PHYSICAL REVIEW E VOLUME 58, NUMBER 1 JULY 1998

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 numbe(s): 42.30.Yc, 33.80-b, 78.66-w, 85.40.Ux

I. INTRODUCTION sion to the study of the optical properties of small particles
lying on a surface. Simultaneously, several adequate numeri-
The physics of optical evanescent wav&EW) which is qal method; have _been_developed to understand the near-
the central concept used in near-field optid=0) instru-  field optical interaction with mesoscopic and nanoscopic ob-
mentation has been familiar in traditional optics for a longl€CtS [4]. These simulations clearly evidenced the different
time. The analysis of the skin depth effect at metallic sur-C/€S Played by botlelectric and magneticfields in the near
faces was probably the first recognition of the existence o one[11]. They indicated unambiguously that the individual

| ) d hvsi tructures lying on the surface distort the optical near-field
evanescent electromagnetic way&g]. In modern physics, jyensities established by the self-consistent interaction be-

the control of such peculiar light fields provides an interestyyeen the surface roughness and the incident light. Particu-
ing and versatile tool that generates powerful applicationgarly, it was demonstrated that when the lateral dimensions
(tunneling time measurement8], highly resolved micros-  of tiny objects are significantly smaller than the incident
copy and spectroscopy}], atomic physicq5,6], etc). For  wavelength, the interference pattern collapses and the optical
example, inlaser cooled atonphysics such phenomena can electric near-field intensity distribution tends to be fairly well
be used as adjustable “atomic mirrors.” Under certain condocalized around the objecfd1]. Under well-defined condi-
ditions, it is even possible, by adjusting the force field assotions on the incident fielfpolarization, wavelengita highly
ciated with the OEW to balance the van der Waals forcedocalized electric near-field intensity occurs just above the
between a small number of cooled atoms and the neighbosubwavelength protrusions. Recently these considerations fa-
ing surface. The control of the different optical parameter<tilitated the interpretation of this peculiar NFO phenomenon.
(incident angle, polarization, wavelength, gteads to new For example, a simple dielectric cube of cross section 100
noninvasive atomic manipu|ation proces@ﬁ}; X100 (nn?) was imaged with the dielectric tip of a STOM-
About ten years ago, in a different context, the attenuate®®STM with a bright contrast when the surface wave as
total reflection that uses the perturbation of a surface evanegolarized and with a dark contrast when it wapolarized
cent wave to measure the dispersion relations of interfackl2l- ) ) )
polaritons gave rise to a particular configuration of scanning[ Actually, the analysis of the numerical outputs yielded by
near-field optical microscope called the “scanning tunnelingoS€ accurate numerical schemes may be made easier by
optical microscope”(STOM) [alternatively called “photon €laborating upon some analytical expressions in which the
scanning tunneling microscope(PSTM] [7,8]. This con- maln.experlmental paramete(nﬂmde_nfc angle, o_ptlcal index,
cept has been tested and investigated by numerous expe glqnzauon modes, eﬁcopcur expl_|C|tIy. In th|§ paper we
mental and theoretical studifg]. One of the most fascinat- erive four useful anglytlcal_ relations governing the near-
ing observations realized with this local probe technique Waé,Ield co_ntr_ast around dielectric nanometer-sized partlclgs ver
the real-space mapping of the interference pattern created sa "m't?d number of e_xte_rnal parameters. In part|cu_lar,
two contrapropagating OEW near a glass subs{rbi¢ In- om analytical arguments it WI|| be demons_trated thqt unlike
deed, in spite of their evanescent character, two differen‘f"hat happens V\."th the electric near field, m}h@olarlzed
OEW have the capability of interfering over the supportingmc’de_the magmtude O_f the magnetic near-field contrast can
surface. The observation of this intriguing optical phenom—be adjusted by Increasing the incident angle beyond the criti-
ena was first reported by Meixnet al.in the STOM-PSTM cal angle for total reflection.
_conﬁg_uration. In particular, the extremely regular periodic Il POLARIZED FRESNEL EVANESCENT WAVE
intensity pattern above the surface can be used as a calibra-
tion tool for NFO instruments. In this basic illumination mode, the surface wave is gen-
Currently, this photonic local probe added a new dimen-erated by illuminating the surface from underneath by a
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monochromatic plane wave of frequeney, incident at an
angled, larger thand,,. Throughout the paper we will con- -
sider a transparent medium of optical indexTwo different
incident polarizations can be consideresl: polarization,
where the incident electric field is parallel to the surface-air
interface, andp polarization, where it is in the plane of in-
cidence.

