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Modeling photonic force microscopy with metallic particles under plasmon eigenmode excitation
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The photonic force microscopy is a scanning technique of imaging surface topography at the nanometrical
scale that was recently modeled. In this work, metallic probes are studied either on or off probe particle
plasmon resonance excitation. A comparison with silicon particles, where morphology-dependent resonances
take place, is done. The force signal is also analyzed and compared to well-known~constant distance! near-
field microscopy techniques. The results show that photonic force microscopy provides a better image of
surface topography at nanometric scale when the plasmon eigenmodes are excited in the metallic probe.
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I. INTRODUCTION

Dielectric particles suffer intensity gradient forces und
light illumination due to radiation pressure, that permits
hold and manipulate them by means of optical tweezers1 in a
variety of techniques such as spectroscopy,2–4 phase transi-
tions in polymer molecules,5 and light force microscopy o
cells6,7 and biomolecules.8

Metallic particles, however, were initially reported to su
fer repulsive electromagnetic scattering forces due to t
higher cross sections,9 although later10 it was shown that
nanometric metallic particles~with diameters smaller than 5
nm! can be held in an optical tweezer focused in the fo
region of a laser beam. Further, it was demonstrated in
experiment11 that metallic particles illuminated by an evane
cent wave created under total internal reflection at a s
strate, experience a vertical attractive force towards the p
while they are pushed horizontally in the direction of prop
gation of the evanescent wave along the surface. Force
the f N range were measured. Thus, this trapped part
method constitutes a way to measure extremely small for
Being more sensitive than conventional AFM~atomic force
microscopy! devices, since the trap spring constants are 3
4 orders of magnitude smaller than AFM cantilevers.12

Three-dimensional calculations and experiments of for
on microparticles on flat substrates, apertures, and clos
fiber tips in near-field optical microscopy have been carr
out.13–27

In this paper, we show that those effects combined per
to get through the force signal transduction, an image o
corrugated dielectric surface topography by using the part
scanning above it. We shall also show that this procedur
particularly effective when illumination is done at wav
lengths that excite the plasmon eigenmodes of the partic28

In this case the optical force exerted on the particle is
hanced, and the attractive vertical force presents a hig
signal with contrast reversed with respect to that of the s
face topography. We show that this reversal is related to
decrease of the vertical attractive force with the distance
tween the particle and the substrate. After a brief introd
tion in Sec. II, we present numerical results for small p
0163-1829/2002/65~11!/115402~8!/$20.00 65 1154
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ticles in Sec. III A. Comparisons with the force sign
obtained from dielectric particles are carried out. Then,
Sec. III B, we discuss the situation of particles that presen
larger cross section and thus on which there exists a com
tition between gradient and scattering forces.

For reasons of computer memory and time, calculatio
will be done in two dimensions~2D!. This configuration con-
tains, however, the main physical effects of the 3D syste
as regards multiple scattering field and forces on interac
between the particle and the interface.26

II. FORMULATION

Figure 1 illustrates the geometry under study: a na
metrical cylinder~the 2D version of a particle! immersed in
water (e051.7769) scans a water-glass interface with rel
defects (e152.3104). An incident Gaussian beam of ha
width at half maximumW, eitherS or P polarized, namely,
with the electric or magnetic vector along theY axis, respec-
tively, illuminates from the glass side at angleu0. Since the
configuration is 2D, the incident power and the force a
expressed in W/nm and N/nm, respectively, namely,
power and force magnitudes per unit length~in nm! in the
transversal direction, i.e., that of the cylinder axis. Our aim
to study the electromagnetic forces acting on the nanocy
der under total internal reflection~TIR! illumination condi-

FIG. 1. Geometry of the system.
©2002 The American Physical Society02-1
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tions, so that u0 be larger than the critical angleuc
561.28°. Multiple interactions of the scattered wave b
tween the object and the rough surface are fully taken
account. Silver cylinders of radiusa at distanced1a from
the flat portion of the surface are addressed. The profile
has been considered consists of two protrusions on a
interface described by the height,z5h$exp@2(x2X0)

2/s2#
1exp@2(x1X0)

2/s2#%, as shown in Fig. 1. For this configu
ration there is no depolarization in the scattering of eitheS
or P waves. The incident electric and magnetic vectors a
respectively,

E0~r ,t !5@0,Fs
( inc)~r !,0#exp~2 ivt !, ~1!

