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Abstract

A surface plasmon polariton (SPP) is an electromagnetic excitation existing on the surface of agood metal. Itis an
intrinsically two-dimensional excitation whose electromagnetic field decays exponentially with distance from the
surface. In the past, it was possible to study only the (far-field) scattered light produced by the interaction of surface
polaritons with surface features. Only with the development of scanning near-field optical microscopy did it become
possible to measure the surface polariton field directly in close proximity to the surface where the SPP exists. Here
we overview the near-field studies of surface polaritons on randomly rough and nanostructured surfaces, theoretical
models of SPP interaction with surface features, and SPP applications in novel photonic technologies. Surface
polariton scattering, interference, backscattering, and localization will be discussed, as well as concepts of surface
polariton optics and polaritonic crystals. Surface polaritons are finding an ever increasing number of applications
in traditional domains of surface characterization and sensors as well as in newly emerging nano-photonic and
optoelectronic technologies.
© 2004 Elsevier B.V. All rights reserved.

PACS:73.20.Mf; 78.66-w; 07.79.Fc

Keywords:Surface plasmon polaritons; Scanning near-field optical microscopy; Nano-optics

* Corresponding author.
E-mail addressa.zayats@qub.ac.R.V. Zayats).

0370-1573/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.physrep.2004.11.001


http://www.elsevier.com/locate/physrep
mailto:a.zayats@qub.ac.uk

132 A.V. Zayats et al. / Physics Reports 408 (2005) 131-314

Contents
Lo INETOGUCTION. « . .. ettt e e e e e e e e e e e 133..
1.1. Surface electromagnetic waves at a dielectric—-metal interface . ........... ... .. ... ... . L. 134
1.1.1. Surface plasmon PoIaritoNs. . . ... ...t 135
1.1.2. SUMACE PlaSMONS . . .ot 138.
1.1.3. Ametal filmon adielectric substrate. . .. ... 139
1.1.4. Localized surface plasmans . . ... ..ottt 142
1.1.5. Optical excitation of surface plasmon polaritans. . ... i 144
1.2. Scanning near-field optical MICrOSCORY . . . ..ottt e e e e e e e e 146
2. Surface polariton SCatErNg . . ... ..ttt e 149.
2.1. Single scattering regime: the SPP interaction with individual defects. . . ........... ... .. ... ... .. .... 151
2.1.1. The interaction of a surface plasmon polariton with a single surface defect. . .................. 151
2.1.2. The propagation of a surface plasmon polariton near anindex.step. ............... ... ....... 163
2.1.3. The interaction of a surface plasmon polariton with a subsurface defect . ..................... 169
2.1.4. Near-field imaging of the SPP interaction with a single surfacedefect ....................... 175
2.1.5. Interference of surface plasmon polaritonbeams............ ... ... . i 179
2.2. Multiple scattering regime: backscattering of surface plasmon polaritons .. ......................... 185
2.2.1. Enhanced backscattering of surface polaritons on a randomly rough surface.................. 186
2.2.2. Direct observation of SPP backscatteringwith SNOM. .. ... ... ... ... ... 192
2.3. Multiple scattering regime: surface polaritons localization onrough surfaces........................ 196
3. Two-dimensional optics of surface polaritons. . . . ... ... o 202
3.1. The interaction of surface plasmon polaritons with material and/or geometrical discontinuities
in their propagation path. . . ... ... e 202.
3.1.1. The impedance boundary CONditiOn . . ... ... ottt e 203
3.1.2. Modal expansions (AiSCIete). . . . ..o v vttt e e e 205
3.1.3. Modal expansions (CONtINUOUS). . . . .. oottt ettt et et e e e e e e e e et e e et e e 211
3.2, Elements Of SP P OPtiCS . . ..ottt e 214.
4. Near-field microscopy of surface plasmon polaritons and characterization of metal surfaces. ............... 218
4.1. Characterization of metallic nanostructures via local excitation of surface polaritons ... ............... 219
4.2. Imaging of thin film interfaces with air—metal and glass—metal surface polaritons . .................... 221
4.3. Fractal properties of rough surfaces and SPP scattering . .. ........ .ot 222
5. Surface polaritons on periodically structured SUrfaces. . ... 226
5.1. Surface polaritonic CrystalS. . . ... ... e 228.
5.1.1. One-dimensional periodic surface profile . .......... . e 228
5.1.2. Two-dimensional periodic surface profile. . . ... i i 234
5.2. Imaging of the SPP BIOCh WaVES. . . . . ... o e e e e 237.
5.3. Waveguiding in line-defects of a SPP crystal . .. ... .. i 239
6. Enhanced optical properties mediated by surface plasmon polaritons . .............. .o i . 243
6.1. Surface plasmon polaritons and the enhanced backscattering of light from a randomly rough
MEtal SUIMACE. . . . .o e 243.
6.2. Surface plasmon polaritons and the enhanced optical transmission of periodically structured.films. .. .. 257
6.2.1. Optical transmission of a metal film with a periodic hole array: a near fieldview. . .............. 257
6.2.2. The origin of the enhanced transmission through periodically nanostructured metal films. .. .... 262
6.2.3. Polarization effects in the light transmission through a polaritoniccrystal. .. ................... 265
6.2.4. Light-controlled transmission of polaritoniccrystals. .. ... i i 269
7. Nonlinear optics of surface plasmon polaritons. . . ... ... . 274
7.1. Second harmonic generation in reflection from rough metal surfaces. .............................. 275
7.1.1. Second harmonic generation from metallic diffraction gratings............ ... .. ... ... .. .... 281
7.1.2. Second harmonic generation at randomly rough metal surfaces. ............... ... ... 286

7.2. Near-field second-harmonic generation atmetal surfaces .. ........ ...ttt 291



A.V. Zayats et al. / Physics Reports 408 (2005) 131-314 133

7.3. Near-field SHG from metallic diffraction gratings. . . . ... ...ttt e 296
8. SPP interrogation using other scanning probe microscopy techniques. . ........... ... i, 298

8.1. Influence of surface polaritons on the tunneling current of STM . .. ... ... . it 298

8.2. Light emission induced by the electron tunneling in STM: a role of surface plasmon polaritons. ........ 304
9. CONCIUSION . . oot e e 306. .
ACKNOWIBAGEMENTS. . . . oot e e e e e 307. .
RO O NS . . o 308..

1. Introduction

Inits simplest form a surface plasmon polariton (SPP) is an electromagnetic excitation that propagates in
awave like fashion along the planar interface between a metal and a dielectric medium, often vacuum, and
whose amplitude decays exponentially with increasing distance into each medium from the ifteace
Thus, a SPP is a surface electromagnetic wave, whose electromagnetic field is confined to the near vicinity
of the dielectric—metal interface. This confinement leads to an enhancement of the electromagnetic field
at the interface, resulting in an extraordinary sensitivity of SPPs to surface conditions. This sensitivity is
extensively used for studying adsorbates on a surface, surface roughness, and related phenomena. Surfa
plasmon polariton-based devices exploiting this sensitivity are widely used in chemo- and bio-ggnsors
The enhancement of the electromagnetic field at the interface is responsible for surface-enhanced optical
phenomena such as Raman scattering, second harmonic generation (SHG), fluorescéhésg, etc.

The intrinsically two-dimensional nature of SPPs provides significant flexibility in engineering SPP-
based all-optical integrated circuits needed for optical communications and optical conjfutinghe
relative ease of manipulating SPPs on a surface opens an opportunity for their application to photonics
and optoelectronics for scaling down optical and electronic devices to nanometric dimensions. Most
importantly, active photonic elements based on nonlinear surface plasmon polariton optics, which allow
controlling optical properties with light, are much easier to realize with suitably patterned metal surfaces,
due to the SPP-related electromagnetic field enhancement near a metal [§{jrface

Since the electromagnetic field of a SPP decays exponentially with distance from a surface, it cannot
be observed in conventional (far-field) experiments unless the SPP is transformed into light, e.g., by
its interaction with surface inhomogeneities. In the past, it was possible to measure only the (far-field)
scattered light produced by the interaction of a SPP with surface features, and then to derive the information
on the surface polariton behavior from further assumptions about the generally unknown scattering
processefl,2]. It was possible to change in one or another way the average defect structure of a surface
and to judge the SPP behavior on the surface from the changes in the angular spectrum and intensity of
the scattered light. The microscopic structure of the surface was largely unknown in such experiments.
Even if a surface topography is visualized by electron microscopy or later, by scanning atomic force and
electron tunneling microscopy, the optical signal measured in the far-field is averaged over an ensemble
of surface features due to diffraction effects, and it is therefore possible only to correlate the behavior of
the scattered light with the average surface topography. The problem of local measurement of the SPP
field close to a surface was addressed using a photosensitive polymer layer covering the metal surface
under investigatiof8]. The electromagnetic field distribution was recorded on the photoresist and, after it
was developed, examined with an electron microscope. However, the polymer layer introduces significant
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perturbations of the SPP resonant conditions and the SPP field over the metal surface, which limits the
applicability and possibilities of this approach.

Only with the development of scanning probe techniques did it become possible to study SPPs locally
on a surface. In particular, scanning near-field optical microscopy (SN@Myrovides an opportunity
to probe the SPP field directly over the surface where the SPP exists, with a resolution in the nanometer
range. The implementation of SNOM has led to a breakthrough in surface polariton §i@Has]

Surface plasmon polariton scattering, interference, backscattering and localization have been visualized
and investigated directly on the surfdté—20] The idea of two-dimensional surface polariton optics has
been proposed and realized experimentally, resulting in the development of optical elements for surface
polaritons that allow manipulating and directing SPP beams in the same way as optical beams are directed
in three dimensionfl7]. Very recently a new class of two-dimensional photonic crystals based on surface
plasmon polaritonic band-gap structures has been created on a metal @

In this article we present an overview of the theory of the behavior of SPP on structured surfaces,
and of recent advances in experimental surface plasmon polariton studies. SNOM has allowed vi-
sualizing SPP related processes on a surface, correlating the SPP behavior to surface structure, ant
confronting the experimental studies with model calculations. Scattering of surface plasmon polari-
tons by surface roughness is one of the subjects that can be significantly complemented with local
studies of the electromagnetic field distribution over a surface provided by scanning near-field op-
tical microscopy. These will be discussed in Section 2. Imaging of SPP scattering from individual
surface defects as well as from ensembles of defects will also be considered. Different types of SPP
behavior on rough surfaces, such as scattering, reflection, interference, backscattering, and localiza-
tion will be analyzed, and related theoretical models will be presented. A detailed theoretical descrip-
tion of the interaction of SPP with surface features of different topology, with surface and subsurface
defects, as well as with topographical and index-step defects will be discussed. This interaction is
important for an understanding of near-field SPP images and the development of SPP optics. Exam-
ples of the elements of two-dimensional SPP optics will be described, and possible applications will
be discussed, in Section 3. Section 4 is devoted to the applications of near-field studies of SPPs on
rough surfaces to the characterization of metal surfaces, including SNOM measurements of the dielec-
tric constants of metallic micro- and nanostructures, imaging of inner interfaces of thin metal films,
and fractal properties of surfaces. The effect of periodically structured surfaces on SPP behavior will
be discussed in Section 5, where properties of 1D and 2D surface polariton band-gap structures will
be considered. The dependence of “bulk” optical properties of rough and periodically nanostructured
metallic films on SPP effects will be described in Section 6, where polarization and nonlinear con-
trol of optical properties of nanostructures will be discussed. In Section 7, the influence of SPP on
nonlinear optical processes occurring on a metal surface will be considered on the example of second-
harmonic generation at rough metal surfaces. Finally, in Section 8, applications of scanning tunneling
microscopy in surface polariton measurements are presented, and associated mechanisms are consic
ered that are related to the interplay between surface polaritons and localized surface electromagnetic
resonances.

1.1. Surface electromagnetic waves at a dielectric—metal interface

Although the emphasis in this article is on the interaction of surface plasmon polaritons with rough
and nanostructured surfaces and films, it is useful to preface the discussion of these interactions with a
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Fig. 1. Surface plasmon polariton at a dielectric—metal interface.

brief summary of those properties of surface plasmon polaritons on smooth surfaces and in smooth films
that will be needed in what follows. In this way the results presented in this review can be compared or
contrasted with the better known results for a planar surface, and in the case of weak surface roughness
can serve as the basis of perturbative treatments of these interactions.

1.1.1. Surface plasmon polaritons

The electromagnetic field of a surface plasmon polariton at a dielectric—metal interface is obtained from
the solution of Maxwell's equations in each medium, and the associated boundary conditions. The latter
express the continuity of the tangential components of the electric and magnetic fields across the interface,
and the vanishing of these fields infinitely far from the interface. To introduce the main parameters
characterizing surface plasmon polaritons, let us consider a system consisting of a dielectric material,
characterized by an isotropic, real, positive dielectric constarih the half-spacas > 0, and a metal,
characterized by an isotropic, frequency-dependent, complex dielectric fua@tipg: 1 (w) + iea(w),
in the half-spaces < 0 (Fig. 1).

We first consider a p-polarized (transverse magnetic or TM) wave in this structure that propagates in
the x1-direction. (Due to the optical isotropy of the two media there is no loss of generality in choosing
this direction of propagation.) In a wave of this polarization the magnetic vector is perpendicular to the
plane of incidence—the plane defined by the direction of propagation and the normal to the surface.
The solutions of Maxwell’s equations that are wavelike in thelirection and whose amplitudes de-
cay exponentially with increasing distance into each medium from the interfaeel can be written
as

H™ (¢ 1) = (0, A, Q)gxks xaior (1.1a)

B~ (1) = —Ap (.0, i) glhx ks vsion (1.1b)
in the regionx3 > 0, and as

H=(x: 1) = (0, B, Q)gt¥1+ks" xa—ior (1.22)

E<(x: 1) = —B— o (—k{"™, 0, ik)ghxrHhs" xa—ior (1.2b)

lwe(w)
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(1,m)
3

inthe regioncz < 0, wherek determine the decay of the electromagnetic field with increasing distance

from the surface:

kD = (k% — e1(w/e)?)Y? (1.3a)
kK = (k2 — e(w)(w/c)P)Y? . (1.3b)

The real parts okél) andké’") must be positive in order that Egs. (1.1) and (1.2) describe an electromag-
netic wave localized to the dielectric-metal interfaceqat= 0. The boundary conditions at the plane
x3 = 0 yield the pair of equations

& (m)
k k

A==B, A2 =-pB=_ . (1.4)
€1 e(w)

The condition that this system of equations have a nontrivial solution provides the dispersion relation
connecting the frequeney of the p-polarized wave and its wavenumber

&__@ (1.5)
PR .
3

If, for the moment, we assume that the dielectric function of the me&tal is real, therkél) andké’”) must
be real and positive in order that Egs. (1.1) and (1.2) describe a surface electromagnetic wave. It follows,
therefore, from Eg. (1.5) thatw) must be negative for this surface electromagnetic wave to exist. In this
frequency range the wave vector of a volume electromagnetic wave is pure imaginary. Thus such surface
electromagnetic waves exist only in the frequency range where volume electromagnetic waves cannot
propagate in a metal.

The surface electromagnetic wave whose field vectors are given by Egs. (1.1) and (123mtland
whose frequency is obtained from the dispersion relation, Eq. (1.5) is cadledieee plasmon polariton
Physically, one can understand it as photons coupled to collective excitations of conduction electrons
near a metal surface.

If we square both sides of Eq. (1.5), and rearrange terms, we obtain an explicit expression for the
wavenumbeksp of the surface plasmon polariton as a function of its frequency

ol ee(w) 12
ksp=—| ——— )

cler+e(w)
a relation that is valid even #(w) is complex.

To illustrate the preceding results let us assume for the dielectric function of the metal the too often
used, and never completely valid, free electron expression

w2
f(w)=1-—%, (1.7)
(&)

(1.6)

wherew, is the frequency of bulk longitudinal electron excitations, the plasma frequency. The corre-

sponding dispersion curve is shownhig. 2 The requirement thd«tél) be real and positive in order
that the electromagnetic field of the surface plasmon polariton decay exponentially into the dielectric
medium in contact with the metal has the consequence that the SPP dispersion curve must lie to the
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Fig. 2. Dispersion of SPP at a dielectric-metal interface. Also plotted is the dispersion of light in the dielectric medium, and the
corresponding surface plasmon frequency. The parameters assungg-arel. 9989 x 101551 (silver) andeq = 2.25.

right of the dispersion curve of light in the dielectric mediums= ck/ei/z, the so-called dielectric light
line. Consequently, the SPP cannot radiate light into the dielectric medium, and cannot be excited with
conventional illumination from the adjacent dielectric.

Due to ohmic losses in the metal, characterized by the imaginary part of the dielectric function of
the metale2(w) (> 0), the energy carried by a SPP decays exponentially as the SPP propagates along
the planar dielectric-metal interface. Th& Hecay length, called the energy propagation lergghis
determined by the imaginary part of the SPP wavenumber, Eq. (1.6),

3
1 2
L pimig= 2 eie2(w)

3 (1.8)
Lsp € Jeg(w)|Y2(|eg(w)| — €1)2

to the lowest nonzero order i (w). In writing Eq. (1.8) we have explicitly taken into account that the
real part ofe(w), e1(w), is negative in the frequency range in which the SPP exists.

A surface plasmon polariton has both transverse and longitudinal electromagnetic field components.
The magnetic field of a SPP is parallel to the surface and perpendicular to its direction of propagation.
The electric field of a SPP has a component that is parallel to its direction of propagation and a component
perpendicular to the surface. The ratio of the transverse and longitudinal components of the electric field
in the dielectric medium is

_ 1/2
E_3=i@—i(_€(w)>l/2=i(—w% _sz) , (1.9)

ET kél) o €1 )

where the last expression is obtained when the free electron expression (1.7) is asswted Tdre
transverse component is dominant in the electric field of SPPs with small wavenumbers and low frequen-
cies (photon-like excitations) for which the dispersion curve is close to the dielectric light line. Only for
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very large wave numbers are the transverse and longitudinal components comparable. Indeed, they are
equal at the frequency given ly, /(e; + 1)Y/2.

We now consider an s-polarized (transverse electric or TE) wave in the structure depiEtgdin
In a wave of this polarization it is the electric vector that is perpendicular to the plane of incidence. The
solutions of Maxwell’s equations that are wavelike in #hedirection and are localized to the interface
can be written as

E>(x: 1) = (0, A, 0)glkx1—k§ xa—ior (1.10a)
> ¢ D ; ikx1—kSD xa—iwr
H” 06 1) = A = (5", 0, gt (1.10b)
(0]

in the regionxz > 0, and

E<(x: 1) = (0, B, 0)gkx1hs”xa—ior (1.11a)
H<(x:1) = B ii(—k§m>, 0, ik)elkrithsvaior (1.11b)
(0]

in the regionvz < 0. The continuity of the tangential components of the electric and magnetic fields across
the interfacexrz = 0 yields the pair of equations

A=B, A—kP=—B KM (1.12)
lw lw

which can be combined into the single equation
(K7 +K5") A=0. (1.13)

It is not difficult to show from Eq. (1.13) that because the real parﬂé%fandkém) are both required

to be positive in order that we have an electromagnetic wave localized to the dielectric-metal interface
x3 = 0, the only solution of this equation = 0, so thatB = 0. Thus an s-polarized surface plasmon
polariton cannot exist in the structure depictedrig. 1

1.1.2. Surface plasmons

We have indicated in the opening paragraph of the Introduction that surface plasmon polaritons are solu-
tions of Maxwell’s equations in which the effects of retardation—the finiteness of the speed of light—are
taken into account. An important subclass of surface plasmon polaritossrémee plasmong hese can
be viewed as the limiting case of surface plasmon polaritons when the speed of light is allowed to become
infinitely large. Alternatively, and equivalently, they are obtained from solutions of Laplace’s equation for
a scalar potential that propagate in a wavelike fashion along a planar dielectric—metal interface, and whose
amplitudes decay exponentially with increasing distance from the interface into each medium. They are
therefore electrostatic surface waves. One can think of them as related to non-propagating collective
vibrations of the electron plasma near the metal surface.
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Fig. 3. Surface plasmon polaritons on metal film interfaces.

The solution of Laplace’s equation that is wavelike in #hedirection, and decays exponentially as
|x3] — o0, is

d(x; 1) = Aehxalkixs=ior oo 0 (1.14a)
=B ektlklxa—ior = 0 0 (1.14b)

We must require thap(x; t) be continuous across the plang= 0. This ensures the continuity of the
tangential components of the corresponding electric #&kt 1) = —V¢(X; ) across this plane. This
condition yields the result = B. We also have to require thai¢(x; t)/dx3 be continuous across the
planexz = 0. This condition is equivalent to the requirement that the normal component of the electric
displacement be continuous across this plane. The condition whose satisfaction allows this to be done is

e(w)+e=0. (1.15)

The surface excitation whose potential is given by Eq. (1.14) withB, and whose frequency is obtained
from Eq. (1.15) is called aurface plasmon

We see from Eq. (1.15) thatw) has to be negative in order that a surface plasmon exist. Moreover, if
we compare Eqgs. (1.6) and (1.15) we see that the frequency of the surface plasmon is also the limiting
frequency of the surface plasmon polaritorkas- co. If the metal is characterized by the free electron
form of its dielectric function Eq. (1.7), the frequency of the surface plasmon is given by

Wp

WDgp = —F/—— .
sp «/€1+1

1.1.3. A metal film on a dielectric substrate

Surface plasmon polaritons on the surfaces of metal films possess interesting properties that sur-
face plasmon polaritons on the surface of a semi-infinite metal do not possess. Thus, let us consider
the system consisting of vacuunmy (= 1) in the regionxz > d, a metal film characterized by a com-
plex, frequency-dependent, dielectric functigm) in the region O< x3 < d, and a dielectric medium
characterized by a real, positive dielectric constanh the regionxz < 0 (Fig. 3). The single nonzero

(1.16)
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component of the magnetic field in this system that describes a p-polarized electromagnetic wave prop-
agating in thexp-direction and localized to each of its two interfaces, can be written in the following
forms:

. 1 .
Ho(X; 1) = Agkeiky )"3_""’, x3>d (1.17a)
—gkn [ Bk 4 cehs" XS] e 0<xg<d (1.17b)
:DeikX]__i-k\(;)xs—i(ul , X3 < 0 , (1.17b)

where
kD = [k2 — ea(w/c)? 12, kY = [k — e5(w/c)2Y? (1.18)

while k(’") has been defined in Eq. (1.3b). For this wave to be localized at each of the two interfaces, the

real parts of the decay constaiag%) k(’") (S) must be positive.
The boundary conditions satlsfled E&(x t) at each interface are

0)

Hy(x;t) continuous; (1.19a)
(ii)

10 .

—aHz(x t) continuous. (1.19b)

When these conditions are applied to the solutions given by Egs. (1.17), a set of homogeneous linear
equations for the coefficients A, B, C, D is obtained. The solvability condition for this system is the
dispersion relation for the surface plasmon polaritons in this structure:

@ (5) D ()

k k k k m)
A C- T S COR N B OO R I CO- N P (1.20)
€1 k:(gm) €s k(m) €1 k(m) €s k:(gm)

We see from Eqg. (1.20) that in the limit ds— oo it yields the pair of equations

) ks’ o) kg
a m TTEY Ko
3 S

+1=0. (1.21)

These are recognized to be the dispersion relations for surface plasmon polaritons at the vacuum-—metal
and metal-substrate interfaces, respectively. For finite valuéthefelectromagnetic interaction between

the two interfaces cannot be neglected, the surface plasmon polariton at one interface “feels” the existence
of the surface plasmon polariton at the other interface, a “repulsion of levels” occurs, and the dispersion
curves for the surface plasmon polariton localized at each of the two interfaces become distorted by the
interaction of these wav§27]. This is depicted ifrig. 4for a metal film characterized by the free electron
dielectric function (1.7) on a glass substrate.
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Fig. 4. Dispersion of SPPs at the interfaces of a metal film with a vacuum cladding and a dielectric substrate. Also plotted are
the dispersions of light in the vacuum and the dielectric substrate, and the corresponding surface plasmon frequencies. The
dashed part of the upper branch of the SPP dispersion curve shows the frequency range where this SPP, while being localized
at the vacuum—metal film interface, leaks into the substrate. The parameters assumed3fream,e; = 1, ¢; = 2.25, and

wp =11.9989x 10151 (silver).

An interesting special case of this structure is the one where both superstrate and substrate are vacuum
sothatey =¢, =1 andké“) = kél). In this case Eq. (1.20) can be rearranged into the pair of equations

1

3 (m)

——=—coth k3 'd, 1.22

e(w) kém) 53 (1.22)
1)

ks L om

Equations (1.22) and (1.23) correspond to modes in which the tangential component of the electric field
(E1) is an even and an odd function @fs — d/2), respectively. For large wavenumbers the frequencies
of the modes defined by Eqgs. (1.22) and (1.23) are

_Yp —|k|d41/2
_=—[1-—¢€ 1.24
and
_ 9 —|k|d41/2
=——[1+e€ 1.25
w4 ﬁ[ ] ( )

respectively, when the free electron form (1.7) §ap) is assumed.

For such thin metal films that the electromagnetic interaction between the two surface plasmon po-
laritons cannot be neglected, the imaginary part of the wavenumber determining the propagation length
of the high frequency mode (the solution of Eq. (1.23)) decreases as the square of the film thickness
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According to Eq. (1.8) this leads to a very long propagation length of such a SPP mode, which is called
a long-range SPP. In turn, this leads to a large field enhancement associated with this type of mode. In
contrast, the imaginary part of the wavenumber of the low frequency mode (the solution of Eq. (1.22))
increases as the thickne$®f the film is decreased, leading to a propagation length that decreases with
decreasing.

The physical reason for the significantly longer propagation length of the mode whose dispersion
relation is given by Eq. (1.23) compared with the propagation length of the mode whose dispersion
relation is given by Eq. (1.22) is that the tangential component of the electric(figldof the former
mode vanishes at the midplane of the fith= d /2, while it is a maximum at that plane for the latter
mode. The mode with the smaller fraction of its electric field inside the film has the longer propagation
length because it interacts more weakly with the dissipative mechanisms in the film.

1.1.4. Localized surface plasmons

In addition to surface plasmon polaritons and surface plasmons at a planar dielectric—metal interface,
localized surface electromagnetic excitations can exist in other geometries, such as metallic particles or
voids of various topologies. Such surface excitations in bounded geometries are called localized surface
plasmons (LSP9B,28]. The frequency of an LSP can be determined in the non-retarded (electrostatic)
approximation by solving Laplace’s equation with suitable boundary conditions. The electrostatic ap-
proximation, which neglects the effects of retardation, is valid if the characteristia sika system is
small compared to the wavelengtltorresponding to the LSP frequenayk /.

For example, in the case of a metallic sphere of radusentered at the origin, and embedded in
a medium of dielectric constang, the solution of Laplace’s equation for the electrostatic potential
¢=(r, 0, ¢) inside the sphere that is finite at the origin can be written in the form

00 l
= 0.)=Y " > amr'Yim(©, ¢, O0<r<R, (1.26)
=0 m=—¢
whereYy,, (6, ¢) is a spherical harmonic. Similarly, the solution of Laplace’s equation for the electrostatic
potentialg~ (r, 0, ¢) outside the sphere that vanishes at infinity can be written as
o o 1
O 0.0 =) Y bmgYem (0 9), r=R. (1.27)
(=0 m=—¢
The imposition of the boundary conditions at the surface of the sphere, namely the continbigyof
of ed¢/or, yields the dispersion relation for the frequencies of the LSPs,

w o (1.28)

€0 b4
For a metal described by the free electron form of the dielectric function, Eq. (1.7), the solutions of
Eq. (1.28) are given by

, 1/2
—op|—— | . e=123... . 1.29
“t “’P[eo(z+1)+e} (1.29)

For small spheres, only the dipole-active excitatioa 1) is important. As the size of the sphere increases,
the contributions of higher multipoles become more and more significant, with the result that in the limit
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of a very large spher& — oo) the LSP frequency approaches that of a surface plasmon at a planar
dielectric—metal interfacey., = w,/(eo + 1)Y/2. For an ellipsoidal particle, in general there are three

sets of localized surface plasmon frequencies related to the three axes of an ej#g$oiche three
frequencies of the dipole-active LSPs in small ellipsoids can be calculatedefrono =1 — 1/L;,

whereL; is the so-called depolarization factor depending only on the ellipsoid shapé (2, 3 denotes

the coordinate axes linked to the ellipsoid ax@g]. In the case of a spheile = 1/3, and Eq. (1.28)

holds. The range of frequencies where localized surface plasmon modes exist is bounded from above by
the bulk plasma frequency of the metal, i.e. it is the frequency range in which the dielectric function of
the metal is negative.

It should be emphasized that the surface plasmon polaritons considered in the preceding sections
are a different type of excitation than localized surface plasmons. A surface plasmon polariton has the
dispersion relatiomsp=w(ksp) given by Eq. (1.6) and is a propagating surface mode. In contrast, localized
surface plasmons (also called electromagnetic surface shape resonances) are confined to curved met:
objects. They are characterized by discrete, complex frequencies, which depend on the size and shape
of the object to which the surface plasmon is confined, and by its dielectric function. Localized surface
plasmons can be resonantly excited with light of appropriate frequency (and polarization) irrespective of
the wave vector of the exciting light. Therefore, they also effectively decay with the emission of light.

In contrast, an SPP mode can be excited only if both the frequency and wavevector of the exciting light
match the frequency and wavevector of the SPP.

Localized surface plasmons can be also assigned to features on a metal surface. As will be discussec
below, LSP resonances play a significant role in the behavior of SPP on rough surfaces if their frequency
is close to the SPP frequency. LSPs can decay into surface plasmon polaritons and, in turn, can be excitec
by SPP. This results in a significant enhancement of SPP scattering by surface defects if the frequency of
SPP and the resonant frequency of LSP are close to each{2#he®n the other hand, SPP excitation is
an efficient channel of LSP decay on a metal surfa6

Since a LSP is confined to a particle (or a curved surface), it results in a significant electromag-
netic field enhancement at small metallic particles due to the small volume of the LSP[&idde
This effect contributes to numerous phenomena such as light emission from STM tunnel junctions,
enhanced scattering, surface enhanced Raman scattering, and second-harmonic generation, and finc
applications in active photonic elements and apertureless scanning near-field microscopy
[5,31-37]

In the case of voids in the bulk of a metal, the corresponding localized surface plasmon frequencies
can be found by replacingw) by 1/¢(w) in the corresponding Dirichlet problem. The localized surface
plasmon frequencies of a particle and a void of the same shape are related to each other by

2 2 2
®particle T @yoid = @) - (2.30)

Thus, the resonances associated with surface plasmons localized on voids in a metal can be estimate
from known LSP frequencies on metal particles.

The spectrum of localized surface plasmons associated with an ensemble of metallic particles (or
voids) is determined by the interaction between the individual LSP resonances (cf. the modes of a thin
metal film). The resulting spectrum and the magnitude of the electromagnetic field enhancement depend
significantly on the shape and size of the individual particles and on the distance between them. In such
ensembles of interacting small metallic particles a very strong electromagnetic field enhancement can be
observed35]. A similar but simpler situation occurs in the case of a metallic particle situated above a
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metal surfacg33,34] Localized surface plasmons associated with this geometry are sometimes called
gap plasmons.

Another interesting type of surface plasmon excitations sharing properties of both LSP and surface
plasmon polaritons occurs in long metallic cylinders (or cylindrical channels) which have two significantly
different characteristic sizes in different directions (usually, the dianaetet, so that the electrostatic
approximation can be used, and the lengfl-/, so that retarded modes should be invoked). Such
cylindrical surface plasmons have a discrete spectrum of resonances asymptotically approaching the
surface plasmon frequency for high mode numi8ts For infinitely long cylinders, the spectrum of
wavevectors along the cylinder axis is continuous. Physically one can imagine these excitations as surface
modes with a spiral trajectory on the surface of a cylinder. In general, the dispersion of these surface
modes has both radiative and nonradiative branches for different frequencies, except for the lowest purely
nonradiative mode.

1.1.5. Optical excitation of surface plasmon polaritons

In order to excite a surface plasmon polariton by p-polarized lightincident on a planar metal surface from
the adjacent dielectric medium, the frequency of the incident light must equal the frequency of the SPP,
and the component of the wave vector of the incident light parallel to the surfagey/c) sind whereo
is the angle of incidence, must equal the wavenumber of the(8RB[e1e(w) / (e(w) + e1)1/2. The first
condition is easily satisfied. However, as is seen from the SPP dispersion relation, the SPP wavenumber
is larger than the magnitude of the wave vector of the light in the adjacent dielectric medium. Thus, light
illuminating a metal surface through that medium cannot directly couple to surface plasmon polaritons.
Therefore, special experimental arrangements have been designed to provide the necessary wavevectc
conservation. The photon and SPP wavevectors can be matched by using either photon tunneling in the
total internal reflection geometry (Kretschmann and Otto configurations) or diffraction effect§)Fig.

In the Kretschmann configuration (Figa), a metal film is illuminated through a dielectric prism at
an angle of incidence greater than the critical angle for total internal refld&8nThe wavevector of
light is increased in the optically more dense medium. At the angle of incideatehich the in-plane
component of the photon wavevector in the prism coincides with the SPP wavevector at the air—metal
interface, resonant light tunneling through the metal film occurs, and light is coupled to surface polaritons:

w .
ksp: ;, /Eprism sin 0 . (131)

Under these resonant conditions, a sharp minimum is observed in the reflectivity from the prism—metal
interface as light can be coupled to SPPs with almost 100% efficiency. Since the SPP field is concen-
trated close to a metal surface, it is significantly enhanced at the surface. This gives, for example, an
intensity enhancement by more than two orders of magnitude for a 60 nm thick silver film illuminated
with red light[2]. Comparing the SPP intensity to the intensity of the light transmitted at normal in-
cidence, the enhancement is more than three orders of magnitude. With the increase of the metal film
thickness the efficiency of the SPP excitation (and the field enhancement) decreases as the tunneling
distance increases. The SPP on the interface between the prism and the metal cannot be excited in this
geometry as the wavevector of the SPP at this interface is greater than the photon wavevector in the
prism for all angles of incidence. To be able to excite SPP on the internal metal interface, an additional
dielectric layer with a refractive index smaller than the one of the prism should be deposited between
the prism and the metal film (Figb). In such a two-layer geometry, the photon tunneling through this
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Fig. 5. SPP excitation configurations: (a) Kretschmann geometry, (b) two-layer Kretschmann geometry, (c) Otto geometry, (d)
excitation with a SNOM probe, (e) diffraction on a grating, and (f) diffraction on surface features.

additional dielectric layer can provide resonant excitation of SPP on the inner interface. Thus, both SPP
modes (on the surface and the interface) can be excited in such a configuration, at different angles of
illumination.

For thick metal films (or surfaces of bulk metal), for which the Kretschmann configuration cannot be
used, SPP can be excited in the Otto configuration (b63. Here, the prism where the total internal
reflection occurs is placed close to the metal surface, so that photon tunneling occurs through the air
gap between the prism and the surf§8®8]. The resonant conditions are analogous to the ones in the
Kretschmann configuration (Eqg. (1.31)).

Another way to provide the wavevector conservation for SPP excitation is to use diffraction ef-
fects. If a diffraction grating is created on part of an otherwise smooth metal film, components of the
diffracted light whose wavevectors coincide with the SPP wavevector will be coupled to surface polaritons
(Fig.5e). Diffraction on a periodic structure provides the wavevector conservation and coupling to surface
polaritons[2]:

w ) 2n 2n
Ksp= ;ns sin Qu120, £ p Bu1 +q Buz ; (1.32)

whereé, = 1 for p-polarized incident light (with respect to a surface plane) and 0 for s-polarized light,
U2 is the unit vector in the direction of the in-plane component of the wavevector of the incidentlight,
is the refractive index of the medium through which the film is illuminatedandus are the unit lattice
vectors of a periodic structur®, is its period (assumed to be the same in bothxth@ndx»-directions),
andp andg are integer numbers corresponding to the different propagation directions of the excited SPPs.
Such an excitation configuration can provide efficient coupling to both air—metal and substrate—metal SPP
modes of a metal film if the film thickness and grating profile depth are suitably related.

On a randomly rough surface, the SPP excitation conditions can be achieved without any special
arrangements. This is possible since in the near-field region diffracted components of light with all
wavevectors are presgit2,40] Thus, SPP can be excited on conventionally illuminated rough surfaces.
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The problem with random roughness is the ill-defined SPP excitation conditions resulting in a low
efficiency of light-to-SPP coupling. This is a nonresonant excitation, and there is a strong presence of
the reflected exciting light close to the surface. As with a diffraction grating, depending on the metal film
thickness and the depth of the defect, SPP can be excited on both interfaces of a film. Such nonresonan
SPP excitation processes result in a complex field distribution over the surface due to the interference of
the SPPs excited on different interfaces of the film and the non-coupled illuminatingd@jht

Yet another approach to the optical excitation of SPP is through diffraction of light from surface features
(Fig. 5f). An example of SPP excitation by the diffraction of p-polarized light from the two edges of a
metal strip of finite width on the base of a glass prism through which the light is incident is presented
in Fig. 6. This is the Kretschmann configuratidfig. 5a, with the difference that the metal film (strip)
covers only a portion of the base of the prism. The SPP are excited at both edges of the metal strip
on both of its interfaces, and propagate in the direction of the illuminating light (from the left edge) as
well as in the opposite direction (from the right edge). As no light coupling into SPPs takes place at a
smooth part of the surface under nonresonant conditions, there is a strong presence of the evanescen
field of the exciting light over the metal. Mutual interference of different field components results in
the observed near-field distributip#0]. In contrast, under resonant excitation conditions, the air—-metal
surface polaritons are excited not only close to the edges of the strip but all over the metal. At the same
time, the glass—metal SPPs are excited only due to diffraction on the metal discontinuities. The interfer-
ence pattern between different SPP modes is clearly visible. Under resonant excitation, virtually all of the
incident lightis coupled into SPPs leading to a much higher intensity over the film than under nonresonant
excitation.

The application of SNOM to SPP studies introduced a new technique that provides the possibility
to excite SPP locally at a given place on a surfl&. Using illumination through a SNOM fiber tip
(Fig. 5d), circular SPP waves can be locally launched at the surface. Ideologically, this configuration
can be treated as either a diffraction or a tunneling mechanism of SPP excitation. In the former case,
one can consider a near-field coupling of the light diffracted on the subwavelength aperture of the fiber
tip into SPPs. In the latter case, one can describe the process as photon tunneling taking place from the
fiber tip to the metal surface, as mainly the evanescent field components are generated at the aperture
This technique is somewhat analogous to the Otto configuration but allows local (with sub-wavelength
precision) excitation of SPPs at the position of the SNOM tip.

Due to the longitudinal nature of the surface plasmon polariton field, in all excitation configurations
discussed above, the exciting light should have a component of its electric field perpendicular to the metal
surface or parallel to the propagation direction of the excited SPPsG)-ig.

1.2. Scanning near-field optical microscopy

Only with the development of scanning probe techniques did it become possible to study SPP properties
directly at the surface along which the SPP propagates with resolution at the nanometer scale. The first
scanning probe technique applied to the investigation of SPPs was scanning tunneling microscopy (STM),
relying on the detection of the additional tunneling current induced by surface polgddtbr$d]or the
far-field scattered light due to the local SPP interaction with a STM4#. In another approach, a
dielectric SiN probe of an atomic force microscope (AFM) was used instead of a STA614¥] It was
realized later that although such approaches provide in the first approximation information on the SPP
field at the place of a probe tip, the metal or silicon tips introduce significant perturbations in the SPP field
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Fig. 6. Calculated distributions of the electromagnetic field intensity at the distance of 50 nm over a gold strip on a glass
substrate illuminated in the Kretschmann configuration for different angles of incidence® @)it@nresonant excitation) and
(b) 6sp= 45.7° (resonant excitation). The strip is situated between 20 and 60 nm as shown in (bJ40R&f.

due to the field enhancement effects related to localized surface plasmons and the lightning-rod effect
(geometrical field enhancement at a highly curved surface) at the tip—surface jud&jdf] These

effects, depending in a complex nonlinear manner on the tip and surface defect topology and size, as well
as on their mutual position and orientation, prevent the direct measurements of the local SPP field on a
surface.

Scanning near-field optical microscopy with uncoated optical fiber tips provides the possibility to probe
the surface polariton field directly over a surfg®g This is done by scanning the sample with a small
aperture formed at the extremity of a sharpened glass fiber{Fighe low dielectric constant of glass
(compared to silicon or a metal) and a distance between a probe tip and a surface that is more than two
orders of magnitude larger than in STM ensure that the SPP field is perturbed as little as possible.

The fiber tip is usually scanned at a fixed distance above the local sample surface within a few tens
of nanometers. This provides simultaneous topographical and optical imaging and allows to directly
correlate the optical field distribution over the surface to its topography. To achieve tip—surface distance
control during SNOM measurements, a variant of atomic force microscopy is usually implemented, called
shear-force microscofd$0,51] Here, the fiber tip is vibrated laterally and the amplitude of the vibration
is monitored optically or electrically. As the tip—sample distance decreases, the interaction between a tip
and a surface reduces the vibration amplitude of the tip. This provides the necessary signals to drive a
control system that keeps the tip—surface distance constant. Two other SNOM operation modes have alsc
been used sometimes for SPP studies. In the so-called constant intensity mode, the tip is scanned above
surface so that the optical signal is maintained constant. Thus a profile of a surface of constant intensity is
recorded. In the constant distance mode, the tip is scanned at the fixed distance from the average surfact
without following the local topography variations. Although sometimes useful, these two SNOM modes
provide only optical information that in many cases is difficult to correlate with the unknown topography
of a surface.

It has been traditional to overcoat a fiber tip with a metal layer and to leave an aperture of 50-100 nm
size at the tip apefo2]. This delineates in an apparently clear way the region where evanescent fields can
couple to and from a surface. However, studies of metal surfaces using metal coated fiber tips are prone to
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Fig. 7. Schematic of a SNOM experimental set-up for studying surface polaritons.

problems related to a strong tip—surface interaction that can significantly modify the local electromagnetic
field. The use of metal coated fibers in the near-field proximity to a metal surface results in a significant
perturbation of the electromagnetic field due to the tip—surface interaction, as in the case of the STM and
AFM based optical measurements discussed above. In this case, the detected signal is related to LSP an
the dielectric properties of both tip and surface, rather than to the SPP field above a surface. Moreover,
reflection of SPP from the tip in addition to surface defects, creates another type of artifact depending on
the relative position of the SNOM tip with respect to surface features.

In contrast, bare (uncoated) fiber tips introduce a much smaller perturbation in the measured electromag-
netic field. Uncoated fiber tips with a relatively low refractive index can be considered as nonperturbative
probes. The signal detected with such a probe will be closely proportional to the near-field intensity
[53-55] The deviation from this behavior will increase with the increase of the tip dielectric constant. It
has generally been assumed that light leakage from bare tapers, which should occur in the far field when
the mode-field diameter becomes commensurate with the tip diameter, would lead the spatial resolution
to be~ 1/3. However, this neglects the predominance of near-field coupling that occurs when a bare fiber
tip is used to collect light close to a surfags]. The resolution of the SPP mapping obtained with an
uncoated fiber tip is related to the gradient of the SPP evanescent field decay above a metal surface. The
resolution of SNOM mapping of the SPP field with uncoated fiber tips routinely reaches about 100 nm at
the 633 nm wavelength of the detecting ligT]. This is significantly better than the resolution obtained
with uncoated fiber tips in reflection/transmission measurements where propagating field components are
dominating.

The efficiency of the evanescent field detection is related to the opening angle of the probe tip and,
from a practical point of view, its quality (roughness and inhomogeneities of the tip apex). Generally,
for the ideal conical tip, the electric field components polarized perpendicularly to the SNOM tip axis
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(parallel to the surface plane) are more strongly coupled to the fiber tip than the field with the polarization
parallel to the probe tip. The SPP field has components both in the direction perpendicular to and in
the surface plane. The former field component is dominant for the SPP wave vectors close to the light
wave vector (the contribution of the in-plane polarization increases for large wave vectors). The detected
signal related to the field component normal to the surface increases for small tip opening angles as the
fourth power of the anglgs3]. Discrimination of the propagating waves above a surface, which results
from the SPP scattering out of the surface plane, against the evanescent field of the excited and scattere
(in the surface plane) SPPs is also much more efficient with probe tips with wider opening angles. The
propagating (in air) field contains components parallel to the surface plane, and the detected signal related
to these components increases with the cone angle as the square of the angle of tip opening (for small
opening anglegb3]. Consequently, the relative contribution of the perpendicular (to the surface plane)
field components in the detected signal increases with the cone angle, implying an increase of the relative
efficiency of the SPP-related signal compared to scattered light with the increase of the angle of a tip
opening. It should be noted that both orthogonally polarized SPP field components can be efficiently
coupled to the fiber tip due to scattering and depolarization effects on the inhomogeneities of the tip apex,
which are often present in real experiments.

Atypical SNOM apparatus for SPP measurements is showigirY. In this set-up an uncoated fiber tip
is used to detect the evanescent field of the resonantly excited surface polaritons above the sample surface
For example, in the case of a two-layer structure at which two SPP modes can be excited at different
angles of incidence, the angle of incidence can be tuned to excite the air-metal SPP on the surface of
a film, and the topography and the field distribution can be recorded with a SNOM. Then, the angle of
incidence can be changed to excite the glass—metal SPP on the inner interface, and the corresponding
field distribution can be recorded. In this way the SPP field over a surface can be directly correlated to
its topographical structure measured simultaneously by shear-force feedback.

2. Surface polariton scattering

Surface polariton scattering by surface features is a basis for SPP applications. It plays a crucial role
in determining optical properties of rough and nanostructured metal films, and is a key for understanding
all SPP related processes. The SPP interaction with a surface defect can be described by three processe
namely, scattering of SPP into SPP propagating in another direction (or SPP reflection), propagation
of SPP through the defect region in the same direction as the incoming SPP (SPP transmission), and
scattering of SPP into light (Fi@). In the past, using conventional far-field measurements, it has only
been possible to study the latter process. All investigations of surface polaritons have been based on suct
far-field observations of the intensity and angular distribution of the light scattered due to the interaction of
SPP with surface featurgg]. It was possible to modify the surface structure in one or another (generally
unknown) way and to follow the changes in the scattered light behavior without knowledge of the SPP
scattering processes on a surface. With the development of SNOM these in-plane scattering processes ca
be directly studied by measuring the electromagnetic field distribution related to the surface polaritons
in the near-field region over a surface.

The interplay between in-plane and out-of-plane scattering processes determines the character of the
electromagnetic field distribution over a surface and, therefore, surface optical properties and the field
enhancement. The scattering processes depend on the size, geometrical shape, and the dielectric consta
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Fig. 8. Schematic of the SPP scattering processes on a topographical surface feature and/or a dielectric constant variation.

of the surface features (Section 2.1). The surface polariton scattering is a complex phenomenon which
in most cases (except for very simple geometries) requires tedious numerical modeling. Similar to all
wave scattering processes, the SPP scattering depends on the relation between a defect size and tt
SPP wavelength. Nevertheless, since a surface polariton is an intrinsically two-dimensional excitation,
two characteristic defect sizes should be considered: one characterizing the lateral (in-plane) size of the
defect and another characterizing the defect height (out-of-plane size). To understand SPP scattering
processes, these characteristic sizes of scatterers should be related to respective in-plane and out-of-plan
characteristics of the surface polariton wave: SPP wavelength and SPP field extension from the surface,
respectively. In addition, the gradient of the topography variations should be taken into account. Naturally,
for a slowly varying topography the SPP scattering will be less important. Thus, the efficiency of the in-
plane and out-of-plane SPP scattering by surface features depends in a nontrivial way on the lateral size,
height (or depth) of a defect through their relations to the SPP wavelength, and on the SPP field extension
length above (or below) a surface.

For the in-plane SPP scattering on arandomly rough surface that can be considered as a defect ensemble
another parameter is of importance, namely, the characteristic distance between thd defiectatio
of I and the SPP propagation lendthp is crucial for determining the nature of the scattering: a single
scattering regime fof.sp</ and a multiple scattering regime fakp> 1.

