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ABSTRACT

The existing SPLP method for the determination of the
complex dielectric permittivity and the thickness of metal
film is reviewed. A close electrodynamic analysis of
SPLP dispersion properties in very thin metal films is
made. The analysis is based on the numerical solution of
the exact digpersion equation using the 'Downhill’ method
and subsequent selection of physically reasonable results.
The selection is performed via the comparison of tﬁé power
flows through the boundaries of the metal film in the
transverse direction.

The explicit expressions for the components of the
power flow in the Kretschmann Prism-~Metal Film-Air
configuration have been derived,

Analysis made showed that splitting of the classical
dispersion eguation into two branches (® mode and wt mode)
known in literature for the case of symmetric environment
occurs also for the case of asymmetric environment, but
the o' mode branch is represented by a number of discrete
points only. It was also shown that part of the w’ mode
branch known in literature is physidally unreal,

In addition to the two branches mentioned a third
'side' branch have been found, which turned out to be
physically unreal.

The study of physically significant results revealed
back~bending segments in the w~ and w* branches which

demonstrate the phenomena of artificial anomalous dispersion.




The developed technique of the numerical solution
of the exact dispersion equation allows to extehd
applicability of the SPLP method to the case of very thin

metal films and puts no restrictions on the type of the

environment,
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Introduction

Many of the fundamental properties {(electronic) of the
solid state can be successfully described by

{a) the analogy of single electron moving in the
periodic array of atoms, and

{b) the plasma concept: the free electrons of a metal are
treated as an electron liquid {(or gas) of high density of
about 10%%cm -2, ignoring the lattice in a first approximation,
From this approach, it follows that longitudinal density
fluctuations, plasma oscillations, will propagate thréugh the
volume of the metal. The guantum of these "Volume Plasmons"
has an energy 4im a2

-ﬁwpe = H( -

%

v 10eV, An important extension of the
e

plasmon physics has been accomplished by the concept of
"Surface Plasmons”. Their existence has been demonstrated in
electron energy~loss experiments by Powell and Swan t ;11.
The electon charges on a metal boundary can perform Coherent
fluctuations which are called surface Plasma Oscillations
Ritchie [ 127.

Maxwell's theory shows that electromagnetic surface waves
can propagate along semi-infinite metallic surface with a
broad gpectrum of eigen frequencies from mzotxgﬁ depending

on the wave vector K. The frequency ® of these?longitudinal
ogcillations is tied to its wave vector kx by a dispersion
relation m(kx). These charge fluctuations, which can be
localized in the y (normal to interface) direction are
accompanied by a mixed transversal and longitudinal electro-
magnetic field which disappears at |y|+ «, and has its
maximurn in the surface y = 0, typical for surface waves. This
explainsg their sensitivity to surface properties.

The dispersion relation w(kx) for surface plasmons
ties right of the light line which means that the surface




plasmong have a longer wave vector than light waves of the
same energy 1w, propagating along the surface., This means
that the surface plasmons (SPS) cannot transform into light:
it is a "nonradiative" surface plasmon (8P). Therefore on a
semi-infinte metal surface, surface plasmons (SPS) cannot
couple with light.

In general, when an electromagnetic wave propagates
through a condensed medium, its properties are modified by
its coupling to the elementary excitations of the medium. The
~coupled excitation is frequently referred to as a polarition
and consists of a photon coupled to a plasmon, optical phonon,
magnon, etc, We refer to a photon coupled to a surface
plasmon (SP) as surface plasmon-polarition (SPLP). 1In the
literature the expression "surface plasmon-polarition® is
often used which is identical to the term surface plasmon
(SP) . This.excitation of SP modes with light needs special
light-plasmon coupler known as prism coupler (ATR device).
With the exitation of SP modes by light, a strong enhancement
of the electromagnetic field in the surface (resonance
amplification) is combined, which can be rather strong.

In an ATR {attenuvated total refrection) device, the metal
is in a form of a thin film deposited on the base of the prism
surface. |

Concentration of the electromagnetic field near the thin
metal surface makeg SPLP very sensitive to minor changes in
characteristic quantities of intefacing media
(like éz = &) +ic’ of the film) and to the state of rough-
ness of the boundary.

Therefore SPLP constitutes a highly sensitive non-destroy=
ing probe for measuring purposes, particularly in the optical
and infrared range of freguencies,

Note: All complex guantities in the text are distingusished
by a dot put above the character.
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CHAPTER T

The Existing Method of Determination of Complex Dielectric

Permittivity éz and Thickness h of a Thin Metal Film by

SPLP Technique

Formation of SPLPs in an ATR Device.

The dispersion relation of SPS propagating along semiw
infinite metal surface boundering a dielectric medium €
is given by [ o |

Y

KO = 95.(8..1._...___)/24
b4 C ’82 &

(1.1)
2
With real w and e Also e = €3 + ig} , under
these conditions we obtain a complex k= k'o + ik'o with
e 5, Voo
kl S e € 1.2
®O (e e! c ( )
1 2
and : £ et gy
. kv = __Uf 1 2 2
*0 c(s + e') 2(er ¥ (1.3)
I 2 2

asswiing e << Ie‘l For eal kxo one needs & ;<0 and

|e'}>e . The medium with negative dielectric function

is usually called "active medium".
that the coupling between the free
and the dipoles giving rise to SPS

Since a negative e; (W) implies an

This expresses the fact
electromagnetic field

‘oceurs in this medium.

imaginary index of

refraction in the absence of damping, the surface active

medium is typically highly reflecting in the frequency

range where SP_ propagate.

The DR (dispersion relation) of SP

. w
lp.ne E ;/61
that the SPS cannot transform into
radiative" SP. At large k'

or €17

at small kéo' but remains larger than

approaches the

g /51, 80
light: it is a "nen

mel and the value of

approaches, assuming the metal as a free electron gas,




o

w :.‘»-u--u—-Ew—-m
Sp (l+ellﬁ : (1.4)

i.e., at small values of the wave wvector, the surface
polarition is primarily photon-like, whereas at large values
of the wave vetor, it is primarily plasmon-like., 1TIn the
latter case Vg and Vph + 0, so that the SP resembles a
localized fluctuation of the electron plasma. The region of
finite k;o {(resonance region) is the region in which we expect
surface plasmon (SP} ~ photon coupling to take place. By
resonance we mean a condition in which the frequencies and
wave vectors of both particle are approximately equal. The
light line and the horizontal line at O.?O?wp are the
dispersion relations for photons and surface plasmons in the
absence of any coupling between them. The region of the
crossover of these two curves is the resonance region, 1In
reality, however, thare always is coupling implicit in
Maxwell's equations and expressed by the dielectric function.
The dispersion curve given b& the disperson egqn. (2) shows
this implicit coupling.

The field amplitude of the SPS decreases exponentially
as exp (~|kyilly]), normal to the surface. The value of the
(skin) depth'ét which the field falls to l/e, becomes

~
1
Yy %

" (1.5)
k5
Where kyi are given by

o — W 2 o 2
Bys = (3 (€, = Ko ) ¥ (1.6)

At large k! , v; is given by about l{k} leading to a strong

concentration of the field near the surface in both media,

At low k! or large Ie;l values, the field in air has a
strong {transverse) component Ey compared to the (longitud-
inal) component E. s namely Ey/Ex = --ilea.l[55 and extends far
into the alr space- it resembles thus a guided photon field
(Zenneck~Sommerfeld wave}. In the metal, Ey is small against
E_ since Ey/Ex = 1}5;Im%. These relations are derived from

X
derived from dng = (), valid outside the surface ailr/metal.




At large kéo both components Ex and Ey beco?e equal;

Ey =+ iEx {air :_+ i, metall: ~i ).

The intensity of SPS propagating along a smooth
surface decreases as exp(~2k;0) with k;o from egn. (3} .
The length Li after which the intensity decreases to
l/e is then given by

- H -1 (l.?l
Ly = (2k )

The field of SPS is described by -

a4

- [ .
E = E- exp [+ ik, x + kyiy ~ wt)]  (1.8)

with + for y» 0, ~ for y & 0, and with imaginary Ey ; which
causes the exponential decay of the field E_. The wave
vector kx lies parallel to the x direction ~ kx lies

parallel to the x direction -~ k= 27 , where Ap is the wave
Ap
length of the plasma oscillation. Maxwell's equations yield

the retarded dispersion relation given by egn. (1).

The application of photons to excite SPS meets the difficulty
that the sispersion relation lies right from the light line

(kio> g ). At a given photon energy hwe the wave vector

‘%% has to be increased by a Akx value inorder to "transform"

the photons into SPS.
In an ATR device, its momentum becomes ('%g)/es, where €,
is the dielectric constant of the prism, instead of

~—— and its projection on the surface is

= % ‘
5; = /Easineo (1.9)

The dispersion relation given by eqn. (1) for SPg
propagating on the interface el/ €, (air/metal) can thus
be satisfied between lines ¢, beyond which limit total
reflection at an interface 3/2 takes place, and C/VEa.
The excitation of SP is recognized as a minimum in the
{(totally reflected intensity (ATR minimum).
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Another way to understand the
formation of SPS in this device
(ATR ¢ Since the excitation of

SPS occurs in the region of total
reflection at the interface
prism/metal, an evanescent light
wave with a-phase velocity Lff?f

Ay
k'“ e/ /% ,8in6 , with

Vph

/E3Sineo>l propagates in the

interface with Vph < e,

e
Fig. 1 S’ggnm‘,g Photo
ATR Device t

(Kretschmann Configuration)

Since the light line c/JE in medium 3(prism)lies to the right
of the dispersion relation of SP, up to certain k' light

can excite SP of frequencies w below the cros31ng point of
c//% and DR of SP on the metal/air side. The SP, on the
interface 3/2 cannot be excited, since the DR of their SP
lies to the right of c/J? because €, > 1. This can be
checked by replacing ¢ by €, in egn. (l).

The resonance condition for SPS is

Vi)h,SPS = Vph' evenascent wave (1.10)}
which implies
- = ¢ (mii»%) = e/Ve sing (1.11}
k! £ o &t 3 res
X0 1

can thus be fulfilled, particularly because the character of
both waves is the same. The electromagnetic field of the

evanesxcent. wave decreases exponentially in the film and excites
the SP on the metal/air interface,
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Determination of é2 and h of a thin metal film by

SPLP technique.

The gvantitative description of the minimum of the
reflected intensity R can be given -by Fresnel's eguations
for the three~layer system 3/2/1: 3 dielectric medium, prism;
2 metal f£ilm of thickness h ; 1 dielectric, air or vacuunm,
etc., The reflectivity R for P-polarized light, with B, the
incoming and Er the reflected field, is given by

_ 02 B2 Taa 4 Y21 awp(2ikoun)
R = lr3211 === = ol *
o 14732721 exp(2ik, ;)
Y (1.12)
R 2 B 3 ooyt B (1.13)
ik Ei Ek ' ei Ek

where r,,} are the relative amplitudes of the reflected to
incident waves on a given interface or Fresnel's reflection

coefficients for plane polarized wave.
Under the special conditions |e;[>} 1 and |€;|<< Ie;l

this dependence can be approximated in the regioh of the
resonance by the Lorentzian type relation which reveals its
physical meaning:

R+ Rmin

k"
Ry = L = A0 L gith o = X0 (1.14)
(14n) 2 Ak
b4
. — L &
Using k, =k + ok, (1.15)

with ké given by eqn. (?l and %;0 given by egn. (2) the
resonance wave vector (kxo + Akx) is different from egn. (1),
which is valid only for a semi~infinite netal;here we have

a finite metal film of thickness h between two dielectrica.
The term Ak, can be approximated for exp (2iﬁ2yh) << 1 by




1 2/
( o exp(Zik h)

(1.16)

or .
Ak, = Const. I, (1) . (1.17)

532 is the coefficient of reflection

Its real part causes a displacement of the resonance
position compared to kg .

I

Re [Ak ] = Const. Re [ry,(k; )] (1.18)
Its imaginary part gives an additional damping term,
m [Ak ] = Const. Im [r,,(k, )] (1.19)

which we call radiation damping, to the internal damping
Im (k).

$
where r,, (kzo) is given by

2
1 z2 E €
rq, (kxo) = ma) 4oy 220 (1.20)
: a? + €, a + g2
3
Euez (23 - El) = sa] (1.21)

Equation (l14) demonstrates that R passes a minimum which
is zero for

m [k, ] = m [Ak,] (1.22)

This matching condition fixes ‘the thickness hopt of
the metal film at a given A. However, the value of hopt
(optimum value of the thickness) depends on the dielectric

function é . Since it is not known exactly h varies at

opt
least by 10%. The experimental arrangement (ATR device) is

gshown in Fig.3 This device is used for the determination of
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of experimental variables eres ’ Rmin ., and 0 i.e; the

resonance angle, minimum or reflectivity, and half-width
of the reflection minimum.

The physics giving rise to the reflectivity minimum:
the light wave, having passed the piism (53), is partially
reflected at the interface 3/2. Partially it traverses
the film as an exponentially decaying wave. At interface
2/1 it induces excitations which radiate light back into
the film. If the thickness h increases, the back scattered
field disappears due to Im [Aﬁé] > 0, so that R approaches
the value unity,

For decreasing thickness h the backw-scattered field
increases. Since it is in antiphase with the ihcoming wave,
see egqn. (12}, the two interfere distructively thus
reducing R, At h = hopt they even compensate each other
and R becomes zero,

The antiphase radiation field, captured in the metal
film, is converted into heat. In the resonance case
R = O the total damping amounts to 2 Im [ k ol This
value determlne5 the half~width of the reflection minimum.
A further decrease of h leads to increasing Im LAkX] and
has the effect that R assumes again a value close to unity.

From resonance condition egn. (11}, we have [43 ]

¥ e € sinzeres
)= .3 (1.23)
) € - gasinze

res

Note that eg (23) assumes k; v k;o .

The reflectance has a lorentz dlp at B = eres with
a half~width we (when Im rk IR N k o)
oo _ Tm [kx] cost
2 (1.24)

ks




with k xfg V€ =k F and

»

_ rRe[ k
6 . = arc sin [ j«uﬁj (1.25)
res * k
3
Moreover,
tmfk ] = Im [k, 0] + Im [Akxj )
= [ 8k, [n+ 1] (1.26)
Wi.th =
o 2 Rig (1.27)
lI'fﬁmin

The choice of algebraic signg in eqn. (1.27) should
be based upon the physical sense of which is clear from
eqn (1,14), In the limiting case h + « Im [Aﬁx] should
vanish, giving n + » ., Thig result can be achieved from
eqn. (1.27) if the upper signs (both in the numerator and
the denominator) are used with Rmin + 1. This case would
be denocted as n+ . In the other limiting case h + 0, the
perturbation Im [ AR#] prevails over Im [ ﬁxo ]+ therefore
N > 0. this result follows from eqn. (1.27) if the lower
signs are used, with Rmin + 1. 'This case would be denoted
as n..

This consideration of the limiting cases suggest that
there must be a switch from the uppér case to the lower
case as h change from « to Q. this abrupt change occurs

at h = hopt’ when Rmin -+ 0.

From eqn. (1.26), we have

T ' n+1 - (1.28)
Im [k, T = 1m [keod [ 421
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where Im (kxo) is given hy

£ ef 3/2 EI"

I‘[ﬂ -k Nl = k -»...}.(wg__.. ) w.zmm_,
L ®o o e +e! 2(52')2 (1.29)

Using eqns. (27) through (29), we arrive at

e* £ tand
" g - o > 1 3 res
“ (len, res,we) 2 (1t JRmin )(e - ¢ sin?g )2
1 3" res
(1.30)

From the above eqng. after a few steps one arrives at

. o -
m [ ax] =k, EETII A+ /R, (1.31)

Which is the experimentally measured value of Im[&ix].
The numerical solution of the eqgn:

fIm[Akg(?)] Jtheoretical = Tmfak,] jexperimental

{1.32)

Gives the experimetally determined value of h(thickness

of the metal film) L.h.S of Egn. (1.32) is given by egn. (1.16),

Writing eqn.(1.32) explicitly, we have

2k E e’ 3/2 ,
[ =2 iz £,  exp [2ik0 n ] 7]
eluea €1+€; 32 ; 27y
k, w
3 Wy - e
= rosmamEr—— (1+ /R, ) (1.33)
4 coseres min

Egn. (33) determines the value of h, from experimentally

determined value of Rmin’ Gres and e .
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The experimental value of E: given by egqn. (30) is very
sensitive to the experimental conditions compared to %
given by egn. {(23). So the value of hopt is even more
sensitive to experimental conditions since it depends on ko th
e; and ezn '

For a series of evaluations the knowledge of éz(w) is
needed. Since data of éz(w) found in literature shown
fluctuations due to unknown preparation (experimental)conditi-
ons, it is therefore important that photometric measurement
of the reflection minimum allows determination of éz(w) of
the film surface in situ very accuwrately. By fitting Fresnel's
eqn. (14) with the observed ATR curve, €' , e, and hof
the metallic film can be obtained with an accuray ranging
from Q5% to 258

The Phenomenon of Splitting sp, into Symmetric and

Anti-Symmetric modes for the dase of Symmetric Environment
(e =€)
1 3

We have seen that surface plasmons (SPS) propagate on
smooth sur faces of semi-infinite metals. Surface plasmonsg
exist on thin films, too. Their properties depend on the
film thickness and the dielectric medium on both sides of the
film. As we have seen, the metal film between asymmetric
dielectrica, e.g., prism/metal film/ air allows the excitation
of SPS by irradiation with light. If eais close in value to
€ (nearly symmetric environment) and if e, and e3propagate
envanescent waves, the dispersion relation for 8P, at the two
sur facesg 61/82 and sl/ea is obtained by writing that the
Fresnel coefficient for P-polarized light in the three media
(el/ez/sa) configuration has a pole, see egn. (12)}). The
denominator of egn, (12) is thus a classical thin £ilm
dispersion eqgn.




13

From the classical thin film formula one obtains the
condition

. . 2 ﬁ
» . . N . V -. ‘2 L] [} 2hm
k2y§2 [ E1k3y + E3kl 1+ [e]eakzy HE klykayjtanh(mzxﬂ)mo
(1L.34)
Kovh
For large thickness h, tanh{ -%~ ) = 1 and eqn. (34)
becones . .
k k k k
{ “;1-* “%Xm)' (*éx + TEX) = Q . (1.35)
£ £ £ £

1 2 3 2

We recover the two modes corresponding to SP {surface
electromagnetic waves) at each interface: ¢ /e and 52/63,

which are totally decoupled. By putting each bracket in eqgn.
(35) equal to zero.

For smaller values of h, we obtain from eqn. (34) or classical
thin film formula a dispersion curve with tw branches. For
k'x * », their asymptotic values corr espond to
e+ é2 =0and e éz = 0,

There w111 be two resonances in the R curves for scanning
either at fixed © and variable w or at fixed w and variable
0. The important point to notice is that for not too small
values of h/x, tanh(.2¥h ) is not very different from unity
and the two resonancesiare practically decoupled[lo]

When the active film is relatively thin (thickness below
about 1000a° at optical frequencies ,and is surrounded by the
same medium (symmetric environment) on both sides (a =g ),
the two resonances are associated with short- and,long*range
§P rsee Sarid [ g ].

