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Absiroct

Surface plasmon-—polaritons (SPIP) which can be excited on
dicieciric/metsl (dlelectyic/gemiconductor) interface can be used as
highly sensitive non distructive probe for the determination of the
dielectric comstant e{w) = et (w) + Le"(w) and thickness h of a metal

semiconductor) film wiihout a preset expression for e(w).

The theoreticai background of the method [3] is based on the
solution of the Maxwell's equations which provides the disperssion
equation of SP1P at the surface of a thin metal (semiconductor) film
and its interpretation in terms of attenuated total reflection (ATR)
characteristics. The physical sense of the zolution is demonstrated
through the power flows and the field distributions of SP1P and other

possible excitations.

It is showa that for strong absorbing metéls (semiconductors)
low radlative SPIP can exist at frequencies higher than the plasma
freq?ency Wp., The analysis of the approximate solution of the approximate
solution of dispersion equation for thin metal (semiconductor) }11m [3]
established & well-defined limited frequency range of its applicabdlity.

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

of the film and falls d from W to “0.35 ¥ >0,
f a A rA own I'Oi].] p/{? 44 «5 ‘IP a8 h 0

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

e"(w) and h determination is established,
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JNTRODUCTIOR

The internal degreely of foeedon of a medivm generally excited by
the passage through it of an electvomagneric wave. Infact because of
the medinm, the electvomagnetic wave hocomes a new type of wave in
which the original eleciromasnetic fleld is wodified by the induced
polarization of the medium, This new mode of excitation is known as
a polariton. For example, a photon coupled to the elementary excitation
of an electron plasma in metals or semiconductors is called a plasmon
pelariton. A photon coupled to the lattice vibration in a cryastal is

called a phonon polériton, and =0 on.

Under certain conditions plasmon polatiton propagates along the

boundary of petals or semi-conductors with dielectric mediuvm (discussed

in Chapter I), . -

This type of elementary excitations is called a surface plasmon
polariton (SP1P). The electric and magietic fields of SPIP ave taking
maximum values at the interface wetal or semiconductor/dielectyric medium

and are exponentially decaying with distance from a boundary in the

direction of normsl.

Concentration of the electromagnetic fleld near the metal or semi-
conductor surface makes SP1P very sensitive to minor changes in charac~
teristic quantities of interfacing media (Llike complex dielectric

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

Therefore SP1P constitutes a highly sensitive non~degtroying probe

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

range of frequencies,




Chapter I

1.1 Derivation of SPLY dispersion equation gsemiinfiniie qnedia cage.

suppose ¢ UMW polarization ! = 0, wave 13 incident on the interface

nlln? of two media 2s shown in Flg., 1),
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FigoilJﬁ General view of a boundary between semi~infinite dielectric

mediun dnd semi-infinite metal or semiconductor.
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Maxwell's Curl equations and equation (1) yield in
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where Ex is parallel to the intexface, and Eyfis perpendicular to the
interface. It 1s known from the electromagneticrtheory that an
acclerating chagge radiares a secondary electromagnetic wave in the
direction perpendicular to the direction of the charges motion. This
implies that the Ex component of the incident primary radiation sets

up the osciliation of an electron ar metal or semiconductor surface



X =X in ths 0¥ diveccibn, The secondary rcadiation 4s in the OY

)
direction. 'The radiation in the y>0 direciion adds up to the radiation
reflected from ihe nj/n? incerface, The radiation in the ¥&0 direction

is absorbed by the lind medium.

The EY component of the electric field produces ogeillation of |

the electron perpendicular to the surface, The secondary radiation

. from the electron propagates along the surface. Part of the secondary
radiation in 0X direction contributes to the radiation reflecteq
from the nlfn2 interface and another part of it sets up o§cillations
of electrons in neighbouring position X = X and the metal or gemi-
conductor surface, The same is true for electrons which are situated
below the metal or gemiconductor surface at distances of the range of

skin depth. See Fig. {1.i}

Transmittance of the 0OV oscillations in the 0X direction via

secondary radiation Tepresent a new mode of excitation called surface

plasmon polariton (SPEP).

Now, let us see the electric and magnetic. fields of the guided SpLp,
Suppose therﬂy in medium IT can be described as;

L ~iK, ¥ i(K X - HE) e 3
sz AZe 2ye X ) {i3)

= ¥ " N . 214
where sz sz + isz 3 K K + 1K (the wave vectors) are
describing propagation along 0Y direction aﬂd OX direction (along

the surface) respectively.

But from the boundary condition, H2 - Hlt = J (where Hi s (i=1,2)
is the tangential component of the magnetic fleld, and J {g linear density

of the currvent flowing pavallel ¢o the inteface), if there is no

A
external source, J = @ then
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then Hztﬁ ”1% (%a)

equation (4a) iwplies that there must be some distribution of magnetic

field in mediom I, Supposing that, magnetic fleld distribution in

medium I 1s of the same nature as in medium i1,

P Ky Y iR, X = ) e (4b)
Hz1 Al e §Y' ¢ X

where K, = K vy iK 1 is wave vector that describes Propagation

ly  “iy 1y '
along 0Y direction in medivm L. The value of Kx must be universal for
both medium, since the electric and magnetic fields in medium I and

in médiumlII are to he matchad ar Y = 0, at any arbitrary value of X.

From the boundary condition

n’ (Y=0) ~ & (¥ = 0)
Z2 71

vhich results &2 = Al = A, vhere A ig the -amplitude, Now let us
congider the boundary condicion for tangential components of the

electric Ffielq, Ex component in this case

EX2 =2 Exl at Y = 0,

.

From Maxwell's curi equation we can express Ex through HZ’ that g
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then it Follows
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where £r. and er, = eré + 1e I, are relative dielectrie permittivities

of medium 1 and medium 11 respectively, From NowW on we shall operate
with relative dielectrie permittivities only. Therefore, for short

writtening Yepresentation we shall denote again €r; as ;s and €r, as
€y
Now let us find the relationship between Kly and Kl using the’

wave equation,

v%q = gl a%&z T —— {t7)

+ 3 '
Since we assume that Hf}&'ei(klgr' - W) = ei(kx x+k1yY - wt)

equation {{4) can be weitten ag
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Reaolving equation §8} into resl and imagirary parts, we get:

, .
Kf - Ki“"' = K T, e (1.9)

2K 'K u? cosg (’{

'S 5 e e (1.10)

134
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equation(fsl(}) indicates that in dlelectyic medium I I{l_i.i{l"

Next let us vesolve K' and K" into components

> - -+ + B
[ I N ¥ 13 | I
Kl le 4 E{ly i( + Kly {1.11)
+ + &+
K; = K " + Kl; = K "oy hl" ~~~~~~~~~ (1.12)

On the other hand let us considerx

2 2 NS 2P .
KooK (K + 1K "+ (h1y+:u<ly)

2

7
= x'xz -K "+ Kly"z 2K KRR q&k'

= 12 - 42 - wl _ w2 ty 1 T "
Kx + Kly Kx Kly + ZiK, K cos (I{l Kl)

= K

12 g 0% g 2R R cos (K, K.M) ~——= (1.13)
1 1 1'% 1 % .

Comparison of equation {{l3) with equation {éﬂa) gives results

K. WK =K“4K “2K?E are- (1.14)




Hence

K £ . K/: L e i s o (1.1%)

Similar consideration for the conducting medium i, with

k.1 R %8 ¥y
¢ AR I B 2y v

HZﬂ‘ﬂ
gives
- -3 2 .
Kz * Kz = KO bz ““““““““““““ (1,16)
Or
Ky'2 = KoY2 + 248" K" cos (;'é gﬁ) = Kz € '+ixz £ e
2 2 279 z 2 o 2 o 2

Resolving equation {17) into real avd imaginary parts we get

- 2 2
¥ o L = T T e e ey
K2 K2 KO EZ (1.18)

£

2K,' K." cos (g ! § ") = K Ze e (1.19)
2 T2 2 2 o 2 £

> +
Equation {£19) indicates that rhe angle between Kz' and Kz" ig less

than 7/2, gince 62" > 0,

On the other hand, let ug consider the following _

2 2
Kx + sz = (Kx

1 . y 2 . vt : "y 2
+4 in 374 thy + 1K2y )] .

2 2 2 ,2

ft
=K "7 e R Mg 1t K, "% 4 29K ek 4R
x B2 2y 2y X X

] 13
2y Koy}
FRE K" 4 P A N R e— (1.20)

Comparison of equation §20) with equations (1,18) and (1.19) results

KK, =K 2 4g 2 2
2%y = K 2y TR, ey mmemeen (1.21)
;Hence
e J BB e
sz KO Ezm KX “““““““““““ (1-22)
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The graphical representation for the components of K] aod Kz iz shown

at fig. (i2) below.
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Fig.(1,2:;) The graph of Kl and K2 and thelr components in cartesian

.representation.

Substitution of equations (1.15) and (1.22) into equation (f6) results

21
K2 €& =K
. o 1 X oom e - {1.23)

Resolving equation {§23) for K we recelve

KoK, foo T

x = Ko Fersy o - (1.248)

é»el +52 .

S

Equation §§24a) describes the dispersion equation of SPIP

where K, = wg is the wave vector in vacuum
C = speed of light in vaouum

W o= angular frequency of the source
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For metals the dieslectric peruit;ivity funciion ¢f a free electron
'
model i given by (L.24b) [1}; A medium with a positive dielectric
function is oftern termed a "passive aedivue’, and commonly used examples
of such medla lnclude air, vacuwum, glase, ete. A medium with a negative

dielectric function is called an 'active medium‘and include metals and
4

semiconductors at frequencies below the plasma frequency Wp [1].

QZ(W) 1 p €, + i€2 (1.24b)

W+ i1
= ] = WPZ + 1 wp? . 1
(w2+ ;znz ) | WE (w2+ _5‘2}
which results - 5

€0 (1) = 1 "An_f_ef,w 3oe, (W) = i S
(whec2) we (WPt

P Eom*

Where N is the free electrou density, e is the electronic charge 60
1s permittivity of free space, w¥ is the effective 'masg'and T s the
relaxation time describes electron photon collision.

&

The dependence of 62' and 52" on the angular frequency W is

geen at figure (1.7). -

1.2 The Analysis of  the Dispersion Equation .

4

The simpleat cage iw the analysis of the disgpersion equation 1s,

the case in which the absorbing part in the expression of €y is zero tha
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is 52” = 0. TUnder this case the whole cange of frequencies could bhe

separated inio three sub ranges.

In the first subrange: 0 < W < W from eqguation {1.24a) w2 have’

62' < 0, El+€2‘ < ¢ and KK’ > G; K;“ e -~ (1,255
From equation (f15) and equation {£22)

Kl; =0 ; K1; >0

G ces wp e o

which means that a non radiative plasmon exists,

Let us support this conclusion from the' general consideration of the
energy flow,

Time average poynting vector component along 0X direction is

given in alr at %X=0 and Y=0 by

i gt 7 \
®
sTe ¥R B L Hozi R MU (1.27)
X y e ¢ :
o 1
in metal at X=0, and y=0 ,
I L S & S e "
Sy & ggggy'ﬂoz %10 2 Kt 2 % ] —~={128)

- ¥ "
Hto{sz 2+s2 21

Time average Poynting vector component along OY direction is given

by, in aix, at %=0, and y=0 by

ST=-hr B lp®. Ny
¥ “ e Tox "oz T e (1.29)
Zweosl
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Sdmilavly dn metal at X=0, and ¥=0

7 _
] - I H -} 1 4
0x

1

- cd

fo¥4

The non absorbing case ¢

of derived general formulas,

Suppose that

g H

£
2

2" < Igzil ,

< |(€1+ez
W

\E1+l

Under these assumptions for O<WK
From equation {(§Z4a)

K ' =g j
X (4

K"=
*

Fb sty
€1€2¢

- ¥
§1+52

E1E2¢

el+€2

K
5]

‘See FigiBa) and Fig. {f4va).

