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Abstrﬂ££

Surface plasmon-polaritons (SP1P) which cen be exciied un
dielactric/unetz] {dieICﬁ'ricfnemicondu:tor) interface can be used as
highly sensitive non distructive probe for the determination of the

dielectric constant e(w) = e'(w) + ic"(w) and thickness h of a metal

semiconductor) film without a preset expression for e(w).

The theoretical background of the method [3] is based on the
solution of the Maxwell's equations which provides the disperssion
equation of SPIP at the surface of a thin metal (semiconéuc:or) film
and its interpretation in terms of attenuated total reflection (ATR)
characteristics, The physical sense of the solution is demonstrated
through the power flows and the field dis:rZbutions of SPIP aund other

possible excitations.

It is show. that for Strong absorbing metals (semiconductors)
low raaiative SPIP can exist at frequencies higher than the plasma
frequncy Hp._ The analysis of the approximate solution of the approximate
solution of dispersion equation for thin metal (semiconductor) film [3]
established a well-defined limited frequency range of its applicability.
It was found that che upper frequency limit depends upon the thickness

of the film and falls down from W co "0.35 W as h+0.
e p/ 2 P

A computer model simulating realistic experimental conditions of
measurement ATR characteristics 1s discussed. The accuracy of e'(w),

e"(w) and h determination is established.
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The internal degrees of freedom of a medium generally excited by
the passage through It of an electromagnetic wave. Infact because of
the medium, the electromagnetic wave becomes 2 new type of wave in
which the original electromagnetic iield is modified by the incuced
polarization of the medium. This new mode of excitation is known as
a polariton. For example, a photon coupled to the elementary excitation
of an electron plasma in metals or semiconductors is called a plasmon
polariton. A photon coupled to the lattice vibration in a crystal is

called a phonon polariton, and so on.

Under certain conditions plasmon pclariton propagates along the
boundary of metals or semi-conductors with dielectric medium (discussed

in Chapter I).

This type of elementary excitations is called a surface plasmon
polariton (SPiP). The electric and magnetic fields of SP1P are taking
maximum values at the interface metal or semiconductor/dielectric medium
and are exponentially decaying with distancc from a boundary in the

direction of normal.

Concentration of the electromagnetic fleld near the metal or semi-
conductor surface makes SP1P very seasitive to minor changes in charac-
teristic quantities of Iinterfacing media (like complex dielectric

permittivity € = €'+18") and to the state of roughness of the boundary.

Therefore SP1P constitutes a highly sensitive non-destroying probe
for measuring purposes, particularly in the optical and infra-red

range of frequencies.



Practical implementqtion of rhis possibility relates with the
techniques of attenuated total reflection (ATR) through which SP1P
is excited in the specified range of frequencies. The demands of
this technique 1is based on the fundamental properties of SP1P which is

the subject of investigation in Chapter L.

Excitation of SP1P is also possible when we deal with metal or

semi~conductor thin film boundaring dielectric media.

Particularities brought about by a finite thickness H of the film

are discussed in Chapter II.

The approximate dispersion equation of SPIP at a thin metal or
semi-conductor film and the approximate theory of ATR, showing the
relationship between the reflected radiation and €', £", H of the thin

film are the subject of Chapter II.

Chapter Il is also dedicated to the exact theory of ATR, showing
how the dispersion equation of SPIP can be interpreted interms of the

resonant angle -of ATR,

The equations derived in Chapter 1I form the thecretical basis of
the method for the determination of €', £" and H of metal and semi-

conductor films via SP1P excitation using ATR technique.

In Chapter 111 a computer model simulating realistic experimental
conditions of measurement ATR characteristics is discussed. The

accuracy of &', 8" and H determinacion is established.



C_!I !l'_:_&'r__l

a
" ——

1.1 Derivation of SPLP dispersion equation gsemiinfinite media case.
“* s

Suppose & 1M polarizetion H = H/ wave iz incident on the interface

n,/n, of two media as shown in Fig. (&l).
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Fig.{1d4) General view of a boundary between semi-infinite dielectric

medium dnd semi~infinite metal or semiconductor.
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Maxwell's Curl equations and equation({fl) yield in

3 . +
E = Ex + Ey {t2)
where Ex is parallel to the interface, and EY is perpendicular to the
interface. It is known from the electromagnetic theory that an
acclerating charge radiates a secondary electromagnetic wave in the
direction perpendicular tc the direction of the charges motion. This

implies that the Ex component of the incident srimary radiation sets

up the oscillation of an electrun at metal or sesiconductor surface



A =X iun the OX directibon. The secondary radiation is in the OV
]

direction. The radiation in the y>U direction adds up to the radiation

2 interface. The radiation in the Y€0 direction

is absorbed by the lnd medium.

reflected from tha n_ /n

The EY component of the eleccric field produces oscillation of
the electron perpendicular to the surface. The secondary radiation
. from the eleztron propagates along the surface. Part of the gsecondary
radiation in OX direction contributes to the radiation reflected
from the n,/n, interface and another part of it sets up oécillations
of electrons in neighbouring position X = Xl and the metal or semi-
conductor surface. The same is true for electrons which are situated
below the metal or semiconductor surface at distances of the range of

skin depth. See Fig. (1.1)

Transmittance of the 0Y oscillations in the OX direction via
secondary radiation represent a new mode of excitation called surface

plasmon polariton (SPEP).
Now, let us see the electric and magnetic fields of the guided SPLP.

Suppose the Hz in medium II can be described as:

P =3, X R X = s e
- 2 Ht) —— lo3)
sz A2e Ly e X (

= 1 " a = n g
where sz sz + iKZy 3 Kx Kx + in (the wave vectors) are
describing Propagation along OY direction and OX direction (along

the surface) respectively.

But from the boundary condition, Hye = B, = J (where Hy o (i=1,2)
is the tangential component of the magnetic field, and J is linear densit)
of the current flowing parallel to the inteface), if there is no

A
external source, J = (0 then



then !I't. e (4*1)

equation (4a) impll:s that there must be sowe distribution of magnetic
field in wedium L. Supposing that, magnetic field distribution in

medium I is of the same nature as in medium i i

P 1 Y ¢ S g, g—— (4b)
H21 Al e ' e X

where Kiy = k' + ik o is wave vector that describes propagation

Ly ly
along OY direction in medium I. The value of Kx must be universal for
both medium, since the electric and magnetic fields in medium I and

in médium II are to be matched at Y = 0, at any arbitrary value of X.

From the boundary condition

P P
sz (Y=0) = HZl (Y = 0)

which results A2 = Al = A, where A is the amplitude. Now let us
consider the boundary condition for tangential components of the

electric field, Ex component in this case

ExZ = hxl at Y = 0.

From Maxwell's curl equation we can express Ex through Hz. that is

b A
ki, = ¢ 3B + J, bue =0

dt
i i I kK
or |3 3 -
> 4
ox iy - ~weE, + E)
lo o
Hg, o “leY i (k Xwr)

= 4 e 1 kyy¥pi(k X-ut)



= =qw E ; E wh . 8
3y x X we 3y
8, .
.__{ = iWEy , L S d'HZ
gx = we  Jx

then it follows

x.‘t“m——-lx Hl
e
3
P
Exz"‘*—K--{- Hy
“EZ
K K
At‘EO; —l! ”""___21
1 2
Or Kl, = - rl or Kly = - erl ——— (16)
kéy 2 k2y 2

where €T, and €r, = sri + dg [, are relative dielectric pPermittivities
of medium I and medium I[] respectively. From now on we shall operate
with relative dielzctric permittivities only, Therefore, for short
written?ng representation we shall denote again €ry aé El' and crz as
Ez.

Now let us find the relationship between Kly and Kl using the -

wave equation,

T, v ol B (#7)
2
C at

+ 4
Since we assume thar Hg}ﬂ ei(kl'r' =) Ei(kx x+k1YY il

€quation f§7) can be written as



Ky oKy o KB eweemmm e (1.8)

") K?‘ [ S S ——— (1.8a)
o

k2 k"2 4 pyxt g P
| 1 coR Wy i

1

Resolving equation ﬁ&j into real and imaginary parts, we get:
2 2 2
P - P o e e e e 2
K1 KY K, 51 (1.9)

2x1'x1"3 L g T p— (1.10)

+ +>
equationﬂ-l(y indicates that in dielectric medium I KIJ.KI"

Next let us resolve K' and K" into components

- . e - +*

t ow W p Ao B = .
K] =K+ Ky =X & Ky (1.11)
+ > + > +

(1] - ] n = " n i
Kl le + Kly Kx + Kly (1.12)

On the other hand iet ue consider
2 2 / L] " z r 1 n 2
N = R

B K;y K+ 1K ™) (Lly + “(1}« )

i 1 2 =t "2 u2 ' n L] " Iz
K*' " =K "+ Kly + 24[K K" # Kly xly ]fk',

-K'z-t-lt 2 w2
x 1y

2
— I. -
l':x Kly

L ] " ] "
+ ZiRL l(l cos (Kl Kl )

2

2 " ‘ g n i it
=K == Kl 3 21K1 Kl cos (Kl Kl ) (1.13)

1

Comparison of equation {fi3) with equarion (#8a) gives results

-
K, . K, =K “+K =K 7B e (1.14)



Hence

K = /Kz l,‘ = K“ ———————————— (1-151

Similar consideration for the conducting medium II, with

Pon tyerwr) | KX =K ¥~ wr)

Bﬁlun
glves

+ -+ 2

Ky o Ky = K © € oo (1.16)
Or

+ + <
2 2
Kz 2 KZ 2+ 2K 2K2 cos (K2 Kz) Ko 52 +1Ko 82

Resolving equation (f17) into real and imaginary parts we get

|2 5 K |l2 = K 2 e ! ——— e e (1!18)

K, 2 o 2

2K," K," cos (E " E ") =K o F (1.19)
Ll 2 2 2 o

> -
Equation (f19) indicates that the angle between KZ' and KZ" is less

than 7/2, since 82" 2 1 8

On the other hand, let us consider the following

2 2 1

B 1] 2 L] n 2
. 2y (K "+ 1K "© + (K5, + K, )

2 )2

= Kxi2 - Kx" + sz llz

"
- wot ¥ "
sz + Zi[Kx GKX +K2y sz i

-K'z

- K nZ 2iK,'K." cos (i'A‘§ ) B — (1.20)
2 2 L 2 2 2 i

Comparison of equation ﬂo_éO) with equations (1.18) and (1.19) results

RS (1- 21)

Hence

K, =/ g% I L e——— = (1.22)
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The graphical representatjon for the components of K. and KZ is shown

1
at fig. (3 below.

‘;;:,

Fig.(1,2.) The graph of Kl and K, and their components in cartesian

2

representation.

Substitution of equations (1.15) and (1.22) inte equation (§6) results

2‘
K2 € =K _
Jo S SN (e — (1.23)

Resolving equation (f23) for K we receive

a4

K =K oo
x o [5% (1.24a)

"514- “2

Equation {§24a) describes the dispersion equation of SP1P

where K, = -—E is the wave vector in vacuum




For metals the dielectric permiciivity lunction o a free electron
model is given by (1.24b) [1]. A neaium with a positive dielectric
function is oftern termed a 'passive mediun’', 2nd commonly used examples
of such media lnclude air, vacuum, glaes, ctc A nedium with a negative
dielectric function is called an 'active medium'and include metals and

semiconductors at frequencies below the plasma frequency Hp-ll].

) = 1= _ M2 = et e, —meem (L26b)
WOW + it )

which results

52'(H) =] - WEZ : ez"(Wj = p% 1
(H2+1*2) Wt (w2+1_2)
P Eom*

Where N is the free eleciron density, e is the electronic charge Lo
is permittivity of free space, m* is the ecffective ‘mass'and T is the
relaxation time describes electron photon collision.

The dependence of 52' and 52" on the angular frequency W is

seen at figure (1.7)..

1.2 The Analysis of the Dispersion Equation .

The simplest case im the analysis of the dispersion equation is,

the case in which the absorbing part in the expression of €, is zero tha




is €," = 0. Under this case the whole range of frequencies could be

2

separated into three sub ranges.,

In the first subrange; 0 < W < W_ from equation (1.24a) we have?

]+1

"o .
v - g Y ' ‘ - L
€0 < 0, r1182 < 0 and Kx > 0; Kx 0 (1.25)

From equation (f15) and equation (§22)

R 2 "o
Kly 2 I Kly > 0

(1.26) -

=0 ; K2 >0

L
KZy 2y

which means that a non radiative plasmon exists.
Let us support this conclusion from the general consideration of the
energy flow.

Iime average poynting vector component along OX direction is

given in air at X=0 and Y=0 by

|
. K
*
sla. %r E_ 1 H:zl S SN (1.27)
* g e i 2We ¢
1
in metal at X=0, and y=0
EL ~u II* & i e " "
= . = +E
Sx g Rgtqy Hoz I 2 Kx P Kx J ___(kzg)

L "
Heo[52 2+£2 2]

Time average Poynting vector component along OY direction is given

by, in air, at X=0, and y=0 by

| ]
- e
i Tl R Seg g S . SURE— (1.29)
2Heoel




--.LU-.

Similarly in metal at X=0, aod Y=0

stacyr g My Il mcy (o0 K2y +22"82y" | =ommem (1.30)
¥ e OX 0z e e -
Ve [T 0 i4E g

The non absorbing case ¢," =0 will be demcnscrated as a limicing case
“

of derived general formulas.

Suppose that

g n E ¥ £~“< £ €

2 2
W

Under these assumptions for 0<W<
£1+1

From equation ({24a)

, £172% R (1.32)
F(E LE T
€2 (515"

See Fig{lda) and Fig. (fha).

125

(Note that letter "a" corresponds to T = 10 “dec)

From equation (1.15)

K'"K" K E,_ E.n £ B
£ Vesx g wae 0.1 2 J;( Ll [ S g T

1y ' " '
kly 2(€]+62 )2

j ] ’
1 > 0 === (1.34)

S K'2-K 28 = K
ly X = o1 o
(e, +e,")
172

From equation (1,22)

K, = Ko2Epn 2KgrKen K, f2"@14€2')  [CEEN_(1.35)

. " L}
Zkzy 2(€1+E2 )2
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i\’; = | Ef
e e (1.136)
J {.ST i)
vee Fig. (f9a) anu le. (fbo)

From equations (1.27) to (L.30) and using equations (1.31) to (1.36)

= -
I W f €y €5 50 ——mm (1.37)

I K ' K Eq1Eqy
gt . 1 X L 79 1-2 <0 =-== (1.38)
- [] -— - - 1] - -
X 2w£0 Lz 2ULOL2 L1+-2!

il: l_(al+;%la, () R (1.39)

<
N~
=
]

—

L%
~
™
-+
™

" -
S
b~

(1.40)

Let us normalize the power flows in equations (1.37) to (1.40) to the

total power flow in both media. Since Sx" <0, we shall take it as follows:

[ 1 s I % 2
“tot ‘J LA UE S S R (1.41)

where 5 = § = 8
v

W
For frequencies 0<w< » Sy K (Sx = lsx
‘e Ef
1

therefore,

~a
—
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The normalized power flow can be expressed as:

. 5 1 | €
e S o L (1.43)

e €; S (1.44)

S ’i = e ST T
-~ ] e, * 1E."1
tot 1 l 2 '

In the limiting cases

ST (W=0)=1ands® (Weo)=o
Xn in

which means that the whole energy is transmitted through dielectric

medium I.
I W (1 W
5. (W= - ) =% and S~ (Wwe..._PB__ ) ==l
xn Ll+ xn €1+1

which means that the net transmitted energy is zero.

