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Point-dipole approximation for surface plasmon polariton scattering:
Implications and limitations
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We consider in detail the point-dipole approximation of surface plasmon pold®&©B scattering and its
limitations imposed by the energy conservation. In the framework of the point-dipole approach, we analytically
calculate the scattered electric fields of both the waves propagating away from a metal-dielectric interface and
SPP waves. This allows us to establish the relation between the scalar and vectorial models of SPP scattering
by dipolar particle. The differential and total scattering cross sections related to SPP-to-SPP scattering and
scattering of SPP’s into waves propagating away from the interface are studied with respect to the configura-
tion and material parameters of the system. Using the Poynting theorem, we show that the condition of
constant field inside a dipolelike scatterer is also essential for the energy conservation in the scattering process,
resulting in additional requirements on the sphere radius and other system parameters. In addition to the
general case, different limiting cases are considered exemplifying the relative importance of these
requirements.
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l. INTRODUCTION phenomenot??tis similar to the photonic band-gap efféét.
However the progress in SPP optics of artifidiahd spe-
Surface plasmon polaritoSPP’3 are confined electro- cifically designed systems of nanoparticles raises new prob-
magnetic waves that propagate along a dielectric-metal intetems that should be solved for the potential of SPP optics to
face with amplitudes that decay exponentially with increasbe fully realized. For example, the procesgioklastio SPP
ing distance into both of the neighboring medi&PP’s  scattering out of the surface plafi@to waves propagating
exhibit a very high sensitivity to surface properties, e.g., suraway from the surfageshould be investigated in detail in
face roughness and adsorbates. The SPP behavior has beeder to minimize the inelastic SPP scattering while maxi-
extensively studied, especially the SPP scattering into thenizing the efficiency of the in-planglastio SPP scattering
far-field zone by surface random roughné&enewed inter- by surface nanostructures. This issue becomes especially im-
est in SPP’s comes from recent advances in nanotechnologportant in the case of strong multiple SPP scattering, occur-
that allow one to fabricate artificial surface microstructuresring, for example, in the aforementioned band-gap structures.
and nanostructures in order to control and manipulate SPP general, the task of SPP scattering by surface inhomoge-
properties. One of the most attractive aspects of SPP’s is theeities is very complicated, and even a relatively simple case
possibility of concentrating and guiding electromagnetic ra-of the SPP scattering by a single symmetric defect requires
diation using subwavelength structufeBxtensive theoreti- elaborate numerical simulatio%.The problem becomes
cal and experimental investigations of SPP properties haveven more complicated when one considers sophisticated
been carried out during the last ten years. Thus various thesurface structures consisting of surface nanoparticles as in
oretical simulations of SPP scattering and reflection by survarious optical microcomponents, e.g., line mirrors and beam
face defects have been reporfe.The SPP propagation splitter$425 and band-gap structurés!® In order to ap-
along one-dimensional surface strucfiff@nd the coupling proach the problem of multiple SPP scattering by a compli-
between SPP’s on a homogeneous thin film and modes susated system of scatterers one is forced to seek a compromise
tained by metal stripé8 have been experimentally investi- between the complexity of a system considered and the ac-
gated. Demonstrations of SPP microcomponents, such asiracy of a model employed. This means that when treating
mirrors, beam splitters, etc., made of individual microscatteran ensemble dimany) scatterers one usually opts fofrala-
ers have been reportét!? including the realization of an tively) simple description of SPP scattering by an individual
efficient SPP interferometét. Properties of SPP’s at tera- scatterer. A possible approach in such a case is to make use
hertz frequencies, that might be interesting for direct andf the point-dipole approximation. In the framework of this
simple biosensing, have been experimentally investigHted. approach, the local spectroscopy of noble metal nanoparticle
Quite recently, periodical microstructures of gold nanoparstructure deposited on a transparent sample with surface
ticles have been shown to exhibit band gap properties foelectromagnetic evanescent field has been theoretically ana-
SPP’s'5-17Furthermore, SPP waveguiding along straight andyzed in Ref. 26. The SPP local excitation and scattering
bent line defects in the periodic structures has also beefboth in and out of the surface planby surface particles
demonstrated’'° In general, the SPP band-gafBG) have been described and simulated in the context of near-
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field (forbidden-lighy microscopy?’ In addition, scalar and P z
vectorial models of micro-optical SPP componéhtand p 4 R
band-gap structurés'® have been developed. These models y
allowed one to circumvent a complicated problem of scatter- SPP

ing inside surface particles and concentrate the efforts on —’

modeling of (strong multiple scattering between the par- z
ticles, simulating various scattering phenomena that were ex- £ 4
perimentally observed. However, up to now the potential of r 5
the point-dipole approximation for SPP scattering has not

been fully explored, and the limits of its validity have not g,,,

been established.

