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Analysis of polarization effects on nanoscopic objects in the near-field optics
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This paper deals with the analysis of polarization around nanoscopic objects in near-field optics. The objects
are illuminated through a transparent glass substrate under the condition of total internal reflection. The use of
dielectric and metallic materials in the optical images is discussed. Using numerical simulations based on the
Green’s dyadic technique, we compute the total transmitted intensity of the scattered light and the different
Cartesian components associated with the electric field in the attenuated total reflection configuration at con-
stant height. The role of localized plasmon resonance is brought to the fore in the optical images of nanoscopic
metallic objects. This paper shows that it is possible to reduce the interferences due to backward scattering
from nanoscopic objects thanks to this polarimetry analysis.@S1063-651X~00!11309-1#
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I. INTRODUCTION

Optical microscopes@photon scanning tunneling micro
scope~PSTM! and scanning near-field optical microsco
~SNOM!# are based on the detection of the intensity ass
ated with the total electric field@1–5#. In particular, these
microscopes are presently considered as tools for the de
tion of optical signals associated with the total electric fie
uEW u2, using a dielectric tip in transmission for illumination i
total internal reflection~PSTM configuration! or the detec-
tion in far-field by illuminating objects by a tip~SNOM con-
figuration!. In order to study locally the polarimetry in nea
field optics for the PSTM configuration, it is necessary to u
tips which can detect one of the Cartesian components a
ciated with the electric field. Unfortunately, up to now, the
kinds of tips have not existed. However, the functional
allowing one to detect a signal proportional to the total o
tical magnetic field intensityuHW u2 associated with the light
wave was brought to the fore recently by using metalliz
tips @6,7#. The components which were not in the incide
electric field were created by the tridimensional structure
the near-field optics. A polarization analyzer at the exit of
fiber tip allows one to detect one of the Cartesian com
nents. The signal detected when turning the output anal
is thus related to one of the components relative to the e
tric field scattered by the three-dimensional objects depos
on a transparent substrate in the near-field optics. It is p
sible to detect at least one of the Cartesian components
tive to the electric field scattered by tridimensional stru
tures.

In magneto-optical thin films and three-dimensional ar
structures, polarization effects associated with the Kerr
Faraday effects in the far-field measurements@8,9# were con-
sidered. In this case, analysis of polarization shows the p
sibility of detecting a component of the electric field whic
was not in the incident field.

In this paper, we present numerical simulations to anal
the Cartesian components associated with the electric
scattered by nanoscopic objects in transmission. The ob
are illuminated through a glass substrate under the cond
of total internal reflection beyond the glass-air critical ang
Two modes of polarization are associated with the incom
1063-651X/2001/63~2!/026602~12!/$15.00 63 0266
i-

c-

e
o-

-

d
t
n
e
-
er
c-
d

s-
la-
-

y
d

s-

e
ld

cts
n
.
g

light: TE and TM modes. We chose the incident light to
linearly polarized with thez direction being perpendicular to
the glass-air interface. The TE mode (s polarization! corre-
sponds to an incident electric field, pointing towards thex
direction, perpendicular to the plane of incidence. The T
mode (p polarization! corresponds to a field parallel to th
plane of incidence. The calculations are based on Gre
dyadic technique using the Lippmann-Schwinger and Dy
equations for the computation of the scattered electric fi
and its associated Cartesian components.

Polarimetry studies are necessary to understand the
tered electric field behaviors in the near-field optical imag
analysis. In the PSTM configuration, surface waves app
due to the incident illumination. We will show that cuttin
the transmitted wave by analyzing at 90° from the incide
electric field, it is possible to reduce the interferences due
the backscattering light scattered by the objects. These in
ferences alter the resolution of the near-field optical imag
The surface waves due to scattering by mesoscopic ob
are indeed predominant compared to the effects relative
the confinement of the total electric field close to the str
tures. These experimental studies will outline effects relat
to the confinement of the electric field near the objects wh
are due to the topography of the defects deposited on
surface.

