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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 DTl  2–4 K, leading to
high index resolution. We envision that heat-associated eﬀects can be further mitigated to achieve
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temperature 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
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objects in low-contrast environments, such as optomechanically controlled drug delivery with
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nanoparticles in intercellular and intracellular media or cellular diﬀerentiation, to list a few examples.

1

Introduction

Shortly aer the laser was invented, Ashkin proposed and
demonstrated1 that the incident laser beam can be implemented to trap and manipulate dielectric particles. Moreover,
while the traditional microscope-based trap has found applications in a wide variety of disciplines, such as biophysical
research,2 this free-space optical approach is diﬀraction limited.
Thus, achieving manipulation on the nanoscale requires
auxiliary structures that generate tightly conned electric elds.
Field localization has been successfully demonstrated in plasmonics research.3–7 An alternative route to sub-diﬀraction
trapping and manipulation8–13 has been explored using highintensity narrow light beams generated by dielectric structures, referred to as photonic nanojets.14
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.12 In addition, PNJs can also
a
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be generated using other symmetric structures.15 By breaking
this symmetry, the generated structured light beams become
curved. This eﬀect is known as a photonic hook (PH)15,16 and has
unique properties. Specically, a PH experiences both lateral
size and a radius of curvature as a fraction of the incident
wavelength.17 PH congurations have been optimized,18 investigated for optomechanically moving nanoparticles around
obstacles,16 and experimentally demonstrated.19 Previously, we
explored PH-based optical manipulation under CW illumination and concluded that the generated force has a small
magnitude for realistic applications.16,20 In the context of optical
manipulation, CW eld-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 illumination21 is by utilizing a pulsed input eld.22 This largely overlooked method of increasing optical force performance has
been studied numerically23 and demonstrated experimentally
for femtosecond input sources for trapping latex nanoparticles.24 Pulsed illumination has also been studied for
structure-based optical manipulation.25 Some applications that
have been explored include the use of a pulsed laser to overcome the adhesive interaction of a particle stuck on a surface26
and as a high-speed microuidic switch.27
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 inuence 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, illuminates a dielectric cuboid with broken symmetry (called
a cuboid below for simplicity) with an index of n ¼ 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.15
The photonic hook is generated at the output of the cuboid
and is applied on a metallic probe. We utilize a gold nanoparticle (GNP) as a probe due to its biocompatibility for in vivo
micro-manipulation.28 In addition, GNPs can be modied to
carry cargo. To study the inuence of applied pulsed illumination, we calculate the complex polarizability, a, 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, a, which is
shown in Fig. 2. We noticed that the imaginary part of a reaches
its maximum at l ¼ 500 nm. This signies the largest possible
force that can be obtained with the studied particle.
Since the polarizability, a, is directly linked to the particle’s
scattering cross-section, ssca, by measuring the latter at
diﬀerent time intervals, ssca can be related to the particle
displacement. In the case of temporal dynamics, the polarizability becomes time-dependent with a ¼ a(t), and the relation
to ssca(t) is
ssca ðtÞ ¼

k4
|aðtÞ|2 ;
6p30

(1)

pﬃﬃﬃﬃﬃﬃ
2p 3m
is the wavevector, 3m is the dielectric funcl
tion of the surrounding medium, and 30 and l are the
dielectric constant and the wavelength in free space, respectively. 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.

where k ¼

The dielectric cuboid, with refractive index n ¼ 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 l ¼
500 nm.

Fig. 1
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Real and imaginary parts of the polarizability, a (eqn (5)), of GNP
subjected to a CW electric ﬁeld as a function of the incident
wavelength.

