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We present a detailed study of the optical trapping and manipulation of nanoparticles with complex permit-
tivity using an apertureless near-field probe. We use a three-dimensional, self-consistent description of the
electromagnetic scattering processes that accounts for retardation and the intricate many-body interaction
between the substrate, the particle, and the probe. We analyze the influence of absorption on the optical force.
For metals we describe how the optical force spectrum is influenced by the optical response of the metal, and
in particular by plasmon resonances. We find that the optical force spectrum can provide an intrinsic signature
of the particle composition which can be used to achieve a material-selective trapping and nanomanipulation.
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I. INTRODUCTION

Since the pioneering work of Ashkin,1,2 the use of optical
forces has led to the development of optical tweezers tech-
niques which use light to manipulate dielectric particles
larger than the wavelength.3–5 On the other hand, schemes to
trap and manipulate nanometric objects in a controlled and
selective manner are still scarce. In a previous article,6 we
proposed a scheme toselectively manipulatedielectric nano-
objects on a flat dielectric substrate in air or vacuum. This
manipulation was achieved using the scattering of evanes-
cent waves at the apex of an apertureless near-field probe.
However, that study was restricted to lossless dielectric par-
ticles.

The case of metallic particles is more complex due to the
imaginary part of the relative permittivity and the existence
of plasmon resonances. For large particlesscompared to the
wavelength of illuminationd, a two-dimensional optical trap
can be created under special conditions, i.e., using TEM00
and TEM01

* laser modes.7,8 But it is only very recently that
large metallic particle have been trapped in three
dimension.9,10 In the case of small particles, i.e., particles
smaller than the wavelengthsRayleigh particlesd, the optical
trapping can be achieved in three dimensions.11–13The large
interest of small metallic particles is their plasmon resonance
which produces an enhancement of the optical force experi-
enced by the particle. This can be used in photonic force
microscopy14 or to trap single molecules to study surface-
enhanced Raman scattering.15

In this article, using the selective trapping scheme pro-
posed in Refs. 6 and 16, we extend the analysis of our optical
trap to the selective manipulation of absorbing and metallic
particles. The optical trapping of dielectric particles is the
result of the gradient force only, as the scattering force is

negligible, compared to this gradient force, for small par-
ticles. However, absorbing and metallic particles, due to the
nonzero imaginary part of their relative permittivity, experi-
ence an absorbing force of the same order of magnitude as
the gradient force. We shall investigate the consequences of
this force on the stability of the optical trap. Moreover, we
shall address the effect of the plasmon resonance of small
particles on the optical forces.

Since the details of the computation of optical forces have
been described previously,17–19 only a brief account of the
theory is given in Sec. II. Section III A presents the results
for absorbing dielectric particlesse.g., quantum dotsd. Sec-
tion III B addresses the case of metallic particles. The influ-
ence of plasmon resonances on the optical trapping is dis-
cussed, with a particular emphasis on the case of silver
particles which exhibit an intricate behavior. In Sec. III C we
study the possibility of scanning the surface in tapping mode
with a metallic particle trapped at the tip apex. Finally, we
present our conclusions in Sec. IV.

II. CALCULATION OF THE OPTICAL FORCES

We use the coupled dipole methodsCDMd to compute the
optical forces. The method consists in discretizing the object
under study as a set of polarizable subunits arranged on a
cubic lattice. As the incident fieldsE0d is time-harmonic-
dependent, we shall omit the frequency dependence. The
field at each subunit is obtained by the following self-
consistent relation:

Esr id = E0sr id + o
j=1

N

fTsr i,r jd + Ssr i,r jdgasr jdEsr jd, s1d

whereasr jd is the polarizability of subunitj , T is the electric
field linear susceptibility in free space,20 and S denotes the
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field linear susceptibility in the presence of a substrate.21 The
polarizability contains the radiative reaction term which en-
sures that the optical theorem is satisfied.22,23 Since we are
dealing with optical frequencies, we need to compute the
time-averaged force. This net force on one subunit is23

Fusr id = s1/2dReSo
v

pvsr id
]fEvsr idg*

]u D , s2d

whereu or v stands for eitherx, y, or z, psr id is the electric
dipole moment of theith subunit, andp denotes the complex
conjugate. Notice that the derivative of the electromagnetic
field is obtained by differentiation of Eq.s1d with respect to
the vectorr i. Hence, the net optical force on the object is
obtained as