H0~r ,t !5@0,Fp
( inc)~r !,0#exp~2 ivt !, ~2!

where

Fa
( inc)~r !5exp@ ik0~x sinu01z cosu0!g~x,z!#

3exp@2~x cosu02z sinu0!2/W2#, ~3!

k052p/l,l being the wavelength in vacuum;a standing
for eithers or p, and

g~x,z!511
1

k0
2W2 F 2

W2
~x cosu02z sinu0!221G , ~4!

The field is rigorously calculated by means of the extin
tion theorem boundary condition.29–33 The electromagnetic
forces are then obtained from Maxwell’s stress tensor.26,34At
optical frequencies involved in many experiments, howev
only the time average of the electromagnetic force is
served. This averaged force on a particle embedded in
isotropic medium is

^F&51/~8p!ReF E
S
@„eE~r ,v!•n…E* ~r ,v!

1„mH~r ,v!•n…H* ~r ,v!21/2„euE~r ,v!u2

1muH~r ,v!u2…n#dr G , ~5!

whereS is a surface enclosing the particle,n stands for the
local outward unit normal, * denotes the complex conjuga
and Re represents the real part of a complex number. Le
notice that Eq.~5! is written in C.G.S. units. For our 2D
scheme, we shall integrate along the boundary line of
geometrical cross section of the cylinder, thus we w
present the force magnitude per unit length.

III. NUMERICAL RESULTS

Figure 2 shows the extinction, scattering, and absor
efficiencies from two silver cylinders of different size: Fi
2~a!, a560 nm and Fig. 2~b!, a5200 nm. The particle is
isolated either in water or in vacuum, and the illumination
done with a plane monochromaticP-polarized wave. One
observes a plasmon resonance maximum in both cylin
samples. The intensity of the line-shape peak is similar,
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even 30% higher from the smaller particle. Top figures sh
the behavior of the external field Mie coefficients vers
vacuum wavelength (P polarization!, for the cylinder in wa-
ter, which contribute most to build the surface-plasmon re
nance. Then coefficient expresses the multipolar order
contribution to the scattered field. The Mie coefficients e
hibit both a change of sign in their imaginary part and
enhancement of their real part when a Mie resonance
matched.35 While morphology-dependent resonances in
electric particles, are labeled with thel number, which deter-
mines the number of internal intensity radial peaks, in m
tallic particlesl 51, since there is field outside the particl
and the only peak intensity in the radial direction is placed
the surface.

The position of the particle resonances in the spectr
depends on the wavelength, geometrical configuration,
materials of the system. However, as shown in Refs. 29–
the presence of an interface slightly shifts, weakens
broadens them. An evanescent incident wave on the cylin
enhances these efficiencies as it better couples with the
inder eigenmodes. This is so because the contribution
higher multipolar orders of the field to the scattering cro
section are enhanced with this kind of incidence.28 It is ob-
served that the immersion of the particle in water not o
red shifts the efficiencies~compared to those in air! but even
enhances them.

Plasmon resonances in metallic particles are not so
ciently excited as morphology-dependent resonances in n
absorbing high refractive index dielectric particles~eg., see
Refs. 29,30! under incident evanescent waves. The dista
from the particle to the surface must be very small to av
the evanescent wave decay, normal to the propagation d
tion along the surface.

FIG. 2. Extinction (Qext), scattering (Qsca), and absortion
(Qabs) efficiencies from an isolated silver cylinder of radius eith
a560 nm,~a!; or a5200 nm,~b!. The particle is immersed eithe
in water or in vacuum. Top figures: real~solid lines! and imaginary
~broken lines! parts of the externalP-polarization Mie coefficients
~versus wavelength in vacuum! for the cylinder in water;~a! Dark
thin lines:n51, dark thick lines:n52, gray thick lines:n53. ~b!
Dark thin lines:n54, dark thick lines:n55, gray thin lines:n
51, gray thick lines: n56. The incidence is done with a
P-polarized plane wave.
2-2
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MODELLING PHOTONIC FORCE MICROSCOPY WITH . . . PHYSICAL REVIEW B65 115402
A. Very small cylinders

