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By
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The damping properties of surface polaritons, especially long-range surface plasmon-palaritons
(LRST) in asymmetric layer structures are analyzed taking into account the presence of a coupling
privm. Both, the response treatment to caleulate attenusted-total-reflection (ATR) speoira and
the virtnal mode treatment arve used. Two different types of virtual modes are analyzed. One of
them describes the propagation properties of the surface polariton in the presence of both intrinsic
and radiative damping. The other type deseribes o surface polariton with a driving field and hence
this mode allows to find out the optimum conditions for the ATR experiment. Thege two modes
are investigated in detsil and the results of the numerical caleulation are presented in graphical
form. The results for the ATR configuration show that in asymmetric embedded silver layers the
propagation length exceeds the value for the symmetric cmbedded one significantly.

Es werden dic Dimpfungeeigenschaften von Oborflichen-Polaritonen, speziell Langstrecken-
Oberflichen-1"lasmon-Polaritonen in asymmetrischen Schichtstrukturen unter Einberiehung der
Existenz eines Koppelprismas analysiert. Es werden sowohl die Response-Theoric zur Bercehnung
der abgeschwiichien Totalreflektionsspektren als airch dus Konzept der virtuellen Moden ver-
wendet. Zwel vorschiedene Typen von virtnellen Moden werden analysiert. Fine von beiden be-
schreibt die Ausbreitungseigenschaften eines Oberflichen-Polaritons beim Vorhandensein sowohl
von intrinsizcher als auch Strahlungesdimpfung. Der andere Typ beschreibt ein Oberfiichen-
Polariton mit einem oszillierenden Feld, womit es dicse Mode erméglicht, optimale Bedingungen fiix
ein Experiment dor abgeschwiichten Totalrellektion zu finden. Dicse bheiden Moden werden detail-
lievt untersucht und die Resultate numerischer Rechnungen graphisch dargestellt. Die Ergebnisse
fir eine Konfiguration zum Experiment der abgeschwichten Totalrefloktion weigen, daB in agym-
metriseh cingebetteten Silberschichien die Ausbreilungslinge den Betrag fiir die symmetrisch
eingebottete Silberschicht dentlich aberschreitet.

1. Introduction

The surfaces and interfaces always present in real erystals lead to states in the spectra
of collective excitations of the solid (phonons, plasmons, excitons, ete.) which differ
from that existing in the bulk material. Theoretical studics of these states of the solid
and their detection attained a noticeable growing interest and have stimulated the
development of new experimental methods. The nondestructive character of optical
methods and their sensitivity make them very attractive for nse. The method of
attenuated total reflection (ATR) [1] and Raman acattering {2] are proved to be
especially profitable. In principle & photon hound to the surface or interface of a solid
should be very sensitive to the surface properties in comparison to nnhound photons
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used in the ordinary spectroscopy. This bound photon state is the surface polariton
{(SP) which is a coupled state of a dipole-active elementary excitation of the solid
and a photon [3 to 7],

The excitation of 8P's with the ATR method is a resonance phenomenon, The 8P
will be only excited if both the frequency and the wave vector of the exciting light
wave satisfy the dispersion relation of the SP in the present configuration. 1f the
digpersion relation is modified due to the change of the dielectric properties of the
system in ATR experiments the 8P does not oceur any more for these frequency and
wave vector values. This leads to an important variation of the quantities which are
measured in such experiments. Thercfore 8P’s are suitable for studies of surface
propertics or as & diagnestic tool in the infrared spectroscopy.

