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I. INTRODUCTION

In this final report, we will summarize the findings of our
regsearch under this contract on surface plasma wave (SPW) dispersion. ;

The objectives of this research program are: 1) to use the attenuated-~

R G T

1 total-reflection (ATR) technique to study SPW dispersion of Cs and Cs-0 :

covered Ag surfaces, 2) to investigate the effects of ATR-enhanced photo-

TR O s TR,

emission from Cs-covered Ag surfaces, and 3) to investigate the feasi-

bility of ATR~induced coupling of electromagnetic (EM) waves into planar

solid state devices.

AL IR 3w

Surface plasma waves are EM waves that can propagate along a

e RV IR

metal-vacuum interface; their amplitude decreases exponentially with dis-

(R el m i

{ tance from the interface. Let us consider a case in which the metal is

an optically isotropic, homogeneous medium characterized by a dielectric

£ RES

ft’ constant, €1(w), and with magnetic permeability u = 1. For a model in

o tagt, A

which the interface .. considered a sharp geometric boundary, the SPW of

the metal=-vacuum interface are transverse-magnetic (TM)-polarized, and

R okl

{’

their dispersion can be given bylz §
2 f(w) & W2 g :
K- = —5 , K = Re(R) + 1 In(K) (1) B
) g(w) + & ¢ g :
where K and w are the wavevector and frequency of the SPW, respectively, ; f
3 :
€g = 1 i3 the dielectric constant of vacuum, and c is the speed of light §
) b

in vacuum.

Surface plasma waves exist in the frequency region in which €'j(w)

SR M et

< -1, where €)(w) = €'j(w) + 1€"j(w). The real parts of their wave-

vectors are larger than the wavevector of corresponding light in vacuum,

-1 -

P
¥ 5 i
Yre

(27
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i.e., Re(K) > (w/e). Therefore, SPW are nonradiative and cannot couple
directly with light in vacuum. However, the Otto? and Kretschmann3 ATR

prism configurations can be used to augment the wavevectors and therefore

’ excite SPW at an air-metal interface., The Otto configuration is formed
by placing a prism above the metal surface, leaving an air gap; the
Kretschmann configuration is formed by depositing a thin metal f£ilm on
the base of a prism. In the Kretschmann configuration, SPW also exist
at the prism-metal interface. However, ouly the SPW at the air-metal
interface can be excited in the ATR configuration.l When light is

incident upon the prism-metal interface at angles @ larger than the

critical angle O,, it can create an evanescent EM wave with the proper
parallel component of wavevector Ki to match the wavevector of SPW.
Here Gc = sin’l(lln) and n > 1 is the index of refraction of the prism.
Therefore, SPW can couple directly with light in the prism.

Under proper conditions, resonant coupling between SPW and light
in the prism can occur. The resonance is a high Q phenomenon and results
in high electric fields at the metal surface.l»4 These high electric
fields are the key to this research program. Recently, there has been a
: growing interest in using visible and infrared light as probes for study-
51 : ’ ing surfaces. Conventional optical spectroscopy, such as reflectance
measurement, suffers from two deficiencies: 1) the sampling depth is on

the order of 100 R thick, much thicker than a monolayer; 2) incident

light and its reflection from a highly reflective metal surface form a

node in the electric field at the adsorbed layer that reduces the inter-
action between the adlayer and the EM field. However, the weak interac-

tion between an adlayer and the EM field can be enhanced by using SPW as

e, —— - D
o ace y B T T N P T B T I PR




“«“.k

ik

2 ? b

.Sj ; a surface probe. It has been demonstrated that roughly 0.2% of a mono-

: ; » layer can be detected in this way.S As part of the work conducted

5

S under this contract, we performed a spectroscopic study of submonolayers

e

;ﬁf N (see Appendix I) in which the coverages of the submonolayers Cs and Cs-0

éﬁ . were monitored by work function variatiom.

3

g

g When SPW are used in an external photoemission or in a planar

%; solid state device, the high zlectric field and its concentration at

;? t the investigated interface quite naturally lead to enhancement of

3

:{ photoemission intensity and device performance, regspectively. Using

S

ﬂﬁ . such high electric fields and the dependence of SPW on the metal film

fie ;

;J ¥ thickness, we can also deduce the dielectric constant and the thickness ,
%g ‘ of the metal film. A discussion of the method is given in Appendix II.

3

i v Appendix III is a review paper on narrow-beam excitation of EM

k% 4 .

S

%; . ¢ modes in prism configurations, coauthored by W.P. Chen and Prof. E.

.

T Burstein.

el r :
: ¢ In this report, we shall describe the results that we have ob- §
S > ¢ tained in the three areas: 1) SPW study of Ag surfaces covered with é
f@ submonolayers of Cs and Cs-0, 2) SPW study of thin (30 A-500 K) Ag ?
f: i films, and 3) SPW-induced coupling of EM waves in a photocathode and a %
Q, 4 rlanar Si-Au photodiode. Results that have been published or submitted %
;} for publication will be discussed only briefly. 3
& i
o
Y . ;
P 1
" ; i
% ¢ §
‘ ; :
i/ ;
- 0 'f’
1 !

s A RRCL R » - S PP ) R

RV ] . %)

A R 4 T

. . TR AN
-y - e . T SN TR

- .. , . . S TR B T AT




)
‘
57
o
41 €
A
g
2
e !
LI
2 1
P
e
g
s
!
E
i

Saord

Y

%

SR

BRI Ty < i
Rt o

_“_‘.: \5"_

el

O s

AR

ok

RGN

faliedindmic

b hta it
SRR it

TG

SR SIS
pvrh

SO

FR I I e 08

riry
o

A i‘g (3“’*‘.‘1‘?.3?4»‘»\}—.?".{,, oo

e T SRy N A T i Er e i
e R e T S

SPW_STUDY OF Ag SURFACES COVERED WITH SUBMONOLAYERS OF Cs AND Cs-O

II.

We have studied surface plasmon waves at a vacuum-Ag interface

with and without a Cs (or Cs-0) overlayer. Experiments were performed

in an ultrahigh vacuum chamber, using a Kretschmann prism-Ag-vacuun
configuration, in the frequency region from 0.9 x 10%cm~1 to 2.2 x 10%cm™l.

Monochromatic and collimated TM-polarized light was used to excite SPW

at angles beyond the critical angle. As the angle of incidence was

scanned, the reflectance R showed minima when SPW were excited.
Typical R(a) curves at SPW resonance are shown in Fig. 1 for

the frequencies indicated. Both are shown for a Ag~vacuum interface

with 1) no overlayer, 2) a Cs submonolayer, and .) a Cs-0 submonolayer.
The Cs coverage measured was the coverage at which the photoemission
signal started to saturate, equivalent to 2.5 x 1014 atoms/cm?. A
comparison of the R(a) curves shows that: 1) the R(a) curves for a Cs
submonolayer have broader half-widths @y, lower values of minimum
reflectance Rpj,, and show no obvious changes in the resonant angle Xpz1p,

and 2) the R(a) curves for a Cs-0 submonolayer show no obvious changes

of half-widths and Ryi,, but appreciable change of ®ppp.
The spectra of the changes in Rpi, and appp (see Appendix I)

showed that, on the one hand, Rpi, can be reduced by up to 10X from

w =0.9 x 101%cm™! to w = 2.2 x 10}4cm™] due to Cs adsorption. On the

other hand, the oxidation of the Cs-covered Ag surface causes a change

of TR from 0° at w = 0.9 x 1014cm~1 to =0.4° at w = 2,2 x lolacm‘l.

The data indicate that SPW are heavily damped by an adsorbed Cs submono-

layer, with no obvious change in thelr wavevectors. However, in the

- BASG- “3 s nrean-
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Figure 1. Typical R vs a curves for a Ag-vacuum interface, for the Ag

surface in the presence of 2.5 x 1014 atoms/cm? of Cs, and
the Cs layer exposed to 09 gas.
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presence of an adsorbed Cs-0 submonolayer, SPW show changes in their
wavevectors, but without any obvious damping.

We also measured R versus the wavelength of light at several
angles a. The spectra (see Appendix I) indicate no sharp structures,
in agreement with the spectra of ®yp, W,, and Rpy,. The absence of
sharp structures indicates that the electronic states of Cs-Ag and the
Cs-0-Ag surface layers are likely to have energy bands rather than dis-
crete energies.

We have analyzed the data presented in Appendix I using an opti-
cally aunisotropic slab model to represent the surface layer, which includes
the adlayer and the substrate surface atoms. The response to an electriec
field normal to the surface was set to be different from that parallel
to the surface. Theoretically, the analysis seems somewhat arbitrary
because the thickness of the surface layer is not well defined. However,
the fipal result shows that choice of the thickness is not critical, and,
when there is no resonant dipole transition normal to the surface, that
the effect on the surface plasma waves depends only on the product of

the adlayer coverage and its electric susceptibility per adatom. Based

on this theoretical analysis, we have concluded that the Cs-Ag layer is
strongly adscrptive and the Cs~0~-Ag surface layer is transparent.

We also studied the relationship between Cs coverage and SPW. We
set @ = appp for a fresh Ag-vacuum interface and measured the reflectance
of a TM-polarized He-Ne laser light during Cs deposition. The photoemic-
sion current was measured simultaneously. As shown in Fig. 2, at the

initial stage of Cs deposition, R decreases linearly with deposition

time t, which 1s equivalent to surface coverage. This 1s interpreted as
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a result of a linear change in the R of SPW with increasing Cs cover-
age. Interestingly, the slope of the R vs T curve changes abruptly at a
coverage of about 1/3 monolayer. At the same coverage, the photoelectric

threshold is also reached. If we assume that the sticky coefficient of

ki Cs has not changed abruptly at ~ 1/3 monolayer coverage, then the abrupt
change of the slope indicates a change in the properties of the Cs-Ag

o surface layer. Further investigation of the coverage dependence of

s
i Rpin» using monochromatic light from a Hg lamp, shows that the coverage

; at which the abrupt change occurs increases with increasing wavelength

i of light. Because the photoemission current excited by the light is not

? strong enough for us to determine a clear photoelectric threshold, we

? could not directly correlate between the abrupt change of the slope and

% the threshold of photoemission. However, we know that the photoelectric
%: . threshold shifts to higher coverages at longer wavelengths at the initial
;1 . stages of Cs deposition because the work function of the surface decreases
%' ; with increasing Cs coverage. Therefore, we can speculate that the photo-
g - electric effect is responsible for the abrupt change of the slope in R vs

% . t. A probable reason for the change is that, beyond the photoelectric

A i threshold, SPW can be damped by exciting electrons into the vacuum.




III. SPW _STUDY OF THIN (30 A - 500 A) Ag FILMS

A. DETERMINATION OF DIELECTRIC CONSTANT AND THICKNESS OF METAL FILM

It is well known that the properties of SPW in a Kretschmann con-
figuration depend on both the dielectric constant and the thickness of

the metal film. The thickness dependence becomes significant when the

thickness is comparable to or smaller than the penetration depth of the
SPW in the metal. From these dependencies, we can deduce the dielectric

constant at any given wavelength and the thickness of a metal film (d)

WS MR 2
VI,

=

We found that a least~squares fit of the R vs K, data provides

.,~.N
a

=
SRS

two sets of €; and d solutions, one corresponding to undercoupling of a

damped SPW, and the other corresponding to the overcoupling of a less

|
1
'i from the resonant reflectance curve of the corresponding SPW.
1
%
|

damped SPW. With the help of a d determined at another frequency, these

;5 two sets of solutions can be distinguished.

=

ﬁ Results of the data fitting are given in Fig. 3. The average

:W , deviation of R between the measured and theoretical values is about 2%.
;% : For the case of A = 6328 X, two equally good fits are presented, omne

s

for € = =17.45 + 1 0.92 and d = 387 A, and one for € = =16.72 + 1 1.66
and d = 483 R. For 4358 Z, fits are presented for & = ~5.25 + 1 0.53
and d = 567 A and for € = =5.25 + 1 0.32 and d = 467 A.

Note that there are slight differences between the fits for the
twe sets of solutions. A measurement of R more accurate than + 2% may

allow distinction between these two sets of values. However, the dis-

2@ tinction can be easily achieved by comparing the resultant d's. By

comparing the thicknesses, we conclude that d is about 475 A and the
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Figure 3. Data fitting of measured R versus Ki/(w/c) curves at }
6328 A and 4358 A. Solid curves are data. Calculated ’
reflectances for each fitting are shown by the symbols A, :
®, A, and o. For A: (t, )-(3871\ -17.45 + 1 0.92), :
. (483 A, -16.72 + 1 1. 66), A: (567 A, =5.25 + 4 0.53), :
and o: (467 A, -5.25 + 1 0.32). ‘
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dielectric constants are € = -16.72 + 1 1.66 at 6328 R and € =

-5.25 + 1 0.32 at 4358 A. These values agree well with the known bulk

L]
constants of Ag:6'7 € = ~16.32 + 1 0.54 at 6328 A and € = -5.19 +
o
1 0.28 at 4358 A.

The above procedure can be extended to fit the SPW reflectance
minima at several (e.g., m) frequencies. The number of parameters to be
fitted for a thickness d and m complex dielectric constants is 2m+l. A
least-squares fit can solve these parameters simultaneously without a pre-
determined formula for the e(w).

