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ABSTRACT 

Finite width pump beams have been used to excite 

long range surface plasmon modes on thin silver films. We 

have probed these modes using both attenuated total 

reflection (ATR) and a new technique based on the spatial 

intensity profile of the reflected light. Our analysis of 

the spatial intensity profile of the reflected beam allows 

the separate determination of losses in the mode due to 

reradiation and dissipation or scattering and agrees closely 

with the ATR method. 

vii 



CHAPTER 1 

INTRODUCTION 

Plasmons are charge density oscillations which 

propagate in a wave-like manner in a plasma. These 

oscillations can exist in bulk media, or can be localized to 

an interface between a plasma and a dielectric1. When 

confined to a plasma-dielectric interface, these oscillations 

are called surface plasmons and their associated 

electromagnetic fields are evanescent in both media. Since 

metals approximate a free electron plasma, this type of mode 

can be excited on some metal-dielectric interfaces. In the 

case of a thin metal film bounded above and below by 

dielectrics, surface plasmon modes can exist simultaneously 

on both the top and bottom metal-dielectric interfaces. If 

the metal film is very thin, the modes will become coupled to 

form two coupled mode solutions, one in which the transverse 

electric field is symmetric, and one in which it is anti

symmetric. The anti-symmetric mode carries less of its 

energy in the metal film, and thus has a much larger 

1 



propagation length than either the symmetric mode or the 

single surface modes, due lower dissipative losses. This is 

the mode which has been termed the long-range surface 

plasmon mode (LRSPM)2. 

The real part of the wavevector of a surface plasmon 

mode is greater than the wavevector of a freely propagating 

wave in the surrounding dielectric and therefore the modes 

cannot be excited by light directly incident on the metal 

film. However, the wavevector of the incident beam of light 

can be increased by passage through a prism with a large 

refractive index. When this beam of light undergoes total 

internal reflection at the base of the prism> the component 

of the wavevector parallel to the base is larger than the 

wavevector of a free wave in the bounding (dielectric) medium 

(Fig.l). Here the layers are numbered starting from zero at 

the substrate, so that the prism is layer three, coupling gap 

is layer two, the metal film is layer one, and the substrate 

layer is zero. If the thin metal film is brought into close 

proximity with the base of the prism, the evanescent tail of 

this beam of light which penetrates into the dielectric can 

be used to excite the plasmon. As the angle of incidence of 

this beam of light is varied, the component of the wavevector 

parallel to the base of the prism varies as the sine of the 

angle' of incidence, thus allowing the wavevector of the 

plasmon mode to be matched. At the angle where the 
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Pig 1. Wavevector of surface plasmon. 

Layers are numbered: 3 Prism; 2 Coupling gap; 1 Metal film; 
0 Substrate. 



component of the incident wavevector which is parallel to 

the base of the prism matches the wavevector of the plasmon, 

a minimum occurs in the reflectivity of the prism due to 

absorption of light by the plasmon. The position and width 

of this reflectance minimum can be used to determine both 

the real and imaginary parts of the wavevector of the 

plasmon. This technique is known as attenuated total 

reflection (ATR) spectroscopy and has been employed 

frequently in the study of both single surface and coupled 

plasmon modes. A problem with the ATR technique is that the 

proximity of the prism to the metal film significantly 

perturbs the wavevector of the plasmon and thus can only 

yield accurate results when the prism is kept further away 

from the film than may be desirable for optimum coupling. 

Although the LRSPM has been observed previously24 

using ATR spectrosopy, these experiments have not been able 

to take the finite width of the pump beam into account. 

Since the propagation length of the LRSPM can be on the order 

of hundreds of microns in the visible, the finite width of the 

pump beam can become significant in measurements of the loss 

of the mode. This is due to the change in the reflectivity 

of the mode in the first few decay lengths of the mode, i.e. 

as the mode grows from the leading edge of the beam, the 

amount of light being reradiated from the mode also 

increases. This light interferes with the light of the pump 



beam which is specularly reflected from the base of the 

prism, to result in the final measured reflectance. Thus the 

measured reflectance can become a strong function of 

position along the width of the reflected beam. Only in the 

limit of wide beam width and very weak coupling does the ATR 

technique yield accurate results. 