F = o
i=1

N

Fsr id. s3d

III. RESULTS

Consider a particle with complex relative permittivity
«=«r + i«i placed in air above a flat dielectric substratesrela-
tive permittivity e=2.25d. The particle is illuminated by two
evanescent waves created by the total internal reflection of
plane waves at the substrate/air interfacesu.uc=41.8° with
Îesinuc=1d. These two waves are counterpropagating eva-
nescent waves, i.e.,k i=−k i8, with the same polarization and a
random-phase relationsFig. 1, see Ref. 16 for the more de-
tailsd. The irradiance due to the laser illuminating the surface
is taken to be 0.05 W/mm2.16

A. Absorbing particles

In this section we consider an absorbing particle with ra-
diusa=10 nm and Res«d=2.25. We shall study the influence
of the complex relative permittivity on the trapping and na-

nomanipulation process. The trapping is performed with a
tungsten tip of radius at the apexr =10 nm. The wavelength
is l=514 nm. The angle of incidence for the illumination is
chosen to beu=43°; this is the angle at which the optical
potential is deepest.16 We recall briefly here the procedure
used to manipulate a particle; the procedure has been de-
scribed in detail for dielectric particles in Refs. 6 and 16 and
it remains the same in the case of absorbing or metallic par-
ticles. In TE polarization, the probe scans the surface to lo-
calize the particles. In that case the optical force is always
negative. Then the polarization is switched to TM and the
optical force becomes positive when the tip is closesa few
nanometersd to the particle. Once the particle is trapped at
the apex of the tip, it can be manipulated and subsequently
released by switching back to TE polarization.

Figure 2 shows thez component of the force experienced
by the sphere, for the two polarizations, when the imaginary
part of the relative permittivity increasesfFig. 2sad, trans-
verse magneticsTMd polarization, and Fig. 2sbd, transverse
electric sTEd polarizationg and the tip is in contact with the
sphere. For both polarizations, the magnitude of the force is
enhanced when the imaginary part of the relative permittivity
increases. For a better understanding of this effect, let us
decompose the polarizabilitya of a small spherescompared
to the wavelength of illuminationd into its real and imaginary
parts,24

Resad = a3s«r − 1ds«r + 2d + «i
2

s«r + 2d2 + «i
2 , s4d

Imsad = a3 3«i

s«r + 2d2 + «i
2 , s5d

wherea is the radius of the sphere. For our geometry thez
component of the optical force on the small sphere is mainly
due to the gradient force25 which is proportional to the real
part of the polarizability of the sphere. From Eq.s4d it is
obvious that when«i increases, the real part of the polariz-
ability increases and so does the gradient force, hence the
force becomes more positive for TM polarization, and more
negative for TE polarization. Note that as«i becomes very
large, Resad tends toward a finite limit.

FIG. 1. Schematic of the configuration. A sphere on a flat di-
electric surface is illuminated under total internal reflection, i.e.,
u.uc with Îe sinsucd=1. A tungsten probe is used to create an
optical trap. The illumination can be done either in TM polarization
sas drawn in the figured or in TE polarization.

FIG. 2. z component of the force experienced by an absorbing
spherefRes«d=2.25g vs the imaginary part of the relative permit-
tivity. The tungsten tip is in contact with the sphere and the angle of
incidence isu=43°. sad TM polarization.sbd TE polarization.
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Figure 3 shows the lateral force experienced by the sphere
for both polarizations if only one laser beam is used for the
illumination. The force is plotted for the casek i .0 sillumi-
nation from the left side of Fig. 1d. We note that for both
polarizations, the lateral optical force is never zero and there-
fore it should be difficult to trap a particle with a single beam
illumination. The symmetric illumination prevents the sphere
from escaping from the optical trap.19 For TM polarization,
the increase of the absorption only gives an enhancement of
the lateral force as the two forces—the gradient force and the
absorbing force—are both positivesthe gradient force is
positive because the maximum of the intensity of the elec-
tromagnetic field is obtained slightly to the right of the tip
apex due to the nonsymmetric illuminationd. But for TE po-
larization the behavior is different because the sign of the
lateral force changes. When the absorbing part of the relative
permittivity vanishes, only thesnegatived gradient force re-
main sthe scattering force is negligible due to the small size
of the particle compared to the wavelength of illuminationd.
Conversely to the TM polarization, for TE polarization the
minimum of the intensity of the electromagnetic field is ob-
tained slightly to the left of the tip apex which produces a
negative gradient force. But when the imaginary part of the
polarizability increases, there appears an absorbing force.
This absorbing force comes from the incident evanescent
wave which propagates parallel to the substrate. Due to the
choice of illumination, this force is positive. Because the
lateral gradient force is weak, it is easily outweighed by the
absorbing force which yields the main contribution. This is
why a large, positive lateral force exists in this case.