[ G K o a3

e > 0

L > La.t-
2 17"

[£2'K2y 122Ky ] e (1.30)

& et £ N
i okaﬁ 2+ 9 21

?" =0 will be demonstrated as a Limiting case

)|

e m

(Note that letter "a" corvespouds to T = 1012%§6€)
From equation (1,15)
K'g™" K & & u4fg™y 'i
K" =m s = 0B 2 (2D gl (1,33
- e 1 f
Kly 2(€1+€2 )2
" - 2.’ £
= ¥ e - = )
Kly, ékx 2K e K L >0 e (1.34)

From equatlon (1,22)

- KO 2&“2"“ ZK}{ ¥ K}("

- H ) )
ZKZY

K

2y

=~ K C2"(EE 1452 J ~(E14E 21 e (1, 35)

1
2(el+£2 )2
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See Fig. {{:5a) and Fig, (f6a)
From equations (L.27) to (1.30) and asing equations {1,31) to (1.36)

. K et
gl . _ "o 1 ; ‘1 f2 Yo J— (1.37)

A e

P 5 < % .
N R T F1521 <0 —eem (1.38)
[ g w"—!‘_'-nei_'j"m—:"ﬂi— e
X 21,-,‘&.0 €2 QUCGLZ €1+E,2'

s 1. - S (ia‘; jf;jfavg <0 e (1.39)

13

¥ e 2(e 4 £'3:
2ue 20+ €0)2
k o PTETTETYR

1 : : - S .

Syt . }_ﬁg}w f“é"—gﬂj’iﬁ‘%hﬁ“}’ €O mermmns (1.40)
o ('1'L2)

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

total power flow in both media, Siace SX” <0, we shall take it as follows:

. A S A S T
\ = +
stot (Sx | Sx Ib I+ 5y wwwwwww (1.41)
where § = § L = § i
y vy v
W i
For frequencies 0<w< , 8 2 st Is 1I])"
;E e y x *
1
therefore,
s =5l 4| L
tot b X ]
s e 3
Ko 182

- % kligl?_i_i j e (1.42)
£ £,.!
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The wormalized powee flow can be expregsed ag:

5 1 i
TP SRS ke 2N (1.43)
xn bt(;t El'{“lcz, l
P SR - R g (1.44)
xnh 3

Seot et ey’

In the limicing cases.

11

S (We0)=1ands
Xxn AN

(We=0) =0

which means that the whole energy ig transmitted through dielectric
medium I,

W

W
2 } =%, and Sxi; W= _B_.) =ak

g I (W =
xn £,+ §3m$f*

1 1
which means that the net transmitied energy is zero,
(See Flgdi8a)}
- 1 e b ]
€, sl( £, )

s i i e e (1.45)
-y
2{&1 £ )

S
yo

In the limiting case (for THn)

bt We ) = l.,_
yn ( ) ZHPT

€]

The case W = o can't be considered since
El+1

2

sz“ << (El + 52') condition becomes violated.

The general behavior of Syn can be seen from figures@?aj and‘gs*a}

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

and (1.33) -~ (1.36) is shown at Fig{fs10a),

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

e

€2 + €1 » 0,
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Yor the idezl case g?h = 0 Lrom equatlons {115,220 andi24 a}we get

03 K 0 K'"=0

5: = ( H L\zy

¥
Ly KZy gf

which means that all incident energy is radiated from the interface
t
99 > 0).

The algebraic sign of {1; and K2; should be always the same in this

either in medium 11 (Kly < 0, sz' < 0}, or in medium I (Kl; >0, K

subrange since £2' < 0 and equation {f24a) to be wriiten as;

K ¥

Ay L F1 For €,"=0 case.
T T 2

2y 2

For the general case (52” # Q) in this subrange from equation(@&&a)

e TR AN Sy

H i
S e [t A0 N i ST e (1.46)
£.F g4 57 F Ay E LE
1 Fa 2050 (5 2}
. VRN |
Ry @K 1772 ) 2 0 0 srmmrmm e e (1.47)
) ek e, f
i Z
See figures {{3a) and ($4a)
From equation {fi5)
K ' 3 * K ZEWiTﬁﬁK&bﬁ; = ¥ K £l *
1y o 1 % O e e (1.48)
| 2
KM= (2), 2R 'K"™ = + K e en ge e ot
1 X x . o172 i 2
Y x SRt S — (1.49)
t . t
ZKly 2(61+52 )
From equation ({22)
' S .H 5 ¥ €
e -3 7, 1
Koy = él{o I T CONF 10 N —— (1.50)
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See figures{ﬁﬁa) and {f6a)

From equations (1.27) = {1.30) and using equations ({46}

K
0

4+ K = B et
-i&i

M (€15,)

BN £ £
2we e+

AT,
$F

2

51 =
y

2&560
2
Ql(mﬁzt)
Cartar  epufeyen 97
; L] tt 4 ~
ZWEO (e2 2+ €, 2).2.\51+L2 3

equation {(1.35) may assume negative and pousitive values

value of 52’ in the given frequency subrange. That is it ig negative
if e,' € - F1  and positive 1f ©,' > - %1
2 " 2 3
For wg <W <L wp the total power flow which is expressed by equation
€l+1

II‘

Where Sy » since

S
I y

have oppesite senges as it may be seen from

The approximation is true because the power

becomes proportional to 52" which is small,

Hence

3 e st .

(1.51)

- {l51)

(1.52)

P

depending on the

the power flows In 0Y direction alway:
equations (f52) and {{53).

flow in OX direction




Q = - - (1.56)
Lot
Thevefore the norwmallzed powsr ilow can be awxnrvessed as:
I = g L4 e s -
Syn uyn =] (1.57)
i PO T} - w:y;-:.:-:!ﬁ]
an = i, étl.( ¢y } | :
Tt 3 ) s .58
- ¥ o ]
4, ( €y ).(Eliez )
(Sin is the order of l0‘3 1n the widdle of the subrange)
?#—wm»u! \
Lh e egn dey (50 0 (B#2ep") < s b e t2e,, -
Sen ” 2 1 2 L xa (L 7720) {t-59)
N L P e 1
4&&2 ? (leaz ) { €, )
i1 ' ' W
The sign of an depends upon the sign of (€]+2€2 ) term. For p
) =
S £ +1
< WL Wp . __gm: it is negative, elsewhere it is positive, 1
c1+i ‘

The results discuyssed in equations (L.57) -~ (1.59) are shown at

figure S_{i'ga}-,{t"}a}-andggffg!} )

The field distribution of the excltation that exists In the secon
subrange is shown at figures l{a and 1f*a. They correspond to the sanmu

frequency W_ = 0,70732 but different in scale in the direction normal

W
p

to the surface.

+e

Third subrange is W > wp in this subrange 5?' > 0 and ¢ >0,

172
For ideal case Ez" = ( from equations[ﬂiS),{{QQ} and (1.24a)
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which means chat all the incident enevgy is vadiated out rhroush the

secoid moedivm, since B < O and Kny' > o,
P

1y

In the cage E?” # U, buc s?" <e,ty e " < e

From equation {{24a)

. B €. BE . N -
K" = K 121772" %0 oo (1.60)
! l'_‘.l‘f'Ezf
K" = K| FIsfar | exegn oy (1.61)
1 1 ¥
‘ £1+62 252 (sl+€2 )
See Figures {f3a) and {f4a)
From equation ({15)
¥
1 - e - i 5 - 0 X R Y o T >
Ky, ‘gxbz LK, KOFl <0 (1.62)
e
éLl £2
"o ] (L . e B e g
Kly ?x ﬁi_ + LD 61_2 L1+€2 >0 - (1.63)
- EEIGRTR T
1y f‘Fz 32
From equation (22)
v _ i 1 - ’
sz = \!aozsz - K2 = 4 Ky B27 >0 — (1.64)
e
sl+e2
2"
K ng’n_a te oo E Mi9E g £ -
y 0 2 ZKX Kx + KO 9 [2 5y ].E§l+ 2' >0~ (1,65)
Vi - 9 (€ 48 y2 7
2y . 2. (5115

See figures{fSa) and {{6a)

From equations (§$27) tof430) and using equations {fﬁf)) to {§65)
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8%~ 1 0 S (1.66)
. el

N T S T S ¢ (1.67)
Y ZWEO sﬂ i
1772
Smem——t
SIS B LT L P (1.68)
X Y TR T T
2We S
2 JEI +e

It

S b= 1. . L 512 S R (1.69)

2v 5 P
.. b
2 ety

it

For this subrange S I, 8 IT and Is | !S il =|S II] have close order
x ® Y y y

of magnitude, Thus

) 1 2 . ¥
Stot = i(SXI + SKII}Q + SV2 = -Ko .j (El+€2') 4+ 1 2°F e (1.70)
~ Te t G ¥
2&50 £):8, .(elftz )

The normalized power flows c.n he expressed ag

s. 1= g & L €9 > 0 = (1.71)
X1 y e
& f P N
tot (811‘52 ) "E‘Elgtz
al T .
gHI . s 1 3 > 0 e (1.72)
in é——-—-‘—m -
tot fee e e v
(E)F 5074 ey
S 1 S 11 JETE
Sn = ¥ = yt=- 1, 2" :
Yot 8

tor = U
' !(51-132 ) +t.1E2

In the limiting cases: with ¢ = 1

1

I
W=l 38 “ag,; g by
[ Xn XN yn
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w=es booy g ThL o
P, 441 — P4} —
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The sawe resuite follow Tram figarea bay s, andﬁg*ék The fileld
distribution for the oxcitatrion in the +hired subrange is shown at fig.

12{-‘-

1.3 Dispersioa Equation igE_Strgggﬁépsorgggggmgggg

The results of calculations according to exact equations (1.24a),
(1.15), (1.22) and equations {1.27) to (1.30), equations{fé), andf§4b)

. -13
are represented at figures{ﬁ&b) tc%ﬂﬁ(b) (letter "b" refers tor = 10 Seg)

Among the particularities of these results it is fiecesgary to point

out the following,

1. Growth of Real parts of Ky wave vector in the first subrange, see
figurefisy,

2. As a resylt of point I, we noie the growth of energy flow in OY
direction{iq the first subrange, see figure {§Ob),

3. However, it does not bring vital changes in the fieid distribution
of plasmon in the first subrange {gee fig{&lﬂb” in the gense that
the plasmon type of field discribution remains, On it become;
clear that inp strong absorption cage 1t is not possible to compress
the field so close to the interface beyond 0.3Xo at 1/e level. Where
Ao 1s the wave length_of the exciting liéht in vacuum.

4. Growth of imaginary parts of Ky wave vector in the thirg subrange

see [igurefi6y,
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As a vesult ui point 4, we noce thait a Jdeecrvease of cueygy

fiow in 0Y direction in thsa third subrange,

As a results of points 4 aud 5 we get a plasmon type field
distribution at Eigiid2(b) in the rhird subrange. Compering

it with fig.ﬁdE,a) we note that the field distribution became
congiderably less radiative., However, the field ig extended at
103 time larger distances from the interface than in the case

of plasmon in the first subrange,




Caapter 2

2.1 Derivaticn of SP1y equaticn for dielectric medium T ~ metal film

dielectric medium 3,

Consider a thin mevallic film with E? and thickness h houndarying

with dieleciric medium 1 with El and dielectric mediww 3 with 33.

Suppose 63_2 Ei

i X

2 -

3
Fig. (2.1) Schematic diagram of thin metaliic film (22) boundarying

dielectric medium 1 (81), énd dielectric medium 2. (63).

Considering T.M polarization, the wagnetic field ”Z can be given

respectively in the three mediag

- +ik I(K X ~ Wt
Hyp = Ay e TRy, o 1R )
- +iK, v =i, ¥ IR X ~ We) o
HZ,- = {Az @ 2y + Bze 2}?} j‘e ( b ) (2.1)
- -iK, y _i(K X - W) ’
HZB A3 e 397 ety

3 -

The expression for H72 contains two terms because there might be two

waves fravelling in the film due to reflections at 53/52 interface and

at53/e2 interface. Theirx superposition describes a standing wave in

0Y direction with 1in the film,

From Maxwell's curl equation the corresponding Ex (tangential)

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

L %
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Agféx g I3, Y KX -~ ut)

Let's apply boundary conditions for H. and Ex at y=0, for any arbig¢rar

Z

Al = Az + BZ T —— {Z2.3)
Exl {y = 0) = sz v = 0)
K 4
- Al flx = "AZ“EX + gzugi mmmmmmmm {(2.4)
€1 €9 “2

again applying boundary conditioun at ¥ = -~h for any arbltrary =x:

==p ) 2 e
g (5==h) = M. (ywh)

(2.5) ,

Azeﬂisz

Exz (y=-h)

L N

2y = A, 3y

= EXB (y=~h) .

