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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-koomgtant distangenear-
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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[. INTRODUCTION ticles in Sec. IlIA. Comparisons with the force signal
obtained from dielectric particles are carried out. Then, in
Dielectric particles suffer intensity gradient forces underSec. Il B, we discuss the situation of particles that present a
light illumination due to radiation pressure, that permits tolarger cross section and thus on which there exists a compe-
hold and manipulate them by means of optical tweézera tition between gradient and scattering forces.

variety of techniques such as spectroscoffyphase transi- ~ For reasons of computer memory and time, calculations
tions in polymer molecule3and light force microscopy of WI.” be done in two dmensmnéZ_D). This configuration con-
cell” and biomoleculeg. tains, however, the main physical effects of the 3D system,

Metallic particles, however, were initially reported to suf- &s regards multiple scattering field and forces on interaction
fer repulsive electromagnetic scattering forces due to theipetween the particle and the interface.
higher cross sectiorfsalthough late!® it was shown that
nanometric metallic particlgsvith diameters smaller than 50 Il. FEORMULATION
nm) can be held in an optical tweezer focused in the focal
region of a laser beam. Further, it was demonstrated in an Figure 1 illustrates the geometry under study: a nano-
experiment! that metallic particles illuminated by an evanes- metrical cylinder(the 2D version of a particlimmersed in
cent wave created under total internal reflection at a subwater (e,=1.7769) scans a water-glass interface with relief
strate, experience a vertical attractive force towards the platélefects €;=2.3104). An incident Gaussian beam of half
while they are pushed horizontally in the direction of propa-width at half maximumw, eitherS or P polarized, namely,
gation of the evanescent wave along the surface. Forces Wiith the electric or magnetic vector along tif@xis, respec-
the fN range were measured. Thus, this trapped particldively, illuminates from the glass side at anglg. Since the
method constitutes a way to measure extremely small forcesonfiguration is 2D, the incident power and the force are
Being more sensitive than conventional ARtomic force  expressed in W/nm and N/nm, respectively, namely, as
microscopy devices, since the trap spring constants are 3 opower and force magnitudes per unit length nm) in the
4 orders of magnitude smaller than AFM cantilev¥rs. transversal direction, i.e., that of the cylinder axis. Our aim is

Three-dimensional calculations and experiments of force$0 study the electromagnetic forces acting on the nanocylin-
on microparticles on flat substrates, apertures, and close @gr under total internal reflectiofTIR) illumination condi-
fiber tips in near-field optical microscopy have been carried
OUt.l3_27

In this paper, we show that those effects combined permit 23 .
to get through the force signal transduction, an image of a € Z
corrugated dielectric surface topography by using the particle 0 (]
scanning above it. We shall also show that this procedure is =+
particularly effective when illumination is done at wave- =
lengths that excite the plasmon eigenmodes of the pafficle. h 6 x
In this case the optical force exerted on the particle is en-
hanced, and the attractive vertical force presents a higher 81 / X
signal with contrast reversed with respect to that of the sur- e 0
face topography. We show that this reversal is related to the 0
decrease of the vertical attractive force with the distance be-
tween the particle and the substrate. After a brief introduc-
tion in Sec. Il, we present numerical results for small par- FIG. 1. Geometry of the system.
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tions, so thatf, be larger than the critical angl®,
=61.28°. Multiple interactions of the scattered wave be-
tween the object and the rough surface are fully taken into
account. Silver cylinders of radiws at distanced+a from P i N

the flat portion of the surface are addressed. The profile tha (a) 300 p o e 200 o a2 (b)
has been considered consists of two protrusions on a fla 5 om fom)

interface described by the height=h{exd —(x—Xq)%d?] T2 Qe ]
+exf — (x+Xg)%d?]}, as shown in Fig. 1. For this configu- — gz(ﬂfﬂ)m) ]

ration there is no depolarization in the scattering of eitBer
or P waves. The incident electric and magnetic vectors are,
respectively,

- - - Q, (vacuum)
Q,,, (vacuum) |

EFFICIENCY
Now A
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v =

Eo(r,t)=[0®Y"%(r),0]exg —i wt), (1) %00 500 700 900 300 500 700 900 1100
A (nm) IN VACUUM A (nm) IN VACUUM

