Scattering of a surface plasmon
polariton by a localized dielectric surface
defect

Rodrigo E. Arias'* and Alexei A. Maradudin®

' Departamento de Fisica
Universidad de Chile, FCFM, Santiago, Chile
2Department of Physics and Astronony
University of California, Irvine CA 92697, U.S.A.

*rarias @dfi.uchile.cl

Abstract:  On the basis of a rigorous, nonperturbative, purely numerical
solution of the corresponding reduced Rayleigh equation for the scattering
amplitudes we have studied the scattering of a surface plasmon polariton
by a two dimensional dielectric defect on a planar metal surface. The
profile of the defect is assumed to be an arbitrary single-valued function of
the coordinates in the plane of the metal surface, and to be differentiable
with respect to those coordinates. When the defect is circularly symmetric
and the dependence of the scattering amplitudes on the azimuthal angle
is expressed by a rotational expansion, the reduced Rayleigh equation is
transformed into a pair of one-dimensional integral equations for each value
of the rotational quantum number. This approach is applied to a defect in
the form of an isotropic Gaussian function. The differential cross sections
for the scattering of the incident surface plasmon polariton into volume
electromagnetic waves in the vacuum above the surface and into other
surface plasmon polaritons are calculated, as well as the intensity of the field
near the surface. These results differ significantly from the corresponding
results for a metallic defect on a metallic substrate.
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A surface plasmon polariton incident on a surface defect is partly scattered into other surface
plasmon polaritons and is partly converted into volume electromagnetic waves in the vacuum
above the surface. The scattering out of the beam caused by the presence of surface defects
decreases the propagation length of the surface plasmon polariton, and it is important for appli-
cations of these surface electromagnetic waves to be able to calculate the cross section for such
scattering. At the same time surface defects of particular forms and sizes can scatter surface
plasmon polaritons in desirable ways, e.g. they can act as mirrors for surface plasmon polari-
tons or as flashlights, and can focus them as well [1-10]. To exploit the possibilities this offers it
is also necessary to be able to calculate the scattering of surface plasmon polaritons by surface
defects.

Until now the great majority of such calculations have been carried out for scattering by one-
dimensional defects, viz. grooves and ridges. In contrast the scattering of a surface plasmon
polariton by a localized two-dimensional surface defect has been little studied. The scattering
from indentations (dimples) or protuberances formed from the same metal as the substrate has
been studied by a rigorous approach [11]. The scattering from a dielectric rectangular paral-
lelepiped on the planar surface of metallic film in the Kretschmann attenuated total reflection
geometry [12] has been studied by a rigorous approach [13]. The scattering from a dielectric
defect in the shape of an anisotropic Gaussian and of an anisotropic hemiellipsoid on the planar
surface of a semi-infinite metal has been calculated with the use of an effective boundary con-
dition [14]. The interaction of a surface plasmon polariton with a spatially localized dielectric
surface defect is of experimental interest [14], and deserves additional study. Such a study is
presented in this paper.

Our treatment is based on the reduced Rayleigh equation for the electric field in the vacuum
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region above the metal surface and the dielectric defect on it. It is applicable to defects defined
by single-valued differentiable profile functions, is rigorous for defects with small slopes, and
is computationally tractable. It has worked well in a recent theoretical study of this scattering
of light from a planar metal surface coated with a dielectric film whose interface with the
vacuum above it is a two-dimensional randomly rough interface [15]. We expect that it will
work equally well when the incident volume wave is replaced by a surface electromagnetic
wave, and the rough dielectric film is replaced by a localized dielectric defect.

The physical system we consider consists of vacuum (&) in the region x3 > § (XH), where
x| = (x1,%2,0), a dielectric medium whose dielectric constant is & in the region 0 < x3 < {(x)),
and a metal whose dielectric function is &3, in the region x3 < 0. The surface profile function
€(x|) is a non-negative, single-valued function of x|, that is differentiable with respect to x; and
X7, and is sensibly nonzero within a region of radius R on the metal surface x3 = 0. It therefore
defines a dielectric defect with a finite footprint on a planar metal surface. We assume that the
dielectric function &3 is real, because the mean free path of a surface plasmon polariton on the
planar portion of the vacuum-metal interface is significantly longer than the linear dimensions
of the surface defect.

