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This paper presents a complete study, theoretical as well as experimental, of an electromagnetic field
scattered by subwavelength metallic pads, allocated in a periodic manner on a silica substrate. The simulation
of the far field and near field is obtained with the differential method. When the sample is illuminated in total
internal reflection, the simulations show that the amplification of the electromagnetic field above the Au
metallic pads depends on different parameters~wavelength, polarization of light, angle of incidence, and index
of refraction!. In this paper, we only consider the effect of the probe-to-sample distance and of the polarization
of the illuminating light. As the experimental setup, we used the photon scanning tunneling microscope. If we
compare these results with the calculations carried out with the dielectric pads, we show that the amplification
is induced by the dielectric contrast between the metallic structures and their environment. Experimental results
are presented in two different imaging modes. In the ‘‘constant intensity’’ mode, our experimental results are
in excellent agreement with the simulations. Therefore, for a metallic sample analyzed in our experimental
conditions, it validates the assumption that the signal detected is proportional to the square modulus of the
electric field in the absence of the probe. We particularly show that if the polarization and the probe-to-sample
distance are suitably chosen, dramatic localizations of the electromagnetic field are observed. We then present
images obtained in the so-called ‘‘two-wavelength’’ mode, where two light sources illuminate the sample. The
first beam is used for feedback regulation; it consequently allows a control of the tip motion, and permits us to
determine the reference surface. By using such feedback regulation for this first beam, we are able to compare
quantitatively the effect of the polarization on the field distribution of the second beam. The results are
confirmed by the corresponding simulations.
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I. INTRODUCTION

Submicron metal particles, i.e., with a size smaller th
the wavelength of incident light are used1 to investigate sur-
face enhancement Raman spectroscopy and second-harm
generation, as well as enhanced one- and two-photon abs
tion by adsorbed dyes. It is now widely accepted that th
phenomena originate mainly in the excitation of surfa
plasmon oscillations~SPO’s! which enhance the local-field
intensity near these metal particles.

Recently, several studies employing scanning near-fi
optical microscopes have been reported to investigate SP
on metallic thin films. The photon scanning tunneling micr
scope~PSTM! has been used to measure the spatial ex
sion of the SPO evanescent field,2,3 and to image its latera
decay on a thin silver film in the visible range.4 Localized
SPO’s on individual metal particles have been observed
coupling a PSTM and a scanning tunneling microscope.5 The
PRB 620163-1829/2000/62~24!/17072~12!/$15.00
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localization of optical modes in silver colloid fractal cluste
have been investigated with the technique of the PST6

More recently, different studies has shown the role of surf
inhomogeneities in the modification of the field emitted fro
the SPO’s.7,8

In this paper, we mainly present results showing the
fects of the polarization of the incident light on the near-fie
diffracted by a crossed grating of submicron gold pads. S
eral authors exploited the polarization contrast on meta
structures to improve the image contrast.9–11Our simulations
show that, according to the polarization, the scattered n
field of the metallic pads is more or less confined near
edges of the pads. We present a comparison with the n
field close to dielectric pads.

Then we show, in the ‘‘constant intensity’’ mode, the ro
of the polarization of the incoming wave lighting the metal
pads, as well as the role of the probe-to-sample distance.
showed, in a previous paper,12 that when the tip scans th
17 072 ©2000 The American Physical Society
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sample in the constant intensity mode, the amplitude of
vertical displacement of the probe is influenced by the va
of the intensity detected by the fiber probe. Generally, fo
strong value of the intensity~the probe is close to the
sample!, the amplitude of the vertical displacements of t
fiber probe is relatively weak; on the other hand, for a we
value of the intensity~the probe is moved away from th
sample!, this amplitude increases. In order to compare
images obtained in the two directions of polarization of t
illuminated light, we have carried out these measurement
the ‘‘two-wavelength’’ mode. This permits one to follow th
isointensity lines issued from the first light source, whi
acts as a reference, while measurements with a second
source allow one to record the intensity of the electrom
netic field scattered by the sample and detected by the p
under variable illumination conditions.3

Section II is devoted to a description of the sample a
the experimental setup used to analyze the electromag
field scattered by the sample. In Sec. III, we introduce
differential method in three dimensions, which allows us
obtain the exact solutions of Maxwell’s equations when
sample is illuminated in total internal reflection~TIR!. We
present several remarks on the behavior of the intensity
tected above the metallic pads in the ‘‘constant heigh
mode. We study the effects of the polarization, and of
probe-to-sample distance on the scattered intensity. We
compare the near-field diffracted by metallic and dielec
pads. In the next two sections we present our results, and
discuss the near-field above the pads when the polarizatio
in TE and TM modes for the two operating modes. O
conclusions are presented in Sec. VI.