In real solids SP’s have a finite damping reflecting the lifetime of the dipole-active
elementary excitations of the solid to which the photons are coupled. For the study
of the propagation of the 8P’s along the interface the two prism method is used [8 to
10]. One prism couples SP’s infio the system and the other decouples them. Measure-
ments [8 to 11] show that the propagation length of surface plasmon-polaritons on
the surface of semi-infinite metals in the infrared frequency range is in general of the
order of a few centimeters. In thin dipole-active layers sandwiched between two
media the physical sitnation is changed. Tn such layers in every branch of dipole-
active clementary excitations of the medium two SP modes exist. If the thickness
of the layer ig sufficiently thin their dispersion carves are split. The high-frequeney
antisymmetric {—) mode called upper mode {(UM) and the low-frequency symmetric
{—) mode called lower mode (I.M) show a different behaviour. It was predicted for
thin metallic layers [12, 18] that if the layer is thin enough, the UM is weakly damped
in comparison to the LM, The propagation lenglh of the UM can be much larger than
the propagation length of the SP in a semi-infinite dipole-active medium. The UM
ia then called the long-range surface polariton (LLRSP) and the LM the short-range
surface polariton (SRSP). This is algo true for SP’s oceurring in other than metallic
dipole-active layers.

Up to now theoretical invesfigations were performed also for surface phonon-
polaritons in thin dielectrie layers [14], surface plasmon-phonon-polaritons [15], and
surface magnetoplasmon-pelaritons [16] in thin n-type semiconduector layers, But
most of the work wag done on the LIR8P's of thin silver layers [17 to 19]. The re-
markable properties of the LRSI¥s have stimulated theoretical and experimental
interest in these SP’s. The excitation of the LRRSP with the ATR method was demon-
strated [20 to 22]. Application the LRSI’s to nonlinear effects has received consider-
able attention [23, 24],

Recently it was shown [25] that in definite asymmetric embedded thin silver
layers LRSI”s can achieve a propagation length which exceeds the value for the
symmectric case by up to three orders of magnitude. However, most of the theoretical
studies were performed on LRSs in an unperturbed system that means on the free
oscillations of the three media system superstratef/dipole-active layerfaubstrate.
But the excitation of the LRSP’s with the ATR method means that the unperturbed
system 1s accompanied by a conpling prism which is seperated by a gap from the
metallic layer. Therefore there is a differcnce between the free LRST in the unpertarb-
ed configuration superstrate/dipole-active layer/substrate and the excited LRSP in
the configuration couple prism/superstrate/dipole-active layer/substrate.

In the present paper we investigate therefore the properties of LRSI”s in thin agym-
metric embedded gilver layers taking into account the effect of the coupling prism.
To do this we use two methods, the response theory and the virtual mode theory.
Both methods include the damping mechanisms: intrinsic and radiative damping.
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The virtnal mode theory developed in this paper is suitable to deseribe both the
propagation properties of LRSP's including radiative damping and their optimum
excitation in an ATR experiment.

2. Effects of Damping

The system (inset of Fig. 1} we want to consider is the following. The regionz >d L
is filled by the coupling prism with the real dielectric constant g,. The gapd +a >z2>a
between the coupling prism and the metal layer is filled by the superstrate with the
real diclectric constant g, The metal layer ¢ > z = 0 is characterized by a local,
homogeneous, isotropic, and frequency-dependent dielectric function e5(w) which
is & complex funection in the presence of intrinsic damping. The region 0 ™ z is filled
by the subsirate with the real dielectric constant g,. Since the media are isotropic we
can specialize on waves propagating in the z-direction with the wave vector component
k) withont loss of generality.

To describe the wave propagation in the above given system for the unpertubed
{d — oo) and undamped (Im ¢; = 0) system we make use of the boundary conditions at
the interfaces for the fields in the four regions of the chosen configuration. The disper-
sion relation of the 8P’gis then derived from the condition that the SI* may exist withont
any external driving field. This means the dispersion relation represents a resonance
condition which defines the eigenfrequencies e = w(k)) and hence 1he SP’s have an
infinite lifetime. Therefore in the presence of damping processes the dispersion relation
looses its meaning in this striet sense. The 8P’s are no longer true normal modes of
the system. This is related to the fact that regarding damping processes the solutions
i and k|| of the dispersion relation in general will be complex quaniities because the
dielectric function hecomes complex. This means that scattering processes of the ele-
mentary excitations serve to couple excitations of different w—#| points. The dispersion
relation for the system has to be fulfilled for complex g,(m) that is for hoth the real and
the imaginary part. Consequently the dispersion relation represents two real egquations.
Because w as well as by may be complex there are four variables which are connected
by these two equations. Therefore a third relation is necessary to have three variables
depending unambiguously on the free running fourth varjable. The reason for this lack
of information is that for a lossy system the usual periodic boundary condifions in
space and time are no more valid and must be replaced by other boundary condi-
tions. There are two principal ways to state boundary conditions:

(i} In the response treatment where the response of the system to an external driv-’
ing field in the prism region is investigated, one defines conditions on this excitation
process.