The symmetric environmenton koth sides of the metal
film has interesting properties, especially if the thickness
of the metal film becomes small, more exactly RZy
The symmetry causes the SP - frequency to be the same on
both sides of the film, so that in the case of a thin film
the electromagnetic fields of both surfaces interact and the

<« 1,
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frequency splits into wt, a high-frequency mode w+(electric
Field symmetric to the plane y = 0) and a low - frequency
mode @ (electric field asymmetric to the plane y = 0). The
values of w' and o” depend therefore on Ex as well as on h,
the thickness of the metal film, (see fig. 2).

£y th
&, Film *od—ex

-
L]

&, 3,

Fig. 2. A symmetyic Layer System

el/éz/ € éz: dielectric function

of the metal film. y = 0 is the
plane of symmetry.

Splitting of the Dispersion Equation into Two Branches.

The classical thin film dispersion equation for the metal
film bhetween asymmetric dielectrica is given by

Tao¥ay © 2y 4+ 1 = 0O (1.36)

For the symmetric environment, 63 = £

¥i2 7 Fi2
Thig implies that
‘ 2ik. h

f12r21 e 2y +1 =0 (1.37)
but , .
rie = "Fyy and egn. (37) can be written as
1%k, h.2 _
1 - r,y e 2y = 0 (1.38)
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and hence

.

elk2yh

I
8]

1+ 5 (1.39)

21

1 -5, etkph =0 (1.40)

where le is Fresnel's reflection coefficient for P-polarizegd
light, given by

) I K K %
£y = (_%X;-diib) / (_%X“w+u314 (1.41)
£ £ [ E '
2 1 2 1

Putting egn. (41) into eqns. (39) and (40), we arrive at

.. . ik, h
Ezkjy + alkzy tanh (- —~§x-) = Q (1.42)
.. . ik,yh

£2kly + Elkzy Ctgh (-~ 5=) =0 (1.43)

It can be shown that‘

Mot kb (1.44)

and hence eqns: (42) and (43) can be rewritten as

. h
+' < - « L " 2 -
w s I Ezkly + slkzy tanh (-§%~) Q- (1.45)
. . . . kK. h
W L= E K+ ek, ctgh(-2Y) = o (1.46)

21y 12y 21

Egns. (45) and (4s) represent the splitting of the
dispersion equation Into two branches for the symmetric
environment with very thin metal films. This is valid for
P~polarized light. '

For strict derivation of eqns. (45) and (46) gsee
appendiz p
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t = - 1
For large kx (kzy = kly ik x) egqn. (45) becomes
. kth :
€ + &  tanh(-2) = 0 (1.47)
2 ! 2 _

Rearr.anging and solving eqn. (1.47) becomes

Fi4fa o~k h (1.48)

This is for the a mode. Similarly for the w tode, we
have

(L 2™

S %L _~kih (1.49)
61_2
Combining eqns. (48) and (49) , we get
L
1+ &, ~k'h : (1.50)
ETET T e x

1 2

The Drude form for the dielectric function of a free

electr on gas is ,
- €3]

5; (W) = 1 - 4§w(neglecting absorption)
W

(1.51)
Where wp is the electron plasma frequency:
41nnee2

wp2 = i with n, = electron density, e = electron
charge, m, = electron (effegtive) mass and with E: =1,
eqn. (50) becomes

3 1 . :

of = (14 e7RgDYE (1.52)
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This egn. demonstrate the splitting in the nonretarded
region and in addition the relation ©'>w” for finite h. For
k;h >

we obtain eqn. (4) il.e.

W

= ~«.E- = t
wsp e for case £ 1. Thgt is for large kx and h
0t o=y = msp (no splitting of the dispersion eguation).

¥

If o

¢ Y

1 > 1 then w - ~:E:~ r lowering the upper limit

8P v"l+a1

(Maximum allowed) freqguency of surface plasmons.

Thig theoretical prediction has been confirmed by
electron ~loss spectroscopy with freely supported Al foils
of & 200 A° thickness [ 9 ]. From | 9 ] one sees that
besides the lbev loss, the excitation of the volume plasmons
Hup, the SPS gplit into 4.9 and 9.4 ev. The 4.9 ev loss
refers to the excitation of the lower mode Hw , and the .
%.4ev loss feﬁers to the excitation of the upper mode'ﬁm+.
The 4.9 and 9.4ev loss shows the splitting of 7ev SP. The Al
foil was omvered with a very thin oxyd film which reduces
the lQ0ev excitation of a clean Al surface to about Tev.
However, it is not convenient to reach the region of small
k; with electrons, fast or slow, since the aperture of the
electron beam cannot be sufficiently reduced due to intensity
reasons: Av alue of the aperture of 5 x 107> rad with
rel = 0.058°%(50 kev) gives an experimental k (k. ~kel6,d is
the scattering angle) width (8k, ) of 3x107 AO-ﬂwhich ig
compar able with the extension of the whole retarded regilon
of the dispersion relation. thisi emonstrates that fast and
slow electrons are not suitable, asg yet, for studying the
SP properties at very low k., values. The reverE§ is valid
for light: a laser beam with a divergence of 10
6000A° gives a Ak, of about 1078p0"1

rad at
and allows thus to
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Probe the SP digpersion relation down to very low k, values.
It has not yet been possible to reach the region of larger
K with photons. Thus, it is obvious that this splitting has
also been studied with optical means since the observations
in the region of light line are legs difficult than those
with electron~loss spectroswpy and give more details in the
low k;{ region, '

Fukui and Normandian [ 9 ] found in a study of the
symmetric system, that the damping of the high-frequency
mode m+ decreases with decreasing thickness h and the reverse
of & mode. This result has been confirmed by Sarid [ 6 7],
This behavior of u' mode attracted the attention of sub-
sequent résearchers, since the decrease of damping imply
lohger prdpagation lengths it is called long-range SP(LRSP).
The strong field enhancement i,e., larger intensity of the
field than SP of single loundary and of w wmode, makes this
mde (w') suitable for the study of surfaces. In the cases
just mentioned theé resonant excitation of SPS has been
produced in the ATR device and the dielectrica on lnth sides
are symmetric concerning the refractive index.

The physical reason for the deorease of the damping with
decrease of'film thickness h (case of m+mode) is the decrease
of the field in the film which is pushed out of it with
decreasing h, so that the Joule heat per cdeiminishes. In
the case of w mode as h decreases the damping increages
because of the increase of the field in the film. This mode
(w”) is suitable for the determination of éz(m) and h of the
Film,
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Derivation of CyclevAverage Fouer flow in the Krétschmann

Prism -~ Metal Film - Air Configuration.

While B and H are written as complex vectors it {s the peal
part that has physical significance. Thus the povnting
vector is given by

S = Reﬁaﬁeﬁ =% (& + ﬁ*) x5 (¢ 8 *)

This implies
g = % [ 828 + B"xi o+ Bxid™ + 3" ©(1.53)
Where the asterisks denote complex conjugates,
We are interested in the mean value of S over one cyele of

oscillation since the time of measurement is usually much
longer than a period M, 4.2., in

Where T ig +he period of oscillation, being equal to %E .

The terms BEXA and Brxiix in the expression for & egqn. (1.53)
contain exponential time Ffactors exp {(f2iwt' ), BAg

' L '

1 jr oF2iet ae = o,

; &

T
these terms do not contribute to-<§>e On the other hand, the
remaining terms B*XH and Bxd* do not contain any time factor
are not affected by averaging, Hence

. - . __b M
<3 = -41- ( Bexiy + BXifr) » = Dtmge)» + (EXi*) ]

This implies

1 R, (Exiix) C(1.54)

<8 =
- 2

Applying 2an. f1.54) 15 sunracs slectrumagratic waves on thin
metallic £ilm bounded by dielectric media.
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o, .
Suppose a TM polarization, 0= HZ, wave incident on the
film. '

Now eqn. (1.54) becomes

> 1 SO e kA i
£8> = 3 Re (EXH*) = 5 Re ( bezj 4 Eyﬂzl )
and
1 As = Ln (mH*)E - LR (BH¥)S
By Sy > = 3 Ry vz 7 fe'txiz /J

Resolving gives

<8 >m =L

- 1 :
<8y =3 Ry (ESHD) (1.55)
1
vy 2

#
R, (B HZ)

Maxwell's egn. which relate H to E is

9E

VRl = ¢ 9% (1.56)
at
assuming Joxt = o .
The magnetic field distribution in the film is assumed to be
» [ ik . - M 3 ¥ wn
Hooy = (A2 e Zyy + B, e ikay) el(kxx ot)
(1.57)
The field digtributions in the bounding dielectrica are
ﬁzl = By etk ¥ Lleyy = wt) in air (1.58)
. in prism (1.59)

Hua - A, euii3yy + 1lkx = wt)
From the above three egns. one gets using egn.(1.56)
the respective electric field distributions, and using egn.
(1.55) we have for‘the three media

1 ‘kx 2

<s}€j:’> = '2-' Re ;—E‘; IHZjl where j = 1,2,3 (1060)
and ﬁ )
= 1 Y n '
<Sly> = 5 R, 5ey IHzl[ (1.61)




k
L 2 . --Zk“y . 2 2k!ly
S2y > Be ;zz L ~14,] 2y B, e 0 +

2 2y 272
(1L.62)
.l
3Y . z _
1 [H,_ .|
< P L) S e—. .
S3y SRe = z3 (1.63)

interms of A, the amplitude of the incident wave. This is
accomplished using boundary conditions at y = O (metal/air)

Now wa need to express the amplitudes Al' AZ’ B2

interface gives .
b o= 2 (L.64)
21 ﬁ
2
and

where fZl ig the Fresnel reflection coefficient given by
eqn. (1.13)

The boundary conditions at y = ~h (prism/metal) interface,
together with eqgn.64,

S 2ik, h ~
er Py €72y +1 = O 7 (1.66)}

which 1s the thin metal film dispersion equation. Where i32
is the Fresnel reflection coefficient given by egn. (1.13} at
prism/metal interface,

Ll L]

Using egns. (1.64) through (1.66), we can express Al,Az,
and B, interms of Aq. Hence

. A, ik. hp ik, h . ~ik. h (1,67
A, = _:_ijé__ﬁ_)f'[:r23e2y +e 2y ] )

by + 1
23




22

: 523A3 ei(k2y + k3y)h
2 T T . (1.68)
23
5. = M3 ety kyn
2 £oy + 1 (1.69)

Note: TFor strict derivation of the above

and following
results see appendix B, h

Using eqn.

(1.60) the x~components of the average power
flow for the thr

ee media can he written as
. =2kt''h
<Sl >=k}l{ e ‘ay
x : 2 '
2walf [2s412% + 2ry, + 1]

2 ~2k" h 2k " -
° []:231 ¢ Ty reT,, ¢ 2(r£3 cos (2k) h) -

""'2]{" .
- r" sin(zk' ) : (1.70)
23 )3 Y -

' Wen o "
« > - (kx . F k €} 2y 2k 3yh

2 [églz(] r23|2 + 2r£3 + 1)

1
+ - . 2
o[]rm'z e~ Kay (El-%y) + @ k,_zy{hw) * 2(r,, cos[2k2'y(h+y_):]

" xy, st men]) ] (1.71)

o2k
k' e®fayY

(1.72)
2we3

(S3x> =
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assuming !5 |2 = 1 and at x = 0. The field intensity

1t
falls as e kax in the x - direction. The same assumption

is used for the y-components.

Using egns., (1.61) through (1.63), the y-components of
the average power flow for the three media can be written

as
~2ky,
<sly> = e @
2 ]
nglf |r23] + 2r' + 1}
23
. o~2ky h 2k! h
. E | r23l2 2y + e 2y + 2{ry, cos[2k2yh]
- ry, sin [2k} hj])
. _ e”2k§yh [(k' e‘ + ki %) x
32y> = 2y 2
20{€ |* [ |r23{ +2ry 4+1] '
|f }g e"2k£Y(h+Y) e Z}CEY (h+Y))+ Z(kéyez - k" g") %
23t - : 2y 2
(r?i3 sin [Zk (h+y)] + r23 cos[Zkéy (h+y)])]' (1.74)
<53 > = y .
Y 2we

3

Integrating, over y from -~ ® up’ +0 + «, the x-comonents
of the power flow, the total cycle~average power flow in
each medium comes out as

137 ]
P x > :'§¢;<le> d.
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assuming |A,|* = 1 and at x = 0. The field intensity

- 1t '
falls as e zkxx in the x - direction. The same assumption

is used for the y-components.

Using egns., (1.61) through (1.63), the y-components of
the average power flow for the three media can he written
as

B P i W .
ly 2we [ fr,.]?% + 20" + 13
1 23 23

. _2kll h 2k" h : .
e [ f,al? eT oy + eSFoyt ¢ 2(r}y cos[?kéyh] -

Ly
- ryy sin [2k5 W])PC

23

~2kh h ] ' fl 4
e T3y , [(kzye2 + kI oe¥)

8 2y 2
2 y I 2 . o )
2w|82| [ 1,1 +2¢53+1j

- [£23;2 e“ZkEY(hti) e ZREY (h+Yl)+ 2(kéy€; - k; E;)X

y
(035 sin [2k3, ()] + rg, cos2ky, (e ])] (1.74)
2kY y (1.75)
| -kl e %3
<s3 > :-.——Q-X«—m.my )
Y 20e

Integrating, over y from -~ « up’ +0 + «, the x~comonents
of the power flow, the total cycle~average power flow in
each medium comes out as

‘S‘M
<SPy = ARSIV dy




- 1
k' e 2k3y

= - [ |r23|2 o-2ky b
. Y
dve ki [‘[r23| + 20y, 1]

. e2ki. h

2y "+ 2(x), cos(zkéyh) - Ihy sin(2ké§hxxj

() .
<P, > d  <Sq,>dy (1.76)

it

1"
'(k;{E' 4~ kll n) e 2k3yh

[(ek" -

I

20fe | [ lty51% + 203, + 1] 2k5y

-2k2 h
l£,51%¢C e 2y []+ [ sin(2kj h) +

k3,
v, (cos (2k S vl (1.77)
vh
“Pig” = J;q§s3x> ay
nzkll
I
doe K3y (1.78)

Note: The above relations for the power flows are derived
or worked out by my advisor and ny self. We haven't come
across these relations in literature,

The poynting vector P(x) of the sp ; integrated over y from
“ ® up to + », contains the field intensity !E (0 "1 1% of the
SP just at the metal surface, At resonance or R = 0O the
power of the SPS is lost exclusivly by internal absorption

in the metal or

~dp (X) - "
=2~ 2k e | .79
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with k;o' according to (1.3). This loss is compensated for
by the power of the incoming light {E312 which radiates on
the unit surface area. Both have to be equal in the steady
state. Thus one obtains the quotient }ESP(O+)|2 / |E3|2 as
a function of the experimental parameters as the angle of
incidence, the dielectic function, etec. Thus the maximum

enhancement of the electric~field intensity is obtained from

A

. .
1,4 (372) |2 T3 e, B /2|7 e
{1L.80Q)
where
gl ,
el L %m 2i"21 a (1.81)
max 1 2 |e®]+e
2 1
2 = v | - - n 2o + 2
with a le}l (e, - €) ~ e . where |E(1/2) | ;Esp(o ) |

is the fie¢ld intensity on the metal surface at the air side,
and |E3|2 is the incoming field intensity in the prism(es)

for p-polarized light.

The strong light intensity in the resonance case
indicates a strong electromagngtic field in the boundary

alr/metal (field enhancement).
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CHAPTER 2

Exact Numerical Solutions of the thin metal film

dispersion equation in asymmmetrié and symmetric environments

Preparation of the thin film dispersion equation in-a form

to be solved by the computer for Ehe agymmetric and

synmetric environments

The classical thin film dispersion equation for the
asynmetric environment is

©+ 23k, h
In¥23® . 1 =g (2.1)
Resolving this complex equation into real and

imaginary parts

L]

" 24k h . y
r  I,a€ 2y y 2ik, h
21 23 1Ry [ra%p3 & WL ) s
. * ' 24k h
iIm {x,,r,, e"" 2y : : (2.2)
[ 21523 -1 t} |
Let
Vo) - 2ik. h
Fy (kb k) Re[?21r23 ey 1f] (2.3)

For eqgqn. (2.1) to be satisfied

Py (kpo ki) o= 0 (2.4)

and the imaginary part should also vanish.
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To find explict'relations for the terms in eqn. (2.2)

we write
Yoy = rél + irgl
. (2.5)
- ] |1}
Yoy = Ta3 + irp,
’ - i
ezikzyh = @ 2k2yh [COS (2k‘2}rh) +

i sin (2k3 h)]

Putting egns. (2.5) into eqn.(2.3) yields

' -2k5 h ' 1
Fy(kpoky) = e 02y [eg 2d ~ vy ry. ) cos (2k3 h)

= (ryryg + rhyr3.) sin (2kéyhm -1 (2.6)
Let
m 3 - " i
A = rélr23 ¥51Y54 (2.7)
B = rjris * ¥y i | (2.8)
G = gkéyh ' (2.9}

Using the relations in egns, (2,7) through (2.9) in eqn.

(2.6) we have
w1
P, ey okd) = 875" 2y" (2 cos ¢ - B sin )1 (2.10)

The imaginary part of egn. (2.1) comes out as

Tm [£21£23 azik2y§ lf}=e"2k"2yh Eﬁ 8in C + B cos ¢Q

(2.11)
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egn., (2.1) requires that
A sin C + B cosg C = 0

This implies

~B.gog € (2.12)

A =
sin C
Putting egn. (2.12) into egn. (2.10)} gives
oy ~2k!2 h
%; (k;{,kx }=B e 2y 4+ 8in C L(2.13)
The modulus of eqn. (2.1) ié
o 23k, h o -4k? h
[ £yyTnq © 2y 1% = | r21r23|2 e 2y
-1 -2R
e
Lo 21k h
L Iy ¥yy €2y J+ 1 (2.14)
hut
. - - n
R, (£y1%53 ezikayh) = e 2k2yh (A cos C - B sin C)
(2.15)
Using eqn. (2,12), this can be written as
. . -2k% h
R (r..r QZikgyh) . B e "2y (2.16)
€ 21723 sin C

It can also be shown that ’

-

| r,.x,.|> = A2 + B2 (2.17)
21523
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Thus rewriting egn. (2,14) yields

,é r eZikéyh | 2
21 23 -1
. 2 o =2k h
- (B e 2y :
sin ¢ + sin C)

From egn. (2.13) we seed that
-2kS h

Fl = B e 2y + sin ¢
Hehice
* . 2 2 -
f r ¢ ezikzyhl2 =@ + p ) ¢=ik
21 23 -1 :
+ 2 ‘F, =0
g8in ¢

Since F, = 0, We see that

1
(A% + B2 ) ¢"dkj h
: “1 = o
et [
Fz{ké, k) = (A2 4+ g2y 4 4ké¥21

Now for egn. (2.1) to be satisfied

Fi tgr k) = o .

and

]
o

F, (k;rk;)

2y

hat

= (A% + p? e“4kﬂh;ad

(2.18)

)

(2.19)

(2.20)

(2.21)
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Using egn.s (2.13) and (2.,20) we solve numerically

the dispersion equation by the Downhill Method.