A surface plasmon polariton of frequency  is incident on the defect from the region x; < —R
of the plane x3 = 0, where we have a planar interface between media 1 and 3 at x3 = 0. The total
electric field in the region x3 > {(x) is the sum of the incident field and the scattered field,

Exlo) = —iPy (ky )k + kR3] E,p (k) expliky - x; — i (k) )x3]

2
[0)]
d*q (c .. . . ap(q))
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In obtaining this equation a time dependence of the field of the form exp(—iwt) has been
assumed but not indicated explicitly. The two-dimensional wave vector k| is given by

kH = k” (COS ¢o, sin (Po,()), (2a)

where

1
2
k—w< — ) (2b)
c\&g+&

is the wavenumber of the surface plasmon polariton of frequency @ at the planar interface
between vacuum (&;) and a metal (&3). Itis the solution of the equation & B; (k||) + & B3 (k) = 0.
The angle ¢y is the azimuthal angle of incidence of the surface plasmon polariton, measured
counterclockwise from the positive x; axis. The functions B;(g)) (j = 1,2,3) are defined by

Bi(a)) = la} —¢&j(@/c)’] 2, ReBj(q)) > 0,ImfB;(q)) <O. 3)

A caret over a vector indicates that it is a unit vector. Finally, ap7s(q||) are the amplitudes of the
p- and s-polarized components of the scattered field with respect to the local scattering plane
defined by the vectors %3 and §. The amplitudes a,(q)) and a;(q)) satisfy the pair of coupled
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reduced Rayleigh equations [17]:
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A derivation of these equations is outlined in the Appendix.

Equations (4a) and (4b) are valid for any localized surface defect whose profile function
¢ (XH) satisfies the assumptions about it stated above. However, they simplify significantly when
€(x)) is a function of x| only through its magnitude x; . In this case we introduce the expansions

=
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where ¢, is the azimuthal angle of the vector pj, measured counterclockwise from the positive
x1 axis. We also have the expansions
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and J(z) is a Bessel function of the first kind and order k. The equations satisfied by the
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Thus, for a circularly symmetric defect the equations for different k values decouple, reducing
the problem to one of solving one-dimensional integral equations.

Equations (9) for each value of the azimuthal integer k were solved by transforming them into
linear matrix equations following the spirit of the method used in Ref. [18]. The integration over
the wavenumber g was carried out over a dimensionless variable y defined by ¢ = 2,/y/R,
where R is the effective radius of the defect, and a dimensionless frequency Q was introduced
through (®/c) = 2v/Q/R. The integration over the wavenumber variable y was split into six
intervals: (0,Q), (Q,y, —9), (yp+ 6,2y, —Q), 2y, —Q,£Q), (62Q,KQ), (KQ,), where K
is an integer (chosen to be 7) and &, is the dielectric constant of the defect, plus the contribution
from the pole corresponding to the wavenumber of the surface plasmon polariton at y = y,.
This separation of the region of integration was based on the behavior of B;(q|) and B3(q|)
as functions of the wave numbers g, namely on the values of the latter variable at which they
change from purely imaginary to purely real, on the location of the surface plasmon polariton
pole, as well as on how the integration to infinite wave number was to be carried out. The inte-
gral over the range (KQ,0) was calculated by Gauss-Laguerre integration, while the integrals
over the preceding five intervals were calculated by Gauss-Legendre integration. The number of
discretization points in each interval was determined by evaluating the integrals over g| on the
left-hand sides of Eqs. (9a) and (9b), with the expressions for af ’S(q”) (with k = 1) appearing
in the integrands given by the right-hand sides of these equations, by two different methods. In
one method the integral over each interval was evaluated by an integration software package
(Mathematica, that uses a method with iteration until it attains a specified accuracy). In the
second method a Gaussian integration scheme was used, with the number of abscissas being in-
creased until the same accuracy was achieved. In both of these methods the integrand is known
analytically, but the discretization used by them is different. The total number of abscissas used
in carrying out the g| integrations in the region (0,00) produced by this approach was 180. The
contribution from the surface plasmon polariton pole, i.e. from the interval (y, — 8,y, + ),
was calculated by the use of the prescription presented in Ref. [11], namely

L ! o absk) o .
fola) P<fp(q))+”(glz_£3z)k”5(q ki), (10a)

where
fr(aqy) = &Piq)) +&Bs(q)), (10b)

P denotes the Cauchy principal part, £(®) = & is the dielectric function of the metal, and k| is
the zero of fj(q|). Finally, in carrying out these calculations we set the amplitude E,,(k|) =
1/(2%R).