(1) A deeper insight into the nature of the physical process which is interested
here is obtained from the virtual mode treatment. Tn this case the excitation process
due to intrinsic and radiative damping of & 8P in the ATR. configuration is separately
considered.

Therefore one defines eonditions for the excitation procesg or the radiative exit chan-
nel, respectively. That means the states of the system, i.c. the virtual modes (guasi-
stationary), correspond to incomiug or outgoing waves in the prism region. It is
implicitly assumed that the delay between the excitation of the system and its decay
ig long enough to regard the decay as independent, of the excitation of the system.

3. The ATR Response from Surface Polaritons

This scction deals with the response function of an experimental ATR set-up [6, 7,
26 to 28}. The linear reflectivity from multilayers in the ATR regime is well-known.
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The reflectivity of the coupling prism/superstrate/metal layerfsubstrate system
which is shown in the inset of Fig_ 1, may be written as
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Here rj; is the Fresnel reflection coefficient for the p-polarized light, E' the electric
field of the incident wave and EF that of the reflected wave. The coefficient 7; has
the form

S;jkﬂ —— 81-; ;3

g L )
k.; 18 the normal component of the wave vector given by
i .
by — - {8 — & ®in? §,)12, (5

The gubseripts 4, § = 1, 2, 3, 4 refer to the coupling prism, the supevstrate, the metal
layer, and the substrate, respectively. 0, is the angle of incidence.

In this response treatment both 8, and o are real quantities. The minima of the ATR,
reflectivity (1) or the peaks of the response function 1 — R denote the excitations of
the systemn, The wave vector component k| in the direction of propagation of the
surface polariton is related to the angle of incidence at the ATR minimum 6P ac-
cording to

by —=— slf?- sin fpm (6)

In an ATR experiment two possibilities exist to measure a SP resonance:
(1) Angle sean ATR:

The frequency o 18 fixed and the angle of ineidence 8, is varied.
(i) Frequeney scan ATH:

The angle of incidenee #, is fixed and the frequency v is varied.

Performing a frequency scan ATR experiment the detected dispersion curve ig
qualitatively very similar to that calculated from the dispersion relation without
intrinsic dainping. Whereas in the case of aun angle scan AT experiment the detected
dispersion curve shows a characteristic backbending [29].

4, The ¥irtual Mode Theory

In the virtual mode theory {6, 21, 30 to 33] the propagation of the modes is regarded
to be independent of their excitation. Then we can derive the vorresponding disper-
sion relation from the ATR response funetion. A finite nonzero response of the system
yields the implicit dispersion relation of the surface excitation when the external
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electric field B! ig equal to zero. This corresponds to sefting the denominator of {1)
equal to zero. The resmulting dispersion relation takes explicitly into account the
influence of the coupling prism. However, to describe the ATR experiment with this
digpersion relation for virtual modes we must add to it suitable boundary conditions
for the radiative exit channel (see Section 2). For the ATR experiment these conditions
follow from the general principle that the fixed variable must be a real guantity but
the varied variable will be a complex one.

For the angle scan « will be real and 6, complex. Corresponding to (6) this results
in & complex wave vector component &. That means pure spatial damping occurs
in the direction of propagation, which is given by the condition

Imm=0. {7}
From the simple relation

-1
ED. BW = ¢, ‘;"—2 = real; B = (ky, 0, k)

it follows that the imaginary cross term 2¢ Re k() - Im E® vanishes. Thus the angle
gean experiment is deseribed by virtual modes with Re %) | Tm kO,

In the case of the frequency secan o will be cotplex and #, real. From (6} we derive
with the complex %), the boundary condition for the frequency sean to

Rek, +ilmk, & . _
m = —— BINn 61 = I‘e&l . (8}
The consequence is that the frequency scan experiment is described by virtual modes
with Re £ || Tm &0,

It should be mentioned that there exist further relations which are often nsed as
boundary conditions for the determination of virtual modes from the dispersion
relation. One example is the pure temporal damping with the condition

Im k“ =0. (9)

However, it was shown above that this type of virtual modes is not related to any
ATR experiment. From this short discussion it is to be seen that the virtual mode
treatment depends on the actual experimental conditions. Thercfore, the virtual
mode treatment only yields special but most important results about the ATR ex-
periinent.