Previous work has been done which predicts the shape 

of this spatial reflectance profile5. It was shown that, 

xinder certain conditions, by probing the amplitude of the 

reflectance profile it is possible to determine not only the 

real and imaginary parts of the plasmon wavevector, but also 

to determine the contributions of the prism loading and 

finite beamwidth to the measured wavevector. It is the aim 

of the present work to verify this theory by probing LRSPMs 

on thin silver films using both the ATR method and this 

spatial profile technique. 



CHAPTER 2 

THEORY 

When coupling a finite width electromagnetic beam to 

an LRSP mode by use of the ATR method, the field reradiated 

from the mode will interfere with the specularly reflected 

field to modify the reflected beam profile. The shape of the 

profile can be calculated by taking the Fourier transform of 

the product of the diffraction angular spectrum of the input 

beam with the angular reflectivity of the prism-film system. 

Since we use a collimated input beam with a flat intensity 

profile, the diffraction angular spectrum of the input beam 

is determined by the beam width at the base of the prism, 

while the reflectivity angular spectrum of the system can be 

determined through the application of Fresnel's equations 

successively to the layers of the system. Since this theory 

has been presented earlier, we will only summarize it here5. 

Because the electric field is related to the magnetic 

field through Maxwell's equations, it is sufficient to 

consider only one of the field components. Since the input 

6 
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beam has a flat intensity profile, we can express the spatial 

variation of the amplitude of the incident magnetic field in 

the prism (medium 3) as 

=0, x < -w/2 

B3(x) = A, -w/2 < x < w/2 (1) 

=0, x > w/2 

For this case the intensity profile of the output 

beam in the prism is 

I(x) = (2) 

where B3(x) is the amplitude of the output beam, and is pure 

real when the input beam is tuned to the plasmon resonance. 

B3 (x) is given by 

B3(x) = r32B3(x) - A n(x) (3) 

where r32 is the reflectivity of the 3-2 interface and is 

given by 

e3^e2-/52 - e2/?3-/32 
r32= (6) 

e3^e2-j92 + e2/e3-/32 

and n(x) is a slowly varying spatial term given by 
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=0, X < -W/2 

n(x) =1 - expj^ajx + |jjr -w/2xw/2 (4) 

= -2i exp(-ax) sin(iaw/2), x > w/2 

Here e2 is the dielectric constant of the coupling gap 

(medium 2) and e3 is the dielectric constant of the prism 

(medium 3). The dimensionless propagation constant of the 

plasmon /3 is equal to (c/co)k where k is the plasmon 

wavevector. The decay constant of the plasmon is given by 

a, and is related to the phase shift on reflection from 

the 3-2 interface. 

This intensity profile is illustrated for several 

different coupling gap thicknesses in Fig. 2. 

The absorption constant of the plasmon Im(/3) is 

(c/co)a and the effective index of the plasmon Re(/3) is 

AT3 sin(0j), where ©! is the resonance angle. We can further 

break down Im(/3) into two parts, Im(/3) = Im(/3m) + Im(5/3) 

where Im(/3m) is the dissipative term due solely to absorption 

in the metal film and Im(<5/3) is the reradiative term due to 

loading of the mode by the prism. Thus in the limit of very 

weak coupling Im(/3) =Im(/3m) since the reradiative term will 

be near zero. 
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Reflected Intensity Profiles 

Silver 15 nm 

1 

.5 

0 •— 
-150 150 

Position (microns) 

Fig 2: Calculated reflected intensity profiles. 

Calculated intensity profiles for a 15 nm silver film with e= 
-12 + li. Reflectance profiles for five different coupling 
gap thicknesses are displayed, from 0.8 (im to 0.4 ^m. The 
profile with the slowest decay is for a coupling gap of 0.8 
/im. 
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If there is a zero in the intensity of the output beam 

in the interval -w/2xw/2 , then it is posssible to 

separately determine Im(£m) an(j im(</>/3). If such a zero 

exists, then it can be shown that 

where xx is the position of the zero relative to the center of 

the beam. 

Both of the dielectric constants of the prism and of 

the coupling gap are assumed to be known. It is apparent 

that in order to determine the loss terms, the values of a, 

0! and xt need to be determined. The value of a is given by 

the decay rate of the intensity profile in the region x > w/2 

, the value of 0! is given by the angle of incidence of the 

input beam when tuned to the resonance, and x^ is given by 

the position of the interference zero in the intensity 

profile. 

