure-based optical manipulation.*® Some applications that
have been explored include the use of a pulsed laser to over-
come the adhesive interaction of a particle stuck on a surface*®
and as a high-speed microfluidic switch.”

Absolute trapping forces depend on the details of the beam
structure and the type of illuminated wave: CW or pulsed. Here
we study the photonic hook effect generated by a Gaussian
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pulse and its influence on the temporal dynamics of electronic
and lattice temperature. Fig. 1 illustrates the studied system in
which a pulsed beam, linearly polarized along the y-axis, illu-
minates a dielectric cuboid with broken symmetry (called
a cuboid below for simplicity) with an index of n = 1.4
embedded in air. This refractive index corresponds to that of
fused silica, chosen to create the optimal conditions - i.e., there
needs to be a sufficient refractive index contrast between the
cuboid material and the surrounding medium - for creating the
photonic hook.™

The photonic hook is generated at the output of the cuboid
and is applied on a metallic probe. We utilize a gold nano-
particle (GNP) as a probe due to its biocompatibility for in vivo
micro-manipulation.”® In addition, GNPs can be modified to
carry cargo. To study the influence of applied pulsed illumina-
tion, we calculate the complex polarizability, «, of GNP under
illumination by a Gaussian pulse as a function of temperature
and search for the wavelength at which the optical force is
maximal. According to ref. 29, the optical force is directly
related to the imaginary part of GNP’s polarizability, «, which is
shown in Fig. 2. We noticed that the imaginary part of « reaches
its maximum at A = 500 nm. This signifies the largest possible
force that can be obtained with the studied particle.

Since the polarizability, «, is directly linked to the particle’s
scattering cross-section, og.,, by measuring the latter at
different time intervals, os., can be related to the particle
displacement. In the case of temporal dynamics, the polariz-
ability becomes time-dependent with « = «(t), and the relation
to 0gcea(?) is

k4
- 67'580

(1), 1)

Usca(t)

2
where k =

/em
A
tion of the surrounding medium, and ¢ and A are the
dielectric constant and the wavelength in free space, respec-
tively. Thus, assuming that the initial position of the GNP is
known, one can measure the scattering cross-section at
different time intervals and relate it to GNP displacement.
This technique can be implemented in future experiments for
thermo-optomechanical manipulation and tracking metallic

nanoparticles.

is the wavevector, ¢, is the dielectric func-

Fig.1 Thedielectric cuboid, with refractive indexn = 1.4, is embedded
in air and irradiated by a pulsed Gaussian input field. The a/b ratio used
for the cuboid is 3/4, as in ref. 16. The incident field wavelength is 1 =
500 nm.
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Fig.2 Realandimaginary parts of the polarizability, « (egn (5)), of GNP
subjected to a CW electric field as a function of the incident
wavelength.

2 Results and discussion

The optical force acting on an arbitrary object is obtained by
integrating the Maxwell stress tensor over a closed surface over
the object.*® However, this method is computationally ineffec-
tive due to the cumbersome modelling of the object at all points
where the force is obtained. To simplify the calculations, we
assume that the radius of GNP, R, is much smaller than the
incident wavelength, 2, i.e. R < A, so that the particle can be
approximated as an electric dipole. In this case, the force
becomes

F=(pV)E+pxB, (2)

where p is the dipole moment and E and B are the electric and
magnetic fields, respectively. The first term originates from the
inhomogeneous electric field; the second term is the Lorentz
force. We note that the fields in eqn (2) correspond to the
exciting field - we assume that the particle represented by the
dipole does not change the fields.

Taking the time average of eqn (2), we obtain

1 *
and by writing the dipole moment as p = «E, we obtain
/! 1"
(F) = "‘ZVEg + %ng;. (4)

The polarizability of GNP reads as « = o/ +ie”, and ¢ reads as
the phase. The first term of eqn (4) is known as the gradient
force, Fgraq, responsible for trapping (or repelling) the probe
particle at locations where the field intensity gradient is high.
The second term is the scattering force, Fs.,, which moves in
parallel to the k-vector, and is responsible for unrestricted
particle motion.

Eqn (4) shows that the scattering force is directly propor-
tional to the imaginary part of the polarizability, «”. Assuming
that the probe particle is spherical, the polarizability in the
Rayleigh approximation can be written as the Clausius-Mos-
sotti relation®*

This journal is © The Royal Society of Chemistry 2020
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where R is the radius of the probe and &y, €4, and ¢, are the
dielectric constants of the surrounding medium, the probe
particle, and the free space. For GNP with radius R = 30 nm, the
polarizability spectrum is plotted in Fig. 2. The maximum value
of o is obtained at Aj, = 500 nm, in the vicinity of the Au
interband transition. Given that the density of Au is p =
19.30 g cm ™ ®3 we calculate the acceleration a of the nano-
particle, which is directly proportional to the force according to
Newton’s second law; we plot the acceleration in Fig. 3.