Ho(r,t)=[0,®{"9(r),0]exp i wt), 2
FIG. 2. Extinction Qey), Scattering Qsc.), and absortion
(Qapy efficiencies from an isolated silver cylinder of radius either
(inc)/ -y — . . a=60 nm,(a); ora=200 nm,(b). The particle is immersed either
Ca () =exiliko(xsinbo+2c0s00)g(x,2)] in water or in vacuum. Top figures: re@olid lines and imaginary
X exd — (X cosfy—zsin HO)Z/WZ], (3) (broken lineg parts of the externdP-polarization Mie coefficients
) ] ) (versus wavelength in vacuyrfor the cylinder in water{a) Dark
ko=2m/\,\ being the wavelength in vacuune; standing  thin lines:n=1, dark thick linesn=2, gray thick linesn=3. (b)
for eithers or p, and Dark thin lines:n=4, dark thick lines:n=5, gray thin lines:n
=1, gray thick lines:n=6. The incidence is done with a
P-polarized plane wave.

where

2
g(x,z2)=1+ N W(X cosfp—zsinfy)’>—1|, (4
even 30% higher from the smaller particle. Top figures show
_ The field is rigorously calculated by means of the extinc-the behavior of the external field Mie coefficients versus
tion theorem bound_ary conditidi->3 The electromagnetic vacuum wavelengthR polarization, for the cylinder in wa-
forces are then obtained from Maxwell’s stress tef&atAt ter, which contribute most to build the surface-plasmon reso-
optical frequencies involved in many experiments, howevernance. Then coefficient expresses the multipolar order of
only the time average of the electromagnetic force is obggntribution to the scattered field. The Mie coefficients ex-
served. This averaged force on a particle embedded in &pit hoth a change of sign in their imaginary part and an
isotropic medium is enhancement of their real part when a Mie resonance is
matched® While morphology-dependent resonances in di-
<|:>:1/(81-,)REU [(eE(r,)-N)E*(r,w) electric particles, are labeled with theumber, which deter-

S mines the number of internal intensity radial peaks, in me-
tallic particlesl =1, since there is field outside the particle,
and the only peak intensity in the radial direction is placed at
the surface.

, 5 The position of the particle resonances in the spectrum

depends on the wavelength, geometrical configuration, and
whereSis a surface enclosing the particte stands for the ~materials of the system. However, as shown in Refs. 29-31,
local outward unit normal, * denotes the complex conjugatethe presence of an interface slightly shifts, weakens and
and Re represents the real part of a Comp|ex number. Let d:yoadens them. An evanescent incident wave on the cyIinder
notice that Eq.(5) is written in C.G.S. units. For our 2D €nhances these efficiencies as it better couples with the cyl-
scheme, we shall integrate along the boundary line of thénder eigenmodes. This is so because the contribution of
geometrical cross section of the cylinder, thus we willhigher multipolar orders of the field to the scattering cross

+ (uH(r,w) - nNH* (r,0) — 1/2(e| E(r, )| ?

+ uH(r,)|An]dr

present the force magnitude per unit length. section are enhanced with this kind of incidefi&ét is ob-
served that the immersion of the particle in water not only
IIl. NUMERICAL RESULTS red shifts the efficienciecompared to those in aibut even

enhances them.

Figure 2 shows the extinction, scattering, and absortion Plasmon resonances in metallic particles are not so effi-
efficiencies from two silver cylinders of different size: Fig. ciently excited as morphology-dependent resonances in non-
2(a), a=60 nm and Fig. &), a=200 nm. The particle is absorbing high refractive index dielectric particlesg., see
isolated either in water or in vacuum, and the illumination isRefs. 29,30 under incident evanescent waves. The distance
done with a plane monochromatfe-polarized wave. One from the particle to the surface must be very small to avoid
observes a plasmon resonance maximum in both cylindaghe evanescent wave decay, normal to the propagation direc-
samples. The intensity of the line-shape peak is similar, antlon along the surface.
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400—% (a)

BN,

does not substantially change as the particle moves over the
surface at constarzt By contrast, in Figs. @) and 3d) the
intensity map is strongly perturbed by the presence of the
particle. As we shall see, this is the main reason due to which
optical force microscopy is possible at resonant conditions
with such small metallic particles used as nanoprobes, and
not so efficient at nonresonant wavelengths. It is important to
point out in connection with these intensity mdps$. Figs.

