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Abst r Bc t 

Surface plasmon-pola r itons ( S21P) 100:' ch c ... n be ~Jr C i.1 e.o 'JO . . .. . , ., .. 
diel~ctric/, le t.::l (d i clcrtrich;emiconduc tor) interlace ca n be used a s; 

h i gh l } sensitiy~ non dis tructive probe for the de t ermination of the 

die l e ct r ic consto.n t t: ( w) - E: I ( w) + t e " (w) a nd th i ckness h of a me t a l 

semi conductor) f ilm wi t hou t a pr e set expression for f eW). 

The t heo r e tical background of t he method [3] i s baf:ed on the 

s ol ution of the Maxwell ' s equationa whi ch provides the dlspe rssion 

equa tion of SPIP at t he surface of a thin meta l (s emiconductor) fi l m 

and i t s i n t erpretat ion i n ter~s of at t enuated t o t a l r eflec tion (ATR) 

cha rac teris t i c s . The physical sense of : ne solution Is demons t r a t ed 

t hr ough t he power flows and the field d i::;';r!.butions of SPIP an.d o t he r 

poss~ble e xc i tations . 

It i s s hoW_t .:hat [or str.lng absorbing meta l s (se mi conduc t o r s) 

l ow r2.oi a t i ve SPIP can exi&t at: f requencies highe r tha n rh"!: pl aslna 

frequenc y w • . The aualYSJI> of the a ppr o:<!m.'lt e SOl u tion o r t he app r oxima t e - p 

s o l u tion of dispers lon e quation f o r th::l.n me t al (semic onductor) f 11. [3] 

e s t ablished a well-def i ned l i mited f r equency ~8nge of its applicabil i t y. 

It was found that Lhc upper frequency limi t de pend s upon the thickness 

of the f i lm and fa:ls down fr.)m W
p/t2 

co - 0.35 Wp as h+O. 

A computer model simulating rea lis t ic e x pe r i ment a l c onditions o f 

measuremen t ATR character is tics is discussed. The accur acy of Cl (W). 

c " (w) and h determinat ion is establis hed. 
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lNTRODI)CTION 

The i nteTllill degrePIi ..;f fr~<.:dolll of a medium ge nerally excited by 

the passage through "c oi an electromagnetic wave . Intac t because .,f 
the med i um. the electrom'<lgnl:!til.: wavt! becoUl,".o; a new type o f .,,;ave 111 

which the original elect r')D,agnctic f i el d is n,odlf ied by the 1m .. uced 

po l a rizat i on of t he me d ium. This new mode of excitation i s knoltt'O as 

a pola r i ton. Fo r example . a photo n coupled t :l t.he elementa r y e yc itat i o n 

of an elec tron pla sma 1n me t als o r semiconduc t o r s t t; called a p lasman 

po l ariton . A pho ton coupl ed to t he la tt ice vi bration in a crys t al 1s 

ca l l ed a phonon pola riton, and so on . 

Under cer t ain conditions plasmon pGlari ton p r opaga t es along t he 

boundary of me tals or s emi-conduc tors wi rh dielectric medium ( d iscussed 

ii1. Chap ter I ) . 

This type of e lementa ry exc itations is called a s urfa ce plasmon 

polariton (SP1P) . The eleclric and magne tic r jelds of SPIP a re t ak ing 

maximum values at the i nte r face met a l or s emi.condut-tor/d i elect 'I'ic medi um 

and are e xpon e n t ially decaying with dis tancl from a boundary in the 

d irec t ion of normal. 

Concen t r a tion of t he e lel..t r omagnet lc field near the me t a l or semi­

conduc t o r su r f ace makes SP IP ve r y sec1.s1tiv E' to mino r c hanges i n c harac­

t e r is tic quan t itt~s of inte r facing media (like complex dielect r ic 

permittivity £ .. f'+l l!") a nd to t he s t to. te of r oughness of the boun da ry . 

There fo r e SPIP constitu t es 8 hi ghly s ensit i ve non- destroying probe 

f or measuring purposes , part icularly in t he opt ical a nd inf ra-red 

r a nge of f r equencies. 
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Prac tical implemen t~tion 01 t his po~slbl1il r~ laces with the 

t echn iques of .Jttenuated t otal rcflectloh l.\TR) through wnlch SPIP 

i s excited 1n t he spec ified ra nge of f requ£nc i~" . The demar.ds of 

this technique 1s based on the fundnm~nlal properties of SP!P whicn I s 

the s ubje ct of i nvestiga t ion In Cha pt er I. 

Excitation of SPIP is also possi ble when we dea l with meta l Ot 

semi- conductor thin ( 11m boundarlng dielectric media . 

Par t icularities brought about by a f i ni te th i ckness H of the film 

are di scussed in Chap t er II . 

The approximat e dispersion equation of SPI P at a th in me tal or 

semi-conductor film and the approxima te t heor y of ATR. showing the 

rela tionship between the re flected radia t i on and £ ' . E" . B of t he thin 

fl1m are the s ub j ect of C~apre r IT. 

Chapter II is also dedicated t o the exact theo r y of ATR. s howing 

how the dispers ion equation of SPIP can be interpreted Interms o~ t he 

resonant a ngle ~f ATR. 

The equa t i ons der ived in Chapter II fortll the t heore tical bas i s of 

the method fo r t he determination of €'. ~" and H of metal and semi-

conductor films via SPl P excitation using ATR techni<!ue • 

. .. 
I n Chapter II I a computer model simulating r eal i stic experimental 

conditions of measur emen t ATR charac teris t i.cs is discussed . The 

accuracy of C'. I " and 'it de te rmi nation is es t ablished. 



1.1 O ... riva!: i on of SPLP di .. p-c:r s 1on equation sPII:diI, "inH.· lliedia case . 

• • 
Suppos e b 1'1'1 po larlzation H .. HI. wave 1':1 incident on t he in t erface 

n1 / 02 o f two med i a a ~ ~hLwr tn Fig. (~l). 

,Y 

I 

• 
\ ,--18-

..P i. ~llZ(..fri c:.. 
, '\1\ IE' d; ....t IN\.... 

m~ h.U.-

'f.. 

t~ .... e ...... L s. "" <o\'\d.~ < t<I r) • 
re- f-

Fig . (lJ) General view of a L~und8ry be t ween s~mi-infini t e dielectric 

medium a nd semi-infin ite m~ t8] or. semiconductor . 

«(.1 ) 

Maxwell ' s Curl equations (lad equationCH ) yield i n 

E .. E .... E - -----•• -----_ 
x y 

where E is paral l el to t he i nterface, and E is per pendi cular to the 
x y 

interface. It is kn~wn f rom the e lec tromagnetic theory that an 

acclerating chaf ge radiates a J;econdary ele~ tromagnetlc wave in the 

direct ion perpendicula r t c t he rl .i.r ection of Lhe charges IllOt ion . Thi s 

impl i~s t ha t the E compone'1 r ·,f the 1n(' ident ')r illld r y radial ton sets x 

up the oscillatio n of an elec t run a t meta l or su: iconduc Lo r ~urface 
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}. • r 1 .. tht: 0;. dirt!':l1bn . The 8Hondary radiation i s i n the OY o 

dir ection . fhc radiat ion 1n t ilt! y>O di rec t ion add s up t o the rad i ation 

r eflt'cted h Oll t l,~ n / "2 ince rf"l cf·. The r Hdla t i on i n the YlW direct ion 

i s absorbed by the LAnd Dh:::dL.IDl . 

The EY component of t he e lec t r i c f ield pr oduces oscillation of 

the electron pt!rpend :i.cu l a r to the su rface . Ibe seconda r y radia t i On 

f r om the ele ~ tron propagote s along t he surface . Par t of the secondary 

r aciiat i on i n OX d irection contribu t es t o the r adi ation ref l e c t p.d 

f r om the "/"2 inte rface and <lnaCher purt of it sets up oscilla t ions 

of e lec t rons I n neig hbouring pOEHlon X - Xl a nd the metal or semi ­

conducto r surface . Th e same f a trne for elec tro ns which a r e situ a t ed 

be low t he me t al or semiconductor 9urface a t di stances of the r ange of 

ski n depth . See ng. (1.1) 

Transmittance of t he OY oscillations in t he OX dirl!c t i on via 

s econdary radia tion r epr esent a new ~ode of exc i tat ion cal l ed s ur face 

pl a smon pol ari t on (SPIP). 

Now, let us see the elet.trlc and magnet i c fie lds of t he gui ded SP~P. 

Suppose the HZ ill medium II can be rlescr Jbed as : 

P -iK Y 
HZZ - AZe 2ye l(KXX - Mt ) - ---___ _ 

; K - K + lK" ( t he wave vecto r s) a r e x x x 

descr ibing propaga t ion a l ong OY direction and OX direc tion (along 

the s urface) r e6pec t ivcly . 

• But f r om t he bounda r y condition . HZt - HIt . J (where Hit' (1-1,Z) 

is the tangen t ial component of the magnet ic field; and J 16 linear dens it} 

of t he cur L"ent flowing P<.!l.ulie l to the in t e f ace ) . if t he r e 1s no 

• exte rnal source, J • 0 then 



.. , 

t hen l' • 
, t Jt (4,,) 

t!q ,l1I t ion (4a) llllp) .:8 tha t t hl-re out:i t be .J a w.:! dist ribution o f magnet ic 

r i e ld i n ~~djum I . Supposing t hd t magne t i c field di s tribution i n 

med i um I is o f the same nature <IS i n me d ium II , 

x - we) - ---- (4b) 

where K .. K f .f- i K II' is w-ave Vl!cto r that describes p r opagation l y l y l y 

along OY di r ec tion in medium I. The value of K must be un iversal f or x 

bo t h medium, s ince the e lec t ric and magnetic fields in medi um I and 

in r.1E!dtum II a r e to be matched at Y ,. O. at any a rbit rary value of X. 

Fr om t he boundary condition 

p 
HZ2 ( Y-O) - (Y - 0) 

which results A2 - Al - A. where A is the ampl itude. Now let us 

consider t he boundary condi t ion [or langentia l components of the 

elec tii c f ield , t component in th i s case 
x 

at Y - O. 

From Maxwel l 's curl equat i on we can express Ex through HZ' that is 

+ 
otJ<HZ -, af + 

" 
J • • but J - 0 

or 1 ~ J I< 
a 

10;; 'Y 0 + • 
.. - ..1 10'£(£ + E ) 

1 0 0 HZ 
x Y 

P -1k2~Y i (k X-wt) 
HZ2 ~ A e , e x 
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onz 
"'-iw E E . i 

aHz • ay x x w< 'y 

3H
Z 

l 'I'I Ey E i aHz • • • -ax y 
w< ax-

the n it follows 

K P E ._ 
-b: HZ! xl 

"<1 

EX2 '"' + K2 

W<z 

p 
HZ2 

K K At Y _ o . - -.!z.. • + ~ • 
£1 E~ 

Or K1; • - '1 or K1y • - E r
l ------ (16) 

k' <Z kZy £ rZ 
2y 

.. where c r . all,j t:r • 
• Z ETi + i £ r2 are relative dielec tric permittiv1tie 8 

of medi um r and medium I I res pectively. From now on we s hall operate 

with relative d iel~ct rlc permi t tivitles only, The refore, for short 

writcen l ng representation we shall denote aga in cr
1 

a~ <f' a nd te

z 
as 

Now l e t us fi nd the relationship between K
ly 

and Xl us1ng the " 

wave equation . 

------------

Since we aS Sume Chat 

equa t ion a.) can be written as 
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, . 
-----_ .. _----- --- (1.8) 

K ,,2 + 21K' K" cos 
1 1 ( 1 - - - - --

Re s olv ing t!quBtion (iB) i n t o real and i maginary parts. we get : 

2K ' K II ! 
1 1 COB 

(K "K ") • ________ _ 
1 1 

(1. 9) 

(1. 10) 

equation (fdO) i ndicates t ha t 1n di elec tric med i um I K~ Kl" 

Ne x t l e t us reso lve X' and K" into componen t s 

• + • + 

K' • K + K • ~ X' + K I ________ _ 
1 l x 1 y x ly ( loll ) 

• 
X" • 

1 
• 
K ' ,. • • • + K I, _ K I, + X ,. 

l y x l y (1.12) 

On t he o ther h.an~ l e t us consider 

K 2 t 

• 

_ K , 2 _ 
- 1 

" 2. 1y (K I + IK ") 1 + (K I + 
' X x Iy IX 11 )2 

l y 

+ K ,,2 
1y + 2iCK 'X " + K 'X ") . 1t-,2. 

x x Iy ly '" ~~ 

+ K ,2 
1y 

_ K ,, 2 _ 
x 

K ,,2 
l y 

K ,,2 + 21K 'X " cos 
11 1 - - -- (1. 13) 

Comparison of equa t i on li'l3 ) with equat i on (Jea) gives resul t s 

• 
"1 

• K 2 
• 

+ K 2 
1y 

... K 2 £: 
o 1 (1.14) 

(1. 8.) 
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C _ K 2 
1 x ------------- (1.15) 

StJnl18r cunslJera tlon fo r t he conduCt i ng medium II . with 

gives 

Or 

• • Y 
H P 1(K2 • r-wt). e i (K;c - K2y - wt ) 

Z,S "'" e 

; 2 .. K 2 I: 
o 2 ------------ (1.16) 

t " 2 

Re so lving equation «'17) i nto rea l and imaginary parts we get 

K , 2 
2 

_ K .. 2 .. 
2 

K 2 (: I 

o 2 ---------

. , 
( K ' 

2 
K ") _ K 2 E " _ ___ _ 
202 

Equation (H9) indica t e:; tha t t h~ angle be twe~n 

tha n wil. s ince t " > 0 2 . 

• 
K ' 

2 

On t he other hand. l et us cons i der the following 

(1.18) 

(1.19) 

• 
and K " 

2 

K 2 + K
2y 

2 (K 1 + iX "/ + (K2y + IX ,, )2 • x x x 2y 

, 2 " 

1s less 

_ K ,,2 , 2 ,,2 • K + K
2y - K + 2f ' K '*X +K .I X "I x • 2y l X x 2y 2y 

.. K ,2 
2 

• A' + 21K IX " COS (K' J( " ) ____ _ 
2 2 2 2 (1. 20) 

Comparison of equa t i on B·20) with equations (1.18) and (1.19) results 

Hence 

K 2 
x 

+ K 2 
2y 

• K 
o 

2 
£2 ------ -

• Ir-K"l:r-.-2-_-K-x72-------------

(1. 21) 

(1. 22) 



, .. , ' 

- • 

- ) -

+ + 
The graphical repre8entat~on fo r t he componen t s of Kl and K2 1s shown 

at fig. (1«.) be l ow. 

+ + 
Fig.(L2..l) The graph of Kl a nd K2 and their COml)Onents 1n car tesian 

representation. 

