PHYSICAL REVIEW B VOLUME 62, NUMBER 16 15 OCTOBER 2000-I1

Electromagnetic force on a metallic particle in the presence of a dielectric surface
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By using a method, previously established, to calculate electromagnetic fields, we compute the force of light
upon a metallic particle. This procedure is based on both Maxwell's stress tensor and the couple dipole method.
With these tools, we study the force when the particle is over a flat dielectric surface. The multiple interaction
of light between the particle and the surface is fully taken into account. The wave illuminating the particle is
either evanescent or propagating depending an whether or not total internal reflection takes place. We analyze
the behavior of this force on either a small or a large particle in terms of the wavelength. A remarkable result
obtained for evanescent field illumination is that the force on a small silver particle can be either attractive or
repulsive depending on the wavelength. This behavior also varies as the particle becomes larger.

[. INTRODUCTION procedure together with Maxwell’s stress teriSam order to
compute the optical forces on a metallic object in the pres-

Since the first demonstration of particle manipulation byence of a surface. Since we developed this method in a pre-
the action of optical forces? optical tweezersand other  vious paper,’ we shall now outline only its main features. It
configurations of light beams have been established to holdhould be remarked that all calculations next will be written
suspended particles like moleculéspr more recently, di- in cgs units for an object in vacuum.
electric spheres:’ Also, the possibilities of creating micro- The system under study is a sphere, represented by a cu-
structures by optical binding and resonance effects have bedaic array of N polarizable subunits, above a dielectric flat
discussefi'? as well as the control of particles by evanes-surface. The field at each subunit can be written:
cent waves>1*Only a few works exist on the interpretation,

prediction, and control of the optical force acting on a small N

particle on a plane surface. To our knowledge, the only the- E(ri,w)=Ey(r;,w)+ E [S(ri,rj,w)

oretical works dealing with this subject are those of Refs. =1

15-17. In Ref. 15 no multiple interaction of the light be- +T(r;, 1), @) ]a;(w)E(r), o) (1)

tween the particle and the dielectric surface is considered. On

the other hand, Ref. 16 deals with a two-dimensioi2d)  whereE(r;,w) is the field at the position; in the absence
situation. Only recently in Ref. 17 the full 3D case with of the scattering object, anil and S are the field suscepti-
multiple scattering was addressed for dielectric particles. pilities associated to the free sp&tand the surfacé"?

~ This paper, extends the study of Ref. 17 to metallic paryespectively.a;(w) is the polarizability of theith subunit.
ticles and, as such, this is the first theoretical study of light_jke in Ref. 17 we use the polarizability of the Clausius-

action on a metallic particle. We shall therefore present avossotti relation with the radiative reaction term given by
rigorous procedure to evaluate the electromagnetic force iprgjne?3

three dimensions. Further, we shall analyze how this force
depends on the wavelength, distance between the particle
and the surface, angle of inciden@ehether the excitation is a=—2
a plane propagating or an evanescent Waaad on the ex- 1—(2/3)ik8a0'
citation of plasmons on the sphere. We shall make use of the
couple dipole method previously employed, whose validitywhere «y holds the usual Clausius-Mossotti relatian,
was analyzed in detail in Ref. 17. =ad(e—1)/(s+2).1"?*In a recent paper, we have shown

In Sec. Il we introduce a brief outline on the method usedthe importance to compute the optical forces taking into ac-
to compute the optical force on a particle. We also write itscount the radiative reaction term in the equation for the po-
expression from the dipole approximation for a metalliclarizability of a sphere. For a metallic sphere, the polarizabil-
sphere in the presence of a surface. Then, in Sec. lll A wéty is written as a=a0[1+(2/3)ik8a3]/D with D=1
present the results and discussion obtained in the limit of a (4/3)k3 Im(ay) + (4/9)k| |2, Where the asterisk stands
small sphere, and in Sec. IlIB we analyze the case of Iargqbr the Comp|ex Conjugate angm denotes the imaginary
spheres compared to the wavelength. part.

The forcé® at each subunit 5

ag

@

Il. COMPUTATION OF THE OPTICAL FORCES
J

*
The coupled dipole methofCDM) was introduced by Fk(fi)Z(l/Z)RE{ aiEj (1 ,w)(&k E'(M«))) 1 ©)
Purcell and Pennypacker in 19%3In this paper we use this r=ri
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YA From Fig. 1 is easy to see thiat is always real whatever
the angled, hence we can write Eq&4) and(6) for metallic
particles as

| E0x| 26428 | EOZ| 21628
|828+ all? |4zg+ al|?

