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Phase properties of the optical near field
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This paper presents a theoretical and numerical study of the phase properties of the optical near field. A
model based on the first Rytov approximation for three-dimensional electromagnetic vector fields describes the
relationship between the phase variations and both the topographic and optical properties of the scatterer. It is
shown that strong polarization effects can lead to subwavelength phase variations around nanometric struc-
tures. The conclusions of the model are illustrated by exact numerical calculations. This study should find
broad experimental applications in near-field optical interferometric phase measurements.
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Optical resolution beyond the Rayleidlor diffraction) lent profile connects the topographic and dielectric properties
limit can be achieved by detecting the electromagnetic fieldf the scatterer. Subwavelength phase variati6iphase
at subwavelength distance from the obj¢&]. This has confinement’) and polarization effects will be demonstrated
opened new perspectives for light microscopy with the dein order to put forward the power and the limitations of near-
Ve|0pment of scanning near-field optica| microscopyfie|d phase imaging. The conclusions of our model will be
(SNOM) [2]. In SNOM, a tip of subwavelength dimension illustrated by exact numerical calculations of the near field
(either illuminating or detectingis placed at subwavelength scattered by two-dimensional structures.
distance from the object. The scattering process transfers part Let us consider a three-dimensional sample consisting of
of the light energy from the near zone to the far zone. Rea flat interface separating a vacuye>0) from a homoge-
cording the far-field energy versus the relative tip-sampléeous substrate d¢frequency dependentlielectric constant
position provides the image. The key point in this techniquees (z<0). An inhomogeneous object described by its topo-
is the conversion of evanescent waves into propagatingraphic profilez=S(x,y) and its(frequency-dependenti-
waves, which allows one to overcome the diffraction limit. electric constank(x,y,z) is deposited on the interface. An
In order to understand the properties of the optical near fieldgxample of such a sample is shown in Fig. 1. When this
a lot of work has been concentrated on the description of theystem is illuminated by an incident monochromatic field of
light intensity (often assumed to be the square modulus ofvavelength \, the total field for z>S(x,y) obeys the
the electric field in close proximity of scatterers of arbitrary Lippmann-Schwinger equatidi 3] (a temporal dependence
shape and compositidi3]. Light confinement and polariza- exp(—iwt) is assumed for all fields
tion effects around nanometric structures have been de-
scribed by different theoretical approacHes-6] and ob-
served with a photon scanning tunneling microscpbfle E(r)=E<°>(r)+k§f [e(r')— 1]§(r||_er 2,2 )E(r")d3r".

Recently, interferometric measurements have provided a
way to record the phase of the near field, in the microwave (1)
regime[8], and with visible lighf9,10]. These new kinds of

near-field optical measurements are promising, since a nang is the Green dyadic for the system with flat interface at
metric resolution was obtained with the set up of R8l. ;=0 E© is the field that would exist in this systetne.,
The first theoretical study of the phase properties in SNOMyjithout the objedt The integral describes the scattered field
was presented in Refl1]. A scalar model showed that such
a resolution was strongly dependent on the sample properties
(refractive index and topographyMoreover, this model put 7
forward that the phase of the scattered near field should
closely follow the surface profilén the case of a homoge- =
neous sample It was stated that phase measurements could h
represent a breakthrough in SNQ1].
In this paper, we will study the near-field phase properties X
with a model based on the Rytov approximation for three- 1
dimensional vector fieldg12]. It will be shown that, under 0;
certain conditions that are strongly dependent on the polar-
ization of the incident field, the phase of the scattered field
closely follows an “equivalent surface profile.” This equiva-  FiG. 1. Example of scattering system. The theoretical model
applies to three-dimensional geometries. The system represented
here is the one used in the two-dimensional numerical simulations,
*Electronic address: rcarmina@icmm.csic.es and is invariant in the direction.
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and is extended to the volume of the object. The notations
r=(x,y,2), rj=(x,y), andko=w/c=2mx/\ are used.