Substi t ution of equa tions (1.15) and (1. 22) into equation UO> reaults 

2 ' - K x . _ ' 1 

'2 

Resolv i ng equatioD~3) for Kx ve rece ive -
K • K 

x 0 

{ 1. 23) 

(1. 240) 

Equation~4a) desc r i bes the dispersion equation of SPI P 

i s t he wave vector 1n vacuum 
K _ W 

o C where 

"; 
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For meta.ls t h e dielectric pee .. ,,:.c l v ay : unc l.. ! or. 0': a f r ee electron 

model is given by (1.2 /.b ) [1 ]. A [:.t:aiull. wiLh <l l ositl.ve die]ec trJc 

f unction is of te r n termed LI ' passiv~ m~d iull'; , .,no c ormnon l y u bed examples 

of such media Jnc l ude aie. vacuum , Sl l1bs , ,-,cc . A lJed l um with a ncgat1.ve 

d i ele c tric function 1& called ~n 'ac tive m~dium~nd include me ta:s and 

semiconduc t ors at frequencies below t he plasma frequency W ' [l}. 
p 

W 2 
1 - _--'P'---_ 

·1-

which results 

C ' eW) _ 
2 1 -

• 
N 2 

e 
E m* 

o 

W( W + 11 - 1) 

W 2 + ~ 

(w2.r-2 ) 

W 2 
~ 

(W2+T-2) 

(. '+1c " 
2 2 (1. 24b ) 

1~ 1 

wt (w2+i"2j 

£2" (W) ... W ? 
J>..:... J 

(w2+T-') WT 

Whe re N is t he fr.ee electron dens ity. t 1s the e lec tronic c ha.r ge c-
o 

is permittivi ty o f free s pace , mll in the effec tive 'mass t and T 18 the 

relaxa t ion time describes e l ec tron photon collis10n . 

The dependence of '2 and e2" on t he angular freque ncy W Is 

seen at figure (1. 7.J ~I' 

1 . 2 The AnalYSis of the DisperSion Equa tion . 

The simplest case i rr t he ana lysis of the dispersion equation is . 

t he case 1n which the absorbing par t in t he expression of 1: 2 1s zero tha 



• , ' I 

-. -
i s 1'.: 2

11 

'" O. Unde r thl t; cas e the ~/hol e ra ng(: of frequenc ies could be 

separa t ed In to t hcee sub rangel> . 

I n t he fi r ~ t subr~nge ~ 0 ( ~ < W f rolll 

#r 
equat i on (1. 24a ) we h av~ j 

" £. ' < 0-, £ +£. • < 0 and K I > 0; K • 0 ________________ _ 
2 1 2 x x (1. 25) 

From equa t ion ",15) and equa tion (iR2 ) 

K • • 0 K " > 0 1y 1y 

------------------ ( 1. 26) 
K • • 0 K " > 0 2y 2y 

wh i ch mean,:; t hat a non rad ia tive p l asmon exi s ts . 

Le t us su ppor t t hi s conclus i on f rom the gene r al considera t i on of the 

e nergy f l oW' . 

Time ave r age poyn t i ng vec t or Componen t along OX dir ec tion i9 

gt ven i n air at X~O and Y-O by 

5 I " 
x 

., R 
• E 

oy 

i n me ta l a t X- O, and y- O 

5 II 
x 

! Ii 1*_ 
oZ 

K' 
x 

" [t ' K ' +£: K 
2 x 2 x 

( 1. 27) 

" J 
- - - (}28) 

Time ave r age Poyn t ing vec t o r COMponen t a long OY di r ec tion is g iven 

by , in air , at X- O, and y- O by 

51 • _~ R EI 
Y e ox ( 1. 29) 
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Si milar l y i n metal a t };"O , .IJ c.I '{a(\ 

S 11 
Y -- '!i R , E I1 H Il k 

0'( .,Z 
- - ~ ft Y..ly ' + ":;> ":{ZyH 

~'c fr. ' +'::/ '2J 
J - - ---- (]. 30) 

The non ab s o r bing cIi s e 1.. 2" c O , ... i ! j he deta, ' n ·~ cra ted a s a l imi ting case 

of de r ived g~nera l formul as. 

Sup pos e chac 

Under these assumptions f or 

From e qua t ion U~4a ) 

K I '" K 
x 0 > 0 -------- - (1. 31) 

K " .. 
x -._'~1~C~2~"_____ ) 0 ____ _ 

2c '(t: +( ' ) 
(1.32) 

2 1 2 

Sec Fig~loa) and Fig . (t4 •• ). 

125 (Note tha t letter "a" cOI: r esponds to 't .. 10 Afec ) 

From equa tion (1. 15) 

K ' 1y 
K ' K .. 

e _ X X 

• 'k. " 
1y 

K " .. 1y ~K ' 2 x -

From equa t i on (1 . 22) 

lK " 2y 

--

I 
K 2, 

o 1 -

-- KO ( 2" (1(1+£2' ) 

2(£1+( 2 ' )2 

(1. 33) 

o ---- (1. 34) 

~ (c £ I ' - 1+ 2 )----(1. 35) 
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<0 ----- - __ ( 1.39) 

( 1. 40) 

Let us normalize the powe r f lows in equations (1 .3 7) t o (1.40) to the 

total p OWc!l" flow in bot h media . 
S lHee S " <0. we shall take it as fol lows : x 

(5 I + I 
x 

where $ 
y 

I • S • S fl 
y Y 

Fo r f r eque ncies 

therefore. 

K '1(2 0 

r
1
+t:.

2 
, 

2W, 
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r • 

s "b21+ 5 2 
x y 

S 2 « 
y 

' HI £2d 
(.1 ' !t: 2 ' / 

(S J 
x 

] --------

( 1. 41) 

( 1. 42) 
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TItt"! no rma l 1;ted power flow can be expres sed .1 8 : 

I 5 1 
1'2 ' I 5 x • - ---------xn 5 

to t 1- 1"1 0. :/ j 

5 " 
5 11 £ 1 x • - ------- --

1£ 2' I x n 5 £1+ t ot 

In t he l imi t i ng c~se s 

5 1 (W • 0) 
xn 

II - 1 and S (W • 0) • 0 
xn 

( 1. 43) 

(1. 44) 

~h ich meBns that the whole energy 1s transmi t ted through dielec tr ic 

med i um 1. 

5 1 (W 
xn 

... ~. and 5 U 
xn 

W 
(W - . P 

lEI +1 ' 
) --'> 

wh ich means that t he ne t transmi tted energy is Le ra . 

(5ee "'g-ll6a ») 

5 -yo 

In the l imiting case (for r~) 

s (W. 0) • ____ 1_ 
yn 2W t 

P 

W .. 

~ 
can ' t be cons i dered since The case \01 .. 

(1.45) 

The genera l behav ior of S can be seen f rom flgure sUS~8nd09*a) 
yo 

The field dis tri bution of the pl asmon describe by equa t i ons ( 1.3). ( 

and (1. 33) - (1. 36) 10 sho,," a t F1 g.(NO~ 

The second 3ubrange i s . l <W<W 
P 

In this s ubrao ge t 2 ' ( 0 ; and 
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Tht!.refo r e che norm,Jl1~o.!d po~e r ill, .... can b.-. expre ssed as: 

5" 
xu 

51 
xn • 

• 5 Il 
yn 

• + 1 (1. 57) 

) 0 - --- - --- --- (1. 58) 

1: 2" JC1o<-C 2 ' )' 

4 '(-£2 ' ) ' ( £1+£2 ' ) 

- 3 is the order of 10 1n ehe middle of the subrange) 

f" l " Jet <-e 2'/ . ( £ 1+2(2 ' ) 

4""/" (' 1+'2 ' ) 

• 5x ~ _( ' 1+2'2 ' ) ___ (1 -5') 

(-£ ' ) 
2 

II 
S d epe nds xn 

The sIgn o f W 
upon t he Bt~n of «(.1+2£2 ' ) cerm . Fo r ~ 

Jt: +1' 
neLa t ive . e l s ewhe r e H is positive . 1 < w _ ~2' P --

' l+l 

< W it is 

The resul t s discussed In equations (1. 57) - (1 . 59) are s hown a t 

ligures' i l4,(19~ . andas*a ) . 

The fie ld dtst r 1 uc1(1 n of the excitat ion t ha t exis t s in the secon. 

s ub range 15 shown at figures l ta and 11 *a . They cor r espond to t~e sam, 

frequency W "'" 0 . 70732 but diffe r e nt in scale in the d1_rection norma l 
W 

p 

to the s ur face . 

Third s ubrange is y > Wp in th is Bub range (2 ' > 0 and ( 1+£2 ' > O. 

For i deal case (2 " ,. 0 fr om equRtions ({ .. 15). (('22) and (1.24a) 

.... e get 

K I > 0 
X 

K ' < 0 1y 

K " - 0 x 

K " ", C' 
ly 



.. ' • 

... , ::0., 
• 
i ~ { 

.' i · • 41' - , 

( ---

f· 
t ,. 

, .. 
, . 

+ .7 ~ 

.S 

,25 

J 

, Scyn 
1 

__ -.1.. > 

., 
J 

• J 

1 

J 
I ., .. 

"I .. ' ., , 

. "; 

1 
. J 'J . : J 

j '1 ~ 'i 

. , 

• u 
c • 
~ • 
• • • 
~ 
L 

~ 

eL-~~~ __ ~ __ ~' __ ~ 
+z -v -!t ti ""fIle - 11'1 - 1431 - 1'" - 1,+ ... , ..... e -If' .1 

- 10 - I £! - -111'1 - It! - 10 -1 11 +10 + I e "'1 0 T I8 +1 21 +UI 

; J g~"'.J C;r.ph o f no r •• ll z e d e". /"IIIY f l o,", .lone 0"1' dlr e otl on 
o r na " " " ' h :od ; I" oqv ono yr f a ) - f ot' _ dif,l ft 1' 11 111 
; b ) - f Ol" IIea luli Z i n :r: J Ir,,:.L 
,",p - i. E"' J$ ,.. .. d/a ;1. ", - 1. ( . 1 25 • . 

... I. 2!1 + ... , 
• t ~ 

" If < • 
" • 
• t Slyn ~ .. . "t • 
" 
• , 

.sf • 
~ 

... - ,-

. ... f unD'" 0,. 
11 n. ) . 

• 

. +---~---+----~--~--~~~~--~--~ -l - . 75 - . 5 -. 25 Ii! . 25 .5 . 75 

r lgO.e*., Cr 'PI"I o r no r ll l i f red en e "gy '10,", a long 0,. d i rec t ion .... f uno don. 
0" nO r" fJ\ Q. lu o ci f requonc y, ( .. ) - f a ,.. _dll,olfJI J ( II I I I - 111'1 . 1 , 
( b l - f o l'" Pl.o a luf1I 2 I nIll - I t ,.~ ) . 
/lip - 1. £ +1 5 ,. ad/ . : 1&1.1 - 1. ( .,25 • . • 



• • 

( - - ,-

, , , 

+ 1 iI· ... 
I 

~ 'J + ,. 
j 

t ,S 

.}z 

'1 -

1 
i 

1 , 
, i 

J 
" 

c:: '>1'~' 
.... H •• T I ' 

, 
i 
1 

.1 
i 

.1 

• • 

~ __ '..:l-· , 

, , 
• 

. j 
, , 

, 'J' .. 
" 

1 
1 
'i 
" 

• • L 

l 

.. 
+ 1' 

F'"I II~ '- J (ir- .. p n o f ... o,. ... l lr.d .P'I"""Y II ." . ' 0,.' oy dlr o o t- i on 
or nOI" ~ .. jl xcCl .( r oquo n tly. C., - f o r MG h .. ", I ( 11111 

I. ... 'WOIo t \. 
- l ' no ; , 

:l.1 . ?~+ 
;< , 

I , 
u , 
• 

I ' +, 
t 
I , 

~ . ,,+ 
~ t 

I • 
E 
R 

( bl - to r ""GIU" 2 ( HIll · I t ne). .. 
~p - J.[~JS ,. .. d ' ~ : lou ~ I. E- 13 •. 

Slyn 

i ,sf 
,Z5 + ' ,. i 

[ ~ 

• 

S2yn 

f ~ 
~~I-+--., __ .,","", __ ,.,-+' -+'.'-+'.' __ -+,., .. ,-..,'-"Ffo.'----'-;I--'.' .. '--, "1-+'·' " '-""'""'-.'.' .. '-I~' 

- 1 -/5 - .5 -.5 6 . 2'5,5.75 1 

r' g.;.s4) (; " ~h of nor",. l lz.d ." .r gy flol11 . 10n" OY a 11"001. Ion •• • f","ot 
o t' nOr"I'Ie,1 1zcd frequency' a' - f'2' IIW'd "'1'1 I ( ' 11 11 - ' Ina ), 
( b ) - hI' t'II:odl uI\II 2 ( llrn - 1 1,1a). 
NP - LE+ 15 rut/ . d .u " .IS· 13 • • • 

• 



.. .... 

" • 
, 
• , 

u ., 
• 
• -· 

u • 

• 

• 

o , 
" • • 
• 
• 
• 

" .. ~ 
I 

~a.;: "!" 
"2 1!1 f 

~ • .l,,~ ± 
... i l.tlO1 1 
... "" .:1 1. 
... 1~~ I 
' .1<0. Cj I F' 
•. a.;a 1 

~3. D00 1" 
-.'6" I ~1 [ T R L 
- Il'~ t 
- . LaB i 

=;:+1· 
.t~l::l 

- .-+d0 
- . !l49 
-. "00 .--. +-~ ...... _+-_-t-_ 

- IOC .. 0 8 -s .e(-01 -l-0.OC-+IH' 
Mlan."o • l e l d 0' ~h~ ~~ 't.d 

=~G l '~O ~.v c near t he MO'Q] lur';:,o c e ~ ,t h ra.p e e, to 
tr ;:,n sc: .... er:H~ (- t;O"I" t1 . no-.; c, ~"'I),II trCQuer>oy rengel, 

I'ip - 1, (+\ 5 rt:lld / ·: T)o..I · 1.[ 0 125 S 

'. iofi'i t 
,, ':' ;J ..t­

, . .. C,'~ l 
~ • ..lbl::l -t 
.,. 3~ r 
.. " ,,~...1-
... ClP' 

l?fI I-

I 

~I 

T 

[ T , 

', .g"l . .... O t \ . 1('1 

~ .~ ' ''eO "'ave ne a r 
t.- c.n .l: vr: ,.ae (-

Q 

R L 

I 
I 

• 

-~ 

tnc . c,a . s~t ,o&e ~tth r e_pee, to 
e r,Ol" O lr •• 't1l . ,;na !l . ,.equenc )' reng e / . 
~ _ J.( q5 raQ $1 f au " , .(H25 I 

, 



, 
" • 
, 
• , 
,. 
• 
, 
c 
> , 
" • , 
• 
• 
" • 

• > 

• • 
o 

• 

• 
• c 
" 

· . "'" · , i.~ .:. o. 2,w. , 
·J.b'-'U , · , """ -0 ., 'I",,",~ .. Q.t(.\ -
00 .~,{I ..;. i , , 

' . .:.00 1 
~O. ~OO t 
- .6w I M C T -, i:!"'" -£- 0 

- I. BOO r 
.. ' , ,.. .t 

• - 3 . 1i100 , 
3. bee I 
" .2~ t 

- of. ElOO 7 
-~ . .. 1311 

f1 '1g n . >;re , I e ' a 
e XC l tc~ V OJ e ne ~r 

>;,.o.n$o:: ',/e r. o (-

, . .;, f,\ f 
. ~ilC T 
•. 420 { 
~ . .:!b~ t 
• ~1.Wt 1 
.,. ?41-1 ~ 

... lq~ ! 
12e t-

o • G('O i 
1-". BOO t-­
- .,.~! M 
- Ii., "t 
- JSB t • -. ? ... ~ t 

?oo t 
' . z,e;B ~ 

. ". ! 

I 

E ,-

'-' 

A L 

!"~ .. 1', I .. ,,,. ~ C' .. .~ , • .., r cepec'\ to 
CQCr0 1n o. tc . ~n'1 r I ~rt:QUl"'ncy ,.an ge 

I'ip - J .(~JS r o d .... : r o.<J - 1.(·1,. 

p , , L 

-. '1fH3 t 
- .540 t IIY"" " 79 7 see 
-. 600 +--_+-_I----+-~~~-+--+---....... -+--+I ~-+-~ 

-\ . 0(~ 0@ -5.0(-0J '-S. 8E0 1 
MaqrllIJ '\l c fIel d 

r1 '~ner. c "e ra (Z - cot'll porent) d i stribut Ion of -the­
~x"ltcd ~ o.vc ne or ~he _clo l SU I 10ct: ~l tn re speOt to 
::. ronlil c ... e~ "C f - <; QO I Cl ln llt!:. ~ . 111 .. 1 i tt'cqu e no')f ,.on90 / • 

;</p _ J.Ld~ "od , sl r ay - I.E 13 iii • 



. , • , 
i 

• 

• -· -
-, 
• • 
I • •• 

... 4. ~ 
LL , 
~ , Ll. 