In Fig. 3, we plot the near-field intensity distributio
uH/H0u2 corresponding to the configuration of Fig. 1. A s
ver cylinder of radiusa560 nm scans at constant distan
d5162.6 nm above the interface. The system is illumina
by a P-polarized Gaussian beam (W54000 nm) atu050°
and l5387 nm (e2523.221 i0.70). The surface protru
sions are positioned atX056191.4 nm with heighth
5127.6 nm ands563.8 nm. Figure 3~a! shows the afore-
mentioned distribution when the particle is centered betw
the protrusions. The plasmon resonance is excited as m
fested by the field enhancement on the cylinder surface
is higher in its lower portion. At this resonant waveleng
the main Mie coefficient contributor isn52, which can also
be deduced from the interference pattern formed along
particle surface: the number of lobes must be 2n along this
surface.35 Figure 3~b! shows the same situation but withu0
566°. The field intensity close to the particle is higher
Fig. 3~a! because in Fig. 3~b! the distanced is large enough
to obliterate its better coupling due to the decay of the e
nescent wave created by total internal reflection.29 However,
the field intensity is markedly different to the one shown
Fig. 3~c!, in which the wavelength has been changed tol
5316 nm (e250.781 i1.07) so that there is no particl
resonance excitation at all. Figure 3~d! shows the same as i
Fig. 3~b! but at a differentX position of the particle. In Fig.
3~c!, the interference in the scattered near field due to
presence of the particle is rather weak, the field distribut
is now seen to be mainly concentrated at lowz as an evanes

FIG. 3. uH/Hou2, P polarization, from a silver cylinder witha
560 nm immersed in water, on a glass surface with defect par
etersX05191.4 nm,h5127.6 nm, ands563.8 nm, at distance
d5132.6 nm. Gaussian beam incidence withW54000 nm.~a! l
5387 nm~on resonance!, uo50°. ~b! l5387 nm~on resonance!,
uo566°. ~c! l5316 nm ~off resonance!, uo566°. ~d! l
5387 nm~on resonance!, uo566°. The cylinder center is placed a
~0, 192.6! nm in ~a!, ~b!, and~c!, and at~191.4, 192.6! nm in ~d!.
11540
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cent wave traveling along the interface, and this distribut
does not substantially change as the particle moves ove
surface at constantz. By contrast, in Figs. 3~b! and 3~d! the
intensity map is strongly perturbed by the presence of
particle. As we shall see, this is the main reason due to wh
optical force microscopy is possible at resonant conditio
with such small metallic particles used as nanoprobes,
not so efficient at nonresonant wavelengths. It is importan
point out in connection with these intensity maps@cf. Figs.
3~b! and 3~d!#, the interference pattern at the left side of t
cylinder, between the evanescent wave and the strongly
flected waves from the particle, that in resonant conditio
behaves as a strong radiating antenna.29,30,36This can also be
envisaged as due to the much larger scattering cross se
of the particle on resonance, hence reflecting backwa
higher intensity and thus enhancing the interference with
evanescent incident field. The fringe spacing isl/2 (l being
the corresponding wavelength in water!. This is explained as
follows: The interference pattern formed by the two evan
cent waves traveling on the surface opposite to each ot
with the same amplitude and no dephasing is proportiona
exp(22kz)cos2(n1k0sinu0x), with k5(n1

2sin2u02n0
2)1/2. The

distance between maxima isDx5l/(2n1sinu0). For the
angles of incidence used in this work under TIR (u0566°
and 72°), sinu0'0.9, and taking into account the refractiv
indices of water and glass, this distance can be expresse
Dx'l/2n0 . Dx is similar to the fringe period below the
particle in Fig. 3~a!, now attributted to the interference be
tween two opposite traveling plane waves: the one trans
ted through the interface and the one reflected back from
particle. These intensity structures are, however, better
served for larger particles, as will be shown in Sec. III B.

These near-field interference patterns have previou
been shown in Ref. 36, although no interpretation was gi
there.