[k, IM(ag)/(2D)

X

sphere a
c + k| ol %/(3D)] ®)
20 for p polarization, and
|Eoy|?6425
=————[k, Im(ap)/(2D
s X |828+CYA|2[ X ( O)( )
+kyk3| ol ?/(3D
surface 0 X xKol@ro|“/(3D)] 9
€ =2.25 for s polarization. In Eq.(8) the factor in front of
0 [ky Im(a)/(2D) +kyk3|ao|?/(3D)] for the two polariza-

tions constitutes the field intensity 25 The first term within
these square brackets corresponds to the absorbing force
k whereas the second represents the scattering force on the

FIG. 1. Geometry of the configuration considered. Sphere O'S_phere. We see from Eqs) and(9) thatF, always has the

radiusa on a dielectric flat surfaceel= 2.25). The incident wave Sign Ofky. Notice that it is not possible to write a general
vectork is in the XZ plane. equation for the force along the direction, ask, will be

either real or imaginary, according to the angle of incidence.

wherek and| stand for the components along eitbxery or
z, and Re denotes the real part. The object is a sbtshall . RESULTS AND DISCUSSION
dipoles so that it is possible to compute the force on each one
from Eg. (3). Hence, to obtain the total force on the particle,
it suffices to sum the contributiort¥(r;) on each dipole.
Being the object under study a small sphere located at
ro=(0,0zy) (see Fig. 1, we can employ the dipole approxi-
mation, and hence use directly E§) with N=1. Within the We first address a small isolated silver particle with radius
static approximation for the field susceptibility associated toa=10 nm. In this case we can use the dipole approximation,
the surfac§SAFSAS (that is to sayk,=0), we have found hence we consider Eq&h)—(7) with A=0. Figure 2a) pre-
an analytical expression fdg(ro,w) that yields the force sents the polarizability modulugd|) of the sphere. The
components? maximum of the curve corresponds to the plasmon reso-
nance, i.e., when the dielectric constant is equat-t® in

All forces calculated in this section are in cgs units with
the modulus of the incident field normalized to unity.

A. Small particles

Re 5. 2|Eqyl? |Eq,|? Drude’s model. Notice that in this model the dielectric con-
Fi=7| 4azy(ik,)* 82t oA +4 VAL (4)  stant is real, on using experimental valGéshe dielectric
Zora LT constant is complex and the resonance is not exactly at
Re(e) = — 2 but slightly shifted. In Fig. () we plot the real
,Re[ 8z3a(ik,)*  12z5|al?A part of the polarizabilityf Re(ag)], and Fig. Zc) shows its
F,=|Eo 2| 83 3 2 imaginary parf{Im(a,)]. Figure Zd) represents the force in
Z5+aA  |8z5+aA| X .
free space computed from an exact Mie calculatfafi line)
,Re 473a(ik,)*  622|al?A zind by the d|pole approximation from .Eqﬂ.)—(7) Wlth. A
+|Eo,l > 3 3 51 (5) =0 (dashed lingand Eq.(2) for «. In this case, the dipole
4zgtal |4zt A approximation slightly departs from Mie’s calculation be-

tween 350 nm and 375 nm. We can compute the polarizabil-

ity a from the first Mie coefficienf,; given by Dungey and

Bohren (DB).? Therefore, the electric-dipole polarizability

is a=3ia,/(2k3).?® The symbol+ in Fig. 2d) corresponds

to the DB polarizability and it is exactly coincident with the

Mie calculation. When the optical constant of the metallic

) sphere is close to the plasmon resonance, the calculation
-

for p-polarization, and

Re| 8z3a(ik,)*
Fx=|Eoy|27 — 3

8284— alA

: (6)

from the Clausius-Mossotti relation with the radiative reac-
tion term, departs from the exact calculation, even for a
small radius. We shall next use the polarizability of DB.
for s-polarization, withA = (1—€)/(1+ €) being the Fresnel Analytical calculations will always be done with E) to
coefficient of the surface. We have assumed a dielectric suget simple expressions, and thus a better understanding of
face, hence\ is real. the physics involved. The curve of the force obtained by