When a), s(q)) have been determined we can use the results to calculate the scattered field in
the vacuum region in the far zone by the use of the method described in Ref. [19]. The result
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has the form of an outgoing spherical wave
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where (6, ¢,) are the polar and azimuthal angles of the vector X, while
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The surface plasmon polariton contribution to the scattered field is given by the residue at
the pole of the integrand in Eq. (1) at ¢ = k|| It is given by an outgoing cylindrical wave

e =By )xs—ig

(sc)
Espp xlo) = —i 1
(27rk||x“)7
ce1Bs(ky) i% B (k) — %3k
% - [Pl 82[82 ”ap(XHkH)v kHXH > 1. (15)
3 1

We introduce the differential cross sections, measured in units of length, for scattering into
the vacuum and into other surface waves by

Pvac(e)m ¢x)

Gvac(exa(Px) = Pi (16)
P x
Gspp(¢x) = %7 (17)

where P, (6y, ¢x) is the power scattered into the vacuum away from the surface in the direction
X, Pspp(9y) is the power scattered into other surface waves in the direction f(”, and Py, is the
incident power per unit length in the x, direction. These powers are given by

c o \?2
Pvac(em‘Px) = %81 (%) c0s20x

x{e114,(VErR, (%) sin 6,)?
A (verk) (2) sineo) P} (18)
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In what follows we will neglect the second term on the right-hand side of Eq. (20) due to its
smallness relative to the first term.

We present numerical results for a dielectric defect of Gaussian form defined by the surface
profile function

{(x)) = Aexp(—x{/R?), (21)

In this case the coefficients c,ii) (p)lq)) are given by

o pylay) = nRzi[iA(BZ(pH)w](qH))]n

n=1

R? ~R2(p?+47)
I P4 exp Il Il ’ (22)
2n 4n

n-n!

where [;(z) is a modified Bessel function of the first kind of order k. The Gaussian defect is
characterized by a 1/e half width R = 0.25um. It is assumed to be deposited on a planar alu-
minum surface. It is illuminated by a surface plasmon polariton propagating in the positive
x direction (¢y = 0°). The wavelength of the incident surface plasmon polariton is A =632.8
nm, and the dielectric function of aluminum at this wavelength is & = €}(®) + i€l (@) = —
57.19 +i11.19 [20] of which we used only the real part. The energy mean free path of
the surface plasmon polariton at a planar vacuum-aluminum interface at this wavelength is
Lopp(@) = (A/270)|€2(0)] 2 (€] ()| — £1)3/%/[&)/* €] ()] = 28.67um. This is more than two
orders of magnitude longer than the 0.25um radius of the surface defect, and justifies our treat-
ing &3 as real. In these calculations the rotational quantum k ranged in integer setps from —30
to +30.

In Fig. 1 we present a contour plot of Gy.(6yx,dy) for a value of the dielectric constant of the
defect &, =2.69 and (a) A/R = 0.1, (b) A/R=0.2, (c) A/R = 0.3. For each of these values of
A/R the maximum of the intensity of the field radiated into the vacuum occurs at 6y = 70°, ¢, =
0°. More radiation into smaller values of 6, with increasing values of A/R is seen, especially
in Fig. 1(c). The total cross sections for the waves radiated into the vacuum are (a) 0.0021um,
(b) 0.0057um, (c) 0.0099 pum respectively. Thus they increase as the amplitude of the defect
increases, with the values of the other parameters kept fixed.

When the dielectric constant of the defect is increased to & = 5.0, with the remaining param-
eters maintaining the values they have in Fig. 1 (Fig. 2), the maximum of the intensity of the
field scattered into the vacuum remains at 6, = 70°, ¢, = 0°, but the strength of the scattering
is nearly doubled in comparison with the corresponding results presented in connection with
Fig. 1. The total cross sections for the waves radiated into the vacuum are (a) 0.0040um, (b)
0.0125um, (c) 0.0290um. Some radiation into the backward directions is seen in Fig. 2(c).

The angular dependence of oy, (¢x) is presented in Fig. 3. The dielectric constant of the
defect is & = 2.69, and (a) A/R = 0.1, (b) A/R =0.2, (c) A/R = 0.3. We see that there is no
scattering of the surface plasmon polariton into the backward direction for all three values of
A/R: all of the scattering is into the forward direction. These results are due presumably to the
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Fig. 1. A contour plot of Gy (6, ¢x). The concentric dashed circles are the lines of constant
6., with 6, = 0° at the center, and 6, = 90° at the boundary. The azimuthal angle ¢, varies
from 0° to 360°. & =2.69;4/R = 0.1 (a), 0.2 (b), 0.3 (¢).

transparency of the dielectric defect. The shapes of these scattering patterns do not change with
increasing values of A/R, but the strength of the scattering does. The total cross sections for the
scattering of the incident surface plasmon polariton into other surface plasmon polaritons are
(a) 0.0019 um, (b) 0.0053 um, (c) 0.0087 um. These values are nearly the same as the values
of Oyqe (O, @x) for the corresponding parameter values in Fig. 3.

