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Abstract: Plasmonic antennas improve the stiffness and resolution of optical tweezers by
producing a strong near-field. When the antenna traps metallic objects, the optically-resonant
object affects the near-field trap, and this interaction should be examined to estimate the optical
force accurately. We study this effect in detail by evaluating the force using both Maxwell’s
stress tensor and the dipole approximation. In spite of the strong optical interaction between the
particle and the antenna, the results show that the dipole approximation remains accurate for
calculating forces on Rayleigh particles. For particles whose sizes exceed the dipole limit, we
observe different coupling regimes where the force becomes either attractive or repulsive. The
distributions of field amplitudes and polarization charges explain such a behavior.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Following a series of experiments by Ashkin [1,2], optical tweezers have established themselves
as successful tools, particularly in biological studies, where they allow viruses, bacteria, and
even DNA molecules to be manipulated directly with light [3—-6]. The underlying principle is to
use a highly focused laser beam to generate a large gradient of the light intensity, which produces
a so-called optical gradient force [7]. With the optical tweezers, we can trap and manipulate
small particles, typically in the order of microns, including dielectric and metallic ones [7,8].
However, conventional optical trapping also has a limit in its stiffness and resolution, especially
when manipulating nanoscale particles [2,9,10]. Due to the decrease in the viscous drag for
small particles, the Brownian motion let tiny particles easily escape from the trap. Furthermore,
the optical force also scales down with the volume of the object [9]. Another issue is the
diffraction limit of the trapping laser: an object much smaller than the focal spot or the beam
waist experiences unstable trapping [2]. As a result, the manipulation of nanoscale particles is
inherently challenging [9,10]. In order to enhance the trapping stiffness of such small objects,
one can increase the power of the trapping laser for example [2], or implement an alternative
trapping geometry such as counter-propagating beams [11].

Near-field optics and plasmonics have provided another possibility to achieve nanoscale
manipulation by focusing light below the diffraction limit and locally amplifying the fields
[12-20]. Plasmonic antennas are metallic, mostly gold or silver, nanostructures where their
conduction electron clouds can resonantly oscillate through optical illumination [21,22]. Under
resonant conditions, the electron oscillations produce a strong near-field, which decays very
rapidly in space; thus, the enhanced field gradient around the antenna provides additional
confinement for trapping, overcoming the diffraction limit [23,24]. Plasmonic antennas also
amplify fields through localization, which can also improve the trapping stiffness [25].

Metallic nanoparticles, thanks to their strong optical response, are very good candidates for
nanoscale manipulation. A previous belief on metallic particles was that they are difficult to
trap due to their highly reflecting properties [26,27]. Another issue was that metallic particles
have resonant characteristics like plasmonic antennas, which can significantly alter the trapping
conditions on resonance [28]. However, metallic particles are found to experience either an
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attractive or repulsive force depending on the incident wavelength [29-31]. This behavior
originates from the wavelength-dependent scattering, absorption, and polarizability of plasmonic
particles. In particular, experimental studies have shown that metallic particles can be stably
trapped when illuminated with infrared light since they behave like a high refractive index
dielectric particle at wavelengths longer than the resonance [32-35]. Since the trapping force is
proportional to the polarizability of a particle, it is especially strong for a metallic particle that
has large polarizability [36]. This compensates for the decrease in optical force associated with
the small volume of nanoscale particles.

A combination of plasmonic antennas and metallic nanoparticles is appealing for the precise
positioning of single nanoscale objects. However, special attention must be paid in this case
because both the trap, i.e. the antennas, and the trapped metallic objects can be optically excited
and can furthermore interact with each other. Although several experiments have demonstrated
plasmonic trapping [13-16,18,19,24], the sheer resonant characters of both the trap and the
trapped particle call for studies on the coupling between these two resonant structures and the
influence of this coupling on the optical forces.