In the past this direct relation to the experiment was often absent resulting in some
confusion in the connection between caleulated virtual modes and measured ATR
spectra [34 to 37], There are a numher of studies which impose boundary conditions
like pure spatial or temporal damping in an ad hoc way.

3, The Virtual Modes of Type I and Type I

In the following we consider only the case of angle scan. We want to describe ATRR
experiments on LRSP’s with the virtual mode theory. The aim of our work is to
inelude both intrinsic and radiative damping of these modes. Furthermore our treat-
ment shall give a good description of the ATR spectrum and we also want to find out
the corresponding optimum conditions for the experiment. T'o do this we start with
two different types of virtual modes.
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51 Type I: E1 =0
From the ATR response function 1 — R we derive the dispersion relation by setting
the denominator cqual to zero as described at the beginning of Section 4. Then the
dispersion relation is given hy
(g€ ~— 07189) ({“233 4 oigEn) {Ku8y 1 Keg) —
+ exp (—20,0) (Koey — x360) (Ma€y — Xa3)) —

— exp (—20d) (xa8; - xy85) ((0‘253 — oigeg) (s - oges) +

1 XD (—2030) (Xey | afa} {Big8y — 0‘433}) =0 (10)
with
. 2Lz
Xy = (:I"u“ — & _6_2) .

The fields of the virtual mode ave of the form exp (x,2) in the prism region and exp (x,z)
in the substrate. According to the boundary conditions (7) for the angle scan we are
interested here, the functions o, and o, are complex. Therefore the mode exhibits an
oscillating behaviour in addition to the expenential one in such a way that the above
given condition Re B 1m kY = 0 concluded from (7} is satizfied. But the cxaet
character of the virtual modes iz still ambiguous. It depends on the sign of the real
and the imaginary part of & and xy. In order to describe the propagation properties
of 8P’s in the ATR configuration the dominant field character of the virtual mode
must be an oubgoing one in the prism region and the field must decay exponentially
away from the interface into the substrate, The corresponding conditions are

Imeg, >0 (11
and

Rea, > 0. {12)
Those solutions of the dispersion relation (10) which fulfil the conditions (11} and {12)
we define as the virtual modes of the type 1. This type should describe the propa-
gation properties of a surface polariten taking into account the radiative outgoing
of energy into the prism region. Henee the amplitude of it must decrease in the direc-
tion of propagation {the | # axis), we conclude the validity of

Im .r"G;I > 0. {13}
Another important point is connceted with the sign of the real part of o,.

The physical procedure valid for surface modes in unperturbed systems in the
absence of the prism is fo require that the conditions Rea, <70, Reg, > 0 and
Im &) > 0 must be fnlfilled giving an exponential decay of the mode away from the
interface into the regiong of the outer media and inte the direction of propagation.
Bat in the virtnal mode treatment modes are covsidered which describe additionally
the radiation losg of the surface polariton (leaky surface wave) due te the presence
of the coupling prism {energy radiation into the prism region}. In this case the above
given requirement for the real part of &, must be violated by a reguirement for the
imaginary part of x; (11). In order to describe the experimental gitnation with the
virteal mode theory we are foreed to adopt a reasonable solution with the choice of
the signs given by (11) and (12}, The rPa]lltlng modes decay in the direction of propa-
gation because of outgoing parts into the prizsm region, Therefore the type I virtual
modes describe correctly the main physical properties of 8P propagation in the presence
of a prism which taker away cnergy from the SP by radiation,