+iK, h ., K Kaoh
+ 2y A3*%¥ e "3y (2.6)

“Agigi elezyh 1 sz2) e

I

Suppose Al is given, in this case equations (2.3} o= (2.6) form a syste
of four equations with Az,Bz,AB,and Kx unknown noting that Kly,and sz
can be expressed through Kx,and the expression for K3y can be derived

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

mediom, 1. Therefore;
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1 = § 28 L [, 2.7
K,y éko' 5 Ky (2.7}

in order to desive the dicpersion equation (%i s,f(ngﬂ:sﬁuuj_axclude
all amplitude factors from equations (2.4) = (2.8)

From egquations (2.3) aud {(2.4)

~ (AgBy) N1y = - (8,8 Koy meeeee (2.8)
S g

or

- 8, [ +Ezz] - Az.ii@ - i‘_z,zj
.51 ) €1 €2

Multiplyiag equation (Z2.3) by a factor gég and subtracting from the result
We
equation (2.6) 3

SAK. R o+ BetEK, D | ik K, +iK h) = 0
(Aze 1K2yh 4 Bzﬁ x 2y ) Eg'z - (_Azfgl e ‘.Lszh + Bz_m%z e 2y )

We, We, We,
2 .
wed & -
P b R S R ) B
2 5—3 E? ) 53 ’ 82
, Ky K,
At ezikzyhgf;i. 2y
2 7 2 bes ey
?‘&agsm”v$5“ =0
%F_Iféx + Koy
L§3 52 |
% . 21K, h = 0
Ay = ByEoy &7 2y
Ay 7 ByTygpllly e e, (2.9)

Substitution of equation«(Z,Q) into equatioﬁ {2.8) gives

B ) ZiK h

2 = BoBygetyge™ 2y

~1 r eZiKEyh

RS VRPE!

v, r, @2k h Ly

21 23 Mk S hr s b bR B o g a2 e et e (2.10)
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K. L
where Ef-,zl 5 .T.,li ’:’l"}:‘
€, €y
e e o et et e (2.11)
Koy + Elx
6‘) gl
< .
¥ K
Yoq = _2y ~ 3y
2 %3
et ot e e | s s e e e S i e (20 12)
fay + Xy
€2 €3

Equation{ﬁiﬂ) represents together with equatfions (2,11), (2.12), (1.15),
(1.22), and (2.7} an exact dispersion equation for a thin metallic film
.
2.2  Approximate solution for the dispersien eguation.

let’s suppose that thickness h of the metallic film is big enough,
so that the influence of medivm 3 on the dispersion properties is small.
In this case we can build an approximate solution using the solution
expressed in equation (1.24a) for the seml-infinite case as the basis.
Thus we'll expfése:

Kok o+ E T (2.13)

where -Kxo is given by equation (1-24a) .

le it a small quantity describing the influence of medium 3.

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

equation (2.10) as a function of K,

e 4
th (2.14)

Fe ) = ey o24K, BR-1 -21K
i(}».x) (1211'23e 2Y§ 1 . 1 e

¥ r

21 23
" z q ' E} o 3 =2 ¥, T i
Let's expand f(Kx) in Taylor's series near the point KX Kxo’ whera Kxo

is glven by equation(l.264a) for the semi-infinite case
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F(R) = E4K_ )+ P K U e (2,15}
¥ [8) e H *®
.
'Xo
in appendix £ it is shown that
FIR ) = 0 s s (1.16)
R -~ -
. . 3/2 .
T B e ifki?é LL, @GN e (2.17)
-5?‘}{ 2K0 Elaﬁ: rgg
K
X0
O = B L fEE LTE (e _e-f
23 03 ¢ 13 23 1 ‘
34 - o (2.18)
£ € E_E_E
J 173+ 2(3-1)

o |8
Koy = 4K &- 2} :
oY o N 24 R | (2.19)

Ef:tel+52)

Since f(KK) = 1| {gee equations (2,10) and (2.14)} substitution of

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

3/2
= £ ,8 N <O 7 @ R .
K1 ™ Koty za'}”ez} 55 +21KS (2.20)
APREY 142

Let's analvze eguation (Z.20) for the casze whan é%"ﬂﬂy ¥irat from equation

(2.18) we get:

sy =
8, = °3 -,!61“:3 AT ARG ar U A—— (2.21)

63Lf§€1€3 +£51€€3~51Y

The expression under the sqguare rool 18 negative 1n the range of

7

frequencies O < W < W%, Where W* 1s determined:’ from the condition;

€153 4 gl - “f_é (°3 ~°1) = 0
W

'Mﬂg

T s g F

W= W . m“iﬁ__ih: “““““““““““““““ (2.22)
€13463.1
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The frewguancy VF cosvesponds aiso to the intevsectior point of graphs

e means W% is the maximum frequency for a SPIP to be excited by the
Lighv incident from medfimn 3 on the “1/%2 interface.
To avoid imaginarity under the square rooflet's rewirte equation

{(2.21) as

é misie3+52¢(£3m€1;?

” " i : X - *v
=€ ‘4 [e e e, T (€ =€ )] + 1 EFB é_ {5153+52'(e3uel

3o y3 231 ~=  (2.24)
£2 Ee £ £ XA EE€E € £ €
3= 1 3+ 27( 5~ 1)) 3~ [ 13+ 2" 3~ 1))

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

Arom -+ equations (2.13), (2.20), {2.24);

: g
] 3/ 2 g i
R =k {5152 4k 2 f1f2 ¢ / &H151?3+€é(€3“€1)1‘ -

i 2
€148 E2.F1 \E14F2 3~ (81834 2(%3-F1)]
]
JEYP tzx + %2 (2.25)
oh = e e

Jf“<€1;5§§""

Ke =~ K 2 .gf}_ig_)% 253 é_ €183452 (£3-°1)] Exp [2x0h €2 ]
i

L -3 . -
£, £y 51?82 63 €81€3+£2(€3 el) ] €1+€2
(2.26)
For the frequency range W* < Y < EBM s r§3 becomes a purely real
quantiiy, weking ;Xu = 0, Thus, in this range of frequency, the real

pari of KY can be expressed asj
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The graph for K; as s function of W for different value of thickness
h of the metaliie film is shown ai figures (2.2a) and (Z2.2b) by a
continuous (80lid) line. The broken line at these figures rapresent
the disperﬁién graph for K;O {gemi infinite case), The cdmparison
of the two types of lines at each figure shows that the approximation
introduced by equationg (2,.17) and (2,20) is valid in the whole range

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

Wp E:*T

than the order of 0.3 ~ 9,4un,

On the other hand for a narvow frequancy range OcH<W* rhe coincidence
of the two types of lines is good for metallic films, of infinits simél}? N

small thickness.

The value of W¥*% is determined from Lhe condition Re(rzg(w**) = 0,
Which means from equation (2.24). ‘

~ 1 .
632 15345 (8361 = o

€§ . {§32+sle%i
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The definition of WA% represencs a new fact, Carlier aAuthors [3,4!

introducing equations {2.13) and (2.20) claiued tney arve applicable in

; Y
the whole rvange of frequencies O<W< p

LY
Fro
Equation (2.27) together with figures (2,3a) (2.4a) and (2,4¢)
at which K; is shown as a function of W for various thickness of
125

metallic film show that, even if ! approaches zero (according 1+10 see)

2
the value of K; does not tend to zero for OfW<Ws, and it tends ©o zero

W . . . —
for WA<W< 'p . This means that in the first subrange we have naturally a

et
P )

e, +1

é 1
leakage of energy from SFIP into medium 3 (leusky plaswons), On the other
hand exactly this parciculariiy allows to excibte 5PLIP by external light
source located in wedium 3. In the second subrange there iz no leakage

of energy from SPIP (aon-raiiative SPIP}, Such §21P cannot be excited

in the way discussed sbove.

Figures (2,2d), (2.3d), and {(2.4d} describe the same type of.
dependences, but for strong abscrption case when T'—“-l()ml3 seg, Both Kxo

and K
¥

, are increasing and have nearly the same order. In general the

graph drvavn at Fig,., (2.4) in logarithmic scale is, inoxrder to showr how

much the SP1P energy is affected due o the existance of the metailic film

2.3 Excitation of SPIP by Attenuated Total Reflection Technique

Several techniquesare available in the ewperimenftal study of $PI1P,
and their use is dictated by the frequency and the wave number range in whic

the excitation is being examined. Tor example at short wave lengths
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(that s lavge wave nueber values) where the SPIP is wost “Plasmon

tike" (see Figd) the most suitablé probe of the dispersion equation

1xoan experiment involving electrons, such as thin film electrou
diffracrion (5], Conversely, at larger wave ltengiths {(that is small.

wave number values) where the SPIP is most “photon-like" (see figa-g)

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

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

known as attenuated total reflection (ATR) [11,

ATR involves the use of the evanescent wave that is set up at
a conducting wmediumgsaic interface when iight in a high refractive index
dielectric medium such as glzss, suffers total internal reflection 6],
[t is the reduction of the reflected wave dﬁe to absorption tﬁat is
called ATR. If the veakening occurs by some other means it is usually
called frugtrated total internal reflection (FITR). 1t is remarkable
fhat FTIR can be traced back to Newton [7] and the knowledge and use of
ATR has been wide spread only since the early 1960s due to pioneering
work by Fahrenfort and Harrik [8,9], 1Inspite of all this vark, however,
the fundamental idea of using ATR to generate SPIP was first published

3

by Otto [10] as Jate as 1968,

An inspection of the dispercion curves (see fig. 1.3 ) reveals that
in the photon like region, where it might be thought that SPIP could be
stimulated by incident electromagnetic waves, the dispersion curve, in

the first subrange (RW g HE lies below the light line, Unfortunately,

P

s+
&1 i

for a plane electromagnetic wave incident on the interface between el=1

€, _. . R .
2 at some angle 61, the relationship between the component of wave




aomber paratial to L serface acd B, is glven by

{4

s U B Ie
K- s ’é gin b e i {2.2%)

[

This corvespsnGe to 2 line sta 2ener then the light lins on WsziAE;
and hence, to the vegion above the jight line, cherefore SPIP can't

be genevated, This uukawrd difficuly can ke overcome in an ATR system
as first proposed by Otio [ 10] and subsquently by Kretschmann {1},
fig., (2.5). i
hf¢ﬂﬂrxbﬁ TS ﬁﬁm%ah

TN A \ ~
SN K - §V s,
-
hid "\\g
i
Fige (2.5) Keetschmaan Prisme-metal~Adr ATR Configurvation with an active

film of thiewcess h deposized on the base of the prism,

In this thesis we'll stick to Kretsebmann's Schems, which proved to
be more convenient for practical wse. Light incident, through the prism
on to the prismmeral filw interface at angles greaier than the eritical

angle €, .. s normally cotally reflected back out through the -prism:

Wt

: Lt e e (2.20)
Dy s, @ AVL §IiN com

Jerit 5 .

However, under total ipternal veflection conditions there wiil always bhe
an exponentially decaying evancscent ficld extending into the metallic

film. The totally reflected wave has a component of wave number

parallel to the surface now is given by equation:

-
et

i

fﬁm-q

sing., rrem s (2.31)

o

X! o=
X

Cdg

The corresponding disversion curve (see Fiz,%+2) in the small K

region lies anlv below the light line. The evanascent wave, created by
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ater relivotion In the priss, vrituglly exisvs 1n the rdﬁgaeBcrit <63 L 207
Hence the vauge of SP1P veal wave sumber (in 0X diveciion) associlated

with the svanescens wave ig

i Iy
MK <N {tB* o st ke e (2.32)
c c-

N

sivl eorresponds to a reglon above the prism light line, but below the

alr or vacuum light line (see fig, hed ).

From a practical point of view it is evident that, provided the
thickness of the metalliec “{'m Is suificiently small, then the svanescant
field from the prism ean reach the air/metal film interface and Sp1P
can be excited, Enerygy from the incident wave is then used to stimulate
a surface wave resulting ia a weakenig of the rveflected intensity

returaed by the pois,

2.4 ATK Model

Let us consider a T-M polarizarion incident from dielectric medium

3 (prism) at an-angled, to the normal of the medium 3/metal f{lm

L

[ n

interiace ifee 73 - 72,

B

J.  The magnetic field in each wedlud may be

vinvesded 1 he forn

4 o MR

T 1K X - ¥t
71 diﬁ 2y & X }

~

M, - (A, TE,Y 4g emiszY) LR X - W)

zz T Ve T 2 S (2.33)
- +HiK, ¥ . ~iK, ¥, (K X ~ We)
Hyg = (hge™ 3y 4 T,em gy Yy et (K,
. . ks e
Using the Maxweills Curl gquation with J = O, that is VXH =g b
ot

the corresponding tangential component elecirie field distributions are

given respectively for the three wmedia by
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Fiz. {2.0) illustyacion of the two interface model for an ATR systen

for Prism-Metal-Air (PHA) configuvation.