·1.!.W • 
t 

-,t.OO ..... -

12. 00 ~ 
L 

'i-,oot 
+ 

- ]1 .00 + , 

..J 
'1' 
f­
Ld 
L 

2" -

=tt ... .. ._J" 
'"~ 

~ MiiT." = 

----- -
.... -- -

a_=~ 
==:; :;; d!:: ""' 

a t-aiR" I 
\' 

:77_' 
-

::::= .. ~;=- . 
I - :at.. sRTr .... --= _ -J 

• • - r;.!!lM _ 

:a::nt£l£Cl" 
---ne- _ '='5_= _at 

'i ;ZZW:;:;::X!2L':;sU 

- = 
_. 

• ~Y= -

-
-

-
'-

iu . 0Ia j-o ___ ..... ..,.... .. _+--_ • ....-.--t __ .. _ _ I ; , .,. ..... , or .... 

)f:' 00<] .j.~[-9l" .~ . J( 0&l ''' .'( -801 

b '2 
. .. 9[' \:1 :­
. .... £HT' 

.t 
~ 

LI 

.J 
a: 

, I I , I 

• t , £ .. 006 

' o(! <1al l'Iag n c t.,c lIel (J . , ~o>rtWJo ,.,en , !'I , s t r ,tly'l l" '" O. 'h_ OIfC I \ 00 

,no 11Idt.: 'l' ~u r f /l.OG .... ' tt • r' ~.pc. C"t. ,. coorO.n llte 

, 
• u · • 
~ · , , .. 
• • 
• 
• • 

... ove nc o' 
d1e j l UFI . ,. ~ou(' rll:;y ...," '4(" ., C>1S r '!l Ei • , .u J.£" 12S • 

-
"~4~ . ~ t 

,y 
,.. .. , , 'l 

~I ':" .UU r . 
I .... ----

-a . .. +- ---, -- ...... 
-IJ" .ao , , _J 

r (r 
[ " " , 00 t f-

• I 

h 
+ Ld 

- llUI, "" + :!:: , 
--e!'. efl , 

..,.SM :e:u: 
__ mn' rrll - -._-... - -

~ + '" .-='5 == . : : •• , 1, ...... 
';00.00 r ..... ~......--. , t 

-t ;£ .. ~ ' .. . 5(,,001 ..e . N:~ooe 
.. . 3(.8QQ ~. J( 8))1 

i1 a gne t. l l C ld l """'fJ~'o "' ,,\" d ,"I '1; ,.. ,hu t ... r, , 
"~\lC' r,O l1 r 'tho I'IICtll l " ... r ",C , ... lt ll , ,!~()eC::I "1~' 

Hoeoi u ll'l . r t: quency r Wt Ot ooIr f. ,,, r ~ '" ~ 

the c ",c to It 
( 0""0 • 1"1 Il to, 

au I. ~-n.?S s 



.-

I 

• 

• 
• • 

• 

• .. " r 

~ .. II) 

," 

, 

L' 
'" 

~oIo.aQ~ -' - - _ ... - - - - - --

• 
• • :.1 ! 

c,­
. . /~ t I-

+ ld 
- .36 + ~ 

• ,oi" t"~ .• __ -.-.-.......-+-t- " I' , .--
... ;:o£ . CJ!j2 -~.,(.oo.: ·~.er ·ooe 

.:11; no 

. .. 11 . 1I1!1 

."1\ . il'6 

+"'·1.~ 

t'\i.I l'lt tlo rl.11i 0- tt">e ."Hac,! 

... ~", <:" ,,"'c.r 1.he ~t D l 'tU I 
l1eoiulfl i re~ .... en c)' r(lf1~( 

t 
t 

• 
• 
t 

n 
'" 1,1 

."ee 1oI11h r,,~pe<;' 1.0 1 

. ~ .. \ . ': . 15 rDO' " I 

,-<) - .,. Jc' 

.. L." 1:'11:. +Ui' 

,:,.2/~ - 1'1 '3f.r;,., 

J 
L .­

i..Li 

C.:Ivro n li le 
"'u .. 1 [ _ 13 °s 

III' Wp - .?071c 
t ,,- -I 0E~e7 

'? ,r - '~ 9Et06 

'X 
~ 

II 
• -.. "l~ . et:I t 

" • 
-: L~+ • I • 

l 'l .OO t 
• T 

-liL ee + 
• 

'''e. .~ t 
t 

•• 0- Ib) 

I 

-------- -- - .....j------- - -----
...J 

..J ,1: 
'1: I-
l- u1 
l.., -,- :;: 

.-.. --.~.~.-.,-..-..-..~."" .... -..---. .-.... ~ 

M~9nt:t'C li r ld l_CQllOOo nt:O,Io o ".,.r, oU,;: , on 01 
wo.v e n e al the 1l'IC':d ",IJr . a c e ... , 1. /'1 r e.pcc\. , e.. 

!'\.:od l'J Itl .rflCl",,,nry r;::,.,utJ • Wp .. l .(H S rod/fl 

t l'lC o ><c. t t! d 
r - coor d I n .. te 

Tau .. 1 , [' 13 's 



'" I" , , 
I • 

K "'"' 0 2y 

28 -

which means th a.t all the inc iden t energy 1~ radiated out through the 

second medium, s ince K
1y 

< 0 and K
2j

' ) o . 

From equation (1-2 411) 

K 
, 

• K £1"£2 ' >0 (1. 60) -- ------- -------x 0 
£1+£2 ' 

K " • K £1'£2 ' (" 1 £ 2" > 0 ------- (1. 61) x 0 , 
2£2 ' (£1+£2') £1+£2 

See f i gures (1·38) and l1,a) 

From equat i on ({.15) 

.. J K 2£ K
1y 

, - K ' 2 
o 1 x 

1 
• - K 

0 
'1 < 0 - ---- (1. 62) 

~El+£2 ' 

K
1y " . - K ' K " • + K £1 c , " JC1+C2 

, I 
> 0 - - ---- (1.63) x x 0 

K
1y 

, 
2( <' 1+£2 ') 2 

From equation ( 22) 

K ' 2y - J K 2£ f o 2 
- K f 1 _ 

x > 0 - - (1.64 ) 

2" 
K 

Y 
~ K £ f f _ l K ' K " 

o 2 x x 

2K ' 2y 

• + 

See figures fl.5a) and (1-6a) 

> 0 ---

From equations (f.2 7) to (1·30) an d using equations 6: 60) t o (f65) 

(1. 65 ) 
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,1. bb) 

(J.bl) 

(1. 68) 

( 1. 69) 

For chis s ubrange 5 I . S II a.,d Is I • Is I I -Is II I ha ve close orde r 
x l( y Y Y 

of magni t ude 0 Th us 

+511)2+ 
x S 2 

y 
• 

Tile normalized poW'e r fl ows can be expressed a8 

S I '"' S I 
xo Y • 

- ---- ( 1. 70) 

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

s u • x > 0 --- ----- ( 1. 72) 

S 
yo 

S 
to t 

S I 
...:l.­
S 

to t 

S II 
• -L 

S 
t ot 

. - J' " _ 1. 2 

In the limiting cases: wi t h £1 ~ l 

S II '" 1 W • W 
P 

s 
xo 

S 
xo 

I • 

I .. 0 ; 

1 

xn 

S 
xn 

II • 1 

S 
yo 

• 0 

S yn 
• - 1 
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L 

(S 1 + S J 1) 
xn Xli 

J.'he same r esu l t q follow JrolQ figu testt8::1)' B.9~, and li8*. The field 

disl doutton for the excitation i n t he third tlubrange Is shown at fig . 

u. 

1. 3 Dispersion Eq ua t i on for St rong Abso r ption Case 

The re s ul ts of ca l c u l a tions according to exact eq uations (1. 243). 

(LlS) , (1. ':: 2) an d cq ulllions (1. 27) t o (1. 30), equations (I-J). and (tt.b) 

an,! repre st! n ted at figures (l.Jb) C+ l j, (b) (let te r " b" re f ers tOT" 10-13 s e c ) 

Among the part i culari t ie s of l hesc resul ts it l s neCeSti3 ry to point 

Otlt t h~ followI ng. 

J. 

2 . 

:L 

Growt h Of R~ tl l parts of K wave vec t o r in th~ first sub range , s ee 
y 

f l gu r e(15t:J. 

As a result of poln t ] . we note t he gro\tl ch o f energy flow In OY 

d i r ec tion In the fi rst s ub r a nge . see flgu .~e !i.q b) . 

However , it dves no t br ing vi ral c ha nges 1n the field dist r ibution 

of plasmon in t he fi rs t s ubr ange ( s e e Ug ~It'lOb )' in the sense t hat 

the p18s mon type o f field d i s. [rihution remains. On it becorae s 

clear t hat in st r ong a bsorp t ion case it "s no t poss ible t o compress 

the field so close to thf' inte r face beYond 0. 3>'0 a t l Ie leve l. Where 

>'0 1s the wave length of t he exc iting light jn vac uum. 

4 . Growth o f imagina r y parts of K wavp vec t or in the t hird su b range 
y 

s e e figure66ij. 
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5. Ab a r c!w l c n f point 4. we noee t hl[ a decre.l. to! o f ' ne rgy 

flow 1n OY dir ect ion i n t h~ t hird s ubrange. 

6 . As a [csu l cu o f po in t s 4 a nd 5 we ge t a plasmon t ype f ie Ld 

d is tr i butio n At fig.(l'o12 (b) in the t hird subrange . Compar ing 

i t wit h f 1g .(1.1. 2 0) we no t e t ha t t he fie l d d i s tri bution beca me 

conSide ra bl y l e s s r sd i a t ive . Ho~ever . t he f i eld 1s e x t e nde d at 
3 

10 time l a r ger dis tance s f r om t he i nt e r fac e tha n 1n the c ase 

o f pla s mon i n the fj rs t s ub r a nge . 

,. 



l:haeter 2 

2. 1 !.>e::ivation of SPlP e qua t ion for didectrie lI:edLJl2I - IIIdal f i m 

d 1~lectrlc me di uc ]. 

Cons i de r a t hin me all 1c £1 III vlth £2 3nd thickne8 ~ h bounda r ying 

wit h dielectric medium 1 with £1 and die lec t ric medium] with ' ]. 

Suppo~e £) ~ E] 

, 
1 

y 

O ~ ____ ~ x 

- h 

Fig. (1. 1) Schematic diag ram of thi n metall i c rUm (£2) bounda r ylng 

dieJect r i c medi um' (E
1
), and dielectric medium 3 . ( c ]). 

Cons idecing T.M polarizat i on , Lhe magne tiC f ield HZ can be given 

respect i ve l y in t he th ree media ; 

Hzr ,. . Al e +iK1y e 1 (KxX - Wt) 

HZ2 - h e+iK2yY + 8
1

e -iKlyY ) ei( KxX - Wt) 

HZ3 '" A e - 1K) y e1(K X - Wt) 
) y x 

(2.1) 

The express i on for HZl contains t wo te rms because t here mIght be two 

waves t ravell i ng in t he fi lm due to reflect i ons at El/E2 interface and 

a t E)/c2 inter fac e. The i r- s uperposi tion describes a stand ng wave in 

OY di rec t ion with in t he fi1lll. 

From Maxwell' s curl equation the c~rres pondi ng E ( tangen tia l) 
x 

Component s of the e l ect r ic f i eld i n r ~e t~'e e media respec t ively a re; 

- JJ -



, ' 

E _ . , 

E -x3 

- .J " 

< Y ' l e "2<, ,< K , ' 2-'Y -~ ;:;r 
W 2 ~ 2 

• (K X-Wt ) 
x - - (2 . 2) 

Let ' s apply boundary condit i ons f or HZ and Ex a t y-O , f or any a cbic r sr: 

HZl (y - 0) - HZ 2 (y - 0) 

---------- (2 .3) 

Exl (Y - 0). Ex2 .Y • 0) 

-------- (2 .4) 

~gain applying bounda r y condition at y _ - h for any arbitrary x : 

HZ, (y- -h) - "Z3 (y- -h) 

h 
A e -iJ:2y + , 8 C+i K2 h _ A e+iK3 h 

2 Y 3 y 

Ex, (y- - h) • Ex3 (y- -h) 

(2 .5) 

(2 . 6) 

Suppos e Al is given , in Chis case equations (2 . 3) __ (2 . 6) form 8 syste 

of four equations with A2,B2.A3,and Kx unknown no t i ng that K1y ,and K
2y 

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

can be der i ved 

f rom the wave e quation for medi um 3 simila r ly a8 it was done for 

me d i um . 1. Therefore ; 
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K • [ 2£ _ K 2 ~ 
3y ~o J 2 (2 .7) 

[ n order to der ive tI ll, .. dispers l " n equlluon (~ • f( loi~we 811a11 exclud e 

a. l ilmpli t ude factors from I:!qu2.t i on!J ( 2 . 4) _ (2 . 6 ) 

or 

From e qu8 t ons (2 . 3) and (2 . 4) 

+ K2y ] 
E2 

(2.8) 

Mult i p l yi n g equation (2.5) by a 
K 

f ac t or -1I and s ub t ra c ting f r om t be r esul t 

equa t ion (2 . 6) 

-iK h + B e+iK2 h) 
(A

2
e l y 2 .y 

+8 e+i K2 h 
2 Y 

WE) 

BZ~ e +iK1yh} • 0 

WE
2 

• 0 

AZ • 82rZ3e21Klyh - ---- --- --- - --- -­

Subs titution of equs t ion_ (2. 9) i nto equa t ion (2 . 8) gives 

----------------- (2. 10) 



wtu~ r e 

K2y + K3y 

'2 £3 

- 36 -

----------------- (2 . 11) 

(2 .11) 

Equ8t i on l:i.-lO) rep resen t s t ogether with equations (2 .11). ('2. 12) . ( I . I S} • 

(t.22). and (2.7) an exact di spers i on equation for a thin .. t a llie f i lm 

[ 2J . 

2. 2 Approx ima t e 80lution fo r the diaper. ien equa tion. 

Let's suppose tha t thickne58 h of tbe setallie f ila i8 big enough. 

90 tha t the influence of me dl u. 3 on the di spers i on pr opert i es 18 8 .. 11 . 

In ch i s case we c a n bui l d a n ap proxll14 t e 801utlon us ing the 801ution 

ex pr essed in equatt on (1.248) for t he semi-infinite case 8& the bads . 

Th us we tl l Qxpress : 

whe re K is given by equation ( 1-24&) 
'0 

(2 . 13) 

Kxl i s a smal l quant ity descr ibing the i nfluence of medium ~ . 

For this purpose let ' s denote t h e r ecip r oca l of the lef t side o f 

equation (2. 10) as a f unction of Kx 

f (K ) 
x 

1 .-21K2yh --- (2 . 14) 

' 23 

Let's expand f(K ) i n Taylor 's series near t he poin t Kx·Kxo' where lxo 
x 

is given by equat on(1 24~) fo· t~e s emi -infini te case 
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In 
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t(K ) • '(K ) T at I \ 1 + -----x >0 .. 
x • '0 

,ppl'n ~b: Il it 1s sholJfl tha t 

UK , .. 0 
, xo ' ----- ------ -----

0 

"3 • < 
- f :': lE"J + C ( E: _ t >' 3 2 3 1 

' 3 . 