Here, we theoretically study the optical force exerted on a metallic particle trapped by a
plasmonic dipole antenna. We investigate the change in optical force as a function of the particle
size, position, and incident wavelength (throughout we refer to the particle diameter as its size).
A priori, one would think that the influence of the metallic particle on the near-field of the
antenna can significantly influence the field distribution and therefore the optical force. In
practice, this would imply that only full-field calculations taking into account both the plasmonic
dipole antenna and the trapped particle can accurately capture the physics of the system. Quite
surprisingly, it appears that the dipole approximation remains accurate, even in such an intricate
system, when the particle size is small enough to apply that approximation. We confirm this by
comparing the force obtained from full-field calculations that consider the self-consistent system
with those from an analytical equation that assumes the particle as a mere induced dipole. In
the second half of the paper, we also study the force acting on a wide range of particle sizes (10
— 200 nm) with the full-field calculations. We evidence attractive and repulsive behaviors for
particles larger than 150 nm in the presence of a plasmonic antenna.

2. Results and discussion
2.1.  Plasmonic dipole antenna

We consider a nanoscale dipole antenna as a plasmonic optical tweezer. The dipole antenna
consists of two gold nanorods separated by a gap. Each nanorod is a rounded rectangular cuboid
(90 nm length, 40 x 40 nm? cross-section) and the gap is set to be 30 nm. We choose a 30 nm
gap size, such that a 20 nm spherical particle, which is the target object to trap here, can pass
through the gap. For all the simulations throughout the paper, we put the antenna in a Cartesian
coordinate system with the origin at the center of the gap and the longitudinal axis of the antenna
along the x-axis. We set the dielectric constant of gold from Johnson and Christy [37] and that
for the medium to be 2.013, an average of water (1.77, superstrate) and glass (2.25, substrate),
to mimic the effect of a substrate [38,39]. The incident light propagates along the +z-direction,
polarized along the x-axis (Fig. 1a, inset) with the power intensity of 4 mW/um?.

2.2. Full Maxwell’s stress tensor and dipole approximation methods for optical forces

When we place a metallic nanoparticle in the near-field around the antenna, the spatially varying
near-field induces a force on the particle. Furthermore, since the metal particle is close to the
antenna, the particle can modify the near-field due to a strong interaction with the antenna.
Depending on the size and the location of the particle, the field disturbance caused by the
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Fig. 1. Gold dipole antenna used in this study. The antenna consists of two nanorods
with dimensions 90 x 40 x 40 nm> separated by a 30 nm gap. The light is incident in
the +z-direction, polarized along the x-axis. (a) Absorption cross-section and (b) electric
near-field amplitude enhancement factor at A = 780 nm; the gradient of this enhanced
near-field exerts an optical force on an object located nearby.

interaction may well be significant or negligible. We shall study this effect by computing the
optical force using two different approaches.

The first approach is based on Maxwell’s stress tensor, with which we compute the time-
averaged optical force F by integrating the stress tensor T on the surface of the particle S:

(F) = /S (T, 1) - n(r)ds. (1)

where the expression (- - - ) denotes the time average, r the position vector, n the outward unit
vector normal to the surface, and ds an infinitesimal surface element. In the remaining of the
paper, we refer to this approach as the Maxwell’s stress tensor (MST) approach.

The Maxwell’s stress tensor T is commonly expressed as a function of electric (E) and magnetic
(H) fields; here we obtain it directly from the surface integral equation (SIE) formulation of
Maxwell’s equations [40,41]. We use the SIE formulation throughout this paper to simulate
the interaction of light with plasmonic structures. The SIE is related to the boundary element
method and gives accurate and reliable solutions for plasmonic nanostructures under resonant
conditions [40]. For the derivation of SIE and its direct use for the computation of MST, we
refer to Refs. [40] and [41]. We also provide open datasets from the SIE formulation and its
analysis for calculating the force and other physical values such as field enhancement factors and
scattering cross-sections in Ref. [42].

The second approach starts by assuming that the particle is sufficiently smaller than the
illumination wavelength (with a particle size < 1/10 the background wavelength) to behave like
an induced point dipole. By approximating the particle as a point-like dipole, this method does
not take into account the influence of the particle’ s physical boundary onto the near-field. We
first evaluate the near-field generated by the antenna alone at the location of the particle and then
find an analytical solution for a time-averaged force with the electric field at the particle position
[43].