3(b) and 3d)], the interference pattern at the left side of the
cylinder, between the evanescent wave and the strongly re-
flected waves from the particle, that in resonant conditions
behaves as a strong radiating antefita:>°This can also be

200 O
envisaged as due to the much larger scattering cross section

4001 (c)
200 O
I of the particle on resonance, hence reflecting backwards

I cent wave traveling along the interface, and this distribution

£
£
N

0 <+ N 0 b

400, (b)

Z (nm) Z (nm)
NG 0 4N @

a4

boO

4001 (d) . . . : . .
] higher intensity and thus enhancing the interference with the

2001 = evanescent incident field. The fringe spacing 2 (A being
] " the corresponding wavelength in waterhis is explained as
0 ° follows: The interference pattern formed by the two evanes-

800 600 -400 200 O 200 400 600 800 cent waves traveling on the surface opposite to each other,
X (nm) with the same amplitude and no dephasing is proportional to
_ : e (2ei 2 12
FIG. 3. |H/H,|?, P polarization, from a silver cylinder witla e?(p( 212)c0S(NykoSin 90X_)1 WIFh :i—(nlswﬁeo ng)Y2. The
=60 nm immersed in water, on a glass surface with defect parandiStance between maxima &x=\/(2n;sin6,). For thf
etersXo=191.4 nm,h=127.6 nm, andr=63.8 nm, at distance @ngles of incidence used in this work under TIR,¢ 66

d=132.6 nm. Gaussian beam incidence With=4000 nm.(a) A and 72°), sirfy=0.9, and taking into account the refractive
=387 nm(on resonande §,=0°. (b) \=387 nm(on resonande  indices of water and glass, this distance can be expressed as

0,=66°. (c) A=316 nm (off resonanck 6,=66°. (d) \ Ax=~N\/2ny. Ax is similar to the fringe period below the
=387 nm(on resonande 6,=66°. The cylinder center is placed at particle in Fig. 3a), now attributted to the interference be-
(0, 192.6 nm in (a), (b), and(c), and at(191.4, 192.5nm in (d). tween two opposite traveling plane waves: the one transmit-
ted through the interface and the one reflected back from the
particle. These intensity structures are, however, better ob-
In Fig. 3, we plot the near-field intensity distribution served for larger particles, as will be shown in Sec. Il B.
|[H/Hg|? corresponding to the configuration of Fig. 1. Asil-  These near-field interference patterns have previously
ver cylinder of radiusa=60 nm scans at constant distance been shown in Ref. 36, although no interpretation was given
d=162.6 nm above the interface. The system is illuminatedhere.
by a P-polarized Gaussian beari(=4000 nm) atd,=0° Figure 4 shows the near-field plots when the height of the
and A=387 nm (e,=—3.22+i0.70). The surface protru- surface defects is invertech€ —127.6 nm) so that they
sions are positioned aKy=+191.4 nm with heighth become grooves. In this case, the probe particle can be
=127.6 nm andr=63.8 nm. Figure @) shows the afore- placed closer to the interface, and thus, we have used a dis-
mentioned distribution when the particle is centered betweetanced=15 nm. As an example the cylinder is placed be-
the protrusions. The plasmon resonance is excited as marfween both protrusions. Due to the lower distartethe
fested by the field enhancement on the cylinder surface thaixcitation of the plasmon resonance is better in this case. The
is higher in its lower portion. At this resonant wavelength,incidence is done with &-polarized Gaussian beam &
the main Mie coefficient contributor is=2, which can also =4000 nm. Figure &) shows the same case of normal in-
be deduced from the interference pattern formed along theidence at the resonant wavelength used previously (
particle surface: the number of lobes must bedlong this =387 nm). Figure &) corresponds to the same situation
surface® Figure 3b) shows the same situation but witly ~ but at 6,=66° (TIR conditions. Figure 4c) displays the
=66°. The field intensity close to the particle is higher innear field when no plasmon resonance is excited (
Fig. 3(a) because in Fig. (®) the distancel is large enough =316 nm) andf,=66°, and Fig. 4d) shows the intensity
to obliterate its better coupling due to the decay of the evanear field when there is no particle, ®&=316 nm. Reso-
nescent wave created by total internal reflecibhowever, nance case§Figs. 4a) and 4b)] are recognized because the
the field intensity is markedly different to the one shown infield is enhanced on the particle surface. Besides, the intef-
Fig. 3(c), in which the wavelength has been changedito erence fringes at the left of the particle exhibit a higher con-
=316 nm (,=0.78+i1.07) so that there is no particle traston resonance, as before. This is, again, attributed to the
resonance excitation at all. FigurédBshows the same as in greater scattered power from the particle. Off resonance
Fig. 3(b) but at a differentX position of the particle. In Fig. [Figs. 4c) and 4d)], the concentration of intensity field on
3(c), the interference in the scattered near field due to théhe dielectric interface reveals the exponential decay along
presence of the particle is rather weak, the field distributionz>0 of the transmitted evanescent wave, traveling along the
is now seen to be mainly concentrated at lpas an evanes- interface. A standing-wave interference pattern of pekifil

