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Abstract. Expressions have been obtained for the total crosgielded spatial resolution in th&-nm range, i.e. far beyond
sections for extinction and scattering of evanescent wavebe diffraction limit of conventional optical microscopes. The
by small spherical particles. Due to the different structurenvide potential applications of such a scattering microscopy
of p- and s-polarized waves, cross sections for both extin@and spectroscopy, especially in biology, medicine, materials
tion and scattering of p-polarised evanescent waves excesdience, and information technology have motivated us to re-
those for s-polarised waves, as long as the Mie coefficients faonsider scattering and extinction of evanescent waves by
magnetic multipoles are smaller than those for electric mulsmall particles. Although the basic formulae for Mie scat-
tipoles for each multipolar order, i.e. for sufficiently small tering of evanescent waves result from analytic continuation
particles. The difference increases with the angle of incidencef the standard case of plane-wave excitation, the cross sec-
of the totally reflected wave. The definition of cross sectiongions and scattered power seem not to have been discussed
for evanescent-wave excitation with variable intensity ovethoroughly for evanescent waves, and several aspects seem to
the cross-sectional area of the particle allows quantitativhave been overlooked in the literature. As early as 1979 Chew
comparison with the case of plane-wave excitation. For exet al. [4] started to discuss scattering of evanescent waves
ample, within the dipole approximation the cross sections foby spherical particles. Their theory was recently slightly cor-
plane-wave excitation lie between those for p- and s-polarisegtcted by Liu et al. [5]. However, as these authors were only
evanescent-wave excitation, respectively. Due to the inhomanterested in the differential scattering cross sections of rela-
geneity of the evanescent field higher multipole contributionsively large particles, which were computed numerically from
are strongly enhanced as compared to plane-wave excitati@malytical expressions for the scattered fields, we have calcu-
and increase further with the angle of incidence, resulting itated total cross sections for evanescent-wave excitation and
corresponding changes in the scattering and extinction spediscuss in this paper their dependence on wavelength, angle
tra. These effects are demonstrated in the specific case of incidence, and particle sizes.

scattering of evanescent waves by small silver particles. The paper is organized as follows. In Sect. 1 we briefly
repeat the theory of evanescent-wave scattering and calcu-
PACS: 42.25.Fx; 78.40.-q late total cross sections from Poynting’s law by normalizing

to the total power incident on the particle. To this end we
give an expression for the normalization integral in the case
Since the early work of Gustav Mie [1] on the scatteringof evanescent-wave excitation, which varies over the particle
of electromagnetic waves by small spherical particles extereross section. In Sect. 2 we present analytical results for small
sive use has been made of Mie's theory and later extensiomdver particles and compare them to results obtained with the
thereof to determine the size, shape, and orientation of smailumerical multiple multipole (MMP) method. The latter is
particles in vacuum or in gaseous, liquid, or solid media. Sciused to study the additional effect of multiple scattering at the
entists and engineers from a large variety of disciplines prism surface. Finally, in Sect. 3 a summary of the results is
physics, electrical engineering, meteorology, chemistry, biogiven.
physics, and astronomy — are concerned with this field.
Whereas in standard experimental setups for such inves-
tigations usually large ensembles of scattering particles are Theory of evanescent wave scattering by spheres
investigated, the recent development of a near-field optical
microscope, employing scattering of an evanescent wave &thew et al. [4] outlined the theory for scattering of evanescent
a nanometer-sized tip interacting with the sample [2, 3], hagaves by a spherical particle, which essentially consists in the
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analytical continuation of the case of plane-wave excitation tdy [4]:

complex angles of incidence. In the following we briefly re-

peat the formulae necessary for the derivation of total cross 12

sections. We assume a spherical particle in front of a glas (n. m) = 2i"n n(2n+1H(n—my!

prism of refractive indexip within a medium of real refrac- ™" M nin+21)(n+m)!

tive indexny at distanced from the prism surface (Fig. 1). M Pim(COSAK) s
o —MMATRI

