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Abstract. The enhancement of optical resonances of smalbnances show prospect of practical applications, for example
spherical particles in the case of excitation by evanesceffior size determination or sorting of small particles. Further-
waves is investigated. This enhancement is due to the largrore, all experiments, where strong local fields enhance op-
intensity gradient of the excitation and depends strongly otical properties of a sample, may benefit from resonance
the decay length of the evanescent wave as well as on its penhancements in evanescent fields. This applies to, for ex-
larisation. Resonances due to excitations of the bulk materi@mple, surface-enhanced Raman scattering, or nonlinear op-
are considered as well as morphology-dependent resonandi&sal effects, such as second-harmonic generation. It should
due to constructive interference of circumpropagating wavelse emphasized, that similar enhancements of higher-order
in dielectric particles. In the important case, when the particleesonances are generally expected in situations, where the
is in contact with a surface, where the evanescent wave is geaxcitation exhibits strong intensity gradients. The current pa-
erated by total internal reflection, both types of resonances aper is intended to discuss in more detail resonance enhance-
attenuated, broadened, and redshifted due to multiple scatients in evanescent fields, mainly in the visible spectral
tering processes. These effects have been studied by meaasge, and the additional effects of multiple scattering at the
of the numerical multiple multipole (MMP) method. It is prism surface.

found that even in this case strong enhancement of resonances Obviously, the number of resonances in the visible range
due to higher multipoles is retained, corresponding to scatteend their magnitudes and halfwidths depend on the optical
ing and absorption spectra significantly different from thoseproperties of the particle material as well as on size and
for plane-wave excitation. Multiple scattering processes areomposition of the particles. For very small particles, i.e.
found to become inefficient when the distance of the particlén the Rayleigh limit, only the dipolar contribution is rel-

to the surface exceeds about the particle radius. evant. In this case resonances occur when the complex di-
electric function of the particle material approaches certain
PACS: 42.25.Fx; 78.40.-q negative real values, which are in general related to bulk ex-

citations. Quantum size effects, which may lead to resonances

in the Rayleigh limit that are different from those of the bulk,
Scattering and extinction of light by small particles have beerre not considered in the current paper. For larger particles
studied for almost a century, and the classical theory iniso-called morphology-dependent resonances (MDRs) occur,
tially developed by Gustav Mie [1] has found widespreadwhich are not related to bulk excitations and do not require
applications in many fields of science and engineering. Imegative values of the dielectric function, but are determined
this standard theory, the incident and scattered fields, as wedly the size and shape of the particle. Enhancements due to
as the fields inside a spherical particle are developed intevanescent-wave excitation generally increase with ander
series of transverse electric and magnetic multipoles. Dawhich means that more pronounced effects are observed for
pending on the size and complex refractive index of the patarger particles. Even for comparatively small particles with
ticle, resonances are observed as a function of wavelengthositive values of their dielectric function, however, higher
which arise from the poles of the various multipolar contri-multipoles are important, if the particles are covered with
butions in the series. It was noted recently, that these resthin layer of a material, which exhibits a negative dielectric
onances, especially those of higher order, may be stronglunction. In the following, enhancements of resonances of ho-
enhanced in the case of evanescent-wave excitation as comegeneous spheres and of coated spherical particles will be
pared to plane-wave excitation [2]. Such size-dependent regliscussed.

Evanescent optical fields are commonly generated by total

* Corresponding author. Fax +49-3EB1-2692, internal reflection from the interface between two media of
E-mail: wannemacher@physik.tu-chemnitz.de different refractive index. In this case the particle resides in
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the thinner medium, and, in most experimental setups is ifor s-polarised light
contact with the interface. This complicates the situation con-

siderably because of multiple scattering. The latter leads tos 27 4 =
pronounced effects, which we discuss below for homogegext_ @N REZ(2”+1> (@nlIn+bnTn) (1a)
neous as well as for coated particles. n=1

0%a= AN i (2n+1) (lan|® My + [bn|* To) (1b)
1 Scattering in evanescent fields i A — '