Applying boundary conditlons at ¥ = 0 and Y =shj

Al . A2 + BE o e e - (2.35)

) :{“}L . {x,sz t Egii}i e (2,36)

£ € €
L ‘ 2 A 2

A& 2yn + qulx2yh = Ae K3yh T Bge+iK

h
” 5 3y" = (2.37)

i

AR, AR "
- By R 4 Koy o Ay o IRy,

82 82 E3 63

-iK, h

Fron equation (2,35) and (2.36)

K.
- (,0,) iy e - 22500 Ba%y

&l E? Ez

+ 2%y (2.38)
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T is vallection coefficiaut at the interiace of medivn 2/medivm 1,

. . . - K., , \
Multiplying equacion (2,37} by a factoy 3y and adding the result witch

equation {(2.38) we get

_ _ ik, h
ia { =3 ¥ i 8 ~ i
Aﬁigsﬁizﬁe‘rw“+ﬁzib:féﬁfﬁwihze*x? - .
53 & ‘3 %] ®3
Again mulriplying equation (2.37) by a factor SQZ.and from the result
- 8’)

¥

subtraciing squation (2.3¥) we set
I / )

h

3 2| R
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Using equation (7.39), equation (2.42) cam be arranged to give
21K, b B, 2iK, h
e 3y

Bg¥ag + Byro1e 2y = 73 "3y e (2,43)
T s S S M A S oA s A
N 3
N B 2iK_ h
Az‘wé“xzf':;?}?je 2y
Qr
B, .
! .-:,."-é‘ 621K3yh = P cemismea (2'4!{.)
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ls the coafficient of reflection at the ianterface of medium 3/medium 2.

r is ecoefificient of reflection for mediuvm 3.
Quantities er, 3o and ¢ can be expressed In terms of incident angle 83-

Using Snell's law

K

h

% 10 = K {E LB
1y Rl cos 1 FO éei 208

= e iz ’{ ‘i;--‘*-‘-} S

Koy K, cosb, R i by 088y e (2.46)
n 80, = K i5. cosd,

}(3y ?{3 ¢o 3 Fogg Fj co Yq

From $neli’s law,

{E; ginb., =

;
E__
3T

55; 8in62 ‘gg? sinﬁl

{__7 e _,;—"
LUEG.‘ ji - ,.,_:3 7’3“62
£y N, (2.4
e

H

cos@ 2 [} - i§ sin™0

2 d
Using equaticns (2, 40) aud (2.47)
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1] — E
r = jel , 1 _3 sin 6 €

e e et s »-—;

§1 3 sid B
, 42 % =
e ,I_

e e s, i (2,48)
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Note that £oqs Ty and v are complex quanclties, and in experiment it is

the reflectance R = !rfz which 13 determined,

2.5 Typical Results

Aa an example of the use of the ATR technique for tﬁe SPIP excitaiion
data for sodium (a good free electron metal, which has a complex re-
fractive inder a, = 0.044 + 12.42) was used, The computer similated
expeximegt vae Tun for a fixed cangie o scan and a {ixed frequency scan
Table 1 contains a truncated copy of the data file showing the interesting
parts of a fixed angle scan for Prism-Metal £41m~Air structure using a
free clectron woldel wich dats appropriate to sodium. The éraph obtaiﬁedA
with this data is shown in Fig. 2.§%; This scan at 60° shows a deep
winimum in the reflocted intensity at a frequency w/wp “0.57. This
corvesponds to a "pole’ in RZl that is at a slightly lower freéﬁency (see
third column in the table ). 7The difference 'is due to the perturbation

by the prism of the metalfair interface,

As a second example, a truncated sat of regults is displaged in

table 2 for a fixed frequency scan, fThe graphs obtained from this data

is ghown at . figure 2,§g




it cap be seen that the vellecied intensity in che fouvth
colwan of gxlle 2 -mxbhiblis a sharp peak at “i2” which is the eritical
angle for a prism aiv incerfasce. This featuve is tyoieal of the PHA
coniiguration and Is due to the Fact that the final medium in the syégem
is Alr with El = L.  An examination of the third columm containing

RZl = Ier‘z reveals a very large peak near 47° corrosponding to the
launching of a surface wave associated with the metal/air interface.
Note that the reglacted intensity shows a minimum very near to this
angle, the shift being duve again to the fact that perturbation occurs
because we realy lhave a coupled system, The dégree to which this

perturbation occurs is a funciinn of the film thickness. It is possible

to determine the optimum valua of h and corrosponding w/wp for which R0,

As an example of such opportunity we prepared figures (Z.0) and (210)

fn which the frequency curve becomes very'éharp and the R min ~ 0

b




TABLE 1. Fixod anole calculation, Reflectiviily of PRIGH-BETAL FILE-ATR struct
as & funciion of the normalized inclident fragueney. REE ~ is the

reflactivity of ths PRISM/METAL film intarfacn: R2H -~ is the reflaciivity of

METAL/AIR intarface. The angle of the ATR scan Teter B dearces

Relative dieleciric permittivities: PRISH - Ed= 2.2% | METAL fila - E2i{w},

E22{w), AIR - E1 = |

Thickness of the Pilm H = .84 nicroneters,

B8.38197262587E+15 Hz |, relaxation time Tauw =

plasme freguency Wp=
| GOSEAZYB 114614 zac

A g e Ak W ek i ko o e fm otz Y M TR Y R L St e b Lm g dm e ma i o ot e R kb o M VA i R . £ ¢ b o e e b b e 67 mre s ima ey won B F 4 YR L 8 M A3 K KSR e b

w/ bp R32 R21 Total reflectance

1.E-B 999076341569 1. BO6B37158687 LRBRA7IGERTH 1
280061 L 93481552955 1. 85L32 1045059 LBE3143718413 7
. 183661 340474202187 2.51882248753 LBTRTIATIESL7 13
L 2708010 .9487648838t5 4.514411714774 SE9E991 395757 13
360001 L8neaskel 1829 10.05535808904 L FI8 153855498 25

2 # k3 # &
LA35001 CAB3123778141 29,1781882487 CBBAERITTOEA4 54
ASGOG LO9RA42546 14864 395565971817 .B9G83684631 3l
ABL00 1 LOEE362327785 7. 127416416 CBY1ARS85 201 32
488001 C.96E41T7BIGBE2 39.,5888857705 L879985161823 33
485601 LBB74489473499 168, 72891 44058 CHEZ23584996631 34
10001 .G684485305278 36%5,928884118 LBAARGZERE88S 35
525001 CAEG4 16283623 FAGT 65353428 LABA5B213243Y 38
546001 LATRES26157724 762179545288 L 714812895797 37
555801 LA712588068158 907 .,24544544 BEZiI5HZEU6RE2 38
oy L9721349892731 IEFBIESTRGIE LAO5478B34049 38
LBBLBGI LAT2RR21468764 127, BE60R37 93 52682711851 40
LEG6a1 .9738810953353 7E.3643921814 BHB182837044 49
.B15661 LA74582546973 47, 2773854259 IETBLAEG 22 42
B380661 LAPAIHTAATELS 32.8641022323 CBERI29Y11743 43
.G450@1 976598552584 24 .9888887973 . 898967456690 &4

# % & + *
.BE0D8] LA76818779581 18.38175429306 CB2EBRGRBLEY 45
816061 LHB27G3222042 3.3%1429887724 L B76643437094 55
96000t 986988381814 | 2AR91971197 - 985184427118 55
P, 110081 |, 990638023268 BYB54R278843 . 889844787857 75
1.260061 ,992264%2126 = 334117935587 S H91Y795409061 85
1.410@01 . 983909765483 204019368569 g5
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TABLE 2. Fixed norpalizsd frequency calculation., Raeflectivity of PRIGH-FETAL FIL
H-AIR structurs a5 a function of the incident angle.R32 - is the

raflectivity of the FRISH/METAL film interfaces R2L - is ihe reflectivily of the
METAL/AIR intarface. The frag.of the ATR scan w/bp= 382 radisec

Ralative diaslectric permittivitiss: PRIGH - £E3= 2.25 METAL film -E21{w)=
~5.8462817042 E2z{w)= 212878673128 ,AIR ~ EY = 1
Thicknaas of the film H = 04 migrometars
B.3B197252587E415 Hz. ¢ = 100583208114E-14 sec

B o e SR LW R ey 3 Y o A S b e T mC D S e A e e SAR e AR L0 AR P Yo = A Tl AT A T ) MY A S Om o B A o A 6 fn e o w3 e = S Pt e o3 e ol ke AR S e A e e v

plaspa frequency Wp=

Teta (deg) R3Z R21 Total reflsctancs
4 967858965634 CAT449837 1602 LB77T776388447 1
28 865457243788 LB7399355708 LBEY782534877 5
36 L9508971803e8 L9BG7ITRNEGEE LBEBNS I BAGG3Y 9

# L) - R - & *
36.05 . 358982735832 LARGZTTISI8S Y LB260B445B71 14 1@
3.5 LHER6EEYL 1 8R! L 9BBGAG94EE68Y LG2BTIERE4G18 32
3B.25 ,BERA5E328985 .96B4ZZE 2GS LBABISTISTEZS 54
349,35 LOBBBN7 159185 LAEZ693997901 552865345883 Th
48,45 LHEETER 785781 . JRERUELZIGE LEE1EB2555938 498
41.55 CH534BHOBE368G 387233996851 LBIGEY21R00638 124
42.65 582196851438 5, BABRGIBHIRS L7E51 7305604 i42
43.75 358369146284 17.26928148315 CAE4AYEOR3G17 164
44,85 .BERT736749076 55, 8500051784 L814137R10827 186
45,85 Lda8h2488682 285.972823139 .B0a0I7IT8N 7 208
47.85 LBRE3ERE1E77Y 8778 .260247134 LBH19805726804 236
48.15 LGRBITIE79358 465, 925457733 LBY4936453423 2572
49.25 . 958836553675 P42 . 618214827 JTAABDERBT2AS 274
50.35 L 98793245339 T4,27879494%3 LTHETR1 387374 296
51.485 LB57867632866 48, 35861168 8267855149516 318

4 & # & %
52 95784156948 49.5121947329 LB33142742612 3z4
BB 96185632178 H.341177228288 .536998550053 336
89 B.79102 976586 L H704777689032 343
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3,40 Use of BRGP for derevminaiion of ehe thickness and optical

amstanta of thin wmeiallie £3ime

The optical propevties of 2 werallic Film can be chavacterized by a
frgqueney dependent comples diclecirie constant Ez(w) w 52?%i§," (see
equ. (1.24b). Among many optical methods ['123, [137, the SPIP technique
is particalarly suited for the study of Ez(w} a Few hundred angstroms in
thickness., In many studies a preset exprassion for Ez(w) is required,
That is wp and T values ave to be known. However, in,ﬁost-cases a preset
expression for ez(w) that includes the contributions from the inter band
transition is impossible. Thorefore a method of determining Ez(w} and h
at any given frequency without a preset Esz) expression is needed. Such
method is degeribed iv the article [3]. The basic formulas and the con-
cept are as follows, the geomerry of the methed iz shown on fig. (2.5),
with the angle of incidence of iha oxternal moncchvromatic plane wave 6
cloge to BATR( of attenuated total reflaction) rhe minimum reflectance

i‘_;:!_. R
Rmia can be approximately expressed as a function of 04 as [4]§§

£
Rmin = i - wf’%—eu;}- S B e vt e 0 £ (3:1)
(1+%)~ _
/
Im(Kxi)

With Kxo given by eqga., (1.31) and eqn. (1.32) and Kxi given by eqn,

2 = K .
(2.20) and Kx Kxo + Kxi

Here Kx is the complex wave vector of the SPIP in the Kretschmann con-
figuration (see fig, {(2.3) and Kxo is the complex wave vector of the
SPIY at the metal ~ vacuum interface in the absence of the prism (seni

infinite case, described in chapter 1). le is the perturbation to Kxo

_59 -
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on the other hand, fyom egn. (3.1)

s g —y

(en o yezfR MR
1 B win’ - ¢ min e (3.8)

i-R 1+ J win
min
The choice of algebraic sigas in eqn. (3.8) should be based upon
the physical sense of which is clear from eqn. (3.2). 1In the
limiting case hee Ime1 should vanish, giving ¥L°*»e This result
can be achieved from eqn. (3.8) if the upper gigns (both in the
numerator and the denominator) are used with R min *1, This ease
would be denotad as ?l+, In the other limiting case h*0, the
pertucbation 1 X . prevails over I X ; therafore ¥l+0. This
m %] W oo
result follows from eyn. (3.8) if the lower signs are used, with

in +1. This case would be denoted asghﬁ

Thig consideration of the limiting cases suggest that there
must be a switch from the upper case to the lower case as h change
from =to 0, This abrupe change occurs at h = hopt’ when Rmin -0,

The qualitative graph fos }Ln?i(hi is shown at fig, (3,1a)
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Fig. (3. it Yllustration to the switch of gign operation,
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(00705 (3.0 snd {3.5;

! g??‘r- 1K i (3.9;
= 3 I ]
{
LW e
3 % D i W je
T . -}’ ST e wEesreadon
lmB'xo ( gj é 2 caseﬂrﬁ C é 3
with 2 .
H T £, tant
oo 0 QAL By By and — (3.10)
£2 = 8 min et 3 ;
' (elwsgsin“o}’

where the upper sin (+) is tor h> hopt’ ad the lower sign (~) for

<
h hopt

At h = h R, 0,
opt TR
Now using eqna. {(3.10), (3.7) and (3.9) we can derive a formula, which

is useful for the final step for determination of h.