Multiple scattering at the particle and prism surfaces is neg- Sino Er. (3a)
lected at this point. A plane wave propagating in the prism k 12

and incident at a subcritical anglegets partly reflected and s\ ) _ pin+1 n(2n+1H(n—m)!

partly refracted at the boundary glass—air, the refraction being'®" n(n+1)(n+my!

described by Snell’s law. In the reference frame of the particle dPam(Costk) _

the refracted wave is incident at angjgo thez axis, as given ST S E. (3b)

by Snell's law. 2n+ - myY2
The electric field of the refracted wave may be written sl (n, m) =2i"n [n + - }

nn+21)(n+my!
E = Ei exp[iky (zcosdy + x sindy)] | 1) ST Ef, (3¢)
2n+1)(n—m)y!7Y?
. - oPe(n, m) = —2i" [”( +H(h=m }
with the polarization vectore, = ey for the case of s- nn+21Mn+m)!
polarisation, ane, = (cost, 0, — siné) ' for p-polarisation, m Fhm(Costk) _p d
andky = ¢nm. E; is the complex magnitude of the electric x siny Et. (3d)

field vector of the refracted wave, which is determined using

Fresnel's equations. This wave is expanded in spherical co- )

ordinates into electric and magnetic multipoles as usual. Fg¥here the subscripts TM and TE stand for transverse mag-
the general cask # 0 contributions of polynomialsg with ~ Netic and transverse electric modes and the superscripts s and
m # £1 are obtained which are not required in standard Mid? epresent the polarization of the wave. For the scattered

theory wheredy = 0: fields outside of the sphere a similar expansion may be set up.
n i
> ic . ESP— — B3P, m) [V x hP (p) X
ERb=2_ 2. om0 m [V xjn(0)Xam] sca ;m;n nﬁﬂa)ﬁ”"( ) [V B (0 Xom)]
n=1m=-n M } S.p 1
_ +B7£(, M) [h{Y (0) Xom] (4a)
+a32(n, M) [jn(0) Xam] . (2a) L o n[ v ()Xo}
oiea HEt= oD 32 AR m) [H (o) Xom]
HEZ=—2 " > ezi(m.m) [in(0)Xnm] n=tm=n
HO% n=1m="n —= B2, m) [V x b (0) Xom] . (4b)
ic . @
= —agg(n, M) [V x ja(p) Xom] , (2b)

where the spherical Bessel functiop&j) have been replaced
) by spherical Hankel functions of first kindh(p), which for
whereXnm = LYnm are the well-known vector spherical har- |arge arguments represent outgoing spherical waves. Using
monics andp = kur. The expansion coefficients are given 4 similar expansion for the fields in the interior of the sphere
(of which we will have no further need here) and applying
Maxwell’s boundary conditions at the surface of the spheri-

X cal particle results in the scattering coefficients of the sphere,
given by
—>
z : SR (N, m) = anaSh (n, m), (5a)
22 — | BrE(n, M) = bnaTE(n, m), (5b)

wherea,, andb, are the Mie coefficients. These equations co-
incide with those of [4], except for the signs in (3b,c) [6] and
except that in the results for the scattering coefficients not the
complex conjugates of the associated Legendre polynomials
are used but their actual values. The necessity of the latter

Fig. 1. Geometry of the scattering problem. The refractive indiegsny correction was already pomted out by Liu etal. [5]

of the prism and of the medium surrounding the sphere, respectively, are Applying Poynting’s law fOIj the absorbed power denSi'ty
assumed to be real in the stationary case we obtain the cross sections for extinc-
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tion and scattering of the refracted plane wave. sphere due to the exponential decrease of the fields. Therefore
in the calculation of optical cross sections for evanescent-
For s-polarised light: wave excitation the incident intensity has to be redefined.
o 00 The corresponding quantitityy cannot be uniquely deter-
Oot= — N~1Re Z @2n+1) (an I, +bpTh) , (6a) mined. Nevertheless it is reasonable to define cross sections
ki n—1 in this case, as they represent particle-specific quantities and
o 00 5 5 allow comparison to the case of p!ane waves. The correspond-
0%a= 5 N* Z (2n+1) (\an| Iy + |bnl Tn) . (6b) ing problem has already been discussed for Gaussian beam
ki n=1 illumination [7—9]. There the intensity in the center of the
For p-polarized light: Gaussian beam waist was used for normalisation. In contrast
o o trc: this V\./eI prgfer ;[jo normah%edt_o the totafl_quwer_ mcfldelnt on
p _ 4T N\-1 the particle, in order to avoid diverging efficiencies for large
Text = K, N Re HZ; @n+D @nTn+bnll) (60) particles where the intensity of the evanescent wave at the