This fitting method is important for determining €;(w) of a

metal film 100 A to 1000 R thick when the thickness cannot be known
= within an accuracy of * 50 A. In this thickness range, the leakage
E loss and the Joule loss of SPW are comparable. The least-squares fit

can also be applied to £it R(8) curves for d < 100 A. 1In this case,

i, the angular dependence of EM fields in the metal film is primarily dater-
% mined by €7 and n. Therefore, the relative angular dependence of

% reflectance (absorption is equal to 1-R) does not show a significant

g dependence on €;, and only the absolute value of reflectance is a func-

tion of the product of the absorption coefficient and the area density

of electrons. Thus, the least-squares fit gives only the d x g

1
product, but not an accurate €, or Eid. The correlation between
d and E; cannot be eliminated by including more data at different w,

but it can be circumvented by a determination of d by other methods.
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B. DEPENDENCE OF RESONANCE OF SPW ON FILM THICKNESS

We have studied the thickness dependence of SPW excitation in
a prism—-Ag-~vacuum configuration, using TM-polarized light from a He-Ne
laser and a dg lamp. Ag films were evaporated on the prism under vacuum

at 1 x 1078 torr, and reflectance (R) versus cK/® curves were measured

Sy

in situ. Evaporation and the reflectance measurements were carried out

AT

alternatively. Assuming mass thickness t of the Ag film is proportional

A

%3 to the deposition time, we found that, with decreasing mass thickness,

5‘ Rpin increases, the dip Kppp shifts to large values of cK/w, and the

%P width w of the R vs cK/w curves broadens until t = 250 A. With

%‘ further reduction of t, Rpi, at first decreases and then increases;

%3 Karp shifts somewhat; @ broadens at a faster rate. These findings are

valid for all wavelengths used (A = 6328 A, 5780 A, 5461 A, 5358 A,

|

i' and 4047 3). A typical set of data (A = 6328 R) is shown in Fig. 4a.

} To check the t-~dependence of the R vs cK/w curves theoretically,

F;‘: we calculated these curves at A = 6328 .A for the above configuration

5 in the same thickness range. In our calculation, n = 1.52 and € = -16

§ + 1 0.52 (€1 i3 assumed to be independent of t). The results are shown

%& in Fig. 4b. The calculated curves show that, as t decreases 1) the dip

i% shifts to larger cK/w values, 2) the dip broadens, and 3) Rpj, increases

% monotonically. A comparison between Figs. 4a and 4b indicates that the
t-dependence of R vs c¢K/w curves in Fig. 4a cannot be fully explained

by the t-dependence of SPW for those curves where t < 250 R, if we
assume that &1(«) is independent of t. A least-squares fit of the

R vs 8 curves for t < 250 Z shows that, for decreasing t 1) the derived
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ei of Ag becomes less negative, 2) the derived €" increases dramat-
ically, and 3) the derived d is almost comnstant (d = 200 3), which
suggests that the Ag films of t < 250 & are more likely to be island
types, with an island height of ~ 200 R. The increase of €] may play

a role in the recently reported surface-enhanced-Raman scattering process.
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IV.  SPW_ENHANCEMENT
" Rt A. SPW ENHANCED - PHOTOEMISSION
;‘ In other work under this contract, we have measured photoelectron
%& emissions from the silver surface due to light excitation and the reflec-
% tance of the light as functions of the angle of incidence in the presence
gA of a Cs overlayer with a coverage of 2.5 x 1014 atoms/cm2. We found that
g the intensity curve showed a peak while the reflectance curve showed a
ig dip. A typical example for light of 6328 A is shown 1in Fig. 5. The
?i intensity at the peak is about 100 times larger than that at the off-peak
%} position. The absolute quantum yield was not established. Because the
2; penetration depth of surface plasmons is different from the escape depth
%i of photoelectrons in silver, the angular positions of the peak and dip
%? differ -- by 0.05° for this case.
é; ATR~enhanced photoemission has been achieved directly with a
% commercial S-1 (Ag-0-Cs) photocathode by optically coupling a right-angle
; : prism to the flat window of a RCA 7102 photomultiplier tube (Fig. 6).
g? { Photoemission current was measured as a function of wavelength (1)
% and angle of incidence (68) of incoming radiation. Since the Ag film ;
%; of the photocathode was very thin and impure, strong ATR resonances were é
i- not obtained. Instead, the photoemission current exhibited a broad é
Ef maximum at © =~ 45°, Nevertheless, by measuring the photoemission cur- g
rents at O = 45° with and without the coupling prism, we could detect 3
the effect of ATR on photoemission. As shown in Fig. 7, the measured ;
enhancement factor for TM waves (the ratio of photocurrents with and §
without a prism) increases from 1.5 at A = 1.3 um to 2.5 at A = 0,45 um. é
b
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We believe that these results, as well as those reported by G. Hincelin
and A. Septier8 -- who observed enhancement factors of 20-50 on evap-
orated Ag films -- suggest that a large enhancement factor can be ex-~
pected by proper control of relevant parameters (e.g., Ag film thickness,

film perfection, surface work function, etc.).

B. SPW-INDUCED COUPLING OF EM WAVES I A Si~Au DIODE

When a metal film is deposited on a semiconductor surface, as in
a diode, SPW exist at both the air-metal and the metal-semiconductor
interfaces. The SPW can be coupled with the bulk electromagnetic wave
by placing a pricm close to the device., When a glass prism is placed
above the Au surface with an air gap of several thousands A (insef of
Fig. 8), a visible light in the prism can couple with SPW at the air-Au
interface. At coupling, the reflectance shows a minimum, as shown in
Fig. 8 where A = 6328 A.

The coupled electromagnetic field, guided Ly the SPW, can extend
into the Au-8i interface. When the photon energy is larger than the band
gap of the semiconductor, as in our case, the EM field can create elec-
tron-hole pairs in the space~charge region, and a photovoltage V is
developed. As shown in Fig. 8, a plot of V versus © shows a local maxi-
mum where excitation of SPW occurs.

Furthermore, the SPW that propagate along the Au-Si interface of
the dicde can also be used to enhance the internal photoemission, in which
electrons are injected from Aa into Si. To study only the internal photo-~
emission, SPW with photor energies hetween the band gap of Si and the

Schottky bparrier height should be used. For Au~Si (p-type) diodes, these
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energies correspond to infrared radiation of wavelengths from ~ 1.1 m

to 3 um.

Our theoretical study showed that resonant coupling between SPW at

the Au-Si interface and infrared radiation at XA = 2 mm can be achieved

by using a Ge prism and 1) a 61° incident angle, 2) a 450 A-thick Au

film, and 3) no air gap between the Ge prism and the Au film. However,

further analysis indicated that an air gap as small as 800 & can pro-

hibit the coupling completely. In principle, filling the gap with a

material with a high index of refraction can solve this problem, although

we have not yet developed the technique. Our study also showed that the

SPW at Au-Si interfaces can be coupled with a grating to bypass the

ratching problem.
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We have carried out theoretical and experimental studies of surface

plasma wave (SPW) on clean and submonolayer Cs and Cs-O covered Ag surfaces.
¥ An attenuated total reflection (ATR) technique was employed to study the re-

sonant excitation of SPW with transverse magnetic (TM)-polarized light in
(-]
the 4500A - 110001 wavelength region. The reflectance of ™M light was

X,

measured as a function of incident angle at various wavelengths. The re-
flectance shows a_ minimum (Pﬁn:in) at an angle (GA.m) when the TM light couples
resonantly with SPW. We found that a monolayer of Cs coverage causes a change
in Rpin Oy as much as 10%, without causing any-obvious shift of SR On the

other hand, with the presence of a Cs-0 monolayer, we observed a shift of
%R without appreciable change of %nm Analyzing the data with a theoretical
model, we found that the Ag-Cs surface layer is strongly absorptive and the

Ag-0-Cs surface layer is transparent, within the wavelength region of our
study.
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1. Introduction

Metal surfaces and their adsorbed layers have been interesting subjects

: £} of investigation for a long time. They have been investigated by using elec-

i . trons, ions, UV-radiation and X-rays as probes. Recently, there has bef.n a

? growing: interest in visible and infrared light as surface probes. The con-

f 3 ventional optical spectroscopy such as reflectance measurement suffers fram

; _ two weaknesses. First, the sampling depth is of the order of 100 R,Iwhich is

i much largc:s than the thickness of a monolayer. Second, incident light and its

x; reflection from a highly reflective metal surface-form.a node in the electric

f; field at the location of the adsorbed layer. Consequently, the interaction

; between the adlayer and the electromagnetic (FM) field is largely reduced.

* : However, the weak interaction between an adlayer and the EM field can be en-

hanced by using surface plasma waves (SPW) as a surface probe [1].

) The SPW study of metal surfaces can be divided into two categories. One

| is the propagation technique in which. SPW are launched and propagate on a

;’ metal surface. The propagation length can be as large as macroscopic dis-

; tances [2,3] and leads to a long interaction duration between adlayer and

: surface plasma waves. This can enhance the sensitivity of the EM probe at :
j metal surfaces. In the propagation technique, one observes overlayer-induced
.'i reduction of the propagation length which is measured as a reduction in re-
radiation at a fixed distance away from the excitation region. The second

study category is the attenuated total reflection (ATR) technique (4,5] by

SCRRNEEY

which surface plasma waves can be coupled resonantly with TM-polarized light.

The resonance is a high Q phenomenon and results in high electric fields at

i S




a metal surface [1,6]. Thus, its surface sensitivity is greater than with con-
ventional optical techniques. Roughly 0.2% of a momolayer can be detected [7].
In the ATR technique, one cbserves overlayer-induced changes of the SPW re-

sonance which are shown in the reflectance (R) vs. incident angle () curve as
a change of rescnance angle, half width and reflectance minimm [8].
Theoretical studies show that the overlayer-induced changes are further
enhanced when SPW of the metal substrate interact resonantly with dipole os-
cillations of the overlayer [9-12]. The spectra of the induced changes, there-
fore, can provide a spectroscopic tool to study dipole excitations in the over-
lzyer. Both the propagation technique and the ATR techmique have been used to
study various kinds of overlayer-metal systems in the visible [7-8, 13-16] and
infrared [9,17,13] areas. The published works [7-8, 15-13] on déve. iyers of
thickness of the order of a monolayer are particularly interesting and reveal

the power of the SPW technique as an optical probe of monolayers.

Among various overlayer-substrate systems, the problem of alkali adsorp-
tion on metals [19-22] remains one of the most studied chemisorpticn systems

because of its many technological applications and relative ease of experi-

mental control and theoretical analysis. Experimental infommation has been

obtained mainly from several techniques: (1) LEED analyses involving deter-
mination of the periodic arrangement of the adatams on the surfaces; (2) work-

function measurements involving changes of surface potential barrier with ad-

T T Y
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sorbate coverage; and (3) photoemission measurement involving energy distri-

bution of emitted electrons. However, optical properties of the system are

T

T

0

T AR G

still not clear.
~ In this paper, we present our results of a SPW study of an Ag surface
covered by a Cs or Cs-O0 submonolayer. The Xretschmann [S] ATR technique was
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used. From the adlayer-induced changes of resonance of SPW of the Ag-vacuum
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interface, we have derived the optical propeftiés of the submonolayer-

covered Ag surface. We found that in the visible and the near infrared

-Ag surface layer is strongly absorptive and

wavelength regions, the Cs
that the Cs-0-Ag surface layer is transparent.
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2. Theory

2.1 Nature of Surface Plasma Waves

Surface plasma waves are EM waves which can propagate along a metal-
vacuum interface, decreasing exponentially in amplitude with distance from
the interface. Let us consider a case in which the metal is an optically
isotropic homogeneous medium characterized by a dielectric constant ele)
and magnetic permeability y = 1. For a model in which the interface is
cansidered a sharp geometric boundary (Fig. la), the SPW of the metal-vacuum
interface are TM-polarized and have a dispersion relation given by [4]:

2 . g, (W) ¢, 0l ‘
_ el(w) *e, c:2 ’

K =Re(X) + i ImK) (1)

where K and w are the wavevector and the frequency of the SPW respectively,
and g, = 1is the dielectric constant of vacvam.
Surface plasma waves exist in the freci— Iy region in whiche'ltm)<-l,

where sl(w) = e'l (w) +is"1 (w). This condition is satisfied for Ag in the

visible. The wavevector of SPW is larger than the wavevector of light in
vacuum, i.e., R:F:(K)%‘é:i . Therefore, SPW are nonradiative and cannot couple
directly with light in vacuum. However, one can place a prism Close to the
metal-vacuum interface to form a prism-metal-vacuum Kretschmann configuration
(Fig. 1b) to augment the wavevector. In this configuration, the metal is in
the form of a thin film. When light is incident upon the prism-metal incer-
face at angles © larger than the.critical angle ec, it can :Teate an evanescent

