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We present a detailed theoretical study of the recent proposal for selective nhanomanipulation of nanometric
particles above a substrate using near-field optical fofegs. Chaumeet al, Phys. Rev. Lett88, 123601
(2002]. Evanescent light scattering at the apex of an apertureless near-field probe is used to create an optical
trap. The position of the trap is controlled on a nanometric scale via the probe, and small objects can be
selectively trapped and manipulated. We discuss the influence of the geometry of the particles and the probe on
the efficiency of the trap. We also consider the influence of multiple scattering among the particles on the
substrate and its effect on the robustness of the trap.
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I. INTRODUCTION (which would otherwise induce a disruptive force for small
particles and the apertureless probe can be used as a near-
Thirty years ago, it was demonstrated by Ashkin that opield optical probe to localize and select the partictes.
tical fields produce a net force on neutral particiéSince In Sec. Il we describe briefly the method used to compute
then, it has been shown that it was possible to exploit théhe optical forces. In Sec. IllA we study the optical force
mechanical action of optical fields in a wide range of appli-€xperienced by a sphere in presence of a tungsten tip. First
cations. From atomic and nonlinear physics to biology, opti-V€ explain the principle of the manipulation of a nano-object
cal forces have provided a convenient way to manipulate‘,"”th the_apertureless probe and then we look at the influence
nondestructively, small particles in a liquid environmérft.  Of the different parameters of the systégeometry of the
These optical forces can also be used to create microstruflP: Sizé of the nanoparticle, illuminatipon the trapping. In
tures by optical bindingor measure the van der Waals force S€C- Il B the presence of many particles on the substrate is
between a dielectric wall and an atérBut one of the most Investigated to study the influence of neighbors on the ma-
interesting applications of optical forces is optical tweezershiPulation of a particle. Finally in Sec. IV we present our
They have proved useful not only for trapping particles, buconclusions. In Appendix A we underline the importance of
also for assembling objects ranging from microspheres t&'Sing total mterna_ll reflectlor_1 to get an efficient opncal trap at
biological cell€° (notice that in Ref. 10 the trapped spherest€ tip apex, and in Appendix B we compare the optical force
are 50 times larger than the wavelength used in the experl¥ith the other forces present in this systegravitational
mend. More recently, optical tweezers have been used tdorce, van der Waals force, electrostatic force, and capillary
transport Bose-Einstein condensates over a large distanceforce.
However, most of these manipulations involve objects whose
size is of the order of one to several micrometers. While for Il. COMPUTATION OF THE OPTICAL FORCES
much smaller objects, such as atoms or molecules, the scan- )
ning tunneling microscope provides a powerful tool for ma-  1he theory used to compute the optical forces has been
nipulation and engineering, dealing with neutral particles Presented previousfy. We use the couple dipole method
of a few nanometers requires new experimental approacheCPM). Here we onlylsr_ecall the main steps. First, the
A novel approach was presented recently, where an apefOupled dipole methda' is used to derive the field inside

tureless near-field probe is used to create localized opticdfe different objects(probe and particlgs Each object is
traps and allow for the selectively capture and manipulatiorg'sqe_t'ze‘j into dlp_olar subunlts_ and the flel_d at each subunit
of nanoparticles in vacuum or air above a substtata.this ~ Satisfies the following self-consistent equation:
paper we analyze in detail the scheme presented in Ref. 13

and we discuss the interplay of the different physical pro- N

cesses that contribute to the force experienced by the par- E(ri, @) =Eo(r; "")+J.Zl [S(ri.rj, @)

ticles (including van der Waals forcgsThe particles are not

in a liquid environment; hence there is no Brownian motion +T(ri rj,0)]aj(0)E(r;, o). (D)
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| FIG. 2. z component of the force experienced by the sphere vs
the distance between the tip and the sphéieTM polarization.
The inset is an enhancement @ near the sign reversalb) TE
polarization. The arrow indicates the direction along which the tip is
moved.

FIG. 1. Scheme of the configuration. A dielectric sph@ealius
10 nm on a flat dielectric surface is illuminated under total internal
reflection. A tungsten probe is used to create an optical trap.