52 Type H: E* =@
In contrast to the type I virtual mode we are now looking for a virtual mode which
describes ihe excitation properties of a surface polariton. From the ATR response
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function 1 — B we derive the dispersion relation for the casc that the reflected electric
field E is equal to zero. This is equivalent to setting the numerator of (1) cqual to
zero, The resulting dispersion relation for the virtual mode has the form

(xp8y -+ 06y80) ((ovaEq + 0ip8) (Ba84 — 4a) +

+ exp (—2x,0) (o83 — Xaa) (¥g€y — If-“4"~’3)) -

— exp {—205y8) (a8; — 2a20) ({0Vafs — ¥gta) (8 + 248} +

< exp (—2048) (ovy85 - 36y) (HaBy — X48p)) == 0. (14)
In this case the fields are proportional to exp (—eyz) in the prism region and to exp (o,2)
in the substrate. Corresponding to the boundary conditions (7) for the angle scan
the functions &, and &, are complex. Since we are intercsted in the excitation propertiea
of a surface polariton in the ATR configuration the virtual mode must have the
character of an incident wave in the prism region and the fields must deeay exponen-

tially away from the interface into the snbstrate. Taking into aceount the fields given
ahove this behaviour is realized by the conditions

Imo, =0 {158)
and
Rewmy > 0. (16)

The solutions of the dispersion relation (14) which fulfil the conditions (15) and (16)
we define as the virtual modes of the type II, In this case of an amplification of
energy in the system also Im k; <0 is possible in contrary to the conelusion (13)
in the case of type J virtual modes, The chosen conditions ensure that the type 1I
virtnal modes describe the excitation properties of & surface polariton in the ATR
senfiguration,

6. Diseussion

For numerical work we have ehosen a SF-59 coupling prism with g == 3.77622 and
a Ag layor [38] with &3 = —I8 4 i0.47 at the He-Ne wave length A —= 632.8 nm. At
first we want to discuss the case of a symmetric embedded Ag layer. The dielectric
constants of the superstrate (index-matehing ]iquid layer in an appropriate exper-
imental set-up) &, and of the substrate ¢, are g == ¢ = 2.1211 {fused siliva). Fig 1
showsa the caleulated ATR spectra for a sample with a 17 nm thick Ag layer for various
thicknesses d of the gap hetween the coupling prism and the silver layer. In this
figure the sharp resonance associated with the excitation of a LRSP is to be scen.
The half-width Af, at half-minimum of the reflectivity curve decreases with increasing
gap ¢ betwcen the Ag layer and the coupling prism. But the minimum refleetivity
of the ATR spectra decreases with increasing gap d and shows a minimuro for a definite
thickness d* of the gap (d* = 1300 nm for the symmetric case given in Fig. 1).
Increasing the gap above this value the minimurm reflectivity increases continuously.
The discussed behaviour is well demonstrated in the three-dimensional representation
of the reflectivity R(#,, d) shown in Fig. 2. According to the conditions of the angle
scan ATR the real and the imaginary part of the wave vector component k) arve given
by

Refy) = — 3”2 sin (jpin {17
and

Im by = % £1/2 cos GPin AB, (18)
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Tig. 1. Qaleulated ATR spectra of the LRSP existing in the configuration given in the inset of
the figure for various thicknesses d of the gap between the silver layer and the eoupling prism.
A=6328mm, « =1Tnm. — — =700, —-— 900, ——-— 1300, -- — — 1500 nm. ¢ =
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Fig. 2. Three-dimensional representation of the caiculated reflectivity R(8,, d) for the configuration
given in the inset of Fig, 1
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where 678 is the angle of incidence at the minimum of the reflectivity curve. In
Fig. 3 the real and the imaginary parts of k) of virbual modes of type I and II are
plotted in dependence of the gap d. It is to be geen that for values of d < 500 nm the
real part of ky has a minimum and increases sharply for very low values of of. The
absolute value of the imaginary part of &) increases up to a maximum and then it
decreases with increasing gap d.