EM wave which has a proper parallel component of wavevector Kt to match with
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the wavevector of SPW. Here n > 1 is the index of refraction of the prism
e and 9. = sin'l(lln) . Therefore, SPW can couple directly with light in the
: prism.
When a2 metal-vacuum interface is examined on a microscopic scale,
e: ¢ the model of a sharp geometric boundary for the interface is not exactly
i correct. The metal-vacuum interface is better described by a transition
11& layer of atamic thickness at the metal surface [23]. The electranic states
4 of the transition layer differ from the metal bulk states; and when atams )
: or molecules are adsorbed on the metal surface, the transition layer changes
i to a new form. Thus, the theoretical dispersion-relation of SPW of a metal-
é ) .vacuum interface given by equation (1), which is based on a one-shzu'p-bomd:ary
model, should be modified. Although the modification to the dispersion-re-
x N lation is usually small, the spectral dependence of the .mdification can re-
i veal the change in optical property of the interface due to the presence
§ : of the adsorbed layer. The exact dispersion-relation of SPW of the metal-
, 'Y vacuum interface can be calculated only when the depth profile of the diel-
; ; ectric constant of the transition layer is known; and, even under those con-
; ditions, an exact analytical olutionof the dispersion-relation can only be
i obtained for same special cases [24]. Here, we use a slab to model the tran-
) sition layer and look for an approximate solution in general cases. We find
? that such a model calculation is satisfactory to describe the influence of the
ﬁ p adlayer on the SPW of the metal-vacuum interface. The metal-vacuum interface
; then has ametal-slab-vacuum configuration (Fig.lc) with two sharp geametric
f boundarias. The slabwhich represents the transition layer has an effective
’ ’ tﬁichess and an effective dielectric constant. The effective thickness, ds,
: is chosen so that there is no contribution to the dielectric constants of
H
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the adjacent bulk media from the surface states. Since there is no clear cut

) boundary of a transition layer, such a choice is somewhat arbitrary; however, 1

we will show later that it is not critical
stence of surface electric fields and chemisorption bonds, the EM re-

in the present case. Because of

the exi
transition layer in the direction normal to the interface

gl e aris ol by

) sponse of a

is different from that in the parallel directiam. There'fore, the effective

: dielectric constant of the slab is set to have two different camponents, one

r normal to the interface, < (w), and the other parallel to the interface, &/ (w) .
it is known trat SPW in the Kretschmamm configuration are per-

Furthermore,
4 curbed by the prism [1,6], and that the inter
g d lation of SPW. The perturbation can only be neglectsd in a weak coupling
‘ case of a thick metal film. In 6rd;er to take into account

action can change the dispersion re-

limit, i.e., in the

= .
L the perturbation due to the prism in the Kretschmann configuration, we extend

T ! ;

g ; our model to a four layer (prisn-metal-slab-vacwm) configuration (Fig. 1d), ;%

! where the slab again represents the transition layer. After applying Maxwell's %ﬁ

} N equations and boundary canditions, the dispersion relation of surface plasma ’ %

waves at the metal-vacuum interface in the four-layer configuration is given 3‘;

i by: ; é

f sz-lmmd)(xzz‘ﬁz y M, .

32 £ 42 Kz &% %/ 5

& G Fz K % :

s 7 g Kg Ku z Z &

(- /g ) o (21K ,4) 5+ =) * R

K € K 2

2 Ku 7 2

i tan (K4pd.) ¢ *+ =] =0 2) k-
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, |
Kz = (&5 Y - k92 gor 5 =1,2,3
C

2 g 1/2
K4z' [5// ((27' “61‘)]

where sz are the wavevector camponents perpendicular to the surface; j = 1,2,3,4

labels the physical quantities of the metal, the vacuum, the prism and the slab,

Tespectively; €5 = nz
thickness of the metal film.

In our experimental conditions we only need to consider those SPW

is the dielectric constant of the prism; and dl is the

which can couple directly with light in a prism. These SPW are damped by
radiative and dielectric losses. The Kj z of these SPW should have positvive
real parts here. There are many branches of camplex w vs. camplex K solution
to equation (2) for these damped SPW. Here we lsok for a real w vs. complex
K solution. When eg (w) = eL(w), (i.e., when the transition layer is assumed
to be isotropic), the real w vs. complex K solution given by equation (2) be-
canes the dispersion-relation of SPW derived by Pockrand [14] except some
changes of sign.

For a thin slab with [X,,d_| << 1 ad a metal £ilm with |exp [12nd) K o] [<<1
at K given by eq. (1), an approximate expression (we followed closely the pro-
cedure of derivation given in references {5], [6] and [14]) of camplex K of SPW
as a function of w can be given explicitly to first order in ds/x and |exp iZ-.rdl_Kl

7!
by:

K=KO<-KR+KT

Q. ('el €y ->1/22

€1+C2 C




(-2

m) al €2 . 2 1 §82
=i (e - -

T T S e S b ASM R P Ao K B AT s 1* B

A I o
RS PRI T v o I

AR RN SN G M ek Bt o O AT TS IR

where A = %’5- is the wavelength cf light in vacus..

Equation (3) is the new dispersion relation, and equation (4) just repeats
equation (1; and gives the duspersion relation of SPW of a metal-vdcuum in-
terface in 2 :me-sharp-boundary model. KR, which decreases exponentially
with increasing metal thickness, gives the perturbation to equation (1) of
SPW due to the prism (5], KT, which is proéorticma.l to the thickness of the slab,

gives the modification to equation (1) of SPW dueto the transition layer (4]

and is very sensitive to the interface condition. Since w2 are particularly in-

tarested in the interface, we will concentrate on k' in the discussion below.

When the transition layer changes in the presence of an adsorbed layer,
its EM response changes accordingly. Let AX.L and Ay 9 represent the adlayer-
induced changes of electric susceptibility per adatom in the normal and the
parallel directians respectively, and Ns represent the surface density of
the adatoms. The changes of dielectric constants per unit area in ¢ // ard ¢ 1
are 4mNsAx, and “NSAX_]_ respectively. In our slab model, we can keep the

N
effective thickness dg unchanged for the new transition layer and have ¢ //l =

& +anN Xy /dg and EJ_N g 4mNgAx .l./ dg, to represent the new effective

dielectric components.
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can be.expressed.as a change of KT.

The change in SPW dispersion-relation due to the presence of an adlayer

N N _. T
With €y agxd eL given above, AK:..

(the change in KT) can be expressed as:

T 1 152 2 N L85 N
AKX '1( (m)t52'€ljt 8182)1/2 ( ) Ee// S//) ;IN-ET- (EL E“EI[\IS )

o %my@ M" &»uzﬂ?ﬂﬁv‘:ﬂ?ﬁﬁ}%.c;@;ﬁwggg%”ﬂvgnﬁv. y
A ) RGN Ak A St

12 42 lax, - 12 axy1 4mN (8)
172 (e+ez 8%y TQJ. el |4 4MNg

If the ad.layer does not introduce new dipole transition in the transition

. 2n 1
P @
RISRC (e2-e1) ( elsz)

layer so that eJ- does not deviate appreciably from el i.e., I,L - ell«el

then ¢ J.N in equation (8) can be replaced by ¢ |- Then, the change
AKT is proportional to the total surface density of the adatams and does not de-

pend on the scmewhat arbitrarily chosen quantity ds. Otherwise, a microscopic

calculation is required to determine ¢ .i.N and AKT.

2.2 Coupling of SPW —— ATR Method

Let us consider that a T™ light is incident upon the prism-metal interface

as shown in Fig. 1d. When the light is incident at ¢n angle @ larger than the g

critical angle 8. it can couple directly with SPW of the metal-vacuum interface.
The coupling takes place when w and ng(@) of the incident light match withwand X of
the SPW. Here K}jé(e) is the component of the incident wavevector parallel to the
interface. Since Ki is real and K is complex, an exact match between IQ is impos-
sibls. However, a close match can be reached at K:i((e) = Re(K). When w is fixed
-1 ( Re(K)c

and @ is scanned, K;(e) = 22(K) occurs at @ = sin = ~— ) which is

designated © ATR"
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When a T™ light is incident At an angle close to ®aR? the incident light is

strongly absorbed and the total reflection is attenuated. The reflectance R

of the ™ light can be approximately expressed as a function of © as (5,6,14]

i

‘ Ry = 1. 40 + mED] mey 0)
g © =1 1 7 7

o K- Re]C + InR)

E | QT R o . “ 3
- Here, K, X, K°, and are given in equations (3)-(6). The property of R(@) has o
5‘ i a.lready'been discussed in refs. [5], (6], and (14]. We summarize their results

’ in the following for later discussion. The reflectance has a Lorentz dip at GaTR

with a half-width W, (vhen |Im(Q)[<<|Re(®)|J and a minimm reflectance Ryyy

gl | given by

;| )
: :
b W. = @_(_Kl-c_. R . 10) §
©  nucos(9,p) ( 0)

) 1

b :

i and R =l - (1)

SE (1+n) ;
4 .
) :
7 wheTe ne (IO ¢ D)/ clz)§
:% ?
by - R
: since | In(&D) [<<|mA [, n = W) /mR). By substituting ey, €y, and 5 [25]

4 | A ~ 1r €pr and €5 (28] 3.
’f into equations (4) and (5), one can obtain I(O and KR, respectively, and n can be i
estimated at any d7. For a metal like Ag, the n vs d; curve is schematically

b |

"%J slotted in Figure 2. At a particular metal thickness dopt (6], n is equal to 1. ‘
1 Ruin decreases as 4, increases until d, reaches dopt’ at which point R .. reaches ;
* its minimm value (p\nin = 0); as d, increases further, R, increases to 100% at ! {
i ' ;
y ; large £ilm thicknesses [6]. :
by 3
i !
A

10 g
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When the transition layer of a metal-vacuum interface is transformed
into a new transition layer in the presence of an adlayer, the resonant
angle @,rp, the half width W and the E\nm ;:hange by an amount AGprn, :
ANG and Aphun respectively, where AGA . AWe and ARmnare given, to

first order in AKT, by:

O * ¢°SC@ATR) Re (aKT) (13)
2¢
T.
oy = Nw COS (eATR) Im (aK) (14)

Bpin * =7 Ruin (15)

(n 1)

with an = In (aKD)/In(KY) | (16)

Here A(?\TR , My and A%.m are all proportional to AKT and, therefore, pro-

portimnal to the surface density of the adatoms, Ns ; and AWy and ARpin are
correlated. Since n can be adjusted by varying the metal film thickness

dy, ARmin depends not only on Im(AKT) , i.e., on Ng, but also on the

selected metal film thickness. In the case of d1 > dopt (i.e.,n>1) a
positive Im(AKT) (i.e., An > 0) will increase the phun (less absorption)
and vice versa for a negative Im(AKT). When d‘l < dopt (i.e.,n <1), a

positive Im(AKT) will decrease the Ruin (more absorption) and vice versa

for a negative Im( KT) . The relative change e%r%n; approach infinity at
n = 1, according to equations (11) and (15). Therefore, if the absolute

e

vdlue of R . is not limited by a background noise, d; = dope 15 the best
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condition for studying the effects of adsorbed monolayer on pﬁm_n In the gv
present experiment, we use dj = 500 K, which is close to dopt for exciting ;
:

SPW of a silver surface in the frequency region of our study. §
11 jﬁ
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3. Experiment

The ATR experiments are carried out in a metal ultra-high vacuum
system (Fig. 3a) at a background pressure of 1 x 10" torr. Inside the
vacuum chamber, a right angle prism is mounted to the shaft of a high
precision manipulator. A special ATR prism arrangement (Fig. %), intro-
duced by Bdsenberg [26], was used. One of the small faces of the prism
is uvsed to prepare a prism-Ag-adlayer-vacuum ATR configuration. A T™™-
polarized, monochromatic and collimated light beam is incident upon the
large face of the prism at an angle a, (with a precision of 0.01°) and on

the sample face at an angle ©. Here @ is related to a by

0 = 45° - sin 'I(Si‘;l“ ). an

e it

The light beam is then reflected and leaves the prism anti-parallel to the
incident light beam. By measuring the return beam intensity with a photodiode,
we can determine the reflectance R as a functiomn of angle a. Also an electron

collector is placed close to the sample face to measure photoelectrons excited

T L e A TS VA L aa

by the light beam in the ATR configuratim.
The light beam used in the experiment is provided by a modified monochro-
mator using a tungsten lamp source having an average bandwidth of 20 4 in

wavelength. The spread in angle of collimation is limited by diffraction of the

output slit of the monochromator, and its average value is about + 0.013° from

its central direction. Polarization of the light beam is achieved by using a

Glan- type prims polarizer with an extinction ratio < 1 x 107>, ;
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In addition to the tungsten lamp, a He-Ne laser beam is used to track the
light path, and also to monitor the Cs-adsorption and the oxidation of the

Cs-Ag surface via photoemission.

The Cs-Ag surface is prepared as follows: First, a silver £ilm(500 +
° L3 .
S0 A in thickness) is deposited on the "sample" face of the prism at a

pressure of 1 x 10°8 torr and at an evaporation rate of 1 R/sec; then Cs
is deposited on top of the silver film by using an atomic beam source [27]. ‘
The Cs coverage is monitored gy the photoemission current emitted from the

Cs-Ag surface when excited by the He-Ne laser beam. Reflectance R(a) curves

are measured at various wavelengths before and after the adsorption of the

Cs layer.

