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Abstract

Optical near-fields are localized to the source region of
optical radiation or to the surfaces of materials
interacting with free radiation. Later work by Ashkin
et al. led to the development of “optical tweezers”,
devices which allow optical trapping and manipulating
macroscopic particles and living cells with typical sizes
in the range of 0.1 — 10 micrometers. Due to the high
field gradients of evanescent waves, strong forces are
predicted in optical near-fields. In this paper we used
simulation FDTD method and compared the results of
trapping force, both with tapered gold tip and without
grating on a gold sphere with a 5 -nm diameter that to
be put exactly under tip and see a 5- times increase in
the optical forces exerted on particle in the new shape
of gold tip.
Keywords: optical Plasmon
tapered gold tip.
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1. Introduction

In many situations, optical near-fields are explored for
their ability to localize optical energy to longitudinal scales
smaller than the roughly diffraction limit of /2, where A is
the light wavelength. Discretemomentum transfer between
photons (X-rays) and other particles (electrons) was shown
experimentally by Compton in 1925 and the recoil
momentum transferred from photons to atoms was
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observed by Frisch in 1933 [1]. The mechanical force in
laser trapping and cooling experiments can be understood
on a semiclassical basis where the electromagnetic field is
treated classically and the particle being trapped as a
quantized two-level system [2]. However, the quantum
theory of photons is used to interpret the results correctly
[3]. Furthermore, according to the photon concept, there
are quanta of energy and momentum transfer between the
radiation field and the atom. The classical electrodynamics
was used to derive the conservation law for linear
momentum in an optical field. In the small object limit, a
familiar expression was obtained for gradient and
scattering forces. It is possible to derive the forces
exerting on atoms and molecules in optical traps. This
theory is applied to calculate the trapping forces near a
laser illuminated metal tip. The net force exerted on an
arbitrary object is determined by Maxwell’s stress tensor.
[4]After an introduction to the theory of electromagnetic
forces in section 2, a description of the Field-enhancement
at a metal tip is given in section 3, where an interpretative
value of electric field without grating and with tapered
grating is explained. Then, the forces in optical near-fields
and Optical tweezers are addressed in section 4. Finally, in
section 5, discussion and conclusion is presented.

2. Theory of electromagnetic field forces

2-1. Maxwell’s stress tensor
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The force F on a charge q, moving with velocity v in an
external electromagnetic field in a medium that can be
characterized by a permittivity € and permeability p, is
given by F = q(¢ + v/c X B), where E and B denote
the electric field and the magnetic induction vectors,
respectively. B = uH, where H is the magnetic vector.
Ina system of charges the magnitude of total force equals
the variation dP,,,./dt of the mechanical momentum of
the system, assuming that [5, 6] we have the conservation
law:

deec deield —
et = J.T.nds (1)

In (1) S is any arbitrary closed surface that includes a
volume V which contains the system of charges; Pieq is
the total electromagnetic momentum given Pgipy =
fv Sdv/c? [7], where c¢ denotes the speed of light and
S = c/4n(e X H) as the Poynting vector. T is Maxwell’s

stress tensor, the components of which are given by
1

Ty = E[Esisj + WHH; %511'(682 + H}fz)],
1,2,3 2
Therefore, modeling electromagnetic forces involves
knowledge of the total field. Several procedures have been
used to evaluate these fields in different configurations.
The multiple-multipole method has been employed to find
the force exerted by a near-infrared illuminated metal tip
on a nanometric particle suspended in a liquid [8]. The
coupled-dipole method was used to calculate the force
from an illuminated flat dielectric surface on one or more
particles  [9, 10]. The integral method has been used to
derive the force near a corrugated surface [11, 12].

ij=

2-2. The dipole approximation

Small particles with radius a << A respond to an external
electromagnetic field with an induced dipole moment P.
Therefore, they experience the force [7]

(F) = (2e¢) = [(T).nds
Let the external field be time-harmonic. By using the

C

B =(Z)vx
E and p = aE, where o is the particle polarization, one
can write the time-averaged force on the particle as [13]

=1 B L
(Fj(r) = . Re [(xEk o b k=123

equations P = Re[p(r)e'®t],

The polarization of the small particle, including the
%o

radiation-reaction term is, o = —-
1—§1k3 ag

Whereq, is the static polarization given by the Claussius—
Mossotti equation, ay = ad(e—
1)/(e+1) and € = €,/€, is the ratio of the particle
permittivity €, to the surrounding medium €, [14]. The

wavenumber is k = /€ k,, where k; = w/c. For a
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wave propagating along k, the electric-field vector can be
written as

E(r) = Eo(r)e'®r
Substituting (5) into (3), one obtains the force experienced
by a dipolar particle

(Fy = 2 Re[a]V[Eq|? + > kim[a] |E,|? —
%Im[oc]lm[EO.VEo] ---------- ()
where Im denotes the imaginary part. The first term is the
gradient component of the force, whereas the second term
shows the radiation-pressure contribution to the scattering
force. In the case of a Rayleigh particle (ka < 1), by
substituting the above approximation for aa =

2 . . .
@ +3 ik3|ay|?, the second contribution can also be
expressed as [15]

Bt 0

Where C is the particle scattering cross-section: C =
8 . . )
3 mk*|ag|?. The last term in (2.8) is zero when the field

has a single plane-wave component, as in the next case.