Figure 4 shows the near-field plots when the height of
surface defects is inverted (h52127.6 nm) so that they
become grooves. In this case, the probe particle can
placed closer to the interface, and thus, we have used a
tanced515 nm. As an example the cylinder is placed b
tween both protrusions. Due to the lower distanced, the
excitation of the plasmon resonance is better in this case.
incidence is done with aP-polarized Gaussian beam ofW
54000 nm. Figure 4~a! shows the same case of normal i
cidence at the resonant wavelength used previouslyl
5387 nm). Figure 4~b! corresponds to the same situatio
but at u0566° ~TIR conditions!. Figure 4~c! displays the
near field when no plasmon resonance is excitedl
5316 nm) andu0566°, and Fig. 4~d! shows the intensity
near field when there is no particle, atl5316 nm. Reso-
nance cases@Figs. 4~a! and 4~b!# are recognized because th
field is enhanced on the particle surface. Besides, the in
erence fringes at the left of the particle exhibit a higher co
trast on resonance, as before. This is, again, attributed to
greater scattered power from the particle. Off resona
@Figs. 4~c! and 4~d!#, the concentration of intensity field o
the dielectric interface reveals the exponential decay al
Z.0 of the transmitted evanescent wave, traveling along
interface. A standing-wave interference pattern of periodl/2

-
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is observed, as explained before, at the left of the groo
and even in the space between them, due to reflection of
surface wave by both the particle and defects@Fig. 4~c!# and
more weakly by the defects alone@Fig. 4~d!#. For Z,0 in
Figs. 4~c! and 4~d! there is an interference pattern betwe
the incident field and that reflected downward by the diel
tric interface. The field inside these protrusions is lower th
outside. The first minimum of this intensity pattern along t
X direction in the lower medium appears in the bottom
Figs. 4~c! and 4~d!.

Figure 5 shows the variation of the Cartesian compone
of the electromagnetic force@FX , Figs. 5~a! and 5~b!; FZ ,
Figs. 5~c! and 5~d!# on scanning the particle at constant d
tanced above the interface, at either plasmon resonance
citation (l5387 nm, solid lines!, or off resonance (l
5316 nm, broken lines!. The incident-beam power~per unit
length! on resonance is 3.932031029 W/nm, and 3.9327
31029 W/nm at l5316 nm. Figures 5~a! and 5~c! show
the force whenh5127.6 ~protrusions! and d5132.6 nm.
On the other hand, Figs. 5~b! and 5~d!, display the force
whenh52127.6~grooves! andd515 nm. The incidence is
done with aP-polarized Gaussian beam ofW54000 nm at
u0566°. It is seen from these curves that the force distri
tions resembles the surface topography on resonant co
tions with a signal that is remarkably larger than off res

FIG. 4. uH/Hou2, P polarization, for a silver cylinder witha
560 nm immersed in water, on a glass surface with defect par
eters X05191.4 nm, h52127.6 nm, ands563.8 nm, at dis-
tanced515 nm. Gaussian beam incidence withW54000 nm.~a!
l5387 nm ~on resonance!, uo50w°. ~b! l5387 nm ~on reso-
nance!, uo566°. ~c! l5316 nm ~off resonance!, uo566°. ~d! l
5316 nm~off resonance!, uo566°, no cylinder. The cylinder cen
ter is placed at~0, 192.6! nm in ~a!, ~b!, and~c!.
11540
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nance. This feature is specially manifested in theZ
component of the force, in which the two protrusions a
clearly distinguished from the rest of interference ripples,
explained above. Figure 5~c! also shows~thin lines! the scan-
ning that conventional near-field microscopy would meas
in this configuration, namely, the normalized magnetic ne
field intensity, averaged on the cylinder cross section. Th
intensity curves are shown in arbitrary units, and in fact
curve corresponding to plasmon resonant conditions is
most seven times larger than the one off resonance. The f
curves show, on one hand, that resonant conditions also
hance the contrast of the surface topography image. T
the images obtained from the electromagnetic force follo
more faithfully the topography than that from the near-fie
intensity. This is a fact that we have also observed with ot
profiles, including surface-relief gratings. Figures 5~b! and
5~d! show some results forh inverted, namely, the interfac
profile of Fig. 4, then the vertical component of the for
distribution presents the inverted contrast. Notice that
Figs. 5~b! and 5~d! the particle is closer to the surface,d
515 nm, thus giving a higher image contrast. On the who
we observe from these results that both the positions
sign of the defect height can be distinguished by the opt
force scanning.