It has been known for some time that as alkali metal atoms are adsorbed
onto the surface of a metal such as W, Ni, and Ag, the work function lowers
Tapidly from its initial value. With continued adsorption the work
function reaches a minimum, and then rises to approximately the bulk work
fincticn of the alkali metal at the completion of the first full layer

coverage. The coverage dependence of the work-function lowering is only

weakly dependent on the substrate material and their surface orientation.
The work-function minimm occurs at Cs densities ranging from 2.2to 2.6 x 1014

a.tc:ms/cm2 [19,28,29]. On the other hand, the photoelectron current reaches a

maximum at work function minimm, then levels to a constant value at the first
full layer coverage [28]. As an example, the work function minimm for Cs ad-

014

sorption on W(100) surface occurs at ~2.6 x 1 a.tc'xus/cm2 coverage and the

photoelectron-current maximum occurs at V2.7 X 10+ :3.toms/cm2 coverage [28].

et v p = -
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In our experimmt, a He-Ne laser light is incident at GATR to resonantly

excite SPW at the vacuum-Ag interface. This resonant excitation enhances

the electric fields inside the Ag film and at the metal surface, thus en;
hancing the photoemission yield.

Our experimental results show that GpTR? and, therefore, OaTR? do not
change with increasing Cs coverage, and the absorptance (1-R) at SR changes
by about 8% (from 90% before Cs deposition to.98% at onme full layer of Cs
atom coverage). Thus, the photoemission yield of our present ;neasurement
represents approximately  the relative quantum efficiency of the Cs-Ag
surface, and the conventional relationship among photoemission yield, work

function and Cs coverage holds (28]. The measured photoemission yield of

——

The photoemission yield becames detectable at t = 33 min when the work function

1 of the Cs-Ag surface is lowered to approximately the photon energy (1.96 eV) of

A R AT

the He-Ne laser beam and increases dramatically with continued Cs adsorption

until it reaches a saturated value at t = 60 min. Further adsorption £irst

RS

‘ R decreases the photoelectron yield slightly, then increases it at a very slow

§ rate., This result indicates that the work function minimm occurs at t = 60

j min at which point we set the Cs coverage 2.5 x 1014 atoms/cmz. This coverage

f is used as a basis throughout this paper. The Cs coverage is thus about 1.4 x 1014
: atoms/cn’ after 33 min of deposition when photoemission becames detectable. :
‘:‘ After the experiments are carried out'on tﬁe Cs-Ag surface, pure 0, gas

is admitted into the chamber at 2-4 x 107° torr for 2 to 3 minutes to form

the Cs-O-Ag surface. In contrast with the Cs adsorption, ayrn Changes

’ during the 02 admission and the reflectance at CATR decreases monotonically

f back to its original value before Cs deposition. On the other hand, the
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photoemission yield drops monotonically until it is no longer detectable.
The completion of the oxidation is indicated by the completion of changes
in asrge reflectance and the photoemission yield. Reflectance R(a)

curves at various wavelengths are measured again after the completion of

oxidatiem.
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Typical experimental R(a) curves are shown in Fig. 5 for the frequencies
indicated. The curves are for cases of a silver-vacuum interface without any
overlayer, with a Cs submonolayer and with a Cs-0 submonolayer respectively.

14

The Cs coverage is 2.5 x 10 atans/cmz.

The reflectance is normalized to the reflectance at «.. Since the
" scamning range in © is snall and R(9.) = 1, the normalized R is approximately
equal to the reflectance R(@) of the prism-Ag-submonolayer-vacuum multilayer
system. The reflectance curves exhibit minima which indicate the excitation

of SPW at the Ag-vacuum interface. We designate the angular position of the

minima CaATR? the half width Wcl and the reflectance Rmin respectively. The €,m

can be obtained by substituting Gy

by the relation:

into .equat:’.on (7). The We. can be obtained

LI =Y S AT I YRR WIS NCT e Sy

Wg = W cos(aAm)/(n - sin? ))]'/2 (18)

Here the index of refraction of the prism, n, can be obtained by substituting

the experimentally determined a. into the following equation:

n = 2M2(sin’(a) + 2M2sin(a) +1) 12 (19)

where @, is given in figure 6a.
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A comparison of the R(a) curves for the different cases in Fig. 5 shows
that the R(a) curves for the case with a Cs submonolayer have broader half-
widths, lower values of R ;. and have no obvious change of oy.p; while the
R(a) curves for the case with a Cs-0 submonolayer have no obviocus changes of
half-widths and R ;,, but have an appreciable change of Qpm-

From the R(e) curves at various frequencies, we derive the frequency-
dependence of GyTR? Wa and Rpin 35 shown in figures 6a, 6b, and 6c respectively.
In fig. 6a, Gyg OCSUT at angles smaller than G and decrease with increa“sing
frequency. As derived from CATR and n, Re(X) of the SPW has values larger
than w/c and increases with increasing frequency. This agrees with the
theoretical dispersion relation given by equation (3). The detailed change
of o aTR e to Cs and Cs-07 deposition is plotted in an expanded scale in
Fig. 7. The 07 admission after the Cs ‘adsorption causes a change of aym
from 0° atw = 0.9 x 10* @'} 0 -0.4° atw = 2.2 x 10* !, The change
corresponds to a shift of Re(K) toward large values. In Figure 6 we see
that W, increases with increasing frequency. The broadening reflects an
increase.of Im(K) of SPW, again in agreement with equation (3). Although the
_broadening due to Cs aasorption is noticeable at high frequencies, the change ?
is within the uncertainty of our measurement. Therefore, the change in Im(X)
of SPW due to Cs adsorption camot be discerned. However, Im(AKT) can be
derived from the change of Rpgn 25 will be discussed in the next section.
Becuase the selected thickness of the Ag film favors the couwpling of SPW with
the incident light beams at high frequencies, Roin decreases with increasing
frequency as shown in Fig. 6c. With Cs adsorption, % is reduced over the
4 _-1

whole frequency region with a maximum reduction of 10% atw =~ 1.7 x 10° am *.
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b It should be pointed out that the frequency dependencesof SpTR? W,

g and Rmin do not show any characteristic structure which can be associated

é EN with sharp dipole excitations of either the Cs-Ag or the Cs-0-Ag system.
This is also verified by the measurement of the reflectance, R, as functions
of frequency at same fixed angles,c, as shown in Figure 8, Thus, the theo-

& retical slab model we discussed in the previcus section, which assumes no

sharp dipole transitions, is applicable to analyze the AIR data.
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We use the four layer model discussed in the previous section to

derive the change of the complex wavevector oK of SPW from our data.
| 3 We transformed all the values in o into those in @ by using equations
‘ (17) and (18) and determined n from o given in Figure 6a and equatian
i‘ (19) . Re(8X") is obtained by substituting 8,rr, 48,y @d n into equation
1 (13). Im@K") is obtained as follows. At £irst we determine In(K), which
 is equal to () + () + In(xD), with a 10% wncertainty by substituting
f GA'I'R’ We and n into equation (10). Then we determine N, which is equal to
' . (Im(l(o) + Im(Kl_r))/Im(KR) ,» mich more accurately by substituting Riin into
q ' equation (11). With Im(X) and n determined, we can estimate Im(KY) with a
; 10% uncertainty. Then Im(AK') is determined with a 10% \ncertainty by
i substituting Pinin’ AP}m, n and Im(KR') in equations (15) and (16). The
g} frequency dependence of Re(AKT) and Im(AKT) are shown in Figures 9(a) and (b),
respectively,
For the Cs-Ag system, the surface plasma waves have no obvious shift
I in phase wavevectors, but are damped appreciably. Im(AKT) increases fram ~.0
to 1.3 x 1073 % with increasing frequency. The magnitude of Im(AKT) is
gs about 10% of the Im(K) for the SPW of the Ag-vacum interface. Therefore,
, the adlayers influences P\nm appreciably. Since the thickness dl of the Ag
f film is chosen to be less than dopt’ Rin decreases in the presence of the Cs
, overlayer. Hincelin and Septier {30] have also investigated SPW for a Cs-Ag
system at d1 = 600 R > dopt and found that Rmin increases with Cs adsorption.
- This dependence of R . on Cs adsorption and d; agrees with the theoretical
' prediction of the lour layer model, showing that the model, which we use to
study the interaction bet'.zen a monnlayer and macroscoptic surface plasma
e - waves, is at least qualitatively satisfactory.
- .
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\ § The values of x, = (8x v —EH-NAxl) derived from the data and eq. (8)
o are predrmmantly imaginary with an -mcertainty of ~ 20% due to the uncertainties
’ of Im(AK )} and the Cs coverage. Their real parts are less than 7 x 10 “24
am’/atam; their imaginary parts are between 0.2 x 10722 t5 1.4 x 10722 a@’/atam.
% L The large imaginary nature of Xg indicates that the transition layer of the
; Cs-Ag surface is strongly absorptive. 5
l For the Cs-0-Ag system, the result is completely different. The phase
M , wavevector change of the SPW increases from A0 to § x 107 & S with increasing
f frequency. The damping introduced by the overlayer is neghglble. Therefore,
) the overlayer plays no role in the detemmination of Rmi.n’ as observed. The ?
’z values Xy derived arepredominantly real with a v 10% uncertainty due to the
% uncertainty of Cs coverage. Their real part decreases fram 5.6 x 10722 1o 3
1.1 x 10°%% an’/atom with increasing frequency, and their imaginary part is
i about 0.0S of their real part. The real nature of Xq indicates that the re-
3 sultant transition layer of the Cs-0-Ag surface is transparent. j
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6. Conclusions

We have made theoretical and experimental studies of the surface

plasma waves of Ag under the influsnces of a Cs and Cs-O submonolayer in
-1

the frequency region 0.9 x 10* sm ™ <w < 2.2 x 10* ean™}. In the Cs-Ag
system, surface plasma :zaves ars heavily damped with no obvious shift in
the phase wavevector, while in the Cs-0-Ag system, they have shifts in their
phase w~vevectors without any obvious damping. By using a uniaxial slab to
model the transition layer, which includes the overlayer and tne very top
surface layer cf Ag, we conclude that: (1) the Cs-Ag system has a strongly

absorptive transition laysr, (2) the Cs-0O-Ag system as a transparent

transition layer, and (3) the four layer model qualitatively predicts the
effect of a monolayer on SPW.
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FIGURE CAPTIONS

© Figure 1. Geametries of (a) a sharp-boundary model of a metal-vacuum
interface, (b) 2 prism-metal-vacuum Kretschmamn configuration
(c) a metal-transition layer-vacuum model of a metal-vacuum in-
terface, and (d) a prism-metal-transition layer-vacuum Kretsch-
mann configyration. The metal, vacuum, prism and the transition

layer are labeled as media 1, 2, 3, and 4, respectively.

Figure 2. Then vs (dl/dcpt) curve. n increases exponentially with
increasing (dl/dcpt) and is equal to 1 at dl/dcpt =1,

Figure 3. (a) The experimental setup. 1: prism, 2: shutter, 3: Ag evaporator,
4: electron collector, S5: Cs source, 6: ionization gauge, 7: O2 gas
tank, 8: variable leak valve and 9: window.

(b) The experimental ATR configuratiom.

pu——— -

Figure 4. The photocurrent (I) vs the deposition time (t) aurve.

Figure 5. Typical R vs « curves of a silver-vacuum interface in the

14

presence of Cs of 2.5 x 10 atcms/cm2 coverage and of the

Cs layer exposed to 02 gas.

Figure 6. The frequency depéndence of (a) SR> (®) W, and (¢) Rpip-
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Figure 9.

The. frequency dependence of 8c1R-

The raflectance R as function of frequency w at some fixed
angles a for a silver-vacuum interface and with a Cs and a

Cs-0 submonolayer.

The spectra of (a) Re(AK') and (b) Im(AK') derived by using
the four layer model.
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APPENDIX II

On the use of surface plasma waves for

s determination of the thickness and optical counstants
of thin metallic f{lmg*

W. P. Chen and J. M. Chen
Martin Marietta Laboratories
1450 South Rolling Road
Baltimore, Maryland 21227
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. The surfacs plaspa wave ‘t.chniquc for detarmining the

dielectric constant c(w) and the thickness d of a metal £film

without a preset expression for c(uw) is discussei. Two sets

of solutions can be derived at a given frequency. By comparing
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The optical property of a metallic f£ilm can be character-

ized by & frequency-dependent dielectric cou:l.nt'e(m) . Among

many optical xnchodl,l’z

niqutz is psrticularly suited for the study of the e(w) of a

the surface plasma wave (SPW) tech-

thin metallic £ilm a few hundred A in thicknass. Recently,
Lopez-Rios aud Vuyuz used the SPW technique to determine the
thickness, d, and €(w) of thin Ag films. Thay performed a least
squares fit of the reflectance minima at resonant excitation of
SPW in the 4000-6000 4 range. For the c(w) of Ag they took a
frequency~dependant function which accounts for both the con-
tributions from the intraband transition of electrons and the
interband transition starting at bw = 3.86 &V (A = 3250 £). 4s
long as the exprassion for €(w) is known, this method serves
well to determine d and the parameters used in the €(w) expres-
sion. However, in many studies, a preset expression for €(w)
that includes the contributions from the interband transition
i{s impossible. Therefore, a method of detemmining €(w) and d
at any given frequency without a preset £(w) is needed. The
method was first given by E, Kretsclmann3 and later used by
others®. It has been presented that a unique set of €(w) and d
can be found from the reflectance minima of SPW at a given fre-
quency.