(See Figlyéa))

g - e M > [ -p ')
yn i E4N"E5
= — e —— (L.45)
- 4 ¥ |\J
Z(Cl £y

In the limiting case (for r+)
1

< We=20 M e

yn ( ) 2W 1

W o
The case W = can't be considered since

£ .+
1 1

£ "

2 <L (El + Lz') condition becomes viclated.
The general hehavior of S}m can be seen from figures{)9a) and(o*a)

The field distribution of the plasmon describe by equations (1.3), (

and (1.33) - (1.36) is shown at Fig.[}104.

W
The second subrange is, p <w<wp. In this subrange 52'<0; and

orn

£2* 461 3 0.
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Bk ® e e | eeerssreamwmee (1.56)
2We ket
o0 ll 1 2

fherefore the normalized power flow can be expressed as:

& - Il :
ayn Syn L S (1.57)
.I- r= " oy yE '
.‘;xn L2 . Ll.( tz )

N 1)) i i i (1.58)

(Sin is the order of l0_3 in the middle of the subrange)

AL £ oan €y (=Ex') < (€ +2¢ =y o 1 T
an & 2 1 2 _1 2 an .('l &2!

4&:2'?' (t1+€2') . (—EZ'J

- (1-59)

The sign of S‘;l depends upon the sign of (L1+2t2') term. For HE

) e ) e, +1
< WK Hp ; 2 it is negative, elsewhere it is positive. { 1
"1

The results discussed in equations (1.57) - (1.59) are shown at

f 1gures([6ai,(l«9a)-and‘.9*a} :

The field distribution of the excitation that exists in the secon
subrange is shown at figures lla and lk*a. They correspond to the sam

frequency W = 0.70732 but dirferent in scale in the direction normal

P

to the surface.

=

r L]
2 > 0 and cl+c2 0 ¢

For ideal case Fz" = 0 from equations(f15), (f22) and (1.24a)

Third subrange is W > Hp in this subrange ¢

we get




= -] ,294 O
x T P2
27 ' } i 2
' { noo»
\y Il. i
° T 1 i+ - ? 1 r “-’
'i'i i : I ] é
of (==slodyrn ] oy X e SR | 6
- N i 4 | &y cad
-,.4 .;"Nf - s
T wa -8 - . A el o -4 STRRSNE W e P
) | e
? . |
4 : 3 ; i [
E 54+ t L
2 - = j -
" & b ! . q 4 ¥ | !
3 i o i 25+ H ik | 1 i
| o . f 1 e oo e - F "
£ £ L ;X '3 '] i M
| A v oo 4 4 ¢ I
A : k. V. : B $ -y
L - s ] b ‘ + *
+2 -27 ~8E =88  ~1la -4 -1a43 “114 -ae = 27 -
-8 =18 T-18 -8 -8 -9 1@ +18 +1@ +1@ +18 +i@
= ve normaiized arergy flam L ve normel ized snergy {low

rlg{ill} Grapn of normai ized energy flow aiong OY direction as = funotion
of narmelized frequenayr (a) - far madium 1. < | }}|] - itne),
‘b) - for medium & ( 1I7IZ Linai.
Wp = i.E+18 rad/s ;Tau = 1.£+185 s, " ' .

]
A

-—

R e o T e

Harmalized frequency wH.
-
o

o

r
L]
r—ﬁa--.-—,-{—.--l--o--f‘-i-—o-h

pranpra | T ——
* -

PRI | + *

P N
L L]

b
g

b b e

S
1
-

=1 ~. 9 -5 ~.29 .28 .5 75 1
“& normalized snergy flow  ww normu! ized snergy flow

"’G‘llh) Graph of parmaiized ensrgy Flow aiong OY dirsctian as & Funotion
of narmaiized frequencyr (8) - far medium 1 ¢ |[|[] = Tine),
tb) - for medium 2 ¢ I1ILI1 - {ine).

Wp = 1.E+15 rad-s :Tau = 1.E+#)25 ». »




i
s 4
v
ot

F1 ;__' T -
ol ..i._ ] 'y R
4 Fﬁh_ t u
& ro a1 §
A — 3 [ a2
:lf i"ll .t}‘-’:" L - f_ :
- : ft ] ~
+f + 79+ 1 e B
L . - 4 I W— - 3
! s S { 1 "
- | 1 t - -
al 1 1 1 ] o
e | T E
- t =R o
2 4
| 4 +
b t ¢4
f 234 1 1
b t i i
' | I i
fe = 1
R o _ R AN : i
+B - ot 4 3 - -5 -9 -4 -3 . -3 +0
-8 1A -1 -180 -1 -18 +1 +1R +12 +12 +10 +1a
a normalized enargy flow L ve normelized energy flow

7-04}35; araph of rnorual ized snarpy “low a'ong OY directicn as a Ffunot i
or narmaiizee¢ froquenayr (a) = far medium ) ¢ |||} = Tinei,
b) tor meaiun 2 11111 lina),
dp = 1.E+]15 rad-» Tau = 1.E~13 », .

A1,2% 4
X i
F 4
- i 4
= T
G bt an
- 4
4 . . — -
. ! - ; Davn
2 t >21yn i
p 5+ i
1 k —— e gy i
= i
C + .
8 5+ "
{
25+
L
B e e e Sttt S B e e e e
=% -, 79 -5 -.25 . 29 5 e 1
‘¢ nerneiized snergy Flow - ye normal lzed snergy flow
riﬂ-‘ﬂ"b’ Graph of narmalized energy Tiow mlong OF --1roct] an as 1 funat
of narmal ized Treguencay! 1) = far med'um ) C [|}]] = lina),
{b) for madium 2 ¢ ILLILI ling). )

Wp = 1.E+15 rad- s lau = - 13 ».




o
= i -
L1
3 4,420 3
- + o dold F
- v 3@ 1
- - -i'_-‘ -
: + VAR T
D 'r‘-j & 1 b
7 «. 388 1
= V2. 800 § - — ~ - )
o - s —— —
- -”b‘f’i M £ a |
: - 128 — | -
2 -.189
v 21»1%
-. 2060
e seo ¥
2 . 128
s - 488 +
; -.548 = wokn = 108800
Y < [ DT R T —————— ST S et e
-1 B+ -5 .8k -1l +d.dE+Ha +5 .- ‘1. OE+Q0
Magnetie rieid of the sxited wave In relative units
--la(l'lﬂﬂ.j‘ magrietic #i1eid ( 7z - component J distritut ion of the
e<c iteQ wave near the metnl aurface with raspecy to
transeverse { - soorpinase, small frequency range ).
Wp = 1.E+15 radse; Tau = (1.E4125 s ’
L‘, -.‘.-xc1§
s Ao@d 4 !
* 1. 428 ]
- L. JbY +
- +. 33 .
E
240 4
= + =T ¢ !
o 12m L a I R :
- peo § t
= VDB T = o m = = e -P—.—h_-_._.
i R8I M T O |
= 11’@% L. E s H = i
u -. 1@ { i
b - 240 ¢ : ‘
200 t
8 i i
= ~ . 368 ¥
o= 1_;2!#
Lo
- -, 480 + !
.540 1 | wokp = .7@78ee
500 bttt et
1. BE+08 -5.8E-4) +8.aE+@0 5 BE-v 4| BE+@9
Maonetric fleld of the #xited wave tn relative unitse
Tig(me@) . magasvie rreid (Z - componsnt / distribution of ihe
=sc1ted wavE NCar Lhe mcial surysce with reapecs Lo

v coorpthate ismall frequency range /.

Lrangeverse : y ran .
Wp ~ 1.L4i5 roa-s; Tau = 1.E+125 s




rarn

- "|L -

i . 200 |

*J.bdld ¢

i @ad g

2L e -

+1 0OHA 7

o i .
L0 | .
0. 29D { ~
. S'JU 4:. L._J‘ ‘— 'I" »*

-) .2 ¢+ ' .
-1 .800 [

-2 a0 £

-1, 808 1 !

3.000 1

i.209 §

4. B — ;

-5, 43K § | wedn = 498008
B 1 1 e e S A e S e i

-1.5E+08 -7 ,9E-481 40,930 4+080 +7.56£-@1 +1.5E+480

“igiob) .

i

dinake

€& CulL”

1ofi4 eb)

Mzanetie fleld of the exited wave 1n relative units

riagnetic 11844 P i componsnt distsibut ian of the
excitaed wave nenar the m tei syrsnpcs with reppect to
Transcverse 1 - cooruitnate, snall Frequency range./.

Wpg = J.E+|S radre) fau = L.e-13 »

« .54 f
R 3=1%) ;
v.4z2@ 1
4,36l F
+ 334 1
r.Pak 4
+ 14/ 1
. .Pp_'r = T [}
«. 366 3§
2. 800 +— — — = - —— = -
“.@bk:+ R - o G
- 1‘%‘1— ' [ i -
-. 188 I
- 4R +
200 1 ;
.z60 3
T
ol L ;
-. 360 + N
=540 1 { wikdg = 7evaee
N 1 . - B e S e e o PRBEIPRIIT M BRI BRI P e, L s s
-1.8E484 -5.8E-31 +@.2£+89 -5 .BE-a1 ¢ BE+ 80

Magneiit fleld Oof the wxXited wave 1N relative units

magnetic tieta ( Z - comporent ) distribution of ths

=xc1tecd wave near the metal surtace with raspect to

~ranaaversa - coorg@inale, Lena |l | rregquency range/.
Ag = J.C+15 radssg fau = L.E-13 @ "




adl ith
- (TR
- -401, 8 - +r GE 4RA7
v HRE+D7
— +98 .09
” 4,980 4 Lr L
= =
r I #
» +12.00 1
- T
v -a.88+— - -
.: g
n 12. 0@ 4
L] l J ]
L% L Tt -‘
-4 ! (I I
4 -?d.GBl - b—
e + Ll N
- -35.08 + E b

B e o e e L B e e e e e e
¢ SE g 5. 3E-98) 8, OF - e vh. SE-81L v, E+004
Magnetic fleid of the avited weve In ralative unite

--‘IJ 10) Magnetic tiela (l-componen ) drstribution of the excl 1ead
anve near the matal surface wiith rzspect 1o b coordinate
(Medium $Pequenty cenge i . W < (.E+1S rad-e ¢ Tau = 1.E41285 s

b 58 -

sShnmEIrELLSurRsiND = o a7 32

raRE, 00 r t-—_ - — -ty pe 46, BE+B7
o e Moy r= +6, BE+A?
- R

360, P L ws i = -, -;Wmnmﬂ

T e n——

v P ARl et s

- S P

¢ e e —— =3 " Ll
- 240,00 + - - %m - —
'3 Pl E— 5 (L
m +1J€. 040 T " Ny
L~ 1 DI ¥ i Ty
5 -eees— — - = g o e oo el
4 S AT T

- =

g

-+ =4

ET

n
ME THL

Tt wmimodyad
I
}‘

-ape, 08 4 —___z.,m'——vn'r-_

= .__—ﬂ_

-, AG it B e e o e e e e Lt T o o - - e -D-—D—:HH
-1 . JE+839 -5, L8] v, N 006 o5, JE-8AL A A

Mapnptit ‘1eid of toe exited wne 0 rgizcive UnItA

r “Jl“lq Magnetic (1epid I-aomgoneni /) dietributiun ¢ ths exc ted
wave near the metal surraca with respect 1o 1 poaraginate
4 - ¥ * Al « 1. .E- -
Medium sreguency ran[e W * t.E<1% rom/s 1 Taw i.E+1eS s




« 48 ¥
T
: -y -qf.p”
- .38
- LE Lr
v i s
T v .-
. *, 1 ¢
- ol B = = = —— — _—— —
+
m -.ad 4
- | |
v T 1
) %
2 T o I P =
A 1 L Lt
. -.38+ 3 :
L
a9 ¢

a8 Tt D S s S S S s it S Sl
-a . JE+042 -2, SE 08¢ v, B +bbiR ri . SE+BA2 +a SE+ddc
Magnetic fleid o 1he &xited wave in relative uniLe

i amn s aae St

v --;{l-llhj Magnetic {iclid (Z-component' distsibution 5% the eBxcitad
Jave near the metai surtace with respect 10 7 courdinate
‘HMedium trequency ranger . Wp < i £+¢15 rodss § Tau = 1.E-13%s

@ an .

; = e S wrwp = L P@73¢
2 +48.08 } = Elyr= +1 BE+B7
= t
< T Vagr= +3 9E+06
L 436,98 ¢ '
2 i (¥
v2q.08 5
X T L L
-~ +id,08 t ;
- t !
- B e o o s i) S o . L oel e e 1 T =SS o) iy T i
- -~12.90 +
: | _J
v T a (L
'3 £9.09 ¢ i —_
~ 4~ Lad L
= -36.08 + p
-an.oR 4
b =
'iﬂ.w-;——i—-o-d-r—f—r P e e eyttt
-7.JE+132 -3,8E+133 +@, PE+ 200 «2 BE+IGZ +7 3E+133

Magnetie f1ald of the exited wave 1n ralative unite

i g{te [b} Magnetic tield | i-componen distribution ot the excitad
wave near the metal surtace sith respepty 106 f — poordainate

Medium {roquency ranpel . Mg o= (L+15 redss 3 Tau = 1,E-13%s




which means that all the incident energy 1is radiated out chrough the
second medium, since K < 0 and K. !
ly
L1 d c L) L1] i '
:: £yt
- ———— (1.60)
Kv” - K ‘-]I-!-{Il s ‘1 :._’,u ] ; J (1.01)
O ] == e ———
By ey 2c, (egte,’)
See figures {f3a) and (f4a)
From equation (f15)
.
K,.' =J*%3*; ol e . S (1.62)
' Jﬁf:—ﬁ
2
L
K, " ==K '" =+K ec.” fe.46." 50 —=cemm  (1.63)
"1y X o 12 12 )
5 FIGRUY

O il > 0 == (1.64)
—
J;1+‘2

K° =KE"_-2kR'K" =+K V26 HE TR AR > 0~ (1.65)

See figuresu‘)uj and {(§6a)

From equations :{‘23’:' mﬂ-'su) and using equations “DO} [-.,0'6")1




| - - - { 1
i
g = 1 ”’_.J'i -2 ) SR —— (L.68)
We | R SR
_HLU 2 .JF e
S 1I = B! + K _r_.';'.' €.,
. 0 i A e —— .68
2We Ry e (1 \ s
o £ S

For this subrange S I, S IT and S | = |S I| =|S I1| have close order
X ' y ! y

of magnitude. Thus

2 | ’ - 7 i
5., = [(S1+8i02+82 = %o M%) %1% e (170
tot ‘ X X y P - A L ML —
. L 2We f 1.5 ,)' . l'h Tr)
0 L ¥

The normalized power flows can be expressed as

& Ta& B = z e e (1.71)
xn y \ AR

i S TR

tot fl_ % 2 ) Sl
1r
JI . S £y B (1.72)
xn s

, S 1 S 11 [€ ¢,
O - _E = z - 1s £

¥n
_f{ E ]_+C :?' ) ')+|_ lt: 2 '

S S
tot tot

In the limiting cases: with g, = 1

1




\S L4 Ly S | gy - 1Y
xn I yn 1 . r ——
‘J;- - ¥ :'
LE .
Lile Sdine resulcge foll W 1rom f ures ".‘.’I.“J ‘, '!T:I’i-llii'*.’. ihe leld
ribution for the excitation in the third subrange is shown at fig.