a;(w) is the dynamic polarizability of subunjt*® T is the
field linear response to a dipole in free sp&t# and
S the field linear response to a dipole in the presence of
substraté??3 Note that the field obtained in Eql) takes
into account all the multiple interactions between the par-
ticles, the substrate, and the tip. The second step is to derive A. Isolated particle
the optical forces experienced by each subunit. Once the
electric field is known, the component of the total féfcen
theith subunit is given by In order to foster understanding of the selective trapping
scheme, we start by studying the interaction between a single
IE"(ri,w)]* sphere with radiug=10 nm and a tungsten ti@ tip often
" ) used in apertureless microscopy as they are not expensive
and easy to preparevith a radius at the apex=10 nm,
whereu or v stand for either, y, or z, andp(r;,w) is the  which is a typical size for tips used in experiments. The
electric dipole moment of theth subunit?® Notice that the illumination wavelength is. =514.5 nm. Figure 2 shows the
derivative of the field is obtained by differentiating E4). z component of the force experienced by the sphere versus
To compute the force exerted by the light on any given obthe vertical position of the tip above the sphere, for both TE
ject, one has to sum the force experienced by each dipolend TM polarizations. The illumination angle is close to the
forming the object. The main advantage of using the CDM tocritical angle,#=43°. As the tip gets closer to the sphere,
compute the optical force is that retardation and multiplethe evolution of the force is radically different for the two
scattering between the objects, the tip, and the substrate apelarizations. The sphere experiences mainly three gradient
accounted for. forces (because the sphere is small, the scattering force is
negligible, and since the relative permittivity is real, absorp-
IIl. RESULTS tion does not contribute to the fornceThe three forces are,
first, the negative gradient force due to the evanescent inci-
We consider a particle in glass, placed either in air ordent field (notice that for a dielectric sphere, the gradient
vacuum, with relative permittivitye =2.25 and a radiug,  force always pushes the sphere toward the region of high
above a dielectric substrate. The particle is illuminated byfield intensity; as the evanescent field decays in the direction
two evanescent waves created by total internal reflection af z positive, the gradient force is negatjyesecond, the
the substrate/air interfad@ngle of incidence#>6.=41.8°  negative gradient force due to the interaction of the sphere
with Jesing,=1 wheree=2.25 is the relative permittivity ~with itself via the substratéhis force can be understood as
of the substrate The importance of illuminating the particle the interaction between the dipole associated with the sphere
on the substrate with evanescent waves is explained in Apand the field at the dipole location, radiated by this dipole
pendix A. The two evanescent waves are counterpropagatingind reflected by the surface; this force is always negative
i.e., k= —kH’ , with the same polarization and a random whatever the dielectric constant of the spﬁ@:eand third,
phase relatioriFig. 1). As discussed later, this is to ensure athe gradient force resulting from the interaction between the
symmetric lateral force. The optical trap is created by theprobe and sphere. This last gradient force can be either posi-
interaction of the incident waves with a tungsten probe withtive or negative. For TM illumination, there is a large en-
a radius of curvature at the apex hancement of the field near the apex of the probe due to the

Notice that all forces are computed for an irradiance of
0.05 W/um?, which corresponds, for a laser with a power of
g W, to a beam focused over an area of 100°.

1. Principle of the manipulation

3
Fu(r)=(12Re| 2 p,(ri,w)
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03 Kawata and Sugiur® for the sphere to slide on the sub-
strate, its radius has to be large enough for radiation pressure
= 02 | 1 to overcome the gradient force. For TM polarization the lat-
= a) eral force may have a disruptive effect as it tends to push the
w04t 1 sphere away from the tip, particularly whdn, becomes
positive. In order to avoid this problem, we introduce a sec-
0 ; : ond, counterpropagating, evanescent wave with a random
phase relation with respect to the first wave. In this way, the
__ —08} | sphere experiences no lateral force when it is right under-
< neath the tip. Note that due to the coherence time of the laser
e gt b) | (e.g., 200 ps_for an argon Ia$eone_ can suspect that the
sphere experiences spatial fluctuations. We compute these
spatial fluctuations for a glass sphere with a radais

