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Abu t.l" ~~,c t 
~-.- ---_ ... 

Su}~face pla817i\To~~'pol~n~itoriH (SP1P) whIch can be excited on 

dielectric/met~l (dielc(·trlc/semicouductor) interface can be used as 

highly sensitive non distructive probe for th" determination of tJ!e 

dielectric constant £ (H) = (' (,,) + iE" (w) and thickness h of a metal 

semiconductor) fil,n without [l preset expression for (w). 

The theoretical background of the method [3] is based on the 

solution of the HaJmell's equatioIls which provides the disperssion 

equatIon of SrlP at the surface of a thin metal (semiconductor) film 

and its interpretation in terms of attenuated total reflection (ATR) 

characteristics. The physical sense of t,he solution is demonstrated 

through the power flows and the field distributions of SPIP and other 

poss~ble excitations. 

It is sho'"" that for strong absorbing metals (semiconductors) 

low n"jiative SPIP caa exist at frequencies higher than the plasma 

frequency H • , The analysts of the approximate solution of the approximate 
• p 

sollltion of dispersion equation for thin metal (semiconductor) fillil [3] 

established a I,ell-defined limited frequency range of its applicability. 

It was found that the upper frequency limit depends upon the thickness 

of the film and falls dOHl1 from W / ~2 to '0.35 l~ ss h+O. 
,.~ . P lL P 

A computer model simulating realistic ,experimental conditions of 

measurement ATR characteristics is discussed. The accuracy of (I(W), 

E"(W) and h determination is established. 
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fNTRODUCTION 

The intern;}l degr.ee~j oj: fLHeduLl of a medJ'!fa genel'ally excited by 

the pas8age thi"Ough it of an elcct'(omagne~·ie wave~ Iniact bpcauElc of 

the medium, the l".lecn.-oBlngIlctic Have bQcomen a ne\'] type of wave In 

\ ... hich the orig:lnal eleccroruaguHti.e fil~ld is modified by the induced 

polarization of the medlum.. Thls ne~l 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 conpled to the lattice vibration in a crystal is 

called a phonon polariton, and so on. 

Under certain conditions plasmon polariton propagates along the 

boundary of metals or semi··conductors I'ith dielectric medium (discussed 

in Chapter I). 

This type of elementary excitations is called a surface plasmon 

polariton (SPIP). The electric and magnetic fields of SPIP are taking 

maximum values at the interface metal or semiconductor/dielectric medium 

and are exponentially decaying with distance from a boundary in the 

direction of normal. 

ConCentration of the electromagnetic field near the metal or semi-

conductor surface makes SPIP very sensitive to minor changes in charac-

teristic quantiti.es of intp.rfacing media (like complex dielectric ' • <" 

permittivity & ~ i'+i8") and to the state of roughness of the boundary. 

Therefore SPIP constitutes a highly sensitive non-destroying probe 

for measuring purposes, particularly in the optical and infra-red 

range of frequencies. 
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Fig. (1.1) General view of a boundal-y between semi-infinite dielectric 

medium and semi-infinite metal or semiconductor. 

~-~- .... -.... --~-.-

HaX~lell' s Curl equations and equation (101) yield in 

+ + E =E ,'+ E ________ .. ___ ._ 
x y (~2) 

where E is parallel to the interface, and E :ls perpendicular to the x y 

interface. It is known from the electromagnetic theory that an 

accleratlng charge radiates a secondary electromagnetic waVe in the 

direction perpendicular to the direction of the charges motion. This 

implies that the E component of the inci<lent primary radiation sets x 

up the oscillation of an electron at metal or. semiconductor surfa.ce 
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x ~ X In tlw OX dic<!ctl<lll. The, secondary adlation is in the OY o 

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

reflected from the n/"2 interface. The rndiation in the Y<O direction 

is absorbed by the .lind medium. 

The EY component of the electric field produces oscillation of 

the electron perpendicular to the surface. The secondary radJ.ati6n 

. from the electron propagates along the surface. Part of the secondary 

radiation in OX direction contributes to the radiation reflected 

from the n1/n2 interface and another part of it sets up oscillations 

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 dep tho See Fig. (1.1) 

Transmittance of the OY Oscillations in the OX direction via 

secondary radiation represent a new mode of eXCitation called surface 

plasmon polariton (SPIP). 

Now, let us See the electric and magnetic. fields of· the guided SP.l;P. 

Suppose the HZ in medium II can be described as; 

((.3) 

; K = K + iK" (the wave vectors) are x x X 

describing propagation along OY direction arid OX direCtion (along 

the surface) respectively. 

A But from the boundary condition, H2t - HIt ~ J (where Hit' (i~l, 2) 

is the tangential component of the magnetic field;' and J is linear .densit) 

of the current flowing parallel to the illteface), if there is no 
A 

external source, J ~ 0 the~ 



thell 

"qllatton (tHl) :implies that thccre must be some dbtribution of magnetic 

field to medium I. Supposing that, magnetic field distribution in 

medium r is of the same nature as in medium II, 

ik Y f(R X - wt) ____ _ 
=A1e tYe x (4b) 

where K
1y " K f + iK I. r 

ly 1y is wave vector that describes propagation 

along OY direction in medium I. 
The value of K must be universal for x 

both medium, since the electric and magnetic fields in medium I and 

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

From the boundary condition 

which results A2 ~ Al = A, where A is tlla·amplitude. Now let us 

consider the boundary condit:1on for tangential components of the 

electiic £;.eld, E component in this case x 

E >:~ E 
',,2 xl at y ~ O. 

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

... 
+ .5' , but $ ~ 0 VXH

Z 
~ e as 

at· 
or 

i j 

!/ ;) a ax 3y .. .. 
~ -,t,,£ (E + E ) 

0 0 Hzl x y 

H
p -ik"v Y e i (kxX-wt) ~ A e <. 22 
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1<here £r and 
1 

£1:2 + i£ r 2 are relative ,dielectric permittivities 

of medium I an(l mediunI II respectively, From no\< on \<e shall operate 

1<ith relative dielectric permHt:ivities only. Therefore, for short 

writtening I:epresentation We shall denote again £1:

1 
as £1' and £r

2 
as 

Now let us find the relationship bet1<een K
ly 

and Kl using the' 

wave equation. 

---... _-------

Since we assume Chat 

equation (iiI) can be written as 
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Resolving equation (f:8,l into real and imaginary parts, we get: 

(1. 9) 

(1.10) 

equation (1010) indica tes that in dielectric medium -> j.'" I K K" 
1 1 

Next let us resolve K' and K" into components 

-, -, + .. .. 
K' ~ K + K1y 

, 
~ K' + K • 

-=~ .... ~-"", .... -- (1.11) 
1 Ix x ly 

-+ -+ -}- ... -> 
K" 1'3 K II + K H f;> 

1 Ix ly 
K II + K It 

X ly 
(1.12) 

On the other han!1 let us conslder 

K 2 + K 2 ~ (K ' + iX ,,)2 + (K t + IK 11)2 
x ly x x ly ly 

= K' 2 -K 112 + K ,,2 + 2i[K 'K " + K 'K "] '" 1<'" 
x x ly x x 1y ly "IV 

(l. 

• K ,2 + K- ,2 _ K ,,2 _ K ,,2 + 2il' 'K " cos (K I K ") 
x ly x ly L III 

Comparison of equation i~13) with equation (t8a) gives results 

-> 2 2 2 
K - K -I- K - K E ------1 x ly 0 1 

(1.14) 

8a) 



Henee 

(1.15) 

Similar Considerat1.on for the conducting m~diurn II, with 

.. .. 
H P i(K

2
, r-wt) ~ Z, V\ e 

1 (K v - K. t' .- wt) 
e ~ 2y 

gives 

---- ... _------ (1.16) 
Or 

.. .;-

K '2 - K "2 + 21K' K" cos (K'A K") ~ K2 c '+iK2 c." 
2 2 22 22 02 02 

Resolving equation a-l7) into real und imagina.ry parts we get 

K ,2 
2 

K .,2 
2 -=--.;.--<~-

+ /\ -7 2 
2K2 ' K2" cos (K I K Ii) ~ K c. " 

2 2 0 2 

(I.18) 

(1.19) 

.. -} Equation ({:19) indicates that the angle he tween K
2

' and K
Z

" is lesa 

than rr/z, since c " > 0 2 ' 

On the other hand. let us consider the [0110111ng 

K 2 + K 2 = (K 1 + iK ") 2 + (K
2
' t iK2y") 2 x 2y x X _y 

= K ,2 - K "Z + K ,2 - K ,,2 + 2ifK '.K "+K !K "J 
X • X 2y 2y x x 2y 2y 

2 2 -i-A-). ~ K' - K" + 2iK 'K II cos (K' !< ") ____ _ 
2 2 2 2 2 2 (1. 20) 

Comparison of equation (:L,20) with equations (1.18) and (1.19) resul ts 

Hence 

K = 2y 
r-r---y---"K c 2 K --_________ _ 

o - x 

(1. 21) 

(1. 2Z) 
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The graphical representation for thl-'!: compo~ent8' of Kl and 1:2 is shown 

at fig. (:f'2.) below, 

-> -> 
Fig.(1.2',~) The graph of Kl and KZ and their components in cartesian 

.representation. 

Substitution of equations (1.15) and (1.22) into equation (1<6) res\llts 

(1. 23) 

Resolving equationU~3) for K we receive 
l#' x 

K = K x 0 (1. 24a) 

Equation (1.24a) describes the disperslon equation of SPIP 

where K ~ 
o 

c = 

w 
c is the Have vector in vacuum 

sp,>ed of light in vacuum 

angular frequency of the source 
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For metals the dielectr~_c: pe:cL-~~-;:·~ivity ::unel~ioll 0:-: a free electron 

model i.8 giv"n hy (1.2 /,b) [1j. A meciium "ith a j,oaHlve d.l.electric 

funetlon 18 oftel'n ternleo a I patWi'lt~ :uediuw f
, and commonly used examples 

of such media Include air, vacuum, glasB. etc. A medium Hith a negative 

dielectric function is called an 'active" medium~and include metals and 

semiconductors at frequencies belo" the p1ssma frequency W [lj. 
l' 

~ 1 -

which results 

(: '(W) ~ 
2 

1 

N 2 
.....!L.. 
£ m* o 

W 2 + ...-..-1'-

(W2+C2 ) 

\~ 2 ... __ ... L_ 
(2 -.2) W +t 

£t+ie:.: fI 

2 2 
(1. 24b) 

i W 2 
. .l'- 1 

wt (W2+ -W2) 

(: "(W) W 2 
1. =~-2 

(W2+T -2) WT 

Where N is the fr.ee electr.on density, e is the electronic charge C 
. 0 

is permittivity of free "pace, m* is the effective 'massland t is the 

relaxation time describes electron photon collision. 

The dependence of 

seen at figure (1. 1')"J 

£ I and 
2 

£2" on the angular frequency IV is 

1.2 The Analysis of-the Dispersion Equation. , 

The simplest case in'the analysis of the dispersion equation Is, 

the case in which the absorbing part in the expression of £2 is zero tha 
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is £2° ~ O~ Under this C2we the whole ~('ang(:' of freqU{)il('_Jes could he: 

separated inLo thre(~ suh l.'.'1nges. 

(1.25) 

From equation (/:15) and equation (1:22) 

K ' = 0 ; K " > 0 ly ly 

--~--------------- (1.26) 
K' = 0 . K " > 0 2y , 

2y 

which means that a non radiative plasmon exists. 

Let us support this conclusion from the'geneial consideration of the 

energy flow. 

Time average §'Oynting vector component along OX direction is 

given in air at X=O and yeO by 

S I = 
X " R e E oy 

in metal at X~O, and y~O 

II 
S 
x 

(1. 27) 

" ] 
--- (1:28) 

WE [E • 2+£ "2) o 2 2 

Time average Poynting vector component along OY direction is given 

by, in air, at X=O, and yeO by 

(1.29) 
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S:tmt laJ-.'ly in metal at X""-O, and '(:0:0 

o II ., 
Y 

E n H II;, 
ox 02 

The non ab801~btng case £ " ~() I.ill be demonstrated a9 a limiting c~it8e 2 

of derived general formulas. 

Suppose that 

Under these assumptions for o<w<~ 
fl+l 

From equation «(<24a) 

K I 
~ K r~~~~~-: x 0 (1.31) 

K " = K [9;27'1 x 0 

£1+c 2 
> 0 -.---- (1. 32) 

. Sec Fig4lua) al~d Fig. (t4va). 

(Note that letter "a" corresponds to 1: = l0125"'~G) 

From equation (1. 15) 

K ' ly = -
K I K II 
_lL.-1>_ 
llC II 

ly 

K 11 ~ 
ly 

2' K C 
o 1 

From equation (1. 22) 

I' = Ko2fQ,,_2~IK,c'1 '2y --____ _ = -
2K " 2y 

< () ---- (1.33) 

(1. 34) 

Ko £2"(fCl+£2ILE(£i4!:212~---(L35) 
2(£1+£2')2 



-.j 

,) i: 
, 

,n " 
o q 

'.' 
., ... ,./. 

;z . -._. 

;' 

/ 
~ .. / 

IUltVBvoo"tor' k~e/~!p 

Fig~.al\) SurfllOB piii13fi10n··polli.riton dllSper:S-1Dn OI.H"ve f(JY' ft ~r'e0 .z.lsotran 
Moted ploi-iiod far! (a) real KL .. NHll IJJ'- (so"lid ourv('n, (b) rl!lcd 
w. rani pt\rt of oompJox k ~ {4I<fft;9J:\ linoL. The. otJrvos. ar·e Plct­
t.ed in dl(fion~jonj¢s'S units~ !·lp ... L.£·HS rJ;.\d/@ I TQu ... 1.£+125 (i 

8urfWG pIQ~MOn-pt'il;u .. ttDn ditoper0910n ourve for 1Iliugina,'y 
pnrt of oorApiex k vcr-aut, f'061 1.1)' (6) dXllot nuroortord SClh.ftiot'l 
(11111 .- ltne) I (b) tipp"oxh'~te "naly'>l"~1 ~olution - ( IIllI 
i inc). t-ip'" Lf':·H5 l"'nd/s I Tau"" 1.E·H25 B tc 



: .... 

:1 q . 
u 

&'''-}-O-<~+---}--l-4--=i.......y-..f-+.+-+-+-~-''''+-+-1 I I ! t- f I' f I I f I I I f----t 
o .5 1 1.5 2 ;'.5 3 3.5 

NOf'hI,1 izecl r~1ii1 ptlrt Qf the 

tlg(lf,:;Ik} Surfaof) pfas(llon-polaf'iton die.p6rGdon our-v@: 'fot" I); friJe elso'tran 
MQtal pIO·~t5d lort (a) ,..ord k J t-fi~l w - lso1td OUf"vcir (b) rBt\1 
WI r-oei pi!j.rt. 01·- pQ/i'If-::dox h - (~(t}k114 Hned. The our-vee !'i("'1;) plot ... 
tod in dlm<ln"loniMo unlh. WI' ~ [.&:+15 rad'-;$ , fa" •• I.E-13". 

Su,.faolJ pl~sMOn-polfi.rii;:on dfeptaf'.;1tH'} ourv& f(1P imaginary 
pllf't of oOrBplex k VONH1G rat'll w: (!'l.J I;'OOlot flwi,-o;rfDed 8olu1-iot) 
'11111- line;, (b) approxj",at~ .'n,dytl(.~1 Rol"~lon - ( run 
line;. Wp ~ 1.[>[5 I'.d/~ , hu - I.E>l3 " , 
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u t:2 
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Sec Fig. (t";a) and Fig. (1-6a) 

>0 ----------___ _ (J .3(,) 

From equations (1.27) to (1.30) ond using equations (1.31) to (1.36) 

1 S ~ 
x 

S I ~ 
y 

1 
2\v£ 

o 

K 
o 

2\>1£ 
o 

K 
o 

2W£ 
o 

1 >0 ----- (1. 37) 

£lC~ <0 ---- (1.38) 
£1+(2' 

<0 -------- (1.39) 

(1. 40) 

Let us normalize the pOI"er flm.1S in equations (1.37) to (1.40) to the 

tot.1,1 po""r flow in both media. 
Since S " <0, \>Ie shall take it as f01lol<s: x 

J
-----------------;;- -----

S ~ (8 I + I s rIp L 1+ 5 2 
tot x x Y 

he "S ~ S I _ S II I< r~, _ , 
y y y 

\<l 
For frequencies O<W<r?r' 

[ + 
1 

therefore, 

Ko r~ 
J~1+r=2 f 
-----
2\,e 

o 

S 2 « (S I + Is 111)2 
y x x 

(1. 41) 

(1.42) 
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~~he nonnalizea powe:c flmy c~n be expressed as! 

S I 
xn S 

lot 

SIl 
~ --L.... 

S tot 

In the limiting cases, 

-.... --... ~--

I II 
S (W ~ 0) ~ 1 and S (W ~ 0) ~ 0 xn xn 

(1. 43) 

(1.44) 

which means that the whole energy is tran .. mitted through dielectric 

medium 1. 

S I (t, 
xn ~ \, and S H 

xu 

which means that the net transmitted energy is zero. 

(See Fig,(joI,a)} 

s u 
yn 

-~------.---- ... --

In the limiting case (for t+w) 

can't be considered since 

€ " 2 £2') condttion becomes violated. 