Since we have shownsFig. 3d the importance of using a
symmetric illumination, all the following computations will
be done in that case. Figure 4 shows thez component of the
force when the sphere is lifted by the probesthe sphere is
placed at the tip apexd. We have plotted the results for three
values of the relative permittivity: a lossless dielectric sphere
with «=2.25 swhich is our referenced, and two absorbing
spheres with«=2.25+3i and«=12.5+i, respectively. A com-
parison of the lossless sphere casessolid lined and the ab-
sorbing casesdashed lined shows that a nonzero imaginary
part of the relative permittivity increases the force experi-

enced by the sphere, and hence it helps trap and manipulate
the particle. In the case of«=12.5+i, due to the large real
part of the polarizability, thez component of the force is
clearly stronger than in the two previous cases. But a closer
look at the curves shows that thez component of the force is
not directly proportional to Resad. We have for«=2.25,
Resad=0.3a3; for «=2.25+3i, Resad=0.5a3; and for «
=12.5+i, Resad=0.8a3. Between the lossless dielectric
sphere and the sphere with«=12.5+i, the real part of the
polarizability is multiplied by 2.6 and the force by a factor 8.
The proportionality relation only applies for a sphere in free
space. However, due to the strong interaction between the
sphere and the tungsten tip, there is a strong enhancement of
the field around the tip apex when the relative permittivity of
the particle increases. This effect improves the efficiency of
the trapping and, therefore, the larger the real part of the
polarizability, the easier the manipulation. Notice that al-
though the radius of the trapped sphere is about 10 nm, we
have checked that the trapping is achieved up to a radius of
85 nm for the absorbing spheres«=3+id. Hence the ap-
proach presented here could, for instance, allow one to ma-
nipulate quantum-dot nanocrystals and place them into a spe-
cific configuration to study dot-dot interactions, or one
nanocrystal could be isolated to study single-dot properties.26

We have not plotted the force experienced by the sphere
versus the distance between the sphere and the tip, nor did
we plot the evolution of the optical force as the tip scans the
surface above the substrate, because these results are similar
to those obtained for dielectric particles.16 However, we em-
phasize that it is particularly important to use a symmetric
illumination with absorbing particles to avoid the disruptive
effect of the lateral force.

B. Metallic particles

In this section, we consider metallic particles which ex-
hibit plasmon resonances, i.e., gold, silver, and copper par-
ticles. We shall start by illustrating the convergence of the
CDM calculation for a sphere in free space. This problem
can be solved exactly in the form of a Mie series which we

FIG. 3. Lateralsxd component of the force experienced by an
absorbing spherefRes«d=2.25g vs the imaginary part of the relative
permittivity if the symmetric illumination is not used. The tungsten
tip is in contact with the sphere,u=43°. sad TM polarization.sbd TE
polarization.

FIG. 4. z component of the force experienced by the sphere as a
function of the distance between the sphere and the substrate for
TM polarization. The sphere is placed at the apex of the probe.
u=43°. Solid line«=2.25, dashed line«=2.25+3i, dot-dashed line
«=12.5+i.
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shall use as a reference. The comparison to the Mie result is
done for the three metals studied in this work; the sphere has
a radiusa=10 nm. We plot in Fig. 5sad the optical force for
the gold and copper spheres. The Mie results are plotted with
a solid line. The other curves pertain to the CDM. With a
dotted line we plot the result computed withd=4 nm, and
with a dashed line the force computed withd=0.95 nm. It is
obvious that whend decreases, the force computed with the
CDM converges toward the Mie result. Withd=4 nm, the
error in the magnitude of the force is smallswe slightly over-
estimate the optical forced, hence a lattice spacing of
d=4 nm is sufficient for our purpose of studying the general
physical process of optical trapping and manipulation of me-
tallic particles. For a silver sphere, as shown in Fig. 5sbd,
again the CDM converge towards the Mie result whend
decreases. However, the convergence is slower than for gold
or copper. To get a quantitatively accurate representation of
the resonance, one should take the smaller discretization, but
for the sake of computation time and memory, we shall take
d=4 nm for the silver as well. Notice that the comparison
with Mie is for a sphere in free space. In a more complex
geometry, such as ours, the variation of the field is most
likely stronger. However, because the sphere is very small
and it is discretized, we are taking into account the variation
of the field inside the sphere, and we can assume that the
degree of convergence of the CDM remains the same in our
complex configuration.