1.3 Dis e[sim‘._ liriu.lt_t'_nn for S;D‘lxg .-\h-_?'nrl.':'l n Case

The results of calculations according to exact equations (1.24a),
(1.15), (1.22) and equations (1.27) to (1.30), equations“—]‘}. and(tf-h}

e " -13
are represented at :‘i;;ur‘:s-u._ii_n) cr*-l‘fr)} (letter "b" refers tor = 10 seeg)

Among the particularities of these results it is necessary to point

out the following.

1. Growth of Real parts of K wave vector in the first subrange, see
figm r‘.-_('lf,'lj.

<. As a result of point 1, we note the srowth of energy flow in 0OY
direction in the first subrange, sce figure ([9b).

.  However, it does not bring vital changes in the field distribution
of plasmon in the first subrange (see j,-_.[lrll}b}) in the sense that
the plasmon type of field distribution remains. On it hecu.:.es.
clear that in strong absorption case it not possible to compress
the field so close to the interface bevond 0.3i0 at 1/e level. Where
\0 1s the wave length of the exciting light in vacuum.

4. Crowth of lwaginary pacts of K wave vector in the third subrange
y

see figurefioh),
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*y W€ noce that ; lecr e ¢
Flow in 0Y direction ‘1 the third subrange.

As a results of points 4 and 5 we get a plasmon type field

distribution at figflel2(b) in the third subrange. Comparing

it with figfld2 a) we note that the field distribution became

considerably less radiative, However, the field is extended at

107 time larger distances from the interface than in the case

of plasmon in the first subrange.




Lhapter g

2.1 BYerivation of SP1P equation for dielectric medium [ - metal film

dielectric medium 3.

Consider a thin metallic fi'm with €, and thickress h boundarying

with dielectric medium | with El and dielectric medium 3 with LJ.

Suppose 53 s €

2 - h
3

Fig. (2.1) Schematic diagram of thin metallic film (52) boundarying

dielectric medium 1 (51). and dielectric medium 3. (fa).
Considering T.M polarization, the magnetic field Hz can be giveh
respectively in the three media;
- +iK 1(K X = Wr)
HZI : Al e ly e %
b +1K, y -iK, y ] 21 9 g [— (2.1)
sz [ A2 852y BZe 2y el ke
- -iK, y 1(K X ~ Wt)
H23 A3 v 3y e X

The expression for sz contains two terms because there might be two

waves travelling in the film due to reflections at elfcz interface and

at53/52 interface. Their superposition describes a standing wave in

OY direction with in the film.

From Maxwell's curl equation the corresponding E . (tangential)

components of the electric field in the three media respectively are;




= ? K ¢ - “ k
= é <y . K329y Laa lky. Wt - (2.2)
L ﬁ. F.'
J
: K -iK. Y =
B3 ™ A3y e K3 Y (1 (KX ~ wt)
‘Wtq

]

Let's apply boundary conditions for H? and E_ at y=0, for any arbicrar
A X - p

“z1 z2
A, & &, #8010 ) an A Buphe (2.3)
K. | = = A -
x1 O 0) * y ))
- My - aa Koy s Hzfﬁz -------- (2.4)
£ “( 13
: 2 2

again applying boundary condition at y = =h for any arbitrary x:

sz (yf-h) = sz (y=~h)

A etiKy h =—emeee (2.5)

g3 etik, h -
e—lkzy -+ HZ 2y 3 }y

A

2

E 2 (y==h) =E . (y=-h)

K -iK, h +
-A 5_.;:’}_' e Ey . >

33521 e+1K2yh = A Kj: eiK3yh____ (2.6)
£
2 3

Suppose Al is given, in this case equations (2.3) == (2.6) form a syste
of four equations with AZ,BZ.Aj,and Kx unknown noting that Kly,and sz
can be expressed through Rx,and the expression for K3y can be derived

from the wave equation for medium 3 similarly as it was done for

medium, 1, Therefore;



’ iy g, oel L% e ’
K. JRLZ ) K, (2.7

- | ¥ - 1 - 1 31 1 & % 1 1
i order to derive the dispersivn equatlon (K = ,.u)} we shall exclude
a.l cmplitude factors from equations (2.4) = (2.6)

From equations (2.3) and (2.4)

K, . K. 4
= (Az+82} T:z = - {AH-BZ) C2y semm—— (2.8)
I:.l (‘.2
or
K K. K. K. -
-Bz{-}_x +_zj_] - Az[_ﬂ - ._81]
t.L L2 E.l t.2
Multiplying equation (2.5) by a factor Ei!x and subtracting from the result
NL3
equation (2.6)
i K +iK, h) = 0
{K »+1K, h) K - ; X
(‘.\Jew;hz}_h + Be i 2},1) f}.‘i ] (__%E?x pe 1K2yh + 52__2}_ e 2y
L Ncq th Hr7

(g% ]

g ik iféi %oy ] + B e*iszh Ff;x w EZZ] =0
E E E-«
3 2

21k, hf Xy - Bay ]
A n Bq'— "_'.l‘, ....-_ < fe
. 2 € €,
3 £ J -0
T S ——
{5y + Bay
‘:'3 B
2iK, h = 0
I.z = Ezl‘z:j e‘- 2}!
= B, 24K, h ———mm——————————— (2.9)
A2 25 23e 2y
Substitution of equation (2.9) into equation (2.8) gives
2iK, h |
= 2
By = Bolygetogt™ Xy
=] =1 .53 ez?szh
21K, h s b i A et e (2.10)




- Y =

w ;I e : ] = P__Zl = i&
r E.
e P ——————————— (2.11)
K, e K,
2y v Ly
<9 2 |
A K
Tag f;E = fgl
E._}, F.3
_____________ (2,12)
oy + Ky
€2 €3

Equation($40) represents together with equations (2.11), (2.12), (1.15),
(1.22), &and (2.7) an exact dispersion equation for a thin metallic film
[2].

2.2 Approximate solution for the dispersiem equation.

Let's suppose that thickness h of the metallic film is big enough,
so that the influence of medium 3 on the dispersion properties is small.
in this case we can build an approximate sclution using the solution
expressed in equation (1.242) for the semi-infinite case as the basis.

Thus we'll express:

¥ =K +K (2,13)
X X0 x1

where K{o i3 given by equation (l-24a)

Krl is a small quantity describing the influence of medium 3.

For this purpose let's denote the reciprocal of the left side of

equation (2.10) as a function of Kx

: 2K, W)l . . 1 e-2iK, b == (2.14)
£R) = (ryrye?ny) = L e g
21 23

Let's expand f(Kx) in Taylor'e series near the point Kx'xxo' where K_

is given by equation(! 242) for the semi-infinite case




= B

F(K ) = f(k_ ) + @ Kl+4 caus WL
X X0 :’—K— X '.-.-l;}
X lp
KQ
In =ppendiz A it 1s shown that
f{Kxc\ = 0 e —— e e (2.16{
= 3/2
at B (EI-C:} e L CHOE e (2.17)
:If—' ','J""—'—-- ———— —
X K, 1.8 t%3

0 . ERATER B e EN
; 3 e ol

23 3 3
€5 ,,J e (2.18)
E_E E | £
13+2(3-)
P E
Ky = ik (- 2)
2 0 it e ——— (2.19)

Since f(Kx) = 1 (see equations (2.10) and (2.14)) substitution of

equation (2.16) to (2.19) into equation (2.15) gives

.' 3"’

. 3 T 340 o
le Ko - 2 ¢ rl. 2 3 r23e+21xzyh (2.20)
| 2- 1 1+ 2

Let's analyze equation (2.20) for the case when !é"-o. First from equation

(2.18) we get:

rhs = 3§16 +‘z'§€3-€1$ LA
315 Y

The expression under the square root is negative in the range of

frequencies 0 S W< WA _Where W* {s determined. from the condition;

1°3 + (1 « ¥t a (3 -"1) =0

il A (2.22)
€153+4€3-%1




irequency WA corresponds also to the intersection point of graphs

r'.‘ (W) ard K. .W).

>
» EqEnt g i - .
K_|E152' (%) = KOJ . SR (2.23)
1+ '*’2'(15 :

[t means W* is the maximum frequency for a SP1P to be excited by the
light focident from medium 3 on the ®1/€2 interface.

To 2void imaginarity under the square rodtlet's rewirte equation

(2.21) as

L
€ E € E _E
ETEILE TG M e 105 9 vt L

5 S o=
Flalc3+e.2.(t:3_‘cl)]

=ey (€180 0(E -8 )] + 4 26 r{" 372 5% (220
£l €
’-{1‘%+"'(3—1)J 3-[13+2(3-1)]

Finally the real and imaginary components of Kx can be written as (it fol

from equations (2.13), (2.20), (2.24);

+K 2 (5152)3’25;[‘15352}‘3—‘*111

€142 £2-°1 \*1#° ¥ [F153+ 2(53-61))

.EXP [2: + €' J (2.25)
oh —— "

: ES
& 152
K!' = - K 2 o it lal 2%[[‘153#’; (F3-c1) Exp [zx i 4 ]
: S it

€ +£2’ -[Elcj-pez(arel) ]

(2.26)

W :
For the irequency range W* < W < 'p ’ r;. becomes a purely real

F, 1
1

quantity, making K " = 0. ‘Thus, in this range of frequency, the real
X

part of K can be expressed as;
-



‘ ~ .E“I‘. 2 };L_r -'IE E o - r——‘ ]
P'x = KC‘ t.l E;. + KC' grgr .('.--I :? {'3 - '2( - I) \ X
1452 2-"1 “1¥%2 €3+ o gy
jltler 20C1

X exp 2K o =9 1 (2:2?L.L
l E !‘."
‘F ("1+°2)

The graph for K; as 3 function of W for different value of thickness
h of the metallic film is shown at figures (2.2a) and (2.2b) by a
continuous (solid) line. The broken line at these figures represent
the dispersion graph for K;o (semi infinite case). The comparison
of the two types of lines at each figure shows that the approximation
intreduced by equations (2.13) and (2,20) is valid in the whole range

of frequencies O<W < 1 only if the thickaess of the film is greater

than the order of 0.3 - 0, 4um.

On the other hand for a narrow frequency range O<W<W** rhe coincidence
of the two types of lines is good for metallic films, of infinite simally
small thickness.

The value of Wk* is determined from the condition R,<'z§‘“**’ = 0,

Which means from equation (2.24).

]
1% +5153+52 53-f1) = 0

€y o (€32+£1€3)
(53-c1
- W 2_ - -’(2335153)

2 Te 37 1-5
2 oo
¥ +fa%3 W2

93 7 whi 2

1 4
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(——————
Wk = | E376

JZB-FI~E32+ 193

ey (2.28)

The definition of W** represents a new fact, Farlier Authors | 3,4

introducing equations (2,13) and (2.20) claimed they are applicable in

the whole range of frequencies 0<W< HE .

Fo
Equation (2.27) together with figures (2,3a) (2.4a) and (2.4c)

at which K; is shown as a function ot W for various thickness of

125 =

metallic film show that, even if €} approaches zero (according =10 ee)

2
the value of K: does not tend to zero for O€W<W* 6 and it tends to zero
for N*fyi_:al_. This means that in the first subrange we have naturally a
1t
leakage of energy from SPIP into medium 3 (leaky plasmons), On the other
hand exactly this particularity allows to excite SPIF by external light

source located in medium 3. In the second subrange there is no leakage

of energy from SPIP (non-radiative SPIP), Such SPIP cannot be excited

in the way discussed above.

Figures (2,2d), (2.3d), and (2.4d) describe the same type of.

- =13
dependences, but for strong abscrption case when T=10 see. Both !xo

and Ktl are increasing and have nearly the same order. In general the
graph drawn at Fig. (2.4) in logarithmic scale is, inorder to showr how

much the SP1P energy is affected due to the existance of the metallic film

2.3 Excitation of SP1P by Attenuated Total Reflection Technique

Several techniquesare available in the experimental study of SP1P,

and their use is dictated by the frequency and the wave number range in whic

the excitation is being examined. For example at short wave lengths
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that s -arge wave nusber values) where the SPir is most "Plasmon

e’ (sez [13.20) the most suitable probe of the dispersion equation
is an experiment involving electrons, such as thip film electron
difiraction [5]. Conversely, at larger wave lengths (that is swall

wave number values) where the SP1P is most "photon-like" (see figad

the most suicable probe is an experiment involving light of che appropriate

frequency, and it is one such technique that is discussed here, which is

known as attenuated total reflection (ATR) (1],

ATR involves the use of the evanescent wave that is set up at
a conductiag medium/air interface when light in a high refractive index
dielectric medium such as pglase, suffers total internal reflection [6].
It is the reduction of the veflected wave due to absorption that is
called ATR. If the weakeniug occurs by some other means it is usually
called frustrated total internal raflection (FIIR). It is remarkable
that FTIR can be traced back to Newton [7] and the knowledge and use of
ATR has heen wide spread only since the carly 1960s cue to pioneering
work by Fahrenfert and Harrik [8,9]. Inspite of all this work, however,
the fundamental idea of using ATR to generate SP1P was first published

by Otto [10] as late as 1968.

An inspectionm of the dispersion curves (see fig.l.3) reveals that
in the photon like region, where it might be thought thac SPIX Could be
stimulated by incident electromegnetic waves, the dispersion curve, in

the first subrange OKW {. wg lies below the light line. Unfortunately,

i
(3% =

for a plane electromagnetic wave incident om the interface between &

2 at some angle 91, the relationship between the component of wave



pumber para’lel ro cie sorfac: and @1 1 given by:

== ’ 5in 5 P R (2.29)

fhiis corrcspords to 2 line steeper thou the ligh: line on Figqid)
anc Leasce, to the region above che light line, therefore SP1P can'L
be zencrated. This awkawrd difficuly can be overzome in an ATR system
as first proposed by Otto [10] and subsquently by Kretschmann [11],

fig: (2:5)

Fig. (2.5 Kretselmann Prismnmetal-Air ATR Cenfiguration with an active

»

film of thicknesz h deposited on the base of the prism.