For this study, we will use different types of material
dielectric and metallic objects deposited on a glass subst
The role of localized plasmon resonance@10–12# will be
considered for the case of noble metals. We will show t
the absorption of different materials plays an important r
in understanding optical near-field images. In Sec. II,
detail the numerical procedure based on Green’s dyadic t
nique. Section III describes the near-field optical images
dielectric objects deposited on a glass substrate illumina
under the condition of total internal reflection. In Sec. IV, w
report numerical simulations on metallic and nanometric
jects with the same configuration of Sec. III. We chose to
a 1003100340 nm3 object deposited on a glass substra
The object is illuminated under the condition of total intern
reflection with an angle of incidenceu560°.

The detection in the near-field optics is performed at c
stant heighte5100 nm above the object. This height wa
©2001 The American Physical Society02-1
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026602-2 63N. RICHARD
chosen to show backscattering waves on the surface du
the defect. We consider that the index of refraction of
glass fixed to 1.5 does not depend on the incident wa
length. For the metallic objects, we took the optical consta
compiled in Ref.@13#.

II. SCATTERING THEORY FOR A SURFACE SYSTEM

Our theoretical analysis of the propagation of electrom
netic fields through arbitrary isotropic/anisotropic thre
dimensional objects is based on scattering theory. In
theory, one describes the scattering of waves relative
reference system. In the context of three-dimensional
jects, it is convenient to use a system such as the si
surface geometry composed of two semi-infinite isotro
media @14#. Let «1(z,v) be the frequency (v) dependent
dielectric function profile of this surface system. Assumi
that the electric and magnetic fields have a harmonic t
dependencee2 ivt in Maxwell’s equations, the vectoria
wave equation satisfied by the electric field is (c is the speed
of light in vacuum!

2¹W 3¹W 3EW ~rW !1
v2

c2
«1~z,v!EW ~rW !5VJ~z,v!EW ~rW !. ~1!

We introduce the surface~see Fig. 1! as follows.
For z.0, «1(z,v) corresponds to the dielectric functio

of the external medium:

«1~z,v!5«a~v!,

while for z,0, «1(z,v) is given by the dielectric function o
the substrate:

«1~z,v!5«sub~v!.

The perturbation dyadicVJ (rW,v) is defined by

FIG. 1. Geometry of a surface system separating two dielec
media of permittivity«a(v)51 (z.0, air! and «sub(v)52.25 (z
,0, glass substrate!, configuration of total internal reflection,u is
the angle of incidence (u560°), d is the lateral size of the pad
(d5100 nm),h its height (h540 nm), ande is the distance at
which the detection is performed (e5100 nm). Two modes of po-
larization are associated with the incident beam: TE and TM mo
to
e
e-
ts

-
-
is
a

b-
le
c

e

VJ~rW,v!5
v2

c2
@1J«a~v!2«J~rW,v! ~z.0!, ~2!

VJ~rW,v!50 ~z,0!. ~3!

«J(rW,v) is the dielectric tensor of the three-dimensional o
jects which are located in theupper zplane (z8.0). The
structure of this tensor is not limited to isotropic materia
the case of anisotropic materials can be treated because
technique can account for any kind of linear anisotropy.

The solution of the scattering problem is given by t
Lippmann-Schwinger equation:

EW ~rW !5EW 0~rW !1EW s~rW !, ~4!

where EW 0(rW) and EW s(rW) are the incident and the scattere
field.

We first show the two possible values of the wave-vec
component alongeW z (ki

25kx
21ky

2):

ka5Av2

c2
«a2ki

2, ~5!

ksub5Av2

c2
«sub2ki

2. ~6!

In the simple case where the incident field has the form
a plane wave, we have of course forz8.0 andz.0,

EW 0~rW !5AW eikW t•rW ~z.0!,

where we normalized the TE mode according to

AW 5
2ksub

ksub1ka
eW x ~7!

and the TM mode as follows:

AW 5
2ksubA«aA«sub

ksub«a1ka«sub
~2cosu teW y1sinu teW z!, ~8!

where u t is the angle of transmission,kW t5(v/c)A«a

3sinut eWy1(v/c)A«a cosut eWz5kWi1(v/c)A«a cosutez
W, and rW

5(x,y,z).
The scattered field is given by@B is the domain where

VJ (z8,v)Þ0#

EW s~rW !5E
B
drW8GJ ~rW,rW8;v!VJ~z8,v!EW ~rW8!. ~9!