Tn this paper, we will discuss the SPW technique for deter-
mining the £(w) sad d without a prese: expression for c(w). Ve

found that two sets of €(w) and d solutions can be derived

_— .
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from the resonant excitation of SPW at a given fraquency. One
corresponds to the undercoupling of a damped SPW and the other
corresponds to the overcoupling of a less damped SPW. Ounly
with solutiocns determined at another frequemcy, the coruct‘
sets for €(w) and d snlu.:icn, nanely those with the same d for

both frequencies, can be selected.
For convenience of discussion, we will review briefly the

excitation of SPW in a Krstschmann attsnuatad total reflection
(ATR) confismtion.z’s Llat us consider an incident T light
of frequency U in a prism-metal-vacuum configuration as showm
in Fig. l: when the light is incident at an angle G larger than
the critical angle Gc, it can couple dirsctly ‘.wi:h SPW of the
metal-vacuum interface; here €, = sin"l(lln) and 2 is the in=-
dg: of refraction of the prism. The coupling takes place when
@ and xx(e) of the incident light match with the frequency w
and the complex wavevector K of the SPW. Here xxce) is the com=
ponent of the incident wavevector parallel o the interface.
Since Kx is real and K is complex, only an approximats match
can be reached for K _(0) = Re(X) at

@= 0, = sin" (Re(R) c/n] (@)

ATR

At 8., the total reflection of the incident light is attemu-

ated. The coupling can be analyzed by calculating the reflectance,
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R, of the light given by
Ya1 + Yllm (12?716.) 2 .
R Ty e o | 2 ;
3112 s ) |
‘ '
PRV o + Bl b -
3 eky * €K
Y10 . &%22 = €259
©1%22 + SFz
2 /2 _ i
w 2 T .
and sz - ej cz - Kz for j = 1,2,3 (3)
K= n'-;“i- sin(@) (.4)
x c
where the subscripts 1, 2, and 3 designate the quantities in
the metal, air, and the prism respectivelr, sj and sz are the
dielectric constants and the wavevector components perpendicular
to the interface in medium j; d is the thickness of the metal
film and A = 27c/w is the wavelength of light in vacuum. Here
1 "
eltel-!-isl ’ sz-l, and 53-:12.
b3 With © close to Gm, the reflectance R can be approximately f
6.7 :
expressed as a function of & as 3,%, ;
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R(6) = 1 ~
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Eere K 1s the complex wavevector of the SEW in the Rretschmamn

LR O TRt Savn >

configuration, and K° is the complex wavevector of the SPW at

T

:" the metal-vacuum interface in the absencs of the prism. KR is

.’ the perturbation to K° in the presence of the prism. The imagi~

V; nary parts of X° and K are the intrinsic and radiative dampings,

j respectively. The former represents the Joule loss in the metal,

. and the latter represents the leakage loss of the SFW back iato
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The reflectancs has a loremtz dip at Sm with a h;lt-width
Wy (vhen |Im(K) [<|Ra(R)|) and a minimum reflectance Ry 8iven by

Wg = 2 In(K) cos (8,,.) c/mw €))

B =1 -4/ Qm? (10)
wheaza

n = (2% /D). .

With Eqs. (1) to (11), we can procesd to determine the di- ’
electric constant g and thickness d of a metal £film from the
maasured R versus © curve; The & and d of the mectal £4ln can
be determined by best fitting of the data with R given by Eq. (2)
by the method of differential correction® and iteration. The
initial value of € and d can be determined as follows: 1) sub-
stitute the measured GA.m into Eq. (1) to calculate Re(K); 2) set
Re(XK°) = Re(K), because h(KR')<<Re(K°); ?) determine s; by using
the real part of Eq. (7); 4) determine [(Im(R®) + Im(KR) 1= Im(K) |
by substituting the measured 9,,, and W, iato Eq. (9); 5) deter-
nizne In(X°)/Im(X) from the results obtained in steps 4 and 5;

7) determine s; by substituting e]'_ and In(R°) into the imaginary
¢ u

part of Eq. (7); 8) decerminae d by substituting 9, .., € &

and I.m(KR) into the imaginary part of Eq. (8).
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« In this faghion, we obtain two sets of initial values for el

and d, because there are two solutions for Im(X’) /12(XY) when

Ryg is substituted into Eq. (10). These two solutions of Im(K®)/

' m(x‘) ars reciprocals of each other. Ome corresponds to the case
in which the intrinsic damping is larger than the radiative damp-
ing (undercoupling) and the other is the reverse (overcoupling).
The estimated d of the former is larger than that of the latter.
In the absence of the prism, the SPW corresponding to undercoup-

ling has a shortar propagation length than that corrasponding to

c;c?:o‘upring. However, to a first-order approximation, these

ﬁ SPW's are indistinguishable in an ATR configuration. Thersfors,
- both sets of solutions serve equally well as the intial values
for the iteration procass and lead to equally good fits. Con-

sequently, we have two solutions of €; and d for 2 R(O) curve at
3:} . a given frequency. Since the d value should not depend on fre-
quency, the correct £, at each frequency can be selected by com-
k* paring the resultant d from fitting at two different frequencies.
’ In our experiment, we have deposited a thin Ag film on the
, base of a glass prism to form a prism-Ag-vacuum configuration in
z : an ultra-high-vacuum chamber at a pressure of 1 x 1078 rorr.

( The reader is raferred to reference § for details of the experi-

mental setup. The measured angular dependence of R at resonance

of SPW is shown in Fig. 2.as R vs K /(w/c) for A = 6328 A and
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and 4358 i, respectively.

Results of the data £it are also given in Fig. 2. The
;vc:tgc deviation of R between the data and thecretical value
is about 2%. For the case of 6328 4, two equally good fits are
presented as solid trisngles (A) for € = -17.45 + 1 0.92 and
d = 387 4 and as solid circles (8) for & = -16.72 + 1 1.66 aud
d = 483 . Nots that a measurement of R more accurata than 2%
would allow these two sats of values to be distinguished. How-
. ever, this requiras a theoretical analysis of the SPW rescnance
beyond the fi;st-ordc: approximation. For 4358 1, the fits are

presented as open triangles (4) for g = «5.25 4+ 1 0.53and d =

L 567 & anZ as open cireles (0) for ¢ = =5.25 + 1 0.32 and d =

;* 467 1. After comparing the thicknesses, we conclude that d is

%; about 475 £ and the dielectric constants are & = -16.72 + 1 1.66
L at 6328 L and ¢, = -5.25 + 1 0.32 at 4358 L. The dielectric con-
‘ﬁ1 stants agree well with the existing bulk comstants of Ag:g’lo

€, = -16.32 + 1 0.54 at 6328 A and € = =5.19 + 1 0.28 at 4358 A.

e The above procedure can be extended to £it the SPW reflec-
tance minima at several (e.g., m) frequencies. In this case,

the thickness d and the m complex dielectric constants form 2mtl

paizneters to be fitted. A least squares £it can solve these ]

parameters simultaneously without a preset formula for the c(w). é
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This fitting method is important for determining €,(w) of
a metal film of thickness from 100 & to 1000 A vhen the thickness
can not be known within an accuracy of + 50 A. 1In this thickness
range, the leakage loss and the Joule loss of a SPW are comparable.
Tha method can also work for ¢ > 1000 ;. However, due to the
fact the leakage loss is much smaller than the Joule loss, £3(w)
can be simply derived from equations (1), (7), and (9) by taking
K & K°, {.s. ignoring XR. The resultant ¢,(w) derived from the
approximsats method only deviatad fgcn that derived from an exact
firting about (1 = Rpin)/4. For example, whemn Ry, =~ 90%, the
deviation is only 2.5%. The least squares fit can also be applied
to £it R(8) curves for 4 < 100 A. For this casa, because the
angular dependence of EM fields in the metal £ilm is dominantly
determined by £, and €4, the relative angular dependence of re-
flectance (absorption is equal to 1-R) does not show significant
dependence on €. Only the absolute value of reflectance depends
on the product of d and e;, because the product is equivalent to
the product of the absorption coefficient and the area density
of electrons. Therefore, the least squares fit only given the
d x EI product, but not an accurate ei er eid. The correlation
between d and e; can not be removed by including more data at

different w, but can be removed by a determination of d by other

methods.
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In conclusion, £itting the sagular dependence at SFW re-
sopance at a given frequency provides two sats of € and d.
One corrasponds to undercoupling of a damped SPW and the other
corrasponds to overcoupling of a less damped STV. With the help
of the d detarmined at another frequency, a distinction can be
zade betwean thase two sets. Thersfors, the thickness and op-
t4cal constants of thin matallic £ilms can be determined by

using the resonance of surface plasua waves at any given fre-

quency without a preset £(w).
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FPigure Captions

A prism-metal-vacuum Kretscimann configuration. The metal,
vacuum, and prism are labeled as media 1, 2, and 3, respec-
tively.

Mumerical fitting of measursd R versus Ky/(w/c) curves at
6,328 £ and 4,358 &. Solid curves are data. Calculated
reflectance for each fitting ars shown by the symbols A,

o, A, and 0. TFor A, (d, &) = (387 &, ~17.45 + 1 0.92); &,
(483 &, -16.72 + 1 1.66); 5, (567 X, =5.25 + 1 0.53); and
0, (467 &, -5.25 + 1 0.32).
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APPENDIX ITT
NARROW~BEAM EXCITATION OF ELECTROMAGNETIC MODES

IN PRISM CONFIGURATIONS

Wenpeng Chen
Martin Marietta Laboratories
1450 South Rolling Road .
Baltimore, Maryland 21227

and

Elias Burstein
Department of Physics
Uaiversity of Penasylvania
Philadelphia, Panunsylvania 19104

1. Introduction

Ottol and Kretschmann? attemuated-total-reflection (ATR) prism

counfignurations are frequently used to excite surface electromagnetic
(S=2) waves at an air-metal interface. The Otto configuration is formed

by placing a prism above the metal surface and leaving an alr gap, whereas

the Xretschmann coufiguration is formed by depositing a thin metal fila

on the base of a prism. In the Xretschmann coafiguration, S-E2M waves

also e..*:ist: at the prism~metal in:erfa;e. However, only the S-B{ waves at
the air-metal interface can be excited in the ATR «:c‘ufigura(::Lon.3 Ia
this chapter, when we use the term S-2{ waves, we will be referring to
the S-BM waves at the air-metal interface of the two ATR counfigurations.
For the present purpose, we will limit our discussion to the casa of
isotropic media, where S-EM waves are transverse magnetic polarized.
The S-EM waves in-both ATR configurations are leaky because of their
coupling with volume BM (V-24) waves in the prism. These coupled V-4
waves always propagate at angles 3; (with respect to the anormal to the

interfaces), which are larger than the critical angle 3, = sin'l(l/ "),

where 0 is the iandex of refraction of the prism.
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Moreover, there also exist, specifically ian the Otto ~onfigura-
tion, many branches of Fabry-Perot (FP) EM waves which couple with V-EM

waves propagating at angles 81 < Sc.a's The FP-EM waves are also

leaky. They can be either transverse magnetic (TM) or transverse electric

(TE) polarized. The EM fields within the air gap mainly are evanescent

g

t.% 4
H in the case of the S-EM waves, but mainly are propagating in the case of
i

the FP~EM waves. The FP~EM waves are due to interference of the two

propagating EM waves which a~e incident at grazing angles upon the metal

SN

Since the EM fields within a metal

P N

ST

and the prism base, respectively.

R

film are evanescent in the frequency region of interest, FP-EM waves do

T

not exist in the Kretschmann configuratiom.

ST

Although S~EM waves and FP-EM waves have different field patterns and

coupling angles, as far as excitation, launching, and propagation are

a8 s A wls Rt n s e sl g M

R RIS TS
- -

concerned, they can be described by the same theoretical formulation and

T
e

R

investigated by the same experimental setup.

Experimental ATR studies of the EM modes, i.e., the S~EM and the

FP~EM waves, can be grouped into two categories: 1) studies of reflection

X attenuation caused by resonant excitation of the EM modes in a one-prism
- configura:ion,7'2° and 2) studies of propagation of the EM modes in

either a one-prism configuration5121 or a two—prism configuration.zz'zs

2
One of the major differences between these two categories, although 3

5 usually not mentioned explicitly, is the lateral beam width (W) of the

incident V~EM wave used. In general, a broad W, larger than the propa-

gation length (L) of the EM modes, is used for the reflectlon studies, and

AT T

a narrow W < L is employed for the propagation studies.




Foacg T T e " T

e e T L T e T Ve grom e ey A PR 1 YO

S S R A S DRy A S U e TS e 4 2N

in the metal and "runaway” loss (propagation beyound the excitation

T

')
Let us consider a V-BM wave of frequency & incident in a one-prism
configuration, as shown in figure 1. In the study of the reflection
t attenuation, the reflectance (R) of the V-EM wave is measured as a §
function of angle 9;. The R vs 8; curve shows a maximum attenuationm, :j;
i.e., minimum in the reflection, at the angle of resonant excitation of
t the BM modes. Attenuation occurs because of dielectric loss (absorptiom) %
;

region) of the EM modes.

e

When a broad beam is used, the runaway loss can be ignored. In the

ST

theoretical formulation and data analysis of the reflectance miun wm,

T T AAY

the incident and the reflected V-EM waves can be treated as plane waves.

PR A

Such a treatment is reasonable for experiments involving the excitation

of S~-EM waves in the visible, because the propagation lengths of the
S-IM waves are on the order of 10 um, which is much shorter than the
width of the incident V-EM wave generally used.