£hrs thesis we'll stick to Kretschmann's Scheme, which proved to

be wove corvenient ior practical use. Light incident, through the prism

ou o the prismmetal filw interface at angles greater than the critical

angle 9 o is normally totaily reflected back out through the prism:
YL
)
: L 1) cm——— (2.30)
leL_‘; = arc B!n'n—"' .
g 3
However, under .sia) igternal reflection conditions there will always be

an erpouential' s cecaving evanescent field extending imto the metallic
filu. The totally reflected wave has a component of wave number

Parailel to the surface mow is given by equation:

(2.31)

Y . —
= - 371 3inb, pesen—h
C 3

The sorresponding dispersicn curve (see fig.2+2) in the small K

Tegion lies only below the iight line. The evanescent wave, exeaced by

m
o



ot.:1 reylection iv the prisn. actually exists in the rag ) < 0
8% 3crsy <0y L 90"
Herce th- rvange of SPLP real wave number (in QX direction) associated
i ‘he evarescen’ wave is
. 7y >
IR LR — (2.32)

corcesponds to a region above the Prism light line, but below the

air or vacuum light line (see fig, 1«3).

From a practical point of view 1t is evident tnat, provided the
‘niccness »f the metalliec fiim is sufficiently small, then the evanescent
‘eld from the prism can resch the air/metal film interface and SP1P

+ be cxcitel. Energy from the incident wave is then used to stimulate
1 surface wave resulcing ia 4 weakening of the reflected intensity

turied by the prism.

) VTH Mpoal

Let us consider a T~M nolarization incident from dielectric maedium
fprism) at an-angle?y to che normal of the medium 3/metal film
Interface {(see fin 2,6)., The magnetic field in each medium may be

expracged in ~he form

B,y = A +1K2y'1’ 1K X ~ Wt)

ot

y % - We)
N R I T L

; ———— (2.33)

L

o X - Wt
B, = (Aaeﬂ%y"' FBae 1K3yy)=i(xx )

- -
Using the Maxweil's Curl equation with J = (0, that is VXH =¢ -EE
t

the Corresponding tangential component elec:ric field distributiomsare

given Tespectively for the three media by



£.,= - ..12::.".- "-;("-'.f‘ X BZK_&Z m?}u elmxk E).
e, sz
. A K, s S R | -1 I Wt
t}-u - - 3 jr e ‘-.'- -+ : 3 :Ix e l(3yY ei(‘xx "t)
Wt3 oY h't.3
# i’/
- - S
© 4 e
i
2 {49
. Y,
SO ‘——"*'71'4‘_ bt :js-h
1
Fie. 7.0y o luscration of the two interface model for an AIR system
for Prism-Metal-Air (PMA) configuration.
Applyins boundary corditions at Y = 0 and Y =«h;
\_: = A) 4 Bz - ——— (2035)
T T e (2.36)
£ >
1 2 2
A,??}:Zyn o+ B?eiKth = éae- Byh * 133e o BV g (2.37)
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& 1 | 21 (2.39)
Moy * 5y ]
. % J

B5q is rofiection coefficient at, the interface of medium 2/medium 1,

Multinlving equation (2.37) by a factor E_ij and adding rhe result with

8
equetion {2.38) wa get
K K, \] ix2yh
! I J -3 - .
4,43y - “29) e oy + 3 [F3y Koy enzm Ky Kb — (o,
21 2 e
53 5 o et €,

Again maitiplying equation (2.37) by a factor K32 and from the result

subtracting eaquation {2.38) we gel B
z i SR IR . T T
i 21 I l EZ e 3
_I -l :o&l)

Dividing egquation (2.40) by equation (2,41) results;

..‘;.\.f -:iﬂ e“ihz\ +* ﬂzi.';i_i v ng eixzyh .
5 T3 15 B2 e A
T T : A
. I K K. T ~iK. h K K ik, b 3
a:__.l ....“E.,". : 21:’& 2}’ +B? 3I . -_gl‘l e 2y ,&2)
{ B r‘,3 82 '
L 1 4
Using equatien ¢ '«39), ejuation (2.4Z) can be arranged to give
2iK_. h B, 2iKi-h 4
Ary, + Ay, e 2y = e )y 0
A,
: 3
2iK_ h
A _+A r
Bl Ut LML
or
2iK = B3 24k h = (2.44)
-’}94.,.'_” 2 T - =
»




f i 1
= LY - T |
T 2T rj 1 e - I
' | & £ '
3
e P (2.45)
r R
.", b * .?'
{°3 o

is the coefiicient of reflectigqn at the interface of wedium 3I/medium 2.
r is coefficient of reflection for medium 3.

Quantitias To1* T3p and t can be expressed in terms of incident angle 83-

Using sSnell's law

: i = £ B
hﬂv e} cnsFl &3 Jcl couﬁl
. Ll E - v Fev.
L?.\F = }\: co}"e.{ ho 1'2 LOSBZ —————— (2.46)
. = K cogd, = K !Hﬁ-‘ cosf
3 3 3 oy 3 3
com Snel 3 14“9
155 ;i?*; - ;;2 51562
;-E_;j *‘\'3_2':&2 E Eli"‘ﬁl
- B R, -
bt = Ll ain’o
Cus l I L — & L 3
£y e (2.47)
e ettt it g '
cos6,, = ;1 -3 sin283
Ny cg.
Using equations (2.46) and (2,47)
=a r - = z £ ’ 2 1
rgl ol E(_ i l b ‘3 Sin &3' = e2 l =2 f—sn Sin 93
v i = ' €
e 1 s (2:48)

‘ji“gl-BinB J-_Il- Jsin’s,
2 o

'-L




i ._._..-...-_...-..-..--.-.__——--._._____ T s (3.{09)

r 2 v A 22
= Y
{2ik .| 2 j
€327 £31% 0 J€) ~¢, sin 53
S i o (2,50)
1K iyt
L+ 1,0, & e, =3 Sin0,

Note that r.,l, 1‘32 and r are complex quantities, and' in experiment it is

2
the refiectance R = |r|” vhich ig determined,

2.5 Typical Resulcs

As an example of the use of the ATR technique for the Sp1p excitation
data for sodium (2 good free e¢lectron metal, which has a complex re-
fractive index n, = U.044 + 12,42) was used, The computer simuiated
experimeat was run for a fixed . suglé . scan and a fixed frequency scan
Table 1 contains & cruncated copy of the data file showing the interesting
Parts of a fixed - angle scan for Prisu~Metal f1lomAir geructure using a
free eloction acdel wich diia appropriate to sodium. The 'graph obtained
with this dats <5 shown iv Fig. 2.2, This scan at 60° shows a deep
finimum in the reflected Intensicty at 4 frequency w/wp “0.57. This
Corresponds to a “poie’ in R.ﬂl that is at a slightly lower freqﬁenr:y (see
thirg Cosumn

iu the table i). The difference 4s due to the percurbation

by the Prism of the metalfair interface,

As a second example, a truncated set of results is displqed in

table 2 for a fiyea frequencyr scan., The graphe ob-ained from this data

18 o 7 e - g : |
shown a¢ - figure Z.®,
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1t zan be seca that the refiected ntensicy in the fourch
- - LS

column of @abic 2 e@xhibits a sharp peak at ~42” which is the critical
angle for srisim air interface This feature is typical of the PMA
configurazion and is due to the fact that the final medium in tche system
is Air with By ™ L. An examination of the tulrd column containing

Rj * ,521!2 ceveals @ very large peak nesr 47° corrosponding to the
launching of a surface wave associated with the metal/air interface.
Note that the reflected intensity shows a winimum very near to this
angle, the shift being due again to the fact that percturbation occurs
because wz realy have a coupled system. The degree to which this
perturbation occurs is a funcricn of the film thickness. It is possible

to determine the optimum value of h and corrosponding wlwp for which R+0,

As an 2zample of such opportunity we prepared figures (2.9) and (210)

in whicl the frequency curve becomes very sharp and the R min ~0



1ABLE 1. Fired 1rrg§re_-:e;c-..;atzc:-. Reflectivity of PRISM-METAL FILM-AIR &
as & function of the normalized incident freguency. RER - is the struct

roflactivity of the PRISM/METAL film intarface; RZ§ -~ is the reflectivity of
METAL /AIR interface. The angle of tne ATR scan Telie* 60 degreas

Relative dieleciric parmittivities: PRISM - E3= 2,25 |  METAL film - E2i(w),
€22(w), AIR = El =1 .

Thickness of the *ilm H = .04 micrometers,
8.381972525687E+i5 Hz , relaxation time Tau =

e s o e S e e S S e A e S e S .

plesme frequency Wp=
1.@05332081 14E-14 sac .

- e e o

w/Up R32 R2! Total raflectance

|.E-B ,89967634 1503 | . 00837159652 . 880473950731 !
990001 . S34@10552955 1.65521045039 969183715413 7
180001 . 940474202187 2.51882248753 878710773317 13
L270001 .O94878488381'5 4 Cl441171474 695891395757 18
360001 . USBEERGE11829 19.8539888504 ., 808153656989 25

* ¥ * - L]
435001  .9B3127778141 29, 1781862487 . 903651770634 20
. 450001 S6472546 14904 39,5566971917 . 89383084681 1 31
46500  .985352327785 57.122416416 .89138095200! 32
. 480001 966417015022 89.5083057708 8799881613923 23
,495001  .3671£29473899 160.259144058 , 862396996631 24
510001 . SE8448530528 355.928384118 ,B34503369888 35
525087  .9ES416283523 1457,05353428 789382132437 38
540001 970352815224 7621.79345258 714912895797 37
365001  .971258808138 301.24544344 , 502150260562 38
570001  .272134992231 273.526575918 , 495473634048 39
585001  .97298214¢764 127. 966088293 62682711851 40
600001 . 573321053353 73.3643921514 668102897844 41
615001 |, 974582545973 47.2773354253 ,78701960122 42
630001 975357447648 32.8641032323 858129511243 43
645081 . 375895583589 24 .08880297873 .898967450695 :4

- - * &
.660081  .976819779581 12.36817548936 , 82338623537 45
810001 982753222042 3.33142988724 .976643432098 55
-960001  .986988381819 1.23521877197 .9B5154027118 85
1110001 | 950039023208 . 588545376843 ', 989344787862 7%
1.260001 .5322645212€ -, 334117933587 ,891979549@6! 85
410001  .353992765483 .. 204013366569 .993791698303 35

Rl
————— -
b S a——— LSl e -
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TABLE 2. Fixed normalized frequency calculation, Reflactivity of PRISH-METAL F1
N-AIR structure as a functior of the incident angle.R3IZ -~ (s the )
refiectivity of the FRISM/METAL film interface: R2L -~ is the reflectivity of the
METAL/AIR .nizrface. The freg.of the ATR scan w/Wi= ,382 rad/zec

Relative diesliectric permittivities: FRISM - E3= 2,25 METAL film -E2i(w)=
-G,0462017042 E22(w)= .212678670128 ,AIR -~ EI = 1 .

Thicknass of the film H = D4 micrometers plasma frequency Wo»
B.3B1972525675+15 Hz. 1 = 100583208114E~-14 sec

- - —— -

- 2 o e i S
- -

Total refiectance

Teta (deg) RZ? R21

4 . §57558865634 974489371602 .E77775988447 |
20 . 965457243788 . 970395785708 .653782534877 5
36 . 950997188305 960237853566 625581035039 g

. -~ - Ll -
36.05 . 950382735032 868277751831 526044302114 10
37,15 .9E0B574 18881 _3ERTIES4E689 528775064618 32
38.2¢ . 4EB358328985 .9B0427E12618 635157131225 54
39.35 9R@US71591€ES . 362049397981 .552266945083 76
40,45 . 953785703781 . 3665805029328 .591682555338 o8
41.55 459485853685 . 922309966319 .815592150038 120
42.55 .335219851438 5.GASEIIEE123 .378617395094 142
43.75 . 558359136254 17.2892218315 . 964375383617 164
44,85 LAE8TEE 749076 55. 9680051 784 L31413701 0827 186
45,35 90952468582 285,4972833139 800817778117 208
47.05 . GE5RZ3E516777 3776.26024724 .E31369572604 230
48.15 .S5B171575335 465 .025457783 .554935453403 252
48.25 . 85803685 5575 147,819214882 . 744603867245 274
56.3% . 95793243339 742787947453 .798761332324 296
51.45 .G578625328868 48,35861158 .820765319316 218

4 3 - * N
52 ,G5754:56941 42.9121547329 633142742812 329
86 .96 1850632173 9.34117225286 .930399330053 336
89 .879321235409 5.79104570606 . 970477089832 343

s i —— .
e e —— L L Rttt
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frequency dependent complex dielectric constant ez(w) = £, '+§
2 2

-
——

ue of SP1FP fo loter: ation of T
Use of SP1F for determination of the thickness agd optical

ceastants of thia metallic films

The optical properties of a metallic film can be characterized by a

" (see

equ. (1.24b). Among many optical methods [12], [137], the SPIP technique

is

particularly suited for the study of Ez(w) a few hundred angstroms in

thickness. In many studies a preset expression for Ez(w) is required,

That is v and T values are to be known, However, in most cases a preset

expression for £, (w) that includes the contributions from the inter band

transition is impossible. Therefore a method of determining eztw) and h

at

any given frequency without a preset ez(w} expression ic needed. Such

metnod is degeribed in the article [3]. The basic formulas and the con-

cept are as follows, the geometry of the method is shown on fig. (2.5),

wit

ci

R .
Tl

@ the angle of incidence of the external monochromatic plane wave 0
se fo EA'"R( of attenuated total reflection) the minimum reflectance
£l

“an be approximately expressed as a function of 6, as I:Q:If
4

R . -1 -8 IR P (3.1)

L

Ifiirl. (l“") :‘
vhare Tl = Im(Kxo) ————————— (3.2)
bIm(Kx])

With K given by eqa. (1.31) and egn. (1.32) and K , siven by eqa.

(2.

20) and K = K Kot
X X0 x1

Have K  is the complex wave vector of the SP1P in the Kretschmann con-

figuration (see fig, (2.5) and Kxo ‘s the ccmplex wave vector of the

SPIP at the metal - vacuum interface in the absence of the prism (semi

i p { ation to K
lilinice case, described in chapter 1). K., 38 the perturb X0

=N _
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e presence of the axism, 1

1
el

m;';-.e droxibes inteiasic damging v,

cire shsemee af the grige, TOPrasentyd the Toule ~ lass, 1w

£ - e b
4 RO -
® EJ : AR

e radiztive damping o tha presence of the prism, represemis The

leamage loss of SPW back imte the prigw,

‘ue reflevtance bas 2 Lotantz dip az =g TR with a kelf wige 7Y

{ stz § Ey is‘hl"f- Egﬁ (K;gﬁ ,ﬂ

W= 2 (K} cos (&m," T R (3.3

oo

R HRLY e € “
Bppy = 2xc sinl (K) 3 - e £346.)