II. DESCRIPTION OF THE SAMPLE
AND EXPERIMENTAL SETUP

The sample studied is a crossed grating of gold structu
on a glass slide 1 mm thick; the index of refraction isn1
51.458. In this work, we have chosen a grating where
Au metallic pads are well separated to reduce the weigh
the propagating modes diffracted by the sample. The sep
tion between two metallic pads is equal to 3mm in each
direction. Each pad is parallelepipedic with dimensio
3003300 nm2 and 50 nm. The sample is obtained by rea
tion ion etching, and it is fabricated with an incertainty of
nm for each dimension. To eliminate the presence of wa
vapor, the sample was kept for several hours in an oven
constant temperature of 150 °C.

The sample is placed on the plane surface of a prism,
the optical matching is achieved by an index matching
uid. Our experimental setup~Fig. 1! is a PSTM,2 in which
the probe locally detects the electromagnetic field around
sample. The PSTM exploits the tunneling of photons acr
the gap between the sample illuminated by a He-Ne la
(l5632.8 nm, P52.8 mW) in a TIR configuration, to
eliminate a great part of the propagative waves. A sharpe
optical fiber probe is brought into the scattered evanes
field and collects a part of this evanescent field. The pro
gative waves scattered by the sample are also detected b
fiber tip. When the probe is scanning parallel to the surfa
this is the so-called ‘‘constant height’’ mode. Practically it
not possible to be sure that the probe apex remains strict
e
e
a

k

e

in

ht
-
be

d
tic
e

e

e-
’
e
en
c

e
is

r

es

e
of
ra-

:
-

er
t a

nd
-

e
s

er

ed
nt
a-
the
e,

at

a constant distance above the mean surface of the sam
especially when large ranges are scanned. The mecha
and thermal drifts perturb the experiment in the same w
Thus this constant height mode is very difficult to use. A
other mode of operation is the ‘‘constant intensity’’ mode,
which the intensity recorded by the probe is kept consta
using an electronic feedback driving a piezoelectric scan
unit on which the probe is fixed. This mode is the mo
commonly used, but the corresponding calculations are m
difficult to implement than for the constant height mod
This mode can also be used to obtain a reference surfac
we simultaneously detect the scattered light issued from
second source while the probe is scanning a reference
face we are operating in the two-wavelength mode. Bef
giving the experimental results, we describe our way to co
pute the scattered field above the metallic pads.

III. ANALYSIS OF THE ELECTROMAGNETIC FIELD
ABOVE THE SAMPLE

To analyze the electromagnetic field diffracted by
crossed grating of parallelepipedic pads and collected by
optical fiber of the previous experimental setup, here
present the theoretical approach used to obtain the near-
intensity of the electromagnetic field produced by a cros
Au grating laid on a glass prism and illuminated in TIR. W
use the differential formalism of the electromagnetic theo
of gratings.13 The exact geometry of the crossed grating h
been chosen according to the scanning electron microsc
images obtained after metallization on a test sample. E
pad is parallelepipedic, with lateral dimensionssx5sy5300
nm and height h5 50 nm~Fig. 2!. The groove spacing in the
x and y directions isdx5dy53 mm ~Fig. 3!. The incident
plane wave with unit amplitude, and a wavelengthl0
52p/k0 in vacuum, falls on the crossed grating under t
angles of incidence determined byuk (k inc , ez) andwk (ex ,
k//) defined in Fig. 3. For the calculations, the space is
vided into three zones~zone 1 forz.h, a modulated zone
for h.z.0, and zone 2 forz,0; see Fig. 2!. In this paper,
the sample is illuminated through the prism side~zone 1!,
where the index of refractionn1 is equal to 1.458. The inci-
dent electric fieldE, in s polarization, is parallel to thex axis,
Ex(x,y,z)5Ex(x,y,z) ex (ex is the unit vector of theOx
axis!. The electric and magnetic fields above the cros
grating are expanded as double sums over Rayleigh wa

FIG. 1. Schematic of the experimental setup of the tw
wavelength mode. The constant intensity mode is represente
solid lines.
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In particular, for s polarization, the electric field in the zo
2 ~air side withn251.0) below the crossed grating can b
written as13

E~x,y,z!5 (
n52`

1`

(
m52`

1`

An,m
E exp@ j ~anx1bmy!#exp

~2 j gn,mz! ~1!