When a narrow beam is used, the runaway loss becomes important and

A AR Ly NV A AR 3 )

exds

the plane-wave treatment for analyzing the reflectance minimum becomes

ERN WD

VRS,

invalid.2l Such is the case when a V-BM wave, with a width in the mm

or cm range, i3 used to excite S-EM waves in the infrared and FP~EM waves

NPEES N R

in the visible and infrared, because the propagation lengths of these EM

TR

modes are comparable to or greater thar the beam width generally used.21-25

SR

In such a narrow-beam excitation, the excited En modes propagate beyond
the 1lluminated region and radiate into V-EM waves. As a consequence,
the reflectance minimum and the shape profile of the refl cted beam are
different from those derived from a plane-wave treatment. Specifically,
* when the incident beam has a Gaussian profile, the reflected beam at g

resonance of the PM modes exhibits a double-peak structure at the leading
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edgc of the illuminated region, followed by an exponential decay beyond.
The R vs 8; curve shows a minimum when the reflectance is measured

from a local area in the illuminated region, but shows a maximum for
“reflection” from the region beyond. Both the profile of the reflected
beam and the R vs §; curves can be analyzed by a formulation similar

to the one used by Tamir and Bertoni26 to analyze the "lateral displace-
ment of optical beams” in multilayer configurations.

In this chapter, we will limit our discussion to the narrow~beam
excitation of leaky S-IM and FP-EM waves in an Otto prism—air-metal con—
figuration. Extensions to a Kretschmann configuration and to prism
configurations involving surface-active media other than metals3d,27-32
are straightforward. The dispersion relation of the leaky IM modes
will be discussed in section 2. In section 3, a theoretical analysis of
the narrow-beam excitation of the leaky M modes will be presented. 1In
section 4, we will present data on the narrow-beam excitation of leaky
EM modes in the infrared. In the final section, we will present the
application of the leaky EM modes as an EM probe of thin layers at metal
surfaces, compar: “he narrow-beam excitations between a one~prism and a
two-prism configuration, and discuss other configurations for narrow~beam

excitations of S-EM waves.

2. Leaky ™ modes in a prism configuration

The dispersion relation of EM modes in a prism configuration is
usually derived from the boundary conditions on the IM fields of the EM
modes at the prism—-air and the air-metal interfaces. It can also be

' derived using an equivalent process from the Fresmel reflection and

M R A A
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trangmission coefficients of an incident V-EM wave in the prism. The
latter derivation has the advantage of more clearly relating the dis-
persion relation to the coupling of the EM modes with i{ncident V~EM waves
in the prism. Let us consider a homogeneous, incident, ™-polarized
V-EM wave and its reflected and transmitted (into the metal) V~EM waves
in a prism-air-metal configuration, as shown in figure 2a. 1In this
figure, the xy plane is the prism-air interface, the z axis is normal to
the interface, and the wave vectors of the M waves lie in the xz plane.
Each of these waves is a plane wave with electric and magnetic flelds
that have components parallel and normal to the interfaces. Since, by
applying Maxwell equations, we can use the parallel component E, of the
electric fiald to express cther electric and magnetic field components
in each medium, we need ounly focus on Ey in the following discussion.
Let E: and E§ denote the parallel components of tha incident and
the reflected electric fields, respectively, at the prism—air interface
(2 = 0), and E§ denote the parallel component of the transmitted
electric field in the metal at the air-metal interface (2 = =d). EX

and Ei can be expressed in terms of E: by

Er = r(K.) EQ (1)
EL = t(R,) ED : (2)
with Ky = (nw/c) sinfy (3)

where K, is the parallel component of the wavevector of the incident

V-EM wave, and r(K,) and t(K.) are the reflection and transmission

' coefficients, respectively. The r(Ky) and t(Ky) are given by

FANS L W s .o
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(€7Kz9%€4Ky0) (61K € )Ksy ) (€ Ky 3-€3K70) ()R o +€,Ks 1) &xp(42K,5d)
(€,Kp3%eKy5) (€1Kp5¥e Ky ) H(€ Ky 5=64K,0) (€1 K0 =€,y ) exp(12K,,d)

e(Ry) =

¥ 4 e,e exp( d)
: (g = 2 1723522 oKy, s
L , D
b7 &
&
§~ with ZKR',, +iK" = sz/cz)e - Kz ]l/Z £ = 1,2 d3 (6)
A
i‘ where the subscripts 1, 2, and 3 designate the quantities in the prism,
§ the air, and the metal, respectively, and €4 and K 4 are the dlelectric
@ constants and the normal components of the wavevectors in medium j,
B!
3 respectively. When r(K,) is used to calculate reflectance R, the Kz; must
o :
%’ have a negative resal part and Kyy must have a negative imaginary part.
§‘ Because the axpressiouns for r(X,) and t(Ky) are derived from
f Maxwell's equations and boundary conditions, they can be extended to
i‘ a cage where the "incident” V~EM wave is inhomogeneous. in this case,
!
3 the denominator (D) in r(Ky) can be used to determine the dispersion

relation of EM modes in the prism—air-metal coanfiguratioan.

Let us cousider the effect of the presence of a prism on surface EM
waves at an air-metal interface. In the presence of a prism, the evanes-
cent EM field of the S-EM waves in the air undergoes multiple reflectiouns
at the prism~air and the air-metal interfaces. The result is a pattern
of EM fields which can be reprasented by one EM field in the wmetal, one
in the prism, and a pair in the air gap, thereby mutually satisfying the
boundary conditions.

For simplicity, but without sacrificing generali:&, we will ignore

dielectric loss in the metal for the moment and assume €4 is real. In

%
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the cqp:ivhere the S-EM waves have Kx > tlllzw/c, the resultant M

————— e p= =& — - 4

field in the prism is nonradiative and decays in the positive z direction.
Since all €4 are real, Kij are purely imaginary. If we require that
Kz and Kyq are negative imaginary and D = 0, then we have EI, E§,

and a pair of BM fields in the air without an incident M wave, i.e.,

E: = 0. E§ and E§ decay exponentially in the positive and negative
direction, respectively. These four fields constitute the pattern of EM
fields of nonradiative S-FM waves in ti.e presence of the prism. Thus,

D = 0 with the condition of negative imaginary Kzj and Kz3 gives the
dispersion relation of the nonradiative S-EM waves in the prism-air-metal
configuration.

In the case where the S~EM waves he e K < elllzw/c, the resultant

EM field in the prism is leaky into the prism. Its Poyunting vector
uslects away from the prism as shown in figure 2b. Because of radiative
damping, the leaky S-EM wave decays exponentially during propagationm,
loes, Ky (= Ry' + 1Ky") 13 complex where K,' and K." are both positive.
Since K, is complex, sz are complex. If we require that ¥zq1' < 0,

Kz3" < 0, and D = 0, then we have 1) an B field E; in the prism

with its Poynting vector aiming in the positive z direction, 2) an ™
field E§ in the metal decaying away from the air-metal interface,

and 3) a pair of EM fields inm the air gap without an incident M wave,
i.e., EJ = 0. These four filelds form the field pattern of a leaky

S~EM wave. Thus, D = O with the requirement that Kzj' < 0 and Kz3" < 0
defines the dispersion relation of leaky S-EM waves. The dispersion

relation can be derived in the same way when the dielectric loss is

taken into account.
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In the prisa~sir-metsl configuration, in addition to the S~EM wave,
there also exist many branches of ™ and TE leaky PM modes having '

4 R' < tzll 2'»/ ¢. The prism-sir-metal configuration is also a Fabry-
Perot interfercmeter > for a V-BM wave incident at 8, < 8,. The dark

fringes of its reflected intensity correspond to excitation »f the leaky

oy

v EM modes having K' < t21/2Wc. Therefore, we call the leaky M modes

8

; Fabry-Perot EM waves. Let us consider a homogeneous EM wave propagating

;;; in the air gap. It will be multiply reflected at both the prism—-air and

B 1

i; the air-metal interfaces and undergo phase changes Y91 and Y3 each

j time it is reflected from the prism—air and the air-wetal interfaces,

}f respectively. After two coansecutive raflections, one at the prisa—air

e -

é aud the other at the air~metal interface, the EM wave returns to propa=-

‘ gate in the same direction as the original M wave, but with a phase dif-

‘i . ference given by

o

; ¥= Ypy + ¥ 93 + 2Kga'd (7

5

: The result of the multiple reflection can be represented by a four-field

§ pattern having an EM field leaky in the prism similar to that of leaky

<

; surface M waves. Therefore, if we extend from the case of the leaky

¢ | S-EM waves, D = O with Kz1' < 0 and Kz3" < 0 also gives the dispersion

A

3 relation of the ™ FP-EM modes. The coundition D = O can be rewritten as

4’

b 1

1(bgy + Y3 + Kpp'd) L (8)
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where

: 0,y V21 o Cifgp - E5py) (9)

E (£1Kz5 + €3%5)

;

1 0, et23 o (Efpa -8 K) i s Ty v < & 0

f 23 k. Tk 2 217723 2

v 223 3722

s 3

%; It is obvious that when equation (8) is satisfied, ¥ must be equal to

b |

;f : m(27), where m is an integer. Under this condition, constructive

5‘ interference, which is the key factor of the existence of the FP-EM waves,

;' occurs between the EM fields in the air. The FP-EM waves can be indicated 5

‘A ..

i by the integer m. When their K,' closely approximates ezllzw/c, the 3

'&i distance the FP-EM waves can propagate is much longer than theilr wave- g

%i length. This situation corresponds to the case where the EM fields in %

gf the air gap are incident at grazing angles to both the prism-air and the %

i;’ air-metal interfaces. At grazing incidence, the reflectances from both

;7 interfaces are close to unity and a constructive interference of high

o ?
?

finesse can occur. The high~finesse interference i{s the key to obtaining

FP-EM waves of long propagation length. The excitation of the FP-EM waves
can be achieved by sending a radiation into the prism at an angle below

and very close to the critical angle. The FP-EM waves can also exist

when the EM field is TE polarized. Their dispersion relation can be

derived from the poles of the reflection and the transmission coefficients
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of a TE~polarized EM wave similar to our derivation for the ™M case.

Note that no TE S~EM waves exist in the prism configuration. Moreover,
4 sincs homogeneous EM fields do not propagate in a metal film, FP-EM
waves do not exist in a Kretschmann configuration.
There are several branches of compliex W versus complex Ky solutioas
' to D = 0 corresponding to leaky EM modes. Each one corresponds to the
dispersion relation of the leaky EM modes excited under a specific condi-
tion. Under the condition of steady-state driving by a narrow beam, the
leaky EM modes have a real w versus complex Ky dispersion relation. If
we designate the roots of D as K = K' + {K", then the phase velocity of
the leaky EM mode ie given by w/K' and the propagation length, at which
the intensity of the EM modes drops to l/e , is'given by L = (emy~L,
In figure 3, we plotted the w versus complex K dispersion curves of

leaky S-EM and FP-EM waves of a prism-air-Ag configuration of d = 38 im.?

The real and the imaginary parts of K are shown in figure 3 (a and b,

respectively). The parameters used are €; = 2.25, €9 = 1.0, and €3(w)

= 4,44 [1 - 9x108/uK03+ 1600)] (where @ is in the unit of cm'l), which

closely resembles the measured dieclectric constant of Ag in the infrared.34
In figure 3(a), the dispersion curve of leaky S-EM waves is labelled

as S and lies in the region of K' > w/c. The curve is indistinguishable

from the dispersion curve of the S-EM wave of the air-Ag interface (shown

in dagshes). The dispersion curves of FP-EM waves are labelled according

to the integer m in ¢ (we show only the cases where m = 0, 1, 2, and 3).
As one can see, the K'/(w/¢) of FP-EM waves increases as W increases.

For the cases of m = 1, 2, and 3, the dispersion curves approach the

M K3 ~
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line representing K'/(w/c) = 1. As @ increases, the dispersion curve
of the m = 0 ™ FP-EM wave becomes the dispersion curve of the S-EM waves.b
In fact, the m = 0 ™ FP-EM wave can be considered as a modified S-EM
wave in the presence of a prism: Since the influence of a prism becomes
progressively stronger at a small air gap, the S-EM wave becomes the
m=0 T FP-EM wave. Figure 4 illustrates the air-gap dependence of
K'/(w/c) of a leaky S-EM wave of w = 943 em~}. The figure shows

the change from a leaky S~EM wave into a m = 0 ™ FP~-EM wave at an air-
gap of 110 mm. The parameters used for calculation are £} = 2.25,

€ = 1, and €9 = -3849 + {1451. Since the m = 0 FP-EM waves originate
from leaky S-EM waves, in the following discussion we refer tc them as
leaky S~EM waves also.