(1. 45) 

The general behavior of S can be seen from figures~9a) and09*aj yn 

The field distribution of the plasmon descdbe by equations (1. 3), ( 

and (1.33) - (1.36) is shown at Hg.(f.10a). 

The second subrange is, W 
<W<W .~ . 

P 

fc1+1 
£2' + £1 > O. 

In this subrsnge £2'<0; and 
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" 
K > ° x 

K t > 0; K II :;.t 0 ; K t 
ly": . 1y 2y ~ 0 

which means that all incident energy is radiated from the interface 

ei ther in medium II (l'ly < 0, K
2y

' < 0), or in medIum I (K1 ' >0, K2' > 0). 
y -y 

The algebraic sign of K1; and K2; should be always the same in this 

subrange since L 2 I < 0 and equation (1·24a) to he written as; 

K I 
ly 

----K I 

2y 

for £2":.::0 case. 

For the general case (£/ " 0) ill this. 8ubrange from equation(t.Qlm) 

l(' 
x 

From equation{!el5) 

K' 
ly 

K " 1y 

From 

K ' 2y 

~ (:I:) • -2K 'K " x x 

2K1 
, 

.y 

equation !i'22) 

~ J~:) 
...... ~~~--,., 

£ -- K 2 2 x 

+ 

.1 K 
o 

£1 

> 0 -------

--.------~~.~ 

KE£III~1 
a 1 2 1 2 

~-----.. ~-~­-----------
2(£1+£2' ) 

(1. 46) 

(1.4]) 

(1. 48) 

(1.49) 

(1. 50) 



K !l 

2y 

2K' 
2:1 

See figures ((.sa) and (1.;6a) 

From equations (1.27) - (1.30) anrl using e'luations{~46) ,,(01) 

SI 
Y 

s 
y 
II 

I 
S 

x 

1 - ---
2HE 

0 

K 
o 

2HE 
o 

K2 
E 

Ko £1+£2' 

2\0/£0 (£2'2 + 

t 

y , 
2 

K 
o 

------~----

2j.J£ f ;;:'""';'1 
012 

+ 
K 

o 

2HEO·J 

(1. 51) 

(1.52) 

(1. 53) 

(1. 54) 

(1. 55) 

equation (1. 55) may assume negative and positive values depending on thE 

value of [2' in the given frequency subrange. That is it is negative 

(. , 
2 

H 
For --1'--

JE l +l' 
< H < H the total power fJ.O\v vlhich is expressed by equation 

p 

(1. 41) can be approximated by 

S ~ S 
tot y 

\o/here S ~ Is r I ~ I s III ' since the pO>ler flows in OY direction a1>lay. y y y 

have opposite senses as it may be seen from equations (t.-51) and (t53). 

The approximation is true because the power fim., in OX direction 

becomes p-coportional to €'-2" lilhich is small. Hence 



, . . ' 
tot 

K 
o 

c IJ ., 
yn 

" 21 .-

-I- 1 

s 2" • ~T-~;'i 
------. -.----- > 0 ------------
4. (-e:z' ) . (£ 1+£ 2') 

(L 56) 

(1.57) 

(1.58) 

(Sl is the order of 10-
3 

in the middle of the subrange) xn 

II 
The sign of S depends 

xn 
1< upon the sign of ('-J+2£2') term. For ~ 

< 1< it is negative, else>lhere It is positive. JEl+l 

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

The fJeId. distribution of the excttation that exists in the secane 

8ubrange is shown at figures Ha and H*a. They correspond to the sanl< 

frequency IV = 0.70732 but different in scale in the direction normal 
H 

p 

to the surface. 

Third subrange is !< > H P in this subrange £ 2' > 0 and £ 1+£ 2' > O. 

For ideal case £2" = 0 from equations (t.15) , (1-22) and (1.2 /,a) 

I<e get 

K ' > 0 
x 

K '< 0 ly 

K " = 0 
x 

K " ly o 



~-, . 

,..: .. 
4j •. 
;;:: .. 
l.l .. 
-Il' .. -i .. 

. .. 
1 •• 

+2 
-10 

1· 
r 
J-
i' 
{ . 
r 
~ 
f: 
I· ,. 

, 

;. 
.' , , 
t 

;. , , 
; 

~ 
f· 
i· 

c :'1" . ,.:: .. 
.. ~;. ·V,I·. 

J. 

11. .Ctil ; JI ~ 

,~ J,., . ~'i iF 
j l! U T ."' . ~ < - :J. t t- '\ r:} -j / A ,. '1 '..~ g 
'I [ . '. ~) c.. " t·,·· .. '",::;. ":. ~ '. , .. ~ ". .' '. ~ 

;;:.O'4."J . 1~1 : .; ... " "I .-
'l' ............ " .... , ... , .. '. ,i .... " .. ' .. ~( ... '~ .. ",. ".1.'.' .... , ' 

". < :~r i ,··f ··1 
".. ~ .: j '. J .. '! : :~ :: f d 

." . S· . 1 " -I "j , - -j , . I E 
C: "f ':.1: :) :::1 ::1:£ 
(: : t: : :i . : ~ : ~:\ : ::1 .. j 

: .. - '~'5I" ::: :::: :::j :::1 .:j .... -, ... i. "i .. J 
i.. . 1 . ,; .. ·1 ••• : .... 

.. ..... i ... j • ,,' 
"., . ·,1 -t ,! • -.( 

1·,· . ··1 ... , : :.1.'" . '_ :'1 
,.. . t '" ._-' -\' 1-,-.....:..~· .,f.....' -' J......:...: .. -Il~,,-;ll 

-1~3 -I~~ -I,. -uu -lOt -l1 

:~ , 

:' 
;.".l.. .. ... ~-_l., '-.. ' 

f 
r 

;. 
" 
J: 
I-r ,. 
i' , , 

... \J(f not-mal i zed Orlot'QY flab! 
--1111 ;'10 +1111 +H:'I +11i1 tI0 

"9~I.!Ia) Graph of "o~"~1 j"Dcl "Mf'IlY flow &10011 'OY cll""otlot'l &1> a fun"tlon 
of "",..",ellx"d f"t"IU'l/h'lY' I.) .... for ,,,,,diu", !. ( I111I .. I In .. ), 

. (hI - Fo~ Nacilum 2 ( 111;1 - jfnB). 
;/p - l.t+Hi tad/" IT,w" LiJ125 ", . " • 

Plo(lJiJIf,., G'~l'h of' "(!f'"all"'~" e .... HUy flu., "'o"g or dtrBotlQIl ..... f<mot!.<)n 
of Fl",,,,dll,,,d frequency. (0) .- tor Mdt .... ,,' ( 11111 ~ liM), 
(b) - for ",,,d I uri ;: ( I It r1 - 'it",:'. 
wp ~ LU·l" r~d/~ ,hI) ~ LE~12'7 •. • 



I {}, 
-1 -?~ 

F"IQ.{ftsbj <;;.f'l\ph of norf;1af he-IX '(H"tapgy -'-low ~if)n9 OY ci,II'&.otlon as: a f'Ut)oti, 
. of-' nar-ln'li fZi!):ij t'r3qtUH'OYi (ttl ~ for IfI~d'ut!t 1 ( 11111 ~ linei, 

(b) -- frct- me,odlur!~ ,1 ( 111t1 ~ J ina),' ~ . 
"ip '" I.E.·Hi r'ad/~ 11M! - 1.£;"13 ". • 

F'i9.~t9~\l) iii-liph of nOI'IlIJ!l,ltr:<Hl !~H1Hr~}l -fl~i\:J alc,ng (IV' dtn'lo-tloft ii$ i1 funot. 
of non,'t{d 1 ~ tH~ of r!)ql.-'onc~': " t\) - for- It:'fd! '.lIt'! j ( ! 11 'I .~ I i no.) • 
(b) - for modluffi 2 ( IIIr) - 'irl~). 
rip - L£+Hl rnd/s :"Ttw;,; Le- ,3 ~ .. .' 



" '. 
~ 

" .., 
" " ,. 

~ 

j-' 

~:'H;j 

, 4G;'1l , 42~! ., H~:kl 

+ } l.)~·i 
., ~>4!:-! 

+. I nel ,. I 213 
, . aGO 

1-l:i.I1B0 

'-. flo0 
.- 1£0 

--.180 

-.240 
--.300 
-.3('0 
-.420 

--. ; 1313 
--.54fl 

+ , 
~: 

l-

.j. 

~! I ,-'", 
r-· 

E T F1 L 

-.608 +'--'+-'~"-o--~+-"4-~'-i--,'--
··1.0E+00 --5.13£-01 +fI.0E+li0 -I-s.al-01 H.0H(l0 

rh.qr-.o-t j D t j e 1 cl of t.ile iJX I t·oa wave tnY'O I at I ve un t"ts 

excltcu wave nedl' 
r;. l' ·ln~e ve r-~~ 1"-

~ ,:j'~e 1 
i _ '\uO ..:f~ 

" 

t-,420 -+ 
"'". 3bll .± 
-(- . 3160 :t 
+. 24A·1-
-+. j Ht"1 f 
; . l?f"I f 
'. u~o ± 

Hl. \100 t~ 

q , , 

.- ,rH;i\,j t fvt E' 
- . 120 -) ,. :. 

-.18(') r 
- ?40 t 

.300 

-.)60 ·t· 
-. ·\;"8 f 
-. 'HH1 :t 

T 
L 

T 

the Mot&1 surfuce with r6Sp~o~ to 
0oQrainb~n. ~sMalt froquenoy r~n9C). 

yip ... ).(+15 ,. • .:ld....--s; T."tJ'" I.E"125 13 

L 

-.546 t i ,-"Vip". 707 nea 
-- • E.Oli! {---+---l .. _< -+ ____ -l-•• ,_-~-,-+_ I -+-~_t___I--+--t_, I t-i 

'·1.0£->\"" --5.0[-01'0.0£+fll3 +5.I'IE-01 +1.0£+013 
M~Rne\IG fl61d of the &xttQd w~ve In ~alatlve units 

F I 9('" 0(11 . I-l-1t;JfH'-T,IO il6'Hi 'Z ')'':'(dpOfl:Gr,t;) dl'"3l:-f-,but.lon fA {he 
C:.c.1";-l1;>:;tl 1;)11'/e nca,(" l~ilQ Il\.:.l'l.i ,nntl;1DC- t>Jlth r'{1~peC1; t.o 

t~~nseve~9C 1 ~ooru1n~tt. (3MQjl frequency rengo). 
Ap .... 1.[f15 fnd/s: rau .... t .[-1-125 9 



-' 

II 

.-, 

OJ 

" 
" :-

" , 

,,-; . ,:(\(1 1 

! 4. [,..00 -f­

t-.' > 2tiO 
~--3 • ht10 i 
v~ . kln0 t 
Y';: , ,111(1 -.f-
·f 1 !~':1t:" f 
/ I ,.~t\O -r-
'. r,88 j 

I->:j.nt'm l-

I 
1 

- L._, 

- • 60U t r'l r-.__ T CO I 
_ I _ 2~1(j + - I 1"1 L. 

-,.iJ~HI 
-;C' _ {<lH .t-
o.:} . jiH3hj i 
··3.&(:)0 I 
~-i • ~tl0 1 , 
--~ . S0e + 
-:). -t0tt l I l!.r/vl~ ~ ,4e0rlOO 
-6 _ HI*1 -t----+-+-+-+--+-j..:_,- --t--<---t , I· , -+---t---+-->--+-+--1 

-1.5L~IilB -1.5£-0\ .e.<3£+00 +7.5E-el +1,5E-+B0 
Nzqf'l@"tiC field of thl1 o:<lt,ad wave In I'slst-tva unltg 

MaQn8~IO tlela \ Z - o~mpon8n\} dl~trlbution of ihe 
bXOltod w~ve ne~r ~hc M0tal surfaOD with reBpeot to 
i;.r·».n~ever~.e l _. COOf'n1f1h.ttJ, '.~fI)~ll Fr-equl!:r'l';Y r<!lngo). 

,-
~ ,~4f1 o· 

f. 'fUk'J {-

1.420 t 
f..Jb0 t 
-t . "'1131<1 t 
-t-.?4B + 
-+ )<)(1 f 
~, 1?0 {­
t. lJE',[) 1 

."'. tl00 t-­
-'. ~b0 ~ 
- 12<'1-£ 
-_13(1 r 
.... ~~4f~ 4:­
-.300 ± 
·-.;:;8~ 1 
'. '12/j 1 
-.·Hl0 + 
-,5413 -j 

vip ~ J .lflS (~(j'-~J (llU - ! .E~13 '3 

.7970913 
-.['00{--+-~-~--~-~~f-'--+--~--r--+-+~---1--~-'-+---~-~-+-+~ 

-\. m:->01l -5.BE-e01 >5.0[-·0 f 1-1.0[+00 
N<l~fI9t 1 0 f I I,} 1 d ot' i;h$ Q;<II.:.ed I1Java 10 I'I!-1i!ltlve units 

nagnetl~ tlOld ( 

i., XC i --CeQ I;NVc riC" 111"' 

~tllno1aver,:;(i i 

Z C0r)PQn8Il~ ,1'3trib0tlon Q{ ih~ 
"(t"H~ fll(:+-~\l ::>'Lu-f<'tC.O l.,ljt.h f'03P6Q"t to 

,~( .. Oj dlniJ.d:. tDllI~ll fr·.jqIJeooy t'15ngo). 
idp .... !.~~tl~. '-.3-.j/'3; I"l\u ~ i .[··1:3 !~ 



" 
" 

" 
;; -• ~ 
~ 

"~ 

~ 

,. r> 

+12.0& + 

•• ~ r..f;"1. (~{) 

+"!ee.e0 

-!-!Jfi6.~'i 

7~4fJ. J.}(:) 

Hftgnel~l'-; -flr-jci ~l.-C(in'pN-,ei-,""(J dlStr-lbutl()fl o-t' 
wave nCl)t 1;ht:; rtll1\~ul ~~if"·fl'x<:.,e (,..II th f't::~peGt to 
d1t:'.d i lHf'I ·f \' oqlle.n O~I {'lln tie} • i<lp _ £ l·IS r l:lci/,3 

; 

l' 
+ 
~ 
~. 

t 
,1: 

, 
~ f 
~ +l~e. un t 

t 
~B.~Qt+-·· 

., t 

(:(. <~ 
-~ t:, . lj l;' {- >~1,:' 

->,. '!FH~? 

l1-

th~ ex!') i i~d 
.~' ooof'd 1 no.1-e. 

f1l.u 1.E-+12S·'! 

.. -
-----

Hu9(,f}t1C fleldo.f theexltoouJllVv 111 \"illHl',JQ unlU 

Hn!Joe1:.1C. rl~id ,"l'-e;olllpr,n",n"t} ..l1"9"i;t'\bu-tiQO of 
<'l~VC; n~·i'i.r ~:h~ l1\..-;rJ a! 3U,-f M;;;; c.Jlih j'uspect to 
'H~djum trcqvcMcy r'-1n~J<:'-! • >4p ,[1]5 rellj~?~ 

the exc j ttl d 
\' - f;Q'Jr-d'no,i." 
I r IiIJ 1, E·i-l25 3: 



,. 
" 

',;" + It 
H 

U 
r. 1~ t 

+ 
H:'.('-i{j+·~-

+ 
- 1:J 1 -, , r:1'. 
~ •• Ut t C' 

t, I.Ji 
~.36 ·f 

, 
~: --

k 

-. ~f:f 

; 
-. 130 ·t~i - t--i--r--t-+ -y----t- +---}_I-_:+_-t_+-j __ t--+-_t_t 

~ .... 8£+0I.:12 ~2.j(--J-I)Oc to.0E--;UOtl 

- 'f)"' ,; -'v 'j (..~ 
;q ,/1 -t t ,i:H:~ H)/ 

" 

J 

-.1 
'T 

;:'jg{Hlb) Hngnc1;.1 c; flf)Jd (l--e.:,.n-·ponon;,)- oi.str1bu1";lorJ ,..:,f the ex(:j-;.JHi 

,,16V','; netH ttv_:. iT:{ll:-l:ti ;~ur+l;'t0,j kllih r·e~pc;G~. ie, 't-' cOQr'q,no.tt:. 

" 

" ~ 
:; 
~ 

" 
" 

<::' 

d1~djwn fre4'.IOI oy r{"\ng'-.,! • ~-\P c> i ,[-.. i5 r-I-'O-,'$ ~ :-IlI.J ~ 1.E·~1.:i*~ 

-;;(1.0A ,. 
v'HI ~ tlf) t 

+ 
+36~elB f 

-~ 
+~,1. 30 + , IX: 

t-1 

T IL 
+10.00 t 

+ 
-2,00+- -- ~ - -. -, - -, - -. 

i 
-liLlOU -l~ i __ 1 

, n: 
-eq.u" t f----

+ Cd 
-36.0U -I- ;L 

J. 