As can be seen from Fig. 1, a sensible ATR minimum occurs only for wider gaps d.
Therefore in Fig. 4 the results of the real and the imaginary part of & obtained from
the virtual mode treatinent {eurves) are compared with the results from the ATR
spectra (circles) caleulated according to (17) and (18) for the gap region d > 500 nm.
The comparison shows that the results of the A'TR calculation are in good agreement
with those of the typo I virtual mode. That means this virtual mode gives a good
desceription of the propagstion properties of the surface pelariton. lts propagation
length L is defined by

1
L = ST E (19)

For d — oo the system goes over to the unpertubed system (i.e. a semiinfinite super-
strate without prism} where no radiative damping occurs. Therefore the propagation
length increases up to a value which is determined by the damping of the surface
polariton cansed by intrinsic processes alone. Comparing Fig, 4a, b, and ¢ it is ob-
vious that the propagation length of the LRSP’s decreases with increasing thickness
of the Ag layer. Tn the case of the type TT virtual mode the imaginary part of &
becomes zero for a definite value of the gap & which is identical with ¥ for which
the lowest minimum reflectivity occurs in dependence on the gap 4. Furthermore at
this point the radiative damping is exactly equal $o the intrinsically caused damping
of the surface polariton.

In Fig. Ga the complex «, plane is shown. The plotted curves represent the values
of the real and the imaginary part of &, for virtual modes of type I (solid lines) and
type LI (dashed lines) in dependence on the gap d. Tt is to he seen that the curve of
the type I virtual mode is always determined by Rea, > 0 and Im e, > 0. For all
values of the gap 4 the imaginary part of x; 18 much larger than the real part in magni-
tude. That means in the coupling prism the radiative part of the fields is dominant.
Since Rea, = 0 the type | virtual mode grows exponentially in z-direction in the
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bebween the silver layer and the coupling prism {4, , and & to &, see Fig. 1). Solid lines represent
the resnlts for the virtual modo of type I (— -—}, dashed lines for the virtaal mode of type IT
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whole prism region. In the case of the type IT virtual mode Im &, > Oand Rex, =0
18 valid. For the definite value d* Re , vanishes what is related to Im &; = 0. For
all values of the gap d the imaginary part of «, is much larger than the absolute value
of the real part of x, in magnitude. Following as in the case of type I, the radiative
part of the fields in the coupling prism region is dominant. But the type I virtual
mode is an outgoing wave and the type 11 virtual mode is an incoming one for all
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thicknesses d of the gap. If the gap d is very largc one obtains Rex;, > 0 what is
connected with exponentially decaying fields. With decreasing gap d the real part of x;
becomes negative what resnlts in fields growing exponentially in 2-direclion. For the
definite gap d* we obtuin Beox, = 0. At this peint the fields are neither decaying nor
growing, they are ordinary homogeneous plane waves, In Fig. Bb the corresponding
x, plane is shown,

From the fignre is to be seen that the type I virtual mode is characterized by
Reowg ™ 0 and Im o, > 0. For large values of the gap 4 the real part of «, is much
larger than the imaginary part in magnitude, Between two fixed values of d (points
of intersection of the plotted curve with the line Reay = Im x,) the real part of o, is
smaller than the imaginary part in magnitude. Conseguently the radiative part of
the fields in the substrate is dominant and hence the electromagnetic fields are only
weakly bound to the interface at z == 0,

In the case of the type 1I virtual mode Re x, ™ 0 and Im x, == 0 is valid. For the
definite value of the gap d* Im », vanishes what is related to Tm k) == 0, Tf the gap
d i3 very large one obtaiug Im &, > 0 and the real part of &, iz very much larger than
the imaginary part in magnitude. With decreasing gap d the imaginary part of x,
becomes negative. Analogous as for the type I between the two fixed values of d
{points of intersection of the dashed curve with the line Rea, = —Tm ;) the real
part of x4 is smaller than the absolute value of the imaginary part. That means the
radiative part of the clectromagnetic fields in the substrate is dominant and hence the
fields are only weakly bound to the interface at z — 0. However, in difference to the
type I virtual mode the sign of the imaginary part of x, is negative what is connected
with an outgoing wave. Therefore the chavacter of the type JT virtual mode changes
from an incoming to an outgoing wave whereas the type I virtual mode is an incoming
wave for all thicknesses of the gap d. In Fig. 5 that part of the complex x-planes which
is related to the AT experiment, we have additionally shown in an enlarged fashion.
From the discussion given above it is clear that the virtual modes exhibit in general
an oscillating behaviour in the regions 1 and 4.