When the object has a smooth profile
[h=sudS(x,y)|[<\] and a low dielectric contrast
Ae=€(r)—1 (this is expected to be the case with most of
the sample studied in SNOMthe first Rytov approximation
can be used to describe the scattered figd] . We write the
a component of theotal field in the form

Im(G,,)

Eo(N=EQ(Nexd ¢.(N]1=EX(N[1+ ¢ ()] (2)

Note that Eq(2) implies that each component of the electric 10l o
field is scattered independently. This means that no energy is i (b)
transferred from one component to another during the scat- 05 1
tering process. This hypothesis is consistent with the weak 3 [

) . . . s 00 -t =
scattering assumption, and will be confirmed below by the o) I
numerical simulations. Equatiori$) and (2) lead to(in the E o5} J
first Rytov approximation[14]:
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XEQ(r"d3. (3)
FIG. 2. Imaginary part of the components of the Green dyadic
The integral in Eq(3) corresponds to the first Born approxi- versusx. y=0 andz,=6 nm.(a) §,=0°. (b) §,=50° (total internal
mation for thea component in Eq(1). To proceed further, reflection.
we expand this integral to first order l'\. This leads to
(see Ref[15] for more details

2
() =9 (e-1
2 $a (1120 expl(ikozo) (es=1)

kg ,
¢21)(r)=%(63_ l)J Gaalr =1} 2.0 Xf Gaal =T 120,0)Seq(r| ) dr ©

XEQ(r],0)Seq(r|)d?r], (4 where we have assumed that the phase was measured in a
planez=2z,. The relationship between the phase difference
where the integral is now a surface integral extended to thém(¢{) and the object propertieS,, is governed by the
entirex-y plane.S,4 is an equivalent surface profile connect- imaginary part of the componen,, of the Green dyadic.
ing the dielectric constant variation and the topography offhey are plotted in Fig. 2, versus for y=0 andz,=6 nm.
the object{15] : According to Eq.(6), the convolution of ImG,,) by the
equivalent surface profil&,, gives the phase variation. At
sy normal incidence[Fig. Z(aﬁ, Im(G,,) is sharply peaked
Seq(r”)z(es—l)*lf [e(r),2)—1]dz (5) aroundx=0 (and symmetrii; so that the phase In;bél))
0 will closely follow the equivalent surface profile. Subwave-
length phase variation€'phase confinement)’ will be ob-
In the case of a homogeneous sample €), Seq reduces to  served around the inhomogeneities of the object. On the con-
the true topographic profile. trary, Im(G,,) has a width of about one wavelength,
Equation(4) is our starting point for a discussion of the eliminating the possibility of subwavelength resolution with
phase properties in the near field. k) (Im denoting the  phase imaging. The case 8, is not worth being discussed
imaginary partis the phase difference between #iecom-  because at normal incidence, thecomponent of the scat-
ponent of thetotal field and thea component of the illumi-  tered field is so weak that a measurementﬁ&ﬂ would not
nating fieldE(®). Equation(4) describes how this phase dif- be appropriate. For an illumination in total internal reflection
ference is connected to the properties of the olffbet latter  [Fig. 2(b)], Im(G,,) and Im(G,,) are peaked aroung=0,
being described b). The resemblanceor lack of i) be-  |m(G,,) being almost symmetric but in contrast reversal.
tween Im@'") andS, strongly depends on the illuminating Moreover, as for normal incidence, I@(,) only exhibits
field and the direction of thee component of the field with suprawavelength variations, with a very low contrast. In
respect to théeventual privileged directions of the equiva- summary, Eq(6) and Fig. 2 demonstrate a very strong po-
lent surface profile. This leads phasepolarization and con- larization effect in near-field phase imaging. They also indi-
finement effects, as those observed in the intenis., cate the circumstances under which the phase variations will
|E|?) [4-7]. Let us consider the simple case in which thefollow the equivalentsurface profile of the object.
illuminating field is a transmitted plane wave at normal inci- In order to check and illustrate the conclusions of the
dence E(©)(r) =Eyexp(k,2). Equation(4) becomes above model, we present exact numerial simulations of the
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FIG. 3. Numerical calculation of the field along the line FIG. 4. same as Fig. 3 with;=50° (total internal reflection
Zo=40 nm above the sample in Fig. w=1=h=30 nm.#,=0°.  |E,|]?> and Imp{") are also displayed ip polarization.
(a) |Ey|? in s polarization(dashed ling |E|? (line with circleg and

|E,|? (solid ling) in p polarization.(b) ¢y in s polarization(dashed . . . 4
line), ¢, in p polarization with Ae=1.25 (bold solid fing and geneous sample with dielectric contrasi=e¢—1 increased

Ae=2.5 (thin solid ling. _by a factor of 2(e=3.5, 63=2_.25),_ th_e phasg v_ari_ation also
increases by a factor of @&olid thin line. This is in agree-
ment with Eq.(6), which shows that the phase variation is

field scattered by the sample in Fig. 1. The numerical SCheeroportionaI to theequivalentsurface profile.