The incident field at an observation point(X,y,z)
=(l,z) above the surface becomes

Eo(r,t)=Eq(r)e '@ot=Ee'kle Kzgiwot )

where FIG. 1. Schematic drawing of the model system used in the
present paper. A tranparent substrate, of optical imdex.5, sup-
_ %o . ai 12_ 2ai 12 ports a small dielectric sphere of diameker The system is illumi-
K c (S|n200 szatm) ko(n szeo D @ nated in total internal reflection with an incident anglg and R

=(0,0D/2).
and
ef —
||k||:nk05in90. (3) a (wa) ao(w)M(R,w) (8)
When, for example, the incident field is propagating anngWIth
the OY axis, one obtains fos polarization: M(R,0)=[1-S(R,R,w)ag(w)] L, 9)

Eox(r)=AqTs, (4) Where S(R,R,0) is the nonretarded propagator associated

B _ with the bare surface, arid=(0,0R) labels the particle lo-
Eoy(1) =Eor)=0, cation. Within this description, the optical properties of the
spherical particle-surface supersystem are described in terms

and forp polarization: of “dressed” polarizability. In the past, several theoretical

Eox(1)=0, works[13] have been devoted to its calculation with molecu-
lar systems interacting with simple substratsgheres, cyl-
Eoy(1)=AoTpd, (5) inders, planes, efc. If the particle polarizabilityay(w) is
initially isotropic, the symmetry of the tensar®(R,») is
Eo(r)=AoT s, governed mainly by the symmetry of the substrate. In the
particular case of a single spherical particle interacting with a
where perfectly planar surface, the dyadic tendbfR, ») becomes
_ diagonal and, consequently®’(R,w) belongs to theC.,,
_sin( ) symmetry group. In this casef’ may be described with two
S siN(Oyy) ©) independent components " and o$' [13-15;
5 iK af(R,0) 0 0
C:'—'
KoSIn( Oyr) «®{(R,w)= 0 ahaf(R,w) 0
In Egs.(2) and(3), A, is proportional toe'®'e ¥Z and the 0 0 af(R,w)
factorsTs and T, are the usual transmission coefficients for (10)
each polarization. From these relatiofisgs. (1), (4), and
(5)], we can obtain the magnetic fieRh(r,t) of the surface \ith
wave
8ap(w)R3
c of(Rw)= 11
Bo(rt)= 1, VX Eol(r.1). (7 I(R.w) 8R3— ap(w)A(w) D
and
Ill. COUPLING WITH A SUBWAVELENGTH-SIZED
DIELECTRIC SPHERE aef(R )= 4a0(w)R3 W
To illustrate the coupling between a polarized fresnel eva- o 4R3— ap(w)A(w)

nescent wavéPFEW) and a small spherical object lying on

the sample, we consider the model system described in Fign these two relations, the factd(w)=[e(w)—1)]/[ e(w)

1. The geometrical parameters used in this calculation are-1] is merely the nonretarded reflection coefficient of the
reported in the corresponding figure caption. The substrateurface. Let us notice that when working with two dielectric
modifies the polarizabilityay(w) of the particle. We then materials of low optical indexes, the anisotropic ratio defined
have by
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TABLE I. Contrast in thes polarized mode. TABLE Il. Same as in Table | but for thp polarized mode.
Field 0o Sign Predicted Decay Field 0o Sign Predicted Decay
intensity dependence of contrast law intensity dependence of contrast law
Electric negligible negative dark r—3 Electric weak positive bright r-3
Magnetic weak positive bright r2 Magnetic strong negative dark r—2
a®f dence of the near-field intensity constrast with respect to the
§&=— (13 external parameters. This can be achieved by defining two
@| dimensionless coefficients depending on the location of the

. . . observation point:
remains always close to the unity over all the optical spec-

trum. In this case, we can easily verify that the effective |E(r)|?
polarizability of the particle can be replaced by the polariz- 7e(r)= — (18
ability of the free particle with an excellent approximation. |Eo(n)]?
This approximation is no longer valid when dealing with
metallic objects for which all further calculations must be and
performed on the basis of Egd.l) and(12).
|B(r)|?
IV. NEAR-FIELD CONTRASTS ()= Bol? 1. (19)

A. Basic equations

When the observation poirithat could be physically mate-

At a pointr located above the sample at the |mmed|aterialized by a sharp probés located just on the top of the

proximity of the particle, the incident homogeneous surfaceparticle [ie., whenr = Ry = ;

. ; ) ) .e., = Ry = (0,0Z,)], both the sign and
wav? |sFIeocaII)idlsft0Freted. InEfag,ttheJIuctgqtln% d't?]OIe mo- magnitude of these coefficients provide direct information on
mentu (R, wo) = a®(R, wo) - Eg(R, 1) induced inside the par- light confinement phenomenon. Considering the two

tlngzle,nptrio dflljclﬁs At\tNt% aﬁ?'tt'gn?rl] contrrlt;)(lijr::ort}s ntov\;che er:?s:irto'usual polarization modg$abeled by the subscripssandp),
agnhetic held. € irst born approximation, we ca € we can then derive four formula.