Re[ 8Z3a(ik,)*  1272|al?A
FZ:|EOy|2_ Oj( Z) 30|a|
2\ 8z3+aA |83+ aAl?
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6 6428|E,|2 [k kg 3| ao|?A
34 Z=3LO|2 Am(ag) + —0|ao|2+% ,
= 1823+ aA|?] 2 3 3275
% 2 (10
£ 2 having made the approximatida|~|a,|, andD~1 since
2 we have a small sphere compared to the wavelenigh (
L o <1). The factor in front of the bracket corresponds to the
2 - intensity of the field atzy. The first and the second terms
4 within brackets represent the interaction between the dipole
= moment associated to the sphere and the incident field: the
g 2 first term is the absorbing force whereas the second one cor-
£ 0 responds to the scattering force, hence these forces are al-
s 4 ways positive. The third term is due to the interaction be-
27 tween the dipole and the field radiated by the dipole and
§ 2t reflected by the surface. We can consider this term as a gra-
E 0 ‘ dient force exerted on the sphere due to itself via the surface.
250 350 450 550 850 Hence, this force is always negative whatever the relative
wavelength (nm) permittivity e. Since this term is proportional toZf, it be-

comes more dominant as the sphere approaches the surface,
FIG. 2. From top to bottom: the first three curves represent thénence the force decreases. To derive the pgjiat which the
modulus, the real part, and the imaginary part of the polarizabilityforce vanishes, if such a point exists, let us assume the scat-
of a silver sphere with radius= 10 nm versus the wavelength. The tering force smaller than the absorbing force, then from Eq.
fourth curve is the force on this particle in free space. Plain line:(10) the zero force is
Mie calculation, dashed line: polarizability of Clausius-Mossotti
relation with the radiative reaction term, symbot: DB

on w . 3lagl®> -1
polarizability.

207 16Ky IM(ag) e+2°

(11)

Mie’s calculation has exactly the same shape as the imagiFhis equation always has a solution. We fidfor the three
nary part of the polarizability, this is due to the fact that for wavelengths used to beA=270 nm, z;=7.9 nm, \
a small metallic sphere the absorbing force is larger than thee 360 nm, z;=12.8 nm, A=500 nm, and z,=21.6 nm.
scattering force. Now, z, (the location of the center of the sphemaust be
Next, we consider the small sphere on a dielectric plandarger than the radiug, or else, the sphere would be buried
surface as shown by Fig. 1. lllumination takes place from then the surface. Therefore the first of those valueggis not
dielectric side withd=0 °, hence in vacuunk,=k, andk,  possible. Hence, the force is always positive. Thus, the dis-
=0. Figure 3 represents the force in theirection from Eq. tance between the sphere and the surface=i2.8 nm and
(7) versusz for different wavelengths. Far from the surface 11.6 nm forA =360 nm and 500 nm, respectively. These
the force tends to the Mie limit. Near the surface the forcevalues are very close to those shown in the inset of Fig. 2.
decreases, and, depending on the wavelength, it can becoretice that near the plasmon resonance for the sphere (
negative. For a better understanding of this force we write~360 nm) both|a,| and Im(eg) are maxima, hence the

Eq. (7) as force is very large when the sphere is far from the surface
and, due to the third term of Eq10), which depends of
P e am==mre |ag|?, the decay of_this force is very fas_t. We _have used the
4 - 7‘/ 1 SAFSAS at large distance. We plot in Fig. 2 with crosses the
":‘c_:« / A=270nM force obtained from an exact calculation Brwith the di-
= o "Li U S S S pole approximation. As we see, these crosses coincide with
o LA 3=500nm 15 oo those curves obtained with the SAFSAS whatever the dis-
3 I:' . 10| j———A=2ronm] tancez. Yet, we obtain for dielectric spheres the following:
2 4 H ?é os | | 1 near the surface the SAFSAS is valid, whereas far from the
: ! | I A 3=500nm surface the sphere does not feel its presence, and, thus,
© g ! E ) oo e=il2em | whether using the tensor susceptibility associated to the sur-
S ] '§—°~5 ; face in its exact form, or within the static approximation, has
- o A no influence.
-12 ¢ : 2 smshes spnekB suriged Ty We next consider the surface illuminated at angle of inci-
0 20 40 60 80 100

denced larger than the critical angle?=50°>41.8°=6,..