W WHR%E?Q - ~
TK o= i (1% RT) eaen (3.11)
m xl C 4cos ATR 3 min

wheve the convention of algebraic signe is the same as above,
Egqn. (3.11) gives the experimentally measured values of (Imel)e R
The theoretical value of (ImeT)theor. as a function of h is given

by eqn,( 2.20 ), The numerics! salution of the equation:

(LK .} (h))

m xi = (LK

theor, 0 Xl)exp T (3.12)

gives the experimentally determined thickness h of the metallic f1.lm.

3.3 The accuracy of the method .
0 Y ¥, %. s b t -~ e~
Egn. (3.5) shows thdt 52 82 (GATR)’ therafore
e, !
o=
8¢, '] égﬁ&ga-i Mprr e (3.13)
1904y J

Where AOATR is the experimental accuracy of the angular measurement of

the vesonant angle eéTR' Performing the diffeventiation of eqn, (3.5)




Lhe relative sceuracy of £.° determinacion can be ex rengad
s 2

.
[ac, '] e hD
. L1, (3.14)
S NS L . S ,
%ag | (El EBSJJ e)tanﬂ

LSO RN N . 2 i LN . \ :
Similarly, equn. (3.1) indicates €, €, (GATR’ we, len), therefore

gLy %8 o de, e, -
e, | = 2 80,10 t] e jang+ | - | AR iy = (3.15)
ATR 6 min

where A wg, ARmin are experimental accuracies of measurements for half-

width of the resonant cutve and minimum of reflectance respectively.,

performing partial differentiation of eqn. (3.10) gives

o . 2 .2
it g Y b
o f—:_2 i WG (1 fR =Y e ze sec 6(81 3331n 8)+4e391n 9] {3,16)
BTy N min 173 ) J
(e1 €,8in e)
" —— ey ~ -
3_ €y (s Rmin} €26, tan, - (3.17)
e ierwzre D 5 ek &:-ueua::m-t.smh ]
BWB (81 €381n28)2
o W é ze_taﬁ
J€, B8 "1 T37e 1 w—
27 . + .2;,_.. T,m;,:*g_,‘:,?-_..&—#) ? N Fartdemacony (3 [} 18)
- = 81 33!\.116 . J
MLl min

where the convention of the algebraic signg is the same as above,

Let's normalize edné!(3.16) to {3.18) with respect to g "

2

o L2 .2 7

.%EZ ) 81.5331n e+ 46331n 598 g 310
el 3 . 2. T (3.19)
2 gin cos, (£ ~£5sin 3

87770 1 = [i;
86 it
2 XL

VIR - B O cred e \ 3.20
Sy W, (3.20)
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(AP ¢ '
I, + ; s (3,21)

-Z‘Izﬁr-ﬁ -1 si:w iemz BT as. . t-u-.s-;. st :,’ r;’ﬂ.?.‘ru-’-:;w-—r:—ji)::-: f.. ;i -
2 min 2 R (“JR L)
4 min min

Hence, substitucing eqns, (3.19) te (3.71) into eqi. {3,15%) the

relative accuracy of €. " determination can be exprassed ag}

2
§ &ez"g §1=€3sin20+ 4635in26cosgﬁ A6 b AWO , N
et T sin@cas@(&i-ﬂ %;; sind ) ATR T + - A min
yJ ; ey =
‘Zjﬁ;in (1iFJRmin)‘
(3.22)

The relative accuracy of h determination 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 repregented on Fig,

AR Vg

and Rmin as if they were measured in an ideal experiment with out ‘any

(3.1b} and (4,14}, The program first simulates the values of B

instromaneal error (A0=A8= AR = 0). These values OE:eATR’ We and

R in @Fe named ae "expected experimental values",
l

Hith-an expected experimental value of BATR from éqn. (3.4) it
is possible to find the vaiue of 82!exp From eqn., (3.5). HNote that,
since inscrumental error ABis neglected, the result might be affected
only by the approximation made in the theory., The calculations and

comparigson with the exact value of given by equ. (1,24b)

.1 .
2 theor

| o F oo b - ¥ ) .
show that Atz €, theor. £, exp realy depends upon the frequency

used, The following results were obtained.

As_* ¥
ol (W Ae
e ¥ ow0.08) = 5.79 (.__‘;2_1 (W = 0,3) = 0,22
2 theor Wrﬁ e ! ]
o \'2 fheor p
he !
§.w,ﬂ2‘-ﬁ. (‘.;}-}. = O’]) = 1,&%
¥ ¥
E E2 theor p
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Determination of the exact
theoretical values of e; and.z% with
eqn, 1.24b

For a given value of h
IK' and T K . arve determined with a subroutine
n xo m xl
C "Filmdisp” (eqn.1.32,2,20)

it i vy

:

The expected experimental values of GATR’ We and Rmin are
found through eqna. (3.1),(3.2),(3.3) and (3.4)

B S LR WS A S

For the found expected experimental value of (h) and

OATR
given W, the value of hopt ig found with a subroutine
i ”Gpt~h"‘(eq§. for R) - B
Asz‘
Eﬁw‘i is found with a subroutine ”‘E?1 accuracy"
P S R e o ’
i H
, 4
is found with a subroutine
iy o "
_ hzz.agguracy
Ae, T , 1
2 is found with a subroutine
ey . Jome
y : L i T
2 E22 accuti:
éuxmn“—ﬂq s U

o i . = . . oo ;
Fig, (3.1b) Biuck dlagram of the compiiter program (o be continuéd).
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Using equn. (3.1), (3.3}, acd {3.4) and the expscted experlmenial

ER o the expervimental value of b is found. The

values of 4 ¢
mirn

g
ATR 797

procedure involves a subroutine "Biseet” from the nuamcrical aunalysis

librarvy which fiuds the root of a function (1 K _) - {L K ) .
m x1 exp n x1° theor

see eqn. (2.20), (3.11), the subfuucrion FH¥ (H#), a subrouiine "“Pilm

disp 2,, in which €2‘ and £,." are calculsted as experimentally

determined (see equn. (3.5}, (3.10)}

- L -

h

ABG Ao A i

hexg as a function of ATR, Wwo Rmin is numerically
exp

caleulated and stored in arrays Dho(*), Dhl(*) and th{*).

The total error is stored in an array Dht(*) )
Next h l
i
PRINTING The graphs of Ag.' aet A
2, "2, "hexp_ versus h
e, E?" hexp

(The list of the program is found in Appendix BJ

Fig. (3.1c) Block diagram of the cowmputer program.
This frequency dependence becomes clear if we recall that eqn.(2.2)

is valld only for 2" << 1. If we check this ratio at the specified
B
frequencies, we get, 2" (W_ = 0.05) = 0.24; 2" (¥ = 0.1) = 0,1
: Teid W [esT W

€
%

B2 = 0.3) = 0.04
lehi %




Siuce the value af e', " is uvsed ia Lhe subtiequent avalvations
Jexp

ol o« " and h the first conclusion can pe made |
7 oenp %]

Conclusion 1

The accuracy of the merhod has a tendency to improve 25 the
frequency grow from O upto W** (see eqn. (2,28)), ror frequenciag
greater than W% the accuracy again starts to deteriorate becausa
the perturbation term in eqn. {2,13) becomes comparable to the

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

The first try of . the . prograum without any instrumental error
allow to estimate the accuracy of the mathematical soft ware used in
the method,  The errors made due to a finite accuracy of the soft
wate we'll call ".saftware errors", Tt is clear that the ' software
errors’ in  determination of E2‘, 62", h should be always less
than the errors which oviginate from finite instrumental accuracy,
These latter errors we'll call experimental errors. For a practical
use the instrumental error can be taken as A= Ay = 5%, AR = 0,01,
These values are used in the second, third, forth and Fifth trieg
of the program, when all partial experimental and a total experimental
errors ave calculated., 1t is necessary to underline that the 'suftware

error’ is always incorporated in the calculation of the experimental

errors, and for this reason it must be alwvays checked first.

3.5 Analysis of the Methods Accuracy
As an exawple of the kind of results oblained from this program,

data for sodium




- VAU e 14 -
(Wp = G.3B1Y /25098710 T, T = L D058320G8 14,40 Lé e wos usvd, Tite

yefractive index of the prism was taken as, n, 1.5. ‘the

surronnding wedium was air wiih n, = L. Typieal rezelis are shown JF

fig. (3.2) (3.3a), (3.3b), (3,3c), (3.4a), (3.4b), and (3.4c),

he,t

Fig, (3,2) shows that 2 is independent from b which

‘Eztlexp

is understandable since ReK o used in eqn. (3.4} does not‘depend

h

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

t

with the values of AE2 shows that; the theoretical error is roughly

lE;Ttheor.

3 times bigger than the experimental error due to AB# O.

Conclusion 2

It is reasonable to perform the measurements for the deter-

mination of g&‘ only for normalized frequencies not less than

W o=0.1, For less frequencies the software evror rapidly grows
W
P
bringing the total cxperimental error to’ 8% at W_= 0.05,
W

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

1]
(3.3c) at which AFZ as a funetion of h ig shown for different

€2 exp
normalized frequencies,

The figures show that a decisive contribution to the total
esperimental error comes from a partial experimental error due to
an instrumental error in measuring Rmin' In particular at h in
the viecinity of hopt’ when the value of Rmin - (0, this partial

axperimental error exhibits an unlimited growth, This result is
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: . . ae, L
also supported by eqn. (3.18) which shows that im*£’|
R ., I
3 win R .
¢ min

The ' softwareerror' for rhe used frequencies has the following

values
L\E 1"
Eﬂaz- (ﬁﬂ « 0,05) = 5.7%
24¢theor., p
ﬁe n
i L
1¥ -w

€2 theor. P

113
b6y
T
EZtheor, P

Conclusion 3
it is meaning less to perform the measurement for metal f£ilus

» The value of h depends
opt

with thickness values close to h
mostly upon ¥ and ranges from AOOAaﬂ?SOAU for 0.055&_ 29.3.
W
p

W
p

Lonclusion 4
For metal films with thicknesses other than ho ; + 100 the
ranges from 17% at W/wpﬁ0.0S to

n"

telative error of determination of £,
0.3 and h>1000A° only. For h< h_ ~1004° and W/, =0.3
opt Wy

2% at W/Wp =
a minimum of ~ 7% at h” 600A° and rapidly grows for less

the errer has
i

et

ihicknesses,
(3.4a), (3.4b), and (3.4¢) the relative error % ;
hfaxp

At figs.
as a function of h with normalized frequency as a parameter is showm.
e," e," ..
is determined using 2 and 72 it 15 the most
exp axp.

Since h
exp
affected because the errvors made at all preceeding steps are accwmmulated



AT a particelar (e " +eag hrh cases, Ahorwgg hoh
v, la particolar (\L2 )exp opt ] ; opt

Beaides this we have a 'sopgeqidreerron’ {(showing by a dotted line)
growing to infinity as h»0, It happens because the assumption

]Kx0f<<{K?1] 1o the perturbation approach (see eqn. (2.1%)) fails

as e, For thicknesses greater than lSOOAO,AEn also grows due to
hexp

the growth of the partisl error in measuring Rm At these big

in’
thicknesses Rmin *1, which requires an accurate distinetion from

the unit}f .