The same qualitative behavior of o,,(¢y) is observed when &, is increased to & = 5.0.
This is seen from the results presented in Fig. 4. The values of A/R for which these results are
calculated are (a) A/R=0.1, (b) A/R=0.2, (c) A/R =0.3. All of the scattering is in the forward
direction. The shapes of the scattering patterns do not change as the value of A/R increases,
while the strength of the scattering increases with increasing values of A/R. The total cross
sections for the scattering of the incident surface plasmon polariton into other surface plasmon
polaritons are (a) 0.0035um, (b) 0.0100um, (c) 0.0176um. For each value of A/R increasing
& from 2.69 to 5.0 nearly doubles the total scattering cross section from the value it has for the
data used in obtaining the corresponding results in connection with Fig. 3.

The forward scattering of the surface plasmon polariton is clearly seen in the results presented
in Figs. 5 and 6 which show the field intensity |E(x|®)|? as a function of x| at 5 nm above the
surface profile (x3 = § (XH) + 5nm), for & = 2.69 and 5.0, respectively, while (a) A/R = 0.1,
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Fig. 2. The same as Fig. 1, but with & =5.0.

(b) A/R=0.2, (c) A/R = 0.3. Both figures show a weak diffractive spreading of the intensity
of the field after its interaction with the defect. There is very little indication of the scattering of
the surface plasmon polariton in backward directions, in agreement with the results presented
in Figs. 1-2 and 3-4.

The present results qualitatively resemble analogous results obtained in Ref. [14], bearing in
mind that in that reference the surface profile functions of the dielectric surface defects were an
anisotropic Gaussian and an anisotropic hemiellipsoid.

The preceding results can be understood if in Egs. (18) and (19) we substitutee for ap(qH)
and as(q) the expressions for them obtained in the small roughness limit of the first Born
approximation, namely

ap(q)) = —828_281f(qu—ku)[eaq”k”—82133(61”)((1”'ﬁu)ﬁl(kn)]Eop(kH) (23a)
as(q) = —i(82—81)5(qH—kH)§((1|| x k)31 (k) Eop (k) (23b)

where

S

¢Qp) = /dzqu(Xu)eXP(—iQH-X||)
= TAR?exp(—R’Qj/4). (24)
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Fig. 3. Plots of G5, (). & = 2.69;4/R = 0.1 (a), 0.2 (b), 0.3 (c).

The second of Eqgs. (24) gives the expression for 5 (QH) corresponding to the Gaussian surface
profile function (21).

On substituting Eqs. (23) into Eq. (18) and making use of Eqgs. (16) and (20) we obtain
Gyac(6y, @) in the form

1A\ (oR) & (e-&)
0 = —R[|= — ) 5505’0
Ovac (O, 9x) 2 <R> ( c ) 822|g3|% (832_812) o
R2 ® ) 602 .
x expl— - (kj —2v/&1 Ky sinbcos gy + &1 sin’ 6]

y ao(6y) +ay(6y) cos § +az(6,) cos? Py

. ; (25)
[les| — (les| — 1) sin” 6]
where
ap(6;) = €5|es|cos® B, + (|&3|* +e5€r) sin® 6, (26a)
al(6,) = 26)e5)?sin6,(|e3] + £ sin® 6,)2 (26b)
ay(6,) = &3|e3|sin®6,. (26¢)
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Fig. 4. The same as Fig. 3, but with &, =5.0.

This cross section is proportional to the square of the aspect ratio (A/R) of the defect. It is an
increasing function of &, and has a maximum at (6,,¢,) = (70.75°,0°) for the values of the
parameters assumed in obtaining Fig. 1, and at (70.5,0°) for the values assumed in obtaining
Fig. 2. The insensitivity of these angles to changes of &, and their closeness to the angular
position of the maximum in these figures, namely (70°,0°), is gratifying, given the simplicity
of this approximate calculation.

When Eq. (23a) is substituted in Eq. (19), and Eqgs. (17) and (20) are used, we obtain oj pp((Px)

in the form
Gun(6)) = ”R<A> <0>R>583|7/287/2 (&)
SPPATX 2 \R c & (|| — €1)2(|&2] +€1)?

R
X exp(—2R2kﬁ sin’ §¢x)(|£3| +&cos ) 27

Although the factor (|&3|+ & cos ¢,)? favors scattering into the forward direction by a small
amount, because of the large value of | &3], the suppression of scattering into backward directions
is due entirely to the factor exp(—ZRZkﬁ sin? %(j)x), which is a consequence of the Gaussian form

of é (Qy), Eq. (24). The cross section (27) is proportional to the square of the defects aspect
ratio, and is an increasing function of &,.
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5(a) 5(b)

Fig. 5. The field intensity |E(x|®)|? as a function of x| atxs = §(x))+5nm. & =2.69;A/R
=0.1 (a), 0.2 (b), 0.3 (¢).