20 40 =10 nm, trapped by an optical for¢€|=4 pN. From the
tip—sphere distance (nm) second law of Newton the distance covered by the sphere,
during the time of coherence, is equal |fgt?/2m=8 pm.
FIG. 3. x component of the force if the symmetric illumination Therefore, in any realistic configuration, the trapped particle
is not used(a) TM polarization.(b) TE polarization. will only be sensitive to the time-averaged trapping potential,
without actually being perturbed by the laser fluctuations. If
discontinuity across the air/tungsten bound&rithis en-  the sphere is larger, its sensitivity to the spatial fluctuation
hancement generates a positive gradient force which, at shdrecomes even smaller due to its larger weight.
distances, counterbalances the two negative contributions To assess fully the probe-particle coupling we need to
(due to the interaction of the particle with itself via the sub-study the evolution of the force experienced by the particle,
strate and the incident evanescent wawébe inset in Fig. as the probe is moved laterally. The coordinatey) repre-
2(a) shows that the force experienced by the sphere changeent the lateral position of the sphere. The tip i$0a0) [see
sign when the tip is 25 nm away from the sphere. On therig. 4@)]. Figure 4 shows the component of the force when
other hand, for TE polarizatiofFig. 2(b)], as the tip gets the tip is 25 nm above the substrate for TE and TM polar-
closer to the particle, the magnitude of theomponent of izations and for an angle of inciden@e=43°. For TM po-
the force increases while the force remains negdtiirected  larization, Fig. 4b) represents the magnitude of theom-
toward the substrate and away from the tipence prevent- ponent of the force. We see that when the tip is far from the
ing any trapping. This due to a decrease of the field at the tiparticle the force is negative: the sphere does not feel the tip.
apex for this polarizatiofone can see the electromagnetic As the tip gets closer, the particle starts to experience a posi-
field around a gold tip apex in Ref. R&hus giving a third tive force alongz. The change of sign of thecomponent of
negative contribution to the gradient force. Because the apethe force occurs when the sphere is about 30 nm away later-
of the tip and the sphere are small compared to the waveslly from the tip. Below this distance the sphere is in the area
length, the nature of the interaction between the tip andf the enhancement of the field at the tip apex and the gra-
sphere can be understood by considering the tip and sphetkent force changes sign; hence the sphere is attracted toward
as two dipoles. In TM polarization, these two dipoles havethe tip. The region wher&,=0 is represented by a solid
two components, parallel and perpendicular to the substratelosed curve in Fig. @). If the tip is farther away from the
As shown in Ref. 27 two aligned dipoles tend to attract eaclsubstrate, the zero-force curve becomes smaller because of
other and two parallel dipoles tend to repel each other. Fothe dependence of the force on the tip-surface distéfice
the same magnitude of the two componefparallel and 2). If we approximate the zero-force curve by a circle, the
perpendiculagrthe attractive force due to the component per-radius of the circle is about 7 nm when the tip is 31 nm
pendicular to the substrate is twice that of the repulsive forcebove the substratand as shown by Fig. 2 it vanishes when
due to the parallel component. Hence in TM polarization thethe tip is 45 nm above the substrat&igure 4c), which
sphere is attracted by the tip. For the TE polarization, howpertains to TE polarization, shows that theomponent of
ever, the two dipoles are essentially parallel to the substratine force is always negative and smaller in magnitude by a
and the sphere experiences a negative gradient force. Noti¢actor of 100 than the force associated with the TM polariza-
that if we only use a single laser beam, a lateral force wouldion. Note that the force becomes strongerore negative
appear as shown in Fig. 3. For TE polarization, the lateralvhen the sphere gets closer the tip. Figure 5 represents the
force is very smallin the fN rangg¢ and negative, showing lateral force F) experienced by the sphere when the tip
that it is mainly due to the gradient force arising from the scans the surfacéhe arrows represent the direction of the
presence of the tigthe radiation pressure from the incident force experienced by the sphere at the origin of the arrow,
field always gives a force in the direction of the wave vectorand the length of the arrows shows the magnitude of this
hence in this case a positive fojc&Vhen the sphere is in force). We only consider an area of 40 nm around the origin
contact with the substrate, the lateral foreecomponentis  as the lateral force decreases very quickly away from the tip.
weaker than the component of the force by a factor of 40. In Fig. 5a), the vectors show that the sphere is attracted by
As the static friction coefficient is 1glass on glags the the tip; hence the lateral force pushes the sphere toward the
sphere cannot slide along the surface. Indeed, as shown Iip. Therefore, when the tip and particle are close enough to
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FIG. 4. z component of the force vs the position of the sphere -40 -30 -20 -10 0 10 20 30 40
(a=10 nm) when the tip is located at the origia Sketch of the X (nm)
configuration.(b) TM polarization. The thick line represents the
caseF,=0. (c) TE polarization. FIG. 5. Parallel component of the force vs the position of the
z

.. sphere when the tip is located at the orid&®).TM polarization. The
each other for the component of the force to be positive hjck |ine represents the case=0. (b) TE polarization.

(the zero forceF,=0 is always represented by the black
circle) and large enough to lift the particle off the surface, the o ) ) o
lateral force actually helps bringing the particle in the trap.illumination. For nanomanipulation purposes it is important
This effect is due to the symmetric illumination. Again TE to assess the stability of the trap as the probe lifts the particle
polarization gives a different result. Figurébb shows that off the substrate. Figure 6 shows tkecomponent of the
the lateral force pushes the particle away from the tip. Howforce when the sphere is located at the apex of the tip and the
ever, since the magnitude of thdownward z component of  tip is moved vertically. For the TM polarizatioffFig. 6a)]
the force is larger than thecomponent by a factor of 5, we the optical force remains positive over a large distance, at
expect that the sphere is not displaced when the tip ideast 200 nm. The particle can therefore be manipulated ver-
scanned over it under TE illumination. Note that apertureles#ically as well as horizontally. The stability of the trap when
probes are often used in the tapping mode when imaging the tip-particle pair is away from the substrate prevents any
surface. This mode minimizes the lateral motion imparted talisruptive interaction with the surface roughness as shown in
the object by the optical force. the next section. Note that the evolution of the force versus
We have shown that a tungsten probe can be used to trdpe distance to the substrate is linear rather than exponential.
efficiently a nanometric object above a surface using TMThe particle experiences a negative gradient force due the
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FIG. 6. zcomponent of the force experienced by the sphere as a
function of the distance between the sphere and substrate. The
sphere is placed at the apex of the pro##e.43°. (a) TM polariza-
tion. (b) TE polarization.