Fig. 2

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.30 However, this method is computationally ineﬀective 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, l, i.e. R  l, so that the particle can be
approximated as an electric dipole. In this case, the force
becomes
F ¼ (p$V)E + p_  B,

(2)

where p is the dipole moment and E and B are the electric and
magnetic elds, respectively. The rst term originates from the
inhomogeneous electric eld; the second term is the Lorentz
force. We note that the elds in eqn (2) correspond to the
exciting eld – we assume that the particle represented by the
dipole does not change the elds.
Taking the time average of eqn (2), we obtain
hFi ¼

X1 

Re p*i VEi ;
2
i

(3)

and by writing the dipole moment as p ¼ aE, we obtain
hFi ¼

a0 2 a00 2
VE þ E0 Vf:
4 0
2

(4)

The polarizability of GNP reads as a ¼ a0 + ia00 , and f reads as
the phase. The rst term of eqn (4) is known as the gradient
force, Fgrad, responsible for trapping (or repelling) the probe
particle at locations where the eld intensity gradient is high.
The second term is the scattering force, Fsca, which moves in
parallel to the k-vector, and is responsible for unrestricted
particle motion.
Eqn (4) shows that the scattering force is directly proportional to the imaginary part of the polarizability, a00 . Assuming
that the probe particle is spherical, the polarizability in the
Rayleigh approximation can be written as the Clausius–Mossotti relation9,31
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a ¼ 4pR3 30

3m  3d
;
3m þ 23d

(5)

where R is the radius of the probe and 3m, 3d, and 30 are the
dielectric constants of the surrounding medium, the probe
particle, and the free space. For GNP with radius R ¼ 30 nm, the
polarizability spectrum is plotted in Fig. 2. The maximum value
of a00 is obtained at linc ¼ 500 nm, in the vicinity of the Au
interband transition. Given that the density of Au is r ¼
19.30 g cm3,32 we calculate the acceleration a of the nanoparticle, 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,33 located along
a curved line. Specically, the acceleration and the force for CW
illumination are 15 orders of magnitude less as than for pulsed
illumination. Physically, this is related to signicantly larger
absorbed power density by GNP, pabs,34 for the case of pulsed
illumination; see eqn (8) below.
Given the acceleration in Fig. 3, we can use simple kinematics to estimate the distance traveled by the GNP during
a single cycle of the electric eld,
ð 2p ð t0  
rðtÞ ¼ uinc dt a t0 dt0 ;

rðtÞ ¼ amax

(6a)

0

0

l2inc
c2

ð1
dt
0

ð t0  
A t0 dt0

(6b)

0

where amax is the maximum acceleration of the GNP, c is the
speed of light and A(t) represents the temporal dependence of
the scattered acceleration, amax. Under the CW illuminated
photonic hook, the distance traveled by the GNP is diminishingly small. However, by utilizing pulsed illumination one can
increase the distance traveled by the GNP.
The pulsed beam used in this work is dened by the pulsed
input pre-dened in the nite 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 eld amplitude
from 1 V m1 to 15 MV m1. 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 spatiotemporal dynamics of the non-thermal electron energy UNT, as
well as of the electron and phonon (lattice) temperatures, Te and
Tl, respectively. It is customary to describe the energy density
evolution of NT electrons as
vUNT ðx; z; tÞ
¼ ½Ge þ Gl UNT ðx; z; tÞ þ pabs ðx; z; tÞ;
vt

(7)

where the rst term on the RHS is a damping term that
describes the macroscopic e–e and e–ph scattering rates represented by Ge and Gl, respectively. The second term on the
RHS, pabs, 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,34 the time-averaged absorbed power density hpabsi can be
written as
00
~m ðx; z; tÞ|i2
hpabs ðx; z; tÞi ¼ 30 3m upump h|E

(8)

where ~
Em ðx; z; tÞ is the electric eld absorbed by the GNP.
For the Gaussian temporal prole of the incoming pulse, the
solution of eqn (7) is
UNT(x,z,t) ¼ uabs(x,z,t)Z[GNT,sp,t],


Z GNT ; sp ; t ¼ e

GNT sp
2

(9a)

2
GNT t

1 þ Erf

t
GNT sp

sp
2

GNT h Ge + Gl,
pﬃﬃﬃﬃ
psp
pabs ðx; z; tÞ:
uabs ðx; z; tÞ ¼
2

;

(9b)

(9c)
(9d)

where Erf[x] is the error function.
The equations for the electron (Te) and lattice (Tl) temperatures are given as
Fig. 3 Calculated acceleration, a, of GNP according to eqn (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 ¼ 322 fs)
with a wavelength of 500 nm. The optical force dynamics are shown in
ESI Video 2.† The arrows indicate the direction of the optical force.