The proportionality of the cross sections (25) and (27) to @’ can be understood in the
following way. The cross section for the Rayleigh scattering of a volume wave from a d-
dimensional object is proportional to w?*!. Since the scatterer in the present case is defined
by x3— (x)) = 0, it is a three-dimensional scatterer as far as Rayleigh scattering is concerned.
The additional factor of @ arises because the decay length of the surface plasmon polariton into
the vacuum is proportional to its wavelength parallel to the surface, which reduces the volume
within which its interaction with the defect occurs [21].

In this paper we have derived a pair of coupled two-dimensional integral equations — reduced
Rayleigh equations — for the amplitudes of the p- and s-polarized components of the scattered
elsctric field produced when a surface plasmon polariton is incident on a localized dielectric
surface defect on a planar metal surface. When the defect is circularly symmetric with respect
to the normal to the surface a rotational expansion of these scattering amplitudes transforms the
reduced Rayleigh equations into an infinite set of uncoupled one-dimensional integral equations
that have been solved numerically. We have applied this approach to calculate the near-field and
far-field angular distributions of the intensity of the field scattered by a dielectric defect in the
form of an isotropic Gaussian on a metal surface for two values of its dielectric constant, and
three values of its aspect ratio. It is found that the intensity of the volume electromagnetic field
scattered into the vacuum above the surface and defect is a maximum for in-plane scattering at a
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Fig. 6. The same as Fig. 5, but with &, = 5.0.

polar scattering angle of 6, = 70°. This value is independent of the aspect ratios and dielectric
constants of the defect assumed in our work. It is a significantly larger angle than the angle
6, = 28° at which the corresponding maxima occurs in the scattering of a surface plasmon
polariton from a circularly symmetric Gaussian indentation (dimple) in a planar metal surface
[11]. This result suggests that the excitation of a surface plasma polariton by illuminating this
dielectric defect by a p-polarized volume electromagnetic wave will be most efficient for a polar
angle of incidence 6y = 70° [22]. It is also found that the surface plasmon polariton is scattered
into other surface plasmon polaritons primarily in the forward direction. There is no shadow
behind the defect as in the case of the scattering of a surface plasmon polariton from a circularly
symmetric indentation in a metal surface [11]. This is due presumably to the transparency of
the dielectric defect. Thus there are significant differences between the cross section for the
scattering of a surface plasmon polariton from a metallic defect on a metallic surface and for
its scattering from a dielectric defect on a metallic surface.

The approach developed here can also be applied to dielectric surface defects that are not
circularly symmetric. In this case a rotational expansion of the scattering amplitudes produces
a set of one-dimensional integral equations that, unlike Egs. (9), are coupled for different values
of the rotational quantum number k& [14].
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APPENDIX

In this Appendix we outline the derivation of Egs. (4). We begin by considering the scattering of
a volume electromagnetic wave incident from a dielectric medium in the region x3 > d + {(x)),
where X| = (x1,x2,0), whose dielectric constant is €, on a dielectric film in the region 0 <
x3 < d+ §{(x) whose dielectric constant is &, that is deposited on a semi-infinite metal whose
dielectric constant is &3 in the region x3 < 0. The electric fields in these regions are given by

E” (x|®) = Eo(k)) exp(iQo - x) + / 4 SA(q))exp(iQ; -x) (A1)
for x3 > d + C(x)),
2
EV (x|o) = [ (‘;f)z [F* (q)exp(iQ" %) +F (q))exp(iQ x| (A2)

for 0 <x3 <d+{(x)), and

E<(x|o) = / (Zﬂ)“ B(q)) exp(iQ2 - x) (A3)

for x3 < 0. In these equations we have introduced the wave vectors
Qo(kH) = kH — 0 (k”)f(g (A.4a)
Qi(q) = q)+alg)ts (A.4b)
Q (q) = qto(g)ks (A4o)
Q(q)) = q)—a(q))%s, (A.44d)

where (j =1,2,3)

ajlq) = [g(w/c)— Qﬁ]% Reaj(q)) >0, Imaj(q)) > 0. (A.5)

The boundary conditions on the fields at the interface x3 = d + {(x) can be written

nxE”(x|o) = nxEY (x|(u) (A.6)
nx (VxE” (x|w)) = (V><E ) (x|w))) (A7)
en-E”(xjo) = &n-EY)(x|o), (A.8)

where

n= (—aC(X) _az;(x)jl). (A9)

8x1 ’ 8x2

We now take the vector cross product of Eq. (A.6) with &,P* (p) exp[—iP* (p|) - x¢]; we then
take the product of Eq. (A.7) with —ig; exp[—iP ™" (p|) - X¢]; and we finally multiply Eq. (A.7)
by —P*(p|)exp[—iP" (p|)-x¢]. In these expressions we have introduced the vectors P* (p| ) =
p| + 02(p|)X3, where p is an arbitrary two-dimensional wave vector, and x; = x| + (x| )%3.
We add the three equations obtained in this manner and integrate the sum over x| In this way
we obtain the equation

iy (kH)dI(az(pH) +au (ke —k))