E(r,t)=Eo(r,t)+ So(r,R)- @'(R,wp) - Eg(R,t)  (14) (1) s-polarized mode:
and 24 6
es=— ———=11+0(1Zo-R"®} (20
B(r,t)=By(r,t) + Qo(r,R,wp) - (R, wg) - Eo(R 1), (Zo—R)
(15
and
where the dyadic tensoiS,(r,R) and Qq(r,R,wy) are the
two usqal free space propagators th_at describe how an arbi- ZaHko(nzsinzao— 1)12 B
trary dipole radiates electromagnetic enelfdp]. In the ms= "5 2{1+o(|ZO—R| H1.
near-field zone, i.e., wheln—R| < \y=2mc/w,, they can (2n%sif 6~ 1)(Zo—R)
be expressed by (21)
3(r—R)(r—R)—|r—RJA (2) p-polarized mode:
So(r,R)= = (16)
Ir—R] 1
and Z 099 \\\\\\ N <
§ \\\ \ \ /// /
0 —(z—R) vy s 08 NN 8% /
Wo z—R 0 -X s NooET
Qol T, R,wg)= ———— g 0 X »
c[r=RPF\ —y X 0 g W i
z 0.96 \\\ 600 ,’I = ]
SN LN zﬁ O
s \N0,
B. Dark or bright constrasts 094 \ 809
Current experimental measurements provide us with -60 40 20 o 20 m 60

Scanning Distance (nm)

many images in which the small surface protrusions gener-
ally appear with either dark or bright contrast, corresponding F|G. 2. Series of scanlines calculated above the topographic
to either a smaller or a larger number of detected photons. I8bject described in Fig. 10=30 nm). Five increasing values of
this section, from Eqgs(14) and (15), we will derive four ¢, have been successively considered (42°, 48°, 60°, 70°, and
useful analytical expressions that show explicitly the depenso°).
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(a) X(nm) (b) X(nm) the evolution of the depression created in the
magnetic intensity map above the same object
(cf. Fig. 1) when increasing the incident angle:
140 140 (@ 6p=42°, (b) #,=55°, (c) H,=65°, and(d)
6,=80°.
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() X(nm) (d) X(nm)
2a, (n%sirfdy+1) upon scanning the observation pomin the plane KO0Y)
Nep=""7 2 3{1+0(|ZO—R|‘6)} located atZ,=40 nm above a dielectric sphere of diameter
(n“sin"6p—1)(Zo—R) - D=30 nm and optical indexg,=1.5. In this case, the
(22) magnetic contrast vanishes drastically wh#&ngets closer
and and closer to the critical angle. For incident angles much
larger than the critical angle, we observed a significant de-
2a, ko(n?sint6y—1)%2 i pression of the magnetic field intensity very well localized
Pmp=— (Zo—R)? {1+0(1Zo—R|™H}. around the sphere. Although the complete angular investiga-
0 23) tion of this peculiar effect has not been yet realized, these

trends seem to be in qualitative agreement with recent local
These simple relations can be used to analyze both the ele@easurement performed with metallic coated fip8].

tric and magnetic contrasts near subwavelength dielectric

particles. The main physical behaviors predicted by these

relations are summarized in Tables | and Il. Some comments V. CONCLUSION

can be made about these results. . .

(i) The more impressive success provided by these simple 11 €laboration of analytical models to support the on-
relations concerns the contrast. Indeed, when dealing witd°ing development of the NFQ@heory and instrumentation
subwavelength-sized localized objects, the contrast predictdg®! Pe viewed as a useful complementary tool of the numer-
by the simple dipolar model is found in excellent agreemenfUS More sophisticateab initio approache$9]. Within the
with available experimental data on similar objects/IMit of the applicability range of such modelsnultipolar
[17,12,18. Additionally, all physical behaviors gathered in '€SPONse theory, nonrgtardeq l,'m't’ ¢t_(1. IS p053|b[e to
Tables | and Il are in agreement with the outputs produce&’”ng to the fore the main intrinsic physical mechanisms re-

by sophisticatedb initio Maxwell's equation solvergl1]. sponsible for the image formation in the near-field zone. In
(i) In the p-polarized mode, Eq.(23) predicts the near future, we plan to extend these analytical consider-

subwavelength-sized magnetic field intensity patterns with gtions to get more insight into the image formation processes

strong and dark contrast that dramatically depends on thi& the presence of small metallic aggregates.
incident illumination anglé,. This phenomena is illustrated

in Figs. 2 and 3 in which we have calculated the ratio varia-
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