In Eq. ~9!, GJ (rW,rW8;v) is Green’s dyadic defined by@d(rW

2rW8) is the Dirac delta function#

2¹W 3¹W 3GJ ~rW,rW8;v!1
v2

c2
«1~z,v!GJ ~rW,rW8;v!51Jd~rW2rW8!.

~10!

The numerical analysis is based on the discretization
this last Lippmann-Schwinger equation@15#.

ic

s.
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This leads to the three-dimensional vector Lippman
Schwinger equation:

EW ~rW8!5EW 0~rW8!1E
B
drW8GJ ~rW,rW8;v!VJ~z8,v!EW ~rW8!.

~11!
n

he

iu

r
tu
- The numerical analysis is based on the discretization
this last Lippmann-Schwinger equation@15#.

In order to solve the implicit equation~11!, we discretize
it in the direct space leading to a matrix equation:
S EW 1

EW 2

A

EW N

D 5S EW 1
0

EW 2
0

A

EW N
0

D 1S w1G11V1 w2G12V2 ••• wNG1NVN

w1G21V1 w2G22V2 ••• wNG2NVN

A A � A

w1GN1V1 w2GN2V2 ••• wNGNNVN

D S EW 1

EW 2

A

EW N

D ,

which can be expressed by
N is the number of points used for the discretization a
wi , i 51,N are the weights of the discretized integral~11!.

In order to find the electric field inside and outside t
multilayer structure, we just have to inverse the matrixM
thanks to the LU factorization.

The source coordinatez8 being positive, forz.0, the
dyadic Green’s tensor associated with the external med
GJ 0(rW,rW8;v) and the surface responseGJ s(rW,rW8;v) are added
for the total response of the system:

GJ ~rW,rW8;v!5GJ 0~rW,rW8;v!1GJ s~rW,rW8;v!.

Only thez8.0 andz.0 case will be considered in orde
to use the conventional approach in the photon scanning
neling optical microscopy~PSTM! configuration@1,2#.

Here, we detail the analytical structure ofGJ (rW,rW8;v). The
homogeneous 3D Green’s tensor is defined by

GJ 0~rW,rW8;v!5
1

4p2E dkW ie
ik i
W
•(r i

W2r i
W 8)gJ0~z,z8;kW i!

1
c2

v2«a

LJd~rW2rW8!, ~12!

where the tensorgJ0(z,z8;kW i) has the following form@16#:

gJ0~z,z8;kW i!5
eikauz2z8u

2ika
S 1J2

c2

v2«a

QJ D ~13!

with
d

m

n-

QJ5S kx
2 kxky

uz2z8u

z2z8
kxka

kxky ky
2 uz2z8u

z2z8
kyka

uz2z8u

z2z8
kxka

uz2z8u

z2z8
kyka ka

2

D .

~14!

In order to obtainGJ 0(rW,rW8;v), we must integrate Eq.~12!

on kW i. We know that

eikauz2z8u

2ika
5

1

2pE dkz

eikz(z2z8)

ka
22kz

2
. ~15!

We thus obtain the following integral:

GJ 0~rW,rW8;v!5E
kW
dkW S 1J2

1

q2
kW ^ kW D eikW (rW2rW8)

8p3~q22k2!
~16!

which can be written as follows:

GJ 0~rW,rW8;v!52S 1J2
1

q2
¹W ^ ¹W 8D eiqR

4pR
~17!

because

E
kW
dkW

eikW•(rW2rW8)

8p3~q22k2!
52

eiqR

4pR
,
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FIG. 2. A dielectric pad («510.0) of 1003100340 nm3 is deposited on a glass substrate. The incident beam is TE polarized wl
5633 nm.~a! Variation of the intensity associated with the total electric field.~b! Variation of the intensity associated with thex component
of the electric field.~c! Variation of the intensity associated with they component of the electric field.~d! Variation of the intensity
associated with thez component of the electric field. The detection is performed ate5100 nm above the dielectric pad.
ell
whereR5irW2rW8i . We start from Eq.~17!, where we desig-
nate by¹W 8 the gradient according torW8. The calculation of
this formula leads to

GJ 0~rW,rW8;v!52S 1J21J
12 iqR

q2R2

2RW ^ RW
2313iqR1q2R2

q2R4 D eiqR

4pR
.