2-3. The force from an evanescent wave on a dipolar
particle

Let the small particle be immersed in the electromagnetic
field of an evanescent wave, electric vector of which
is E = Ae %%eXR where r = (R,z) and k = (K,k,);
K and k, satisfy K?+k? = K?,K? = 0?—
€0/c%, with k, = iq = IV K2 — k2. We assume that
this field is generated by total internal reflection (TIR) at a
flat interface between two media of dielectric permittivity
ratio 1/€. The incident wave, s or p polarized (i.e. with the
electric vector either perpendicular or in the plane of
incidence), is influenced by the denser medium. Without
any loss of generalizing, we can choose Oxz as the
incidence plane, so that K = (K,0). Let t, and t; be the
transmission coefficients for s and p polarizations,
respectively. The electric vector is

E=(0,1,00t L e¥e a2 . ®)
for s polarization, and
E = (-ig,0,K) Lek*e=az .. 9)

for p polarization.

By substituting the above expressions for the electric
vector E into (6), we readily obtain the total average force
components. The scattering force is placed in the (x, y)-
plane (that is, the plane contains the propagating wave
vector of the evanescent wave), namely:

(Fx) :%|t|2Klm[a]e_2qZ _________ (10)

While the gradient-force component, which is directed
along Oz, is read as

(F,) = —|t|2qRe[a]e 2% —roeevvee (1)
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In (10) and (11) t stands for either ¢, or t; depending on
whether the polarization is s or p, respectively. For an
absorbent particle, by using (4) for o in (10) and (11), the
scattering and absorption force is obtained

Imlao]+2k3 | ao|?

— l 2 -2qz e
(F) = ltPKe ™20 =5 imn(12)
and for the gradient force
- _ l 2 Re[(xo] -2qz ¢
(F) = =Sl a s (13)

It should be noted that, except for Re[e]between —2 and 1,
Re[a0] is positive, thus the gradient force is directed
toward the interface. On the other hand, since Im [a,] and
|ao|? are always positive, the scattering force (12) pushes
the particle in the direction of propagating K of the
evanescent wave. Of course, these forces increase with a
decrease in the distance from the interface, and are larger
for p polarization due to the orientation of the induced
polarization in the particle.[16] In particular, if ka < 1,

(12) becomes

E|2

€+2 -
(14)

— l21a-2qz | 43 €e-1.2,3 6
(Fy) = 3 [t|*Ke [a Im(e+2)3k a
The first term of (14) is the radiation pressure of the
evanescent wave on the particle due to its absorption,
whereas the second term corresponds to scattering. This
expression can be further compressed as

2K _
(Fy) = S e 20C oy -—--<(15)

where the particle extinction cross-section C,,; has been
introduced as

3 e—1 8 4
Cext = 4mKa®Im <e+—2) +§T[k a

€+ 2

3. Field-enhancement at a metal tip

Field enhancement near Nanoscale metal structures plays a
central (major) role in optical phenomena such as surface-
enhanced Raman scattering (SERS), second-harmonic
(SH) generation and near-field microscopy. The
enhancement originates from the combination (integration)
of the electrostatic lightning-rod effect, due to the
geometric singularity of sharply pointed structures, and
localized surface Plasmon resonances which depend
sensitively on the excitation wavelength. The incident light
drives the free electrons in the metal along the direction of
polarization. While the charge density is zero inside the
metal at any moment, charges accumulate on the surface of
the metal. When the incidence polarization is perpendicular
to the tip axis, diametrically opposed points on the tip
surface have opposite charges. As a consequence, the
foremost end of the tip remains uncharged and no field
enhancement is achieved. On the other hand, when the
incidence polarizations parallel to the tip axis, the induced
surface charge density is almost rotationally symmetric and
has a highest amplitude at the end of the tip [17, 18, 19].
Enhanced field is confined (restricted) to the tip apex in all
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three dimensions. Thus the illuminated tip represents a
nanoscale light source. The maximum enhancement of the
electric field intensity M = |Ejpeq (T, @)|%/|Em(r, w)|?
calculated for a solid gold tip with a diameter of 10 nm at
an excitation wavelength of 830 nm is around (about) 250.
To establish (generate) a strong field enhancement at the
tip, the electric field of the exciting laser beam needs to be
polarized along the tip axis. The influence of tip shape and
material on the field enhancement has been discussed in a
series of publications with the aim to find the optimum tip
[20, 21]. In this work, we investigated the influence of tip
shape on the field enhancement. We assumed a golden tip,
a 10 - nm radius of apex and a 30° cone angle and a200 -
nm period of grating. Also we used continuous laser with a
wavelength in the range 400 nm to 700 nm. We simulated
in two different conditions. We considered direct
illumination apex tip without grating and direct
illumination of grating. Spherical gold particle was put
under apex tip in a distance of3 nm. The figures 1 and 2
show electric field around of apex tip without grating and
with tapered grating, respectively.
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=)
=