-Ie-:;ﬁ

with equs. (A1) to (1.4) and eyns. (2.20), (L.31), 2md (2. 32 wue

wikh

can deiarmine az»fae} and b of a setal filw frow the wmesswred B werpus ¥

Carve, o7 el Litting of the data with & given by egu. (3.1}

A cetailed deseription of the necessary ateps is givem in seotize
Joi where we £irst sugpost & move convesdent medificatien of this

o leend |,

S & suggested modification of the mathed for the detersmination of

T and h

The measured guensities ave Opmgr Yyetnd B o vodes e asyamption vht
= W "‘"1*?2 gee ogn. (1.24b) and using egn. (343,
I

*
f:)_ﬁ-:?‘

& eam arrive ra & formule;

AR w3 g
5 e X

L

€

FaoL B8y S8,

L
g}; wi,5in aATR

Feoaqu., (3.3 can be weitten se




@ 1 ‘
T K & e ——— - - = . ——
rx 2 :os-JM C F? m xo’Imhxl 5 (3.6)
i ——
b EeniE, €, 8"
L x = BEESEF Tt
LB rall b 0y 1]
o XU CiE"Ey 2 Ez ~.E]*'1::j ) e (3.7)
on che corher hand, from eqn, (3.1)
— 1-|. R
+R . )42 - i
n_ (1 L D22 R min
L - Y e
I“Rm.i.n ].+J min

The choice of algebraic signs in eqn. (3.8) should be based upon
the phys:ical sense of which is clear from eqn. (3.2). In the
limiting case b Imel should vanish, giving ‘l-m. This result
can be acnleved lrom eqn, (3.8) if the upper signs (both in the
numerator aad the denominator) are used with Rmin +1, This case
would be denoted as 'l-‘-. In the other limiting case h*0, the
perturbation imxxl prevails over Imkxn’ therefore .l-*ﬂ This
result fcllows from eqn. (3.8) if the lower signs are used, with

min Thies case would be denoted as'l-.

This consideration of the limiting cases suggest that there
must he a switch from the upper case to the lower case as h change
from «to 0, This abrupt change occurs at h = hqpt’ wei Rmin B

The qualitative graph for ‘1,‘ ‘h’ is shown at fig. (3.1a)

IREETA: ‘__M._-_-.-«'h » Rﬂ\lu

i

Fig. (3.10) Illustracion to the switch of sign operatlon.




sicth the belp irow equ. (3.8), (3,2), (3.7}, (3.¢) and (3 3)
1K
m

-mkx - X _ 3

Ww, v _
LK., = -_,-3 mr— . r‘ N PO LR £ T
' ¥ ATR

1Y
5 n'u+1) l='1-2-{i casB W Js

T 'J
with EZ-- i ;‘:‘. ( 1lm) 51“53 tanf el L (A
(al-easin 6)‘
where the upper sin (+) is for h> bopt.' and the lower sign (~) for
h<h
A h=h. R =0 R

Now using egns. (3.10), (3.7) and (3.9) we can derive a formula, which

iz useful for the final step for determination of h,

m xl = TC# F‘.‘:l:'l) TR (3.11)

where the conwention of algebraic signs ia the same as above.

Eqn. (3.11) gives the experimentally measured values of (Imxxl)e 5

The theorecical value of (Imel)theor. as a function of h is given

by eqn.( 2.20 ). The numerical solution of the equation:

; T 3.12)
{‘ImK:-;l) (8)) theor, “:tnKJl;fl.)e €

gives the experimentally determined thickness h of the metallic film,

3.3 The accuracy of the method

Eqn. (3.5) shows that ¢,' = ¢.' (8

A 2 ATR) , therefore

; '
IR
laOATR

g i& the experimental accuraey of the angular measurement of

j A8, rp AT (3.13)
Where Ap
AT

the resonant angie 8 Performing the differentiation of eqn. (3.5)

AR’



e ama V- acc oV 0o -~ ¢ . 3 ¥ |
rhe relative accuracy of <) determination can be expressed

:-'_‘.l_',} o
s Wil
15| (ﬁl—sgsin‘enme y— (3.14)

Similarly, eqn. (3.1) indicates Ez" = ez" (eAIR' Wos Rmin)' therefore:

|Ar.2"] =| ae," IABATR-r[ aezulﬁwa+ [ 3e," | AR . == (3,15)
R oWy e 1
min

where A W, ARmin are experimental accuracies of measurements for half~
LY
width of the rescnant curve aud minimum of reflectance respectively.

performing partial differentiation of eqn. (3.10) gives

e 2 B Ry
a €, “B (1 JR ~ ) ZE sec B(EI easm e)ﬂmJnn 9] (3.16)
wpem g e NTmin” 5 3 Soqprais
¢ = (E1-€381n 9) J
8. E&," —., €.2¢, tan

2 {1+ |R p ) 1 53 5] . 3.17
oW, } *J MR Te.~c.sind,.2 ( )

e 173 9)

: W £ 25 tan

de," P S b k| (3.18)
; == & (€.-c.8in, )2
aR__ 1Ry JR :

min min

where che convention of the algebraic signs is the same as above,

n

Let's normalize equs (3.16) to (3.18) with respect to €,

. 12 L2 g

Bez' €7E481in o+ 6e3sm 0%%8 g (3.19)
.T—- = 2
€, db . o g

2 singcos, (81 chm 6)
ae " -

2 = L e (3.20)

€ usw wg
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10 9 mLn

H-nce, substituting eqns. (3.19) to (3.21) into eqn. (3.15) the

relative accuracy of :.:,?" determination can be expressed as;
" 2 2 2

11! & -E - ¥Y LE # N,
s A" <y ~€,81in" gt 4€,8in"gcosp,

- = - - Jits)
f_; | s:mOcosO(!l-fg sin’ ) + 4we 1

ATE AR
ozl

(3.22)
The relative accuracy of h determination was determined 5y numerical

procedure as the described in the next paragraph.
3.4 The Computer Program

The basic idea of the computer progr‘am is reﬁreuntnd on Fig.
(3.1b) and (3.1¢)}. The program first simulates the values of ﬂﬂn, ’Ue
and Fmin s il they were measured in an ideal experiment mth out any
instrumental error (AO=MMO= AR = 0). These values of BATR' ¥y and

Rmin are mamed as "expected experimental values'.

With an expected experimental value of 8,.. from eqn. (3.4) it
s possible to find the value of EZ.axp from eqn. (3.5). Note that,

since instrumental error AGis neglected, the result might be affected

only by the approximation made in the thecry. The calculations and

comparison with the exact value of ez chabr’ given by eqn. (1.24b)

h L - £ realy depends upon the frequency
paealt Ae ‘:2 theor. e2 exp Lo

used. The following results were chtained.

[,y

€7
l 2 theor

g {

f...-w. = 0,1) = 1.47%
W

- - .'z

(¥ . 0.05) =578 [0} (@=0.3)=0.2
9 gl W
2 /ftheor P

K 2 / theor P
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‘_ Determination of the axact
i taeoretical values of €! and g" wich
; 2 2
eqn. 1.24b

For a given value of h
I K' and I K are determined with a subroutine
m Xo m xl1

"Filmdisp" (egn.1.32,2.20)

-

!
|
: "

o = ———

The expected experimental values of GA » W, and Rmin are

0

found through eqns. (3.1),(3.2),(3.3) and (3.4)

A

For the found expected experimental value of E}ATR(h) and

given W, the value of hopt is found with a subroutine

" R ]
Opt h" (egn. for R)

1

l

is found with a subroutine “EZI accuracy"

/!1 | 82"| is found with a subroutine
% ¢ “g__ accuracy”
\\ 4 22
yes |
[ 4.7 , s .
2 is found with a subroutine : )
= 1
- "E’?Z accur:
ko 2

1 !
i




|
2.
i |

=== iug egnis (3.4 (35S

/ 3 -
%) 4nd the oxpected experiments)

valucs Of P40 W, i(m_r" the experimeatal value of h is found.

8 i The

-» involves a 8 yutine "Biceet" from t
| procedure in oives a subroutine "Bieeet" from the aumerical analysis

| 1+brary which finds the roct of a function (I K g = llE )
m xl1”exp “nm x1 theor'
lﬁce eqr. (2 206}, (.11, the subfunction FNF (H), & subroutine "Film

disp 2, iu which €,' and €2" are calculated as experimentally

detcrmined (see equn. (3.5), (3.10))

h i A® A A
“exp as a function of ATR, wo R ., is numerically

h
exp

calculated and stored in arrays Dn,(*), Dh,(*) and Dh,(*).

The total error is stored in an array Dht(*)

Next h

t
| PHINTING The graphs of ﬂsz' &52" ‘3;“_.,‘2 versus h

i i hex
2 €2 4

£

(The list of the program is found in Appendix B.)

Fig. (3.1c) Block diagram of the computer program.

This frequency dependence becomes clear if we recall that eqn.(2.2)

is valid only for 2" << 1. If we check this ratio at the specified

El
2
. Egn =0,1) = 0.12;
frequencies, e 'et, £2ll (B‘— = 0-05) = 0.2‘.’ 2 (_:. 0 )
ex] W AR
P

o (W = 0.3) = 0.04

"y w
3l ¥



Since the value of e i . / ‘ ‘
2exp “° USed'in the subsequent evaluationy

[ E. and h the first co isi &
2 exp exp 5 nclusion can pe made,

Conclusion 1

the accuracy of the method has a tendency to improve ag the
frequency grow from O upto Wk* (8ee eqn. (2,28)), for frequencies
greater than W%* the accuracy again starts to deteriorate because
the percurbation term in eqn. (2.13) becomes comparable to the

basic term, making the solution (see eqn. (2.20) in valid,

The first try of . ¢he Program without any instrumental error
allow to estimate the dccuracy of the mathematical soft ware used in
the method. The errors made due to a finite accuracy of the soft

wate we'll call " software errors”., It is clear that the ' software

£ £

errors’ in  determination of 2% 2% N ‘should be always lessg

than the errors which originate from finite instrumental accuracy,
These latter errors we'll call experimenta! errors. For a practical
use the instrumental error can be taken as Af= AW = 5", AR = 0,01.
These values are used in the second, third, forth and fifth trieg

of the program, when all partial experimental and a total experimental
€rrors are calculated. It is necessary to underline that the 'so!tware

error' is aslways incorporaced in the calculation of the experimental

Crrors, and for this reason it must be always checked first,

3.5 Analysis of the Methods Accuracy

As an example of the kind of results obtained from this program,

data for sodium




W

§.3819725:587x10 " Hz, T = 1.005837¢ =14
= §,3814725:537xi0 "Hz, T = 1,00583208114%~ 4

3 I Yp
I)
reiractive irdex of the prism was taken as, n. = 1.5. The
surrounding medium was air with r-l = 1. Typical results are shown
tig. (3.2) (3.3a), (3.3bi, (3.3c), (3.4a), (3.4b), and (3.4c)
o (3.2) sl Kai Ae,’ - _
Fig. (3.2) shows that 2 18 independent from h which
e L
| 2 lexp

is understandable since Reru used in eqn. (3.4) does not depend

anl

upon h. On the other hand the comparison of the curves at fig, (3.2

with the values of ﬂn22 shows that; the theoretical error is roughly

|E}Ttheor -

3 rimes bigger than Lhe cxperimental error due to A8# O.

Conclusion 2

't is reasonable to perform the measurements for the deter-
mination of gz' only for normalized frequencies not less than

= 0,1, For less frequencies the software error rapidly grows

E'E’

5
Lringing the total experimental error to 8% at W_= 0.05.
W
. p i
The most striking result comes from Figs. (3.3a), (3.3b), and

ﬁsz
M
2 exp

LA

(3.3¢) at which as a function of h is shown for different

normalized irequencies.

The figures show that a decisive contribution to the total

. g . : e to
evperimental error comes from a partial experimental error du

: g icul h in
an instrumental error in measuring R_. . In particular at

i rtial
the vicinity of h__, when the value of R . =+ 0, this pa
:,pr

: 2 - is result is
experimenial error exhibits an unlimited growth, This
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1130 suvporied by eqn. (3.18) which shows that [352"| _ i__

3R _.

min R

J min
Ihe ' scitwateerror' for the used frequencies has the following

ralves

o= G =0.05) = 571
2«theor. 'p

Ae "
W 3
2 E L0 Ly

11

€2 theor. wp

& n

=2 (-.;,E = 0.3) =0.2%
~T

“2theor. P

Conclusion 3

1t is meaning less to perform the measurement for metal films

with thickness values close to ho

ot’ The value of hopt depends

mostly upon w_ and ranges from 400A°-7504° for 0.05:% <0.3.

w? P

Gonclusion 4
R

For metal films with thicknesses other than hopt; + 100 the
teiative error of determination of az" ranges from 17Z at '/Hp'0.05 to
i o -100A° and W/, =0.3

27 at W}up = 0.3 and h> 1000A" only, For h< hopt 100A Wp

’ - 0 .
the error has a minimum of ~ 7% at L~ 600A" and rapidly grows for less

thicknesses,

i ( i rror [bh
At figs. (3.4a), (3.4b), and (3.4c) the relative e H-m

1 i shown.
as a function of h with normalized frequency as a parameter 1%

' E“

; €
Since hexp is determined using 2.;:q:n 03 zexp.

steps are accumulated

it is the wost

affected because the errors made at all preceeding
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oY in particuvlar (Ae " +®as h* .
. part p )exp as h b ¢ Cdses, Ahswgg h*ho

pt
Besides this we have a 'sopguwdveerror' (showing by a dotted 112@)
growing to infinity as h+*0. It happens because the assumptfon

JK:f.oJ((“inl: in the perturbation approach (see egn. (2.19) fails

ag h+=, For thicknesses greater than 1500A°,&E“ also grows due to

exp
the growth of the partial error in measuring Rhin' At these big

thicknesses Rmin +1, which requires an accurate distinction from

the unitv.
Conclusion 5

The measurement of the thickness of the metal film is reasonable
to perform if 100A°<h<600A°, 850A°<h<12004° at Wiy = 0.3 with

the relative error ~ 0.5,

if 250A0<h<500A0 with relative error ~ 2.57, and

600&31h<1250A° with relative error ~ 0.8% at "/Hp = 0.1

q80&0<h<1400A° with relative error ~ 3,57 at W/Hp = (0,05,
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Summarz

Lt is shown that radiative SPIP can exist at normalized frequencies

nigher thaa W for strong absorbing media,

{54
of WDa might be lUOﬁNpT(S.

Practically useful range

The energy transportation performed by SPIP consists of two flows:
one in the dielectric medium, the other in metal. It is shown that
for 0<w< wp the two flows have opposite directions with the net
+
451 1
flow in the direction of the flow in the dielectric medium. For

w>wp, both flows have the same direction.