The main purpose of this paper is to consider in detail the FIG. 1. Schematic representation of physical system: SPP wave

oint-dipole approximation of SPP scattering and its limita-. " ) . . .
Pions im[:)osedpgy the energy conservation. glj'he point-dipolés scattered by a spherical particle with radigs and dielectric

approximation is based on the assumption of constant fiel§o"St"ep

inside a scattergispherical particleso that the excitation of

higher-order multipole components in the scattering field carare the coordinate unit vectors; and(d#spp and a/kspp

be neglected. The usual requirement is that the ragiuf a  determine the SPP penetration depths in the dielectric and
spherical particle should be sufficiently small in comparisonmetal, respectively.

with both the light wavelength and the distargebetween In the electric point-dipole approximatidf?7-32the par-

the center of the particle and the surfd€e’ Here, it will be  ticle is treated as a dipolar scatterer located atand the

shown that the condition of constant field is also essential fofotal electric field everywhere outside the particle can be ex-
the energy conservation that results in additional requirepressed as

ments on the sphere radius and other system parameters. In

order to express the main relations in an analytic form we kg -

will have to neglect the material absorption in some cases Etotalr) = Eol(r) + —G(r,rpp, (2
that will be explicitly indicated. This assumption can be jus- ‘o

tified by the fact that the SPP propagation length along thguhereE(r) is the electric field of the incident SPP wave at
plane surface of noble metals is about two orders of magnipointr, ¢, is the vacuum permittivity, the vectqr denotes

tude larger than the wavelength of light in visible and even, . dipole moment of the particle, air ,r') is the dyadic

larger in infrarec? : ) . .

) . . Green’s function of the reference system, i.e., the physical
The paper is organized as follows. In Sec. I, the main . . ;

i : ; .~ system without the particle. The second term on the right-
formulas of the SPP scattering by a point dipole are given . : . .

) ) hand side of Eq(2) is the scattered fiel&(r). Sometimes

and the relation between the scalar and vectorial models is” i . L )

established. In Sec. Ill, we calculate the differential and totait iS convenient to spliG(r,r’) into two separate contribu-
cross sections for the two SPP scattering mechanisms. TR@NS, viz. the Green’s function of the homogeneous medium
results of the preceding sections are used to consider th@%r,r’) and that related to the reflection from the interface
energy conservation in scattering processes, establishing ti@&(r .r').27 However, if one considers scattering processes

condmons that should be fqu|.IIed in Sec. IV. The results areinvolving SPP's, it is more convenient to apply another ap-
summarized and the conclusions are offered in Sec. V.

proach that has been recently reporteth this formulation,
Il. SPP SCATTERING BY A POINT DIPOLE: the Green’s tensor is divided into the part that governs the

MAIN FORMULAE excitation of SPP's,éSPF(r,r’), those describings- and

Let us consider the following physical systefig. 1). A E)—polarized waves that propagate away from the interface,

small spherical particle with raditg, and dielectric constant GFPl(r,r") and GRPol(r ,I'), and the quasistatimeay field
gp is located in a reference system, which consists of a dicontributions Gg(r ,r’)+G§(r ,r'), corresponding, respec-
electric (in the regionz>0) with dielectric constant, >0 tjvely, to the two aforementioned contributions:

and a metalin the regionz< 0) with dielectric constant,,

The particle is located above the metal surface in the dielec- G(r,r’) = ég(r,r N+ ég(r,r N+ é;pol(r,r N+ ég—pol(r,rr)

tric half space, its position being given by=(0,0,z,). The R

metal-dielectric interface is assumed to support the propaga- + Ggpdr,r'). (3
tion of SPP’s, implying that Re,,) <-¢,. A plane SPP wave
(at frequencyw) is propagated along the surface in tke
direction, incident on and scattered by the parti¢ta. 1).
The incident SPP electric fiel, field can be represented in
the following form16:31

Eo = explikspX — aksp2) (- ia%,0,2), z>0, (1) p = ayEo, (4)

In order to calculate the scattered field one has to deter-
mine the dipole moment of the scatterer as well. The induced
dipole moment of a small particle can be expressed as fol-
lows:

5, . N - ~ . . ™ .
where a=\/g;/(—&n); Ksp=Koverem/ (e +en) is the SPP  whereay is the polarizability tensor accounting for the sur-
wave numberk, is the wave number in the vacuuk;§, 2 face dressing effet®33
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~ [+ L0 A -1 structured? replicating main features of the experimentally
ag = aol | - kos_ "GArprp) (5  observed phenomena.