The surface polariton behavior in the different regimes of scattering by different types of surface
defects has been studied with SNQM-20,58-64]To illustrate different possible types of scattering,
we consider gold and silver films with different types of defect structures providing a wide range of ratios
between SPP and defect parameters. We begin with the investigations of the surface polariton scattering
by individual defects artificially fabricated with a near-field lithography on smooth silver films. The single
scattering regime has also been studied on randomly rough gold films with the defect structure on two
distinctively different size scales: large scale defects can be treated as individual defects in the single
scattering regime. Various combinations of the defect parameters and SPP parameters on gold and silvel
surfaces allowed to identify several different SPP scattering processes on a surface, such as shadow-like
scattering, coherent 2D forward and backward scattering, and SPP reflection followed by the interference
of reflected and incident SPPs. The multiple scattering regime has been achieved on both gold and silver
films with small scale roughness. The multiple beam interference leads in this case to the effects related
to a defect ensemble, such as SPP localization and backscattering. Additional features of SPP interaction
with surface defects arise when the feature size corresponds to LSP resonance at the excitation wavelengtt
leading to resonant LSP-to-SPP and vice versa transformations and light confinement at surface defects.
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Different types of SPP interaction with surface features open up the possibility to manipulate and direct
the SPP beams on a surface in the same manner as light beams are manipulated in 3D. Various types o
elements of SPP optics can be created employing appropriate surface structures such as mirrors, lense:s
prisms, resonators, etc. This allows to develop 2D optics of surface polaritons that can find numerous
applications in nanophotonics and related technologies.

2.1. Single scattering regime: the SPP interaction with individual defects

The electromagnetic field above a surface is determined by SPP scattering processes on surface feature:
In the absence of a surface structure (perfectly flat surface), the measured intensity distribution would be
constant. The SPP scattering leads to generally complex intensity variations across a surface due to the
interference of scattered surface polaritons. An understanding of SPP scattering processes on topograph:
variations, subsurface defects, and refractive index variations is important for the interpretation of near-
field images as well as for applications of SNOM imaging for characterization of metal surfaces and
thin films. In this section we present a general theory of the SPP scattering by one- and two-dimensional
surface defects and discuss SNOM measurements of SPP scattering on individual surface defects.

2.1.1. The interaction of a surface plasmon polariton with a single surface defect

When a surface plasmon polariton propagating along an otherwise planar vacuum—metal interface
impinges on a surface defect that is localized in one or more spatial directions, it is partially scattered into
other surface plasmon polaritons, and partially into volume electromagnetic waves in the vacuum region
above the metal propagating away from the interface. The scattering of surface plasmon polaritons by
surface defects has been studied theoretically both in the case of one-dimensional defects (grooves anc
ridges) and in the case of point defects. In this section we consider both of these cases in turn.

a. One-dimensional surface defeclse scattering of surface plasmon polaritons by one-dimensional
surface defects is conveniently carried out on the basis of an impedance boundary cd68i66ih
Thus, let us consider a system consisting of vacuum in the ragisfi(x1), and a metal characterized by
an isotropic, frequency-dependent, dielectric functian) in the regionxz < {(x1). The surface profile
function{(x1) is assumed to be a single-valued functiornxpthat is differentiable as many times as is
necessary, and is sensibly nonzero onlyfef < R. A p-polarized surface plasmon polariton of frequency
w is assumed to be propagating across this vacuum—metal interfacexprdivection. Its sagittal plane
is thexyxz-plane. In the vacuum regiorg > ((x1) the single nonzero component of the magnetic field
has the formHz(x1, x3; 1) =H; (x1, x3|w) eXp(—iwt), where the amplitudél; (x1, x3|w) satisfies the
Helmholtz equation

% % o
— 4+ — 4+ — | H5 (x1, x3]w) = 0. 2.1
(ax:lz- 6)(?2’ C2> 2( 1 3| ) ( )

The solution of this equation is written as the sum of an incident surface plasmon polariton and a scattered
field,

) > d ) )
Hy (x1, x3|w) = expik(w)x1 — fo(w)xa] +/ Z—ZR(q, w) exXpligx + lag(g)x3] , (2.2)
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where
w 1 \Y?
k(o) =k1(w) + ik (w) = —(1 — ) , (2.3)
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and

(2.5a)
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In writing Eq. (2.2) we have assumed a time dependence @féxp), but have not indicated it explicitly.
The superscript in Eq. (2.2) denotes the vacuum region. We note that the components of the wave vector
of the surface plasmon polariton in the vacuum regdign) and fo(w) have been written in the forms
that apply in the limit thate(w)|> 1. This is due to the fact that the exact boundary condition satisfied by
HJ5 (x1, x3|w) at the interfacers = {(x1) is replaced by the impedance boundary condift#]
o 1+ s5(x1)

=—— —— > H5 (x1, x3|w) (2.6)
o0 € [—e(@)]V2 7 1320
on the planeiz =0, and this replacement is valid whgiiw)| > 1. The surface impedance functiox;)
is related to the actual surface profile functi@ni) by [68]

1—e(w)
d(w)e(w)

P 2>( |w)
H5 (x1, x3|w
3 1, X3

s(x1) = [1— d*(@) DAY 2L(x1) + O (2.7)

whered (w) = (¢/w)[—e(w)] "2 is the optical skin depth of the metal at the frequencgndD = d/dx.
Equations (2.6) and (2.7) have been shown to yield accurate quantitative results in calculations of grating-
induced surface plasmon polariton—photon coup]6fj. When the solution (2.2) is substituted into the
boundary condition (2.6), the resulting integral equation for the scattering ampiuge») can be

written in the form

*©d
R(g, w) = Go(g, ®)V (qlk(»)) + Go(q, w)/ 2—]; Vglp)R(p, w) , (2.8)
where
ie(w)
Go(g, w) = (2.9)

 e(@)ao(g) + i(w/e)[—e(w)]H?

is the surface plasmon polariton Green'’s function at the unperturbed intésfage = 0). It should be
noted thaiGo(g, w) has simple poles at the wavenumbers of the surface plasmon polgritofitk ().
The scattering potentidf (¢|k) in Eq. (2.8) is given by

V(glp) = Po(®)3(q — p) , (2.10)



A.V. Zayats et al. / Physics Reports 408 (2005) 131-314 153

with
o0
s(Q) :/ dx1s(x1) exp(—iQxy) . (2.12)
—00
Equation (2.8) can be rewritten in a more convenient form if we write
R(g, w) =Golg, »)T (g, ») . (2.12)
The equation fofl' (¢, w) is then
T(q, ) = V(qlk(®)) +f 5, V@pGolp. )T (p. o) . (2.13)
—o0

Once Eq. (2.13) has been solved forp, w), it follows from Egs. (2.2) and (2.12) that the amplitude
of the transmitted surface plasmon polariton in the regioa R is

H(w)=1+iC(o)T (k(v), ®) , (2.14)
while the amplitude of the reflected surface plasmon polariton in the ragi@n— R is

r(w) =iC(o)T (—k(w), ») , (2.15)
where

Clw)="2 ! (2.16)

¢ [—e(@)]Y%k(w)

is the residue ofio(g, ) at the poles it possessesqat +k(w). The corresponding surface plasmon
polariton reflection and transmission coefficients are then

R(0) = |r()*, (2.17a)
T(w) =t()?. (2.17b)

The total power carried away from the surface in the form of volume electromagnetic waves propagating
in the volume region above it, per unit length of the system alongdkeis is

sc—f dr1(S59 —/ Lao@IR(g, ) (2.18)

where (S5°) is the time average of the 3-component of the Poynting vector of the scattered field. The
expression given by Eqg. (2.18) must be normalized by the power carried by the incident surface plasmon
polariton per unit Iength of the system along theaxis:

 Ph(w)

Where<S'1”) is the time average of the 1-component of the Poynting vector of the incident field. Thus, the
total, normalized scattered powg&fw) is given by

P, 2 ®R
S(w) = = / “do, (2.20)
Pln -5 aQS
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where

OR _ 1 fio(e) ()2
8#05 27 2k(w) (c) COSZQS

R <§ cosby, w)‘z (2.22)

is the differential reflection coefficient, namealyR /30, ) do, is the fraction of the incident flux that is
scattered into the angular region of widthy about the scattering directidy, where the scattering angle
0, is measured clockwise from thg-axis.

Equation (2.13) has been solved numerically for the case of a surface profile function given by the
Gaussian functioti(x1) = h exp(—xf/az) [65,66] Thus, the surface defect is a ridgé ifs positive, and
a groove ifk is negative. The Fourier transform of the impedance functian) defined by Eq. (2.11)
becomes

1—e(w)

2 241/2%
d@)(@) [1+d%(0)Q717°L(Q) , (2.22)

$(0) =
where
(o) = /_ Z dx1 exp(—i Qx1){(x1)
=nt?ha exp(—iQZaz) . (2.23)

In the numerical calculations carried out in R¢&5,66]the square root entering Eq. (2.22) was replaced
by unity, an approximation that had virtually no effect on the results obtained for the valueg cnd
a used in these calculations.

In these calculations it was further assumed that the dielectric function of the metal was real, and had
the simple free electron fore{w) =1 — (cuf,/wz), wherew, is the plasma frequency of the conduction
electrons. This is a realistic assumption because the mean free path of surface plasmon polaritons whose
wavelength is that of a He—Ne lasé 6328 nm, is more than 20m, which is much larger than the linear
dimensions of the defects we consider, and increases as the wavelength increases. However, to define
how the poles 0Go(p, w) at p = £k(w) were to be treated in evaluating the integral in Eq. (2.4@))
was given an infinitesimal positive imaginary part that was then set equal to zero after the contribution
from the poles had been calculated.

The integral equation (2.13) was solved by converting it into a matrix equation. This was done in two
steps. First, the infinite limits of integration were replaced by large but finite limits pFaes was then
divided into a set of equally spaced points at which a numerical quadrature scheme was employed. This
discretization mesh was chosen in such a way that +£k(w) were always on this mesh, as required
by Egs. (2.14) and (2.15). In addition, the discretization mesh was not uniform: the density of points
around the poles ai = +k(w) was considerably larggnp ~ 10~%(w/c)) than it was in the radiative
region|p|<w/c or in the nonradiative region away from the pold® ~ 10 2(w/c)). The numbetv
of p points used in the numerical calculations depended not only on the accuracy required to sample the
pole regions, but also on the form of the surface defect, which enters the calculations through its Fourier
transform in Eq. (2.11). The value &f used in these calculations ranged fraim= 2600 for narrow
defects up tav = 4000 for the widest defects. The convergence of the numerical results with increasing
N was checked in the most unfavorable cases.
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Fig. 9. Surface plasmon polariton reflection and transmission coeffidntsandT (w), respectively, and the total normalized
scattered powes(w) as functions of the Gaussian surface defect half-witlth= 1.96 eV (1 = 6328 nm) ande(w) = —17.2.
Long dashed curvé: = 0.24; solid curve:h = —0.24; dot—dashed curvé: = 0.054; dashed curvehr = —0.05/. The inset shows
the reflection coefficient in a semi-logarithmic scale for narrow defects. (After[6&]f)

In the numerical calculations it was assumed that the frequency of the incoming surface plasmon
polariton was given byt = 1.96 eV, which corresponds to the vacuum wavelerigé6328 nm of the
light used in PSTM experimen{&3,15,58,59}to excite surface plasmon polaritons on silver surfaces
(e(w) = —17.2).

In Fig. 9we have plotted the dependencemgi of the coefficient (w), T (w), andS (w) for Gaussian
ridges and grooves of amplitudegi = 0.05 and 02. The conclusions drawn from these results can be
summarized as follows. First, the reflection of surface plasmon polaritons is significant only for very
narrow surface defects,< 1/5, for either ridges or grooves. In fact, there is a optimum defect width for
which R(w) is maximal[65]. For the Gaussian profile it is given layp: = (2Y2k(w))~1, which equals
69 nm for the silver surface and surface plasmon polariton frequency assumed. This predictionis confirmed
by the numerical results presentedFig. 9, which show thatiopt/ 2 = 0.1, irrespective of the defect height
forwhich Eq. (2.7) is valid. The maximum surface plasmon polariton reflectivity, however, increases with
the defect height, and is slightly larger for grooves than for ridges. Such defects argtadladn mirrors
[58,59,65] As the width of the defect increases, ridges and grooves begin to behave differently, except
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for the fact that they both reflect surface plasmon polaritons negligibly. On the one hand the transmission
of a surface plasmon polariton through a ridge decreases monotonically at the expense of radiation. The
decrease is more rapid the higher the ridge is. On the other hand, the transmission of a surface plasmor
polariton through a groove and its conversion into radiation exhibit oscillatory dependences as the defect
width increases: the radiation (surface plasmon polariton transmission) increases (decreases), passe
through a maximum (minimum), and then tends asymptotically to 0(1). The period of the oscillations,
the width of the groove that yields the maximum radiation, and the value of this maximum all depend on
the depth of the groove. Both ridges and grooves may behdighasmitters i.e. as defects that display
a high surface plasmon polariton-light conversion efficiency, for an appropriate (and distinct) range of
defect parameters. Ridges increasingly radiate more light at near grazing scattering angles at the expenst
of surface plasmon polariton transmission as the defect width increases. Valugseaiter than @ are
observed irFig. 9 for ridges withi/A = 0.2 anda// > 3.6. Qualitatively, the fact that the metal ridge
enters the vacuum half-space seems to favor the surface plasmon polariton—photon coupling, i.e. it plays
the role of aaunching platformA value of S = 0.94 is observed in the scattering of a surface plasmon
polariton by a groove witlk /4 = 0.2 anda /A = 0.3 (Fig. 9), but the surface plasmon polariton—photon
coupling rapidly decreases in an oscillatory fashiom/dsncreases. The range of defect widths for which
high coupling efficiencies are encountered is therefore far more restrictive for grooves than for ridges.
Only sufficiently deep grooveg://>0.2) are capable of producing radiation efficiencks 0.9, and
only for a narrow range of widths.

b. Two-dimensional surface defectéie only calculation to date of the scattering of a surface plasmon
polariton by a two-dimensional surface defect was carried out by Shchegrov[gfgfor the case
where the surface defect had circular symmetry. The system studied in this case consists of vacuum in
the regionxz > {(x)), wherex; = (x1, x2, 0), and a metal in the regiorg < {(x) characterized by an
isotropic, frequency-dependent dielectric functidm). The surface profile function is assumed to be a
single-valued function af, which essentially vanishes fpr; | larger than some characteristic length
Moreover((x) is assumed to be a circularly symmetric functioxgfi.e. it depends or; only through
its magnitudex;. This assumption greatly simplifies the calculation without sacrificing a great deal of
generality.

We assume that a surface plasmon polariton of frequenpyopagating in the}-x;-direction from
x1 = —oo is scattered by the surface defect. The total electric field in this system has thE form =
E(X|w) exp(—iwt), where the amplitude functidB(x|w) in the vacuum regiors > {(x) is given by

E> (X|w) = g[imo(w) — Rk ()] expliky (w)x1 — Po(w)xa]

Fay {E[iqnﬂo(qn) — X3q1A,(q)) + (X3 X QII)As(QII)}
2n? lo P
x expliq) - X — Bo(g)xal - (2.24)

The first term on the right hand side of Eq. (2.24) describes the field of the incident surface plasmon
polariton. The wave vector of this incident walkg= (k| (»), 0, 0) is directed along the;-axis, and its
magnitude is

k(o) = 2 <) v 2.25
”(w)_c<e(w)+l> ' (2.25)
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The function$y(w) is the inverse decay length of the electromagnetic field of the surface plasmon polariton
in the vacuum region, and is given by

o 1 \2
== ) 2.26
foor =2 (-57) (2.26
A caret over a vector indicates that it is a unit vector. The second term on the right hand side of Eq. (2.24)
represents the scattered field, wherg(q) and A;(q)) are the scattering amplitudes of its p- and s-
polarized components with respect to the plane of scattering. The egatoEq. (2.24) i = (g1, g2, 0),

and

0)2 1/2 w
Polg)) = (Qf - —2) q)>— (2.27a)
C C
(0 1/2 w
=— I(—2 — q”2> q<-—. (2.27b)
C C

An expression analogous to Eq. (2.24) can be writterEfofx|w) in the metal regions < {(x), and
then used with Eq. (2.24) in satisfying the boundary conditions at{(x;). However, it has been shown
by Brown et al.[69] that the field in the scattering medium can be eliminated from the problem. The
amplitudesd , () then satisfy a 2« 2 matrix integral equation called tleduced Rayleigh equatipn
which, in the present case, can be written in the form

d2
fippAipp + > /%gi/(DHIQH)A/(q”) =—gip(PIKp, i=p,s, (2.28)
J=p.s
where
_ (@) fo(py) + B(py)
Io(pp) = 1) : (2.29a)
fs(pyp) = Foon) + Pp1) , (2.29b)
1—e(w)
gppPula) = JPylapipiqy — BBy - Qiolg] (2.30a)
gps(Pylap = =17 (pylap (/o) pp @) x 413 » (2.30b)
gsp(P1ay) = iJ(Pylap (@/c) @y x qsholgy) (2.30c)
gss(Pyla)) = J Py lap) (w/c)?py - Gy (2.30d)
with
7 _ [ e expB(py) — Bolg)Ix) —1 7 231
(Pylay) f x| exp—i(py — qy) - X ] B(rm) — ot (2.31)

wherep(q)) = lqf — e(w)(w/c)?1Y2 is the inverse decay length of the electromagnetic field inside the
metal. Within the Rayleigh hypothedig0] Eq. (2.28) is the exact equation for the scattering amplitudes
A, s(q)) for an arbitrary surface profile functidftx).
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At this point we exploit the circular symmetry of the surface defect. In this case the expression for
J(pylqy) can be rewritten in the form

J(pylap) = / dx)x [exp(B(py) — Polg))) — 1]

B(p) ) - ﬁo(qu)
x [ do,exp—ipjxjcose, — ¢ )]expligx) cotp, — ¢,)] . (2.32)

where¢,,, ¢,, ¢, are the azimuthal angles of the vectprs q;, x, respectively. With the aid of the
expansion

o0

explizcost) = Y i" explim0)Ju(z) . (2.33)

m=—0o0

whereJ,, (z) is a Bessel function, we obtain the result

JEilap = > Nu(pjlq) expim(¢, — ¢,)] . (2.34)
where
N T[4 - 1
(Pilg)) = ﬂ(P|)—ﬁo(Q||)/ b yxy {€xXpB(py) — PolgIlxy) — 1}
X I (1) JIm (g X)) - (2.35)

If we then expand; (q;) in the form

o0

Aiap= > A" (g expime,) . (2.36)

n=—oo

the substitution of this expansion together with Eq. (2.34) into Eq. (2.28) yields the following set of
coupled one-dimensional integral equations for the amplitl{mé@ (g}

1 o
Fo(pDAYY (py) + _/o dayq [h\m (pylap AY () + B2 (pyla AT (q))]

h(m)(p|‘|k||) (2.37&)

ff(pII)A(M)(pII)+_/() df]né]u[h(m)(l?uICI||)A(m)(61|\)+h(m)(PH|61||)A( xen)
=—h3) (pylky) . (2.37b)

where

RS (pylgn) = pyayNm (p|||qu)——[>’(19|\)ﬂo(qn) m—1(P1q)) + Nm+1(pylq)] (2.38a)

i )(pnlqn)———ﬂ(pu)[Nm 1(py1g1) = Nmta(pylap] (2.38b)
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1w
h(m)(Panu)————ﬁo(qu)[Nm 1(pylg)) — Nusa(pylg] (2.38¢)

1 2
R (pylq)) = E%[Nm—l(l’\”qn) + Npy1(pylg] - (2.38d)

Since the unperturbed surface (without the defect) supports surface plasmon polaritons of p polarization,
the scattering amplituda ,(q;), and hence theAﬁ,’”)(q”)}, must have a pole &t = k(w) + iy, where
the positive imaginary infinitesimal is added to ensure that the scattered waves are outgoing. Therefore,
in solving Egs. (2.37) it is convenient to seag”’)(q”) in the form

(m)
A gy = G241 2.39
b @ (2.39)

where the coefficient{mﬁ,m)(q”)} are smoothly varying functions af. Thus, Egs. (2.37) become

1 o0
a™ (p)) + —/ dg)qy {% o (g )+h(’”)(p||lq||>A§m)(q|)}

=—h5 (pylky) (2.40a)
1 [ h
FAT (P + o /O dg|q) [% S (qy) + RGP (pylgp AL ><q||)}
= —h$y (pylky) - (2.40b)

The scattered field is given by the second term on the right hand side of Eq. (2.24):

d? s o
e (orse= | om? B = el @)

+(%3 x QA @)} expliqy - X — Bolg)xal - (2.41)

After determiningA , ;(q;) by the use of Egs. (2.36), (2.39), and (2.40) we can apply the method of
stationary phase, described in R&fl] to calculate the scattered field in the far field:

io/cx

EvacX|®)sc = —% cos0, {épAp (*II % sin Ox) + & Ay ()?“% sinOx)} , (2.42)
whereg, = (cos, cos¢,, cost, sing,, —sind,) ande, = (—sin¢,, cose,, 0) are polarization vectors,
andthe pointof observationinthe farfield is defined by the veetar(sin, cosé,, sind, sin¢,, coso,).

The electric field of the surface plasmon polariton excited by the scattering of the incident surface plasmon
polariton by the defect, is given byz2imes the residue at the pole of the integrand in Eq. (2.41) that
occurs aty =k (w) > w/c. It can be calculated by the approach described in[R&f, and has the form

of a cylindrical wave in the far field|x;| — oo):

eik” (w)x)—Po(w)xz+in/4 cB(w) i)"(”ﬂo(w) _ )A(3k|| (w)
Q@rky(@)xp¥? o e(w) +1

Es>p(X|w) = ap X ky(w)) , (2.43)
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wherep(w) = (w/c)[—2(w)/(e(w) + 1)1Y?, and

ap(@)= > a'(q)) expimg,) . (2.44)

m=—0Q

From the results given by Egs. (2.42) and (2.43) we can calculate differential cross sections, measured
in units of length, for the scattering of the incident surface plasmon polariton into volume electromagnetic
waves in the vacuum and into other surface waves. They are defined by

Pyac(0y,
ovaclls, ) = L2l O (2.45a)
Pinc
Psp(¢x)
Pnc

In these expressionB,ac(0y, ¢,) is the power scattered into the vacuum in the directian ¢, ). It is
obtained from the total time-averaged flux scattered into the vadeaby

osp(dy) = (2.45b)

Puac= / * do, sino, do, x2Re S (X|®)yac (2.46a)
0

—T

5w
= /0 d@x S|n9x d(f)x Pvac(@x, ¢)x) . (246b)

whereS¢ (X|w)yac is the radial component of the complex Poynting vector of the field scattered into the
vacuum, and calculated on the basis of Eq. (2.42). Similddy(¢,) is the power scattered into the
surface waves in the directicr), and is obtained from the total time-averaged flux scattered into surface
wavesPsp by

e.¢] T
Psp:/ dx3 do, x| ReS; (X|m)sp (2.47a)
0

—T

= d(:bx PSp((,bx) ’ (247b)

whereS; (X|w)sp is the radial component of the complex Poynting vector of the field scattered into other
surface plasmon polaritons and is calculated on the basis of Eq. (2.43). Fihgllis the total time-
averaged incident flux, which is given by

1

§L2 0.¢]
Pinc = f dy f dxs ReSS (X|o)in (2.48a)
—§L2 0
—L c? [—e(w)]Y/2 (2.48b)
6w '

whereL; is the length of the surface in thg-direction, ands{ (X|w)inc is the 1-component of the complex
Poynting vector of the incident field, which is calculated on the basis of the first term on the right hand
side of Eq. (2.24).
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The calculations of the scattering of a surface plasmon polariton by a two-dimensional surface defect
carried out in Ref[29] were based on the assumption of a circularly symmetric surface profile function
of Gaussian form;(x) = A exp(—x{/R?). In this case the use of the res[ii2]

o0 1 b
/ &% I (bx) Jy(cx)x dx = — g~ WPedda [ 2€ ) (2.49b)
0 2a2 2a?

wherel,(z) is a modified Bessel function, yields the following expansionNgr(plq)):

[(BCp1) — Bo(qu))A]”*lef@ﬁwf)zez/zn I, (PMMRZ) _

2.50
n-n! 2n ( )

06}
Nu(pyla)) =7IARZZ

n=1

The solution of the resulting system of integral equationSafﬁP (¢y) and AE’”)(q\\) was carried out
numerically by converting it into a system of matrix equations. The infinite range of integration was
replaced by a finite rang@®, Omax . It was found that values ofmax of the order of R to 12/R
sufficed to yield accurate values of the integrals. This range was then broken up into the five intervals
(0, w/c), (w]c, k(@) — ), (ky(w) — 8, ky(w)+8), (ky(w) +8, 2k () — ), and(2k; (») — §, Qmax)- Each
of these intervals was subdivided into equally spaced intervals, at the midpoints of which (abscissas) the
integrands in Egs. (2.40) were evaluated and then multiplied by the width of the corresponding interval.
The number of abscissas in each interval was varied to reflect how slowly or rapidly the integrand was
changinginthatinterval. Atotal of about 150 abscissas was found to be sufficient to obtain accurate results.
A sum over the contributions from all of these intervals replaced the integrals in Egs. (2.40). When the
variablep was given the values of the midpoints of the same intervals, a pair of coupled matrix equations

fora[(,m)(q“) andA (™ (q)) was obtained. This pair of equations was solvedfer0, +1, £2, +-3, +4, +5.

The pole aly; = k() in the integrand of each of Egs. (2.40) due to the presenqg_étqu) was
dealt with very carefully. The contribution from the delta function was calculated analytically (the point
q) = ksp(w) was one of the abscissas in the numerical integration @yefThe contribution from the
principal value integrals was dealt with by excluding a symmetric interval of widtatiut the point
q) = kj(w), wheres ranged from 10%; () to 103k (w), depending on the values of the remaining
parameters.

The calculations in Ref29] were carried out for a Gaussian indentation defined by—0.05pum and
R =0.25um on a silver surface with(w) = —17.8. These values correspond approximately to one of the
cases studied experimentally by Smolyaninov ef5l]. The value of(w) corresponds approximately
to the vacuum wavelength of the light emitted by a He—Ne laiser6328 nm.

In Fig. 10a contour plot obyac(6s, ¢,) is presented. The maximum of the scattered intensity occurs
ato; = 28, ¢, = 0°. The total cross section for the waves scattered into the vacelfth, in this case
is small, only 37 x 10~3um. This is not surprising for such a shallow defect. The resultrfﬁp is of
the same order of magnitude, namel$ % 10~3um. The angular dependence af(¢,) is depicted
in Fig. 11 It is seen that the scattering of surface plasmon polaritons in the forward and backward
directions is suppressed. The main portion of the scattered energy goes into two surface plasmon polariton
beams separated by approximately.7This result is even better illustratedfing. 12 which shows the
field intensity |E> (x|w)|? at 5nm above the surface profiles = {(x)) + 5nm), which corresponds
to the quantity measured in R¢&8]. The results shown ifigs. 11and12 are in agreement with the
corresponding experimental result of Smolyaninov ef5l], especially the shadow behind the defect.
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Fig. 10. A contour plot obyac(0s, ¢,). The concentric circles are the lines of constantwith 6, = 0° at the center; = 90°
at the border. The azimuthal angle varies from 0 to 360°. A = —0.05um, R = 0.25um. (Ref.[29].)
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Fig. 11. A polar plot ofosp(¢s) for A = —0.05um andR = 0.25um. (Ref.[29].)

The fact that some features that are presehign12(e.g., additional weaker diffraction maxima) are not
seen in the experimental image is due to the fact that the tip used in measuring the intensity58]Ref.
was not a point detector in both the vertical and lateral directions. Its actual lateral resolution was about
0.1-0.2um. Therefore, a comparison between theory and experiment can be made only in an average

sense. Finally, botb\(,tgé) andaétr?t) were calculated as functions of the frequency of the incident surface
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Fig. 12. The field intensityE™ (x|w)|? as a function ok for x3 = {(x|) + 5um. A = —0.05um, R = 0.25um.

plasmon polariton in the range<fw < w,. This calculation was prompted by the fact that a localized
surface defect of the kind considered in this section supports electromagnetic surface shape resonance
(localized surface plasmong)3]. These are excitations that are spatially localized in the vicinity of the
defect, and are characterized by discrete, complex frequencies, whose imaginary part arises from their
decay into volume and surface electromagnetic waves. The actual values of these frequencies depenc
on the shape of the defect. The resonances with the longest lifetimes exist in the regiamwhich

e(w) is slightly smaller than-1. When the frequency of the incident surface plasmon polariton matches
the real part of the frequency of one of these resonances, an enhancew&%t isfexpected. Such an
enhancement was observed in the results of 8], at the resonance frequeney= 0.687w,,. It has

not yet been observed experimentally.

2.1.2. The propagation of a surface plasmon polariton near an index step

In the scattering of light from a weakly rough surface the surface profile function and the dielectric
contrast always enter the expression for the scattered field in one and the same combination. This makes
the separation of the roughness and the dielectric properties of surface or subsurface defects a very
difficult problem, even for modern near-field optical microscopy. When the surface structure is created by
low-contrast coatings, the problem becomes even more difficult, since the scattering from such surfaces
is very weak. Until now, obtaining and interpreting images of low-contrast samples, often encountered in
biophysical studies, remain challenging problems, especially when a high lateral resolution is required.

For solving these problems the surface plasmon polariton microscopy technique offers an extremely
high contrast sensitivity without loss of spatial resolution. In this technique surface plasmon polaritons
are used as illumination instead of light. The strong enhancement of the surface plasmon polariton field at
the surface, and an extremely high sensitivity of the surface plasmon polariton dispersion law to optical
properties of the interface, make them a unique probe of the properties of surfaces and ultrathin films.
When a surface plasmon polariton propagating along a surface interacts with a surface or subsurface
defect, it is scattered by the defect, and in the region of the defect it changes its wavenifbésds
The simultaneous propagation of electromagnetic waves with different wavenumbers, for example the
scattered volume waves and the surface plasmon polaritons, leads to the appearance of a complicatec
interference pattern in the intensity in the far field. This interference pattern can be inverted to provide
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Fig. 13. The scattering system constituting a surface plasmon polariton microscope.

the dielectric contrast and lateral dimensions of the defect. The great advantage of this technique over
near-field techniques is that the measurements can be made in the far field.

Surface plasmon polariton microscopy has been used by several authors in experimental studies of
optical properties of laterally inhomogeneous thin dielectric films deposited on a planar metal surface
that supports surface plasmon polaritpr@—84] However, the theoretical work used in interpreting the
experimental resultf82,83] was of a somewhat ad hoc nature. In this section we outline a systematic
theoretical analysig5] of the scattering of p-polarized light from the structure that has been used in the
experiments described in Refg9-84]

The physical system we study is depicteéig. 13 It consists of a prism, characterized by the dielectric
constantg, intheregionxs > D;ametal film, characterized by a complex, frequency-dependent, dielectric
functione1(w) in the region O< x3 < D; a thin dielectric film, characterized by the dielectric constant
in the region’(x1) < x3 < 0; and vacuungez = 1) in the regionxs < {(x1).

This structure is illuminated by p-polarized light of frequencywhose plane of incidence is the
x1x3-plane. The medium of incidence is the prism in the regigr D. The single nonzero component
of the magnetic field in this system has the following form in each of the layers comprising this structure:
x3>D

H(x1, x3lw) = exp ikx1 — ag(k)(x3 — D)]

> d .
+ / L R(gIk) exp gy +90(q) (3 — D)} (2.51)

O<x3<D

o0

d . ) )
H(x1, x3|w) =/ 2_:11 expligx)[T1(q k) expior(g)x3) + T2(qlk) exp(—io1(g)x3)];  (2.52)

—0o0
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{(x1) <x3<0
Ha(x1, x3|lw) = /_Z g—n expligx1)[T3(qlk) expliona(q)x3) + Ta(g|k) exp(—ica(g)x3)] ;  (2.53)
x3 < {(x1)
Hatxs, o) = [~ 5L T exp gy — sal@peal (2.5
where
% (q) = [ei(w/c)® — ¢*1Y?,  Rew;i(q)>0,Ima;(g) >0, i=0,1,2,3. (2.55)

From the boundary conditions at the interfage= D, at the interfacecs = 0, and at the interface
x3 = {(x1), namely the continuity of the tangential components of the magnetic and electric fields across

each interface, it is possible to obtain an integral equation for the scattering amgifite alone. It
can be written in the fornB5]
(2.56)

> d
/ % M (plg)RI) = —N(plk) |

2

where
+ .
e+ 03P)2G@) g | ayro@ @ DL (n(p) — a2(0) | p — q)

Ml = { 23(p) — 52()
pzs(_p;@ipo?:(z;)q) [r21(9) + r10(@) &V P11 (a3(p) + 22(9)| p — q)}
e—iocl(q)D
" @)l (2.57a)
121(q)t10(q)

_ | Pk + o3(p)oa(k)
Nk = { 23(p) — aa(k)
pk — o3(p)oa(k)

[r10(k) + r21(k) 1 OP I (a3(p) — o2 (k)| p — k)

[r21(k)r10(k) + €1OPII (a3(p) + o2(k) | p — k)}

a3(p) + a2(k)
e—ial(k)D
" _ (2.57D)
t21(k)t10(k)
In writing Egs. (2.57) we have introduced the functions
1610) = | duexp-iQry exp-irican] (2.58)
4;j(q) 24i(q)
ij = , i = ) 2.59
D= YT e o9
with
_oilg)  2(g L dy(q) = “iﬁ(?) n “je(?) . (2.60)
J

4ij(q) =
€ €] ;

l
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Once the scattering amplituddq |k) is known, the transmission amplitu@éq |k) can be obtained in
terms of it according t§85]

pk — az(p)oa(k)

X )2 D
22(p) + 22(k) [ro1(k) + r2a(k) ]

2e203(p)T (plk) = (e3 — €2) {

k k |
x 1(~oa(p) — 22(k)p — k) + aipﬁ{’) ::(Zlf) lrasrsoth) + 42090
—io1(k)D

I~ Vlp—k ———
x H(=aa(p) +o2)p = k) ¢ =7

fleme f > {pi(p?sip;fq(;l L1+ raa(@raolg) 0P

« I(=a3(p) — a2(q) | p — q) + PLTBPI2@D 1 4 (gre2on@ D)
o3(p) — a2(q)

B R(qlk)
I . log(g)D _ "\ .
x I (—a3(p) + 02(q)|p — @)} € t21(q)110(q)

(2.61)

Eqg. (2.56) can be solved numerica]B6]. This is done by replacing the infinite range of integration
by a finite rangg— Q, Q). The integral ovey is then replaced by a sum through the use of a numerical
quadrature scheme. Whenandk assume the values of the abcissas used in this quadrature scheme, a
matrix equation for determining (¢|k) is obtained, which can be solved by a standard linear equation
solver algorithm.

In the case that the dielectric film is thin, so tha (w/c)d <1, Eq. (2.56) can be solved analytically
[85]. In this case the functioh(y| Q) can be expanded in powers of the surface profile function, and only
the first two terms kept, with the result

1(71Q) = 216(Q) — iyC(Q) , (2.62)

WhereE(Q) is the Fourier transform of the surface profile function,

20) = / dr1(x1) eXp(—i Ox1) . (2.63)
If the solution of Eq. (2.56) is sought in the form
to(q)€*@P t10(k)E*10D 246 (k)
R(glk) =2n6(qg — k) Ro(k) — ———— ®(q |k , 2.64
(qlk) = 275(q — k) Ro(k) @ (qlk) DE - (2.64)

whereRg(k) is the Fresnel reflection coefficient of the prism—metal film-vacuum system,

r10(k) + rag(k)e? oD

Rolb="1 + ra1(k)rio(k)e2a b

(2.65)

and

D(q) = dz1(q)[1 + r31(q)r10(q)€# @ P | (2.66)
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then the equation satisfied (g |k) is

1 1 € A
D(plk) = <63 - 62) [pk — ocs(p)fxs(k);]é(p — k)

11y [dlr-a —2i01(q)D
i (63 62) /_oo 2n  D(q) {pQ[l+rlo(Q)e R

+ 13([’)“1@)2[1 - r01(61)82i°‘1(qw]} P(qlk) - (2.67)

When the dielectric film covers half the surface of the metal film, the surface profile function has the
form {(x1) = —dO(x1), whered(x) is the Heaviside unit step function, and the Fourier transform of this
surface profile function is

d
I(Q —in)
wherey is a positive infinitesimal. If the film covers a part of the metal surface that is of lehgthe
surface profile function i§(x1) = —df(x1)0(L — x1), and its Fourier transform is

{Q)=- (2.68)

. efiQL -1

{(Q)=d 0 . (2.69)
Whenl(Q) is given by Eq. (2.68), Eq. (2.67) can be solved by the Wiener—Hopf techf8glievhen it
is given by Eqg. (2.69), Eq. (2.67) can be solved by the modified Wiener—Hopf techBigue

To aid in the interpretation of the results obtained by the approach described above, we note that the
structure employed is the standard Kretschmann attenuated total reflection configuration widely used in
experiments for the excitation of surface plasmon polaritons at a metal-vacuum interface. In carrying out
numerical calculations based on this structure parameters of the system have been chosen that are simila
to those used in the experiment of R@3]: the dielectric constant of the prismedg= 2.3; the dielectric
function of the metal film (silver) depends on the wavelength; the dielectric constant of the thin dielectric
coating (SiQ) is e2 = 2.1 + i0.02; the thickness of the metal film i3 = 50.2nm; and the thickness of
the dielectric coating ig = 30 nm.

Inthe absence of the dielectric film the Kretschmann configuration supports two surface electromagnetic
waves. The thickness of the metal film is usually chosen such that the surface waves are decoupled, and ar
localized in the vicinity of the prism—metal and metal-vacuum interfaces. The surface plasmon polariton
associated with the prism—metal interface is nonradiative, i.e. its field decays exponentially into the prism
and the metal film. The surface plasmon associated with the metal-vacuum interface is a leaky wave,
whose field decays exponentially into the vacuum, and is radiated into the prism. The dispersion curves
of the system are depicted kig. 14by the solid curves. When a thin dielectric film is deposited on the
metal surface the dispersion curve of the surface wave associated with the metal-vacuum interface shifts,
while that of the surface wave associated with the prism—metal interface practically does not feel the
presence of the film. The dispersion curves of the surface polaritons in the system with a thin dielectric
film on the metal surface are shown by dashed lindsgn 14

In Fig. 15we present a plot of the intensity of the scattered lighip(x1, x3|w)|?, as a function of the
distance along the surface for incident light of wavelength 600 nm, in the case where the dielectric
film of length L = 2004 covers part of the metal surface<0c; < 200.. In this figure the intensity of the
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Fig. 14. The dispersion curves of the surface plasmon polaritons supported by the system studied in this section. The higher
frequency solid curve is the dispersion curve of the surface plasmon polariton associated with the metal-vacuum interface in the
absence of the dielectric film; the lower frequency solid curve is the dispersion curve of the surface plasmon polariton associated
with the metal-vacuum interface in the absence of the dielectric film; the dashed curve is the dispersion curve of the surface
plasmon polariton associated with the metal—vacuum interface in the presence of the dielectric fili85]Ref.
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Fig. 15. The normalized intensity of the scattered light in the case where the dielectric film covers part of the metal surface of
lengthL = 200.. A = 600nm, and)g = 43.18°. (Ref.[86].)

scattered light is calculated from the results of a numerical soly@6hof Eq. (2.56) as a function of

x1/ 2 for a fixed value ofz, namelyxs = 120.. In these calculations the angle of inciderige- 43.18° is

the optimal angle for the excitation of surface plasmon polaritons on a clean metal-vacuum interface. The
intensity of the scattered light was normalized by the reflectivity of the system when the dielectric film
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totally covers the metal surface. As can be seen firign 15the intensity of the scattered light changes
abruptly at the positions of the edges of the index step, showing that when thelwadithe dielectric

film is large,L > /, it can easily be determined from plots of the intensity of the scattered light. Results
of other calculations (not shown) indicate that even when the width of the dielectric film is as small as
5/-104, it can be determined in this way.

As can be seen frorRig. 15 oscillations of several different periods and different amplitudes can be
observed in the intensity of the scattered light. In the regipa 0 the short period oscillations are due
to the interference of the incident surface plasmon polariton on the clean metal-vacuum interface with
the reflected surface plasmon polariton. Their period is givelt by //(2ng), whereng is the index of
refraction of surface plasmon polaritons on a clean metal surface, and is defiked/yw/c), where
in the Kretschmann geometry the wavenumbeoincides with the tangential component of the wave
vector of the incident lightk = ,/eg(w/c) sinfp. The oscillations of long period in the region <0
are due to the interference between the reflected surface plasmon polariton and the volume (cylindrical)
electromagnetic wave diffracted from the edge of the index step at 0. Their period is given by
T = /(\/eo — no), and their amplitude is small, since the reflection of the surface plasmon polaritons
is weak.

In the region to the right of the index step, > L, only short period oscillations are observed. They
are due to the interference of the specularly reflected volume electromagnetic wave, which is in fact the
incident surface plasmon polariton, with the volume (cylindrical) electromagnetic wave diffracted from
the edge of the index step.at = L. Their period is given by = 1/[,/eo(1 — sinfo)].

In the region of the1-axis covered by the dielectric film,9x; < L, both short period and long period
oscillations of the intensity are observed. The long period oscillations are due to the interference of the
transmitted surface plasmon polariton at the metal film-dielectric film interface, which is excited due to
diffraction at the edge = 0 of the dielectric film, and the specularly reflected volume electromagnetic
wave. Their period i§" = 1/(n1 — ng), wheren1 is the index of refraction of surface plasmon polaritons
at the metal film dielectric film interfacésp = n1(w/c). The oscillations of small period are due to
the interference of the scattered volume (cylindrical) waves in the prism and the specularly reflected
electromagnetic wave. Their period is givenBy= 7/(n. — n1), wheren. = , /eg[1 — (ezd//l)z].

Thus, the surface plasmon polariton microscope can determine the spatial limits of a dielectric film on
a metal surface. Moreover, from measurements at two different wavelengths the thickness and dielectric
constant of the dielectric film can be determined. It has been found that the sensitivity of this method is
better the thinner the dielectric film and the smaller the dielectric contrast between the film and vacuum
[86]. Finally, the fact that the surface plasmon polariton microscope yields data in the far field makes it
simpler to work with than a near-field microscope.

2.1.3. The interaction of a surface plasmon polariton with a subsurface defect

The theoretical study of the scattering of a surface wave by a subsurface defect has a long history.
Its origins are in the work of Deal88] and Ursell[89,90], who showed that a surface wave incident
normally on a rigid cylinder of circular cross section submerged in an incompressible fluid of infinite
depth passes over the cylinder with a change of phase but without a change of amplitude, and experiences
no reflection, whatever the frequency of the incident wave, for any values of the radius and depth of the
cylinder.

This work stimulated several subsequent paf@ts-93]in which the effects of changing the cross
section ofthe cylinder, ofincreasing the number of cylinders, of only partially submerging the cylinder, and
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of making the depth of the fluid finite, on the scattering of a surface wave were investigated. The results of
these investigations in turn raised the question of whether an effect analogous to the absence of reflection
from a cylinder of circular cross section in a fluid of infinite depth exists for surface electromagnetic
waves. The first study of this problem was carried out by CUBdh, who considered the case of a plane
p-polarized surface electromagnetic wave propagating over a corrugated metal surface, and incident
normally on an infinitely long cylinder of elliptic cross section, whose cross section dimensions are small
compared to the wavelength of the surface wave. By the use of an impedance boundary condition at
the metal surface he showed that if the elliptic cylinder is perfectly conducting, and if the ratio of the
semi-major and semi-minor axes of the cross section of the cylinder is suitably chosen, there exists one
specific frequency of the surface wave at which the reflected wave vanishes.

This work was followed by several pap¢#s—97]in which generalizations of Cullen’s work were pre-
sented. These investigations, like Cullen’s were largely analytic in nature, and were based on simplifying
approximations such as the use of impedance boundary conditions. With the increasingly widespread use
of computers such approximations are no longer needed, and more realistic situations can be studied.
In this section we outline a numerical approach to the problem of the scattering of a surface plasmon
polariton from a subsurface defd@B].

The system we consider consists of a linear dielectric medium characterized by an isotropic dielectric
constank; in the regionxz > 0, and a linear dielectric medium characterized by an isotropic dielectric
constants in the regiones < 0. We assume that the interfagg= 0 separating these two media supports
a p-polarized surface electromagnetic wave. We will be concerned with the situation in which the region
x3> 0 is alossless dielectric, while the regiofn< 0 is a lossless metal. The dielectric constapntand
€2 are, therefore real, and the conditions ensuring the existence of the surface wawe ar® and
€1+ e3 < 0. We now introduce into the region < 0 a cylindrical defect of finite extent in thg- andxs-
directions, whose generators are parallel tarthaxis. The resulting system is, therefore, invariant in the
xo-direction. For simplicity we also assume that this cylinder does not intersect thexptafeThe defect
is characterized by an isotropic dielectric const@ntvhich is also assumed to be real. Consequently,
the dielectric constant of the system is now position dependent, and can be written in the form

e(x1, x3) = €10(x3) + 0(—x3)[e3 + (e2 — €3)S(x1, x3)] , (2.70)

wheref(x) is the Heaviside unit step function, afitk, x3) is the characteristic function of the cylinder’s
cross section, i.eS(x1, x3) = 1 if the point (x1, x3) lies within the cross section of the cylinder, and
S(x1, x3) =0 if it lies outside it.

If we write a typical component of the electromagnetic field in this system in the form

Ai(x1, x3; 1) = A;(x1, x3|w) exp(—iwt) , (2.71)

the Maxwell equations for the two nonzero componditéx1, x3lw) and E3(x1, x3|w) of the electric
vector of a p-polarized electromagnetic field, whose plane of incidence ig thelane, become

2 2 52
— +e(x3)— E—
ox3 c? dx10x3 (E 1(x1, x3|®)
02 02 2 E3(x1, x3|w)
— — te(x3)—
0x10x3 Ox7 c

®? E1(xq1, x3|w)
= —29(—163)[(62 — €3)S(x1, x3)] (ES(xl, x3|w)> . (2.72)
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wheree(x3) = €10(x3) + e30(—x3). The solutions of Eq. (2.72) are subject to the boundary conditions

E1ly—0+ = Etlyg—0-, €1E3|y3—04 = €3E3|5—0- (2.73)

at the interface:s = 0, and to vanishing boundary conditions@s— +oc.
The partial differential equation (2.72) and associated boundary conditions can be transformed into an
integral equation

Ei(x1, x3lw) = E( ) (x1, xglw)+47r (62—63) Z f dxlf dxg

j=13
x Gjj(x1, x3|x7, x3) S(x1, x3) Ej(xq, x3lw), i=1,3, (2.74)

WhereEl.(o) (x1, x3|w) is the solution of the homogeneous form of Eq. (2.72) and the boundary conditions
(2.73), and represents the incident surface plasmon polariton:

E(O) (x1, x3|®) = E(O)eik(w)n—ﬁl(w))fs’ x3>0 (2.75a)
1
_ EOdk@unthaoxs o (2.75b)
ED (x1, x3lo) = ﬁk((w)) EOgk@u—fi@s .o (2.76a)
_ _;k((a))) EOgk@xi+fs@s 0 (2.76b)
3w
with
w €1€3 12
k(w) = \agta : (2.77a)
5\ 12
w —€
B1(w) = - (61 +153> , (2.77b)
5 \ 1/2
w —€
o) =2 (q +363> . (2.77¢)

The functionsG;; (x1, x3|x/1, xé) (i, j =1, 3) are the elements of the Green’s tensor for the differential
operator on the left hand side of Eq. (2.72). They satisfy the differential equation

: + € )0J2 °

ax2 c? 0x10x3 G11(x1, x3lx7, x5)  G13(x1, x3|x7, x3)
B 02 2 P G31(x1, x3|x7, x3)  G33(x1, x3|x7, X3)
0x10x3 Oox 2 c?