Now the transmitted electromagnetic wave above the surface
FIG. 3. Force along th& direction on a silver sphere wita 1S €vanescent. We plot in Fig. 4 from Eq8)—(7) the force

=10 nm versus distancein the dipole approximation. The angle ©n the sphere for the two polarizations in tHedirection

of incidence is¢=0 °. With the static approximatiofno symbo)  Versus the wavelength, and in tiedirection in Fig. 5, when

and in an exact calculation) for k. Dashed linev =360 nm, plain  the sphere is located a§=30 nm. In Fig. 4 we see that the

line A=270 nm, and dotted linea =500 nm. The inset shows de- force in theZ direction is also either positive or negative. In

tails of the zero force. a previous work’ we have observed that the force on a

distance sphere surface (nm)
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17

force in Z-direction x10

250 350 450 550 650
wavelength (nm)

FIG. 4. Force along th& direction on a silver sphere with
=10 nm versus the wavelengkhin the dipole approximation. The
angle of incidence i9=50 °. Plain line:p polarization and dashed
line: s polarization.

As shown by Fig. 3, when the sphere is locatedzat
=30 nm, the influence of the surface becomes negligible,
thus we can use E@13) with the hypothesis that is large.
Hence,F,~ —|Eo,|?y Re(ag)/2. This is the gradient force
due to the incident field, and therefore due to the interaction
between the dipole associated to the sphere and the applied
field. This force exactly follows the behavior of Rey) (cf.

Fig. 2. When Ref,) is negative, the dipole moment of the
sphere oscillates in opposition to the applied field and so the
sphere is attracted towards the weaker field. Notice that the
same phenomenon is used to build an atomic mirror: for
frequencies of oscillation higher than the atomic frequency
of resonance, the induced dipole oscillates in phase opposi-
tion with respect to the field. The atom then undergoes a
force directed towards the region of weaker figldzor p
polarization, the force can be writterF,~— (|Eqy|?
+|Eo,|%) ¥ Re(ap)/2. As the modulus of the field becomes
more predominant irp polarization, the magnitude of the
force becomes more important. We now search more care-
fully the change of sign in the force. Writing=¢' +ig” for

the relative permittivity, we get

small dielectric sphere is always attractive when the sphere is

located in an evanescent wave. This is no longer the case for

S8 —1)(e'+2)+e"

a metallic sphere. To understand this difference, and as the Re(ag)=a , (14)
two polarizations have the same behavior, we take the ana- (e’ +2)%+¢"?
lytical solution forF, with k,=ivy (y>0) for s polarization.
Then Eq.(7) can be written: 3"
&
Im(ag)=a°————— (15
[Eql> Re (o = e o2

8zt an? 2 [~ y8Z3a(8Z3+ a*A)
0

+1273] a|?A] (12)

On using the approximatioD~ 1 and|«|~|a| we obtain

_ 64z;|Eq)|® [ yRe(ao)
© 1823+ an|? 2

A 3|agl*A
_7’|ao| n | o ) (13)

1623 3275

15.0 ¢

17

10.0

50 ¢t

force in X—direction x10

0.0 : ===
250 350 450 550 650

wavelength (nm)

FIG. 5. Force along th& direction on a silver sphere with
=10 nm versus the wavelenghktin the dipole approximation. The
angle of incidence i9=50 °. Plain line:p polarization and dashed
line: s polarization.

If the damping is weak, then the change of signFofhap-
pens both fore’~1 and at the plasmon resonance for the
sphere, i.e.g¢’~— 2. Between these two values, the gradient
force is positive. In fact, the limiting values of the positive
gradient force are always strictly in the interyat 2,1] due

to damping. For example, the force vanishes at352 nm

with e=—1.91+ 0.6 and\ =317 nm withe=0.66+0.95.

We notice that the change of sign happens steeply at the
plasmon resonance since then the denominator of the real
part of the polarizability becomes very wepdee Eq.(14)],
hence the zero force is surrounded by the two maxima of the
force (one positive and the other negativé\t A=317 nm

the change of sign is smoother, as in that case, the denomi-
nator is far from zero. The third cask=259 nm, lies be-
tween those two previous cases as the damping of the rela-
tive permittivity is important.e=—1.65+1.14. We have
also investigated the cases of gold and copper spheres, where
a plasmon easily takes place, but we found a change of sign
not possible foiF, for these two materials as the damping is
then too important: it”">3/2, then Reg) is always posi-

tive whatevers'. However, if the particle is embedded in a
liquid with a relative permittivity 2, then it is possible to get
Re(a) <0 for gold. Notice that ifé is close toé., thenvy