exponential decay of the intensity of the illumination. At the
same time, the particle experiences a positive gradient force
due to the field enhancement at the tip apex, which also
decreases exponentially witbecause this enhancement de-
pends on the intensity of the evanescent illuminating light.
The competition between these two contributions results in a
weak decrease of the trapping force as the particle is moved

away from the substrate. FIG. 7. zcomponent of the force experienced by the sphere as a
As described in Ref. 13, the procedure to trap a smalfynction of the distance between the tip and sphere and the substrate

object with a tungsten tip is the following: first TE illumina- and angle of incidencda) TM polarization.(b) TE polarization.
tion is used while the tip scans the surface in tapping mode

or in constant-height mode if the area under investigation igay of the evanescent field above the substrate. Figures 7 and

small enough. Such modes avoid the displacement of thg ghoy the influence of the angle of incidence on the capa-
particle by the tip. Once an object has been selected, thﬁility of the tip to manipulate the nano-object. Figure 7

probe is placed above the object and the polarization of thgnaws the evolution of the component of the force as the
illumination is rotated to TM. The probe is then brought 5 gets closer the surface versus the angle of incidence for
down over the particle and captures it. The probe can thepgih polarizations. In Fig.(@) (TM polarization one can see
move the particle above the substrate, both horizontally anghat for a fixed distance between the tip and substrate, the
vertically, to a new positiorinote that if, for some reason, |5rger the angle of incidence, the smaller the magnitude of
one wishes to move the particle over distances larger than thge force experienced by the trapped object. Note that as the
size of the illumination spot, one could movke sample 4ngle of incidence increases, the initi@vanescetfield

with a piezoelectric device once the sphere is trapped at thgecays faster. Accordingly, a weaker field reaches the tip and
apex of the tip. As shown by Fig. &), as thez component

of the force in TE polarization is always negative, the nano-
particle can be released by switching back to TE polariza-
tion. The lack of trapping under TE illumination is actually
an important advantage during both the imagisglection

and release phases of the manipulation. Indeed, under TE 0
illumination, when the tip is above a particle, it actually in- o
creases the downward optical force, which contributes to §
prevent the tip from sweeping the particle away. 4

angle of incidence (deg) o9 o

2. Efficiency of the manipulation scheme

F, (pN)

1 O I I I

In the previous section we have established the possibility &
to manipulate selectively a nanoparticle above a flat dielec- 43 58 7 20§
tric substrate. Now we stgdy thg influence of the different angle of incidence (deg) 154
parameters of the systeftip radius at the apex, angle of
incidence, etg.on the efficiency of the trap. FIG. 8. zcomponent of the force experienced by the sphere as a
a. Influence of the illuminatiarSo far we have considered function of the distance between the sphere and substratewith
an angle of incidence 43°, which corresponds to a slow de=43° for TM polarization.
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the enhancement of the field at the tip apex is less important, 8

leading to a smaller positive gradient force. As a conse- a)
guence, when the tip approaches the sphere, the change of 67 ]
sign for thez component of the force occurs for smaller 4

tip-sphere distances at larger angles of incideffe the
thick line in Fig. 1a) which represents the level cunfg,
=0]. For example, for #=43°z=25nm, and fore &« _____ _

=73°, z=8 nm. This means that it is easier to manipulate or Tl
the sphere when the angle of incidence is close to the critical T~
angle. Notice that for TE polarizatidrig. 7(b)], when the I
angle of incidence increases, the magnitude of the negative 4 , ,
force decreases. The explanation for this evolution is similar 10 30 50 70
to that of the TM polarization case: the incident field that Radius of the sphere (nm)
reaches the apex of the tip is weaker for large angles of ] ' "
incidence. Accordingly, the interaction between the tip and
particle becomes weaker as the angle increases, and the mag-
nitude of the repulsive force decreases. Figure 8 represents
thezforce experienced by the sphere when it is located at the
apex of the tip versus the angle of incidence and distance
between the trapped sphere and substrate. The force along
decays more rapidly for larger angles of incidence. The ex-
ponential decay of the incident field is stronger when the
angle of incidence is far from the critical angle. As the posi-

F.(pN)
(M)

F.(pN)