= —4n0(—x3)d(x1 — x7)5(x3 — x3) (é 2) , (2.78)
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subject to the boundary conditions
Gl] (x_l» x3|xi’ xé) |X3=0+ == Glj (xlv x3|xiv Xé) |x3=o_’ .] = 17 37 Xé < o (279&)

e1G3j(x1, x3lxy, )|, o, = €3G3j(x1, x3lxy, x|, o . j=13 x3<0, (2.79D)

and either outgoing wave or vanishing boundary conditions at +-co. They can be represented in the
form

o0

dk )
Gij(x1, x3|xq, x5) =/ —zngij(kIX3, xg) explik(x1 — x7)] . (2.80)
—00

Although x3 is required to be negative because the cylindrical defect is in the regierd, x3 can be
either positive or negative. If we denote g)g(kpcg, x’3) the Fourier coefficient wherg > 0, xé <0, and

by glj (k|x3, x3) the Fourier coefficient whers < 0, x5 < 0, we find that these functions are given by

Ari o1 (k) oz (k)

> (klxa, L) = gra(k)xa—iagk)xg 2.81a
g11(klx3, x3) e3(0?2/c?) e103(k) + ezoq (k) ( :
4ri ko (k) ; _i /
> (k ’ A elocl(k)xg Io@(k)x3 , 2.81b
g13(klxs, x3) (w?/c?) e103(k) + eza1 (k) ( )
4ri kos(k) i _i /
> (klxa, x4) = — goak)xs—ioz(k)xg 2.81c
gz1(klx3, x3) (w?/c?) eraz(k) + ezo1 (k) ( )
4ri k2 i i /
> (klxa, xb) = gralkxa—log(k)xg 2.81d
833(k|x3, x3) (?/c?) eraz(k) + e3up (k) ( :
where
a; (k) = (k% — ¢; () (0?/c*)Y?  Reoj(k) >0, Ime(k) <O, (2.82)
and
2mi03(k) (k) Lea—x
gfl(k|x3’xé) ( 2/C2)el e 3|
_ 2miog(k) eraz(k) — e30a(k) erinaOeaty) (2.83a)
e3(w?/c?) exas(k) + e3ua (k) '
2nik ; o
sialkla x9) = — — 5 @Ol Slsgnng — x)
_ 2nik eogk) — egua(k) e i) et (2.83b)
e3(w?/c?) exas(k) + e3ua (k)
2nik ; .
g31(kl|xz, x3) = — 63((02/c2)éa(3(k)‘x3 “slsgn(xs — x5)
2nik  eqoz(k) — ezoa(k) ezt (2.83c)

 e3(w?/c?) eroz(k) + ezug(k)
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2nik?
e3(w?/c?) a3(k)ez(w?/c?)
B 2nik?  eqaz(k) — ezua(k) in® )
a3(k)ez(w?/c?) er03(k) + eza1 (k)

g33(k|x3, x3) = — S5(x3 — xj) + oah)lxa—x|

(2.83d)

We note that in the case of interest here, namely whdereal and positive ang(w) is real and negative,
each of the functiong;ﬁ(k|x3, x3) andg;ﬁ(k|x3, x3) (o, f=1, 3) has a simple pole @&t= +k(w), where
k(w), the wavenumber of the surface plasmon polariton of frequerszypported by the dielectric-metal
interfaclc/aé is the solution @faz(k) +e301 (k) =0, and is given by (Eq. (2.77&Jw) = (w/c){e1e3(w) /[e1+
e3(w)]}~.

The integrations over; andxj in Eq. (2.74) are carried out over the cross section of the cylindrical
defect. Consequently, the integral equation (2.74) can be solved by the method of m@&emitsthis
approach the cross section of the defect is mapped into a set of rectangular cells of dimeresiolhz
parallel to thex;- andxz-axis, respectively, which are small enough that the electric field can be assumed
to be constant within each cell. In this way we obtain the pair of coupled matrix equf@Rins

E} = Eby + M{,E{ + MLES (2.84a)
Ejy= Elg+ MY E] + MILE] (2.84b)

where repeated superscripts in the same term are to be summed over. In qui(amEg are the
total and incident fields at the centen;, x3;) of theith cell, the cells and; are restricted to the cross

section of the defect cylinder, and the matrix eleme\miﬁ are given by

ij w? x1j+3Ax x3j+3Az
My =4n— (2 = e3) dx/l/. L OxgGop(xai, xlxsi, x3) - (2.85)
¢ x1;—5Ax x3j—35Az

Care must be taken in the numerical evaluation of the integrals in Eq. (2.85) because of the singularity of
G,p(x1, x3lx], x3) when(x, x3) = (x7, x3), and because of the pole tr@%(klxg, x3) possesses at the
wavenumber of the surface plasmon polariton of frequencé way of carrying out these integrations

is described in detail in Ref99].

The solution of Egs. (2.84) gives the components of the total electric field within the cross section of
the defect cylinder. Once they are known, the components of the total field at any point outside this region
can be obtained from Eqgs. (2.84) by allowing the pa@int, x3;) to be any point outside the region, while
the sum ovey; still runs over the cells within this region.

The surface plasmon polariton reflection and transmission coefficients can be calculated in the following
way [78,99] For the calculation of the reflection coefficigthe incident field and the surface plasmon
polariton contribution to the scattered fieid(x1, x3|w) are determined at the same poini;, x3;) in
the metal in front of the defect cylinder, aitis then obtained frori7 8]

2
Eg1(x1;, x3i|w)
Eo1(x1;, x3i|®)

R= (2.86)
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Fig. 16. Reflection coefficient for a system consisting of a dielectric cylinder totally embedded in a metall,
e2=16,e3=—-3.472 b= 1/20, h = /20, Ax = Az = /./40. (Ref.[78].)

Similarly, the incident field and the total field are calculated at the same paintrs;) in the metal
behind the defect cylinder, and the transmission coeffideistthen obtained froni78]

_ ‘ E1(xy, x3ilo) |° (2.87)

Eo1(x1i, x3i|®)

The fractionS of the power in the incident surface plasmon polariton that is converted into volume
electromagnetic waves in the lossless dielectric medium can also be calculated on the basis of results
obtained in Ref[78].

In Fig. 16is plotted the surface plasmon polariton reflection coefficient for a system consisting of
a dielectric cylinder of rectangular cross section embedded in a semi-infinite metal. The edge of the
cylinder parallel to tha-axis is denoted by; the edge of the cylinder parallel to thg-axis isb = 1/20;
and the dielectric constant of the cylinderejs= 16. The top of the cylinder is at a depth= /1/20.
The dielectric constany = 1 (vacuum), and the dielectric constant of the metagis —3.472. In the
numerical calculations leading Fbg. 16it was assumed thatx = Az = 1/40. The reflection coefficient
R is plotted as a function af/2 in Fig. 16 It is seen to be an oscillating function of this variable. The
oscillations arise from the incident surface plasmon exciting a second surface polariton in the rectangular
dielectric cylinder, whose wavenumbleé%) must be almost equal to that of the single surface polariton
at the same frequency in the four layer system obtained when the lergjtthe dielectric particle is
allowed to become infinite. This second polariton will be reflected from the right edge of the rectangular
dielectric cylinder, giving rise to an oscillating dependence of the reflection coeffiRientthe length:
of the cylinder with a periodag = 2n/2k§%).

The numerically implemented volume integral equation approach to the scattering of a surface plasmon
polariton by a subsurface defect in a metal enables the reflection and transmission coefficients of the
surface wave to be calculated, together with the fraction of the power in the incident wave that is converted
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Fig. 17. Dependence of the optical signal on the tip—surface distance measured with a smooth silver film: (dots) experimental
data and (line) linear fit. (Ref59].)

into volume electromagnetic waves in the vacuum region above the metal, and in the near field. Knowledge
of the dispersion curves of surface plasmon polaritons in the corresponding multilayer system (i.e. the
systemwhere the defect of rectangular cross section has aninfinite length) plays a key role in understanding
the nature of the scattering process. The reflection and transmission coefficients as functions of the length
of the defect display an interference structure that yields information about the wavenumbers of the surface
waves, and thus about the dielectric constant of the defect. This result might be useful for determining
the dielectric constant of a waveguide whose geometry is known.

2.1.4. Near-field imaging of the SPP interaction with a single surface defect

Detailed studies of the surface polariton interaction with individual surface defects and elementary
scattering processes on defects of different sizes have been performed using artificially structured silver
films [58,59] The surface polaritons have been resonantly excited on a silver surface in the Kretschmann
configuration. The quality of the initial silver film&9] was good enough to provide the homogeneous
electromagnetic field distribution over the surface related to the resonant SPP excitation. The optical signal
dependence on the distance between the tip and the silver surface exhibited an exponential decrease witl
distanceLn (1) = —2k3(i)x3 superimposed on a small background (Aig). This background signal is
due to the scattering of SPPs into light over the entire illuminated film area. The measured value of the
SPP field extension above a surfate({) = 1/416 nnT1) is consistent with the angle of SPP excitation
(k3(i) = 1/412 nnT1). Individual defects have been created on a surface using laser ablation through
an uncoated tapered fiber {ip00]. By changing the power of the ablating UV laser beam, defects of
different sizes can be fabricated in a silver film. Scattering of SPP by such defects is described below for
different sizes of the defects.

The optical near-field distribution (Fi§8) around the large bumps-L00 nm height anet2 um radius)
exhibits strong maxima at the places of the bumps. In addition, narrow SPP beams of aimowtdth
scattered from the bumps in the direction of the exciting light can be seen. The far-field images of such
beams taken at the distance of abouirvfrom the surface is completely dark on the same halftone scale.
A number of images recorded at intermediate distances have shown lateral spreading and exponential
attenuation of the beam brightness with distance from the surface {8gd). (Please note that the
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Fig. 18. Topography (a) and optical near-field intensity distribution (b) around large bumps on a silver surface. Far-field images
(c) and (d) have been obtained at distances of 1 aod ##om the surface, respectively. The gray-scale of the topographical
image corresponds to 140 nm. The direction of the SPP excitation is shown by the arro6@Ref.

contrast of all images is internal and not relative to one another.) The distance dependencies confirm
that these beams are related to surface polaritons. The appearance of such forward scattered SPP bear
is rather common near surface features of larger sizes. If the defect has a complex shdfig.akoin

the SPP beam could arise from some small region of the defect. The cross section of the beam along its
length shows the exponential decay of the SPP intensity with the distance from the defect consistent with
the SPP propagation length (Fid). Some surface defects give rise not only to forward scattered SPP
beams but also to, generally weaker, SPP beams scattered in the backward direct20).(Flous, the
scattering of surface polaritons into surface polaritons takes place at this kind of defect. It is important
to note that the gradient of the topography variation is quite low in the case of the bumps discussed. In
addition, despite their significant height, the extension length of the SPP field in air is noticeably larger
than the defect height in this case. These two reasons result in quite a low efficiency of the SPP scattering
on such surface features.
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Fig. 19. Forward-scattering of SPPs by surface defects of complex shapes: topography (a) and optical near-field intensity
distribution (b) around a defect on a silver surface; (c) the near-field intensity distribution around a large defect. (d) cross section

of the optical near-field image along a forward scattered SPP beam as shown in (c). The gray-scale of the topographical image
corresponds to 400 nm. The direction of the SPP excitation and cross section is indicated by the arrf®@](Ref.

The effect of the scattered SPP beam appearance in the forward and backward directions can be
understood directly from the Huygens—Fresnel principle in a two-dimensional geometry considering a
surface defect as a set of secondary SPP sources. For example, considering a set of 10 secondary sourc
of SPP cylindrical waves equally spaced along a straight line, the resulting SPP intensity distribution over
a surface can be found by a coherent superposition of the scattered SPPs from individual sources:

. 2
e'(krn+¢rz)
I~ (Z —) , (2.88)
n

1/2
wherer, is the distance between the point of observation anathheecondary source. This SPP inten-
sity distribution is shown irFig. 21(a) in the case where the phases of the secondary SPP sources vary
linearly with the source position. An SPP beam similar to the one observedrig. 18b) is clearly
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Fig. 20. Topography (a) and optical near-field intensity distribution (b) around a surface defect exhibiting both forward and
backward scattered SPPs. The gray-scale of the topographical image corresponds to 400 nm. The direction of the SPP excitation
is shown by the arrow. (Ref59].)

visible. The primary reason for the appearance of this SPP beam is the~weak? distance depen-

dence of the electromagnetic field of cylindrical SPP waves from the point sources. For comparison, the
intensity distribution related to the same source but calculated using the 3D distance depernderige (

for SPP scattering in light is shown Kig. 21(b): no forward scattered beam appears in this case. The
phase shift between the different secondary SPP waves arises in the experiment due to the complex shap
of the surface defects resulting from the “angular” illumination of the different parts of the defect by
the incident plane SPP wavEig. 22 presents modeling of the data showrFig. 18 Two sets of sec-

ondary SPP sources representing two surface defects are positioned at different distances from each othe
The resulting intensity distribution (Fi@2c) demonstrates a very close resemblance to the experiment
(Fig. 18b). Two surface defects can be positioned within a few microns from each other giving rise to
distinctly separate scattered SPP beams.

SPP scattering on some small surface defeet§@nm height and<1um radius) has a completely
different nature (Figs23 and24). Bright near-field maxima are not seen around these defects anymore.
Instead, prominent shadows are observed behind the defects (in the direction of the SPP propagation).
For different defects the shadows have somewhat different but always large angular widths. Such angular
width cannot be accounted for by diffraction. The diffraction angle can be easily estimated from the
uncertainty principle$ ~ Jksp/ksp ~ Zsp/(2nd), whered is the size of a scatterer. A micrometer size
scatterer should give a diffraction angle of the order®fhis value is consistent with the small visible
width of the SPP beams scattered from the larger defectsi®y. The detailed theory of SPP scattering
by circularly-symmetric defects has provided an explanation of the shadow-like effect (Section 2.1.1).

Defects of similar size but different topology scatter SPP differentlyidn24one can see three defects
of about the same lateral size: two of them are shallow bumps, the third is a pit of about the same vertical
size. The shallow bumps seem not to affect the SPP propagation at all: as their height is smaller than the
height of the large bumps discussed above, the SPP scattering efficiency is further reduced. On the othel
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Fig. 21. Near-field intensity distributior{¢0 x 10pm?) calculated for the SPP scattering on the defect modelled by 10 coherent
secondary sources equally spaced alongua2ine: (a) SPP scattering into SPP and (b) SPP scattering into light. A pronounced
forward-scattered SPP beam appears in the former case due to two-dimensional scattering. The direction of the incident plane
SPP wave is shown by the arrow. (R&9].)

hand, the pit gives a distinct angular shadow. This difference in the efficiency of the SPP scattering is
related to the SPP field extension from the surface into the metal. In the case of a silver film, the SPP
decay length in the metal is more than 10 times shorte8@ nm) than the one in the air. Thus, surface
polaritons have a much stronger interaction with small pits than with bumps of the same vertical size.
This agrees well with the theoretical predictions.

2.1.5. Interference of surface plasmon polariton beams

Significantly stronger SPP scattering into SPPs on surface bumps has been observed with gold films
[17]. The different relation between the defect sizes and SPP parameters (shorter SPP wavelength and al
almost two times smaller field extension length above the surface) than in the case of silver films results
in a higher efficiency of the in-plane SPP scattering on defects of the same size. The presence of strongly
scattered SPPs leads to pronounced fringe patterns due to the interference of the incident and scattere
surface polaritons. The relatively smooth gold films used in these experiments had, in addition to the
small-scale roughness, a set of micron-sized (in lateral direction) bumps sparsely placed on a surface at
distances of several tens of microns between them. The large-scale defects dominate the SPP scattering
providing the realization of the single-scattering regime similar to that produced by the individual surface
defects on the silver film described above.
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Fig. 22. Near-field intensity distributions calculated for SPP scattering on two surface defeqisnagize (as inFig. 21)
positioned at different distances from each other. The distance between defect centersuis, (&))3um, (¢) 3um, and (d)
2.5um. The direction of the incident plane SPP wave is shown by the arrow. [§%1)

This type of SPP scattering has been studied using a two-layer structure that allows exciting two SPP
modes, i.e. afast SPP (FSPP) on the gold—air interface and a slow SPP (SSPP) on the gold—fluoride (inter-
nal) interface. The excitation of both SPPs results in the pronounced minima in the angular dependence
of the reflectivity of p-polarized light (Fig5). The propagation length of the SPP has been estimated
to be about 8um. Thus, for large scale roughness the single scattering regime condiligns [ are
satisfied for both fast and slow surface polaritons. The ratio between the maximum value of the SPP field
(at the interface) and the value of the same SPP field at the other interface has been calculated to be abou
6 for both SPPs. This ratio is large enough for detecting the optical signal from the SPP confined to the
internal interface but sufficiently small to neglect the interaction between the different SPP modes.

Topographical images of the surface reveal a relatively smooth external interface with average surface
variation of about 10 nm (small-scale roughness). In addition, widely spaced micron-sized bumps with
100-200 nm heights have been observed (Eig). The surface polaritons propagating in the vertical
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Fig. 23. Topography (a,c) and optical near-field intensity distributions (b,d) around small surface features on a silver surface.
The gray-scale of the topographical images corresponds to 100 nm. The direction of the SPP excitation is shown by the arrow.
Shadows are seen behind the defects. (f86l.)

direction from bottom to top with respect to the images have been resonantly excited in the Kretschmann
geometry. The near-field optical images obtained with the surface polariton excited on an air—-metal
interface exhibit a well pronounced interference pattern related to the interference between the surface
polaritons resonantly excited on the surface, and the scattered surface polarito@8{}-ighe average

optical signal was about 20 times smaller if the angle of incidence was out of resonance by°atnout 2

if the tip was moved im away from the surface. This indicates the relatively low efficiency of the SPP
scattering into light by such defects, while the in-plane scattering processes are important judging from
the visibility of the SPP interference pattern recorded in the near-field. The far-field optical image has
also exhibited an interference pattern (R26c), but its period was considerably larger, corresponding to
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Fig. 24. Topography (a) and optical near-field intensity distribution (b) around small bumps and craters on a surface. The
gray-scale of the topographical image corresponds to 90 nm. The direction of the SPP excitation is shown by the arrow. (Ref.
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Fig. 25. Angular excitation spectra of surface polaritons measured (circles) and calculated (solid lines) for the two-layer gold
structure. A smooth gold film (thickness 60 nm) is deposited on a magnesium fluoride (thickness 220 h28) coated glass

prism (2 = 1.64). (Ref.[17].)

the wavelength of light propagating in air (F&7). The interference patterns can be used to determine
directly the SPP wavelength. Taking into account the propagation direction of the surface polaritons, the
FSPP wavelength can be estimated to be about 550 nm in good agreement with the value calculated from
the resonant angle of FSPP excitatiagy(~ 590 nm).

Two near-field optical images generated in turn due to fast and slow SPP modes approximately at
the same place on a surface are showRim 28 The average optical signal detected using the SSPP
propagating along the internal gold-fluoride interface was about 20 times smaller than that due to the
gold-air SPP, which agrees with estimates of the SPP field penetration through the gold film. The surface
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Fig. 26. Topography (a), near-field (b) and far-field (c) intensity distributions over the smooth gold surface. The gray-scale of
the topographical image corresponds to 140 nm. The optical images were obtained at different tip—surface di§tantés)

and 12um (c) with the air—metal surface polariton being resonantly excited. The optical images are presented in the different
gray-scales corresponding to 10-600 pW (b) and 0-20 pW (c). The SPP excitation direction is shown by the arridw].)Ref.

bump (Fig.26a) apparently scatters both surface polaritons since it gives rise to the interference patterns
observed in both images. The periods of these interference fringes are distinctly differer29jFag.

should be expected due to the difference in the wavelengths of the &BRs590 nm for the air-metal

SPP and.sp ~ 420 nm for the fluoride—metal SPP.
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Fig. 27. The cross sections of the near-field (NF) and far-field (FF) optical images along the direction of SPP excitation indicated
by the arrow inFig. 26 (Ref.[17].)

4 um

Fig. 28. The near-field intensity distributions obtained at nearly the same place as thigse2Brelated to (a) the air—gold SPP
and (b) the fluoride—gold SPP. The optical images are presented in different scales corresponding to 10—-600 pW (a) and 0-30 pW
(b). The SPP excitation direction is shown by the arrow. (Ré&f].)
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Fig. 29. The cross sections of the near-field optical images obtained with the air—gold (FSPP) and fluoride—gold (SSPP) surface
polaritons along the direction of SPP excitation indicated by the arrdvigin28 (Ref.[17].)

Thus, the electromagnetic field distribution over such smooth metal surfaces with a large-scale defect
structure [ ~ Lsp) is determined by single scattering processes on dominating defects resulting in the
distinctive interference patterns related to the in-plane scattering of the surface polaritons. The air—-metal
SPP does not penetrate into the surface defect region while the fluoride—metal SPP clearly goes through
the defect (Fig28a,b). Judging from the distribution of the electromagnetic field in the images one may
presume that the gold film is relatively thinner in the bump area, which can be the case if the bump is
related to the fluoride layer roughness. Estimations of the amplitude reflection coefficient for this particular
defect gives values of about 0.2 and 0.4 for the air—metal and fluoride—metal SPP, respectively, which is
much greater than the reflection coefficient for the defects in the silver films discussed in the preceding
section.

2.2. Multiple scattering regime: backscattering of surface plasmon polaritons

If a metal surface exhibits a defect structure with distances between the defects smaller than the
SPP propagation length, multiple scattering effects dominate the SPP field distribution. In the multiple-
scattering regime the scattered SPP can be successively scattered again and again. This can lead to
complex optical field distribution due to the interference of multiple SPP beams resulting from the SPP
scattered by different defects. For a small number of defects, such interference patterns are easy to
predict and understarj@9,59,60] Nevertheless, with the increase of the number of defects contributing
to the interference, the pattern becomes more complex. To ensure a sizeable contribution from multiple
scattering, a single scattering event should not lead to strong losses due to scattering into light, while
providing reasonably strong in-plane elastic scattering of SPPs. Thus, the requirements on the number of
defects within the SPP propagation length and the SPP scattering efficiency can be satisfied for a defect
ensemble consisting of defects with sizes which are smaller than but comparable to the SPP wavelength
whose heights (or depth) are comparable to the SPP field extension length.

Multiple scattering effects followed by multiple beam interference of scattered waves can result in
weak localization (also known as backscattering) or strong (Anderson type) localization of surface waves
[101,102]
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2.2.1. Enhanced backscattering of surface polaritons on a randomly rough surface

The enhanced backscattering of a quantum or classical wave from a disordered medium is the presence
of a well-defined peak in the retroreflection direction in the angular dependence of the intensity of the
scattered waves. It is caused by the coherent interference of each multiple-scattering sequence with its
reciprocal partner when the wave vectors of the incident and scattered waves are equal in magnitude but are
oppositely directed. The importance of these interference processes for scattering into the retroreflection
direction seems to have been appreciated first by Wdi€i8] in the context of a theory of the multiple
scattering of electromagnetic waves from an underdense plasma.

The enhanced backscattering of any wave that has its origin in interference between multiply scattered
waves has come to be call@gkak localization This name originated in earlier theoretical studies of
electrical conduction in disordered materials, in which it was discovered that when the mean free path
between consecutive collisions of an electron with the impurities becomes shorter than its wavelength,
this transport process is affected by coherent effects in the electronic wave function that are not taken into
account in the standard Boltzmann transport equation for this process. These coherent effects produce ar
enhanced probability for an electron to return to its orididd,105] The enhanced probability of return
to the origin reduces the diffusion constant of the electron and, consequently, the electrical conductivity
of the disordered material. The enhanced backscattering of the electron, and the decrease in its diffusion
constant that it causes, are called weak localizafi@®]. When the concentration of the impurities
becomes very dense, and the scattering from each impurity is very strong, electrical conduction will
vanish at absolute zero temperature. The vanishing of electrical conduction under these conditions is
calledstrong localizationor Anderson localizatiofil07]. Weak localization is therefore a precursor to
strong localization.

The first experimental observation of the enhanced backscattering effect was by Kuga and Ishimaru
[108], in a study of the scattering of light from an agqueous suspension of polystyrene microspheres. It was
interpreted at the same time as due to the coherent interference of reciprocal, multiply scattered light paths
by Tsang and Ishimar[L09]. The connection of this enhanced backscattering with weak localization,
however, was first pointed out approximately a year later by van Albada and Laggridijkand Wolf
and Maref111].

The enhanced backscattering of light from a weakly rough random metal surface was first predicted by
McGurn et al[112]. It arises from the scattering sequences in which p-polarized incident light excites a
surface plasmon polariton through the surface roughness, the surface plasmon polariton propagates along
the surface and is scattered several times by the roughness, and at the final scattering event is converte
back into volume electromagnetic waves. Each such sequence and its reciprocal partner, in which the
light and the surface plasmon polariton interact with the surface roughness at the same points but in the
reverse order, interfere constructively if the wave vectors of the initial and final volume electromagnetic
waves are oppositely directed. The enhanced backscattering of light by this mechanism was subsequently
observed experimentally by West and O’'Donrjé&ll3], whose experimental results were corroborated
by theoretical calculations carried out by Maradudin efZl4].

In view of the nature of the enhanced backscattering effect, it would seem that it should be expected
to occur when a surface plasmon polariton propagates across a weakly rough two-dimensional random
surface. This expectation is indeed fulfilldd.5]. Thus, let us consider the system consisting of vacuum in
the regionvz > {(x)) and a metal, characterized by an isotropic, frequency-dependent, complex dielectric
functione(w) = e1(w) + ie2(w). We will be interested in the frequency range in whigtw) is negative,
as this is the range in which surface plasmon polaritons exist. We assume that the surface profile function
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{(x)) is a single-valued function of that is differentiable with respect tq andx, as many times as is
necessary, and constitutes a zero-mean, stationary, isotropic, Gaussian random process defined by

(CXPLK)) = W (Ix) — X{]) - (2.89)

The angle brackets in Eq. (2.89) denotes an average over the ensemble of realization$, @nd
5 = (L2(x))Y? is the rms height of the surface. In the present discussion it will be assumed that the
surface height autocorrelation functidin(|x;|) has the Gaussian form (|x;|) = exp(—xﬁ/az), where
a is the transverse correlation length of the surface roughness.
Itis also convenient to introduce the Fourier integral representatiofpr:

(X)) = / &) Eky) expliky - xp) (2.90)
= (2n)2 I Al - :
The Fourier coefficien&(k”) is also a zero-mean Gaussian random process defined by
CkPik)) = m)2ocky + k|ag (k) (2.91)
where
g(lan)=/d2on(|X||l)eX|0(—ik “X)) (2.92)

is the power spectrum of the surface roughness. For the Gaussian form of the surface height autocorrelatior
function W (x|, the power spectrum also has a Gaussian gtk |) =na? exp(—ak?/4).

The electric field in the vacuum regiag > {(X)) is represented as the sum of an incident and a scattered
field of frequencyw, E~ (X; 1) = [E” (X|®)inc + E™ (X|w)sc] €XP(—iwt). The incident field is assumed to
have the form

d?k . . .
£ o = [ o | Km0tk + k118, (kp) + (%3 x KBy (k) |

X EXﬂik” X = ioto(k||)x3] s (2.93)

whereug (k) = [(w/c)? — k1%, with Rexo(ky) > 0, Imag(ky) > 0. The coefficients , (k) and B, (k)
will be defined below. The electric vector of the scattered field is

d2qH {g[q ao(q)) — X3q)1A,(g)) + (X3 x ;) As(q )}
(2n)2 w %08 Al e

x exdiq) - X + ioo(g))x3] . (2.94)

E” X|w)sc=

We also need the magnetic vector of the scattered field,

M= o= [ S04 {0 x @@ — < @solan - fagAsap)
= | 202 3 X q))Aap(qy p gjoo(q] 391)As ([
x expliqy - X + iao(g))x3] . (2.95)

We wish to calculate the angular dependence of the incoherent (diffuse) component of the intensity
of the scattered field in the vacuum only, since the energy flow associated with the scattered field in the
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metal is not accessible experimentally. Thus, we consider the complex Poynting vector of the diffusely
scattered field,

(S)ditt = é ((QE” (X|o)so) X (QH” (X|w)so)) (2.96)

where the operato@ produces the fluctuating part of any random process to which it is applied, e.g.,
OE~ (X|w)sc =E~ (X|w)sc — (E(X|w)se)- From the results given by Eqgs. (2.94) and (2.95) we see that for
calculating(S°) 4 We need to calculate averages of the typ(a(Q‘Ai(q”))(QAj.(qfl))) with i, j = p, s.

The amplitudest , ;(qy) are related to the amplitudés, (k) by

d?k
Ai(Q)) = Z /(2—70”2Rij(Q||Ik||)Bj(k||), i=p,s, (2.97)

J=D.s

where the matrix of scattering amplitud(ESqH k) is related to the matriz(qu |kj) of the exact Green’s
functions for surface plasmon polaritons on a rough surfadé byj

Ryl = —@m)2s(qy — k) 1 —2i G(aylkpaolky) (2.98)
where7 is the 2x 2 unit matrix.
The Green’s functio; (q; k) is the solution of the Dyson equati§®o]
d?p

[Py pe
ki) , 2.99
22V @iIPD GPilkp) (2.99)

Gk = 2m325(qy — k) GO k) + 6(gp) /

<>
whereG©@ (k) is the Green’s function for surface plasmon polaritons on a planar metal surface,

ie(w)
GO (i) = e(w)ao(ky) + alky) i , (2.100)
0 -
ao(ky) + olk))
andV(qylk) is a scattering potential which, to the leading ordef(x)) is given by[69]
(w)—1 c(@ayky~x(gDay-Kyaky —i’a<qu)<qu><ﬁn>3

<~ e(w)—1LA

V@lkp=—27—c@i—kp » 6(‘?) <2 (2.101)
= @y xkgatky) €)1k

The averaged Green’s functiQE(qH [ky)) is diagonal in its arguments);, k) due to the stationarity
of the random proces$x)), and is also diagonal in its polarization indigés;) as a consequence of the
conservation of angular momentum,

(Gij(aylkp) = m)2a(ay — kydi; Giky) - (2.102)

The fact thaiG; (k) depends on the wave vector only through its magnitude is due to the isotropy of
the random procesgx)).
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The reduced Green'’s functida®; (k) has the form

1

Gi(ky) = :
“w Gkt = Miky)

=p.s, (2.103)

whereM; (k) is an averaged self energy defined by
(Mij (aylkp) = @my23(ay — ko Mi(ky) (2.104)

andﬁ(qu Ik) is the solution of

. ~ d?
M(qll|kll)=V(qll|kll)+/ L M@ip G (Vpylky) — (M@ylk)) - (2.105)

(2m)?

Theij element of the Green’s functiq%(%l Ik ;) can then be expressed in terms of the diagonal elements
of the averaged Green'’s function [y16]

Gij(aylky) = 2m>2(ay — k)di;Gi(ky) + Gi(gti; @Ik G (ky) (2.106)

where the matrix?(qu k) is the solution of

”2 Ta@ylpp G T Pylk) - (2.107)

ki) = k
r@ylky) = v(qyl ||)+/(2n)
with

Vaylkp = vyl — (M@ lkp) (2.108)

It follows from Eqgs. (2.102) and (2.106) thg'(qH |k ) possesses the useful property th%(qu lk))=0
When the preceding results are combined with Eq. (2.97) we obtain for the fluctuating gactpr

0A;(a)) = Zf S 2ok QG (1K) By Ky

j=p.s

—Giqp Y. f oot k) (20 )G ) By ) (2.109)

J=p.s

where we have used the result ti@a; ; (0, |k)) = 7 (q; |k ;). Because only p-polarized surface plasmon
polaritons exist on a weakly rough random surfficE/], in the sum over initial states in Eq. (2.109) we
choose the term with = p andk = X1 K| (w) = K| (w), where the wavenumber of the surface plasmon
polariton of frequencw on the random surface is given by the real part of the Kg@iv) +i4ot(w) of the
equatior[Gp(k”)]—l:O. The functioMyt(w) gives the total amplitude damping rate of a surface plasmon
polariton due to ohmic losses and to its roughness-induced conversion into volume electromagnetic waves
in the vacuum and into other surface plasmon polaritons. Thus we choose the amplitkgleto satisfy

the condition

(—2iog (k)G p (k) B, (Ky) = (2m)28(k — K (w)) (2.110)
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As a consequenc&A;(q)) takes the simple form

QA; () = Gilgptip(qyIKy), i=p,s. (2.111)

To obtain the angular dependence of the energy flow associated with the scattering of surface plasmon
polaritons into other surface plasmon polaritons, we substitute Eq. (2.111) into the expres&®yyfier
given by Egs. (2.94)—(2.96), namely

c [ dq [ FPqjcqy /. - /
(S )it = ar / o2 ) et e (q”) expli(q) —ap) - Xyl

x expli(o(q)) — (@ NI(QA, (@N)(QAL@))) . (2.112)

In obtaining this expression we have again used the result that only p-polarized surface plasmon polaritons
can exist on a weakly rough random surface, and have retained only that part of the energy flow that is
parallel to the mean surface. The use of Eq. (2.111) yields the result

((QA,(@)(QAN(E))) = 2m)23(ay — aIG p (g Pepp (@ IK)) . (2.113)
where we have used the result that
(tpp @K LS, (@ K D) = (2m)28(a) — a7, (1K) (2.114)
which defines the function,, (q; |K ). Consequently, Eq. (2.112) becomes
c [ dq . cq 2
(S )it = Q/ (Zn)2q||?|Gp(CI|l)| Tpp (1K) exp—2Refo(q))x3] (2.115)
wherefq(q)) = —ixo(g)) = lgf — (w/c)?1Y2. The total power carried by the scattered surface plasmon
polaritons is obtained by integrating Eq. (27).afrom zero to infinity:
R c [ dq . cq 2Tpp (1K)
dx3(SVgit = — | —5q9— |G L 2.116
[ st = 5 [ S o, pE el (2.116)
In the vicinity ofg, = K, the p-polarization Green'’s functia@, (¢;) has the fornf116]
C
G =—Fr 2.117
P = 0K — e (2447

where the residu€, is given byC,, = (—e1(®))¥?/[€2(w) — 1]. In the limit that4er < K, the approxi-
mation

nC2
1Gp(qI? = A—”é(p” — K|) (2.118)
tot

is valid, and we obtain

/oodx;g(SC) e CZCIZ’K”Z ’ dg(cosg, sing)t,, (Q K ) (2.119)
0 diff 6472410 Refo(Kw J_» ) pp <IN '
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Fig. 30. A polar plot oft(¢)sp for a random silver surface, characterizeddy 0.075um anda = 2.5um, at the vacuum
wavelengthig = 10um. The dashed curve shows the second-order contributid(single scattering), and the solid curve gives
the sum of the contributions of the second and fourth ordess(Ref.[115].)

whereQ| = K (cos¢, sin¢g). The magnitude of the energy flow in the vacuum carried by the diffuse part
of the surface plasmon polariton field scattered into the angular intesyal+ d¢) is then given by

02C2K2

= P
(P(P)spldiff = 642 oy Reﬁo(KH)prp(QIHKII) . (2.120)

All of the angular dependence of this function resides QK ).

The functionz,,(Q|K ) was calculated by Shchegr¢¥15] to fourth order in the surface profile
function, which is the lowest order in which enhanced backscattering effects [dd@&]r and which
gives the dominant contribution to these effects. The result was used to cal@d@iaig=r,,(Q|IK )
for a weakly rough silver surface. The dielectric function of silver was represented by the simple,
free electron, forme(w) =1 — wf,/[w(co +ip)], with 0, = 7.2 x 10*cm~! andy = 225cnT! [119].
The roughness parameters were chosen t6 $€0.075um anda = 2.5um. The frequency» of the
incident surface plasmon polariton corresponded to a vacuum wavelengtrc/w = 10um, lying
in the infrared. The surface plasmon polariton attenuation lefgth= 1/24 at this frequency was
calculated to béo; = 0.38 cm. A polar plot oft(¢)s, calculated to fourth order id is presented in
Fig. 3Q together with the contribution from single-scattering processes alone, whichdgséf. Al-
though the single scattering contribution is the dominant orfeign 30, the weaker double-scattering
contribution, which is oD (§%), contributes a peak td¢)spin the retroreflection direction. This statement
is contradicted by the next section.
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Fig. 31. Angular dependencies of the reflected (p-polarized) light intensity measured (circles) and calculated (solid lines) for
silver films exhibiting different roughness. (R§20].)

2.2.2. Direct observation of SPP backscattering with SNOM

Enhanced backscattering of light from random media has been intensively studied experimentally (see,
e.g., Refs[102,113,120hnd references therein). Backscattering enhancement arising from the SPP exci-
tation on a rough metal surface has been observed in the diffusely scatter¢tllR]hThis enhancement
has been found to result from the coherent interference of scattered contributions (propagating in air)
from counterpropagating SPP20]. The enhanced backscattering of SPPs in a surface plane has also
been observed indirectly by detecting a sharp peak in the angular dependence of the efficiency of second
harmonic generation in the direction perpendicular to the sample surface observed in transmission through
a rough metal film in the Kretschmann attenuated total reflection geofd@tty(see also the discussion
in Section 7). The occurrence of such a peak is a fingerprint of the enhanced backscattering of SPPs,
since SHG in the normal direction is related to the nonlinear interaction between counterpropagating (i.e.
between the excited and backscattered) SPPs at the fundamental frefjizjcy

The in-plane SPP backscattering can be directly imaged using scanning near-field microscopy. Two
slightly different weakly rough surfaces of silver films similar to those used in the SHG experiments have
been studied?0]. Angular dependencies of the total reflection from both films exhibit similar behavior
with well pronounced resonance minima (F81). The SPP wavelength and propagation length have
been estimated to be 610 nm and.®%, respectively, for both films.

Topographical images of the silver film surface of the sample A show a relatively smooth surface
with rarely spaced submicron-sized bumps of 40—80 nm heights3BigThe average distance between
these scatterers is aboup®. The near-field measurements of the SPP field at the silver—air interface
of this sample exhibit a well pronounced resonance behavior, which was expected from the far-field
measurements (Fi§l). The average optical signal was about 25 times smaller if the angle of incidence
was out of resonance by 2° or if the fiber tip was moved a few microns away from the surface.
Therefore, the contribution of propagating in air components of the scattered field in the detected signal
can be disregarded. If a large scale scatterer is present in the field of view, the near-field optical image
(with the SPP being resonantly excited) shows an interference pattern due to interference between the
excited and scattered SPPs (R3gb), which is similar to the behavior for the smooth gold films (Fig.

26). However, as the SPP propagation length is about 3 times larger for the silver film than that for
the gold film, the interference pattern recorded with the silver film reveals also the presence of SPPs
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Fig. 32. Topography (a) and corresponding near-field intensity distribution (b) obtained with the silver film A. The gray-scale
of the topographical image corresponds to 73 nm. The scale of the optical image corresponds to 0-2 nW. SPPs are resonantly
excited upwards in the vertical direction. (Rgf0].)

scattered from other scatterers that are not seen in the topographical image. Consefygientlyfor

the silver film whereas ¢p ~ [ for the gold film of similar topography. Thus, one can expect to observe
interference effects related to the regime of multiple scattering of SPPs propagating along the silver film
surface.

Weak localization of SPPs manifests itself in the formation of the backscattered SPP due to interference
effects in multiple scattering of SPPs in the surface plane. The physical origin of this two-dimensional
phenomenon is evidently the same as that of the enhanced backscattering in three dimensions: the wave
which travel along the same light path in opposite directions will always have the same phase and
interfere constructively only in the direction of pure backscatteflf}?]. Apparently, formation of the
backscattered SPP should be most pronounced relatively far away from individual scatterers, where
the SPPs scattered along different routes are of the same magnitude. In three dimensions, this situatior
corresponds to the detection of scattered waves outside of a medium with random scatterers. The presenc:
of the backscattered SPP can be deduced from, in general, a complicated interference pattern by extracting
the specific pattern corresponding to the interference between the excited and backscattered SPPs. Sinc
the excited SPP propagates upwards in the images, the appearance of horizontally oriented fringes with
a period equal to half of the SPP wavelength in the near-field optical image can be regarded as evidence
of the presence of the backscattered SPP.

Topographical and near-field optical images of the film A which exhibited a smooth surface topography
(with the maximum depth being less than 20 nm) without well defined scatterers, clearly contain such
interference fringes (Fig83). The Fourier transform of the optical image exhibits a number of bright
spots along the central horizontal line of the FFT plane corresponding to the signal variations between
successive scans (the scanning direction is vertical in the images) as well as two very bright spots situated
symmetrically along the central vertical line (FBBd). These spots correspond to the periodic variation
in the detected optical signal with the period-e805nm, the same as for the horizontal fringes seen
on the processed optical image (F&gc) demonstrating the presence of the backscattered SPPs on the
surface under consideration. The period of the interference fringes corresponds well to the expected value
of Asp/2 within the accuracy of the measurements.
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Fig. 33. Topography (a) and corresponding near-field intensity distributions (b,c) obtained with the silver film A. The gray-scale

of the topographical image corresponds to 18 nm. The scale of the optical image corresponds to 0.5-2 nW. SPPs are resonantly
excited upwards in the vertical direction. The optical image (c) is processed by averaging and filtering low spatial frequencies
out. (d) The Fourier transform of the image (b) with the central part being omitted.[dRé.

Topographical images of the silver film surface of the sample B reveal a surface topography similar
to that of the film A (cf.Figs. 3z and34a,b) but with more closely situated surface bumps. The average
distancd between the scatterers was estimated to be ahauat Shich is almost two times smaller than
for the film A. The decrease dthas been expected due to different fabrication conditions of the films.
The near-field measurements of the SPP field over the surface of the sample B exhibit behavior similar
to that observed with the film A. However, the near-field optical signal under the resonant SPP excitation
was about 5 times smaller than the signal detected with the film A, which is related to the increase of the
SPP scattering.

The near-field optical images obtained with the sample B are similar to those recorded with the previous
sample, but the interference effects related to multiple scattering of SPPs are much more pronounced.
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Fig. 34. Topography (a,b) and near-field intensity distributions (c,d) obtained in different places of the silver film B. The gray-scale
of the topographical images correspond to 57 (a) and 16 nm (b). The scale of the optical images corresponds to 0—0.2 nW. SPPs
are resonantly excited upwards in the vertical direction. (R€f.)

Evenin the presence of a scatterer in the field of view, the optical image showed a complicated interference
pattern indicating the presence of several scattered SPP84EjgOne can already see the appearance of

the characteristic horizontal fringes associated with the presence of the backscattered SPP. The difference
in the optical images of two surface regions with similar topography but of different filmgi@s. 32

and34) is apparently related to the difference in the average disthbheéwveen surface scatterers for
these films: multiple scattering of SPPs is more developed in the case of shia#lewith the film B)
resulting in more pronounced interference effects. One should expect to find a similar enhancement of
contrast in the optical images recorded in the absence of scatterers in the field of view. The horizontal
interference fringes due to backscattered SPPs are clearly seeB4dhig.

Thus, the multiple scattering of SPPs in a surface plane can result for certain parameters of surface
roughness in the surface polariton backscattering leading to the appearance of interference fringes ori-
ented perpendicularly to the direction of SPP propagation. Such fringes have appeared more pronouncec
and clearly visible for the film with larger roughness. This agrees well with the conclusions of the afore-
mentioned SHG experimentk21] with the silver films analogous to those described here: the efficiency
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Fig. 35. Angular excitation spectra of surface polaritons measured (circles) and calculated (solid lines) for the rough gold film.
(Ref.[18].)

of SHG in the direction perpendicular to the surface has been found to be significantly larger for films
with larger roughness confirming the stronger backscattering effect.

2.3. Multiple scattering regime: surface polaritons localization on rough surfaces

If the parameters of the multiple scattering regime are chosen appropriately, the strong (Anderson type
[107]) localization of surface polaritons can be achieved. However, it is rather difficult to modify surface
roughnessin a controllable way on such distance scales. There is a better chance to achieve this by choosini
notonly a different surface structure but also a different metal providing a different SPP propagation length
and SPP scattering efficiency. For the smooth gold films discussed above the SPP propagation length was
smaller than the distance between scatterers. Thus, the SPP behavior observed with those gold films wa:
related mainly to single-scattering events. For the silver films, the weak localization regime was realized
in multiple scattering: the SPP propagation length is greater than the distance between Hefeetd (
but not yet enough for the strong localization to ocdugg>> 7). If the distance between scatterers is much
smaller than the SPP propagation length, the stronger regime of multiple scattering of SPPs can develop,
and the (strong) Anderson type SPP localization is observed.

Anderson localization of SPP has been studied with surface polaritons on a relatively rough gold
film supporting the air—gold SPP of about 570 nm wavelength @5y[17,18] The SPP propagation
length can be estimated from the dielectric constant of the film to be ahaut By comparing the
angular excitation spectra of the smooth and rough films (Rigand35) one can immediately suggest
a significant difference in quality of these gold surfaces. Consequently, the detected near-field optical
signal over this rough film is on average about 30 times lower than the one due to the air—-gold SPP of
the smooth gold film. Topographical images of the film surface reveal the typical island structure of the
film consisting of~ 20 nm-high bumps(or pits) with various submicron (down to 100 nm) sizes in the
surface plane (Fig36 a). The optical signal obtained with the SPP being resonantly excited is much
smaller than in the case of a smooth gold surface, but the optical images also exhibited some extremely
bright spots (Fig36b). Typically, such a spot had a size-e250 nm, and the peak signal in it was up to
10 times larger than the average level (F@). If the angle of incidence was out of resonance by a few
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Fig. 36. Topography (a) and near-field intensity distributions (b,c) over the rough gold film. The gray-scale of the topographical
image corresponds to 40 nm. The optical images were obtained at the same place under (b) resonant and (c) nares8hant (
conditions of SPP excitation. The optical images are presented in a common scale corresponding to 0—-30 pW. The exciting light
is incident upwards in the vertical direction. The arrows indicate the direction of the cross sections shimyvB8T(Ref.[18].)

degrees, then the average optical signhal was only two times smaller, but the previously observed bright
spots disappeared completely, while similar bright spots arose at other places of the surfa@ecjFig.

The dependencies of the optical images on the tip—surface distance were also very different than that in
the case of the smooth gold film. It appeared that after moving the fiber tip alpoutatvay from the

surface the average optical signal decreases by about half, and it is nearly independent of the tip—surface
separation, whereas the bright spots were present only in the near-field imag@8)Fine can notice

that the observed bright spots are almost round and their locations are not correlated with the local surface
topography: the position of a peak optical signal can correspond to a surface piBgaygi39a,b), to

a surface bump (Fig%e,f), or to some intermediate position on the surface sléjme 8%,d).
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Fig. 37. The cross sections of the near-field intensity (a) and topography (b) obtained from the imBige86along the
directions indicated by the arrows. (REE8].)

The gold film under consideration reveals the same character of the topographical structure in different
places on the surface with obviously different topographical details. This gives the possibility to study
details of the SPP localization on a different surface topography. For different topographical structures
with the same characteristic parameters as above (5—100 nm defect height and 50-100 nm lateral size) the
localization spots (smaller than 250 nm in diameter) are observed in the near-field optical distributions
(Fig. 38). At larger distances from the surface the bright spots’ sizes are increased with a simultaneous
redistribution of the brightness, so that the bright spots quickly disappeaBg&igl). It should be noted
that an approximately two-fold increase of spot sizes has been observed when increasing the tip—surface
distance up to 500 nm. After that the size changes are less significant.

Detailed studies of the angular dependencies of the near-field im@iged(c,d) show that the main
difference observed for different angles of incidence is the average level of the optical signal, which
most probably is related to the efficiency of the SPP coupling. The localization spots are seen on all
images, but their brightness varied strongly with the angle of incidence. In general, an angular variation
of about 2 was enough to extinguish or to lighten up a spot. This behavior is demonstrated by the optical
images obtained for excitation angles near the SPP resonancd@i¢The bright spot irFig. 4 is
remarkable because it has the size of about 150 nm and a signal enhancement by a factor more than 7.
Such an angular dependence of the optical images can be expected for two reasons: (i) the SPP can b
excited at a sufficiently rough surface in a wide range of the angles of incidence as the SPP resonance is
broadened and (ii) the localization is an interference phenomenon, which means that the phase distribution
(along the surface) of the scattered SPP is very important. The observed angular widthkitifi which
an individual bright spot is pronounced, can be used to estimate the size of the surface area within which
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Fig. 38. Topography (a), near-field (b) and far-field (c, d) intensity distributions over the same area of the rough gold surface.
The gray-scale of the topographical image corresponds to 87 nm. The optical images were obtained under resonant conditions
of SPP excitation at different tip—surface distances: 5nm (b)pu@5c) and 1.2um (d). The optical images are presented in
different scales corresponding to (b) 0-50 and (c,d) 0—-35pW. The exciting light is incident upwards in the vertical direction.
(Ref.[18].)