In Fig. 6 the varous fields of the virtual modes are illustrated. The typel
virtual mode is in the prism region an outgoing wave with exponentially grow-
ing fields. In the substrate the wave is an incoming one and the fields decay
exponentially from the interface. Since the media 1 and 4 are lossless (l.e. £ and ¢,
are real quantities) the planes of constant phase of these inhomogeneons waves are
perpendicular to the planes of constant amplitude. The dominant character is the
radiative in the prism region and the exponentially decaying in the substrate, That
means the character of the type | virtual mode is that of a surface wave which radiates
energy into the prism region. The amplitude of this virtual mode decreases in the
direction of propagation. ¥or the type IT virtual mode the field strueture is shown for
three typical thicknesses of the gap 4. In the prism region the character of the field
Lhanges from an exponentially decayving for large values of d to an uponentlally
growing one for small values of &. The fields have the character of incoming waves in
all eases. In tho substrate the fields are always exponentially decaying but the character
is changed from an incoming wave of large values of d to an ontgoing wave for small
values of d. In the special case of Rex, = Imx, == 0 the type II virtual mode has
the field of an imeoming plane wave in the prism region and it decays pure exponen-
tially in the substrate, That means the dominant character of the fields of type IT
virtual modes is that of a surface polariton excited by a driving field in region 1.
Consequentely the two types of virtual modes which was introduced here describe
the physics of the excitation and the propagation of a surface polariton very well.

Now we want to discuss the asymmetric case that means we consider g, < ¢, with
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typel fype

Fig. 6. Varietics of the fields of the virtual mode. Sokid and dashed lines correspond to equiampli-
tude and equiphase eonicurs, vespeetively. The field amplitude variation is suggested by the
striped exponential profiles
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Fig.7. Calenlated ATR spectra of the LRSP existing in the configuration given in the inset of the
figure for various thicknesses 4 of the gap between the silver layer and the coupling prism, 1 =-
= 632.8 mm,n = 17 nm. = 700, —-— 960, - - — - 1800, — — — 1500 nm. & = 3.77622,
gy = 2.12110, &g = —18 + 0.47, g, = 2.2100
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respect to the ATR experiment, In Fig, 7 calculated ATR spectra are plotted for
2 sample with a 17 nm thick silver layer for various thicknesses d of the gap. The
sharp resonanes in the refleetivity is associated with the exeitation of a LERSP in this
configuration,

Faora eritical angle of incidence {when (Re k)}?< g,w?%/c?) the wave becomes quite radia.
tivc in the substrate. The consequence is a drastic decreasing of the reflectivity what is
Lo be geen on the loft side of the curves in Fig. 7. The behaviour of the ATR minimum
in dependence of the thickness d of the gap is in principle the same ag in the symmetric
case, ¥or a definite value of the gap 4* the minimum reflectivity is almost equal to
zero {(d% == 9 nm ep. Fig, 7) and it increases when the thickness of the gap exceeds
or falls helow this value. Comparing the ATR spectra for the symmetric (Fig. 1} and
the asymmetric case {Fig. 7) it is to be seen that the half-width of the reflectivity
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Fig.9. Roal and imaginacy part of the wave vector component k)| va. thicknoess d of the gap hetween

the silver lnyer and the coupling prism. Solid lincs reprosent the results for the virtual mode of

typeI { ), dashed lines for the virtual mede of type Il (— — — Im k| >0, Re kj); ——
Im %) <7 0} and the open ciroles are the results obtained from the ealeulated ATR spectra
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minimum is smaller in the agymmetric case. In Fig. 8 the real and imaginary part
of the wave vector component &y of type I and type II virtual modes are shown in
dependence on the gap d. For thicknesses of the gap d > 500 nm the real part varies
only weakly with d. Therefore in the asymmetric case the so-called dielectric shift
which describes the difference of the real part of % calculated from the ATR spectra

to that calculated for the unperturbed system (without prism for & — o), is only
small,
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Fiy.10. Loci of a) &, and b) &, in the complex plane in dependence on the thickness 4 of the gap

botween the silver layer and the coupling prism (parameters as in Fig. 7). Type I { ), type 11
(-==-)