Z (nm)

A. Very small cylinders
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200 & water, scanned at constant distance on a glass surface with defect
parameters{y=191.4 nm, andr=63.8 nm alongO X. The inci-

dent field is aP-polarized Gaussian beam with'=4000 nm and
0p,=66°. (a) Horizontal force,h=127.6 nm,d=132.6 nm.(b)
Horizontal force,n=—127.6 nm,d=15 nm. (c) Vertical force,

<4 h=127.6 nm,d=132.6 nm.(d) Vertical force,h=—-127.6 nm,

a d=15 nm. Solid curves:\=387 nm (on resonande broken

Z (nm)

200+

200+

Z (nm)

curves:A =316 nm(off resonanck Thin lines in(c) show|H/H|?

a9 4 (in arbitrary unit3, averaged on the perimeter of the cylinder cross
- ° section, while it scans the surface. The actual magnitude of the

"800 -600 -400 -200 O 200 400 600 800 intensity in the resonant case is almost seven times larger than in
X (nm) the nonresonant one.

FIG. 4. |H/H,|? P polarization, for a silver cylinder witth ~ nance. This feature is specially manifested in tHe
=60 nm immersed in water, on a glass surface with defect parameomponent of the force, in which the two protrusions are
eters Xo=191.4 nm, h=-127.6 nm, andor=63.8 nm, at dis- clearly distinguished from the rest of interference ripples, as
tanced=15 nm. Gaussian beam incidence with=4000 nm.(a) exp|ained above. F|gurd6 also Showg{thin |ine9 the scan-

A =387 nm (on resonance f,=0w°. (b) A=387 nm(on reso-  ning that conventional near-field microscopy would measure
nancg, 6,=66°. (c) \=316 nm (off resonancg 6,=66°. (d) A jn this configuration, namely, the normalized magnetic near-
=316 nm(off resonanck 6,=66°, no cylinder. The cylinder cen- fje|q intensity, averaged on the cylinder cross section. These
ter is placed a{0, 192. nm in (a), (b), and(c). intensity curves are shown in arbitrary units, and in fact the
curve corresponding to plasmon resonant conditions is al-
is observed, as explained before, at the left of the groovemost seven times larger than the one off resonance. The force
and even in the space between them, due to reflection of thisurves show, on one hand, that resonant conditions also en-
surface wave by both the particle and defgélig. 4c)] and  hance the contrast of the surface topography image. Thus,
more weakly by the defects aloneig. 4(d)]. For Z<0 in  the images obtained from the electromagnetic force follows
Figs. 4c) and 4d) there is an interference pattern betweenmore faithfully the topography than that from the near-field
the incident field and that reflected downward by the dielecintensity. This is a fact that we have also observed with other
tric interface. The field inside these protrusions is lower tharprofiles, including surface-relief gratings. Figureé)5and
outside. The first minimum of this intensity pattern along the5(d) show some results fdr inverted, namely, the interface
X direction in the lower medium appears in the bottom ofprofile of Fig. 4, then the vertical component of the force

Figs. 4c) and 4d). distribution presents the inverted contrast. Notice that in
Figure 5 shows the variation of the Cartesian componentgigs. §b) and %d) the particle is closer to the surface,
of the electromagnetic force-x, Figs. a) and 5b); Fz, =15 nm, thus giving a higher image contrast. On the whole,

Figs. 5c) and %d)] on scanning the particle at constant dis-we observe from these results that both the positions and
tanced above the interface, at either plasmon resonance exign of the defect height can be distinguished by the optical
citation (\=387 nm, solid lineg or off resonance X force scanning.