We assume an arbitrary monochromatic electromagnetic wave with angular frequency w,
which describes the near-field generated by the antenna. With the assumption of time-harmonic
fields with the form exp(—iwt) [36], the induced dipole moment of the particle is proportional to
the electric field at the particle position r¢ [44]:

P= Sma(a))E()(l‘()), (2)
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where &, is the relative permittivity of the surrounding medium and « is the polarizability of the
particle. The polarizability « is the parameter that includes the size information of the particle;
under the dipole approximation, it can be expressed as [36]:

a(w) = drepa’ ;;221 , 3)

with the parameters €y denoting the permittivity of the free space, € the relative permittivity of
the particle, and a the radius of the particle. The relative permittivities in Egs. (2) and (3) are
those appropriate to the incident frequency w. The time-averaged force exerted by an arbitrary
electromagnetic field can then be evaluated as [43,44]:

F) = Y SRelp; VEn), @)

1

where p? and Eq; (i = x,y, 7) are respectively the complex conjugates of the dipole moments and
the electric field components of a three-dimensional Cartesian coordinate system. Since this
approach is based on the dipole approximation, we will refer to it as the dipole approximation
(DA) method.

Let us emphasize that while the MST method provides a self-consistent solution that includes
the interaction between the trapped particle and the trapping antenna, the DA method does not
include this interaction, and the optical force is merely computed from the near-field distribution
produced by the antenna in the absence of the particle. Since the interaction between a metallic
particle and a plasmonic antenna can be very strong [45], we would anticipate that the MST
method provides a much better accurate description of the optical force. The first half of this
article aims at clarifying this point.

Using the MST and DA methods, we first compare the optical force vectors when moving a
spherical gold nanoparticle with a 20 nm diameter (the green circle in Fig. 2) above the antenna.
We assume that a monochromatic plane wave at 4 = 800 nm, close to the resonance of the
antenna, comes from the bottom of the figure (in the +z-direction). We change the position of
the particle between —150 nm and 150 nm in the x-direction while keeping the spacing between
the bottom surface of the particle and the top surface of the antenna to 5 nm. The red and black
arrows show a line of force vectors calculated using the MST and DA methods, respectively.
The values computed with MST (red arrows) are larger than those computed with DA (black
arrows), especially where the field is extreme, at each corner of the nanorods. This implies that
the interaction between the particle and the antenna becomes stronger when the particle is located
at those extreme fields. It also indicates that the interaction between the particle and the antenna
works in a way that reinforces the fields and therefore the optical force. This is in agreement with
the binding interaction that is evidenced within the hybridization model [29].

The optical force depends on the wavelength of the incoming plane wave due to the resonant
characteristics of the antenna. In Fig. 3(a), we compute the vertical component of the optical
force (along the z-axis) as a function of the wavelength of incident light while fixing the position
of the 20 nm diameter gold nanoparticle 5 nm above the top of the antenna (i.e., the particle
center is 35 nm above the center of the gap, viz. the origin). The negative sign of the force means
an attraction towards the gap. Both MST and DA methods result in similar wavelength-dependent
forces with less than approximately 10 % difference, although the solution from MST always
shows larger forces than that from DA for the range of calculations. The MST method also shows
the force spectrum slightly red-shifted compared to that of the DA method since it includes
the nanoparticle and its hybridization with the antenna, which lowers the energy of the system,
leading to a redshift [29,46].

While the two calculation methods show a good agreement in the previous case, they can also
give considerably different results, especially when the particle stands between the corners of the
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Fig. 2. Optical force vectors for a 20 nm gold nanoparticle (green disk), as a function of
its position along the x-axis. The spacing between the bottom surface of the nanoparticle
and the top surface of the antenna is 5 nm and the illumination wavelength is 4 = 800
nm. The optical force vector at each position is computed 1) analytically using the dipole
approximation (DA, the black arrows) or 2) numerically using the Maxwell’s stress tensor
(MST, the red arrows); the corresponding data are shifted vertically for legibility.
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Fig. 3. Comparison between DA and MST calculations for a 20 nm spherical gold
nanoparticle. (a) Force as a function of the illumination wavelength when the particle is
fixed at (0, 0, 35 nm), which is 5 nm above the antenna top surface. (b) Force when the
particle is moved along the z-axis in the center of the gap (x = y = 0) while the incident
wavelength is fixed as 4 = 800 nm.

nanorods where it feels the most substantial field gradient. In Fig. 3(b), we evaluate the force as a
function of the particle position while the particle passes through the gap of the antenna vertically
along the z-axis. The difference in the force becomes prominent when the particle becomes
closer to the points where the gradient of the field is most significant, i.e. the force magnitude is
the largest. Like in the case of Fig. 3(a), this difference implies the active involvement of the
particle in the field since the DA method does not include such influence [17].