The tensor

LJ5S 1/3 0 0

0 1/3 0

0 0 1/3
D ~18!
accounts for the depolarization of a discretized cubic c
which has the shape of a sphere@17#. The dyadicGJ s(rW,rW8;v)
describing the surface response whenz.0 is

GJ s~rW,rW8;v!5
1

4p2E dkW i eik i
W
•(r i

W2r i
W 8)gJs~z,z8;kW i!, ~19!

where the tensorgJs(z,z8;kW i) is written as

gJs~z,z8;kW i!

5
1

ki
2 S kx

2Dxx1ky
2Dyy kxky~Dxx2Dyy! kikxDxz

kxky~Dxx2Dyy! ky
2Dxx1kx

2Dyy kikyDxz

kikxDzx kikyDzx ki
2Dzz

D ,

~20!
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FIG. 3. A dielectric pad («510.0) of 1003100340 nm3 is deposited on a glass substrate. The incident beam is TM polarized
l5633 nm. ~a! Variation of the intensity associated with the total electric field.~b! Variation of the intensity associated with thex
component of the electric field.~c! Variation of the intensity associated with they component of the electric field.~d! Variation of the
intensity associated with thez component of the electric field. The detection is performed ate5100 nm above the dielectric pad.
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Dxx52
c2

v2«a

ka
2 ka«sub2ksub«a

ka«sub1ksub«a

eika(z1z8)

2ika
, ~21!

Dyy5
ka2ksub

ka1ksub

eika(z1z8)

2ika
, ~22!

Dzx5
c2

v2«a

kaki
ka«sub2ksub«a

ka«sub1ksub«a

eika(z1z8)

2ika
, ~23!

Dxz52
c2

v2«a

kaki
ka«sub2ksub«a

ka«sub1ksub«a

eika(z1z8)

2ika
, ~24!
Dzz5
c2

v2«a

ki
2 ka«sub2ksub«a

ka«sub1ksub«a

eika(z1z8)

2ika
. ~25!

We now write the surface Green’s tensor 3D in the qu
sistatic approximation. The electrostatic approximation
curs when we neglect the delay effects related to the tem
ral evolution in the surface Green’s tensorGJ s(rW,rW;v).
Therefore, we set the light speed tending towards infinity,
though the objects behave as electrostatic dipoles. It t
comes back to neglect the magnetic effects~we eliminate the
magnetic field in Maxwell’s equations by this approxim
tion! and only the electric field scattered by the structu
shows up. This approximation makes sense here because
study is based on small objects which are not so far aw
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from each other. Moreover, the propagation and also the
servation are realized for a distance close to the obje
Thus, the following calculations are only valid for small o
jects in thez.0 region and the observation will be don

FIG. 4. A gold pad of 1003100340 nm3 is deposited on a
glass substrate.~a! Variation of the maximum intensity associate
with the total electric field for the TM mode~solid line! and for the
TE mode~dashed line! as a function of the incident wavelength.~b!
Variation of the maximum intensity associated with thex compo-
nent ~solid line!, the y component~dashed line!, and thez compo-
nent~dotted dashed line! of the electric field for the TM mode as
function of the incident wavelength.~c! Variation of the maximum
intensity associated with thex component~solid line!, the y com-
ponent~dashed line!, and thez component~dotted dashed line! of
the electric field for the TE mode as a function of the incide
wavelength. The detection is performed ate5100 nm above the
metallic pad.
b-
ts.
close to them in the medium of dielectric permittivity«a(v).
By integrating Eq.~19! on kW i, the Green’s tensor elemen
relative to the surface~21!–~25! in the electrostatic approxi
mation, we obtain

t

FIG. 5. An aluminum pad of 1003100340 nm3 is deposited
on a glass substrate.~a! Variation of the maximum intensity asso
ciated with the total electric field for the TM mode~solid line! and
for the TE mode~dashed line! as a function of the incident wave
length.~b! Variation of the maximum intensity associated with th
x component~solid line!, the y component~dashed line!, and thez
component~dotted dashed line! of the electric field for the TM
mode as a function of the incident wavelength.~c! Variation of the
maximum intensity associated with thex component~solid line!, the
y component~dashed line!, and thez component~dotted dashed
line! of the electric field for the TE mode as a function of th
incident wavelength. The detection is performed ate5100 nm
above the metallic pad.
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GJ s~rW,rW8;v!5
1