5 o center of the spherical particle is close to zero. The same nor-
TN 2 2 lisation was used by Lock [7] to define the extinction effi-
P =Ny (2n 1( To+ b n). 6d) Ma y ! .
Osea k2, X_;( D ([an["Tn+ [bn[ Ty (6d) ciency for the case of a Gaussian beam. It seems appropriate,
A however, to point out the limited meaning of any definition of
The definitions are: cross sections for an excitation that varies significantly over

the particle surface, as in all applications the scattered or ab-

n 2

(6 = 2 (n—m)!| Pym(costy) 7 sorbed power is the relevant quantity. For example, for large
n(6k) = nin+1) Z (n+m)! m sindy (7a) particle sizes the scattering of an evanescent wave arises only
m=-n 5 from a small part of the sphere and the definition of a cross
2 1 (n—m)! | dPym(COSHk) section for the total particle becomes misleading.
Tn(tk) = nn—+1) m;n (n+m)! dox : (7b) As |g we choose the incident intensity, averaged over the

cross-sectional area of the sample perpendicular to the Poynt-

The normalisation factoN is equal to one for plane waves, N9 vector of the evanescent wave.

but assumes a different value for evanescent waves, as will 1
be discussed below. For an incident plane wave it is easy th = — /f(Snc)ndA
: a

prove that | = I1, = 1 for all multipolar orders and angles (2%

Bk with cosdy < 1, using the addition theorem of the associ- = |, exp(—2«d)—" sing; L2k )
ated Legendre polynomials. In this case the cross sections do Nm ka

not differ for s- and p-polarisation and (6) are the well-known . . . .
results from standard Mie-theory. wherel(2«a) is the modified Bessel function of order 1 with

For 6; > 0, it follows from Snell's law that cog > 1, argument 2a, for which the series expansion

hence simx becomes purely imaginary. The functiong T, l,(2«a) © (ka)?m
are listed in Table 1 for the lowest four multipolar orders. =" _ 1+Z —_ (10)
Because s#¥y is now negative|sir® 6| in T, andIl, dif- Kka = mi(m+1)!

fers from sirf 6. Consequently, J; IT, > 1, exceptll; = 1. .

Furthermore, ¥ > I, for all n. As the componerky sing, ~ mMay be used. For a plane wake= lo.

of the wavevector becomes imaginary, the magnitudes of the As the multipole expansions (2) and (4) for the incident

electromagnetic fields at distance d from the prism surfacand scattered fields are made in a coordinate system, whose

have exponentially decreased by a factor(exql) from their ~ origin coincides with the center of the sphere, the fa&pr

values at the prism surface where the attenuation constantils the multipole coefficients (3) and hence (5) has to be re-

given by placed byE; exp(—«d) for an evanescent wave. Therefore,
for evanescent-wave excitation the factpexp(—2«d) in (9)

. 2 ) i i i i
K = ky Sinb = = (n% Sirk 6, — nf/l)l/Z . ®) cancgl; out in the calculation of optical cross sections. The
A remaining factor,
The energy flux given by the time-averaged Poynting vector np . l1(2«a)
is then not constant over the geometrical cross section of the = w sing ca (11)

is the normalisation factor which must be taken into acount
Table 1. Values of the functionslTn(6) and Th(6), defined in (7), for  in the cross sections (6). Fea « 1, i.e very small particles
the lowest four multipolar orders. Hera,= cost = (ne/mw) sin® and  compared to the wavelength of the incident light, it reduces
z=sin%0| —sin0. It is z=0 for plane waves, and=2(x*>—1) for to Np = np sinéi.. The functionsN‘lTn, N_lHn have to be
evanescent waves . Ly . . . .. .