0 It is interesting to note that successftd a certain extent
and| is the unit dyadic tensor. The polarizability of a spheri- attempts to simulate SPP scattering by various configurations
cal small particle with the VO|UmVp:41TRS/3 is given by of surface scatterers including band-gap structures have been

carried out in the framework of a scalar approximatidf
Ep~ & 6) In this approximation, the SPP-to-SPP scattering by a small
particle located near the metal-dielectric interface is de-

. . . N scribed with the following relation:
Finally, using the electrostatic approximation of the Green'’s

function GS(r ,r'),3234-36we obtain Esdr) = acBo(rp)G(r,ry), 9

ap=gpg/Vp3 .
ept+ 2e,

( 1 1 1 whereG(r,r ) =iH{" (kspp) /4, Eg and Eg. are the electria
ay= ag XX+ gy + 22) (7)  components of the incident and scattered SPP fields at the
1+ép 1+ép 1+2p metal surface, and, is the effective polarizability of a scat-
where we introduced two parameters of the surface dressirigrer located at,. Note that, in this model, the SPP scatter-
effect, viz. a geometrical paramet@p[Rp/(ZZp)P and ama- ing by an individual dipolelike particle is isotropic.

terial one &=[(e,~em)(ep—e)1/[(e,+em)(ep*2¢,)]. These In order to relate the vectorial and scalar models of the
parameters reflect the fact that the dressing effect can bar P-t0-SPP scattering let us write down theomponent of
equally influenced by adjusting the system geometry and gdithe scattered SPP electric field in the framework of the vec-

electric susceptibilities involved. torial approach by making use of Edd) and(8):
In general, the calculation of different contributions in the o
scattering field involves numerical integrations of the E.(p,¢,2) :AHBD(kSpr) 0
Sommerfeld-type integrafé:3 The procedure is rather time L+aep
consuming especially with many combinations of observa- X(1 + 77, CoS )€ KsPAZ22) (10)

tion points and source points being considered. However, if h d lindrical in-ol di
one considers fractions of the scattered field that corresponil€'€p and¢ are cylindrical in-plane coordinates,
to SPP waves and electromagnetic waves propagating away iakgkspp

from the interface, i.e., to the scattered far-field components, = o 1-a)1-a)' (11)
one can replace the Green’s tensor of the reference system by 0

its far-field approximation. Relatively simple analytical (1 + 2£8)

representations foBspdr ,r') and GSPO(r ,r’)+GEPkr ") T T e (12)
have been obtained in Refs. 31 and 37, respectively. These B

representations are especially useful when dealing with amote that the other nonzero SPP field componengjs
rays of scatterers, e.g., forming a periodic lattice exhibiting=—jaE,. Comparison of the SPP fiekdlcomponents used in

the band-gap effect for SPP%2° the two modelgcf. Egs.(9) and(10)] shows that the vecto-
rial approach reduces to the scalar one, if the inequédity
A. Scattered SPP waves <1 is satisfied. Indeed, in this case, ftttiensversgz com-

onent of the SPP electric field becomes much larger than

Re longitudinal one, and the SPP part of the Green’s tensor
: ! X . . Yeduces to a scalar function. As a result, one can consider the
being close to the surface plafie comparison W'th the_ light SPP-to-SPP scattering with reasonable accuracy by using the
wavelength in both casksan analytical approximation of gq5iar model. For example, in the scalar model of finite-size

Ggpdr,r’) can be written down in the cylindrical SPP band-gap structurEsthis parameter wak|~0.2, and

In the case where the distance along the interface betwe
a source and an observation point is large, with both point

coordinated' the simulations were found in qualitative agreement with the
takeo HY (keprp) e Hspiz?) experimental _results.
Geprl 1) = lakspdo “(kspr)€ The vectorial modél allows one, however, not only to
sPRb 2(1-a%(1-ad accurately take into account all components of SPP fields but

also to correctly introduce the polarizability of a scatterer, as
well as to analytically evaluate the effective polarizabikity
wherer =(x,y,2) points to the observation point in the upper used in the scalar model. The latter can be conveniently ex-
half-spacez>0, r'=(0,0,2') points to the source of scatter- pressed under the condition faf <1 as follows:

ing, p=p/p [p=(x,y), p=|p|], and Hgl) is the zero-order 6alie¥2V (&, - &)