Conclugion 5.

The measurement of the thickness of the metal film 1s reasonable
to perform if 100A°<h<600A°, 850A°<h<12004° ar wlwp = 0.3 with

the relative arror ~ 0.5,

1f 250A°<h<5008° with relative error v~ 7,5%, and
6004°<h<1250A° wich relative error ~0.8% at W/wp = 0.1

480A°<h<14004° with relative error a 1.5% at w/wp = 0.05,
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Sumgary

1t ie shown that radiative SPLP can exist at normalized frequencies
nigher than W for strong absorbing media. Practically useful range
Wp
of ¥ 1 might be 100<H 745,
p p
The energy transportation performed by SP1P consists of twe flows:

one in the dielectric medium, the other in metal. 1t is shown that

for D<uw< wp the two flows have opposite directions with the net

PR

lial+l
flow in Eﬁe directlon of the flow in the dielectric medium. For

w)wp, both flows have the same direction,

A dispersion equation for SPIP in thin‘metal films was derived. An
approximate solution of this equation was suggested and tested.

The method of determination of complex e€{w) and h of metal or semi-
conductor film without a preset expression for £(w) was modified,

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

W
p

applicable .1is established.

It is found that the method diverges for 52" and h determination in

. For determination of h the method also diverges

#

the vicinity of hopt

as h»Q,

It is found that with in the specified frequencyrange 0,1 W & Wk¥

W W
P P

the accuracy of determination 52' is nof less than 2%. The accuracy
of determination e;“ and h depends upon the thickness of the film

and can range from 0.5Z to 2.57. Thicknegs less than 100A°,

greater than léOOAO, and hﬂ + 100A° should be excluded relialie

pt

measuraements.,




Computer program capable of;

-

anaiysing dispersion properties of SPIP (semi-~infinice case)
analysing power flows in SPIP (semi~infinite case)
simulating ATE model

finding an approximate seolution of the dispersion aquation of

SPIP in a thin film

determining the values of 52', 82", and h from experimentally

measured QATR’ He and Rmin

assessing the accuracy of the method.

wvas designed.
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Calculation of tecrms in the Taylox's serles cupansicn

of the dispersion eqn. (2.10)
From equn. (2.14) it is clear that
~21K% h
f -
L ()
21 23
whe®e
- if.x F1
b1 . 12+21y ieK(s)+ ya
el
]‘:21 1 zy - 2 ]_y / (E +E2) [€1+€2) - O (A‘Z)
1. K (~e,)
I'o 2
i/'(-._.m:m_*‘:“_g - IKefr 1
~(e+e
172 %.
(€1+52)
= & K° L £ ¥ = £ e—“E’r .

b ey T Tty 3 S0 Oty *.3)
23 e KS  - g,K2 - -

32y T F2 3y 3J13+ 2r(%3-%1)
K° = iK £
‘Ly g TS e e (Ao&)

¢f1{61+52)

RS = 4K o2
2y * e e {A.5)

gn(e1+32)
K = ;E; Kihﬁ = K /L[s e+ e." (e~ )]
3y O 3 xe: O 1 3 2 3 1 s e o (Asﬁ\

Note that K° 3y

Jf7~ (a +e ')

Fgn. (A.2) shows that f(Kxo) e (),

1s real for O<KW<H* and 13 imaginary for W* <uW< ~g

(e +]3




From eqn.

of | - 3 1.1, 2, hd
w oLk w v v S Tl x
4 N (jK ¥ T
x ple % 21 23 o
L]
= (1) T R I B
o [=]
BKX L21} KXO f23 rzl BKX r2'
o1 .1 s e ik, Byl e
Sl '“a*i"( Y| x
21 23 X *o

but from (A.2), 1 = 0 which results the second and the third terms of
[

A~2

{(Z2.14) we have

F

a1

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

a
i).-f; I = .g._.., -—g} __;E_w e-ZiKth nnnnn
gX ¥ 3K T, K r®
X xo X 21 X0 23
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a3 [ 1\~ 3 [ ul= suv-uv
oK r ] K v 3K K
X 21 X % X X e
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) I 2 7
with © El ’V/K" 62 Kx i 62 Koel Kx
. :é];?wmwﬁf ?f ) 2
A ~81y/k062 - Kx - EZQ/;OEI-KX
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X | Xo /Kza K €187 J Koe - K° £1%2
3 o 2 o -——-—w-«—-;” o 1 [+ ¥
e1te, e te
2 ? o
Ko (P12 /f}+ez
o €1°%2

24

(a.7)

(A.8)

(4. 9)




3 €. e, £
5 r 7
y § € = mKU ﬁrn}m.:)l. oe o mlﬂ-_—.qé«af = TK(’} ‘1
PRy TE VR =
pte) le 2 j%l 82 €1F€2
The term oV vanishes
A e
sK KO
by
thus
U .1 (£127€y Ey7Ey
oK Kxo v Kxo’
b4 . 2K0 81432 51.62
%
%3‘;;, <L = 7% AR — (A.10)
14 ¥ K
*® X0 2K E..E
o \ 1" 72

equation (A.8), (A.10), (2.10) and (2,4) imply that

N - o ~) [t} —————

%%“‘ . . (E27Eyy €+, 3/2 1 o 21K2yh (A.11)
23

which results in

. K £ . £ 3/2 0 .

L o 1 2 Loq o 21K2 h (A.12) ,
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3
Ao
[R%
2
39
LAY
1]
15303
74
24
99
106
Fid
V2%
138
P40
{54
166
174
tge
3
266
214
226
250
244
254
26D
270
289
294
38
RS L]

326 1
336!

346
354
358
B ]
586
386
400
41
428
43¢
477
444
450
4656
4708
486

!
:

3
f
!
|
i
{
i
f
|

!

i APPENDLY ~B-

i PROGEAN which delarmines the sccuracy of the SPIP method

i Thiz pariicular varsion is designed for torealized fregusncy w/Wp=.05
GTH Det22(386) lewd? (308 ,0er22(308) ,Da22(380)  Hh{300) D1{386) ,0r (308
LI Roet{2),F _(2) ,Ere(2) ,Dh(300) ,Dho{308) JORT {300 ,DhA(388 ) 0ht (308

OIM Ho(308) HI{ 388 H2{300) Ht{3DG) -

THTEGER Soresn{ 1:1024,1:36,1:3) ,Sereeni{ 111024 1132 ,1:13)

O0M £3 E27 EZ22 LE1

COM fExa/ Flie E2Ze

GOF /H/ Teta Wi ,Rnm

COM /Eer/ Totas Wie Rpe :

COM /H_opt/ Hopiwst I Common Optimal thickness in 'meters’
CoH o/ Wo :

CoOM /Tau/ Teu

COM JH/F W

LOM /K/ Keltiexp -

C=7 . 999E+8 o ' I Speedof [ight in m/s

Pi=Z. 14188265358975 :

i

v

Ei=05/3000+Fi1/186 i Exp. error in measuring Teta (in rad)

Fo=ft ! Exp. srror in meazswring halfwidih Wt (in rad)
Ere, 0] I oadp. arror ip measuring Hinimum Reflactivity

t w e

Fisi

F2e=2.28 ( Hielectirle permitfivity of the GLASS PRISH
Wo=B . 381 972545876415 I .. Plasma Fragquancy. for S0DIUMN 7 ’

Taus=1 , 95837081 14K~ 14 { Relaxation Timd ~ forr SODIUN
G070 3158 1 1808 13i60 i 2859 T 1806 ;

LOADBUR EXlscouracy FROM "E27accl™

LOADSUE Filmdisp FROM "Fi”

LOADSUR EZlacouracy FROM "EZflacoi™

LOABSUB E2Zaccu FROM "Ei2ace?”

LOADSUB Refi FROM "RPHAZC

LOARSUR Fril FROM "RPHA3"

LOADSYB Fr33 FROM "RPHA3S

LOADSUB Fax FROM "RPMAZ"

LOADSUB Opt_h FROW "0Opt _h™ °

LOADSYR Bisect FROM "Bisact”
LOADBUR FNMax FROM "Max”

1 v B A B
Hed { Counts tHe number of aitempt
INFUT "Hormalized fraguency  Un =", lUn .

Wn= .3 <

INPUT "o M, N2Y No NI N2
PRINT do NI N2, "dttamt number = "1
U=tirebip
E2ini=~{n 2/ (" 24/ Tau"7} i E21 ia naeded for Yilmdisp
E27=1/{WeTauwleln 2/ (W 2+1/Tau"2) : :
t

J=1 t Gounts the array index




L0
Wil
]

REK15)

540
5E6
S
06
596
616
520
630
b4
E50
BBG
570
689
690
180
716G
720
730
740
756
750
779
780
790
860
819
820
430
846
50
860
670
860
S0

2%
XA
945
a64H
kG
70
486
590
19606
1Bi@
920
1630
1248
1456
1865
1876

He=~ 38

H vapeh *
HerftH_stoep

Heat=Hel £ ~15 . I ilickness in malsrs

CALL Frimgiop(¥ Up Tau el 571,038 Kar Kx1 Kxor Kxoi Bxie {x1i;

boFoie bhe given Hiot 51 .E2,4, Wp,isu the subprogeam "Filmgrsp?
fwpe - REAL pari for semiinfinite cass

I obxos o [HAG. part for sspiinfinite cass

PoRale ~ First arder correction to Kxor for a metal film of finite ihick

Postt - fleet arder correction to kol for a film of given ‘HY

oK - REAL part of 0¥ - wvavevector for a metal fiim of thicness 'H
Kri - IMAG. part of OX - wavsveetor for a metal film of thickpnens "H?

i NOTE ! ALL WAVEVECTORS ARE IN NORMALIZED FORM {11

tasEwot /sl

Rov=j~dsFta/{t+fta ;"7 i Expected experimental value of "Hmin?
Exi=fxiep/C b Non- normalized values
Tola=ASR{Kxor /Wn/80R(E3Y) 1 Expected experimental Resonant angle in rad

WieZ2lx) #COS(Tota sC/W/BQR(EZ)  tExpected Half-width of ithe resonant curve
I In the precseding pari of the program the sxpocoted exparimentazl values
I of Teta Wi Rem were calculatad. Ths following part of the program
i is5 based exclusively on thase axperinentally deterninerd valusas
: HOTE , THAT THESE ARE EXACT EXPERIMENTAL VALUES
1_ FEARE G E R R F RS RN AL RN B RS S PN R P S E A LR TR A FEE PR IR ASHERRAA RS SEXP R REE SRS
} !--ﬁ*ﬁx‘%i*lﬁ‘ﬁiﬁﬁ*%%!—%*&é!—%f*%’ai%%fkﬁ.'ﬂ‘-%*ﬁi*éﬁi&***ii%%i&-&%i-ﬁli***%*%%%’%ﬁ-ﬂ&**%ﬁ

1F No=3 THEN Tetas=Teta I Experimental error is introduced
IF Ni=@ THEN Wite=bii ' P in lines 1449 - 1520

IF W2=8 THEN Rme=RBm

TF No=t1 THEN Tatee=Teta+Et

IF Hl=sed THEN Wie=Wi+Ew ‘ b oin Yrad?