This theory is valid in the limit of weak coupling to 

the mode. The coupling constant h is defined as 

cot 
2con(xJ [l-l2/r3?] 

(5) 

h=exp[-k0(He(j3)2 - e2)l/2 d2] (7) 

where d2 is the thickness of the dielectric layer across 



which the light couples to the plasmon, k0 the vacuum 

wavenumber of the light, and /3 the propagation constant of 

the mode. With this definition of h, the weak coupling regime 

was defined as h2 < 0.1 . This places a lower limit on the 

thickness of the coupling gap at approximately 0.4 /im. 

In order to obtain a zero in the reflected beam 

profile, the most important parameter to adjust is the 

coupling constant. Fig. 3 shows the relation between the 

position of the zero and the coupling gap thickness for three 

silver films of different thicknesses8. In all cases the 

zero can be obtained if the coupling gap is made thin enough. 

In order to see a zero in the reflectance profile of a thick 

silver film, the coupling gap must be made very narrow, due 

to the large dissipative loss in the LRSP mode on the thicker 

metal films. To produce an interference zero the amount of 

light being reradiated from the mode has to be equal to the 

amount of light being specularly reflected from the base of 

the prism. Thus in a thick film, since less of the light is 

being reradiated due to the higher dissipative loss in the 

film, the coupling constant has to be increased. This has 

the effect of both reducing the amount of light being 

specularly reflected and increasing the amount of energy 

being pumped into the mode, which therefore increases the 

amount of light being reradiated. 
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500 

0 -

-500 

Fig 3: Calculated position of the interference zero 

Calculated position of the interference zero position vs. 
coupling gap thickness for three different silver films. 
Solid— 12.5 nm thick silver; dashed—25 nm; double dashed— 
50 nm. From ref.8. 



The precision with which the position of the zero can 

be measured depends somewhat on its location. In the 

vicinity of the zero, the function in Fig. 3 must have a high 

enough curvature so that noise will not seriously degrade the 

measurement. One can calculate the curvature (2nd 

derivative) of Eq. (1) at the position of the zero to get 

d^(2X) = 8a!exp^-2ajx+|J- (8) 

Pig. 4 shows a plot of Eq. 8 as a function of the zero 

position for the three films used in Fig. 3. One observes 

that as the zero moves farther to the right, the curvature 

decreases and hence the zero becomes more difficult to 

locate precisely. As the zero moves closer to the left hand 

edge of the profile, the curvature is very high and the 

precision with which the zero can be located is limited by 

the lateral resolution of the detector. 

In order to be able to separate the reradiative decay 

from the total plasmon decay, a measure of the total 

plasmon decay constant is also needed. This can be 

determined from the decay length of the exponential tail of 

the intensity profile or by measurement of the angular width 

of the plasmon resonance. The imaginary part of the plasmon 

propagation constant can be written as 
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Fig 4: Curvature of the reflectance profile at the zero 

Curvature of the calculated reflected intensity profile at 
the positon of the interference zero for the same silver 
films cis Fig 3. From ref.8. 
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Im(/3) = -sin(</>) cos(</>) to/c [sin(01/2) - sin(0) ] (9) 

where </>i/2 is the angle at which the resonance assumes its 

half-maximum value6. 



CHAPTER 3 

EXPERIMENT 

Our optical system is shown in Fig. 5 and has been 

described in detail previously7. The output from a 5 mW HeNe 

laser at 632.8Mm is directed through a spatial filter and 

collimated by an achromat. An adjustable rectangular 

aperture and a beam splitter are placed in the collimated 

beam. A second achromat then focusses the beam at a focal 

point of a hemispherical retroreflecting prism8. After 

reflecting from the prism, the beam again passes through the 

second achromat, and two beamsplitters are used to direct 

portions of the beam onto a CCD array and a large area 

silicon photodiode. The samples are mounted to the rear 

planar surface of the retroreflecting prism, with a thin 

layer of fluid separating the sample from the base of the 
v 

prism. This fluid is chosen so that its index of refraction 

matches that of the substrate on which the sample was 

deposited. The thickness of this layer of index matching 

fluid is adjustable by means of a micrometer driven plunger 

16 
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Fig. 5: Diagram of optical system. 



which can be adjusted to press the substrate onto the base of 

the prism with various amounts of pressure. 