Hankel function of the first kind. The approximatié8) was =) — 2p( o 8 (13
found very useful for evaluating multiple scattering between Ep T L ep~eB

particles located close to a metal surface and modeling of thie is interesting to estimate, with the help of EG3), the size
corresponding SPP scattering phenom®rfa.Thus, it has of a scatterer that would correspond to the effective polariz-
been used for simulations of finite SPP band-gap structuresbility used in Ref. 24, in which the scalar model for the SPP
and the SPP waveguiding along channels in thesecattering was first introduced. Using the appropriate param-

X[22+a%pp + (2p - p)ial, 8
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eter values a,=3, light wavelengthA=633 nm, e,,=¢,  vectors of incident and scattered SPP wakfes:
=-16+, &=12% and assuming thaR,=z, we obtain the

scatterer radiuR,~70 nm. This value seems reasonable - (Sepr).dzpd

and sufficiently smallwith respect to the wavelengthso . Ssep,d2pde

that the point-dipole approach can be considered adequate osph@)de = —— , (18
for the modeling of SPP scattering phenomena. f J (S,)dyd(y, - yy)

Y1

B. Scattereds- and p-polarized waves ) .
where the nominator integral expresses the power scattered

Scattereds- and p-polarized waves propagating away jnto the SPP wave in the direction defined by the angle
from the surface into medium with, are composed of the 4nq the denominator integral

waves directly scattered by a particle and those reflected by
the surface. Using the results obtained by Novétrigr the 2 [ 1 [egl-a2 .y
layered structures and transforming it for a one-interface sys-Pin = J f (Sdydz(y,—y) =5~/ — (1-a%

tem, we obtain the following expressiofiin the spherical Y1 2o ¥ o 22
coordinatep for the components of the scattered electric (19
fleld: , is the incident SPP power per unit [:f:]gth. Herg is the
_iky ) . vacuum permeability. Note that the teahin the brackets of
E,= acol+2:8 sing(1 + el €os0) Eq.(19) stems from the energy flux below the surface, i.e., in
o the metal. Therefore, i&*=(g,/e,)?<1 we can neglect the
' g akspiprikiz, cos . (14) SPP power concentrated in the metal and restrict the consid-
4t eration of SPP scattering to the dielectric half-space.
Using the results of the preceding section and the far-field
K ap i )ik 22 c05 approximation of the Hankel function, one can obtain the
Ep=- ;)1 +2:8 aﬂp cose cosf(1 —r P2z cosf) following expression for th€only) nonzero component of

the time-averaged Poynting vector associated with the scat-

ket tered SPP wave:

|
+sin (1 +rPekiz °°SB)}2 e-aksprtyrikiz, cos 6.

s
1 €p Qap 2 _
15 (Ssp,= =\ 2|A 2( ) e-2aksprz+22y)
( ) SSPF>p ko /~L0| | 1+ 25

wherer is the distance to the observation poikzkyVe,, ¢
and 6 are the azimuthal and polar angles of the spherical
coordinate system, respectively, the reflection coefficients p
r® andr® for p- ands-polarized waves are given by

o, (1+7,C08¢)%(1 - &)

, z>0. (20

Combining the above relations and carrying the integration
_ £nCOSO- giVSI? 0- &,/e, out, results in the explicit expression for the differential cross

(p) .
r = , (16)  section
£ COSO+ g,iVsIr? - epfe,
—_— ospi @) = 2|A|2(1 * o COSQD)Z( %o >2e—4aksplip
© = cosf—ivsir? 8- eqfe, 1 SPH Tepp 1+2£B '
cosf+i\sirt 6— e, /e, (21)

Although in the next part of this paper we will restrict our  The angular dependence of the scattering cross section is
consideration to the case of real dielectric constants, thgiven by (1+n, cose)?, with the SPP incident direction cor-
above expressions for the fields can be also used in the cagg&sponding tap=0 andx, being determined by the geometry

of metals with complex dielectric constarits. and material parameters of the surface dresfifg (12)].
Typical dependencies are shown in Fig. 2 for a gosgpheri-
Ill. SCATTERING CROSS-SECTIONS cal particle located close to the gold surface at different dis-

tances with the incident SPP being excited at the light wave-

In order to compare the efficiency of the SPP-to-SPP SCaﬁéngth of 800 nm. It is seen that the SPP-to-SPP scattering
tering with that of the SPP scattering into the waves propa(by a small sphejeis in fact anisotropic with the most effi-

gating away from the metal surface, let us calculate the dlf-Cient scattering occurring in the forward directiop=0).