4p

c2

v2«a

«sub2«a

«sub1«a
GJ s~rW,rW8;v!, ~26!

whereGJ s8(rW,rW8;v) has the following elements:

FIG. 6. A chromium pad of 1003100340 nm3 is deposited on
a glass substrate.~a! Variation of the maximum intensity associate
with the total electric field for the TM mode~solid line! and for the
TE mode~dashed line! as a function of the incident wavelength.~b!
Variation of the maximum intensity associated with thex compo-
nent ~solid line!, the y component~dashed line!, and thez compo-
nent~dotted dashed line! of the electric field for the TM mode as
function of the incident wavelength.~c! Variation of the maximum
intensity associated with thex component~solid line!, the y com-
ponent~dashed line!, and thez component~dotted dashed line! of
the electric field for the TE mode as a function of the incide
wavelength. The detection is performed ate5100 nm above the
metallic pad.
Gs,xx8 ~rW,rW8;v!5
2~x2x8!22~y2y8!22~z1z8!2

R8
,

~27!

Gs,xy8 ~rW,rW8;v!5
3~x2x8!~y2y8!

R8
, ~28!

Gs,xz8 ~rW,rW8;v!52
3~x2x8!~z1z8!

R8
, ~29!

Gs,yx8 ~rW,rW8;v!5Gxy8
s~rW,rW8;v!, ~30!

Gs,yy8 ~rW,rW8;v!5
2~y2y8!22~x2x8!22~z1z8!2

R8
,

~31!

Gs,yz8 ~rW,rW8;v!52
3~y2y8!~z1z8!

R8
, ~32!

Gs,zx8 ~rW,rW8;v!52Gxz8
s~rW,rW8;v!, ~33!

Gs,zy8 ~rW,rW8;v!52Gyz8
s~rW,rW8;v!, ~34!

Gs,zz8 ~rW,rW8;v!52
2~z1z8!22~x2x8!22~y2y8!2

R8
,

~35!

with R85@(x2x8)21(y2y8)21(z1z8)2#5/2. In the case of
objects deposited on surfaces, we must add to the sur
Green’s tensor the homogeneous one,GJ 0(rW,rW8;v), as we
have seen before because we are in thez8.0 andz.0 re-
gion of dielectric permittivity«a(v).

III. DIELECTRIC OBJECTS

A 1003100340 nm3 dielectric object is illuminated a
l5633 nm through a glass substrate under the condition
total internal reflection. The angle of incidence is 60°. T
detection is performed ate5100 nm above the pad of di
electric permittivity«510.0. We compute the total intensit
associated to the electric field and to each Cartesian com
nent for the TE mode~Fig. 2! and for the TM mode~Fig. 3!.
The intensities are normalized according to the incident lig
It is known that in the near-field optics, a strongz component
of the electric field exists since this one does not appea
reflectivity/transmission or in the scattering computations
far-field. Moreover, it is also important to see its evolutio
with the incident polarization~TE and TM modes!.

In the TE mode, we can see first that the intensity ass
ated to the total electric field shows a confinement of
electric field close to the lateral sides of the pad along thx
direction @Fig. 2~a!#. Nevertheless, interference phenome
due to the backward scattering effects of the incident light
the object are more accentuated in the near-field optical
age@Fig. 2~a!#. Second, we can see that thex component of
the electric field, which is the incident one, is major@Fig.
2~b!# compared to the others@y and z components in Figs.

t
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FIG. 7. An aluminum~left!, a gold~middle!, and a chromium pad of 1003100340 nm3 are deposited on a glass substrate. The incid
beam is TM polarized withl5400 nm.~a! Variation of the intensity associated with the total electric field.~b! Variation of the intensity
associated with thex component of the electric field.~c! Variation of the intensity associated with they component of the electric field.~d!
Variation of the intensity associated with thez component of the electric field. The detection is performed ate5100 nm above the metallic
pad.
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2~c! and 2~d!#. We can see in Fig. 2~c! that the interferences
on the images due to the backscattering reflected wave on
object disappeared. Only the effects due to the confinem
of the field around the object show up and are related to
topography of the object on the surface.