IF MZ=+]{ THEN Rme=Ru+Er o

IF Mo=—-i THEN Tetae=Teata~Et

IF di=-1t THEN Mte=Wi-Eu

IF N2=-1 THEN Rue=Rn-Er

IF Rme<¢ THEN Bme=i.E-B
82=51H Tatae )¥E5IN(Tetase) C
EZte=EieE3¢52/(E1-E5282 ) b Experimentally found EZ1(u)

K=
EZ2Z7e=ilies{ 14K 380R(Rme 1 e E1 "Z+E3xTAN{ Tetan /{25 {E1-E3%52)"2)
EdPo=iitneE "22E3+TAN{ Tetan /(25 {E1-E3252)°2) P At HeHept
D) =EZ20-EZ%e t Lines 1589 -~ 1678
| are a switeh for Eta
e (d F=D101-131{d~1) { as a function of R min
IF Ded T 06 AND 331 THEN K=+1 '
IF Br(] <0 THEN K=« ‘ ¢

IF J=1 THEN K=-1
ProdeDe(J YDl 1)

I ) ts

IF Prod<® AND JI>2 THEN HoptieH
g -

i ) K
IF K=-1 THEN Hoptmi=i7E-B
IF K=+l THEN Hopimis=Hoptis! E~1 ! Optimal thigkness in ‘metears’

E2Ze=Wiez (1+K+50R(Rme 1 )#E1*22E3+TAN( Tetae )/ (25 (E1~E3£521°2)
{

fOPRINT "EZ1-E21e ="jE21-E21e ,"E22-E22e =" 4E22-E22e,"Prod =";Prod




PORG (F K==1 AND NT=1 AND N7={ THEN CALL £27aceutTeta Wt Bm B4 Fu CORIN S I S R S
s R cBHD HEE aND NZed THEN UALL E?Bnccuracy(T&ta,wt,Rm,Ei,Em,EP_Ei,;H

P AT inial gerpreat o
'::.expﬁwtﬂ’Sﬂﬁfkﬂ)*wn#:I"Hlﬁﬁﬂiﬁme))/(é§[ﬁ$t1ftde>3
Fiort ‘}=';Km¥1~Hmch>p=” R =" ifas

PROE T m AND MY THEN fopsl] LB
OTETIN B ] Bctf(HmﬂXD"i@ﬁ,HMﬁﬁpidﬁﬁ)SQW@.ﬂgﬂ(ﬂﬁil)*ﬁCC,E@;ROO%{7};FM5’fiErr{?f

Boamnmlootf ) Plispected erperimentally deterawineg 4
RN IONE ) ”H*”;H,‘Hwﬂupi“gﬂ4éhu‘”H“upi ="tHopttg” S J=o

B {H-H anp /R

PEBoo B ARD NEC0 ARD NDCE THEN Dht() s b Total srroar L

AF RooeB ANG RTORG ANDNZED THEN HE(T Yei :

TE Mo=2 ANL =9 AND HN2=0 THEW Dh{J =0 U Errer of the math, madel
HEoMosB AND [ AND NZ=@ THER Hh(. b=

IV Ma<0 OMD Mi~9 AND N2=% THEN Dho(Jd =0 I Partial error in 'Teta’
IV Hed>@ AND Ni=0 AN HZ2=G THEN Hol.J )=H

[F No=4 AND N1 50 AND NZ=@ THEN Dhi(J)=0 Wartial error in hal f-widih
A LF Mow@ AND N1<OB AND N2=0 THEN HI{J ixp

V3G iF Neo@ AND NU=@ AND N2<00 THEN ODhZ:d)eg U Partial arror in R min
PATG TR Wo=0 AND Mi=@ AND N2<3® THEN H2{J )=H

1359 F=J+)

1350 PO 488 AND HCSBO THEN H_step=28

1231 PYOHALBG AND H<TBER THEN H_step=1@

F349 IF H>=775 AN HO79¢ THEN H_step=3

15654 IF Hopti<:@ THEN H step=3

1360 IF Hopti=0 AND H>775 AND H<785 THEN H step=.3

PR tE Hr800 AND H<35% THEN H_step=18

1509 IF 1050 AND H<=1B3B THEN H_step=32

1490 IF HZ1830 THEN H_ctep=60

1400 [F HtH_stepdtB20 THEN 520

FN B

T482  TF H<=5 THEN Hopil<g

1403 LEEP

A4 VIMPYUT USEITCH = ( if ZERD then the program 1s repeated for new Ho Nt N2

14@6 IF Sucs@ THEN (478

1419 IF Mowh THEM 438

P4Z0 BEER 90,5 ’

1438 PRUSE

FARG  1ppu2aanneRian R A O Y Ve Y F L T,
1460 R 2 2 2 A A E 2 22 2 AR R 2R 20222222250 99039
1470 GINIf ‘

1488 P& &
1498 DES
TEB0 {DTR 934
1h19 8T7ZE &
L NOUE G 57
PS38 LABEL "RELATIVE FRROR . in E27(w ;"
1946 LRIR @
Ihhi  HOuE 7722 -
1569 LABEL “FILM THICKMESS (in. "angatroms’ 1 °
TE79 HOME &%
PR8G LABEL “Fig.4.3 Dependence of relative error in datermination of Fi2iw) ve
I590 MOVE 1656
PROY  LABEL “ihicinnss of metal Film, Curve 1 givea & paritial relafive arroc”
1S MO 183
PBIG LABEL “due fo fin:te ACCHEACY 1n medsurlng ithe resonant angle, curve 2 -

"




L6530
[
[
tEEE
1076
T
Y E4B
VRS
AR
1720
1 TEG
174G
VLG
IR
P70
1780
1790
1 B0
1612
1811
PR12
1g2e
tE30
1842
1889
1869
1879
tR71
1872
1886
1899
1498
1961
1962
151¢
1248
Q36
14948
1956

RIIT

fava
1980
1998
2oeq
2018
- 2bze
2050
2240
20L0
AR
2670
2080
2936
2109
EAREY
2120
2158
2149
21566

HOeYE 4 @

SOEL A half-wigin, cuervsa 3 o~ i Homin,

MOUE T e

CAREL Y Aeald

i

OVE 112,497

PN 2

LasiEl "Ei= o ABbdAtBariy T
MOVE 117,494

PER 3

LAREL Buwr T ibwsIERB 1GR3
MOVE 112, 9)

PEN 4

Lagel 'Fes TiEr

MOUE 115 37

PEM Y

LABEL "curve 47

MOVE 4B 64

LAREL “curve 47

MOUE 18,58

PENM 2

LABEL “ourvs 17

PEM Z

MOVE &G, 318

LABEL "purve 2°

MOVE 12E,32

LABEL “Z2¢

MOVE 56,68

PEN 4

LABEL “"curve 37

MOVE 73,33

LAREL "3

PEN &

VICWPORT 18,128 .25, 1068
WINDOW ~58 1660 ,~.81,.175
AXES 168 ..005.0,9,2.5,7
PEM ~1

VICYWPORTY 9,12 ,28,22

ANEE 18,1 ,0,0.1,1.,5
UIEWPGRT 12,15 74,28
AXES 1066 ,.005.0,8,1,1.,5
QIEWPORT 18,128,285, 1006
PEN &

CLIP OFF

LORG &

FOR =8 T0 1468 STEP 240
MOVE T,-.063 .
LABEL USING "# K"yl

NEXT ] -
LORG 8

FOR I=0 TO .S STEP .65
MOVE 25,1
LRBEL USTHG i
NEXT 1

HOUE 1408 . 145
EABEL "ED W =" gE21
FOVE 1489 ,. 1175

nted

3

cuprve 4 - the toetal relative

i Horizontal deleting

v Yertical delating

»




ERESY
S1TH
Ziea
S1ad
A
Jire
Pt NS’
c2Ee
224¢
2250
226@
227
2288
27298
238
2314

25

REETAY]
2448
23546
23ne
2370
2360
2390
7469
2419
2470
2430
LhAR
2468
2466
2470
2481
24490
2050
200
252

2530
2549
2550
2560
2H78
2586
2596
HE06
2610
ZR7E
2639
2640
26506
286D
Zh76
2684
2690
2708
2718

2720 .

2130
2748

v

LAREL TEZEOW =T ERD

HOUE 14B6 . 1675 g
LEBEL Twilp =t e

PEN 2

FOH S=1 TO 300

LIME TVPE

PFOHu )= THEM 2244
PLUT HE¢d)Y,Det 22¢0)
MEZT J

PENUP

PEN 3

FOR I=1 TO 36@

LIKE TYPE |

IF Bew22{l =0 THEN PFENUP

PLOT HEC ), Dewd2{J) : :
NEXT J —
PEMUY :
PEN 4

FOR =1 YO 320

LINE TYPE 4

IF {er22(4 =20 THEN PEMNIJP
PLOT HY(J ) ,Der220F7
MEXT J

PENUP

PEN 7

FOR J=1 TO 308

LIHE TYPE |

IE e22(] =8 THEN PENUP

proT HiCFy, Dal200

MNEXT I

PENUR .

PALISE : - : -

P33 n B33 a3RA3303833332335833333383333333333333333333338323433333333333333333
3853333383383 333333333383333338335353333333333333333333333333333333355
S AR 3R E AN 3R 533333333333 523334 5353333333333 5533435333333553
GINIT

CBIZE 5

PEN §

DEG

LOTR 98

CETZE 3

BOVE 3 B

LABEL "RELATIVE ERROR in *H*"

LOIR &

MUUE 70,22 .

LARBEL *FILKM THICKHNESY in (angsiromsi® \

HOVE 9,9

LABEL "Frig. 3.4 [Daependence of relative error in thickness on thickross of
MOQUE 18 .6 o

LABEL "metallic film. Curve 1 gives a partial reiative error dus to"

MOug 18,3

LABEL “finite accuracy in measuring ihe reschant angle, curve 2 — in®

MOVE 11,0 ‘

LABEL "half~width, curve 3 ~ in Rmin, curve 4 ~ the total reiative error,”
MOVE 112,48 :

LABEL "El= "yi1

MOUE 112,859

LABEL "E3s= “E3

PEN 2 ‘




2U0H
2918
2820
2G50
2940
4950
2963
2570
2989
29390
36006
3 g
Aty
AB5R
2048
3041
5G42
354
3960
A0

10k

3894
a1

CERE"

AlEd

136
ZHAG
Athg
3168
s17@
313
3196
oo
2214
32728

HOVE 112 .87

pr o

MOVE 117 94

LAl s Ml g-WE <3580 18B/Ps 0

Fin

ML 1 gy

CGREL TEes U iHmeRig
FER Z

VG B

LAGEL "R T B2
ROvE 78 04

LABEL CR22(W ) ETT
PHAGE 75 a6

LABEL "w/tn = b
HOUE 38 .55 )
PERM 7

LABEL “4¢

HOVE 184 B4

LABEL "4

MOVE 46 A8

PEN 4

LABEL "3

HOVE 78,36

LABEL "3* ¢

MOVE 36 42

PEN 3 -

LABEL 2

MOVE 78,45

LABEL 2

HOUE 120,45

LREEL "2

MOVE 27,46

PER 2

LAREL e

HOVE 128,37

LABEL

Pl

HOvE 11,37

LABEL " *math.model"
HOVE 29,34

LABEL "arpor?

MOVE 26,48

DEG

LOIH BB

LAREL, "—wap®

LIOIR @

RGN - g
VIEWPORT 1@-,128,29.,100
WINDOW -14,1700,~.0081,.017%
AXES 199, .0865,8,9,5,5,2
CLIP OFF

LORG B

FOR I=G T0 1680 STEP 206
MOVE 1,-.080725

LABEL USING "# K 51
MeXT |

LORG 2

FOR T=@ TO .05 STEP 005

e MEde Uil etas-ietar 586U 1RGPy 7

3 e .




3445
Zah6
Z4En
5479
484
34490
3509
3501
7510
3528
3550
3640
A55R
3566
3570
3500
2590
36090
3510
2620
3630
3643
656
3E6S
367
ZE5¢
3694
2700
AT
3720

OATED

F4G
AT5a
3758
ATG
AR
379
ARG
710
»828
4850
3u48
IZBGG
3868
367G
2884
3890

NP N I

el USING g, 00t g
P

Bl &

SRy =100 AV

Vo Fartial arpas 1.

g

TEoHad 38 THEN PLOY Hotld Y ABS Ohai ld))

WEXT

PFERUP

fPansE

PEM S

FUR =1 TO 480 ) Y Parial errcor inouh
It MO B THEN PLOY HYGD ) ABS(DhI‘T )

NEAY

FENUP

PAaLSE

PEN 4

FOR J=1 70 360 I Parltial arvor inn & omi
IF ABS(BR2CJ 1 THEN 3520

IF ABS(OHhZUI .02 AND HZ2(J 1> 1350 THEN 3578

IF H2OJ 328 THEN PLOT HZ(J0),AB5(BR2{I D

NEXT I ’

PENUP

PAUSE

PEN 7 .