FIG. 2. Geometry of the pad. The height of the metallic pad
h550 nm, and the size of its square section issx5sy5300 nm. The
optical index of the prism is equal to 1.458, and the parallelepipe
optical index is equal tonAu50.1491 j 3.64 for the incident wave-
length equal to 632.8 nm.z5z0 defines the observation plane, an
(y8y9) the crosscut line.

FIG. 3. Crossed grating of metallic pads. The system is illum
nated in total internal reflection, andkinc represents the wave vecto
associated with the incident wave.k// is the projection of this inci-
dent wave vector on the plane (P). dx5dy53 mm.
whenz,0, with

an5a01n2p/dx , a05k0n1 sinuk coswk ,

bm5b01m2p/dy , b05k0n1 sinuk sinwk ,

and

gn,m5Ak0
2n2

22an
22bm

2 if k0
2n2

2>an
2

1bm
2 ~radiative modes!

5 jAan
21bm

2 2k0
2n2

2 if k0
2n2

2<an
2

2bm
2 ~evanescent modes!.

The unknown functions of the problem are the complex a
plitudesAn,m

E for the electric field. It is possible to write th
magnetic field by an expression similar to Eq.~1!. In this
case the complex amplitudes will be notedAn,m

H . As in the
case of the two-dimensional~2D! differential method, the
main idea to solve this problem is to find for bothE(x,y,z)
and H(x,y,z), propagation equations valid in the who
space in the sense of distributions, which includes the bou
ary conditions at the two boundaries of the modulated zo
As for a 1D grating, we take the two equations of Maxw
and Faraday and Maxwell and Amphre. From these two v
torial equations~i.e. the six scalar corresponding equation!,
it is possible to eliminate the components along thez axis to
obtain ultimately a system of four partial differential equ
tions depending on the four remaining componentsEx , Ey ,
Hx , and Hy . These equations are true in the sense of
functions as well as in the sense of the distributions. Th
are written as

]Ex

]z
5 j vm0Hy1

]

]x F 21

j ve0e r
S ]Hy

]x
2

]Hx

]y D G , ~2!

]Ey

]z
52 j vm0Hx1

]

]y F 21

j ve0e r
S ]Hy

]x
2

]Hx

]y D G , ~3!

]Hx

]z
52 j ve0e rEy1

]

]x F 1

j vm0
S ]Ey

]x
2

]Ex

]y D G , ~4!

]Hy

]z
5 j ve0e rEx1

]

]y F 1

j vm0
S ]Ey

]x
2

]Ex

]y D G , ~5!

wheree r5e r(x,y,z)5ni
2(x,y,z) according to the values o

x, y, and z in the different zones~zones 1 and 2 and th
modulated zone!.

Details of the differential method were give
elsewhere.14,15 These partial differential equations~2!–~5!
are then transformed into a finite set of coupled differen
equations by Fourier analysis. The integration of the diff
ential system is reduced to the interval@0,h# along z, due to
the existence of analytical solutions for the field outside
modulation region@see Eq.~1! for z,0]. Inside the modu-
lated region, the integration is made numerically by a Run
Kutta algorithm. By writing the boundary conditions for th
electric and magnetic fields atz50 andz5h and by using
the standard matrix inversion techniques, we calculate
amplitudes (Ax)n,m

E , (Ay)n,m
E and (Ax)n,m

H , (Ay)n,m
H of the

s
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electric and magnetic fields. Once these amplitudes
known, the two remaining amplitudes (Az)n,m

E , and (Az)n,m
H

are obtained from the two following equations:

Ez5
j

ve0e r
S ]Hy

]x
2

]Hx

]y D , ~6!

Hz5
1

j vm0
S ]Ey

]x
2

]Ex

]y D . ~7!

Then, the electric fieldE can be calculated with the ex
pression of expansion~1! at any point around the crosse
grating, close to the metallic pad. The magnetic fieldH is
similarly obtained. The field is accurately represented byN2

components, and this number is chosen according to the
bility of the numerical results.

To illustrate the possibilities of this technique, we no
give different remarks about the electromagnetic field cal
lated above the crossed grating in the constant height m
The plane of incidence is defined by the two vectorsk i , ez ,
andk// is the projection ofk i on the (Oxy) plane~see Fig.
3!. In our case of diffraction, the two angles areuk5260°
and wk590°. The square modulus of the electric field
calculated for Au pads whose index of refraction is equa
nAu50.1491 j 3.64, for a wavelength in vaccum equal
632.8 nm. According to the conditions of preparation of t
sample, we suppose that the experimental values of the
mittivity of Au pads are close to those given by Johnson a
Christy.18.