For the symmetric environment (ea= 81)  we have seen

that the dispersion equation splits into two branches,

1.8.'
. - . k., h
Wt : L+ = g kl + ek tan h ( ~2X~) =
2 Y 12y 24
(2.22)
- - e L) - . . ];2 h
w s L = Eakly + €1k2y ctgh (“EIX“) = 0
(2.23)

To use the Dothill method we write the above eqns.

in a form (by resolving into real and imaginary parts)

Fo (k! , k)Y = 0
1 x b4 (2.24)

Fy (k! , kI = 0

If egn. (2.24) is for egn. (2.22). then we can write
for egn., (2.23)

Falkg v kg ) = 0
- (2.25)

#
o}

-?4 ‘k& r k3D

-~




31

Thus for both environments we get numericél results
for k) and k;. It should also be noted that the approxi-
mate analytical solution of the dispersion equation devel-
oped in cﬁapter 1 for Ehe asymmetric environment ig not
applicable to the symmetric environment since the
perturbation term (Aﬁx) becomes very large and the
perturbation losses meaning. Moreover, analytical solut=-
ion for the symmetric enviromnment is only applicabié for
the cade of very thin metal fillms or more éxactly
k, h

22X e 1.
21

.2 Results obtained for Symmetric (83;'61).and Agymmetric

(53 ¢A61)_environments

Exact numerical results for both environments have
been cbtained after a series of computer programs which
involve the Downhill method, These resultg are obtained
for different cases:

a) big thickness of the metal film ané strong

absorption i.e., relaxation time, t(ta#h), small.

b) big thickness of the metal. £1lm and weak

~ absorption i.e., relaxation time, 7 (taw), large.
¢} small thickness of the metal film and strong
absorption.

d) small thickness of the metal film and weak

abgorption.
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The results are displayed here in graphs and tables. The
graphs and tables show the attenuvation and-ﬁropagation
properties of SPLPs. The physical description of SPLP
proverties -8 through field distributions and power flows,
For all cases the eﬁact results are compared with éhe
anproximate analytical results obtained from SPLP method

fouhd in literature.

21 Results obtained for Symmetric Enviromment (e = é;).

In the case of ea = Ex’ for the lower (w-~)} branch fig.
(2.1 ), in the case of big h and strong absorption,
shows that the exaét solution is c¢lose to the dispersion
relation of semiwiﬁfinite metal boundarying dielectric
medium whereas the approximate solution is very far from
these curves and lies almost horizontally at very small
' frequencies. For the same pode fig. (2.3 ), in the case
of big h and weak absorption, shows almost similar
behavior to the previous case. - )

For both cases just mentioned figs.(2,2,4)display
the exact sclution for the imaginary part of ﬁx is close
to that of semi~infinite metal whereas the approximate
analytical solution for k; is about 6 orders different
in magnitude., The approximate solﬁtion increases k; by
about 6 orders of magnitude beyond the exact value.
Therefore for the symmetric environment the approximate

solution fails for both k/ and k; + We suppose this to
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be true for smaller thicknesses of the metal film.

Results obtained for Asymmet:ric Environment (ea 7 Ea)'

aper - St FEVPRVE -~

a) For case of big fiilm thickness h and strong absorp«-
tion fié. (2.5 ) displays that tbe exact solution has
got maximum allowed freguency w* and real wave vector
ke *o The approximate solution almost coincides with
the dispersion curve of semi-infinite metal and lies to
the left of the exact solution without showing mékimum
allowed real wave vector ké* . As can be seen from the
figure the approximate solution for ky fallswith
increasing frequency.

For the same;case fig (2.6 ) shows that the exact
golution for the imaginary part of éx almost coincides
with that of the approximate solution. The approximate
solution for k; is satisfactory and improving with
increasing frequency.

b) For case bf big £film thicknesé h and weak ahsorption
(fig.( 2.7) displays the exact solution has got maximum

allowed frequency w* and real wave vector ké*. But in

-this case both w* and k;* are increased compared to the

case of strong absorption,
. The difference between the exact and approximate

gsolutions iy considerable compared to previous case (a)

For this same case fig., (2,8 ) shows that the exact
solution for the imaginary part of kx is close to that
of semi-infinite metal whereas the approximate sclution

for k; is about 8 orders different in magnitude. ‘The
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approximate solution increases k, by about 8 orders of
mégnitude beyond the exact value. Therefore the approxi-
mate solution failsfor both ki and kg

c) For case of small f£ilm thickness h and strong absorp-
tion fig. ( 2, 9) displays that the exact solution has got
maximum {(upper cutoff) allowed frequency w* and real
wave vector k;*. In this case both w* and ké* are increa-
sed compared to the above two cases. The dispersion curve
of the exact solution also shows back-bending whicﬁ‘is
due to ahsorption. As can be gseen from the figure the
approximate solution for k! failg

For this case fig. (2.10) shows that the exact

solutién for kj lies to the right of the approximate
solution which is almost similar to the case (a) discussed
above. The approximate solution for k; is satisfactory,
~improving with increaéing fequency.
d) For case of small £ilm thickness h and weak absorpt-—
ion fig , (2.11) displays that the exact and appfoximate
solutions are far removed from each other with the usual
peculiarity of the exact scolution i.e., it has got
naximum (upper cut off) allowed frequency w* and k;* but
slightly lowered compared to that of case (¢). From
Fig. (2.12) one can see that the difference hetween exact
and approximate sgsolutions for k; is about 8 orders of

magnitude.

The approximate solution increases k; by about 8

orders of magnitude beyond the exact value. Therefore the

*

approximate solution fails for both ké and k;
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CHAPTER 3

Analysis of obtained results

Analysis of the SPLP disperxsion at the boundaries of

a thin metal film in symmetric environment (€3== el).

The.numerical solution of the exact classical thin
film dispersion equation (2.1) for the case of symmetric
environment yields, in addition to the two analytical
branches given by egns. (2.22) and 2.23, the mode which
we call ‘side' and.back-bending of the w’ mode at about
0.9mp; The side mdde {(see Fig.(3.1l)) lies to the left
of the light line. For this mode no analytical
solution is as yet known.

In analysis of these dispersion curves, we take
one branch at a time.

. _ ' :
Analysis of the Tower mode w (k6:kxd:kx)

For the thickness and relaxation time uﬁder consid-
eration the dispersion curve of ®w mode shown ig Figg
(3.1,5,12,16)discloses that at very low k; values the
surface polari%ions are primarily photonelike and the
surfage polaritions of this mode can be approximated by

surface polaritioﬂs of semi-infinite metal boundarying

dielectric medium since all the light line, semi-infinite,

and w” mode dispersion curves cover lapp in this limit.
In finite k; region i.e., near the cross-—over of

the dispersion curves of uncoupled photons and surface
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plasmons, surface polaritions display mixed bhehavior of
both virtual particles namely photons ané surface
plasmons. In this region (resonﬁnce region), as can be
seen from the flgure, surface polaritions of semiminginte
metal are more closer to the cross-—-over than surface
polaritions of w” mode.

The 6~ mode is far removed from the cross-over which
implies that the efficiency of coupling of photons to
surface plasmons is very low, eventhough weak coupling
exists which 1is responsible for the lower mode curve.
Thus the ® mode remains non-radiative over the spectral
range of interesti The SPLP technique developed in
Chapter I 1s not applicable for this mode since the
experimental kx width (Akx) is comparable with the exten-
sion of the whole retarded region of the dispersion

relation.

In tﬁe non~retarded region i.e., k; + ©  the
dispergsion curve of w mode approaches the dispersion
cuxrve of semi-infinite metal. Both curves just mentioned
approaches the surface plasmon dispersion curve and hence
surface polaritions are primarily surface plasmons. In
this region both phase and group welocities go to zero

which implies localized surface plasma oscillations.

From fig.(3‘2'5,12’]ﬁ)the curve crresponding to the imag-
inary part of w mode wave vector shows that k; increases

with frequency. In the retarded region  the increament
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of k with w (upto 0.5 wp) is slow which means that the
dependence of damping on frequency.is not a pronounced
one. In the non~retared region the dependence of k; on
w (0.5 to .707 wp) becomes more proncunced.

The attenuation and propagatibn properties of SPs
corresponding to w~ mode can physically be described by
considering field distributions and power flows in the
symmetric layer system. The magnetig field distribution
for this mode is shown in Figs.(3.9,20). The field
distribution is anti-symmetric with respect to @x-axis,
for this reason this mode is termed as anti~symmetric
mode.

The distribution shows that the field is exponent-
ially decaying in the bounding mediuwm and most of the
field is ooncentrated in the f£ilm. For frequency range

1]
from 0 upto -E  this behavior of the field is main-

tained which méins that for a given thickness the 8P of
this mode remains non-radiative. This oonfirﬁs the
conclugion drawn from the observation of w mode disper=
sion curve. Comparing the field distribution of w mode
with that of w* mode (see Fige.(3.10,21) ) one can see
that the propagation length along the interfaces of SPS
of this mode is shorter and hence it is termed as short-
range surface plasmon {(SRSP}. As the frequency increases
the field is more concentrated in the film by decreasing

the penetration (skin) depth into the bounding medium.




44

‘The partial and net power transmission in ox-~direction
performed by the o= mode is shown in Fig‘:?..(3.3,7,14,18).
At low frequencies half of the Eotal power flow is flow-.
ing in the upper layer (1) and half in the lower layer
(3) of the media bounding the metal film. In this case
there is practically no power flow in the f£ilm. This can
also be geen from tables.(3.4,9,14,19). As the frequency
increases the flow in the film starts to increase. in
opposite direction and the equally shared flow in the
bounding media starts to decrease. The net flow also
starts to decrease. At o = EB half of the total flow

is in the film in‘negative/gx direction and half of the
total flow is egually shared by the bounding media moving
in positive ox-direction. MNow the net flow is zero

which means that surface plasmons are more localized.
This describes the part of the dispersion curve where

Vé is zerd i.e., the non-retarded region.

+
3.1.2 Analysis of o mode (koik§<k§07

For this condition Figs. 3.1,5,12,16) shows that this
mode consists of two distinct parts namely the physically
unreal part, the physically real part with the back-

’

bending part.
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The physically real part of the dispersion curve is
slightly to the right of the light line and its real
Qave vector k! is not very much different from the wave
vector of the incident light. Thus, this mode can easily
be transformed into light by suitable experimental arrang-
ement with a buffer dielectri¢ layer between the prism
and the film, the refractive index of the buffer film
should be less than that of the prism in order to provide

the condition of total internal reflection.
Back=bending of this mode occurs in the range

w
R < w<ow . For smaller thickness of the film
/el+ 1 P

the bending point frequency shifts closer to wpand for

W
h + © it tends to  —FE—r resulting in one degenerated
fe + 1
1

dispersion curve known for the semi-infinite case.

,The maximum allowed frequency ©* of SPS-is increased -

by this mode from 0.707wp to about wp. At this

critical ffequéncy the sp_ of this mode starts to

radiate into the bounding media. For frequenéies greater
than the critical frequency the physically reél part of
the dispersion curve is bending back and here also this
mode is radiatihg as can be seen from field distribution,
see Figs (3,11,22) ;

From power flow graphs Figs.(3.4,6,13,19)%this case of
radiation is shown by constant power flow as the

frequency increases beyond the critical freguency w*.
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Thus this mode is radiative for frequencies beyond the
critical frequency. B

The imaginary part of the dx - wave vector k; of
wt modeincreases slightly with the frequency (or wave-
length of the incident light AOT see £igs,.(3.2,6,13,17).
k; of &~ mode is about 3 orders of magnitude greater
than k“x of w’ mde, this accounts for longer propagation
length L, = {2k1:é)m1 of the latter mode. Thus the.mde
w+ is termed as long-range surface plasmon (LRSP). From
field distribution of this mode one sees that the
distribution is symmetrical with respect to OX-axis and
rost of the field is in the bounding media due to large

penetration (skin) depths given by f; =

- i.e., the
decrease of the amplitude of the field in y-direction is

small due to small | Eyi .

Frﬁm,eqna (1.6 ) it can be seen that, since ké is
cloge to k_ and ki is very small for this mode, lﬁyi |
ig small, Thus large portion of the field isg in the
bounding media with longer propagation length along the
interfaces for this SPS. Thig makes this mode very
gensitive to surface properties {poughness, impurities,
etc) and hence suitable for the étudy of surfaces at
relatively long distances compared to @ mode. It
is also more suiltable for non linear interactions

vhere a larger interaction range is desirable.
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The strong field intensity (field enhancement)
associated with this mode is due to resonance amplificat-

ion of the electromagnetic field in the interfaces,

As can be seen from Figs.(3,2,6,13)the damping of the
high~freguency mode (w+) decreaseés with decreasing tﬂick»
ness h of the metal film which is the reverse of the
w mode. This confirms the result obtained by Sarid
[s I
the magnitude of k; growing with the decreasing thickness
of the film {compare fig. 3.2 and fig. 3.1$. However,
gsignificant growth of ky is found when a non agsorbing
£ilm (fig. 3.6) is substituted by a strongly absgfbing
film of the same thickness (fig, 3.17)s

The physically unreal vart of u’ mode is the part of the

dispersion curve with Vg<0 and k;io,‘see figs (3.53.6).
Negative’F; inplies growing amplitude of the wave in ox-
.direction which is incompatible with the principle of
conservation of energy. MNegative group Veldcity also
implies that if the wave ig a forward wave then the

" energy of the wave is transferred in a backward direction
‘which is inc&ﬁpatable with the definition of the group
velocity as the velocity of amplitude (and with that
energy) displacehent in the medium. It is one of the
newly obtained results since in the literature [ 6 ]
the physical validity of this part of ot node hasn't

been checked.
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The second new result is the backmbenQing of the
upper part of the physically real branch of the w*
modeé, see Figs. (3.5, 3.16). This part of the cuxrve
correspond to the phenomena of artificial anomaleous dig-
persion. It is artificially created by PHA structure
under consideration since neither of the materials used
exhibit property of anomaleous dispersion in the speci-
fied frequency range when illuminated separately. This
segment of the dispersion curve for k; correspond to an
abrupt growth of damping (k' grow by 10 orders in the
case of non-absorbing film, see Fig. 3.6). The analysis
of the power flow in ox-direction indicates that it drops
to zero, see table 3.10, Fig 3.8, It means that at the
w and ki values corresponding to the back-bending of the
wt mode curve all the light energy incident on the PMA
structure is either absorbed in it or is totally reflec-
ted back in the reverse direction.

Final decision about this point needs additional
study of the reflectivity of the PMA structure for the

corresponding values of Qﬁki .

3.13 Analysig of the side mode

The side mode arises from the numerical solution of
the thin film dispérsion equation. The side mode lies
to the left of the light line in Figs.(3.1,3.5,3.12}3.16)
with Vé < 0. However, the imaginary part of the ox-wave
vector corresponding to this mode, k;, is positive. The

side mode curve looks like an extension of the back-bending
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Table 7.1 .(LQﬁ‘,
SP1P OX-uwavevector in PMA confirguration:
E22 = E22{(uw), E1 = 1  Plasma frequency

Pependance aof the PEAL and the IMRG. parts of the
E3 = 1.0000001 ., E2l= E21(w),
Wp = 1.E+15 Hz, Relaxtion time Tau =

.001 sec. Thickness of the film He 5000 'A.°
LOWER W= BRANECH
bl Ke Krr Kxor Kxi No
13513 +1.171721E+05  +1.1732759E+05 +1.172446E+05%  +7.3192E-09 i
06026  +2 (0988B7E+05  +2 . 0177607E+05  +2 (13559E+05 +2.1647E-08 2
19538 +2 B4BOSIE+DS  +2 87O577ZE+40S +2 8585658E+05  +4.3811E-08 3
11051 +3.6B6218BE+05  +3,7354144E+05  +3.709220E+05  +7,4183E-08 9
13564 +4,524384E+05  +4.6181940E+05  +4,567390E+05  +1.1329E-¢7 &
16077  +5 . 382549E+(05 +5.5171550E.05 +5 ., 435138E+05  +«1.61B2E-07 7
18590  +6.280715E+05 +6.4429518E+05 €6 . 314763E+05  +2 2068E-17 B
21103  +7 . 038881E+05%  +7 3987733E+15 +7.208878E+05%  +2,9103E-07 14
23615  +7.977046E+NS  +B.3904867E+ (5 «8.120504E+05  +3.7431E-07 11
28128  +8 . 715212E+05  +9.4248200E+05 +5 ,0531896E+05  +4,7237E~-07 15
28641  +9.553377E+05  +1.0509593E+06  +1.001115E+06 +5.8757E-07 12
31154  +1.039154E+08  +1.1654020E+06  +1,099951E+06 +7 2289E-07 19
33667  +1.122971E+06  +1.2869111E+«06  +1,202455E+06  +8 .8224E-07 20
38179 +1.206787E+06 +1.4168216E+08 +1.309414E+06  +1 0707E-06 23
38632  +1.290604E+06 +1,9567777E+06 +1.421823E+06  +1.2931E-06 25
41205  +1 . 374421E+06 +1.7088405E+06  +1,540998E«06  +1 ,5646E-06 28
43718  +1.45B8237E+06 +1.8756444E+0¢6 +1 668641E+06  +1 8921E-06 2
46231 +1.542054E+06  +2.0606334E+06 +1.807098E+06  +2.29€1E-06 32
48744  +1 . B25870E+06 +2 . 2684313E+06 +1.959643E+06  +2 .8039E-08 35
312596 +1,709687E+06 +2.53054482E+06  +2 . 131024E+06  +3.4577E-0R 36
53769  +1,793503E+06  +2.7809289E+06  +2.328427E+06  +4,32R5E-05 3%
56282  +1 .977320E+08  +3.1089036E+06 +2 ,963338E+06 - +5.9311E-06 41
5879%  +1.961136E+06  +3.5121238E+06  +2.855491E+08 +7,3003E-906 43
61308  +2.044953E+06 +4 . 0311115E+06 +3.242337E+06 +1,0133E-05 45
£3821 +2 128770E+06 +4 7488852KE« 06 +3.806297E+06 +1 ,5334E-05 47
66333 +2.212596E+06  +5.8814388E+06  +4 780128E+06  +2.7684E-05 50
68846  +2 296403E+06  +8.3931778E+06 +7 .300875E+08 +8 . £123E-09 52
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A
OX-wavevectior in PMR configuration

La0).
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Dependance of the PEAL and IMAG. parts of the HPLP

E3 = 1.0000001 . E21= E21cw),

E22 = E22¢w). El = 1 Plasma frequercy Hp = 1.E+15 Hz, Relaxtion tiwe Tau =

.001 sec. Thickness of the film H= 5000 '4 °*
UPPEER w(+) BRANCH dphysically real part?

w/ilp Ko Kxr Kxor Kxa | He
23615  «7.977046E+0%  +7.9313019E+05  +8.120504E+05  +2.2975E-08 12
33667  +1.122971E+06  +1,160938SE«06  +1.20245%E+06  +6 B6B5E-08 21
36179  +1.206787E+06  £1 . 2553%18E+06  +1.308414E+06  +8.9712E-08 24
38692  +1,290604E+06  +1.3528819E+06  +1 .421829E.06  +1.1721E-07 26
46231  +1.542054E+06  +1 66B6065E+06  +1.B07098E«06  +2 6790E-07 3%
53769  +1.793503E+06  +2 0459134E«06  +2.328427E+06  +6 ,7820E-07 38
63821  +2.128770E+06  +2.9293185E+06  +3.806297E«06  «4.1082E-0% 4€
66333  +2.212%SBRE+06  +3.4272986E+06  +4,73012BE+06  +9 3983E-06 49
68846  +2.296403E+06  +4.8637864E+06  +7 30087%E+06  «5 .9295E-05 51
71359  +2 .380219E+06  +3.4654B24E+06  +0. 000000E+00  +2 .8803E+{)6 5