. ) i -0.5

tive force alongzis due to the enhancement of the field at the 10 20 30 40

apex of the tip and it depends on the value of the incident —310 20 50 20
evanescent field at the tip apex, theomponent of the force Radius of the sphere (nm)

follows the same behavior as the incident field. Note that the

influence of the wavelength is easy to infer. The initial field FIG. 9. zcomponent of the force experienced by the sphere as a
decays a® ™ "* with y= /271.(8 Siﬁze—l)/)\, where) is the  function of its radius. Plain lingd=43°, and dashed liné=60°.
wavelength in vacuum. When increases,y decreases; @ T™ polarization.(p) TE polarizati_on. The sym_bo+ pertains to_
hence the exponential decay is slower and the manipulatio?‘?su'ts for when the tip is not taken into account in the computation.
is easier to perform.

b. Influence of the geometrin the previous section, both field: the tip has a very weak influence on the force experi-
the radius of the tipr, and the radius of the sphem,were  enced by the sphere. To check this argument we plot the
10 nm. In this paragraph we study the influence of these twdorce alongz without the presence of the tiine with the
geometrical parameters. Figure 9 shows the evolution of thé +” symbol in Fig. 9b)]. These curves show that for the
force alongz versusa for both polarizations and two angles largest angle §=60°) the above argument is true; only
of incidence. The tip =10 nm) is in contact with the when the radius is small can we see a slight shift of the force
sphere. One might expect a force proportionahfoas the  due to the presence of the figee inset in Fig. ®)]. For the
gradient force is proportional to the real part of the polariz-smallest angle §=43°) the presence of the tip shifts the
ability, hence to the volume of the sphere. Actually, this be-force curves toward negative values, as explained in the pre-
havior is only observed for the TE polarizatipRig. 9b)].  vious section. This holds even for a very large radius of the
For the TM polarization, whea increases, so does the dis- sphere because of the slow evanescence of the incident field.
tance between the tip and substrate. Thus we have competi- We must now check that for large radii it is always pos-
tion between the increase of the gradient force due to a largeible to manipulate the sphere above the substrate. Figure 10
a and the decrease of the field enhancement at the tip apeshows thez component of the force at two different angles of
due to a larger distance between the tip and substrate. For tlirecidence for two different radiia=30 nm and 50 nm. One
smallest angle §=43°), because the decrease of the field iscan see that it is possible to lift the spheres up to 200 nm
slow, the force starts by increasing linearly for small valuesabove the surface without any problem, even for the @¢ase
of a. Whena increases, the enhancement of the field at the=60° witha=30 nm which corresponds to a radius close to
tip decreases and the positive gradient force due to this enhe limiting casgFig. 9a) showsF,=0 for a=40 nm if ¢
hancement vanishes. The competition between these two e£60°]. In that case, the force is small and the trap is less
fects leads to a maximum of the force =40 nm. For the robust than for smaller angles of illumination. Therefore, the
largest angle §=60°) the incident field decays rapidly in trapping scheme presented here works over a wide range of
that case, and faa larger than 40 nm theforce experienced particle sizes. Notice that although we could not compute the
by the sphere becomes negative. Thus it would not be podargest radius that we could manipulatefat 43° because it
sible to manipulate a larger particle. For TE polarization thewould require too many subunits, we can estimate that
z component of the force varies roughly @& This implies  spheres with a radius up to around 90 nm can be trapped and
that the main contribution to the force is due to the incidentmanipulated.
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F.(pN)
- O = N W s~ O
<o

F.(pN)

0 50 100 150 200 -0.1
distance sphere surface (nm)

0 20 40 60
distance tip sphere (nm)
FIG. 10.z component of the force experienced by the sphere in - 1. 12 7 component of the force experienced by the sphere in
™ polarlzatlono. Solid line: a=30 nm,0=°43 . Dashed line: 1y polarization. Solid lined=43°, dashed lin&=60°. (a) Force
a=30 nm¢=60°. Crossesa=50 nm¢=43°. experienced by the middle sphe(l) Force experienced by the side

spheres.
Another relevant geometric parameter is the radius of cur-

vatur_e at the apex of the tip. !t is easy to see the importancgf three spheregradius 10 nm, permittivity 2.25aligned
of this parameter for our optical trap because the enhanc%aong thex axis. The probe is placed above the middle

ment of the field at the tip apex depends directly on this ; :
radius. Figure 11 shows thecomponent of the force versus sphere. We account for the multiple scattering between the

; ticle with radiusi— 10 for two diff ; | three spheres, the substrate, and the tip. The optical binding
rfora particle with radius = _.U nm for two different angies -, 4,,-qq among the spheféss also included in our descrip-
of incidence. One can see that theomponent of the force

. X tion. For this configuration again, TE illumination does not
depends strongly on the radius of the tip apex. Fer43° ! : gural gal riuminat

ermit trapping. For TM illumination, we plot in Fig. 12 the
the squares are thg_CDM resylts. anq shovy a decay of t component of the force experienced by the middle sphere
force for larger radii. The solid line is a fit of the form