FIE
3 

, , , 
+ 2 ( 3- 1) 

• ( < 
K2y • 1Ko ~ 

r-r-~­
J- (£1 +t 2) 

------------

------------

(.c: .J ~ ) 

(2.16) 

(2.17) 

(2 .18) 

(2. 19) 

$jnce f( K ) .. 1 (see equa tio1t8 (2 . 10) and (2. 14» 8ubatitution o f x 

equa t ion (2. 16 ) to (2. 19) Into e~ ua t lon ( 2.15) gi ves 

. ~1. ( 2 ) F. (; 
1+ 2 

• K 2 
0(,....-.) 

. 2- 1 
(2 . 20) 

Le t' '3 analyze equation (2 . 20) f or t he cas e when £2"-0 . Firs t from equa tion 

(2 . IS ) we ge t: 

EJ _JElE) +( 2' (£3- £1) 

'3. +1 ' 1' 3 +<2 f (t 3- , / 
( 2 . 21) 

The expre6s!on under t he s quare ( oot is negat l vl!!! i n t he range of 

freque ncies 0 ~ W ~ W*. _Whe re w* 15 de tenrlned;.l f rolll the condit i on; 

w* - W 
P 

p -¥:4 «3 - ' 1) • 0 

(2 . 22) 



" " 
II 

j 

1 .tre,Ju(''lc'Y \\* CO}·re5po.1J ~ 8_S0 to the i n tel !lect:lon point of g r aphs 

~ ,.) ar., K
j 
.• W) . 

<" 

KJ'c-:L' 2' (W*) , 

~;;:+ t:2 ' (Jt 
• (2.23) 

[t medDS w* js the m~ximum fr~qu~ ncy for a SPIP t o be excited by the 

j 19h t inc:ldf' nt f rom medium 3 on the E1/ E2 inle rface. 

To avo id i maginar1t y under the s quare r oet let I 8 rewi re", equation 

(2 . 21) as 

• 

(2 .24) 
£ 2 eeL C E 

3 - [ 1 J+ 2' ( 3- 1) J 

1-'1 '"tally the c>.!s l and imaginary lOlllponenla of K can b. wr it t en a s (i t fol 
x 

equations (l. 13 ). (2.20) . (2.24); 

K' • K 
x 0 

K" .. - K 
x 0 

t] £2 + 

(:1+£2' 

2 , ' , 2 1 

K 
0 

2 

£'2_ £1 

('1 ';J/2 G-;[ 'l' 3+£~('3- ' l) J 

El+E 3- ( EI E3+ 2(£3-(1)] 

.EXP eKOh + ' ' 2 

J-
, 

(£1+E 2) 

2' 3 J-['1'3+'~ ('3-' 1~ ' 
' \ -('1' 3+<2( ' 3-' 1) J 

• 

J 

For the f r equency range w* < W ~ ~ • r i:. becc.mes a purely r~al 

ii+' 

(2 . 25) 
• 

(2 . 26) 

quantity, laRking K II .. O. 'i'hus . in t his ran ge of frequol.cy . the r eat 
x 

part of K ca~ b~ expressed RS j , 



y ' 
x • K 

o 2 
(IL 

2- 1 

EXp [ lKoI! 

- j-
x e: i ~ 

«( I+r. ;,1 

) 
l x 

.J 
( 2. 27J..t 

, 

The g raph for K~ as a function of W fo r d ifferen t value of thicknus 

h of the me t all i c f i 1m is s hown at figure !) (2 . 2l!.) and (2 . Zb) by a 

cont inuous ( solid) line . The broken line at t hese fi gure. n pruent 

the d i spers ion gr aph f or K' (semi infinite case). The comp a rison xo 

of t he lWO types of lines a t each figur e ahowB t ha t the app r o). ilU tion 

introd uced by equations (2. 1 1) and (2 . 20) is valid in the W'ho l e r ange 

of f reque ncies O<~ < .-.!..-on l y if thtl .thickneu of the film i s grea ter 

Wp D 
than the order of 0.3 - O.4~. 

On t !1e other hand fo r a narrow frequency r ange ~W~* the coincide De e 

of t he U TC t ypes of lines i s good f or me t all i c filll'l.8 , of infin i te d ull; 

small thi ckneas. 

The value of u ** is de t e rmi ned f rC":n tbe cond i tion R ( r o(WU ) - O. • 2) 

Wh i ch means f r om equat i on (2 .24) . 

£, 
2. • -

I -

1 + 

('; )2.£ 1£) 

«)- e
l
) 

-(£) ~£I £3 ) 

• - . (£ ) - £1) 

W 2 

-~ W,· 
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i nf' definLt ion ot ~ .... repre~en l8 ,] ne .. (.1cl,larl.er Auch.Jrt J, I.1 

i HtrU(] UC Lng equa :: ioll tl (2 . l 3) and (2 . 20) c la imed they arE!: appli c able in 

tht: ",' hole range of frequencies O<w< l 
1+1 

Equation (2 . 27) toget her wi th figures (2 . 3a) (2. 46) and O . 4c. ) 

at whic h K" is shown as a f unction ot W for various th i ckness o{ x 

met~lli c f ilm s how t hat , eve n if 12S £2 appr oaches zero (acc.ordill8 r"'l0 leI: ) 

the value o f K" 
x 

does no t te nd t o %e r o for nnd it tC!:ndl to zero 

fo r W*2W"'::~. h i s means t ha t in t he f ju t S IbranSf!: we have naturally u 

Rl 
.leakage of e nergy from SP ] P i nto med ium 3 (leakJ plaaruons) , On the olhe r 

hand exactly this parei c ll la rity a1101o'8 t o exl..lte SPIP by exte rn Rl light 

source located in medium 3 . In the second 8ubrange tbere is no leakage 

o f energy from SPIP (uon- radial1ve SPlP). Suc~ SPIP cannot be excited 

in t he way dis c,lased ahove . 

Fi gures (2 . 2d). (2 . 3d) . and C2.4d) descr i be t he same type of . 

dependences. 
- lJ 

but for strong absor ption ca s e woen l ~ lO sec . Both K 
xo 

and Kxl a re incr easing and have nearly t he 'dille o r der. tn general the 

gr aph drawn at Fi g . (2 . 4) in loga rithmic sca le i s . inorder t o shOW( how 

much t he SPIP ener gy is affected due to t he exis tan ce. of the metallic £i Jm 

2 . 3 Exc i t at i on of SP IP by At tenua t e d To tal Ref lect ion Technique 

" 1 I ' av",'I , b le ,' n t he expenmenta l study of SPIP, devera tec tnlque, are ... 

f d t he ~,ve number range in whi c a nd t hei r use i s dic. tated by the requency an .. 

the e xci tation i s being examined. For examp Ie at !;hort wave length. 
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s ~ drg(~ ware. nUlfber vHlues) ... h{:n! Lne SPIv is lroOs t "PI SiDOn 

\~e.e (} ,.,· 2:1) t he mo~t sujl"bl,! probe of t,·,. d· 
~ 18per ~ ion equati r~ 

l ~ 1.: . expen :JCn~ .. nvolvl.nl ~ l~c trrm'\ , such as t hi n film e lec..con 

di ' "a r ,:l ·m !5]. Conversely , a t I nr ger wave lelltths (that b blr.411 

W'a"JC m mber values ) where the SlllP is moSt "photon- like " (see fi& .~ • .v 
the most sui t ab l e probe is an experiment invol ving lig~t c[ t he appropriat e 

f r eq uency , and it i s one such technique that is discuss ed her e , whi ch i s 

known lIS attenuated to t al reflection (ATR) [ I I. 

AIR involves the use of the evanescent wave that i s se t up at 

a cOl.ductbg medi umjair in t t:rface when ligh t in a high re f ractive index 

die l ectric mediuj) 5'1('h as e ' as€. euffe r s tot a: i nternal reflection 161. 

tt is che reduction of the reflec t ed _ave due to absorption that ia 

callel'! ATR_ If t he t<leakenbg occurs by SOiDe other means it i s usually 

c:I .. led fru strated toca l intQrn 1l1 rq,flection (F rIR) . It is r C!PaTkable 

that F'fI R can bf" t r3ced back t o Nelolt on {7l and t he knOU'ledge and use of 

ATR h:ls been wi d e sp r ead only s ine t:. the t.:: l1rly 9605 due to pioneering 

wo::-" by Fahren:c .... t and Harrik /8, 91 . Insp i te of all t his wo rk, however, 

the fundament al idea of u:Jing ATR to generate SP IP was first published 

by Otto fl0J as l a te ~ 8 1968. 

An inspec t ion" of the dispersion curves (see fig . l . 3 ) reveals t hat 

i n t he photon 1 ike region , whg re i t migh t be though t that SP l P could be 

st i mu l a t ed by ioc iden t eiec t r omagnetic waves , the dispersion curve, in 

the fi rst suhrange 
· w 

O(W~--..l!- l ies belo1o' the light line. Unfortuna tely, 

Rt 
f t he in t e r face be tween £1- 1 or a plane electrow~gnet1c wave incident on 

<2 . b tbe cnmnonen t of wave nt some ang le e the r ela t i unshlp ctveen ~M"" 
l ' 
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I. I' 

I 
I, 

given by 

" ~; n - ---- (2.19) 

to :J line ste l Jet" til "' n the ligb .. 1i1l"! en Fig.( .... 1J 

8m. :.e.: ... {, t o "j .e Ten-im dbo\"1,;! • h.: ligh t lir..~, t herefol"e SPlP can' l 

be' ~en"",r ated. 'rb'; S ;'lWk2'rrd di ':f': cu iy can be over --:cCJe i n an ATR iiya te:n 