In this section scattering of light by small spherical parti-fOr p-polarised light

cles is briefly recalled. The formalism of the theory of light o 00

scattering by spheres can be found in readily available mon@s, = = N""Re) " (2n+1) (@ To +balTn) (1c)
graphs and textbooks [3—6]. In 1908 Mie [1] and indepen- Kiu n=1

dently in 1909 Debye [7] solved this problem for an isolated

sphere and a plane incident wave. In 1977 Chew et al. [8] o 0
treated the problem of scattering of evanescent waves hQyp _ <" N1 2 2

small particles by analytic continuation of the case of plrcme?-ySca ke, N Z @+D (|an| T+ 1bn| Hn) ' (1)
wave excitation. They were primarily interested in the de-

pendence of the differential scattering cross sections on thaith the definitions

n=1

scattering angle. Their results were recently applied by Liu > " (=m)! | Pom(cosA) |2

et al. [9] to MDRs in the differential scattering cross sec-7,(6y) = Z © |mm K (2a)
tion of dielectric particles. Those authors calculated the size nn+1) = (+m! Sinok

dependence of an unnormalized differential cross section for

a specific scattering angle, but mainly studied the intensity N 5
distribution inside the sphere. Enhancement of higher multi=- @) = Z (n—m)! | dPym(cosdk) (2b)
poles in evanescent-wave scattering seems to have been nd- k)= nin+1) (n+ m)! doy ’

ticed in a previous study of Barchiesi and van Labeke [10]. m=-n

These authors considered the diffraction of evanescent wavesd the coefficienta, andb;, being the scattering coefficients

on a grating from a small sphere and calculated in this way thef the TM modes and TE modes of the spherical particle,
images of the grating, which would be obtained by scanningespectively. Formulae (1a)—(1d) are valid not only for ho-
tunneling optical microscopy under monochromatic illumi- mogeneous, but also for coated spherical particles with an
nation. They were not, however, interested in the effect ohrbitrary number of layers. Only the expressions for the coef-
the multipolar enhancements on the scattering and extindicientsa,, by, differ in these cases. For an incident plane wave
tion spectra, and, in fact, their calculations refer to a cas&, = IT,, = 1 for all multipolar ordersr and angle® with
where no resonant features exist in the visible range of waveosgy < 1. In this case the cross sections are, of course, equal
lengths. Furthermore, neither of the authors mentioned corer s- and p-polarisation and (1) are the well-known results
sidered the effects of the prism surface on resonances of smélbm standard Mie theory. For an incident evanescent wave
particles in the evanescent field. In [2] total cross sectionghe functionsT,, 11, increase with the ordar and with the
were defined and calculated as a function of the wavelengtiingle of incidence, and can attain very large values [2]. This
for the case of small silver particles. The enhancement adimply reflects the fact that due to the large intensity gradi-
contributions from higher multipoles to scattering and ex-ent the evanescent wave contains much stronger contributions
tinction, as compared to plane-wave excitation, was showfrom higher multipoles than an incident plane wave.

to lead to significant changes in the scattering and extinc- The normalisation factoN is equal to one for plane
tion spectra. The influence of the prism surface was investiwaves, but assumes a different value for evanescent waves. If
gated for these particles by means of the multiple multipolehe cross section is normalized to the total incident poer,

(MMP) method. is given by [2]
Here we take into account the more general case of coated
spherical particles. In 1951 Aden and Kerker [11] and in- ne . 1i(2ka) np . 2, (k)™
dependently in 1952 Giittler [12] extended Mie’s theory toN = ™ singj— —— = " siné 1+ mi(m+ 1)!
m=1

particles with one layer. Extension to arbitrary numbers of
layers was reported in 1985 by Bhandari [13] using a matrix 3)

formalism. A recursive formulation was developed in 1994, yjeyy of the further discussion of results for coated spheres,
by Sinzig and Quinten [14] and is more practicable for geny; js convenient to quote the coefficiersandby, for a spher-

eration of computer codes. Also in 1994, but independenty) particle coated with a single layer of another material.
of [14], Kai and Massoli [15] developed a similar recursionThey are

formalism.