For comparison, we show in Fig. 6 the same configu
tions as in Fig. 5 but for a silicon cylinder. Top figures sho
the efficiencies~with the same plot code as in Fig. 2! versus
the wavelength in vacuum. The peaks now correspond
morphology-dependent resonances, which are not red sh
when the particle is immersed in water with respect to air,
occurred for the plasmon resonances of silver particles. T
is so because the resonances in dielectric particles depen
their geometry more strongly than in metallic particles. T
peak contrast when the cylinder is in water, however, dim

-

FIG. 5. Force on a silver cylinder witha560 nm immersed in
water, scanned at constant distance on a glass surface with d
parametersX05191.4 nm, ands563.8 nm alongOX. The inci-
dent field is aP-polarized Gaussian beam withW54000 nm and
u0566°. ~a! Horizontal force,h5127.6 nm, d5132.6 nm. ~b!
Horizontal force,h52127.6 nm, d515 nm. ~c! Vertical force,
h5127.6 nm,d5132.6 nm.~d! Vertical force,h52127.6 nm,
d515 nm. Solid curves:l5387 nm ~on resonance!, broken
curves:l5316 nm~off resonance!. Thin lines in~c! showuH/H0u2

~in arbitrary units!, averaged on the perimeter of the cylinder cro
section, while it scans the surface. The actual magnitude of
intensity in the resonant case is almost seven times larger tha
the nonresonant one.
2-4
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ishes. Its position in the spectrum of course is not altered
the kind of incidence. These morphology-dependent reso
peaks are slightly shifted, weakened and broadened by
presence of a surface. Incidence with an evanescent w
enhances the resonance peak, like as stated previously fo
silver particle efficiencies, and shown in Refs. 29,30. Figu
6~a! and 6~c! show the horizontal and vertical forces, respe
tively, for an incidentS-polarized Gaussian beam withW
54000 nm atu0566°, and Figs. 6~b! and 6~d! plot the
same forces for an incidentP-polarized Gaussian beam wit
the sameW and u0. The incident-beam power~per unit
length! is 9.075531029 W/nm onS-polarization resonance
3.928131029 W/nm on P-polarization resonance, 9.079
31029 W/nm at l5538 nm, S polarization, and 3.9299
31029 W/nm atl5538 nm,P polarization. The force sig-
nals in the vertical components of the force again reveal
structure of the surface topography. This is remarkable iP
polarization, and more poorly exhibited inS polarization, in
which the contrast is worse and not substantially improv
when the particle resonance is excited. The resonant w
length l5638 nm (e2514.991 i0.14) excites the (n50,l
51) eigenmode forP polarization, and the (n51,l 51)
eigenmode for S polarization. At l5538 (l517.03
1 i0.40) there is no resonance excitation~see the top figures
in Fig. 6! for both polarizations.

We have also simulated a scanning of the silicon part
when the surrounding medium is air. Under these conditio
the morphology-dependent resonances are more enha
than before because of the larger index contrast between
particle and the external medium~see top figures in Fig. 6!.
The angle of incidence has now been chosen in orde

FIG. 6. Force on a silicon cylinder witha560 nm immersed in
water, on a glass surface with defect parametersX05191.4 nm,
s563.8 nm, andh5127.6 nm scanned at distanced5132.6. The
incident field is a Gaussian beam withW54000 nm andu0566°.
~a! Horizontal force,S polarization.~b! Horizontal force,P polar-
ization. ~c! Vertical force,S polarization.~d! Vertical force,P po-
larization. Solid curves:l5638 nm~on resonance!, broken curves:
l5538 nm~off resonance!. Top figures show the extinction~solid
lines!, scattering~broken lines! and absortion~dotted lines! efficien-
cies versus the wavelength in vacuum for an isolated silicon cy
der of radiusa560 nm. Thick lines: cylinder in water, thin lines
cylinder in vacuum. Left top figure:Spolarization, right top figure:
P polarization. The incidence is done with a plane wave.
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reproduce the same exponential decay of the evanescent
as in Fig. 6. This incidence angle isu0544.90°,~the critical
angle in the configuration air/water isuc541.14°). Besides,
the intensity field at the upper boundary interface line h
been normalized so as to get the same transmitted inten
as in the case of no particle and flat interface. The incide
beam power ~per unit length! required is 7.3591
31029 W/nm on S-polarization resonance, 3.997
31029 W/nm on P-polarization resonance, 7.359
31029 W/nm at l5538 nm, S polarization and 3.9980
31029 W/nm l5538 nm,P polarization. Figure 7 shows
the force distribution from this scanning~the configuration is
exactly the same as in Fig. 6!. Qualitatively, the behavior of
the force is the same as previously, but its strength is grea
as expected. TheZ component inP polarization presents a
higher contrast compared to that in water. InS polarization,
however, the contrast remains practically the same, and
oscillatory pattern does not actually reveal the topography
the surface.