This journal is © The Royal Society of Chemistry 2020
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vTl
¼ V½Kl ðTl ÞVTl  þ GðTe  Tl Þ þ Gl UNT ðx; z; tÞ:
vt

(10b)

Here, C and K are the heat capacities and thermal conductivities
of the electrons and the lattice, as denoted by subscripts e and l,
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 Kph(Tl) is
much smaller than the electron thermal conductivity Kel(Te,Tl);
henceforth, it is neglected.
We now solve eqn (7)–(10) numerically with the parameters
suitable for Au specied in Table 1.
Assuming that the variation of the electron (Te) and the
lattice (Tl) temperatures is small with respect to their initial
value (Te ¼ Tl ¼ Tin ¼ 300 K), we compare the numerical solution of eqn (7)–(10) to the analytical one given by
Te ðtÞ ¼ T

eq


2uabs Ge Cl  Gl Ceeq
þ eq
M GTe þ GTl ; GNT ; sp ; t :
eq
Ce þ Cl
Ce

Ge
Gl
GTl

Ceeq Cl GTe þ GTl  GNT



 M GTl ; GNT ; sp ; t  M GTl ; GTe þ GTl ; sp ; t

Tl ðtÞ ¼ T eq þ 2uabs

þ 2uabs


Gl
M GTl ; GNT ; sp ; t ;
Cl


M z; x; sp ; t ¼




1  
Z x; sp ; t  Z z; sp ; t :
zx
(11)

where uabs represents the energy density absorbed by the GNP.
It is given by the following expression:
pﬃﬃﬃﬃ
psp
pabs ðx; z; tÞ:
uabs ¼
(12)
2
The calculated electronic (Te) and lattice (Tl) temperature
dynamics are shown in Fig. 4. We note that Fig. 4 shows the
calculated results for Te and Tl when the GNP is subject to
uniform Gaussian pulse excitation. The duration of the pulse is
sp ¼ 0.1 ps, the wavelength of excitation is l ¼ 500 nm, and the
absorbed electric eld is Em ¼ 15 MV m1.
We see that both the analytical and the numerical results
for the maximum values of Te show a linear dependence on
Table 1

Fig. 4 (a) Maximum temperature of electrons Te as a function of
absorbed energy density. (b) Temporal dynamics of electronic (Te) and
lattice (Tl) temperatures due to the uniform excitation of spherical GNP
by a Gaussian pulse at l ¼ 500 nm. The duration of the pulse is sp ¼ 0.1
ps and the absorbed electric ﬁeld is Em ¼ 15 MV m1.

uabs for low energy densities. In this case, the deviation
between the analytical and the numerical result is less than
5%. However, further increasing uabs leads to higher values of
Te, which in turn limits the validity of our assumption,
namely, that the variation of the electron temperature, Te, is
small with respect to its initial value (Te ¼ Tin ¼ 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, 3m(Te,Tl), we use the temperature-dependent
permittivity model described in detail in ref. 38. Specically,
the GNP is excited at l ¼ 500 nm, which is in the vicinity of the
interband transition of Au.39 Thus, we take into account the
interband (3inter(Te,Tl)) and intraband (3intra(Te,Tl)) contributions 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, a, 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 aer 10 ps.
Thus, in the temporal range of interest, the thermal dissipation 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 eld
generating the photonic hook is shown in ESI Video 1.† From

Parameters used in the numerical solution of the eTTM (eqn (10))