In the following, we briefly repeat the expressions for W (X1) [Wh(Maxa) + Anx)(Mixa) |
the optical cross sections obtained in [2]. According to the — M (X1) [Wn(M1X1) + Anxn(MiXy)]
definition employed in this reference, the cross sections fo?n = o A
extinction and scattering of an evanescent wave by a spherical { "EV)(Xl) [n(Maxy) + Ao (Maxa) ] }
particle with diameter 2are — M&, (Xa) [Pn(MaX1) + Anxn(MaX1)]

(4)
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{ M1 (X1) [Wa(M1X1) + Brxp(Mixa) ] } positions and widths of the resonances are the same in both
N Wi (X1) [Wh(M1Xq) + Bnxn(MiXy)] 5) cases, the amplitudes of resonances corresponding-ta
{ Mi&n (X1) [W{,(mlxl) +an§,(m1X1)] } ’ arelstrogglytenr:agc?ﬁ fobr ehvanesmfent—wave e|>I<C|ta:t{!o|n.
— £ (%) [¥n(Mixa) + B (Mixo)] n order to study the behavior of very small particles, we

simplify these expressions by using the Rayleigh approxima-
with tion, i.e., for size parameters< 1. Then, it can be shown
that only the TM-modes are resonant and the resonance con-

_ ¥n(X0) ¥ (MoXo) — Mo¥y (Xo) Wn(MoXo) dition explicitly reads for each multipolar order

An = ; ; ’ (6)
Xxn(X0) ¥ (MpXo) — Mo}, (Xo) Wh(MoXo) n+1 n+1
<Eshell+ 3M> <3core+ Eshell>
5 — _ Mo¥%n (X0) ¥, (MoXo) — Wy, (Xo0) W (MoXo) % n+1 Bcore 3
n Moxn (X0) ¥/, (MoXo) — X (X0) ¥ (MoXo) ’ + n <acore+ dshell) (&shell— &m) (€core— Eshel) = 0.

and the size parameters (12)

o o Here, Maxwell’s relat_ion b(_atween the ind_ex of _refractﬁm)
X0 = — acordshel(A) X1 = — (Acore+ Oshel) MM (X) , and the corresponding dielectric functie) is used for
A A 8 the core, shell, and surrounding medium. The limiting cases
(®) acore = 0 anddshe = O result in the condition for a compact

and the relative indices of refraction sphere {core = &shell = ¢):
ncore()v) nshell()v) ( n+1 ) _
mo(L) = my(L) = . 9 e+ em | =0. (13)
o) = et ) ) = ©) n

Here, 1 is the vacuum wavelength of the incident light.
a(2) = Zjn(2), xn(2) = zYh(2), and &(2) = zhP(2) are , o
Riccati-Bessel, Riccati-Neumann, and Riccati—Hankel func? Eﬁgwa of scattering and extinction in evanescent
tions. The prime denotes the derivative with respect to the 1elas

argument. These results include the results for a homog&pecific examples for the case of homogeneous spheres and

neous sphere, which are obtained either &4e=0 or  for coated spheres are discussed in the current section. In

shell = 0. addition, the range of refractive indices, particle sizes, and
Resonances occur if the denominators of the scatteringickness of the coating layer is investigated, for which well-

coefficientsa, andb, become small. In this case the corre- defined resonances of multipolar orders 1 are obtained in

sponding mode will dominate the scattered field. These reshe visible spectral range.

onances are caused either by the constructive interference of

light waves, that travel just inside a narrow domain in the

vicinity of the surface of the sphere (these are the MDRs merg-1 Homogeneous spheres

tioned above), or by surface excitations which require nega-_, . . .
tive values of the dielectric function of the bulk material. The OPviously, MDRs occur, if the size parameker= ny 2ra/A

latter may be due for example to the presence of conductiof*Ce€ds @ value of order unity. This value depends on the real
partn’ of the complex index of refraction of the particle ma-