interpreted as weighting factors for the individual multipolar

n Tn(6k) Tn(6) orders, relative to plane-wave excitation, in the cross sections
for extinction and scattering of evanescent waves. Figure 2
1 1 1+z . displays the dependence of the size-independent weighting
g 11;5 i 11?1‘524 75i241) factorsIln = Ny *TIn, Th = Ny *T, on the incident anglé;
.5x“z X" — 7.5X z : d o _
1 1+ (1352 +1)z 1+ (564 — 56 + 145) X2z on a logarithmic scale fonp = 1.5, ny = 1. At and below

the critical angl&. = 41.8° all weighting factors are equal to
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1000F 7 ' ' ' T the sphere, in contrast to the corresponding plane waves: for
E T, p-polarised waves the electric field is rotating in the plane
[ of incidence, due to the complex phase shift associated with
100k Ta tqtal 'internal refle_ction, whereas for s-polarised waves itis 0s-
~ cillating perpendicular to it. It may be further noticed at this
I, point that a polarisation dependence of the cross sections is
= T already observed when the particle resides inside the prism,
- 10k N i.e. in the standing wave resulting from total internal reflec-
= : I, tion. The same holds for a particle in the standing wave in
T <1 front of a metallic mirror where also a complex phase shift
! occurs in reflection. In both cases, however, the polarisation
TE ﬁ1 effects are much smaller than for evanescent waves.

40 50 60 70 80 90

Angle of incidence 6, [degrees] 2 Results for small silver particles

Fig. 2. Dependence of the functionBi, = Ny TTn, To = Ny'Tn on the  We have applied the theory outlined above to the scattering
T e o s Mot it o e maia mangoar 3N ©XEnction of ight by small iier pariles i front o
cogntributior'15 to the crogs sections for extinc’tion and scattering of eF\)/aneé—he surface of a glass prism. Optlcal_cor_]StantS for _Sllver V\_Iere
cent waves by small spherical particles with< 1 (compare the text) taken from [10]. Spectra for the extinction of particles with
2a =10 nmand 2 = 200 nmare shown in Figs. 3 and 4, re-
spectively. For the evanescent wavgss 60°, np = 1.5, and
one, as in this case the transmitted wave is a plane wave. The = 1 is assumed (i.e. dispersionm, ny is neglected). In
values off1,, T, at large angles of incidence and for higherthe analytical calculation, obviously, we neglected backscat-
multipolar orders, on the other hand, are much larger thatering from the prism surface as well as multiple scattering.
one. Therefore, the contributions of higher multipolar ordersThis is a reasonable assumption considering the low reflectiv-
to scattering and extinction of evanescent waves are strongity of the glass surface.
enhanced relative to plane-wave excitation. For very small Very small silver particles such as those of Fig. 3 exhibit
particles these contributions are limited, on the other hand, bipe well-known dipolar surface plasmon resonance at around
the fact that the Mie coefficients,, by in (6) are then rapidly 365 nm The shape of the extinction spectrum for evanescent
decreasing with increasing The decrease af,, b, at suffi-  waves is unchanged in this case compared to plane waves,
ciently high orders insures convergence of the cross sectio@d, as expected from the discussion above, the ratio of the
in (6) for all particle sizes, in spite of the strong increase ofcross sections for extinction as well as for scattering is for all
the functiondT,,, T, with the orden in the case of evanescent wavelengths to a very good approximation givenNy'T;
waves. In addition, the normalisation factdrin the denomi-  p-polarised evanescent wave) to 1 (plane Wave%tél‘ll (s-
nator quickly increases with particle size. polarised evanescent wave), with = 1.
For sufficiently small particles, the relatiop & I1, leads For larger particles, like those of Fig. 42 200 nnj,
t0 0da> os.afor all wavelengths, as for such particles the ab-higher multipolar orders become important and are enhanced
solute values of the Mie coefficierdg for electric multipoles  for evanescent waves as compared to plane waves. This leads
are larger than the coefficients for magnetic multipoles
to each orden. The same relation holds true for the extinc-
tion cross sections, as long as the real parts obthexceed
the real parts of théy,. The fact that p-polarised evanes- —
cent waves scatter more strongly from small particles tha §
s-polarised waves may be readily understood in the case ''Z
very small particles where the electric dipole approximatior & 1.0x10™
may be made. From the retarded potentials it follows that fo 3
an electric dipole induced in a small particle of an optically &,
isotropic material in the monochromatic evanescent fielc
Eev, Of either p- or s-polarisation, the time-averaged radiate/© 5.0x10”
power is proportional to{(ReE)?) = ((Im E)?) = 5 |Eel?
For the p-polarised wave the latter quantity contains a factc
T1 = |sin6k|? +co 6 > 1, which is missing in the case of
s-polarisation. Furthermore, the factor does not appear in tH* :
expression for the power incident on the particle, to which the 0.4 0.5
scattered power has to be normalised. Wavelength [um]
It seems appropriate to add a general comment on the perg. 3. wavelength dependence of the cross sections for extinction of plane
larization dependence of the optical cross sections for spheraves and evanescent waves by a spherical silver particle with1D nm
ical particles, caused by the occurrence of the functions TThe solid linesare calculated using (6a,c) for evanescent waves and the