Table 3.3 . (L40). Dependance of the REAL and IMAG. parts of the SPLIP

E3 = 1.0000001
Wp = 1.E+15 Hz,

0X:'wavevector in the PHA configuration @
E22 = E22(w). El = 1  Plasma frequency

. E21= E21{w},
Relaxtion time Tan =

.001 sec. Thickness of the film H= 5000 'A."
CuerER - wles BRANCH (physically anreal part)
wwp ke K- Keor o Ne.
73872 +2 AGADIGEA06  +2.6685507E+06  +0.000000E.00 -2 .6300Ee06 54
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2y = B2y El o= 1 Plasma freguencty oo o= 1 £l Hz . Relavtien Laime Tau =
i sen Thicknees of the filw He SO0 's ° Jecoordarate = 0 &'
Lol EPR e SRR TR
1/ Pl Brl By Px net Byl Sul Syx e
JBTEIE o« 40a?T L a000nil - SGGO27 +1 0000 -2 03E-21 -2 GlE-21 +2.91E-21 @
feO26  + 493027 0000099+ SPaN03 +: 06060 -7 JCE-T1 -2 J0E-ZI +Z 00E-21 0 %
(3538 4+ 429975 - 000Dd0T ¢ 499Q3d . Q9YR - ARE-Z] -1 98E<21 +1 98E-2%1 %
tIesl o+ 499941 - 0061140+ 499645 - 9982 -t 9%F-21 -1 9%E-21 +1 . 39F.21 0 ©
13564+ 42986R . O00ER20 0+ 453871+ 999% -1 92E-21 -1 . 92E-21 +1 9ZE-21 £
TE077  + 4992736 . 0405242 499739 - 3930 -1 Q3E-21 -1.88E-21 +) . 88E-21 7
18593 + 488522 - 0008%4% o« 499527« 9981 -} 93E-2]1 -1.83E-31 +1.93E-2%1 ¢
1103+ 493190 - 0018187 + 499192 + 3968 -1 7EE-71 -1 .73E-21 «1.78E-21 if
’3615 +.49370 - 0025%E7  » 49A702 + 9948 -1 72E-21 -1.72E-21 +1 P2E-21 il
L2828+ 492404 079921 + 498004 « 23T -1 GEE-21 -1 66E-21 +! geE-20 1T
a4l ¢ 4aniIe o 0059236+ 497636+ 9851 -1 S9E-21 -1.59E-21 +1 59E-T1 17
711594+ 485714 A0RSA2YT 4 485718 . 2e28 31? 20 -1 91E-21 +2 51E-20 0 4%
TIRET 4 4aEUsL 1124785« 497967+ 9763 . 4 ~31 -1 43E-71 +1 43E-21 20
I6179 + 4914645 BIE7RT ¢ 41446+ IBER 3 E 2} -} 34E-71 +1.34E-21 23
FREIT o« AREE24 L 0D22T7TD o+ 488534 ¢ G845 -] QSE 2% -1.25E-21 «1.25E-2! 2%
41205+ 484754 - 0304910 v 484098 +.939u -1 16E-21 1 16E-21 +1 iEE-Z1 23
43718+ 479800 - 9403995 4+ 429200« 9192 -1 DRE-21 -1 06E-21 +} OBE-D1 2%
46231+ A73TE0 - 3820587 4+ 4TR52] +,8941 ~% B4E- 2% -9 S4E-77 +3 G4E-27 32
48744« dehEtd - D6RVTI0 ¢ 4ESRIS + 2625 -8 48FE-20 -8 .48E-22 +6.48E-22 3%
31296+ 45R1MI7 BARSSAY  « 485723+ 89229 -7 3HE-22 -V 9R-22 +7 39E-22 36
S3764 4 443471 - 1131587 4 443421+ 7037 -§ 29E-27 -6 29E-22 +6 . 99E-22 39
BEAB2 + 4EER1T - 1435741 ¢ 428213 o+ 7129 .5 1PE-22 -8 [PEL22 +5.176-22 41
JBEPAS ¢ 403528 . 1209441+ 409828 + £38) -4.06E-22 -4.06E-22 +4 06E-27 43
51308+ 388710 - 2265796« 386V10 + 5468 -2 7E-22 -2 .9DPE-232 +2 9PE.22 4%
63821 +.388983 - 2920133 ¢+ 396992 « 4360 -1 9IE-22 -1.93E-22 +1 93F-22 47
JBA33T o+ 329383 - 2492778+ 325384 ¢ 1015 -3 ,68E-23 -9 .68E-22 +9.68E-73 99
6B84e + 2R4LeF - 4316655 ¢ 284168 + 1327 -2 02E-Z3 -2.03E-22 +2 03E-23 G2
Table .8 SR Taleolatiors For the pouer floo im Eretzchmann PR
confrouralyor vtk dielectiric permxttavities.  E3 = 1 0000001  E2i= E21iywl.
E20 = E2¢iwr Kl =} Plasma rreguency Wp = L E+1% Hz  Relaztion time Tau =
O0L mec. Thickrese of ihe filw Hs 5000 ‘'a Y-coaordinate = 0 ‘p
A P E P wls ERaHUH ‘phusically real part’
w el Pxi px°’ Px‘ Px net Sul Suz Sud He
J23R10 0« 498860 - G076808 4+ 492659+ 984€ .2 JAE-27 -2 43E-22 2 42F-20 0 10
J33687 + 402764 QLz4706 ¢ 453784 ¢ WPSL .3 GPE-7T 2 BZE-20 e% QUE-2T0 1%
FEETE . 4RIt . 172934 - 49137 o+ 9858 -3 1RE-20 -3 18E-22 3 O1RE-CD 24
36T - 4BETED OR3P+ 4@806T + RS20 -7 2PE-20 -3 3VE-27 43 PE-REOIA
CAB221 o+ 4TR6R7 NE4TET « qTIREY - B90S -4 01E-22 -4 01E-22 +4 QYE-22 3%
83767+ 341449 ALTELI27 4 49iadd ¢ TESE -4 R3E-27 -4 23E-27 -4 A3E-22 B
SEIRTE - 260344 ».?34029f £ 39XA90 + 4170 -6, 31E-22 -5.31E-22 ¢6 . 31E-22 4%
E6232 + 31E82] . 3602406+ AL6RBG + 2675 -5 PPE-22 -6 7PE-22 +6 P7E-22 49
ARB4E - D060 - 4582925« 270601 + 0824 -6 V1E-22 -6 T1E-22 +6 Z1E-I2 51
?13%9 o+ 254000 - 5060004 o+ 25C000 «0.0000 -1 1SE-10 -1 1SE-1i0 +1.1SE-10 53
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Table 3.6 . (L29).
SP1F OX-wavevactor in PMA configuration:

Dependance of the PERL and the IMRG. parts of the
E2 = 1.000000001 . E21= E21 w3,

E22 = E22(w), El » 1 Plasma frequency Wp = 1.E+15 Hz, Relaxtion time Taq =
.001 sec, Thickness of the film H= BO0 'A.°
LOWER wl-) BRaNCH
w/llp Ko Kxr Kxor Kxi Ne
01000  +3.335557E+04  +3.3450256E+04  +3 335724E+04  +1 BBO01E-08 1
TOW 4+ EY ™~
REET RN 00 0 = B0 13 A R U1 IR T A :
05983  +1.995681E+05  +2 . 190659%6E+05  +1.999275E+-05  +6.213SE-07 4
07644  +2,549722E+05  +2,9471820E+05  +2,3557249E+05  +9.6981E-07 5
09305  +3,103764E+05  +3,8023735E+05  +3,117400E+0%  +1.3676E-086 6
10966  +3.657806E+05  +4.7697247E+05  +3.680272E+05  +1.802BE-06 7
12627  +4,211847E+05  +5.8609229E+05  +4,.246390E+05  +2,2679E-06 8
14288  +4.765889E+05  +7.0844848E+0S  +4.816341E+05  +2.7561E-06 &
15948  +5.319831E+05  +B8.4503300E+05  +5.38074%E+05  +3 ,263BE-0N6 10
17610  +5.873972E+05  +9.9662600E+05  +5.970287E+05  +3.7926E-08 11
19271  +£.428014E+0%5  +1.1640347E+06  +6.555685E+05  +4.3410E-06 12
22593 +7.536098E+05  +1.9496476E+06  «7.747347E+«05  +5.4985E-06 14
25815  +8.644181E+08S  +2 0091586E+06  +8.973229E+05  +6.7580E-06 16
29237 +9.752284E+05  +2.5513030E+06  +1.024271E«06  +8,1514E-0¢ 18
20898 +1.030631E+06  +2.8566709E+06  +1.089744E+06  +8 9100E-06 20
32559 +1,0850235E+08  +3.1870175E+06  +1 . 15678SE«06  +3 . 7200E-08 22
34220 41 ,14143%E+06  +3.5442061E+06  +1,225609E+«06  +1,0583E-05 24
35881  +1.196843E+08  +3.9303735E+06  +1,296461E+06 = +1,1513E-1S 2€
37542  +1,252247E+068  +4.3479835E+06  +1.369634E+068  +1.2528E-08 28
38203 +1 *07651E+06  +4.7998849E+06  +1.445471E+B6  +1 3630E-05 30
40864  +1.363056E+08  +5.2894468E+06  +1.524386K+06  +1 4837E-05 32
42525  +1.418460E+«06  «5 . 8205491E+06 +1.606877E«06  +1.6173E-05 34
44186  +1.473464E+06  +6.3979253E+06  +1.693552E+06  +1.7663E-05 36
45847  +1 529268E+0N6  +7 0271028E+«D6  +1 .785161E+06 -+1.9334E-09 38
47508 +1.584872K+16 +7.7148684E+06 +1 , BR2647E+ 06 +2 . 1223E-05 44
49169  +1 .640076E+06  +8 .4695188E+06  +1.987208E+06  +2,3400E-05 42
50831  +1.69S9481E+06  +9.3013727F+06  +2,100383E+06 -2 .9913E-05 44
52492 +1 . 750885E+08 +1,0U223476E+07 +2.224219E+06 +2 .8863E-05 418
54153  +1.806289E+06  +1.1252660E+07  +2 . 361469E+06  +3,2406E-05 48
55814  +1.861693E+08  +1.2411123E+07  +2 . 5153851E+06  +3,6711E-05 50
57475  +1.917087E+06  +1,3723009E+07  +2 693144E+06  +4,2076E-0S 52
59136  +1.972501E+06  +1.9524B6B3E+07  +2 . 901227E+06  +4,8968E-05 54
60797  +2,027906E+06  +1.7032365E+07  +3,153053E+06  +5.8138E-05 56
62458 42 083310E+06  +1.9176848E+07  +3.470260E+06  +7 0998E-05 58
64119  +2.138714E+06 - +2.1845017E+07  +3.892684E+06  +9.8312E-0S 61
65780  +2.194118E+06  +2.534418%E+07  +4,504365E+06  +1.2267E-04 64
67441  +2.249322E+06  +3.0371633E«07  +5 .525760E+86  +1.8806E-04 67
69102  +2.304326E+06  +3.920413BE+07  +7,854794E+06  +3.8988E-04 21
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Table 3.7

OX~wavevactor in PMA configuration

(L2s).

E29 = E22(w), E1 = 1

55

Plasma fredquency
Thickness of the Film He J00 'aA !

i,lp £

1. E+15 He,

E21=

Dependance of the PEAL and IMAG. parts of the SPIP
E3 = 1.00000000%,

E21 6},

Relaxtion time Tauq =

i ot v A A Bm ks Bt Aed e W AT AR A ke = e WA B e A A s i mm W 4 iy <m e e o mp 7= = rm oAb Be e e e D WA br i md P Ms bR WA LY 4 Ad a3 ma o te mA Tk me e e ke A e

e v W At b e A WA A8 w54 wn o £rd wm YR e e ma a M Tm #= a4 g e e e e i m —  me e AL be i e e AP L dh de e TR TR AL AL i R e A S el T nn ke em e ey Ma ma e v MmN A ke e b

L2204500E+08
L2803512E+06
4031844E+0¢
466 7129E+ 106
.5322452E+0¢6
.6004710E+06
6724121E+086
. 7486455E+06
.8347324E+06
.0504113E+06
.2088004E+06
4654876E+ (6
.4644774E+06
.B450879E+06
.2594951E+086

S e e ma e w8 e e A A e Ao e MR e e e AA Ak AN WY AR e i A e om b S LA ML R AY A SE AR WA SR b T e P A A e M M e AR R R M W AR Rr R e ra m M e aa g wy S e e

001 sec,
OTPPER
whlp Ko
65780 +2 ,194118E+08
67441 +2.249522E+08
.?67673 +2 ,360331E+0¢8
.72424 £2 , 415725E+ 08
74035 +2 471139E+04
2748 €2.5726943E+06
220?42 581947E+06
.79068 +2 . 837351E+06
40729 +2 RY2758E+06
84051 +2 . B03564E+06
B57LE +2 , 8589CRE+ 06
87373 +2 914372E+0¢6
.89034 «2 ,969776E+08
L2695 +3 025181E+86
.92358 +3.080585E+08
Table 3.8 . (L29).

OX:navevector ir the PMA configuration @

E22 = E22(w), El = 1 Plasma frequency Up = 1L.E+15 Hz, Relaxtion time Taq =

81 sec, Thicknes: of the film H= 808 'A.'
UPPER wi+) BRANCH (physically unreal part)

w/llp Ko Kxr Kxor Kxi No
72424 +2 41573%E+«06  +2.7114724E+07  +0.000000E+00 -3 .6408E-04 25
L4085 7 4P1139E+06  +2 . 8559213E+07  +0.000000E+60 -1 8836KE-04 78
A5748  +2 526543E+06 2 . 3410168E«(07  +0 . 000000E+00 -1.2819E-04 81
L7407 +2 581847E+06 +1.9679804E+07  +0 (00000E+00  -9.7851E-05 a4
L9068 +2 637351E+06 +1 . 8729497E+02  +0.000000E+Q0 -7 9640E-05 87
80728 +2 692756E+06 +1 . 4269587E+07 +0 . 000000E+DO -6.7603E-05 gLl
82380  +2.748160E+06  +1.2141074E+07  +0.Q00000E+00  -5.9234E-05 313
84051 +2,803564E+«06  «1.0242223E+07  +0.000000E+00 -5 .3407E-05 36
B5712 +2.B5B96BE+«0&  +B .4928570E+06  +0.000000E+60  -4.9843%E-0S 99
87373 +2 . 914372E+06  +6.7921695E+06  +0.000000E+00  -5.0296E-05 102

e s e e e e P M e dm R S MA G4y M i e rw ey F R Gm Sm AL W TR ML BA A v M L ML ALk L AR SR P b SR W RE Al G Fu bl e Er AR A e b M A ke W ML ma de bk R Em A A e At e

[ 504365E+06
.525760E+06
_N0GRODE+GO
.000000E+00
.B00000E+00
L000000E«D0
.00080BE+0D
.000000E+00
DO0000E#00
L0000GOE+00
.000000E+00
_000000E+00
_00G00QE+00
.000000E+00
000000E+00

.3280E-08
.9374E-08
. 2784E-07
.8474E-07
1502E-07
8515E-07
8567E- 07
\2495E-07
6673E-07
.8464E-06
,3232E-086
.7043E-06
.2982E+05
.3887E+086
,7025E+08

Dependance of the REAL and IMAG. parts of the SP1P

E3 = 1.000008001 , E21= E21<¢u),
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P8 Light Vine
2. 7
3 el
2 B 4
& .8 - A A
5 : -
g O oS i et ] TR
i + ¥
£ 4
Bt . 34 T
4] + $
= +
LY + ¥
e
= 4
3
.3 3 E1 = 4
5 4 Ez= |, BO22PHGS!
- vig= 1. E415 Hz
Tau= BB g
Lt H = 508
2 e S B e i R A e s s
+8. BEHER +6.,0ET06 +1. 26487 +1,8E4+87 B GEHEY +3 . PEHE?
REAL. part of Lthe 00X~ wavevector
Fig. 3.5 LtL287 REAL part of the OX-wavavectar as a funation of the
noramnlizad freguenoy:  wl-J mode - eurvis {4+ + &), w4 mode
iphysically real parti~ qurve with squares. Wit} mods (physiaally

urireal part) - curve with triangles, zemi—infinite cag

e - solid qurve,

zide beranch - { ¥ % %  surve),
? ' S : Z é;
\ T¥ s : t’:rg
: L.oa #ﬁ? :
7 :
o : A : 5
0}, . i 0
L . . L
W . T8 ) \a
\ 3 ;
- ¥ :
5 ; 2
. L3 .
$.2 :
g ;
bbb g oAb bk
- 1@ ~ 11 -1 -0 +10 +1a +10 +14
ve IMAG. part of Kx- +oye IMAG. part of Kx’
Fig, 3.6 L(Ld92. IHAG, part of the Q¥-wavavestar as a funagtion of the
normalized freq,: wi(-) mode -~ curva ( &+ & 4+ 2, w4+l mode (phyzicaltly
roaf part) - ourve with squoeres, wit) mode { physically unrenl part)l -
ouprwve with triangles, aide branch - % % X } gurve.
Blo=- 1, £3 - 1,000006081 , H -~ 892 A, Wg - 1,E+15 Hz, Teu = ,@88% o
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Table 3.9 . {L25). Calculations for the powar flow in Kretschmann PHA

configuration with dielectric permitiivities: E3 = 1.000000001 | E21= E21(w).