(82 - 81)6 (PH) T oy (k”) [P+ (pH) X (P‘T (pH) X EO(kH))]
1 _ _
o) [ e L) ) ) A )
= —2e00(p) )¢ "F (py), (A.10)
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where
1071Q)) = [ dPxe™ e 1), (A11)

We now return to Egs. (A.6)-(A.8). We take the vector cross product of Eq. (A.6) with
&P~ (p)exp[—iP~(p)) - X¢|; we next multiply Eq. (A.7) by —ig;exp[—iP~(p|) - X¢]; and we
finally multiply Eq. (A.8) by —P~ (p|)exp[—iP~ (p|) - x¢]. Here, the vector P~ (p ) is defined
by P~ (p|) = p| — 2(p))%X3. We add the resulting three equations and integrate the sum over
X to obtain

. )e—ial(ku)dl(_(az(pH) —aa(ky)) Py — Ky )
] (p) — (k)

G o (qnal(—(0a(p)) +oulg) oy —aqp) ~
—(&—a)/we () () + ) [P~ (p)) x (P (py)  Alq)))]

= 28,00 (p)e "2 PIUF (p)). (A.12)

—(& [P~ (p) x (P~ (py) x Eo(k)))]

We now turn to the boundary conditions at x3 = 0, which can be written

23 xEV) (x|o) = %3 xE<(x|0)) (A.13)
%3 x (VXEV) (x|@)) = &3 x(VxE<(x|o)) (A.14)
et EV) (x|o) = &3 E<(x|o). (A.15)

These three equations yield three equations for the Fourier amplitudes F*(q; ),F~ (q),B(q),
namely

%3 < F'(q) + % x F~(q)) =% x B(q) (A.16)

i%s % [Q" (q) x F"(q)] +i%3 x [Q " (q) x F~(q)] = i%s x [Qa2(q)) xB(qy)]  (A.17)

ek [F(q) +F (q))] = e&%3-B(q)). (A.18)

We eliminate B(qH) from these equations and obtain the pair of equations

dp(qy)a)-F(q))] —Ap(g))la)-F(q))] =0 (A.19)
ds(q)Rs - (q < F"(q)))] +As(g))[Rs - (q) x F~(q)))] =0, (A.20)
where
dp(q)) = eos(q))+eolg) (A21a)
Ap(q) = @os(q))—&m(q)) (A.21b)
ds(CIH) = a3(6]H)+062(61H) (A.21c)
As(q) = os(g)) —a(g)) (A.214d)
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When we substitute the expressions for F*(q)) and F~(q) obtained from Egs. (A.10) and
(A.12), respectively, into Egs. (A.19) and (A.20) we obtain the pair of equations for A(qH)

P {d,,<p”>e"[“2<“+“l WP (py) x (P (py) x Eo (k)

Xl(az(Pn) +ou(k))|p) — k)
(X2(PH) + (k”)

x[P™(py) % (Pf(PH) x Eo(k|))]

—Ay(p H> ilon(p))—ai (ky)ld

I(—(oa(p) —ou(ky))lp —k|) }
a(p)) —ai(k))

+p / 77 { pH *1[062(17”)*061(4\\)]d[P+(pH)X(PJr(pH)XA(q”))]

Xl(az(Pn) ai(q))lp)—qyp)
a(p)) —ai(q))

x[P~(py) x (P~ (p)) x A(qy))]

—A, (pH )ei[az (p)+ai(q))ld

I(—((Xz(pH)‘i‘al(QH)NpH _q||)} —0. (A.22)

a(p))+ou(q))

X3 P X {ds(p)e_i[(XZ(p)+al (k”ﬂd[PJr(p”) X (PJF(pH) X EO(kH))]

(o (p)) + o (k) Ip —K|)
OCZ(P”) + 0 (kH)

x[P~(p) x (P~ (py) x Eo(k)))]

x ]+As(p”)ei[a2(pH)7a] (ky)ld

I(—(0a(p)) — ai(ky))|p —k|) }
a(p|) —ai (k)

+%3-p| x/(27r)”{ s(p))e e loa(p)—on(q))ld

x[P*(py) x (P*(py) x A(Q))]I(%(iz)(; ;61(2)('5)_ @)
A (py el 2@l p= (p ) 5 (P~ (p) x A(q)))]
y I(—(oa(py) +ai(q))) Py —qy) } 0
o (p)) +oulq)) ’