as f~r3 t P\'OfJoserl by Octo f 10J and subsqucntl y by Kretachmaun (11], 

fig . C~. 5) . (\4" 

~~~z;: 
t ·0 

['i;~ . (~ .:i;. s. re':Jc~;lm8.nn t'risfQ-1"IP. cal-Ai r AIR Configuration with an ac t ive 

fil.l. of t .,:..c..,-n,'s'l h depo5ited on the base of the pr i81'11 . 

t~l.., _i .J ~ e 'll 3 tick 1:0 Kre t aclm.ann ' s Sc hele, which proved to 

he I ... c: Cl'!' .... ;11c:;.t :.0- Olract ir.al usc . Light incident , through t he pri sm 

on to th~ ;>r .i.<:::m-met:..l f ilm interface at angles greater than the critical 

a."1~"!.... 9. . i f; r. :: rlllD.~ly t:o tally r eflected back out through the prism: 
1cL~ t 

n ' 
2 

n.1 

(2,30) 
t 3c: ell ::: arc s i n 

HCJw~ ¥>..: • • un::leL" .. .-.. ....... i ,.I.t:rnal re f lection conditions t her e will always be 

3n elPuolt"ntia l':' (' C'..:a:' ing ev '!.ucscenc fie l d extending i nto t he utallic 

film. The totally reflecc;ed wllve has a component of .... eve nUlZlber 

parallel to th~ s urf ace now is given by equation: 

• ----~--
(2 , 31) 

\ '(oec f,',g . ~·2) in the small K .; r ":0' respondin g dispers~o, curve.. 1M 

tc< ' l' 'h I ' 'rhe evan" scent · ... ave , created by 
01.0n !.f:'S only belo"" che i lf, t l ne. ... 
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I 
I, 

- 0 4Y _ 

{ I .. ~ ... n :'1. ~n l.; pr isn .1ctl'::Illy exis ts 1n the r :tog e <:J 9{l0. 
3c.r1 l ] 

tr:.~ ':If fPll' rlOa! ~:lV I! nuabcr (in OX directio:l) asscc i a Cl,;d 

h(> '" 'ill escen': wa',,~ 1s 

-: i{ < "II 1£'"1 
"= -1-3 

C -----._------------ ( 2.32) 

, .... r t e3pon:fs to a reg) or. ahove the pri sm light line . bUl below t he 

Fr om a prac t ical po i n t of v i ew it i s ev i dent t hat. prov ide d t he 

:in (or 5S )f :-hf' me t allic f1:rn 119 s ufficie ntly small. t hen t he evaneecent 

-leJJ [:-om the p rism can rec:ch ~ h p. air /meta l fi b in te r face and SPI P 

t£ y.c~ t ~ . . Energy from rhe inc i dent vave 1s then used to s t imulate 

s'..Irf<.ct' .Jav:! l'<!s\.ldn~ i 1 ., .e",~enlng of the reflected in tens ity 

'" \ I{ -"00.:.1 

r.::t u,:; con~·,d.c(" a T-M ~lolat"l za tion incident f r OID di e l ec t 'ti c mttd.h."l. 

J ! "'~C; t', \ at ,"n-an? 11'~3 to t he nor.nal of the l'1edium 3/me tal Ulm 

i"'t.·,f"f'i! ;g .. ~F' +!'; 2.6) . Tr.c magner t c filo!; d 1n each lIIedtuI" My be 

(A +1" Y ;.e ~ y (2.ll) 

t{7.3 .. 

tsiOl. ... t.:e ".;u...weJ .. I s Cur l equatio'l wlth. J .. 0, tha: i s 17XF. -c aE 
~ 

3t 
the corresponding t angential cooponent eJel ~ri(' field dis t r i butions a:-a 

gi.ven ~espec ti ... e:y fo r th~ till:-el: llIed i8 "j 
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i..(, Y 
I! .. , 

il 3l\~1' e iK:,/ + ~l3l e -11'3/ 

WI: ) 

.i. \K }. -Wt ) 
e x - ---- .(2 . 34) 

ilK X - Wl) 
• x 

. ~ 

Fill. -',v J _ , !.u~ .. r at:..an of the two i nterface IIIOdel f or an ATR system 

tel Pri~c-Metal-Air ( PMA) confi~uratlon . 

AjJp .• j.lr. > [)f\' m,la::y cor:.!~. t lou ~ at Y .. 0 and Y --h j 

\ .... A ... ", 1 ) t> _ 

. -

B itz h 
2< y 

~tcw. l'quat:L:m (2.35) and (2.36) 

.. 
"[ ) - -'l 
£J 

, 
z 

(2.35) 

(2 . 36) 

(2.37) 
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- 51 -

--- - - (2. )9) 

ell h :-dlt;c tion coefficient at , the i ut elface of medium 2/ medium 1. 

t<::ult:inl"ing equa t i on (2 . 37) by 8. 
K 

factor -1t and adding t he r~9 u lt wi t h 
£ 

'K , :~. , -I .\. t __ ,v ~ .:..y 
'I _ ;.J~ -. 

. r j 
j -

Oiv i din~ eq-..H:i.ou ( 

'K 
,~ .:, i 
- -- .. , 

j 

K 
he tor .11. and 

-; '2 h R [ ." Ko 1 e Y + 1. :..L _ ..::1.. 
f j (2 

-. 40 , ty ~qua~ i on (2 . 41) 

<) 

iK h· • 2y 

r esults ; 

i i< h 
e l y 

-- (2 . 

f r o:u the res ul L 

UPiill equat. ", , . 39) , e::ullion (2. 4: N O be Arranged to $!:ive 

(2 . 43) 

0 , 

. , (2 .44) 

:. 41 ) 

.42) 
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iq c!1€; :() e fb.ci~nt of re f!~ctiQl' 'I t t he Inter ":ac e of medium 3/rIl{:d1ua 2. 

r is co~ff1c:u, t c1 ~'eflc('t ion for lned i um 3. 

Qua o t..i. t i·!s I 2l , r 32 an(l r c all :,e expres sed i n t erms of i ncident /lobl !! 6
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E 2 - -1 s i n 63 J - . ',; 
~qud t ions (2. 46) and (2 . 47) 

-------~--

(2 , 46) 

( 2, 47) 

--- - (2 ,48) 

E 2 I 
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.. _------ (1 . 49) 

------- (2 . 50) 
(2i~ 'r 2 . ) .i + L , ... r 2 e 0 t" - :: 3 sin e

3 ' 0£. ~ •• 

/lote t ha t r n J t32 a nd r are c omplex quanti t ies , and i n experilMnt i t is 

the reflect.mct!' R"" It l2 
"'hich i s de termined . 

2.5 ~icaJ Resul ~~ 

As .In exanpJ e .11 ~l. ust'. t\f the ATR te chnique fo r t he SPI P excitation 

dat a for sod I'lL (a go01 f!"ee e lectron '!Ie t a l . \Jh ich has a comp lex re -

frac (i v_~ .L Ode)" n 2 .., 0 . 01,4 + 12 .42) was used . The COlllput er simul a t ed 

sc:m aud a fixed frequency ican 

Table 1 I...Cn ,'&ills ... I: r uncat~d copy of the da ta file s howing t he inte rest i ng 

partB of <'I fixed "aol l e scan • ."or Vn.sD,-lIet a lfll~Ai r Structure using a 

. . ..... "'. It1; u; ... d. appropria t e. to sod ium. The graph obta i ned 

o This scan at 60 shows a deep 

t',l nimurn in tlle refl e c ted 'n t ensitv at Il frequeocy w/~ -0. 57. ~'hh 
p 

cc crespond ~! to 
II ')1 1 R t ha t is at • oligh t l y l oW'er fr~que ncy (see a PtH.f! n 21 ... ~ 

Chi CG cO..l.umn ill t ne tabl l" L.). '~~he di ffe rence 1s due Co cbe perturbat ion 

by t he pr ism of the metal/air int e r fac e . 

As a seco'ld e xample. a t runc~ted s e t o f results i s dl s pl 'Ycd in 

tab l e 2 tor a fixed [ requene: scan. The g raphs <- b-- a i ned from t his datA 

is shoWn c.t - f" "' 
-- "':1.gure L. • • 
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It ~ .... :-o b e ,: ~(..I tht't the r eF l e cted ~nrens1ty i n th~ fourth 

!'!h 2. m Kh lits oJ ehnr p fo c al<. "I.t • 12':> which is t he critical 

config"'!!'-,. :ion a u d i s dl..~ t,: :."Ic f ac t :hat triP linal medium 10 t he sys t em 

is Au :.Il.ch 

, 2 
.. I r 21 ! 

An e}..Dminatiotl o f t he t d r d colullIn con t8ining 

cevC!a l::! 2. very l a r ge peak nel'l t 4 1° corros pondiog t o the 

launchin g; u f a ~lIrface W:lVe 8 i:lSociated with t he me t al /a ir i nterface . 

Note cha t t he reflec ted i n tensity s h o'M's a W1in i lllUIII very near . t o t his 

anglE' . t he shif t i-Iein g du e aga!n t o t he fact t ha t perturba t ion occurs 

becaus e V~ realy have a coupled system. The degree t o \lhi ch t hi s 

per t ur;'s tion occ urs iq .." :'..1no i"n of the film thickness . It i e possible 

to det:erdr.c t he opt i tnlr.01: va lue of baud corrospondi ng w/w f or which R+O. 
p 

As a n .;!xamp l e o f s u '.!h oppo r tunity \Ie prepar~d figures (2 .g) 3nd (2 1'0) 

in whic h t: he. f requency cut've becomes very sha r p and the R min · 0 
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TABLE I . F-! :w.. p .., 5nQ: e ,c .Hc 4a t l(lI. Refl ech .... t' y o f PRlSM-r:PAL ~lL"-AJ R I t r uet 
81 a fu nc t l C,", o r .he nor frl a l ,:o e d I flcl dent f reQu6"cy . Rat - 1~ the 

,.efl tl ct l "' l~ Y 0' the PwI $M / METAL fd M ln tarfaCI!H R21 - Ie the re fl ectivit y of 
METAL lAiR lnt~rf ~c~. Tn e ~ng 1 e o f tn t! AT~ s can Te .c- 60 degreaa 

Re h -t l ve ctl e lcct r i .: perlflt H tvd l e s: PRISM - £3- 2.25 , METAL t il", - E21 ( \I ) , 

E22< .. d . AI R - E l .. I . 
Thlckne:l~ o f t hE; ~ll M }oj • • 04 M1crOf"l~~er:. . 
8. 381 9725 25 67E-+i 5 Hz , reh)(a tion O M!: Tau" 

ple l~e frequency Wp-
1. 005932081 "[-14 sec . 

--------------------------------------------------------------------------
w/Up R2 1 To tal r e f l ectance 

--------------------------------------------------------------------------
1.1::-6 .999~76341S09 1.000 37159662 . 88047395079 1 

.090001 , 93 413 1055 2955 1 .5552 10 45039 . B69103716-4'3 7 

. 18003 ' .94047 420 2 187 2 .51882248753 .8787 107793 17 13 

.27000 1 .948764BS38 1S 4 . 5 1.&.41171474 .695&91395757 19 

. 3G000 1 . !J56SBS8118Z9 10.0539988904 . .908 153856989 25 

• • • • 
.43500 1 . 96 3 12?778 141 29 . 1701862487 . 903651770634 39 

. 45000 1 96425 4.6 14904 3 9.6566971 917 . 89a83084S8 11 31 

. 46S001 . 961:)35 2327785 57.122416416 .89138095200 1 32 

. 480001 !.=I66 .4 ' 701602 :! 89 . 508806710B .879988 1S1923 33 

. 49500 1 . 367,' (,89·17S99 160. 29£14 4058 . 862398996631 3' 

.S 100Al . 968". 48 53052 8 365 . 92888 41 18 . 83 ... 603369888 35 

. 52500 1 . 96e4 16283523 1-457. ~53S 94 28 . 189382132 .437 36 

. 540001 . 97031528 162?4 7521 . 79345258 .7 14912895797 37 

. ;5500 1 . 97 12588081 3 8 901 . 24544344 ,692150260562 38 

.57~00 1 .e7~134g922 3 1 273.526575918 . 4954796340 49 39 

.58500 1 . 972 98 2 140764 127,966090293 .5259271185 1 .0 

. 60000 1 .973B0 1{)53353 73.364392 1614- .668102897844 " 

.S 1 50~1 .97 45925 46 973 47 .2773954259 .787919S0122 . 2 

.6300~1 .973357 44- 7648 32.8641032323 . 8581295 11243 .3 

. 64500 1 .976095 583589 24.0888097073 . 898961 450695 44 

• 
• • • 

.6S 00~ 1 . 976 81 017958 1 . 
, . 18.3617548936 .92338623537 ' 5 

. B 1 0~~ 1 .9827 53222042 3 . 33142 988724 . 976643432098 55 

, 96 0001 .986988381 8 19 1. 2359 1977197 .985 164027 118 65 

1 ,11 000 1 . 990039023208 .598545378843 ' . 989344787862 75 

1. 26000 1 . 59226 452 126 --.3341 17933587 .991979549061 85 

.. ... '000 1 . 9 93901Z76S483 . . 2040 19366569 .993791698303 9S 

-------------- -~- -----------------------------------------_ .. ------------
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TABLE ~ . f-lxJ!!o nO~ · .1B11 te d frequency C& l cu j ~ t lo n . Re f hc lvity 0' PRIS>4- rtETAL i Ii.. 
I1-An ~truCture \'!I> a f unctloT" of t hl!i I nC i dent e"~le.R3 2 - 13 tne 
r ",f Ject! Ylty of the PRI SM/METAL ~1l1'1 Interhcel R21- - i,& t he r eflecl1nty o~ th~ 

I'IETAlI.~IR.nt('rf a :; e. The f r'eQ. of the ATR !lean w/ W}- . 382 ... .!cU:\ec 
Rela tive r!: td e d r i c tlU" l"!l ttl v l he!!: PRISM - £3 .. 2 .25 ,t IETA ... f ill'l -E:2,i lod-
_5 . 84628 17042 ,E 22 (w) - . 212578870129 ,AIR - EI .. 1 . 
Thicknl!i :l :l of the f11 l'l H • • 04 "llcrOMehrt plB~1"Io) f r eQuency IoIp" 

s, 3819725258; E + 15 Hz. T • 100583208114£-14 sec 
------------_.------------------------------------- ------------------
Tet.! (dog) R32 R21 Total ref lechnce 

------------------------------------_._---------.-------------------------
• ,96 7858965534 .974499371602 .677776998447 I 

20 .9654572 43788 . 970399395708 .659782534977 5 

36 . 960997 1B9305 . 961)297853665 . 62599 1 i 39039 9 

• • • • • 
36.05 .9';0992735032 .95027775 1031 . 62604.(302 11 4 , . 
37. 15 • ''E060741i3SEt . 9E0936946689 . 6287750646 18 32 

3B . :ZS · '!F0358328S85 . 96 0~2:c ! 26 1 8 . 636157 131225 5. 

39.35 "tie ",571S9 1BS . 136209999798 1 .652666 '45083 76 

40. 45 · r,SS7657037S 1 . 9GS8.50, Sa3S . 691682S55938 'S 
41. 55 .9:::94858S36BS • 9~230996 8 ':i 1 9 . 8165921 50038 ". 
42 .65 · 9:3~2: '365\ 436 5.5"5591 E,S 123 .9780 17995094 142 

43.75 .SS8 :3bgl%Za4 17.22929 183 15 . 964375983$\7 164 

1.4.85 . 958'7367<.9076 5S. 968005 ; 784 . 3141370 10827 las 
45.95 . 9Se32468sa? ZSS. 1;172f!3:; 139 . 8000 177781 17 20S 

47.05 .9S83355 16777 3'170.2602 4'/11' . 691 980572604 230 