The same behavior can be seen in Fig. 2~d! for the z
component of the electric field, which shows optical effe
due to the topography of the object. However, the intensi
are greater for this component@Fig. 2~d!# compared to the
other one@Fig. 2~c!#. This shows the predominance of thez
component of the electric field compared to the one para
to the surface (y component! in the near-field optical images
We can see that they component and thez-component rep-
resent, respectively, 0.5% and 2.5% of the intensity ass
ated to the total electric field. Moreover, they component
shows an electric field which is well confined at the corn
of the dielectric pad@Fig. 2~c!# whereas thez component
displays the same strong effects on the lateral sides of
pad along thex direction @Fig. 2~d!#. By these optical pat-
terns, we can distinguish thex component of the electric field
from thez component.

In the TM mode, we can see first that the optical imag
for the intensity associated with the total electric field and
each Cartesian component are different compared to the
mode. Consequently, the polarization plays an important
when analyzing the effects in the near-field optics. In t
mode, we can see first that the intensity associated with
total electric field shows a confinement of the electric fie
above the upper side of the dielectric pad along thez direc-
tion @Fig. 3~a!#. As in the TE mode, interference phenome
on the surface due to the backward scattering effect of
incoming light on the dielectric object show up in the optic
he
nt
e

s
s

el

i-

s

he

s
r
E

le
s
he

e
l

image @Fig. 3~a!#. Second, they component and more par
ticularly thez component of the electric field which are a
sociated with the incident one are major@Figs. 3~c! and 3~d!#
compared to the other one@x component in Fig. 3~b!#. We
can see in Fig. 3~b! that the interferences on the images d
to the backscattering reflected wave on the object dis
peared. Only the effects due to the confinement of the fi
around the object show up and are related to the topogra
of the object on the surface as in the TE mode.

We can thus see that thex component, they component,
and thez component represent, respectively, 0.5%, 24.5
and 75% of the total intensity. We also show in this case t
the z component of the electric field is stronger in the ne
field optical images compared to they one. Moreover, thex
component shows an electric field which is well confined
lateral sides~along thex direction! and also on the corners o
the pad@Fig. 3~b!#, whereas they component and thez com-
ponent display both interferences due to the incident li
and a confinement of the electric field, respectively, on
lateral sides along they direction and on the top of the pa
along thez direction@Figs. 3~c! and 3~d!#. It is thus possible
to distinguish these three components in the near-field op
The forward scattering (y.0) shows up in the optical im-
ages@Fig. 2~a! and Fig. 3~a!#.

Thanks to this study, we show that the analysis of pol
ization in the near-field optics leads to eliminating interfe
ences on the surface. This analysis also shows the weig
each Cartesian component in the near-field optical image

Similar effects can be found for any kind of material
real positive dielectric permittivity. The behaviors are acce
tuated as the dielectric permittivity increases. Neverthele
the intensity variations associated to the component that
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FIG. 8. An aluminum~left!, a gold~middle!, and a chromium pad of 1003100340 nm3 are deposited on a glass substrate. The incid
beam is TE polarized withl5400 nm.~a! Variation of the intensity associated with the total electric field.~b! variation of the intensity
associated with thex component of the electric field.~c! Variation of the intensity associated with they component of the electric field.~d!
Variation of the intensity associated with thez component of the electric field. The detection is performed ate5100 nm above the metallic
pad.
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not in the polarization of the incoming light~for the TE
mode,y andz components; for the TM mode,x component!
are not sufficiently high to detect them experimentally. In
experimental setup, it is necessary to have almost 10% o
total intensity to detect this polarization effect properly usi
the photon scanning tunneling microscope configurati
Metallic objects which show high increasing intensity effe
associated to each Cartesian component in the near-field
tics are thus more suitable.

Particularly, the localized plasmon resonance of no
metals leads to an enhancement of the electric field aro
nanoscopic objects in the near-field optical images. This fi
enhancement can also be detected in the far-field scatte
cross-section spectra@18#. Moreover, we will use in Sec. IV
different metallic materials in order to show the role of a
sorption behaviors in the optical images at the same cons
height. Consequently, it is necessary to make spectrosc
computations by varying the incident wavelength. This te
nique shows which wavelength, in the visible range, dem
strates an exaltation of the electric field due to the meta
properties of the object in the near-field optics.