To finish this comparison between the force signals fr
silicon and silver cylinders, we must say that the ratiod/l is
smaller in the cases shown for the silicon particle, beca
the wavelengths used in these cases are larger and whd
remains the same in nanometers. Thus, the evanescent
incident on the particle is greater in this case, this howe
does not improve the force signal, as has been shown.

B. Larger cylinders

In this section, we address a cylinder with radiusa
5200 nm. Since this size is comparable to the wavelen
the multiple scattering with the surface increases, and
presence of a resonance also enhances the intensity ar
the particle.29,30 This also affects the force signal obtaine
with these larger particles, as shown next.

Figure 8 displays near-field intensity maps. Figure 8~a!
corresponds tou050° and a resonant wavelengthl
5441 nm (e2525.651 i0.75). The particle being place
on the left of both protrusions. Figure 8~b! corresponds to
u0566° ~TIR illumination conditions!, at the same resonan

-

FIG. 7. Same as Fig. 6 but for the cylinder immersed in air a
u0544.90°. This angle of incidence has been chosen in orde
reproduce the same exponential decay of the evanescent
~transmitted into the upper medium! as in the conditions of Fig. 6
The critical angle now isuc541.14°. The field intensity at the
upper interface boundary has also been normalized so as to b
same as in Fig. 6.
2-5
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ARIAS-GONZÁLEZ, NIETO-VESPERINAS, AND LESTER PHYSICAL REVIEW B65 115402
wavelength, the particle now being on the right of the p
trusions. Figure 8~c! corresponds tou0566° ~TIR inci-
dence!, at the no resonant wavelengthl5316 nm (e2
50.781 i1.07), the particle being placed at the right of t
protrusions. The incident beam isP polarized with W
54000 nm. The surface protrusions are positioned atX0
56638 nm with heighth5425.3 nm ands5212.7 nm.
All the relevant size parameters are now comparable to
wavelength, and hence to the decay length of the evanes
wave. That is why now the plasmon resonance canno
highly excited. When no resonant wavelength is used,
intensity interference fringes due to the presence of the
ticle are weaker. On the other hand, Fig. 8~a! shows the
structure of the near field scattered underu050°. There are
three objects that scatter the field: the two protrusions
the particle. They create an inteference pattern with pe
l/2 ~with l being the wavelength in water!. Besides, the
particle is showing an inteference pattern around its surf
due to the two counterpropagating plasmon waves that
cumnavigate it.29,30The number of lobes along the perimet
is nine, which reflects that the contribution to the field e
hancement at this resonant wavelength comes from M
coefficientsn55 andn54 @see top Fig. 2~b!#. Figure 8~b!
shows the weaker excitation of the same plasmon reson
under TIR conditions. Now, it is also patent, like in Se
III A !, the interference pattern at the incident side of the c
figuration. This pattern has again a periodl/2 (l being the
wavelength in water!. If nonresonant illumination condition
are used, the particle is too far from the surface to subs
tially perturb the transmitted field, then the intensity of t
transmitted evanescent field remains closely attached to
interface, and is scattered by the surface protrusions.
field felt by the particle in this situation is not sufficient

FIG. 8. uH/Hou2 for P polarization for a silver cylinder witha
5200 nm immersed in water, on a glass surface with parame
X05638 nm, h5425.3 nm, ands5212.7 nm, at distanced
5442 nm. Gaussian beam incidence withW54000 nm. ~a! l
5441 nm~on resonance!, uo50° and the cylinder center placed
(21276,642) nm.~b! l5441 nm ~on resonance!, uo566° and
the cylinder center placed at (1276,642) nm.~c! l5316 nm~off
resonance!, uo566° and the cylinder center placed
(1276,642) nm.
11540
-

e
ent
e
e
r-

d
d

e
ir-

-
’s

ce
.
-

n-

he
he

yield a well-resolved image of the surface topography,
shown next for this same configuration.