~0 and so we only have the third term of EG3), then the
force is always negative whatever the wavelength. In Fig. 5
we see, as previously, that the force in ¥direction has the
sign of k, and, as the absorbing force is the most predomi-
nant one, the curve has the same shape as the imaginary part
of the polarizability(cf. Fig. 2). In that case, the maximum of
the force F, is at the plasmon resonang¢eee Eq.(15)]
namely, ath =354 nm.
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FIG. 6. Force along th& direction on a silver sphere with FIG. 7. Force along th& direction on a silver sphere versus
=10 nm versus distancein the dipole approximation. The angle distancez with #=0 and a=100 nm for the following wave-
of incidence is#=50 °. Without symbolp polarization, with cross  lengths: Plain linex =255 nm, dashed linex =300 nm, and dotted
(+): s polarization. Plain line:A=340 nm, dashed linex line: =340 nm. Dots correspond to computed points.

=260 nm, and dotted linex=317.5 nm. . . .
into account the Casimir-Polder force yet, but it can be com-

puted in first approximation from Ref. 34.
e { In Fig. 7 we plot the force in th& direction for an inci-
both s (symbol +) andp polarization(without any symbadl  gent propagating waveg=0 °) versus the distance between
at three different nge!engthgxé265,340,317-5 nm) fpr the sphere and the surface at three different wavelengths:
#=50°. The behavior is the same for both polarizations,_ 555 nm, 300 nm, and 340 nm. The calculations are done
only appearing as a difference of magnitude, this is due tQithout any approximation. The curves have a similar mag-
the component of the field perpendicular to the surface in it de and behavior at the three wavelengths. The forces
polarization. All curves manifest that near the surface the,esent oscillations due to the multiple reflection of the ra-
force is attractive, this is due4, as seen before, with a propgjjative waves between the sphere and the surface, hence the
gating wave, to t-he term ai/zq in Eqs.(lO). and(13) which period of these oscillations /2. The magnitude of these
is always negative, irrespective of the kind of wave aboveyscillations depends on the reflectivity of the sphere, so the
the surface. Ai\=317.5 nm(dotted ling, we have Ref)  higher the Fresnel coefficient is, the longer these oscillations
=0 which is why the force very quickly goes to zero wien are As expected, they are less remarkable when the sphere
grows. The two other cases correspond to &3&t0 (A goes far from the surface. We notice that the decay of the
=260 nm) and Re{)<0 (A=340 nm) and far from the force when the metallic sphere gets close to the surface is not
surface the force tends to zero. As the force is proportional tgomparable to that on a dielectric sphésee Ref. 1Y This
|Eql?, we haveF,ocel™272), is due to strong absorbing and scattering forces on the me-
Notice, that when the sphere is close to the surface, thgillic sphere in comparison to the gradient force induced by
Casimir-Polder forc# may be not negligible. In fact, as the the presence of the dielectric plane.
light force depends on the intensity of the incident beam, in  |n Fig. 8 we plot ford=50 ° the normalized force in the
practice, a comparison of the two forces must be done fogirection, i.e.,F,/|Eo|?, E, being the field at, in the ab-
each specific configuration under study. In the case of @ence of the sphere. We relate two important facts at this
small sphere, either dielectric or metallic, in front ofadielec—ang|e of incidence. First, the decay of the force when the
tric plane surface, one can look at the discussion of Ref. 3Z%phere is near the surface is more important polarization.
Notice that with the CDM it is not possible to numerically
split the scattering, absorbing, and gradient forces. There-
fore, when the sphere is large we shall argue on the set of
It is difficult to obtain convergence of the CDM calcula- dipoles forming it. Inp polarization, due to the component
tions when the relative permittivity of the medium to be of the incident field, the dipoles also have a component per-
discretized is large. This imposes a very fine sampling. Irpendicular to the surface, and this is larger thars olar-
this section, we use the range 250-355 nm for the waveization. Hence, in agreement with Fig. 6, due to thisom-
length, the real part of the relative permittivity being small. ponent, the attraction of the sphere towards the surface is
In that case, the difference between the force upon a spheterger forp polarization. Second, all forces are positive when
of radius a=100 nm, in free space, calculated from thethe sphere is far from the surface exceptXer 300 nm inp
CDM and that obtained from the exact calculafibis less  polarization. At this wavelength, for a small sphere, the force
than 7% at the plasmon resonance, and outside this rangeist negative for botts and p polarization, hence we can as-
is less than 4%. In this range of wavelengths, we have a goosime an effect due to the size of the sphere. Just to see this
convergence of the CDM, and in addition, this is the mosteffect, we present in Fig. 9, the force in tEedirection ver-
interesting case as Re) crosses three times the axis sus the radiug, on a sphere located ag=100 nm for an
Re(a)=0 in this interval of wavelengths. We do not take angle of incidence#=50° but without taking into account