ferential and total cross sections for the both scattering\l . .
. . . Note that the anisotropy is more pronounced for smaller
channels. In the following, only the case of real dielectric__ . .
. . particle-surface distances and, in general, for stronger sur-
constants will be considered. . . /
face dressing. When comparing the above cross seatipp
with that obtained in Ref. 23 for a finite-size indentation, it is
seen that both exhibit similar sizerspp~R5) and wave
The differential cross section of the SPP-to-SPP scatteringumber (ogpp~ kg) dependencies with the scattering being
can be determined by relating the time-averaged Poyntingloser to isotropic for smaller scatterers.

A. SPP-to-SPP scattering
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FIG. 2. The differential SPP-to-SPP scattering cross section as a g 10
function of the in-plane angle for a spherical gold particle with T_,T 8
the radiusR,=10 nm located near the gold surface at different dis- 2 6
tancesz,=(1) 50, (2) 100, (3) 150, and(4) 250 nm. Other system g
parameters are the light wavelengtk-800 nm and the dielectric 3 4
constants of aie,=1 and golde,=e,~-26.3(Ref. 38. 2
The total cross section for the SPP-to-SPP scattering is 0 2 4 &
finally obtained by angular integration of the differential
cross section given by E@21), resulting in
2 Py 4
spp_ 8Kokspd2 + 7)) @ |? - dakspiz K
Oscat= , 2 42 2)2 e P (22 = 3
2eg(l-ah)“(1-a%)°\1+2p °
&
It should be mentioned that the SPP-to-SPP scattering cross 8 2
section is exponentially decreasing with the increase of the g 1
particle-surface distance in accord with the SPP penetration
depth in dielectric as one would have expected. 0 > 4 6
in—-plane angle (rad)
B. SPP scattering away from the surface "
The flux of radiation into the medium above the surface - 5
corresponds to the time-averaged Poynting ve¢®Rpace K]
that, in the far field, can be expressed in term&gf ° 4
[
(Sspacet? 2k : X
r a o 2
. ,0) = pac = d E 2r2, 23 o
spacé‘P ) P, (1 _az)(l _a4)| st (23 3 ]

whereE,. is determined by Eqg14) and(15).
The angular distribution of SPP scattering into the dielec- in-plane angle (rad)
tric half-space is strongly dependent upon the particle-
surface distancéFig. 3. When this distance is relatively FIG. 3. Differential cross sectiomrspacée, 6) (X107° nm) for
small[Figs. 3a) and 3b)] the particle scatters better in the the SPP scattering into the waves propagating away from the gold
forward direction(¢=0). At the same time, the polar angfe surface as a function of the in-plae) and polar(6) angles for a
dependence indicates that the scattering is most efficient gpld spherical particle located near the surface at different distances
oblique angles. With the increase of the particle-surface dis%=(@ 50, (b) 150, (c) 250, and(d) 350 nm. Other system param-
tance, the scattering in the backward directign==) be-  St€rs are asin Fig. 2.
comes more appreciable and the polar angle dependence,
more complicatediFigs. 3c) and 3d)]. Note that the angular SLp-p0l 2m (712 2k &l (1, ¢, 0)| 2 sin odedo
characteristics of scattering by an individual surface defect Pscat — — (1-2)(1-a% r™Sin &aedo.
calculated in Ref. 23 are rather similar to those shown in Fig. o -0
3(a). (24)
The total cross sections for the SPP scattering into the
waves propagating away from the surface for the two polarLet us now consider the total cross section that includes all
izations are given, respectively, by channels of scattering into far-field components
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4 1 .
e Re{ L [Esdr) X Hsc<r)]ds} =oga (2D
3
t ! where the incident poweP;, is given by Eq.(19), and the
@ » total scattering cross sectiar®@ is the sum of the cross
e ° sections corresponding to the three different scattering chan-
° nels[Eq. (25)].
1 The first two terms in Eq(26) are related to the interfer-
ence and can be evaluated using the divergence thé&drem
0 3 and considering the scattered field produced by a point-
0 20 40 60 80 100 dipole scatterer having the dipole momem=eq(e),
-, —&)VpEwralrp). After some tedious but straightforward

transformations one obtains

FIG. 4. The total cross sectiond) oSrr (2) 0P, and (3)