electrons, excitons, or, in the infrared, to lattice V|brat|onsc.Lgrial and decreases with increashigOn the other hand, for
g_articles with diameters above approximatedy=25 um the
lWémber of resonances in the visible range becomes very large,
which is unfavorable for a number of possible applications.
In addition, to obtain well-defined resonances, the imaginary
partn” of the refractive index must not be too large. In the
case of semiconductor materialsgenerally decreases in the
E(X1) W (maxa) + Anxl(MiXg) visible range with increasing wavelength, which means that
1$ x1) = (M1X0) + Ao (M1Xy) (10)  MDRs are more _Ilkely to be observed at Io_ngerwavelengths.
il ntITAL) 7 FnXn (AL For some materials, for example germanium or amorphous
and the TE-mode, is resonant if silicon, largen” values preclude the existence of MDRs over
most of the visible and near infrared range. For crystalline sil-
icon the large value af’ (between 5 and 3.6 at wavelengths
between0.3um and 1 um [16]) gives rise to morphology-
dependent resonances for particles wih-20.15um. In this
Of course, (10) and (11) can be satisfied only approximatelgase, howevem” is considerably smaller, and sharp reso-
for real . The resonances of a homogeneous sphere are obances appear in the spectra.
tained forA, = B, = 0. The resonances described by (10) and  As an example, Fig. 1 depicts the optical extinction cross
(11) are the same for plane-wave and evanescent-wave exsections of a compact crystalline silicon sphere with=2
tations, as (1)—(5) apply to both cases, the difference being00 nmfor excitation by a plane wave (Fig. 1a) and for ex-
different values of the quantities in (2) and (3). Whereas theitation by p- and s-polarised evanescent waves (Fig. 1b,c).

excitations just mentioned are the only possible source of re
onances. To get morphology-dependent resonances either
particle must be sufficiently large, or, for particles of a given
size, the index of refraction must be sufficiently high.

The TM-modes, are resonant if

1 & (x) _ ¥p(mixy) + Bnxy (Mixa)
My én(X1)  Yn(MiX1) + Buxn(mMixy)

(11)
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trast between off-resonant and on-resonant conditions than
the scattering cross section.

An example of the significant changes that arise in the
scattering spectrum of somewhat larger particles due to
evanescent-wave excitation is shown in Fig. 2, which displays
the scattering cross sections of a spherical diamond particle
of diameter 2 = 600 nm In this case extinction and scatter-
ing cross sections are, of course, identical, as the absorption
of pure crystalline diamond vanishes in this range of wave-
lengths. Sharp MDRs of order< 7 in the visible spectrum
exhibit again strong enhancements in the evanescent field,
and as in the case just discussed, TM modes are favored for
p-polarised excitation and TE modes fpolarised excita-
tion, the difference increasing with ordeof the multipoles.

Due to the oscillatory nature of the Riccati—Bessel functions
in the denominator of the Mie coefficients, a second set of
resonances associated with the same multipolar orderg
appears at wavelengths shorter than abt@nm i.e. at
larger size parameters (not shown here). Their enhancements
in the evanescent field are similar.

The spectral dependence of the scattering cross sections
in Fig. 2 demonstrates clearly the large enhancements of con-
tributions from higher multipoles due to the large field gra-
dients of evanescent waves. Comparing the very large abso-
lute values of the cross sections for evanescent-wave excita-

Fig. la—c. Spectra of the extinction cross sections for a homogeneous silition (Fig. 2b,c) to those for plane-wave excitation (Fig. 2a) it

con particle in vacuum with&= 200 nmfor plane-wave excitationaj, and
for p-polarised b), ands-polarised €) evanescent-wave excitation. For the
evanescent waves an angle of incidenc@®f of the totally reflected wave
and a constant index of refraction of the prisg= 1.5 is assumed. Note

the different scale in Fig. 1c

should be kept in mind, that the cross sections of (1) have
been normalised to equal power incident on the particle and
that for such a large particle the evanescent wave decays over
only a fraction of the particle diameter.