In Figs. 4~a! and 4~b!, we plot the theoretical variations o
the intensity normalized to the incident intensityI 0 (I 0
5uE0u2) over a period of the crossed grating in consta
height mode in planes located at,z05260 and2150 nm
above the top of the pad, respectively. We have chosen t
z0 values because they correspond to classical probe
sample distances in PSTM experiments. The profiles, al
the axis (y8y9) (x5dx/2, z5z0, Fig. 2!; are reported in Fig.
4~c!. The simulations of the field diffracted by the pads a
presented in s polarization. Figure 4 shows a strong inten
diffracted close to the metallic pad. We note that the ma
mum intensity above the pad is three times greater than
above the substrate. We also see that the electromag
field pattern is strongly modified as a function of the distan
from the Au pad. A full study of the field as a function of th
distance from the sample shows that, foruz0u,100 nm, the
effects of the edges are well pronounced, as we see in
4~a!. This study also demonstrates that the electromagn
field remains confined for a probe-to-sample distance
thanl, with a relative enhancement~ratio of the maximum
intensity diffracted by the pads and the intensity in the ne
field of the substrate! varying between 3 and 10. In Fig. 4
we show a complicated standing-wave pattern10,19 which is
also observed experimentally in Sec. IV. This interferen
pattern is due to the interaction of the resulting diffract
surface waves provided by the pads on the substrate.

As shown previously for a dielectric crossed grating,19 the
amplitude of the field depends strongly on the probe-
sample distance, and also on the polarization. Thes polariza-
tion is reported in Fig. 4, while Fig. 5 shows thep polariza-
tion for the same two distancesz05260 and2150 nm. For
the two different polarizations we expect that the diffracti
re
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of the pad edges will be different, as the edge is paralle
perpendicular toEinc . Figures 4 and 5 show that the fiel
distributions are really different. We observe strong localiz
tions of the field, whose characteristics depend strongly
the polarization. It is important to note that these localiz
tions can be of smaller size surface than the pad itself@see
the profiles in Figs. 4~c! and 5~c!#.

The intensity distribution around the pads depends
their shape and their repeat distance, but also on their in
of refraction. Here we compare the electromagnetic fi
scattered by metallic pads to the electromagnetic field s

FIG. 4. Top view of a 3D image of the normalized intensit
I /I 05uEu2/uE0u2 calculated above the crossed grating given in F
2. The calculation is made ins polarization (l05632.8 nm,uk5
260°, andwk590°). The value of the normalized intensityI /I 0 is
calculated in a plane defined byz05260 nm in ~a! and z05
2150 nm in~b!. In ~c!, we represent the normalized intensity a
cording to the axis~y’y’’ ! ~Fig. 2! in s polarization for the two
altitudes.
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tered when the pads and the substrate are of the same n
When investigating near-field diffraction effects, it is impo
tant to consider the dielectric contrast between the pads
their environment. For the same illumination parameters,
in Fig. 6 represent the intensity scattered by dielectric p
illuminated in p polarization@ndiel5n151.458 anddx5dy
53 mm, in Fig. 6~a!, and z05260 and2150 nm in Fig.
6~b!#. The geometry of the sample is identical to the geo
etry of the sample with the metallic pads. Figure 6~c! shows
the profiles alongy8y9 for the two polarizations and for th
two distances:z05260 and2150 nm. From the figures, on
observes that for a given polarization of the incident lig
and for the same altitudez0, the intensity of the electric field

FIG. 5. Top view of a 3D image of the normalized intensit
I /I 05uEu2/uE0u2, calculated above the crossed grating given in F
2. The calculation is made inp polarization (l05632.8 nm,uk5
260°, andwk590°). The value of the normalized intensityI /I 0 is
calculated in a plane defined byz05260 nm in ~a! and z05
2150 nm in~b!. In ~c!, we represent the normalized intensity a
cording to the axis (y8y9) in p polarization for the two altitudes.
ure.

nd
e
s

-

t

reaches greater values near metallic pads than near diele
pads. This is due to the dielectric constrast between the p
and their environment~the media around the pads!. For di-
electric pads, the maximum of the intensity is greater inp
polarization than ins polarization at a given distance from
the sample@see Fig. 6~c!#. For the metallic pads, beyond
definite distance~about 130 nm for 3003300350-nm3 Au
pads, anddx5dy53 mm), the maximum of the intensity is