(s-po) - - : 1
0. as functions of the bulk dielectric constasy, for a gold 4 * *
sscﬁlerical particle located near the metal surface at the disignce 2 R s [Eo(r) X Hedr)]ds + s [Esdr) X Ho(r)]ds

=300 nm. Other system parameters are as in Fig. 2.

weo(ep— &)V, *
= 220 (Bl (28

total — _SPP (s-pol)
Oscat — Uscat+ Oscat +

Total cross sections for different scattering chanritds a ~ Note that the left-hand side of Eq28) being equal to
particular scattering configuratiprare shown in Fig. 4 as ~PinText (0ex IS the total extinction cross sectipiis fre-
functions of the bulk dielectric constant. It is seen that theduently used in considerations of the extinction, i.e., scatter-
SPP-to-SPP scattering can be significantly more efficienf’d and absorption, of an isolated scattéfer:*2Thus, in
than the SPP scattering into the waves propagating a\,\,a{ryde_r to calculate the extinction cross section we should de-
from the metal surface. In general, however, the relative effermine the total(self-consistent field Eiq,(r) inside the
ficiency of SPP-to-SPP scattering decreases with the increa§gatterer. _ S _

of |e,|. Similar tendencies have been noted also for the be- In order to flnd.the total field .|nS|de the partlcle let us
havior of the normalized extinction cross sectddrin the ~ Make use of the Lippmann-Schwinger equation

next section, we will determine conditions for the total scat- R

tering cross section to be exactly equal to the total extinction  E, .. (r) =Eq(r) + kéJ G(r,r")(ep—&r)Egralr)dr’,

cross section within the framework of the point-dipole ap- Vp

proximation, establishing thereby limits for its validity. (29)

oBrob, (25)

scat

Whereé(r,r’) is the dyadic Green’s function of the refer-
IV. SPP SCATTERING AND EXTINCTION ence system. Note that in the framework of the point-dipole

Let us apply the integral Poynting’s theorem for our Caseapproximation, the field inside a scatterer is considered to be

of the SPP scattering by a small spherical particle. After gyconstant. It is further convenient to decompose the Green'’s

eraging in time one obtains the equation function into the separate contr!bunoﬁéq. (3)] whose inte- .
grals should be evaluated. Using the result for a spherical

particle

z RE{f [Eo(r) X H;C(r)]dS+J [Esdr) X Ho(r)]ds
2 s s

- 1 -
f Go(r p,1)dr =~ 3 | (30)
+ f [Edr) X H;c(r)]ds} =0, (26) ¥ '
3 and the approximatiofR<z,)

whereX is a closed surface surrounding the scatterer. Here R )
the total electric and magnetic fields are represented as sums f Ga(rp,r)dr e= VpGa(rp,rp), (3D
of the incident and scattered fields, i.B=Eq+Es. and Vp
Ha=Ho*+Hse The expressiof26) reflects the fact that the one obtains from Eq29)
(time-averagedenergy should be conserved in the scattering ‘
process. The sum of the first two integrals of the left-hand e |~ K ~e LG
side of Eq.(26) determines the extinction cross section, Etotallp) = —ton I = —aGy(rp,rp) |+—Vao
whereas the last integral corresponds to the scattering cross Ep cor o o¥p
section. In the absence of absorption, the extinction and scat- - ké e -1 ~ s o0l
tering cross sections should be equivafe shall use this X1 =—agGy(rp,rp) | X f [GT*(rpr)
requirement to establish the validity domain of the point- co Vo

dipole approximation. Neglecting the SPP scattering into the ~ 00l -
metal results in +GFPO(rp,r) + Ggplrp, r)1dr |Eqg(rp). (32
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Here the contribution of the transverse and SPP wave com- (1+a)(ep— sr)Rg ol ep—er
ponents is assumed to be small in comparison with the qua- T Bl-aD) (e 262 > (kRp) _p_8 e | (39)
sistatic one. The conditions for the validity of this assump- P e P '

tion will be formulated below. Note that if we considered )

only the qusistatic contribution, the interference term would __(A+ad)(ep— Sr)RS > (kR,)2 Ep~ &r (39)
have been equal to zefthe quasistatic field do not carry the 4(1-ad)(ey+ Zer)Z‘S P lep+2e |

energy away from the scatteyer . .
Inserting Eq.(32) in the right-hand side of Eq28) and  Here we introduced(Egs. (36) and (37)] the function

taking into account that imaginary parts of the transverse anfi(@KspiZp) determined as follows:

SPP contributions to the Green's function are nonsingular ® e xakspRZpdx e akspi2zp
and can be therefore considered constant inside a small par- F=m|P > , (40
ticle, one obtains o m1-x9 2
wk? - - where the principal value integral and second term stem from
_ P — s-po -po ~
PinText= Z_%GdadEo(rme{GTp (rprp) + GEP(rprp) the real and imaginary parts Glspdr T ), respectively, and
~ m=1 andn=0 for the magnitude of the principal value inte-
+ Gsphl M p)1Eo(r ) - (33 gral being equal to or greater than 0.5 ex@kspr2z,) and

m=0 andn=1 otherwise. For the estimations, it is conve-

The imaginary parts of the tensorsG7*(r,r)  nient to use the following simple approximation:
+GEPolr dG ,rp) have b lculated in Ref.
2P r,,rp) andGgpgr, 1) have been calculated in Re ] _{ [2nz,akpd, Zakem 1,

31. The total extinction cross section can be represented as
1/[47T(Zpaksp|:)3], Zpakspp> 1.

the sum of different parts corresponding to the SPP scattering

into s-polarized andp-polarized waves propagating away y hat 1/ak ; he SPP ; hin th
from the surface and SPP’s- digicttriit (akspp gives the SPP penetration depth in the

Another (conventional assumption is that the quasistatic
electric field can be considered constant inside the scatterer.
In the absence of absorption, the following relation should berhis leads to the following requirement®, < 1/kspp and
valid [Eq. (26)]: R, <z, where the first inequality allows one to neglect varia-
tions of the incident field inside the scatterer and the second
one ensures that the role of higher-order multipoles appear-

Comparison of the expressions for the extinction crosdng due to the proximity of the metal-dielectric interface is
sectiond! with those for the scattering cross sectigiigs.  negligibly small*! It is seen that the inequalities expressed
(22) and (24)] shows that this is indeed the case, validatingPy Eds.(36)«(39) represent indeed the additional require-
thereby the energy conservation in the considered scatterifgents for the point-dipole approximatidim the particular
process. case of the SPP scatterjngrinally, it should be noted that

In this context the main additional assumption used ighe above consideration cannot be applied under the condi-
related to the possibility of neglecting the contributions oftions of the so-called configuration resonantesince in this
the transverse and SPP scattered fields in comparison wiise the series expansion used to obtain(&2).is no longer
that of the quasistatic field inside the scatterer. The correvalid. The conditions expressed in E¢86)—(39) can be
sponding requirements can be obtained from(88) and the ~ simplified in several practical cases.
explicit expressions for the transverse Green’s tensor of ho-
mogeneous mediuthwith &, in the limit Rok: <1 and for
the SPP part of the metal-dielectric interface Green’s

function3! There are two conditions related to the SPP field: For vast majority of experiments!®24 scatterers are
made of the same noble metal as the bulk with the dielectric
‘ (L+8%)(ep— &) (59)3

(41)

— _(spol) (p-pol) SPP
Oext= a'extp + UeE(tp + Oyt - (34)

s-pol p-pol SPP_ _s-pol p-pol SPP
Oscat + Oscat + Oscat™ Text + Oext + Oext - (35)

A. Noble metal-air interface

medium being air{ey|=|e,|>¢,=1. The two conditions

8(1-a%)(ep+ 2¢,) \ 2, 1
. § 3V €p— & aggfle(akspﬂp) (36) Rp < k_o, (42)
2kO Plep+2e, | (1-a2)¥41-a%)’
1(R,\?
D) <
’1_ (1+a8%)(ep—2) (89)3 4( zp) <t “3)
_ a2
AL -a)(ep+ 2e0)\ 5 then replace’, < 1/ksppandR,<z,, respectively(note that,
gp~ & asf’zF(aksppzp) in this casekgpp=kg). Since, at the same time, the scatterers
> 3k8Vp e+ 2e, | (1-22)%41-a%’ (37) are relatively small and placed on the metal surface, one can
p r

safely use the inequalitg,<\, that in turn means that
and two conditions for the fields propagating away from thezak,<1. In such a case, the conditions expressed by Egs.
surface (36)—(39) become superfluous. Moreoverzik,<1 then the
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TABLE I. The conditions for the point-dipole approathe light wavelength is equal to 800 im