Notice that beside the dipole mode, a metallic sphere can
support quadrupole or higher electromagnetic modes. Be-
cause the sphere is discretized in small subunits, we actually
take into account all the multipolar modes of the sphere as
described in Ref. 27, hence our force calculation takes into
account the multipolar response of the sphere. However, for
a small metallic sphere, as in our case, the effect of modes
higher than the dipole mode is negligible. One can see in
Ref. 28 that for a small metallic spheresin an evanescent
incident fieldd, the plasmon resonance computed with the
dipole approximation or with the CDM gives an accurate
result. The multipole expansion only changes the magnitude
of the scattered field, and therefore no important physics is
overlooked by treating the sphere as a dipole.

Figure 6 shows thez component of the force experienced
by a sphere versus the wavelength of illumination for both
polarizations when the tip is in contact with the sphere and
the sphere is lying on the glass substratessee Fig. 1d. The
solid line pertains to a gold sphere, while the dotted line is
related to a copper sphere. In both cases the sphere has a
radiusa=10 nm. Since the relative permittivity of the tung-
sten tip depends on the wavelength, the dashed line corre-
sponds to the case of a dielectric sphere with constant per-
mittivity, and shows the influence of the tungsten tip only.
We see that in TM polarization, thez component of the force
experienced by the dielectric sphere increases with the wave-
lengthl. This is due to the fact that the imaginary part of the
relative permittivity of tungsten increases slowly withl. For
TE polarization, as we have no enhancement of the field at
the tip apex, the force is less sensitive to the slow variation
of the relative permittivity of tungsten. For the gold sphere,
and for TM polarization, we find a very strong enhancement
of the z component of the force for l=643 nm
sFz=180 pNd. Notice that the plasmon resonance for a small
gold sphere is aboutl=520 nm. This difference is due to the
strong coupling between the tungsten tip and the sphere. In
fact, we do not have the plasmon resonance of one sphere but
a plasmon mode of the cavity formed by the sphere and the
apex of the tip, which redshifts the resonance of the sphere.29

Outside the resonance of the plasmon mode, the force is 20
times weaker, but stays stronger than in the case of a dielec-
tric sphere. For TE polarization, thez component of the force
is always negative. We can point out that the force varies
little with the wavelength of illumination. Only around
l=520 nm do we observe a decrease of the force by a factor
of 2. This minimum corresponds to the plasmon resonance of
the sphere alone. This is due to the lack of field enhancement
at the tip apex for TE polarization, which produces a weak
coupling between the tip and the sphere. For the copper
sphere we have the same behavior; for TM polarization the
maximum is atl=605 nm, hence the plasmon resonance of
the copper sphere is redshifted by the presence of the tip. As
for TE polarization, the minimum of the force is found again
at the plasmon resonance of a single sphere, i.e.,
l=585 nm.

FIG. 5. Force experienced by a sphere with radiusa=10 nm in
free space vs the wavelength of illumination. Solid line: Mie calcu-
lation. Dotted line: CDM withd=4 nm. Dashed line: CDM with
d=0.95 nm. sad Without symbol: gold sphere; circles: copper
sphere.sbd Silver sphere.