A dispersion equation for SP1P in thin metal films was derived. An
approximate solution of this equation was suggested and tested,
The method of determination of complex e(w) and h of metal or semi-
conducter film without a preset expression for e(w) was modified,

A frequency range 0.1< ¥ < W** in which the method is practically
W

W
P P

applicable -is established.
lt is found that the method diverges for 82" and h determination in

For determination of h the method also diverges

-

the vicinity of h0

pt
as h+0.
It is found that with in the specified frequencyrange 0.1< g_ & ‘_'"::
P P

the accuracy of determination ez' is not less than 2%Z. The accuracy
of determination e;" and h depends upon the thickness of the film
and can range from 0.57 to 2.57. Thickness less than 100A°,
greater than l&OOAO, and hopt + 100A° should be excluded relialle

leasur sments,
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Computer program capable of;

anaiysing dispersion Properties of Splp (semi-infin{ite case)
analysing power flows in SP1p (semi~infinite case)

simulating ATR model

finding an approximate solution of the dispersion equation of

SPI1P in a thin film

determining the values of 52', ez", and h from experimentally
measured BATR’ He and Rnin
assessing the accuracy of the method

was designed.
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Appenaix A. Cal~ulation of terms in the Taylor's series expansion

of the dispersion egn. (2.10)

From eqn. {2.14) it is clear that

po.! Q
R ™ o o e iy
- A.
Y21 *23 -
where
E E
T 1 2 £ 525 1 o RN o
P ~ 5 2
s Sy - Sy [ ) Ly
ie,K (=€,)
1io" 5 2
— - K 5
= € g0 {4 = € € E £4t
b Ty T Sy 0l 8 1 e Sk
23 £ = e.K2 -
€389y T 203y 3je1£3+ 2 (°3-"1)
N £
K, = 1K, 1 o et (A.4)
—(el+€2)
i -E
. . iKO 2 - (A.5)
’-(El+52)
fETE . x, [Emral
= L . A.6)
4 /“03 " " ALV St T i (
/- G v
¥ <W<
Note that K°, 1is real for O<WEW* and is imaginary o
3y = et

Eqn. (A.2) shows that f(r.xo) = 0.
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[rom eqn. (2.14) we have

21 23 X0
i L
-3 {1 o 1 g AR +1 a i 2K N
e 1\ 21 %9 23 B Wl Tt e
L Tl 1 _g;_(e -2$.lt'.2y . Heshes : (A.7)
2 L2 9B %

but from (A.2), _1 = 0 which results the second and the third terms of
ro
21

the right ezpression in (A.7) to be zero.

L]
of | - 3 (_1__ | 1 8-211(2311 S (A.8)
LA E'ixu kK, 521 Ko %5,
where
2 [ 1y= 3 (_y_'- 3U V -U3Y_
M {rpf K\ ok, et (A.9)
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o - | el - K
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equaiion (A.8), (A,10), (2.10) and (2.4) imp

5 | - (£27% (SIS R
N K o —
x | %0 2K EI.EZ £’
“ 23
which results in
o ? f 5 €1+€2 ¥23 ¢ 21K2y
= 12

(A.10)

ly that
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o 2y
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26
3
48
S¢
62
79
80
90
100
11d
120
130
4@
15¢
166
176
B
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21@
27
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250
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&

260
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300
10
320
33¢
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| APPENDIX ~8-

FROSRAN which cdetermines the sccuracy of the SPIP method

s pariizular version 18 designed for normalized frequency w/up=.@5

Did Ueri2(300) ,GewZz( 508 ),0er22(308),0622(308 ), Hhi300),01(300) Or 001
J1% Reot(2).F_(2),Err(2),0h(300),0ho( 300);Dh1 (308),0h2(300) Ohi( 300 )

NI
IME

Hol 388 H1(3@8) HZ2(300) ,Ht(303)
GER Scresn(1:1024,1:36,1:3) ,Screenl(1:1024,1:32,1:3)

coM £3,221 E22 ,El
LOM /Exp/ EZle E22e
GOM /WS Teta Wt Rm
COM JErr/ Tatae Wte Rme
COM /H_opt/ Hopimt ! Common Optimal thickness in 'meters’
COM /lp/ Wp
COM /Tau/ Tau
COM /W7 W
COM /x/ Kxliexp
D=2 ,998E+8 : i Spaed of [ight in m/s
Pi=3.14158255358978
|
Et=h/3600+P: /180 | Exp. error in measuring Teta (in rad)
Ew=E1 | Exp. error in measuring half-width Wt (in rad)
Er=.0] | exp. error in measuring Minimum Reflasctivity
]
El=}
E3eZ.25 | Oielectric permiftivity of the GLASS PRISM
Wn=8.,38147.53587€+15 { Plasma Freguency for SODIUM
Tausi  JUSR32081 14E~14 i Relaxation Time for SODIUM
'G0TC 3168 : 1802 13160 ! 2850 1 1800
LOAGSUE E22szcuracy FROM "EZ2Zacct”

349

350
Z6e

|
|

LOAD
LOAC
LOAD
LOAD
LOAD
LOAD
LUAD

SUB Filmdisp FROM "Fi°

U8 EZ2laceuracy FROM "EZiaccl”

ACSUB E22aceu FROM "ER22acc2"

SUE Refl FROM “RPMAZ"

SUE Sr i TROM “RPMAX"

SUS Fr23 FROM “RPMA3" r

SUE F2x FROM "RPMAZ" .
SUB Cpt_r FROM "Opt_h"

270 | LOADSUS Eisect FROM "Bisect"

386
250
lf‘L,
410
429
430
42
419
450
460
479
A8

|
e
INFU
W
INFU
PR
Weir
E21a
E22=

'LOPOSUB FrMax FROM “Max”

-

| Counts the rumber of attempt

T "Normalized fraguency Wn =",Wn s
n=_3

T "No N1 ,N2" No NI N2

INT NQ:“E N2 "Attamt riinban = -

iwp

I=Up"2/¢ U241/ Tau"2)
H/tWsTau ) =lp 2/7{W"2+1/Tau"2)
|

i EZ1 is needed for Filn?ilp

- | Counts the array index



w‘w -

849
950
SEo
872
98¢
859¢
12ap
1[-\1@
1329
1039
to4g
1050
1060
1870

ST T 1 e <

= S

;’li:,‘-';

o

H=i bk _steg

i

wel E-1DA
gt o 4 = I
CALL Frimcdzop(W Wp, Tau,Hmt E1 E3 Kxr Kxi,Kxor Kxoi
{ For the given Hmi EY E2 W, Wp Tau

Loar — BFAL part for semiinfinite casa

thickness {n meters
Kxir Kxiy)
the subprogram 'Filmainp'

pe~t for samiinfinite case
i order correction to Kxor for a metal fils of finitte thick-
rst order correction to Kxoi for & film of given 'H'
. AL part of OX - wavevector for a mets] film of thieness 'H*
(K - IMAG. part of OX - wavavector for s metal film of thickness 'H!
| ROTE I ALL WAVEUECTORS ARE IN NORMALIZED FORM 4|
Ela=Hroi/Kxii
Py=i-isEta/{ (+Etm )72 | Expected expsrimental value of "Amin®
Kxi=Hxisbp/C I Nen- normalized values
Tata=ASN Heor/Wn/SQR(EZ ) ! Expected experimentai Resonant angle in rad
WiwZekKx +CO5{ Teta ) »C/W/GQR(EZ) !Expected Half-width of the resonant curve
I In the preceeding part of the program the sxpected experimentai values
I of Tete,Wt Rm were calculated. The following part of the program
| 1= pased =2xclusively on these experimenially deterninerd values
| NOTE, THAT THESE ARE EXACT EXPERIMENTAL VALUES

FEAE R A LR EERE RN R R BRI R R PP TR RS R R R E IR PR AP AP RRENRIRBRAS A RERR RO
e e e R R N e

IF Nu=® THEN Tetze=Tetas | Experimental error is introduced
IF Ni1=@ THEN Wie=Wt ' | in lines 1440 - 1520

IF NZ2=2 THEHR Rme=Rm

IF No=+? THEN Tetae=Teta+Etl

IF M1=+1 THEN Wie=Wt+Ew b Aw red’

¥ nZ=+! THEN Rme=Rm+Er

I[F No=-7 THEN Tetae=Tata-Et

IF Wi==1! THEN Wta=Wt~Ew

IF 4Z2=~! THEN Ame=Rn-Er

IF Ame<@ THEN Rme=|.E-8 ,

B273IN( Tet2e )*SIN( Tetae) iy 5
EZle~E1+E3452/(E1-E3#82) | Experimentally found EZ1(u
EEEﬁnuta«g3+KESGR(Rme3)-El‘Z'ES'TﬂN(Tetae}/(2¢{EI*E3'52)“21
E27celtasE | "2+EZ4TAN( Tetar )/ (24(E1-E3282)°2)

QL] )=E27c-EZ27%e

I At HeHopt
{ Lines 1560 - 167@
| are a suitch for Eta

| as a function of R min

5

(d)=D1¢13~-D1Ld~1) !
Dr(J 2@ AND J>1 THEN K=+1 .
Or( 7@ THEN K=-]

J=i THEN K=-1

rod=lr{J)sDe{J-1)

s

Pr5d<@ AND J>2 THEN Hoptl=H

I

m

e+ A I

‘

e |
m

IF K==t THEN Hoptmt=17E-B wigcs’

sin'm
IF Ks+1 THEN Haptmt=Hopt)®!.E~1@ - | Optimal thicknes

| _E3652)°2)
Ezzaautc*{!+K*SQR(RM&))*EI‘2¢E3'TﬁN£Tetae}/(2“Ei E3+

i

" o “pprod =" 1Prod
| PRINT “E21-g21e =*(E21-E2l0, "E22-E220 ="|E22-ERZ8,PrO



r==1 AND NE=T AND N2=1 THEN CALL E22acen(Tes |
= et b VTete .ut : e ¥ w
Wi Bl AND NZ=| THEN CALL E22ac0ur 2.9 ,Rm EY Eu 7 £ B2 55

h: acYETeta.Ut.Rn,Et,Eu,ErIE, E21e
4 i
i e p=wig e SQR(E :,‘wwva1~H-5O91Hne-J/(coC&StTrtazzg‘Flc;ql il
(128 4. L= 2ty ;:"—-!1Ehn=' R min =* i Rme
W [E T WG HOT98 THEN Acc=1,E~3
gt (4L O zecl'H_exp-186 »,_e,quBO.EGBG,HBEEK.\H:}.ﬁcclgﬂ’nogth} Eota) Ervies
i  H_=.p=root ol : Expected axperimantally dete;n:nac.‘wv
780 RIDT TH=ToH, H_esp=" iH_exp,"H_opt ="{Hopt1g® K=" gks* T
1218 U=tH-H_expi/H
(990 1F N O SO NT<X@ AND NZ<20 THEN [ »
'.'%; [F heoop ALD K1CB AND NBGOB THEN A | Total errar
540 o AL N1=@ AND N2=Q THEN Oh(])=
lhi; .r ;.‘C_.zg_-, Al MI1=R AND NZ=( THEN HEEJ:"'EI il = e Pt hodel
126@ 15 Not @ AND Ni=@ AND N2=@ THEN DhoJ )=Q F Partial error in *Tetas!
7@ IF e 0@ AND N1=Q AND N2=@ THEN Hod J )=H
1288 IF ho=@ ANL M1 >@ AND N2=Q THEN Oh1( )= 'Partial error in half-uidih
129¢  IF Tio=@ AMD NI<OB AND N2=0 THEN H1(J e
1300 1 Wo=2 AND N{=2 AND NZ<>Q THEN Dh2¢J)=Q ' Partial error in R min
1318 IF No=@ AND Ni=@ AND N2<>@ THEN H2(J)=H
1328 Jd=d+1
1330 IE 4 46@ RND H{SB@ THEN H_step=20
1331 IF HOSEQG ANG HC78@ THEN H_step=18
1340 IF HX=775 AND H<{788 THEN H_cstap=3
1350 i Hopti<*@ THEN H_step=3
1 368 I Hepil=8 AND H>775 AND H{79S THEN & _stap=.3
1379 IF H-LOQ AND H<350 THEN H step=10
389 [f 1 =G50 AND H{=183@ THEN H_stsp=30
1590 F H31230 THEN H_step=60
1408 IF H+H Stepi!BE2@ THEN 520
14g Mo pa

1402 IF M<=5 THEN Hoptl=¢

1403  BELP i
1404 VINPUT “SWITCH = ( if ZERG ' then the Aaregran 15 repeatad for e e, NiNe
MBS IF Sy D THEN 1428

10 IF mo=5 THEN 430

1420 BEEP Sew g )

38 paise s 22222
S8 2 e aE202200222022 00200723 2TE IR 2R TR2eIIIE02222220202231

1460 '2555;-_:15EEE?;;E:;E3322223222?2222222"’ 2222222222222222222222222222222

470 SIngT ' ,
T"EE‘ PEN &

499 pEgs

'S80 LNIR ap

1510 ¢s1zE 3
S Mmove 3
IS3 LageL ‘pe
980 Lpin g
S50 move 72 o

LATIVE EFRCR in EZ22(w)” 4

-

‘_94 LABEL "Fipm THICKNMESS (in, "angstroms')”
318 Moy Fpg
T =
Y0 LAREL g 1.3
1590 MOVE ¢ g 2
800 [age, . . ,
61 -FAREL hicknass or metal fiim. Curv
'V MOVE 3

Foptgtse ; onant
“ABEL "due to finite accuracy in measuring the res

E2Z2(w) va
.% Dependence of reiative error in determination of EC

s | gives & pariial relative error

angle, curve Z




iE30
el
ey
1670
1670
(pal
153¢
y78d
1716
1726
1730
1740
1750
176@
1770
1780
| 758
1560
1818
1811
1812
1820
183¢
18406
1858
1860
187¢
1871
iB72
1868
1830
1600
1901
1902
1510
1820
16830
1940
1950

1960 -

1870
1980
185
202
2210
2820
2070
2849
2050
2960
2070
.08g
2090
2100
2119
2120
2130
2140

pnuE 4.9

LagEL in half-widin, curve 3~ an R min, curve § -

40 e | O 5

_ABE.
MO‘/E 1 _,E"-"Z“.
LARE. 'E3

|
m
{FY)

i"l']'l.'i“- 17 3 X |

PEN

LhDEi-- sit= ii:t;fg‘@@' S8/FPi:"
MOVE 112,34

PEMN 2

ol

the total relati.e arr

LABEL “Euws " tEwsIE00#180/P1y" "

MOVE 112,89}

PEN 4

LABEL “Er= "4Er
MOVE 115,37

PEM 7

LABEL "curve &'
MOVE 4B B2
LABEL “curve &7
MOVE 1% ,30

PEN Z
LABEI
PEN 3
MOVE 5B ,31

“ourve 1t

LABEL "gurva 27
MOVE 1{2B 32
LABEL “Z*

MOVE 20,52

FEN 4

LABEL ‘curve 3"

MOVE 73,33

LABEL "3

PEN &

UIEWPORT i@ ,128,25,100

WINDOW ~5@,1600,-.01,.175

AXES 140, .005.0,9,2.5,2
BEN -1
VIEWPDRT 9,12
AKES 10,1,8,8.) 1.5
VIEWPIRT 12 15 24,28
AKES 10G¢ .00 B,0,1,1.,5
VIEWPORT 12,128,25,100
FEN &

CLIP gFr

LORG B i
FOR (=0 70 i145@ STEP 220
MOVE : -.ga3z

LABEL USING "# K“;!