The hemisperical retroreflecting prism is mounted on 

a stepper motor driven rotation stage. This stepper motor is 

under computer control, and the stage has a resolution of 

1/240 degree. This part of the system can be calibrated by 

talcing advantage of the symmetry of the hemispherical prism. 

The prism is symmetric about a reflecting plane which bisects 

it from its apex to the rear planar surface. Since the 

system is symmetric about this plane, any angular 

reflectance scans will reflect this symmetry, in particular 

the position of either the critical angle or the plasmon 

resonance relative to the position of the rotation stage will 

be measurable on both sides of this plane, providing two well 

known reference points for the calibration of the rotation 

stage. In addition, a critical angle measurement provides a 

means of measuring the index of refraction of the prism and 

of the index matching fluid used in the coupling gap. The 

accuracy of this technique exceeds one part in a thousand. 

The angular reflectance information below the critical angle 

is also helpful in estimating the thickness of the coupling 

gap and the metal film and the dielectric constants and 

thickness of the metal film. 

The second achromat serves multiple functions. 

First, it focuses the beam onto the front focal point of the 



prism so that the beam is again collimated inside the prism. 

The second primary function of this lens is to focus the 

image of the square aperture onto the base of the prism; this 

determines the location of the aperture. Third, the lens 

images the base of the prism onto the CCD array, which 

determines the position of the array. 

Focussing of the system is accomplished in the 

following manner. First the beam is collimated in the leg 

prior to the second achromat. Then the relative positions 

of the achromat and the prism are adjusted until the beam of 

light is collimated in the space following the system. This 

then fixes both the position of the array and of the 

aperture, since they must both be focussed by the achromat 

onto the plane surface of the prism. Thus the position of 

the CCD array can be adjusted until the bottom surface of the 

prism is in focus at the array, which can be determined by 

looking at the image on the CCD array of the intersection of 

the mirror plane and the back surface of the prism. The image 

of the aperture at the back of the prism can then be focussed 

by adjusting the position of the aperture until the edges of 

the aperture come into sharp focus at the CCD. Since both the 

image of the aperture and the image of the base of the prism 

are then be in focus at the CCD, the aperture must be in 

focus at the base of the prism. 



The CCD array is a 1728 element linear image sensor 

which allows us to examine the shape of the reflected beam 

profile. The inter-element spacing of the CCD array is 13 fim 

which, due to the demagnification of the system, results in a 

resolution at the base of the prism of approximately 3.25 /im. 

The silicon detector measures the total intensity of the 

reflected light for the determination of the angular 

reflectance spectrum. Both detectors are connected to a 

desktop computer, which allows automated data collection9. 

This data is then transmitted to an IBM PC via an IEE-488 

interface bus, where the majority of the data reduction is 

done. 

The angle of maximum coupling into the plasmon (9J is 

determined by the minimum in angular reflectance which 

occurs above the critical angle. The value of a can be 

determined by two independent means, either by a least 

squares fit to the exponential tail of the reflected beam 

intensity profile or from the angular width of the resonance. 

Two peaks occur in the reflected intensity profile, 

one at the leading edge of the input beam, and one just 

beyond the end of the input beam. The region between these 

two peaks in the intensity profile corresponds to the region 

where -w/2 < x < w/2. In order to increase the accuracy 

with which we can determine the position of the zero, we have 

developed a computer program which allows the position of 



the zero to be determined in a semiautomated manner. The 

program does a least squares fit to the log of the reflected 

intensity in a region specified by the user which is within 

the bounds -(w/2) and +(w/2) and which should correspond to 

the region of exponential decay. The beginning pixel of the 

region used for the least squares fit is incremented one 

pixel at a time, and the slope and standard deviation of each 

one of the fits is then plotted against the center pixel 

position. The slope should remain constant and negative 

until the center pixel passes through the interference 

minimum, where the slope should change sign due to the 

absolute value nature of the reflected intensity. The 

standard deviation should have a peak at this point due to 

the departure of the data from linearity. Thus these two 

parameters will both exhibit a critical change as the fit 

crosses the position of the reflectance minimum. An 

alternative to this technique would be to do a least squares 

fit to a set of data points which surrounds the suspected 

position of the zero, and reflect all the data below the test 

point through zero. As the test point is moved across the 

data array, the standard deviation of the fit should have a 

minimum value at the best point for the zero. This technique 

has not yet been implemented. 