FIG. 6. z component of the force experienced by a sphere of
radiusa=10 nm vs the wavelength of illumination. The tungsten tip
is in contact with the sphere. The solid line pertains to a gold
sphere, the dotted line a copper sphere, and the dashed line a di-
electric sphere.sad TM polarization.sbd TE polarization.
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Figure 7 pertains to a silver spheresa=10 nmd. At first the
results for the force spectrum are intriguing. For TM polar-
ization, a maximum of thez component of the force is found
at l=480 nm sthe plasmon resonance of a silver sphere is
around l=360 nmd while the force is close to zero at
l=324 nm. For TE polarization, we get a range of wave-
lengths over which a weak positive force alongz is obtained,
unlike anything we found for gold, copper, or absorbing di-
electric particles. To explain the behavior of the silver
sphere, let us recall that the gradient force experienced by a
small particle in thez direction can be written as

Fz = Resad]zuEu2/2. s6d

Therefore, the sign ofFz depends on the sign of Resad. In the
case of a dielectric, gold, or copper particle, we have
Resad.0, which produces, for an incident field evanescent
along thez direction, a negative gradient force. For the silver
sphere, we have Resad,0 in the 316–351 nm spectral
range. Therefore, within that range, the sphere experiences
from the incident evanescent field a force directed toward
regions of lower intensity of the field, that is, away from the
substratesnote that atl=316 andl=351 nm the gradient
force on the sphere vanishes as the dipole associated to the
sphere is in quadrature with the phase of the incident fieldd.
Hence, for silver, the incident evanescent field produces a
positive optical force. On the other hand, the interaction be-
tween the sphere and the substrate always leads to a negative
optical force, irrespective of the dielectric constant of the
sphere.17,18 This force can be understood as the interaction
between the dipole associated to the sphere and the reflected
field at the dipole location. For a dipole close to a lossless
dielectric substrate, the reflected field at the location of the
dipole is always in phase with the dipole. This is why the
force due to the reflected field is always negative. This is
easy to understand as the scattered field at the location of the
dipole can be written as

Esr id = Ssr i,r idpsr id, s7d

wherepsr id is the dipole moment associated with the sphere.
Since the dipole is close to the substrate, we can use the
static approximation whereinS~b/z3 with z the distance
from the dipole to the substrate andb a real positive
constant.17–19 HenceEsr id is in phase withpsr id and there-

fore the gradient force is always negative irrespective of the
dipole momentsi.e., the nature of the sphered. Notice that
this force is strongest when the dipole moment associated to
the sphere is largest, as is the case near the plasmon reso-
nance. As a result, for the silver sphere with a TE polarized
incident field, the interaction between the tip and the sphere
is weak and the only significant contribution to the optical
force experienced by the sphere comes from the interaction
with the substrate. Accordingly, a strong negative force is
found atl=385 nm, which is close to the plasmon resonance
of the sphere alone. On the other hand, aroundl=320 nm
we have Resad.0 and the sphere is attracted toward low-
intensity regions, yielding a positive gradient force. How-
ever, the modulus of the polarizability is small, which entails
a small negative force due to the interaction of the sphere
with itself via the substrate. The net force in that case is close
to zero. For TM polarization, the explanation is more com-
plex. Due to the field enhancement at the apex of the tip
there is a positive contribution to the optical force, but the
force remains weak atl=320 nm as Resad<0 at this wave-
length, hence the sum of all the contributions to the gradient
force vanishes. We observe a redshift of the maximum of the
curve which is now atl=480 nm as the plasmon resonance
is now a plasmon mode of the cavity shaped by the tip and
the sphere. We mentioned previously that when Resad,0
sfor example, atl=340 nmd, the sphere is pushed toward
low-intensity regions. Therefore, the enhancement of the
field at the tip apex in TM polarization should create, in that
case, a negative optical force on the sphere, however this is
not the case. This is due to the fact that strong evanescent
components of the field exist near the tip. As shown in Ref.
18 fsee, for instance, Eq.s13dg, in the presence of an evanes-
cent field, a sphere close to a dielectric surfacestungsten at
the wavelengths we consider in this paper behaves as an
absorbing dielectricd will experience a gradient force that
will pull it towards the surface irrespective of the nature of
the sphere.

In Fig. 8, we present thez component of the force expe-
rienced by a gold, silver, or copper sphere at different wave-

FIG. 7. Same as Fig. 6 but for a silver sphere.sad TM polariza-
tion. sbd TE polarization.