NEXT 1 -
LORE 8
FOR (=2
MOVE -25
LABEL ys
NEXT 1
MOVE 1400 125

.28 .22
% 5

T0 .8 STER 4S5
¥

NG "% ,.D0"1

LABEL CETV (W)=t gERY

Tt .

| Morizontal deleting
i Usrtical deleting



bl LAF EzZ (W =" {E22
Ig-15 v - =
Thet’ MO y K E"’
2 £ Wp ="1un 3
"
0 . i 8k
-
R JE /b
1993 + ¢ HEM Z:ig
- i A1 . y Ties22¢.J)
7230 POV =Rhe 320kl
204¢ HMEX

275@ PENUF

2260 PEN 3

zt?w FOR I=! T 260

2280 LINE TOPE | 8
2,80 IF Dewdzf Jy=0 THEN FENUF

230¢ PLOT Wi(]) Dew22(d}

@ NEXRT J b
2320 PENUP -
27380 PEN 4

2340 FOR I=i1 10 328

2350 LINE TYPE &

2360 IF Der22(J:=0 THEN PENUF

2370 PLOT Httd )} DerZZ2{J)

2280 NEXT J

2398 PENUP

2400 PEN 7

2418 FOR 4= TU 3B@

2420 LINE TYPE

2830 ¢ Del2(J V=0 THE’}I FENUP

440 £ 07 Hi{1:.Be22(4)

Z45@ NEXT J

4@ FENUP

LAT0 PAUEE

2440 133335333333
2489 133
o500 1235372
2510 BINIT
2628 f0oiZE
1540 LS
285¢ LDIR 9@
2560 eizE -
70 maE 2 B

“580 LABEL “2ELATIVE ERROR tn 'H**

2598 LDIR @

;Eﬁﬁ MOVE 70 22

<bi0 LABFL *iim THICKNESS in (angstroms)® '
¢oc@  MOUE @9 . kness of
?gza LABEL “T.g5. 3.4 Dependence of relative error in inickness an thic

b4l mMovE g5 s

IITEEG LABEL “metal lic film. Curve ' gives a partial relative error due 10

<O50 MOUE 12 3 - in"
“*J;g LAEL "finite mccuracy in measuring the resghant angle, curve 2= 4n

ey MMOVE 11 @ (ative error.’
2690 LABEL *pe | f-~width y 5 - Rmif, curve 4 - the total rei#

2708 oot "helf- , turve 3 - 10 3

3?2@ NUU--—‘]-_E - B =

2730 lls\.'..\i. ”95 N

333323333333333333333333333333333333333333333333332
333333332333333333333333333333333333333333333333333
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(5% 38 &% N 29
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24

2758

277
278¢
Z s
28
2810
PETL
2849
1342
285@
kLB
2870

2840

2550
2900
2019
1928

2939

24940
2352
2850
2570
2380
2432
3900

jee

ip2e
303e
304G
I
g4
3050

itTe

T
89

3ee
EARE
iZy
2139
3149
BT ]
F1he
3179
3130
1130
1260
a21Q
3220
3229
2240

Jzce

320
3279
3280
725¢
3309
3319

MOUE 112,87
_pbEL "Ri=
PEH 3
MovE i
;_FIPE!.
Bge, 4
MWE 1,8
JABEL. “Er=
FEN 2

AU 7e,.9"
LAGEL "EZ1(Wo="E2)
aGveE 78,84

LABEL "E22(W)="3E2Z
WOUE 75,36

LABEL "w/Wp = “ilin
MOVE 38,5658

PEN 7

LABEL 4"

MOVE 124 B4

LABEL °4"

MOVE 48,48

PEN 4

‘LABEL "3

MOUE 78,40

UABEL. "3™ =

MOUE 30 .42

PEN 3

LABEL “2*~

MOUE 78,45

LASEL "2*

MOVE 128,45

LARLL Y2

MUVE 27,45

PEN 2

LRAKEL "t

MCUE 128,37

LABEL. “17

PEN |

MOLE | .37

LABEL “‘math.model”

MOVE 28,34

LEBEL “arpoprt

MUVE <@ 48

DEs

LOIR &3

LABEL “ew=yo

LOIR @

PEtl - [ 2
VIEJPPQT 12,128,29,100
WINDOW ~18, 706 - .00 ,.0i25

17,84
e

C:Bme-Fn

AXES 100,.0005.,0,0,5,5.2 .
ELIP OFF

LORG ¢ :

FOR 1= T0 1g00 STEP 200

MOVE 1 - geezs |

LABEL USING "# K ;1 e Pl e

NEXT |
LORG S

FOR 1«0 10 .95 STEP .00S

faﬁretﬁa~fetg)055&ﬁﬂtﬂﬂﬁﬁi§i%“”-

THWte-Wt)-3600eIE0P e -

¥ L':&t ‘4 -"":-
"J-J%Hﬂj

-qq
_|...I-"f!

"l N "“ L[-J y I‘
B E] I-."-f il =y
s W

Tl W’t[}it "



%?L sIng ¥, .0DD"41
I-E\'
i oY)
i - o ! Parti r A Eat
(F Ho 119 THEN FLOT HotJ),ABS(DRotI)) el
REXT
SENUP
FEN
FOR i=1 TO 300 )
FO : N arial error in U
IF G 2@ THEN PLOT HECL ), ABS(DRICI )
NEXT J
FENUP
FAUSE
PEN &
FOR J=1 TD 308 t Partial arror tn R Al

{F ABS(DN2¢J ) i>1 THEN 3520

TF ABS(ORZ{J1)>.@2 AND H2(J)>1350 THEN 3520

IF HZC(J)>@ THEN PLOT H2(J),ABS(DhZ{I))

NEXT

PENUF

FAUSE

PEN 7 .

FOR J=! 730 30@ i Tetal error
TF ABS(ORt(J11>.02 AND H2¢(J)>1350 THEN 3580

TF He(J) @ THEN PLOT Ht(Jl) ,ABS(Dht(J))

’ »
e

IF AES{DRh(J))>1 THEN 3580
IF Hh(J) @ THEN PLOT Hh(J) ABS(DH(I}) | Indicates only the computationa
NEXT | apror of the computer program

HENUF

PAUSE
4%%444;4444.444444444a44444444444&4444#44444&1444&444444‘4‘_‘““:::::;

*444dai444¢4444444aa44444d44444144444444444t444444444£d4444¢44444::‘4““

1RAAAALGA414444404444444404444444 4444444u44444“4444444444“‘“:“44:!4*

i Jaq4444444444444a444&4444444444444444444414&44444441&444£4¢444

6INIT

CSIZE 3

PEN G

DEG

LOIR 28

CSIZF 3

MOVE 3,61

LABEL "RELATIVE ERROR in 'H'" .

LDIR ©

MOVE 70,22

LABEL “FILM THICKNESS in (angstroms)’

MOVE @ .9

LABEL “Fig. 3.4 (expanded scale)

MOVE 18 .8 —

LAREL "on the thickness of the Mﬂtalllc fllﬂ.

MOUE 112 g8

LN, g o W

hic
Dependence of relative error in thic



moue 112 .85

. - iEd
'.:‘4
At 37
rget —tm gt iewce-Teta)s36@¢+100/P "
L-
MOUE 112,58
LEBE = ;o wie~wt J3B0B¥ 10D/ Fign
LAHE Er= sHma—"m
;E\ 2
Mov: 86 .ol
LABEL 'EZitW)="3E21

movz 96,78

LAKBEL “E22¢W)=¢EZ22
MovE to@,74

| GREL "w/lWp = "iWn
PEN 7

MoyeE 0 85

LABEL "47

MOUE 25,42

LABEL "&"

FEN 4

MOVE 32,73

LABEL "3

MGUE 95,38

-ABEL

FEN 3

MOVE 25 .88
LAgEL 2°
MOVE &% &8
LABEL "2

FEN 2

MCUE 47 BS
URbEL ™

noveE 88,

LABEL "1

FEN |

MOVE 38,47
LABEL “'matt.model”
MOUE 25 =4
LBBEL "errop’
MOUE 4@ .4

DEG

LOTR 4S5

LABEL *-==3*
LRIE @ o
PEIl &

VIEWPGRT 1@,123,29,100

WINDOW 350,554 - aal .162
AXES 75..8] 3%5.0.5, 3 R
CLIP OFF

LORS R

“OR ¥=355 Tp 55@ STEP 25
MOVE X -.p@p

LABEL USING "% K, X
NEXT w



5

J

4ung  FOF f=5 TH 15 STERP .@

) MOUE 358 .Y
158 Anci UsTiG ‘3,,Duuil'

3 HEXT ¥

A F o
;_il'_ i FEN ..
IS FOR J=2 TT 80
4558 ! Partiai

) X wigpe ] - Errer an i

458@  TF Ho” 1156 THEN PLOT Ho(l) ,ABS(Dhe(J)} N
Ap@Y  NEXT
4610 PENUP
AB20  PEN 2

(348 IF H1(J)2@ THEN PLOT HICJ) ABS(BhI(I))

dphd NEXT 4

4659 FEMUF

4670 F=N 4

46BO FOR J=2 73 80 I Partial arror in R min
4699 IF AES(OhZ{J)1>1 THEN 4710

4790 IF RHZC2) 0 THEN PLOT HM2(J ) ,ABS(DRZ(J})

4718 NEXT J

4729 FchNup

47380 PEN T

4744 FOR Jl=2Z TC B8

4750 1F ABS'Dhi{1J3)>) THEN 4770

4768  IF Hi(J)-@ THEN PLOT Ht(J) ,ABS(OhitI )

477¢  NEXT '

A788 PENUR

4750 PEN 1

4808 LINE TYPE 2
4810 FOK =2 TO £@

UAOIF ABSI(DRIJ))»1 THEN 4840

4830 I+ HniJ)oB THEN PLOT HhtJ),ABS(DR(J)) | Indicates only the compulational
4840  NFEXT i errer of the computer program
4459  FENUR

L0BG  END

-

48490 CUD E2%accuracyl Teta Wt Rm,Et Ew,Er El E21,E22 E3,H Det22 Dewll ,Der2Z ,0el2)

45990 | Tris subprogram should he uged for ’H' greater than 'Hopt®
4

4506 et experimental accuracy of "“Teta" determination :
49 1 gy - of "Wt determination

4828 1+ g - of “Ref” determinatiion

4330 Ssq«SIN(Teta )sSIN(Teta)

4946 Rog=5GR(Rm) . i

4959 ﬁr=El-E3iSsq
vew A= 1RMm+2*Ren

43]9 B8=1+Rsg : ' iized Dert

4380 Dart=(gr: yJ(CO5(Teta)*2} .lInormaliz

4950 D:Pua;?gé4i53¢55q)fBr/TAN{Teta /{C inormalized Deru
. Inormalized Gerr

200 Derr=i8*2-,5ep)/Rsq/A/B
210 Det22-AB5(Dert )*Et
020 Dewz2=ABS( Derw ety
2930 Der2z=ABS{Derr )#Er

2240 DﬁL =Det22+Dew22+Der22
U5 SURENMD

s tedly |



oE 4
&5 = . Y
_35 A ‘< PHEN f.:.’iu; |
] 1 g
570 GSUBE
> iT G THEWN Sib@
" A0S
5153 SUBERIN
SiEd TREN Cans=Ai+3QR{I+{Y1/Xi71°2;
S b Aids THER Lans=Yi*SGR{1+(X{/Yi "2

OR (8,0 THEW S24b

i “
(=g/(R+R 7
SUBE;
aZ iF
5380 ir
5319 A=
S3Z€ SUBEND
5338 5o Cdividini 81 A2 ,BZ,R,17
5410 UeRZenZ+BZ+BZ
50 IF Cus@ THEN S350
@ FRINT Fricin$(Z)r"ERROR LN SUBPFROGRAM Cdivad.” !
(7] FRINT "CIVISOR IS ZERG. " ,FNLIn&{Z)
L4 FUNE
D ReiALleaidBZeni /0
)] i=inisai=BzsAil 120
WUSEND
& 3UB Cexp oA ,E.R,1:
“3d FAl
I Ly FEEAP{~ 233187
B4%8  I=EAPiAI*SINIB}

3413 U2 UmuitvAi ,Bi ,AZ ,BZ,R,i}

ER T Fepni 42 -82+51 .

S43¢  i=h+BI+BieRZ

2006 SUBENY

ECH I i

Ty iqm ey _— R fro s . fxir,axil)

oo 3UE Toimaispiw bip,Tau,H,ET,E5,Kxr Kxi,Kxor Rxal BXIT jasmon propagsiing
2258 1 inys subprogram caicuiates the 0X - waveyector aria grlc medium Iil,
553 1 The other interface of the metal fiim is with die Z:un )

?#fu ! El - reiative disieciric i‘-lﬂf""l”i“w-oT th: ” nz

SN d W ~ is the fraguency of tne source of lign ‘;:tar*a'

=LA H - is the thickness of the mefai fiim 1in

zfue’ ! Wp - 13 iha plasma freguency in HZ ds

= | Tau ~ is ine reiaxation time in 5eco\: iasmon in metal Film

f?'f’f ; Kxr - REML part of OX - uavevact‘?r g4 jasmon in metal film

MWmig Kxi - IMAG " ;oK = wavevecior of pia m in /s
— irnMe. part ot . o ol Yimht i vacuu

[



£

i S8 ¥ ik i .
Booie E0'si-wp I/OWZeiiTau"Z) ' Wavevecior of iigni 1n vacuus in. jdi
o s = B s REAL ECiw, of o
Giad Edomwn 2704 Db/ Tau"Z W/ Tau i THAG coaerthe wetal Rita
s Y v TRELT ) armed @ : P E2iwi of the metal film
- peVE SEZ IV EIVERT A asiatog i
e R T‘H 1'_.1 [__.“' EVYRELY ITREL=Es£L s l/onm
e i3 gl BEFCona®T T L/UNM
Ré=f i =rZrciio(E3~EL )
nisE7 7« ES-E]
2570w AT=lsti=cii
270 B7eseC.eg22
ETAE ab=ELd E-EZldI-Ei1Cd
T 5740 HE=ZeEll+EZZ
TS5 LunusuhG Gaos Faun Compix‘

Toewr L0ANSUEB Ceart FRO "Compix”

77¢ Chli CsqgrivEi+edi ;22 .,a1 B4 )

BT TR

g
5
3
5
-.'5:
S78a CALL Usgritmo ,Bo K1 K2
5:"”' el A | Normalizing factor
SHY cor=mRovr jeU
LSRG ClEROYlZ*L
i 5826l LUALSLE Cdivid FROM “Complix”
L 5830 Unli LOisiay —ZeRoeHeELZ  +Z2eKovHrEL] A1 B AZ B2 i Sign shanged
2 58487 LOADSUD Cr‘:r.'p FROM "Compix”
Y5850 lmiL C=«piAZ B2 ,A5,B3
%556&} LALL Cegriiead B4 A5 BSI {
z Se780  CALL carvidiE2-AS,-85 .E3+A5,+85 ,fb 86 ; i AB,B6 - Real & Imag. parts o
¥ Seee | i i/r32
056 CALL CdiviaiAT 67,06 03.49,85) g8 -
; STYUE ] Lunuioue LMULT o FRUn LOMBAX
i BEid CoLl CmuiiiA3 B3 ,+hE ,+BB ,A10,818)
VSEIG CALL OmulidAi@,B10,A3,89,A11,B1)
5334 ALl Cmultuixor Kxol, i+t @811 ,Kxr Kxi)d -

SV

e

= Xii=px1-nxol
é- .‘.3 . DU TiND
§ o U ' .
S3ed 3B flisccuracylTeta,Et,E1,E21,E22Z,E3,H,DetZi Dedl)
< | \
SktE ;
% B Eizes<perimental accuracy of 'Teia’ determination
& 5 seq=8Ii Teta =gl Tetal
T BBIR  Er=il-EleSsa
Bus. jeri=i«li/Br/ AN Teta?
TEELG Deili=AcSiDert reft
¢ G680 [leZli=Geili ‘
¥ 8676 SUBEND s
2 B@sa = Deril 022
% 505@ 3U8 EZZaccud Teta,wt .Rm Et ,Ew,Er ,Ei EZTLEZS, €3,H, Dt “..L'IGH‘&- . ;;r: ih;
[£57 iris subprogram shouid be useg for inicknesses ‘h' iess i