.
FIG. 6. Top view of a 3D image of the normalized intensit

I /I 05uEu2/uE0u2, calculated above the crossed grating formed
dielectric pads in the same configuration as in Fig. 2. The calc
tion is made inp polarization (l05632.8 nm,uk5260°, andwk

590°), ~a! is obtained forz05260 nm, and~b! for z052150 nm.
In ~c!, we represent the intensity along the axis (y8y9). We have
also represented the cross sections for the two polarizations an
the two distances:z05260 nm andz052150 nm. For the sake o
clarification, the intensities are shifted upwards by 1 for the t
cross sections ins polarization.
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FIG. 7. Experimental PSTM
images obtained in the constan
intensity mode foruk5260°, and
wk590° in s polarization, with
l05632.8 nm. The lateral and
vertical dimensions of the Au
pads are 3003300 nm3 and 50
nm. The sequence of images i
the top part of a 3D view de-
scribes the evolution of the elec
tric field for different probe-to-
sample distances. The differen
images ~a!–~f! are obtained for
uz0u545 nm, uz0u5100 nm, uz0u
5140 nm, uz0u5180 nm, uz0u
5280 nm anduz0u5350 nm, re-
spectively; these values are give
for the center points of the im-
ages.
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greater ins polarization than inp polarization@compare the
profiles Figs. 4~c! and 5~c!#. This behavior is very differen
from that of a continuous thin metallic film.2 In this case, the
intensity near the metal-air interface is always greater ip
polarization than ins polarization. By looking more finely a
our results, we note that the intensity in the center of the
is higher inp polarization than ins polarization, and that the
oscillations around the pads are weaker around the diele
pads than the metallic pads. We also see that the oscilla
amplitudes near the metallic pad decrease when the dist
vertically increases. This is an indication that these osci
tions are issued from the reflections of the evanescent c
ponents which propagate on the substrate-air interface,
together interfere.

Experimentally, it is difficult to obtain images in the con
stant height mode. That is the reason why the constant in
sity mode is widely used in near-field microscopies. A
though Carminati and Greffet20 showed analytically that the
d

ric
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-
-

nd

n-

constant intensity image is qualitatively ‘‘proportional’’ t
the constant height image for a dielectric or metallic mes
copic structure, we have chosen to compare quantitativ
our experimental and simulated images obtained in the c
stant intensity mode. This comparison is presented in
next Sec. IV.

IV. IMAGES OBTAINED IN THE CONSTANT
INTENSITY MODE

Due to the previously mentioned difficulties in the co
stant height mode, we choose to study our sample in
constant intensity mode. During our experiments, we h
recorded a set of images ins ~Fig. 7! and p ~Fig. 8! polar-
izations for different intensity setpoint values. To compa
the experimental images with our simulated images, we
termine for each of them the distance between the probe
the surface for the center of the scanning range. We
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FIG. 8. The same sequence o
PSTM images as in Fig. 7, but ob
tained in p polarization. The dif-
ferent images~a!–~f! are obtained
for uz0u50 nm, uz0u540 nm, uz0u
580 nm, uz0u5130 nm, uz0u
5220 nm, anduz0u5370 nm, re-
spectively; these values are give
for the center points of the im-
ages.
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determine the exact distance of the probe in the center
each image because, on the last image@Fig. 8~a!#, the probe
has touched the top of the pad, and as we changed the v
of the setpoint of a well-defined value between two conse
tive images, we obtained a variation of the vertical pro
position between these two images.

The sample studied here is described in Sec. II. We h
repeated the experiments ins polarization then inp polariza-
tion, with the following parameters:l5632.8 nm, uk5
260°, and wk590°. We have systematically studied th
isointensity images of the electromagnetic field scattered
the sample on a 2.532.5-mm2 scanning range for differen
intensities. On the two sets of images obtained ins and p
polarizations, respectively, the probe moved away in the
der of 350 nm. The images presented in Figs. 7~a!–7~f! are
recorded for fiber-to-sample distances~in the center of the
image! equal touz0u545, 100, 140, 180, 280, and 350 nm
respectively, ins polarization. Inp polarization, the six im-
or

lue
-

e

e
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r-

ages shown in Fig. 8~a!–8~f! have been recorded for dis
tances equal touz0u50, 40, 80, 130, 220, and 370 nm, re
spectively.

The intensity above the metallic pad is described by
Rayleigh expansion, so it is relatively easy to reconstruct
images in the constant intensity mode. The knowledge of
absolute distances allows us to simulate the different ima
~Figs. 9 and 10! obtained in the constant intensity mod
corresponding to the experimental images. In this mode
represent the displacement~in nanometers! of the probe with
an absolute error inz equal to 1 nm. Ins andp polarizations,
the images presented have been calculated with the va
determined from the experimental recordings.