=316 nm, broken lings The incident-beam poweper unit For comparison, we show in Fig. 6 the same configura-
length on resonance is 3.932010 ° W/nm, and 3.9327 tions as in Fig. 5 but for a silicon cylinder. Top figures show
x10°°® W/nm atA=316 nm. Figures @) and 5c) show the efficienciegwith the same plot code as in Fig) @ersus

the force whenh=127.6 (protrusion$ and d=132.6 nm. the wavelength in vacuum. The peaks now corresponds to
On the other hand, Figs.(® and %d), display the force morphology-dependent resonances, which are not red shifted
whenh= —127.6(groove$ andd=15 nm. The incidence is when the particle is immersed in water with respect to air, as
done with aP-polarized Gaussian beam ¥=4000 nm at occurred for the plasmon resonances of silver particles. This
0p,=166°. It is seen from these curves that the force distribuis so because the resonances in dielectric particles depend on
tions resembles the surface topography on resonant condheir geometry more strongly than in metallic particles. The
tions with a signal that is remarkably larger than off reso-peak contrast when the cylinder is in water, however, dimin-
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T 1300 650 0 650 1300-1300 650 0 650 1300 FIG. 7. Same as Fig. 6 but for the cylinder immersed in air and

0p,=44.90°. This angle of incidence has been chosen in order to
reproduce the same exponential decay of the evanescent wave
FIG. 6. Force on a silicon cylinder with=60 nm immersed in ~ (fransmitted into the upper medigras in the conditions of Fig. 6.
water, on a glass surface with defect paramedys 191.4 nm, The critical angle now isf.=41.14°. The field intensity at the
o=63.8 nm, anch=127.6 nm scanned at distande 132.6. The  upper intgrfa(_:e boundary has also been normalized so as to be the
incident field is a Gaussian beam whti=4000 nm and),=66°.  Same as in Fig. 6.
(a) Horizontal force,S polarization.(b) Horizontal force,P polar-
ization. (c) Vertical force,S polarization.(d) Vertical force,P po-  reproduce the same exponential decay of the evanescent field
larization. Solid curvess =638 nm(on resonandebroken curves:  as in Fig. 6. This incidence angle #g=44.90°,(the critical
A=538 nm(off resonanck Top figures show the extinctioisolid ~ angle in the configuration air/water & =41.14°). Besides,
lines), scatteringbroken line$ and absortiorfdotted lineg efficien- ~ the intensity field at the upper boundary interface line has
cies versus the wavelength in vacuum for an isolated silicon cylinbeen normalized so as to get the same transmitted intensity
der of radiusa=60 nm. Thick lines: cylinder in water, thin lines: as in the case of no particle and flat interface. The incident-
cylinder in vacuum. Left top figures polarization, right top figure:  peam power (per unit length required is 7.3591
P polarization. The incidence is done with a plane wave. x10°° W/nm on Spolarization resonance, 3.9976
. o ] x10°°® W/nm on P-polarization resonance, 7.3599
ishes. Its position in the spectrum of course is not altered by, 15-9 \w/nm at A =538 nm, S polarization and 3.9980
the kind of incidence. These morphology-dependent resonant 15-9 \\/nm )\ =538 nm, P polarization. Figure 7 shows
peaks are slightly shifted, weakened and broadened by thge force distribution from this scannirithe configuration is
presence of a surface. Inmden_ce with an evangscent Wa\@(actly the same as in Fig).8Qualitatively, the behavior of
enhances the resonance peak, like as stated previously for the, -rce is the same as previously, but its strength is greater,
silver particle efficiencies, and shown in Refs. 29,30. Figures,g expected. Th& component inP polarization presents a
6(a) and 6c) show the horizontal and vertical forces, respec-pigher contrast compared to that in water.9polarization,
tively, for an |nC|dent;9 polarized Gaussian beam with o ever, the contrast remains practically the same, and the
=4000 nm atf=66°, and Figs. @) and @d) plot the  gijlatory pattern does not actually reveal the topography of
same forces for an incide®-polarized Gaussian beam with ha surface.
the sameW and ‘90-_Jhe incident-beam powefper unit To finish this comparison between the force signals from
length is 9;%755< 10"" W/nm onS-polarization resonance, gjjicon and silver cylinders, we must say that the raifa is
3-92§g>< 107" W/nm on P-polarization resonance, 9.0796 gmgjier in the cases shown for the silicon particle, because
><1079 W/nm at A=538 nm, S polarization, and 3.9299 he wavelengths used in these cases are larger and dhile
X10"" W/nm ath =538 nm,P polarization. The force sig- remains the same in nanometers. Thus, the evanescent field
nals in the vertical components of the force again reveal thgcident on the particle is greater in this case, this however