SPP scattering contributes to the formation of the localization spot. This has been found to be about
10um, which is about the same as the SPP propagation length.

The angular and distance dependencies of the optical images indicate strong interaction of the SPP with
surface roughness that results in the situation that, on average, only a half of the optical signal measured
near the surface is related to the SPP field intensity. Another part, which is likely to be due to the direct
light scattering, should not depend much on either the tip—surface distance or the angle of incidence. Since
the near-field optical images have been obtained with a constant tip—surface distance, the contribution of
propagating light in the overall optical signal is known from the angular and distance dependencies of the
optical images~10% on average. This contribution is about 10 times smaller than the peak signal values
at bright spots. The propagating waves cannot form a spot image with a size smaller than the diffraction
limit (1/2 =~ 316 nm). Therefore, the observed spatially localized enhancement is indeed related to surface
polariton localization caused by surface roughness.
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Fig. 39. Topography (top) and corresponding near-field intensity distributions (bottom) at different regions of the rough gold
surface. The gray-scale of the topographical image corresponds to (a) 31, (b) 50, and (c) 27 nm. The optical images are presentec
in a common scale corresponding to 0-50 pW. The exciting light is incident upwards in the vertical directiofL§Ref.

These observations are consistent with the theoretical results on SPP localization on randomly rough
surfaceg§115,123] Strong (Anderson type) localization effects such as electron localization observed in
the conductivity of metals at low temperatuf@24], or light localization in strongly scattering media
[101]can occur in media with strong disorder, so that interference of multiply scattered waves makes their
propagation impossible leading instead to localization. Localization, which is associated with multiple
scattering, can take place only if the propagation length is sufficiently long compared to the mean free
path due to elastic scattering and satisfies the loffe—Regel critetigey 2 ~ 1, wherelsc is the mean
free path due to elastic scattering ahi the wavelength. Moreover, localization in the surface plane
(two-dimensional localization) is much easier to achieve than the localization of light in three dimensions.
In the absence of absorption, the wave localization in two-dimensions will take place with any degree of
disorden[106,125,126]In view of this, localization of the surface polaritons in the surface plane should
be expected if the loffe—Regel criterion is satisfied, viz>y Asp, and losses associated with the SPP
propagation, such as the out-of-plane SPP scattering into light, and Ohmic losses are sufficiently small
| < Lspto provide significant multiple-scattering effects. These conditions are satisfied for the rough gold
films discussed above.

It should be noted that the Anderson type localization of surface polaritons described above is ideo-
logically different from the case of localized surface plasmons. Localized surface plasmons are surface
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Fig. 40. Near-field intensity distributions obtained at the same area of the rough gold surface at different angles of incidence
0 =43 (a), 45 (b), 47 (c), 5C¢ (d) and 52 (e). The gray-scale of the optical images corresponds to (a,b,c,d) 0-40 and (e)
0—70 pW. The exciting light is incident upwards in the vertical direction. (R&f.)

modes confined to an individual metal particle or to a defect of a metal surface whose geometrical param-
eters satisfy certain resonant conditions as discussed in Section 1.1.2. The excitation of LSPs leads to the
electromagnetic field confinement at metal particles or features on a metal surface, while SPP localization
is caused by interference effects of multiply scattered SPP. This difference was clearly demonstrated in



202 A.V. Zayats et al. / Physics Reports 408 (2005) 131-314

the SNOM imaging of the electromagnetic field above artificial 2D metallic nanostructures with which
either LSP or Anderson localization can be observed for different paranjéfgrd he situation might

be different in the 1D case for which the contribution of localized surface plasmons on random one-
dimensional defects was calculated to be more important than the Anderson localization[@R3PP

This can be related to the different behavior of the SPP wave incident from the smooth surface (and thus
significant SPP scattering effects on the boundary with the rough part of a surface) in contrast to the SPP
excitation all over the rough surface and/or the specifics of the SPP scattering in the 1D case compared
to the 2D geometry.

3. Two-dimensional optics of surface polaritons

The observed surface polariton behavior in a surface plane and the SPP interaction processes with
surface features analogous to the processes involving light and optical elements can be generalised tc
introduce surface polariton optics. One can think about manipulating SPP on a surface in the same way as
light is manipulated and directed in 3D with optical elements. The advantage of the SPP approach is the
intrinsic two-dimensional nature of surface polaritons. Such two-dimensional quasi-optical circuits can
be indispensable when the optical schemes need to be scaled down to submicron dimensions. The mos
obvious applications of the 2D SPP optics can be envisaged in the area of optical communications and
optical computing for directing and routing optical signals between the elements of all-optical integrated
circuits. Such SPP optical elements can also find application in chemical and bio-sensing for parallel pro-
cessing of different SPP based sensor channels. The SPP optics approach can also allow the developmet
of efficient local optical addressing of hanoscopic objects such as single molecules and quantum dots.

In the past, the main disadvantage of SPP optics was thought to be a relatively short SPP propagation
length along a surface. For example, for silver films the propagation length is of the order of several
tens of microns in the visible spectral range, reaching hundreds of microns in the near-infrared spectral
range. Nowadays, however, a propagation length of several microns could be sufficient for carrying a
signal in optical circuits which themselves are of microscale dimensions. In addition, surface polaritons
on thin metal films in symmetrical surroundings exhibit a very long propagation range compared to SPP
on the surface of the same semi-infinite metal due to the interaction between SPPs on different interfaces
[27,128] Such long-range surface polaritons can have a propagation length exceeding centimeters in the
near-infrared spectral range.

Theoretical considerations of 2D optical elements for surface polariton waves have been known for
a long time. Interaction of SPPs with topography steps and topographyless refraction index steps in a
dielectric overlayer were considered as a way to create SPP mirrors. Fabry—Perot resonators for SPPs wert
theoretically describefy5,129] After the first successful attempts of SNOM imaging of SPP fields, the
concept of SPP optics was introduced experimen{ally followed by a continuously growing number
of realizations of various SPP optical elements.

3.1. The interaction of surface plasmon polaritons with material and/or geometrical discontinuities
in their propagation path

The surfaces on which the propagation of surface plasmon polaritons has been studied up to now in this
article have terminated substrates that were homogeneous in their material properties along the normals
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to them, and were homogeneous in the direction of propagation. In this section we consider the interaction
of surface plasmon polaritons with material and/or geometrical discontinuities in their propagation path,
such as steps on the surface or discontinuous changes in the dielectric function of the substrate.

The study of such interactions is of interest both for basic physics reasons and for possible applications
of the results in the design of all-optical, integrated optics devices. Since the electromagnetic field of
a surface plasmon polariton is confined to the near vicinity of the surface supporting it, it can be used
as an experimental probe of the properties of the transition layer between vacuum and the bulk of the
substrate or of thin films deposited on the substrate. For example, when a thin dielectric film is deposited
on a metallic substrate, and the frequency-dependent dielectric function of the film possesses a pole at
the frequencywg of an electric-dipole-excitation (vibration) that falls in the frequency range in which
surface polaritons at the metal/vacuum interface can exist, a second surface polariton can exist in this
structure[130]. If the film covers only the portion; > 0 of the metal surface and a surface polariton at
the metal/vacuum interface is incident on the edge of the film from the regier0, a portion of the
energy in the incident surface polariton is converted into the two surface polaritons that can exist in the
regionxy > 0, a portion is converted into a reflected surface polariton on the vacuum/metal interface in
the regionx; < 0, and a portion is converted into volume waves in the vacuum above the structure. For
frequencies of the incident surface polariton negthe conversion of the surface polariton into volume
waves is enhancgd31], which effect can be used to obtain information about the vibrational spectrum
of the film.

The refraction of guided wave polaritons incident on the interface between two waveguides or the end
face of a waveguide is also of interest in guided wave technology. With the recent interest in bistability
and similar all-optical operations in integrated optics structures it has been realized that the guided wave
end face reflectivity determines the finesse of a guided wave cavity, and hence the critical power required
for switching.

During the past decade several groups have studied the interaction of surface polaritons with material
and/or geometrical discontinuities in their propagation path by a variety of theoretical approaches.

3.1.1. The impedance boundary condition

In the work of Agranovich and his colleagues the diffraction of a surface plasmon polariton incident
normally on a semi-infinite dielectric film, or on a dielectric film of finite length, coating a metal surface
was studied by means of an impedance boundary condition on the magnetic field in the vacuum region.
This approach is valid when the thickness of the dielectric élis small compared to the wavelength
of the surface polariton along the surface, and when the frequency of the surface polariton is sufficiently
low that the real part of the dielectric function of the metal substrate is negative and large in magnitude.
The form that this boundary condition takes is

0Hy (x1, X3|w)} o (3.1)

0 0
[ + ﬂo(w)} Hj (x1, x3lo) + — [ﬂ(w; x1) 5
x1

Oox3 ox1
atthe planerz =0. In this equatiorfd; (x1, x3|) is the single, nonzero component of the total magnetic
field in the vacuum regionys > 0, when we take the plane of incidence to be ihes-plane. The
function fo(w) = (w/c)(—e(w))~Y? wheree(w) is the dielectric function of the metal substrate, and
wlw; x1) = d(e;l(w; x1) — 1), whered is the thickness of the dielectric film ang(w; x1) is its dielectric
function. Thex;-dependence of the latter arises from the circumstance that the film covers only a finite
or semi-infinite segment of the -axis (see below).
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The boundary condition (3.1) has been used in the study of the diffraction of surface plasmon polaritons
from the edge of a semi-infinite dielectric film on a metal substfagdi], and from the edge of a
dielectric film of finite length on a metal substra?@)]. When this boundary condition is used, only the
electromagnetic field of the surface polariton in the vacuum region needs to be calculated. All of the
effects of the film and metallic substrate are included in the boundary condition (3.1).

As an example, we consider the case of a surface polariton incident from the rggioh onto a
dielectric step that covers the metal surface in the regianc@< L. In this case

u(e; x1) = d(e (@) — DOxDOL — x1) . (3.2)

whered(x1) is the Heaviside unit step function. The field amplitudg (x1, x3|w) of a surface polariton
in the vacuum regions > 0 can be written as the sum of an incident and a diffracted wave,

H5 (x1, x3|w) = F@¥1=fol@vs 4. /OO dq 4F(q) gax1=bo@)x3 (3.3)
—o0 21 Bolg, w) — Po(w)

where the wavenumbéiw) of the incident wave is given by

1/2
k(w)z%(l— l) : (3.4)

e(w)

which is the form obtained from the impedance boundary condition (3.1) at a vacuum/metal interface
(u(w; x1) = 0), together with the relation-k2 + ﬁg + “’—22 = 0. The same relation yields the result that

c

Bo(q, ®) = (g% — (w/c)?)Y?, with Refy(g, ») > 0, Im Bo(g, ») < 0. When we substitute Eq. (3.3) into
the boundary condition (3.1) we find that the scattering amplifadg satisfies the integral equation

> dg , q%F(q) .
F(p) + Aoy — —k + k(w)) . 3.5
() f_ M Bod. ) — fo(@) (@)ii(p + k(w)) (3.59)
where
00 ) eiQL -1
Q) = / dran(xpd®" = d(c; ) - = (3.5b)

The integral equation (3.5) has been sol{&s] by the factorization methofd 32]. The transmission
coefficient for surface polaritonshas been calculated as a functionZofrom the result, and is plotted
in Fig. 41for the case of a silver film on an aluminum substrate. In this structure two surface polaritons
of frequencyw can exist with different wavenumbeks(w) andko(w), with k2(w) > k1(w) whenw is
lower than a certain critical frequency. The oscillationgobf the smaller period L, = =/ k> are due
to the multiple reflection of the additional surface polariton (of wavenumpefrom the edges of the
film. The oscillations of the larger periotlL1> = =n/(k> — k1) are due to the interference of the two
surface polaritons as they propagate in the region of the fiktnyP< L. The experimental study of such
interference phenomena may be useful for the determination of the optical properties of very thin films,
down to monolayer coverage.
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Fig. 41. The surface plasmon polariton transmission coeffidieas a function of the length of the film in the case that an
aluminum surfacen 2, = 15.8 eV) is covered by a silver filniiw, = 3.8eV). d = 20A, w/w, = 0.95. (Ref[75].)

The work of Agranovich and his colleagues on the refraction of surface and guided wave polaritons by
material and/or geometrical discontinuities in their propagation path has been summarized in a review
article[133].

3.1.2. Modal expansions (discrete)

A different approach to the problem of the refraction of a surface or guided wave polariton by material
and/or geometrical discontinuities in its path has been taken by Maradudif7éfand their colleagues.

In this work the interaction volume is limited by placing two shorting planes above and below the
surface(s) on which propagation takes place. These planes are perfect conductors that force the tangentis
components of the electric field to vanish on their surfaces. The resulting structure is a (closed) waveguide.
The electromagnetic modes of this waveguide are discrete, and provide a convenient basis in which to
expand the electromagnetic field in each segment of{faxis (the direction of propagation) defined by

the refracting system.

Thus, in the study of the refraction of a surface polariton by a vertical interface between two different
surface active dielectric media, characterized by isotropic, frequency-dependent, dielectric functions
e1(w) ande2(w), which are both negative at the frequenepf the surface polariton, the open structure
depicted inFig. 42a) is replaced by the closed waveguide structure depicté&dgind2b). The latter
structure consists of two closed waveguides of the type depictEdjirt3joined at the plane; = 0.

The waveguide modes in the structureFof. 43 that describe a p-polarized wave propagating in the
x1-direction are

coshug(d — x3)

i1 0<x3<d, 3.6a
coshogd 3 ( )

H(x1, x3|w) =

_ coshu(d + x3) b1

P _dg <O 5 3.6b
coshud 3 ( )
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Fig. 42. (a) An open structure consisting of a metal characterized by a dielectric fuagtionin contact across a vertical
interface with a second metal characterized by a dielectric funegian), when both metals have a common interface with
vacuum. (b) The closed waveguide structure that replaces the open structure depicted in (a).

X3
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~ metal: (w) 77
s
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Fig. 43. A closed waveguide of the kind used in creating the structure depickégl ih2b).

icag sinhog(d — x3) gbr1
coshugd

E1(x1, x3lw) = 0<x3<d, (3.7a)

ice  sinha(d +x3) g,
_ . _d<x3<0, 3.7b
we(w) coshud © 3 ( )
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cp coshug(d — x3) b1

E =— = O0<x3<d , 3.8
3(x1, x3|w) coshood . x3 (3.8)
cp  coshu(d + x3) e
=— , —d<x3<0, 3.8b
we(w) coshud © 3 ( )
where
02 1/2
ao(f, ) = (ﬂz — —2> , Reog>0,Imog<0, (3.9a)
c
wz 1/2
a(B, w) = ([32 — e(a))—2> , Rea>0Ima<0. (3.9b)
c

For a given value of the frequenaythe allowed values gf for which the modes (3.6)—(3.8) are defined
are the solutions of the dispersion relation

ao(f, ) B tanha(B, w)d
a(f, )  tanhog(f, w)d

The solutions of this equation are discrete and are labeled by aninde, 1, 2, ... They are complex
ingeneralf=fr+ip;, wheref, >0, f; > 0, for a wave that propagates in the1-direction, or decays
exponentially with increasing;. The modes are ordered according to decregsingith ; =0 (which
corresponds to propagating modes) ufiti=0. They are then ordered according to increaginfyvhich
corresponds to evanescent modes). The valyeaoirresponding to the surface polariton is real, and is
denoted bys,.

The remaining solutions of Eqg. (3.10) describe modes of several types. These include modes which, in
the present closed waveguide structure, are standing waves in the cooxdinatenal to the surface of
propagation in the region 9 x3 < d of the waveguide filled with a dielectric medium whose dielectric
constant is positive. Hence in these modes energy is being returned to the surface of propagation from
the region of the perfectly conducting planes as well as flowing away from it. A similar necessity of
including incoming as well as outgoing waves in obtaining the normal modes of open waveguides has
been noted by ShevchenKi84]. Finally, the electromagnetic modes of our waveguide include some that
decay exponentially in either thexi- or —x1-directions.

If it is assumed that the surface polariton is incident on the interfaee0 from the regionx; < 0, the
components of the electromagnetic field in each of the regiprs0 andx; > 0 can be expanded in the
corresponding waveguide modes. Thus, in the regioa 0 we have

e(w) (3.10)

Hy ;1) = { HY'O (1, x3l0) + r By O (1, x3l0) + Y RuHY™ (1, x30) { €77 (3.11a)
m(>0)

Ef 0y ={ E{O Gy, xslo) + rE{ O, xslo) + Y RwE{Y (v1, xglw) p €77 (3.11b)
m(>0)

E5 (1) ={ ESO (r1, x3lo) + rES O (1. x3lo) + Y RwES™ (x1, xglw) p €77, (3.11c)
m(>0)
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while in the regionv; > 0 we have

Hy (1) = tHS? (. x3l0) + Y Ty H3?™ (x1, xalo) €71 (3.12a)
m(>0)

Ef 060 = VEPY (va xslo) + Y0 T EP™ (xa, x3lo) e (3.12b)
m(>0)

E5 060 = LS (v, xzlo) + ) TwES™ (1, xslo) p &7 (3.12c)
m(>0)

In these expansions the waveguide modes have been labeled by a doubléingexherei = 1, 2,
indicates which dielectric functiom; (w) or ex2(w), respectively, appears in the dispersion relation (3.10),
while m labels the solution fop for a givene(w). In addition, modes for whiclg is replaced by-p,
corresponding to reflected waves, are denoted by a bar over the symbols of the corresponding field
components.

Thus, the first term on the right hand side of each of Egs. (3.11a)—(3.11c) represents the incident surface
polariton; the second term represents the reflected surface polariton; while the third term represents all
the reflected modes other than the surface polariton. Similarly, the first term on the right hand side of
each of Egs. (3.12a)—(3.12c) represents the transmitted surface polariton, while the second represents al
the transmitted modes other than the surface polariton.

The coefficients in these expansions are obtained from the Maxwell boundary conditions at the interface
x1 = 0, which require the continuity of the tangential components of the magnetic and electric field, viz.
of Ha(x; t) and E3(X; t), across this interface. The equations expressing these conditions are

HY? (0, x3lw) + r Ay 00, x3l0) + Y Ry 3™ (0, x3]00)
m(>0)
=tHY 0. x3l0) + Y TuHy"(0.x3l0), —d<xsz<d, (3.13a)
m(>0)
and

ES(0,x300) + rES?(0,x3l0) + Y RwES™ (0, x3]w)
m(>0)

tESO(0.x3l0) + Y TuEY™ (0. x3lw), —d<xs<d . (3.13b)
m(>0)

The mathematical necessity for including waveguide modes other than those corresponding to the
incident, transmitted, and reflected surface polaritons in solving the problem of the refraction of a surface
polariton by a transverse discontinuity is due to the impossibility of satisfying the boundary conditions at
the transverse boundaries of the refracting system by the use of the electromagnetic fields of the surface
polaritons on the two sides of the boundaries alone. This is caused by the different decay lengths of the
surface polaritons in the directions normal to the plane of propagation. An admixture of the remaining
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types of waveguide modes is needed to satisfy these boundary conditions. Physically, the presence of
volume modes in the expansion of the electromagnetic field in each region of the refracting system
corresponds to the conversion of a portion of the energy carried by the incident surface polariton into
volume modes when the surface polariton strikes a transverse discontinuity.

The method generally used to solve a system of equations of this type was the collocation method. In
this method these equations are required to be satisfied at a discreteNsetjohlly spaced values of
x3 in the interval(—d, d) along thexs-axis. This requirement leads to a set &f 2quations in the case
of Egs. (3.13). The firsiN modes are used in the expansion of the field components on each side of the
interface. Thus, a set of\2 unknowns has to be solved for the coefficients, R,,, andT,,. The number
of points N is increased until convergence of the solution is achieved. The convergence criterion used
was that the energy in the system be conserved, which can be formulated in the following way.

The time averaged power flow in the-direction per unit width in the»-direction in any waveguide
mode is given by

8n

This quantity is nonzero only for those modes for which the corresporlisgeal. This result can be

used to obtain the reflection and transmission coefficients for the surface polariton. These are obtained
by normalizing the power flow per unit width in the reflected and transmitted surface polaritons by that
in the incident surface polariton. In this way we obtain the results

d
PL= ~ Re / dx3E3(xy, x3lw) Hy (x1, x3l0) . (3.14)
—d

d = (10 ~ (10
| o | [ dvsES (a1, xslw) A (x1 xslw)* |
S, dx3ES (x1, x3lw) Hy  (x1, x3|)
d 20 20
9 f_ddX3E;(J, )(XLX3|(U)H2( ) (x1, x3lw)*
[ dx3Eg " (x1, x3|w) Hy ™ (x1, x3|0)

The efficiencies of converting the incident surface polariton into reflected and transmitted volume modes
are defined in the same way:

2| 4y A3 ESY™ (x1, xalo) HSY (x1., x3l)*
JE Ax3E5 7 (x1, x3|w) Hy ™ (x1, x3| )
ﬂ L[4, dxsES™ (x1, x3le) Hy™ (x1. x3lo)*
T = T2 |2 5 5 - (3.16h)
JE Ax3E5 7 (x1, x3|w) Hy ™ (x1, x3|w)

It should be keptin mind tha#,, and.7,,, are nonzero only for those modes on either side of the interface
x1 = 0 for which the correspondingj, is real.

Since we are dealing with lossless dielectric media the requirement of energy conservation is that all
of the energy in the incident surface polariton is converted into the energy carried by the reflected and
transmitted surface polaritons and by the reflected and transmitted volume modes. This condition can be
expressed as

Rsp+ Tsp+ Y R+ Tm=1. (3.17)
m m
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Fig. 44. The energy transmission coefficients for surface plasmon polaritoisfap = 1 in units of 2wc/w Ref.[135].

This condition could be satisfied with an error of less than 1% by makisgfficiently large, e.g., 50 to
80, depending on the specific structure studied.

The surface plasmon polariton transmission and reflection coefficients have been calculated for the
structure depicted iRig. 4b) [135], and the transmission coefficient is plottedrig. 44 The dielectric
functione(w) for each metal was assumed to have the simple free electron fapin= 1 — (w%/wz),
with a different plasma frequenay, characterizing the two metals. Two situations were considered.

In the first it assumed that the frequengyof the surface polariton incident on the interfage= 0 is

such that, /o = 1.5 wherew, is the plasma frequency of the metal in the regigr< 0. The plasma
frequency of the metal in the regian > 0 is assumed to be variable and to increase in such a way that
w,/wincreases from 1.5 to 5 whiteis kept fixed. Itis seen frorRig. 44that the transmission coefficient

of the surface polariton decreases as the misméfieh) /»] between the surface polariton fields on both
sides of the transverse discontinuity increases. In the second case considered the surface polariton o
frequencyw was incident on the interface from the region< 0, in which the plasma frequeney, was

variable, so that the rati©, /o increased from 1.5 to 5. The plasma frequency of the metal in the region

x1 > 0 was kept constant in such a way that the ratjg'«w was fixed at a value of 1.5. In this case the
transmission coefficient remains constant at nearly unity as the valug/of the region of incidence
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Fig. 45. A system consisting of a semi-infinite vacuum separated by a planar interface from a semi-infinite metal.

increases. Perhaps the most interesting conclusion obtained from the results depiiciedis the lack

of reciprocity of the transmission process. That is, given a fixed set of material parameters, the surface
polariton transmission coefficient depends on which side of the transverse interface the surface polariton
is incident from. The reason for this nonreciprocity is the generation of volume fields and nonpropagating
modes that accompanies the transmission phenomenon.

The method outlined in this subsection has been applied to the study of the interaction of a surface
plasmon polariton with a variety of material and/or geometrical discontinuities in its propagation path,
both when the surface polariton is incident normally on the discontinuity, and when itis incident obliquely
on it. This work is summarized in the review arti¢ier].

3.1.3. Modal expansions (continuous)

Although transmission and reflection properties of surface polaritons at transverse interfaces are well
described by the results of theoretical studies of these phenomena based on waveguide modes in close
waveguides, such as were described in Section 3.1.2, those of the volume modes are not. This is due tc
the fact that the perfectly conducting planes that define the waveguide can be placed far enough from the
plane of propagation that the surface polariton, which is localized to the vicinity of this plane, becomes
insensitive to their presence. On the other hand, the volume waves, due to their radiative nature, always
feel the presence of the perfectly conducting planes. A distortion of the radiation pattern, i.e. the angular
distribution of the intensity of the electromagnetic radiation in the vacuum region caused by the conversion
of some of the energy in the incident surface wave into radiative modes, therefore results.

This deficiency of the method described in Section 3.1.2 can be overcome if the fields on both sides of
a transverse boundary are expanded in terms of the modes of an open wave guide. This has been done
albeit in an approximate fashion, by Voronko et[436]. In the case of p-polarized surface polaritons
propagating on the structure depictedrig. 42a), their procedure reduces to the following. The solution
of Maxwell's equations for the surface polariton propagating in the two layer system shdvig. ih5
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can be written as

H*(x; 1) = (0, Hj (x3), Q)ek(@xaier (3.18a)

ES(x; 1) = (E§(x3), 0, E4(xg)ek@xiior (3.18b)
where

H;(x3) = Hoe_ﬁo(w)xg', x3>0 (3.19a)

=He/ @3 x3<0, (3.19b)
with

ol o)) \Y?
k(w) = B (m) ) (3.20a)
N P — pay = 214 (3.20b)

¢ (Je(w)] — DYZ’ ¢ (Je(w)| — D¥2’

while the components’; (x3) and E5(x3) can be obtained from

3 (xg) = < 2o () (3.21a)
we  0x3
k
ES(x3) = —— OE:’) H3(x3) . (3.21b)

In Egs. (3.21} denotes the dielectric function of the medium in which the electric field is being calculated.
In a similar fashion the solution of Maxwell's equations representing radiative modes in the system
depicted inFig. 45can be written as

HE (x; 1) = (0, Hy®(x3), Q)kaier | (3.22a)

ER(x; 1) = (ET3(x3), 0, E53(xg))kraion (3.22b)
where

H§3(x3) = B(k3) |:COSk3X3 + i 'B)k Siﬂkg)@] , x3>0 (3.23a)

e(w)k3

= B(k3)e®3, x3<0 (3.23b)
with

=" i (3.242)

1= c2 3> .

2 2
p2 =2 - e(w)% =(1- e(w))(;)—z — k2, (3.24b)
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while
—ic dHA®
E3(x3) = —le dHp"(x3) (3.25a)
we dx3
ck
EF(xg) = —w—elH£‘3 (x3) . (3.25b)
The coefficientsHy and B(k3) are defined by the orthogonality conditions
o0 1
/ dxgHj(x3) E3(x3) = —— , (3.26a)
— 0o w
o ké k3 * 1 /
dxzH, (x3)E3°(x3)" = —50(k3 —k3) , (3.26b)
—00

and have the values

2Bo() ) 1°
[ck(w) ez(@—J ’

(3.27)

(3.28)

5 1/2
21 1
mcka k5 + (Bz/ez(cu)):|

B(k3) = |:

The continuity ofH, and E3 atx; = 0 can be expressed through the equations

mi

Hiy(x3) + RH;, + dksR (k3) Hi3(x3)
0

mo
=T H,(x3) + /c; dkgT(kg)Hg(xg) (3.29a)

_ m _
Ej5(x3) + REj3+ /0 dkgR(k3)E§3é(X3)
my
= TESq(xa) + /0 dksT (ks) ES3(rs) . (3.29b)

which have to be satisfied for all valuesxafin the rangg—oo, c0). In these equations the overhead bar
denotes a mode in whidh(w) is replaced by-k(w) or k; is replaced by-k;. In the double subscript

(i, j) to each of the field components in these equations the first index denotes the medium in which the
component is being calculated, while the second denotes the Cartesian component of the corresponding
field. The upper limitsny andms on the integrals oveks are obtained from the requirement that the
decay constant in each medium be positiveéz <m = (w/c)(1 — e(w))Y?.

Equations (3.29) were solved by Voronko et[&aB6] by the use of the orthogonality conditions (3.26)
together with the approximation of neglecting the interaction of reflected and transmitted radiative modes
with different transverse wavenumbers (The latter approximation can be avoided at the expense of
a good deal of computational effort if the reflection and transmission amplitudes of the radiative modes
R(k3) andT (k3), are expanded in a complete set of orthonormal functions in the intervals Qm1,
and 0< k3 <mo, respectively.) In this way analytic expressions were obtained for the surface polariton
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Fig. 46. The angular dependence of the energy scattered into the vacuum region when a surface plasmon polariton is incident
from a metal withw, /o = 2.7 on a metal withw, /o = 1.8. The surface plasmon polariton transmission coefficient is 0.9053;
its reflection coefficient is 0.0027 Rg1.36].

reflection and transmission amplitude@sand7', and for the radiative mode reflection and transmission
amplitudesr (k3) andT (k3). From the latter the angular distribution of the intensity of the light scattered
into the vacuum above the metal surface could be calculated. A typical result of these calculations is
presented ifFig. 46

Despite the attention that has been directed at the problem of the refraction of surface plasmon polaritons
by material and/or geometrical discontinuities in their propagation path, and the variety of the methods
that have been used in studying such problems, it seems fair to say that an approach capable of yielding
numerically accurate results without the necessity of making simplifying assumptions and approximations
remains elusive. The development of such an approach is a challenge to physicists working in this field.

3.2. Elements of SPP optics

Various elements are needed for applications in surface polariton optics which can efficiently perform
their function (in-plane SPP manipulation) while introducing as small as possible out-of-plane losses.
On the basis of the SPP behavior discussed in the previous Sections, such elements can be especiall
designed with appropriate assemblies of surface features of different shapes and sizes. Both topographica
effects and the effects related to variations of the dielectric constant can be used to optimise the element
properties. Prototypes of many elements of SPP optics have already been demonstrated. Applying a direct
analogy to the element base of conventional optics, SPP mirrors, resonators, prisms, polaritonic crystals,
waveguides, etc. have been propoget25,59,74,75,129,137]

Itis relatively easy to introduce an effective refractive index for the interaction of a SPP with a surface
feature like a shallow crater or bump that scatters a SPP wave. The dispersion relation for the SPP in the
air—metal—glass system can be writterj%8138]

w(ksp) = cksp((e2 + 1) /)2 (1 + Ae= %22y | (3.30)
where

(—ere2 + 2 — e)Y? +ieg

A =2¢ ) .
(& — D((—e1e2 + e2 — e))V/? +ien)

(3.31)
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Here,k? = k%, — (w/c)?; is the normal component of a wavevector. The index 1, 2 denotes the

glass and the metal film, respectively. In the case of a silver[B®y, if its thickness is large enough
(e~%2%2 < 1), this coefficient can be estimated to be~ 0.1. Thus, the SPP phase velocity depends on

the thickness of a metal film (Eq. (3.30)). The SPPs are faster in the areas where the film is thinner. The
effective refractive index of a shallow defect with respect to SPP interaction can be then written as

n=uvp/v=1+ A(e %l _ g=2kady (3.32)

wherev is the SPP phase velocity in the region of a surface feature of thickreessvg is the SPP phase
velocity on a smooth metal film of the thicknegs Numerical analysis of this expression shows that in

the experiments with silver films described in Section 2.3 80 nm) the effective refractive index

n varies within the range 0.89-1.0001. For shallow bumpsl and the changes im are negligible,

while for shallow craters the refractive index 1 and changes substantially. The SPP refractive index
behavior is related to the fact that the SPP field extension in a metal is almost 10 times shorter than in
air, thus “subsurface” defects interact with surface polaritons more strongly than do shallow bumps. This
result agrees qualitatively with the observationEiig. 24 shallow bumps have a much smaller effect on
SPP propagation than shallow craters.

Similar effective refractive indices could be assigned to areas of the metal film where the composition
of a film is modified or there is an additional overlayer on a metal surface. In some cases, the presence of
an overlayer could lead to the appearance of additional SPP nj@88%but in many cases the presence
of afew molecular monolayers on the surface of a metal film leads only to a shiftin the SPP phase velocity
[140]. In terms of an effective refractive index, this shift can be expressed as

n=214 ((eq — 1)/ea(—em — DY?)2rd, ) 3sp , (3.33)

wheree, is the dielectric constant ant} is the thickness of an adsorbed layer (here it is assumed that
eq <lem|). For example, four monolayers of cadmium arachidate give a shift in the SPP phase velocity
corresponding ta = 1.033[141]. This effect can be used to create simple optical elements for the SPP
field redistribution such as lenses or prisms. A triangular region of the silver film covered with an overlayer
would act as a prism on a propagating SPP beam. One could estimate the dispersion of such a prism by
taking into account the dispersion of the metaknd dielectrie,. This has the same order of magnitude
as the dispersion of any bulk optical prism.

The most elementary optical element is probably a mirror. SPP reflection from finite as well as from
semicontinuous topographical barriers on a surface has been described theo[@88&lTyhe reflection
of SPP from a topography-free surface region with variations of the dielectric constant has also been
studied numerically129]. The strong in-plane reflection properties of surface defects makes them good
candidates for applications as SPP mirrors if they are appropriately fabricated on a surface to provide the
required directionality. Different types of SPP scattering such as preseritagsirk0and26 can be used
for creating a SPP mirror. The two surface features can be positioned within a few microns from each
other giving rise to distinctly separate SPP beams (Fi§saand22). The SPP beam from one surface
feature can be directed onto another, etc. One can envisage numerous applications of such structures i
sensor arrays as each SPP beam could probe the surface chemistry in a very localized region.

Another approach to SPP mirrors employs multiple scatterers of smaller lateral size to reduce the out-
of-plane scattering into light. The appropriate arrangement of such scatterers can result in the efficient
and controllable change of the scattered SPP direction due to interference effects of the SPPs scattere



216 A.V. Zayats et al. / Physics Reports 408 (2005) 131-314

R(cr)

kR(0)(1+cosa)=const

Oy

kR - kRcoso, = 2nn

n =

Fig. 47. SPP intensity distributions produced by (a) one and two focusing SPP mirrors (left and middle images, respectively)
and (b) SPP lens. Image size isAD0um?2. Geometries showing arrangements of individual defects in the SPP mirror and lens
are also presented. Direction of the incident plane SPP wave is shown by the arrowfsqRef.

by individual defects. A set of defects can be used for this purpose to create Bragg-type reflectors for
surface polaritonf24].

In addition to flat mirrors, one could think of focusing mirrors or lenses consisting of surface defects
similar to those irFig. 18 Some examples of the modeling of such SPP optical elements are shown in
Fig. 47. A curved defect described in polar coordinatesRiy,) = 2F /(1 + cosx) would represent a
focusing mirror with focal lengthF (Fig. 47a). The positions of the point sources that direct reflected
secondary SPP waves to be exactly in phase at some particular focal point, is given by the equation
kR(a) + ¢(o) = const, wherep(x) = kR(x) cog«)). A surface object shown iRig. 47a (middle), which
consists of two focusing mirrors positioned next to each other should have two focal points. Another
possibility is to create a SPP focusing lens using a zone plate prin€iigled 7 shows the intensity
distribution produced by such an element. The defects are positioned on a circle of Radiwsder
to compensate for the distance dependence of the field in a cylindrical scattered SPP wave. The angular
position of thenth SPP source is given by the expresskdt — kR coqw«,) = 2nn. All these optical
elements could find numerous applications in integrated optics.

With the availability of SPP mirrors, Fabry—Perot type resonators for surface polaritons can be intro-
duced. Theoretically this type of resonators for SPP has already been de$c&ld&xd] The proposed
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Fig. 48. Topography (a) and near-field intensity distribution (b) close to the defect playing the role of a resonator for surface
polaritons. The gray-scale of the topographical image corresponds to 115 nm. The field distribution observed in the middle and
right-bottom part of the optical image is related to the scattering on the subsurface defect situated in the right-bottom corner and
not visible in the topography (see REE7]). The SPP wave propagates upwards in the vertical direction. [(R@&f)

resonator can be created by two types of metal with different dielectric constants, while the surface to-
pography across the resonator is kept smooth. Such an arrangement having a length smaller than the SP|
propagation length allows efficient formation of SPP standing waves over the structure. Recent studies
of metallic pads and stripes on a dielectric surface have shown that resonator-type behavior is possible to
achieve with such structur@0]. In this case the reflection of SPPs occurs on the topographical structure
rather than on the dielectric contrast variation. Appropriately sized circularly symmetric defects can also
act as cavities for SPP creating desirable field distribufibp One example of such cavity is presented

in Fig. 48 The topographical image reveals a relatively small bump on the surface, whose lateral size and
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height are~ 0.5 x 0.5 um? and 100 nm, respectively. This bump results in SPP scattering that leads in
turn to an interference pattern. In contrast to the previously observed interference related to larger defects
(Fig. 26), in this case the SPP propagates along the bump surface and scatters on the bump borders, thu:
forming a compact standing-wave field distribution around the bump. This can serve, at least in the first
approximation, as an example of a microresonator (microcavity) for SPPs.

In analogy to photonic crystals, surface polaritonic crystals can be introd@8gdelying on peri-
odically structured metal films influencing propagation of SPPs on the surface. One-dimensional be-
havior of the surface polaritons on metallic diffraction gratings has been extensively studied reveal-
ing pronounced band-gap effed®21]. Similar to photonic crystals, they attract enormous interest
due to their waveguiding properties using specially introduced defect structures in the regular crystal
lattice[25].

In addition to the discussed approach to 2D optics based on surface plasmon polaritons on nanos-
tructured surfaces, alternative approaches have been proposed based on the guiding of SPP wave
by grooves in a metal filmj142] or by finite width metal stripe$143-147] These techniques can
provide a high degree of the electromagnetic field confinement and delivery to a localized place al-
lowing to address locally single molecules. However, the bend-losses of this kind of “SPP wires”,
which has not yet been studied in detail, seem to be one of the disadvantages for their photonic
applications.

Another approach to light confinement and manipulation relies on discrete metallic nanostructures
that are chains of closely spaced metallic nanospHéws 148] These can be either a simple linear
chain or more complex, e.g., Y-shaped structures for optical signal splitting or combining. In the simple
model, the coupling of the illuminating light into LSP on one sphere can be considered followed by LSP
migration along the chain by tunneling from one sphere to another. The exact description of such discrete
nanostructures should involve fully retarded electromagnetic modes of a metallic chain.

Thus, the use of modern nanofabrication techniques provides the possibility for precise engineering of
surface structures of required sizes and configurations, so that eventually all elements of surface polariton
optics are within reach.

4. Near-field microscopy of surface plasmon polaritons and characterization of metal surfaces

Surface characterization is a very important area of scientific efforts in the past decades. The main
information required to characterise a surface is the dielectric constant of a film and surface roughness
parameters. It will not be an exaggeration to say that the SPP studies have been mainly drivenin the past by
their surface sensitivity. Due to the SPP field localization at the metal—dielectric interface, SPP behavior
is extremely sensitive to the state of the surface and has been used for the characterization of surface
roughness as well as for studying optical properties related to roughness of metal films. Numerous surface
polariton applications can be found in the area of chemo- and bio-sensors as even a slight (submonolayer)
modification of a metal surface results in a measurable change of the SPP resonant conditions and allows
monitoring the adsorption processes on a surface, and thus the environmental conditions to which the
surface is exposed.

The measurements of the resonant conditions of SPP excitation on a surface have been used for
determining the real and imaginary parts of the dielectric constant of a thifZ]InDespite excellent
differential sensitivity (to the changes of surface conditions) the absolute accuracy of the dielectric
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constant measurements of metal films with surface polaritons is compromised by their sensitivity to
surface roughness. Different films of the same material or even different places of a surface can exhibit
differentroughness that may lead to slightly different SPP resonant conditions and as a result, to ambiguous
data derived from the SPP measurements. Since scanning near-field microscopy has been commissione
for surface polariton studies, the local characterization of metal surfaces is extensively developing using
SNOM measurements of local SPP parameters.

In an approach analogous to conventional surface characterization using the SPP resonance measure
ments, the local SPP parameters such as a wavelength, the field extension length from and the propagatio
length along a surface are measured with SNOM followed by the calculation from these measurements of
the dielectric constant of a metal filf3]. In addition to providing data on the local dielectric constant,
this approach significantly simplifies the numerical treatments of the experimental data, as up to three
different experimental parameters can be used for the derivation of the two parts of the dielectric con-
stant. In the conventional treatments, an additional assumption (e.g., Kramers—Kronig relations) should
be considered, or fitting of the angular dependencies must be performed to derive a dielectric constant.

To derive surface roughness parameters, far-field measurements of SPP scattering into light on rough
surfaces has been widely employ2dl49] The data on the far-field light scattering in principle can allow
estimations of roughness parameters if the dielectric constant variations are known (or vice versa), but
a mathematical treatment of the inverse scattering problem is extremely difficult. Near-field microscopy
can be used for direct characterization of the surface roughness via observation of the surface polariton
scattering in the plane of a surface. Although STM, AFM, or shear-force measurements can provide
precise knowledge of the surface topography, optical measurements are indispensable for the studies of
inner (bulk) defects in thin films, defects associated with dielectric constant variations, and defects on a
buried (glass—metal) interface of a film.

4.1. Characterization of metallic nanostructures via local excitation of surface polaritons

A special consideration of dielectric constant measurements is needed in the case of micro- and nanos-
tructures on a surface. Such structures become increasingly important in modern technology. Although
the SPP resonance measurements are very sensitive to the surface structure, if the lateral size of a structur
is much smaller than the size of the illuminating spot, the relative influence on the SPP resonance position
will be negligible compared to the dominating reflection from an unmodified surface. Thus, conventional
SPP characterization techniques are difficult to apply in such cases. Neither SPP resonance measuremen
nor scattering measurements may be sensitive enough if the lateral size of the structure is small.

By using near-field studies of the light distribution over a surface with metallic micro- or nanostructures
the dielectric constant of metal can be directly determined via measurements of the SPP wavelength and
propagation lengtfd0]. For example, in the case of a microscopic metal stripe placed on a glass surface,
the surface polariton can be excited on the metal surface as well as on the glass—metal interface due tc
diffraction effects at the edges of the metal eventually at any angle of illumination (Section 1.1.3). The
mutual interference of excited SPP modes and light will lead to a pronounced near-field interference
pattern over the metal surface (F&. SNOM measurements of this interference pattern can be used for
deriving the dielectric constant of a metal, similar to the far-field surface plasmon polariton microscopy
technique described in Section 2.1.2.

The near-field images of the intensity distribution over the gold stripe measured with a SNOM working
in a constant intensity mode reveal interference fringes related to the different locally excited SPP modes
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Fig. 49. Image of the electromagnetic field distribution over a gold stripe on a glass substrate{adighin, lengti. =400um)
measured with a SNOM operating in a constant intensity mode for the nonresonant angle of incidefic&loé 520ss section
is taken in the direction perpendicular to the interference fringes. [&@f)
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Fig. 50. Calculated image and cross section of the electromagnetic field profile in a constant intensity m@de8) for the
experimental parameters ashig. 49 (Ref.[40].)

propagating on the stripe (Fig9). The measurements of the interference pattern over the metal provide
information on the interference period, which is directly related to the SPP wavelength, as well as on the
lateral decay of the interference pattern from the edge of the metal, which is determined by the SPP decay
length. Knowing these two surface polariton parameters, the real and imaginary part of the dielectric
constant of a metal can be easily recalculated (Egs. (1.6) and (1.8)).

The constant intensity SNOM image At= 0.08 (assuming the incident light intensity to hge= 1)
simulated for the experimental parameters is showsign50(cf. Fig. 6). The period of the main fringes
close to the left edge of the metal stripé;(~ 6 um) corresponds to the interference involving the
air—metal SPP propagating in the direction of the exciting light (51). The interference related to the



A.V. Zayats et al. / Physics Reports 408 (2005) 131-314 221

10

-0.29

0.27

Interference Periof\; (Um)
Interference Period, (um)

0.25

50 60 70
Angle of Incidence?)

Fig. 51. Angular dependencies of the interference peritdand A5 related to the SPP excited at different edges of the metal
stripe: (circles) theory, (bars) experiment. (HdD].)

glass—metal SPPs and exciting light results in the distortion of the main interference pattern close to the
left edge of the metal. Since the propagation length of the glass—metal SPP is almost half as long as that
of the air—metal SPP, this distortion tends to disappear with distance from the edge. The short-period
oscillations (1) related to the counterpropagating surface polaritons and exciting light are also visible
close to the right metal edge. The interference period ljpcorresponds to the real part of the dielectric
constant Re ~ —13.2 at the wavelength of the exciting light= 633 nm. An SPP propagation length

of about 19um has been estimated from the experimental image. This gives the imaginary part of the
dielectric constant of the metal lar 0.83.

Thus, both the periodicity of the interference pattern over the metal and the decay length of the
oscillation amplitude can be used for determining the dielectric constant of metal microstructures. The
value of the lateral decay of the interference amplitude gives information on the imaginary part of
the dielectric constant of metal, while the real part of the dielectric constant can be deduced from the
periodicity of the interference pattern.

4.2. Imaging of thin film interfaces with air—metal and glass—metal surface polaritons

In addition to determination of the dielectric constant of metal films, characterization of the surface
and interface roughness can be done with SNOM measurements of surface polariton field distributions.
As has been shown in Section 2, the scattering of SPP on defects results in a distinctive electromagnetic
field distribution over a surface, which can be imaged and employed for roughness characterization. This
is not crucial for the characterization of the air—-metal surface which is open to inspection with STM or
AFM techniques. Nevertheless, the characterization of the inner (buried) interface of a film is a more
challenging problem.

If a metal film is not too thick, the fiber tip can probe both the air-metal and glass—metal SPP fields,
either of which is most sensitive to the structure of the interface on which they propagate. By recording
three images at the same place, namely the topographical image of the external interface obtained by the
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shear-force technique, and the two near-field optical images generated in turn due to the two SPP modes.
one has the possibility to study the interaction of the different surface polaritons with the surface features
on the interface to which they are confined as well as on the other interface. This allows in principle to
deduce the topography of the internal interface. Though this is not an easy problem, one can presume
that the reconstruction of the internal surface relief might be performed at least in two extreme cases: for
slowly varying (adiabatic) surface profiles and for subwavelength features (similar to pointlike scatterers)
placed far away from each other. In the first case the SPP scattering can be neglected and the detectet
optical signal due to the SSP (propagating along the internal interface) is more or less directly related
to the local film thickness. In the second case, coupling between scatterers can be disregarded and the
power and phase of the scattered light is related to the size and nature (bump or pit) of the scatterer. In
both cases the reconstruction of the internal interface seems feasible after some calibration procedure.
Even if there is no possibility to excite the glass—metal SPP field resonantly, the investigation of the
correlation between the surface topography and optical images obtained with the air—metal SPP can
provide indications concerning the structure of the internal interface and/or the “bulk” defect structure of

a thin film, since the air—metal SPP interacts with the defects under the film surface due to the penetration
of the SPP field into the metal. The strength of this interaction obviously depends on the depth at which
the defects are situated.

By analyzing the optical images and topography of the surface, some conclusion on the nature of the
surface defects can be obtaif@d]. For example, comparing the field distribution related to air—metal
and glass—metal SPP above the bump (E&).one may presume that the gold film is relatively thick
in the area corresponding to the low right corner of the image and thin at the bump area (upper right
corner): the air-metal SPP field is very low over the defect (strongly scattered) while the fluoride—metal
SPP field is significantly stronger in the defect area. Thus, the bump on the surface is probably related to
the roughness (a bump) of the fluoride layer resulting in a bump at the surface of the gold film. In this
case, the defect interacts strongly with both the air—-metal and glass—metal SPPs leading to distinctive
interference patterns observed with both SPPs.

Another example of the imaging of the internal interface with surface polaritons is presented in
Fig. 52 The topography of an external interface at this place of a film reveals a relatively small bump,
which scatters the air—metal SPP. The glass—metal SPP propagation along the internal interface was,
however, not much influenced by this bump (FBgc). At the same time, the image obtained with this
SPP shows more than a tenfold increase of the near-field intensity at a place (low right céigebin)
that does not exhibit any specific features, either in the external interface topography or in the optical
image generated by the air-metal SPP. One may reasonably assume that there is a strong scatterer at tt
internal interface and it is probably related to a pit (not a bump) of the fluoride layer, otherwise it would
have affected also the propagation of the air—-metal SPP along the external interface.