consists of solving Eq(1) using @ moment method, without ~ We show in Fig. 4 the results for an illumination in total

any approximation. This scheme is described in R&6].  internal reflection. The illuminating fiel&® is in this case

For the sake of computer time and memory space, the geomm evanescent wave, as in photon scanning tunneling micros-

etry is two-dimensionali.e., invariant alongy). All quanti-  copy[7,10]. The results for the intensity are plotted in Fig.

ties are calculated along a line at a constant heagh,. 4(a). In s polarization, the situation is unchanged in compari-
We show in Fig. 8) the intensity {E|?) calculated for  son to the illumination in transmission. mpolarization, the
zy=40 nm, in boths (TE) and p (TM) polarizations. The incident field has two nonvanishing componerits and
structure is homogeneouse< es=2.25), with w=h=I  E_ and so has the total field. The square modulus of the
=30 nm. It is illuminated at normal incidence with a mono- electric vector field follows more or less the structure, with-
chromatic plane wave of wavelengi=633 nm. The light out any contrast reversal. Moreover, the variationgtf?
intensity is more confined around the structurepifin con-  and|E,|? clearly demonstrate that this effect mainly stems
trast reversalthan ins polarization, in agreement with cal- from thez component. This was explained theoretically and
culations previously reportel@]. Moreover, the intensity of demonstrated experimentall$,7]. What is striking is that

the total vector field and that of thecomponent alone are the same confinement occurs for the phase, as shown in Fig.

practically identical inp polarization. This confirms the hy- 4(b). The phase of the component of the field ip polar-

pothesis of weak cross-polarization scattering that was madgation follows the lateral variations of the structuie con-

in our model[see Eq.(2)]. At normal incidence, the incident trast reversal, according to Fig) @ith an excellent resolu-

field is polarized in thex direction, and the total field re- tion. Note that the resemblance between the phase variations

mains(in a very good approximatigrpolarized in the same and the equivalent surface profile is perturbed by the phase
direction. of the illuminating field E(¥), which is nonzero at non-
Figure 3b) represents the phase Igf{")) in s polariza-  normal incidencesee Eq.(4)]. In addition, the phase is

tion (dashed curjeand Im(@{") in p polarization(solid  polarization does not exhibit any subwavelength variation.

bold curve. According to the model presented previously, In conclusion, we have demonstrated that the near-field

the phase follows the object structure [ polarization phase exhibits polarization and confinement effects, similar

[G, is implied; see Eq(6) and Fig. 2a)], and does not to those already known for the intensity. An important result

follow the structure ins polarization(G,, is implied). In is that, for an illumination at normal incidence, the phase of

fact, the phase irs polarization does not exhibit any sub- the parallel component of the total field follows the equiva-
wavelength variation. Moreover, in the case of an inhomodent surface profile with an excellent resolution. For an inci-
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dence in total internal reflection, the phase of the normal
component of the total field follows the equivalent surface eFOO’ large object
profile in inverse contrast. We have presented a model, based — . . . . —
on the Rytov approximation for electromagnetic vector
fields, which contains the essential physics of the phase be-
havior in the near-field zone. It describes the polarization 0.3
effects. It also explains how the topographic and dielectric
constant variations of the object influence the phase of the
near field. This is a very important point in SNOM, where 0.1
the purely optical properties of the sample are of great inter- 0.0
est. The conclusions of our model have been illustrated by L
exact nume_rical simulations of the near figld sqattered by By r— 30 50 70 90
two-dimensional structures of nanometric dimensions. X/,

Finally, we would like to show that the observed polar-
ization and confinement effects are pure near-field effects
that are encountered in the scattering by nanometric struc- FIG. 5. ¢, in s polarization andg, in p polarization for the
tures only. Figure 5 shows the phasedflY and Imp{? in ~ sample in Fig. 1 withw=633 nm,h=63 nm, |=2.5 um, and
s and p polarization, respectiveljas in Fig. 3b)], for the =~ Z=175nm.6;=0°.
sample in Fig. 1 witth=63 nm,w=633 nm, and =2.5 um. ) _ _ ) .
It can be seen that the phasesiandp polarizations are very €aching the domain of physical optics, the polarization-
similar, both of them following the sample structure. This is 9€Pendent phase confinement effect disappears.
precisely the result that is predicted by a scalar description of | would like to thank the EC for financial support. Helpful
the field, as in physical optidd 7]. Thus, with increasing the discussions with N. Garaj J.-J. Greffet, A. Sentenac, and
structure lateral size up to one wavelength or more, i.e., byyl. Nieto-Vesperinas are also appreciated.
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