. . and by those on the sides as a function of the vertical dis-
a/r+a, wherea, anda, are the parameters of the fit. This 506 hetween the probe and middle sphere. For an angle of
form is associated to the rl/dependence of the force,

S ) . o incidenced=43°, as the tip gets closer to the middle sphere,
Wh'Ch IS fo_und irrespective of the angle of incidenee the z component of the force, although the strongest for the
circles in Fig. 13. middle sphere, remains positive for the two side spheres.
This could be a problem if one wanted to manipulate only
B. Many particles on the surface one particle among several. The central particle can be selec-
tively trapped by increasing the angle of incidence of the

In the pr_eceding section we studied the case of an iSOIatemuminating beams to tighten the trap in thedirection. In
sphere to illustrate how to select and manipulate a nanoﬁg. 12 we see that fo6=60° the optical force induced by

object above a surface. It IS nevgrtheless Important to kno%e probe is positive only for the middle sphere. This remains
whether the proposed manipulation scheme would still wor e for three spheres aligned alopgFigure 13 shows the

if several particles are clustered together. We consider a S%E(traction of the middle sphere by the tip. Our calculation

4
5
*
4 BN
3r \*\
3 \K\-k\_’_ 1
Z = T § 2 § 2
g2 \Z% 2 e T
T o +‘~|\**
1 B
B ] M
M] °T |
0 - . ; ; -1 : : :
0 20 40 60 80 100 0 50 100 150 200
radius of the tip apex distance sphere surface (nm)

FIG. 11.zcomponent of the force experienced by the sphere for FIG. 13. zcomponent of the force experienced by the sphere in
TM polarization vs the radius of the tip apex=10 nm. Solid line  TM polarization. Solid lineg=43°, dashed lin@=60°. With sym-
(fit of the formay/r+a;) and square$CDM resultg for §=43° bol “ +": force experienced by the middle sphere. With no symbol:
and circles(CDM resultg for §=60°. force experienced by the side spheres.
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FIG. 14. z component of the force experienced by the sphere in
TM polarization with#=60°. The radius of the side spheres is 10  FIG. 15.z component of the force experienced by the sphere in
nm. The radius of the middle spheredis- 10 nm(dot-dashed ling ~ TM polarization. The radius of the middle sphere is 10 nm. The
a=17 nm(solid line), anda=28 nm (dashed ling (a) Force ex- radius of the side sphereds=17 nm. Solid line: force experienced
perienced by the middle spher@) Force experienced by the side by the middle sphere. Dashed line: force experienced by the side
spheres. spheres. Curve with no symba=43°. Curve with symbol *":

#=60°. The inset is a magnification of what happens close to the

shows that the vertical force experienced by the two sid&ign reversal for the force alormg
spheres remains negative when the probe moves away from
the substrate for an angle of inciden@e-60°. Therefore, force would be very small compare to the other force in the
the spheres on the sides do not hinder the capture of theystem(see Appendixes A and)BTherefore, in this case it is
middle sphere if the angle of incidence is adequately chosemmpossible to capture selectively the middle sphere. The so-

Notice that this computation is done for three identicallution would be to first move the side spheres aways to iso-
spheres. We show in Fig. 14 that if the middle sphere idate the smaller middle sphere, and only after would it be
larger than the other two, it is still possible to trap the middlepossible to trap it. Notice that when the tip is far from the
sphere without disturbing the side spheres. Figuréa)l4 surface the negative force is stronger for the largest spheres.
shows thez component of the force experienced by theThis is due to the gradient force proportionalat
middle sphere for three different radi&=10, 17, and 28 In the previous section we showed that a tungsten probe
nm. The side spheres have a fixed radas:10 nm. When can be used to trap efficiently a nanometric object above a
the middle sphere is lifted off the surface by the(@mgle of  surface using TM illumination. By moving the tip laterally, it
incidenced=60°) the force along is always positive; hence is possible to transport the selected particle in a precise man-
the manipulation of the middle sphere is not disturbed by thaer. However, we must check that the electromagnetic field
side spheres. Figure @@ shows the evolution of theforce  scattered by another particle on the substrate would not dis-
experienced by the sides spheres during the extraction of tharb the trap during the transport. Figure 16 shows the evo-
middle sphere. This force is always negative; therefore théution of the force experienced by the sphere trapped by the
side spheres are not attracted by the tip. Moreover, as thi& when a second sphere is on the surface as shown by Fig.
radius of the middle sphere increases, zltemponent of the 16(a) (both spheres have a radius of 10 )nrRigure 16b)
force becomes larger while being negative, thus excludinghows that thez component of the force on the trapped
the possibility of having the side spheres captured by the tipsphere is not altered by the presence of the other sphere.
This reflects the fact that as the radius of the middle spher@&/hen the two spheres are 30 nm apat=60 nm), the
increases, so does the distance between the side spheres &rde alongz does not depend on the position of the tip.
the apex of the tip. Hence as the tip is farther from the side&igure 16c) shows that the lateral force is more sensitive
sphere its influence is weaker. and we can see some oscillations when the two spheres are