It should finally be remarked that the field distributions
are very different for plane-wave and evanescent-wave exci-

At this point it is assumed that the particle is in front of
the glass prism at a distanck such that multiple scatter-
ing processes involving the prism surface can be neglected.
The spectra in Fig. 1 exhibit a number of maxima, which can
be assigned to morphology-dependent resonances (MDRS),
and the assignment to TM- and TE modes for this sphere
is indicated in the figure. As discussed above, the peak pos-
itions and half widths of these MDRs are unaffected by thei—
kind of excitation. In contrast to this, the peak heights de- 5
pend on the excitation. It may be recognized from Fig. 1, that =
in the case ofp-polarisation MDRs corresponding to T™M
multipoles and in the case sfpolarisation those correspond-
ing to TE, and Tk multipoles are strongly enhanced com-
pared to plane-wave excitation. A similar result was reported
in [2] for the resonances of a silver sphere with=2200 nm o
Due to the large real part of the refractive index of silicon, ©
however, resonances due to magnetic multipoles cannot b&
neglected for the silicon sphere of Fig. 1, in contrast to a sil- g
ver sphere of the same size. This leads to the appearance &
TE modes in the spectra, which are strongly excited by theQ
transverse electrigpolarised evanescent waves, whereas TM
modes are more efficiently excited by the transverse magnetic
p-polarised waves. The scattering spectra of the silicon par-
ticle just considered are qualitatively similar to the extinction
spectra. Contributions from multipoles of higher order are,
however, relatively weaker than for the extinction cross sec-
tions, as the squared absolute values of the Mie coefficients
in (1b), (1d) decrease faster with ordethan the real parts

TE,
™ TM5
= TE TE

0
=)
b3 ™,
Q  50f b
™,
™,
™, oy
0
100t |TE
TE, C
50

L TE5
TE
4 TE
N J\ A

05 06 07 08 009
Wavelength [um]

\ . . Fig. 2a—c. Scattering spectra of a spherical diamond particle of diameter
which appear in (1a), (1c). It should be added, that the opticgh — 600 nm for an incident plane-waveal and for p- and s-polarised
absorption cross section generally exhibits a stronger corevanescent waves,), respectively. Evanescent waves as in Fig. 1
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tation even when the same resonance is excited. For exampte= 10 nmfor the case ofp-polarised evanescent-wave ex-

in the case of evanescent-wave excitation the ring-shapegitation and core radia = 20 to 150 nmin 10-nm steps.
pattern of field nodes corresponding to the MDRs of a ho¥or clarity the spectra are shifted vertically by a constant
mogeneous particle is rotating in the plane of incidence. Thiamount. The individual multipolar contributions are iden-
is contrary to the case of plane-wave excitation, where twdified. The line marked with a star arises from all multi-
counterpropagating waves are generated which travel close pwles appearing in the spectrum and corresponds to the reso-
the inner surface of the sphere and produce a fixed pattern ofinces close te; (Ag) = 0, compare Fig. 3. For the smallest
field nodes. MDRs of high order, so-called whispering gallerycore radius ofa = 20 nmonly the dipole contribution is ob-
modes, have been generated experimentally by evanescesérved. With increasing core size higher multipoles appear
wave excitation by Collot et al. in view of quantum-optical and the splitting between the resonance positions increases.

applications [17]. At the same time resonances due to lower multipole orders
broaden and shift to the red. The resonancg &340 nm
2.2 Results and discussion for silver-coated spheres corresponding te1(Ag) ~ 0 remains at approximately the

same position for all core sizes. Figure 5 shows the depen-
Whereas for homogeneous spheres either large particles @ence of the observable resonance positions on core size for
particles with sufficiently large refractive index are requiredthicknessd = 1, 2, 5, 10 nm The lines through the calculated
to obtain morphology-dependent resonances, comparativepositions are only guidelines to the eye, but to a good ap-
small particles can exhibit resonances in the visible spectrgroximation a linear relationship is observed. The compari-
region, if they are coated by a metal. The position of reso-
nances due to the excitation of collective eigenmodes of the
conduction electrons in the metal shell is determined by (12). 5
However, as the absorption in the metal, which is proportional_
to the imaginary part,, broadens such resonancegsshould 2
be sufficiently small in the spectral range under consideratioriz
if narrow resonances and large cross sections are desired. Tie

Resonance Positions

smallest values of; in the visible are found for alkali metals, § Hoogeneous Sphere:
for example sodium, and for silver. For all other metals 5 A n-»2

is significantly larger. Because of its high reactivity with wa- S -10r ® n=3 |
ter, sodium cannot be used as coating material under ambiettt Coated Sphere:
conditions. Thus for practical use silver is most suitable as:; 151 a :;; ]

coating material.