Figure 3(b) show @ versus K"/(w/¢c) curves. The term K"/(w/c) is a
meagure of the decay of the leaky EM modes that is caused by 1) intrimsic
damping due to dielectric loss, and 2) radiative damping, which increases
exponentially with decrease of the ratio of air gap to the penetration
depth, §, of the ™M field in the air. The K"/(w/¢) of the S~IM wave
decreases when w decreases from 7x103 to 2x103 em~l. 1In this frequency
region, the intrinsic damping of a S~EM wave dominates because d/$ > 1.
The intrinsic damping decreases with w as shown by the dashed curve in
the same figure. Therefor: a decrease of K"/(w/c) reflects a decrease
of the intrinsic damping. Because d/§ decreases with decreases of u,
the radiative damping of the S~EM wave starts to play a role in K"/(uw/c¢)
at o = 2x103 cm'l, at which d * 8. An increase of K"/(w/ec) for
w < 2x103 cm~l reflects an increase in the radiative damping with

decreasing w.
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The K“/(w/e) of the m = 0, 1, 2, and 3 FP-EM modes always increases
with decreasing o because the dominant damping is radiative for FP~EM
waves. Clearly, the propagation length L, which is given by lhﬂxf]'l,

is longer for a FP-EM wave than for a S~EM wave in the high~frequency

region; the raverse is true in the low~fregquency region. All the leaky

EM modes can have macroscopic propagation lengths. For example, from

the number shown i{n figure 3b, we can derive L = 1.99 mm, 0.86 om, 0.33 mm,

and 0.15 mm at w =2x103 em~l (A= 5 m), for the S-EM wave and the

m =1, 2, and 3 FP-EM modes, respectively.
When an incident EM wave excites leaky EM modes, its reflectance
shows minima at he resonant excitation of the leaky EM modes. Typical

R versus K, curves of & = 943 enl are shown in figure 5. The air

gaps are as indicated; the dielectric conatants are those used for calcu~
lating K in figure 4. The large Ky minimum of each curve correspouds
to the excitation of leaky S~EM waves (m = 0 TM FP-EM waves), and the
small Ky minimum corresponds to the excitation of m = 1 TM FP-EM waves.
The minima corresponding to excitation of higher order FP-EM waves are
off the scale on the left-hand side. All the minima occur at Ky = K'
with a half width equal to K", where K = K' + 1iK" is the wavevector of
the leaky EM modes. Therefore, the plot of the R versus K, curves can
also serve as a simple method for determining K of the leaky EM modes in

the prism coufiguration.
The agreement between K determined by D = O with Kz;' < 0 and
Kz3" < 0 and K determined by the R versus Ky plot is due to the condition

K” << K' and can be clearly seen in the following discussion.

Bt AW T e n o e ol i 5T an? B S e o o




e A oo SR TG YAy TRC AR St SRR Y

50 E RIS M0 e v e

-

.

When Ky %K', and vhen K* < K', we can approximately express

r(Kg) and t(Kg) in terms of the wavevector of the leaky EM modes as

follows:21,35
-A+B 1 (11)
r(k) R TS
- 1 12)
t(Ky) =¢C =R 7(aTe)
with A = (N'/D')I (13)
K
B = (u/c)(N/D')‘ (14)
K
and G = (w/e)[4 f3eeRpaRyy exp(iRgad) /D' I 13)

where D' and N' are the derivatives of D and N with respect to Ky evalu~
ated at K. From a mathematical viewpoint, there are four possible solu~
tions to Maxwell equations; each has one EM field in the prism, one in
the metal and a pair in the air, mutually satisfying boundary conditious.
All can be derived from D = 0, but in combinations of +Kz3 vc =Kz3 with
+Kz3 or ~Kz3. Changing the sign of Kz; does not change the dispersion
relation. Because Kz; of an incident V-EM wave is negative real and

Kz3 of its transmitted V-EM wave has a dominating negative imaginary part,
equations (11) and (12), which are derived from the Taylor expansion,

are valid only when K 1s one of the four solutions. This solution also
has negative Kz1' and Kz3", i.e., the wave vector of a leaky EM wave.

From equations (2) and (12) we find that the square of the magnitude

"of E§ has a K, dependence proportional to l/[(Kx-K')2 + K"z]. The
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absorption a inside the metal is proportional to IE:|2 and, therefore,
also has the same dependence on Ky. As a consequence, the reflectance
R, which is equal to |r|? and can also be expressed as (1-a), shows

a mininum at Ky = K' with a half width equal to K".

3. Narrow-beam excitation - theory

An actual beam of V-~EM radiation has finite widths in the x and y
directions. When the widths are comparable to the propagation length
of a leaky EM mode, the excitation of the leaky EM mode depends on the
finite widths. To present this dependence clearly, let us consider the
excitation by a beam with a finite width in only the x direction and
essentially unlimited in the y direction. We will focus on the execitation
of the leaky S-EM and m = 0 T FP-EM waves. Extensions to excitation of
other TM and TZ leaky EM modes and to the excitation by a narrow beam with
finite widths in both the x and y directions are straightforward.

Consider 1) an incident beam of a TM polarized V-EM wave wituin a2 prisam,
as in figure 1, having a lateral beam width along the prism—air interface
W very much larger than either the wavelength (diffraction effects can be
neglected) or the air gap, but comparable to or smaller than the propaga-
tion length of the leaky S—EM waves, and 2) a "reflected” beam for which
lateral beam width is determined by a slit placed in front of the detector.
At the prism—air interface, the component of the electric field parallel

to the interface within the prism is given by

EL(8;,%,z = 0) = F(x) exp(iK3x)cos 6 (16)
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-where F(x) is the lateral form factor of the incident V-EM beam at
2 = 0, chosen, for simplicity, to be symmetrical with its center at
x = 0; & is the angle of incidence of the central ray of the incideat
beam; and Kg = (nw/e) sind,.

Eé(ei,x,z = () can be expressed as a Fourier integral over plane
waves, i.e., the incident beam can be represented by a supecposition

of plane waves of different K and amplitude, as follows:

Ef = Ej(@mz = 0= (K ep(ikndk = [2E ) K (17)
where
dK) =55 L2 (8, %,z = 0) exp(-iKx) dx s

All partial waves Ey(K,) of this beam have the x-z plane as their common
plane of incidence and are T polarized.

Thie electric field of the EM wave which is "reflected” (i.e., reradi-
ated) back into the prism and the electric field of the EM wave which is
“transmitted” into the metal at the metal-air interface are given by

summing the reflected and the transmitted partial waves as:
r r =
Ee = Bx(Opmiz = O = [ &) EKY 4K (19)
t L ]
Eg = E,(8,,%,2 = ~d) = /_ (K)) E_(K) &K, (20)

where r(Ky) and t(Ky) are given by equations (4) and (5) respectively.

When Ry is close to K3 (where K§ is the real part of the wavevector
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Ky of the leaky S-EM wave), r(K,) and t(K.) can be expressed in terms of
Ky as in equations (1l) and (12).
By substituting equations (11) and (12) into equations (19) and (20),

and applying convolution theory, we obtain

§ - z i s
i E = aE_ + BE_ (21)

E° - 1c28 (22)
X x

‘: : x gl ! = - !
: E; - ap (KK ) fo B¢ (8,,%',2 = 0)exp( 1K x')dx (23)
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The tarm Azi in equation (21) reprssents the “mirror reflection”

of the incideat beam, which is due primarily to the reflection at the
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prism-air interface. The secound term, 132;, represents the field of
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: : the V-EM waves "radiatad” by the excited leaky S-EM waves. Because

the coustant B is predominantly imaginary and positive, the first and

S

second terms are 180° out of phase with each other. Furthermore, because

SO PE A AR Srds 3, M on A

of the difference in the spatial distribution of the mirror-reflected

component and the radiated coamponent (the latter has a maximum near the

; leading edge of the incident beam and decays exponentially out of the

F’ ' beam width), the "reflected intensity” generally will exhibit a double-

5 peak spatial structure. The appearance of a second peak is due primarily
to a destructive interference between the mirror-reflected and radiated

; fields, which have comparable amplitudes. The effect occurs when the

radiative damping, which also indicates the degree of coupling efficiency

3 'of a leaky S~EM wave, is comparable to or larger than the intrinsic

damping, that is, when the air gap, d, is comparable to or smaller than
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the optinum air 3ap.35 - When the air gap is much larger than the optimum
air gap, [|B| becomes much smaller than |A| and the second peak disappears.

R The counstant C is predominantly imsginary and negative. Thus, B§

MR G Lol e S e L N o e
A VTSN

has essentially the same phase as Eé.

o

We note that the iategral of equation (23) is unegligible for x < W/2
1 where Ei(ei,x,z = Q) 20, and is equal to a coustant S for x > W/2.
Thus, for x > W/2, i.e., for x beyond the axcitation region, the expres-
sious for E: and B§ reduce to Bﬁ(ei,x,z = 0) = iBS exp(iK.x) and
> !:(ei,x,z = =d) 3 1CS axp(iKgx). These fields reprasent free (i.e.,
propagating) "lesky™ S-EM waves which have a propagation length L =
1/(4ﬂx;) and which radiate energy within the prism at an angle &,
< relative to the normal, where 8 = sin~t [K;/(K;z + K;g)l/zl.
| Whea Rg<< K;, 60 is the same as the angle 33 [= sin~l (ck;/nm)]
of resonant excitation of the leaky S-EM wave by a plane V-EM wave.
Integration of equation (23) can be carried ocut analytically when
F(x) has a Gaussian form, i.e., F(x) = E, exp(«dlewz). In this situation,
we obtain the following expressiouns for IE:(ei,x,i = -d| at the metal

surface and for the intensity I, of the "reflected tadiation"26 in the

v e s A AR . v s

prism:
2
:"(ei,x,z = 0) = |AF(x)exp(iK)x) + 1 BG exp (1K x) | (26)
[E:(Gi,x,z = -d)| = [cosei cG exp(ist)[ (25)

6 = (W2 exp(-(K2-K) 2 W/L6101 + ext (210K OW/6l} 8, (26)
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The dcpondence6 of Eg(ﬂi,x,z = ~d) on x at 8; = 9, for several values

; 'of W is shown in figure 6. |E§/E°| builds up to a maximum near the
1 t leading edge of the incident beam and decays exponentially beyond the
%if excitation region. As W increases, the height of the maximum increases
gié and approaches the value for an incident plane wave. We note that for
jé ' weakly dampcd surface ™ waves (vwhere K; 144 K;), the dependence of G
ii‘ and, therefore, of E:(ei,x,z = -d) on 8, will exhibit sharp peaks
g* ; . at KQ = K; (1.e., at 8; = 8,) for values of x both within and
iif ) - beyond the excitation regiom.
%;é The dependnncez1 of I¥ on x at 61 = 8, is represented in figure 7
%g > A by PT versus x (solid line), where Pr(ei,x,wc) -‘/': t :Q;Z I(8,,x")dx’,
3 ¢
3; and W, is the lateral width of the detector slit, as shown in the inset
?é of figure 9. The PY curve shows a double-peak structure with an expo—
.i? L 4 nential decay beyond the excitation region. The profile of the incident
gi g Gaussian beam used for calculation is shown in the same figure by the
tgé g dotted line, which also represents the dependence of 1F on x at 8; * 6.
f § & PF {3 smaller when 8; = 8; than when 8; # 8, for values of x within ;
%} ? the excitation region and larger for values of x beyond the excitation ;
fé % region. Therefore, the angular dependence of the reflected intensity %
%é ; - Ir(ei,x,z = 0) will exhibit ATR~type winima at 8, for values of %
%é w x within the excitation region and peaks for values of x beyond. ;
i 4. Narrow-beam excitation - experimental g
't The experimental setup is shown in figure 8. A MM-polarized, cw COy %
‘% lagser beam (A = 10.6 im) is incident into a prism~air-Ag configuration. %
2 !
;
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Measurement indicated that the incident beam has a Gaussian profile.
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The prism is made of a NaCl crystal which has n = 1,49 at 10.6 m. The

>

t air gap is controlled by a translator with an accuracy of £ 2 ma. A 3-mm

and a much narrower (0.125-mm) slit define the width of the incident beam

and the collecting width, respectively. The slits set W = 4.05 mm and

jizsitabeed iy cre ksl

t We = 0.17 mm. The detecting slit is fixed in front of a pyroelectric

T
Sk

detector which can be translated normal to the mirror reflection direc-
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tion to measure the spatial dependence of I'. The incident angle is

A

&

scanned by rotating the prism-air-Ag configuration with respect to the
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incident beam. Both the configuration and the detactor are mounted on

LSRR

LY s 4,
AFRERLS PR e 25
DA b3S

A AR5
&z
A IR

a turntable so that the detector, which rotates twice as fast as the

v gsample, can track the "reflected” beam to measure the angular dependence:

of IF.
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Figure 9 shows the experimental curve?l of the (normalized) power PF

it X

(84,x,Wa) vs x for d = 38 £ 2 microns at 6y = 8, = 42°, together
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with the corresponding theoretical curve based on €y,01 = 2.22 and €g =
= -3850 + { 1450, Apart from the magnitude of the minimum, the experi-

L ’ mental and theoretical curves agree relatively well. The discrepancy
between the theoretical and experimental curves is due to roughness scat-

tering and surface contamination effects and to the small deviation of

the incident beam from a Gaussian profile. The double peak structure is

clearly evident, as is the exponential decay of PT beyond the region of
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excitation. From the decay, we obtain a value of 1.6 £ 0.05 mm for L,

<5 Oz

sy

which i3 in reasonable agreement with the computer-calculated theoretical

T
T

value of 1.66 mm for the leaky S-EM wave.
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Experimental curves of Pf vs 61 for different values of x are also

GRS

given in figure 9. As expected, these curves show sharp minima for values
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of x in the vicinity of x = 0 and sharp peaks for values of x beyond the
excitation region. The magnitudes of the peaks decrease with increasing x.
The occurrence of these peaks, signaling the presence of free leaky S-EM
waves, is the most significant feature of S~EM wave excitation by V-EM
vaves of finite bean wiith. Furthermore, we note that the leading edge

of the incident V-EM radiation is responsible for 1) the occurrence of

the reflected minima and 2) the exponential decay of the reflected in~

tensity, whereas the back edge primarily determines the amplitude of the
excited S-EM waves.