Fig. 3 shows that, contrary to CW illumination, the structure
of the optical forces for pulsed radiation in the region of the
photonic hook resembles a typical picture of standing waves—
the presence of a chain of anti-nodes and nodes,* located along
a curved line. Specifically, the acceleration and the force for CW
illumination are 15 orders of magnitude less as than for pulsed
illumination. Physically, this is related to significantly larger
absorbed power density by GNP, p,ps,** for the case of pulsed
illumination; see eqn (8) below.

Given the acceleration in Fig. 3, we can use simple kine-
matics to estimate the distance traveled by the GNP during
a single cycle of the electric field,

21
[/
r(t) = J“’inc dzJ a(z’) dz, (62)
0 0
Ai21'IC ! t/ J/ J
r(t) = max = L dtJ0 A(z )dt (6b)
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Fig. 3 Calculated acceleration, a, of GNP according to egn (6a), and
forces acting on a spherical GNP with a radius of 30 nm due to (top) CW
illumination and (bottom) pulsed illumination (shown here at t = 322 fs)
with a wavelength of 500 nm. The optical force dynamics are shown in
ESI Video 2.1 The arrows indicate the direction of the optical force.
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where @, is the maximum acceleration of the GNP, ¢ is the
speed of light and A(¢) represents the temporal dependence of
the scattered acceleration, ... Under the CW illuminated
photonic hook, the distance traveled by the GNP is diminish-
ingly small. However, by utilizing pulsed illumination one can
increase the distance traveled by the GNP.

The pulsed beam used in this work is defined by the pulsed
input pre-defined in the finite difference time domain (FDTD)
algorithm of Lumerical (see Methods). To better illustrate the
pulse as it propagates through time and space, we set the pulse
duration to 100 fs, and the time delay is arbitrarily set to 300 fs.
Using the pulsed beam, we tune the incident field amplitude
from 1 Vm ! to 15 MV m ™. In this case, inevitable heat effects
related to the non-elastic electron-electron e-e and electron—
phonon e-ph scattering must be taken into account.

To account for the interaction of the incident laser light with
the metallic NP, we employ the extended Two Temperature
Model (eTTM) (eqn (7)-(10)). This model describes the spatio-
temporal dynamics of the non-thermal electron energy Uxr, as
well as of the electron and phonon (lattice) temperatures, T, and
Ty, respectively. It is customary to describe the energy density
evolution of NT electrons as

(9(]]\11"()(,27 [)

ot = 7[Te+TI]UNT(-x7zv t) +pabs(-x7z7 t)7 (7)

where the first term on the RHS is a damping term that
describes the macroscopic e-e and e-ph scattering rates rep-
resented by I'. and I'}, respectively. The second term on the
RHS, paps, describes the energy density dissipation rate. Using
the Poynting theorem for dispersive media and assuming that
all the photon energy is converted into heat, together with the
assumption of slowly varying envelope approximation in
time,** the time-averaged absorbed power density (p.ps) can be
written as

(Pans(%, 2, 1)) = €08m @pump (|Em (x, 2, 1)])° (8)

where Ep,(x,z,t) is the electric field absorbed by the GNP.
For the Gaussian temporal profile of the incoming pulse, the
solution of eqn (7) is

UNT(X,Z’I) = uabs(xazJ)Z[rNTanat]’ (93)

>
(—TNTTP) I'nT? T
—INT
Z[Ixr, 1yt =\ 2 {1 +Erf<i— M)] (9b)
Tp 2
Int =T+ 1,

N
2

(99)

(9d)

T
uabs(xa Zy l) = ppabs(xvza t)'

where Erf[x] is the error function.
The equations for the electron () and lattice (7}) tempera-
tures are given as

T,

Ce(T) ar

V[Ke(Tm TI)VTe] - G(Te - Tl) + Fe UNT(x7 z, t)7
(10a)
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aT
C— = V[K(T)VTi] + G(T. — T,) + I''Uxt(x, 2, 7).

3 (10b)

Here, C and K are the heat capacities and thermal conductivities
of the electrons and the lattice, as denoted by subscripts e and 1,
respectively. G is the electron-phonon coupling factor related to
the rate of energy exchange between the electrons and the
lattice. We note that the phonon thermal conductivity K,,(7;) is
much smaller than the electron thermal conductivity Ke(7e,T1);
henceforth, it is neglected.

