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Abstract

The paper is devoted to numerical simulation of homogeneous images of dielectric, semiconductor and metal
nanoparticles in a flat plane situated in the near-field region. The influence of the particle radius, the distance to the im
and the polarization direction of the illuminating light wave on image formation is illustrated on the basis of near-fie
scattering theory.
 2004 Published by Elsevier B.V.
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1. Introduction

The concept of near-field microscopy is applied in a number of different disciplines, where the benefit
wavelength resolution of near-field optics and simultaneous capability for topography measurement are of intere
Near-field scanning optical microscopy (NSOM)[1–3] and photon scanning tunneling microscopy (PSTM)[4,5]
are the most recent scanning probe techniques allowing to image the structure of a sample with nanometer
lution well below the diffraction limit. An optical image can be obtained with the use of a sub-wavelength
(usually a metal coated tapered optical fiber or appertureless probe) which is scanned close to the sample su
(see[6] for a compact review of methods and references).

However, interpretation of the image still poses some problems in many applications. One of the rea
that the electric field at the tip can be highly non-homogeneous. Therefore, the optical characteristics of th
should be known to understand the image, while it is formed as a convolution of the probe characteristic
near-field region and the “homogeneous” near-field image of the sample.
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An even more fundamental problem is what is the near field “homogeneous” image itself, it is how th
field distribution characterizing the object looks like. The distribution of the homogeneous light field scatter
small object in the near-field region differs significantly from the corresponding distribution in the far-field r
Therefore, not only the knowledge of optical characteristics of the probe, but also the homogeneous n
characteristics of the scatterer are necessaryfor complete interpretation of the image.

The wide field of application of near-field scattering microscopy, gives rise to a renewal of interest in the nu
ical analysis of fields in the near-field region and in particular in numerical analysis of Mie theory (e.g.,[6–10]).
The importance of the problem is the motivation for the present, preliminary study. The aim is to illustra
diversity of the near-field images of small objects illuminated by a homogeneous light field.

As sample objects we use spheres of selected radii and of different optical properties. We show, how t
field images differ, depending on the distance from the sphere and the polarization of the illuminating ligh
The chosen detection geometry (perpendicular to the incoming light field) allows for illustration of the r
the polarization direction of the incoming field with respect to the observation plane. The distribution of e
and magnetic fields of light scattered by a sphere results from Mie theory (e.g.,[11–13]). The numerical image
of spherical objects with different refraction coefficients are due to the Poynting vector distribution in the
situated in the near-field region. The obtained near-field images of the object homogeneously created and detec
(no subwavelength aperture tip modification) possess considerably different characteristics than the corre
images in the far field. The diversity of chosen sphere materials allows comparison of the scattering imag
variety of materials starting from dielectric, semiconductor to metallic ones.

2. Scattered near fields

We consider a plane monochromatic light wave illuminating a spherical object of radiusa and relative refraction
index m which can be a complex number.k is the wave number of the incident light field, andx = ka is the
diffraction parameter. Our aim is to reconstruct the image of the particle in the XY plane (seeFig. 1), which is

Fig. 1. Definition of the notation used to find the near-field distribution of the normal componentSn(θ,ϕ, r) of the averaged Poynting vecto
over the XY scanning plane.
U



ARTICLE IN PRESS
S0010-4655(04)00461-8/FLA AID:2773 Vol.•••(•••) [DTD5] P.3 (1-8)
COMPHY:m3 v 1.27 Prn:1/10/2004; 12:26 cpc2773 by:violeta p. 3

W. Bazhan, K. Kolwas / Computer Physics Communications ••• (••••) •••–••• 3

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

17 17

18 18

19 19

20 20

21 21

22 22

23 23

24 24

25 25

26 26

27 27

28 28

29 29

30 30

31 31

32 32

33 33

34 34

35 35

36 36

37 37

38 38

39 39

40 40

41 41

42 42

43 43

44 44

45 45

46 46

47 47

48 48

ition

the-

es

-

interval
N
C

O
R

R
E

C
T
E

D
 P

R
O

O
F

imagined to be scanned along by a detector.r is a distance from the center of the scattering particle to the pos
(x, y) at the scanning plane.