In Fig. 15 we present the case where the middle sphere idose to each other. However, this is not really a problem
smaller than the side spheres. First for an angle of incidencgince even if the two spheres are only 30 nm apart, the lateral
close to the critical anglef=43°) the three spheres experi- force is 1000 times smaller than the force alangnd there-
ence a positive force when the tip approaches the substratiare, would not hinder the optical trapping. We have studied
If we look carefully(see the ins¢t we see that the compo-  the case where the tip and trapped sphere scan the surface at
nent of the force becomes positive for the side spheres befote=20 nm. When the tip is located at the origin, the two
the middle sphere experiences a positive force. Hence it ispheres are in contahe trapped sphere and the sphere on
impossible to only manipulate the middle sphere. If the angleéhe substrajeand thez component of the force becomes
of incidence is increased to the val#e=60° to make the negative, of the order of-5 pN, and the lateral force when
trap smaller, we show that the component of the force the spheres are close to each other is about 1 pN. In this
becomes positive for the middle sphere first. However, wheronfiguration the trapped sphere can escape and thus be lost
the tip is in contact with the middle sphere thdorce is by the tip. In summary, if the distance between the two
positive for all three spheres. Notice that to get a smaller tragpheres is larger than 3 times the radius of the sphere on the
one can increase the angle of incidence but in that case ttmirface, then the trapped sphere is not disturbed.
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FIG. 17.z component of the force experienced by the sphere vs
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= the angle of incidence. The vertical line is plotted fbr 6, in the
g 0 case of total internal reflection. The solid line pertains to the sub-
- 01 | strate illuminated from below the surface, and the dashed line per-

tains to an illumination from above the surfa¢a. TM polarization.
-0.2 : : s ot
€200 100 0 100 200 (b) TE polarization.
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length the gradient force on a silver particle vanishes, and

FIG. 16. Force experienced by a spheae=(L0 nm) trapped at only the absorbing force remains. Such phenomena could
the apex of the tungsten tip, when the tip scans the substrate @ad to a material-selective trapping. It will also be interest-
different heighth, with another particleg=10 nm) on the surface ing to explore the possibility of trapping a small gold par-

localized at the origin. Solid lineh=50 nm. Dot-dashed lineh ticle, a few nanometers in size, and use it as a highly local-

_=100 nm. Dashed lineh=200 nm. (@) sketch of the configura- j;g(q probe for topographic or spectroscopic stuéied.
tion. (b) zcomponent of the forcgc) x component of the force.

IV. CONCLUSION APPENDIX A: IMPORTANCE OF THE EVANESCENT

, , ILLUMINATION
We have presented a detailed study of a trapping scheme

that allows one to trap and nanomanipulate, in a selective In this Appendix we show that the choice of total internal
manner, nanometric particles in air above a substrate. Theeflection illumination is the most adequate to get a strong
substrate is illuminated under total internal reflection by twooptical force. Figure 17 shows ttrecomponent of the force
laser beams which create two counterpropagating evanescenben the angle of incidence is varied between 0 and 90° for
waves. An apertureless tungsten probe is used to scatter theze illumination either from above or from below the surface.
two waves and generate a localized optical trap. An object oFor an illumination from below the surfadéternal reflec-
a few nanometers can be selectively brought into the trap aniion) and for TM polarization, the largest force is obtained
manipulated with the probe. An important advantage of thior 6=6.. The magnitude of the force decreases exponen-
scheme is the possibility to use the probe to localize thdially when 6 increases. Foé smaller than the critical angle,
particles upon the surface. Using TE polarization the tip carihe force is small and even negligible f@ismaller than 20°.
scan the surface in tapping mode or constant-height mod&or TE polarization the minimum of thecomponent of the
and it allows one to acquire an optical near-field image of thdorce is obtained fod=43°> 6. . This negative force is im-
surface. Because in TE polarization theomponent of the portant as it prevents the tip from displacing the particle
optical force is directed toward the substrate, there is no riskluring scans. If the surface is illuminated from above, for
of displacing the particles during the imaging phase. ThenTM polarization thez components of the force remain
just by switching to TM polarization, we can manipulate theweaker than the force obtained with an evanescent wave, and
particles. As we showed, even if many particles are clusteredpr TE polarization the negative force is very weak compared
varying the angle of incidence still makes it possible to ma-to those obtained with an evanescent wave above the surface.
nipulate selectively only one particle. Hence to trap and manipulate a nano-object it is best to
An interesting extension of this work will be a study of choose an angle of incidence close to but larger than the
the influence of different illuminationge.g., focused beam critical angle.
and a study when the patrticle is either absorbing or metallic.
In that case the optical force has two contributions: the gra- \ppENDIX B: DISCUSSION ON THE ROLE OF FORCES
d|en_t force and the mo_mentum transf_er from_ the laser to the OTHER THAN THE OPTICAL FORCE
particle due to absorption. For metallic particles, the strong
spectral dependence of the electromagnetic resp@nsibe In an actual experiment, there would be other forces at-
resonances in the response of dielectric and metallic patracting the sphere toward the substrate. These forces are
ticles) could lead to new effects. For example, at some wavemainly four: van der Waals, electrostatic, capillary, and
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gravitational forces. One must therefore compare their effect T e—1

with that of the optical forces in order to assess the robust- e~
ggetl

ness of the scheme.