Parameter

Value

Units

Reference

Ceq
e
Cl
G
Ge
Gl
GNT
GTl
GTe
lpump
spump
nd

2.1  104
2.5  106
2.5  1016
2  1012
1  1012
3  1012
1  1010
1.2  1012
500
100
1

J m3 K1
J m3 K1
J m3 K1 s1
s1
s1
s1
s1
s1
nm
fs
—

35
35
36
37
37
37
37
37
—
—
—
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Fig. 5 Temporal dynamics of the (a) real and (b) imaginary part of 3 as
a result of uniform excitation at l ¼ 500 nm. The duration of the pump
pulse is sp ¼ 0.1 ps and the absorbed electric ﬁeld is Em ¼ 15 MV m1.
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Fig. 6 Dynamics of a0 (left) and a00 (right) as a result of uniform excitation at l ¼ 500 nm (eqn (5)). The duration of the pump pulse is sp ¼
0.1 ps and the absorbed electric ﬁeld is Em ¼ 15 MV m1.

the electric and magnetic elds generated by the simulation, we
then use eqn (2) to calculate the force, along with the timedependent polarizability shown in Fig. 6. The optical force
acting on the probe GNP is shown in ESI Video 2.† Integrating
the acceleration with respect to time, the velocity of the GNP
aer the pulsed eld excitation dissipates at t z 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 transport, 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 rst encapsulating it with a photoluminescent
emitter.40,41 Once encapsulated with an emitter, a possible
implementation can be accomplished by measuring the
dynamically varying Purcell factor. The Purcell factor, Fp ,42
can be dened as the ratio between the density of surface
plasmon modes, rSP, and the density of modes in free space,
rfree, 43 namely,
Fp ¼

rSP
rfree

(13)

Purcell factor as a function of incident wavelength at diﬀerent
time intervals Dt after illumination by a Gaussian pulse with incident
wavelength l ¼ 500 nm. The duration of the pump pulse is sp ¼ 0.1 ps
and the absorbed electric ﬁeld is Em ¼ 15 MV m1. The particle is
embedded in a medium with a refractive index of n ¼ 1.33.
Fig. 8

The Purcell factor depends on the dielectric function of the
GNP, 3m (which in our case is time-dependent), and of the
surrounding media, 3d. By taking into account the temporal
dynamics of the dielectric function of Au and utilizing the
approach of Sun et al.,43 we calculate the wavelength dependence of the Purcell factor, Fp, at diﬀerent time periods Dt aer
excitation by a pulsed laser beam (Fig. 8). We found that the
spectral location of the maximum value of the Purcell factor is
shied 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 ¼ 1.33) and when it passes the cellular phospholipid
membrane (n ¼ 1.34).

4 Methods
The electric and magnetic elds generated by the plane wave
incident on the cuboid are simulated using Lumerical FDTD.
We used the scattered eld 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 le 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 eld data. The resulting dataset was then
input in Matlab, where the eld derivatives were obtained using
the central diﬀerence method.

5 Conclusion

Fig. 7 Calculated velocity, vpar, of GNP subject to the pulsed illumination. The incident wavelength is l ¼ 500 nm and the radius of the
GNP is R ¼ 30 nm.

This journal is © The Royal Society of Chemistry 2020

To conclude, we reported on an amplication of optical forces
generated by a photonic hook applied on a spherical nanoparticle via pulsed illumination mediated by temperature
eﬀects. We analyzed the inuence of a Gaussian pulse applied
on a spherical GNP. Importantly, the magnitude of the optical
force acting on the gold nanoparticle and the velocity achieved by the GNP subject to the pulsed illumination are
greater than the force and velocity of the same GNP under CW
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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 aer 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 (Fp) peak
experiences a spectral shi of 6 nm. An experimental
analogue of the Purcell factor, Fp, is the measurement of the
recombination rate enhancement, which is dened as the
ratio between the total recombination rate of the photoluminescent emitter encapsulated GNP and the total recombination rate of the bare photoluminescent emitter.44 The
reported photonic hook can easily be extended to other types
of localized structure beams.
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