L8 .15 .5;8" ' ';~--::i:.1: "'.65. 02S 457783 .G911. 935453403 252 

}. 9. 25 • 9SS03&5E .5ci'75 14" . 2!19?14B~" . '1446038672 45 27' 

50.35 .9S?93~10: :;3 39 74,27879 t.7<\53 .79976133232 4 296 

51.45 . 957662832886 48 . 35861158 .82076531 9316 31. 

• • • • 
52 ,~5794· S69.t1 1 4 ~. 9 t21 91"329 . 6331 42742012 329 

66 .9G IB5\36~2179 d. 34 1 17225286 . 930999933053 336 

e. .975321"35409 6 .79104970606 .970'77089832 3' 3 

----------------- -- . --_. --------------------------------------------------
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... , ••• t' ... .. ." 

L!··e o! S? lP fo r !e t eTOlouti on of t t." thickness and Oilti c.aJ 

CC' <,! .. ~ t ~mt ~ of thin metallic f il'D.s 

The op"i cal prope'tt .tes of a Dl@tal li ~ ',1- can be h 
~ c ara~teri%ed by 4 

frequ e .,cy deper.dent complex die lect ri c c.ons t ant £'2(w) c I · c " ( 
• 2 +l"'l aee 

cqu . O. 24b) . Among ruany op t ical methods [ 12J , [ 13J , the SPlP techniq ue 

is part i cularly s uited for the study of £2(w) a few hundred ang.trams i n 

t hi ckne ss. In many s t ud ies a prese t expression for E
2

( .... ) is required . 

That ] S ,... .')nd 'r values aT!!; to be known. lIowever. in most , casu a preset P 

exp r ess ion for Cz (w) that includes the contributions from the int er band 

trun~it ion i s impossible . Therefore a method of uetermining c
2

(w) and h 

at a r,y gi ve n frequc ;1 cy without a prue l E
2

( .. ) expression i f> needed. Such 

met',,:! is de~cribed .i.n the ~x ticlc r3J . The basic forru l as and the con-

cept a re as f a llows , the geometry of the method i s sbovn on fig . (2. 5) • 

... it11 the, angle of incidence of the external monochro~ti c pl ane wave a 

close to e ATR ( o f att:enuated t otal r ef lectiol1) the minimum reflectance 

R , 
n12_>. can be approxi ma t ely express d a.s 8. f unction of 6 .. as [ 4J , 

R , 
nun 

h 1 (K ) 
lor m xo 

'1 (K J) m x 

( 3 .1 ) 

(3.2) 

With K given by eqn.. 0 . 31) and eqn . O. 32} and Kx1 given by eqn . 
'0 

(2. 20) and K :II K + K 
x xo 'xl ' 

Here K' of the SPLP i n the Kret3cbmann can-i s the complex wave vector x 

figura tion (see fig. (2.5 ) and Kxo ::5 t he cLOllplex wave vector of t he 

SF . the absence of t be prism (semi IP at t he metal - vscuum inter:ece ln 

iotini t e case . describE'd i n chapte r 1) . 

- 59 -

K is ~he perturbation 
xl 

to K 
xo 



• 

1 ". ,.,'."" di!Etcr~:~'o:';t in.·,,· " ,'r' . ... ... ........ f'~ ' Qt jl', 

---- (3. ;) 

wi tL 

(I.·m 

c~ ... d\.'::~:_~-rmi ne £. 7 (Wj and h of a IIletai rUfIi from ~ oca.il!l 'c,..1 1\ \l't.riH'~~o\o­

,I;"):"''(.~ t'J trl2:!:l:; fi tt.ing. A. t h.e dAti, vi. t b It g;1vt':n b;i t!W\. (?.1~ 

3.,), ol, ~.uKgestf!d m.xfificarioo tN t.he eethod f<lX' tOt. liactJ-Otiinbtinr.. "J 

({W) £m.,i b-o. 



, K 
ora x 

1 K 
on Xv 

• '. r 

on duo> l.'~ het· hand. il om equ. (3. 1) 

ml.n - DUn 

1 K +1 K. 
III XO rII xl 

1.~ 
- ~ 

13 . 6) 

0 . 7) 

O+R . )+2JR-:-' 

l-R . 
nun 

• -JR' 0 . 8) 
1+ mi n 

The CllO ic:e of algebra i c sigus in eqn. 0.8) shou l d be based upon 

the phys:!.ca l sense of which i s clear from eq n. (3 . 2). i n t he 

limiting case 1-r+«> 1mKxl should vanish. giving 'l -. Thi s result 

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

numera~or a.ld the denomina t o r ) are 4sed witb R. ---1. Thi. case 
mln 

would be denoted a s '\.+. In the ot her limit i ng case trJoO, the 

?el tUl"b;lli.on I K 1 preva i ls over 1 K , t heref ore " -to. Thi . 
mx mXQ \. 

result f "110 .... 5 from eqn . ( 3. 8) i f the l ower signs are used , with 

R ° .. 1. This case would be de noted a. '1. .. 
m'n 

Thi~ consideration of the limi t ing ca se s s ugges t t ha t t here 

must he a B~it c h f .orn the upper case t o t he l ower case a s h c hange 

frOM OOlo 0 , This a brupt c ha nge occurs a t II 

The qualitative graph foe nL .. , (hl is shown 

.. II ,when R . 
opt mln 

a t fig , (3 . 1&) 

, 
I 

11-- -----'-. 

'1 1~ 
iL...-::: -------

N , 
·----__ L - h - --- -

Fig . O. ley Illu t'l tration t o tbc switch of s ign oprt"a t ion . 

~ o . 



. l t h :~, (: I-e _p Hom eqn . ~ j . 8i. U . 2) , (3 . 7), (J . t) and 0.5/ 

I K , K 
ox. 

r K 1 m x 

" .. ith 

E. " .. 
2 

; m "0 

~ 
"e ] . . -

cose
ATR 

2 

( l+rR:") 
-~ '~min 

w rc; - ] K (J . 9) C ~ xo 

('3 . 10) 

whe r e the upper sin (+ ) 1.S fo r h> hope' lind t he lowH Bi gn (_) fo r 

h< h 
opt 

At II ~ hR. O. 
opt nun 

No .... using eqn:>. (3 . 10 ), (3.7) and ( 3.9) we can derive a forlllUl a . wh ich 

i s use f u l fo r t he f iual step for de termination of h. 

r K "" ~ We ~ 
ft. xl C 4con 7ra ( " ~) .,nmin (3 . 11) 

where t :1C con~lention of algebraiC"' !.igns is t he same as above . 

Eqn. ( J . l l ~ g i ves t he expa..:lmental ly measured values of ( I K l) •• 
til x , xp 

'lhp. theorecicdl value of (1 K l)cheor . a8 a func t ion of h i& given 
n x 

b} eqn . ( 2 .20 }. The nume r i ca l so lution of the equation : 

IImK, .. ] ) (h» h • (1 K 1) . . tear. m x xp 
(3 . 12) 

gives t he expeL"imentally deter mined t hi ckness h of t he metallic film . 

3. 3 The accuracy of the method 

Eqn. ( 3.5) shows t bat e ' -2 e ' 2 
(9

ATR
) , t herefore 

'At ' I • ae ' 
, 2 l 2 J heAIR ------ (3. 13) 

a0ATR 

Whe re 6eATR is t he expe rimen ta] accuracy o f the angular measurement of 

the res onan t angie e Af RO Pe r fo rming the differentiation of eq n . (3. 5) 



.h-. -.e_' ,tive accurac .... of 1::
2

' dt ,e- ; na , ,'on can b d -.., - " .. ...... , e expre s s e 

at " 
2 I 
~ 

<un 

-- (3 . 15) 

where f1 We' 6R. a re e xper i lDeocal acc uracies of measurement ll f or half­m1n 

wirith of t he CC 90nan t curve nlld minimum of r eflectance respec t ive ly . 

(3 . 16) 

a £2" 
! 

( + Jp:-:-) E12E3 tane -. - ml n 
1<1-<J.in29) 2 aWe 

(J.l7 ) 

We 2 . 
3£ " £; } £ 3~D.na 1 

2 + 4 (~1-£3s1ne )2 
. . -oR 

min JC m<n 

(J .18) 

where the convention of the algebra i c s igns is t he same as above • 

Lett s norma lize eqns (3.16) to (3.18) with r espect to 

<k " 2 
£ Ii ae 

2 
• 

at to 

2 '" ~ 
< "awe Wo 

2 

. .. 
2 

(J . 19) 

(3 . 20) 



) £ I 

2 • 
°E"'h"O:;;R-. --- • -

2 ml"'l 

- (.,' ~ 

1 

2 ~ 
~ :lIio 

(3. 21) 

!-;.-:.:lce, s ub:i:itu ting equ'> . (3 .19) t o (3. 21) i nto eqn. (3 . 15) t h4! 

r e l a t iv~ accu r acy of t: " de t erminati b 2 00 can e exp re ssed aSj 

" I C E , 2 - ' E . 2 2 
~ M2 1 1':'1- 3810 e .... .. 3~nn eCOS9T' / 
~- '"' I s i nOcos " ( 'iO- ~ sin2 , l!.6 Al'R" lIwa + 1 A Rmin 

lW \2r. 0+ V'7' )1 
{"min -rrni n 

(3. 22) 

The r &> lative ac curacy of h determination \0188 determined by numerical 

procedur e as the desc r ibed i r the next paragraph. 

3. 4 The Conpu t er Program 

The bas ic idea of the cO!llputer program i s represented on Fi g . 

O .l h} and O . le). The program f irst simula tes the valuell of e
ATR

, 'We 

and P. a s i f they w~re measured i n an idul experilDent wi th out any 
m1n 

in~ trumental e rror (~e-~~ AR - 0). These va lues of eATR, We and 

R . a r e n amect a s " expec tt: d exp4!riroental values". 
mUl 

Wi th an expe c. teJ exp\?; r imenta l value of eATR f r om eqn. (3. 4) it 

is possibl e t o f i nd the va l ue of £2 ' from eqn. (3 . 5). Note that , 
exp 

!:i inc e. i n£>trnmental er r or M i s neg lected , the r esul t might be .ffect.d 

I)ul y by thf' app rox i'mation mad e i n the t heory. The calculations and 

compa r is rnl wi th the exact va lue of E ' 2 t heor 
given by eqn. ( 1.24b) 

s how that 6£ ' '" £ ' -2 2 thear . 
_ £' realy d ~pend8 upon the f req cency 

2 exp 

used. The following results were obta i ned . 

f 6E2 'J 
\ E;r thear 

(

d E '.\ 

E/ J theor 

( w 
ii 

(~ 
. W 

P 

" 

- 0 . 05) - 5. 7% 

- 0. 1) • 1. 47. 

I .C2~ (~ - 0. 3) - 0. 2% 

\
E ' W 

2 hear P 



I 

he 

- 0 .... -

WPUT 
OF 

Detennination of the exact 
t.1eor etical values of 1;' i.nrl 

eqn . 1. 24b 2 

J 
For a given va lue of h 

£2 wieh 

K' and ImKxl m xo are determi ned wi th a subroutine 

"Filmdisp" (eqn .1.32, 2.20) 

1 
e:xpected experimental values of SATR ' We and R 

min 
"'oulld thro ugh eqns. (3.1),(3 . 2) , (3.3) and 0 .4) --

1 

are 

For t he f ound expected experimental value of eAl'R (h) and 

given W, the val ue of h 
op t 

i. found wi th a subroutine 

"a -h" 
pt 

(eqn . f or R) 

I :;2 'I i . found wi t h a subrout i ne " £ accuracy" 
21 . 

, 
, 

. 

/h<~- " subroutine tJo I ' 2 I is f ound with a 
. E"" 

/ 2 "E
22 

accuracy" 

yes 

l*' II subroutine ~ 1S found with , 
(: 2 " a ccu.frl~ . E22 

i , 
·~.l(H:t~ diagram of. the 

• • • . Ill ) 
computc~ yrogram (to b~ cODtinue • Fig. 0.11» 



, 

I 
- -:.--.,-_-e-,,-n-.-'(~-~l" (3 3). 3d<t 

v<Jlu,s cf ·',UR..Ja Rm1r,' the experiu'ental ", ... lu,! of h is found. lilt: 

p~OCI,..' " .. ' 10'-0 ... \.:5 a subro~tine "3if'E-ct" f'rom the nUIller1cll llnalysis 

. hnn.' ... ilic,i find;; the ro<..t 0 1 1;1. function (l IC) • - 'I j{ ) 
m xl exp M xl theor' 

I ~h..'e C<,: ' I! 70). (: . ll!, the 3uh 1.!llct ioll nF tH) . a suLrcuri ne " !'11 1l1 

d!9p ~" 1:1 which 1';2' a nd £2" a re cal culated a s experimentally 

det (rmined (see equn. (3 . 5), (J . lO ) ) 

--------------~-----------~ 

hexp as a function of 

he.JCp 
ATR. 

Awe • dR Is numericll .11y 
mIn 

calc.ulated and s t o red 1n arr ays Dha(*). Dhl ( * ) and Dh
2

(· ) · 

The total e rro r is stored i n an array D
ht 

( * ) 

Ne xt h 

----------------~----------------~ 
PR INTING The .graphs of At:2 ' A£ 2" • hexp ve r sus h 

-,-.- ".-
2 2 

hexp 

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

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

Fig. 0 .],-) Block diagram of the comput e r program. 

This frequenc y de pendence becomes clear if we cecall t ha t eqn. (2 . 2) 
, 

~ ~ va lid only for E2" «1. If we check thi s ratio at the specified 

Ic ~ I 
frequ~ncie9. W~ , e t . 

I(II i 

2 ' 

(~ • 0.3) • 0. 04 
W 

P 

O 05) . 024· ' 2" ( W ' 0 . 1) . 0.12 ; 
• • ..~ W 

2 p 



Si uce the va l ue of E' . 
2e xp 15 us ed 10 the subseql...ent ..... alt.l ... tlNl. 

,f " 
'-7 exp and Il the tirst conclu!.ion can be exp made. 

foc .1. (: c u ... acy of t he method has a tendeJH.Y to improve a s the 

f rcq l1~n c y t,row from 0 upto w** (see eqn. (2 . 2A») . For frequc nd~& 

~rea te r than w** the a ccu r ac y aga in starts to deteri or at e because 

the perturb a ti on ter m in cqn. (2 .13) becomes comparable to t he 

bas i ..: term . milkin g the SOlut i on (see cqn. (2 . 20j ill valid. 

The fi rst try of . t he 
pr ogram wi thou t any inscrumenta l elrot 

.1.11 010' to ~stimatt:. t he acc ur acy o f the mathema tical soft IIlIre used in 

t ht:! method . The e rro r s made due t o a fi ni ce acc uracy of thE' soft 

wst~ we'll <'al l II sn f t l<fsre e rro rs" . I t i s cl ear that the I !If'f rwllre 

er r ors' in 
determi nation of E:2 , . E:2". h shou l d be always less 

than the e r rors whi c h o riginate f r om fi nite ins t rumen t<ll accuracy. 

Tb~se Lltto:: r error s we'll call e..::perimenta J errors. For a pUJCt1cai 

liS P t he i nst rllr.:len tal e rro r clln be taken as 116= llw '" 5", llR . 0 .01. 