For example, for a silver particle witha2= 22 nm (d =
0nm) and a silver-coated silica particlegZ 20nm d = ) ) )
1 nm) the resonance conditions for the first three TM modes 03 04 05 06
with multipolar ordern =1, 2, and 3 are calculated using
(12) and (13). As the imaginary part efq is rather small in ) - i o ) )
the visible spectral region and does not vary rapidly with the9- 3 Resonance positions of Mie coefficierds, by with n < 3 for sil-

| hiti d . . | 2 d er spheres of diametea2- 22 nmand for silver-coated silica spheres with
wavelength, it Is a good approximation to solve (1 ) an_ (13 ore diameter = 20 nm and shell thicknessl = 1 nm The surrounding
only for the real part ofag. For the coated sphere, (12) yields medium is assumed to be vacuum
two solutions. This is similar to the case of a thin plane metal-
lic film for which two surface plasmons of different frequency

O n=3
20+

Diele

1

07 08 08 10
Wavelength [pm]

exist due to the interaction of the surface plasmons on each ™,

[ ™ ™
surface [18]. For large shell thickness the long-wave reson- ™l 2 ™
ance approaches the position of the corresponding resonance * \‘ I l !
for a homogeneous silver particle, i.e. it is related to the in-) M"U A
terface between the shell and the surrounding medium. Vic@ l'hh"
versa, the short-wave resonance is related to the inner integ ‘ i"

face. The values obtained for the sphere are plotted in Fig. 100 .
where the bulk dielectric constant of silver [19] is plotted ver-Y -"
sus the vacuum wavelength. It is easily recognized that thé —‘ ~
resonance positions of the multipoles are clearly separated fc’g 50 d’
the silver-coated particle (squares) whereas the peak positioRs 7

of the compact silver particle (circles) are close together. Th&d 0 - - - - -
resonance positions for the second solution of (12) are also 04 05 06 07 08 09

close to each other and, moreover, are very close to the wave- Wavelength [um]

length wheresag = 0, which is the condition for the bulk rig 4 Extinction spectra of silica particles coated with a silver shell of
plasmon. The discussion so far makes it clear that resonangftknessd = 10 nm for p-polarised evanescent-wave excitation and core
positions of a silver-coated sphere may be tuned within a widediusa = 20 to 150 nmin 10-nm steps (arrow marks increasing core size).

range of wavelengths by adjusting the core size and the thick® account for the variation in the cross sections for the different particle
ness of the shell sizes the cross sections have been normalised to the particle cross sections
. N L to obtain the extinction efficiencyp-polarised wave as in Fig. 2. THme
Figure 4 displays the dependence of the extinction SpeGnarked with a star arises from all multipoles appearing in the spectrum

tra of silica particles coated with a silver shell of thickness(compare Fig. 3). Agaimy =1
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. . . . . . - . . . . — 1.0 Fig.5. Resonance positions of the
electric multipoles TM for silver-
R 40.9 coated silica particles as a function of