Since the change in the imaginary part of the 

propagation constant that we predict is a function of the 



thickness of the coupling gap, we need to be able to 

determine this thickness. This is done by determining the 

position of Fabry-Perot type interference minima below the 

critical angle. The positions of these Fabry-Perot minima 

are a complex function of not only the thickness and 

dielectric constant of the coupling layer but also of the 

thickness and dielectric constant of the metal film. This 

function is complicated enough to make an analytical solution 

for the coupling gap thickness difficult. Fortunately, the 

effect of the metal film thickness and dielectric constant is 

not very pronounced over the range of these parameters with 

which we were concerned. Therefore we were able to generate 

a table of resonance angle versus gap thickness (table 1) 

which we could use to look up the gap thickness for a given 

angle. 

The data thus determined are then passed to a routine 

which determines the real and imaginary parts of the change 

in the plasmon propagation constant (5/3) due to loading by 

the prism, which uses the principles described in the theory 

outlined earlier. The real part of the propagation constant 

of the plasmon for the loaded metal film (|3) is determined 

from the angular position of the resonance and the imaginary 

part is determined from either the angular width of the 

resonance or the decay constant of the exponential tail of 

the intensity profile. Once the values of Sf3 and |3 have been 
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Table 1. Calculated position of Fabry-Perot m1n1ma. The 
first Fabry-Perot minimum below critical angle as a function 
of coupling gap thickness is tabulated. This data was calcu
lated for >.. = 632.8 nm, Ilgap = 1.454, angular resolution of 
1/8 degree. 

Gap Thickness 
(microns) 

0.40 
0.42 
0.44 
0.46 
0.48 
0.50 
0.52 
0.54 
0.56 
0.58 
0.60 
0.62 
0.64 
0.68 
0.68 
0. 70 
0.72 
0.74 
0.76 
0.78 
0.80 
0.82 
0.84 
0.86 
0.88 
0.90 
0.92 
0.94 
0.96 
0.98 
1.00 

Angle 
(degrees) 
42.625 
43.000 
43.500 
44.000 
44.500 
45.000 
45.500 
46.000 
46.375 
46.875 
47.375 
47.750 
48.125 
48.500 
48.875 
49.125 
49.500 
49.750 
50.000 
50.250 
50.500 
50.750 
51.000 
51.125 
51.250 
51.500 
51.625 
51.750 
51.875 
52.000 
52.125 
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determined, the propagation constant of the plasmon in the 

absence of prism loading is obtained simply by subtraction of 

St3 from /3. 



CHAPTER 4 

RESULTS AND CONCLUSIONS 

Experimentally obtained spatial reflectance profiles 

for a single thin silver film with varying coupling gap 

thicknesses are illustrated in Figs. 6 through 9. Comparison 

of these with the calculated spatial reflectance profiles 

illustrated in Fig. 2 shows good qualitative agreement with 

theory. Experimental angular reflectance data for this film 

at a coupling gap thickness of 0.88 microns together with the 

theoretically determined angular reflectance data are 

illustrated in Fig. 10. The dielectric constants and 

material thicknesses assumed to calculate the reflectance 

are given in this figure. The dielectric constants of the 

silver film differ from that of bulk silver, as can be 

expected for a thin film. The plasmon resonance is clearly 

visible as a sharp dip in reflectance above the critical 

angle for the prism-coupling gap interface. 

Similar spatial reflectance profiles for other silver 

films are included in Figs. 11 through 13. These films are 
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Fig. 6: Profile for sample 1, gap = 0.77um 

Measured reflected intensity profile for a 15 nm silver film 
(sample 1) on a glass substrate (n = 1.502). Coupling gap 
thickness is 0.77 fim. 
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Fig. 7: Profile for sample 1, gap - 0.68/j.m 

Measured reflected intensity profile for sample 1. Coupling 

gap thickness is 0.68 fxm. 
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Fig. 8: Profile for sample 1, gap = 0.56(jm 

Measured reflected intensity profile for sample 1. Coupling 
gap thickness is 0.56 tim. 