In figure 10, we present data on the excitation® of the m = 1 TM FP-EM
waves by a narrow beam. The sample configuration is the same as the one
described above, except d = 51 um. Experimental cqurves of PF vs 91
show sharp minima for x = 0 and sharp peaks for x = 2.7 mm at two
resonance angles. The left-hand features signal the excitation of a S-EM
wave and the right-hand features signal the excitation of a m = 1 FP-EM
wave. The excitations of m = 2, 3... FP-EM modes are off the scale.

Since we can detect the radiation from the m = 1 FP-EM wave at x = 2.7 mm,
we conclude that the m = 1 FP-EM wave also has a macroscopic propagation
length. Because FP-EM waves in & prism—air-metal coufiguration can

propagate longer in the visible than in the infrared, the same experi-

mental setup can be easily extended to measure the propagation length

of FP-EM waves in the wvisible.

5. Discussion
Narrow-beam excitation is one of the most important processes used

"in two-prism propagation studies of S-EM waves. As shown in figure 11(a),
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an incident narrow beam in the left-hand prism launches S-EM waves at
the air-metal interface, which after propagating a distance, are recov—
ered in the right-hand prism. The leaky S~EM wave in the launching
ATR configuration is converted to a S~EM wave in the middle area at the
prism edge. In the recovery procass, the couversion is reversed. The
excited leaky S~EM wave in the launching ATR configuration leaks back
into the prism during propagation before it reaches the edge. Thus,

the launching efficiency depends on the power of the leaky S~EM wave

that reaches the edge. If we let the leaky edge of the narrow beam coin-

cide with the prism edge, then, from the beam—width dependence of IE&/EOI
at the edge in figure 6, one sees the dependency of the power which can
reach the edge on the width of the incident beam.

The interconversion of the EM modes at the prism edge is another
important process which influences the launching efficiency. An effective
interconversion is achieved when there is a close match between the phase
velocities of the EM modes at both sides of the edge. Two approaches
can be used to adjust the phase match. One is to trim the leading edge36
of the launching prism to the shape shown in figure 11(b) to obtain a
gradual change of the phase velocities from one side to the other. The
other is to adjust the air gap.36 In general, the larger the air gap,
the closer tiie match. However, the larger the air gap, the weaker the
coupling efficiency of the leaky S~EM waves.

Although the air-gap dependence of the launching efficiency has
been experimentally examined in both paralle136 and tilted air-gap situ-

ations,37 an overall study of the effect of beam width on the launching

" efficiency, as well as the effect of the air gap, still is needed. The
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narrow-beam excitation discussed here can serve as the starting poiat to
achieve this goal.

Two-prism counfigurations have been successfully used as a spectro-

scopic tool for studying ultra—-thin layers on metal surfaces.38 By

: ? studying the propagation of the S~EM waves, we can use the narrow-beam
| one~prism counfiguration as a similar spectroscopic tool.5:1% The one-
% prism counfiguration can be considered a limiting case of the two-prism
@‘ N configuration, i.e., the same prism serves to both launch and recover.

The known major disadvantage of "real” two-prism S~EM wave spectroscopy

is the need, because of the low launching efficiency, for an ‘intense

infrared laser beam as a launching source. 38 However, since no prism

edge i3 involved in the one-prism configuratibn, there are no reflection
,é and conversion losses. With this advantage, the combination of a couven-
% tional infrared source and a monochromator can supply infrared EM waves
with enough intensity to use the propagation study as a spectroscopic
tool. Furthermore, since the propagation and the detection of the leaky
: « EM modes can be formulated exactly, the data can be analyzed exactly.
A 100-A-thick Si0y overlayer on a Ag substrate has been studied

by investigating the propagation of leaky S—EM waves in an ATR configura-

e - tion with a 20-wa air gap.6’12 Narrow infrared beams (5 mm in width)

with A from 5 um to 11 pm, provided by a monochromator with a globar

T

SRR ea i

source, excited leaky S-EM waves to propagate out of the illuminated
region. The radiation beyond the illuminated region was collected as

a functlon of the incident angle.
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The radiation intensity P versus 8 curves are shown in figure 12(a).
The curves show peaks at angles where the leaky S~EM waves were excited.

With the PT versus 8 curves for the case without 510, film [shown in

figure 12(b) for comparison], we found that the peak heights were reduced
from A = 8 un to 9 M. The reduction is due to the decreased propa=~
gation length of leaky S-EM waves in that wavelength region in the pre-
sence of the SiOy overlayer. The maximum reduction occurs at A = 8.3 m,
shown in the peak height versus A plot (figure 13). This wavelength
corresponds to the longitudinal phonon frequency (uwrg) of a S109

medium. The result having the maximum reduction at uwyg agrees with
theoretical predic:ions.5:39»4° From this study, we conclude that the
Si0x layer is a S10j lay;r.

Since the FP~EM modes can also propagate macroscopic distances in the
infrared, they, as well as the leaky S~EM waves, serve as an EM-surface
probe. Since we know that S-EM waves can only propagate about 10 mm
in the visible, their propagation cannot be used as a visible gpec~
troscopic tool. On the other hand, FP-EM waves propagate even longer in
the visible than in the infrared and, therefore, can serve as a surface
probe in the visible.

Because S-PM waves are ™ polarized, they have both Ey and E, compo-
nents and can be used to probe vibrational modes of an adsorbed molecule
having traunsition dipoles normal and parallel to the metal surface.
Although the electric field of a S~FM wave in the infrared is mainly
perpendicular to the metal surface, due to the difference in oscillation
strength between trangition dipoles normal to the surface and those

parallel to the surface, the direction of the transition dipole, and

therefore, the corresponding chemical bond, can not be identified just
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by exsmining the absorpticn strength of the S~EM waves. Neither can
i{dentification be achieved by using only ™ FP-EM waves. However, TE
FP-EM waves which have only an Ey compounent also exist. The TE FP-EM
vaves thus will probe only vibrational modes of a molacule having transi-
tion dipcles parallel to the surface. If the results obtained from both
™ and TE FP-EM waves are combined, it is possible to identify the direc-
tion of the chemical bonds of the adsorbed molecules.

Excitation of a S-EM wave with a grating coupler also depends on the
width of the incident beam. Theoretically, it has been shown?1 that,
when a narrow pulse is incident upon a grating, the frequency spectrum
of the reflected pulse is distorted from that of the 1ncideﬁc pulse at
:h; resonant excitation of a S-EM wave, 1if W { vg/o (where vg is the
group velocity of the S-EM wave and ¢ is a measurs of the spread of
frequencies of the incident pulse). Bisecting a grating and separating
the two halves, produces the two~grating propagation ¢:.<mﬁ.g\.u'at::1on."2
Thus, narrow-beam excitation in a grating coupler plays aa important
role in the launching efficiency of a S~EM wave in a two-grating propa-
gation configuration, analogous to its role in a two-prism configuration.

There are alternative ways to excite S~-EM waves locally. They can
be excited by a local oscillator having a lateral dimension smaller
than the propagation length of the corresponding S-EM wave. Although a
broad beam may be used to excite the local oscillator, the excitation of
S~EM by the oscillator is indeed local. An example is the configuration
shown in figure 14(a) and used by Chabal and Sievers*3 to launch S-mM

waves at an air-metal ianterface. An incident beam enters the prism and

' strikes the base at the edge of the metal film. We believe that the
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%g : S-EM waves are excited by localized EM modes at the edge, which are

;g i N theuselves excited by the incident beam. Similarly, it should also be

:; % possible to launch S-EM waves by the conversion from EM modes, locslized
‘;5 ? at a bump or a dip, as shown in figures 14(b) and 1l4(c), respectively.

;i 6. Conclusion

é' Both leaky surface EM waves and 1Y and TE Fabry-Perot EM waves exist
gf 1 in an Otto ATR configuration. The FP-EM waves ure due to interference of
;f two propagating EM waves which are incident at grazing angles upon the

5{ metal Lud the prism base. When excited by volume electromagnetic radia-
;} by tion of fiunite beam width, the cxcited'lctky electromagnetic modes build
§; up along the excitation rsgion and propagate as free damped waves beyound.
%g Correspondingly, the spatial depcudence of the reflected inteasity ex-
ﬂ;i 3 hibits a double~peak interference structure at the leading edge of the
'f? § excitation region followed by an exponential decay beyond. The appearance
’f' % of a second peak is due primarily to a destructive interference between
;f § & a mirror-reflected fiald and a ra.lated field which are 180° out of phase.
Eg ? The phase velocity and the propagation length of the leaky EM modes can
;g % be determined from the coupling angle and the exponential decay, respec-
éf R tively.
'%% When the incident angle is scanned, the angular dependence of the

%? reflected intensity exhibits ATR~type minimu at the coupling angle from
? ’ the excitation region and peaks from the free-wave region. Study of the
% peaks provides a tcol for rhe spectroscoplc study of an overlayer. The
,5' study can be performed in the infrared by using leaky surface EM waves

;

I
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and YP-EM waves aund in the visible by using FP-EM waves, due to their
long propagation lengths. The advantage of using finite-beanm excitation
in & one~prism configuration in the spectroscopic study is its high
efficiency, i.e., 2 conventional infrared source can provide enough
intensity for propagation experiments. The use of both TM and TE *P-EM
waves provides a way to {dentify the direction of chemical bonds of

adsorbed molecules on metal surfaces.
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riﬂn Captions

1. The single-prism Otto configuration. The prism, air, and
the metal are labeled as media 1, 2, and 3.

2(2). Schematic diagram showing an incident V-PM wave and its
reflected and transmitted V-EM waves in a prism~air-metal
(1-2-3) configuration.

(b). The MM wave in the prism of a leaky EM mode. The array
represents the direction of Poynting vector. The density
of lines shows exponential decay of radiative intensity
of the leaky EM mode (from reference 6).

3. The real w versus K curves of leaky EM modes of a prism—air-Ag
configuration. The parameters used for calculation grc d =
38 m, = 2.25, ez-l,ande(w)-AM(l-leO
W [w+ 1600]). The curves of S~-EM waves and of ™ FP-EM waves
are labeled as S and m = 0, 1, 2, and 3, respectively. For com~
parison, the real ® versus complex K curve of S-EM waves of the
corresponding air-Ag interface is shown as a dashed line.
(a) the w vs R'/(w/e) curves. The curves of S-EM waves and
of m = 0 ™ FP~EM modes are the different sections of the
same single continuous curve. (b) The w vs K"/(w/c) curves.
The horizontal bar approximately separates the curves for
S~EM waves and m = 0 ™ FP-EM waves.

4. The air-gap dependence of K'/(w/c) of a leaky S~EM wave of
w = 943 cm~l. K'/(w/c) decreases with decreasing d. For
d < 110 wm, K'/(w/c) becomes less than 1 and the S=EM wave
becomes a m = 0 ™M FP-~EM wave.

5. The R versus Ky/(w/e) _gurves of an incident V-EM wave of a
€O, lagser (W= 943 cm ~) in a prism~air-Ag configuration.
The right and the left minima of each curve correspond to
excitation of m = 0 and m = 1 ™ FP-EM, respectively. The
minima corresponding to excitation of higher order modes
are off the scale on the left-hand side.

6. The dependence of t:(9 x, 2 = =d) on x at 91 = 93 for
values of W. IE /E | %u*lds up to maxima near the leading
edges, which are indicated as vertical bars, of the incident
beams and decay exponentially beyond the excitation regioms
(from reference 6).
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Figure Captions (Countinued)

7. Curves of BPY(9,, )/P (8, x =0, W,) vs x with
W=4.,05 mn a V o17 mm for s NiCl-ait-Ag prisa coufigura-
tion having d = 38 microns. The experimental data for 8; = &
are reprasented by the dashed line and the corresponding tho-
oretical curve by the solid line. The dash-dot-line represents
the experinental data for 8y away from 8, and is the cor-
responding calculated curve for a beam hnving a Gaussian profile

(from reference 21).

Ff-

ke 8. The experimental setup for the finite beam excitation of
P surface EM wave in a NaCl-air-Ag Otto configuration. CH:
& . chopper, TT: turntable; S1 and S2: slits; T: translator;
D: pyroelectric detsctor (from reference 6).

9. Experimental curves of PF (31, X, W) vs. Gi for various
values of x in mm. The data are obtained with a 3-mm slit

in the incident beam and a 0.3-um glit in front of the
detector (from reference 21).
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e

10. Experimental curves of PY(8,, x, w Q) Vs 8; for x = 0
and 2.7 mm at d = 51 um. Iée propagation of them = 1 ™™
FP-EM wave over a distance of 2.7 mm is clearly shown.

IR TR
P A S A

11. The two-prism Otto configuration (a) two truncated prisms
(b) two trimmed prisms.

At e s

g 4 X
AT P

12. The PF versus O curves at various wavelengths as indicated
for (a) a NaCl-air (20 um) =~ S104 (100 A) ~ Ag configur-
ation and (b) its counterpart without the Si0yx film (from
reference 12).

St
ST,

13. The wavelength dependence of the peak of the PT (8,1)
curves shown in figure 12 (from reference 12).

)

-

R A

14. Schematic diagrams of (a) a prism-metal edge coupler (from
reference 43), (b) a "bump” coupler, and (c) a "dip” coupler.
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