10 physiea (h) 143/1



146 L. WENDLER and R. HavPpT

Yor values of d for which {Re &;))? < g,0%/c? is valid, the behaviour of the plotted
curved ig qualitatively the same az in the symmetric casc. More detailed information
ahout the real and the imaginary part of %, in the interesting region of the gap 4 is
shown in Fig. 8. The main result is that due to the asymmetry lower values of the
imaginary part of % and therefore higher values of the propagation length of the
LRSP's can be reached. In Fig. 10 the loci of x, and &, in the complex plahe are plotted
in dependence on the gap ¢ for the asymmetric configuration. They show in principle
the same behaviour as discussed in connection with Fig, 4.

To investigate systematically the effect of an asymmetric embedding of the thin
Aglayer in the presence of the coupling prism we need a criterion on the free parameter
d. In order to comparc the obtained results for various differences As between ¢, and
&5, we chose the thickness of the gap 4* for which the imaginary part of &) of the type II
virtual mode vanishes. At this thickness of the gap the radiative and the intrinsically
caused damping ave equal to each other. That means the damping in such a configura-
tion is double the value as the damping in the unpertubed configumtion bevause there
is no radiative part. Conbequent]y the propagation length in the mnflguratlon with
prism and the gap d* is reduced to one half of the propagation length in the unper-
tnbed configuration. All caleulation we have made for the unperiurbed configuration
[253] can therefore be transferred to the configuration with prism and the gap d*.
That means, also in the configuration with prism a high increase in the propagation
length of the LLRSP can be reached due to asymmetric embedding of an Ag layer.
This behaviour is illustrated in Fig. 11,

From the figure is further to be seen that for the ATR configuration the stop-points
of the curves L{s,) are shifted towards lower values of g, for fixed z,. The reason for
this behaviour is that with increasing Ae the thickness of the gap d* shifts toward that

thickness for which (Re &))* = gyu?/c? of the vir-
T tual mode is valid (sec Fig. 9). The last thickness
is the limiting one for the performance of an ATR
Pe,=2.7271 experiment because in the case of (Re k)2 < e,m?/c?
the field in the substrate iz quite a radiative one.
In an experimental set-up it is possible to use
larger thicknesses of the gap d. Then the radiative
damping will be smaller but contrary to this the
minimurm reflectivity of the ATR resonance in-
creases,

Licm) —w

10°k f/s;.sz _]

07 -

? Fig. 11. Propagation length L of LRSP’s existing in the
! configuration given in the inset of Fig.1 and Fig. 7,
/ respectively, ve. dielectric constant g, of the substrate.
The =olid line represents the results for the configuration
I without prism [25] and the dashed line for the configura-
tion with the coupling prism geparated by the gap d from
102 | 1 the gilver layer ®
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7. Conelusion

In our paper we have given a detailed analysis of damping properties of surface
polaritons, especially long-range surface plasmon-polaritons (LRSP). Effects of
surface roughnesses and finite heam width are not taken into acecunt. The aim of
our work was to show the possibilities of the virtual mode theory to model ATR ex-
periments. Usiog these possibilities we have investigated the damping properties of
LRSP’s in asymmetric layer structures in the presence of a coupling prism. The follow-
ing resultg are obtained:

{i} The virtual mode of the type I gives a very good description of the propagation
properties of T.RSP’s in the presence of a coupling prism, This virtual mode includes
both intrinsie and radiative damping.

(iiy The virtual mode of the type II gives a very good description of the excitation
process of SP's. This type describes 2 SP with a driving field. With the type IT virtual
moede optimum ¢endition for an ATR experiment ean be found out,

(iii) In the presence of the coupling prism and following with regard to radiative
damping the propagation length in the asymmetric configuration exceeda the value
for the symmetric case significantly,
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