— s core radius and thickness of the shell.
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son of the resonance amplitudes for the coated particles for Comparing Fig. 2 and Fig. 6 it may be recognized, that
plane-wave and evanescent wave-excitation is deferred to ttal MDRs are strongly broadened by multiple scattering at
next paragraph. the prism surface. This is accompanied by a strong reduc-
tion of the peak cross sections. Besides, there is a redshift
of the maxima in the range of a few nanometers, decreas-
3 Effects of the prism surface on scattering and ing towards higher multipole orders. The broadening of the
extinction spectra resonances may be understood as a reduction of the quality
factor of the resonances due to the leakage of energy of the
In order to observe scattering or extinction of evanescentsonant mode into the prism. In the presence of the particle
waves by small particles, total internal reflection from a prisntotal internal reflection is, of course, disturbed, and, corre-
surface will generally be employed. In this case the interacspondingly, the excitation does not contain the large intensity
tion of the particle with the prism surface has to be taken intgradient of the undisturbed evanescent wave. This leads to
account. This interaction will now be discussed for the repthe reduction of the amplitudes of higher-order resonances.
resentative cases studied in Sects. 2.1 and 2.2. There haVke redshift may be explained qualitatively by observing that
been a number of attempts to describe this interaction an#he near field of the particle extends partly into the prism
lytically for the case of plane-wave excitation (compare, formaterial with its higher refractive index, and that the Mie
example [20—23] and references therein). A useful approaatesonances shift to longer wavelengths, when a particle is
is to consider the particle to be interacting with its mirrorembedded in a medium of higher refractive index. The red-
image. In the current paper, however, instead of an analytshift is larger for TM modes than for TE modes. This may
cal treatment, preference was given to the numerical ‘multipl&e explained in a heuristic fashion by the fact that for TE
multipole (MMP)’ method [24] for the study of such multiple modes the electric field is parallel to the surface, which cor-
scattering processes. This method has been used to calculagégponds to a serial arrangement of the impedances of both
the field distributions in the vicinity of the sphere, and fromhalfspaces, whereas for TM modes there is a field compon-
these fields the scattering and extinction cross sections haeat normal to the surface, which means that the impedances
been calculated as described in [2]. are parallel. Simplifying the surface as an equivalent electric
circuit consisting of two serial or parallel capacitances, re-
spectively, a larger effective dielectric constant for the TM
3.1 Homogeneous spheres modes is obtained. Comparison of Fig. 2 and Fig. 6 makes it
clear that large resonance enhancements are possible, when
The case of the large spherical diamond particle of diamthe particle is held at some distance from the prism surface.
eter 2a =600 nm already investigated in Sect. 2.1, is bestOn the other hand, even when the sphere is in contact with
suited to understand the general effects of the prism surfadhe surface (Fig. 6) the spectra for evanescent-wave excita-
on MDRs of homogeneous particles. Figure 6 shows the scation differ strongly from those for plane-wave excitation, and
tering spectra of such a particle when it is in contact with theesonances with large peak amplitudes are observesd &
prism surface, either excited by a plane wave incident norwell as p-polarised evanescent waves.
mally from the prism side or by evanescent waves of eifher While the angular dependence of the scattered intensity
or s-polarisation. is not the main subject of the current paper, Fig. 7 serves
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Fig. 7a,b. Time-averaged Poynting vector of tiseatteredfield for a dia-
mond particle of radius = 300 nmand for p-polarised evanescent-wave
excitation at the TN resonance a456 nmin free spaced) , and at458 nm

when the particle is in contact with the prism surfabg. The latter is in-
dicated by the straight line, and the prism is to the right of this line. The
evanescent wave propagates from the top of the figure to the bottom and
decays from the right to the left

Scattering Cross Section [umz]

evanescent and plane-wave excitation, and significant reson-
ance enhancements remain for evanescent-wave excitation. It
Wavelength [um] was fur}herfound in the MMP calcglations, thatlthe multiple-

] ] ] ] ] ) scattering processes become quickly ineffective, when the

Fig. 6. Scattering spectra for a spherical diamond particle of diametef 2 particle is not in contact with the prism surface, but is held

600 nmin contact with the prism surface. Multiple scattering is included in h di h . For | f h
the calculation. Refractive index of the prismg = 1.5. Evanescent waves &t @ short distance to the surface. For instance, for a homo-

as in Fig. 2. In the plane-wave case a plane wave is assumed to be incideg€neous silver particle of radis= 100 nmthe scattering
normally on the prism surface from the prism side, and the correspondin@nd extinction spectra are indistinguishable from those with-
transmitted wave excites the particle out multiple scattering when the distance exceeds about half

the particle radius.