FIG. 8. z component of the force when the sphere is manipu-
lated with the tip. The particle is made of silverssolid lined, gold
sdashed lined, and coppersdot-dashed lined. Curves with the “1”
marker pertain to forces computed at the plasmon resonance wave-
length slAu=640 nm,lCu=605 nm,lAg=480 nmd. Curves without
a marker are computed away from the plasmon resonance
slAu=400 nm,lCu=400 nm,lAg=300 nmd.
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lengthssin and out of plasmon resonanced as the sphere is
trapped and manipulated by the tip. The behaviors of the
three spheres are similar and show that it is easier to manipu-
late the particle at the plasmon resonance. Notice that the
resonance for the three metallic spheres occurs at different
wavelengths, and more generally, the behavior of the force
versus the wavelength is different. By using the dependence
of the force on the spectral response of the sphere, it would
be possible to perform a material-selective trapping. For ex-
ample, atl=325 nm thez component of the force on a silver
sphere is close to zero and for this same wavelength the force
on the gold sphere is around 12 pN. Hence only the gold
sphere would be trapped and manipulated at this wavelength.
Finally, we can mention that the decay of thez component of
the force with the sphere-substrate distance is different for
each curve. This is due to the use of a different wavelength in
each case, thus the decay of the evanescent field is different.

When we have many spheres clustered together, for ex-
ample three identical spheres in contact and aligned follow-
ing the x axis, we have shown in a previous article that, in
the case of dielectric spheres, it is possible to adapt the angle
of incidence so as to capture, say, the middle sphere.16 In the
case of metallic spheres it is more complex, as the behavior
depends on the wavelength. For three gold spheres, our cal-
culations show that depending on the wavelength, it may or
may not be possible only to capture the middle sphere.

C. Apertureless probe with a metallic sphere at the tip apex

We have seen in the previous section that a metallic
sphere can be trapped and manipulated at the apex of a tung-
sten tip. By keeping the same polarizationsTMd, it should be
possible to scan the surface in taping mode, i.e., the tip vi-
brating perpendicularly to the substrate, in the so-called ap-
ertureless scanning near-field optical microscopy mode.30

Typically, the frequency used in this mode isf =4 kHz with a
magnitude for the oscillationsh=10−200 nm.30 We take
h=100 nm. Assuming a sinusoidal oscillation,
zstd=h sinsvtd /2 with v=2pf, we can compute thez com-
ponent of the inertial force experienced by the sphere
during this oscillation:Fstd=md2zstd /dt2=−mhv2 sinsvtd /2.
Hence the maximum force experienced by the sphere is
mhv2/2=25 aN for agold sphere and 14 aN for a silver

sphere. This maximum is always smaller than the optical
forces over the distanceh ssee Fig. 8d, even when the particle
is manipulated with a wavelength of illumination out of the
plasmon resonance, hence it would be possible to scan the
surface while keeping the sphere at the tip apex, in spite of
the oscillations of the tip. The advantage of scanning the
surface with a small metallic sphere as a nanoprobe is to
improve the quality of the imaging owing to the increase of
the scattered field, as shown in Refs. 31 and 32. Accordingly,
at a given operating wavelength, one can choose the nature
of the particle trapped at the tip apex such that it yields the
largest enhancement of the scattered field. This enhancement
yields a better resolution of the near-field microscope. Also,
following the resolution wanted one can change also the size
of the particle trapped, as the smaller the probe is, the better
would be the resolution.

IV. CONCLUSION

In conclusion, we have presented a detailed study of the
nanomanipulation of particles with a complex relative per-
mittivity, using an apertureless near-field probe. We consid-
ered both absorbing dielectric and metallic particles. In the
case of absorbing dielectric particles, such as quantum dots,
the presence of an imaginary part in the relative permittivity
increases the efficiencysdepthd of the optical trap and helps
manipulate the particle. In the case of metallic particles, the
manipulation is improved if the wavelength of illumination
corresponds to the plasmon resonance of the cavity formed
by the tip and the particle. We showed that depending on the
nature of the metallic sphere, the characteristics of the optical
force spectrum are very different. This suggests the possibil-
ity of achieving a material selective manipulation. Similarly,
the present approach can be applied to the optical manipula-
tion of semiconductor nanoparticlessradius smaller than
100 nmd, under an excitonic resonance condition which can
increase the optical force as much as four orders of magni-
tude more than in the absence of excitation.33
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