4.3. Fractal properties of rough surfaces and SPP scattering

A standard description of random surface roughness can be achieved via determining the average size
of the surface features and the correlation length, which is related to the mean distance between the
defects assuming one or another statistical description of the rouglri€s451] A complementary
characterization of surface roughness can be provided by considering a surface with random roughness
as an example of fractal (in the surface plane) strudil@]. Such two-dimensional fractal structures
are sometimes called self-affine structures to distinguish them from 3D fractals. SNOM measurements
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Fig. 52. Topography (a) and near-field optical images (b,c) of a relatively smooth gold film. The gray-scale of the topographical
image corresponds to 115 nm. The optical images were taken at the same place with the air—metal (b) and glass—metal (c) surface
polaritons being in turn resonantly excited. The optical images are presented in different gray-scales corresponding to 20-500 pW
(b) and 0-50 pW (c). (Ref17].)

of SPP scattering provide also knowledge of the surface topography and provide for the development of
a straightforward procedure for calculating the normalized fractal dimension of a surface and relating the
different regimes of the SPP scattering to the difference in fractality of the studied sdf&8¢s

The different regimes of SPP scattering are usually discussed using conventional characteristics of
surface roughness. The topographical images obtained together with optical images can be used to deduc
parameters of the defect ensemble. We shall discuss this on the example of the smooth and rough gold
films with which the SPP interference and localization have been observed, respectively (Section 2).
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Disregarding large bumps, which are separated by more tham $he root-mean-square roughness
amplitude (RMS roughness) and the maximum peak-to-valley distance (MPV distance) were determined
to be about 5 and 40 nm, respectively, for the smooth gold films at which the SPP interference has
been observed (Section 2.1.5). For the rough gold films revealing the SPP localization (Section 2.3), the
corresponding values of the RMS roughness and MPV distance were found to be about 10 and 120 nm,
respectively. It is clearly seen from the measurements of the RMS roughness and MPV distance that
the second film surface is rougher than the first one. The penetration depth of the SPP field in the gold
film can be estimated to be about35 nm, which is about the MPV distance (disregarding large bumps)

for the first type of films and 3 times smaller than the MPV distance for the second type of films. This
explains the pronounced resonance character of the SPP excitation and the absence of SPP scatterin
(except for that by large bumps) for the smooth gold films, as well as the weakly resonant excitation and
the strong scattering of SPPs for the rough gold films. In both cases, the RMS roughness is about 10 times
smaller than the corresponding MPV distance, which is a rather typical ratio for randomly rough surfaces.
However, one can hardly deduce from the aforementioned characteristics of surface roughness that SPP:
should be not only scattered but also strongly localized in the case of the rough surface. Moreover, with the
large bumps taken into consideration the MPV distance of the first film becomes of the order of 140 nm,
and the two surfaces come to look similar to each other while exhibiting distinctly different regimes of
SPP scattering.

This seeming contradiction is related to the circumstance that, while useful in many instances, the
conventional roughness characteristics fail to distinguish certain spatial frequency differences in surface
profiles[154]. The fractal characterization of surface roughness can provide additional information in
order to estimate the possibility of strong localization of SPPs. It is known that surfaces with random
roughness should exhibit a fractal structure, at least in an intermediate range of sizes, and that the fractality
can result in the localization of light55].

In order to characterize the fractality of the film surface, the surface &remn be calculated as
a function of the discretization stepfor various experimentally measured surface profiles. A fractal
structure should exhibit the dependersce: @22, whereD is the fractal (Hausdorff) dimensidh56].

The calculated dependenciegddn d)] showed the expected linear behavior, but the corresponding
value of D appeared to be rather small, typically~ 2.01 (D = 2 is expected for a perfectly flat surface).
Nevertheless, for the characterization of the SPP behavior, it is more appropriate to calculate the fractal
dimensionD from normalized dependencies, in which the dimensions in the surface plane are normalized
by the SPP wavelengthid, ~ 570 nm in this case) and the surface elevation is normalized by the SPP
penetration depth~ 35 nm). The corresponding dependencies calculated for four different regions of the
rough gold film (typical topography is shownkig. 38 are shown irFig. 53 The choice of the minimum
discretization stepdy =40 nm) was dictated by the spatial resolution of the shear force technique used
for topography measurements. The obtained dependengigdnld)] show similar and approximately

linear behavior in the range of sizes 40-640 nm. Differences in their slopes as well as deviations from
linearity can be explained by the fact that the area @um) of the topographical images provided by

the experimental setup is too small to ensure a representative set of surface topography data. In order
to overcome this restriction, these four surface regions were artificially connected into one, which was
then used to calculate the dependen¢&(im d)] presented ifrig. 54 The resulting dependence is linear

in the range of sizes 80—640 nm with the slope corresponding to the fractal diméhsio®.26. The

bend in the dependence for large valued @ evidently related to the absence of micron-sized surface
features on the sample surface. The corresponding dependéi¢im i)] calculated for the smooth
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Fig. 53. Normalized surface aréaas a function of the discretization stéfor four different regions of the surface of the rough
gold film (Section 2.3)Sy is the area of the corresponding flat surface, dne= 40 nm is the minimum discretization step.

(Ref.[153].)
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Fig. 54. Normalized surface aresaas a function of the discretization stépfor the surface area composed of four different
regions of the surface of the rough gold film (circles) discussed in Section 2.3 and the smooth surface (large bumps excluded)

of the smooth gold film (stars) discussed in Section 2.1.5. The valugsaiddg are the same as Fig. 53 (Ref.[153].)
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region of the smooth gold film surface (Fig6) is also shown irFig. 54 It is clearly seen that this
dependence is very different from those for the rough gold film and essentially nonlinear, suggesting that
this surface cannot be viewed as fractal structures, at least on theisea#8@ nm. It is also seen that

this smooth gold surface can be considered as a (nearly) perfectly flat one starting from the discretization
step of 320 nm. Since the SPP wavelength on this surface is about 590 nm, small-scale nonuniformities
of the film do not influence the SPP propagation, and one observes the SPP scattering only by micron-
sized bumps (Fig26). For rough gold films, the normalized surface afeia noticeably different from

the flat surface are8y even for the discretization step of 1.261 (Fig. 54), indicating the strong SPP
scattering.

Thus, the difference in the SPP behavior at relatively smooth and rough surfaces can be related to the
difference in fractality of surfaces. The rough surfaces, which result in the strong localization of SPPs,
have a fractal structure with a normalized fractal dimengior 2.26 in the spatial range 80—-640 nm. At
the same time the smooth surfaces, which support well-pronounced propagating SPPs, cannot be viewec
as fractal structures for discretization steps exceeding 80 nm. A surface should exhibit a fractal structure
in a sufficiently large range of sizes around the SPP wavelength to be able to exhibit SPP localization.

5. Surface polaritons on periodically structured surfaces

The optical properties of spatially periodic dielectric structures called photonic crystals have recently
attracted much intere§t57,158] The analogy between electromagnetic wave propagation in periodic
structures and electron wave propagation in real crystals has proven to be a valuable one. Electron waves
traveling in the periodic potential of a crystal lattice are arranged into energy bands separated by gaps in
which propagating states are prohibif@&9]. Analogous band gaps exist when electromagnetic waves
propagate in a periodic dielectric structure with a period comparable to the wavelength. These frequency
gaps are referred to as “photonic band gaps”. Photonic crystals can have a profound impact in many areas
of pure and applied physics. For example, optical modes, spontaneous emission, and zero-point vacuum
fluctuations are all absent inside a photonic bandgap. From a practical point of view, photonic crystals
can be designed to transmit or reflect light within a specific range of frequencies, and their properties
may be tunable by modification of the periodicity or refraction index. Moreover, when a set of defects is
introduced in the periodic structure, waveguiding can be achieved along such defects that can guide light
around sharp corners.

A periodic arrangement of defects on a metal—dielectric interface should exhibit the properties of a one-
or two-dimensional “polaritonic crystal” when the periodicity of the surface structure is comparable with
the wavelength of the SPPs propagating on the interface. A complicated system of band gaps has indeec
been calculated and measured using different metallic gratings and bi-gif2ir¢3,26,160-163As
has been discussed in Section 3, shallow surface features can be assigned an effective refractive inde:
describing the SPP interaction with the features. Thus, a complete analogy can be achieved in this case
with 2D photonic crystals.

The simplest realization of polaritonic crystals is a metallic diffraction grating. Diffraction gratings are
widely used for the excitation of surface polaritons on smooth metal films. In this case, surface polaritons
are excited on a diffraction grating but propagate on a smooth interface, thus the SPP dispersion relations
given by Eqg. (1.6) (Section 1.1.3) remain valid. In the case of a periodically structured film, surface
polaritons are not only excited by, but also propagate on a periodic structure. The SPP propagation on
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Fig. 55. Schematic of the SPP dispersion on a periodically structured surface (period D) demonstrating SPP band-gap formation.
SPP dispersion on a smooth surface is shown by the thin solid line.

a periodic structure results in changes of the dispersion relations due to interaction with periodic surface
features. This interaction leads to the scattering of SPPs into SPPs as well as to scattering of SPPs intc
light. The increased radiative losses due to the latter process, naturally, lead to the broadening and spectra
shift of the SPP resonan¢2]. The former process (SPP-into-SPP scattering) followed by the multiple
SPP beam interference of the SPP scattered by periodic features leads to the appearance of the SP
band-gaps (Figh5) and SPP Bloch waves on a periodically structured surfaé4]. Only the surface
polaritons satisfying the Bloch waves condition can be excited and propagate on such a surface. The SPF
dispersion on a metallic grating can be numerically calculated by finding the poles of the scattering matrix
in the frequency—wavevector plaf#8,162]

One and two-dimensional surface polaritonic crystals have recently been intensively studied
[21-26,160-163]The band-gap effects, SPP dispersion relations, excitation conditions and their de-
pendence on grating parameters such as period, groove size, and depth have been calculated. Numerot
applications of SPP crystals in optical devices for decoupling light from light-emitting structures, in res-
onant absorbers and reflectors, etc. have been suggested and realized. The role of one-dimensional SP
crystals formed by metallic gratings has been studied theoretically and experimentally in the context of
surface enhanced Raman scattering, second-harmonic generation, as well as quantum electrodynamic
effects such as spontaneous emission lifetime modific4li6s]. Manifestation of the SPP band-gap
effects in these processes is related to suppression of SPP modes at the frequencies inside the SPP ban
gap, modification of the optical density of states and the related field enhancement. SPP waveguiding on
a nanostructured metal surface has been very recently demon§d&itethis effect has later resulted in
the possibility to split and combine SPP waves using line defects in SPP ci\t&§@]s

The SPP Bloch waves can be excited in a polaritonic crystal at a number of resonant angles at which the
SPP dispersion relation (Eg. (1.6), Section 1.1.1) on a periodic structure matches light diffraction from
a periodic surface (Eg. (1.32), Section 1.1.3). Thus, if a periodically structured surface is illuminated
even without any special arrangements, eventually for any angle of incidence the SPP excitation can
be achieved at certain illuminating light wavelengths. At the same time, the excitation and propagation
of SPP at other wavelengths will be prohibited. This can be used to control the SPP excitation on a
structured surface except at the places where nanostructuring is different (or the surface is smooth), thus
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providing a possibility for SPP waveguiding and manipulation, multiplexing/demultiplexing, and other
optical processes, which can be achieved in conventional photonic crystals.

A fundamental difference between photonic and polaritonic crystals is a different electromagnetic field
distribution close to the surface. In contrast to photonic crystals, electromagnetic field enhancement takes
place at a metal surface on which a SPP is excited. Such enhancement effects are absent in photonic
crystals. The field enhancement results in a much stronger nonlinear response of metallic structures since
it is related to the local field strengfB6,167,168] This can significantly facilitate implementation of
active elements of integrated optical circuits that rely on optical nonlinear effects in SPP di%/ai68}

5.1. Surface polaritonic crystals

It is a characteristic of the propagation of a quantum or classical wave in a periodic structure in any
number of spatial dimensions that the dispersion relation that relates the frequency of the wave to the
wave vector characterizing its propagation possesses an infinite number of branches. These branches forn
bands that are separated by frequency gaps at points of symmetry in the corresponding Brillouin zone.
In some cases an absolute gap occurs, namely a frequency range in which no waves can propagate the
exists for all values of the wave vector in the Brillouin zone, and gives rise to a gap in the density of states
of the waves propagating through the structure.

Consequently, when a surface plasmon polariton propagates across a metal surface whose surface
profile function is a periodic function in a single direction on the surface (a classical grating) or in two
noncollinear directions (a bigrating), it is expected that the resulting dispersion relation will also possess an
infinite number of branches that form bands that possess gaps at points of symmetry in the corresponding
first Brillouin zone. In this section we show that this is indeed the case, and present examples of such
surface polaritonic band structures.

5.1.1. One-dimensional periodic surface profile

The overwhelming majority of the theoretidall—23,150,169-172nd experimentdll 73—181]stud-
ies of the propagation of surface plasmon polaritons across a classical grating have been carried out in the
case that the sagittal plane is perpendicular to the generators of the surface. Comparatively few studies
have been carried out in the case where the sagittal plane is not perpendicular to the generators of the sur
face. We refer to the latter case as the conical propagation of surface plasmon polaritons across a grating
by analogy with the conical scattering of light from a classical grgti®g]. The first theoretical study of
the conical propagation of a surface plasmon polariton across a one-dimensional periodically corrugated
surface was carried out by Mil[483]. In this work the periodic corrugations of the surface were caused
by the passage of a Rayleigh surface acoustic wave along the surface, and the calculations were carriec
out by a coupled mode approach. One of the main results of Mills’ analysis was an expression for the
width of the gap in the surface plasmon polariton dispersion curve between the two lowest frequency
branches as a function of the angle between the direction of the surface plasmon polariton propagation
and the generators of the surface. More recently, Sesfif#] also used a coupled mode approach to
study the dependence of the dispersion relation in the vicinity of a band gap of a surface plasmon polari-
ton propagating across a classical metallic grating on the angle the wave vector of the surface plasmon
polariton makes with respect to the generators of the surface. When differences in notation are taken into
account and a misprint if183] is corrected, his result agrees with that of M[lI83], and both of these
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results agree with the result of Barnes et[28] in the case of surface plasmon polariton propagation
normal to the generators of the grating surface.

The problem of obtaining the dispersion curve of a surface plasmon polariton propagating across a
classical metallic grating when its two-dimensional wave vector is not normal to the generators of the
surface is of interest because the extra degree of freedom provided by having a component of its wave
vector parallel to the generators of the surface provides a means of varying the position and width of
the gap in the surface plasmon polariton dispersion curve that occurs between the two lowest frequency
branches at the boundary of the first Brillouin zone. This could be useful, for example, in the design of
filters for surface wave propagation.

Because the more commonly studied propagation of a surface plasmon polariton across a classical
grating when its wave vector is normal to the generators of the surface is a particular case of the conical
propagation of the surface wave, in this section we study the latter, more general, case, and present result:
for the former case in doing so.

The physical system we consider initially consists of vacuum in the region{(x;), and a metal
characterized by a real, isotropic, frequency-dependent dielectric furctiom the regionxs < {(X).

The surface profile functioti(x)) is assumed to be a single-valued functiorxpthat is differentiable
with respect tor; andx, as many times as is necessary. The dielectric funetioh is assumed to be
negative and to satisfy the conditiefw) < — 1 in some frequency range. Itis within this frequency range
that surface plasmon polaritons exist.

We are concerned here with the normal modes of free oscillations of the electric field in this sys-
tem, not with the scattering of a volume or surface electromagnetic wave from it. Thus, we are con-
cerned with a homogeneous problem rather than with a scattering problem. The electric field amplitude
E~ (X|w) in the vacuum regions > {(x) is therefore given by the second term on the right hand side
of Eq. (2.24):

I?WMﬁ:/d%”rﬁﬁﬁ@)—ﬁqk\M)+@ x G A, (@ap |
20?2 lo IPo\d|l 39114 p 4| 3 74 M|

x expliqy - x| — X3pfo(q))x3] . (5.1)

The amplitudest , (q;) andA,(q;) now satisfy the homogeneous form of the reduced Rayleigh equation,
Eg. (2.28), which we rewrite in the following forfd85]:

dgy KB(py) — Bolgplpy —ap

(2m)? B(p1) — Bolqy)
8 (pnqn — By - Qibola)  —i(w/)B(p @) x dn)s) (Ap(q)) _0 (5.2)
i(w/c)(P) x qapfolqy) (w/c)?py - q As(Qp) ’
where
K@»1Qp) Zfdsz exp(—iQy - X)) exp(yl(X))) . (5.3)

The relation betweeR (f(p|) — Bo(g))Ip; — ;) and the functiory (p;|q) entering Egs. (2.30) is

K(B(py) — BolgpIpy — ap) = 2m23(py — ay) + By — Bolg))J (pyay) - (5.4)
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We now specialize to the case of interest, namely the case in which the surface profile faagtion
is a periodic function of1 with perioda, and is independent of the coordinate

{(x1+a)={(x1) . (5.5)

In this case the functio® (y|Qy) in Eq. (5.2) becomes

KGIQ) = / 1 exp(—i Q1.v1) eXpOL(xD)) / drz exXp—i Q2x2).

o (n+%a) .
=213(Q2) ) /( L) dx exp(—i Q1x1) exp(y{(x1))
n=-—00 —2¢
=205(02) Y. exp(~iQuna) [ dvexp(—iQ1) expri(en)
n=—0oo —24
=278(Q2) Y 213(Q1— um/a)Kn(y) , (5.6)
where
3 1 [3a _
Ry = [ draexp-icmm/an expi) (5.7)
i

In order that the electric field in the vacuum region, Eq. (5.1) satisfy the Bloch—Floquet theorem, we set

Aps@) =Y 2n(q1 — k1 — (2mn/a))2md(q2 — k2)aJ (K)) , (5.8)

n=—00

wherek| = (k1, k2) is the two-dimensional wave vector of the surface plasmon polariton.
When the results given by Egs. (5.6) and (5.8) are substituted into Eqg. (5.2), we obtain as the equation
satisfied by} (k)

i i (2m)25(p1 — Km)d(p2 — k2)
= = (K1121 + k%)l/z(l(,f + k%)l/z
Kn-n((K2 4+ k3 — e(0)0?/cP1Y? — [K2 + k3 — 0?/c?1V/?)
[K2 + k3 — e(w)w?/c2]Y2 — [K2 + k2 — a?/c?]Y/?
y ( (Kjy + K5 (KZ + k3) — (K7 + k3 — o2 [P12(Kyy Ky + KZ)LKE + k3 — /]2
i(0/0)[K2 + k5 — /1Y ko (Kw — Kp)
—i(w/)[K2 + k& — e(@) 2/ ko (K — Ko)\ (a0 (k)
(/)2 (KnKn + k3) ) (aﬁ”(kn))

—0, (5.9)
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where, to simplify the notation, we have defingg = k1 + (2rmm /a). On equating to zero the coefficient
of each delta function, we obtain the equationa‘ﬁ'?(k”) anda§”)(k”) in the form

> 1 Kn-n((K2 + k3 — e(0)(0/0)21Y2 — [K2 + k2 — (w/c)?1Y/?)
,1;,0 (K2 +k)Y2(K2+ kY2 [K2 + k2 — e(0)(0/c)?1Y? — [K2 + k3 — (w/c)?]Y/?
(K2 +k3)(K2 4+ k3) — [K2 + k2 — c(0) (/) NY?(K Ky + kD)[K2Z + k3 — (0/c)?]Y/?
( i(/c)(Km — Kp)ko[K?2 + k5 — <w/c>2]1/2
—i(w/e)[K2 + K2 — E(w)(w/C)zll/zkz(K — K\ (ay &Y
(w/c) (KnKy + k3) ) (as(”)(k|)> -
m=0,+1,+2, ... (5.10)

The dispersion relation for the conical propagation of surface plasmon polaritons is obtained by equating
to zero the determinant of the matrix of the coefficients in this system of equations.

If we setko = 0 in Eqg. (5.10), so that the surface plasmon polariton is propagating normal to the
generators of the surface, the system of equations decouples into a system of equatior{a}fﬁl(klnae}

alone and a system of equations for (hﬁ‘)(ku)} alone:

i KmKn Iszn([Kn% — 6(60)((,0/0)2]1/2 _ [Kr% _ (w/c)Z]l/Z) 041 42
50 [Km| |Knl [Kr% — e(a))(a)/c)z]l/z _ [an _ (CL)/C)Z]]'/2 > - ) I
X (K Ky = (K = e(@)(@/e)*TVK = (/0T (k) =0 (5.11a)

o

5 KnKn Kn_n(K2 — e(0)(w/0)2Y2 — [K2 — (0/c)2Y/?) 2 (k) = 0
~ Kl Kul  [K2 — e(0)(0/c)21Y? — [K2 — (w/c)?]Y/?
m=0,+1, +2,... (5.11b)

The solvability condition for each system of equations is that the determinant of the matrix of coefficients
in it vanishes. The system of equations (5.11a) yields a computationally convenient dispersion relation
for surface plasmon polaritons propagating normal to the generators of the surface. The second system
of equations, Eqg. (5.11b), does not appear to have any solutions in the nonradiative regiaimokihe
plane, i.e. s-polarized surface plasmon polaritons do not exist at a periodically corrugated vacuum-metal
interface, just as they do not exist at a planar vacuum—metal interface.

The solutionss (k) of the dispersion relation obtained from Eq. (5.10) possess three general properties.
The first is that for a fixed value df; w(k) is a periodic function of; with period Zt/a, w(k1 +
(2n/a), ko) = w(ky, k2). The second is that(k ) is an even function df, o(—kj) = w(k). The third is
that for a given value of; w(k)) is an even function of1, w(—k1, ko) = w(k1, k2). These three properties
of w(k))) have the consequence that all the distinct solutions of the dispersion relation are obtained if the
wavenumbek; is restricted to the intervalQk, <x/a, while k» varies throughout the range; < oc.

From Eq. (2.27) it is straightforward to show thatifandk, are real, andk? + k2)%/2 is larger than
w/c, Bo(K,, k2) is purely real and positive for all whenw is also real. From Egs. (5.1) and (5.8) it
then follows that the electric field in the vacuum region in this case tends to zem-as co. At the
same time, since(w) is assumed to be real and negative, it follows th&,, k») is purely real and
positive for alln whenw is also real. This means that the electric field in the metal also tends to zero
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asxsz — —oo. Thus, the Bloch-type surface plasmon polaritons that are true eigenmodes of the electric
field in the presence of the periodically modulated metal surface for a given vatgeud found only in
the region of the&w, k1)-plane bounded from the left by the dispersion curve of volume electromagnetic
waves in the vacuumy = c(k? + k3)*/2, and from the right by the boundary of the first Brillouin zone,
k1 = n/a. This region is called the nonradiative region of the k1)-plane. It is in this region that the
solutions of the dispersion relation obtained from Eq. (5.10) will be sought.

In determining the dispersion curves the infinite determinant formed from the coefficients in Eq. (5.10)
is replaced by the determinant of & + 1) x 2(2N + 1) matrix obtained by restricting: andn to
run from —N to N. The zeros of the determinant were found by fixingandk,, increasings from
0 to w, in small increments, and looking for changes in the sign of the determinant. The convergence
of the solutions found was tested by increasM@nd seeing if they approached stable limiting values.
Values of N = 5 proved sufficient to obtain solutions that changed by less tH#b GsN was increased
toN + 1.

In the numerical calculations the relatiohs= k| cos(, k» = k| sind were used, wheré s the angle
between the surface plasmon polariton wave vector anditais, i.e. the normal to the generators of
the surface. The anglewas varied in the interval Q0<=/2, andk was restricted by the condition
0<kj<n/(acosb), i.e. 0<ky<n/a. The vacuum light line is given by = cky,.

In Fig. 56 we have plotted the dispersion curves obtained in this fashion as functiépdaffour
increasing values df for surface plasmon polaritons propagating across a silver surface defined by the
symmetric sawtooth profile

4H
H+ —x1, ——=<x1<0,
a
= 512
{(x1) " ; (5.12)
H - —X1, nglg_ b
a 2

for |x1/<a/2. The values off anda assumed aré/ = 0.005um anda = 0.2um. The Fourier coefficient
K, (y) for this surface profile function is given by

4HysinhHy even
S — m s
N 4H?y? + n°m?
K=" an1, coshi; (®.13)
. "~ modd.

4H?292 + n2m?
The dielectric function of silver is assumed to have the simple free electron metakfoyml— (a)p/w)z,
where a value ofw, = 3.78 eV appropriate for silver is assumdd0]. Only the three lowest frequency
branches have been plotted.
Strictly speaking, according to a theorem of Mil[aB6], the Rayleigh hypothesis is not valid for this
nonanalytic surface profile. Nevertheless, earlier calculations of the dispersion curves of surface plasmon
polaritons propagating normal to the generators of this surface showed that convergent results can be

obtained ifH /a < 0.2 andN is not too largg22]. The latter restriction is due to the fact that if a finite
number of terms is kept in the Fourier seriesfon ), the result is an analytic surface profile function for
which the Rayleigh hypothesis is valid for sufficiently snfdlla. However, as the number of terms in the
Fourier series is increased, it approaches more and more closely a nonanalytic surface profile function,
the range of values df /a for which the Rayleigh hypothesis is valid becomes smaller and sniit8i@},

and in the limit asv — oo it vanishes.
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Fig. 56. Dispersion curves for the three lowest frequency branches as functignf@o$urface plasmon polaritons propagating

across the symmetric sawtooth grating defined by Eq. (5.11) ih0.005um anda = 0.2 um, for four values of). The inset

to Fig. 56a) shows three periods of the surface profile function. The horizontal dashed curve is at the frequemgy\/?,

the maximum frequency of a surface plasmon polariton at a planar vacuum—metal interface, and the dotted curve is the vacuum
lightline o = ck. (Ref.[188].)

In the results presented kfig. 56the casé = 0 corresponds to the propagation of the surface plasmon
polariton normal to the generators of the surface. As the ahglereases, the frequencies of all three
branches plotted increase monotonically, the frequency of the center of the gap between the two lowest
frequency branches at the boundary of the Brillouin zépes =/ (a cosf), increases while the width of
the gap decreases, and vanishes=at:/2. At this value of the surface plasmon polariton is propagating
parallel to the ridges and grooves of the grating, and the boundary of the first Brillouin zone has moved
off to infinity. The dispersion curves in this case have therefore been plottég éurt to only 3r/a. It
is seen that fof = n/2, ask| tends to infinity all branches of the dispersion curve tend to the frequency
of mp/ﬁ, which is the limiting frequency of a surface plasmon polariton at a planar vacuum-metal
interface ag — oo. This is because dg tends to infinity and the wavelength of the surface plasmon
polariton becomes smaller than any linear dimension characterizing the surface profile function, the
surface plasmon polariton sees a surface that is locally planar, and all branches of its dispersion curve
tend to the limiting frequency it has on that surface.

In Figs. 5 and b are plotted the dependence of the width of the gap and the frequency of the center
of the gap orv, respectively. These plots confirm the trends presehiga. 5&-d. The structure on the
former curve for values of greater than approximately 61 caused by the repulsion of the second and
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Fig. 57. (a) The width of the gap between the two lowest frequency branches at the boundary of the first Brillouin zone for
surface plasmon polaritons propagating across the symmetric sawtooth grating defined by Eq. (5.#13v@®05pm and
a =0.2um, as a function of. (b) The frequency of the center of this gap as a functiof ¢Ref.[188].)

third branches of the dispersion relation which, as functiorig cdpproach each other and would cross
inside the first Brillouin zone for values dfincreasing from 67 were it not for off-diagonal elements

of the coefficient matrix in Eq. (5.10) that lift this degenerdt88]. The width of the gap fof in this

angular range is then determined by the separation between the lowest frequency branch and the brancl
that was the third branch fa@rsmaller than 67 but becomes the second branch dayreater than 67

The crossover from the second to the third branch as defining the high frequency edge of the gap that

occurs for <~ 67° gives rise to the structure present in the curve plottdeign57a.

Thus, the present approach allows the dispersion curves of surface plasmon polaritons on a classical
metallic grating to be calculated nonperturbatively for any angle between the wave vector of the surface
wave and the generators of the surface.

5.1.2. Two-dimensional periodic surface profile

A convenient starting point for the determination of the dispersion relation for surface plasmon po-
laritons on a two-dimensional periodic metal surface is the reduced Rayleigh equation (5.2). Let us now
assume that the surface profile functi@r) is a doubly periodic function of;,

(X +x0) =Xy (5.14)
where
X[ (6) =121 + £2az . (5.15)

In Eq. (5.15)a; anday are two noncollinear primitive translation vectors of a two-dimensional Bravais
lattice, while¢;, and £, are positive and negative integers and zero, which we denote collectivély by
The area of the primitive unit cell of the two-dimensional lattice defined by Eq. (5.15)s|a; x ay|.

We also require the lattice reciprocal to the one defined by Eqg. (5.15), whose sites are given by

G| (h) = hib1 + hoby , (5.16)
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where the primitive translation vectdog andb, satisfy the conditions
a; - bj = 27T5ij , (517)

andhi andho are positive and negative integers and zero, which we denote collectivély by
For a surface of the type defined by Eq. (5.14) the funckan|Q;) becomes

1 .
K(V|QH) = (27‘5)2 Z 5(QH — G” ) a— / dsz eX[X—IG” . X||) E‘X[XVC(XH)) . (518)
G € e
In obtaining this expression we have used the result
: 21)?
Y exp—iy —kp - x (0] = Sl Y s =k =Gy . (5.19)
dc
0 Gy
We also introduce the expansions
Aps@p = @0 Y~ @y —kj = Gpay ™ Gy (5.20)

G

wherek is the two-dimensional wave vector of the surface plasmon polariton, in order that the electric
field in the vacuum region satisfy the Bloch—Floquet theorem. When the results given by Egs. (5.18) and

(5.20) are substituted into Eq. (5.2), we obtain as the equation for the coeffi{zié"ﬁfé(en)} [185]

5 K(B(K)) = po(K)IG) — G}
BCK)) — Bo(K)

Gj
y (K”Kﬁ — BKPK - Ku/ﬁo(Kﬁ) —i (/B K) x KAn/)e,) (“lif)(Gh)) —0,(5.21)
(/) Ky xKDabo(KD) (/o)) -K) alGp )
where
5 1 .
K@IG)=— / dx) exp(—iGy - X)) expiL(X)) (5.22)

and, to simplify the notation, we have introduced the vedtgrs-k + G| andKfl =k + G| inwriting
Eq. (5.21). The dispersion relation for surface plasmon polaritons on a bigrating is then obtained by
equating to zero the determinant of the matrix of the coefficients in Eq. (5.21).

The solutions of this equation are even functionk ofw, (—k ) = w (K|), wheres labels the solutions
for a givenk| in the order of increasing magnitude. They are also periodic functiokg wfth a period
that is the first Brillouin zone of the bigrating, (k| + G|) = ws (k). The solutions can then be sought
for values ok inside the first Brillouin zone, and inside the nonradiative region definekl|py- (w/c).

In Fig. 58 we present dispersion curves along the symmetry directions in the first Brillouin zone
for surface plasmon polaritons propagating across a triangular lattice of hemi-ellipsoids of revolution
on the otherwise planar surface of a metal characterized by a simple, free electron dielectric function
e(w) =1 — (w3 /w?) [189]. The primitive translation vectors of the lattice are

a=(a0), a=(a/23a/2), (5.23)



236 A.V. Zayats et al. / Physics Reports 408 (2005) 131-314

X
-
[
x

08— —

0.7F 4

0.6 + _

05 ~

0.3}

oo/oop
o
~
|

0.2

0.1

0.0 L | L L | L | L
k” g

Fig. 58. The polaritonic band structure for a triangular lattice of hemi-ellipsoids of revolution, defined by Egs. (5.14), (5.22), and
(5.24), on the otherwise planar surface of silver, with= 0.4, R = 0.075um anda = 0.2 um. Only the four lowest frequency
branches are plotted. The inset depicts the two-dimensional first Brillouin zone for this structure, and the symmetry directions
along which these branches are plotted. (Reg9].)

so thata. = v/3a2/2, while

b1 = (2n/a)(1, —v/3/3), by = (2n/a)(0, 2+/3/3) . (5.24)

The surface profile function within the two-dimensional Wigner—Seitz cell of the triangular lattice is given
by

(x)) = H(R* = xP)M?, 0<x <R,
=0, X =R, (5.25)

whereR < a. The function]?(y|GH) in this case becomes

N 27R?2 & (yHR)" 227 (4 + 1
K(yIGH)= T Z (y ) (2 )

Joi1(GR) . 5.26
w o Gt B 2

WhenG = 0, we have that

8 27R? & (yHR)"
Kol0) ==~ ZO o (5.27)

The values of the parameters used in obtaining the results plotted in this figuréddwver@4, R =
0.075um, anda =0.2um. The 113 reciprocal lattice vectors closest to and including the origin were used
in constructing the determinant whose zeros are the frequengi&g) for each value ok;. Only the
four lowest frequency branches of the dispersion relation in the nonradiative region have been plotted. It
is seen that an absolute band gap exists between the two lowest frequency branclks. (Fig.
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Fig. 59. Topography of the bigrating forming a surface plasmon polaritonic crystal measured with an atomic force microscope.
(Ref.[190].)

Thus, the homogeneous form of the reduced Rayleigh equation for the electric field in the vacuum
above a two-dimensional rough surface is an effective approach to the calculations of the dispersion
relation for surface plasmon polaritons on a metallic bigrating.

5.2. Imaging of the SPP Bloch waves

Near-field optical images of the electromagnetic mode structure in two-dimensional SPP band-gap
structures have recently been observed experimertE§]. Interference patterns of the SPP Bloch
waves in polaritonic crystals and the electromagnetic field formation close to the defects of the periodic
structure have been studied. The imaging of SPP Bloch waves has been performed using the surface
polaritonic crystal formed by a gold coated two-dimensional rectangular grating with a period of about
1um (Fig.59). The structure has been illuminated with a collimated laser beam that may be idealized as
an excitation by a delta function in momentum space. The SNOM working in the transmission mode has
been used to measure directly the local electromagnetic mode structure on the surface of a SPP crystal ir
coordinate space.

The angular dependence of the near-field optical signal measured at around one of the resonant angle:
(Eq. (1.32)) clearly reveals the resonant conditions at which the surface polariton Bloch waves are excited
(Fig.60). The images of the intensity distribution related to the SPP Bloch waves over the surface are shown
in Fig. 61 The structure of the optical images is much more complex than the one of the topographical
image as seen from the Fourier analysis (litd). The observed Fourier spectral peaks correspond to
different periodicities of the SPP interference pattern from the lattice period to larger periods.

The intensities of different spectral peaks of the Fourier spectrum contain information on the parameters
of the SPP interaction with the surface features forming a polaritonic crystal. The Bloch theorem can be
usedto extract this information. The physical value measured inthe experimentis the local electromagnetic
field intensity over the surface of the SPP crystal. If a SPP Bloch wave propagates in the crystal along,
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Fig. 60. Angular dependence of near-field optical signal near one of the SPP Bloch wave excitation resonanfE30]Ref.

e.g., thexp-direction (p # 0, g = 0), its field distribution can be written as

E — Z Anei(kgpxl—wz)eiZnnxl/D ’ (528)

n

whereD is the period of the crystal lattice in the direction of propagatiois, an integer, andd‘s)p is the
SPP wavevector in the irreducible Brillouin zone. Thus, the intensity distribution imaged with a SNOM is

I=1/2)" AnA, cOL2n(n — m)x1/D) . (5.29)

mn

Thus the observed interference pattern is related to the SPP Bloch modes excited on the bigrating. Mea-
surements of the intensities of spectral peaks at spatial frequeneigb 2 the Fourier spectra can allow
recovering the coefficients, of the SPP Bloch waves which are related to the efficiency of their interac-
tion with periodic surface features. For example, the Fourier spectrum of the Fitagdc shows that the
brightest spectral peak corresponds to a spatial periodb@in3 (Fig. 61d). This value is approximately
equal to half of the largest wavelength of the SPP Bloch wave propagating on the surface of the polaritonic
crystal (lsp= 7.26um) corresponding top, ¢) = (=2, 0) or (p, ) = (0, —2) according to Eq. (1.32).
Although the surface quality of the polaritonic crystal under consideration is very good5®ig.
nevertheless some surface defects can be seen in the topography. In addition to the periodic surface
features, which contribute to the SPP scattering, this results in the appearance of complex interference
patterns in the vicinity of defects of the periodic structure. To enhance these effects and investigate the
field distribution close to surface defects, artificial defects have been created in the SPP cry€ta).(Fig.
A shadow-like scattering (cf. Section 2.1) is seen just behind the defect. A set of interference fringes
with a period of about 8m related to the SPP Bloch wave scattering on this defect are clearly visible.
Thus, there is a possibility to use such a structure for studying 2D cavity electrodynamic effects related
to defects of the surface periodic structure, or to use appropriately shaped and sized defects for guiding
SPP on a surface.
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Fig. 61. Topography (a) and optical near-field distributions (b,c) over the SPP crystal measured under the resonant excitation
of the SPP Bloch wave. (d) Fourier spectrum of the image (c). The spectral peak corresponding to the spatial period of about
3.5um is shown by the arrow. (Reff190].)

5.3. Waveguiding in line-defects of a SPP crystal

Due to the different dispersions of SPPs on a smooth surface and on a SPP crystal, the SPP wave
propagating on the smooth part of a surface will not propagate through the SPP crystal if its frequency
falls into a SPP crystal band-gap. This effect is the basis for SPP waveguiding in line-defects of SPP
crystals. If an SPP is excited in a defect (or is coupled to a defect from a smooth surface) it propagates
in the direction of the defect, since propagation outside the defect (in the SPP crystal) is prohibited.
Thus, efficient waveguiding can be realized along straight and bent line defects as well as splitting and
combining SPP waves in Y-shaped defects in SPP crystals, in analogy to two-dimensional photonic
crystals based on dielectric nanostructures. Waveguiding in the defects of planar dielectric structures
suffers from significant losses due to out-of-plane scattering. The scattering of SPP into light during
guiding in SPP crystals is also present. Nevertheless, the intrinsic binding of the SPP wave to the surface
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8 um 8 pm

Fig. 62. Topography (a) and optical near-field distribution (b) around an artificially created surface defect in the SPP crystal (cf.
Fig. 48. The direction of the SPP propagation is shown by the arrow. (Re®].)

might provide lower bend-losses than 2D dielectric photonic band-gap strufté&491] In contrast

to photonic crystals, using properties of angular and polarization dependencies of the SPP excitation in
one or another direction on the surface, the waveguiding modes propagating in different directions of the
line-defects can be excited by direct illumination of a SPP cry$64].

The important property of photonic crystals is the so-called superprism effect, which relies on the
ability of a photonic crystal of finite length to direct the transmitted light in drastically different angu-
lar directions depending on small changes of the light wavelefigiB8-195] This effect arises from
the very strong photon dispersioi o near the edges of the photonic Brillouin zone, and thus can
be artificially engineered for a given wavelength and required propagation direction. Even negative re-
fraction has been recently predicted in appropriately shaped Brillouin zones in photonic diy36éls
In SPP crystals, a conventional superprism effect (wavelength dependent direction of SPP Bloch wave
propagation) can also be easily realiZ2d] with very high dispersion, since in polaritonic crystals it is
possible to engineer flat SPP bands by choosing appropriate geometrical parameters of the surface fea
tures[197]. Negative refraction is also present in SPP crystals since some branches pkgyided 0
(Fig. 55).

Due to a strong dependence of SPP Bloch waves excitation on the polarization of the illuminating light
(Eg. 1.32)), an effect analogous to a (wavelength dependent) superprism effect can be considered in the
polarization domaifl92]. It manifests itself in a polarization dependence of the SPP mode excitation in
a waveguide formed by line-defects in SPP crystals.

On a periodically structured surface, the SPP excitation takes place when the wavevector of diffracted
light matches the wavevector (absolute value and direction) of the SPP Bloch mode of the SPP crystal.
On the other hand, the wavelength at which the SPP is excited by the same periodic structure on a smooth
surface always falls in the band-gap of the SPP crystal corresponding to the same direction of SPP
propagation (Fig55). For this reason waveguiding of SPPs along line-defects in a periodically structured
surfaces is possibl@5].

SPP dispersion in a waveguide generally depends on the width and other geometrical details of the
waveguide. Nevertheless, for the estimations of the excitation conditions a waveguiding mode can be
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Fig. 63. Topography (a) and optical image (b) of the surface polaritonic band-gap structure with orthogonal line-defects. The
square array of holes (periodicify = 600 nm, diameted = 300 nm) was fabricated using a focused-ion-beam microscope in
a 50 nm gold film. The optical image is recorded in reflection using white light illumination. [FZ].)

considered to be formed (in a simple ray-model picture) by SPP on a smooth surface. In addition to
the vectorial equation (1.32), polarization selection rules should be satisfied since a surface polariton
has both transverse and longitudinal electromagnetic field components and, therefore, the illuminating
light should have the appropriate polarization to provide an electric field component perpendicular to
a surface £3 ~ sinysind # 0) or parallel to the direction of SPP propagati@- (ksp # 0). Here,
E1 ~ siny cosl andE2 ~ cosy cosl, wherey is the angle between the magnetic field vetioof the
incident light and the plane of incidenag:= =/2 for p-polarized light ana = O for s-polarized light.
SPP modes excited by a periodic structure can couple into a waveguide formed by a line-defect in the
SPP crystal under the conditions providing dispersion matching in the direction of the defect orientation.
These resonant conditions of the waveguiding mode excitation depend strongly on the polarization of the
incident light. Thus, in addition to wavelength sensitivity, the light coupling into differently oriented SPP
waveguides should exhibit a strong polarization dependence.

This effect of polarization sensitive coupling and routing of surface plasmon polaritons has been
demonstrated in waveguides formed by orthogonal line-defects in SPP crystaB3jFigwas observed
under direct illumination of the nanostructured metal surface and does not require special illumination
conditions for SPP excitation (such as illumination in total internal reflection).

For pure p-polarized light incident approximately along the holes rows (along the horizontal direction
of the recorded images), e.gs2 ~ U1, an angle of incidence of about 4% close to the angle of the
SPP Bloch wave excitation on the nanostructure in ghe-(£1, ¢ = £1) direction (thel'—M direction
of the Brillouin zone). For this reason, the overall transmission of the nanostructured metal[24jigh
At the same time, the resonant excitation of SPPs on a smooth surface is achieved in the direction almost
perpendicular to the plane of incidence (Eq. (1.32)). These resonant conditions are about the same as
for s-polarized light, viz(p = 0, ¢ = £1) corresponding to th&—X direction of the Brillouin zone.
This direction corresponds to the orientation of the vertical line-defects in the structure. Thus, the image
obtained with p-polarized light is bright with horizontal waveguides appearing to be dark (since there is
no coupling to the waveguides in the horizontal direction) and hardly distinguishable vertical waveguides
(there is some coupling in the vertical direction but the visibility is low because of the background
transmission of the nanostructure). For pure s-polarized incident light, the overall transmission is smaller
with some visibility of vertical waveguiding. The resonant excitation of the waveguiding mode in that
direction at this wavelength occurs at an intermediate polarization angkigs. 64 b—d). At some
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Fig. 64. The electromagnetic intensity distributions over the SPP crystal with line defects obtained at the angle of incidence
of about (a—e) 40and (f-h) 5 for different polarizations of the incident light: (a) p-polarizatign=£ 90°), (b) y = 32°, (c)

Y =30°, (d)y = 26°, (e) s-polarizationyy = 0°) and (f)yy = 50°, (g) ¥ = 58°, and (h)y = 66°. The optical contrast is internal

for each image. (Ref192].)

polarization of the incident light, both waveguiding modes in mutually perpendicular directions can be
simultaneously excited. However, the “horizontal” waveguiding mode cannot be excited alone at these
conditions without the mode of the vertical line-defect (cf. Eq. (1.32)). The variation of the polarization
angle required to switch off the horizontal mode is abdushowing a very high polarization sensitivity

of the light coupling into the defect waveguiding modes.

To achieve complete switching between vertical and horizontal waveguides, the angle of incidence
should be close to normab (~ 0) in order to suppress the SPP excitation in mutually perpendicular
directions along holes rows for some polarizations of the illuminating light (Eg. (1.32)) and the polar-
ization selection rules). Close to normal incidence, only a very weak polarization dependence of the
intensity of light transmitted through the hole array is observed, as should be expected. Under such
conditions, the excitation of SPP modes which can couple to a line defect oriented vertically can be
significantly suppressed at certain polarizations (Bdf). In this case switching between horizontal
and vertical waveguides, as well as the excitation of both waveguiding modes with about equal effi-
ciency can be achieved. However, the range of polarization angles required for switching-off one of
the waveguides is larger (about)4han in the case of oblique incidence discussed above. Directional
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routing in mutually perpendicular directions can be achieved within®airit@rval of the polarization
angles.

Moreover, it should be possible to achieve all-optical control of this wavelength- and polarization-
dependent effect by employing nonlinear optical effects. This can be realized even at very low light
intensities due to the electromagnetic field enhancement related to surface plE6nbsis,168] These
effects can find numerous applications in surface plasmon polariton based photonics.

6. Enhanced optical properties mediated by surface plasmon polaritons

The cooperative effect of many features on a randomly rough surface or in a polaritonic crystal can
influence profoundly not only in-plane propagation of SPPs on a hanostructured film but also conventional
(3D) optical properties, such as transmission and reflection of light, as they will be determined by the
surface polariton behavior on the film interfaces. The wavevector conservation needed to achieve SPP
excitation by the incident light is provided by diffraction on surface roughness or a periodic structure.
As all surfaces are rough to some extent, it is surface polaritons that determine many optical properties
of rough and nanostructured surfaces and films. The widely known example of this is the so-called
extraordinary enhanced optical transmission through a periodic hole array in a mefadfinwhich
in many cases can be explained by resonant light tunneling involving SPP states formed on one (or both)
film interfaces due to the presence of a periodic strud@4el99—-202]

6.1. Surface plasmon polaritons and the enhanced backscattering of light from a randomly rough
metal surface

A striking manifestation of surface plasmon polaritons is found in the weak localization effects to
which they give rise in the scattering of electromagnetic waves from, and in their transmission through,
weakly rough random metal surfaces. These effects include enhanced backscHti&jngamely the
presence of a well-defined peak in the retroreflection direction in the angular dependence of the intensity
of the light scattered from such surfaces; enhanced transmig8h—the presence of a well-defined
peak in the antispecular direction in the angular dependence of the light transmitted through a thin metal
film with a weakly rough illuminated surface; satellite pe§®84], which are subsidiary peaks on both
sides of the enhanced backscattering and transmission peaks in the scattering or transmission of light from
free-standing or supported metallic or dielectric films that support two or more surface or guided waves;
and memory effect and reciprocal memory effect peaks in the envelopes of angular intensity correlation
functions of light scattered from weakly rough metal and dielectric surfif¥s. These effects are all
multiple-scattering effects, and all have been observed and studied experimg@]ly

From among these effects the one that has been studied most intensively is enhanced backscattering
and we will focus our attention on it in this section. It arises in the following {lay8]. The incident
light strikes the rough surface of a metal and through the roughness excites a surface plasmon polariton.
The surface plasmon polariton thus excited then propagates along the surface and is scattered from the
roughness s-1 times before being scattered back into the vacuum as a volume electromagnetic wave
propagating away from the surface at the sth scattering event. In general, all such s-order scattering
sequences are incoherent due to the random phase introduced by the roughness of the surface. Howeve
any given sequence has a reciprocal partner in which the light and the surface plasmon polariton are
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scattered from the same points on the surface, but in the reverse order. The waves emerging into the
vacuum after travelling along these two optical paths interfere constructively, and give a contribution to
the intensity of the scattered light. When the wave vectors of the incident and scattered light are oppositely
directed these two scattering sequences are coherent, and it is therefore necessary to add the amplitude
for them when calculating their contribution to the intensity of the scattered light. Thtigahd A, are

the amplitudes of the direct and reciprocal scattering sequences, the contribution to the intensity of the
scattered light from them is therefoéq + A|2. As the scattering angle departs from the retroreflection
direction, a random phase difference with nonzero mean and increasing variance develops between the
two scattering paths. As a result, they are no longer coherent, so that only their intensities add, and their
contribution to the intensity of the scattered light becomgg? + |A,|2. Thus, within a narrow angular

range about the retroreflection direction, the intensity of the scattered light can become twice as large as
the intensity of the background in this direction, when or if the amplitutleand A, are equal, due to

the cross terms ifA; + Ag|%. We will see below that in the scattering of light from a randomly rough
surface the scattering potential is reciprocal, the amplitudeand A, are equal, and their interference

is constructive, leading to the appearance of the enhanced backscattering peak.