-~a .00 i 

i 
.~ - " - --- .- •. 

wd':p .'-' ,?U732 
;-~~ I VI = -;·1 , J}l:: + Of' 

"J 
fT. 

f 
-130.00 -f--l--f-+++--+- j---,Hd--+·~+++-.-+ .,---t~;----!----t-'--f---+-+-~-I-+-+-; 

-7.5£+tJ-J -J,;]£1-13:] ~3-.tH·':H83 +(',5£+1.33 

tingnct.o tield ll-GumpoI)ont. JisL~iblJti~rl o{ 
"10.1./0:'; neut- -.;h~ ih~tbl f~ur-r~.:;.e '~)I-th r-espet''-' io 
'.t--kdil)!T' fl~f)quont-y ;--"1190:,1 • vip: ," c.L-!-!::' ,.od/t;. 

t.he exc i i,o d 
.... - Doord \ nft.t.e 

fau "" 1. ,E-IJl"-s 



K I ') 0 2y , K " 2y 
[I 

second fll.cdiul;lj since Kl < 0 :tlid K" 1 
-y L,/ 

> o. 

From equation (1,24a) 

K ' =: 
X 

K " 
x 

K 
o 

See figures /103a) and (1"'a) 

From equation(f15) 

K " ly 
K }K if 

;{ x 
- K f~ 

ly 

From equation (22) 

--- - - ~ ~ -.-----.~-~--

- K £} < 0 ----_ 0------
fC l+£2-" 

(1. 60) 

(1. 61) 

(1. 62) 

(1. 63) 

K2 ' ~ J K 2£ ,. 
Y 0 2 + K __ ':£~ > 0 -- (1.64) o 

2" 
K 

Y 
KeF II _ 2K 'K If 

o 2 "X 

See figures elSa) and (If>a) 

J"/;;;-, 

+ K £ "(2£ .£ '] JI' +" " > 0 __ _ 
o 2 l' 2 • 1 2 

2. (\+£2)2 

From equations (.27) toU00) and using equations lf60) to (l65) 

(1.65) 
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(> 

S I :::: 
x 

S II ~ 
x 

1 
2IV£ 

o 

1 

2Hs 
o 

K 
" 

l( 
o 

< 0 ------------__ , __ _ (1. 66) 

< 0 ----------______ _ (1.67) 

> 0 -------___ _ (1. 68) 

> 0 ------_____ _ 
(1. 69) 

For this subrange S I, S II and Is I ~ Is II ~Is III have close order 
x x y y y 

of magnitude. Thus 

S - (8 I + S 11)2'+ S 2 _ fS · tot x x y 
K 

o 
'2We -

o 
----- (1. 70) 

The normalized po\'rer flows Cdl1 fit' expressed as 

S 1 xn 

S 
yn 

S L 
Y 

S II x ~ 

S 
tot 

SIS II 
.1.._ ~-3_ 
s s 
tot tot 

= -

In the lirrd.ting cases: with "1 ~ 1 

II I 
S 

xn 0; s ] S 
xn yn 

1 S 
xn 

0/5 

II 
1 S yn 

> 0 ------- (1.71) 

> 0 -------- (1. 72) 

~ - 1 



IS 1 + s II) 0 ? i 
',' !. ') ? -i- f. r :.?~ 1 0 , . Xn ,,<n ~_rd , 

j ~ , 
; 'I',rr- ,{I ~). /1 ~; r"' 

\~ ) 

rl:tst-r:ibutit~n for the (;-,(c.itacloll til the +hirJ 3lJbrange is shmvu at fig. 

The results of calculations according to exact equations (1. 24a), 

(1.15), (1. 22) and equations (1. 27) to (1. 30), equations (t.j) • and (t
4b

) 

.A -13 are represented at figures (f.0:3b) t"l.l'l$.(b) (letter "b" refers tOT = 10 

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 subl'ange, see y 

figure(15tJ· 

2. As a result of poInt 1, He note the gl"owth of energy flO\~ in OY 

direction in the first subrange, see figure (feb). 

3. Hm'Jever, it does not bl"ing vital changes in the field distribution 

of plasmon in the first sub range (see fig.(I.JOb» in the sense that 

the plasmon type of field distribution remains. On it becomes 

clear that in strong absorption case it is not possible to compress 

the field so close to the interface beYond 0.3'\0 at lie level. lfuere 

AO is the wave length of the exciting light in vacuum. 

4. Grot,th of imaginary parts of K \<ave vector in the third subrange 
y 

see figllre66~. 
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flow i.n OY ditl.'ct:i.on in tJv~ thi.rd t~!llJrHnge. 

6.. As a resultti of points If and 5 i11e get a plasDlOIl type field 

distribut:con at fig£J.12(b) in tile third sl!;n:ange. CompETing 

it "ith fig.(1,12a) He note that the Iield distribution became 

considerably less radiative. However, the field is extended at 

10
3 

time larger distances from the interface than in the case 

of plasmon in the first s"brange. 



2.1. Derivation of SI'lP equati.('n for (!iele.ct!~ic medium [ _ metal film 

dielectric mediUlll :J~ 

Consider a thin me t:;111 :lc. Ll.1 m 1:,til:h E: 2 and thickness h houndarylng 

£ with dielectric medium 1 \-11th £ and diel"ctric medium 3 with 3' 
1 

Suppose £3 .>. £ 1 

£ 
1 

£ 
2 

€ 
3 

- h 

Fig. (2.1) Schematic diagram of thin metallic film (£2) boundarying 

dielectric medium 1 ('\) , and dielectdc med.ium 3,. ("'3)' 

Considel'ing T.N pola~ization, the magnetic fteld. lIZ can be given 

respectively in the three media; 

HZI ~ Al e +iK
ly e i(K X - Wt) 

x 

HZ2 ( A2 e+iKzyY + Jl
2

e -·iK, Y J i(K X 2y e x - !1t) (2.1) 

HZ} ~ A3 e-iK3y Y ei(KxX - Ht) 

The expression for HZ2 contains t,lO terms because there might be two 

waves travelling in the film due to reflections at £1/£2 interface and 

at£3/£2 interface. Their superposition describes a standing wave in 

OY direction with in the ftlm. 

From Nmnqell' s curl equation the corresponding E (tangential) 
x 

components of the electric Held in the three media respecU.vely arc; 

- 33 -



E ~ 
x3 

Let's apply boundary condittons for HZ and Ex at y~O, for any arbitrar: 

HZl (y = 0) 

Al ~ AZ + B2 

E (y = 0) = xl E 2 (y = 0) x 

K 
-A 2v + 2--OL 

"2 

(2.3) 

(2.4) 

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

(2.5) 

(2.6) 

SUppose Al is given, in tilis case equations (2.3) _ (Z.6) form a syste: 

of four equations with AZ,B2 ,A3 ,and Kx unknown noting that Kly,and K
2y 

can be expressed through Kx,and the expression for K
3y 

can be derived 

from the wave equation for medium 3 similarly as it 1<as done for 

medium. l~ Ther(-,:fore; 
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(2.1) 

Iu order to decive th" dic:persion equation (it; ~ f(k')\ '''e shall <'.<elude 
X 'I 

all amplitude factors fl'om equ,l!:ionll (2,11) ""~ (2.6) 

Fron; equations (2.3) aud (2.4) 

or 

+ KZY ] 
£2 

Hultl.p1ying equation (2.5) by a factor 

equation (2.6) 

K :Jx and 
We 

3 

(2.8) . 

subtracting from the result 

HK h) ~ 0 e 2y 

= 0 

(2.9) 

Substitution of equatioll_ (2.9) into equatioll (2.8) gives 

HZ B .. ". "e 2iKz· h 
2""12" 23Y 

-1 • r r" e 2iK2vh 12 Z3 J 

r r e ZiK0 h ~ 1 
21 23 Ly • (2.10) 



where. 

(2.11) 

)'23 ~ K2 
-q ,- K3 _1 
£2 £3 

(2.12) 

K2 K3 ~ ... ..2X. 
£2 £3 

Equation(;l.lO) 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 Approximat(. solution for' the dispersian equation. 

Let's suppose that thickness h of the metallic film is big enough. 

so that the influence of medium 3 on the diaperaion properties is small. 

In this caSe we can build an approximate solution using the solution 

expressed in equation (1. 24a) for the semi"infinite case as the basis. 

Thus ,?e' 1 J express: 

(2.13) 

K j,8 given by equation (1-24a) 
xo 

Kx1 is a small quantity describing the inEuellce of medium }. 

For this purpose let r s denote the t:ec:lprocal of the left sIde of 

equation (2.10) as a function of K 
x 

f (I( ) ~ (1' r. ,,211(2 ,h~-l '" 
x 21 23 Y I 

J"et's expand f (K ) in Taylor' s series near the point K ~K 1,1le1'e K 
x x xo' xo 

Is given by "quation( t. %(;a) for the semi-infinite case 



&f 
arc 

x 

1 K 1 
I x 

i I' 

K~y ~ iKo 1:-£21 
P(£l+£Z)--

, ' : xo 

Since f(K ) ~ 1 (see equiltions (2.10) 
x 

(2.15) 

(2.17) 

(2.18) 

(2.19) 

and (2.14» Bub8titution of 

equation (2.16) to (2,19) in'.o equation (2.IS) gives 

K xl . (£._h~) 
£ £ 
1+2 

(2.20) 

Let's analyze equation (2.20) for the case Whflll e2"~0. First from equation 

(2.18) we get: 

(2.21) 

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

frequencies 0 i w ,5. W*. ,_~lhere W* is determined" from the condition; 

(2.22) 



., 
} . 

(2./.3) 

It means \..J~': is the f'l::lximum frr·queney for a SP1P to be excited by the 

l,i.ght incj,d(!nt fr~lm medium 3 on the €1/£2 interface. 

To avoid imaginari.ty under the square root let I s rewirte equation 

(2.21) as 

(2.24) 

Final1 y the real and imaginary components' of K can be written as (it fo1 
x 

.from 

K" 
x 

equations (2.13). (2.20). (2.21,); 

- K o 2 

For the frequency l'ange VI* < VI S ~L , r~3 becomes a purely real 

f~-:1-1 

(2.25) 

(2.26) 

quantity, ftlvking ;:x
ll 

"" O. Thus) in this range of frequency, the real 

par t oJ K can be exprensed as)' x 



v r 
:< ,. 

L J.- '. 

j/, ( 
~. i 

E f iKo'I'1 X~) 

L 

i 

(2. 27),J 

The graph for KI as a function ·)f W £o:r~ different value of thickness 
x 

h of the ,",,',allte film is shown at figures (2.2a) and (2.2b) by a 

continuous (solid) line. The broken line at these figures represent 

the disperf.ion graph fo): K' (semi infinite case). The comparison 
xo 

of the t:wo types of lines at each figure shows that the approximation 

introduced by equations (2.1'3) and (2.20) is valid in the whole range 

of frequencies o<\,' < 1 only if the ,thickness of the film is, ,greater 

ir r;=-, l' n E: 
~- 1 {-

than the order of 0.:; b~ O. 4l.'Jfl~ 

On the other hand for a mll:rO\~ freqlHmcy range O~W;"H** the coincidence 

of the t~70 types of lines is good for metallic films, of infinite simal.lY " 

sma I.l thi.ckness. 

The val ue of H** is determined from lhe condition R (r 0 (W**) '" O. 
e 23 

Which means from equation (2.24). 

~32 +El£3+E~ (E3-£I) _ 0 

£, «(32+£1£3) 
2 ~ - ("'3-£1)' . 

1 ;. 
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the def.initio!"! of \'':'*;\-" represenrs a net>! facL Earlier Authors (3,.!d 

introducing equations (2.13) and (2.20) claimwl they ale lll'plicable in 

the ~~hole range of fr.equencies O<\l< ~~ 
r·-··-I-I + 1. 

Equation (2.27) together wi th figures (2. 3a) (2. (",) and (2. 4c) 

at which K" is shown as a function of H for various thickness of 
x 

125 
metallic film shaH that, even if £" approaches zero (a.ccording TMIO sed 

2 

the value of K" does not tend to zero for 0(11<\-/<\, and it tends to zero 
x 

for vT*,::H<"':j,_, This means that in the. first subrange He have naturally a 

Ie +1'" 
i 1 

leakage of "nergy from SPIP into medium 3 (leuky plaslUol1s), On the other 

hand exactly this particularity a1101"s to excite SPIP by external light 

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

of energy from Si'lP (oon-r.a:liatlve 3PlP} , Such 31'11' cannot be excited 

in the '·Jay discussed above .. 

Figures (2. 2d), (2. 3d). and (2. 4d) describe the Bame type of, 

'-13 dependences, but for stl::ong absorption caSl"! when 'T~l() sec. Both K 
xo 

and Kxl are incLeasing and have neatly the same order. In general the 

graph dra"1n at Fig. (2.4) in logarithmic scale is, inorder to sho\oIt hOI, 

much the SPIP el1ergy is affected due to the existance of.the metallic film 

2.3 Excitation of SPIP by Attenuated Total Reflection Technique 

Several techniques are available in t.he expedmental study of SPIP, 

ilnd their USE' :l" dictated by the frequency and the wave nurobel' l'ange in "Ide 

the excitation is heing examined~ Fot example at shm::t wave lengths 
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Like
11 

(see fig,til1) the 1110St suitable prohe .;)f ttl<:': dispc~rsion equation 

iH <lil eX)H!rim{:?nt: involving electron:1; such <-is thin film electcou 

wave munh"r values) ,,,here the SP1P is most "photon-like" (see fig.,,-,t) 

the most suitable probe is an experiment involving light of the appropriate 

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

kn01<n as attenuated total reflection (A'fR) [11
0 

ATR involves the use of the evanescent ,vave that is set up at 

a conducting medium/air int,~rface when light in a high refractive index 

dielectric medium sueh as g13sB, suffers total internal reflection [6]. 

It is the reduction of the reflected \-Jave due to absorption that is 

callGd ATR. If the ueakening occurs by some other means it is usually 

called rrustl"atf>d total internal reElection (FTIR). It is remarkable 

that FTIR can be tJ:ac(,d back to Ne'~ton [7] and the knm11edge and Ilse of 

ATR bas been wide spread only since the early 19603 due to pioneering 

work by Fahrenfort and Harrik [8,9]. Inspite of all this. vTOrk, however, 

the fundamental idea of using ATR to generate SPIP >JaS first published 

by Otto [10] as late as 1968. 

An inspection· of the dispel"sion curves (see fig. J,.3 ) ·ceveals that 

in the photon like region, where it might be thought that SPIP could be 

stimulated by incident e~ectromagnetic waves, the dispersion curve, in 

·H 
(J<vl"'~ lies below the light line. the first subrange Unfortunately, 

f?f" 
for a plane electromagnetic waVe incident on the interface between £1=1 

£2 at some angle 61 , the relationship between the component of "'ave 



(2,l9) 

and hence, to the region dhove the light liH~, i:herefol'e SPIP ci'ln it 

be gene::raterl.. Th~~'~ <-lWk3VTf'd difficnly Ci.u1 be OVel'COillQ in an ATR systCIn 

as fiLat Pl'Oj)Qsed by OCto [ 10] and subsquently by Krel:schmann (11 J, 

fig. (2.5). 

film of thictl'.es'] h deposi.:.cd on the baBe of the prism~ 

In t:hi:-~ i:hcais \·;e' J J sti'~~k to KretHchmann f 3 Scheme~ which proved to 

be mOl'e convenien.t for prRcti(~al HSC.. Ltght incident, through the prism 

on to the priSIW·mer.al film interface at angles l$reater than the critica.l 

angle 0 "; G nOrllU.llly totally reflected back out through the prism: 3erl1::: 

(1 . 
3L!~fi t 

Hi 
... ~ arc sin (2.30) 

However, under total internal l:l2flaction conditions there ",ill ah~ays be 

an exponentially cie..::aying eVanescent field ext,ending into the metallic 

film. The totaJ.1y reflec~erl wave has a component of wave number 

parallel to the surface nc>V] is given by equation: 

si.n6~ 
,J 

(2.31) 

The corresponding disl?ersi.on cu~~ve (S'3(; figt> " .?,) in the gmall K 

region lies only bfJlo~" tIlt,_ light line. The 8:vancsccnt wavc:, created by 



the o in the rnneB0
3 

i <8. ~ 90 . 
e c)" tj 

(2.32) 

"atd 1.:t::'}~l~esponds f:o .3 reg:\on above. the prism light line, but below the 

air OX" vacuum light line (see fig. ~.3). 

From Il practical point of view it is evident that, provided the 

thickness of· the metallic [:Um is sufficiontly small, then the evanescent 

field fLlm the prism can reach the air/metal film interface and SPlP 

can b" excHe·i, Energy from the incident >lave is then used to stimulate 

a surface '4aV2. l~es/JIL:lIlg :lll a \<]f"~dke:11.ng of the refl~cted intensity 

rettn:~:led by the. P-i.:Jsm. 

ATR Hodel 

Let us consider a 1'~·H PGlari~ation tncid~nt from dielectric medium 

J (pr:tsm) at an'li(:glc03 to thf~ normal of the medium 3/me:tal £i-lm 

The magnetic field in each medlulli may be 

+iK2 Y ilK X .- {-It) H'-l 11, e y {': x :L J. 

(2.33) 

Using the Haxllcil' s Curl equation u1th J ~ 0, that is 

the correspon,Ung tangentl,il componfmt el",:trJ.c fte.ld d:l.str;.butiOtl$ are 

g:f.ven z'e.spectJve':.y fOl" the three In(!liia by 



j" 
" ) 

,. 50 -

x. 
.,;. i 

" ~ JK Y i'''' ","e'.) D""[\'J . -) C lJ\X" , 
_ .~~_.::"'-l. c /.. y 

qc .-. 2 

1(K x ··Ht) e x 

11'13_ (:L. 6) i1.~_u8tJ~ation oZ the tHO interface model for an ATR system 

[OJ' P'dsm-f.jcULt-Air (PHi\) eonfigul'ation. 