Figure 9 shows the components of the force@FX , Figs.
9~a! and 9~b!; FZ , Figs. 9~c! and 9~d!# for either plasmon
excitation conditions (l5441 nm, solid lines!, or off reso-
nance (l5316 nm, broken lines! as the cylinder scans a
constant distanced above the surface. Figures 9~a! and 9~c!
show the image yielded by the force distribution whenh
5425.3 ~protrusions! and d5442 nm, and Figs. 9~b! and
9~d!, whenh52425.3 ~grooves! and d525 nm. The inci-
dence is done with aP-polarized Gaussian beam ofW
54000 nm at eitheru0566° ~thick curves! or u0572° ~thin
curves!. The incident-beam power~per unit length! is
3.931331029 W/nm on resonance and 3.932
31029 W/nm at l5316 nm whenu0566°, and 3.9290
31029 W/nm on resonance and 3.931531029 W/nm at
l5316 nm whenu0572°. As before, resonant condition
provide a better image of the surface topography making
two protrusions distinguishable with a contrast higher th
the one obtained without plasmon excitation. The surfa
image corresponding to the force distribution is better wh
the protrusions are inverted@Figs. 9~b! and 9~d!# because
then the particle can be kept closer to the interface. Ag
the curve contrast yielded by protrusions and grooves is
verted from each other. The positions of the force distrib
tion peaks corresponding to the protrusions now appear
preciably shifted with respect to the actual protrusio
position. This shift is explained as due to the Goos-Ha¨nchen
effect of the evanescent wave.27 We observe that the distanc
between these peaks in theFZ curve is aproximately 2X0.
This shift is more noticeable in the force distribution as t
probe size increases.37 Again, theFZ force distribution has a
higher contrast at the~shifted! position of the protrusions
The force signal with these bigger particles is larger, but
probe has to be placed farther from the surface at cons
height scanning. This affects the strength of the signal~com-
pare top and bottom curves!. Finally, it is important to state

rs

FIG. 9. Force on a silver cylinder witha5200 nm immersed in
water, scanned at constant distance on a glass surface with pa
etersX05638 nm ands5212.7 nm alongOX. The incident field
is a P-polarized Gaussian beam withW54000 nm andu0566°.
~a! Horizontal force,h5425.3, d5442 nm.~b! Horizontal force,
h52425.3, d525 nm.~c! Vertical force,h5425.3, d5442 nm.
~d! Vertical force, h52425.3, d525 nm. Solid curves:l
5441 nm ~on resonance!, broken curves:l5316 nm ~off reso-
nance!. Thin solid curves:l5441 nm~on resonance! at u0572°,
thin broken curves:l5316 nm~off resonance! at u0572°.
2-6
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that the angle of incidence~supposed larger than the critic
angleuc) influences both the contrast and the strength of
force: thin curves show in Figs. 9~b! and 9~d! as an example
that the contrast decreases as the angle of incidence
creases. At the same time, the strength of the force si
also diminishes.

As seen in the force figures for both sizes of particl
most curves contain tiny ripples. They are due to the fi
intensity interference pattern as shown in Figs. 3, 4, and
and discussed above. As the particle moves, the force o
depends on these oscillations. As a matter of fact, it can
noted in the force curves that these tiny ripples are ma
present at the left side of the particle, where the interfere
takes place.

It is worth remarking, however, that these oscillations
less marked in the force distribution~cf. their tiny ripples!,
than in the near-field intensity distribution, where the int
ference patterns present much higher contrast.