We now solve eqn (7)-(10) numerically with the parameters
suitable for Au specified in Table 1.

Assuming that the variation of the electron (T.) and the
lattice (77) temperatures is small with respect to their initial
value (T, = T} = Ti, = 300 K), we compare the numerical solu-
tion of eqn (7)-(10) to the analytical one given by

Zub T lel“lCeq
Te([) =T + Cceq iscl < ng = M(FTC + FI]7TNT7Tp7Z)~
r. I Iy
Ti(t) = T + 2t | = — = | ————
1( ) + Uabs (Cecq Cl) FTC n FTI — FNT

X [M(I'ry, I'nt,7p,0) = M(I'g, I'r, + 'y, 7, 1)

I
+ 2uabsE]M(rT]7FNT:Tp>Z)7
1

M(Z,E,rp,t): [Z[E,TP,I}—Z[C,%,IH.

1
£-¢
(11)
where u,, represents the energy density absorbed by the GNP.
It is given by the following expression:

T

T
Uaps = Tppabs(xv Z, t)' (12)

The calculated electronic (7.) and lattice (7}) temperature
dynamics are shown in Fig. 4. We note that Fig. 4 shows the
calculated results for 7. and 7} when the GNP is subject to
uniform Gaussian pulse excitation. The duration of the pulse is
7, = 0.1 ps, the wavelength of excitation is A = 500 nm, and the
absorbed electric field is E,,, = 15 MV m ™.

We see that both the analytical and the numerical results

for the maximum values of T, show a linear dependence on

Table1l Parameters used in the numerical solution of the eTTM (eqgn (10))

Parameter Value Units Reference
c 2.1 x 10* Jm>P K 35
o] 2.5 x 10° Jm73K? 35
G 2.5 x 10 Jm7P K st 36
Ie 2 x 10" st 37
I, 1 x 10" st 37
I'nt 3 x 10" st 37
Iy 1 x 10" s 37
I'r, 1.2 x 10*2 st 37
Apump 500 nm —
Tpump 100 fs —
ng 1 — —
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Fig. 4 (a) Maximum temperature of electrons T, as a function of

absorbed energy density. (b) Temporal dynamics of electronic (T.) and
lattice (T)) temperatures due to the uniform excitation of spherical GNP
by a Gaussian pulse at A =500 nm. The duration of the pulseis 7, = 0.1
ps and the absorbed electric field is £, = 15 MV m™,

Uaps for low energy densities. In this case, the deviation
between the analytical and the numerical result is less than
5%. However, further increasing u,ps leads to higher values of
T., which in turn limits the validity of our assumption,
namely, that the variation of the electron temperature, T, is
small with respect to its initial value (T, = Ti, = 300 K). This in
turn leads to a deviation of 25% between the analytical and
the numerical results.

To account for the temporal dynamics of the dielectric
function of GNP, ¢y(T,T}), we use the temperature-dependent
permittivity model described in detail in ref. 38. Specifically,
the GNP is excited at A = 500 nm, which is in the vicinity of the
interband transition of Au.** Thus, we take into account the
interband (éinter(Ze,71)) and intraband (ejnera(7Te,77)) contribu-
tions to the dielectric function of Au as a function of time, which
is represented in Fig. 5.

Furthermore, by taking into account the temporal
dynamics of the interband and intraband dielectric functions,
the temporal dependence of the particle polarizability, «, is
easily obtained from eqn (5), and is shown in Fig. 6. According
to eqn (4), the optical force depends on the polarizability of
the GNP, which becomes diminishingly small after 10 ps.
Thus, in the temporal range of interest, the thermal dissipa-
tion effect of the metallic particle need not be considered,
since the relaxation of the lattice temperature occurs on
a much slower time scale.

As it interacts with the dielectric cuboid, the pulsed field
generating the photonic hook is shown in ESI Video 1.1 From

@ 44 ®)s3
525
= - =
~J <46 S
52
-4.8 5.15
0 5 10 0 5 10

t (ps) t(ps)

Fig. 5 Temporal dynamics of the (a) real and (b) imaginary part of ¢ as
a result of uniform excitation at A = 500 nm. The duration of the pump
pulse is 7, = 0.1 ps and the absorbed electric field is E, = 15 MV m~t

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Dynamics of o (left) and o (right) as a result of uniform exci-
tation at A = 500 nm (eqn (5)). The duration of the pump pulse is 7, =
0.1 ps and the absorbed electric field is Ey, = 15 MV m™,

the electric and magnetic fields generated by the simulation, we
then use eqn (2) to calculate the force, along with the time-
dependent polarizability shown in Fig. 6. The optical force
acting on the probe GNP is shown in ESI Video 2.f Integrating
the acceleration with respect to time, the velocity of the GNP
after the pulsed field excitation dissipates at ¢ = 500 fs is shown
in Fig. 7.