Applyinr, boundary condHiotis at Y = 0 and Y ="h; 

-

£ 
1 

A}'2-..... .Y. 
(;> 

c 
2 

~iK ~'h 
e 2y + B;l2 ," ~_,y. 

G:2 

f: 
2 

~ .. A3K3 ... __ X 

"3 

Fron, eq"ation (2.35) flnd (7..36) 

t l~ u K " 
1>.) .~'-,~:t ;. h .. t·.!, - '" II ! 2" ":~ • ..!eX I :j ~~~ __ /~ 

,t:] q \82 £1 

B +iK3 h 
3e y 

-iK h 
e 3y 

'i'" 

) 

(2.35) 

(2.36) 

(2.37) 

+ B3K3 _.2X (2.38) 

£3 

5 



· , 

(.?,39) 

r 21 l.S i"'lil~2ction co('~fficj~llt at the intf'riace of medium 2/mediuIO 1. 

Hultiplying equation (2.37) by a factor K~. and adding there"ult "in 

10:] 

equation (2,38) w" get 

-- (2. 

Agc'iin nnJJlplying equation (2~ 37) by a faetor K3t and from the result 

or 

i.K,. h 
e ~y 

B3 2iK3 (, e y (2.43) 

:.41) 



K~zl 
c '2 I 

is th0 r:ol?ffici(~nt: {,f reflectiqn at the 1.n.terface of medium 3/medium 2. 

r is coeff.icient of re£le.ction for mediUln 3. 

Quantities 1'21' 1'32 and '( can be expressed fn tmcIDfl of Incident angle 6
3

, 

Using Snell t s la<, 

Kl K cosol K J":' cosO
l y 1 a 1 

K2y Kz eosez 
v 1Y;;' cos6

2 
~"-

0 

K
3y K~ cos0

3 
~ K 

;~~·>=1 

cosOJ o \i\ 
f':; r, -, j 

from Snell f s 1m", 

cosO .. 
"'-

Using equatlons 

£3 ,2~ 
~- ___ 8>_n "3 

r" 
"0' 

(2.46) and (2,1,7) 

~ F~ 1-~i-=-T3 -;,[;?-O-~'_ '~21;-:~ ~1~-Si~'2;~ 
E.: 'f IS 

2 1 
-------------------------------------___ ---,- (2.48) 



/' ? " cosd'
j 

',. ,! ~.J 
~ 

I .,.<. J " J ~ 

__ T._~.·_". 

\ 
(~tI:;(i l- I· i. ~£ . ~ ' . (J ,~ > ,i , 

(,) «·i l}O 
_ u ._.\ " 

• -<.. .J 

(2.50) 

Note that r ZI ' 1'32 and r nre "omplex quantiti<'!s, and in experiment it is 
, 2 

the reflectance R = 11'1 !;hleh is determined. 

As an e''''mple L,f t!", use of <he A1'R teetll1i'lue for the SPIP excitation 

data foL' sodium (a good h:ec ~lectron !11~tal-, which has a compltn: -re~. 

fractive indey TI') ~~ 0.0/'''1 + i2Jf2) was lJs(!d. The computer sit.lIulated 

experiment \-/A.S run for a fixed , 6-ug,le 
sC:an and 11 fixed frequency sClln 

Table 1 contains a trullcated eopy of the data file showing the intH-eating 

parts of a fixed "angle "can for Prism··r-letall;J.lr .... Air structure using a 

free eleen-on 'uo,kl "ith d',l" appropriate to sodium. The graph obtained 

'lith this data is sho,,'Il in Fig. 2.1;h', This scan at 600 ShOl'lS a deep 

minImum in the reflected intensity at a frequency w/w -0.57. This 
p , 

corresponds to a "po1.e" in R21 that is at a slightly lower frequency (see 

third column in the table I). 'L'be dHference ;is due to the perturbation 

by the prism of the metal/afr interface. 

As a second example, a truncated set of results is displ,,»ed in 

table 2 for a fixed frequency seall. The graphs obtained from this data 

is ShOWIl at :;:' [igur" 2.,&. 
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It can be Seen tlJDt tlH~ "C(~l:ieeLed latm1sity in the fourth 

configuyat.lon and ::'t: due to the £aet that tfj(-! fLn.'ll medium fn the system 

is Air 'Hith £1;0;;:. 1. An examination of the thLfd column containing 

RZI ~ 1 r 2112 reveals a very large peak near I, ,0 corrosponding to the 

launching of a "urface wave associated "ith the metal/air interface. 

Note that the reflected intensity shows a minimum very near.to this 

angle, the shift being due again to the fact that perturbation occurs 

because we :waly have a coupled system. The d.\gree to ~lhich this 

perturbation occurs is a funcrir)ll of the film thickness. It is possible 

to determi.ne the optimum valuo of band corrosponding .,/1, for which R+O. 
P 

As an exrunple of such opportunity He prepared figures (2.9) and (2.1:0) 

in which the frequency curve becomes very sharp and the R min - 0 



Tf\8LE i. fi;'-,ad dfl,-~J1('i .. :dlculation. Heflectivt!,y of pnI~iN'~i"~tl{-\L FIU'~~ATf-( ~tr'uct 
as a function of the norfi'll\l izecl incident fr'AQUf:f1CY. Rut - if. the 

reflactlvlty 0' the PRISM/METAL filM .nfarraGo! R21.- i. th~ reflectlvlty a' 
METAL/AIR .ntnrface, The angle Dr the AlR .cen fato- 60 degree. 

Relative dlBleclrlc perMlttlvlllea: PRISM - E3- 2.25. METAL filM - Ell(w), 
E22(w), AIR - EI ~, 1 . 
Thickness of ttle filM H = .04 MicroMeter6, plU5Mft frequency Wp~ 

8.38197252587E+15 H. , relaxation liMe Tau - I .00583218114E-14 sec. 
_____________ • ___________________ • _______ • ____ •• ______ • ________ M' _______ •• _ •• ______ _ 

w/Wp R32 R21 Tnlal i .... e)'!lectt'1ncc ----______________________________________ .~ _____________ · _______ ~ ____ ~_w_~~ 
I.E-6 · 9990'1[)34 1 509 1.000371 S9882 .880473950791 I 
.090001 • 93401 0552955 1 .55521045039 .86910:1"/184 i 3 7 
.180001 .9404'74202187 2.51 B822487[;.3 .878710779317 13 
.270001 .948764893815 4.51441171474 .r9SH91395757 19 
.3fl0001 .95698581 1 B29 10.0539888904. · 9(~8153B5t;98\l 25 

• • • • • 
.435001 • %3123'179141 29.17111867.407 .90:18"1770834 30 
.450001 .964254614904 39.%Gb9'11917 · \J9a8~i08';fj;311 31 
.4B5001 .965352327785 57.1224!~14iG ,8813,,095%001 32 
.480001 '. %fl~ 1 '7018022 fl'l , S(~l}fJ0fJ "7'/08 · f)'/998fi 1 G 1 923 33 
.495001 .9674l;f;l9478S8 160.2881440';8 · BS239;:Hl9tj63! 34 
.510001 .968448530528 365.9288841 10 .834603368888 35 
.525001 .969416283[;23 IM;7.053G3428 · 789;J82132 437 36 
.540001 · 9703<;2B 162?4 7521 < '19345258 .714912895797 37 
.555001 .97125S<l0BIr,8 '30 i .24544344 .B02150260582 38 
,570001 .972134992L31 :~7J. S2Lf_;nj91 n .495,17'3634049 39 
.595101 · 9?2QS21 4~7r;" 12'1 < %80807'13 ,52582711851 40 
.600001 .973811053353 73.36439;; I (j 1,1 · SG9 102837844 41 
.615001 .974597.546973 -/1.2T139b425S ."18701860122 42 
.630001 .97:;35744'/648 32.9641(1)32323 ,858129>;11243 4'3 
.645001 .976098583589 24.[1B88097073 · 998967450G95 44 

• • • , • 
.660001 • 9768107795BI 18.36175489;\8 .9233flS;"153? 45 
.810001 .982753222042 3.33; 42993'l24 .976643437090 55 
.9601001 .9869B8381818 1 .235919771 HI .995164027118 65 
1,110001 .9900390232108 .598545378843 .9B9344787862 75 
1.2610001 .99226452126 ".3341 17933507 .991979549061 85 
1 .410001 .993909765483 ' . 204019366569 . 99379169B303 95 



TAIlLE: ,~. Fixad nOf'<'lllJizt;d frequancy calculation. Reile"Uvity ,,1' PRISI-l--r1£TAL FIL 
Ii-AIR structure a5 a function of the i.llCid""l "ngle. H32 - i5 the 
rafledivity of the PRISNII1ETAL filM lntar-fece, R2~ - is the reflectivity of the 

t1£TIIL/ilIR inter'face. Tha f""q.of the ATR se8n ,"/l.p~ .382 red/fiee 
Relative dlaledr-jc perrqittivitleo: PRISM - C,· 2.25 ,t1ETilL fil",r7j(vil~ 

-5.84628170'2 ,E22(wl· .212578B70128 ,AIR - El • I . 
Thickness of the '11M H - .04 MlcroMetsrs pla~Ma frequency Wp· 

8.38197252587£+15 Hz. T - l00583208114E-14 Hec 

Teta (dey) R32 RZl Total reflealanca 

4 . 967B5B985634 .9'11,499371602 .677776908447 1 
20 .965457243788 .97f13993Sfi70S .659782534STl 5 
36 .960997188305 .9S0~9785366S .625991039039 \1 

• • • " • 
36.05 .950982735032 .96027775 j 031 .626044302 j 14 10 
37.15 .960667418891 · 96003G94G68~1 · 8287750B4G 18 32 
38.25 .960358328985 · 960422f; 1 '2(,18 .S3G1S7131225 54 
39.35 .98005'1159185 · 8620~999?S81 .652886945083 76 
40.45 .959765703781 .~Ba8(l50Z9fJ39 .6316B2555938 98 
41.55 . 95948S(J8388S .98230996BS19 · HI G592150038 120 
42.65 . %\)219651436 5.54559165123 · 97801 ?a H50Qf, 142 
43.75 .9589691%284 17.2892818316 · 9643?5983() 17 164 
44.B5 .959736749076 :55. 98800517B4 .914137010827 186 
45.95 .95852468682 285.97283313'3 · a00~l777SI1? 208 
47.05 .9583355113777 anH.260;:4?84 .691 %0572604 230 
48.15 .9581718731:16 465.025457783 .694938453403 252 
49.25 .9580,56553675 142.019214832 .744603867245 274 
50.35 .95793245339 74.2787947453 .7SR761332324 296 
51.45 .957862632866 4B.358GllS8 .820785319316 318 

• • • • • 
52 .95784156941 40,9121947329 .833142742612 329 
66 .9618506321 'IS. , . £).341 j 7226286 .930999930053 336 
90 • 979321035409 8.'79104970606 .8704"17089832 343 
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£ (w) ;;-~ C '+i c". B (see 
2 . 2 "2 

equ. (L24b). Among fll'lny optical methods [12J, [13J, the SPIP technique 

is particularly suited for th" study of EZ(H) a fel< hundred angstroms in 

thickness. In many studies a preset expression for E
2

(W) is required. 

That is ,., and 'r values are to be knowl.1* However" in most· cases a preset p 

expression for E2 (t<) that includes the contributions from the inter band 

transition is impossihle. Therefore a method of de.termining £2 (w) and h 

at any given frequ~ncy ,,,ithout a preset £2 (~I) expression is needed. Such 

method is de$cribed in the article [3J. The basic formulas and the con-

cept are as £o11O\.s, the geomeu'y of the method is shO\<TI on fig. (2.5). 

with the angle of incidence of dIG external monochromatic plane I~ave e 

close to 8 ATR ( of attenuatl,d total ref lectiou) the minimum reflectance 

R. can be app,'oximatelY expressed as a function of IDln 6 t" as [/,J/'" 
.,,~ 

R. 
IDln (3.1) 

where '1 I (K ) = _tn_xo __ (3.2) 

"r (K .) 
m XL 

With Kxo given by eqn. (1.31) and eqn. (1.32) and Kxl given by equ. 

(2.20) and Kx ~ Kxo + K
x1

' 

Here K is the complex wave vector of the SPIP in the Kretschrnsnn cOn­x 

figuration (see fig. (2.5) and K is the complex wave vector of the 
xo 

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

infinite case, dC:Jc~:ibHd in chapter 1)" K 1 is the perturbation to K 
x xo 

- 59 .. 
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with 

I K 
m x 

1 K 
m xo 

.---"-~-"-~·-;l 

HIE: 1,r'2' 
oc~ C,I C"~~~-£O;-t~ 

on the other hand, from eqn. (3.1) 

(l+R . )+2/R -. '. 
_____ J}~l:}l ~- t.-L~ ~ 

l-R . 
IH~n 

I K +1 K 
1Il xo m xl (3.6) 

(3.7) 

(3.8) 

The choice of algebraic signs in eqn. (3.8) should be based upon 

the physical seuse of which is clear from eqn. 0.2). Iu the 

limiting case h'>oo I K 1 should vanish, giving \'l _. 
Tn :x ~ This result 

can be achieved from eqn. (3.8) if the upper signs (both in the 

numerator and the denominator) are I1sed with R. +1. This case 
m1n 

would be denoted as tl+. In the other limiting case h'>O, the 

perturbation I, K 1 prevails over I K • therefore t -+0. This 
fl1 Y. m xa 

result follm<s from "'lU. (3.8) if the lower signs are used, with 

R. +1. This case would be denoted as tt-. nnn 

This consideration of the limiting cases suggest that there 

must be a s~1i teh £,'om til(! upper case to the lower case as h change 

from "'to o. This abrupt change occurs at h 

The qualitative graph fo., ~~, (h) is sholVII 

~ II ,Hhen R. .... O. 
opt min 

at fig. (J.b) 
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r K . 
m xl 
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1 K • (hil) 
m xo ~ 

t " 
2 

(3.9) 

1 ,I {€:; 
~,~;,,()Ar7~ c 

2 _ 
101 E3 "ani:! 
~-~'~-~'1 , 
(€ 1-€3sin-O)'~ 

(-3.10) 

-where the upper sin (-» is tor 11> h
opt

' and the 101-7er sign (-) for 

h<h 
opt 

At h • h t R. .. O. 
op m1.n 

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

is useful for the fi.nal step for determination of h. 

\~ ~Ie £3' I K • - _.-- -.~-- ( 1+ 
m xl C 4<:08 ATt< 

...,.....-., 'R . ) ~ mJ.n (3.11) 

where the convention of algebraIc signs in the same as above. 

Eqn, (J.ll) gives the experimentally measured values of (I K l)e • 
mx."P 

Tho the,oretical va] ue of (I K 1) theor, as a function of h is given 
III x .. 

by eqn, ( 2.20 ). The numerical soludon of the equation; 

(I K ) (h» tt (I K )e 
m xl theor,' m xl xp (3.12) 

gives the experimentally determined thi~kness h of the metallic film. 

3.3 The accuracy of the method 

Eqn, 0.5) shows that c
2

' = £2' (9
ATR

). therefore 

I d€2' 1 
~ ........ ~~ t 
l aOATR J /l() ATR (3.13) 

\Jhere llO A'l'R i" the experimental accuracy of the angular measurement of 

the ):esonant angle 6ATR , Performing the differentiation of eqn. (3.5) 



Similarly, eqn. (3.1) indicates (:2" ~ E:
2

" (OATR' We' R
min

), therefore: 

of: II '" ,21M) +1 -- ATR 30ATR 

BE: II .1_21 
3R . 

nun 

llR. -- (3.15) mln 

where 11 W", llR. are experimental accuracies of measurements for half-
v lliln 

~lidth of the l'csonant curve and minimum of reflectance respectively. 

performing partial differentiation of eqn. (3.10) gives 

E:12E:3 tane 

(E:l~E:Jslne;) 2 

2 . 
E:l s:}tatie 

(il-E;ST;ie~)2 
1 

0.16) 

0.17) 

(3.18) 

where the convention of the algebraic signs is the same as nbove. 

Let's normalize eqns' (3.16) to (3.18) with respect to 

dE " . 2 

E" 30 2 

E: " 2 

(3.19) 

(3.20) 
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(:l.21) 
i- -.- - ~~; 

2 IR . 
~ nno 

(1' ii('~") 
~-. IJ nun 

Hence~ SUb:;I:ituting oqus. (3.19) to (3.21) ilito cqn. (J.15) the 

relative ac.curacy of e 2
11 determination can be exprE!sscd aB; 

(3.22) 

'l'he relative accuracy of 11 dete'cmination was determined by numerical 

procedure as the described in the next paragraph. 

3.4 The Computer Program 

The basic idea of the computer program is repnesented on Fig. 