Relem), Eq. (46), Eq. (46),
Metal Relep) Rp<1/kspp Eq. (45 z,=50 nm z,=200 nm Eq.(47)
Gold -26.3 R,<125 nm R, <1.487, R,<71 nm R,<132 nm R,<120 nm
Silver -28 R,<126 nm Rp<1.49%, Rp<71 nm Rp<131 nm Rp<120 nm

condition of Eq.(43) is dominant. And vice versa, ik,  surface interactiolstrong surface dressing/ould inevitably

=1 then the condition of Eq42) is sufficient. result in a strongly inhomogeneous total field that would, in
For relatively large particle-surface distances, so thaturn, increase the contribution of higher-order multipoles in

z,aky>1 then the conditions in Eq$36) and (37) are re-  the scattering process.

duced to

R 3
|8m|<;e> <1, (44) V. CONCLUSION

P In conclusion, we have considered the SPP scattering by a
This requirement is stronger than that of E43) and the dipolelike spherical particle located near a metal-dielectric
conditions of Eqgs.(42) and (44) should be appliedthe interface, focusing on the differential cross sections for dif-

former whenz,> lem Y3/ ky and the latter otherwige ferent scattering channels and limitations of the point-dipole
approximation. The main formulas of the vectorial and scalar
B. Weak surface dressing SPP scattering models have been reviewed and compared. It

has been shown that the two models become very close in

The SPP propagation length becomes larger when th e limit of large magnitude of the real part of metal dielec-

Imaginary part of a mgta_ll dielectric _constant becc_)me ric constant, and the corresponding relation between the
smaller. For this reason, it is often chosen to operate in th

wavelenath ranae beind away from the SPP resonant fre. ain parameters of scalar and vectorial models has been es-
9 9 g y Ptgeblished. We have further shown that the differential cross

gﬁgnccgr'] Igstsf]lﬁn?twr?:t’ surface dressing effects are weak, ad c1ion for the SPP-to-SPP scattering is anisotropic, with the
strongest scattering occurring in the direction of SPP inci-

(1 +a2)(gp— &) R, 3 dence and_ with the ani'_sotropy decrez_asing V\_/ith the incregse

41 -aD) (e, + 22,) \ <1 (45) of the particle-surface distance. The differential cross section
P e for the SPP scattering into the waves propagating away from

The conditions of Eq9.36)—(39) can then be reduced result- the surface has been found to exhibit similar angular behav-

ing in the following (for the SPP fiely ior for relatively small particle-surface distances. The total
312 cross sections for these scattering channels have been com-

3V ep=&r | g F(akspzp) <1 (46)  Pared for different values of the metal dielectric constant. In
Pley+2e | (1-a9)%4(1-a" general, the results obtained were found in good agreement

with the results of previous theoretical considerations in
Refs. 23 and 31. Finally, verification of the energy conserva-
tion in the scattering process allowed us to establish the con-
<1. (47)  ditions for the validity of the point-dipole approach for the
SPP scattering by a small spherical particle. We have ob-
Thus, in the case of weak surface dresdikg. (45)], the tained the additional requirements imposed on the system
point-dipole approach can be used if the conditions exparameters that have been further simplified for two practical
pressed by Eqsi46) and (47), along with Ry<1/ksppare  configurations. We believe that the results obtained can be
satisfied. Numerical evaluations of the radiRg of a gold  used in order to justify the usage of tieelatively simple
(silven® particle placed in vacuum above a galsilver)  point-dipole approximation, perhaps even in the scalar form,
substrate, which would satisfy the above requirements imfor modeling of various SPP scattering phenomena, e.g., oc-
posed by the point-dipole approximation, are presented icurring in SPP micro-optical elements. It should be borne in
Table I. mind, however, that our consideration concerns an individual
It is seen that the requirements of E¢$5) and (46) are  particle illuminated by a plane SPP and that the situation
dominant for small values of the particle-surface distancesvith closely placedor even touchingparticles is quite dif-
z,. For relatively largez,, the condition of Eq(47) becomes ferent, because the field incident on a particle can no longer
dominant. One notices also thét least for these system be considered constant across the particle. Still, if the inter-
parametersthe condition of weak surface dressirg. (45)] particle distance is sufficiently larger than the particle size,
and R, < 1/kgspp are sufficient for the validity of the point- one can neglect the latter effect and make use of the results
dipole approximation. At the same time, the strong particle-obtained in our paper.

and, for the fields propagating away from the interface,

(kRp)?

et

&p~ &
pt2

Ey
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