0 5 10 15 25 0 ® o

20
Time (fs)

Fig.1, Enhancement electric field without grating in the
around of apex tip, (a) in direction axes z for different
wavelength and (b) in terms of time.
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Fig. 2, enhancement electric field with tapered grating in
the tip apex, (a) in direction axes z for different wavelength
and (b) in terms of time.

As illustrated in Fig. 2, intensity of electric field is
increased with grating in the tip apex. Also we see that
without grating tip, maximum electric field is generated at
around 530 nm but with grating tip, it is generated at
around 610 nm. The reason for wavelength change is
excitation Surface Plasmon.

4. Forces in optical near-fields and Optical tweezers

In principle, optical tweezers rely upon an extremely high
gradient in the electric field produced near the beam waist
of a tightly focused laser beam, which generates a force
sufficient to trap micron-sized dielectric particles in three
dimensions. In 1986 Ashkin, et. al. showed that a single
tightly focused laser beam could be used to hold, in three
dimensions, a microscopic particle near the beam focus.
This has now become established as a powerful
noninvasive technique and is known as optical tweezers
[22]. Optical tweezers have found widespread application
especially in biology and have been used to manipulate
dielectric spheres, and metallic particles. Optical tweezers
are routinely applied to measure elasticity, force, torsion
and position of a trapped object. Forces measured with
optical tweezers are typically in the 1 — 10pN range. A
simple ray optical analysis can be applied to describe
trapping of particles larger than the wavelength. In this
model, every refraction of alight ray at the particle surface
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transfers (moves)with momentum from the trapping laser
to the particle. The time rate of change of the momentum is
the trapping force. The total force can be calculated by
representing the light beam as a collection of rays, and
summing the forces from each of the rays up. Stable
trapping requires that there exist a position for which the
net force on the particle is zero and any displacement
results in a restoring force towards the ‘zero-force’ position
[23].The enhanced field at the tip results from an increase
in the surface charge density. The incident light drives the
free electrons in the metal along the direction of
polarization. While the charge density is zero inside the
metal at any instant of time (V-E = 0), charges
accumulate on the surface of the metal. When the
incidence polarization is perpendicular to the tip axis,
diametrically opposed points on the tip surf?B have
opposite charges. As a consequence, the foremost ‘end of
the tip remains uncharged. On the other hand, when the
incidence polarization is parallel to the tip axis the induced
surface charge density is rotationally symmetric and has
the highest amplitude at the end of the tip. In both cases the
surface charges form a standing wave oscillating with the
frequency of the excitation light but with wavelengths
shorter than the wavelength of the exciting light (Surface
Plasmon) [4].

In our simulation, optical forces by tapered gold tip exerted
on one spherical gold particle with a 5 -nm diameter in
terms of wavelength are increased approximately 5 times.
As shown in Fig. 4, optical force in wavelength is
increased around 620 nm.
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Fig. 4, Optical forces by tip, (a) without and (b) with
grating exerted on one metal spherical with 5 nm diameters
in terms of wavelength, respectively. We see a 5- times
increase in the force of wavelength around 620 nm.

5. Conclusion

Since the first realization that radiation pressure could be
used to manipulate matter (the materials),the applications
of photonic forces have ranged from laser cooling and
trapping of atoms and molecules to manipulation and
assembling of small particles and biological systems. With
the advent of near-field optics and  nanophotonics, the
possibility of shaping optical fields on the sub-wavelength
scale has opened a new realm of applications for photonic
forces: a domain where evanescent modes of the
electromagnetic fields prevail and where light can be
confined to nanometric regions. We propose in this paper a
new shape for tip. Our concept is demonstrated with the
3D trapping of apiece of 10- nm spherical gold.
Comparative numerical analysis of the optical forces
induced by the laser on gold tip with and without grating
enhances 5 times trapping force around tapered tip.
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