(3.lh) ano O.ln}. The program first simulates the values of 0ATR,''-W
O 

and R, ali if they were rueatiured in an ideal experiment with out any ml.n 

instrtullantlil error (f1fJ~t/JIfj~' AR 3 0). These values of·e ATR' \-16 and 

R ~ are Llameq af~ Hexpeeted experfmentfil values tl .. ml.n 

l-lith an expected experimental. value of e
ATR 

from eqn. (3.4) it 

is possible to find the value of E.' from eqn. (3.5). Note that, 
L exp 

since instrumental error Cl6is neglected, the result might he affected 

only by the approxi'mation made in the theory. The calculations and 

comparison >lith tile exact value of £ f • 
2 thebJ: given by eqn. n.2!fb) 

show that 8£ I ~ t: I .. - £' realy depends upon the frequency 2 2 theor. 2 exp 

used. The follo>ling resl11 ts I?ere obtained. 

( F. 
w 

p 

( vi 
.TT~ 

p 

" 0.05) ~ 5.7% 

1.1,% 

(~"-~} C!i = 0.3) e 0.2% 
£: I \.1 

\ 2 /l:heo1' P 



1- -~;;; ,~-;:;; ; ;;~ ,,<'<he -; ,:." ---- ----
theoretical values of £2 <~IHI £2 \'11r:h 

eqn. 1. 24b 

-~~---~~~ -[~. '.-,--,.~--~.~ 

E For a given value of h 1 
ImK. ~o and ImKxl. are determined w. ith a SUbrout. ine 

_~_-2~1~1<li8P~~,32.2.20) ___ ,J 
j 

[;h" e';:-c'~ed e~~e~im;:-.'a;·~a~:- ~f 0A~R'- ~J0 al.ld Rmin are 

found throllgh .:,qua. (3.1),(3,2),(3,3) and (3.4) 

~--~--- . '. n-r--~--~---

'

-70r the r':m;'::;;:;;ed exp'e;;'Ulen~:i'~ue of 0Al'R(~~-d-'---' 
given \oJ, the value of Ii is found with a subroutine 

, opt 

L "0 ,-h" (eqn. for R) 
pt .. . 

____ • __ ~-..... -"'--~-Y-"""""~--- - .. _~ ... 
; 

is found 

'r'~--

is found with a 

tiE accuracy" 
22 



I 
I - ---.'--'-'-- ~--~-~~~~--;;---:--':,------, -,.-;------~-~~':;;-- --_.---;-----;-- .-- ... ------------.-------.--.--~ I tb.-tng eqn. <-:,.1) > (3. 3) ~ aDd {3. t:.; cHl!l tne expected e~{1eriwent.:Ll 

! valuC!s of ;JATR \~J~ J.:mi.n~ the experiment.n.J. value of h is found. The 

I proceaure iuvol,'es H subroutIne "Bi:wet" hor" the nUnH'r;caJ nl1alYBt" 

1
1 'b I' , " I tl t f I' ," ('I '( \ 'I I' ' -~ rary \~'llCn Illi(B Ie roo 0 a _UHct.Lon ..• ,->/ < - \ '1) J • 

_ m Xl e:-<p ~'l j{ _ Lleor 

:--:;ee eqn. (2.20), (3<11)., the subfutlccion FNF (11)) a subroutine 1I1'ihn 

disp 2ft in which £" 2 t and £ :;t are calculated a.s experiment ally 

determined (see equn. (3.5), (3,10» 

hexp as a function of 
h axp 

lie 
ATR, lIW8 , lIR is ilumerica,lly min 

calculated and stored in arrays DhO(*), Dh1 (*) and DhZ(*)' 

The total error is stored in an array D
ht

(*) 

PRINTING The .graphs of 6f-2
1i 

--,..----­
£2 

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

Fig. (3.1c) Block dfagrarn of the compllter program. 

-------

versus h 

This frequency dep",ndence becomes clear if we recall that eqn.(2.Z) 

is valid only for eZl! <" 1. If we cheek this ratio at the specified 

1~21 
frequencios j ~e get, 

(~ - 0.3) - 0.04 
W 

p 

(~ 
\, 

p 

0.(5) 0.24; (~ ~ 0.1) = 0.12; 
W 

p 



SiilCt
l lhf-~ valuE'_ of e' ') Ui used in til.e ~;tlbt~(--!qll.cnL 1,;:vilJ1..:at-i,(H18 ,.exp 

Conclusion 1 
.~. •· ___ 4"~ . ..-.-_~_ 

The accuracy of the method has a teHd(~Iley to imprc-ve 2.$ the 

frequency grow from () upto H** (see e'ln. (2. 2a». FOl: fn'qucllcies 

greHter than \.J** the accuracy again starts to deteriorate becaus(~ 

the pc,rturbation term in eqn. (2.13) becomes comparable to the 

basic term, making the solution (see equ. (2.20» ill valid. 

The first try of . the program without any instrumental error 

allo\>.7 to estimate the accm'acy of the mathematical soft \'}.'ire used in 

the method. The er.rors made due to a fini.te accuracy of the soft 

"/ate 'He'll call If.software errors". It is clear that the t ,~wftware 

errors' in determination of S2") h should he al'Hays less 

than the errors ~.,hich originate from finite instrumental ac.curacy. 

Tllese latter errors we'll call experimental errors. For a practical 

us<, the instrumental error ean be taken 8S n8~ Ill> ~ 5"; nR ~ 0.01. 

These values are used in the second, third, forth and fifth trie~ 

of the program, "'hen all partial experimental and a total eXperimental 

errors are calculated. It is necessary to underline thnt the fSl...lr'Wnre 

e.rror' is al\\rays incorporated in the calculation of the experimental 

errors, and for this reason it must be all,ays ehecked first. 

3.5 Analysis of the Hethods Accuracy 

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

data for sodium 



(\1 , p 

refractivE' index of the prism Haf; lakl~lJ :1[;, n.~ --0:. 1,5. lhe 

fig. (3.2) (1.1a), (3.3b) , 0.3c), (3,4a), U.l,h), and (:1,I,C), 

Fig. (3.2) shows that is independent from b h'hich 

is understandable since R K used in eqn. (3.4) does not depend 
e xo 

upon h. On the other hand the comparison of the curves at fig. 0.2) 

'vi th the values 
1'1f:- I 

of 2 sho"s that; the theoretical error is roughly 

I f:-21 theor. 

3 times bigger than the experimental error, due to /',0# O. 

Conclusi.on 2 

It is reasonable to perform the measurements for the deter-

mination of €iz I only for normalized frequencies not less than 

11 ~ 0.1. 
\.) 

P 

For 'less frequencies the software error rapidly grows 

hringing the total experimental error to" 8% at I, = 0.05. 
\,1 

P 
The most striking result comes from Figs. 0.3a), (3.3b), and 

11£ II 
(3.3c) at which ,2 as a function of h is shown for different 

£"" 2 exp 

normalized frequencies. 

The figures 8hOl" that a decisive contribution to the total 

experimental error comes from a partial experimental error due to 

an instrumental error in measuring R . • In particular at h in 
m~n 

the vicinity of h "'hen the value of R. -> 0, this partial 
opt' nun 

expE'rirn(~ntal error exhibits an unlimited growth. This result is 
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a180 .upportdd by eqn. (3.18) 
1 

fR-'~'--Y 

V flun 

The ' ,"o£twa-(~error' for the used frequencies haB the folloHing 

values. 

/:.f;2" 
~. 

2-1>theor. 

11£ H 
2 

€On 
,2 theor. 

/1€O II 
2 

€Oil 
2theor. 

( w = 0.05) W =: 5.7% 
p 

(.J'!. Q.p 
;::; ',- = 1.5% 

1< 
P 

( H W = 0.3) = 0.27. 
p 

It is meaning less to perform the measurement for metal films 

with thickness values close to h • 
opt 

The value of h depends 
opt 

moetly upon H and ranges from 
W--­

p 

Conclusion I, 
.... ><~ ... .,.,..,..--~ 

o 0 
400A -750A for 0.05<W .::..0.3. 

-(1 
p 

1'01' metal films with thicknesses other than h ,+ 100 the 
opt 

relative error of determination of E: II ranges from 
2 17% at W!Hp~O.05 to 

o 
For h-s' h

opt 
-lOOA and lv!\yp ~O. 3 

" 
the error has a minimum of - 7% at h - 600A

o 
and rapidly grows for l~ss 

thicknesses. 

At figs. (3.4a), (3.4b), and (3.4c) the relative error ,fih, 
\h]exp 

as a function of h with normalized frequency as a parameter is shmm. 

t 

Since h is determined using £2 and 
exp exp 

1: n 
'2 it is the most 

expo 

affected because the errors made at all preceeding Rteps are accumulated 

I 
, , 



In p,(]ct ... icolar (/\L
2
") 

exp 
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h->h 
opt cases. 

_Besides thiB W(~ have a 1~o*tf~i1,a,n~errorJ (showing by a dotted l.l;Hl) 

growtng to tnf tnfty as h+O. It happens because the assumption 

I K 1« i K 11 in the penurbation approach (see eqn. (2.13» fails xo x 

as h+«>. For tldcknesses greater than lSOOAo ,lIh.... also grOl,s due to 
h 

exp 

the growth of the partial error in measuring R
min

, At these big 

thicknesses R. +1, which requires an accurate distinction from ml.n . 

the unity. 

The measurement of the thickness of the metal film is reasonable 

to perform if lOOAo<h<600Ao, 850Ao<h<1200Ao at W/
lVp 

= 0.3 with 

the relative error ~ 0.5, 

o ° If 250A <h<500A with relative error'" 2.5%, and 

600Ao<h<1250Ao Hith relative error ",'0.8% at 0.1 

480AO<h<l400AO' with relative error'" 3.5% at 0.05. 

. ., 
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.1.. It -'"8 8hm'711 that l.adiative SPIP can exist at (tonnalized irequencies 

bigher ':han H for strong absorbing "Iodia. PracU.cally usefn.! range 
HI? 

of W T might be 100<W T<5. 
p P 

2. The energy transportation performed by 81'1P consists of two £l""IS: 

one in the dielectric medium, the other in metal. It is shown that 

for O<w< \-I the tlw flows have opposite directions with the net 
p 

J £1+1 

flow in the direction of the flow in the dielectric medium. For 

,,)w , both floNS have the same direction. 
p 

3. A dispersion equation for gPIP in thin metal films was derived. An 

approximate solution of this equation was suggested and tested. 

4. 'fhe method of determination of complex £(w) and h of metal or semi·-

conductor film without a preset expression fi>r £(,,) "as modified. 

5. A frequency range 0.1< J:l < H** in which the method is practically 
VI W 

p P 

applicable .is established. 

• 

6. It is found that the method diverges for £2" and h determination in 

the vicinity of h • For determination of h the method also diverges opt 

7. 

as h+O. 

It is found tha):. "ith in the specified frequency range 0.1< H ~: 
W 

p 

the accuracy or determination £2' is not less than 2%. The accurscy 

of determinatlon £;" and h depends upon the thickness of the film 

and can range from 0.5% to 2 • .5%. Thickness less than 100Ao , 

o 0 
greater than !L,OOA , and h + 100A should be excluded reliaLle opt 

measur.ements. 
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8.. Computer program capablE- of; 

analysing disprorsion properties of SPIP (semi-infinite ease) 

analysing po<;er flows in SPlI' (semi-infinite case) 

simulating ATR model 

finding an approximate solution of the dispersion equation of 

SPIP in a thin film 

d t i i th 1 f ' ~" d h f i 11 e erm n ng e va ues a £2' c 2 ' an rom exper menta y 

measured e Wand R 
ATR' a min 

assessing the accuracy of the method. 

was designed. 

r " 
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A-I 

A1Jpr-"l.drx A~ Ca.lculatIon of teems tn the Taylor'1-3 seJ:"ieG cxpm18lcn 

of the dtspersioll eqn. (2.10) 

From eqn. (2 .• 14) it is clear that 

where 

KO 
2y 

UK ) ~ , xo 

1 

a iK 
o 

• £: K" 
T 2 3y 
- £ K/) 

2 3y 

K3y ~ 1~~£3 -K~xo. = Ko l-lE1 t 3 + £2' (£3-£I)J 

J - (£1+£2'), 

Note that K" is real for O<W<W* and is imaginary for 
3y 

Eqn. (A.2) shows that f(K ) w O. xo 

(A.I) 

(A.2) 

(A.3) 

(A,S) 

w* :::w::: ~ 
1£1+1 
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From eqn. (2.14) we have 

af 
aK 

x 

n a 
aK 

x 

+ 

K xo 

( ~ \ 
L21 ) 

1 
-o-
r 21 

1 -2iK~ h e ~y 

K xo r 23 

1 _~ ( e -2iK2yh) 
r0

23 
aK

x 

+ 1 .-r 21 

K xo 

K 
xo 

d ( 1) aK
x 

r Z3 

but from (A.2), 1 = o which results the second and the 
---0 r 21 

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

af 
aK 

x 

where 

alJ l' aK 
x 

K xo 

K xo 

K 
~ xo 

K 
o 

~K (;J) x 21 

a 
-aK"-

x 

K xo 
, , 

1 e-2iKi h 
-- y • 
r 23 

au v -uav 
3K aK x x 

,;-

--21K" h 
e 2y 

K + 
xo 

(A.7) 

third terms of 

(A.8) 

(A.9) 



v I 
I K xo 

The term av 
dK' 

thuf.) 
" 

K xo 

K 
xo 

K xo 

1 
V 

A ,- 3 

vanishes 

K xo 
(.:1.2-£2 £1+£2) 

2Ko £1'£2 £1'£2 

equation (A.8). (A.lO). (2.10) and (2.4) imply that 

K 

K t.3 

xl 

xo 

2K o 

1 

-2iK h ---.----e 2y 

., 1< 

<' 

(A,1O) 

(A.12) 
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1~) j'HO~·}ii.Af·l l-lhich rieifH'f'iineR the ,sc;curac:y of the. SP1P N.ethod 
20 Thi5 particular version i$ designed for norMelized frequAncy 1~/Wp~.05 
:)0 In:" Det'Z2( 3<j0) ,D""n«HJ0) ,Oer2ZC3i'\0) ,Oe22( 300) ,Hh( 301'1) ,Ol{ 300) ,OrCli'\0) 
40 [;1i'\ t<ootU) F,(2 ),E'-1'\2) ,Oh(00) ,Dho(300);Ohl (300) ,Oh2(300),OhtU0i'\) 
,'iv) D li'i Ho<:5(0) ,H H 301'1 ) ,HZ (301'1 ) ,Ht( 300 ) 
80 IN:EGER Scr'",,"( 1'1024, 1:36,1 :3) ,Sew""nl (I: 1024,1 :32 ,1:3) 
70 COM £3,E21 ,E22,£1 
80 COM IExp/ E21e,E22. 
90 COM /HI Teta,Wt ,RM 
100 COM IErr/ TatBa,Wle,Rn" 
1 IV) 

120 
130 
I t}{~ 
150 
16~ 

Cot1 IH"optl Hophit 
COli nip / (~p 

COl.'! I r ",11 r au 
CO~; 1',)1 W 
COM IK / Kx 1 i.,p 
(>2,998E+B 

170 Pi-3,14159265358979 
i80 

I CDM~Dn OptiMal IhicknB55 in 'melar.' 