The components of the electric light fieldE scattered by a sphere in polar coordinates result from Mie
ory [12]:

(1)Eθ(θ,ϕ, r) = cosϕ

kr

∞∑
n=1

En

(
ianξ

′
n(kr)τn(θ) − bnξn(kr)πn(θ)

)
,

(2)Eϕ(θ,ϕ, r) = sinϕ

kr

∞∑
n=1

En

(
bnξn(kr)τn(θ) − ianξ

′
n(kr)πn(θ)

)
,

(3)Er(θ,ϕ, r) = cosϕ

k2r2

∞∑
n=1

Enn(n + 1)ianξn(kr)πn(θ)sinθ,

(4)Hθ(θ,ϕ, r) = k

ωµ

sinϕ

kr

∞∑
n=1

En

(
ibnξ

′
n(kr)τn(θ) − anξn(kr)πn(θ)

)
,

(5)Hϕ(θ,ϕ, r) = k

ωµ

cosϕ

kr

∞∑
n=1

En

(
ibnξ

′
n(kr)πn(θ) − anξn(kr)τn(θ)

)
,

(6)Hr(θ,ϕ, r) = k

ωµ

sinϕ

k2r2

∞∑
n=1

Enn(n + 1)bnξn(kr)πn(θ)sinθ,

with

(7)En = inE0
(2n + 1)

n(n + 1)
,

(8)an = mψn(mx)ψ ′
n(x) − ψn(x)ψ ′

n(mx)

mψn(mx)ξ ′
n(x) − ξn(x)ψ ′

n(mx)
,

(9)bn = ψn(mx)ψ ′
n(x) − mψn(x)ψ ′

n(mx)

ψn(mx)ξ ′
n(x) − mξn(x)ψ ′

n(mx)
,

whereE0 is the amplitude of the incident electric field,ω is the frequency of the incident light field,µ is the
magnetic permeability of the sphere surroundings (µ = 1 for air), θ andϕ are polar zenith and azimuthal angl
appropriately.

The angular dependence of the functionsτ (θ) andπ(θ) can be calculated from Legendre polynomials[12].

The functionsψn(x) and ξn(x) are the Rikkati–Bessel functions.ψl(x) =
√

πx
2 Jl+1/2(mx) and ξl(mx) =√

πx
2 H

(1)
l+1/2(mx) =

√
πx
2 (Jl+1/2(mx)− iNl+1/2(mx)). Jl+1/2(mx), H(1)

l+1/2(mx) andNl+1/2(mx) are Bessel, Han

kel and Neuman cylindrical functions. The prime indicates differentiation with respect to the argument.

3. Intensity of light at the scanning plane

In optics a measure of the light intensity is the magnitude of the Poynting vector, averaged over the time
which is long compared with the period 2π/ω [12]:

(10)S = 1
2 Re(E × H∗).
U
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The Poynting vectorS(θ,ϕ, r) for scattered fields Eqs.(1)–(6)reads:

(11)S(θ,ϕ, r) = 1

2
Re

{∣∣∣∣∣
r̂ θ̂ ϕ̂

Er Eθ Eϕ

H ∗
r H ∗

θ H ∗
ϕ

∣∣∣∣∣
}

= r̂Sr(θ,ϕ, r) + θ̂Sθ (θ,ϕ, r) + ϕ̂Sϕ(θ,ϕ, r),

wherer̂, θ̂ andϕ̂ are the unit vectors of the polar system of coordinates. The magnitude of the Poynting veS
represents the averaged density of the scattered energy flow, the direction ofS represents the direction of ener
propagation.

To obtain the image in the XY plane (seeFig. 1), the distribution of the normal componentSn(θ,ϕ, r) of the
Poynting vector over this plane has to be found:

Sn(θ,ϕ, r) = n̂ · S(θ,ϕ, r),

wheren̂ is the unit vector normal to the XY plane.
If we use the anglesθ,ϕ andϕ1 to parameterize the position(x, y) at the plane XY according to the notatio

introduced inFig. 1, the normal componentSn(θ,ϕ, r) of the averaged Poynting vector can be represented as

(12)Sn(θ,ϕ, r) = Sr(θ,ϕ, r)cosϕ1 + Sθ (θ,ϕ, r)sinθ cosϕ − Sϕ(θ,ϕ, r)sinϕ.

The distributionSn(θ,ϕ, r) over the XY plane allows numerical simulation of the images formed at that plan
with resolution corresponding to the step of the numerical algorithm used (approximately one pixel per one

4. Image simulations and discussion

A series of scattering images for spherical particles of different materials: water (m = 1.33), diamond (m =
2.43), silicon (m = 4.42+ i0.02) and gold (m = 0.97+ i1.85) is presented inFigs. 3, 4, 5, and6 correspondingly
The frequency of light corresponds to the wavelengthλ = 488 nm of the argon-ion laser. The polarization of
incident light field is assumed to be: parallel (EI

ϕ) or perpendicular (EI
θ ) to the scanning plane (seeFig. 2a, b).