a’a?, (B2)

o being the charge surface density (0C m~2 in very dry
1. van der Waals force conditions, £,=8.85x10 2Fm ! the permittivity of
vacuum, anc: the relative permittivity of the dielectric sub-
strate. Fora=10 nm ande=2.25, we getF.=0.013 pN.
his force is clearly negligible compared to the optical force.
nd moreover this force will be weaker for a conductor.

The van der Waals foréebetween two particlegvhich is
the Casimir force in the nonretarded c&¥sean be described
as a short-range force, derived from the Lennard-Jones 6-1
potential, in the form

AS/[ 78 3. Capillary force
" onzl ans 1), (B1) If there is water on the surface, there will be a capillary
force which can be expressed*as
h being the distance between the two particlashe Ha-
maker constantA=60 zJ for glass, and about 200 zJ for F.=2mavy, (B3)

tungsten, z corresponds to the separation of lowest energy
between two particle§.e., the position of the minimum of
the Lennard-Jones potendialvhich we have estimated at 0.5
nm, andS is the Derjaguin geometrical factor related to the
mutual curvature of the two particles. Notice that the van de
Waals force is maximum whezn= h.

If we compute the van der Waals force between the glass
sphere and glass surface, we ha&ea (a radius of the 4. Gravitational force
spherg; hence the force i§,,=0.3 pN. This force is not a The force of gravity is
problem as the optical force when the tip is in contact with
the sphere is larger than 1 pN. In addition we have to con- 3
sider the van der Waals force between the apex of the tip and Fg=mg= g ma’pg, (B4)
the sphere when they are in contact. We have estimated it for
the case where the radius of the sphere and the curvature where g=10 ms 2 is the gravitational acceleration and
the tip apex are equal to 10 nm, witB=a/2=5 nmA =2500 kg m 2 is the density of glass. If the radius is equal
=/60x 200 zJ, for which we obtaifr,=0.27 pN. Hence to 10 nm, we findFy;=0.1 aN, and the component of the
the two van der Waals forces are of comparable magnitudeptical force experienced by the sphere is larggra factor
and cancel each other when the particle is in contact wit®f 107) than the gravitational force. Hence gravity can be
both the substrate and tip. Therefore the van der Waals fordeeglected.
does not hamper the manipulation of the particle. A problem
can arise when we want to release the sphere from the trap, 5. Conclusion
as switching back to TE polarization may not create a strong

enough repuisive force. There are many ways to avoid thig, i1, et B2 50 EREREEEE R R T e
problem. One is to approach the tip-sphere system to th@™y b

surface to benefit from the van der Waals force between thgarticle, but as we mentioned previously, this force becomes

substrate and the sphere. Another solution is to choose a/rv]eaker when roughness is taken into account. Note, how-

angle of incidence close to the critical angle to increase th ver, that these four forces do not depend on the illumination

magnitude of the repulsive force. Of course, one could alsgvhgreas .the optical forces depe’.‘ds on th(_a intens_ity of.the
increase the intensity of the incident field ' incident field. Therefore, one solution to avoid any disruptive

Notice that the van der Waals force is computed here fOFontribution from the van der Waals force is to increase the
perfectly smooth bodies. In reality this force should bePOWer of the laser beam, For example, with the power used

weaker. Indeed, for a surface roughness about 2 nm, the v:?ﬁl Okamoto and Kzawat%i‘, which corresponds to an irradi-

der Waals force is reduced by a factor of%0 ance of 0.2 WLm=, the optical force is multiplied by a
' factor of 4 compared to the computation presented in this

paper. Another way of increasing the optical force is to
choose another material for the probe. For example, at a

The electrostatic forc€Coulomb forcé between an elec- wavelength of 450 nm, a silver tip when in contact with the
trically charged sphere and an uncharged plane can be egphere generates an optical force 6 times stronger than that
pressed &s created by a tungsten tip at=514.5 nm.

being the surface tension of water, wity=72
X103 Nm™!. For a radius of the sphes=10 nm we get
F.=4.5 pN. This force is of the same order as the optical
force; hence it is necessary to work in a dry environment in
order to reduce this capillary force.

2. Electrostatic force
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