Thotde va lue ::; are used i n the second, third. forth and fifth tr i.e" 

of the p r ogr am , when a ] 1 parcia l experimental and a t ota l experimental 

E. rrm· s are cal cuLated . It is neCessHry t o underline that the 'St' t ' ''' ,1re 

e rror 'is ah.-ays i ncorpora ... ed in t he cal cula tion of the experimental 

er r ors , and f or this reason it must be always c heckea first. 

3 .5 Analysis o f the Methods Accuracy 

As an examp le o f the k i nd of results obtained from thi s program. 

data for sodium 



~ ~ , ~ -U7 "15,, 
'" .... . Q!.J/4J ... .,.,l XJ..l IlZ, r '" 1 . OO.l8J:081.l'" ~(-14 .' ". 

r c. r.:. '(l.ve :'I·de}. 01 the ptl.SI'I was laken ;lb, n \ 3 1.5. Ihe 

3l: rroUl .. hng :oec i um '..la s ;ti r .... ith 0 1 • I , T ' I ypla re <3 u 1c.z ,Ir~ "hm,r,'l .. , 

tlg. (3 . L) 0 . 38), (3.3b ~ . (3. J c) , 0.48) , t3 .4b) , and 0.4.;-) 

Fig. (3.2 ) s hows thal ].s indep 20dcnc frllln h .... hiLh 

is understandable sinc e ReKx.; us ed i n eqn . (3 . 4) does not depend 

upo n h . On the o ther ha nd the comp a r i s on of t he cu r ves at f ig . (3 . 7) 

.... ith the values 
6< • 

of 2 s hoW's tha t ; the theor e tica l error i8 r oughl y 
l£iltheoT. 

3 t imes bi gger than the expe rimenta l e r ror due to 116; O. 

ConciUS lon 2 

~t i ~ reasonable to perfor m the me as urements for t he detc r-

mjnation o f 6
2

' only fo r normalized fr equencies no t less than 

W = 0.1. Por less freq uencies l he so f t ware er ror rapidly gr ows 

" p 

br ingi ng t he t c t al experimenta l e rror t o" 8% a t W • 0 . 05 . 
W 

P 
The mos t st riking re s ul t comes f rom Fi gs . (3 . 3a ) , (J . 3b), and 

(J . 3c) a t wh ich 6 " t 2 as a function of h i s shown for diffe r ent 

E" 2 ex p 

normalized freq uenc i es . 

The figures s how that. a decisive contribution t o t he total 

• eY;e rimental e r r o r comes f r om a partia l expe r imental er ror due to 

. 'R In particu lar a t h in 
an l11St rumen ta l e rro r 1. n mea surlng . • min 

the vicinity of h whe n the va lue of R . "*' 0 , this partia l 
op r ' ml n 

This result is p.y.~erime n ~a l error. exhibits an un l i mi t ed gr owth . 
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also sut;pcr ... e d by el'ln. (3 . 18 ) whic h shows that 11)£2"1 - 1 

'R . ~ t!ll n R . 
mln 

I he I so~ twant'Hror l f o r t he used f r equencie s h. s t he f ollo\ofi.ng 

vah es 

11£ " ( W 2 
orr- iT - 0.05) - 5 . 7% 

2"theor. p 

bE " (...'! 2 O·ll • • 1.5; 
E" W 

2 thear . p 

6.£ " 
'wW - 0.3) 2 • 0.2% 

E" 
2the or . p 

Conclus i on 3 

It i s meaning less t o perform the measurement for meta l filma 

with t hic :mess values c los e to 

mos t ly upon wand r unges f rom 
W-

p 

<': onclus i Otl 4 

h t The va lue of h depend. 
~ ~t 

400Ao-750Ao for O. 05<W <0.3. 
Ii -

p 

Par meta l fi lms with thicknesses ot her than h , + 100 the opt -

r~ J.a t ive e rror of de termination of (. 2" ranges from 17% at W!Wp"O.05 t o 

- 2% a t W/ Wp .. 0.3 and h > lOOOAo only. For M hopt-H>OAO and W! Wv- O•3 

the error has a mi~ imum of - 7% at h - 600A
o 

and rapidl y grows for leu 

th icknesses. 

At fi gs . 0. 4a), (3.4b) , and (3.4c) the r elat i ve error IAh.1 
ITI .. " 

as a funct ion of h wi t h norma l ized frequency as a parameter i 8 shown . 

Si nce h 
exp 

i s determined using 
E • 

2 
exp 

sod 
E n 

2 expo 
i t i s the oost 

. at accumu la~ed 
affect~d because the errors made a t all pre c eed~ng s t eps e 
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growing to infinity a s h .. O. It happe ns because the aSf;umption 

IK I« IK 11 in the pe rturbation approach (see eqn. ( 2.la» ) taUs Xu X 

a!:; h....... For thi.cknes ses grea ter than 1500Ao . 6!L.. also grows due to 
h 

exp 

the growt h o f the pa r tial error i n measur ing R i ' At theae big 
• n 

thicknesses R i +1. whic h requires an ac curate distinction f r ail mn 

the unity. 

Conclusion 5 

The measurement o f the thic kness of the IDetal fil. is reuonable 

t o perfo rm i f lOOAO ( h{600AO. 8.50Ao( h<1200Ao at W/Wp ,. 0 . 3 vith 

the rela t i ve err or ~ 0 .5 . 

i.f 250Ao(h(500Ao with r e lative error '" 2 . 5% . and 

600AO ( h<1250AO with re l a tive error '" '0. 8% at W/Wp • 0.1 

480Ao(h<1400AO' with rela t i ve error'" 3.5% at W!Wp • 0.05 . 

.. . 

• 



- 75 -

SUllImarx 

1. It i s shown t hat radiative SPI P ca n ex is t at normalized frequenc ies 

nighe r t haa k' f or strong absorb i ng medi a. Prac t i cally useCu) f ling. 
1i~ 

of W 1 might be lOO<w t <5. 
p p 

2. The energy tra ns porta tion pe r formed by SP I P consists of t wo flows: 

one in the dielectric me dium. t he ocne r 1n me tal. I t i s shown that 

f o r O<w< W the two floW's have apPOSitt! directions with the net P 

1 £1+1 

fl ow in t he dire c tion of t he flow in the dielectric aedlulII . For 

w>w • both flows have the same direction. p 

3. A dispersion equation f o r SPlP 1n thin metal fHIIIS was derived . An 

a pprox imate so lu t ion of this equation was s uggested and tested . 

4 , The method of determina tion of complex E(w) and h of aetal or 8t.mi-

5. 

conduc tor f ilm wi t hout a preset expression f or dw) was IIOd1fle d . 

A f requency range O . l~ Ii 
w 
p 

a pp licable ·is es t ablished. 

in which the method is practie, l ly 

6 . I t i s found that t he method diverges for E
2

" and h determination i n 

7. 

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

a s h+O. 

It is found chaF.. with i n the s pecified f requency range 0. 1< W ( W'** -- -W W 
P P 

t he accuracy of determination E
2

' is not less t han 2% . The accuracy 

of determinatio n - II d h d dB upon the thickness of the £2 an epen 0 

and can r ange from 0 .5% t o 2.5%. Thickness less than lOOA • 

Ci1.o 

grea ter t han 1400A o • and h + IOOA 0 s hould be excluded reHaLle 
opt 

lI.efl8U:r: ,! ments . 



- 76 -

e. Comp\I ter progr.:lDl capable o f ; 

,malys i.ng dispe r sion properties of SPIP (s emi- i nfin ite case) 

a na lysing po wer flows in SPIP (semi- infini te case) 

s imulating ATR model 

fin ding an approx i ma te 801utlon of the dispersion equation of 

SPIP in .:l thin f i lm 

de t ermining the values of t 2 ' . £2", and h f r o. experimentally 

measured BATR, We and R
min 

as s essing the accuracy of the method 

W'a s de s igned. 

· .. 
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A-l 

Ar,r ..• , .. o!x A. Ca lcul ation of t erms in t he Ta-lo r '" 8.r1 1"1"_ ~ '" ea expauilloll 

of the dispersion eqn . (~.lO) 

From eqn. (2. 14) it is c lear that 

f(K ) . 
xo 

whe re 

1 • 
, 

r 21 

,. (. KG + E K· • 
3 2y 2 3y 

c )Kiy - EzKjy 

K" .. i K 
2y 0 

K' ' /K
2
< -3y 0 3 

- 2iK0
2 

h 
e y 

< + jEt +t ' ( t _ t ) 
3 1 -32 ' 3 1 

£. 3-1 £1£ 3+£2' (£3- £1) 

-------

------

'-[ ~ 1£ 3 + E2'{E 3- ( 1») 

I - (Ci +t Z' ), 

Note that KG is real for O~~W* and 1a 1uginary 
3y 

Eqn . (A . 2) shows t hat f(Kxo) • O. 

( A. 1) 

(A. 2) 

(A. 3) 

(A. 4) 

(A.5) 

(A. 6) 



.. 

[;:-O!.l -, , !I1 . (2 .14) we have 

. , 
aK 

x 

K xo 

a 
aK 

x 

K 
xo 

A-2 

-21K2• h • Y + 1 ..­
r 2J 

K 
xo 

K 
xo 

e-21Ki h 
Y + 

(A. 7) 

but f rom (A . 2) . 1 - 0 which results the second and the third teraa of -. r
21 

the righ t express i on in (A.7) to be zero . 

where 

K 
xo 

a ( 1 \-
aKx -;;11 

-

a \ u
v

) ' au v -uav 
'aK aK aK 

x ___ x~~~x~ 

v2 

with U J 
2 2 

- EKe -K 1 0 2 x + 

au j aK 
x 

v • 

K 
xc 

-

• 

K xo 
K 

o 

(A. 8) 

(A.9) 



The t e rm 

thus 

U 
aK x 

l~ . ~) I 

K 
xo 

av 
aK 

K 

x 

xo 

K 
xo 

A - ) 

K 
van i she s 

xo 

1 • (£: 12- £: 2 £: 1+£: 2) 

V K xo 
2Ko £: l '£:2 £: 1' £2 

(A. 10) 

equa tion (A, 8), (A .lO) , ( 2 . 10) and (2.4) i mply tha t 

K 
xo 

which results in 

- 2K 
o 

_. t, 

1 
o 

r 23 

- 2i KD h ---- (A. I I) 
e 2y 

(A. 12) 

.. 
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• rll,"+,'i l :~hi=h det erlOl t nes t h~ a ccuracy o f t he SPI P I"Ie t hod 
rl-'!I P,M·ll:::u l :.'l r ver~ lon is oe!! ! gne d r o,.. nO"'l"Iell iad ',..eQuency w/ \..p. 05 

tJIA ..... ~2 ( 300 ) ,uew l Z( 0)00) ,Der 22( 300 ) .DeZ2 ( 300 ) .HM 3B0 ) .Ol ( 300 ) ,0" , 300 ) 
or :"'l Roo ~ 2 I. F _( :2) , Err ( 2) ,Oh ( 300 ) ,Dho ( 300 ) :Oh H 309) ,Dh2{ 300 ) ,Oht/3" ) 
OI f'\ I'1D( 3/110 ) . HI ( 390 ) ,H2(300 ) ,Ht{ 300 ) 
IN1EGEP Sc re, e n ( 1: \ 02 4 .1 :36 , I : 3 ) , 5cre~n l ( \: 1024.1 :32 , 1 : 3 ) 
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(,OM fc.<p / E2 I e .E22e 
,.Or fH.' Te t i! ,Wt ,R!"! 

• , 

II. 
, 20 

'l0 ". 
' 50 
,60 

COM i Er r l T eta e ,~ t e , R~e 
COM IH_op tJ Hop tM t ! COII'Il'lon Optt ... a l thickness 1n ' l'Iele,.. . ' 

". 
80 

' S0 
100 

2' . 
170 

COM IW pl wp 
(.nM fTau i Tau 
COM jl,JI f.J 

COM , ..... 1 I( A li e ;o, p 

C"Z . 998P S 
P t - 3.J41 ; S2S5358979 
I 
ft -S/36Vl0*Pl/1 80 
E",, "Et 
Er - .01 

230 £\"'1 

Speed o f Ugh t 11"'1 ""S 

1 Exp. error In l'Ienurtng let.! (i n r~d ) 

! Ex p . error i n I"I tu"urinQ ha lf-width Wt (1n r ad) 
I e)(p . " er ror 1f'1 Plcuuring rtinll'lUI'I Reflect i vi t y 

240 £3 "" 2 2b D'ielec: tric perf'l dtlvdy of 't he GLASS PRfS" 
ZS0 w.,-S.38i':l7:S2587E+ 15 Pla !ll'lo! Frequency for SOOIU1"1 ... 
2S~ T.,1,.'o l . ~oJ;~320a l : 41:£ -1 4 Rel~)("l1 on rl f116 fo r SOOIUI'I 
27" I &OTO 3160 1800 131 60 2850 1 1800 " 
280 LOACS'J8 £22l}ccurecy FROM "EZlacc , " 
250 I lDflOSUS ')l l",dlSP FROM -F I" 
30~ I U1I'IC SG8 f21a"cur;ocy FROM" "E7 fa c c l " 
310 lOAC3lJB ~2Z<!ccu FROM E22ac cZ" 
220 I LOM05U& ~e fl FROM • RPHA3 " 
3313 l Ol;CSUb ~r I :: FROM "RP/1A3 " 
3413 LQMSUB Fr23 FROM "RPMA3 " 
350 I LOADS",£; t:-e ~ FROM " RPMA3" 
3", 0 I " LJAi)£UE (rpt_ h FROM ' Op t _h "-
3;0 I LOAOS!..h3 b.l.:!ect FROM ' S1l'1ed ~ 
383 I LOf' OSUB FNMd)l; FRON dMCI .< " 
320 j _. N 

410 , 

'2. 
' 3S 
43 , 

M·· l 

l l'iPlJr "i'-'or rrla llZed f r equency Wn· " , loin 
Wn".3 

INP UT "No N\ N2 ~ No Nl N2 
PR I NT N~, N ; .N2: ' A tte~t nUl'Iber" ""I f'! 

! Counu ~ Ii~ nuMer of aHlIl'lpt 

". ' 50 
W-Wn *Wp 
E2 ! · 1 -Wp ~ 2 /(U~ 2+I / Te u ~ Z) 
E2 2 ·1 /( W ' T au ) ' Wp ~2/( Y ~ 2 + t i Tau · 2 ) 

f ~i IrtdiSp ! E"2 r 15 neede d or 
' 60 
'70 
'B0 

I ,-, h II " iflde.IC ! COUI'!t5 t e tH'T T 



• 

• 

• 

.... 'T'1r" ~.' _. H ~~reo·i;r' · --.-- --_ . 
:10.1 ,. j\l. 

~)\o .. 5 
51£ 
pJ 
53~ 
;J~ 

s~. 

r: .. ~ 

5 • ,e. 
SlD 
6~l 

61. 
620 
630 
640 
65. 
6517' 
670 
68. 
690 
70' 
71. 
720 
730 
7'. 
75. 
76. 
77 • 
78. 
750 
a00 
81. 
82. 
83P. 
84. 
850 
86. 
870 
880 
pr 0 

9<. 
11 0 
9 '. 
930 
13( 0 
95. 
S60 
97. 
980 
99. 
1000 
10 10 
! 02~ 

1030 
)~40 

1050 
1060 
1070 

~ <0 - - "'-it:; . 0", ,"t "or ~~/I'liinfl.ni't e e."o 

• I 

10,1 -, lr~t oroer eo,.. ,.. e cbon to I(xor fo r It ,.,~ tel flh oi flnlt~ thld " 
)« \, - ii (·~ t orde r corr ecti on to 1()(01 for e fl1 1'1 of gLven 'W 
,,~: F£AL p~r-t=>f 0)( - wovevector lor e "'et~ l f111'1 of th lcness 'H ' 
!{~: - IMAG. pert of 0)( - :.Ievl!:yector for " Metal f dlll of \ hlckneu oM' 

~:JTF f ll,L:... t~AVEVECTORS ARE IN NORMALIZ ED FORM f II 

Eid"V ,c\1/Kll ~ 

PM",\-4"EtaJ!, ": +Etl'l / "2 I E:r·llecteo e"'pe rll'lI!mtoJ 'vo tU!! of 'R" ln' 
