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Near-field optical contrasts in the Fresnel evanescent wave
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The surface waves generated by total internal reflection at the surface of a transparent material may be
viewed as quasi-two-dimensional, because they decay exponentially in the direction normal to the sample
surface. These waves are appropriate to analyze polarization effects associated with light confinement phe-
nomena in near-field optics. In this paper we derive four useful analytical relations governing the near-field
contrast around dielectric nanometer-sized particles versus a limited number of external parameters. In the
p-polarized mode, unlike to what happens with the electric near field, we show that the magnitude of the
magnetic near-field contrast can be adjusted by increasing the incident angle beyond the critical angle.
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PACS number~s!: 42.30.Yc, 33.80.2b, 78.66.2w, 85.40.Ux
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I. INTRODUCTION

The physics of optical evanescent waves~OEW! which is
the central concept used in near-field optics~NFO! instru-
mentation has been familiar in traditional optics for a lo
time. The analysis of the skin depth effect at metallic s
faces was probably the first recognition of the existence
evanescent electromagnetic waves@1,2#. In modern physics,
the control of such peculiar light fields provides an intere
ing and versatile tool that generates powerful applicati
~tunneling time measurements@3#, highly resolved micros-
copy and spectroscopy@4#, atomic physics@5,6#, etc.!. For
example, inlaser cooled atomphysics such phenomena ca
be used as adjustable ‘‘atomic mirrors.’’ Under certain co
ditions, it is even possible, by adjusting the force field as
ciated with the OEW to balance the van der Waals for
between a small number of cooled atoms and the neigh
ing surface. The control of the different optical paramet
~incident angle, polarization, wavelength, etc.! leads to new
noninvasive atomic manipulation processes@5#.

About ten years ago, in a different context, the attenua
total reflection that uses the perturbation of a surface eva
cent wave to measure the dispersion relations of interf
polaritons gave rise to a particular configuration of scann
near-field optical microscope called the ‘‘scanning tunnel
optical microscope’’~STOM! @alternatively called ‘‘photon
scanning tunneling microscope’’~PSTM!# @7,8#. This con-
cept has been tested and investigated by numerous ex
mental and theoretical studies@9#. One of the most fascinat
ing observations realized with this local probe technique w
the real-space mapping of the interference pattern create
two contrapropagating OEW near a glass substrate@10#. In-
deed, in spite of their evanescent character, two differ
OEW have the capability of interfering over the supporti
surface. The observation of this intriguing optical pheno
ena was first reported by Meixneret al. in the STOM-PSTM
configuration. In particular, the extremely regular period
intensity pattern above the surface can be used as a ca
tion tool for NFO instruments.

Currently, this photonic local probe added a new dime
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sion to the study of the optical properties of small partic
lying on a surface. Simultaneously, several adequate num
cal methods have been developed to understand the n
field optical interaction with mesoscopic and nanoscopic
jects @4#. These simulations clearly evidenced the differe
roles played by bothelectric andmagneticfields in the near
zone@11#. They indicated unambiguously that the individu
structures lying on the surface distort the optical near-fi
intensities established by the self-consistent interaction
tween the surface roughness and the incident light. Part
larly, it was demonstrated that when the lateral dimensi
of tiny objects are significantly smaller than the incide
wavelength, the interference pattern collapses and the op
electric near-field intensity distribution tends to be fairly we
localized around the objects@11#. Under well-defined condi-
tions on the incident field~polarization, wavelength! a highly
localized electric near-field intensity occurs just above
subwavelength protrusions. Recently these consideration
cilitated the interpretation of this peculiar NFO phenomen
For example, a simple dielectric cube of cross section 1
3100 (nm2) was imaged with the dielectric tip of a STOM
PSTM with a bright contrast when the surface wave wasp
polarized and with a dark contrast when it wass polarized
@12#.

Actually, the analysis of the numerical outputs yielded
those accurate numerical schemes may be made easie
elaborating upon some analytical expressions in which
main experimental parameters~incident angle, optical index
polarization modes, etc.! occur explicitly. In this paper we
derive four useful analytical relations governing the ne
field contrast around dielectric nanometer-sized particles
sus a limited number of external parameters. In particu
from analytical arguments it will be demonstrated that unl
what happens with the electric near field, in thep-polarized
mode the magnitude of the magnetic near-field contrast
be adjusted by increasing the incident angle beyond the c
cal angle for total reflection.

II. POLARIZED FRESNEL EVANESCENT WAVE

In this basic illumination mode, the surface wave is ge
erated by illuminating the surface from underneath by
1081 © 1998 The American Physical Society
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1082 PRE 58GIRARD, DEREUX, AND WEEBER
monochromatic plane wave of frequencyv0 , incident at an
angleu0 larger thanu tot . Throughout the paper we will con
sider a transparent medium of optical indexn. Two different
incident polarizations can be considered:s polarization,
where the incident electric field is parallel to the surface-
interface, andp polarization, where it is in the plane of in
cidence.