This effect stands out more when increasing the size of the particle while fixing its position
between the top corners where the field is strongest, i.e. at the point (0, 0, 20 nm). In Fig. 4,
we evaluate the magnitude of the trapping force for different particle sizes ranging from 5 to 30
nm (incident wavelength 4 = 800 nm). The force magnitude increases to the third power of the
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diameter when we use the dipole approximation since the polarizability is proportional to the
particle volume [44]. When we introduce the actual particle geometry for numerical calculations
with MST, the gaps formed between the particle and the corners of the antenna enhance the
field, leading to significantly greater forces for larger particles. For instance, the force for the 30
nm-diameter particle, where the additional gap size goes down to 2 nm, becomes 2.8 times larger
than that from the DA method.

12+
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Fig. 4. Optical forces acting on particles with different sizes, centered at the point (0, 0, 20
nm), where the field is strongest (4 = 800 nm).

2.3. Wavelength and particle size dependence of the optical force

As seen in Figs. 3 and 4, the force depends on the particle size, the illumination wavelength as
well as the location of the particle. Here we look in greater detail into the influences of these
parameters on the optical force, whereas the previous section was dedicated to the comparison
between the numerical and analytical methods. We use the MST method since it predicts the
near-field acting on a particle more accurately by taking into account the field modification caused
by the particle, and also because the dipole approximation is not valid anymore for particles
exceeding the Rayleigh regime.

In Fig. 5, we plot the optical force as a function of the particle size (10 — 200 nm, the x-axis)
and the illumination wavelength (1 = 650 — 950 nm, 5 nm step, the y-axis). In order to vary
the particle diameter up to 200 nm without changing gaps and hence varying coupling between
the particle and the antenna, we fix the distance between the bottom of the particle and the top
surface of the antenna to be 5 nm and move the particle center accordingly, as shown in the inset
of Fig. 5.

In this wide range of sizes, interesting features start to appear. First, the force increases with the
diameter up to 100 nm, and then it decreases above this size. However, for particle size larger than
160 nm, we discover a different regime whereby the force becomes either attractive or repulsive,
depending on the wavelength. To better understand the physics behind these complicated features,
we selected four different parameter sets indicated as A, B, C, and D in Fig. 5, which represent
different coupling regimes. We first analyze the resonance spectra of the coupled particle-trap
system for those instances (Fig. 6) and look into further details by evaluating the near-fields and
surface polarization charges (Fig. 7).

In Fig. 6, we show the absorption cross-sections of the system including both the antenna and
the particle as the resonance spectra of the coupled particle-trap system. The grey solid lines in
each figure represents the response of the antenna only, and they are plotted together to show how
the coupling affects the resonance spectrum. The force spectra on the corresponding particles are
shown together as dashed lines. The force spectrum is reversed in the vertical axis to make the
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Fig. 5. Size and wavelength dependence of the optical force using the MST approach. The
gold nanoparticle diameter ¢ is varied from 10 nm to 200 nm. The bottom of the nanoparticle
is fixed 5 nm above the top surface of the dipole antenna to maintain the physical gap, while
its center position is moved accordingly, as sketched in the inset (Bottom right). We analyze
the points A, B, C, and D in Fig. 7.

comparison with the resonance spectrum easy. The instances A, B, C, and D from Fig. 5 are also
indicated on the force spectra.