Speed of Ught in ",/s 

180 
20,) 
21(1 
220 

Et-5J3S00-Pi/180 
f"J~E-:; 

f E>;p, err'ol- In ",,,","uplng 'leta (in rad) 

Ff'~, 0) 

230 El ""1 

! Exp, err'o{' in MeaSLIPlng half"'11dth Wt (In rad) 
I exp, 'en'or' in l'ieB,ur'ingMihl~u" Ref1!,etivlty 

240 E3-2,2E , ITIBlect~je perMittivIty of'1M. GlAS~ PRfSM 
250 fJp~8.381972S;'SfJ7E+1S Pia5M11 Ft-aquency fOt, SOOlU~l 
2(;0 Tuu$] ,!~0583208114t:-I'4 Relaxation Ti",,, ' (01' 500rul1 
270 'GOlD 3160 , 1800 13160 2850 1800 
280 ! LOl\OSU8 E22"cGuI'acy FROf1 'EZZacc t" 
290 ! LOAOSUB FllMd.5p FROM "FI" 
3re LOf\DSUS E:~~ I-3GCur:?icy FROI'f "EZf ace l .-
~10 LOAOSU8 E22accil FROM "E22acc2" 
320 ! LO(10SUB He f,l FROM "RPI'lA3" 
33,) , L()AOSUl1 Fr i;' FRO~l "HPt1l\3" 
340 ! LOAOSlI8 F,'23 FROM "RP111\j" 
3<;0 i,OADSUB Fe" FRON 'RPI'lA3" 
360 LOAOSUB Opt,_h FROI'I "Opt,Y' 
370 , lOAOSUB B,.eet FROM "SIBect" 
3B0 ILOADSUB FNf1ax FRUM ;'Plax" 
390 1 " ;" 

400 ,1~1 Gount" Hie ntJrOper of 8ttem[Ji 
410 , INPUT "NorMalized frequency Wn ·"oWn 
420 ("n~, 3 
430 INPUr "No,NI,N2",No,NI,NL 
4!i PRINT No,Nl ,N2;"I\t.te~t nUf~ber ~ ",Fl 
4,10 U-J,j/l_\,!p 

450 E2i'Q"OIp"21«,I"2+I/Tau"2) 1 E:1r i5 ne"ded for !"Umdi5p 
460 E22=1;(W'Tau'*Wp"2/(wn2+I/Tau~2) 
~,70 ! 
480 .1-1 f Gou'1b the array index 



; 
S\t'}0 " 
J: ~1 
;";':(.1 
',,3,) 
~~·1 G 
'5 !J q, 
~)Gftj 

E'l0 
~j8v) 

Sfj@ 

800 
610 
620 
630 
640 
850 
660 
870 
680 
e90 
700 
710 
720 
730, 
740 
750 
76\j 
770 
'780 
790 
800 
810 
820 
n3r-J 
840 I 

950 
860 
870 
880 
880 
900 

" 
.320 
93eJ 
940 
850 
980 
970 
980 
990 
1000 
l'llI0 
1020 
1 (/'3[J 
1040 
1050 

1'll61
" 

10"1'll 

H~-·j0 

d",t}?\p"'Fi­
~l'·'j-HH~ 13 top 

Hvd- --"H~ I ,~_ '< I 11 
Cflt.L F.~lhdi5p{i,'J.t·Jp,l,,'\u,HMi,Ei ,C3,I{Xf 
I f'..)/" the 91ven Hrfjt J~l ,E:2)t,j, ,~Jpli'OU 

tl-'ic~ne9] in Meier~ 
,K;<1 !K;-<;(}f-')~;\oi ,t:X!I'-,.Kxl i;' 

the 5UOPf',)gf't1;t1 'FllrwJ5p' 
1':;";1)1' fH-:tH. ptU"l fot, ':JerHinr-i:1itB- Ci.152'> 

L:';,-}i fhAG. P<1p"t for- 5Gtu.inr inii;e CG:;~ 
}-:,~il f'ir~5t Of'(jf:.r c:o,'~r'eCti0n to K.x:or' 70f~ .) Neti]l fill,] ,_)f ;-tiiite -thick· 
!\,:\ i fir'cd- er-deF' COfTt':f_:tion to t;;~;Q\. for t.i {ttt1 ()f ~jJ.ven ~H\ 

:<>:.' HF..AL part ()f OX -" ldt\'/P.vcc:trJr· ~'Ot- a j'lHtrll fi t(>~ of thjcJles.::; 'H1 

r\/<.: UHiG, Pdt"t t.-'f OX ~. ~(3.v<;c;veGt()f'· for' .] Metal filN of tldcknerss 'HI 
NOTE I f~LL ,JilVEVECTORS t)RE IN NORMAL! ZED FORN I! I 

Eta""K:-:(11/K); 1 i 
RM~1-4~EtH/(1+Eta_/~Z 

r;x j "XX j '~Jp/C 
I Expected expGrlment81 vtdua of i'Rrftin'" 

! Non- nor~al12ed value5 
Yeta"'ASN{K;...-:or/ l..Jn/SQR{E3») ! r::·xpected experH'lent(31 ReUOf1flot angle in rBd 
Wt-Z oKxl·COSITeIB).C/W/SQRIE31 IExpected Half-width 0' the rRlonant curve 