We now write the amplitude vectors Eo (k) and A(qy) in the forms

(A.23)

Eo(k)) = [Otl(ku)kHJrkuXﬂ Eop(k)) + (X3 x k) Eoq (k) (A.24)

A(q)) = [061 (q)q) — q)%3]Ap(q)) + (%3 x q))As(q))- (A.25)

The coefficients Eop ;(k|) and A, (q) are the amplitudes of the p- and s-polarized compo-
nents of the incident and scattered fields with respect to the planes of incidence and scattering,
respectively. The substitution of these representations into Egs. (A.22) and (A.23) yields a pair
of equations for A, (g ) and As(qy ), which we write as

/ a0 A M A
W[ pp(P1a))Ap(a)) +Mps(pylq))As(qy)]

= —[Npp(p) [k Eop (K| ) + Nps(py k) ) Eos (k)] (A.26)
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d*q)
/ n) [Msp(py la))Ap(q)) +Mss(pylq))As(qy)]

= —[Nsp(p) [k} ) Eop (K)) + Nss (P k) Eos (k) )], (A.27)
where
Mpp(pjlay) = dp(p))e 1ol ortapld
I — —
x[oa(p)) (D) - aonla)) +pq)] (a2(2)(p;“_(2”1)(;|”) l
_Ap(p”)ei[aZ(PH)Jral(11”)]‘1
I(— + -
X[az(PH)(f’H'fl||>0‘1(4||>—1’u‘1u]( (azi&)?iﬁgq}'f =
(A.282)
) .
Mps(pyla)) = ——oa(p))(B) xq))3
ilen(p)—an (g a1 (02(P)) — a1 (q)) | —q))
X{dp(p”)e (o2 (py)—02(q))ld OCZ(pH)fOC](qH)
B ilan(py)+0q (g a1 (= (02 (py) + e (g)))Ip| —q))
Ap(pll)e e az(p||)+a1(qu) }
(A.28b)
My, (pila) = %al(q”)(ﬁuxﬁn)a
ito(p)—aq (e (02 () — o (q)) P —q))
e loalpy)—au(
x{ds(P) p=entaple a(p)) — i (q))
Jlea(pp+an(gia (= (02(p)) +on(q)))lp| —q) .
J’_AS(pH) P q) (Xg(pH)—l-Oq(qH) } (A.28¢)
Ms(pyla) = (p)-q))
“ilon(p)—an(apja 1 (@2(py) — aa(q))lp| —q))
A i (oye—ileatpp—an
{dA(p) e a(p)) —ai(q))
; I(—(oa(py) +ai(q))) ey —qy)
Siloa(p))+an(g))ld l I Il Il
+AS(pH) p)+ai(g) aZ(pH)_Fa](q”) }(A.28d)
Npp(pylle)) = dp(p)e 1t rentild

I(oa(py) + o (k) p — k)
[05) (p||) +0oq (kH)

x[on(p)) (D) - ky)ou (ky) — pyk]
—Ap(p”)ei[%(p”)*al (ky)ld

I(—(oa(p)) —ou(ky))lp —k|)
a(p)) —ai(k))

o (p)) (B - ky)ou (k) + pky]

(A.292)
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Nps(py k) = —gaz(lﬂ||)(l5||><ﬁ||)3

X{dp<p) oy +an iy 1a (92 (a)( ;)‘Jlr(’;l)(lli’)—kn)

il (p)—oq (k12 L (— (02 (p)) — o (ky)) [py — k)
—Ap(pu)e[ (p)—ou (ky)ld (o) —au (i) } (A.29Db)
Nyp(p k) = goﬂ(kll)(f’u><1A‘II)3
—ilan(py)+an (ke L (02(Py) + 0 (K ) Ipy —Ky)
X{ds(Pn) et oo (p)) + o (k)
oo (p)—an (ke L (= (@2 (py) — au (ky)) Ipy — k)
+As(p)))e (p))—ou (k) () — au () (A.29¢)
o @ + k -k
Nss(pH|kH) _ (PH k){ (p”) —i[ap pH + (kH ( (a)( ;xral)gll:) ||)
Jiloa(p))-an jal(=(aa(p)) — a1 (k)))Ipy — k)
+As(pu) P [ Otz(p”) 061(kH) } (A.29d)

These equations are the basis for the calculations reported in Ref. [16].