Images obtained for the polarization perpendicular (parallel) to the scanning plane are presented in th
(lower) row of a series. Each column of a series corresponds to the same radiusa of the scattering sphere and t
same distanced to the XY plane. Simulations are made for particles of radii: 100, 200, and 1000 nm. The di
d from the particle center to the detector is chosen to have three values: equal to the particle radius, equal to tw

Fig. 2. The studied polarization configurations of the incoming field with respect to the scanning plane (a)EI
ϕ scattering geometry (the lowe

row of images inFigs. 3–6; (b) EI
θ scattering geometry (the upper row of images inFigs. 3–6).
U
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Fig. 3. Images for spherical water particles for chosen radiia and cho-
sen distancesd to the scanning plane. Upper (lower) row: polarization
perpendicular (parallel) to the scanning plane.α is the brightness en-
hancement parameter.

Fig. 4. Images for spherical diamond particles for chosen radiia
and chosen distancesd to the scanning plane. Upper (lower) row
polarization perpendicular (parallel) to the scanning plane.α is the
brightness enhancement parameter.
U
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Fig. 5. Images for spherical silicon particles for chosen radiia and
chosen distancesd to the scanning plane. Upper (lower) row: po-
larization perpendicular (parallel) to the scanning plane.α is the
brightness enhancement parameter.

Fig. 6. Images for spherical gold particles for chosen radiia and
chosen distancesd to the scanning plane. Upper (lower) row: po
larization perpendicular (parallel) to the scanning plane.α is the
brightness enhancement parameter.
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the particle radius and equal to ten times the particle radius (far field approximation). The area of XY sc
plane (the area of the image) is limited by theθ andϕ angle ranges (−80◦ < θ < 80◦ and−80◦ < ϕ < 80◦ corre-
spondingly (seeFig. 2). Near field image generation algorithm is implemented as a part of ScatLab 1.2 progra
Last version of ScatLab 1.2 application is available onhttp://www.scatlab.com.

Near field images differ significantly from those of the far field region. The difference is due to the fac
the radial components of the electric and the magnetic fieldsEr andHr in near-field region are comparable in
magnitude to the transverse componentsEθ , Hθ , Eϕ andHϕ . At larger distancesEr andHr values decay drasticall
(Er,Hr in proportion to 1/r2 while Eθ,Eϕ,Hθ ,Hϕ only in proportion to 1/r) and the scattered wave gai
transverse character. Therefore, thenear-field Poynting vector is significantly distorted in comparison to the
field Poynting vector. In the far field zone, the vectorS for scattered fields is directed in the radial direction: th
exists only one real non-zero radial component ofS = Sr (θ,ϕ, r)r̂. However, in the near field region, all thre
non-zero components ofS can contribute to the image, while(E × H∗)θ , (E × H∗)ϕ and(E × H∗)r can contain
real terms in general (no approximation is made concerning the smallness of particle radiusa in comparison with
the distancer [7]).

The brightness of images at distancesd nearest to the particle is appreciably enhanced in comparison wi
images at larger distances. The measure for the enhancement is the parameterα introduced for each image serie
α = 1 is attributed to the weakest image brightness in far-field region of each series. To keep all the numer
images of one series visible in graphical form, the brightness of each image presented inFigs. 3–6is rescaled
one-to-one by a corresponding factor 1/α.

5. Conclusions

Conventional optics deals with electromagnetic waves in the far field region at large distances from the obje
In the far field approximation, the scattered electromagnetic waves are transverse, so only the transve
components contribute to the image. In conventional Mie scattering the far-field plane wave Mie solutio
used. However, the complete Mie solutions contain the nonzero radial field components, which contribut
image causing distortion of the averaged Poynting vector with respect to the radial direction.

The present study is aimed to illustrate the images of spherical particles of different material propert
plane situated in the usual scanning plane of the PSTM techniques. On the basis of exact Mie theory, we de
image generating algorithm which is implemented in computer code appropriate for spherical particles of ra
∼10000 nm. The diversity of near-field images of small spherical particles illuminated by a homogeneous light fie
is presented for dielectric, semiconductor and metal spherical particles. Simulations are made for severa
radii and particle distances from the scanning plane. The obtained near-field images of the object homog
created and detected (no subwavelength aperture tip modification) possess considerably different character
than the corresponding images in the far field.

The near-field images of a stand alone particle could be of interest in the field of photon scanning tu
microscopy (PSTM) as a help in a preliminary interpretation of properties of a scattering particle. However
PSTM images are much more complex since the presence of a detector perturbs the homogeneous near-field c
acteristics of the scattering object. If it is the surface ofthe lens situated in the image plane, one have to inc
multiple scattering of the electromagnetic field between the surface and the object. The analysis of that
problem will be the subject of the future paper.

We note, that our procedure is not adequate for imaging a particle located on a plane substrate and illum
an evanescent wave. Homogeneous and evanescent waves are scattered in different manner (e.g.,[14]). Therefore,
if a particle scatters an evanescent wave, the image could differ significantly from the image based on near-field M
scattering theory because of the spatially asymmetric distribution of an evanescent wave and multiple int
between a particle and a substrate boundary[15]. In this case more complex models have to be used[16–18].
U
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