3 Purcell factor calculation

The ability to track particles in inter- and intracellular media
is of the highest importance for revealing molecular trans-
port, studying fundamental biological mechanisms and
drug delivery, to list a few examples. However, the main
limitation of cellular medium is its optical low contrast. To
track the GNP studied here in low-contrast medium, we
propose first encapsulating it with a photoluminescent
emitter.*>** Once encapsulated with an emitter, a possible
implementation can be accomplished by measuring the
dynamically varying Purcell factor. The Purcell factor, Fy,**
can be defined as the ratio between the density of surface
plasmon modes, psp, and the density of modes in free space,
Pfree,”* Namely,

Psp
F, = ——
P Prree

(13)

vp [um/s]

y [um]

0.5

05 1 15 2
X [pm]

2.5

Fig. 7 Calculated velocity, vpar, of GNP subject to the pulsed illumi-
nation. The incident wavelength is 2 = 500 nm and the radius of the
GNP is R = 30 nm.
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Fig. 8 Purcell factor as a function of incident wavelength at different
time intervals At after illumination by a Gaussian pulse with incident
wavelength A = 500 nm. The duration of the pump pulse is 7, = 0.1 ps
and the absorbed electric field is E,, = 15 MV m™L. The particle is
embedded in a medium with a refractive index of n = 1.33.

The Purcell factor depends on the dielectric function of the
GNP, ¢, (which in our case is time-dependent), and of the
surrounding media, e4. By taking into account the temporal
dynamics of the dielectric function of Au and utilizing the
approach of Sun et al.,* we calculate the wavelength depen-
dence of the Purcell factor, F,, at different time periods At after
excitation by a pulsed laser beam (Fig. 8). We found that the
spectral location of the maximum value of the Purcell factor is
shifted by 6 nm due to the heating effect of the ‘hot’ GNP as
compared to the ‘cold’ one. This important observation can be
utilized for tracking the GNP when it is in intercellular medium
(n = 1.33) and when it passes the cellular phospholipid
membrane (n = 1.34).

4 Methods

The electric and magnetic fields generated by the plane wave
incident on the cuboid are simulated using Lumerical FDTD.
We used the scattered field formalism with the source offset by
an arbitrarily selected amount (300 fs) in order to input the full
Gaussian signal into the system. The simulation is bounded by
perfectly matched layers on all sides. We used a mesh size of
5 nm along both x and y in the shadow region (the mesh along z
was left as default) and a monitor with a time sampling rate of
5728.89 THz (corresponding to a minimum sampling rate per
cycle of 10), in order to obtain a reasonably-sized dataset of
electric and magnetic field data. The resulting dataset was then
input in Matlab, where the field derivatives were obtained using
the central difference method.

5 Conclusion

To conclude, we reported on an amplification of optical forces
generated by a photonic hook applied on a spherical nano-
particle via pulsed illumination mediated by temperature
effects. We analyzed the influence of a Gaussian pulse applied
on a spherical GNP. Importantly, the magnitude of the optical
force acting on the gold nanoparticle and the velocity ach-
ieved by the GNP subject to the pulsed illumination are
greater than the force and velocity of the same GNP under CW

Nanoscale Adv., 2020, 2, 2595-2601 | 2599
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illumination. We proposed a novel tracking concept for
particle movement in low-contrast media. We noticed that the
effective scattering cross-section of the heated particle
depends on the intensity of the input laser beam; therefore
the scattering cross-section of the particle can be tuned for its
tracking. In addition, as a possible implementation of
tracking a nanoparticle in low index contrast medium, we
analyzed the wavelength dependence of the Purcell factor, Fp,
at different time intervals after excitation by a Gaussian pulse.
We found that by illuminating the GNP with a Gaussian pulse
at 500 nm and increasing the refractive index of the GNP
surrounding media by 0.75%, the Purcell factor (F,) peak
experiences a spectral shift of 6 nm. An experimental
analogue of the Purcell factor, Fy, is the measurement of the
recombination rate enhancement, which is defined as the
ratio between the total recombination rate of the photo-
luminescent emitter encapsulated GNP and the total recom-
bination rate of the bare photoluminescent emitter.** The
reported photonic hook can easily be extended to other types
of localized structure beams.
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