The incident field at an observation pointr5(x,y,z)
5( l,z) above the surface becomes

E0~r ,t !5E0~r !e2 iv0t5E0e
ik• le2Kze2 iv0t, ~1!

where

K5
v0

c
~sin2u02sin2u tot!

1/25k0~n2sin2u021!1/2 ~2!

and

iki5nk0sinu0 . ~3!

When, for example, the incident field is propagating alo
the OY axis, one obtains fors polarization:

E0x~r !5A0Ts,
~4!

E0y~r !5E0z~r !50,

and forp polarization:

E0x~r !50,

E0y~r !5A0Tpdc , ~5!

E0z~r !5A0Tpds ,

where

ds5
sin~u0!

sin~u tot!
,

~6!

dc5
iK

k0sin~u tot!
.

In Eqs. ~2! and ~3!, A0 is proportional toeik–le2Kz, and the
factorsTs andTp are the usual transmission coefficients f
each polarization. From these relations@Eqs. ~1!, ~4!, and
~5!#, we can obtain the magnetic fieldB0(r ,t) of the surface
wave

B0~r ,t !5
c

iv0
¹3E0~r ,t !. ~7!

III. COUPLING WITH A SUBWAVELENGTH-SIZED
DIELECTRIC SPHERE

To illustrate the coupling between a polarized fresnel e
nescent wave~PFEW! and a small spherical object lying o
the sample, we consider the model system described in
1. The geometrical parameters used in this calculation
reported in the corresponding figure caption. The subst
modifies the polarizabilitya0(v) of the particle. We then
have
ir

g

-

ig.
re
te

ae f~R,v!5a0~v!M ~R,v! ~8!

with

M ~R,v!5@ I2S~R,R,v!a0~v!#21, ~9!

where S(R,R,v) is the nonretarded propagator associa
with the bare surface, andR5(0,0,R) labels the particle lo-
cation. Within this description, the optical properties of t
spherical particle-surface supersystem are described in te
of ‘‘dressed’’ polarizability. In the past, several theoretic
works@13# have been devoted to its calculation with molec
lar systems interacting with simple substrates~spheres, cyl-
inders, planes, etc.!. If the particle polarizabilitya0(v) is
initially isotropic, the symmetry of the tensorae f(R,v) is
governed mainly by the symmetry of the substrate. In
particular case of a single spherical particle interacting wit
perfectly planar surface, the dyadic tensorM (R,v) becomes
diagonal and, consequently,ae f(R,v) belongs to theC`v
symmetry group. In this case,ae f may be described with two
independent componentsa uu

e f anda'
e f @13–15#:

ae f~R,v!5S a i
e f~R,v! 0 0

0 a i
e f~R,v! 0

0 0 a'
e f~R,v!

D
~10!

with

a i
e f~R,v!5

8a0~v!R3

8R32a0~v!D~v!
~11!

and

a'
e f~R,v!5

4a0~v!R3

4R32a0~v!D~v!
. ~12!

In these two relations, the factorD(v)5@e(v)21)]/@e(v)
11# is merely the nonretarded reflection coefficient of t
surface. Let us notice that when working with two dielect
materials of low optical indexes, the anisotropic ratio defin
by

FIG. 1. Schematic drawing of the model system used in
present paper. A tranparent substrate, of optical indexn51.5, sup-
ports a small dielectric sphere of diameterD. The system is illumi-
nated in total internal reflection with an incident angleu0 and R
5(0,0,D/2).
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j5
a'

e f

a i
e f

~13!

remains always close to the unity over all the optical sp
trum. In this case, we can easily verify that the effect
polarizability of the particle can be replaced by the polar
ability of the free particle with an excellent approximatio
This approximation is no longer valid when dealing wi
metallic objects for which all further calculations must
performed on the basis of Eqs.~11! and ~12!.

IV. NEAR-FIELD CONTRASTS

A. Basic equations

At a point r located above the sample at the immedi
proximity of the particle, the incident homogeneous surfa
wave is locally distorted. In fact, the fluctuating dipole m
mentm(R,v0)5ae f(R,v0)•E0(R,t) induced inside the par
ticle, produces two additional contributions to the elect
magnetic field. At the first Born approximation, we can wr

E~r ,t !5E0~r ,t !1S0~r ,R!•ae f~R,v0!•E0~R,t ! ~14!

and

B~r ,t !5B0~r ,t !1Q0~r ,R,v0!•ae f~R,v0!•E0~R,t !,
~15!

where the dyadic tensorsS0(r ,R) and Q0(r ,R,v0) are the
two usual free space propagators that describe how an
trary dipole radiates electromagnetic energy@16#. In the
near-field zone, i.e., whenur2Ru , l052pc/v0, they can
be expressed by

S0~r ,R!5
3~r2R!~r2R!2ur2Ru2I

ur2Ru5
~16!

and

Q0~ r , R,v0!5
iv0

cu r2 Ru3S 0 2~z2R! y

z2R 0 2x

2y x 0
D .