We notice an excellent agreement between the exp
mental and simulated images, especially inp polarization.
The set of images ins and p polarizations recorded versu
probe-sample distance@except in Figs. 7~a!, 8~f!, 9~f!, and
10~f!, where we leave the near-field zone# shows very differ-
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FIG. 9. Calculated images ob
tained with the differential
method, l05632.8 nm, uk5
260°, andwk590°, in the con-
stant intensity mode, ins polariza-
tion. The sequence of images from
~a! to ~f! is obtained for intensities
equal to I /I 050.35, I /I 050.26,
I /I 050.23, I /I 050.166, I /I 0

50.093, I /I 050.066, and I /I 0

50.025, respectively.
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ent forms, and have various evolutions versus probe-sam
distance. Ins polarization the field is always confined ne
the pads, and its distribution evolves slowly versus pro
sample distance in experimental and computed images.p
polarization the field distribution takes particular and co
plicated shapes. The field distribution evolves clearly ver
distance: it makes it easy to compare theoretical and exp
mental results. On the two sets of recorded images, the e
tromagnetic field around the metallic pads appears more
fined laterally ins polarization than inp polarization~Figs. 7
and 8!. In p polarization, we see that the electromagne
intensity above the Au pads appears as a pattern of diff
tion with a lobe in crescent shape@Figs. 8~b!–8~d!#. This
lobe disappears as the fiber leaves the evanescent re
@Figs. 8~e! and 8~f!#. In Figs. 8~a!–8~d! and 10~a!–10~d!, we
note the presence of a marked and localized hole above
metallic pad. Some oscillations appear around the pad:
are more visible in the theoretical images@Figs. 10~b!–
le

-

-
s
ri-
c-
n-

c
c-

ion

he
ey

10~f!#. We obtain such oscillations principally inp polariza-
tion @Figs. 8~c!–8~e!#. It is important to remark that the two
sets of images~Figs. 7 and 9! show a significant spatial lo
calization. However~principally in s polarization; see Fig.
7!, the oscillations and localizations due to the interferen
of the surface waves are partly hidden and attenuated by
‘‘speckle structure’’ resulting from the illumination of th
sample by a coherent source.21 This is particularly true for
great probe-to-sample distances, as shown in two sets of
ures: Figs. 7~f! and 9~f!, and 8~f! and 10~f!. This phenom-
enon is more marked for important probe-to-sample d
tances. We note that the agreement between experime
data and simulations is quantitative ins and in p polariza-
tions. This is shown by the vertical bars~on the right of the
images! representing the correspondence between the g
scales and the displacements of the tip. However, Fig. 8~a!
strongly differs from the calculated image@Fig. 10~a!#. This
difference can be explained by the two following hypot
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FIG. 10. The same sequenc
of calculated images as in Fig.
in p polarization. The sequenc
from ~a! to ~f! is obtained for in-
tensities equal toI /I 050.7, I /I 0

50.55, I /I 050.35, I /I 050.165,
I /I 050.045, and I /I 050.02, re-
spectively.
n
th
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rte
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ity
ob-
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ntal
with

ve
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to
f-
eses: first, during the scanning of Fig. 8~a! the tip touched the
pad surface; and, second, for short sample-to-probe dista
the assumption of a passive probe is not valid. From
whole serie of images obtained in the near-field of the m
tallic pads this assumption appears to be valid for distan
higher than a few tens of nanometers. In this case, as p
ously demonstrated for dielectric samples and probes,16,17the
intensity recorded is proportional to the square modulusuEu2

of the electric field in the absence of the probe. For sho
distances, a simulation taking into account the probe w
allow us to describe more exactly the collected intens
above the pad.

V. IMAGES OBTAINED IN THE
TWO-WAVELENGTH MODE

Through the agreement between experiments and sim
tion is good, one needs to record a great number of image
ces
e
-