. - R . ormulae of standard Mie theory for plane waves, respctively. Siweares
andIln in (6). This polarisation dependence is due to the fac dicate numerical results obtained by means of the multiple multipole

that p- and S‘p0|'§‘ri5ed evanescent waves are not rel"?‘ted (#MP) method. Thereby multiple scattering at the prism surface was neg-
each other by a simple rotation, i.e. a symmetry operation décted

1.5x10™ . . - .

xtinction

0.3 0.6
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' ' ' i ' i the scattering cross sections decrease faster than their real
- parts, which determine the extinction, (6a,c).
We have finally applied a numerical technique for the cal-
culation of electromagnetic fields, i.e. the multiple multipole
il (MMP) version [11] of the generalized multipole technique
(GMT) [12], to the present case of scattering and extinction
by small spherical particles to include the effect of multiple
scattering. For comparison with the analytical results given
above, backscattering from the surface, at which the evanes-
. cent wave is generated, was first neglected and the spatial
distribution of electromagnetic field vectors and the Poynt-
ing vector of the scattered wave were calculated. The time-
0'4 * 0|6 * 018 ‘ 10 averaged Poynti_ng vector was integrat_ed numerically over
' : : : a surface enclosing the particle to obtain the power of scat-
Wavelength [um] tered light. Similarly, the excitation intensity was integrated
Fig.4. Wavelength dependence of the cross sections for extinction ohumerically over the cross section of the sphere in order
gfnez(‘)%ar‘]’;s Aasn?n e';’iangsfheenstoma‘lﬁz Sbgreathsggenf;at'iczil"’regs&gtiﬁ'gmwnfb obtain the normalisation factor for the cross sections. In
(6a,c), and thesquaresigrlldicate the numerical results o%tained by means of.FIgS' 3 an(_j 4 the symbols (full squares) indicate the numer-
the MMP method ically obtained results. Both methods are, of course, in ex-
cellent agreement for this simple geometry. We also obtained
full agreement for various other absorbing and nonabsorbing
to the structured spectra in Fig. 4, which are not simply inparticles and sizes not discussed here.
a constant ratio to each other any more. Figure 5 displays When the effect of backscattering from the prism was in-
the decomposition of the extinction spectrum into the differcluded in the calculation, we obtained the results shown in
ent multipolar contributions for p-polarised evanescent waveBig. 6 for particles in contact with the surface of the prism.
(Fig. ba) and for plane waves (Fig. 5b), the numbers indicatih Fig. 6, the extinction spectra for a p-polarised evanescent
ing the multipolar order. The strong enhancement of highewave as well as for a plane wave are compared to those pre-
multipoles for evanescent-wave, as compared to plane-wawented in Figs. 3 and 4. For the plane wave normal incidence
excitation, is evident. For example, the octupolar contributiorirom the prism side was assumed. From the curves in Fig. 6
to the spectrum of the large silver sphere in Fig. 5a can now becomes obvious that the multiple scattering due to the
clearly be resolved and leads to the double peak structure ptism surface leads to a significant redshift of peak positions.
short wavelengths. For s-polarization the higher multipolesoreover, in those parts of the spectra that are dominated by
are also enhanced with respect to plane-wave excitation bstattering, corresponding in the present spectra roughly to the
less than for p-polarization (compare Fig. 4 and Table 1). Thevavelength rangé > 0.4 um, the extinction cross section is
scattering of spherical particles behaves qualitatively in thenhanced, whereas it is diminished in those spectral regions
same way as the extinction (multipole decomposition for scatwhere the absorption is the main contribution to extinction.
tering cross sections not shown here), but higher multipolaFfhe case of multiple scattering of plane waves for small par-
contributions decrease faster with ordemls the squared ab- ticles on or near a surface has been treated analytically by
solute values of the Mie coefficients appearing in (6b,d) fowvarious authors [13—18]. Similar to our results, a redshift and
an enhancement of the scattering efficiency was observed.
In [13—-18] the plane wave was assumed, however, to be inci-