IV. METALLIC OBJECTS

In this section, we choose to study three different us
metallic materials, i.e., gold, aluminum, and chromium. Go
is used as a generic noble metal~as copper and silver! and
shows a localized plasmon resonance behavior for nano
ric objects. Aluminum is well-known for its high reflectin
properties. As a comparison, we will finally study chromiu
which has approximately the same absorption of alumin
but no such strong reflectivity in the visible range.
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We illuminate a 1003100340 nm3 Au pad through a
glass substrate under the condition of total internal reflec
with an angle of incidence of 60°. To check resonance
haviors, we compute the intensity associated to the total e
tric field and to the Cartesian components in order to se
the increase of the total intensity provides enhancemen
the other components.

First, to check the reliability of the numerical techniqu
we calculate the maximum intensity associated to the t
electric field for the Au pad as a function of the incide
wavelength for the TE and TM modes@Fig. 4~a!#. This lat-
eral sized5100 nm of the gold particle was chosen becau
it leads to the excitation of the localized plasmon resona
for a wavelength close to the HeNe one (l5640 nm),
which was shown in previous papers@10,18#. In Fig. 4~a!, we
can see an increase of the intensity, which is materialized
a peak in its variation with the incident wavelength atl
5640 nm for both TM and TE modes.

A localized plasmon resonance depends on the lat
sizes of the particle and also on the index of refraction of
surrounding medium. If we increase the lateral sizes,
peak corresponding to the localized plasmon excitation w
be shifted to higher wavelengths@18#. The metallic object
reacts as a dipole parallel to the surface@19# and emits light
mainly perpendicularly to the dipole axis. Moreover, t
angle of incidence does not change the emission wavele
in transmission for which the localized plasmon resona
takes place@18#.

We show in Figs. 4~b! and 4~c! the variations of the in-
tensities associated to each Cartesian component in both
and TM modes. We can see that the resonance al
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FIG. 9. An aluminum~left!, a gold~middle!, and a chromium pad of 1003100340 nm3 are deposited on a glass substrate. The incid
beam is TM polarized withl5633 nm.~a! Variation of the intensity associated with the total electric field.~b! Variation of the intensity
associated with thex component of the electric field.~c! Variation of the intensity associated with they component of the electric field.~d!
Variation of the intensity associated with thez component of the electric field. The detection is performed ate5100 nm above the metallic
pad.
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5640 nm increases the intensities of each component
dielectric objects show, thez component is predominan
compared to they one created by the topography of the o
ject for the TE mode in the near-field spectra@Fig. 4~c!#. The
y component and thez component represent approximative
10% and 35% of the intensity associated to the total elec
field at 640 nm. Similarly, for the TM mode, thez compo-
nent is major compared to they one as for dielectric object
@Fig. 4~b!#. Thex, y, andz components represent approxim
tively 10%, 30%, and 60% of the total intensity at 640 nm

We can see also that there is an increase of the inten
associated to the total electric field and to its Cartesian c
ponents for wavelengths lower than 500 nm~Fig. 4!. As a
comparison, we did the same spectroscopy analysis fo
and Cr~Figs. 5 and 6!. For l5633 nm, we can see that th
effects for the intensity variations are lower than those fou
at the localized plasmon resonance of Au but neverthe
higher than the dielectric case~Figs. 5 and 6!. As for Au, the
intensities associated to the total electric field and to e
Cartesian component are greater for wavelengths lower
500 nm for both modes of polarization TE and TM~Figs. 5
and 6!. These effects can be attributed to the metallic asp
in the blue range and not to a localized plasmon resona
because this happens for the three different metals—g
aluminum, and chromium—for the same wavelengths ra
lower than 500 nm~Figs. 4, 5, and 6!.

For aluminum and chromium, this increase of the to
intensity involves the enhancement for each Cartesian c
ponent@Figs. 5~b! and 5~c!, 6~b! and 6~c!# as we saw for gold
previously @Figs. 4~b! and 4~c!#. However, the effects are
more accentuated for aluminum compared to chromium~Fig.
5 and Fig. 6! . These behaviors prove the role of absorpti
in the metallic materials. As chromium is a more absorb
s
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one, the increased effects associated with the intensities
thus reduced for wavelengths lower than 500 nm compa
to aluminum~Fig. 6!.