Often the active involvement of the particle in optical trapping is described in the context of a
self-induced back-action (SIBA) trapping [17]. For metallic particles, the SIBA effect can be
even more prominent by changing the resonant response of the system itself. Figure 6 shows
that the resonant response of the system is strongly modified by the presence of the trapped
particle, especially when the particle size is comparable to that of the trap. The coupled system
shows redshifts for all the instances investigated, which implies that the mode of the antenna
is hybridized with that of the particle to lower the energy, forming a bonding mode [29]. In
particular, depending on the strength of the coupling, the spectrum with the particle can remain
similar (Figs. 6(a) and 6(b)) or become very different (Fig. 6(c)) from that of the trap.

Most importantly, Fig. 6 shows that the force spectrum follows the spectrum of the coupled
system, rather than that of the sole antenna. This gives evidence on the active involvement of the
particle in trapping. For more detailed analysis, we study the distribution of the near-fields and
surface polarization charges on the points indicated as A, B, C, and D in Figs. 5 and 6 in the
following.

The near-fields and polarization charges on the nanostructure surfaces show how the particle
couples with the antenna. In particular, the polarization charges are typically a complex quantity,
and we shall report both its real and imaginary parts since they together provide information about
the phase shift between the incident light and the charge oscillations as well as the amplitude of
the response [47]. For example, depending on the excitation frequency, a time-harmonic forced
oscillator is not oscillating in phase with the driving force but lags by a certain amount of phase
that becomes 90° on resonance. This 90° phase lag moves all the information to the imaginary
part so that we must look at both the real and imaginary parts for accurate analysis.
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Fig. 6. Resonance spectra of the coupled particle-trap system for the particle size of (a) 20
nm, (b) 100 nm, and (c) 200 nm. The force exerted on the corresponding particle is plotted
as dashed lines. The response of the trap itself (without particle) is shown as grey solid lines
for comparison. The instances A, B, C, and D from Fig. 5 are indicated on the force spectra.
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Fig. 7. (Left) Near-field amplitude distributions and (Right) real R and imaginary J parts
of the polarization charges on the nanostructure surfaces. The parameter sets marked as A,
B, C, and D in Fig. 5 are analyzed to represent different coupling regimes. (a) Nanoparticle
diameter 6 = 20 nm and incident wavelength A = 790 nm; (b) 6 = 100 nm and A = 805 nm;
(¢) 6 =200 nm and A = 795 nm; (d) 6 = 200 nm and A = 920 nm.
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Figure 7(a) shows the near-field amplitude distribution around the antenna and a 20 nm particle
when the force is maximum at 4 = 790 nm . The incident field amplitude was set to be 1 for all
the near-field plots so that the field amplitude can also be read as amplitude enhancement factor.
The field distribution is similar to that without the particle in Fig. 1(b). This implies that the field
disturbance caused by the particle is not significant, which we already confirmed in the previous
section through the comparison of the force between the two approaches. It is also clear from
Fig. 6(a) that the inclusion of the particle to the system shows very little change in the resonance
spectrum. The dipolar charges on the particle surface on the right side of Fig. 7(a) prove that the
dipole approximation is valid for this size. In addition, the imaginary part of the complex charge
dominates over the real part, which tells us that the system behaves simply like a driven oscillator.

The optical force then reaches its local maximum at the particle size of 100 nm, and the
corresponding fields and polarization charges are shown in Fig. 7(b). They show that the larger
particle has a stronger coupling with the antenna. Particularly, in the near-field plot, the field is
intensely localized at the gap between the particle and the antenna. In the charge plot, on the
other hand, the particle is still polarized like a dipole, but it has a higher charge density closer to
the antenna. This is indicative of an attraction of opposite charges between the particle and the
antenna, which can also be interpreted as optical binding [48,49]. The resonant wavelength of
maximum force is also shifted from 790 nm to 805 nm as a result of the strong coupling.

As the particle size further increases, the optical force enters a new phase: its magnitude
becomes much more extensive, and the force sign changes from negative (attracting the particle)
to positive (pushing it away) depending on the incident wavelength of light. For example, the
force magnitude exerted on a 200 nm particle is approximately 4 times larger than that on a 100
nm particle at each investigated points (the points B and C in Fig. 5).