05 06 07 08 009

to demonstrate the strong changes in the differential cross

sections effected by the prism surface. It shows the time4 Conclusion

averaged Poynting vector of tiseatteredfield for the same

diamond particle and fop-polarised evanescent-wave exci- Resonance enhancements due to evanescent-wave excitation
tation with the real part of the wavevector pointing vertically have been studied for homogeneous and for silver-coated par-
from the top of the figure to the bottom and the evanesticles. In the case of the so-called morphology-dependent
cent wave decaying from the right to the left. While a nearlyresonances very strong polarisation-dependent enhancements
isotropic emission is obtained, when multiple scattering at
the prism surface is neglected (Fig. 7a), a very directional
scattering pattern is obtained when the particle is in contact
with the surface (Fig. 7b). The latter is indicated by the ver-
tical line in Fig. 7b, and the prism is to the right of this line. 12b 2 a b
Most of the intensity is scattered in a certain direction into—
the prism. In the limit of geometrical optics this corresponds= 1.0}
to the refraction of the wave propagating close to the inners
surface of the sphere into the prism. The emission angle therez 08 ¥
fore depends on the radius of the sphere and on the order ‘
the MDR.

14 T T T T T T 0.4

06k 3 ™

3.2 Silver-coated spheres

[Zu.m] uo1199S SS0ID uonouUNX3

S xtinction Cros@S

Figure 8 compares the extinction spectra of a silver-coate
silica particle of core diametea2= 200 nmand shell thick- —
nesd = 10 nmwhen the particle is in contact with the prism

surface (straight lines), and when it is far away from the sur-
face, such that multiple Scattering processes maybe neglecté:ﬂﬂ- 8a,b. Extinction spectra of a spherical silver-coated silica particle

L - . . . in contact with the prism surfacesttaight lineg and far away from
Similar to the MDRs considered in the previous section, re the surface dotted liney. Core diameter 2= 200 nm shell thickness

onances of higher order are strongly _damDEd in the presr— 10nm np, = 1.5. a Evanescent-wave excitation, parameters as in Fig. 2.
ence of the surface, but the spectra still differ markedly foib Excitation by a plane wave incident normally from the prism side

0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0

Wavelength [um] Wavelength [um]
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are found. For silver-coated particles the resonances may be. C.F. Bohren, D.R. HuffmanAbsorption and Scattering of Light by
tuned throughout the visible spectrum by varying the core  Small Particles(Wiley, New York 1983)

size and refractive index of the particle. Multiple-scattering & 'JD-Abesgreg.t‘;;‘rﬁ'eg;o‘ggaggi?lggg;’rwcera"" Hill, New York 1941)
processes at the prism surface reduce the resonant cross seg- Cheﬁ'N'D_S_'Wag'g M. Kerker: Appl. Ofit8, 2679 (1979)

tions significantly. In addition, a broadening and a redshift 9. c. Liu, T. Kaiser, S.Lange, G. Schweiger: Opt. Commi7, 521
occur, when the particle is in contact with the prism surface.  (1995)
Furthermore, the angular distribution of the scattered light be10. D. Barchiesi, D. van Labeke: J. Mod. Op, 1239 (1993)

comes highly anisotropic in this case. Even then, however, tha> /- A%en XﬂrinKeFEIr(\?/gli' ég‘z'l'g';gﬂ 1242 (1951)
scattering and extinction spectra differ strongly for evanes-j3° g ghandari: Appl. Op24, 1960 (1985)

cent and plane-wave excitation and the stronger resonances. J. Sinzig, M. Quinten: Appl. Phys. B8, 157 (1994)

in the former case may be useful for a number of practicall5. L. Kai, P. Massoli: Appl. Opt33, 501 (1994)

applications. 16. E.D. Palik (Ed.)Handbook of Optical Constants of Soliflscademic

Press, New York 1996)

17. L. Collot, V. Lefévre-Seguin, M. Brune, J.M. Raimond, S. Haroche:
Europhys. Lett23, 327 (1993)

18. H. RaetherExcitation of Plasmons and Interband Transitions by Elec-
trons Springer Tracts in Modern Physics 88 (Springer, Berlin, Heidel-
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