E22 = E22(w), E! = 1 Plasma frequency Up = 1.E+1% HZ, Relaxtion time Tau =
001 sec. Thickness of the film H= 800 'a. ' Y-coordinate = 0 'A’

e e hm e AR N L R N G LR R A e et e e mn mm p = bl Aok Sk e B8 e e e e TP At MR A Tm M 7= U AN e e e b me wm e re owem BN ML ML R G Ak Am LA R he S SE e Nt e om as e an memrnem
ke v PP i i ar m mm e Ae e A mr R A SR o R kb Ad kb e W AR K3 RL W AR ER R 4 AL e e R e e h ey 3 A ey A =T A B 4 M B A e ek e S e U W A RA A Ls e s e g b e e

- e e ¥ o R W M WS P ot tm e A o bie ey A b o i etk s e e ke B A W T A Am S R i P D e e e ) v oy e AR M AL X e b SN R i FF P S = P AR 4w e e e & dm ok

.500000 -0.0000000
.500000 -~.0000803
.49999%  -.0000023
.499396 - . 0000086
.499998 -~ 0009231
4994974 -, 0000510

500000 +1.0000 -1.25E-20 -1.29E-20 +1.25E-20 2
499993 +1 0000 -1 25E-20 -1,25E-20 +1 . 25E-20 2
499996 <1 0400 -1 .24E-20 -1.24E-20 +1.24E-28 4,
.499988 +1.0000 -1.24E-20 ~1,24E-20 +1 24E-2 5
499974 v 9999 -1 .23E-20 -1.73E-70 +1.23E-20 6

.67441 .319701 -, 3605989 318701 .2788 -1.10E-21 -1,10E-21 +1.10E-21 &2
69102 290218 - .4195644 +,290218 .1609 -5,39E-22 -5,39E-22 +5.39E-22 20

e b G T e Rk PR S S P MR RN Ea b e e Ak L G ek bl ap, e B Ao ke a sk b v a ke Sh S S mr Ka L= A mm aa G RE A A PR - LA L3 M =k =% M- e AR s A L s A A

+ +
+ +
+ +
+ 4
+ +
+ +
10966 +.49295¢ - 0000991 +. 499850 +.9998 -1 .22E-20 -1.22E-28 +].22E-20 °
12627 +,499912 - 0001756 +.499912 + 3936 -1.21E-20 -1.21E-20 +1,21E-20 &
14728 + 499855 - 0002905 «+.499855 +,9994 -1 .20E-20 -1,20E-20 +1.20E-2¢ &
15949 +,498772 -, 0004557 ¢+ 499772  +.9991 -1.19E-20 -1.19E-20 +1.19E-20 10
17610+ 498R52 - 0006849 + 499658 o+ 9886 -1 . 17E-20 -1 .17E-20 +1.1P7E-20 11
.19271 + 499503 - 0009946  + 493503 +« 3980 -1.16E-20 -1.16E-20 +1 .16E-20 |2
.22592  +.499033 -, 0019332 + 499022 + 9961 -1.12E-20 -1.12E-20 +1.12E-20 14
25915 +,498270 - 0034594 + . 498270 + 9931 -1.0BE-28 -1.08E-20 +1.08BE-20 16
29237+ 437089 - 0058215 ¢+ 497089 + 8884 -1 03E-20 -1.03E-20 +1.063E-20 1@
20898« 496293 - 0074144 + 496293 + 9852 -1.01F-20 -1.01E-20 +1 O1E-20 20
32599 +.495327 - .0093461 +.495327 + 9813 -9.83E-21 -9.B3E-21 +9.83E-21 2%
34220  +.494163 - 011R735 +.494163 +« 9767 -9 55E-21 -9 .55E-21 +%3 S%E-2! 24
J35881 4 4927€% - 0144816 +.492769 4+ 8711 -9 28E-21 -9 26E-21 +9 26E-21 26
37542+ 491108 - 0127850 + 4891108 + 9644 -8 . 95E-21 -8.35E-21 «8 95E-21 28
.3920%  + 489136 - 0217288 +.489136 + 9565 -8 63E-21 -8 63E-21 +8.63E-21 3¢
(40864 + 486805 - 0263905 + 4B6805 +. 94772 -8 29E-21 -8,30E-21 +8 2%E-21 132
42525+ 484059 - 0318812 +.4840%9 +.8362 -7 .9%5E-21 -7 .95E-21 +7.9%5E-21 34
44186 +.480836. -.0383278 +.480836 +.9233 -7 .59E-21 -7.59E-21 +?.59E-21 38
45847 +.477062 - 0458750 + 477062 +.9082 -7.21E-21 -7.21E-21 «?.21E-21 38
.47508  + . 472856 - 0546874 + 472656 + 8306 -6 .B2E-71 -6.82E-21 +6.82E-21 40
.49169  + . 467524 - . 0648521 + 467524 +.8701 -6 .42E-21 -6.42E-21 +6.42E-21 47
50831 + 461558 - .0768811 +. 461558 +.8462 -6,00E-21 -6 . 00E-21 +6.00E-21 44
82497  + 454643 - 0907143 +.454643 + 8186 -5.57E-21 -5.57E-21 +«5 .57E-21 46
.54153  +,446639 - 1067221 .+ 446639 + 7866 -5 .13E-21 -5, 13E-21 +5,13E-21 48
55814  +.437395 - 1252091 +.4373%95 +.7496 -4.67E-2]1 -4.67E~-21 +4 .67E-21 S0
57475 +.,426741 -~ 1465173 + 426741+ 2070 -4.20E-21 -4.20E-21 «4.20E-21 952
L591368 +.414484 -~ 1710319 + 414484 + 8579 -3 .72E-21 -3.71E-21 +3.72E-21 54
EN797 4+ .400405 - 1991831 +.400405 +.6016 -3.22E-21 -3.22E-21 +3.22E-21 56
62458 +,384253 - .2314930 +.384253 +.5370 -2.71E-21 -2 71E-21 +2 71E-21 48
64119 +,365724 - . 2689519 +.365724 +.4629% -2 .18E-21 -2,1BE-21 +«2.18E-21 6§}
6578¢  +.344416 - 3111680 +.344416 + 3777 -1.68E-21 -1.65E-21 +1.65E-21 #4
+ + +
+ + +




Table 3.10

NS NEDD
configuration wuith dielectiric permittivities:

E22 = E22(w), E1 = 1

58

falculations for the. nower flow in Kretschmann PHA

E3 = 1.000000001

Plasma frequency Wp = 1.E+15 Hz,
Thickness of the film H= 800 ‘s’

Y-coordinate = {

. E21= E21(u},

Relaxtion time Tau =

'A'
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001 sec,
UPPERER
w/Wp Pxl
65780 «. 489929
67441 +.4873974
70763 +. 482710
72424 +.479157
24085+, 474759
.75746  +. 469268
77407 +,462345
79068 +.453%17
80729 +,442108
84051 +.407042
85712 +.373306
87373 +.338624
89034 + 2506000
90695+, 250000
92356 +.250000

0281429

-.0240521

0345796
1416863
0504823

- . 0614636

i

]

I

t

¥

i

0753092
.0929661
. 1157844
.1859195
2413869
3227527
5000000
3000000
.3a09000

487374
482719
479157
474759
469268
462345 +,8484
453517
442108
407042
.379306
338624 +.
250000 +0,0000
230000 +0.0000
.250000 «D.0000

+2 9VE-22
+3,38E-22
+4,47E-22
+95,19F-22
+6 . 08E-22
+7.20E-22
+8 . B65E-22
+1.06E-21
+].32E-21
+2 ,30E-21
+3,38E-21
+6.04E-21
+].45E-10
+6.93E-10
+9,74E-10
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Fig, 3.9 (L2397 Hagnetic field distributinn in the wi=-) modn

El = 1 . ER = 1.600008091 , WMp - 1. E415 Hz, Tau ~ .@81 5, Wn = .9581355:
Ho= BEA A, Ko = 1.06159710614E46 Kxr = {.34111238692E+7

¥uor = 2.91505125004E+6 , Kxi ~ 3.671D5700356E~5 Dnata file name 1 L25 &
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Fig. 3.18 .(L25) Magneiic fiald distribution in the w() noda

El = 1 . E3 ~ |,4ud02800) | Wp = {.E415 Hz, Teu ~ .0OL s, Wi = .GB57796E
He BAB A, Ko = 2,19411011264E48  Wup = 2.22045882037E+8
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"Na = 187

Fig. .11 .,{Las; Magnetic field distribution in the w(+} mode

£l =1 | EF = 1,00C00R808] « Wp o~ 1 E415 Hz, Tay = 001 e, WUn = .92355403%;
H = BAB A, Ko = 3. GOBSRAVIRGAE4S  Uxp = 3.358495 1 BRI3E 4L

Keor« @ |, Kxi = 1,7035332451F45 Duiw file name(lL35 %
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Tible 211 ATARY Devendance of the PERL and the IMAG. parts of the
SP1P OX~waveuvsctior in PMA configuration: E3 = 1.000000001 |, E21= E2i(w),
E22 = E22{(w), E1 = 1 Plasma frequency Wp = 1.K+15 Hz, Relaxtion time Tau =

L0831 ssc. Thickness of the f1lm H= 100 'A.'
LOWER gi-) BRANWNCH
u/llp Ko Kxe Kxor Kxi He
aigod £3.335557K+04  +3 .8894065E+04  +3.335724E+«04 +1.0287E-06 1
02241 +7.473337E+04  +1,2520666E+05 +7.475214E+04 +3 . 5989E-06 2
07203 +2 ,402448E+0% +1.0703560E+08 +2.408734E+05 +i . 4182E-05 6
15886 +5 , 208891E+05 +5 . 2066961E+06 +5,368847E+05 +3.3207E-05 13
17127 +5 712669E+05 +6,0728937E+0¢ +5,800990E+05 +3.6227E-05 14
245210 +8,195337E+09 +1.2093860E+07  +8.471985E+05 +5,.5762E-05 28
25810 +8 .B09115E+«05 +1.4325673E+87 +8.933822E+05 +§.9438E-05 21
29532 +9.850449E+05 +1.9194422E+07 +1,035768E+06 +7.1448E- 05 24
32013 +1.087800E+06 +2.2963516E+07 +1.134535E+08 +8 . 0457E- 05 28
23253 +1.109178E+08 +2.:5021191E+07  +1.185304E+06 +8 . 5298E-05 28
36975 +1.233312E+08 +3.1960193E+07 +1.3%44344E+ 06 +1,.0172E-04 32
39456 +1,316067E+06 +3 . 7328958E+07  +1,4572409E+08 +1,1454E- 04 36
40696 t+1.357445E+06 +4,0259084E+07  «1.516241E+08 +1.,2183E-04 38
41937  +1.3988235+06 +4q,3372578E+07  +1.8577195E+«06 +1.293%E-04 40
43177  +1.440201E+06 +4,.66B84243E+67  +1 ,640352E+06 +1.3762E-04 42
44418 +) ,481578E+06 +5.0210982E+07 +1,705993E+06 +].4667E-04 44
45658 +1,522956E+06 ¢5.3972185E+07  +1 ,774448E+(06 +1.5657E-04 48
46899 +1,964334E <06 +5,7990251E+07  +1.846110E+06 +1.6733E-04 48
48139 +1.605712E+06 +6,2291225E+07  +1.921445E+05 +1.7936K~04 50
493840 +1.647090E+08 +6,.6905618E+07  +2 QU1018E+(6 = +1.9274E-04 52
50620 +1 688487E+06. +7,1869480E+07 +2.085516E+06 +2,0758E-04 54
51861 +1,7290845E+08 +7 P225807E+07 +2 . 175781E+«06 +2 . 2442804 56
53181 +1.771223E+08 +8.,3026441E+07 +2 2728G69E+08 +2 . 4352E-04 58
541342 +1.812601E+06 +8.9334846E+07 +2.378113E+06 +2 6545E-04 |
55582 +1.8%3%979E+06 +G . B228721E+07  +2 .493227E+06 +2.9088E-04 52
56823 +1,895396E+06 +1 0380715E+08 +2 620460E+06 +3.2075E-04 64
58063 +1.9367349E+ 06 =1 .1218618E+08 +2 ,762824E+06 +3 .5648E-04 i1
59304 +1.978112E+086 +1.2156129K+08 +2.924466E+06 +3,9981E-04 58
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Dependance of the PEAL and IMAG. parts ¢f the SPIP
E3 = 1.000000001 ,-E2l= E21(w),
Bo = 1. E+15 Hz, Relaxtion time Tau =

Takle 3.12 . (L18).
O¥-wavevector in PMA configuration °

E22 = E22¢w) . E1 = 1  Plasma freduency

001 sec . Thickness of the film He 180 'a '
UPPER Wi} BRANCH (physically real part)
wlip 4] Kxr Kxor Kxi Ne
65506  +2,185001E+06  +2 1854011E«06  +4 3B84446E+06  +9.1870KE-10 7
B7987  +2.267757E+0D6  +2 26B2607E+068  +6 . 050549E+06  +1.2755E-09 81
£3228  +2.309134E«08  +2,3097020E«06  +8 179650E+«06  +1.5102E-0€ 8%
71709 +2,391890E+06  +2 . 3926150E«06  +«0,000000E+00  +2,1424E-03 g7
72949% 2 433268E«06  +2.4340308E+06  +0.000000E+00  +2.5693E-09 a0
75430  +2 516023E+06  +2 .5170956E+06  +0 . 000000E+00  +3.7582E-09 94
P7911  +2.598779E+08  +2 6002008E+06  +0.000000E+00  +5.6465E-09 a9
79152  +2 .640157E+06  +2.6418075E+06  +0 0Q00GOE+00  +2 . 0091E-09 102
80392  +2 BB1535E+06 2 .6834636E+06  +0.000000E+00  +8.7870E-0% 105
JB1633 2, 722912E+068 +2,7251835E+06  +«0.000000E+60  +1,1142E-08 168
L2873 +2 764230E+0€  +2 . 7663872E+06 <0 .000000E+00  +1.4314E-08 11l
(87835 +2.929801E+06  +2.9358535E+06  «0.000000E+00  «4.6826E-(8 126
89076  +2 971179E+06  +2.3789165E+06  +0.000C00E+00  +6.7279E-08 122
(91557 +3 053935E+08  +3.0677194E«06  +0.000000E+00  +1.5831E-07 126
92797 +%,095312E+06  +3,1148937E+06  +0.000000E+00 <2 .6712E-07 12e
87759 +3.260824E+06  +3 .5545840E+06 <0 000000E<0¢  +1.8043E-05 136
Table 3.13 . (L18B). Dependance of the REAL and IMAG., parts of the SPLP

0X:wavevector in the PHA configuration : E3 = 1.000000001 , E21= E2i(w),
E22 = E22(w), E1l = 1  Plasma frequesncy 0p = 1,E+15 Hz, Relaxtion time Tau =
001 sec, Thickness of the film H= 100 'A.° :

UTPRER wfl+) BRANCH (physically unreal parti’
wllp Ko Kxr Kxor Kx1 Ne
77911 +2.598779E+06  +1,5409424E+02  «0.000000E+00 -7 2808E-04 1ge
79152  +2.640157E+06  +1.3736511E+08  +0,008000E+00 -6.2575E-04 103
80392 - +2.6BI1535E+0€6  «1 2282544F<08  «0 000000E+00  -% 4962E-04 106
81633  +2 .722912E+06 » +1.0994708E+08  +0,000000E+00 -4.9067E-04 109
82873  +2.764290E<06  +9 8372886E+07  +0.000000E+D0 -4 4375E-94 112
84114  +2.805668E+06  +8,7849995E+07  +0.000000E+00  ~4.0593E-04 115
85354  +2.947046E+06  +7 B1Y2580E+07  +0,000000E«00 -3 .7368E-04 112
86595  +2.88B424E+06  +6 B260282E+07  +0,000000E+00  -3.4685E-04 119
87835  ¢2.929801E+06  «6,0944107E-07  +{,000000E«00  -3.2386E-04 121
89076  +2.371179E+06  +%5.3157680E+07  «0.000000E«00  -3.0400E-04 123
96316  +3.012557E+06  +4.5831101E+07  +0.000000E+00 -2 .68670F-04 125
91557  «3.053935E«06  +3 .8906356E+07  +0.000000E+90 -2.7150E-04 127
92787  +3,095312E+06  +3.23340823E+07  +0,000000E+00 -2,5812E-04 129
94038  +3,136690E+«06  +2 A071821E+07  +0.000000E+00  -2.4649E-04 131
95278  +3.178068E+06  +2 0073279E+07  +0.000000E+00 -2.3676E-04 133
96519 +3.219446E+06  +1.4278322E+07  «0.000000E+00  -2.3029E-04 135
97738  +3.260824E+06  +8,5124826E+06  +0.000000E+00 -2.4001E-04 137
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Table 3.14

A AR:D

ralculations For the power flow in Kretschmann PHA

configuration with dielectric permittivities:
E22 = E22(w), El = 1
,0081 sec., Thickness of the film H= 160 'aA.'

M b ek b R A P At e e e e e et e e ma G R AR AR P A Sk b e LR T A m Ak g g ber ey A i T ek ek e e ek et TR T R e N M Ay A T e e g e b S A e

Plasma fraquency

E3 = 1.0000006001 , E2l= E21(uw),
Wp = 1.E+15 Hz, Relaxtion time Tau =

Y-coordinate = 8 'A'
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.4813¢9
. 49380
50620
51861
53101
54342
549562
.56823
58063
59304

508008 -
.500000
.488931
.489777
. 499636
.498627
. 498308
496970
. 495680
. 484884
481736
.488844
487102
.4R5134
.482913
.480411
4772597
. 474437
. 470894
466925 .
.462485
457525
451980
.445820
. 438949
. 431308
.422818
413334

0.

-

goog000

.0000002
0600181
. 0004468
0006085
0027465

-. 0033680

0060604
. 0688398
.0102313,
0165272
.0223120
. 0257950
0297321
0341742
.0391780
. 0448054
0511251
0582124
0861502
0750294
. 0849497
.0960204
.1983608
1221012
.1373639
1543642
1732123

Px3 Px net
500000 +1.9000
.500000 +1.0000
.499991 +«1.00080
499777  +.9991 -
.499696 +,9988
498627  +,9945
,498306  +.9932
L49697%  +,9879
.495688% +,9827
.494884  + 9795
.491736 +.966%8
,486844 +,9554
.487102  +,9484
.485134  +,9405
.482913  +.9317
.480411 +.,9216
477587 +,8104
474437  « 8977
.420834 +.8836
.466925 +.BE677
(462485  +,8499
457529 +.8301
L451990 +.,8080
. 445829 +.7833
.438949  +, 7558
431308 +.7252
422818  +.6913
.4133%4 + 6536

Q0E-19
.99E-20
LB9E-20
JS0E-20
L41E-20
. 79E-20
.67E-20
26E-20
95E-20
.79E-20
27E~20
.B9E-20
.69E-20
LABE~20
J27E-20
05E-20
B83E~20
H0E-20
.36E-20
J12E-20
L87E-20
.62E-20
(36E-20
L08E-20
.82E-20
-3 .54E-20
~3.,26E-20
-2.87E-20

~-1.00E-19
~9.93E-20

+1 00E-18
+9,99E-29

~9,90E-20+9 ,89E-20

-9 ,50E-20
-9,41E-20
-g.79E-20
-8.67E-20
-8.26E-20
-7.95E~20
-7 . 79E-20
-7, 26E-20
-6.88E-20
-6.69E-20
-6 . 48E-20
-6.27E-20
6. 05E-20
~5.83E-20
-5.60E-20
-5,37E-20
-5.12E-20
-4,88E-20
-4.62E-20
~4,36E-20
-4, 09E-20
-3.82E-20
~3.54E-20
~3.26E-20
-2.97E-20

#9,50E-20

+9 . 41E-20 "

«8,79E-20
+8.67E-20

+8,26E~2D.