To transform them into equations describing the scattering of a surface plasmon polariton
from a localized dielectric defect on a planar metallic surface we first set d = 0 and restrict
€(x|) to be a non-negative function of x|. We also set Eos(k| ) = 0 because the incident field is
p polarized, and then rewrite 1(Y|Q|) as

1(Y1Q)) = (2m)*8(Q)) +J(71Q)), (A.30a)

where
J(Y|QH) = /dszefiQH'XH (ef"yg(x\\) —1). (A.30Db)

The relevant elements of the matrices M(p||q) ) and N(p) k) then become

Mpyy(pylq)) = (2775)25(P||*Q\\)M[&%(P”)+83a1(pH)]+A71,,,,(pH|qH)
& — &
(A.31a)
Mps(pila) = Mps(pylay) (A.31b)
Mg (pyla) = Mp(pjla)) (A31c)
22 -
My(pylay) = (2m)°8(p)—a)) g5 ;(2_([)8])[as(P||)+a1(p||)]+Mss(pIq) (A31d)
26,00 (k
Npp(pylk)) = (21 >6<p”fkmw[sgal(km—slo@(km+Npp<pu|ku>
(A.322)
Nop(plky) = Nop(pylk)), (A.32b)
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where

Myp(play) = dp(pp)loa(p)) By -a))oulq))+pyq]
XJ(Olz(Pu) —ou(q))lp)—qy)
o(p)) —ailgy)
—Ap(ploalp)) (D) -a)) e (q)) —p)q|]
y J(—(oa(p) +ai(q)))lp) — k)
a(p))+ai(q))

Mys(pyla) = —%Oﬂz(l?u)(ﬁux%)z
J(oa(py) —aa(q))lp—q))
X{dp(p) a(p)) —ai(q))
J(=(ea(p)) +ai(q)))lp| —qy) }
a(p)) +oulq))

—Ap(py)

Mgy (pylq) = %(f’uxﬁ”hal(qu)
J(oa(p)) —ai(q)) Py —qy)
x{dS(pl) a(p)) —ai(q))
J(—(oa(p)) +oai(q))) P —qy) }
a(p)) +oulq))

+As(p)))

J(oa(p)) —ai(q))lp|—qy)

Mss(pyla) = (B "ill){ds(p) (p) —ailq))

J(—(oa(py) +ai(q))) Py —qy) }

Tasy) a(p)+ai(q))

Nop(pylky) = dp(p)lealp) () -ky)ea (k) — k]
J(a(p)) +alk)lp k)
o (p) +ou (k)
—A,(ploa(py) (B) - K)o (ky) + pyky
y J(—(oa(p)) —ai(k)))lp — k)
a(p)) —ai (k)

Ny(py k) = %(f’\\XRll)Sal(kll)
J(oa(py) + ou (k) lp — k)
X{ S(pH) (Xz(P\\)"‘l‘(Xl(k”)
J(—(oa(p) —au(ky))|p —k|) }
o (p) —ou(ky) '

+As(p)))

(A.332)

(A.33b)

(A.33c)

(A.33d)

(A.34a)

(A.34b)
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Equations (A.26) and (A.27) now become

[erea(p)) +&0u(p))]Ap(p))

_ d? - .
2;2052(2”) / (25)“2 [Mpp(pyla))Ap(qy) +Mps(pyla))As(q))]
= —{(Zﬂ)zfs(l) —ky)[eseu (k) — €105 (k)] + %Nw(m\ |k)}E0p(k||)
(A.35)
[aa(p)) +ai(p))]As(p))
2 o d? _ N
%;;2(;':) /%[MW(I)H“]H)AP((IH)+Mss(p|||q\|)As(qH)]
2 — -
= —%7;;2(;‘1)%7(1)” K} Eop (Ky). (A.36)
We now make use of the analytic continuations
(k) = —ipi(k)) (A.37a)
ai(q) = iPilg)) (A.37b)
o(q) = iPq)) (A.37¢)
as(q)) = iPs(q)). (A.37d)
where
Bila)) =4} —&j(@/c)12. ReBi(q)) >0, ImPj(q)) <O0. (A.38)
With the definitions
J(i(B2(p) — Bilgy))lpy —ay)
_ / oy I )X (o Balp)-Pr(a)E0y) _ )
=J (Bap)) — Bilay) P —a) (A.39a)
J(=i(Ba(py) + Bi(q)))Ip| —qy)
_ /dsze_i(p”_qH)'xH (e—(ﬁz(PH)+ﬁ1(IIH))C(XH) -1)
=IO (Ba(py) +Bila e —ay) (A.39b)
and
Aplqp) = ap(q)) (A.40a)
P &Pi(q)) +€Bs(q))
Ag(q)) = _ el (A.40b)

Bi(qy)+Bs(q))’

the substitution of Egs. (A.37)-(A.40) into Egs. (A.35) and (A.36) yields Eqgs. (4). We have
used the result that &;f3; (k| ) + €183 (k) = 0. This is the dispersion relation for surface plasmon
polaritons at a planar vacuum (&) )-metal (&3) interface.
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