. A5

t oplimal tnlu&nes

s g = ' tarmination
: - axper ceuracy of fata” ce
M, i grperimental & N e “4t® + determination

= S = T R v o B e B 5 O 53

i E: - of *Ref" determination
‘ S8Q=3inNl feta eSIN(Tetal
E - Reg=SOR{fAm; -
E170 Br=fi-E3e33q
E}t;\...‘ A=1 7R _:*F.Eq
" 1 E"I'ES e T rt
§ G200 Deri ﬁffq**g-bsq'fBPf"f*'efﬂ”‘cn-.Téia’ 5 ;:g:::;;::g g:ru
El g L

PIWT inormnalized terr
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J1 a2 )
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ur
-3 Xy i ¢
> B4 |

£~

% waoal

gy &

,n‘_.-h:J-uarLa*Et
St lerw i *Ew
Far Z2AE 3{ Darr ) oEr

LetUBWIZThered

i iy
Qe o _pa wl e g i R S
u ; -‘Jawr"r;‘”r-“afr“’é-ﬁﬁa.u.ti,=a.Eiie,EZZe}
- " B Y =t H i
s real pari of ine refiection coefficient of & single 7ilw
i it THAS 1 4 F L * .
¢ the imaginary pert of the refiection coafficient
pes - iw tna cefteativiiy of a singie fiim s <
gie, £1 - stangs for the prism
£Z  s&iangs Tor tne air

e B
RiZ=RriZ ZvImri2°Z
! e A
RZG=RrZ3 Z+ImrZ3"2

=
L

j=ImriZeiRSeimrZ3+I5«RNZ3 )

yrRp i Z¢(RS#Imr23+15+RrI5
LRS54 IS
imr)

Jti_ﬂtFeiac,w,HlnLi,ani.Hopt,Rnsn,E3,Ei,EZia;EZZS? LR
subprogram for finding the pptimal ihickness of the metei fiim ai
whiteh ihe coupling is maximum xREFLECTIyITV - manipumi
} Tata - resonant angie in 'rad’
t w - freguency of the source in ‘Hz*®
| Hinii - initial thickness for the gearch
Wini - final thickness for the search
| Fupt - determifdéd oy tnis sudbprogr
: ness in angstroms’
' imin - the value of Refiect
{ 3 = 1s for the prism
Rmin=| i
H_s>ap=5@

'
in 'angstroms’
in "angstroms’

ivity when ;H = Hopt

iF Hinti 380 AND Hinti<B4® TrEN Fstep= . Thickness in angstroms
e . a mmem sam % Qe i L]
FUR ma=riinil 10 rfnl STEF H_step ‘matars’

HMMi=Nae | E-10 | ThicknasIElf :
ity e s e e ErY 1 EZle,EZZe)
L we?1~1etae.u.ﬁr,Inr,nef,R:Z,nza,ﬂﬂf.53-5‘-E‘ J

2f fAmir THEN Hopi=na

T
1T

am the vaiue of the optimal thick=



s55@ oAl na
SEa L SUBEING
A= ,
auEd  3ub Friliiela S RANEZ Inr T2 BT EF EZTe E2Ze 7
257 Tete - is the angle of incidence
230 E . 15 the frequency of tne iight source
=540 f TPE‘,F is ine raal part of the refiegction coeificient rl7
56T . imrlZ= is tng 1maginary part of ine rerieciion coefficient riZ
5510 r et VAN
5453 rrZ=Ezie
53ze o =EZ)
Gaad Oi=Ele
S550 GeEZl"Z¥EZZZ ;
S0 Se3(d Tetais3iNiTetar
sq7p nZ=i-Eir=Zie5/Q
cagg EI=E!1#E224570 - 2
§E50 LOADSUB Csgrt FROM "Complx®
001 .CADLIUB Cabs FROM “Compix”
7816 CRLL CsarilAi BRI, I1)
MHI®  LALL CSQFtiﬁ?,BZ,RE,IZ)

2638 Fi=R1«C0S{Tetal
2ad4d 11=11+C03(Tatal
7058 KC=RZ+SQRIEL?
7068 1Z2=1Z«SQR(ET)

7078 RI2=R1-K2 : iraal part of numerator

7080 ImiZ=1i-IZ |imaginary part of numar stor
7899 FRoiZ=R1+R2 : ireal part of denominator
7160 ImdiZ=ii+l2 (imaginary part of dinominator

2118t LOADSUB Cdivid FROM "Compix™ ! .
7128 CALL CAividtR1Z,Imi2,Rd12,Imnd12 Rr12,Inri2)
7130 SUBEND ' . .

7150 SUB F*23(Teta,H,Rr23,1nr23,EI.EJ,EZI..EzZG’
7180 E2i1=EZie

7i70 EZZ=E27e

7160 4=SIN!Teta)*SIN(Teta)

7189 F=E3-E145

72@0 A3=E21sE3°2-E145+E3°2

7219 BI=E22+E3°2

7220 IF F4B THEN GOTH 7268

7236 R4=EZ1+SORIF)

7248 TA=EZ2+CGRIF)

725@ 5070 7280

ey E4=—E22*50F\'F} ¥
7270 14=+E21SQR(~F) '
726Q CALL Csarti{A3,B3,R3,13}

7230 RI4=R3-R4

7300 Im3d=13-14

7310 Ro34sR3+R4

(320 imuBa=i3+1d )
Ao Gd:vld(R3¢,Im34.Rd34-1“53"erz'lnr23t.

S4@ SUBEND
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- ‘....-:\,n
L g = 4 [

1y =5 T ’“*6?‘L1WITET§J L
Lol Ceqrid 1, EZZ Rn.In) '
iRy S -EVsEZ 1483
4@ ChaLL Csartil H A2 . BZ)
m4ql S5=-Ter o TIEl INSAZERNSEL )
RUP BE=TaRoslr EnsAZ-InsBEZ )
7514 &4GTH VETO
2800 ATEr{~Ziw8~-EZT)
“5.8 B1=-E22Z
‘R4 (el Csgriial Bl A8 ,B5)
o H o A5=She T akn=])
~LEg BO: 35+ «wp=D
Ve LALL Cexpliébh ,ES ,RS N 153
oL SUREND zy
T L
503 DEF FNFIH)
Tall I Inmut thickness is in “angstronms®
Togi COR 3 . B2V . EZ2 B
7836 Lovl Aups Wp
&g OOM /WS W
TeEG CGM 7K/ Neliexp
YEnd  COM JErr/ Tetae Wte, fime
7678 CCGM fH_opi/ Hopiwmi
TRAS Hmi=~H+] . E~10 I thickness in meiers

Ti0e CHaLL ﬁflmdstEFN,wp,Tetae,Uis,Rna,Hoptnt,Hnt,El,EB,er,Kxi,Kxor,Kxol,Hu:r,k
71 NOTE ALL WAUEUVEGTORS ARE IN NORMALIZED FORM 111

(s =Hxli-Kxiiexp

7738 FRIN? “HetiH CKxli="3Rxi1, "Kxbiexp="Kxiiegp, 't1ine 5070)°

[ ETUEN F

NEND

™ 3

) SUR ?:se:tﬂP,ﬁ,Naxbt,Toi,Baltax,Root(‘ilF_(‘J,Errfo},Nroots?

GPTIGN 8ASE . ‘5
Geddis~(Ar=B} OR (Maxbi<=@) OR (Tol¥=@) OR (Deltax<=@) OR (Nroots<=d)
i Baddia=0@ THEN 7BG0 -

FRINT FNLin®%(2/; ERROR IN SUBFROGRAM Bisect.

PEINT "A=":1Ay° B="i161" Maxbi="jMaxbi

Nronis-‘|Nroata|FNL:nit2}

& F7INT “Jol="3Toly" Deltax="i0eltaxi”
(848 PFeUaD
THRG GoTG 7732

(559 N={

THTH Norasut=Nroots

Y58¢  FOR I=1 TC Nroots

2655 Reoti1 =g, 339539F+99
7580 F_{1)=9,9959535E+38
7818 Ere . [ )=5, 939389€#99

"-3:' ;l i‘qc; i f

(-?33@ A= i '.
iS4d IF nueNoroot THEN SUBEXIT

7888 N=N+i§ =

150 S

576 E=y

3B AxfAeDeltas

5@ ir p»B THEN SUBEXIT
G000 N=f



Frod>@ THEN 7378

s
G5 LF Frod<d THEN B140
it i+ oovb THEKR BOBS
GHE i=fh—-ualta
2 (4is
; HGo .
(AT 2
S1ed =rrieitas
By Gaba=i E-12
3124 Frrini=hiza
Bisd 'ﬁ'jii:l 53@
Pia Laft=n-Jeltax
£139 Aighl=f
B180 L=
B17¢ i=iLeft+Right 1/2
Bigd YeFMF(A ) L
BI5G  C=C+l
azil iF C:haxhi TrREN B834@
oe AESL Y J{ToiFNiax{i ,A) THEN 8230
BIZD Frog=F=%
5230 iF Frod<=@ ThEN 5Z0@
GTa@ Lati=a
bS8 GoT0 8179 i
8250 IF Frod=@ THEN BZ5@
TG signt=k
BOT0 2iTé
Roo TN I=A
F_iNi=1 i ;

¢ Erriniesize
SRET7 bOTo 7358
340  FRINT FiLin${2); 'MAX & OF BzSECT ONS REACHED GN AGOT 4" i
BI5E PFRINT "X BETWEEN “jLefts" AND "jRight
cabe FRINT “FiXi="¥
a37¢ Size=R.ghi-Lefi _

i BRINT "ACCURACY TO "i151ze ik
5336 PRINT "AVERAGE VALUE STORED IN Root(w)-AS APPROXIMATE A" iFHLin®(Z)
G40y RootiNi={LeftrRight }/2
tdid F_iN =T
A A2 Erripdi=Size
8435¢ B0TH 7238
Bd4qy SUREND |
84S DEF FiMax{A@ Ai OFTIONAL AZ,A3 A4 AB,AB,AT,AB.ASI
E4B@ a<=Al - .
5478 IF nirriax THEN Hex=Ai
E4EQ 17 WPAR=Z THEN RETURN Max
o459 IF AZ:Max THEN Hax=nAZ
BSUE IFf WPAR=3 THEN RETURN Hax
55i@ F A% Mar THEN Hax=A3
526 IF NPAR=4 THEN RETURN fax K
5579 IF Adliax THEN Max=n4
B4 iF NPAR=5 THEN RETURN Hax
£35@  if AL Max THEN Max=hS
5584 iF NPAR=S THEN RETURN Hax
8578  IF ABrMax THEK Hax=hB
8589 17 NPAR=T THEN RETURN Max
o e L T PR Y e ™ B Y P .
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RilE i
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3;5~fiiwdjepziN‘Hg.Te{aa,Nto.ﬂme,Hspt,H,Ei,ES,ﬁxr,le,ﬁxor,hxcl LSS
¢ This 5uppregran Csicuiates the Ox - usvavectior of & piasmon érapaén
! for EXPERIMENTALLY NEASURED resonant angie Tetae, half-widin Wia
! Minimum of refiectivity Rmin ’

"hE otner :nter?acg of ine metal fiim is with dielectric medjum Til
i £l - relaiivg dielectrig permittiviiy of the medium 1 (aypr )
i W - is the frequency of the source of light in Hz

H - is tha thickness af the metal film in ‘metars’ CEipeiiini

f Kxr ~ REAL pari of OX - wavevector of piasmon in meiaj fiim
i rx: - IMAB. pari of OX - wavevecior of plasmon in metai fiim

C=Z,238E+5 | Speed of light in vacuum in =
Ko=l/C I Wavevecior of iight in vacuum
§:=SIH{Tetaa}*SINiTetac}

EZi‘EifE3!52£(Ei-E3'52i ' Exp-iy found REAL EJ(w) of tha meta]

IF Hidopi THEN Km-i

IF H=Hoat THEN K=@

[F hbropt THEN Ke+i
EEE-wteOiF+K-3QRtRnei)wE%'2~E3-TﬁﬁiTataoi/(ZoiEi-EZ-SZ}‘Z} i IMAG. E:
f PRINT “EZi_exp ="1821,"E22_exp = “1€22."(line 8728 )"

Onm={ €7 +821 )" 24£22"°2

AO= ET+EZT«(EI+EZ1 1+E1%E22° 2 3/0nm

1
-

B

e T

BA=EZZ (ES~Ei}

ATmZeZ{+E7 ]

BT=Z2«C12E22

AB=EZT Z-FIZ 2=F1"7
BE=Z+EZ 1827

LOADSUB Labe FROM “Complix”
LOADSUE Csqri FROM "Compix"

CALL vsarii{Ei+€Z1 ,E22 Al ,Bi i
CaLL Cenrtifo Bo ,Ki K2}

=L/ Wp '
hxor=hosk | =i

Kxoi=hpeKZey

LOADSUB Caivid FROM "Complx” _ o 2 i Evon bhanasd
CALL Cdiviai-2eKosHsE2Z ,+2eKoeH+E2] A1 B .AZ,B2) 219 #
LOADSUS Cexo FROM “"Compix”

CALL Cexpi~Z 82 ,A53,B3)

LALL Ceartind B4 AS,B5) TV 0 B Tt 2 Thet., DErth
CALL CdividiE3-AG ~#%,E3+A5,+85 7€ 881 i AB,BE - Real g

| WNormalizing fac

CALL CdividiAT,87,48,66,A9,89) 4
LOAGSUB Cmuit FROM ‘Compix” :

CALL Cmultin3 ,B3,+A6,+66-118,518)

CALL Cmuit(Aid,B16,A5,B3,A11,811) N

CALL Cmult(Kxor Kxoi,i+hli ,Bil Kxr Kxi)

-

KxTi=Kxi~Kxoi
SUBEND
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sUs Gpi_h_i(?etae,ﬁtu_ﬁae.E:.ESJHth;}

5I=tiN{Tatag)+5iN{Tetas)

Elis=Ei*E3+32/(Ei-E5582) | Experimentaiiy found EZ2ilw)
EZEe-dte-{ivK-SGE(Rnaii-Ei‘ZnEB:TﬁN(Taiae)/(Z'(Ei-EB-SZJ'ZE

EZZ&*Uie*E?'2*E3'TﬁﬂiTaianKfEOiEl“E3'SZ}‘2; i At HeHopt

Del lassiio-S2ie f Lines 1580 - 1676
0i{ii=0alta | are & switch for Eta
Orid =011 )-DI(d~1 i as a function of R min

IF Orid o8 AND 321 THEN Kw+i

IF Orid <@ THEN K=-i

IF =1 THEN K=-i

Prad=0r{J j«0ri{J-1)

IF Prod<@ AND J>1 THEN Hopti=H
’22eﬂwte-£I+K*SQR<RM¢?3*EI'E*EBtTﬁNi?ataaaideiE!-53n523‘2>
SUBERD

3
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