~17!

B. Dark or bright constrasts

Current experimental measurements provide us w
many images in which the small surface protrusions gen
ally appear with either dark or bright contrast, correspond
to either a smaller or a larger number of detected photons
this section, from Eqs.~14! and ~15!, we will derive four
useful analytical expressions that show explicitly the dep

TABLE I. Contrast in thes polarized mode.

Field u0 Sign Predicted Decay
intensity dependence ofh contrast law

Electric negligible negative dark r 23

Magnetic weak positive bright r 22
-

-
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-
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dence of the near-field intensity constrast with respect to
external parameters. This can be achieved by defining
dimensionless coefficients depending on the location of
observation pointr :

he~r !5
uE~r !u2

uE0~r !u2
21 ~18!

and

hm~r !5
uB~r !u2

uB0~r !u2
21. ~19!

When the observation point~that could be physically mate
rialized by a sharp probe! is located just on the top of the
particle @i.e., whenr 5 R0 5 (0,0,Z0)#, both the sign and
magnitude of these coefficients provide direct information
the light confinement phenomenon. Considering the t
usual polarization modes~labeled by the subscriptss andp),
we can then derive four formula.

~1! s-polarized mode:

he,s52
2a i

~Z02R!3
$11o~ uZ02Ru26!% ~20!

and

hm,s5
2a ik0~n2sin2u021!1/2

~2n2sin2u021!~Z02R!2
$11o~ uZ02Ru24!%.

~21!

~2! p-polarized mode:

TABLE II. Same as in Table I but for thep polarized mode.

Field u0 Sign Predicted Decay
intensity dependence ofh contrast law

Electric weak positive bright r 23

Magnetic strong negative dark r 22

FIG. 2. Series of scanlines calculated above the topogra
object described in Fig. 1 (D530 nm). Five increasing values o
u0 have been successively considered (42°, 48°, 60°, 70°,
80°).



g
he
ect
:

1084 PRE 58GIRARD, DEREUX, AND WEEBER
FIG. 3. Sequence of four images describin
the evolution of the depression created in t
magnetic intensity map above the same obj
~cf. Fig. 1! when increasing the incident angle
~a! u0542°, ~b! u0555°, ~c! u0565°, and~d!
u0580°.
ele
tr

es
n

p
wi
ct
en
ts

in
ce

h
th

d
ia

ter

ch
de-
ed
iga-
ese
cal

n-

er-

re-
In

der-
ses

de
rom
he,p5
2a'~n2sin2u011!

~n2sin2u021!~Z02R!3
$11o~ uZ02Ru26!%

~22!

and

hm,p52
2a'k0~n2sin2u021!1/2

~Z02R!2
$11o~ uZ02Ru24!%.

~23!

These simple relations can be used to analyze both the
tric and magnetic contrasts near subwavelength dielec
particles. The main physical behaviors predicted by th
relations are summarized in Tables I and II. Some comme
can be made about these results.

~i! The more impressive success provided by these sim
relations concerns the contrast. Indeed, when dealing
subwavelength-sized localized objects, the contrast predi
by the simple dipolar model is found in excellent agreem
with available experimental data on similar objec
@17,12,18#. Additionally, all physical behaviors gathered
Tables I and II are in agreement with the outputs produ
by sophisticatedab initio Maxwell’s equation solvers@11#.

~ii ! In the p-polarized mode, Eq. ~23! predicts
subwavelength-sized magnetic field intensity patterns wit
strong and dark contrast that dramatically depends on
incident illumination angleu0. This phenomena is illustrate
in Figs. 2 and 3 in which we have calculated the ratio var
tion

I B~r !5
uB~r !u2

uB0~r !u2
~24!
c-
ic
e
ts

le
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t

d
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upon scanning the observation pointr in the plane (X0Y)
located atZ0540 nm above a dielectric sphere of diame
D530 nm and optical indexnsph51.5. In this case, the
magnetic contrast vanishes drastically whenu0 gets closer
and closer to the critical angle. For incident angles mu
larger than the critical angle, we observed a significant
pression of the magnetic field intensity very well localiz
around the sphere. Although the complete angular invest
tion of this peculiar effect has not been yet realized, th
trends seem to be in qualitative agreement with recent lo
measurement performed with metallic coated tips@18#.

V. CONCLUSION

The elaboration of analytical models to support the o
going development of the NFO~theory and instrumentation!
can be viewed as a useful complementary tool of the num
ous more sophisticatedab initio approaches@9#. Within the
limit of the applicability range of such models~multipolar
response theory, nonretarded limit, etc.! it is possible to
bring to the fore the main intrinsic physical mechanisms
sponsible for the image formation in the near-field zone.
the near future, we plan to extend these analytical consi
ations to get more insight into the image formation proces
in the presence of small metallic aggregates.
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