We mapped the intensity associated with the total elec
field and with each Cartesian component at constant he
e5100 nm above three different pads: one in aluminu
one in gold, and another one in chromium. The maps w
realized for two different wavelengths:l5400 nm ~Fig. 7
and Fig. 8! andl5633 nm~Fig. 9 and Fig. 10!. These were
chosen to show the effects of aluminum and chromium
l5400 nm and the localized plasmon resonance of gold
the HeNe wavelength. The optical images~Figs. 7 and 8!
show that forl5400 nm, the aluminum and the chromiu
pads show up in the intensity variations compared to the g
one. Moreover, the effects are accentuated for alumin
compared to chromium because Cr has more absorbing
less reflecting properties compared to Al. One could find
same effects for materials of similar reflecting propert
with different absorption behaviors. This spectrosco
method leads to a new technique which enables us to re
nize two similar materials in absorption but with differe
reflecting properties. We can see in Fig. 7~a! that the inten-
sity associated with the total electric field is well confined
the upper side of the pads~along thez direction! for the TM
mode and in Fig. 8~a! on the lateral sides of the pad in the T
mode~along thex direction!.

Interference behaviors due to the backward scattering
the pads (y,0) show up in Fig. 7~a! and in Fig. 8~a!. More-
over, the forward scattering (y.0) shows up in the optica
images. If we analyze the intensity due to thex component of
the electric field in the TM mode@Fig. 7~b!# and the intensity
associated to they component in the TE mode@Fig. 8~c!#, we
see that these scattering effects are eliminated and only
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FIG. 10. An aluminum~left!, a gold~middle!, and a chromium pad of 1003100340 nm3 are deposited on a glass substrate. The incid
beam is TE polarized withl5633 nm.~a! Variation of the intensity associated with the total electric field.~b! Variation of the intensity
associated with thex component of the electric field.~c! Variation of the intensity associated with they component of the electric field.~d!
Variation of the intensity associated with thez component of the electric field. The detection is performed ate5100 nm above the metallic
pad.
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to
finement of the electric field on the corners of the pads du
the topography of the objects shows up in the optical imag
As we saw for dielectric objects, the intensity associated w
thez component of the electric field is major compared to
x andy ones in the TM mode and greater than they one in
the TE mode~Figs. 7 and 8!. This z component of the elec
tric field is well-confined on the upper side of the pad in t
TM mode and on the lateral sides for the TE one as
dielectric objects show but with stronger effects due to
metallic properties@Fig. 7~d! and Fig. 8~d!#.

Nevertheless, we can see that for the TE mode, the an
sis of the optical image for thex component of the electric
field shows different behaviors compared to dielectric o
jects: the confinement of the electric field along thex direc-
tion does not exist and the intensities are greater for met
objects compared to dielectric ones. Similar effects can
analyzed for the gold pad at its localized plasmon resona
for the HeNe wavelengthl5633 nm ~close to 640 nm!
~Figs. 9 and 10!. The effects for this wavelength are strong
for the gold particle compared to the Al and Cr ones beca
the localized plasmon resonance takes place and it invo
an increase of the intensity associated with the total elec
field and its Cartesian components.

V. CONCLUSION

The analysis of polarization in the near-field optics sho
that it is possible to eliminate scattering behaviors associ
with the total electric field by the detection of one of th
to
s.
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Cartesian components for the electric field. The interferen
are then completely eliminated. Only confinements due
the topography of the object are predominant in the ne
field optical images by the analysis of the different comp
nents. Moreover, this study shows that a spectroscopic an
sis performed by varying the incident wavelength is able
separate the resonance behaviors from the metallic prope
~absorption! of the materials. The optical images realized f
two different wavelengths show the possibility to distingui
Al, Cr, and Au particles at constant height. This procedu
can be exploited experimentally in the PSTM configurati
by the use of an analyzer placed at the exit of the fiber
Rotating the analyzer shows the possibility to detect at le
one of the Cartesian components associated with the ele
field. The extension to the SNOM configuration can be p
vided by a similar experimental technique. In this case,
analysis of polarization can be performed by placing an a
lyzer between the objective and the output detection and
luminating the system with fiber tip in near-field. This lea
to an alternative method for the analysis of optical images
near-field optics.
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