, In the pr""eco8chng pari of the prograM the cxpuat"ed expcr'li"H~nttil values 
of Teta,Wt,RM were calculated. The following part of the prograM 
15 b~5ed H;>;clllsiveiy on the&6 8xper·ii<"JenialIy deter'ninero valuee 
tlOTE, THAT THESE ARE EXACT EXPERIMENTAL Vi\\,UES 

~~~**~*****~§***l*~*~**~~*4~~'*~*~~******~*~**.**~~** •• ******~*******~ 
.~*M***~*~ ••• 4 •• ~._~**'*.*~* •••• ****.**.***.* •• *'~~ •• **.'**.~***4*.*** 

IF No~0 THEN Tetc;\e~Teta 

IF Nl~0 THEN vite~Wt 

IF N2~0 THEN HM",~Rr. 

IF No~+l THEN Tlltae-~Teta+Et 

l~ "1""1 THEN Wte~vlt+ELI 

IF Nf:;':+ 1 THEN RM6""Rfl1+Et~ 

IF No"-I THEN retae""Teta .... Ei 
IF NI~-l THEN v!t<l~v)\ -r::", 
IF N2~-\ THEN HMO ~R",-Er 

IF RMe(0 THEN RMe-1 .£-8 
5?~SIN/Tetae)4SIN(Tetae) 

E2Ie-El<E3.S2/IE1-E3oS21 
K~-l 

ExperiMental 'error is int,'oduced 
in lines 1440 - 15210 

in trad' 

, I ExperiMentally found E211wI 

E22e-Wt.o C I+K~9QR(RNe)I'El·2'E3·TAN(Tet~e)/12'IE1-E3·S2'·2' 
E22o-Wt.oE'"2oE3·TANITetael/(2oIEl-E3.SZ'"2) I At H"i-Iop t 

! Line~ 1560 - 1670 

(Ir(J )'Dl{ J I-Oll J-I) 
IF OrO»0 AND J>l THEN 
IF OrIJI(0 THEN K--) 
IF J~l THEN K~-l 

Prod-DrIJ)'DrIJ-1 I 
.. ~ .... ,-

IF Prod<0 AND J)2 THEN Hoptl-H 

IF Ks-l THEN HDptMt-l~E-S 
IF Ka+1 THEN HoptMt-Hoptl'I.E-10 
! 

1 are a'swltch for Et~ 
! a6 a function of R Min 

OptiMal thickness In 'MDters' 

£27.,HHe< I I +K 'SORI HOlf! ) loE! "2*E3* TAN (T e tae ) / 17.' (E I -£3<52 1"2 , 

PRINT T21-£2Ie ~";E2l-!'-2Ie,"E22-E22~·"IE.22-E22e."Prod ·.",Prod 



H~~0 {F i{~--~r (iNO Nf=1 AND N?:.·f THEN CAI.L E22<·~ccu(T~taJ..It ,RN,Ft [u ~:-J',F.1 ,::-;':-1': F~', 
j, I rNC' i'li 1 ,'iNO N2~i THEN CALL E2~2occu('nGy(T{~ta.vJt.Rf,),f;~t,E,,<.!,Fr'.Fj ,E:)le 

, , 
(" iJ,o,.,!I,I-:'Si)H{[;,~, !~'UI-'~; l-'I-<':~W)(lh(lc) )!(4*crw(, lctdf~); 

f-J !'1, ;r\(,.ll--J<,.,il[;;'P, H (':In ';f{Pif' 

!,.', 

11\"~j i.J-il.i. H -'lcc(i,H. !;-:;.c:r '10t~,H ___ !~:<r:, ffl-00,~30!M .f)8(;(f<:--, 1 1 )~nGC ,S0,'Hoot.l ~! ;F~_("" E1 (; ~ 
1 [::1\." ~! (;',[ ~:«'i,:-d i l ! i:>,p~,(;t\.:d e/per'lf',(~r)~QJly dt~':f~I"(Jln(:fj 

';iiHJI 1;"),)(]1 "!~." ;H.'H_~·--7,.p''-'';i-l~~ .. -~,p,"H_upt ·jH0pt.l,'· k,-.-.",v,l' -Jo.~ I';J 
i;! j ~~ Q'-~( ii"H JL<p )/H 

1;:(:(;') H' Nc /0 AND Nl ':">-0 ANO N;":':>@ TH"U~ DhtC) )~'-Q ! Total. Grt~Or-
i/:JOlF 1<1"':'0 Min r!100 AND N?<'Hl lf12N Htd H1 
1240 
12'0,) 

I /'/~) 
1 ::B0 
! 28\) 
)]etlll 

131 ~) 

IF No~0 AND l~r~0 ANn Hz-a THrN OhIJ)-Q 
~f: No~0 A'~O r/'~0 AN[' N2 2 0 lliEN Htl(J)~~' 
j r: No <:: Qi (~NO N i ~ .. Q) f\ND N2:-<lfl THEN Dho ( .J }~~Q 
I! "",'>0 ,'iNIJ Nl-'O AI~U 1!2~0 THE;~ Hol,j)-H 
I~ No~H AND NI "0 AND N2-0 THEN Dhl(J)-Q 
iF No"'0 ANL> Nl <AI AND N2-0 IHEN HI (J i-H 
IF No-e AND NI-0 AND N2<>0 THEN Oh2(J)~Q 
IF ND-0 AND Nl-0 AND N2<)0 THEN H2(J'-H 

;3~~0 ,J""J+) 

1 Ti0 IF 11.' 48,) fiND H(580 THEN H_dep-20 
1331 l~ H>580 AND H(760 THEN H_Btep-10 
1J40 IF H>TlS AND fW/90 THEN H __ s\ep-3 
1:1(;{1 IF Hopt 1<>0 THEN H __ step=3 

!Part ia-l (Wi'or- in fwl f~t'Jidth 

Par'tial error in R Mifl 

UG0 IF Hopl.l-'0 MlD H\Tl5 {j;ID IV'ISS THEN ff .. tit"p-,3 
131H IF H>800 ANL> H(350 THEN 'I_step-II 
13BvJ IF H.,e'950 MID H<~ 1030 THEN H,,51 ~pc"3i~ 
UgH IF H)1030 if/EN H_"lew'S0 
1400 IF H>H_5ie.p<lG20 THEN 520 
14(71 t 
r4el~~ 
111() ,~) 

1 '104 
140~i 

i "IV) 

t'H'!+1 
IF M<~5 -1-!iEN fioptl~0 
[jEEP 

IINPUT "SWITCH = ( if 
IF ~w(>0 THEN 1420 
IF 11'-'5 THEN 4:;10 

14/0 BEEP 5100,5 
t 430 PfIUS£:-

ZERO 

~ 4S0 I 2 Z22 2~~?Z(2?22f~222222 222 22 ;~22?22~~;::: 22 22 2ZZ;-:22/:22Z222ZZ2ZZ2222;~222 222 22~~22 222 
)460 !2222222222222222222222222222222222l22222222222222222222222222222222222222 
1470 GINlf 
1480 PF!\!::, 
14')0 llCG 
"'!'&10 LOIR 9H 
1510 GSIZE '" 

;'lOliF :; ,:~? 
1530 LABEL "[lfUHIVE F.RROH in E?Z(w)" 
}~14~1 UJIH {'I 
1550 r10UE 7:~,22 

J fi60 Lf\Sl".T i U1 lH r CKN[SS (1 n, ' "eg5 tro",s' )' 
1 F?0 HOVi'- 0,9 

1:,80 L(·il3U_ "FiU.3.J Oe)'J8ndence of r'eJatjl/e err .... or In deterMination of Ei2\~.j) ve 
j \;80 i10\.!E ! £) ~f~ 

!G;00 jj,fJE-!.. i,)l1c1'JH~~lB of f!1etal filJ"I. Curve I gjvee a par-Ltdl r'elaflve er'ror-' 
ibl0 ~1(1')t· lFl,5 

i62li.l LABEl. '"dur_ to fln~t.e .3CCW"t\C" in 1'1eanU('lnQ the r~'{:50f1ant .angle, curve 2~" 



i (:?;VI i-1 f H)F ,1 .. ~' 
lo,diJ l,-·.m~!", "1'"1 h6J'··-t,'i~j-~il. Cl!('Y{~::;'- 11"1 f{ r'lin, curve·t - t;'le h.·t..:>..!. 1-'C'~_i3t,i'/e '.'3.'(' 

l,/"jl/; ,iul.)l: . ,H8 

\ G~j0 
1 '/~?I~~ i'iOl)E j I Z : ~r7 
I'! i 0 f-!f: ~.~ Z 
17::0 IJiGf::L "£l'-~ "lFt;~~r.;l,rj\lJ!:lB0/Fj.:·'lf' 

1 730 f1(lVE i 1'2 ,:34 
1 ')1,0 I'nl cO 

l'lS0 IJi8EL '<Ei.>;~'· ,j il~!.>p<3l?0fb\-!S0/Pl J" 11' 

1760 MOVE i1i,91 
lnil PEN" 
1 780 LA8El 'E,'''' \ Er' 
1790 MOUE 115,37 
181le, Pf.N '/ 
181 \l L(\8U." cur'll" 4" 
1811 MOVE 46.60 
1BI2 LABEL "curva 4" 
1820 NO\JE IS ,30 

! <l30 PEN ,: 
1840 LABEL "curve I" 
1850 PEN 3 
1860 NOVE SG,,,! 
18'1(1 LJ\8EL" CtWVe 2" 
1871 NOVE 128,32 
IBn LABEL "2" 
1880 MOVE 50,50 
1890 PEN 4 
1900 i_ABEL. "curve 3" 
; 901 t'IOI')E 7"3 ~33 
1902 li18EL":," 
1910 PEN 5 
\:..~20 VIEt~POR"( 10.12H,25.H'J0 
; :!30 IH NDOi~ '-50,; 500 ,--.01 " 175 
j940 AXES 110,,005,0,0,2,5,2 
1950 PEN--I 
iD60' VIEWP0RT 9,12,28,32 
IB7~} AXES l0,1 ,0,0,1 ,t 1~'; 

1980 VIEWPORT 17,15,24,28 
1990 AXES lej(W",iM)5,(~,0, 1,1,5 

2000 VIEWPOPT 10,128,25,100 
,~'il10 PEN 5 

. 2020 CLlP OFF 
)0:;10 LORG [; " ... 

2040 FOR I-a TO 1450 STEP 20. 
2050 i10VE I, - ,003 
""~<". LABEL USING "#,K"\! 
2070 NEXT J 
2080 LORG 8 
2090 FOR 1-0 TO .5 STEP .05 
21010 1'10VE -'25, I 
2110 LHBEL USING "'"DO"!! 
2 t 20 Nf:.>~:T 1 
2130 i10VE 1400,. 1<:5 
2140 U\8EL' E:' I ((oj ) ~" ; 1,21 
2150 HOVE 1400,,1175 

• 

HorIzontal deleting 

! Ver~tlcaI delating 



, i I G~l 
~; ! ',0 
>~ ; (~(1 
? 1;?W! 
f.~ _.~ liJ0 
2-2 1 (~ 

/:::'0 
;~230 

2~~40 

2250 
22G0 
22?flJ 
22B0 
2290 
23\J0 
2310 
Z~-;/0 

2:~30 

2:140 
2350 
1'38e, 
2370 
23H0 
2390 
?400 
241 ~i 
2420 
2430 
~:44{~ 

LM-;EL. 'f:;::~·:(t.,t)::>" \E22 
1'IOVF ! 1~0H , ' i ~/n) 
iJ~8EL "',dl,Jp ~";1..)/1 

PEN I: 
FO!1 .J'~l TO ::)!~r,r) 

l.J NE r:f'!: I 
J H:,', J )~n THU" 2240 
FLt)Y Htt j ) ,Det. 2;~(']} 
NUT ,J 

PENdp 
PEN :, 
FOH .r~ I TO 300 
L fNE TYPE I 
IF .0 Ol,,22( .I )=0 THEN PENIJP 
PLO: Hl< ,j) ,Deltl22{.I ) 
NE.XT J 
PENUP 
PEN 4 
E0I1 J~l TO 300 
Ll NE TYPE 4 

IF Der22U )~0 THEN PENUP 
PLOT Ht ( ,j ) ,Oer22( J) 
NI::XT J 
PENUP 
PfJ~ 7 
FOR J~I TO 300 
L li,E TYPE I 
If De22(J)~0 THEN PENUP 
PLOT Hi (.) 1 ,D"V( J) 

2,150 NEXT J 
24ti0 PENUP 
2'P0 PAUSE 

,> 

2480 ! :33?J :)33333~~3333333333 33333333333~~33333333333333333333333333333333333333333 
24'10 i :;333333;)333333333333333333~333333333333333333333333333333333333333333:5333 
2500 J :13331333.33'l3333333J33:l3333333333333333?l333333333333333333333333333:1:333333 
2tii0 GINIT 
2520 CSI ZE 3 
2530 PEi'< 5 
2540 UEG 
2550 UlHl 90 
2560 C3IZE 3 
2:;7'11 t1()VE j ,61 
2580 LABEL "RELATIVE ERROR In 'H" 
2590 LD I R ,,, 

MtlVE 1'0,22 ;::6-0"~ 

2610 
2820 
2630 
2640 
2650 
2t\f;0 
2670 
2(;8'11 

LABEL "FILM THICKNESS In (anoatroMs)" 
HOVE '11,9 
U\BEL "F lQ. 3.4 
110VE 18,6 
LI\BEL 'Metallic 
HO\)E 18,3 

[~ependencc of f'elalive erro~ in thickness on thicknf}55 of 

" film. ClJ,~~e I" ~ive5 a parti~l relative error due toN 

LABEI_ hfinite aCC!lr~cy in Measuring the resqhant angle, curVB 2 - ii\" 

HOVE 11 ,0 -268'11 LABEL "haif-lddth, ~urve 3 - In H~Jiri, curve 4 .. the total reilltive "rro),-," 
2~00 MOUE 112,88 
2710 LABEL "EI- "lEI 
2720 . t'lOVE 112,85 
2731 LABEL "E3- ",E3 
2740 PEN 2 



2150 MOVE 112,91 

.-: 7L~t;, 1,01"-)1)[ j J? , fM 

~:/B(} L.if3LL '[-hl'''- ;\\.,It{::--l,Jt ;-.3S0~H'lB1t!/Pii"'1" 

'-:'ql~~ ~'in',Jr. ! i? ,B~ 
;~:-},''1J (,HF:t "£:"0--00 ';RCi!e"-"fir<) 
,~(j ~~l! ?E\! C 

;! B Ll d liil),W 'lei, \J1 

;:Hi<'i I\U\))-: ?G, ~l,~ 
2tfl0 L,'-\BEl "E22(1J,! ),:" ;E22 
2880 M(Jl!~ 7S,90 
2890 U\8EL d l,j/~jp c_ '; tin 
2~00 !10VE 38,55 
r:g10 
~920 

~? 9 30 
;)940 
2950 
2860 
2970 
2S80 
7990 
30(lv) 
30110 
3020 
30311 
30410 
3041 
3042 
30S0 
,51)(;0 
3\1?~~ 

, :sewVl 
:10(je 
:; i 0~J 

PEN ? 
LABEL '4" 

HOW: Iik ,64 
U'BEL "4" 
NOVE 40,46 
PEN 4 
lFISEL "3" 
I'1(NE 78,4(1 
U'8EL "3" 
~l1WE 30,42 
PEN 3 . 

L(\8EL .' 2" 
;jOVE 78,45 
L 1\8EL "2' 
nOIJE 120,45 
Li\f!El ":?" 
NUVE 27,45 
PEN 2 
L Aflf,L "1" 
J'1O\lE 120,:\7' 

L(iBEL "1 H 

Pt:f0 i 
NOVf I 1 ,~$7 

-) 1.: 1) 

3130 
:;140 
:11 ~j0 
3-IS0 
31710 
;)} 80 

LhBEL " I rf1a -th,Nociel" 
nOVE .!0,34 

.) 1 \1" 

i .I~Hf~L "erT-Of~ l 

i10llE 20,40 
DEG 
Lom so 
LABEL "---->" 
LDlR kl 

- , ' 
6.'10 IJIHJPORT 10,,128,29,100 
3220 WINDOW -10,1700,-,0001,.0125 
3230 AXES 100 .. 0005,0 ,0.5,5,2 
32 -,I(~) Cl_IP OFF 
0,:50 LORG G 
}?G0 FOR r~0 TO 1800 STEP 2Nl 
3270 MOUE 1,-,00025 
3280 Li'l,8EL USING "#' Y."; 1 
~~:290 NEXT I 
DO\) L ORG 8 

331,) i'01, fn0 ro .0" STEP .00S 

" 



; ,,~ '- .::; 

" -'.? A/I 
S :', ,-t~) 
:q~-.,,~ 

;;<"":bf-' 
>_'i:~70 

,>:1:'~ 

:-~.) ':l(~ 

3,:j·vW 
?!~ I 'I, 
:3<L'0 
:34 :.)~) 
34411 
~~45~) 

=:;4b~'1 

3410 
5480 
34\10 
3500 
3501 
3510 
3520 
3530 
.3540 
3Sti0 
3Sfi0 
35'70 
%80 
3590 
3600 
3810 
3820 
3530 
3840 
3GS~j 

3660 
3670 
3680 
36ge, 
3700 
:0710 
3720 
3730 
3'140 
37f10 
3760 
:;770 
3780 
3790 
,,~00 

;' j 10 
;,820 
3B30 
3840 
3850 
~8fi0 
3870 
3880 
:3890 

:'H..I }~; - 1 t~ ) J 

'. \"18;: i)S ING ,. tt , . nOD ,. ! .t 
j'.!C<l : 

IF HF}':J).''1! rHE~~ Plor Ho()),{-lIjr.'Oh:1C,!)) 

t-{F/t j 

PENUf' 

:'F.N 5 
F OR ,I" 1 TO :,00 
L' HI(,I);0 THEf~ PLOT H!(,i),AB51DhliJ» 
i·~£1. I J 
PENUP 
PAUSE 
PEN 4 
Fell< J~l TO ;;00 
IF AflS( DhZ( J »)) 1 THEN 3520 
IF A8S( Oh2 ( J ) »,02 AND H2(.J L'1350 THEN 3520 
IF H2( J »0 THEN PLOT H2( J) .il8S(lJh2( J» 
NEXT J 
P£NUP 
PAUSE 
PEN '1 
FOJ{ Jui 10 300 
IF ABS(lJh!<.l »),02 ANO H2(J »1350 THEN 3S(J0 
IF Ht< J »0 THEN fLor Ht(J) ,1\OS(Oht<J» 
NEXT J 
PHWP 
PEN ! 
LiNE TYPf_ 3 
F(JR J~ 1 TO 300 
IF ABSIDh(J»)1 THEN 38B0 

Total er'r'or 

IF Hh1Jl>0 fHEN PLOT HhIJ),ABSIOhIJ)) 
NEXT ,i 

! Indicaie6 only +he C~MrutaLiona 
., erl'or of the COMputer prograM 

PENiJP 
P!IUc;E 
I 4A4 44,>44444" 4.44444444 4 44 4 444 44 4/,444444444 4444,14444 444444,\ 444444 ,1444 4',,,,, 
144444444444444444444444444444444444444444444444444444444444444444.444444 
114444444 ••• 44444444444444444444.44444444444444.44444444§44'444444~444444 
! 4444444~444444444'4444444444444444444444444444444444'4444444444444~444 
S'iNH 

CS!lE 3 
PEN S 
OEG 
LorR 80 
CSlZE 3 
MOVE :l,BI 

, '. 

LABEL "RELATIVE ERROR in 'H" 
LDIR 0 
f10VE 70,22 
LABEL "FILM THICKNESS in (ang.trams)" 
MOVE O,9 
I_ABEL "Fig. 3.4 (expanded scale) Dependence of relative errOt' ill thic~. 
f'lOVE 1 8 ,f3 
LABEL 'on the thlckne5& of the metallic fjlm," 
NOVE 112,88 
LAB'CL "EI" "lEI 



~BHH MOUE 112,85 

,;)~L-~~j hC:Ui~ ;!?, TI 
.::,~;:4"':, L!:UF_L "E'. 'I ( Te t 6n'~ fet-a >*-3&-010'" I :-i0/:-) j i " ! , , 

,~;';~S() r-1eJ(~ i; 2 ~.!/f 

~~,'~rtf, :J\f.i, "r='~,(-' 'l(;"jl;-;--t'H)*,?i600~<"lg0/jY ", 
;:Ej8~j PLN 4 

3SQ0 MOVl l!~.11 

4(;)"'0 Lf1BFL "EI'-"" "\f-lhC 'HfI) 

4010 PEN~, 

,10?0 ~IOUE 80,8 I 
4030 I. ABEL 'E21(WI-";~21' 

4040 MOVE 90 1 78 
If(-lse) LABEL" E:~2 (W ) -=-'~ ; t:22 
4051 MOUE 100,7. 
40'1\~ Lf.I}El. ·,.J/wp ., "ll·!n 
40817, PfJI '/ 
40~30 r10VE 30,8S 
<\ 100 LABEL" 4" 
4110 HOVE 85,48 
4120 LABEL "4" 
4130 PEN ,i 
4140 MOVE 32,7~ 
41~J0 1.JIBEL "3" 
4160 MOVE 95,38 
4 I 7i~ LABEL" 3" 
'f 180 PEN:'I 
4190 MOVE 25.60 
4200 LliBH. "2" 
4210 MOUE as,BY 
42~?{» lAHEL":-: II 

423G PEN 2 
4240 HOVE .7.85 
4250 LM1EL" I " 
A260 MOVE 90,75 
4270 LA8EL" 1 " 
~2tJ0 PEN I 

-,.~~~ HOVE 30 )47. 
·dGO i.f,I3[L '" f"ai h. floclel " 
4310 MOVE 3S,~9 
4320 [HBEI_ "erparT~ 

4330 MOVE 40.4~ 

,,340 flUi 
·,;350 Ul!R 45 
43G0 LABEL "---)" 
4370 l.OIR I') 

438~; PEN 5 

"4 j 0 

1ti ~~ 0 
. 130 
{,40 
4t-l~0 

44G0 
4470 

WINDOW 350,$5.,-.001,.152 
AXES 25,.01,3&5,0.5,5,2_ 
CLIP OFF 
LORG fi 
FOR Xu 355 TO S58 STEP 25 
rc,OVE X,·-. 00;' 
LABEL USING ·',K,",X 
NEXT X 

4~B0 ,! 



j ,) , " .. ~ t ,}tU~ k 

,j',j r-on -'·,Ii; ffJ ,It; STEP .Iin 

~.·}0 ~lOV[ 3;0 "( 
'I i',;~(A .n!3;.:l. US j ; .. :~~ "a,. no" 1 l 
;~\'h~ NEY f y 

-.,.,:~/gll i,~LIE liN 
!';Y~;;0 

4~~n0 
,i,f:; f/j{1 

4S~!!2J 

I." i3~1 

46S0 
1{·tiG0 
46'10 
.; t; 811 
4690 
4700 
4710 
4720 
4730 
4740 
47S(1 
4760 
477\) 
4780 
4790 
4800 
4810 

4840 
4850 
4,160 
}l·8'/0 

4BD0 
4890 
4'300 
491.) 
492fl 
4'~}30 

4840 
4950 

49'10 
498') 
49:,0 
sr;00 
SI'·10 
,")20 
~,CI30 

""40 

~10GO 

! Pftrtl~J error 1n tete 
TF HoIJ»0 THCN PLOT Ho(J),ABS(OhoIJ) 
NUT J 
PENU!' 
PEN 3 

FOR J=2 ~o 80 ! Par'ial error· in Wt 
IF HII]»e THEN PLOT H!CJ),ABS(Ohl(J» 
NEXT .) 
PENUP 
PEN 4 
FOR J~2 10 80 J Partial error in R Min 
IF f.BS(fJh2I J)) I THEN 4710 
IF H2( J )'0 THEN PLOT HZ! j) ,11BS( Oh2\,r )} 
NEXT J 
PENUP 
rf:N 7 
FOR J~2 ro 80 
IF A8SIOhtIJ»))1 THEN 4770 
IF HtIJ»0 THEN PLOT HtlJ ),ABS(OhIIJ) 