The contribution of the single-scattering processes has to be subtracted in obtaining this factor of two
enhancement because it is not subject to coherent backscattering.

The earliest calculations of the enhanced backscattering of light from a randomly rough surface were
carried out for the scattering of p-polarized light from a weakly rough one-dimensional random metal
surface[112]. They were carried out by many-body perturbation theory. Subsequently, they were also
carried out by small-amplitude perturbation the¢iyt8]. Similarly, the first calculations of the en-
hanced backscattering of light from a two-dimensional randomly weakly rough metal surface were car-
ried out by many-body perturbation thed&07] and then subsequently by small-amplitude perturbation
theory[208].

Although there are some interesting polarization effects occurring in the scattering of light from two-
dimensional random surfaces, since in-plane and out-of-plane co- and cross-polarized scattering can occul
in this case, the role played by the multiple scattering of surface plasmon polaritons in the formation of the
enhanced backscattering peak is already clearly and most simply seen in the scattering of p-polarized light
from a one-dimensional weakly rough random metal surface when the plane of incidence is perpendicular
to the generators of the surface. It is this case that we consider here.

Thus, the physical system that we consider here consists of vacuum in thexggidtx1) and a metal,
characterized by an isotropic, complex, frequency-dependent dielectric fua@tipg: ¢1(w) + ie2(w),
in the regionxz < {(x1). The surface profile functiof(x1) is assumed to be a single-valued function of
x1 that is differentiable and constitutes a zero-mean, stationary Gaussian random process defined by

(LoDl (xD) = W (Jx1 — xq)) (6.1)
The angle brackets here and in all that follows denote an average over the ensemble of realizations of the

surface profile function, andl= (¢2(x1))? is the rms height of the surface.
It is convenient to introduce the Fourier integral representation of the surface profile function,

© dk .
C(x1)=/ Zi(k) explkxy) . (6.2)

—0o0
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The Fourier coefficient(k) also constitutes a zero mean Gaussian random process. It is defined by

(LU = 2m5(k + K)6°g (IKI) (6.3)
whereg(lk|), the power spectrum of the surface roughness, is defined in terms of the surface height
autocorrelation functiomv (|x1]) by

g (k) = / s W (x1)) exp(—ikxy) . (6.4)

Two forms of W(|x1]), and hence of(|k|), have been assumed in theoretical studies of the enhanced
backscattering of light from one-dimensional random surfaces. They are the Gaussian form

W (lx1]) = exp(—xZ/a?) (6.53)
g(k|) = v/ma exp(—a®k?/4) (6.5b)
and the West—-O'Donne]lL13] form

W(lx |) . SinkmaxX]_ — Sinkminx:]_ (6 6a)
= (kmax — kmin)x1 .

g(k) = ——— [0(kmax — K)0(k — kmin) + 0(kmax + K)0(—k — kmin)] . (6.6b)

kmax — kmin

whered(z) is the Heaviside unit step function. In the case of the latter power spectrum, if we define
kmin = ksp(&)) — (CL)/C) Sin em, kma_x: ksp((l)) + (CU/C) Sin Qm . (67)

whereksp(w) = (w/c) Re{e(w) /[e(w) + 11}%/? is the wave number of the surface plasmon polariton of
frequencyw supported by a planar vacuum—metal interface, the significance of the &apggethat if
p-polarized light of frequency is incident on the metal surface from the vacuum side with an angle of
incidence)g (measured counterclockwise from theaxis) thatlies in the interval-0,,, 6,,), it can excite
forward and backward propagating surface plasmon polaritons of wavenkgpterthrough the surface
roughness. At the same time, the surface plasmon polaritons excited in this way can be converted back
into volume electromagnetic waves in the vacuum, through their interaction with the surface roughness,
if the scattering anglé, (measured clockwise from the-axis) lies in the interval€6,,, 0,,). Thus,
the use of the power spectrum (6.6b) strongly enhances multiple-scattering processes in which surface
plasmon polaritons play the role of intermediate states.

The surfacer3={(x1) isilluminated from the vacuum side by a p-polarized plane wave of frequency
whose plane of incidence is thexz-plane. It is only a wave of this polarization that can excite a surface
plasmon polariton of this frequency. The single nonzero component of its magnetic vector is given by

Ha(x1, x3|®)inc = exXdikx1 — iag(k)x3] , (6.8)
where a time-dependence of the form exjwt) has been assumed but not indicate explicitly, and
ag(k) = [(w/c)? — k21Y2, with Reog(k) > 0, Imag(k) > 0. The scattered field in the regi®p> {(x1)max
is then a superposition of outgoing waves

Hj(x1, X3|w)sc=/ o R(qlk) expligxy +ioo(g)x3] . (6.9)
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The differential reflection coefficietr /00, is defined in such a way thé&tR /d6,) db, is the fraction
of the total time-averaged incident flux that is scattered into the angular intéyyél + do,). Itis given
in terms of the scattering amplitud&q|k) by [112]

R 1 o cosl,
00, L1 2mc cosby

IR(qlk)I? (6.10)

whereL is the length of therp-axis covered by the random surface. The wavenumbarslq in this
expression are to be expressed in terms of the angles of incidence and scattering by

k= (w/c)sinby, g = (w/c)sinby . (6.11)

Since we are dealing with scattering from a random surface, itis the averag¢af; over the ensemble

of realizations of the surface profile function that we must calculate. More specifically, since we are
interested in the intensity of the scattered light in the vicinity of the retroreflection dirggtien-0o, it

is the contribution to the ensemble averagé ®food, from the light that has been scattered incoherently
(diffusely) that we wish to calculate. It is given pi12]

<aR> 1 o cob,
incoh

30, | = T 2ne cost LIRW@IRIT = (RGO - (6.12)

The scattering amplitud® (¢ k) satisfies the reduced Rayleigh equafip®9]

> d
/ Z—Z M(plg)R(qlk) = —N(plk) . (6.13)
where
M(plgy = LD —20@IP =) o | (6.14a)
a(p) — oo(q)

1(a(p) + ao(k)|p — k)
k)= k — k 6.14b
N(plk) 2(p) + oo (k) [pk — a(p)ao(k)] , ( )
ando(k) = [e(w)(w/c)? — k212 with Rex(k) > 0, Ima(k) > 0. The function/ (y| Q) appearing in Egs.
(6.14) is defined by

1610) = f dry exp(—i Q1) eXp(—iyL(x1)) . (6.15)

—0o0

We seek the solution of Eq. (6.13) in the form
R(qlk) = 2r0(q — k)Ro(k) — 2iGo(q) T (qk)Go(k)ao(k) , (6.16)

whereRg(k) is the Fresnel coefficient for the scattering of p-polarized light, incident from the vacuum
side, from a planar vacuum—metal interface,

e(w)ap(k) — alk)

Roth) = ootk + 20

(6.17)
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and

B ie(w)
Gol) = = e + 2 (6.18)

is a Green’s function for a surface plasmon polariton at a planar vacuum—metal interface. The transition
matrix T (¢ |k) is required to satisfy the equation

o0

d
T(qlk) = V(qlk) + f P T g1 Go(p)V (pIK) - (6.19)

oo 2T

Equations (6.13), (6.16), and (6.19) define the scattering potéfiidak) that appearsin Eq. (6.19). From
these equations we find that this potential is the solution of the eqUa08h

2 [M(plg) — N(plg)] 2i0(q)

= {M(plk)[e(w)ag(k) — a(k)] + N(plk)[e(w)ao(k) + o(k)]}

/00 dg V(glk)

2e(w)ag(k) (6.20)

whereM (p|q) andN (p|q) have been defined in Egs. (6.14). It can be shf2@9] that the solution of
this equation is reciprocal/ (¢ |k) = V(—k| — q).

Itis convenient to introduce the Green'’s function for a surface plasmon polariton at a one-dimensional
randomly rough vacuum—metal interface(g|k), as a solution of the equation

> d
G(glk) =2r6(q — k)Go(k) + Go(g) / 2—17; V(qlp)G(plk) (6.21a)

=2n6(q —k)Go(k) + Go(@) T (q1k)Go(k) . (6.21b)

On combining Egs. (6.16) and (6.21b), and using the definitions (6.17) and (6.18), we obtain the useful
relation

R(qlk) = —216(q — k) — 2iG(qlk)uo(k) . (6.22)

The result given by Eq. (6.22) enables us to rewrite Eq. (6.12) in the form

OR —ig g 2 2 _ 2
<a_9s>mcoh_ Lyn (c> cos; costol (|G (glk)|?) — (G (glk))I?] - (6.23)
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This is a convenient expression f@R /005 )incon becausé|G (¢]k)|%) — |(G(g|k))|? can be calculated
from the solution of the Bethe—Salpeter equafibh6]

(G(qlk)G™(q'1K")) = (G(qlk))(G™(q'IK))

X dr [ dr X ds [ ds
f f f / (G@IMIG @I

x (L(r,7'|s, s ))(G(slk)G (s 1) (6.24)

where (I'(¢, ¢’ |k, k")) is the irreducible vertex function. The averaged Green’s funct@(y|k)) is
diagonal ing andk,

(G(qlk)) = 2ro(q — k)G (k) , (6.25)

a result that follows from the stationarity of the surface profile function). G (k) is related to the
unperturbed Green’s functia@g(k) by

1

Gk) = Gol L M®E) (6.26)
whereM (k) is a proper self-energy that is obtained from the pair of equafitts]
(M(qlk)) =2nd(q — k)M (k) , (6.27a)
M(qlk) =V (qlk) + /_Z 2—2 /_Z g—;M(QIPMG(PIr))[V(rIk) — (M (rlk))] . (6.27b)
If we make use of Eq. (6.25), Eq. (6.24) becomes
(Gqlk)G™(q'IK)) = 2rd(q — k)2rd(q" — K)G(9)G*(q') + G(9)G*(q) / /Oo al
x (I(q, q'ls, sHHUGIK)G(sIK) (6-28)
We now sey = ¢’, and obtain
(G(qlk)G*(qlk")) = 2r3(q — k)2r3(q — k)| G (q)|?
s6@l [T 5 [ S s GG L (629)

However, due to the stationarity of the surface profile functi@iig, ¢|s, s’)) must be diagonal i
ands’,

(I'(q,qls, s))) = 2nd(s — s/)U(qls) . (6.30)
Consequently, on settirig= k', Eq. (6.29) becomes
> d
(IG(qlk)|?) = L1278(q — k)|G(q)|? + |G(q>|2/ 2—2U(q|s><|G<s|k>|2> : (6.31)

where we have used the result thats(q — k)]2 = L12r5(q — k). The solution of this equation can be
written formally as

(IG(qIk)|%) = L1275(g — K)|G(@)1? + L11G (@) 1*R(ql)IG (k)|? (6.32)
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Fig. 65. The first three maximally crossed diagrams that contribute to the irreducible vertex fungi@n, together with the
analytic equivalents of the components of these diagrams.

whereR(q|k) is the reducible vertex function. It is related to the irreducible vertex funétignk) by

o0

ds
R(qlk) =U(qlk) +/ o U(qls)IG($)I*R(sk) . (6.33)
—0o0

On combining Egs. (6.23) and (6.32) we find that the mean differential reflection coeffeReft; )incon
is given by

<a—R> - g(9)3co§0s coslo|G(q) 2R (g1 |G (k)12 (6.34)
00 [incoh TNC
with ¢ = (w/c) sinfs, k = (w/c) sinbp.

We approximate the irreducible vertex functidi(g|k) by the sum of the contributions from all
maximally-crossed diagrams because, as we shall see, they describe the phase coherent multiple-scatterir
processes that give rise to enhanced backscattering. In calculating these contributions we make the smal
roughness approximation, which consists of approximating the scattering potégtif) by the solution
of Eq. (6.20) that is of first order in the surface profile functioi),

V(glk) = u(glk)iq — k) | (6.35)
where
e(w) —1
u(glk) = [e(w)gk — a(q)a(k)]

()

=u(klg) =u(—q| — k) =u(=k| —q) . (6.36)

The results we obtain are therefore limited to weakly rough surfaces.

For what follows it is convenient, although not necessary, to neglect the small imaginary gas of
in calculatingu (g |k), so thatu(q k) becomes real. (For example, for silver at a wavelengt#57.9 nm,
e(w) = —7.5+10.24[210], so only a small quantitative error is made as a result of this neglect.)

The first three maximally-crossed diagrams contributirig (@|k) are depicted ifrig. 65 together with
the analytic equivalents of the components constituting these diagrams. It should be noted that reversing
the direction of the arrow on a heavy black line produces the complex conjugate of the corresponding
averaged Green’s functio@ (p). The incoming and outgoing lines labeled byandg do not give a
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contribution toU (¢ k), but serve only to help fix the arguments of the vertex functiprg|k)} that
enter the contributions t& (¢|k) represented diagrammatically Kig. 65 Due to the stationarity of
the surface profile function, the sum of the wavenumbers entering a vertex must equal the sum of the
wave numbers leaving that vertex. Finally, the variablgsp», . . ., are integrated with volume elements
dp1/2x,dp2/2x%, ... .

By following these rules we obtain the following expressionfiy |k):

o0

d
U(qlk) = [u(qlk)1?6%g(1g — kI) +f % u(pilkyu(glpu(q|Q — pru(Q — palk)

x G(p1)G*(Q — po®g(lk — p1))d°g(Ip1 — ql)
* d > d
+/ % 2 u(palkyu(p2l pougl p2)
o0 27 J_s 27
xu(q|Q — pu(Q — p1lQ — p2)u(Q — p2lk)
x G(p1)G*(Q = pG(p2)G*(Q — p2)6°g Ik — paDd*(Ip1 — p2Dé*s(1p2 — q1)
® dp1 [ dp2 [ dp3
+ o o 2—u(pllk)u(pzlpl)u(pslpz)u(qIps)u(qlQ — p1)
o0 2T J_no 2 J_o 27
xu(Q — p1lQ — p2)u(Q — p2|Q — p3)u(Q — p3lk)
x G(p1)G*(Q — p1)G(p2)G*(Q — p2)
x G(p3)G*(Q — p3)d°g(lk — p1))o2g(Ip1 — p21)d°g(Ip2 — p3l)
x 0%g(lps—qh)+--- (6.37)

where, to simplify the notation, we have defin@d= ¢ + k. Because we are particularly interested in
the phenomenon of enhanced backscattering, which occursgnvaernk, we can simplify the expansion
(6.37) by settingD = 0 everywhere that this does not give rise to a singularity, namely in the vertex
functions{u(g|k)}. With this simplification Eq. (6.37) can be rearranged into the following expression:

U(qlk) = [u(qlk)1?6%¢(lg — kI) + Aglk) (6.38)

where

* d * d
Aglk) = / % ﬁu(cﬂ—p1>W(q|pz>K<pz>r<p2|p1>W(p1|k)u(—pz|k>, (6.39)

and we have introduced the definitions

W (qlk) = u(qlk)6®g(lq — kI) (6.40a)
K(q) =G(@)G"(Q —q) . (6.40b)
The functions (p2| p1) entering Eq. (6.39) is the solution of the integral equation
~d
((palpn) =252 = po + [ T2 Xpalpo)K (paytpalp) (6.41)

where

X (qlk) = [u(qlk)1%0%g(lq — kI) . (6.42)
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To solve Eq. (6.41) we will use the pole approximation for the averaged Green’s furigjon To
obtain this approximation we first note that the unperturbed Green’s funGgop) given by Eq. (6.18)
can be written in the form

le(w)  e(w)ag(p) — alp)

Go(p) = 1— 2(w) - w_2 e(w)
2 e(w)+1
~ C(w) . _ C(w) . , (643)
p — ksp(w) —14c(w)  p + kgp(w) + 14:(w)
where to lowest order i ()
o Ja@]| \Y?

is the wavenumber of a surface plasmon polariton of frequenaya planar vacuum—metal interface,
while

1o e2()
2 ¢ Jep(w)|Y2(|er(w)] — 1)¥?

Ac(w) (6.45)

is the decay rate of the surface plasmon polariton due to ohmic losses as it propagates along the interface
The coefficientC(w) is the residue 06 o(p) at the poles it possessesiat= +[ksp(w) + 14 ()],

 ea(@) 2

C(w) = :
©) A(w)—1

(6.46)

The pole approximation t& (p) is now obtained quite simply. From Egs. (6.26) and (6.43) we find
that

G = kspfai?)— id(w) po kspfa();uir iA(w) (6.47)
where we have defined the total damping rate of the surface plasmon pol&itpby

A(w) = Ac(w) + Asp(®) , (6.48)
with

Agp(@) = C(w)Im M (ksp(®)) . (6.49)

The function4sp(w) is the decay rate of the surface plasmon polariton due to its roughness-induced
conversion into volume electromagnetic waves in the vacuum above the metal surface and into other
surface plasmon polaritons. In obtaining Eq. (6.47) we have neglected the small renormalization of the
wavenumbeksp(w) arising from the real part of the proper self-enefdyksp()), but have taken into
account thatfsp(w) can be comparable to, or larger thap(w). The small renormalization of the residue

C(w) due to the surface roughness has also been neglected.
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In the small roughness approximation, the decay sggév) is given by (see Egs. (6.49) and (6.27))

1 [>~d N A
Asp(w) = C(w)Im I f 2_1; (1t (ksp()| )1 (Cksp() = p)L(p — ksp(@))) G (p)

* d
= C(w)Im §? / z—i [u(ksp(@) | P)1%g (lksp(®) — p))

1 1
C _
X Cl [p —kep(@) —14(@)  p+ ksp(@) + iA(w)]

1 o0
=3 C%(w)5? f dplu(ksp(@)| p)12g (Iksp(@) — p)
X [0(p — ksp(w)) + 6(p + ksp(@))]

1
= 5 CHO)uksp()| — ksp()]P6°¢ (2ksp()) - (6.50)

In obtaining this result we have used the result that
u(ksplksp) = u(—ksp| — ksp) =0, (6.51)

in view of the dispersion relation for surface plasmon polaritgis: (w/c)?{e(w) /[e(w) + 1]}
We can now proceed to the solution of Eq. (6.41). By the use of the result that

K(p) = G(p)G*(Q — p) = c? 2i4 N c? 2i4
p)=Gtp PP=2U0=0 (p—kep? + 42 214+ 0 (p 1 kep)? + 42
27 C2 27 C2
= —46(p—k ) k 6.52
21— 0 (p Sp)+2iA+Q (p + ksp) » ( )
which is valid in the limit of smalld, we can rewrite Eq. (6.41) in the form
iC?
t(p2lp1) = 2r6(p2 — p1) + 5i-0 X (p2lksp)t (kspl p1)
1 X (ol — ket (—splp) (6.53)
2id+ 0 p2 sp. splP1), :

where we have also used Eq. (6.51). By setjipgr kspandp, = —kspin Eq. (6.53) we obtain the results

02 + 442 2idsp
k = 215(p1 — k : 216 k 6.54
1 (kspl p1) Q2+4(42—A§p) { né(p1 — ksp) + 24+ 0 né(p1 + ksp) ( a)
keolpn) = — LA oyt ke + 20 s (6.54b)
spl P1 _Q2+4(A2—A§p) To(p1 sp. 24— 0 no(p1 sp. ) .

where we have used the results (see Egs. (6.42) and (6.50)) that

24
X (kspl — ksp) = X (—ksplksp) = C;p . (6.55)
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On substituting Eq. (6.53) into Eq. (6.39) we find thity |k) becomes

© d 'C2
A(glk) = f =h u(g| — p1)Wi(qlksp) ZiLI‘—_t(ksp|p1)W(P1|k)u(—ksp|k)

oo 2 0
+/°°% @1~ POW @I~ kep) 5 kel W (prlluthll) . (6.56)
o 2n u\yg pP1 q sp. 24+ 0 spl P1 P1IK)u(Ksp|K) . .
Substitution of Egs. (6.54) into Eq. (6.56) leads, after a good deal of algebra, to the result
A(glk)
Aglk) = 6.57
where

A(glk) = 2C%A[X (qlksp) X (ksplk) + X (q] — ksp) X (—ksplk)]
+ 2C% Asp X (q lksp) X (—ksplk) + X (q| — ksp) X (ksplk)]
=A(—k| —q) . (6.58)

Thus, our approximation to the irreducible vertex functidgy |k) is finally

A(qlk)

U(glk) =X (qlk _
@l =Xl + —= 5

(6.59)

where
= [42 — 4212 = [A(Ac + 24612 . (6.60)

The result given by Eq. (6.59) has to be substituted into Eq. (6.33), which is then sol\e@féy by
iteration. However, in each of the integral terms of the iterative solution only the contribution associated
with the first term on the right hand side of Eq. (6.59) is kept, and all contributions that contain the second
term are omitted. The reason for this is th@i(s)|?, according to Eq. (6.52) witkp = 0, is large only
for s = +kgp, i.€. for wave numbers outside the radiative redie/c, »/c). On the other handi(g|k)
is large only forg = —k. Bothg andk are required to be inside the radiative region in our calculation
of (OR/00;)incon EQ. (6.34). Thus, the terms containinigg |k) in all the integral terms in the iterative
solution of Eq. (6.33) give only a small correction to the result given by omitting them, either because
they are off resonancgy # —k), or else are multiplied by higher powers &/4? (in the case of the
Gaussian power spectrum (6.5b)) than the first when they are resonant.

In this way we obtain the result that

Al * dsy )
Rl = S X @+ [ S XahniGe0EX Gl

o0 d &) d
f ds1 / S X(@lsDIGDPX (51152) G (s2) PX (s2lb) + -

A<q|k>
= qlk 6.61
(q+k)2+4rz+2<|) (6.61)
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Fig. 66. The first three ladder diagrams that contribute to the reducible vertex fuRgtjor).

where) (g|k) is the solution of the integral equation
* d
Zﬁm=xwm+/ gxwmmmFme. (6.62)
_oo 4T

The function) (¢|k) is readily seen to be the sum of the contributions associated with the ladder diagrams
depicted inFig. 66

The solution of Eq. (6.62) is carried out in exactly the same way as Eq. (6.41) was solved, with the aid
of Eqgs. (6.52), and (6.55). The result is

A(glk)

k)= X(qlk 6.63
> (qlk) =X (qlk) + T (6.63)
Consequently, our result for the reducible vertex funciiag|k) takes the form
A(qlk) A(qlk)
R(glk) = X (gl + 22 d (6.64)

Ar’.  (g+k)?+4r? -’

When we combine this result with Eq. (6.34) we obtain the result that the contribution to the mean
differential reflection coefficient from the light that has been scattered incoherently is

OR\ 22y 2 Al Aglk) ,
a0 =\ s X ’
<a9s>mwh (%) oS0 costolGia)) { (ql)+—, 2 +(q+k)2+4FZ}IG(k)I

(6.65)

wherek = (w/c) sinfg andg = (w/c) sinf;.

The firstterm on the right hand side of Eq. (6.65) is the contribution from single-scattering processes; the
second is the contribution from the ladder diagrams; and the third is the contribution from the maximally
crossed diagrams. When= —k, the latter two terms are equal for scattering into the retroreflection
direction, i.e. wherd, = —0g. This is the reason why the contribution from the ladder diagrams has
been included in the result fat (¢ |k). The conclusion that the result expressed by Eq. (6.65) predicts
enhanced backscattering is clearly seen from the presence of the denorijrator® + 4I°2 in the last
term on the right hand side of Eq. (6.65), which therefore has a pegak=atk, whose angular width
at half maximum is 4I'/(w cosfg), and hence increases with increasing angle of incidence. This peak
is the manifestation of enhanced backscattering. We see that if the contributfoR &0, )icon from
single-scattering is subtracted off, the peak in the retroreflection direction is twice as high as the height
of the background at its position. The origin of this peak in the contributiod By 00; )incon from the
maximally crossed diagrams indicates that it is associated with the cross-terms in the squared modulus
of the sum of the amplitudes of the direct and reciprocal scattering sequences arising in a calculation of
the intensity of the scattered light.
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Fig. 67. The contribution to the mean differential reflection coefficient from the incoherent component of the scattered light when
p-polarized light of wavelength=457.9 nm is incident on a one-dimensional randomly rough silver surfdeg=—7.5+10.24)
characterized by the Gaussian power spectrum (6.5b)dwttb nm andz = 100 nm. (a))g = 0°; (b) 0g = 10°. These results

are calculated on the basis of Eq. (6.66).

We note that the result fa® R /00;)incon given by Eq. (6.65) differs in some details from the corre-
sponding result in the original paper by McGurn et[all2], but numerical results obtained by the use
of Eq. (6.65) are in very good quantitative agreement with those obtained by the use of the expressions
from that earlier work.

In Fig. 67we present plots ofo R /00;)incon Obtained on the basis of Eq. (6.65) for the scattering of
p-polarized light of wavelength = 457.9 nm from a one-dimensional, random, silver surfade) =
—7.5410.24), characterized by the Gaussian power spectrum (6.5b) with roughness paramadiens
anda =100 nm. For each angle of incidence a well-defined peak is present in the retroreflection direction,
whose width increases with increasing angle of incidence. Enhanced backscattering of light from a one-
dimensional randomly rough metal surface characterized by a Gaussian power spectrum has yet to be
observed experimentally.

The only experimental evidence for the enhanced backscattering of light from a weakly rough, one-
dimensional, random surface has been provided by West and O’'D¢hh8]l These authors fabricated
a one-dimensional randomly rough gold surface that was characterized by the power spectrum given by
Eqg. (6.6b). The values @fnin andkmax were determined from Egs. (6.7) withax=13.5°, andksp(w) the
wavenumber of surface plasmon polaritons at the frequertyrresponding to a wavelengih=612 nm
(e(w) = —9.00+i1.29[211]). It followed thatkmin = 8.48 x 10~3 nm~1 andkmax=13.26 x 10~3nm~1.

The rms height of the surface wés= 10.9 nm.

In Fig. 68we have plotted the experimental data of West and O’Donnell for the contribution to the
mean differential reflection coefficient from the incoherent component of the scattered light, for three
different angles of incidence (Fig.of Ref.[113]), namelydy =0°, 10° and 18. We have also plotted the
corresponding theoretical results calculated on the basis of Eq. (6.65). It is seen from these results that
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Fig. 68. The contribution to the mean differential reflection coefficient from the incoherent component of the scattered light when
p-polarized light of wavelength=612 nm is incident on a one-dimensional randomly rough gold su(téeg¢=—9.00+i1.29)
characterized by the West—O’Donnell power spectrum (6.66)da#tt0.9 nm kpmijn=8.48x 103 nm™ 1, kmax=13.26x10"3 nm,
andfmax = 13.5°. The angles of incidence are as noted. (0) experimental data ofIR8&l, (solid line) results calculated on

the basis of Eq. (6.65). (After RgR12].)

the theoretical curves are in good qualitative and quantitative agreement with the experimental data, all
the more so since there are no adjustable parameters in the theory. An enhanced backscattering peak i
seen in the results for angles of inciderige= 0° and 10, whereas none is seen féy = 18°. Since the
anglefmax = 13.5°, the absence of an enhanced backscattering pedls forl8 is due to the inability
of the incident light to excite surface plasmon polaritonsfps 6max 0N account of the power spectrum
of the surface roughness.

Since the single-scattering contribution@® /005 )inconiS Proportional tg (|g —k|) =g ((w/c)| sinfs —
sindp|), it follows from the fact that the power spectrum given by Eq. (6.6b) vanishds feik| < kmin,
that single-scattering processes make no contributi¢ghR@d0s )incon fOr scattering angles in the interval

ckmi . . ckmi
M 1 singg < sing, < —0

+ sindp . (6.66)

w
For6p=0°, this condition translates into the statement that single-scattering processes do not contribute to
(OR/005)inconfor —55.6% < 05 < 55.69°; for 0p=10°, they do not contribute when40.7° < 0, < 88.42°;
and for 6p = 18°, they do not contribute wher31.13 < 0, < 90°. Within these angular intervals
(OR/005)incon Is determined only by multiple-scattering processes. Consequently, from the argument
given in the introduction to this section, and the result given by Eqg. (6.65), we expect that the height of the
enhanced backscattering peak should be twice as high as the background at its position. This is indeed the
case in the theoretical results presenteBig 68 and very nearly the case in the corresponding experi-
mental results. Outside the interval defined by Eq. (6.6®),00s)incon IS determined by both single- and
multiple-scattering processes. Moreover, because the surface plasmon polaritons excited by the incident
light when|6g| < Omax can be converted into volume electromagnetic waves in the vacuum only when
|0s| < Omax, We expect that the multiple-scattering contributiod® /00 )incon Will be nonzero only for
|0s] < Omax, iINdependent of the value @§. This expectation is confirmed by the theoretical results for
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all three angles of incidence, and in the experimental datégfer 0° and 10. However, it is seen that
there is a nonzero contribution t0R /00;)incon IN the interval|d| < 13.5° for 0p = 18°, in which case
no surface polaritons are excited. This result is due to the fact that the measured power spéé&tium
of the surface fabricated by West and O’'Donnell was not identically zerfk fet kmin [113].

The good agreement between the experimental data and theoretical results based on the coheren
interference of multiply scattered surface plasmon polaritons, excited through the roughness of the surface,
with their reciprocal partners, support the conclusion of West and O'Donnell that their results confirm the
surface polariton mechanism for the enhanced backscattering of light from weakly rough one-dimensional
random metal surfaces predicted in H&fL2].

It should also be noted that West and O’Donnell found no evidence of enhanced backscattering in
their results for the scattering of s-polarized light from the same surfaces used in the experiments with
p-polarized light. This is consistent with the conclusions of the theoretical work presented in Refs.
[112,118] and reflects the fact that a planar vacuum—metal interface does not support s-polarized sur-
face electromagnetic wavgg13]. For large-amplitude, large-slope, one-dimensional randomly rough
surfaces, enhanced backscattering is predicted when they are illumindiethipy and s-polarized light
[17,214] However, the mechanism responsible for it in this case is not associated with surface plasmon
polaritons[215], and hence lies outside the scope of this article.

6.2. Surface plasmon polaritons and the enhanced optical transmission of periodically structured films

Surface polaritons on periodically structured films and related SPP band-gap effects not only affect
the electromagnetic near-field close to the structure but also modify optical properties of periodically
nanostructured films since they are determined by the behavior of SPP on a structured surface. Recen
experimental observations of the enhanced optical transmission of metal films with periodic subwave-
length holes has given rise to a considerable interest in the optical properties of such metallic structures
[198,216,217] Not only transmission but also reflection and absorption by the film are determined by
SPP properties on the periodically structured interfaces of the film.

6.2.1. Optical transmission of a metal film with a periodic hole array: a near field view

The optical transmission of a subwavelength aperture in a nontransparent screen is very low and is
proportional to the fourth power of the ratio of its diameter and the light waveld@48j. However, if a
metal film is perforated with a periodic array of such holes, the optical transmission can be significantly
enhanced at certain wavelengfti98]. If it is normalized to the total area of the illuminated holes, the
transmission coefficient corresponds to an enhancement of up to three orders of magnitude compared
to the transmission of the same number of individual holes. This enhancement depends on the array
geometry (hole shape and size and periodicity), light wavelength, angle of incidence, as well as on the
material of a film.

The spectral dependencies of the enhanced transmission and the role of the resonant excitation of
surface polaritons in the enhancement have been studied if2REfThe transmission spectra obtained
for different parameters of a square array of holes are presenkggl. iB9together with the transmission
of a continuous silver film of the same thickness. The transmission of a continuous film increases as the
wavelength of light decreases towards the bulk plasmon waveléngta 360 nm at which a metal film
is significantly transparent. The spectral dependence of the transmission of a hole array has a complex
behavior revealing enhanced as well as suppressed transmission compared to that of the continuous film
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Fig. 69. Normal incidence transmission spectra of a continuous silver film (dotted lines) and a film perforated with a periodic
hole array (solid lines). Periodicit® = 900 nm, hole diameters (1-5) 150, 225, 250, 275, and 300 nm, respectively. Please note
that the curves (2-5) are shifted with respect toytkexis scale. The film thickness is 20 nm. The excitation spectra of surface
polaritons on smooth Ag interfaces are indicated by arrows with correspoqeligg-parameters. (Ref24].)

The magnitude and spectral dependence of the transmission depends strongly on the array parameters. F
the 150 nm size holes the observed enhancement is relatively lowe@yid.he enhancement increases

with the hole diameter, and its spectral position shifts towards the longer wavelengths. The increase of
the array periodicity leads to a blue shift of the enhanced transmission spectra but is less important for
the magnitude of the transmission.

The crucial difference between a smooth and a periodically structured metal film is that when the latter
is illuminated even at normal incidence surface plasmon polaritons can be excited on both interfaces of
the film under certain conditions, as has been discussed above. In the case of a perforated metal film,
the same periodic structure forms two polaritonic crystals on the two interfaces of the film. If a film is
sufficiently thick, the coupling of the SPP excited on the different interfaces is sufficiently weak, and
two sets of SPP Bloch waves can be excited on the different interfaces of the film. The spectra of the
resonant SPP excitation on smooth air—metal and glass—metal interfaces of an Ag film (not SPP Bloch
waves) calculated with Eq. (1.32) (Section 1.1.3) are showmgn69 One can see a good agreement in
the spectral position of the SPP resonances with the enhanced transmission of the 150 nm hole array, bu
for the holes of 300 nm diameter the transmission spectra are significantly red-shifted.

The spectral ranges of the enhanced transmission correspond to the excitation of surface polaritons
on a metal film with periodic holes, which are SPP Bloch waves, as has been discussed above. The
dependence of the transmission enhancement on the periodicity is determined by the SPP Bloch wave
conditions on the periodic structure. Because of the weaker scattering of SPPs by smaller holes, the
formation of SPP Bloch waves is not as efficient as in the case of larger holes. Thus, both a shift of the
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Fig. 70. Intensity distributions of the transmitted light over a unit cell of a periodic array at the wavelength of 1420 nm corre-
sponding to the SPP Bloch wave with= 0, ¢ = £+1 (a,e) and 800 nm correspondingpte= +1, ¢ = +1 (b,f) at the distance of

15nm (a,b) and 100 nm (e,f) from the surface. Schematic of the SPP Bragg reflection demonstrating a build-up of the near-field
distribution of the transmitted light (c,d). The hole array periodicity is 900 nm, a hole diameter is 300 nm, and the silver film
thickness is 20 nm. Polarization of the incident light is along a vertical axis of the images[Z&ef.

SPP resonances on the structured film from the SPP resonances of a smooth film and the transmissior
enhancement are smaller in the case of small holes. However, SPP into SPP scattering and scattering
of SPPs into light (radiation damping) become more and more important with the increase of the hole
diameter resulting in a spectral shift from the position of SPP resonances on a smooth film and an in-
crease of the transmission enhancement for larger holes, as has been shown by exact numerical modelin
(Fig. 69).

To understand the mechanisms of the transmitted wave formation, the near-field distribution of trans-
mitted light above a surface of the array has been studied at different wavelengths corresponding to the
enhanced as well as suppressed transmission. The near-field distribution of the transmitted light over a
surface has been calculated, revealing a fine structure related to the electromagnetic coupling betweer
holes. The symmetry of the observed near-field distribution corresponds to the symmetry of the Brillouin
zone of the hole lattice. The near-field images of the intensity distribution have been calculated for the
wavelengths of. = 800 and 1420 nm, which correspond to the SPP Bloch wave excitation/@icgas
well as for the wavelengths df= 633 nm at which the transmission is suppressed,/arB30 nm at
which no surface polaritons exist on a silver film (Fig). In the latter case, the transmitted intensity
distribution is related to the hole itself. In the near-field, additional lobes of the field distribution are
observed in the direction of polarization of the exciting light, which are probably related to the localized
electronic oscillations close to the edge of a hole excited by the incident light. This intensity distribution
can be obtained from continuity conditions of the electromagnetic field for an individual hole. The in-
tensity of the transmitted light exhibits a very weak distance dependence indicating that the propagating
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components of the diffracted field are dominant in the near-field at this wavelength, while the contribution
of the evanescent components is negligible.

The transmitted light distribution at the wavelengths of the SPP Bloch waves is far more complex in
the near-field, revealing a rich fine structure at and around the holeg(¥id-he lowest energy surface
polariton that can be launched by the array under consideration corresponds(jg ¢he= (0, £1)
modes at a glass—metal interfacdg ~ 940 nn) excited with 1420 nm wavelength light. Two other
modes {1, 0) at this wavelength are forbidden due to the polarization of the exciting light. Under
illumination at normal incidence, the two excited SPP modes correspond to standing SPP Bloch waves
that are excited at the edge of the Brillouin zone. They are formed by SPPs in a vertical direction
undergoing scattering/reflection by the holes in the film. The reflected SPPs produce a multiple beam
interference pattern of the symmetry determined by the orientation of the hole rows playing the role of a
diffraction grating for the SPPs or, in analogy with a crystalline lattice of solids, a two-dimensional Bragg
reflector. The hole rows of different orientations with respect to the SPP propagation direction reflect the
SPPs in a given direction, determined by a diffraction order, with different efficiencies. The efficiency of
reflection in different directions corresponds to the corresponding components of the Fourier spectrum
of a periodic structure. In addition, a surface polariton decays during propagation due to losses in metal.
These factors result in the intensity variation of the observed interference maxima related to different
reflection directions.

Two strongly localized spots of the highest intensity correspond to the reflection from the hole rows
perpendicular to the SPP propagation direction (zero-order diffraction). The SPP reflection in this direction
is most efficient. In the localization spots an intensity enhancement of up to 500 times is observed. The size
of the localization is about 40 nm suggesting a good quality factor of the structure with respect to the SPP
reflection processes. The SPP propagation length along a smooth metal/glass surface at this wavelengtt
is about 30Qum, which corresponds to more than 100 rows of the hole array efficiently contributing to
the SPP Bloch wave formation.

Different surface polariton modes propagate in the different directions determined kiy,the
parameters which in turn correspond to different directions in the Brillouin zone. For this reason, the
symmetry of the near-field distribution of the transmitted light is different at different wavelengths as it
is related to the different SPP Bloch modes. For example, the SPP modggwjth= (+1, +£1) on an
air—metal interfaceAsp ~ 780 nm) are excited with light of 800 nm wavelength. Despite the complex
lateral variations of the near-field intensity (Fif) its fine structure corresponds to the symmetry of the
Bragg grating orientations. As in the case discussed above, the maximum intensity is observed for the
spots corresponding to zero-order diffraction.

Although the maximum intensity of the transmitted light is observed in the vicinity of the holes in
the metal due to the field configuration of the SPP Bloch modes, the logarithmic representation of the
same near-field distribution (Figl) clearly shows that the transmitted light gets through the metal film
itself: photon tunneling via the SPP modes takes place all over the metal film where the SPP field exists
[200,202,219]

In contrast to the transmission without SPP excitation, the field at the wavelengths of the enhanced
transmission conditions naturally has strong evanescent components. With the increase of the distance
from a surface the localization pattern is smoothed out but the overall symmetry of the light distribution
above a hole is still determined by the symmetry of the scattered SPP mode&JjFig.

Light of wavelength 633 nm falls in the SPP band gap of the periodic structure under consideration
(Fig. 72). Nevertheless, as the band gap is narrow, low-efficiency nonresonant excitation of the SPP
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Fig. 71. Log-scale representation of the near-field intensity distributions preserkiigd #a,b. (After Refs[24,219])
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Fig. 72. Intensity distributions of the transmitted light over a unit cell of a periodic array at the wavelength of 330 nm at which
no SPP modes are allowed (a,c) and 633 nm at which no SPP Bloch waves are excited (b,d) at the distance of 15nm (a,b) and
100 nm (c,d) from a surface. All other parameters a8ign 70 (Ref.[24].)

modes still takes place, leading to a very complex field distribution over a surface. In addition to the field
localization close to the hole edges (as in the case without SPP excitation), the structure related to the
excitation of nearby situated SPP modes is also visible. The near-field intensity is much lower in this case
than at the SPP Bloch wave wavelengths.

Numerical modeling of the optical transmission through an array of periodic subwavelength holes has
shown that the enhanced transmission is related to photon tunneling via SPP Bloch modes on periodically
structured films. Calculated spectra are in a good agreement with the experimenf{aP8tiescrib-
ing spectral dependencies of the enhanced transmission. However, for different geometries of the film,
depending on the shape and size of the features as well as on the film thickness, other mechanisms cat
contribute to the transmission enhancement as will be discussed below.
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6.2.2. The origin of the enhanced transmission through periodically nanostructured metal films

Since the first experimental observations of the enhanced transmission, the role of surface plasmon
polaritons has been assumed but the detailed picture of the transmission enhancement is still being
debated. Different models have recently considered a number of mechanisms such as resonant transfer o
surface polaritons excited on the inner (glass—metal) interface of a film to the upper (air—-metal) interface,
penetration of the SPPs excited on the inner interface to the surface through the holes, localization of
the electromagnetic field inside the holes, the excitation of SPP Bloch waves discussed above and their
subsequent tunneling through a film, d&4,199,220-226]All these theories heavily rely on thorough
numerical simulations of the electromagnetic field propagation through a structure in one or another
approximation, and not surprisingly most of them give about the same spectral dependencies, which are
in relatively good agreement with the experiment. However, the physical interpretation of the numerical
results is focused, in most cases, on a one at a time feature of this complex process, resulting in a
fragmented and obscure picture of the transmission enhancement origin.

As has been shown above, surface polariton excitation itself results in a significant field enhancement
in the near-field proximity to a surface (Section 1). If a smooth metal film is illuminated through a prism,
under a certain angle of incidence the SPP excitation conditions are satisfied, and light is resonantly
transformed into surface polaritons on the air-metal interface leading to a very low reflection from a
film. It should be noted that in this configuration the SPP mode on a smooth glass—air interface cannot
be excited under any circumstances. Thus the incident light is directly coupled to surface polaritons on
the upper interface. The process of the photons transfer to the opposite side of a metal film is analogous
to the well-known effect of resonant tunneling through a potential barrier. Such resonant coupling leads
to the intensity enhancement over the film surface by up to 200 and 40 times at the 600 nm wavelength
for silver and gold films, respective[]. The magnitude of the enhancement depends on the thickness
of the film, and there is an optimal thickness at which the enhancement reaches its maximum, when the
internal (Ohmic) losses equal the losses due to SPP radiation back into the prism. For thicker and thinner
films the enhancement will be smaller.

The SPP electromagnetic field decays exponentially with distance from the surface. Thus in the con-
ventional (far-field) measurements no transmission can be observed despite the significant enhancemen
of the transmitted field close to the surface. This transmission enhancement has been measured and stuc
ied indirectly by the observation of surface enhanced optical phenomena and, more recently, directly
with scanning near-field microscopd5,17] Thus, even for smooth films the transmission enhancement
occurs under the SPP resonant conditions, but to detect it a scatterer should be introduced to convert a
surface polariton into a propagating lightwave.

The simplest realization of this is the use of a (randomly) rough film. In this case, coherent scattering
of SPPs by surface defects gives rise to the far-field transmitted light. Moreover, a rough surface allows
the SPPs to be excited without any special arrangements, as the diffraction of light on surface defects will
provide coupling to the SPP modes on both the air—metal and glass—metal interfaces, as has been discusse
in Section 1. Thus, even conventionally illuminated rough films can exhibit enhanced transmission.
Indeed, the enhanced transmission through a free standing rough metal film due to multiple scattering of
the excited SPPs has been predicted theoretically and observed experinji2@82¢7,228]It has also
been shown that the coupling between the SPPs on the two surfaces of a film, which is significant if this
film is sufficiently thin, results in additional side peaks in the angular distribution of the intensity of the
transmitted light in addition to the main peak of the enhanced transmission of thick (no coupling) films.
The problem with random roughness is the ill-defined SPP excitation conditions, which result in the low
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efficiency of light-into-SPP coupling, broad SPP resonances due to strong scattering and, as a result, a
low transmission enhancement.

To overcome this problem and achieve well-defined SPP excitation resonances, efficient light-into-
SPP coupling as well as SPP-into-light scattering, periodically structured surfaces should be considered.
Diffraction on a periodic structure provides the wavevector conservation and coupling of illuminating
light into SPP Bloch waves on a structured surface. As has been shown above, only the surface polaritons
satisfying the Bloch waves condition can be excited and subsequently contribute to transmitted light
originating from coherent scattering of the SPPs by the array of periodic scatterers. As different SPP Bloch
waves propagate in different directions (Eq. (1.32)), they result in the specific near-field distribution of the
transmitted light above the surface that has been clearly shown: the near-field distribution has a different
symmetry for different SPP Bloch modes corresponding to the different wavelengths of the enhanced
transmissiof24]. The variation of the structure periodicity leads to the changes of the resonant conditions
and thus modification of the enhanced transmission spectrum. The scatterer size has a smaller effect or
the spectrum as it influences the resonant conditions indirectly via the efficiency of SPP scattering. Thus,
the use of a periodic array of scatterers (instead of random scatterers) allows the efficient excitation of
SPPs and at the same their efficient scattering into light. The excitation conditions strongly depend on the
parameters of the periodic structure, allowing the efficient control of the transmission spectrum via the
control of the SPP band-gap. The resonant light tunneling through a metallic film via states of SPP Bloch
waves is responsible for the enhanced transmission. In this case, no holes through a film are required for
the transmission enhancem§2®0-202,226]

Let us consider now qualitatively the scattering of SPPs into light on periodic arrangements of surface
features. This is important for understanding the transmitted field formation over a film. Empirically the
scattering of SPP into light by surface features can be considered as the excitation of virtual dipoles
(related to a surface feature) followed by re-radiation. Such scattering by a periodic system of dipoles
must take into account electromagnetic coupling between the dipoles. In periodic arrays of scatterers, the
external electric field is coupled with the collective dipole excitations of the array. This results in a coherent
scattering of SPPs into light by the dipole array leading t&/&nlependence of the scattering intensity on
the numbew of dipoles within a coherence area. For incoherent scattering the intensity is proportional to
the number of individual dipoled contributing to the scattering. The increase of the transmission with
the number of scatterers has recently been observed experimentally by the use of films which contain,
in addition to a periodic hole array, periodically arranged small protrusions on the s[g28eln this
arrangement, the excitation of SPP Bloch waves (the spectrum of the transmission) is determined by
the holes, which provide strong in-plane scattering, and the SPP band-gap formation, while the array of
small protrusions (contributing less to the in-plane scattering of SPPs than the holes) provides additional
out-of-plane scattering of surface polaritons. Thus, the introduction of additional weak scatterers which
can contribute to scattering while not affecting significantly the SPP band-gap formation can be beneficial
for the transmission enhancement. Weak surface roughness can play a somewhat analogous role and b
significant for out-of-plane scattering, but collective effects in scattering will be lost in this case.

(a)Photon tunneling via the SPP Bloch mod&s one can see, the considerations above do not involve
any specific type of scatterers (holes or protrusions) on a surface as long as they provide SPP-into-SPP
and SPP-into-light scattering. The transmission enhancement can be explained by the resonant tunneling
of light from one side of the film to another via the SPP Bloch states on at least one of the film interfaces
(tunneling photons into SPP states). Additional transmission enhancement can take place through a film
both of whose interfaces are periodically nanostructured. This is the situation when two SPP Bloch



264 A.V. Zayats et al. / Physics Reports 408 (2005) 131-314

modes are formed at opposite interfaces at the same frequency (tunneling between SHPGOhTELR

simplest realization of this can be the hole structure in a film discussed in the previous Section. In this
case, light is first coupled to the SPP Bloch states on one of the interfaces and then tunnels into the SPP
Bloch states on the opposite interface. This can occur if some of the resonant states of the SPP crystal
formed on one film interface happen to be close to the resonances of the SPP crystal formed on the other
film interface. It should be noted that a full energy exchange between tunnel-coupled states, and thus the
enhancement magnitude, requires a significant interaction time (depending on the coupling strength) and,
therefore, depends on the lifetime of the SPP states involved: one can imagine that the transmitted energy
is first built-up in the resonant SPP st§2®0]. In the absence of Ohmic losses (infinite SPP lifetime,

if the radiative losses are small) the transmission magnitude redtkes for a film in a symmetric
environment for which similar Bloch states are involved in the tunneling and provide the best lateral
overlap of electromagnetic fields on opposite interfd@88—-202] For thin metal films, for which the
interaction between the SPPs on opposite film interfaces is significant, the film SPP modes should be
considered instead of independent surface modes. The transmission in this case depends in a comple;
manner on the interplay between the symmetric and antisymmetric film SPP modes and the symmetries
of the SPP Bloch modes involvgd02,226,230] This may result in suppression of the transmission at
some frequencies at which the crossing of the SPP Bloch mode branches of different symmetries related
to opposite film interfaces takes pld@§2,230] Strong absorption is observed at these frequencies.