The near-field and charge plots for the antenna with a 200 nm particle in Figs. 7(c) and 7(d)
offer some insights into the underlying physics of these complex phenomena, and they have
many interesting points to address. First of all, Fig. 7(c) shows that the particle couples with
the antenna in a way that reinforces the antenna resonance; the factor of near-field amplitude
enhancement reaches up to 50 (not obviously shown in the plot due to the uniform color bar
scale), and the polarization charge magnitude is also larger compared to the other cases with the
smaller particles. The charge plots on the right side of Fig. 7(c) also illustrate that the charges
on the particle surface develop into a more complicated way, showing asymmetric multipole
modes. The charges especially tend to concentrate on the side closer to the antenna and form
the inverse mirror image on that face. This peculiar behavior of the charges may explain the
extraordinary force that attracts the particle towards the antenna, which may also be understood
as optical binding induced by the intense optical near-fields. Lastly, the real part of the charge
now becomes comparable to its imaginary part. It implies that the particle and the antenna form
a compound system, which is not anymore like a simple harmonic oscillator [47].

On the contrary, Fig. 7(d) shows the field and charge plots for the particle of the same size, 200
nm, but when the antenna is out of resonance, i.e., the incident wavelength is 4 = 920 nm. At this
wavelength, the antenna does not produce significant near-fields, which means that the gradient
force would not be strong enough to trap the particle. At the same time, the scattering force
acting in the direction of propagation scales up with the particle size since in first approximation
it is proportional to the scattering cross-section. As a result, the net force, which is the sum of
the gradient and scattering forces that are opposite each other, can push the particle away.

Figure 8 makes this argument more convincing. Figure 8(a) shows the dipole moment
amplitudes for the antenna and the particle, computed from their surface polarization charges.
The antenna’s dipole moment has a maximum at 4 = 800 nm where the antenna is on resonance.
On the contrary, the particle’s moment remains large for longer wavelengths. So at 4 = 920 nm,
which is the wavelength used in Fig. 7(d), the incident light mainly interacts with the particle,
and therefore, the scattering force is likely to dominate the net force. In addition, if we compute
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the scattering force acting on the 200 nm particle in the absence of the antenna under the same
conditions, the force become 2.3 pN; this value is very close to the total force obtained from the

computation with the antenna, which is 2.2 pN.
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Fig. 8. Origin of the repulsive force. (a) Dipole moment amplitudes of the antenna (solid
line) and the 200 nm particle (dashed line). (b) Force exerted on the 200 nm particle with
two different illuminations: the light propagating +z and —z directions (red and blue solid
lines). The absorption cross-section of the total system with the 200 nm particle (black
dashed line).

On the other hand, Fig. 8(b) shows the force spectra on the 200-nm particle for two different
illumination directions as well as the spectral response of the total system. The force spectra
(the blue and red lines) are reversed in the vertical direction to make the comparison with the
system response easier. So far, the light is incident in the +z direction so that the scattering force
is in the direction of pushing the particle away from the antenna. If the light is incident in the —z
direction such that the scattering force also pushes the particle toward the antenna as the gradient
force does (the inset of Fig. 8(b)), we expect that the repulsive behavior will disappear. The blue
line in Fig. 8(b) shows the force spectrum for this case and we do not see any repulsive force.

Another interesting point in Fig. 8(b) is that the force spectrum deviates from the spectrum of
the absorption cross-section of the system (the black dashed line) in the opposite way depending
on the direction of illumination. In this way, we can observe the contribution of the scattering
force according to whether it is additive or subtractive to the gradient force.

3. Conclusion

We have compared the MST method with DA for force calculations to study how the interaction
between a metallic particle and a trapping plasmonic dipole antenna influences the optical force.
Quite surprisingly, and in spite of the strong coupling between both structures, the DA method
still works very well, especially particles smaller than 15 nm. The discrepancy between the two
approaches become noticeable for extreme cases, for example, when the antenna is on resonance,
and the particle is in the location of high-intensity fields. In most cases, however, the DA method
remains accurate and reliable. Besides that, we have studied the optical force in systems with
larger particles, whose sizes are beyond the range of the dipole approximation. We have found
different coupling regimes with large particles, where the particle polarization is much more
complicated than a simple dipole. The force in such an intricate system has shown either attractive
or repulsive behaviors depending on the excitation conditions, and the distribution of polarization
charges on the structures at hand explain well these behaviors.
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