structure of the surface topography. This is remarkabl in  goes not improve the force signal, as has been shown.
polarization, and more poorly exhibited #polarization, in

which the contrast is worse and not substantially improved

when the particle resonance is excited. The resonant wave-

length =638 nm (e,=14.99+10.14) excites ther(=0| In this section, we address a cylinder with radias

=1) eigenmode forP polarization, and then=1]=1) =200 nm. Since this size is comparable to the wavelength,

eigenmode for S polarization. At A=538 (\=17.03 the multiple scattering with the surface increases, and the

+i0.40) there is no resonance excitatisee the top figures presence of a resonance also enhances the intensity around

in Fig. 6) for both polarizations. the particle?®*° This also affects the force signal obtained
We have also simulated a scanning of the silicon particlevith these larger particles, as shown next.

when the surrounding medium is air. Under these conditions, Figure 8 displays near-field intensity maps. Figufe) 8

the morphology-dependent resonances are more enhanceadrresponds to6,=0° and a resonant wavelength

than before because of the larger index contrast between the441 nm (e,=—5.65+i0.75). The particle being placed

particle and the external mediufsee top figures in Fig.)6  on the left of both protrusions. Figurgl corresponds to

The angle of incidence has now been chosen in order t@y=66° (TIR illumination condition$, at the same resonant

X (nmy) X (nm)

B. Larger cylinders
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1 ! FIG. 9. Force on a silver cylinder with=200 nm immersed in
o S ° water, scanned at constant distance on a glass surface with param-
-3000  -2000  -1000 0 1000 2000 3000 etersX,=638 nm andr=212.7 nm alongdX. The incident field
X (nm) is a P-polarized Gaussian beam wit'=4000 nm andf,=66°.

(a) Horizontal force,h=425.3,d=442 nm.(b) Horizontal force,

FIG. 8. |H/H,|? for P polarization for a silver cylinder witka h=—425.3,d=25 nm.(c) Vertical force,n=425.3,d=442 nm.
=200 nm immersed in water, on a glass surface with parametergy) \ertical force, h=—425.3, d=25 nm. Solid curves:\
Xo=638 nm, h=425.3 nm, ando=212.7 nm, at distanc&l =441 nm(on resonande broken curvesh =316 nm (off reso-
=442 nm. Gaussian beam incidence wit=4000 nm.(a N pance. Thin solid curvesh =441 nm(on resonandeat 6,=72°,
=441 nm(on resonande d,=0° and the cylinder center placed at thin broken curves =316 nm(off resonancgat 6,=72°.
(—1276,642) nm.(b) A=441 nm (on resonance 6,=66° and
the cylinder center placed at (1276,642) nic). \=316 nm(off yield a well-resolved image of the surface topography, as
resonanck 6,=66° and the cylinder center placed at shown next for this same configuration.
(1276,642) nm. Figure 9 shows the components of the fof¢g,, Figs.