«7.95E-20
+7 ,79E-20
+7 . 27E-20
+6 ,89E-20
+6 .69E-20
+6,48E~20
+6 . 27E-20
+6, 05E-20
+5 . 83E-20
+5.60E-20
+5.36E-20
+5,12E-20
+4 . 87E-20
+4 ,52E-20
+4,36E-20
+4 . 09E-29
+3.82E-20
+3.54E-20
+3.26E-20
+2.97E-20
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Table 2.1%

CCL18Y

Calculations for the power flow in Kretschmann

€6

configuration with dielectric permittivities:
. Plasma frequency Up = 1.E+15 Hz,
Thickness of the film H= 106 'a.°

E22 = E22(w), E1 = 1

PHA

E3 = 1.000000001 , E21= E21(w),
Relaxtion time Tau =

Y-~coordinate = 0

‘ﬁJ

e e L

-t Bt e P e T S SN R A e m hd o R e Rt St e A A e R S A A Al R R MR A B R RE AN it A R e da M S L Th M4 S M i R P b AR e e En e L e o= as S e

Vi o e i o b A T o S A i ey oy W Kb bk iy S P ke e n Bk Al b g i Ak ok oy e i b e v o bk Tk ol o e S oy 43 g ek ki A arp o B T Py e ey b e = P A P b

001 sec,

UPPER
w/p Px1
B5508  + 499843 -,
67987 +,489794 -
£9228 + 499764 -.
21709 + 499688 -
72949 +.499640 -,
75430 +.499516 -~
779311 + 499337 -,
79152 +.499218 -,
80392 +.495072 -,
81633 +.498882 -,
82873 +.498665 -
87835 +.496840 -
89876 +.4959313 -,
81557 +,492%08% -
92797 +.483%418 -,
87759 +.383041 -

0003142
8004108

08047209 -
.0006230

0007193

3009686

0013260
0015636
0018551
0022166

. 0026202
.0063204

0681732

.0148303

0211635

2339187

499843
499795
4987635
499589
.489641
. 499516
.499337
499218
499073
. 498892
498665
. 496840
.495913
492585
. 489418
383041

-3.66E-23

. ~4,45E-~-23

-4
-5

V92E-23
.06E-23
.76E~23
-8.52E-23
.D9E-22
V29E-22
44E-72
.67E-22
(95E-22
14E-22
L22E-22
.08E-22
J28E-21
L25E-20

~4,92E-23
-6 . 06E-23
~6 . 76E~23
-8 .52E-23
-1,09E-22
-1.25E-22
-1.44E-22
~-1.67E-22
~-1.95E-22
-4, 14E-22
-5.22E-22
-9.08E-22
~-1.28E-21
-2.25E-20

+3.66E-23

+4,45E-23

+4,92E-23
+8 BBE-23
+6.76E-23
+8 52E-212
+1,08E-22
+1,25E-22
+1 44E-22
+1,67E-22
+1.85E-22
+4,14E-22
+5,22E-22
+9 08E-22
+1.28E-21
+2.25E-20
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Devendance of the PEAL and the IMAG. parts of the
E3 = 1.000000001 , E21= E21(w),
Wp = 1.E+19 Hz, Relaxtion time Tau =

Tahle 3.16 AL19Y.
SP1P OX~uwavevector in PHMA confiquration:
E22 = E22(w), El = 1 Plasma frequency

j.E~13 sec, Thickness of the filw H= B00 'a
LOWER wi-] BRANCH
w/ o Ko Kxr Kxor Kxi No
03513 +1, 1721721E+0% +1.2092200E+05 +1.172446E+05 +2 2618E+0(3 2
064326 +2,009€87E+05 +2 ,2045383E+05 +2 ,013558E+05 +6.3073E+03 3
08538 +2 ,8480%3E+05 +3,3895246E+05 +2 .858567E+05 +1.1803E+04 4
11051 +3,686218E+05 +4 8175099E+05  +3.709216E+(5 +1.8279E+04 5.
13564  +4,524384E+05 +6,5291137E«05 +4,567382E+05  +2,5420E+04 &
16077  +5.362%49E+0% +8 ,55608353E+09 5, 435124E+05 +3,305%E+04 7
18590 +5,200715E+485 +1.0929403E+96 +5,314740E+05 +4,1141E+04 g
21103 +7.038881E+09 +1.,3674972E+06 +7.208843E+05 +4 9683E+(4 9
23615 +7.877046E+05  +1.6823506E+«06 +8,120452E+05% +5 . B750E+04 10
26128 +8,715212E+09 +2. 0408667E+ 08 +9, 0531 08E+05 +6.8445E+04 i1
28641 +9 553377E+0% #2 . 4469578E+06 «1.001104E+08 +7 . 8508E+04 12
21154 +1,039154E+«06 +2 . 80%2689E+06 +1,099935K+06 +9,0315E+04 14
33667  +1,122871E+06 +3,4214003E+086 +1,202433E+06 +1,0289E+05 16
36179 +1.206787E+06  +4,.0021927E+06 +1.309383E+06 +1.1693E+05 18
aBe9?2 +1.290604E+06 +4,.6561104E+96 +1.421786E+06 +«1.32680E+05 20
41205 +1,374421E+08 +5,3937756E+06  +1.540336E+(6 +1.91G2E+05 22
43718 +1.458237E+086 +6,22B7376E+«06 +1.668554E+06  +1.722%E+05% 24
46231 +1.542054%E+06 +7. 1786161E«06  +1.806972E+{6 +1.9748E+05 6
48744  +1 B258P0E«06  +8.2668646E+06 +1.959458E«06 +2 ,2809E+05 28
51296 «1 709687E+06  +9.5256077E+06  +2,13074%E+06 +2 ,6622E+05 30
.53769 #1.793503E+06 41 ,100044BE«07  +2,3279088E«06 +3.1524E+05 32
56282 +1 B77320E+06 +1,2759150E+07 +2.58261%E+06  +2,8089E+05 34
58799 +1.961136E+06 +1.4908677E+07  +2.854211E+«06 +4, 7373E+05 36
61308 +2,044953E+06 +1.7632554E+07  +3.239R08E«08  +6.1562E+05 38
63821 +2.128770E+06 +2,1286871E+07  +3.800313E+06 +8 ,6022E+05 41
.BB333 +2.212586E+06 +2 ,6716754E+07  +4.76004058+08 +1,3836E+08 44
68846 +2 ,296403E+06 +3 . G921851E+07 7, 124678E+(6 +3 . 2757E+06 47
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. Table 3.17 .(L19).
OX-wavevactor in PHA configuration
E22 » E22(w), Bl = 1 Plasma frequency UWp = 1.E+«19 Hz,

Dapendance of the PEAL and IMARG, parts of the SPLP
E3 = 1.000000001 -, E21= E21(w),
Relaxtion time Tau =

1.E-13 sec. Thickness of the film H= 800 ‘A '
UPPER wie) RANCH (physically real part}
wsllp Ko Kxr Kxot Kxi Ne
01000  +3.3355%7E+04  +3,3357179E+04  +3,335724E+04  +1.8852E+02 1
63821  +2.1208770E+06  +2,1507255E+06  +3,800313E+06  +4.8837E+02 40
66333  +2.2125B6E+06  +2.2403143E«06  +4.760040E+06  +6.8183E+02 43
68846  +2.296403E+068  +2.331V311E+06 +7,124678E+068  +9.6652E+02 48
71359 +2.380219E+06  +2.4257601E«06  +0,000000E«D0  +1.3976E+03 49
73872  +2.4G4036E+06  +2,5236548E+06  +0.000600E+00  +2.0749E+03 52
76385  +2,547852E+06  +2,6275312E+06  +0,000000E+00  +3,1916E«03 55
78897  +2.631669E+06  +2,7412260E+06  +0.000000E+00  +5.1588E+03 1
81410  +2.715486E+06  +2.8724330E+06  +0.000000E+00  +B.9784E+03 61
83823  +2.799302E+08  +3.0391549E+06  +0.000000E+60 +1.7678E+04 84
86436  +2,.883119E+06  +3.2971405E+06  +«0,000000E+00  +4.5136E+04 67
88949  +2.966935E+06  +3.9453517E«06  +0.000000E+00  +3.8207E+05 al
91462  «3.050752E+06  +3.4920293E+06  +0.000000E+80  +1.4032E+06 72
Table 3.18 .<(L19). Dependance of the REAL and IMRG. parts of the SP1P

0X:wavevector in the PHMA configuration !
E22 = E22(uw), Bl = 1

E3 = 1.000000001 , E21= E21{(w),
Plaswa frequency Up = 1.E+15 Hz, Relaxtion time Tau =

1.E-13 sec, Thickness of the film H= 800 'A."
UPPER nl+) BRANCH (physically unreal part)

w/lip Ko Kxt ‘ Kxar Kxi No
71359 +2.380219E<06  +4.6307678E+07  +0,000000E+80 -B.0398E+06 50
73872 +2,464036E+06  +2 . 9231727E+07  +0.000000E+00 -1.9893E+06 53
76385  +2 .547852E+«06  «2.1803386E+0”  «0.000000E+00 -1.1410E+06 56
78897  +2 .631669E+06  +1.6980653E+07  «(.000000E+00 -8.1049E+05 59
81410  +2.715486E+06  +1,3347898E+07  +0.000000E<00 ~6.3760E+05 62
83923  «2.799302E+06  +1.0372771E«07  +0.000000E+00 -5.3736E+03 65
86436  +2.0883119E+06 <7 . P517390E-06  +0.000000E+00 ~4.9198E+0S 68
88949  +2.866935E+06  +5.0440096E+06 “+0.000000E+00 -7.7819E+05 1
91462 +3.050752E¢06  +3.6467674E<06  +0.00000CE«0D  -1,7649E+06 73
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Fig, 3,18 -, {L18) RERL part of the OX-wavaveciar as 3 function af tha
horual ized frequency: w(-? made - curve {4+ + +), wi+) node
{physically real pari)- curve with SqQUAres, wit) raode {(physically
unreal part) - curve with triangles, semi~infinite cnge - solid curie,

aide branah - ( % ¥ ¥ curvel,
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¥
w
J
L
Norm., freq.

.
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et

[1:] b 3 +B
-1 -1A +13 +1a
e IMAG, park of kx* “+ ve IMAG, part of Kx°

Fig. 20017, 021870 IMAG, part of the OX-wavevactor as & .funnkion of the
rormaifzed freg,: wi-) mode — ourwve ¢ + + 4 o wi+d  pmode {phyasical ly
“oai part) - ourve with squorcs, wi+) mode { physioally unreal pnrt) -
curve with triangles, side beanah ~ ¢ % % % } quprve,

£l -1 . EZ -~ 1.000880081 , H - 00@ A, HWe = 1.E+15 Hz, Tou = 1.E*13




Table 3.19

(L1,

71

Calculations for the pouwer fleow in Kretschmann PHA

configuration with dieleciric permittivities®
E22 = E22(w), E1 = 1

Plasma frequency
Thickness of the film H= 800 'A.°

E3 = 1.000000001 , EZ21= E21(w),

Wp = 1,E+15 Hz, Relaxtion time Tau =

Y-coordinate = 0 'A!

A e n g ko Ak o o e mm T mg e e e 94 LR e e w s BN S n ad b ek AP mm e kB A8 Y dm bR s LN A A KN Am ma a4 P ww me e P N Lm e e e e v e g e de d R AR e Sl o o R AR

AL s e B L S R e e A MR EL AN an e MU RR R Al G4 i SR Ak o AN v R U3 L AN WA Ak A G R i T AE L TR Am R e 6 fh e e e ey e dr b L ey mn T AN P e O A R R WS A NN T S mE A YR R

0000010
0000088
0000339
0001019
0002343
. 0004696
.0008547
0014489
0023259
0035769
0053148
0076778
0108362
0149884
0204203
0274148
0363650
0477382
0621027
. 0801472

11027012

1307585
1655033
.2083530

2610558

3260148

4076322

Px32 Px net
499999 +1.,0000
.4848996 +1.0000
499982 +,99488
.499949 +,.9998
.499883 +,9995
LA498765  +,9991
499573 +,9983
.489276  +,9971
. 498837 +,9953
.498212  +,9928
.497343 +.,98%4
.496161 +.9846
494582 +.9783
.492501  +,9700
488790 +,9592
LABG293  +,9452
481817 +.8273
A76131 +.9045
468949 <+ . 8758
.4599286 +,8397
.448649  +,7946
.434821 +,73B5
417248 +.6690
.395824 +.5833
.369472 +.4779
.336993  +.3480
.296184 +. 1847

-1.,25E-190
~-1.24E-10
-1.,23E-10
-1.22E-10
~1,20E-10
~1.18E-10
~1.16E-10
-1.14E-18
-1,11E~10
~1,08E-16
-1.04E-190
-1.01E-10
~9.64E-11
-9.20E-11
-8 .,73E-11
-8,23E-11
~7,69E-11
-7.12E-11
~-6.52E-11
-5.89E-11
~5.23E-11
-4,34E-11
-3.82E-11
-3, 07E-11
~2,29E~11
-1.48E~11
~6.55E-12

-1.25E-10
~1.24E-10
-1,23E-10
-1.29E-10
~1.20E~10
-1.18E-10
-1,16E-10
-1.14E-10
~1.11E-10
~1.08E-10
~1.04E-10
~1.01E~10
-9 .64E-11
~9,20E-11
-8.73E-11
-8.23E-11
-7.69E-11
-7, 12E-11
-8 .52E-11
-5 .89E-11
~5,23E-11
~4.54E-11
-3.82E-11
-3, 07E-11
-2, 29E~11
-1.48E-11
~6.55E-12

+1,25E-10
+1.24E-10
+1.23E~10
+1,22E-10
+1.20E~10
+1.18E-10
+1.16E-10
+1.14E-18
#1,11E-10
+1.0BE-10
+1.04E~10
+1.01E-10
+9.64E~11
+9,20E-11
+8.73E-11
+8,23E-11
+7.69E-11
+7.12E-11
+6 . 52E-11
+5.89E-11
#5,23E-11
+4,54E-11
+3.82E-11
+3.07E-11
+2.29E~11
+1.40E-11
+6.559E-12

WL e e Ak V8 T e ek Wk MO A A TR ok i b Yy e wle e Bk o oy o Ak kL% e o T e e A S T e e W S A T R A M e A DR PR Ak R RS N e e L R W M ks et A R

1.E-13 sec,
LOWETPR
w/llp Px1
03513 +.48%90%8
06026 ¢, 499996
08538 +.4%8382
11051 +.499949
13564 +.4%9883
16077 +.499765
18590 +, 499573
21103 +_.499276
23615 +,498837
26128 +, 488212
28641 +.497343
31154 +.496161
33667  +,494502
26179  +,4925¢01
38692 +.,48973¢
41205 +.486293
43716 + . 481817
46231  +.476131
48744 + 468949
51256 +,453926
53769  +, 448649
56282 +.434621
%8795 +.417248
61308 +.39508924
63821 +.369472
66333 +,336933
68846 +,.296184
Table 3.%20 AL

¢

Calculations for the power flow in Kretschmann PHA
configuration with dielactric permittivities:
E22 = E22(w), E1 = 1

E3 = 1.000000001 , E21= E21(w),
Relaxtion timg Tau =

Plasma frequency Up = 1.E+15 Hz,

Thickfess of the £ilm H= 800 'A.’

Y-coordinate = 0

L a3 ah e et A AL Y AL B MR P P L D S T e ek 8 Sk B My ok U ke i ek 8 ML e b ek e ey ek A e Ak o W T LR e e e b s e B o o e e

BRANCH (physically real part)

L s ey ko e B Tt ke e s e o e e ek e ke S A e Lo A B 8 Y AN L A St GS PR ok S AR BA e A AR 48 S0 TN et e b d e WA A e ke e L B ey e R Ak b g v or b o A oy Am

|A:

Mo

WA A A ey 8 A e 8RR e h md S WS N gy o e o S e o e L A S AR G S AR LK R S e Al A RS I R dm ekt A A AR Sy md e b Al A m gl b S e e mm o Y A o v e e

1.E-13 sec,
UPPER
wllp Px1
01060 +.500000 -
83821 +.481812
66333 +.48%323
688468 + 486006
71359 + 481531
73872  +.475397
76385 +.466830
78897 +.45458%
81410 +.436573
83923 +.409048
86436 +, 364359
88945 +.281208
31462 +.261936

0000800
01637640

0213544

.0279871

0369378

. 0492057

. 0663402

0908302

1268548

1818034

2712908

- 4375835

4761273

Px3 Px net
.500000 +1.0000
491812 +.9872
489323+, 9573
486006  +,9440
.481531  «, 9261
.475397 +.9016
.466830  +.8673
454588 +,9183
V436573 4+ .7463
409048 +,6362
C3B4355  +, 4574
281208 +.1248
(261936 +,0477

~1.29E-110
-2.956E-12
~3,10E-12
-3,79E-12
~4,71E~12
-5 .96E~12
-7.71E-12
~1.03E-11
-1.46E-11
-2.29E-11
-4,17E-11
~2.11E-10
-7 .97E~10

A6E-11
.Z4E-11
A7E-11
J11E-10
J97E-10

+1,25E-10
+2,536E-12
+3.10E-12
+3.79E-12
+4, 71E-12
+3,96E-12
+7.71E-12
+1,03E-11
+1.46E-11
+2,24E-11
+4,17E-11
+2.11E-16
+7.976-10
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segment of the o' mode to the region left of the light
line, thus corresponding to phase velocities gréater
than ¢ and with group velocity negative. Thig mode is
phyéically unreal. The field distribution corresponding
to this moée is oscillatory with decreasing amplitude of
oscillation away from the film in the media bounding the
film and remains constant in the film. This behavior
maintains for all frequencies upto wp. Thus this mode

is strongly radiative eventhough it is unphysical.

3.2 Analysis of the SPLP dispersion at the boundaries of a

thin metal film in asynmetric environment (es # eq

Thé numerical solution of the exact thin film disper-
sion egn. (2.1} for the case of asymmetric environment
yields also the three modes we encountered in the case of
symmetric envirxonment namely the w¥, the w~, and the
'side’ modés,

In the analysis of thesge disgpersion curves, we take
one branch at a time as usual. Data presented at the
figures can be found in the subseguent relevant tables.

) - 1 1
3.21 analysis of the lower mode o7 (k <k; <k!).

For the thickness of SOOAO, the;dispersion curve of
w” mode is analyzed-.for two cases: (a) case of weak absorp-
tion {relaxation time, tath, large) and (b) case of strong
absorption (relaxation time, tati,small). We analyze them
separately and try to see their common features and

differences.
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al Casge of weak absézption

The dispersion curve of,w mode for this case
is shown in Fig., (3.23) which discloses that at very low
ké and w values the surface polagitions are primarily’
photon~like. In the finite ké region i.e., near the cross-
over of the dispersion curves of uncoupled photons and
surface plasmons,surface polaritions display mixed
behavior of both virtual particles namely photons énd
surface plasmong. In this region surface pelaritions
of semi-infinite metal are more closer to the cross-over
than surface polaﬁitons of v~ mode which implies that the
efficiency of coupiing of photons to surface plasmons 1is
very low eventhough weak ocoupling exists which is respon-
gsible for the lower mode curve. Aas in the case of
symmetric environment the w™ mode of this case remains
non~radiative cver the spectral range of interest.

Unliké thé symmetric environmént,the agymnetric
environment shows upper cutoff k;* which implies that
-surface polaritions cannot be localized more than the
value given by k!* . For the case under consideration
the »~ mode curve upon reaching k'* bends back with
somewhat steep'slope. The back—benéing saegment is
described, as alre;dy mentioned in gection 3.12, as a

phenomenon of artificial anomalous dispersion.
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From fig. (3.24) the curve corrasponding to k; of
this segement shows an abrupt growth of damping (k;
grov by 11 orders in thls case of weakly absorbing £ilm),
see also table 3.21. The analysis of the power flow in
ox~direction indicates the net power flow drops to zexd’
for this segment of w™ mode, see Fig.(3.25) and table
3.23. The field distributions of this mode are shown in
Figs. (3.27, 3.28). Ffom observation of these distributi-
ons thé field intensity switches from Prism/metal iﬁter-
face to metal/air interface as the frequency increases
without showing aﬁy;symmetry with respect to ox-axis and
with a reversal of intensity amplitude with respect to

oy-axis.

b) casge of strong obsorption

The dispersion curve of w mode for this case
is shown ip Fig. (3.31) . The behavlor of the curve is
in general not very different from that of case (a),
except for the increase of ké* and low value of the slope -
of back~bending segment which means that strong absorption
cauges more localized surface polartions than the previous
case., From Fig. (3.32) one observes that k; is increased
compared to that of case (a) and there is no significant
growtﬁ:of“dampiﬁg due to back—bending, see also table
3.25. The power flow in ox~direction shows that for this
segment the net flow is close to zero, see table 3.27 and

Fig. (3.33}).
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The fact that the net flow never vanish inaicates
that at the w and k§ values corregponding to the back-
bending of the ©  mode curve very small portion of the
light energy incident on the PMA gtructure appeérs as -
radiation in the sgtructure whereag large portion of the
light energy incident on the PMA structure is either
absorbed in it or is reflected.