!<:>l -<Y.xi · I,JplC I Non- norl'lll lL 2!!ld vlllu e ~ 
Ti:! t d· .. ,\SN iK "or/Wn /SORIE3 ' ) I Expected e ... per l f'l'lentttl Re~oMnt angle I n red 

wt"2·lo' x. "COSiTeto) · c/W/SQR(E31 IE)(peC:l ed Halt- wi dt h o f the rfi~onan t curlie 
Tn t'"'l~ ;.If" :!ceedl n~ pllr't of the pl ogr ll l'l the expect etl e>(p~r ll'l e ntu lil'l luu 

:, f j e te , iJt ,R I'1 were calculated. The foliol.HnO P<lIr"t of the progr<lll'l 
LS Oi[lSe.(l e ,-.. clIJSl ve !y o n the &e e)(per l l'lentally de tern l nerd va lUe! 
haTE. THAT THESE ARE EXACT EXPER IMENTAL V"lUES 

I .. .. ......... . ,. . ......... .... ..... . .. .. ... . ...... . _ ... ... . .. .. ..... . ......... ... . . . . . . 

• •• ~ .. ..... . ... <i* •• 4: ••• • c ••••••• , •• • ••• • • • ••••• • • ~" .......... . ....... . .. . . 

If=' No--0 THEN Teiae"'Teta 
I r- Nl"'-0 THEN wte"Wt 
IF t~2-0 TrtEN R/IIe-RI"l 
tF N~"'+ l THEN Te taeaTe ta+Et 
rr IJte",UHEw Nl- .,." THEN 
IF Rl'le-RI'!+Er f,,:"+ THEN 

IF 
IF 

No"- ' 
NJ --' 
'J7. .. -1 

T;.;EN 
TH EN 
THEN 

Tr:tae"'Tei a-Et 
WhoroWt-Ew 
RMe"'Rl'I-Er 

1;' R!'le<0 THEN RMe- l .E-8 
s~p; r~ (T e t3e ).5 IN (retee) 

e71 e~~1 6E3 ~ S2/ (El -E3·S2 } 

Or r J )"DH J ~ -Dl! j-I ) 
lr O~(J» 0 AND J)I THEN 
If:" Orl ! }<.. 0 Ti1EN t(--1 
IF J-, T>i[N K'»-! 
Prod-Dr( J I . Or( J-l ) - .. 
IF P~~d(0 AND J>2 THEN Hoptl-H 

Experl",ental error i~ i ntroduced 
in linn 1 4~0 - 1520 

! in ' rad' 

! Ex periMentelly found E2 J( w) 
• 
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~. 

1 ' 
1:' 'i't 

-, 
" 1""4" 

.:l 

" ' 

~, "" 1 
, . 

'~'" i.. R 

TH E" ~J C"Ll 
jHEr~ ( 'iLL 

':'1 ..... '90 THE'" f'C'~"I. E' 3 
-, 

~ . t 

;. ; H 

~ 2~ ,;J!""cu ' Te ' "I I.It RI'\ Et ,ft ". E I C 
E2 .. tl ccuracy, Te t" loll "1"1 r l' .. 

, , I', ..... t ,C'" t r F 

~- r-!'''' f' p) 1 

I' 
I ~ I) 

~ ~~O 1-11·0 ~NO N:'jl!! THfroi OhUJ)"O 
~ ;'t'[l 1-11"\ 0 ~NO N2 u 0 iHEN Hti;J )"'ii 1 Totd l 'J"''''o~ 

., . 

n • 

t 0 ,l~ll "'1' 0 tiM) N2"'0 THEN 011( J )"'0 
r:c -0 '\'dj r,! "'11 h MO ,'12"0 lHEN Hh( J )"'H ! E"' ''' or of the ... ,'th. "OJeJ 

\.",~ 

~, .. '~. 0 '\'·jD ~~ 1"0 ANiJ N2"0 l HEN Dha ! J )"Q 

I· .r l- ,r,:; Nl"'"0 Af.O NZ" 0 THEN Ho (J) -H I Pertla ~ er,..o,.. .,.. ' Tet.' 

,< 
129~ 

lJlJfIl 
310 

I f ~IO'-"vJ 1'1 '111." "i i ;0 nNO N2"'~ THEN Oh 1 ( J )'"Q 
If" JO~e Af,' r"' i ~ ~ AND N2 "'0 THEN Hl/J )-H 
F .Ii.o'"'';") I\~D Nf ""iIl AND N2 ,)0 THEN Dh2{J '_Q 

If .' ",I> ;ND Nl"0 AND N2 {'-' 0 THEN H2<J)"H 
1 ~~?, J ~ -, 

1.J31il n' ,oJ .i c 0 ..,1',0 H<580 THEN H_!tep-Z0 
1331 H· I-j, St?0 ... ,..,.c: rl060 T tlE t~ ."U~tep .! 0 
I '4 ~ !I - 'r'S "NO H 790 THEN ri_s tep"3 
135'.1 " t1<..:)1; '13 THf N H_ s tep"3 

Ijr;" 1'"1:"0 ~e "' ~lD 11·"75 r."ID H<?95 THEN ru~t ~p".3" 
1J7~ tF ... S0~ Aj~D H 950 lHEN H_step"10 
~e0 p:' 'i .. 950 ,.,NO W "1030 THEN H_51'!lP"30 

'39 F ",' eo" '"EN "_, t '0-&0 
1400 u." ~+I-' .~ ep: ! f:) 20 "'4€N 520 
!.t~! M-M ';' i 

~E~p 

1 4~2 

1403 
l~C ~ 

40= 
i4 '0 
1 ~,""l 

ln0 
1450 
1460 
14"'01 
'4&0 
, 4':0 

, !~JP'_ ':;~!l T"ri-. ] f lEPa 1 h~ fl the progr!ll"'l l S repeat ed for new No ,I'll ,N ~ 
:~ ~w J T~EN iA. ~ 

. eo 
,1 0 -. 

1530 
'0 

, 5S€ 
I· , 

,B0 
'~2 

. S~0 
Ib '0 
lb":~ 

If=" "! ""'S l rlE~1 0130 
BEE f-' S0e, s 
~~, C:. 

I :~ ~22.:" ;:~2:2 Z:2~222:?27222222222Z:Z2ZZZZZZ2Z2T12ZZZZlZ22 222nn~2~;:~:2~:!2 
'222~7L: •. 2?2~. 2Z:2Z7?~?22222 2222222222 2 222 Z:222 , 2222 222222 2 2222222,2 ~2 2~ZZ 

..,. I ''Il ":" 
~f!. r; 

[t,& 

l !!R :M 
lSIZt: _' 
1"0"r. - t;"""' 

MC C R:= i..'; r r \IE t: ;:;RGR 1 n EZl( 101 ) ' 
LCI1- (; 
M(JIJ€ 7.' ,:':( 

Lh3E" r:-t r1 :J...jfCfIliESS ; I n. ' eng!i t rol'l ~')' 
I~Ot t ~,S 

'n det e,..~ J n~ t!on of £:2(w) ¥ :..4f1EL F '1,:4 ""l; DeO~ndenc e 01' r- e Jetl ve error ~ 
MO,lt , ~:.~ •. ~ . . j - , j , !J"e error 
I '~ I!I partla ' .l" iL L ~'lC.i n~~'>$ cf !'lelaJ f l1l'1 . Curve r gl ¥ee 
'1L.E (',5 

nt l! ng le, curve In 11etHIuI"H1Q tne r e,one 
" - ' 



163,\ 
It 4l­
I C~'~' 
Itl~0 

\6':'0 
'IiSG 
1&'30 
\..,"!c 

171f 
I 10 
1130 
Il t0 

17S0 
1760 
171~ 
1780 
1790 
1800 
181 0 
1811 
1812 
1820 
1930 
1840 
1850 
1860 
1870 
18'! 
IIFl 
18&0 
1990 
190{1! 
IS~I 

1'302 
1510 
1920 
1 n3~ 
1~40 

1950 
JC 6~ 
1970 
11380 
l~q~ 

~00tIJ 

2210 
Z02 11l 
20}0 
2~4 0 
1050 
2~6e 
~ll 70 
-090 
1090 
2100 
21 10 
2120 
2130 
214.0 
2150 

1'" "E .- '1 
'- ·,bE t!:n . '.u.rv~ ~ - 1n f ~! 11 

f.. ' .. .:. 

Ll-ldEL 
MOvE j 

t't ~I 3 
1...,Sc:'. 
IKhlE ii:,91 

PE"N '" 
U~BFL 'fr·; .. ifr' 

1101.'E 115,:F 
PEN 7 
I.ABl:L ~ Cur'le 4' 
l'IOJ)E 46,60 
LA8EL ~cur, ~ 4" 
MOVE 1'2 ,3~ 

PEr! I-

L~B£I cur \0 e 1·' 
P'::-:-l ;; 
I"'OVE. Sb.31 
LAB£!. ·cr.; .... vo: 2" 
r.lJvr 126 32 
l f"'6EL .: 
MOJE sn,se 
Pt:N ~ 

L/"o 9£L ::..r·v e 3 
"1(J'}t 7.: :;'"3 
tAI=!EL .,:~ ., 

~ Ef\. r:: 
vr[ .. 'flJ;T ie>.128,25,1 00 
w!NDOI.I ··SeI,i 600 ,-.01 ,.175 
~>£5 lde .. 00s.e~0.2.S,2 

~. tJ.,!f-I'JF'" '3, i ::: ,~B . '?·Z 
A:,l_S 10,·,e,0 . 1,I,S 
V~~wP;R~ 1~' 15.7:01 ,::8 
A)(!:.S 10 ~h? .{!I0S 0,0,1.1.5 
VtEwPO~T 10 128,25,100 
PEN 5 
CLI P 0!=' 
LORS 6 ,-
FOR :.~ T0 i4S0 STEP 20 
MOVE!,-.~~3 
LABEL li51.G ~ #,H · l 1 
NEl<l J 
LORS 8 
~OR £0 TO .5 STEP . 05 
i10'JE ':::S, 1 
~:,dr.L U: NG ~ :,.UO · II 

";EXT i 
~·O\.'E 1 40(~ ; L5 
~~8El "E: ~'-' :E21 
f',Oljt;. ' 4>J0 . 1 175 

C .. 1r (e 4 

! Horlzon t ed de l e ting 



/-1 ~" 
',3 

• 

., ".' ,. 
.~.: .; 
.:30 

F ... ( "I:"'-lE22 

.) 0~ 

,. ... ; t1:: 'J Z:40 
t-t • ,!)c:t22i J) 

;~"" 11'--;<1 
. 2 :;~ P[NUr" 
2260 PE.N:3 
2270 'uR J'" ~ l' 300 
Z28C I. ,Nt: .,. ot:. I 
Z 9C 1'=' .Dt:'w":: (.' > ... 0 THEN PEf-.jUP 
?30f1 PLO i H ~ I i O~w22 ~ J ) 
.!10 !~Ex f .; 

Z3~(i f'E,'l JP 
2730 PEN 4 
Z3H3 FGD j-i 1C 300 
23S0 UNE TYPE ,~ 

2360 r ~ Cer2::! J '''' 0 ''iEN PENIJP 
PLGT H·IJ),Der2~(J) 

'IE :-.1 J 
P(NUP 
PFN 7 

FOP J" I IlJ 300 
I. IN=: .... PE i 
~ IJe'2{" ..::0 THEN PENUP 

P!.Co - d \ l' [l !> .:2 1 J I 
/Ji;)(- j 

~ENlP 

PAUSF 

! 

• 

~ 370 

2360 
2:390 
14e0 
2' Hi 
2'20 
i'1'" 
(440 

2 .. 5~ 
2~b~ 

l170 
24;J0 
24Q'i) 

~S00 
2S q~ 
~S2e 
:530 
2540 
2~5e 
~S6~ 
')570 

:SSIi' 
,5913 
2600 
..:f)i0 

ZG:e 
2630 
1640 
1650 
'&&91 
"670 
168~ 
2690 
27~0 
27 10 
2720 
2i30 
274 0 

J 3 :,j ," ,:} 333~j:1 333 .3 3333 3333333:3333333333333333333333333333333333333333333333 
I :3 '.l3? 3 3"'53 --;.~ 33 333333333 33333 3333333333333333333333333333333333333333333333 
,"'353:' '': 33 ?.'3?32 33 J333333 ~33333J33333333~ 3 33333333333 33333333333 3333333333 
GI~:;r 

r:~ [LE 
PEII, S 
IJE S 
L:J R ~~ 

M l'r ~.f: 

l,"F~l ~ lE ... IiT ~Vt ERROR in ' H'· 
l..DIR 0 
MeV&" -.~ ~2 

"""~c. . t. !u~ TI-' ICKNESS i n (ang5trol'l:\ )" 
I'lO:)( ~ 9 
LABEL ~"'l.g. 3.4 De pe ndence of r e ! etive er r or 1n Hli ck nes, on Ihl ck.neu of 

MOVe: ,g,C 
lA8El.· .... c t31 Le fll~: Cur'vl!I I' wi ve :! e par-iiel r elati ve ~rror dlJ e t o' 
MQ,/c ! e -, , 2 t n' 
LAI.:'EL 'flnlt ~ c'!.ccu racy i n Meit:!urlng the reso,M:nt angie , cur ve -
MOI.'!:. i I 0 LA"E . h t ot a l re i all Va er r~r, 

~ L · 'ulf -wld t h curve '3 _ 1n ~"'lri, curve 4 - t e 
MOllE j'? ,98 
LAB£L "E:'>" ";E:! 
r-!OVE' 1 2,85 
LI\8EL'E3 ... E'" 
PEN 2 . _..J 
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... 
, 

'1 (IJF 1 
, - 07 

2 '15~ 
-!'" -et 6 e- )' etd )· 3600* I 80/P 11 ~, • _t ~'[;. 

'1 
B, 

~b· ., 
~ 

:; .. .:i 
"',J 

: ~ ~) ~ 
la .. ~ 
: S~H' 

.:::':3:-
Z9,z,0 
?':'10 
:92e 
"930 
2134 0 
2350 
2950 
2570 
2960 
299~ 

3~00 

J0 1J 
3020 
303~ 

Z-~4e; 

3e4! 
30.1. .. 
3Z5tJ 
':;0G!~ 

30"'0 
J0B~ 

30S'b 
_1100 
! I i ~ 

! .:~) 

3130 
3140 
~ 1 S0 
:<16~', 

jli0 

.HSe 
~13" 
'2~0 

" .)!- , - 3' 
• 1'-"" ,~\. '- -J-" 1 , ~ ~t" -I,.lt 

PEr . 
'" ,~ 3' 

;'£F f • IR Me-PM 

A E' ·1:._!( \1.' ... · : E,'j 10- .. __ 

1 C~·';. 7to. SJ 
L Vl~l- ,. E.:: 2 < w } .. ' :£:27. 
v,.;!JF 71;;. ~'j 
L·~&F.L ..J , 1.,Ip" i Wn 
dO\-.'; 38 5S 
po.. "I 
LAB::l to 
MOtrE i 04 !ill. 
!..'19~L " 4 ' 
MOVE 40,16 

PE'" ': 
L,.,8El - 3-
l1 !)dE 78. ~0 
~ABFL ::; .. 
~O'.f }~ 4_ 

PE,>j J 
l"'9Ei.. "2' 
HO,,!F ""8, 4; 
L A5t:l 2" 
M0VE IZ1J ,4S 
1..,1'-8'_. ':.-
"v)[ _'1, .)5 
p~~ ... 

' .A8£1 
;'F, 1 
1':)\,:: 1 

fo8h 
,37 
/'\ 3 th . M"o del' 

...,.,~ ( '~-rCI' " 

r,A/l (.!i\ ,40 
Dh 
! 1);::-' o~ 

~ .. AHI... "0 __ ... • 

'.JiP I'l 
PEt. ~; 

'·36~0 . IS0'~II· ·' · 

.)~10 tJ E ... Fr:"r lC , 1213,Z9,10 eJ 
1~2B WiNDCw -10 /700 - .0~el ,.0125 
'l;2:!0 AXES 100,.0005,0,0.5, 5 .2 
n~0 CliP OFF 
32'=0 LORG 6 

)2£" f.O R . ""0 T' (I 1600 STEP 200 
3270 MOVE !. _ . 00025 
3290 LABEL USiNG ·~.t< .• ; l 
3290 l~E;q r 
:'300 L OR G e 
331;a H)k ~ "'0 ro .05 STEP .005 



-' , 
.·3.1 

, 

I 
' 1 

, 
~ jr. 

I 5:'· 0 
33f _ 
j3~~ 

3t" r 
.34 0 
3~ i 0 

3430 
j 4~ ~ 

34 ':)1, 

3460 
64.~ 

"'"4& 0 
"34'l0 
3500 
JS01 
3510 
352. 
3530 
354g 
3550 
3560 
3570 
J5e~ 

35'::10 
36W~ 

35 1G 
3B2B 
3630 
3640 
3G50 
366e 
36 ;'Vj 

366. 
3690 
3700 
?7le 
3720 
3730 
3740 
375" 
3760 
377~ 
3780 
3790 
,.,100 
3rj 10 
3820 
3830 
3840 
~aS0 
38 Ei 0 
3370 
38B'IJ 
'lSq. 

... i.: , 

Ai-I:.: • I"., ;! .COO · ll 

, E' 
t- 'j 

.J ~ j " . .} 

IF ~ 

' ~ ~'l-'1 " 
~ Er:L~ 
, .. -........ ":!! 

r , H.:r FLO T Ho J) ABS, Oho i J)) 

a . , 
rD? 
Jr 1-' 

,.. 1 il ~~~0 

.• ]:.'" lh€ '< ?LOT Hl l Jl ,ABS Dill J) ) 

Nf l J 

P::NuP 
fAu', E 
f"fN 4 

! Par l ~ i err or ;n W 

F0R J"'l ro 300 \ PartIal error In " 'II 

H· ''''8S { uh~IJ ' , ) 1 7HEN 3520 
TF f\BS(Qh2 ( J) P ,~2 AND t1 2(J») 1350 THEN 3520 
I F H: \ J » 0 THEN PLOl H2 ( J i ,ABS(Oh2U i) 
NEXT J 
?EN\JF 

PALiSE 
PEN .,. 
rOR ..! '" '0 30'03 Tot ,, 1 error 

! F 49St Or,t ' .I JI . (') 2 ANO H2dl :· 13S0 THEN 3590 
! F Nt{ J L fa THEN PLOT Ht( J ) ,A8S<Dht( J» 
NE AT 
~EN\J~ 

PE"r-. ! 

U Nt: ) PE. 3 
FC}? ) "" 1 to 300 
IF 'ES( OhtJ) ) l 
IF Hh " j ) 0 THEN 
NO r .; 
PENOjF 

lHEN 3660 
FLOT Hh(J) , ABS{Oh(J)) ! IndIca l e s 

er r or of , 
only the co~putatlo"c 
the c o~pu t ~r proor 6~ 

PAUSE 
, 4:.4 44 .~44 4 441-4.4 4 44 44 4 4 4 II 4 4 44.4 44 4 444411..4 4 .4 4411 4 4 44444 444 444 4 ';444-'4 44 ( 44 4£ ... 

I 44 411444444 t. 4.4 44 44 444 4 44 4 4 4 4 4 44,( 4 4 444 444 4 4.444 4 44444 44 4444 4444 44 4",4 .4 44444 
, ¢ 4J 4 /0 4 4 4 44 44 4 <144444 4 44444 4 44 4444 44 4444 444 44 .1 444.4.! 44 444U4 4 toU 4.£4 .4u <t44U 
I .. 44 .;. 444 .4 4 -l- 4 .4 4 44 4 4 4 44 4444 44.4 4 4 44 4 4 4444 4 4 44 41 444 444.1.4 &4 44 44444 444 ~ 4 U 4·U 

CS! i t: 3 
FEN 5 
DEG 
l om ~ 0 

C': SilE j 

MU<IE 3 .61 
Lr"\BEL RELATI VE 

., 

ERROR in ' H'" 

LDIR 0 
I'lOI;E 70,22 
LABEL 'FiLM TH I CKNESS 1 f) ("nQ!ltrofllS )" 
MOvE 0 ,9 
LABEL ·· Fi g . 3 . 4 
MOVE 18 ,6 
L ~BEl ' en t he thl ck. ne~ ~ of the l'I ete Jl : c fil M. " 

t'lQVf; )12.88 
I_ABE L "EI"', ' IE l 



, ~900 MOVE t 12 ,85 

;~~~ 

~~." 
l '0 
.... S~· 
)qt0 
.:.9·'~ 

Ziler' 
3fi9t.1' 
4.)"". 

4~1 ~ 

.402~ 

4'G~ 
.4Mvl 
4{)S'3 
40b0 
4J7 ~ 

40S0 
40S~ 

410~ 

41 i0 
4120 
4130 
4140 
4 \~0 

4i 60 

, '. 41S0 
4'90 
4L~-: 

( ;: 10 
.tZ:fJ 
4230 
42 /.0 
42SJ 
426{1 
42~\1 

4]!:'e 
~,: .{j 

.:'4'" 
4JIlI 
4~20 

4330 
4340 
435~ 

436£ 
H7~ 
-'380 
<:3521 

''',(, 

4 <:1 ~ 

H~0 
4130 
44 40 
4"50 
4460 
.. 470 
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