9(a) and 9b); F,, Figs. 9¢) and 9d)] for either plasmon
wavelength, the particle now being on the right of the pro-excitation conditions X=441 nm, solid lines or off reso-
trusions. Figure &) corresponds tof,=66° (TIR inci- nance f =316 nm, broken linesas the cylinder scans at
dence, at the no resonant wavelength=316 nm (€, constant distancd above the surface. Figure$a and 9c)
=0.78+i1.07), the particle being placed at the right of theshow the image yielded by the force distribution whien
protrusions. The incident beam B polarized with W  =425.3 (protrusion$ and d=442 nm, and Figs. ®) and
=4000 nm. The surface protrusions are positionedgt 9(d), whenh= —425.3(groove$ andd=25 nm. The inci-
==*638 nm with heighth=425.3 nm andor=212.7 nm. dence is done with &-polarized Gaussian beam &V
All the relevant size parameters are now comparable to the-4000 nm at eithe,=66° (thick curves or 6,=72° (thin
wavelength, and hence to the decay length of the evanescesiirves. The incident-beam powekper unit length is
wave. That is why now the plasmon resonance cannot b8.9313x10°° W/nm on resonance and  3.9327
highly excited. When no resonant wavelength is used, thex10°°® W/nm at A\=316 nm when#,=66°, and 3.9290
intensity interference fringes due to the presence of the parx 10°° W/nm on resonance and 3.931%0 ° W/nm at
ticle are weaker. On the other hand, Figaj8shows the \=316 nm whenf,=72°. As before, resonant conditions
structure of the near field scattered undg=0°. There are provide a better image of the surface topography making the
three objects that scatter the field: the two protrusions angwvo protrusions distinguishable with a contrast higher than
the particle. They create an inteference pattern with perioghe one obtained without plasmon excitation. The surface
N2 (with N being the wavelength in waterBesides, the image corresponding to the force distribution is better when
particle is showing an inteference pattern around its surfacthe protrusions are invertefdFigs. 9b) and 9d)] because
due to the two counterpropagating plasmon waves that citthen the particle can be kept closer to the interface. Again,
cumnavigate it>*°The number of lobes along the perimeter the curve contrast yielded by protrusions and grooves is in-
is nine, which reflects that the contribution to the field en-verted from each other. The positions of the force distribu-
hancement at this resonant wavelength comes from Mie'sion peaks corresponding to the protrusions now appear ap-
coefficientsn=5 andn=4 [see top Fig. @)]. Figure 8b)  preciably shifted with respect to the actual protrusions’
shows the weaker excitation of the same plasmon resonang@®sition. This shift is explained as due to the Gooswten
under TIR conditions. Now, it is also patent, like in Sec. effect of the evanescent wa%eWe observe that the distance
lIIA), the interference pattern at the incident side of the conbetween these peaks in tlife curve is aproximately X,.
figuration. This pattern has again a periof (N being the  This shift is more noticeable in the force distribution as the
wavelength in water If nonresonant illumination conditions probe size increasééAgain, theF, force distribution has a
are used, the particle is too far from the surface to substarkigher contrast at théshifted position of the protrusions.
tially perturb the transmitted field, then the intensity of the The force signal with these bigger particles is larger, but the
transmitted evanescent field remains closely attached to thsrobe has to be placed farther from the surface at constant
interface, and is scattered by the surface protrusions. Thieeight scanning. This affects the strength of the sigoain-
field felt by the particle in this situation is not sufficient to pare top and bottom curvesFinally, it is important to state
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that the angle of incidendsupposed larger than the critical tions and the wavelengths ugetiowever, this interaction is
angled.) influences both the contrast and the strength of theble to turn into repulsive the vertical force f®polarization
force: thin curves show in Figs(l§) and 9d) as an example, at\=538 nm, due to the scattering force.

that the contrast decreases as the angle of incidence in- This study also reveals the dependence of the attractive or
creases. At the same time, the strength of the force signakpulsive nature of the forces on the sizes of the objects
also diminishes. (probe and defects of the surfacapart from the polarizabil-

As seen in the force figures for both sizes of particlesjty of the probe and the distance from the interface, when
most curves contain tiny ripples. They are due to the fieldllumination under total internal reflection is considered. The
intensity interference pattern as shown in Figs. 3, 4, and 7competition between the strength of the scattering and the
and discussed above. As the particle moves, the force on gradient force determines this nature.
depends on these oscillations. As a matter of fact, it can be
noted in the force curves that these tiny ripples are mainly
present at the left side of the particle, where the interference B. On the order of magnitude of the forces
takes place.