As has been mentioned in the last part of section
3.12 the final decislon about thig point needs additional
study of the reflectivity of the PMA structure for the
corresponding valués of w and ké . Most probably the
observed backﬂbendihg is due to ahsorption of light
incident on the PMA structure at angles 6> 6, as
mentioned by Koverner and his co-workers [8 J. This
.can also be checked by observing the continulty of the
transversé_power flow at y = =h £for thesse cases.

The field’distributions for this cage of strong
absorption are shown in Figs, 3.35 through 3.45 for
different cases. Common to all theage fligures is that
most of the field is concentrated in the £ilm. The amount
of field in fhé.boundinq media decreases with increasing
frequencynandréhe field distributiong at higher freguen-
cles, wave vectcré} and damping show complicated patterns'
at the interfaces of the film and within the film, sec
Figs. 3.42 through 3.45. Notice that the field distrib-

utions shown in Figs. 3.35 through 3.42, except ¥ig. 3.40,
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behaves in the same manner which seems like the anti-
synmetric distribution of the symmetric environment,

see Fig. (3.20). ThisApart corresponds to © and k! just
below theﬂuppercat off wave vector ki*, see table 3,285.
The field distribution changes ité behavior totally at
the upper¢uwt off wave vector ké* ; See Figs. 3.43 ¢
through 3.45 the distribution show some common features
and seems like the symmetric distribution of the symmet-
ric environment, see Fig.{3.21)

Therefore for o and k; corresponding to back~bending
segnent of ™ mode .the field distributions dre different
from the distribution corresponding to w and k; less
than w¥ and k;*. This change of field behavior from
anti-syrmmetric to symmetric like distribution is related
~to the phenomena of artifictal anomalous dispersion and
with maximum field intensity in the film/air interface,
which reminds us about transformation of incident 1ight
into surface plasmons i.e.,) the incident 1ight is almost‘
totally absorbed. This lifts our suspicion that the back-
bending is due to reflection. Fig. 3.40 shows the
existence of'siight modulation (bending-back and return)
near ® and ki'éorresponding to the,figure , for the w~
mode curve, the reason for this needs further study, see
table 3.25., At éhe frequency under consideration the net
power flow drops close to zero and again abruptly
increage at the same frequency which means that this .

frequency is an eigen frequency in some unknown material
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in the Prism/metal interface i.e., absorbing and instant-
ly radiating it back with the same frequency and different
wave vector. This does not appear for weak absorption.

: + 1 '
.22 Analysis of the Upper mode o (ko<kx < kxo)'

For the same thickness of 800AC, the physically real

-4

part of »” mode and its physically unreal part appears

as discrete points only, see Fig, 3.23. Here we consider
the physically real part of w? mode for the cases of weak
and strong absorptions in the asymmetric environment,

i) Case of weak absorption

The dispersion curve which is a small segment
with three discrefe points between O.8mp and 0.%_ is
shown in Fig. {3.23}. This segment alsoc shows back-bending
behavior, see also table 3.22. The net power flow in
ox~direction drops to zero at the last frecquency point
which is described, as usual, as a phenomené% of artifi-
cial anomalous dispersion i.e., absorption of incident
light, see Fig (3.26) and table 3.24. From Fig. (3.24)
the k; corresponding to back-bending segment of wt mode
shows abrupt growth of damping (k; increases by 10 orders)
see alsgso table 3.22. k; of w' mode and w- mode for this
case shows similar behavior whereas the k; of w?t mode ané
»w~ mode for symmetric environment differs by about 3
orders of magnitude, see Fig. (3.6). The corresponding

field distributions are shown in Figs. {(3.29) and (3.30).
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At the frequency point O.81mp the figld is exponentially
decaying in all of the three mediafﬁthe decaying in all of
the three media, the decay of thé?field is fast in air, slow
in prism, and redium in the film. Most of the field is

in the bounding media, mainly in the prism. at o ¥ 0.8%
the field remains constant in the film and shows damped
oscillations of different nature in air and prism, here
the field is pushed into the film. This frequency
corresponds to back-bending i.e., the corresponding ké isg
clsoder to kO (wave vector in air) which means that sur-
face polaritions of this mode are dlmost transformed into
light (photons) which is responsible for the observed
radiation (leaky plasmons), absorbing the incident light
at o N O.89wp and corresponding ké and radiating it back

instantly at same w and ki .

ii) Case of strong absorption

In this case physically real part of the wt

mode is represented by five discrete points with one point
far remved from the rest at very large k; at w Y 0.714wp,
figqure the separate point of the wt mode at the right
has about the sane k% value with ké* corresponding to
w- mode, see table 3.25 for comparison. to table 3.26 .

The net power flow in ox~direction shows that the net
flow corresponding to this separate point is close to zero
which implies the existence of artificial anomalous disper-

sion at the oorresponding eigen frequency which is also

true of the last two points in back-bending segment,
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The only frequency almost non-absorbing is ¥ 0.814w0, see
table 3.28. The corresponding field distributions ;re
shown in Figs. (3.46) and (3.47).. At the frequency point
0‘814mp, the field behavior is almost the same as the weak
absorption case except that the deéay in the bounding medié
and film is slightly increased. The behavior at ¥ 0.89wp

is practically the sane.

t mode corresponding

The physically unreal part of w
to both weak and stroﬁg absorptions is also shown in
Figs. (3.23) and (3.31) with similar behavior. This part
also appears in asymmetric environment, It is characteri-
+

zed by vg<0 and k;<0. These makes this segment of w

mode unphysical.

- 1 1 ¥ L]
Analysis of the Side Mode (kx<ko<Kxo}

As in @he symmetric environment the side mode appears
as an extension of " mode, extending upto wP. It is
shown in Figs. (3.23) and (3.31) with similar behavior in
both cases of weak and strong absorptions. As usual this
mde is characterized by vg<0, k;>0, and discontinuity in
the transverse power flow at the interfaces. Two of these
makes this rode unphysical. Note that the existence of
wt, w”, and side modes in the strongly asymmetric
(ssa # 81) environment ig also new result not found in

literature. The difference in the general properties of
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the dispersion curves for the two environmeﬁts is that
the existence of back~bhending segment and upper cut off
k'* in the o~ mode of the asymmetric envimnment which is

also a new rasult.
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Tahie 3.21 StL3en, Dependance of the PEAL and the IMAG. paris of the
f SPI1P OX-uwavevector in PHA confrguration: E2 = 2,25 | E21= E21{w} .
B22 = E221wY El = 1 Pisama frequency Wp = 1 E+13 Hz, Relaztion tame Tan =

081 see . Thickness of the failm H= 300 "A°

Lo EER wf-3 BRANCH

wlp Ko Four Kxor Exi N
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21183 7 038RRLE<05 +2 14B2176E«06 47 .208R7BE+0%  +8 4150E-06 10
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Table 2.22 . fL20). ° Dependance of the PEAL and IMAG. parts of the SPLP
OX-wavevector in PMA configuratien @ EX = 225  E21= E21(w},

E27 = E22f¢u), Fl = 1 Plasma frequency Wp = 1.E+19 Hz, Relaxtion time Tau =
001 sec. Thickness of the Film H= 800 '4.°
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E22 = E22(w), E1 =
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falculations for the vower flow in Kretschmann PHA
configuration with dielectric permittivities: E3 = 2.25 | E21= E21(w),

1 Plasma frequency #Hp = 1 E+15 Hz  Relaxtiion time Tau
.OG; sec . Thickness of the Film H= a0 ‘a. ' Y-coordinate = 0 'a’
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Calculations for the power flow in Kretschmann PHA

configuration with dielectric permittivities: E3 = 2.25 | E21= E21fu),
1 Plasma frequency Up = 1. E+15 Hz, Relaxtion time Tau
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Tible T .25 JFL3PY Dénendance of the PEAL and the IMAG. parts of the
SP1P OX-wavevector in PHA configuration: E3 = 2,25 | E21- E21Cw}.
E22 = E22(w). E1 = 1 Plasma frequancy Wp = 1.E+15 Hz, Relaxtion time Tag =

1.E-13 sec. Thickneas of the film H= 800 ‘A’
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.31154  +1,039154E+06  +4 ,6978B641E+06  +1.099835E+06  +1.5506E+0S 16
33667  +1.122971E+06  +5.5763579E+06  +1.202433E+06  +1,7837E+05 19
J36178  +1.206787E+08  +6.5834977E+06  +1,308383E+06  +2.0735E+05 21
.38692  +1.290604E+06  +7 .7467775E+06  +1.421786E+06  +2.4219E+0% 23
41205 +1.374421E+06  +9.1065602E+0&  +1.540936E+06  +2.8679E+05 25
43718 +1.458237E+06  +1,0725706E+07  +1 G6B554E+(6  +3 . 4716E+05 27
.46231  +1.5420S4E+06  +1.2710679E+07  +1,806972E+06  +4.3569E+05 23
.48744  +1 .625820E+06  +1 .5266216E+07  +1,959458E+06  +5,8292E+0(5 32
51256 +1.709687E+D6  +1.8304444E+07  +2.130745E+06  +4 0133E+07 37
.91236  +1.709687E+06  +1 .8879715E+07  +2.130745E+086  +8 91ABE+(5 38
53769 +1.793503E+06  +2.5351088E+07  +2.327988E+06  +2,0609E+06 45
53769  +1.733503E+06  +2,9351088E+07  +2 ,327988E+08  +2.060SE+0§ 49
.D6282  +1.877320E+06  +2.9276670E+{07?  +2 . 562615E+06  +1.7262E+07 5
.98735  +1.961136E+06  +2.2501014E+07  +2 854211E+06  +1.9293E+(7 57
Table 3.26 .(L37). ..Dependance of the PEAL and IMAG. parts of the SPIP

0¥-wpavevector in PHA configuration :
E22 = E22(¢w), E1l = 1}

E3 = 2.25 , E21= E21(w),
Plasma frequency Wp = 1.E+1% Hz, Relaxtion tiwe Tau =

1.E-13 sec, Thickness of the film H= 800 ‘A
UPPER .;(+\ BRANCH {physically real part)

w/lp Ko Kxr Kxer Kxi No
71359 +2.380219E+06  +2,9451654E+07  +0.000000E+00  +3.5280E+07 83
71359 +2 .380219E+06 +2,9451654E+07 +0.0000D0E+DD +3.5280E+07 87
81410  +2.715486E+06  +4.0673356E«06  +0.000000E+00  +4.2794E+(3 96
§3923  +2 .799302E+d6  +4.5646083E+06  +0,000000E+00  +2,4126E+«05 101
.86436 +2.883119E+06 +4,3258662E+06 +0,.000000E+00 +1,4054E+06 162
88949  +2.966935E+068  +3 ,6323615E+06  +0.000000E+00  +1,.B085E+06 185
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Calculations for the power flow in Kretschmann PHA'
. E21= E21¢w),

configuration with dielectric permitiivities’
E22 = E22(u), E1 = 1

1.E-13 ssc,

Plasma frequency

E3 = 2.25

Wp = 1.E+1% Hzy
Y-coordinate =

s m ar m A R N m ¥ S 4k TP W e SR ¥R e M WA A = b S % A RS e T et A = O m e e o e am mw bR b e e % gm ab ik nm i e Ba R MR e MR A b ek Y= o AL AR M L g S4 e e a e mE e i

Thickness of the filw H= 800 '4.'

Relaxtion time Tau =

&
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000412 -0,
.850915 -0
011207 -
. 0067509
.049487 -
104754 -,
154863 -,
.192489 -
218800 -
.2368918 -
248207 -,
257182 -
261765 -,
263384 -
2621998 -
256124 -
250877 .
.239987 -
224788 -
.204391 -
177635 -,
143038 -
080629 -
088787 -
043675 -
043675 -,
028637 -
165099 -

-0

0400000

.00600000
.000005)
.ongoong
. 0000431

4001671
0004530

0010053
.0018635
0035072

1058630

.0093128

1142056

.0209689
0301275
0423228

0583402

3791427
.1059200
.140162%

18378396

.2394052
4818988
.3108996
. 4051242

4051247

4848189
4866233

989588
.148085
. 988788
992491
850470
. 885079
844584
. 806505
779237
. 799575
7449331
733496
7240310
715647
707674
689553
690783
.680870
669292
.655447
638575
.B1755%9
437472
.590313
551201
551201
. 486544
408278

-2.75E-14
-4,73E-09
B6E-13
V22E-12
S51E-12
.05E-11

L06E-11
L33E-11
.4BE-11
J52E-11
LB0E-11
L 42E-11
.29E-11
.14E-11
J95E-11
J75E-11
52E-11
J29E-11
L05E-11
. 02E-12
.58E-17
,73E-10
J27E~12
 20E-12
20E-12
.78BE-12
25E-11

J63E~11.
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Tahle 3.28

AL37)

Calcalations for the power flow in Kretschwann

configuration with dieleciric permitiivities:
E22 =~ E22(w), E1l = 1

PHA

E3 = 2.95 , E21= E21(w),
Relaxtion time Tan =

Plasma freqaency Wp = 1.E+15 Hz,

Px2 -

Thicknése 'of the film H= 800 'a&.®

¥-coordinate = 0 ‘A’
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BRARNGH (physically real part:
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1.E~13 sec,
UPPER

w/llp Pxl

71359 +.491840 -
71359 +.481800 -,
81410 +.056528 -
83923 +.327276
86436 +.320113 -
B8349 + 317149 -

48511018

4851018

3495256
-. 4174241
4805780
. 4830035

023098
023098
893947
255305
199309
. 199647

~2.14E-08
-2.14E-09
-3.95E-12
-1,48E-10
~7.67E-10
~1.18E-09

-2.14E-09
~2.14E-09
-3.95E-12
-1.48E-10
-7 . 67E-10
-1.08E-09

+1.00E-19Q
+1.00E-10
+6,25E-11
+1.16E-10
+4 ?7E-10

1

+6.78E~-10 1
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H = BEB A. Ko = 33355.5763043 Kxpr - 5@925. 7418786
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Fig. 2.39
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3.3 A suggested Modification of the Existing

SPLP Method.

" The existing SP;P method found in literature is
" reviewed in section 1.2, The reasons which initilated -
the modification of the method are |
1} The previous study by Mr. Abdurahman Ahmed and
Dr. D.A. lLetov [13_3 revealed that-the existing SPLP
method fails: ) '

' o
a) at small h, thicknesses less than v 250A

b} near h Eho?t' where Rmiﬁ -+ 0_

y f Oo4wilo
c). or wp B

1i} As mentioned earlier the method cannot be applied

to the symmetric enyironment (Ea = 61).

1ii) Upon solving the exact thin film digpersion
équation (2.1) numerically by the computer using the
'Downhill' method for the asymmetric environment we
observed that there exist several new results which aré“
not shown by the approximate analytical solution of ﬁhe
existing method.
We avoided thé Tollowing asumptions used in the existihg
SPLP method. , |
15 Réix X Reﬁko

2) Approximate solution for k; .
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By avoiding the first‘assumption one increases the
accuracy in the determination of e; ' which'particularly
improves with growing frequency, fhe elimination of the
/former also allows the Qetermination of small h value 5
physically possible for both environments and avoids the
over estimation of radiation damping in the case of weak
absorption, see fig. (2.12) and alsé the under estimation
of radiation damping in the cage of strong absorption,
see fig. (2.10) |

For the modification we borrow the fo 1llowing

expressions from the existing method: s
: : £°¢ ]
" . Uy = 1 stan res
1) e’ (eres,Rmin,wO) 5~ (1+ vRmin)

o 2 2
(e;2 e3Sin ares)

(3.1)
II) ke = k,8in eres (3.2}
IIT) k; =’ gggigugu_ : | (3.3)
res

Where k3 = kon3 is the wave vector of light in Prism.
From section 2,1 we have the following equations
satisfying the tkin film dispersion eqn. (2.1).

Fyle)r elih, k!, kg) =0 B (3.4)

F:‘Z(e;; €, h, k), k") =0 (3.5)

From egns., (2.13) and (2.20) the expressions for Fl

and F2 are
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ﬂgkg .
I Yh 4 gin ¢ . (3.6)
. - u
P, = (22482} e 4k27y111 (3.7)
Where
A= ByTsy  ThiThs | (3.8)
B = rilr53 + r;lré3. - {(3.9)
C = 2kéyh (3.10)
Wwith : Coe « (6 k. )*
o I€1k2y52 ~ ]Egklylz e - ZIm(elkzy(ezkly) )
21 D - 21 D
(3.11)
x - » . L %
o _lE3k2/ '2 _ IE k3Y!2 e = ZIm(ngZy(ezkISy) )
23 R 23 B
Where
. 2+ . ® .2 . [ .
D l€1k2y| lezklyi + ZRe(elkzy(szkly) }
- }0 2 L] - 2 + ’ L] L3 L] *
E 'Ieékzyl +I€gk3yl 2Re(e§ﬁ2y(€2k3y) )
and ; - 2“_ - °2 . _
kiy = /;;.ei % ; 1= 1,2,3. (3.13)
= 1] .
kiy kiy + ik;y
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eg » ko and k2 are determined experimentally using

the ATR device by eqns. (3.1) through (5.3). After fixing
jtheif values and putting in egns. (3.6) and (3.7) we have
two equations with two unknowns e;' and h. Therefore

egns, {3.4) and (3.5) can be written as

!l

Fy (e}, h) =0 (3.14)

F, (¢! , h) (3.15)

i
o)

Which can be solved simultaneously for e; and
h numerically by the computer using the 'Downhill'
method..

3.4 Sumnary and Conclusions

" In trying to improve the existing SPLP method we
assessed both symmetric and asymmetric enwdt onments of
Ehe film. - The restriction upon the type of the environ-
ment i.e., Ehe'requirement that the environment must be
strongly asymmetric (e # ¢ ) is lifted. The modified
method suggested in the thesis can be applied to any
type of enviromment in which the film is placed. It is
also impertant to note that the modified method does not

require any preset model for the € éz(w) function.

e
Therefore the applicability of the method can be very
large covering not only different metal films but also
various semiconductor films. The studies of the dielect-
ric function are very useful in the determination of the

gverall band structure of a crystal since éz(w) depends

sensitivaly on the electronic band structure of a crystal.
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Several new results have also been obtained upon
sélving the thin film dispersion eqn. {(2.1) nuﬁerically
by the computer using the 'Downhill' method. These are
i) the existence of back-bending segements for

both environments in the o~ and o' modes.

ii) the existence of w™ and w' modes for the
asymmetric environment. However, the w’ mode appears
only as discrete points,

iii) the existence of upper cut off wave vector ké*
for Ehe 0™ mode of the asymmetric environment.

iv) the existence of 'side' mode which appears as
an extension of "’ hode. Tﬁe 'side’ mode is labelled
unphysical.

iv) the existence of modulation in the 0~ mode of
the asymmetric environment (63% e}) at about O.Slwp .
‘However, this latter point requires additional studying
since the-type,of field distributions obtained at the
corresponding points of the dispersion curve does not
fit any of the standards knovm so far.