FOR J=1 10 300 it Total srror

IF ABS(ORhICT Y 1:.02 AND H2(J 121358 THEN 3596

IF HECE -0 THEN PLOT HL(J)Y,ABS(DNhICS ¥

MEXT J

FERUP . -

PEM 1

LIME TYPE 3

FOR 3=1 1O 30

IF ABS(DR{S 3>t THEM 3B50

TF HROJ3»8 THEN PLOT Hh{1) ,ABS(Dh{(J}: b indicates only fhe computailona
MEXT d b oarror of the computas program
PENUR

PAUSE

b AALAAQ44444444480844444448044884448444444444448344444444084444444048%444004
VAA444644044044444468444440444044848444444444434444444444444484444434804454444
VAAAL4444404444444444044440844404444444444448404444444644446444544444444444
{ 444444444444444444444448444448884444844484404484484444448444444444864444444
&INET

CRIZE 5

PER G

DEG

LDIR 9¢

CRLZE 3

mOvE 3 8¢

LABEL "RELATIVE ERROR in 'H'”

LDIR @

MOWE 78,22 -

LABEL "FILH THICKNESS in {angstiroms)”
MOUE 6.8

LABEL "Fig. 3.4 {expanded scale) Dependence of relative srror o ihich
HOUE 18, -

LABEL “on the thickness of ths metallic film."

MOVE 117 .88

LABEL "Ei~ " E)




3485
49496
ADGE
IALRR
ABZH
§450
4340
485G
AGBED
487
4580
4090
4100
4114
4120
413
4146
4159
{154@
4173
#3181
41499
4200
42415
4270
4258
424G
4263
4260
42770
4280
g
2386
4518
4528
4350
§344
4550
LR
AXTD
388
4390

T

T4

1420

39
340
4250
1460
4470

4489 .

e

FHUE

B
LagrL "Eve T (Teiae-~Tata )# 300G 11
SR

pOYE 12 G4

LALVL "due o iyta-WE )= ZE00% 180/

PEN 4

MOUE 12 %

EABEL "By Yy Ree MM
PEN =

MOUE 98,81

LABEL B2l =21
MoVE 86,74

LEREL "EZM W= 822
HOUE 1908 74

LABEL "w/lip = “fin
PEM ¢

MOUE 28,85

LABEL "4

MOVE 85,48

tAREL 4"

PEN 4

MOURE 32,73

LABEL 37

MoUE 9% 358

LABEL 3"

RER 3

MOVE 25 GB#

LABEL 27

MOUE 8% BY

LageEL 2"

PEN 2
MOUE 472 BhH
LABEL "1

MOVE 89,75

LABEL e

PER 1

MCvE 38,47

LABEL "'math.model”
MOVE 35 38

| BEBEL "ercop’®
MOUE 4@ .45

e

LOTR 45

LAHEL "e--yr
LDIE &

FEN 5

PR PR

“QIEWPORT 10, 128,29 ,100

WINGOW 350,556, ~.001,.152
AXES 25,.01 355.0,5,5,2_
CLIP OFF

LORG & -
FOR X=355 T Lsg STEP 25
MOVE X -, 08

LABEL USTNG “§ K, yX
MEXT ¥

]
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L5110
4R

£4 3

ARG
AB5LEA
AGLEG
4670
4589
4696
AP0
4718
4729
4758
4744
4756
4766
4776
4780
4754
4896
4218

e 58
4840
4358
4560
30
Lui%
4390
4840
44918
L4975
4930
4948
A453
4976
4887
4945
50,06
5019
SBHEH
5230
LG40
LELi
L9606

L L]
Tl F Y

Loss ¢
FIG Y T NS GTER iy
HOUE ZRe Y
SABSL HSEMS e, naty s
HEY P v
DLIPR Un
FEN 2
FOoit d=2 TG 84
’ I Partial error 1o ieta
TF HotJ)>G THEM PLOY Fo(J) ,ABS(Dhoi )
REAT

PENUR

PEN Z

FOR J=% 74 80 I Farial arcor in bt

TE HICT >0 THER PLOT HI{3) ABS(DRI{I))

MEXT

BLENUP

PEHN 4 :

FOR J=2 10 88 b Partial error in B mia

IF ABB(BHZ2(J 1> THEN 4710
LFOHZCI 0 THEN PLOT M2 ,8BS(BRZCT ) )

NEXT J

PENUR

PEN 7

FOR J=2 TO 8§

F ABSIDRELI YD1 THEN 4770

IF HE(J)>@ THEN PLOT HE(J ), ABS(DRICJ })

NEXT J ‘

PEMUP

PEN 1

LINE TYPE 3

SR I=Z T0 8@

IF AAS(DRII T THEN 484G -

L MRt§ 020 THEN PLOT Hh(1),ABS(Dh(J)) | Tadicates only the somputational

NEYT J I arror of the computar progran
FENUP

EMD )

;
gon 'ZEaCCUfacy(Tata,ui,Rm,E!,Ew,Er,Et,EZI,EEE,EB,H,D&%?Z;Dem22,ﬁeﬁ22,0622)
i This subprogram should be used for 'H? greater than *Hopt®

OBt - axperimental accuracy of “Tata” determination

' OFw - of "Wt deternination ‘

boEe - of “Raf” datarmination

SeqeSIN(Teta )* 31N Tata ) '

Reag=§QR{Rm o ra :
Gr=f]~E328sq

A= tRm+2 #lag . .

B=14Rsq g

Deri=(Br+i2E3+Sa0q)/Br/TAM Taia )/ {COS( Tata s 2 ) Jnormalized Dert

Dary={ /Wt ) thormalized Derw
Dorr=(B8°2~,5+0)/Rsq/f/8 Inprmalizad Derr

DetZ2=ABS(Dart Jslt
Bau?2=AR5{Derw sty
Der2Z=nB5(Darr YeEp
OalZ=Dei2Z+DawZ2+Der2?2
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pEat Ha

Uiy

B ?riﬁi?&ia,ﬂ,ﬁr%f.?mr%ﬁ,?i,E3,EZT¢,E#Z€J
Eovete is tihe angle of incidence
i 15 the rrequency of the iighy source
D HeiY - is the raeal pari of the reficction cosffivient iz
L imelTe is tng tmagifery pard of ine rafieciion coafficient iz
LHEZETD
Ca5 Nl Teta b+ 5INE Fc:af
af=i-E12EZ21%5/0
HogirE22e5/0 -
LOALSUE Cagqrt FROM “Lcmplx
LOAOSUS Cabs FROM “Complx”
ChiL Gsartial BT, RTITI
ooy CsqriidZ BZLRE,IZT
fieR 008 {Teta)
(i=17#008{Tatal
RE=RZ2BORIEL Y
P17 #8QRET)
Rip=ii~Ke  ireal pari of numerator
imil=1i-12 timaginary part of numaralor
fdiZ=R1+R2 iraal part of dencminator
Imd12=11+12 Fimaginary part of dinominator
LOAGSUB Cdivaid FROM "Compliz” !
ChaLl OdividiRiz2,Imi2 Rd1Z, imd? Ret12 I 12)
SUBEND L
:

RUB brEﬁifeia,w,ﬁPEB,Imr23,Ei?EE,EZIe,EZZa)
Sri=eg e

EZu=t2ée

?==JNi?nia)*Hiﬁ(I&taB

33=F 2t FE3 P -E15-E372
BA#EZ2#ED 2

JE F<i THEN 601D 7
La=EF ESORIF )
A=EzZ+5URIE )
GOTU 7269
Ra=-ER22¢50R{-F )
T4=+EZ2 T SGR-F)
CatL GsortlA3 B3 R3 13}

RA4=R3-K4

in3d=13-14

Radd=R3+Rd

imaad=13+14d

Cal GdividiR34, 134 Rd34 , Ind34 RrZd, IMP231-
SUBEND

a -

LUB Fexiveta W, ,RS,I5;Et E3 Elle, EZ2Zai
Fai"’FE?B

EZEwE?EQ

1ﬁﬁ

Lﬁ

1269

SHEE+E

ﬂB.I»L%Q BE5358479

—_

{ Yacuum wave vactor magnitude in raadmne’
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BRIG T iF Hax (8
Go2f ir H RETURR Hax
265¢ IF Abrax THEN Max=ad
5645 WTURN Max

HELRG FHEND

BGED i - , .

BEYG SUG.FilmdispZil Wp, fetas JHe  Hele Hﬂpﬁ,H;Ei;ES,Kzr,Kri Kxor Kxoi Kuier K
BBEG 1 This subprogran calauliates the 0% - wavevactor of a plasnon propaga
3658 ! for EXPERIMENTALLY MEASURED resonant angle xetae half- wldtn Wia,
5rae | mintmup of pafisstivity Anin

3718 1 Thd other inter face of the metal film is wiih digieciric medium IIT
426 1 £ - PoldilVQ aze;ea*ﬁ;n permiitivity of the medium I (air)

8730 W - is tha 1requanvy of the source of light in Hz .
8746 1 B - is the thickness of the me stal Film  in 'meters® tiiiiliiqd
875l i Kare = REAL pari of OX - wavevector of plasmon in metal 7ilm

8958 i Bxi - IfAG. pari of OX - wavavector of plasmon in matal fiim
87T  (C=2,3558+5 I Speed of light in vacuum in m
B7H® Ho=U/p : i Wavevacior of light in vacuum in
8739 SIZ=5In(Teiae 1+3if{Tetaa;

552G EZ =01 «E3e82/(Ei~E3+52) PoExp-iy found REAL EZ{w) of the metai
BBi® IF HdHopt THEN Ke—i T

8828  If HeHopt THEN K=

8838 IF nrriopt THEN K=+i

8848 E22«l{es{ 14K5 Qﬁ(ﬁme})*Ei‘2*E3ﬁTﬁH(?etaa)/i2*(Et .
8850 | PRINT "EZi_axp = GEZTL,UEZZ_exp = "4E22,"(line B
B89 Gnmm(&a%L2i3‘4+E22“”

8870 ﬁor\Fléz?i*{ETTExt:+Fi*c2““?;/ Drim

BEBY Bo=E2Z+«E] " 2/0n¢

BBI0 AA=ETEB4E2f ¢ Ea—Ei)

BEOY  BA=EZZ+(E3-£1

BE1S AT=ZaEieE27

BEZ0 AT=7+L1+522

" B838 AB=EZ12-ESRIUENCT

B840  BO=T+EZ1+822

BY8Gt LOADGSUR {abs FROM "Comp i

85601 LOAUSUS Csqri FROH "Compix”

887G CALL Csagrt(Ei+gsy LEZZ2 A1 B

43860 CALL Gaqri\ne En JET LK)

8438  U=C/Un i Normaiizing fac
9008 Kxor=kosKi+y

G970 Kxoi=Ko=KZey

G920 LOADSUB Cdivid FROM “Complx”

3639 CALL uuavzd\~2*ko*nﬁrhu,?f¢ko*ﬂ*&23 BT ,BY A2 .82 P Sign changad
G9481 LOANBUB Cexp FROM “Gomplx” :

9856 Cnli Cexp(aZ ,B7 A3 B3

o6 {all Caart(id B4 A5 ,85)

9878 CALL CﬁividéE3~ﬁ§f~B§yE3+ﬁ5,%% LAk BE ) I AG,BE ~ Asal & Imag. paris
SaEG i ) { V1 /ir32

9698 Cail Cdivid(ﬁ?;ﬁ?,ﬁﬁ,ﬁﬁ.ﬁﬁ,ﬂgl . i

31031 LOADSUB Crult FROM TComplix”

3119 CAaLL CouitiAZ B3, +06 ABELATD B

S12¢ CALL Cmuxt\ﬁiﬁ ﬁi@ A%, B9, B?!,ﬁii)

31386 Cali Cmult(hxﬁr Kvnl AT BT Koo Hmd )
5146 1

AR Kxii=Kui~Kuoi

5168  SUBEND

FfTE i
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ipt b tdTeiae Wie Ree Ci B3, Hopii)
Mo TptagirSibk{ jetae s

R
L1y 7F

523 i Euperinantaliy found EZilw)

aaiieE5e00/ {0 i-Ede

: JeTal{Tatae 1/ Ze{E1-E3e82572)
E2CoxbtarE i 7«EB«TAM Totae )/ { s R1-E3+02 172} i At HeHopt

jelta=Eilo-L Ze I tinge 1R - 1B7S
Divi=lelta I are a switeh for Ela
OrdJ=0104 -1 7 i as a funciion of R min

. e

IF Drddeg AND 42
IF Orldidd THEN K=-i

IF d=i THEN K=-i
ProdeDriJ r=0r{d-1]

iF Proddd AND J31 THEN Hopti=H
E22e-Wies{ +K+30R(Rmea ) )+ 1 "Z+ES«TAN{ Tetas s/ (L+{E1-E3+82,72)
SUBENG
: -