At normal incidence, only even branches of the SPP Bloch modes are radiative and contribute to the
transmissiorf200]. At oblique incidence, however, both even and odd branches are radiative, leading
to two transmission (as well reflection and absorption) peaks instead of the one observed at normal
incidence[230]. The tunneling efficiency depends on the densities of states of the SPP modes involved,
which are highest at the edges of the Brillouin zones/(tksp=0), i.e., at normal incidence (Fi§5). Not
only transmission is enhanced under resonant conditions, but also absorption in a metal nanostructure.
This paradox is resolved taking into account the decrease of the reflection from the nanostructured film
[202,226,230] If a metal film is in asymmetrical surroundings (e.g., a metal film on a substrate), the
transmission does not depend on which side is illuminated. However, the absorption may be different
upon illumination through the substrate or from another §&#86]. This is related to the fact that the
absorption is determined mainly by the SPP modes of the illuminated interfaces, while SPP modes on
both interfaces participate in the transmission.

(b) Additional mechanisms of the enhanced transmissldre other mechanisms of the enhanced
transmission through a hole array proposed in the literature and mentioned above require the excitation
either of surface polaritons which, as has been shown, can only be SPP Bloch waves on a periodic structure,
or of various kinds of localized surface plasmons. Tunneling between LSP states can also contribute to
the transmission enhancement. The contribution of these mechanisms to the overall transmission depend:
on the details of the periodic structure, such as film thickness, scatterer size and type, etc. The specifics
of the light transmission through periodic slits in a metal film should be noted. In contrast to the holes,
whose cross sections are connected domains, electromagnetic guided modes without a cut-off frequency
can exist in slit§222,231] That is why 1D treatments of the transmission through periodic slits are not
always applicable to a hole array.

Depending on the details of the periodic surface structure, and primarily on the size of surface features
and the thickness of a film, different dominating transmission mechanisms can be considered. This is
important for periodic structures with very small or very large (compared to the period) holes or slits.

In the latter case, when the filling factor is large, the total area of the holes is larger than the area of
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the remaining metal surface. For such a metallic structure, surface plasmon polaritons cannot be valid
electromagnetic eigenmodes. In this case, (interacting) LSP related to the remaining metal features can
contribute to the transmission. In the opposite case of very small holes or narrow slits, the SPP interaction
with surface features is weak as it depends on their size. This means that for a given SPP propagation
length on a smooth surface, the reflection/scattering may be too weak to form a SPP band-gap. (In a
periodic system without losses, a band-gap structure is formed always independently of the strength of
the interaction.) In this extreme case, other mechanisms such as light tunneling via different kinds of
surface plasmons localized in the holes or grooves can be impf28)225] In the other specific case

of dielectric channels in a thick metal film (well defined cylindricality of the chanhelsl,), it has

been suggested that cylindrical surface plasmon modes in the channels contribute to the transmission, in
addition to the SPP related tunnelif{g168].

So far we have considered surface plasmon polaritons on a periodically structured surface, which
are the combined excitations related to surface plasmons and photons. In dielectrics, when the light
wavelength is close to the resonances related to optical phonons, analogous excitations can exist on
a surface due to phonon—photon coupling, namely, surface phonon poldfifoitiey have the same
properties as surface plasmon polaritons and, therefore, one should expect analogous properties of surfac
polaritonic crystals in the appropriate spectral range. Thus, enhanced transmission should be expected fol
periodically structured dielectric films corresponding to the Bloch waves in surface phonon polaritonic
band-gap structurd219].

The optical transmission due to light tunneling via surface polariton states provides a possibility for the
efficient control of the spectrum and magnitude of the transmission, and makes periodically nanostructured
films very promising for applications in novel photonic and optoelectronic devices. One example of such
applications in active photonic devices that allow controlling light with light is discussed in the next
Section. Surface polaritonic crystals provide the possibility of controlling not only the spectrum and
spatial structure of the transmitted light, but also the temporal delay of the transmitted light pulses, that
is important for certain applications in optical communicafi®82].

6.2.3. Polarization effects in the light transmission through a polaritonic crystal

The transmission spectrum of a metal film with a square array of circular features does not depend on the
polarization of the incident light at normal incidence. However, by introducing asymmetry into the surface
structure it is possible to achieve polarization control of the transmission, which can be advantageous for
possible applications of the metallic nanostructy2ss].

To understand the polarization sensitivity of the SPP-related enhanced transmission, the spectrum of
the SPP Bloch waves on a periodically structured film should be considered. A rigorous consideration
of the symmetry properties of the eigenstates of a periodic structure with an asymmetrical lattice basis
would require an approach analogous to the linear combination of atomic orbitals (LCAO) method or the
Wannier functions conventionally used in solid state phydit8]. Nevertheless, it will be instructive to
consider a simplified model using the SPP Bloch modes.

The field of SPP modes on a periodically structured surface can be described by

E (x1, x2) = Ukgy(&, n) expli (k{p x1 + k' x2)] . (6.67)

whereUy, (¢, ) possesses the periodicity of the array and is the SPP Bloch functidnygisdhe wave
vector of the Bloch wave. Here the coordinate systeing ¢6f the basis andy, x») of the lattice are not
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Fig. 73. The near-field distribution of the transmitted light over a unit cell of a hole arrayRig.iTQ@) at the transmission
peak corresponding to the SPP modes infth& direction of the Brillouin zoneA{= 1420 nm) for different polarizations of the
incident light (indicated by arrows). (After Ref24,219])

generally independent, and are introduced to simplify symmetry considerations. At normal incidence of
light, the allowed SPP wavevectors on the periodically structured surface are determined by

2n 2n
ksp:iPBUliunz’ (668)

whereu; andus are the unitreciprocal lattice vectors of the periodic structDiig,its periodicity (assumed

to be the same in both thg- andx,-directions), ang andg are integer numbers corresponding to the
different directions of the SPP Brillouin zone. At normal incidence, SPP can be excited if the electric
field of the incident light has a component in the direction of SPP propagadfionksy) # 0. Thus,

the polarization dependence of the coupling efficiency in different directions of the Brillouin zone is
proportional to| p sing + g cos$|/(p? + g%)Y/?, whereg is the polarization azimuth angle with respect

to thex; axis of the lattice (Fig74).

It is clear from this analysis that for a square lattice with basis elements of circular symmetry no
polarization dependencies of the SPP excitation and, thus, of the enhanced transmission, can be expecte
at normal incidence. This leads to the situation that the near-field distributions of the transmitted light
are different for different incident light polarizations (Fi€f) but the transmission spectrum is the same
(Fig. 69). However, in the case of an elliptical basis of the lattice (Fi§), polarization dependencies of
the transmission spectrum are significant.
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Fig. 74. The image of the periodic array of elliptical holes in a gold film. The scale bains 2 schematic of the primitive cell
of the lattice is shown in the inset. (R¢233].)
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Fig. 75. Normal incidence transmission spectra of an array of elliptical holes for different polarizations of the incident light

without polarization analysis of the transmitted light. The polarization apiggemeasured with respect to theaxis (Fig. 74).
(Ref.[233].)

The transmission spectra of the structure obtained at normal incidence without polarization analysis
of the transmitted light are shown kig. 75for different polarization states of the incident light with
respect to the orientation of the array. For incident light polarized parallel to the principal latticecaxes (
or x») the transmission spectrum is observed with broad features in the 450-550 and 750-800 nm spectral
ranges. With the increase of the polarization azimutip to about 20—25the transmission increases in
the 550-750 nm wavelength range, where the spectrum becomes rather flat. With further inciease of
when the light is polarized along the short principal axis of the elliptical holes, the transmission in the
long-wavelength spectral range (750-800 nm) is significantly suppressed. For the polarization azimuth
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Fig. 76. Polarization dependencies of transmission at the wavelengths indicated in the panels. Polarizatjois amegsured
with respect toy-axis (Fig. 74). (Ref.[233].)

along the long principal axis of the ellipse, the transmission in the far red part of the spectrum is enhanced,
but becomes smaller at around 600—-700 nm. Thus, with rotation of the polarization of the incident light,
the intensity of the spectral components of the transmitted light exhibit complex, oscillatory behavior
differentin different spectral ranges (Fif). The relatively well-defined long-wavelength band at around
780-800 nm has a transmission minimum for the polarization of light parallel to the short principal axis
of an ellipse, and a maximum for the polarization along the long principal axis. For all wavelengths, the
dependencies show a 2-fold symmetry corresponding to the symmetry of the array: a square lattice with
basis elements of a 2-fold rotational symmetry.

Taking into account different scattering properties of the ellipse in different directions, one can un-
derstand this by considering the mixing of the SPP Bloch states of the square lattice due to the lower
symmetry of the basis elements. Elliptical holes with different sizes in the different directions modify the
Brillouin zone structure by introducing size-dependent anisotropic scattering. This leads to the reduction
of the Brillouin zone symmetry, showing a 2-fold rotation axis instead of the 4-fold axis appropriate
for a square lattice, effectively creating a medium with a pronounced linear birefringence in dichroism.
Linearly polarized waves with polarization azimuth along the main axes of the elliptical basis will be the
polarization eigenstates of the structure. As aresult of the anisotropic SPP Brillouin zone, the transmission
spectrum of the structure is dependent on the polarization of the incident light.

Mixing and re-excitation of surface plasmon resonances in different directions of the Brillouin zone
are responsible for anisotropic retardation and eventually for the ellipticity of the polarization state of
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Fig. 77. Spectra of polarized transmission of the array measured for the incident light polarizaijos: @) and (b) 45,
(c) 100°. The spectra of the light transmitted without polarization state chaRgd), with orthogonal polarizationk L A,
Y = 0°), and close to orthogonal polarizatign= +8° and 1%, are shown. (Ref233].)

the transmitted light. Polarized transmission spectra show that the changes of the polarization state of the
transmitted light are strongly wavelength dependent (Fify. This allows identification of transmission
resonances contributing to the broad transmission spectrum. Several resonances can be identified by
the different degree of ellipticity at around 750, 650, and 550 nm. Thus, by controlling the polarization
state of the incident light and exercising polarization selection of the transmitted light, the transmission
spectrum of the elliptical hole array can be tuned at a specific resonant band corresponding to one
or another SPP mode of the system, quasi-continuously from blue to red wavelengths of the visible
spectrum233].

6.2.4. Light-controlled transmission of polaritonic crystals

Since surface polaritons are extremely sensitive to the refractive index of an adjacent dielectric medium
(Eq. (1.6)), one can expect that by controlling this refractive index, an effective control of the SPP-mediated
light transmission through periodically structured metal films can be redliz&€88,201] The changes
of the dielectric properties of the material in contact with polaritonic crystals lead to the modification
of the SPP Bloch state spectrum, and thus, to changes in the resonant conditions of light tunneling.
One can imagine several choices for an active dielectric medium such as electro-optic and ferroelectric
materials whose dielectric properties depend on an applied electric field, magnetic materials which can
be controlled with a magnetic field, as well as nonlinear optical materials that can be controlled with
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Fig. 78. Focused ion beam milled arrays of cylindrical channels in a 400 nm thick free standing gold film. The scale bar is
500 nm. (Ref[168].)

light. The latter is especially important for the development of all-optical active devices. This effect has
recently been observed in light transmission through a periodic array of subwavelength holes (cylindrical
channels) in a free standing metal film embedded in a nonlinear material: the transmitted light intensity
was controlled with light of a different wavelengitb68].

The advantage of a surface polaritonic crystal for the development of this kind of all-optical active
elements is two-fold: a high sensitivity of SPP resonance to minor modifications of surroundings, and
the electromagnetic field enhancement related to surface plasmon modes that can allow achieving these
modifications at a low illuminating light intensity. The local electric fidlg induces changes in the
dielectric constard of the nonlinear optical material close to a surface:

€= 61(0) + 4nx§3)|E|_|2 , (6.69)
whereego) and X,@) are the linear dielectric constant and the third-order nonlinear susceptibility of the
optical material adjacent to the metal surface, respectively. As a consequence of dielectric constant change
the SPP modes may experience a noticeable frequency shift, thus modifying the resonant tunneling
conditions and transmittance of the nanostructure.

In the experiments on all-optical control of SPP crystal transmission, square arrays of nanometric
cylindrical holes have been used in a freestanding 400 nm thick gold membrangégjFithe membrane
was embedded in a poly-3-butoxy-carbonyl-methyl-urethane (3BCMU) polydiacetylene thin film. BCMU
polydiacetylene hold the current record for the largest fast nonresonant ggticabnlinearity[234].
The samples were illuminated at an angle of incidence of approximatélysd3hat the projection of
the illuminating light wavevector onto the surface is in the direction approximately corresponding to the
direction along the hole rowd™€X direction of the Brillouin zone). The transmitted light was collected
through a fiber tip positioned over the array using shear-force distance regulation.

Modulation of the transmission of the array of 20 nm holes at the signal light wavelengt®33 nm
induced by modulation of p-polarized control ligtit= 488 nm) illuminating the same area was directly
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Fig. 79. Modulation of the 20 nm holes array transmission at 633 nm induced by modulation of the 488 nm control light. The
time behavior of the observed switching is determined by the time constant of the measurem@stseeded for the signal
integration. The shutter of the control light was closed and opened three times during the experimejitc8REf.

observed (Fig79). At the same time, for the arrays with larger holesX00 nm diameter) no significant
variations of the transmission were observed for the given wavelengths and intensities of the signal and
control light. The polarization properties of the signal light passing through the array of smallest holes are
strikingly different from the polarization properties of the transmitted red light measured in the absence of
control (blue) light illumination. In the absence of modulating blue light, the transmission of p-polarized
red light is higher than the transmission of s-polarized red light by approximately a factor of 3. This
observation is consistent with the theoretical model of the transmission of subwavelength hole arrays
relying on the excitation of surface polaritons on both film interfaces, since at the oblique incidence the
light of different polarizations interacts with different SPP resonances (as was discussed in the previous
sections). This ratio of the intensities of p- and s-polarized transmitted light has been observed to be rather
insensitive to the hole diameter in the range of hole sizes studied, as is expected since the spectrum of
the SPP excitations depends mainly on the periodicity of the structure.

However, under modulation with p-polarized control light, the ratio of intensities of p- and s-polarized
transmitted signal light increases to approximately a factor of 20. Polarization measurements offer the
best distinction between the nonlinear optical mixing effects of interest and possible thermal effects such
as thermal expansion of the holes, heating of the filling material, etc., which could interfere with the
nonlinear optical effects. The thermal effects on the transmission through hole arrays has been observed
at much larger than usual illumination intensities of the modulating blue light. However, the polarization
dependence of the modulated signal light obtained under such conditions is very wed@O(@igthe
ratio of transmission of p- to s-polarized light falls to approximately a factor of 1.5 in the thermally
modulated red light transmission.

The strong polarization dependence of the modulated transmission of the signal light can be explained
taking into account the properties of surface polariton Bloch waves on the periodically perforated gold
film, the properties of surface plasmons in cylindrical channels, and the properties, 6P thenlinear
susceptibility tensor of 3BCMU polydiacetylene. To understand the induced transmission behavior, let
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by modulation of p-polarized 488 nm light. (b) Polarization dependence of the transmission through the same array at 633 nm
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(Ref.[168].)

us consider the spectrum of electromagnetic excitations in our system. The metal film is sufficiently
thick to neglect the interaction between surface polaritons excited on different interfaces. Therefore, two
independent sets of resonances can be considered (see Section 2). Since one side of the metal film i
covered with a polymer (= 1.7) while the other is in contact with Cr/$h4 (e ~ 2.0), the SPP resonant
conditions will be slightly different on different interfaces of the film. The filling factor of the structures
under consideration is rather smajl & (d/D)?), so that the modifications of the SPP dispersion on a
smooth interface are also expected to be small. This can be used to estimate the resonant frequencies ¢
the SPP Bloch waves excitation.

For p-polarized illuminating light and the angle of incidence of 45ed in the experiment, the SPP
Blochwaves corresponding to the 3rd and 4th Brillouin zones in#iedirection (p=+1, +2, ...; ¢=0)
are excited at wavelengths closeite- 633 nm on the polymer-metal interface (F&1). The SPP states
related to the illuminated (8N4) interface will be red-shifted with respect to this frequency. At the same
time for s-polarized light the resonant SPP frequencies on the metal-polymer interface are far from the
signal light frequency, while the SPP Bloch waves from the 4th Brillouin zone of the illuminated interface
are relatively close to it. This SPP is about two times weaker than the SPP on a pure gold surface due to
the presence of a Cr layer, which has strong losses at this wavelength(B0). An analogous picture
can be constructed in the-M direction of the SPP Brillouin zone, but the related resonant frequencies
(p, q) = (£1, £1) will lie between the frequencies determined(py g) = (£1, 0) and(p, g) = (£2, 0),
and therefore, far from the signal wavelength. However, these resonances can become important for other
angles of incidence.

To complete the picture, the resonances associated with cylindrical channels in a metal film should be
considered3]. For thick films with well defined cylindricality of the channelé<£h), the spectrum of
surface electromagnetic excitations in channels has a rather complicated structure with both radiative and
nonradiative modes present. Individual cylindrical channels will have a discrete spectrum of resonances
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Fig. 81. The SPP mode spectrum of the gold nanostructure embedded in the polymer and schematic of the cylindrical surface
plasmon (CSP) states in the polymer-filled channels at large wave vectors. (squares) SPP resonances excited with p-polarizec
light, (circles) SPP resonances excited with s-polarized light at the angle of incidence ekd#ing light is incident along the

hole rows. Positions of the signal and control light frequencies are shown by the arrows.

asymptotically approaching the surface plasmon frequeggy=(—¢) from the high frequency side
(Section 2). For polymer-filled channels these modes overlap the frequency of the control blue light for
large quantum numbesss>1 (Fig. 81). The interaction between channels in an array can additionally
broaden these resonances, leading to minibands in the cylindrical surface plasmon sfa38tunnus,

a quasi-continuous spectrum of the states related to the cylindrical surface plasmons can be expected ir
the spectral range of the control light. For infinitely long cylindrical channels the spectrum of wavevectors
along the cylinder axis; is continuous. Real (nonradiative) surface modes cannot be excited directly by
light, but at the frequency corresponding to the control light the very long wavevector SPP can be excited
on the periodically perforated polymer—metal interface, which then can be coupled to cylindrical surface
plasmons.

In the absence of control light, the transmission of red light takes place via resonant tunneling through
the states of SPP Bloch waves on the polymer—metal interface. Changing the polarization of the incident
light results in shifts of the SPP resonances and, hence, to a variation of the transmission. Being confined
to the polymer-coated interface, the SPP modes responsible for this transmission are very sensitive to
the dielectric constant of the polymer, since changes of the dielectric constant modify the SPP resonant
conditions and the transmission coefficient. Control (blue) light coupled to cylindrical surface plasmons
either via their radiative part or via surface polaritons results in local changes of the dielectric constant of
the polymer due to the third-order Kerr nonlinearity. The local electromagnetic field is strongly enhanced
in and around the channel due to cylindrical surface plasmon excitation because of the small volume of
these surface modeg|( ~ 1/d).

The polarization properties of the polymer molecules themselves may play a significant role in the
observed increase of the p to sratio in the modulated transmission of red light. The third-order nonlinearity
of 3BBCMU polydiacetylene is contributed mainly by thelectrons in the backbone of the polyrfizs4].

Each straight segment of polymer backbone could be treated as an identical one-dimensional rod-like
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chromophore. At the microscopic level the tensor of 3BCMU is dominated by only one component:
/Sfig wheres is the direction of the polymer chain. This fact has been verified in measurements of
different components of the macroscopi@ tensor of spin-coated thin polymer 3BCMU films, where
polymer backbones have random in-plane orientations, determined by a flat syBS#htin our case,

the preferential direction for the long polymer backbones inside narrow cylindrical channels ought to be
the direction along the channel. The nonlinear optical mixing of interest is determined by the components

D;(w>) of the optical field inside the channels at the wavelength of signal light
Dy(w2) = ;3 Ei (1) E (1) Ex(2) . (6.70)

wherew; andw, are the frequencies of the control and signal light, respectively. Kihecomponents
(along the channel direction) Qﬁ}d dominate the third-order susceptibility, the modulated red light will
be strongly p polarized. At the same time, at the frequency of the controtligthie electromagnetic field
in the cylindrical channels is dominated by the plasmon modes with large wavevectors along the channel,
for which the optical field oscillations have a significant longitudinal component that is along the channel
direction. Thus, one should expect enhanced nonlinear optical mixing to occur while the electromagnetic
field is traveling through small cylindrical holes.

This nonlinear effect in optical transmission of periodic hole array can find numerous applications
in active photonic devices and in a new class of “gated” photon tunneling devices for massive parallel
all-optical signal processing operating at very low control light intensities.

7. Nonlinear optics of surface plasmon polaritons

The role of surface plasmons in the surface enhanced nonlinear optical phenomena on a surface has
been studied for a long tinj&,5]. Such phenomena are related to the electromagnetic field enhancement
that occurs on a metal surface. As has been discussed above, the SPP electromagnetic field that is confine
to a surface can significantly exceed the field of the incident light. In addition to this, further enhancement
can take place if SPP localization (Anderson type) occurs, as has been shown in Section 2, or localized
surface plasmons are excited at surface features. The field enhancement effects are especially importan
for nonlinear optical phenomena that depend on the excitation intensity in a nonlinear manner. The most
important examples of these are surface enhanced Raman scattering, second-harmonic generation (SHG
coherent anti-Stokes Raman scattering, Kerr nonlinearity, etc.

The SPP-related enhancement of nonlinear optical processes occurs when the electromagnetic field of
the exciting or generated signal (or both) are coupled into surface plasmon modes on a metal—dielectric
interface. In the case of the coupling of the excitation field, the effect occurs due to a strong SPP field
close to the interface. The enhancement of the generated field occurs in a similar way. Nevertheless, in
this case the field needs to be decoupled into light to observe it in the far-field. The decoupling can occur
on surface defects, or special arrangements such as a diffraction grating or a prism can be employed.
The nonlinear excitation of SPPs can take place due to nonlinear mixing of light at a metal surface under
ordinary illumination. Generation of light due to nonlinear processes involving SPPs has been also studied
as well as nonlinear optical processes due to the mixing of SPPs an{Rlagt

An example of such processes, SHG enhancement due to SPP, can be observed in the case of SHG e»
citation in the Kretschmann geometry so that the fundamental light is coupled into SPP on a metal surface
[236]. If, in addition, the surface possesses roughness that can significantly modify the SPP behavior, not



A.V. Zayats et al. / Physics Reports 408 (2005) 131-314 275

only the SHG intensity but also its angular distribution can be significantly mod2i&d,238] In the
case of the surfaces at which SPP backscattering can occur, the related SH wave can be generated in th
direction exactly perpendicular to the surface due to the momentum conservation of two counterpropa-
gating SPPs which produce a SH phofb21]. SPP localization effects play an important role in diffuse
SH generation and can arise from the SPP localization at both the fundamental and SH fredii22cies

Even under ordinary illumination, SPP can be excited on a rough surface directly, or via excitation
of localized plasmons following their decay into SPP. Thus, in many cases the SPP related effects are
important in all SHG studies at rough surfaces. Depending on the defect structure of rough or periodic
surfaces and the details of the SHG excitation such as polarization and angle of incidence, different SHG
mechanisms have been observed in investigations of near-field distributions of the SH over a surface
related either to SPP Anderson localization (SPP excitation and interaction with an ensemble of surface
defects) or to the excitation of localized surface plasmons on individual surface fda@®e244]

7.1. Second harmonic generation in reflection from rough metal surfaces

The second harmonic generation of light in reflection from a metal suffat®246]has attracted
considerable interest since the experimental discovery by Chen [@4dl. that SHG at a silver—air
interface can be enhanced by a factorof0* by roughening the surface. The mechanism responsible for
this enhancement was assumed to be the roughness-induced excitation of a surface plasmon polariton b
the incident light, which in turn enhances the nonlinear source term in the Maxwell equations responsible
for the reflected light at twice the frequency of the incident light.

A quantitative theory of this effect was difficult to construct because a randomly rough surface profile
is difficult to treat except in the small roughness limit. Consequently, in the earliest theories of the second
harmonic generation of light in reflection from a randomly rough metal surface a deterministic periodic
surface profile provided by a one-dimensional grating was assumed as a model for a randomly rough
surface. Such a surface also allows the incident light to excite surface plasmon polaritons and thereby
to enhance the intensity of the second harmonic generation in reflection from a sinusoidal metal grating
surface.

Thus, Agarwal and Jh248] using small-amplitude perturbation theory, in which the scattered elec-
tromagnetic field was expanded in powers of the surface profile function through terms of second order,
calculated the second harmonic generation from a grating, and discussed the role of surface plasmon
polaritons in its enhancement. However, in their calculations Agarwal and Jha assumed that the tangen-
tial component of the electric field at the harmonic frequency is continuous across the vacuum—metal
interface, whereas, as we will see below, it is in fact discontinuous across this interface.

In a subsequent paper Farias and Marad(i249] presented a nonperturbative theory of second-
harmonic generation in reflection from a grating. In their approach the single nonzero component of the
magnetic field in the system satisfied a Helmholtz equation both at the fundamental freguamdat
the harmonic frequency«2 The nonlinear polarization entered the problem only through the boundary
conditions on the magnetic field at the harmonic frequency. The method of reduced Rayleigh equations
[170,250]was used in obtaining the magnetic field at the fundamental frequency and at the harmonic
frequency. An advantage of this approach is that only the magnetic fields directly required are calculated,
which reduces the size of the matrix equations that need to be solved by a factor of two. Thus, in the
determination of the field at the fundamental frequency only the field in the metal is calculated, because it
is only this field that enters the boundary conditions at the harmonic frequency. Similarly, in determining
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the field at the harmonic frequency only the field in the vacuum was calculated, because it is only this field
that determines the intensity of second harmonic generation. In the vicinity of the frequency at which
the incident electromagnetic field couples to surface plasmon polaritons on a grating, an enhancement
of the second harmonic intensity of the order of Der its value for a flat surface was obtained for a
sinusoidal grating on silver.

In an alternative approach to the study of second harmonic generation in reflection from a metallic
grating by Reinisch and Nevief251], the surface profile function also was not treated perturbatively:
these authors used the differential metjaf2], in which the Maxwell equations are integrated nu-
merically across the selvedge region, viz. the region between the minimum and maximum values of
the surface profile function. With this method it is possible to study more strongly corrugated surfaces
than is possible with the method of the reduced Rayleigh equation. However, in the calculations of
Reinisch and Neviere the nonlinear polarization appears both as a source term in the Maxwell equa-
tions for the second harmonic fields and in the boundary conditions they satisfy, in contrast with the
approach of Farias and Maradudi249], where it appears only in the boundary conditions for the
second harmonic fields.

Interest in second harmonic generation in reflection from rough metal surfaces has shifted in recent
years from second harmonic generation at one-dimensional periodically corrugated surfaces to second
harmonic generation at one-dimensional randomly rough metal surfaces. This is due to growing interest
in the broader area of interference effects occurring in the multiple scattering of electromagnetic waves
from, and their transmission through, randomly rough metal surfaces, and the related enhanced backscat
tering[112], enhanced transmissi¢203], and satellite peak phenomdi2s3]. It has been expected that
nonlinear optical interactions at a randomly rough metal surface should also give rise to new features in
the interference of multiply scattered electromagnetic waves.

In the first theoretical study of the phenomenon McGurn e{l#2] predicted on the basis of a
perturbative calculation that enhanced second harmonic generation of light at a weakly rough, clean,
metal surface should occur not only in the retroreflection direction, but also in the direction normal to the
mean surface. The peak predicted in the direction normal to the mean surface was attributed to interference
effects in the multiple scattering of surface plasmon polaritons of the fundamental frequency, excited by
the incident light through the roughness of the surface, while the peak predicted in the retroreflection
direction was attributed to interference effects in the multiple scattering of surface plasmon polaritons of
the harmonic frequency.

This work stimulated several experimental studies of second harmonic generation in the scattering of
light from random metal surfac¢®37,254—258]and enhanced second harmonic generation peaks in the
direction normalto the mean surface and in the retroreflection direction were obg8vgtb4—256,258]

In these experiments, however, the scattering system was not a clean random interface between vacuun
and a semi-infinite metal: to amplify the second harmonic signal a random interface with a dielectric or
vacuum of a thin metal film deposited on the planar base of a dielectric prism through which the light
was incident (the Kretschmann attenuated total reflection geoii2&@y) was used.

Experimental studies of multiple-scattering effects in the second harmonic generation of light scat-
tered from a clean, one-dimensional vacuum—metal interface were carried out by O’'Donnell and his
colleagueq238,260,261] These experiments were carried out with characterized, specially prepared
one-dimensional silver surfaces, and the scattering data were absolutely normalized, which permitted
guantitative comparisons with theoretical work. It was found that for both wg2RB;,260]Jand strongly
[261] rough surfaces a dip is present in the retroreflection direction in the angular dependence of the
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intensity of the scattered second harmonic light instead of the peak that occurs in scattering at the funda-
mental frequency. This result was in agreement with the results of rigorous numerical calculation results
of second harmonic generation from such surfaces carried out by Leyva-Lucer§2é2:263] How-

ever, no peak or dip in the direction normal to the mean surface was observed in the experiments of Refs.
[238,260,261]

In this section we outline theoretical approaches to the second harmonic generation of lightin reflection
from clean, one-dimensional, periodically corrugated and randomly rough metal surfaces, since these are
the only kinds of surfaces for which multiple-scattering effects can be calculated readily at the presenttime,
and for which experimental results exist against which theoretical results can be compared. Theoretical
treatments of second harmonic generation from randomly rough metal films in the Kretschmann ATR
geometry of the type employed in the experiments of R@6—258]can be found in Ref§264,265]
and the reader is referred to these papers for the details of the calculations. Second harmonic generatior
from nonlinear thin films, both of whose surfaces are one-dimensional randomly rough surfaces, has been
studied theoretically by EnodR66]. In this work the nonlinearity enters the Maxwell equations at the
harmonic frequency as source terms rather than in the boundary conditions.

The physical system studied here consists of vacuum in the regie(x1) (region 1), and a nonlinear
medium (metal) in the regioxg < {(x1) (region Il). A p-polarized electromagnetic field of frequengey
is incident on the vacuum—metal interfage= {(x1) from the vacuum side. The plane of incidence is
assumed to be thexz-plane, so that it is perpendicular to the generators of the interface. The surface
profile function{(x1) is assumed to be a single-valued function:pthat is differentiable as many times
as is necessary. In Section 7.1.1 it will be assumed to be a periodic functi@nvaifiile in Section 7.1.2
it will be assumed to constitute a zero-mean stationary, Gaussian random process.

The analysis in the latter two sections will be based on the well known fact that homogeneous and
isotropic metals possess inversion symmetry, so that the dipole contribution to the bulk nonlinear polar-
ization is absent;® = 0). The presence of the surface breaks the inversion symmetry, and since both
the electromagnetic fields and material constants vary rapidly at the surface, their gradients give rise to
the optical nonlinearity of the surface. The second harmonic radiation we are interested in is generated
in a vacuum—metal interface layer that has a finite thickness on the microscopic scale. Consequently, the
nonlinear polarization can be taken into account though the boundary conditions for the second harmonic
fields.

In the following analysis we will neglect the small contribution to the nonlinearity coming from the
bulk of the metal and the possible anisotropy of the material constants. In this formulation of the problem
both the fundamental and harmonic fields satisfy Helmholtz equations above and below the interface.

In p-polarization the magnetic vector in our system has the form

H(x; 1) = (0, Ha(x1, x3; 1), 0) , (7.1)
while the electric vector is given by
E(X; 1) = (E1(x1, x3; 1), 0, E3(x1, X35 1)) . (7.2)

SinceH (x; ¢) has only a single nonzero component, it is convenient to work with it.
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In order to obtain an equation for the harmonic component of the magnetic field, we expand all fields
in the usual way245],

H>(x1, x3; 1) = Ho(x1, x3|w) exp(—iwt) + Ho(x1, x3|2w) eXp(—i2wt) + - - - (7.3a)
E1(x1, x3; 1) = E1(x1, x3|w) exp(—iwt) + E1(x1, x3|2w) eXp(—i2wt) + - - - (7.3b)
E3(x1, x3; 1) = E3(x1, x3|w) exp(—iwt) + E3(x1, x3]2m) eXp(—i2wt) + -+ . (7.3¢)

The equations for the amplitude of the magnetic field at the fundamental frequeareythen

) 2 0?\ o
ax—z + @ + ? H2 (x1, x3|w) =0, x3>{(x1), (7.42)
1 3
2 2 w?
(ax_z +oot e(a))c—2> H" (x1, x3lw) =0,  x3<{(x1) , (7.4b)
1 3

wheree(w) is the frequency-dependent dielectric function of the metal, while the equations for the
amplitude of the magnetic field at the harmonic frequensyp2come

52 2 w2
(ax_z T 47 ) Hy (1, x3120) =0, x3>{(xy) (7.59)
1
2 @\
ox 2 + ox 2 +4€(2“’)_ Hy 7 (x1, x3]20) =0, x3 <{(x1) . (7.5b)

The boundary conditions at the surface= {(x1) satisfied by the magnetic field at the fundamental
frequency express the continuity of the tangential components of the magnetic and electric fields across
this interface:

HP (x1, x3l0) = H" (x1, x3l0) (7.6a)

OB (ay, xglo) =
on 27 e(w) on

whered/on is the derivative along the normal to the interface directed from the metal into the vacuum,
and is given by

H (x4, x3l00) (7.6b)

= {1+ xD1?) vz (—C’( )— - i) : (7.7)
n X
The nonlinear boundary conditions for the harmonic fields are obtained by integrating Maxwell’s

equations for them across the interface layer, and then passing to the limit of a vanishing thickness of
the layer. In carrying out this calculation it is convenient to introduce a local coordinate sgsteny)

with its origin at each point of the surfagg = {(x1) that is defined by the unit vectofg&, ¥, z}, where

%= (1,0,0'(x1)/$(x1), § = K2, and2 = (=’ (x1), 0, 1) /p(x1) with $p(x1) = [1 + ({'(x1))?]*/2. X and

Z are unit vectors tangent and normal to the interface in the plane perpendicular to its generators. On
integrating the tangential component of the equatibr H = —(2iw/c)D, namelydH, /0z = (2iw/c)
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2 x D, + V, H_, along a contour around the vacuum—metal interface,we obtain with the use of the relation
D = ¢(2w, z)E + 47PNt the first nonlinear boundary condition
2w,
HO (x120) — H" (x]20) = =22 x P¥ (x|20) | (7.8)

C

whereP;} (x|2w) is the tangential component of the nonlinear surface polarization, and is given by
n

P} (x]|2w) = IimO/ dz[4nP;\|L(X, 7|2w)] , (7.9)
n— -1

while Pi\”-(x, z|2w) is the tangential component of the nonlinear polarization vector. The subscript
denotes quantities that are tangent to the surface, and the subsieipbtes quantities that are normal
to the surface.

The components of the second-order surface susceptibility tgﬁ%.@rre the constants of proportion-
ality that relate the amplitudes of the components of the nonlinear surface polarization to the amplitudes
of the electric field at the surface at the fundamental frequency, according to

Pi(x|2w) =) X;ﬁE;I)(xlw)E,EI)(xm) . (7.10)
J.k

Since we are dealing with a centrosymmetric medium, it is found that the tangential component of the
nonlinear surface polarization is

P! (x]20) = 1,1, E” (x|0) ED (x|) . (7.11)
The boundary condition (7.8) can then be written as

2w

HO (x120) — H" (x]20) = = 7,2 x EL (x|0) EQ (x|) . (7.12)

C
In a similar fashion, by integrating the tangential component of the equétioB = (2iw/c)H, namely
0E,/0z = —(2iw/c)z x H; + V,E_, along a contour around the vacuum-metal interface, we obtain the
second nonlinear boundary condition,
0
B} (x]20) — B (x]20) = — = P! (x]20) . (7.13)

whered/ot = (9/0x, /3y, 0), and where the normal component of the surface nonlinear polarization
P? (x|20) is defined by

(7.14)

P (x]2m) = lim /
n—0

-n

n 4nPZNL(x, z|2w)
dz ,
(2w, z)

with €(2w, z > ) = 1 in vacuum, and(2w, z < — 1) = ¢(2w) in the metal.
The use of Eg. (7.10) and the symmetry properties of the medium yields the result that

2
PS (x]20) = XZZZ[EQ)(xm)] + 7..EV () - EP (x0) (7.15)
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The second nonlinear boundary condition (7.13) then takes the form

EL (x|20) — EM (x]20) = —(:it {xm [E§'>(x|w)]2 + 1.0EV (x| ) - E(I)(x|w)} . (7.16)
The solution of the linear problem and the nonlinear surface susceptibilities both enter the nonlinear
boundary conditions required for determining the second harmonic field. Several models of the nonlinear
surface polarization have been proposed in the literd246,267—273]in the context of the second
harmonic generation of light in reflection from metal surfaces, leading to different nonlinear constants
and to different notations. The parameters of Agranovich and Darmany2@0] may be identified
with the surface nonlinear susceptibilities of other autjarel], and are related to the dimensionless
frequency-dependent paramete(®) andb(w) of Rudnick and Sterf267]. One finds thafj275]

1 e(w) — 1\?
/.tl = XZZZ = — 647-52,/1 v ( ((w) > Cl((O) . (7178.)
H2 = Yztt > (7.17b)
1 e —1)?
tu3 - /(l‘tZ - 327'52”6@ ( 6(6{)) > b(CU) ) (7170)

wheree is the magnitude of the electron charge amnds the bulk electron number density. The non-
linear constants obtained on the basis of the free electron n@4gR71]are often employed in such
calculations because they are given by simple expressions

2 [ = D@) =3 2 cw)

R L i (Ga)] (7169

Yar =0, (7.18b)

Yiez =B <€((U) — l) ) (7.18c)
e(w)

wherep = e/(8rmw?) andm is the electron mass. These expressions for the nonlinear constants coincide
with those obtained by Mendoza and Mochan4].

From the boundary conditions (7.12) and (7.16) it can be shown that, in general, the second harmonic
field contains both s- and p-polarized components. However, in our case of a one-dimensional rough
surface and a plane of incidence that is perpendicular to the generators of the surface, pure s- and p-
polarized incident fields generate only p-polarized light at the harmonic frequency. Consequently, if
anisotropy of the scattering medium and contributions from the bulk are neglected, an s-polarized second
harmonic field can be generated only by a mixture of s- and p-polarized incident fields. The generation
of the harmonic field is known to be more efficient in the case of a p-polarized incidenfX8f and
it is for this reason that we have assumed this polarization for this field.

The fields entering the boundary conditions (7.12) and (7.16) are written in the local coordinate system
(x, y, z). Onreturning to the laboratory coordinate system x>, x3), and expressing these fields in terms
of the single nonzero component of the magnetic field in the system, the nonlinear boundary conditions
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finally becomg275]

HO (x9]20) — HO (x9]200) = 2 d)ﬁ;” : L<'><x1|w> -HO (o) = Awl2o) (7.19a)
LO(x1]20) — —— L0 (x1)20)
e(2w)
_ 2ic d 1 d 2 2
0 ) ) _
- o dXJ_ {d)z(x ) |:Xzzz(dx1H (x1|w)) + Aztt (L ()C]_|Cl))> :|} = B(-xl|2w) s (719b)
where we have introduced the source functions
H (xq]Q) = H™" (1, %319 |ramtan) (7.20a)
0
L0 (x11Q) = — HI" (x1, x3102) , (7.20D)
oN x3={(x1)
Qis eitherw or 2w, ¢(x1) = {1+ [{'(x1)]%}?, and
0 0
- — 4 — 7.21
N {(x ) axg (7.21)

is the nonnormalized derivative along the normal to the surface at each point.
We now turn to an application of the results of this section in turn to the second harmonic generation
of light in reflection from periodic and random one-dimensional metal surfaces.

7.1.1. Second harmonic generation from metallic diffraction gratings

In the case that the surface profile functi@n, ) is a periodic function ok1 with a perioda, {(x1 + a)
={(x1), we are concerned with second harmonic generation in reflection from a classical metallic grating.
In this case the solution of Egs. (7.4) that satisfy the boundary conditions at infinity can be written in
forms that also satisfy the Bloch—Floquet condition in the forms

Hz(l)(n, x3lw) = expikxy — iag(k, w)x3]

+ Y Apk)explikyxs+iao(kp, @)x3l,  x3> (X)) max - (7.222)
p=—00
HY (x1. x3l0) = > Bp(k) explikpxy — in(kp. w)xal,  x3 < {(XD)min - (7.22b)
p=—00
where
oco(kp,a)):[(a)/c)z—k[z,]l/z, lkpl < w/c (7.23a)

=i[k2 — (0/c)21Y?,  |kpl > w/c , (7.23b)
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a(kp, w) = [e(0)(w/c)® — k51"%  Rea(kp) >0, Ima(ky) >0, (7.24)

ky=k+ (2np/a), p=0,+£1,+2, ... (7.25)
and

k= (w/c) sinfp,

with 6g the angle of incidence.

The Rayleigh hypothesj277]is the assumption that the solutions given by Eqgs. (7.22) can be continued
in to the interfacecs = {(x1) itself and used to satisfy the boundary conditions (7.6). If we make this
assumption, we obtain a pair of coupled equations for determiningithe:)} and{B, (k)}-

Z {—=Ap(k) explikpxi +iog(kp, w){(x1)] + Bp(k) explikpxy —ialkp, w){(x1)]}

p=—00

=exfikxy1 — ioo(k){(x1)] (7.26a)

Z {=A, ([ (x)ikp + ioo(kp, )] eXplikpx1 + ing(kp, @){(x1)]}

p=—00

1 H H - -
+ % Bp(k)[—C/(xl)lkp — io(k,, o] explik,xy — ia(k,, ©){(x1)]

= —[{'(x1)ik + iag(k)] explikxy — iag(k, @){(x1)] . (7.26b)

Simpler expressions are obtained for the nonlinear boundary conditions (7.19) in the present case if
they are expressed in terms of the fundamental field in the metal (because the latter has no incident
field). Therefore the coefficientsA ,(k)} are eliminated from Egs. (7.26) to yield an equation for the
{B,(k)} alone. This is done by first multiplying Eq. (7.26a) by’ (x)1Dik, — ia(k,, )] expl—ik,x1 +
ioo(k,, w){(x1)] and Eq. (7.26b) by eXp-ik,x1 + ixo(k,, ®){(x1)]; integrating each of the resulting
equations with respect to; over the interval(—a/2, a/2); and finally adding the two equations so
obtained. The result can be written in the fojh70,250]

o0

ao(ky, w)a(ky,, ) + k k
Z ao(ky, @) — alky, )

L 4 p(aolhy, ®) — alky, ©)) B, (k)

p=—00
B 2e(w)ogk, w)
where
1 (% _ .
Im(y) = | dxy expl—i(2mm /a)xy + iy{(x1)]. (7.28)

Nl
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The solutions of Eqgs. (7.5) that satisfy the boundary conditions at infinity and the Bloch—Flouquet
condition can be written as

o0

Hy (x1,x3120) = Y Ap(2k) explikPxy +iookP, 20)x3],  x3> {(XD)max - (7.29a)

p=—00

o0

HYY (x1, x3120) = Y Bp(2k) explikPx1 — in(k'?, 20)x3],  x3 < {(x1)min - (7.29b)

p=—00

where

kP =2k + (2np/a), p=0,+1,£2, ... (7.30)
ao(k'?, 20) = [Mw/c)® — kP2, kP <20/c (7.31a)
=i[(k'?)? = &o/0)Y2, kP> 20/c (7.31b)

(k' 20) = [4e(2w) (w/c)* — (kKP)?1Y2, Rea(k'?, 20) >0, Ima(k'?, 20)>0.  (7.32)
When the solutions (7.29) are used to satisfy the nonlinear boundary conditions (7.19), we obtain the
pair of equations

D {Ap2k) expliong(k?, 20)((x1)] — B, (2k) expl—ia(k?, 2){(x1)]} exp(ik (P x1)
p=—00

= A(x1)20) , (7.33a)

D AR KD + a0k P), 20)] expliog (kP 20){(x1)]
p=—00

- —iéiﬁ) [~ (x)k? — a(k'?), 20)] expl—ia(k?, 20)((x1)]} explik(? (x1))

— —iB(x1]20) . (7.33b)

The coefficient4 A ,(2k)} give the amplitudes of the field at the harmonic frequency that is diffracted
back into the vacuum. The coefficier{8,(2k)} can be eliminated from the pair of equations (7.29) to
yield an equation for th¢A ,(2k)} alone. We do this by first multiplying Eq. (7.33a) byc’(xl)kfz) +
a(k? | 20) ] expi—ikP x1 — ia(k?, 20)¢(x1)], then multiplying Eq. (7.33b) by(2w) expi—ik'?x1 —
ioc(kﬁz), 2w){(x1)], adding the resulting pair of equations, and finally integrating the result with respect to
x1 over the interval—a/2, a/2). In this way we obtain

=k, 20)00(k?, 20) + kP kP
u(ky? , 20) — ag(kyy . 20)
1 2 .
- / dx1{A(x1]120) [~ (x)kP + a(k'?, 20)] — ie(2w) B(x1|20)}
ew)—1)_ 4
2
x expl—ik@x1 —ia(k®, 20)(x1)] . (7.34)

I r—plao(kyy, 20) —a(k(, 20)) A, (2k)

p=—00
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By the use of the boundary conditions (7.6) and the definitions (7.20), the source funttiqi») and
B(x1|2w) are now given by

2ic otz L d
A(x1|20) = SAE JO) A
(x1|2w) o (@) 92xn) (xl|w)dx1 (x1]|w)
2ic Litz

= Y > Ba()Bu ()= (x)iky — ik, )]

o) $?(x1) M=——00 n=—00

x [ikn — ia(ky, )¢ (x0)1€XPli (ki + kn)x1 — i (@(km, ) + alkn, ©))(x1)]  (7.35a)

. 2
B(x1|20) = &i { 1 |:Xzzz(i H(”)(x1|w)> + M(L(II)(XH(U))Z:“

o dx1 | ¢2(x1) dxq 2(w)

_2ic d Azzz ad ad
_?E{m Y. . Bu(Bu(k)

X ik — 0k, @) (x)][iky — iy, @) (x1)]
x eXPli(ky + kn)x1 — i(alky, o) + alk,, w)){(x1)]

o)

Lzt =
+ — B, (k)B,, (k
e2(w)p?(x1) mZ 2. Bn®Bnh)

=—00n=—00

X [_C/(xl)ikm - iOC(km, w)][_c/(xl)ikn - i“(kn, )]
x expli (ki + kn)x1 — i(alky, @) + a(ky, w))C(Xl)]} . (7.35b)

When these expressions fdfx1|2w) andB(x1|2w) are substituted into the right hand side of Eq. (7.34)
the resulting equation has the form

o0

3 w(ky?, 20)00(ky . 20) + kPkyy)
P Al 20) — a0(kyy”, 20)

e (ao(k;f), 20) — a(k®, 2w)> A, (2K)

1 o o0
= oo =1 m;w n;oo CrmnBn(K)Bp(k), r=0,%1,+2, ... (7.36)
The expression for the coefficie@t,,,, is cumbersome and will not be given here.