0.4

0.3

0.2

0.1

plane wave

Extinction Cross Section [um?]

s-pol

0.4

0.3

0.2

0.1

Extinction Cross Section [um’]

plane wave

Extinction Cross Section [um?]

0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
Wavelength [um y ; ; ; ) ‘
gth [um] Wavelength [um] 0.4 06 0.8 1.0
Fig. 5a,b. Decomposition of the extinction cross section into the individual
multipole contributions for a silver particle witta2= 200 nm a p-polarized Wavelength [um]
evanescent wavé. Plane wave. The numbers indicate the order of the mul-Fig. 6. Comparison of the extinction cross section spectra for a silver sphere
tipole, whose contribution to the total extinction cross section is shownwith diameter 2= 200 nmin free space olid line§ and on the glass
Results for s-polarized evanescent waves are not shown here, but are simifaism (square$ for excitation with a plane wave (lower two curves) and
to those for p-polarization a p-polarised evanescent wave (upper two curves)
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dent from the side of the thinner medium. This is not directlyTaking into account the prism surface finally leads to signifi-
comparable to the present case. A more detailed discussioncdnt changes in the spectral dependence of the cross sections,

these effects will be given in a forthcoming paper.

which will be discussed in a forthcoming paper.

AcknowledgementsFinancial support from the Deutsche Forschungsge-

3 Summary

meinschaft (Innovationskolleg “Methods and Materials for the Nanometer

Range”) is gratefully acknowledged.

In this paper, the theory of Chew et al. [4] and Liu et al. [5]

for extinction and scattering of evanescent waves by spherical
particles has been used to obtain total extinction and scat-
tering cross sections. The cross sections have been defin
for the case of evanescent waves, and an expression for t
normalising integral has been given. Scattering and absorp-
tion of evanescent waves differ remarkably from scattering ;
and absorption of plane waves in that the special proper-

ties of the evanescent wave lead to increased contributions ofs.

multipolar orderst§, m) with n > 1, which in turn lead to in-
creased contributions of ordemns> 1 in the expansion of the
scattered wave. The results are polarisation-dependent cros

sections, which are much larger for p-polarised light than for g,

s-polarisation. The derived formalism was applied to silver

particles of different sizes to compute optical cross sections at?-
8. J.A. Lock, J.T. Hodges, G. Gouesbet: J. Opt. Soc. Aml2A 2708

wavelengths betwee300 nmand1000 nm The results show
quantitatively the effects expected from the model, especially 4
that higher multipolar orders are weighted more strongly

than for plane-wave excitation. It should be pointed out, how-10.
ever, that these effects are relevant not only in the special casg-

of particles exhibiting plasma resonances, but more gener;

resonances.

account the influence of backscattering from the prism sur-

to our analytical results we have found excellent agreement.

4.
g. C. Liu, T.Kaiser, S. Lange, G. Schweiger: Opt. Commuh7, 521
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