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

We wish to point out that the order of magnitude of the
ces obtained in 2D calculations of this work is consistent
with that of forces in experiments and 3D calculations of
Refs. 13-25. Suppose a truncated cylinder with axial length
L=10 wm, and a Gaussian beam with\2-10 um. Then,
a rectangular section &fx 2W= 10> wum? is illuminated on

IV. DISCUSSION the interface. For an incident powg~1 mW, spread over
A. On the attractive and repulsive nature of the vertical forces ~ thiS rectangular section, the incident intensity lg

) ) ) ~ ~10"2 mW/um?, and the force range from our calculations
The horizontal forces acting on the cylinder are scatteringg .~ 10-14— 1013 N. Thus. the forces obtained in Figs.

forces due to radiation pressure of both the incident evanegyp) and gd) are consistent with those presented, for ex-
cent wave and the field scattered by the protrusions, thus ﬂ‘@mple, in Ref. 17.
forces are positive in all the cases studied. As for the vertical

forces, two effects are competing for determining its sign.

First, is the influence of the polarizabilit§;>>which depends

on the polarization of the illumination. On the other hand, it

is well known that an evanescent wave produces only gradi- In this paper, we have studied the transduction of optical
ent forces in the vertical direction. For silver cylinders, theforces felt by a probe particle on scanning a dielectric inter-
force at wavelengthh =387 (e,= —3.22+i0.70) and at\ face.

=441 nm (,=—5.65+i0.75) must be attractive, while at  Comparing with dielectric particles, we conclude that the
A=316 nm (,=0.78+i1.07), the real part of the polariz- optical force signal for metallic probes is, under resonant
ability changes its sign, and so does the gradient force, thusonditions (plasmon excitation on the metallic partigle
becoming repulsivéon cylinders, as here of not a very large stronger. However, when the surface protrusions are large,
size). However, in the cases studied in this work, not only thethe excitation of the plasmon resonance is not so efficient
multiple scattering of light between the cylinder and the flatcompared to those morphology-dependent resonances of di-
portion of the interface, but also the surface defects producelectric particles, and the resulting force image has less con-
scattered waves both propagatifigto Z>0) and evanes- trast than with dielectric probéé.The force signal neatly
cent under TIR conditions. Thus, scattering forces are alseeveals the topography of the surface. This is mainly
taking place in th&Z component of the force. This affects the achieved with the vertical component of the force. Besides,
sign of the forces but it is more remarkable as the size of théhis signal improves the one obtained by known near-field
objects increases. In larger cylinders and deféditsFig. 9), microscopy techniques. When the size of both the defects on
the gradient force is weaker than the scattering force thuthe surface and the probe increases, the results are more dra-
making F, to become repulsive on scanninghat 441 nm  matic: the plasmon resonance is more difficult to ex@ite-
(plasmon excited On the other hand, for the smaller silver ing to the distance from the flat portion of the surface to the
cylinders studiedcf. Figs. 5—7, the gradient force is greater probe, but the force exhibits the same behavior with smaller
than the scattering force at=387 nm (plasmon excited scales only shifting the corresponding force peaks’ positions
and thus the force is attractive in this scanning. Also, as th&vith respect to the ones of the surface protrusions. Silicon
distance between particle and surface decreases, the gradigatrticles provide an image with a less contrast. This contrast
force becomes more attracti?®? This explains the dips and is only weakly improved when morphology-dependent reso-
change of contrast in the vertical force distribution on scannances are excited on the probe, but it is not greater than the
ning both protrusions and grooves. A&=316 nm(no plas- one obtained with silver probes under plasmon resonance
mon excitedl, both scattering and gradient forces act coop-excitation. The calculation shows, however, that the image is
eratively in the vertical direction making the force repulsive, better when the silicon particle is placed in air, than when it
no matter the size of the cylinder. For the silicon cylinderis immersed in water. This is so due to the better excitation
shown, the vertical forces acting under TIR conditions areof these morphological resonances when the index contrast
attractive in absence of surface interactitor both polariza- between the particle and the surrounding medium is higher.

V. CONCLUSIONS
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