The deriwvation of the experesions for the components
of cycle~average power flows in the PMA structure is also
our achievement. We have not come across these sxperess-
ilons in literature. These expressions for the power flows
can be applied without any restriction on the type of the
environment, see appendix B. We have also shown, atart-
ing with the thin film dispersion eqn. (2.1), the

splitting of the dispersion eqn. into &~ and ot modes
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in the symmetric environment, egns. (2.22) and (2.23),
for very thin metal fllms, see abgendix A.

The back=bending and modulation segments are
checked fér Physicall validity and we described them as
a consequence of artificial anomalous dispersion which
is most probably due to absorption of the incident light
on PMA structure since the net powér flow drops Very close
to zero for T small or is zZero for T big. It was
found out that the magnetic field distributions change
their symmetry properties at w and k; corregsponding to
these segments. }

Tt is also established that part of the w* mode
dispersion curve is physically unreal. The physical
validity of this part of thig part of wt mode has not

been checked in literature | 9:].
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Appendix A

Derivation of the Splitting of the dispersion equation of

thin metal filw in the symmetric environment (63 = El) into

'éwo branches.

The clasgical thin metal film dispersion equation in the

agynmetric environment is

» » y h
¥32¥21 e?thay '
+ 1 =0 (A.1)

For the case of symmetric environment, e, = &,

32 7 X2
This implies
¥yt ezlkzyh
¥ .1. = O (Aoz)
but ,rlz e

Thus egn. (A.2) can be written as

. ik, hy,
1= (i, e2y1? = 0 (A.3)

Equation (A.3) can be interpreted as a difference of

two squares, i.e., Like a’-~ b? = (at+b) {a-b) and hence

(1-r,, e™2y™ = o (A.4)

© ik, h
(1+r21 e "2y}

By putting each bracket in egn. (A.4) equal to zexo, we

have ik

1+ ;91 e th = 0 ‘ {(7.5)
and .
* 3k, h
- r,y ® 2y = 0 {A.6)
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Where ¥ is Fresnel's reflection coefficient for

21

P-polarized light, see eqn. (1.13), given by

: k,. k k, K
T e S S G 4 (A7)
- € 81 £ €

2 z 1

Putting egn. (A.7) into egn. (A.5), we have

¢

K k 4 X o .
( 2y iy) + 421 _ .lz) eikzyh = 0
€ £ £ £
2 1 2 1

This implies

k o k e
S N R A O N I T

E €
2 1

ik

Dividing throughout, eqn. (A.8}, by (l-e 2yh) we get

. . ,
1
ly , Y2y @M1
e s 1- eikz h -
b 2 ¥
This goes to
Sy o Fay M any L
“y 5 oMyt (3.9)
but
ik, h . ik
e 2y + 1 ctgh ( th)
ik, h 2

e T2y -l
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Now egn. (A.9) becomes

Tk K ik. h
S ) 1 o AN S (2.10)
€ £ 2
1 2
since ik. h =ik, h
~ctgh ( «ng—d = ctgh { =2 -) ., eaqn(A.10)
2 2
can be written as
Y K ~i%k. h
W+ 2 cegn ( —2 ) = o (A.11)
£ £ 2

1 2

Multiplying eqn. (A.11l) throughtout by e e we have

. . -ik. h

2y = o
K1y * €, ky, ctgh ( ) 0 (A.12)

but in‘egn._(A.lZ) the argument can be simplified as

~ik, h ko n -
2y i L2y (a,13)
2 i 21
Hence eqn. (A.42) takes the following form
. k. h
2 - . ) - 2 - \
Ezkly +4 elmzy ctgh (ugzl ) 0 {A.14)

s

Similarly, putting egn. {(A.7) into eqn. (A.6). we have

-
» - L4

-k k k -k *
2y SLvy L 2y L Cdyy ik, b
[ £ £
2 1 ) 2 R
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This lmpliles

x . k. .
I R A R s W
j €, € (A,15)

Dividing eqn. (A.15) throughout by (l+et¥2y!) we get

K ‘k,. . ik_n
iy + 2y ( l*e 2Y } =0
: ik h
el Fz 2y + 1
This goes to
x K, - . ik, h
R R SR A S (A.16)
81 82 elk2yh + 1
but .
oAk, ho ik_ h
g 2y -l = tanh (——2¥-)
ika + 1 2
Now eqn. (A.16) becomes
k K ik, b
mizm__ﬁ, TEX tanh ( __EX“} = O {A.17)
e1 52 2

, _ 2 h ! “Lk h
gsince ~ tanh{ »—2¥. ) = tanh ( —m—wxw} . egn. {(ALLT,
2

can be written as




)

x "
B S N N i) A (A.18)
B o €
1 2

Multiplying eqn. (A18) throughout by 8152 and
using eqgn. (A.13) we get

] L3 k Y h ’
. ) 2y -
Ezkly + €3k2y tanh ( 5T ) 0 (A.19)
So eqn.s (A.14) and (A.19) aye the final forms of
the splitting of the dispersion egn. (A.2) into two

branches. 8o the eqns. corresponding to the upper mode

(w+) and lower mode {w=) are

-

+ + ¢ . y kz h
8 or LT = e R t ek, tanh (-2 = o (a,20)
2 Ly 12y 24
0t LT = e k * kzh = 0 (A.21)
2 ly + £ kz ctoh ( »ﬂxm) *
RS ¢ 23
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" APPENDTIX B

Daeryivation of Cycle-Average Power Flow in Kretschmann

PMA Configuration.

The ¢ycle~average power flow is given by

<g> = uﬂ (G % H*) (B.1)

Suppoge a T™ polarization,*ﬁ = ﬁz' wave incident

on the film. From Maxwell's eqn.

-
rot H, = °f Qﬁ, {B.2)
. 5t
We see thaf-
o= - (B.3)
- W
L =gt Eyj
Now egn. {(B.l} becomes
o 2 L o owey 4 L .
<g i+ &Yj> = ERG (hyﬂé) i - wRe(EXHZ )J
xResokving‘gives
= L R P Uk )
<s> = " e (EyHZ) (B,4)
<g > = = = R_(E_HY)
¥ 2 8 X 4

The magnetic field distributiong

i

for the three media are

_ ik .y + ik x-wt)
Hzl = Al e T ly b4
ik ik -wt
H,, = By e“ik3yy + i(kxx = wt) (B.5)
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From egn. (B.2), we have
E - 1 Hzi
Xl" =10 ay
- (B.6)
H
Eyi = ___l__ f zi
iwe, o
vhere i = 1,2 ,3.
For our layered system, using eqh (B.6) we get
k
. _ - lﬁf ﬁ
x1 z1
we
y
E g’z P ik, ¥ ik, yeq i(k _x=-wt)
%2 = ==L e, e2yt + B, e 2y Jem Tx
we
z
X
& - ‘:-“;?-X & .
®3 - . %3 (Bo?)
we
3
and .
kx .
Byr T o P
)3
ke,
I S
Bya T H,y (B.8)
-, )
R 'kx .
hyg ) WE Ha3
3
Using eqns. (B.7) aud (B.8) in egrn., (B.4) we have
: - 3y X 14 2
<g_,> = < R I, ,1? where 1 = 1,2,3.
B2 e e, (R.9)
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and .
' k
1 ly .
<g_,>» = S R H
¥l 2 e wg | 7217 (8- 10)
/
1 2 © =2k v
<g ¢> = = =R ¥ -l a, |2 2 +
sYl h e a2 [ ' 2‘ e y
2
Sz 2kM v =2ik)y | pY L ~24K3 oy, -2k
IB,12 e““2y¥ + B & 2 A2B2 ¢ 2y e x
s8> = - kR Fay | H,,]° (B.12)
Y 2 ® ue z

Now we need to express the amplitudes Al Az, and B2
interms of A3. This is accomplished using boundary
conditions at the two interfaces i.e., continuity of the

field vactors E ana .

0, {(metal/air) interface

i

At y

E =L and HZ = H

x1 x2 1 z2 (B.13)

At y = -h, (prism/metal) interface

E&2“2 Ex3 and sz = HZBA (B.14)

‘rom EqQn. (B,.13) we obtain !

- - 8 . k - * » [ »
A = gimﬁgx (Az - Bz) and Al = Az+Bz' respectively.
1 2 ly

(B.15})
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From egn. (B.1l4) we obtain

koo L . "k, . cik, h
Tix(aAz e lkzyh T B, elk2yh) == - A, e 3y (%.16)
€, e

}' -
and .

(Az emikah + Bz e%kzyh) = AB elkBYh

respectively-

Where kiy are determined by solving the wave eqn. for each

mdium
£y azﬂzi :
v’—Hzi = el o , where i = 1,2,3. (B.17)
. o2 ol
and is given hy
ki, = [kgeg -k 1% (8.18)

From eqns. (B.15) we have

cL x ! k1 k ‘ |
B, = A, 2Y Xy /| T%X + .AY) (B.12)
& € € e
2 2 5 1
From eqn. (1.13) we see that
& » }; {I .
. B -k k k
po= 2 . (I, My My (B.20)
21 A, £ € S €
2 1 2 i

is the Fresnel reflection coefficient at metal/air interface.

From egn. (16) we get




~

- - * .- Zik h
By = By xyy e 2y (B.21)
where . . . .
| ) K. k. K k
| r,, = (X . 3,2y, T3y, (B.22)
€ € £ £
) 2 3 2 . 3

ies the Fresnel reflection coefficient glven by eqn. .
(1.13)

Using egn. (B.20) in egn. (B.21), we arrive at

o 2ik, h _ c 2ik,_h -
¥,1Tp3 € 2y = 1 or Yy1¥3q © 2y + 1 =0

(B.23)

This is the thin metal film dispersion eqn.

Now we need to express A2 interms of A3 using eqn.
(B.20) in the 2" of eqn. (B.16), and also using eqn. (5.23),
we have .. y N
’ r23A3.ei(k2y +_33ylh

A2 - . (B.24)

’ 23 + 1

and using egqn. (B.20) B, can be written as

- ]

B = AB‘ei(k3g_—k2y)h (B.25)

2

. r + 1
23

Using eqn. (B.15) A, can be written as

? L «
. A, i(k,. , k, )h . T
Ay = 3 e ‘22 + T3y £y, + a 21k2yh~j
r?3 + 1

(B.26)

|
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In the expressions for the power flows we frequently
|7

come acrogs terms like |H ' i=1,2,3.

21

For mediuvm 1 (air)

j ln 12 = a2 e"‘z"‘;yy - 2k x (B.27)
For metal film (2)
]ﬁ22|2 = [ |A212 eu2k§yy * Iéz|2 eZk;QY + Azé; o221k Y
+ B A; e«Zik yj =2k“x (B.28)
For Prism (3)
o512 = [ag]% e*F3yY - 2kix (B.29)

Putting egns. (B.27) through (B.29) in egns. (8.9), B,10),

and B.12), we have gor the x-components

1 %% N ~2kY y ' |
<8 > = =R, AP e Tyt - 2kix (B.20)
2 we
)
b
5 1 R k;{ E 1' |2 '"'Zk" y + lB [2 kg v o+
<s = — A 2y e
%2 5 e 2 :
3
— Zik =21k -2k!'x a
+ BB, e 2yY 4 BAr e “M2y¥le e x (B.31)
S R NTWCIC L B (B.32)

. 3y
X3 ? [ we
3
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and for the y - components, we get

o

~2k" y - 2k!x (B.33)

& = .:.L... : 2 2
<”y1> =5 R we lAll ¢ iy
1
<s > = - X R i%i[}-!g; | 2 ek vy, B lzezkg y
¥y 2 e 42 2 2y 2 y
2
. . =2k ¥ (B.34)
ir =21k} ¢ 21k v 9.
% BZAZ e 2yy - A2B2 e gyyj e X
‘}.i . 3] - "
<8_,.,» = —= R 23y 'A 12 82k3yy 2k = {b.ooy
Vo e We 3

3

The next step is to replace Ayr A, and B, by

their expressions interms of AB’ eqns. (B.24) through

{(B.26). Hence

N y : i - - n - ]
lAz |2 . £r231 2 IA-?'] 2 ZkZXI;I 2k3¥h
y 2
lryal %+ 2200+ 1
- T f
'Iézlg 3 Bz d=2ky h +_2k%yh5
- - 2 \
- |r23 |2+ 208, + 1
‘ ~2k% h 24k} }
A, + B ray |Bg|7eTay" ARG
2 ‘ 2 - » 2 t 5
[£,,1% + 2ris + 1
y : ~2kf2 h ="2ik! h
]-3 . };‘; _ r2§ _lAB l e 3y 2y
2 2 '
lryq1% + 2r, 3 + 1

{(B.36)

(B.37}

(B,38)

{B.39)
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IA ! 2 # . . " "
e I EON L "aE R A

|xoq 174215541
2(ry3 cos(2kj h) - rjq sin (2k5yh1)3 (B:40)

Egns. (B.38) and B.39) should be resolved into Re and

Im parts.

The complex term in eqn. (B.38) is

* 2ik: h )
r,.e 2y o et coom . 6
23 (r23 + ir,3) . (Cos(2k2yh)+

i sin (2kéyh)) N
= rzé cos(Zkéyh) - r§3 sin (Zkéyh)

+ifryy sin(2kj h)+ r,3 cos (25 b

Thig implies 1 !? E
A.1T =2k."h |rl
¢ o ®

- LI, )
cos(Zkfzg) =Yo3 sin(Zkzyhtj

|£23f2+ 2rh, + 1

(B.41)
’ » ~2k" h rr! .1 -
G . | A3| e “Rayt [ 23 cos (2k} h) 4 ry3sin (2k ', h)f
2 " T2 B 9 ;
|r23[ + 2154 r1
(B.A2)

The complex term in eqn. (B.39) is

L* o gm2ikj b
— 1 - £ 3 -
23 = [ r5; cos (2kj h) £5,8in (2k3 h)]

- i Kr§3 sin(Zkéyh} + rzg cos(2kéyh)j
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That 1e
. ) o B . K
Re(A2 Bz) Re (B2 s ﬂz)
w -3 s . n
i Tm (Az Bz) = = Im (Bz . Az) (B.43)

Using egn. (B.43) for the last two terms in egn. (B,31)

. . 2ik} y N -21ik!
* . - = !
A, . B., e 2yt A BZAZ a 29 = 2 Re(Az . Bz*)cos (2kéyy)
- 2 Im (Az . ng gin (2k§yy) (B.44)

Similarly, for the lagt two terms in eqgn, (B.34)

- - 1 ¥
Azﬁi eziKZyY
0 aie _ =2ikd

- b
BQAZ e 2y

= 34 [Re{az « By ) sin (Qkéyy)

* "~ -
*Im (A, . B) cos(akéyy)j (B, 4

Using egns. (B.36) through (B:45) in egns. (B.30) through
(B.35), and also using the trigonometyic relationé
sin (o + B) = sin o cos B 4+ cos o sin B

cos { & + B) = cos « cos B - sin o sin B (B.A5)

We are also recolving the terms in eqns. (B.30) through

4

(B.35) . into Re and TIm paxrts,

In egn. (B.30), the term

-— ¥ : i ' =
k. = ke + ik2 . d.a., R, (k) k

% (B.47)

W
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In egn. (B. 31), the texm

X kY e’ je" k! g' kMed  rktet "k
' kX i k}{ + Lk}( N 2 '3‘: 2 . R ot H 2 + ;E[, R 2 2 X%
e et diet el - ie¥ P12 T
/ 2 2 .2 2 2 IE | le |
: 2 2
(B.48)

in egn. (B.32), the term

— 1 3 1 )
Ky = kg *iky | (B.49)

In egn. (B.33), the term

kly = kéy +fikgy (B.50)

In eqn. (B. 34), the term

1 o ) L . 1 ] # 4] u
oy o RagetRay  fpmte L FaySafayt,
é et 4+ ie” e' - ie" [e |2
2 2 T2 2 2 )
P 1 I t 1
o F2y®s - 2y
[e 1? (B.51)

In egn. (B.35), the term

. 4 iKY . (¥7.52)
3y p

9
k3¥- kSy
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tow egns. (B.30) through (B.3$) can be written as.

' k! epgkgyh 2k" h
¥ Y ‘ -2k3 h ;
jos L > = E‘r23J2 e "2y t ey
2@&':%[_ lr2312+2r2§ + 1]
* 2(r3y cos(ey ) - xyy sin(zky b foe"2EyY
23 2y 23 Y (B.53)
=-2k" h
k'e? e)) e "3y " 2 *Zk" (h+y)
S8.97 = ¢ X 2 + X 2 - Eir23'|
20| € ,z(lr [?42r2. + 1)
o a3 23
+ e%% (h+V) + Z(Ké os[ 2 (h+y)jﬂ 2y sinEZkéY(h+y)J)j
(B.54)
. ?k‘ V'
_ ey ~
<§X3> = e ) (B.55)
o 2w€
3
Assuming 1A3|2 = 1 and at x = 0, with the saue assuapt. Lon

for the y ~ compcnents.

~Fxu h
ki = 3 L y mzkw z .
<3z > =f Ly Y — E Ir23-l Z ZY "

[ bx, ]242e0 43
3 23

P % "a
* erﬂ%:é‘yh + 2(rs, cos (Zkz'yh), - Thy sin(zkéyh)j‘. e 2}{,117 }

{B.56)
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-2k4 h . _
Sya2” 7 e E(kﬁya; + kS, E")
€ 2 £ ..
jwie l L 1223] l"2123 17
acea £1 + 2 1] + ] 113 . 11 1
}a(|323l2 ?k (h y) oo k Y(h+y3 Z(k ez k2v€2 )
] Y L+ o it " . =
* (rj, sin [Hkgl‘;(my)j + 1,4 cos Ezzqéy (hty)] ] '
( B,57)
-~k e2k3yY .
<8, > = (B.58)
y3 2we ’
3
Integrating, over y from - o upto + « , the x -~

component:s of the powér flow, the total cycle-average powar

flow in sach mediuvm comes out ag

(%43

<p, > j<slx dy

1
- T
ko 2k} h .
E r l kf’ h
1 ] ) 23 e “R2y +
due Xy [ lf?3| 12 .+
e®ay™ + 2 (x),008(2k] ) - x, sin(2ky h))j (B.59)
¥ - F23 2y 23 .
. . ra
“Ppt = LysSpe @
. ’ ' zkl' I] /'
| Uegel h kg ey) €73y r -l pkgb
- - o 35 -])e
Zwiezfz r ]r23!2+2r23 + 1] Ik v )
: -2k h
=gt Ce™ 2yl 4 Er23sin(2k h) 4] 4

“{ros (2kg ) - 1317 - (B.60)
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A

o
v
i

~h

<

—

dwg

53x> dy

-2k" h
3y

kll
3 3y

-~ (B.61)
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