The efficiency of theith order beam diffracted from the grating at the frequeneyas defined by
Farias and Maradudif249] as the total time-averaged flux in the beam crossing a plgaeonstant in
the +x3-direction divided by the total time-averaged flux in the incident beam crossing the same plane
in the —x3-direction. If this efficiency is normalized by the corresponding one for the planar surface, the
result was called the intensity of theh order diffracted beam at frequency:2

_ sk, 20) |R (202
oco(kc()z),Zw) |Rf(2k)|2 ’

(7.37)

whereR ¢ (2k) is the amplitude of the field diffracted from a planar surface. It is given by the solution of
Eq. (7.36) in the case théatx) = 0.
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Fig. 82. The intensity _1 as a function of the angle of incidenég, for the diffraction of p-polarized light from a silver surface
defined byx3 = {(x1) = {9 Cc0q2rx1/a) with (g = 1208 anda = 800QA. The frequency of the incident light corresponds to
an energyio = 1.17 eV. The dielectric constants at the fundamental and harmonic frequenci¢sarte—56.248+ i0.6 and
e(2w) = —11557+i0.367.

The intensity/_; has been calculated as a function of the angle of incidéglog Farias and Maradudin
[249]for a silver grating defined by a surface profile functiam ) ={o cos2nx1/a), whereo= 120Aand
a = 8000A. It is illuminated by p-polarized light whose frequency correspondsdce= 1.17 eV. The
dielectric functions of silver at the fundamental and harmonic frequencies@yre- (—56.248+ i0.6)
ande(2w) = (—11557+i0.367). The result is presented kig. 82

In their theory Farias and Maradudin used nonlinear boundary conditions of the type given by Eqgs.
(7.19) and (7.35), but with a different form for the source funcgn; |2») associated with the inclusion
of a contribution from the bulk nonlinear polarization and the assumption of the free electron model.
Nevertheless, the features observed in the result plottEdjirB2can be interpreted on the basis of the
theory outlined here. An enhancementlin, is observed at an angle of incidenge= 18.3%°. At this
angle, at the fundamental frequeneyk_1 = —ksp(w). Thus, at this angle the incident light excites a
surface plasmon polariton with frequeneyon the grating surface, and enhances the ampliBidgk).
The propagation constanp(k_1, w) at this angle of incidence is pure imaginary, which means that
B_1(k) corresponds to a field localized to the surface. However, the correspomdkﬁ, 2w) is real,
and the second harmonic beam associated with(2k) is an outgoing wave. Since, from Eqgs. (7.36)
and (7.37) the intensity_1 is approximately proportional thB_1(k)|*, an increase in the magnitude
of B_1(k) leads to an enhancement bfi. A peak in/_; is also seen aip = 16.15°. At this angle of
incidencek(z) = —ksp(2w). Thus at this angle of incidence the incident light excites a surface plasmon
polariton of frequency(z on the grating surface and enhances the amplitidg(2k). However, the
propagation constanb(k(_zg, 2w) in this case is imaginary, so that the amplitdde (2k) is that of a field
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localized to the surface, and the diffracted intengity cannot be observed in the far field. However,

the excitation of the surface plasmon polariton at the frequercys2associated with a decrease of

the determinant of the matrix of the coefficients of {ag,(2k)} on the left hand side of Eq. (7.36),
because the vanishing of this determinant is the dispersion relation for the surface plasmon polariton at
the frequency @. Consequently, not only _»(2k) increases, butt _1(2k) also can increase, and in this

way an enhancement @f ;1 occurs at this angle of incidence. Finally, an enhancemelit pfs also
observed at an angle of incidenge= 22.6°. At this anglekf) = ksp(2m), butaco(kf), 2w) is imaginary

andl; corresponds to an evanescent wave. However, as in the case of the angle of ingide6el 5°,
enhancements of the intensities of other modes associated with outgoing waves occurs. The enhancemer
of I_1 atfp = 16.15° due to the increase df » is larger than the enhancement/of, at 0g = 22.6° due

to the increase of_1, because the mode-2) is closer to the modé-1) than to the modél).

7.1.2. Second harmonic generation at randomly rough metal surfaces

In the case that the surface of a semi-infinite metal is a one-dimensional random surface defined by the
equationyz = {(x1), it is assumed that the surface profile functi@m,) is at least twice differentiable,
and constitutes a zero-mean, stationary Gaussian random process, defined by

(L)l (X)) = W (Jxg — x])) (7.38)

The angle brackets in Eq. (7.38) denote an average over the ensemble of realizations of the surface profile
function, ands = ((?(x1))Y/? is the rms height of the surface.

The power spectrum of the surface roughnggs|) is the Fourier transform of the surface height
autocorrelation functiofV (|x1]),

g(kD) =f dx1 W (Ixa]) exp(—ikx1) . (7.39)

In the numerical calculations of the efficiency of second harmonic generation in reflection from such a
metal surface, the form of the power spectrum to be used will be

g(kl) = #[Q(k — kmin)0(kmax — k) + 0(—k — kmin)0(kmax + k)1, (7.40)
max — Amin
whered(z) is the Heaviside unit step functiokmin < ksp(2) < kmax. ksp(2) = Re[(2/c)[e(Q)/(e(Q) +
1)1%2] is the wavenumber of a surface plasmon polariton of frequenand @ stands forw or 2.
Surfaces characterized by a power spectrum of this type have been used in recent experimental studies
of the scattering of light from weakly rough random metal surf4t&8,238,260]

Because it can deal with both weakly rough and strongly rough surfaces, the most successful theo-
retical approach to the study of multiple-scattering effects in the second harmonic generation of light in
reflection from randomly rough surfaces is that of a Monte Carlo computer simulation approach. In order
to implement this approach the Green'’s functions for an infinite vacuum region and for an infinite metal
at each of the frequenciesand 2» are required. These satisfy the equations

2 % Q%\
@ + @ + 2 Gy (x1, xglx/l, xé) = —4no(x1 — xi)é()@ — xé) (7.41)
1 3
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and

2 2 2
0
5+ 5+ | G (1, x3lxy, x5) = 4oy — ¥Do(x3 — x3) 7.42
<6xf+axf§+€( )cZ) ¢ (1 X3y, ¥) = —Andl =)ol — ) (7.42)

respectively, wher€ stands fom or 2w, and outgoing wave or vanishing boundary conditions at infinity.
Explicit expressions for these Green’s functions are

Q
. 1
G (x1, xalx}, x5) = inHS? (;[(xl —xD? + (x3— xg)2]1/2>

> d 27i . , . ,
:/ 4_ <" explig(x1 — x7) + ioo(g, 2)|x3 — x3|]

oo 2m20(q, Q)
G (1, xfxy, x) = inHg” (MQ) g[(xl —xD)% + (x3— xg>2]1/2)
0.¢] d . / /
- /_OO 2_Z g @ Mg —x) = flg, Qlxs = xg]] (7.43)

WhereHél) (z) is a Hankel function,

@2 \? Q
ao(q,9)=(§—q> , Iql<;

. o2\ 2 Q
—i(2- %) =2 (7.4
C C
and
o\ 1/2
Blg, Q) = (q2 — e(Q)?) , Rep(g, Q) >0, Imp(g, Q) <O0. (7.45)

Since the fields of both frequenciesand 2» satisfy Helmholtz equations in the vacuum and in the metal,

by applying Green’s second integral identity in the pl§2£8] to these regions, we obtain the pair of
equations

0(x3 — {(x1)) HS (x1, x3lw) = Hy" (x1, x3]®)ine

1 [ 9 |
+ dx} {[WGS”) (x1, x3x7, xé)} HYY (x], x4l 0)
—00

0 |
—G Y (x1, x3lx], x5) N HP (x;, xg|w)} (7.463)
xg={(x])

-1 oo )
0e) — 9 " (xz, xalo) = / i, {[

1
- G (x1, x3lx], xg)} Hy"V (x], x5lw)
—0Q

—G) (x1, x3]x], x5) — Hy" (x}, xg|w)} (7.46D)

ON' x3=((x})
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for the field at the fundamental frequency, Whéf§)(x1, x3]lm)inc is the incident field, and the pair of
equations

1 (>
0(x3 — C(X1))H2(I)(X1, x3|20) = = / dx} {[ (2 ) (x1, x3|x}, x3)] H®O(x1, x5120)

. ON’

) 3

—G Y (x1, x3lx], xg)a—N, HP (x4, x§|2w)} “ (7.472)
xg={(x})
1% 20) (I
0= — ym dx AN G~ (x1, xg|x1,x3) H, (xl, x3|2a))
3

—G@ (x1, x3)x}, xb) — N H" (x], x§|2w)} (7.47D)

xg={(x})

for the field at the harmonic frequency.

If we set the point of observation on the surface in each of these equations by sgttrigx1) + 1,
wherey is a positive infinitesimal, and use the linear and nonlinear boundary conditions, we obtain the
equations satisfied by the source functiéfi$ (x1|Q) andL" (x1|Q):

1 [ )

— 00 ON’ x3,:;(x1),+r7
X3:§(Xl)
HD (! _|lg@®» ., L0y 748
X HY (x1|w) 0 (¥1,X3|x1, X3) | 1y iiupyin L (X1]@) (7.48a)
xg={(x])
0= I dx} ¢ — G (x1, x3|x7, x5) HDY (x]|w)
47'C —00 GN/ x3={(x1)+n
xg=l(x)
— () [G§w> (x1, x3lx], xg)] atopin LO ) (7.48b)
xp=L(x))
and
H(I)(x1|2a)) = i ” dx; ¢ (Zw)(xl x3|x7, x5) H(')(x/|2w)
An —00 L ON’ ’ 173 x3=(x1)+n 1
x=L(x))
2
- [Gg ) (x1, x3lx, xg)] raciopen LV (71200 (7.49a)

xg=L(x))
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1 0
) _ - / (2w) Oy
0"V (x1|20) = an /oo dxl |:6N/ G (x1, x3|x1, xg)] 3=§(x1)+nH (x1|20))
xg=((x])
— 2w) [G?‘”) (x1, x3lx], xg)] o LG 200 (7.49b)
xg={(x})
where
Q('>(x1|2w)=i - dx} c — G2 (x1, x3|x], x) A(x}]20)
4r —0 1 ON’ ’ L3 x3={(x)+n 4
xg={(x))
- 6(2(1)) [ngw) (xla xsl-x:/[s xé)]xazﬁ(xl)+qB(x3_|2w) . (750)

xé:{(xi)

These equations are solved numerically by converting them into matrix equations, by truncating the region
of integration from(—oo, c0) to (—L/2, L/2), and using a numerical quadrature sch¢2v®].
From Eq. (7.47a) we find that the scattered field in the far-field in the vacuum region is given by

1 [ d (2
Hy (x1, x3|20)sc= £ / dv] [ SGE (x1, xslxy, xg)} HO(xf]20)
47[ —00 aN X§=§(X/1)
[0 G xalx x|, L<'>(x1|2w>}
xg={(x1
* dg
:/ > R(q 2m) expligxq + iao(q, 2w)x3] , (7.51)
n
where
R(q, 2w) = —/ dxiexp—igxq — ioo(q, 20){(x1)]
200(q, 20)
x {ila? (k) = 50(q, 200 H® (11]20) — LO (raj20)] (7.52)

It is convenient to normalize the scattered power in such a way that it does not depend on the incident
power and the illuminated area. We therefore define the normalized second harmonic scattered power as
P(Zw)

12 =

= S, 7.53
[P((U)]Z ( )

Inc

whereS is the illuminated area. If we choose a plane wave of amplité@efor the incident field, the
normalized incoherent component of the scattered light may be written as

2y 2
<I§§”)( s)> _ {Ir(0512m)|7) — [(r(65]20))| (7.54)

incoh 2w L cosbg| # o|*
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Fig. 83. The incoherent component of the mean normalized second harmonic intensity as a function of the scattefing angle
for the scattering of p-polarized light from a one dimensional random silver surface characterized by a West—O’'Donnell power
spectrum centered &ép(w) with Omax=15° andé=28.3 nm. The angle of incidencedg =8°, and the fundamental wavelength

is A= 1.064um. The dielectric constants ar@») = —56.25+i0.60 ande(2w) = —11.56+ i0.37. The results fronv;, = 2000
realizations were averaged to obtain this figure. The vertical lines indicate the normal and backscattering directions.

whereL is the length of the surface, and

r(0s]20) = /oo dx1 {i Z—w[g’(xl) sin0; — cost,1H® (x1|2w)
C

—0o0

—L(I)(x1|2w)} exp{—i 27‘“[“ sinf; + {(x1) cos@s]} . (7.55)

The angle brackets in Eq. (7.54) denote an average over the results obtaiNgd+0t 000 realizations
of the surface profile function, which are generated by standard numerical procgB0g9; is the
scattering angle, ang is the angle of incidence.

Toillustrate some of the results that have been obtained by the approach described in this subsection, we
present scattering distributions at the harmonic frequency for a shallow one-dimensional random silver
surface defined by a power spectrum that enhances the excitation of surface plasmon polaritons at the
fundamental frequency. Itis a West—O’Donnell power spectrum, Eq. (7.40), that is centered at the surface

plasmon polariton wavenumbksy(w). The values ok%)n andkr(#éx are given by

kr(r}i)n = ksp(®) — (/c) SiNOmax ,

kix = ksp(®) + (/¢) SINOmax . (7.56)

with 6max= 15°. The rms height of this surfaceds= 28.3 nm. The significance of the anglgax is that
if the angle of incidencéy is in the interval(—0max, max) the incident light can excite surface plasmon
polaritons with wavenumbersksp(w). Similarly, if the scattering anglés is in the same interval, the
surface plasmon polaritons so excited will be coupled to volume electromagnetic waves in the vacuum,
propagating away from the surface. Computer simulation results for the mean normalized second harmonic
scattered intensity for this surface are presentdegn83

The fact that when the angle of incidence is smaller thansuisface plasmon polaritons are launched
in both the+x1- and —x1-directions means that a relatively intense electromagnetic field is created on
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the surface. For this surface the main mechanisms for the generation of the second harmonic field are the
nonlinear mixing of a surface plasmon polariton and the incident field, and the nonlinear mixing of two
surface plasmon polaritons at the fundamental frequency, traveling in the same or opposite directions.

The components parallel to the surface of the wave vectors involved in the nonlinear mixing must
satisfy well-known momentum selection rules, which yield the directions at which the second harmonic
light should appear. In the case of the second harmonic scattered light arising from the nonlinear mixing
of the incident field and a surface plasmon polariton, the wavenumber conservation law reads

kinc(w) ksp(w) = ksc(2m) , (7-57)

wherekinc(w) = (w/c) sinfg andksc(w) = (w/c) sind;. Consequently, for an angle of incidertize= 8°,
a relatively large second harmonic intensity is expectet} at —26° and 35. Bands of light at these
angles are evident iRig. 83
Two surface plasmon polaritons at the fundamental frequency propagating in the same direction pro-
duce, through nonlinear mixing, a surface plasmon polariton at the harmonic frequency propagating in the
same direction. This mechanism produces the two broad distributions atg@0a-40) in Fig. 83 On
a planar surface two surface plasmon polaritons propagating in opposite directions produce no far-field
radiation at the harmonic frequency. It has been ardLi2d], however, that for a rough surface they can
produce a feature in the direction normal to the mean surface. In this respect, we note that in the second
harmonic distribution plotted iRig. 83there are no peaks in the backscattering and normal directions.
The result presented Fig. 83can be compared directly with the result presentdelgn 8 of the paper
by O'Donnell et al[238]. The main features are reproduced, and the intensity levels are the same. There
are only subtle differences between the experimental and theoretical distributions.

7.2. Near-field second-harmonic generation at metal surfaces

Second-harmonic generation (SHG) from smooth and rough metal surfaces has been extensively studiec
in the far-field. SHG was used in the past to study electron dynamics in metals, interactions in a correlated
electron gas, Fermi surfaces in different metals, etc. Surface SHG in reflection obeys a set of selection
rules. It can be excited with p-polarized light leading to p- or s-polarized SH light generated in the
direction of the specularly reflected exciting light. Second-harmonic generation is known to be surface
sensitive on an atomic scale (especially when the nonlinearity itself is due to the presence of the surface).
Studies of the nonlinear optical response are advantageous for understanding the relationship betweer
optical properties and the morphology (roughness, defects, impurities, adsorbates) of metallic surfaces
[149,281-283]

The consideration of roughness leads to several phenomena affecting SHG, such as relaxation of polar-
ization selection rules and an enhancement of the electromagnetic field at surface defects. Less obvious
is the influence of weak and strong light localization effects on SHG from rough surfaces that results
in significant changes of the angular spectrum of SHG observed in the far-field [&g@2238] Even
more pronounced changes should be expected in the near-field region close to the surface. In analyzing
near-field SHG measurements one should consider the substantial influence of evanescent fundamenta
and second-harmonic fields. Phase-matching conditions and polarization selection rules are meaningless
in the near-field of a rough surface. Both are defined with respect to the plane of incidence determined
by the direction of propagation and the normal to the surface. There is no direction of propagation for
an evanescent wave. A mean normal direction depends on the scale of observation and close to a surfac
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Fig. 84. (a) Distance dependence of the SH intensity for s- and p-polarizations of the fundamental light measured at the center
of the surface region shown in (b). Dashed lines are power-law dependencies drawn as a guide to the E8&9](Ref.

feature the polarization of light which is determined with respect to a mean surface plane will be different
compared to a local surface topography. The field enhancement effects at the fundamental as well as
SH frequencies can arise due to the lightning-rod effect at highly curved surfaces as well as to localized
surface plasmon excitation at the surface feat{288,31] Less obvious is the strong influence of SPP
localization effects on the SHG from rough surfaces that result in significant changes of the angular
spectrum of SHG observed in the far-field regj@@2,237,26 1] The imaging of the SH field distribution

over a surface provides direct information on the contributions of different effects to the SHG.

In order to determine the contribution of near-field processes to the SH generation, the dependence of
the second-harmonic signal on the tip—sample distance for s- and p-polarized exciting light was studied
(Fig. 84). A strong decrease in the signal was observed at about 500 nm from the surface. This behavior
is especially pronounced for s-polarized excitation. The initial drop in the signal is followed by a number
of oscillations for both excitation polarizations: each maximum for p-polarized excitation corresponds
to a minimum for s-polarized excitation and vice versa. This behavior results from the electromagnetic
interaction due to multiple reflections of fundamental and SH light between the glass tip and silver
film surface. The phase shift between the distance dependencies can be explained plabe shift
between p- and s-polarized fundamental waves reflected between the tip and metal at angles larger thar
the Brewster angle. The ratio of the SH signals induced by p- and s-polarized light changes substantially
in the near-field compared to the far-field region. This ratio falls from about 3 at a distance larger than
3um from the surface to approximately 1 near the surface. This substantial increase in the s-polarized
lightinduced evanescent SH field in the vicinity of a rough surface is a nontrivial near-field phenomenon,
which is a consequence of the relaxation of the polarization selection rules and phase matching conditions
in the near field.

In conventional experiments on surface SHG one has the possibility to measure only an intensity and an
angular distribution of the SHG originated from a relatively large surface area (determined by the size of
the illuminating spot) and, therefore, averaged over a large number of defects without an exact knowledge
of the surface morphology. Before the introduction of near-field optical techniques the only experimental
approach to SH characterization of rough surfaces was to change in one way or another the distribution of
defect sizes and shapes and then compare the measured tendencies of the average SH enhancement w
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Fig. 85. (a) Topography; (b) measured; (c) calculated SH images of a silver surface with a defect supporting a localized surface
plasmon. The fundamental light £ 1064 nm) is s-polarized. (RgR39].)

model predictions obtained for an average random defect ensemble. In an ideal experiment one would
like to know exactly the size and shape of defects contributing to SHG. At the same time, the lateral
distribution of the electromagnetic field over a surface is not uniform and depends on the surface defect
structure: the local field intensity can vary by several orders of magnitude on a scale smaller than half
a wavelength along the surfaf35]. Therefore, investigations of the averaged optical response in many
cases do not result in an understanding of the underlying physics. The use of near-field measurements
provides an opportunity to study SHG from specifically chosen defects before the SH contributions from
individual defects are averaged in the far-field zone.

Studies of SHG from different types of individual surface defects have revealed that the main contrast
mechanism for near-field SH imaging is topography variations. Such behavior is observed for different
kinds of surface defects such as grooves, pits, or protrusions on a metal §aga@11-243]In all
these cases the enhancement of SH generation induced by s-polarized excitation occurs near the places c
the surface where inhomogeneities are present. This effect has the same origin as the growth of the ratio
of s- to p-polarized light induced SH signals near the rough surface discussed above. The polarization of
the exciting light is important for achieving one kind of field enhancement or another. However, in the
case of p-polarized excitation, the SHG related to surface inhomogeneities is observed in the background
SHG due to nonlinear processes in the electron gas close to a smooth surface.

Let us consider several examples of SHG enhancement on individual surface defects. In the case of the
surface shown ifrig. 85which is essentially flat with a narrow deep groove, the SH image looks like a
“negative” of the topographical image. The SH signal measured in the flat regions is much smaller than
the signal measured near the gro¢289]. In the case of protrusions on a metal surface (B&)}, up
to a 10-fold local enhancement of the SHG at defects with micrometer-size lateral dimensions has been
observed, while the average SHG enhancement was negligible (of about a factor[2#3]2)

In a general form, the enhancement of SHG excited and detected at a surface defect can be describec
as

Isn ~ |LQw)L%(o)|” (7.58)

whereL(2w) and L(w) are the field enhancement factors at the fundamental and SH wavelengths, re-
spectively[31]. The local field enhancement factbr= L| r L sp takes into account the lightning-rod
effect (L R) due to the geometrical electromagnetic field enhancement at a highly curved surface and
localized surface plasmons excitatidi gp). For both enhancement mechanisms the orientation of the
light polarization with respect to a defect is important.
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Fig. 86. (a) Topography and (b) near-field SH intensity over a gold film with large defects. The fundamental wavelength is
790 nm. Arrows indicate the directions of the cross sections showigir87. (Ref.[243].)
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For the defect ifFig. 85a the main SHG enhancement effect is related to surface plasmons localized in
the groove due to the variation of the film thickness. The LSP spectrum and the related field distribution can
be relatively easily calculated using the model of a pit of Lorentzian sja@p241] For the parameters of
the groove measured from the topographical image, the localized plasmon resonance is inferred to be close
to the SH photon energy, and thesp(2w) term in Eq. (7.58) dominates. The SH intensity distribution
calculated in the model of the groove-related surface plasmon using the measured topography reproduces
the experimentally observed image very well. An increase of the groove width results in a decrease of the
observed SH intensity and vice versa (only topography associated with the pit was used for the model
calculations; other topographical features were neglected in the modeling).

The dipolar localized surface plasmons related to the protrusions on the gold surféige 86 are
estimated to be at about 0.9 eV, which is much lower than the energy of fundaniental 1.57 eV) and
second-harmonic photons. In this case, mainly the lightning-rod effegt,is important. For estimation
of this geometrical field enhancement the surface defects can be considered as particles of a conical shape
The enhancement close to the apex of such particles can be estimated in the electrostatic model as

E~EQ1/r . (7.59)

Here,EéO) is the component of the electric field parallel to the cone axis near the planar surface far from
the defect, is the distance to the cone apex, anis the first root of the equatio®, (cog6p)) = O,
where P, and0p are the Legendre function of the first kind and the cone opening angle, respectively.
Depending on the cone angle, the parametem the range 0-1 for an ideal mefaB4]. The corrections

due to a finite dielectric constant of a material and surroundings altew 0.5 to be achievef85].

This model gives fairly good agreement with the experimentally measured SH intensity distributions for
the parameters of the defects obtained from the topographic image8{#igrhe SHG from smaller

but sharper surface defects is dominating. The finite resolution of the SNOM leads to averaging of the
signal over the excitation area and, therefore, to a subsequent reduction of the experimentally observed
enhancement at a cone apex.

The sizes of individual protrusions are in this case too large to provide LSP resonances close to
fundamental or SH wavelengths. Nevertheless, when the polarization of the excitation light is parallel to
the axis between neighboring defects, the SHG intensity is enhanced due to the possible LSP resonance
in the gap between these defects (F6). These defects are hardly visible in the SHG image for the
orthogonal polarization, for which LSP cannot be not exci#t8].
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Fig. 87. Cross sections of the topography and SH intensity related to the defects indicated by the dfigwdGir(symbols)
experimental data, (solid lines) calculations for the lightning-rod effect model. [&].)

Both SPPs and localized plasmons at SH frequencies can be effectively generated at rough metal
surfaces due to nonlinear wave-mixing processes, which provide the necessary momentum conservation
needed for SPPs to be excif@86]. No momentum conservation rules apply for the excitation of localized
plasmons. The contribution of such LSPs in the far-field SH light arises either due to direct radiation into
light or due to the decay of LSP into propagating surface polaritons and their subsequent scattering into
bulk light by other surface inhomogeneities which gives rise to diffuse SHG from rough surfaces. The
latter process of the LSP decay in many cases is the predominant mechanism of the radiative damping
leading to additional LSP resonance broadening and subsequent reduction of the related field enhancemen
(Section 2.1).

Generally, p-polarized lightinduced near-field SH images are much more complex due to the interplay
between SHG processes related to surface inhomogeneities and surface plasmon polariton related effects
For example, in the case of a typical randomly rough surface 88)gvith a number of defects of various
sizes, larger defects have different but uniform brightness in the SH image (e.g., on the right hand side
of the images). However, above the surface area with many small defects, the SH intensity distribution
exhibits the presence of small bright spots not directly related to the defects (e.g., tops of the images).
The width of the spots is about 240 nm, which is about half a wavelength of the SH light. These spots
have been identified as the result of surface plasmon polariton localization on randomly rough surfaces
[239,240]similar to those observed in the linear SNOM images of rough metal films exhibiting a similar
topographic structure (Section 2.3).

Infact, second-harmonic generation atarough surface and SPP excitation are closely related phenomen:
since every surface defect may act as the source of a surface wave. Localization effects in the SH
generation from rough metal surfaces have been predit22d It has been shown that multiple scattering
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Fig. 88. (a) Topography and (b) near-field SH intensity distribution above an arbitrary rough silver surface obtained with
p-polarized fundamental light. (c) The cross section of the SH image along the line indicated by the arrof@3dR&f.

leading to light localization gives a considerable contribution to SHG resulting in its local enhancement.
Both fundamental and second-harmonic SPP-related localization can contribute to the effect, giving
rise to components of SH light propagating perpendicularly to the average sample surface and in the
reverse direction to the fundamental wave propagation, respectively. This has been observed indirectly by
measuring weak changes in the far-field angular distribution of the SH[ight237,261] The images
observed in the near-field provide direct evidence of the SPP localization processes in SHG from randomly
rough surfaces. Further SNOM studies have enabled identification of the spectral dependencies of this
SPP localization phenomenon in SH#Z30].

7.3. Near-field SHG from metallic diffraction gratings

In addition to arbitrary rough surfaces, surface enhanced optical phenomena have been widely studied
on metallic gratings. Just as in the case of the enhanced linear optical transmission, gratings provide well
defined resonant conditions for SPP excitation, and therefore for the field enhancement related to the SPP
field. Gratings have been especially widely used for modifications of the spontaneous emission rate of
moleculeqd165] and for studies of SHE86—-288]

Studies of the electromagnetic field distribution over sinusoidal gratings have revealed that the mag-
nitude of the field enhancement over a grating is close to but somewhat larger than the value of the
enhancement at smooth surfaces at which SPP are excited in the Kretschmann confi@ 289 he
highest enhancement does not always correspond to the maxima in the grating profile. Both the magnitude
of the field enhancement and the field distribution depend on the depth of the grating. In the case of deep
gratings, similar to the single groove in a metal film discussed above, surface plasmons can be localized in
a groove providing a strong field enhancement. In contrast, the field enhancement on periodic structures
which occurs due to SPP Bloch waves has more complex lateral variations. In the latter case, the maxima
of the field distribution can be achieved at different places of the grating both at minima and maxima of
the topographical relief that is determined by the type of the excited SPP Bloch mode that can be excited
(depending on the angle of incidence) in different Brillouin zoid&®)]. This has been recently observed
in the far-field images of SHG on metallic gratin@0].

The field enhancement effects result in a corresponding enhancement of SHG from metallic gratings.
In this case the enhancement of both the fundamental and second-harmonic fields should be considered
However in many cases the main effect is SPP excitation at the fundamental wavelength. In addition
to the field enhancement a grating can provide the phase-matching conditions required for efficient
SHG leading to selective enhancement of SHG observed in the direction of the diffraction orders of the
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Fig. 89. (a) Topography and (b) near-field SH intensity distribution over an aluminum diffraction grating. The fundamental light
(A=1064 nm) is p-polarized with respect to the grating plane. The gray-scale of the topographical image corresponds to 150 nm.
(Ref.[242].)

fundamental lighf287,288] The enhancement magnitude depends strongly on the depth of the grooves,
and is very sensitive to its local variations. The field enhancement effects at the small-scale roughness
of the diffraction grating overlaying the periodic profile has also been found to be very important for the
SHG enhancement in the frequency range corresponding to the LSP exd2&jn

Comparison of the simultaneously measured topographical images and SHG distribution can allow
exact determination of the places where SHG is originated at a grating and where SHG enhancement
takes place. The near-field distribution of SHG has been experimentally studied using an aluminum
echellete]242]. A diffraction grating of 1800 grooves/mm has been used with a profile consisting of
triangular grooves. The SHG has been excited with p-polarized exciting light. The grating has been
oriented in such a way that the grooves were either parallel or perpendicular to the plane of incidence.

The near-field distribution of SH intensity reveals a more complex structure than the grating topography
(Fig. 89). In addition to the regular structure related to the grating grooves, the images of the SH light
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distribution are overlaid with fine structure related to the defect structure of a grating surface. In the
near-field region close to the grooves, the additional roughness seems to play a determining role and
the SH light distribution reflects the topographical features that are smaller and produce a stronger local
field enhancement. In contrast to an arbitrary rough metal surface, a grating supports only SPPs having
certain wavevectors. This leads to a different structure of the SH near-field on a grating compared to a
rough surface under p-polarized excitation. If no resonant SPP excitation takes place, the enhancement
of SHG on the defects of the relief instead of the surface polariton related effects dominates. Under
the excitation close to the SPP resonance, both SPP Bloch waves and surface roughness contribute t
the SHG enhancement. The near-field images demonstrate that the field enhancement due to localizec
surface plasmons at the small-scale defects of a grating can be stronger than the effects related to SPP
on a diffraction grating.

8. SPP interrogation using other scanning probe microscopy techniques

Despite the fact that the first near-field studies of surface polaritons have been performed with a scanning
tunneling microscop@t1,42,45] SNOM has almost completely ousted STM from SPP investigations.
The reason s the strong interaction of an STM tip and the SPP field resulting in a significant perturbation of
the surface polariton behavior and, as aresult, acomplex relation of the signal to the actual electromagnetic
field over a surface. Nevertheless, STM studies provide additional important information on SPP behavior
in a confined space and electrodynamics at the nanoscale. Since an STM tip is scanned much closer tc
the surface, only at a distance of a f@&mgstroms, an STM allows one to study the effects of a strong
electromagnetic interaction between a metal tip and a metal surface, such as localized surface plasmons
at the tip—surface junction and related strong light confinement and field enhancement. Additional effects
of the interaction of a surface polariton with localized surface plasmon resonances analogous to those
mentioned in Section 2.1 can be investigated arising from the interplay between SPP and LSP when their
resonant frequencies are close to each other. The interaction between an STM tip and a surface modifies
the LSP resonances of surface defects that allows tuning them into a desired spectri@9pnge

8.1. Influence of surface polaritons on the tunneling current of STM

A strong electromagnetic field can significantly modify electronic processes related to a surface of a
metal film, particularly electron tunneling effe¢91]. The field enhancement due to surface polariton
excitation provides the possibility of observing such electromagnetic field induced effects. In turn, this
gives an opportunity to study SPPs by observing the induced electronic processes. The scanning tunneling
microscopy technique has been used to investigate the interaction of surface plasmon polaritons with
tunneling electronpt1-43] An additional SPP-induced tunneling current was observed. It was assumed
that this current originates due to arectification of the SPP electromagnetic field caused by the nonlinearity
ofthe current—voltage characteristic of the tunneljunction. The distribution of the SPP induced current over
the silver film surface was also measured, and a correlation between this distribution and the topography
of the film was found. An influence of surface polaritons, excited on the external and internal interfaces
of a gold film, on the STM tunneling current has been also investigatgdimages of the SPP induced
signal distribution over the film interface taken with different SPP modes have been compared in order
to obtain information on the structure of the internal interface. Possible mechanisms which might give
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Fig. 90. Angular excitation spectra of the surface polaritons (circles) and angular dependencies of the induced tunneling current
(squares) for the Au/glass (a) and Au/fluoride/glass (b) structures. The solid line is the reflectivity calculated with a gold film
refractive indexz = 0.13+ 2.7i. (Ref.[44].)

rise to the SPP induced change in the tunneling current have been discussed. It was shown that the
nonlinearity of the current—voltage characteristic of a tunnel junction and the corrections stemming from
the electromagnetic rectification of the SPP field give rise to induced tunneling currents of the same order
of magnitude.

The angular dependencies of the induced tunneling current and the reflection are st&gmnoin
for two samples: a rough gold/glass surface (sample A) and the smooth surface of a gold/fluoride/glass
structure (sample B). It is obvious from the measurements that the light induced tunneling is significant
only close to the angle of resonant excitation of surface polaritons. The angular dependence of the induced
tunneling current follows the SPP excitation spectra. Both surface and interface SPP modes are visible
in the tunneling current recorded with the two-layer structure (sample B).

The angular dependentlightinduced images recorded from the same place of the sample B are illustrated
in Fig. 92 In the topographical image one can see three large regions of the film having different heights.
The region close to the right edge of the image is probably contaminated since the associated tunneling
current is quite noisy. This strong noise in turn leads to an angle independent background signal of the
induced current. Even though the tunneling current from the region in the bottom of the topographical
image is much less noisy, it was not possible to detect a SPP induced signal in this region. In the top-left
region of the image a prominent angular dependent SPP-induced tunneling current is observed at the
angles of incidence at which the air-metal or fluoride—metal SPP are excited.
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Fig. 91. (a) Topography and (b) the corresponding SPP-induced tunneling current obtained with the sample A under the resonant
SPP excitation conditions (dfig. 9(a). The gray-scale of the topographical image corresponds to 120 nm[4&ef.

Detailed studies show that the SPP-induced current variations over a metal surface are related to the
local topography. However, the topography is reflected in the SPP-induced images in a nonlinear manner.
The topography of the film AKig. 9J) is typical for a rather inhomogeneous micron-size island structure.

The SPP-induced image reveals similar structure and is apparently caused by the topographical variations.
The gold film in the two-layers structure (sample B) is flatter than the one in sample A. This results in

a less pronounced lateral structure of the air—metal SPP-induced imag®3Figt the same time, a
smooth surface facilitates observations of the structure of the internal interface in the fluoride—metal SPP
induced image due to the reduction of the background caused by the external surface topography. (As
discussed in Section 2, both fast and slow SPPs can be scattered by the surface and internal defects, thu
the SPP images induced by them reflect the total defect structure of the film.) The image recorded with the
fast SPP is more related to the surface topography of the film than the (slow) fluoride—metal SPP-induced
image. In the latter one, the prominent border between the dark and bright regions, which is not correlated
with the surface topography, is clearly seen in the top part of the image. The sharpness of the border has
been estimated from the edge profile in the SSP image to be equal of about 30 n88(kiget). This
sharpness can be considered as an indicator of the resolution of this imaging technique.

The spatial variation of the induced tunneling current can be understood in terms of the lateral distri-
bution of the electromagnetic field over a surface. Comparison of the field distributions detected with an
STM and those measured with a SNOM using an uncoated fiber tip (cf. the images in Section 2 obtained
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Fig. 92. 12 x 1.2um? images of topography and the SPP-induced tunneling current recorded at different angles of incidence
with the sample B (cfFig. 9M). (Ref.[44].)

for the same type of gold films) reveals distinctly different imaging mechanisms of these techniques. The
SNOM images exhibit the SPP interference on the smooth gold films and the SPP localization on the
rough gold films, while the SPP-induced STM images directly (although nonlinearly) reflect the surface
topography. The signal detected with an uncoated fiber tip is proportional to the intensity distribution of
the SPP over a surface. Such a tip made of glass perturbs the SPP field relatively slightly, being scanned
at the distance of approximately 10 nm from a surface (shear-force feedback). At the same time, an STM



302 A.V. Zayats et al. / Physics Reports 408 (2005) 131-314

£

3

—

a
7 14 PN - 360
£ M“/ Y
é L'f‘&‘\‘,." 5 ,“‘ _
& ! - 240 E
= \ =
9 I| <
S o- ' o
o e T
e TS, - 120
(&} 14
= /
2 1 \

OB —— PP | 0

4 T T T T T
) 50 150 250 350 450 550
Distance (nm)

Fig. 93. (a) Topography and (b,c) the induced tunneling current variations obtained with the fluoride—metal (a) and air—metal (b)
SPPs (sample B). The gray-scale of the topographical image corresponds to 20 nm. (c) The cross sections of the topography (1)
and the fluoride—metal SPP induced image (2) in the direction indicated by the arroW4éef.

tip being metallic has a strong interaction with the SPP field. In addition, with STM feedback, the tip is
scanned much closer to a surface (in our case, abbfrosn it). At such distances the electromagnetic in-
teraction between a metallic tip and a metal surface results in the formation of localized surface plasmons
at the tip—surface junctidi33,292,293] Such localized plasmons can lead to a strong enhancement of the
electromagnetic field which, in fact, is responsible for the induced tunneling current. Since localization
parameters, and thus the field enhancement, are very sensitive to the local topography and depend oniitir
a complex manner, the induced tunneling current variations, although related to the surface topography
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variations, do not directly correspond to it. The light-induced STM image reflects not only the spatial
distribution of SPPs, but mainly the properties of a nanometric resonator formed between the tip and the
sample. This is generally true for all scanning probe techniques using metal (or metal coated) probes.

Thus, surface polaritons play an intermediate role in light-induced tunneling, the resonant coupling
of the illuminating light into SPPs leads to an electromagnetic field enhancement due to the SPP field
confinement to a surface followed by the excitation of the localized surface plasmon at the tip—surface
junction, providing a further field enhancement.

A separate question needing thorough consideration is the mechanism of the electromagnetic field
induced tunneling. Several effects may contribute to the induced tunneling ci4ie42] Some of the
effects, such as thermal expansion of the sample and tip due to light absorption, thermovoltage effects,
and photoemission, were estimated to be small in the Kretschmann geometry. In this configuration only
a small part of a tip is exposed to the light, compared to the experiments in which the tunneling junction
is illuminated by the light from the tip side. One of the main contributions that has been considered is the
rectification of the electromagnetic field by the nonlinearity of the tunneling current—voltage dependence.
It was assumed that the induced current arises from the rectification of the high frequency field via the
nonlinear static current—voltage characteristic of a tunnel jun¢didh i.e.

1., d

Al 4AV vz (8.1)
whereAlT is the induced currenf\V is the electromagnetic field induced voltage, &ads the tunneling
voltage. The experimental data in Ref41,43] were explained in this model by setting the induced
voltageAV to be about 500 mV. This gives an estimate of the electric field in the tunnel junction to be
E ~ 1V/nm. Such a large amplitude can be accepted if there is a strong field enhancement of several
orders of magnitude in the tip—surface region. Such field enhancement can be achieved with localized
surface plasmon excitation in the tip—surface junc{i®d]. Nonetheless, in these estimates the static
current—voltage characteristic of a tunnel junction has been used for the electromagnetic field at optical
frequencies as the actual current—voltage characteristic at such frequencies is not known.

Another mechanism of light-induced tunneling has been proposed which does not involve unknown
current—voltage dependencigBl]. This mechanism is similar to noise assisted tunneling and, more
specifically, to tunneling through a periodically driven potential baf@8#]. The problem of electron
motion through the tunnel junction in the presence of a high frequency electromagnetic field is closely
related to the problem of the Kapitza pendulum: a pendulum whose point of support oscillates with a
high frequency295]. The effective potential energy for such a pendulum is

f2
Ut =U +0U =U + — , (8.2)
2maw?
whereU is the unperturbed potential in the absence of the high frequency focog(wt), andm is
the mass of the pendulum. Even the vertically upward position of the pendulum can be stable in such
an effective potential. Qualitatively, one would expect that the effective potential for an electron in an
electromagnetic field is determined by a similar expression

eE2(r)
2mw?

Uet(r) =U(r) +U(r) =U(r) + (8.3)
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whereU (r) is the potential configuration for tunneling electroass the electron charge, arfd, (r) is
the localized plasmon field. This result can be understood easily from a quantum mechanical treatment.
If in the Schrddinger equation

oy ((p — eA)?

ih — 5+ U(r)) v (8.4)

or
for the electron wave functiofr one consider#\ to be the vector potential of the localized plasmon
field andU (r) to be the potential configuration, the same correctidi(r) to the effective potential
arises from the DC part of the teredA2/2m taking into account thaE, = —0A /0t. Using the same
value as above for the field inside the tunnel junctiéip, ~ 1V/nm, this model gives the correction
to the tunneling potentiailU ~ 10 mV, a value that is only one order of magnitude smaller than the
voltage assumed to explain the induced current with nonlinear current—voltage characiéfistSmce
this is only a rough estimation of the localized surface plasmon figldwhich enters quadratically
in the induced potentiadU, one can assume that the effect discussed might be responsible for the
observed tunneling current. Under the experimental conditions in [B4]f. similar estimates of the
field needed to explain the induced tunneling current give the vAjue- 0.3V/nm in the model of
a periodically driven potential barrier. Taking into account the power of the illuminating light and the
experimental geometry, a total electromagnetic field enhancement of the ordet isf re@Quired for
the detection of the observed changes in the tunneling current. Such values of the field enhancement are
typical for the surface enhanced Raman scattering experiments and can be achieved with localized surface
plasmons.

8.2. Light emission induced by the electron tunneling in STM: a role of surface plasmon polaritons

In addition to optical excitation of surface plasmon polaritons, they can also be excited by an elec-
tron beam directed onto a surfaf@. Such an approach allows excitation of SPPs of a wide range of
wavelengths including the short-wavelength SBRsX kpnoton) Which are difficult to launch effectively
with light. The excitation of SPPs by an electron beam, their scattering into light by surface defects, and
their radiation into a prism have been stud[286]. A similar situation can be realized in a scanning
tunneling electron microscope in which a sharp metal tip brought close to a surface acts as a source of
electrons tunneling into a metal. With STM it might be possible to achieve a local excitation of SPPs by
electrons. In contrast to the SPP excitation by an electron beam, with a STM, however, the tip—surface
interaction in many cases might initially result in the excitation of localized surface plasmons in the tunnel
gap[297].

As was discussed above, the images of the SPP-induced tunneling current contain mixed information
about the SPP field distribution and the properties of localized surface plasmons in the tip—surface gap.
Local mapping of localized surface plasmons can provide valuable information on surface chemistry,
properties of adsorbed molecules, etc. The studies of the light emission induced by the electron tunneling
in STM provide direct probing of inelastic processes in the tunnel gap.

In the first experiments on the STM induced light emission it has been shown that the STM tunnel gap
between two metals emits light when a voltage is applied between the tip and the sample. Initially, this
effect has been observed in an ultra high vacli®®)298] but a similar effect under ambient conditions
has been detected as wglP9-304] It has been demonstrated that a variety of STM operation modes
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including isochromat spectroscopy, optical emission spectroscopy, and photon mapping can be used
simultaneously with topographical measurements. A combination of several imaging modes can give
additional information on local surface properties. The ability of this technique to provide the chemical
surface data on the nanometer scale has been shown in the studies of light emission from small metallic
particles on semiconductor substrg&5,306] In different experiments with different types of surfaces
(metal, semiconductor, or adsorbed molecular layer on a surface), the nature of the STM induced light
emission can be different due to the different processes by which the tunneling electrons interact with
a surface. The STM induced light emission from metal surfaces is believed to involve localized surface
plasmons which are excited in the gap between the tip and the sample by the tunneling electrons. The
decay of this LSP into light either directly or via excitation of surface polaritons, which then are reradiated
into light results in the observed light emission.

The quantum efficiency of the STM induced light emission from metal surfaces can be rather high
(of the order of 103-10~%). At the same time, the small currents in the STM experiments result in a total
number of detected photons of the order of-100* photons/s.

The typical STM induced photon map of a freshly prepared gold film under ambient conditions is
presented ifrig. 94 This image was taken at a tunneling voltage- 1.8 V by the use of a gold tif807].

The number of detected photons varies with the tunneling current. The averaged count rate of &bout 10
photons per second was detected at the tunneling current of 5 nA. The light emission intensity varies from
one flat surface terrace to another. The monatomic steps between terraces appeared as dark regions on tt
light emission maps. Similar effects have also been detected for the Cu(1 1 1) film surface under UHV
conditions[305].

The spectrum of light emission from the tunnel gap scales with the mean plasma frequency of the STM
tip—sample system bothin air and in vacuf2®9,300,305]Under ambient conditions, however, the much
stronger dependence of the tip—sample distance on the tunneling voltage results in quite different shapes
of the dependenciek(V) of the light intensity on the applied voltag@08]. Under UHV conditions
these dependencies look almost the same for any pair of metals used as a tip and §3€&&hEa the
other hand, in air each spectral peak of the STM induced light emission corresponds to a distinct peak in
the L(V) dependencf299,300] Figure 95presentd. (V) curves measured for different pairs of metals.
These spectral peaks can be explained in terms of different localized surface plasmon resonances in the
gap between the tip and the surfd8a,297]

The exact theoretical description of the experimental situation is somewhat difficult since a correct
theory of inelastic electron tunneling must take into account the spatial dispersion of the dielectric function
of the electron gas and, hence, nonlocal effects. Even in the simple plane geometry corrections stemming
from the spatial dispersion effects can not be negld@@@]. Nevertheless, it was established that plasma
excitations with the characteristic wavevectoys~ 1 nm-1 do play a main role in the STM induced light
emission from metal surfaces. The inelastic electron tunneling seems to be responsible for inducing these
collective electron excitation810,311] It is not clear whether these plasma excitations are localized
surface plasmons or surface plasmon polaritons in the tail of the SPP dispersion relation. In the latter case,
the SPP can be scattered into photons leading to the observed light emission. In the former case, LSP car
decay into light either directly or via the excitation of SPPs. The localized surface plasmon decay into
SPP has proven to be an effective channel for the resonance damping &l SFhe distribution of the
electron tunneling induced light over molecular crystals deposited on a metal surface (such &uCuPc
structures) can be interpreted as the Bragg diffraction of the excited surface polaritons on the lattice of a
2D molecular crystdl307].
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Fig. 94. (a) Topography and (b) STM-induced light emission image of a gold surface. The gray-scale of the topographic image
corresponds to 3nm. The atomically resolved image (c) is taken at the flat terrace at seen in (BBOTRES.

Molecular[307,312]and even atomif813] resolution has been demonstrated in the electron tunneling
induced light emission experiments. This suggests that optical spectroscopic analysis of the emission on
the scale of individual molecules can be achieved. This possibility opens exciting prospects of chemical
surface analysis with molecular-scale resolution.

9. Conclusion

In this review we have tried to present and generalise theoretical and experimental results of near-
field investigations of surface plasmon polaritons. Direct interrogation of SPP behavior on a surface has
allowed researchers to obtain insight into SPP-related processes, to make direct comparison to theoretica
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Fig. 95. Dependencies of the emitted light intensity on the tunneling voltag&feAu, Ag—Au, andAu—Pt tunnel junctions.
The first symbol in the pairs corresponds to the tip material. (R6€].)

models, and in turn to develop new models and concepts. Such concepts and the combination of SNOM
and SPP techniques have already led to a number of qualitatively new applications and novel photonic
technologies which can play a major role in the future of optical communications and optical computing.
They will be indispensable in many areas of future nanotechnologies.

The term “near-field” reflects the fact that we deal with surface excitations whose electromagnetic
field decays exponentially from a surface. Only with the development of near-field optical microscopy
did it become possible to study these surface excitations directly. This led to the development of surface
plasmon polariton optics with eventually all components with functions similar to conventional 3D optical
elements. The approach to routing and manipulation of optical signals using surface plasmon polaritons
can provide significant advantages in all-optical integration due to their intrinsic 2D nature. Moreover,
these excitations result in a strong electromagnetic field enhancement that facilitates implementation of
low-light intensity nonlinear effects in all-optical active photonic elements.
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