IV. DISCUSSION

A. On the attractive and repulsive nature of the vertical forces

The horizontal forces acting on the cylinder are scatter
forces due to radiation pressure of both the incident eva
cent wave and the field scattered by the protrusions, thus
forces are positive in all the cases studied. As for the vert
forces, two effects are competing for determining its si
First, is the influence of the polarizability,24,25which depends
on the polarization of the illumination. On the other hand
is well known that an evanescent wave produces only gr
ent forces in the vertical direction. For silver cylinders, t
force at wavelengthl5387 (e2523.221 i0.70) and atl
5441 nm (e2525.651 i0.75) must be attractive, while a
l5316 nm (e250.781 i1.07), the real part of the polariz
ability changes its sign, and so does the gradient force,
becoming repulsive~on cylinders, as here of not a very larg
size!. However, in the cases studied in this work, not only t
multiple scattering of light between the cylinder and the fl
portion of the interface, but also the surface defects prod
scattered waves both propagating~into Z.0) and evanes-
cent under TIR conditions. Thus, scattering forces are a
taking place in theZ component of the force. This affects th
sign of the forces but it is more remarkable as the size of
objects increases. In larger cylinders and defects~cf. Fig. 9!,
the gradient force is weaker than the scattering force t
makingFZ to become repulsive on scanning atl5441 nm
~plasmon excited!. On the other hand, for the smaller silv
cylinders studied~cf. Figs. 5–7!, the gradient force is greate
than the scattering force atl5387 nm ~plasmon excited!
and thus the force is attractive in this scanning. Also, as
distance between particle and surface decreases, the gra
force becomes more attractive.24,25This explains the dips and
change of contrast in the vertical force distribution on sc
ning both protrusions and grooves. Atl5316 nm~no plas-
mon excited!, both scattering and gradient forces act coo
eratively in the vertical direction making the force repulsiv
no matter the size of the cylinder. For the silicon cylind
shown, the vertical forces acting under TIR conditions
attractive in absence of surface interaction~for both polariza-
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tions and the wavelengths used!. However, this interaction is
able to turn into repulsive the vertical force forSpolarization
at l5538 nm, due to the scattering force.

This study also reveals the dependence of the attractiv
repulsive nature of the forces on the sizes of the obje
~probe and defects of the surface!, apart from the polarizabil-
ity of the probe and the distance from the interface, wh
illumination under total internal reflection is considered. T
competition between the strength of the scattering and
gradient force determines this nature.

B. On the order of magnitude of the forces

We wish to point out that the order of magnitude of t
forces obtained in 2D calculations of this work is consiste
with that of forces in experiments and 3D calculations
Refs. 13–25. Suppose a truncated cylinder with axial len
L510 mm, and a Gaussian beam with 2W;10 mm. Then,
a rectangular section ofL32W5102 mm2 is illuminated on
the interface. For an incident powerP0;1 mW, spread over
this rectangular section, the incident intensity isI 0
;1022 mW/mm2, and the force range from our calculation
is F;10214210213 N. Thus, the forces obtained in Figs
9~b! and 9~d! are consistent with those presented, for e
ample, in Ref. 17.

V. CONCLUSIONS

In this paper, we have studied the transduction of opti
forces felt by a probe particle on scanning a dielectric int
face.

Comparing with dielectric particles, we conclude that t
optical force signal for metallic probes is, under reson
conditions ~plasmon excitation on the metallic particle!,
stronger. However, when the surface protrusions are la
the excitation of the plasmon resonance is not so effic
compared to those morphology-dependent resonances o
electric particles, and the resulting force image has less c
trast than with dielectric probes.27 The force signal neatly
reveals the topography of the surface. This is mai
achieved with the vertical component of the force. Besid
this signal improves the one obtained by known near-fi
microscopy techniques. When the size of both the defects
the surface and the probe increases, the results are more
matic: the plasmon resonance is more difficult to excite~ow-
ing to the distance from the flat portion of the surface to
probe!, but the force exhibits the same behavior with smal
scales only shifting the corresponding force peaks’ positi
with respect to the ones of the surface protrusions. Silic
particles provide an image with a less contrast. This cont
is only weakly improved when morphology-dependent re
nances are excited on the probe, but it is not greater than
one obtained with silver probes under plasmon resona
excitation. The calculation shows, however, that the imag
better when the silicon particle is placed in air, than when
is immersed in water. This is so due to the better excitat
of these morphological resonances when the index con
between the particle and the surrounding medium is hig
2-7
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Finally, when the angle of incidence increases~supposed
larger than the critical angle!, both the contrast of the image
and the strength of the forces diminish in all cases. The
eraging process involved in Maxwell’s stress tensor and
local character of the force in contrast with that of the ele
tromagnetic field, avoid the near-field interference and a
facts contained in the near-field intensity distributio
tt
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