NEXT J 
PHIUP 
PEN 1 
LINE TYpr, J 
'" 'li~ ,I ~ 2 1 () 80 
IF ABSIDhIJ))1 THEN 4840 
IF HhIJ»0 THEN PLOT Hh(J),A8SIOh(J) 
NEXT J 
PENUP 
UW 

Indicates only the COMputational 
error of the COMputer p~ograM 

S!J8 [Z2aCCUf'df; y ( T eta ~ W t ,Rr'! ,E { , EIJ) .Er > E i I E21 .tf:2 I E3 ,H .De t 22 :Oew22 ~Der2? ,De:?? } 
\ ThiS 5ubpr'OQr-l'lfll should be used fof' 'HI gr'etltcf'""' t.hlln 'Hop! 1 

Et BxperiMental accuracy of "Teta" deterMinatiofl 
Ew of "Wt" deterMination 

! Er~ of ~RefP detorMinAtion 
Ssq-SINITetd)·SIN(Tela) 
F<sw,SQH( RN) .< . ·t.· 

'!r~E I-U*S"q 
A~ i 'RN+? *flsq 
8" I +Rsq 

Oed~(8r+4*E3'S5q)/lknANIT~ta)!(COS(T~t<'l)"2) ,lnorNalized tiert 
Oerw'''i/tH 
Oarr-CS"2-,SoA)/R5q/A/B 
OeI22-ABS(Oert)'Et 
O~hJ2Z>';f1BS\ Oer'bJ )*E:w 
Der22zMBS(Derr)*EI~ 

0822~Det22+0aw22+0er22 
"SUB-END 

!nor'Mali7.ed Den;) 
JnorMallzed Oerr 



c. 'f0 rr: '\ t '. -,,<-.I 'IHft~ ~.:! i ::~0 
. ! V} C2C:-':-F" i 

:-.!f/'';} :·iAil:i,.I- i 

.t-. ! THEN Sjt:i~j 

i~ .. ') l~.~b~ "1-.1 

:~-';ft-O.~J 'It /'(i THEN C,"tos'''ij?SQfH j-I-('(1/'I.1 j .;: j 

{;)j'/ljJ ii-- >,;,c--rl n{EU Cabs'="':'i::-~jOR\;'riXi;l-'i j'i) 

;-; i i;'o ~;Ub~hiJ j 

Si'33 ~~UG G&qr'·i':il.B,H.l i 
::;?V)!fl IF ';'A<>0, on (8·~;\t}) THEN 5:::li0 
::; {: I I') ;·1 "'. 0 
S~i:0 j'=:0 
bL.:)~ SlHJE:·O r 
S~40 CALi_ Cab~(h,b.Cab8) 
~;2G0 R~SUR«A85(A)+C8b5)~.5} 

5260 IF A(0 l'HEN 5290 
5270 IuB/(R+R) 
5280 SU8EXIT 
;2B0 IF &<& THEN (--R 
S~~~10 

5310 
IF 8>""0 IHEN T-"K 
R~8/\I+lj 

S320 SUBEND 1 

~~ " .... ,. 
".:' .' VJ 

S380 
S::E10 
5{{ <i.'i0 

S'·~30 
-~440 

GJi5¥j 

SUB Gdi vid( f;t ,til Ji2 ,82 1R I I j 

f.>-A2 i< t,2+62 * 82 
IF C()0 THEN 5390 
PRINT FNLln$(,'2 If "ERROR IN sJEPRGGRAN CdiV-io'~" 
FEiNT "OI\)rSOR IS ZERO." ,FNLinS<? i 
PAUSE 
R~iA2*Ai+B2~Dl )/c 
I~U't;!*81"·82;'lAi ),G-

~,UuEN[j i 

SUB texp(AIB>R.I~ 
RiiiJ 
R·~E:';P \ A )1I-CO~){ B ,,­
i,;::EXPiJ1 i*5IN{ H} 

5460 SU8ENiJ I 

5480 
S·1-:J0 
5500 

SSi0 

5530 
S5 '~0 
S~~5~j 

n3G0 
;';70 
::,5&0 
SS90 
:,:iiJOv) 
5!~j 10 
S52~j 

SUB Cr<1ult';i11 ,Bi Jl2,B2.R,I j 

H<"i11--<-r\2~82*8 i 
r ~?fd *82+8 i *11;~ 

SU8ENu 

SUB F il (ltd i 5 P {-~; , VIP> T au Iii 1 E i ~ i::i )\xr- J~ xi) Kx or , K xo i 11'~X i r' 11\ >-: j 1 i 
Thl5 -sllbprogr'8ff,'tl3l.cuiaiee. the OX - ttJaveyector of a p185f'wn pr'opllQClllnG 
The other irltcrface of the Metal filM ie With diei~ctric MedIuM IiI 1 

El ,,-'elaiive di6-1ectr~ic perl'lfit.tvii.y of the f'leuiurl i (air') 
W i5 tho freQuoncy of ihe source of ligtlt in Hz 
H is the thickness of t.he T'lei-r,;l rilt!) in ~Neter5! 
Wp 1S itlo pla5Md frequency in Hz 
lfjlj ... is the reldxaiion tifl-le in seconds 
Kxr -. ilEAL part of OX - wavevector of piaSMOI) in Meidl fil~ 

K;--d. INAG. par'"c of .UX - vM'IeVeCtor of plasfflon in f'"let.::d f dr.) 
C"-':? .'~15EE+B ! Speed of light i.n '/deW':)'1 .tP Vt/·' 



\-; ,-,,) -)~; 
~lb '-f!/) 2:~ : 00- i -~\.;p ,:.' \ 'J; 

i,·;.'1Vf;'/ec:or oi 11911T, ,'-J '/di_·UUh .r.!, Ii 
- - : 'T ,~ , 
c_ -I- I ( ,81) ,~) RE;!l_ C:':':I.<.! _" 'h'.' '!,-:\,\.'1: {;'] 

.:j: 
" 

~: 
, 
~-

.' , 
, 
'i, 

j l:' i.inN 
'. P' '. __ , 

~',n----f\; tFi--'~- 1 ',-;-'-;-c; 

~?" i; t;,~ , :;:-;~ ~ i j: :..:- f 
':" -n hi" :':~EI"c;:; 

~!~~l 2';=~'E;~i:2 

sr,":~c; L;JtlD:::.ijf:i: \~ai:is f: ;\(:11'1 . CO,i)P ix' 
LOA[13UG C!"iql~l f.RDi'i "C'JNpi/ 
(:·ALL C5qr~t ([ 11'(:£:; .E2:~.h i ,8 j ) 

'_>"H.L C~~qr'i, \ r'll) ,130 y 1 ,re:: J 
57 ';iv) v""C /~ip 
5810 kxcr~Ko*i;tU 

5810 ~x0j~~~~KZ.li 

58201 LOhU~GG Cdiv1d FR01'; "'CoMplx 
Sb30 CtlLL Cdivid\ --Z"'t\o"'H",E;:2 ,+Z-..KdI:M*E2i ,iii .i3; ,{12 .82} 
58110 i LGh[lS:Jb Ct"':_,-";P FRO;'! ,- CONP L..::" 
~;&~;v} CMLL Ce.-:p{ A2 ,82,td ,lEi i 
5880 CALL CFqrt(A4,84,A5,BS) 
5070"" CALL t:dlVid\E3-h~~,-B5~E3+A5.+85,11G.86i 
5880 i/r32 
SB90 
5900 
r:::'~ . .->'::11 0 
.-- r' "''' tl n,,:; \:'1 

5930 
S9ii0 
SSS;;:i 
SS;:ji:) 

b~' "tJ 

S~18v) 

SS:3VI 
t;:!Jv.i!!.t 
f3 ~Ij i'1) 
S0/.~1 

f \1,:-::0 
804(, 

J..J0b~ 

tl~j70 

bl,!.l?j~) 

t;09 fJ 
i; i ~)0 
6 i i 0 
b i 2.~J 
6 i :-){fi 
[' , j ,!0 

F i ;.)~j 

'0 ; 00 
i) i ?v..~ 

" i ;30 ", ':5Vj 
tJL(ojel 
6 ~~ i III 
b 2 :->3 

Chi_L Cdiviti(h7,87,A8)BB,A9,BS) 
LU~iljSU8 Cr'wl t FRlJj·j 'CQNpl:~" 

CALi_ CMuit{h3,83,~A6t+B6~A1G?810) 
l:,-1i. .. L Gr'hdUh10.Bi0,ABJH1,t1ii ,Gil i 
~i1i_L i";NU.i-( \ i<xor' tf<xo.i, i +fd i )81 i ~Kxr .r:xi ) 

~ Ei~'exrerlMentai accuracy of "1eta deter'Minatiofl 
S5q:;o~SIN\ IOtn :''''SlN{ Teia} 
h--o::E I '-E:3*Sf>q 
lJef~i~21:Ei itlt-'/111N\ reiD) 

uei21=AaS~Dcrt/kEt 

ue2 i ::--Gei2l 
SUBEHD 

c:2;~dCC;U\ "let-a. ,t..it ,RM ,t::t ,tli) ,Fr ,£; ,EZi ,EZZ ,£3 ,N .OelLZ .Lie'}/2~~ ,Gef<2~: lO~22} 
This 6ubprogralQ should be used for ihlcknesses "H" less inan the 
op-i Hllil thjckn'ee! 

E* exper'iftlenia 1 dccuf'acy 
fl,j 

Er 
S~q"~5IN( ""TeL£! )~SIi>J\ Teia r 
KSQ=>SiJH~ Fr1 i 
rJr--'=E i -E3*S5Q 
,';:=: i -t!if..,"<: ,.RsC! 
8""';~R'jq 

of "Tet~ 

PI' "(Ot " 

or "" ./" tHH 

fifW"i: c"",_ 8(- ,'-4~:':~? ~.;!:,q ) Jar /l"N( T eta if \ COS{ T cia ;, ~'2 ) 
Den~;'"" i /\,,lr 

deterMina.tion 
oeierMination 
oeierr'linar ion 

i norr-wi l.~-:e·d Der't. 
i nOf'ftja 1 i zed DtWi.lJ 

inorMalized Der'r 



· ,', i3! 30 
i.:; .. ·:0 
;:,.~~)el ,,~, 2,'·:f't';:~\[Ic-rr) ... Ei-· 

:1',:) lie~';:: "Ill;. ;.?,. 1 DeuJ~:~:-;'DBr<Z 

~.:: 7~) SU8U>iiJ 

i~!J;~0 

S:->Hi 

'.,~j~,. ,.{t~fJ( ;eLiI,',·j,i-;r,If'W,t<flr ,~.17.>H,~3.fj,l:I,t3,E£ielE22e} 
~W .t5 :-Bn_t PiW\" of -::he reflec1.5.ofl coefficleni: of a. Gingle fj 1!,\ 
~(;i~-' 1:) i:he 1f'io'-:jloar'Y p~.rt {..It i:he !-'eflcctlon ("o6ff.i.ci~;t'T. 

1--(;", 'i..~ tnF.. l::ef.lnc ... ±Lvr-f.y'._(Y: E1 'fdngJe.fiiTTI 

i"i-:>lO, El - s(afuiB ror i:he pCi5f'l 

i~ 3~)fj t:.~ 1 ''''E2 i e 
55Gf') E~:;:~~r22e 

S37~ Pl"'}. i4i5S2BS3SB979 
S::,Ji'i \,:,iL.i". Fr\2(l"eia,i~)HriLJINr12.,Ej 1E:),t2ie,t.22a) 
(;:';?i,z CALL Fr23\ Teti1 ,\V ,R,·23. If'),...~;3 .Ei ,E3 ,t::21 e ,E22e J 

G·i-~l~} CALL. te.:dieia,tJ,D HS,I5,t::l I E3.EZie>E22ej 
S4~0 Ri2=RrI2·Z+IMriZ' 
5142[.~ 

8q3~) 

G4,~0 

8450 
S·H:;0 
G4i0 
6480 
tA90 
8500 
BSi0 

E;S30 
E;Si.O 
5C,5,,) 

6570 
tiS8V'd 
ass,,) ~ 

6G~j"i 
5810 

""-,.,, 
r"L)'" 

Ri:3'"-hF·2;V 2+If!w23~ 
Hi=R.rl7. 
;: i ~<I Nr 12 
R2::Rr-:·:3 
12··1 Nr·2:-3 
R='=RL"-t-RS-IZ ... I5 
IZ.·C>RS+RZ ... 15 
f\5~'K! +R 
8G<.r.ll+I 
f17"='/+Ri ~R·~I i,. I 
a7~I i c<:·R+Hl.~1 
6010 GS80 
A~~RI~i7+Rr23~RS-IM,~23~I5 

8G~TNrI2+R5*iMr-23+i5·Rr23 
A7~'! -d~r; t: ~ (Rr'Z3 ~KS-l rH"'231> IS )-1 PW I ~> \ RS-,d rrlf .... 23+ I S~R.r,2?j ) 
8'imti~("12A(Rr23*R5-IMr23*I5)~Rr12~(H5.IM'·23+IS·Hr23) 
PRINI Rr i2fIMrJ2,Rr23JINr'23,RS;I5 
PRINT A5~8GtA7fB7 
CALL Cri.i. v i 0\ A6 ,86 }li'l ,87 ,R.f' f I flU" ; 

;:I,ef~'R.r"'2+lm""'''·2 

SU8END 

~'~0 SUB 0p"t.._ht i"eiae,l)i,Hintl ,Hfni ,HQpt. 1 R.I'Iil1,E3.El ,E:2ic I EZ2eJ 
6SS0 A ~ub~)rogrBM for finding the optiMal thicKness of tllO Metal filM a~ 
SBS0 ~J~ttch the cOllpling i6 MaxiMUM (REFLECTIVITY - MIniMuM) 
8670 '~eta - resonnnt angle in 'rad' 

w - fre~Uellcy of the aource in ~}fz~ ., 
Hinil - initial thlckne&5 for the eearch In !angstroMS 
i~?lll - final thlCknoet for the "ear'eM 111 allQ5trOM6 

" 

SB~J0 

b'i'0~b 

[171W H~)pi - cieinrrolned by this subprograM the vaiua of the optiNfd ihi,(;K'­
r}es~ In 'angstroMS P 

,3730 
i37·H7 

RMln - the value of fteflectivity when ,H u Hopi 
[3 - is for tho prisM 

' ...... ~- ,. 
b ,. •. "" 

Gr-;;J0 
Rl'JirF'1 
H __ 5+.ep"'~';0 
IF HITd:i>S80 hND hil'lil<64v) THEN't=t:siep""f 

~780 FOR ~~a~Hintl f() ~ifnl STEP H_Htep 
6790 ~f~i~j~a.i .E-10 

; Thickness in ang5tr~o'~5 

Thicknes& In !Met~r5' 

S3i.')v1 C(1LL Ef;fl\leide,~J,Kr~If>"'f-)\ef ,HI2,~23,Hrl'\tlt::3,EI ,E2ie,£22e.i 
6810 IF ~ef<2Min THEN Hopi=ria 
6820 if RAf<lMin 1'HEN kM]n~Ref 



- ,~- ,- ,.~-

, '.;OL~-;iJ 

"I e-t " 1 :j .~ he 
\~l 15 " he ireQu~nc:y of tile il~ht 50lJrCe 

f'{'ltd pcH'i or tht.~ I'erle-ctlcn coe?-f'i,;ie'lt i~\':': 
lI"tagUl[wy pari. of the rer'fe(';iic)fl ,~oe-;; fic tent. r'j2 

rtf' , l ." i r, the 
",' , ' 
'): I',' {j 

:~, Cj ::) ~'I 

f;;l40 

If'H~ I t. - i -", 

,_" ~ , __ r r' 

L:~ .::-; ~.:;r.!. Le-

A; "'1£1. 1 

;;1=1;.22 
\)"-+./:1 --'2+(22'-2 
;~5IN(Tata>~SIN(Tctaj 

i1t~I-·El~E2i"'BiQ 
B2~·E\ f.E'2t;~SjO 

, ne 

l.OI\[lSIJB Csqd FR<lr1 "COMP Ix" 
'jv}001 LOADSvti CUb5 FR'ON ~CoMplx"-
70,0 criLl. lisqrUf11 ,Bl ,R1 ,II) 
7&20 G(~LL Csqt~t \ 1'12.82 .R2, 121 
7030 RI-RI·COSITetal 
7<)40 II ~1I'G05n"ta ) 
"70E0 R2«RZ"SQR(El i 
7080 12~1{·S.QRq:r) 

7070 Ri2>'1Rt-H2 
?HiVl r,~12~1 1-12 
709H hdf2~"Hl+R2 
7100 IMdi2~Ilt12 
7 I to! L.O,~DSUi3 Cd 1 v 1 d FRON "COMp I x" 
7120 C«LL Cdt'lid(HI2 ,I~.i2 ,Rd12 ,lmd12 ,Rr12 .IM(12) 
1130 SUBENO '. 
?14(} 
71S0 SUB Ft~23{'reta.W,Rr23flMr23JE1 1E3fE2te,E22e) 
riB@ E21~t:21~ 

?i-70 EI.2...,t~2l:(! 

7180 5·~5INtT6ta)*SlN(Teta) 
71 H0 F ~EJ-'-E t t: S 
720<J ,ij~L:l ."-3"2-El.S-£3'2 
7210 E13~E22'E3'2 
n2ii IF F<ll THEN GOT[) 7250 
'l?3~) ;~A='ELl tfSQR( F) 
7240 14·E~2.SQR(F) 
72E0 GurO 72&0 
72B~) R4~-E::?2·, SQH < -F) 
7270 J4-'E21·SQRI-F) 
7?80 GALL C5qrt{ A3 ,83 "R3 .13} 
?ZBH R34""R3~f{4 
7300 r,,,,34~I3-14 

731~) Rd,H~R3H\4 

73710 

73Sv) 
'/~;)G0 

7:n0 

lNti34~13+I4 
GhLL Cdi vid( R34, 1 .. 34 ,Rd34 .lMd34 ,Hr23 , r.lt'23), 
o.IJBENlJ ' 
I 

hUB F,,:dTe~I'l,,),O,RS,I5;El ,E3,E21e,E22e) 
E21~f21e 

7380 E22::.Et'2o 
73:1.) ht1iJ 
7,H)0 C~2. '198£+8 

! rea I pari 0 f nUNC"" {o" 
I il'lllginary part of nur"erator' 

!r"eal part or denofl'linator 
! i.,,,ginary part of dinoPlinator 

7410 p!a3.14159Z6535B978 
! VaCUl.Wl lJdVe vee tor Plagr'll tude ,_ n r'd,dlMl"-" > 



-i6 
Gt; f\(}"' It: Aujj:l,\;.; rt-{Ei'i 1'16)<.';118 
G82v) It:: NPfjR~<1 THEN RETURN fiftx 

IF AS>i'I{3X THEN Na:-\~{Hj 
RCiUhH Nax 

8G3v} 
8G40 
B6Slij 

8660 
~86?0 

bi3~0 
Hfj50 
8:700 
a~710 

s72v) 
H730 
8740 
R750 
8780 
&770 
B'1ll0 
8790 
8800 
8810 
8820 
,Hi:';0 
8840 
8S50 
8860 
8870 
B880 
8880 
BS00 
B910 
8920 
1>930 
8940 
6950' 
8S801 
8970 
8960 
a9B0 
9000 
9010 
90201 
9030 
50401 
9050 
9080 
9070 
9w80 
9090 
9100j 
SI10 
9120 
9130 
9140 
9150 
9i80 
9i70 

FUENO i 

SU8, F i INd i ts p2 ~ I}; ,I..Jp • r~~. fae 1 viie ~;:';(t;t} ,Hop '.; J1,'t;: i ,E3 :i<Xf~ IK>: i )( XOf" ,i<xo i ,K;..; i r .K: 
1 Thib ~llbprogr"alf'J c,!\lcul~te$ the OX - wave-vector' of 8 pltHWlon proptlgu 

for EXPERINENTAU .. '}' NEASUREu t-eSonant angle Tetae
j 

hBlf"'widih (~te. 
MiniMUM of refleotlvity RMi'~ 

Thd oih~r Interface of the Metal filM 1s with dieiectric ~ediuM III 
Ei .- r'o~wtivo ciielsv1.;r'"'ic per'MlttiVlty of the MfldiuJ'f, I (air) 

W - 13 the ~requen(~y of tIle source of light in Hz ~. 
H - is t.he thicKne5e Dr the Plein) filr'J in I{iH~ter~5~ ! i! i ~ I! j j! 
K:<r ~ REf1L par'i of DX ,. Y.lavevector of plasMon in I'>w-t.al r i 1ftl 

i Kxi - IMAG. pari of OX - wavevector of plnbMon in Metal fiiM 
C'-"L .9S8E+8 I Speed of liQht in vaCUUM 'in rt.. 

Ko=W/C i Wevevec~or of light In vaCUUM in 
S2=5IN{Teiae)-SIN{Tetae} 
E21:eEjc'i:i=:::S.S2/(Ei-E3""S2J Exp-iy founci.f\E.AL EZ(~d of the f1eiai 
t" N<NOpi THEN K~-i 
IF H-"Hopt THF.:N f{~0 
IF N?NOpt '(HEN Ka+; 
E22~',He'i 1+1\ ·.SQR( RMe) )·E 1 • 2'£3'T,"1{( Tet"e iii 2'( E 1-£3*52 i '2 j I HiAG. E: 
IPRHJT "E21_exp c"IELi ,"E22_tlxp ~ ",E22,"l1ine 8720)" 
Om;'I'.JI(EH"G2i j

A 2+E22"2 
AQ~{El·E2i·(El+E2i }+Ej.E22ft2)/On~ 
Bo~E22'El :2iOnrl 
A4~Ei~E3+E2i*{E3-Ei ) 
84?<>E?2'~( E3~·E 1 i 
A7~2 hE I ~E2 i -' 
a7~2I:El*E22 
frij"'EZl ,." ~t:n:1":EJ A 2 

88""I.1I'£21*E22 
LOADSiJil Cab 5 FRON .. Co"'r 1 x" 
LOAOSU8 CSQr-i FRim "COf'lP 1 x" 
CALL. C5qrt{Ei+E21 .E22sAl ,Si) 
CflLL C8t1rt"\ liD ,Bo ,K i ,K2 } 

i<xO(';>'It<Q~K 1 *U 
KXQ.1 nKo·:<:X~:,.U 

LOA05Ve Cdivid ['RON "Cof'lpix' 
GALL Cdivld, -.2~i\o*'H*E22,+2~Ko~H*E21 ,At ,Bi ;A:2 ,82 > 
LOAD SUB Cexp FRON "GOftiP 1 >:' 
CfrLL Cexp< tiL ,52 ~A31B3)-
CALL CaQrt(A4,B4,A5,BS) 

Nbr'Nsli2ing feU 

I Sign changed 
• 

CALL Cciivio\E3-t1S ~·""Bg-.E3+A5 ,+BS JlS ,86 j 
I 1 AG,SS - Real & IMag. part, 

1...-r1LL, CdivJ.rHA7 ,B7 ,nB.8B,A9.B9i 
LOAOSUB CrouH FRDt'i ':Corlplx" 
CALL eMU i t i (\3 .83 ,+A6 ,+86-, A , ii) ,13 i 0 i 
CALL CMuliiAI0,;110,AS,fl!l,AI! ,Bl i i 
CALL Ct.u 1 t (I\xor' ,Xxoi , i +r, I I ,8 i I ,"xC' ,i\x i j 

Kx i i ""t\x i ~K;.~(".;.-f 

SUBE;~D 
! . 

, /r-32 



"_r' S160 
," t S i ~-j~i 

92),\ 
'J2 i 0 
~j:·:20 

£;230 
924tl 
92~JVJ 

9260 
9270 
9280 
529~j 

9300 
93if, 
83?e! 
5330 

" 
! 

l ExpariMSnlftliy found ~21(w) 

~,22{)"-.~;h~#<E 1 '-7 *E2h TAN': Teb;H': )l( 2* \ E i ·-E3*S2 i ,- 2 j 

Del i,;p'A:?2o--E7;2e 
Dl(J }~OelL:\ 
Dr"J )"""0 I( J )-Dl{ j-i i 
IF OriJ )~0 AND J>f THEN K=+i 
IF DrCJI(0 THEN K··i 
IF .Jpi THEN K~-l 
ProdcDr(J)~OriJ-J J 

iF Prod<~) AND J)l THEN Hoptl~H 

; M Hc<Hopt 
! Line~ 1560·- 1670 
~ ~re B Hwitch for Eta 

i as a functiofl of R Min 

E22e:r.~H 810- \ i +1<"* SQR (Ri'H~ i )*E 1 '·2 -kE3tt TAN( jei de j i ( 2,t( €" 1 -E3t. S2 ) -. 2 ) 
SUBEND 

-' -.'.' 