es
vi-

r
ll
y

la-
to

be able to compare quantitatively results obtained withs or p
polarized incident light. Indeed, in the constant intens
mode previously described, two independent images
tained ins andp polarizations cannot be directly compare
as the paths followed by the tip during the two scannings
not the same. Therefore we thought of another experime
method, described below. We performed measurements
two illuminating sources at different wavelengths~Fig. 1!.
The first beam, a He-Ne laser, at wavelengthl re f5534.5 nm
~reference wavelength! is unpolarized (P51 mW!, while the
second beam from a He-Ne laser at wavelengthl25632.8
nm iss or p polarized. These two different laser beams ha
symmetric angles of incidence (uk15260°, wk1590° and
uk2560°, wk25290°; see Fig. 1!. While the optical fiber tip
is scanning, the collected light is divided into two parts by
232 fiber coupler with a power coupling efficiency of 50%
Light coupled into the right arm of the coupler is filtered
suppress thel2 wavelength. The remaining light, at the re
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erence wavelengthl re f , enables one to control the vertic
motion of the tip. We obtain an image in the constant inte
sity mode which defines a reference surface to be used
senquently. Light coupled into the left arm of the coupler
filtered to suppress thel re f wavelength, and is recorded by
photomultiplier tube to form another image atl2.

Thus we perform several consecutive scannings above
same surface of the sample, changing only the polariza
of the second beam. The images obtained in these two
larizations atl25632.8 nm~with reference atl re f5543.5
nm! can directly be compared. Such a comparison is relev
provided that the probe does not touch the sample or
feedback system does not fail to follow the same isointen
surface atl re f when thel2 beam is changing froms to p
polarization.

Figure 11~a! is an image taken atl re f5543.5 nm in the
constant intensity mode, and Fig. 11~b! shows an image
taken simultaneously atl25632.8 nm ins polarization. The
image corresponding top polarization, taken in a simila
manner, is shown in Fig. 11~c!. We do not represent th
constant intensity image recorded simultaneously with
11~c!: it is identical to Fig. 11~a!. In the images, only nine
pads appear because the scanning range reaches the e
the grating. In Fig. 11, the nine pads are not similar, a
therefore their electromagnetic diffraction patterns are diff
ent. This is probably due to the position of these pads on
edge of the grating, and also perhaps to a damaging of
sample. In spite of this, the near-field of metallic pads is w
distinguished on the images, despite the presence of po
ing agents~dust particles!, and the fact that the speckle stru
ture hide the oscillations around the metallic pads. In F
11~b! and 11~c!, we observe a polarization-dependent beh
ior when the fiber probe follows the reference surface. B
fore discussing experimental and theoretical results in
two-wavelength mode, we observe, from the gray scales
the right of Figs. 11~b! and 11~c!, that the detected intensit
is stronger ins polarization, as it was already emphasized
the constant intensity mode.

In Fig. 12, we represent the same sequence of ima
simulated with the differential method. The calculated ima
at the reference wavelength@Fig. 12~a!# is obtained for a
crossed grating with Au pads. To simulate the sample i
mination with an unpolarized laser beam atl re f5543.5 nm,
we averaged the intensities obtained fors and p polariza-
tions, respectively. The two images computed in Figs. 12~b!
and 12~c!, respectively, calculated with the wavelengthl2
5632.8 nm ins andp polarizations, are obtained from Fig
12~a! with a normalized constant intensity equal to 0.35. T
reference surface corresponding to the image obtaine
l re f5543.5 nm shows that the distance to the sample is
ways greater than 140nm above the pads. Under these co
ditions, the maximum intensity recorded ins polarization is
greater than inp polarization. This result is in agreeme
with the result given in Secs. III and IV. Although the im
ages are complicated, we find quite a good agreement
tween theory and experiment. This is true for the locali
tions of the optical intensity above and near the pads, as
as for the intensity modulations between the pads@Figs.
11~c! and 12~c!#. We see clearly in Figs. 12~b! and 12~c!, and
slightly on Figs. 11~b! and 11~c!, a symmetrical pattern be
tween the pads due at left to the reference surface and at
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to the l5632.8 nm source. In Fig. 11~b!, we note an exal-
tation of the localized electromagnetic field along a line p
pendicular to the projection on the substrate-air interface
the wave vectork2. This increase of the intensity is appare
on a band of width about 100 nm. The corresponding th
retical scattered intensity@Fig. 12~b!# shows a structure with
the same size. However, Fig. 12~c! shows an increase of th
intensity of light at each extremity of these lines, which
not obvious on the experimental images. This should be
tributed to the integration of the electromagnetic field by t