Figure 6 shows the force in the direction versus for

B. Large particles
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FIG. 8. Force along th& direction on a silver sphere with o ]

=100 nm versus distancewith §=50° for the following wave- FIG. 9. Force along th& direction on a silver sphere located at
lengths: Plain linex = 255 nm, dashed linex=300 nm, and dotted ~Zo=100 nm, with #=50°, versus the radiua for plain line: A
line: A =340 nm. symbol+: s-polarization and without symbol: =255 nm, dashed linex =300 nm, dotted linex =340 nm, and
p-polarization. thick line: A=351.5 nm. Symbol+: s-polarization and without

symbol: p-polarization. The interaction between the sphere and the
the multiple interaction with the surfacee., S=0). We take  surface is not taken into account.
the previous wavelength of Fig. 8 €255 nm, 300 nm, and

340 nm more the wavelength at the plasmon resonance, surface either illuminated at normal incidence or under total

=351.5 nm, where Re{y) =0. For small radius, we observe . . : . .
the same behavior as in the previous section for an inciden'é!temal reflection. This paper is done both with the coupled

evanescent wave. These curves show a dependence prop jpole me‘ho‘?‘ and Maxwgll S Stress tensor. We_ observe that
tional to the cube of the radius as Rejxa’. At the plas- when the incident wave is pr(_)paga_tlng, the difference be-
mon resonance, the force is slightly positive as there is ndveen the force acting on a dielectric sphere and that on a
gradient force, but only weak absorbing and scatteringnetallic sphere stems from the absorbing force. Due to this
forces. But as shown by Fig. 9, when the radius grows in contribution, the force upon a small silver sphere close to the
polarization at =300 nm, the force sign changes and it be-dielectric surface can be positive in spite of the gradient
comes positive around 82 nm ppolarization keep the same force. The opposite happens with a dielectric sphere. The
behavior. This confirms the fact that the positive force Ob-main difference between the two cagdilectric and metal-
tained in Fig. 8 forh =300 nm is only a size effect. For the |ic) arises however on illumination under total internal re-
cases\ =255 nm, and 340 nm, the gradient force is positiVefeciion, In that case, the effect on a small silver sphere is

in the Z direction, like the scattering and absorbing forces'completely different to that observed on a dielectric sphere.

Hence, the force, is always positive whatever the radius . :
Nevertheless, foln =300 nm, there is a negative gradient pependlng on the wavelength, the gradient force due to the

force, the two other forces being positive. As previously'”c'dent flelq can be either repulsive or attractive. The
said, it is not possible to know the relative contribution of thechange of sign happens both at the plasmon resonance and
different forces, but since the dipoles are mainly orientedvhene becomes close to one. In the interval between these
along the direction of the incident electric field, namely, par-two values the gradient force is positive. The explanation is
allel to the surface fos polarization, and in the plane of very similar to that on the effect used to build an atomic
incidence forp polarization, we can assume that due to themirror. At a wavelength where the gradient force on a small
field radiative part in the normal direction, which is larger in sphere is negative, we see that when the sphere radius grows,
s polarization, the absorbing and scattering forces acting Ofhe force along th& direction stays negative fqr polariza-

each subunit in the sphere, become relevant when its radiyg,), and it becomes positive fepolarization due to the size
increases, thus counterbalancing the negative gradient forC8ffect. Nevertheless, at any arbitrary wavelength and angle of

A:mtlcse t?\lszgsogrbrien 5022329;“3:“165 PoTée\évgizotrTez I;G;dleurs bi cidence, as the sphere approaches close to the surface, the
g ' g 9 9€r. Bittraction of the surface on the sphere increases, repulsive

then as no gradient force exists, the force is lower than tho:s]%rces diminish and even can chanae sian. eventually becom-
obtained ath =255 nm and 340 nm. In fact, the curve shown. ge sign, y

at A =340 nm is the one showing the largest force contribuN9 attractive at certain wavelengths. Attractive forces, on the
tion, due to the onset of the plasmon resonance, fhys ~ Ct"e" hand, increase their magnitude.
and Im(ag) are near their maximum, and Rey) is close to

its minimum. In this case, the gradient force is maximum and
positive. ACKNOWLEDGMENTS
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