FIG. 11. Experimental PSTM images obtained in the tw
wavelength mode. The lateral and vertical dimensions of the me
lic pads are 3003300 nm2 and 50 nm!. ~a! is a top view of a 3D
image of the displacement of the optical fiber probe in nanomet
obtained in the constant intensity mode. The reference wavele
l re f5543.5 nm isobtained with the unpolarized He-Ne laser.~b!
and ~c! are top views of 3D images of the intensity collected~in
pW! for l25632.8 nm ins and p polarizations, respectively.~b!
and ~c! are recorded simultaneously with images obtained in
constant intensity mode~a!. The conditions of illumination with the
two wavelengths are symmetrical, as indicated in Fig. 1:uk15
260°, wk1590°, uk2560°, andwk25290°.
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probe whose size is about 100 nm.
These results demonstrate that with the two-wavelen

mode, it is possible to separate the effect of polarization fr
the effect of the probe-to-sample distance~see the hasty con
clusions given in Ref. 5 to separate the effects of polariza
and wavelength!. This mode could be used to discrimina
the effect of other parameters such as the wavelength (l2) or
the angle of incidence (u2) to observe, for example, a loca
enhancement of the field for a fixed reference beam. In
dition, this two-wavelength mode, by the choice of the r
erence wavelength (l re f) and the angle of incidence (u re f),

FIG. 12. Calculated images obtained in the two-wavelen
mode.~a! is a top image of a 3D image representing the displa
ment of the probe obtained in the constant intensity mode.
unpolarized reference wavelength,l re f5543.5 nm (nAu50.376
1 j 2.613), is obtained from a mixed intensity: 50% ins polarization
and 50% inp polarization. The lateral and vertical dimensions
the metallic pads are the same as in Fig. 11.~b! and ~c! are top
views of 3D images of the normalized intensity forl25632.8 nm
in s andp polarizations, respectively. For the simulation, we ha
respected the same conditions of illumination as for the recordin
the experimental images~Fig. 11!. We have represented one of th
Au pads on each image at the top right corner.
th

n

d-
-

allows one to vary continuously the distance of operation
the evanescent zone, and consequently to choose a su
reference surface for a study of a particular phenomenon

VI. CONCLUSION

Using the differential method, we have calculated t
electromagnetic field around metallic pads periodically d
tributed on a silica substrate and illuminated in TIR. Th
method is well adapted to periodic samples; it allows one
calculate the electromagnetic field diffracted by the sam
and to build up again the images obtained for the differ
modes of operation: the constant height mode, the cons
intensity mode, and the two-wavelength mode. As the rec
struction of the field from the Rayleigh expansion is re
tively easy, the comparison is possible whatever be the
perimental setpoint intensity value for our experimen
results obtained in the two last modes. Our simulations in
constant height mode show that the localization of the e
tromagnetic field can be strongly different from the shape
the pads. By comparing these results with the field diffrac
by dielectric pads with the same geometrical shape, it
pears that the enhancement is more important in the cas
metallic pads. For dielectric pads, the maximum intensity
localized just above the pad, whereas the ditribution of
field is more sensitive to the edges of metallic pads. V
close to the Au pad, the localization of the enhancemen
issued from the discontinuity of the permittivity between t
metal and the air. For the constant intensity mode, the m
surements show an excellent agreement with the corresp
ing simulations. These results, obtained ins andp polariza-
tions and for a probe-to-sample distance varying between
and 400 nm, confirm that, for the metallic sample, the inte
sity collected by the fiber tip~multimode fiber etched chemi
cally and nonmetallized! is proportional to the square modu
lus of the electric field. The recording of a set of images
the constant intensity mode for each polarization give us
distribution of the electromagnetic field in the near-field r
gion. However, it is not possible to determine quantitative
the effect of polarization by direct comparison of only tw
recorded images in each polarization. To study the effec
the polarization change, and to bypass the problem of
variation of the optical signal as a function of probe-t
sample distance, we use the so-called two-wavelength m
This mode allows us to study the change of incident po
ization, for a ‘‘controlled’’ probe-to-sample distance. Durin
the images scanning, the reference surface enables a
parison of images obtained by changing ins andp polariza-
tions or with various illumination parameters. The unde
standing of the formation of the electromagnetic field patt
above the metallic pads and the coupling with the probe
requires one to modify in a controlled way the probe-
sample distance in the evanescent zone. The two-wavele
mode allows one to do this. Other techniques exist to con
the probe-to-sample distance. Atomic force microsco
~AFM! or ‘‘shear force’’ techniques are commonly used
regulate this distance which is generally smaller than 20 n
The feedback of the two-wavelength mode can be regar
as a complementary feedback~AFM or shear force!. One of
its advantages is the possibility to choose a reference sur
in the optical near-field region more or less close to
sample. This reference surface differs from the sample
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pography and depends on the illumination conditions in
complicated way, while in the AFM or shear force techniq
this reference surface is related to the sample topogra
However, the advantage of a such control lies in the po
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