29 

200 

V) 

'c 
>•> ZD 

*55 >•> 
c J= 
_Q3 £ 
"c ̂  
— _o 

100 ~ 

0 
800 900 1000 

Pixel Number 

Fig. 9: Profile for sample 1, gap = 0.47fim 

Measured reflected intensity profile for sample 1. Coupling 
gap thickness is 0.47 Mm. 
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Fig. 10: ATR spectrum for sample 1, gap = 0.88 /im 

Reflectance vs. angle for sample 1 with coupling gap thick
ness of 0.88 /jm. Upper curve is measured, lower is calculated. 



31 

100 

50 

600 300 

Position (microns) 

Fig. 11: Profile for sample 2, metal thickness = 21.5 nm 

Reflected intensity profile for sample 2, a .21.5 nm silver 
film on a fused silica substrate (n = 1.454). 
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Fig. 12: Profile for sample 3, metal thickness = 29.8 nm 

Reflected intensity profile for sample 3, a 29.8 nm silver 
film on a fused silica substrate. 
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Fig. 13: Profile for sample 4, metal thickness = 27.0 nm 

Reflected intensity profile for sample 4, a 27.0 nm silver 
film on a fused silica substrate. 
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from a total of three coating runs, and are of varying 

thickness. The decay constants of the LRSP mode as a 

function of coupling gap thickness on each of these films has 

been measured using both the ATR technique and our method 

based on the spatial intensity profile. The data obtained 

from the spatial intensity profiles were reduced as described 

previously. The results of these measurements are 

illustrated in Figs. 14 through 17. Since the measured value 

of Im(j3) obtained from the exponential decay of the intensity 

profile does not take the prism loading of the mode into 

account, the measured values of Im(p) show an exponential 

decrease with increasing coupling gap thickness. This is 

especially apparent in the case of thicker films where, due 

to increased absorption in the film, the optimum coupling 

constant is rather large, resulting in very strong prism 

loading of the plasmon. 

After correcting by the calculated value of Im(<5/3), 

the data obtained from the spatial intensity profiles shows a 

reduced dependence on the coupling gap thickness, but also 

contains some very large fluctuations. These fluctuations 

are largely due to the difficulty encountered in obtaining 

the exponential decay constant from the tail of the intensity 

profile. This region of the profile seems to have a 

persistent problem with interference fringes that tend to 

occur at the edges of the input beam. These fringes have a 
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Fig. 14: Measured Im(/3) and Im(<5/3) using profile for sample 1 
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Fig. 15: Measured Im(/3) and Im(<5/3) using profile for sample 2 
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16: Measured Im(/3) and Im(<5jS) using profile for sample 3 



38 

. 02 

01  

0 
. 65 . 3 1 

Coupling Gap (microns) 

Fig. 17: Measured Im(/3) and Im(S/3) using profile for sample 4 



very strong influence on the measurement of the decay 

constant, since they can change the intensity incident on a 

given pixel by a large amount. This is particularly important 

in the case of the thicker films which are strongly loaded by 

the prism, where the decay is very rapid. Another factor to 

be considered in the evaluation of this data is that the 

theory was developed under the assumption of weak coupling 

to the LRSP mode. The coupling constant (h2) was assumed to 

be between 0.1 and 0.01, which places a lower limit on the 

thickness of the coupling gap for which the theory is valid 

at about 0.45 /im. 

In an effort to overcome these effects, we have 

developed a hybrid technique which depends on both the 

information obtained from the ATR spectra and the intensity 

profiles. Since the intensity profiles yield a result which 

is a correction term to the measured Im(jS), this correction 

term was applied to the value of Im(|3) obtained from the ATR 

spectra rather than from the exponential tail of the 

intensity profile. The results based on this technique are 

illustrated in fig. 18 through 21. It is clear from these 

figures that this method yields results that more closely fit 

our expectations. The large fluctuations evident in the 

results based purely on the intensity profile have been 

reduced, and the predicted values of Im(jSm) are fairly 

constant over the range of coupling gaps in which the theory 
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Fig. 18: Measured Im(/3) and Im(<5£) using ATR data for sample 1 
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Fig. 19: Measured Im(j3) and Im(5/3) using ATR data for sample 2 
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Fig. 20: Measured Im(/3) and Im(S/3) using ATR data for sample 3 
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Fig. 21: Measured Im(j3) and Im(<5/3) using ATR data for sample 4 



is valid. There is still an trend to underestimate the 

correction term for the narrower coupling gaps, illustrating 

the breakdown of the theory in these cases of strong 

coupling. 

The determination of the correction to Im(/3) which we 

calculate is also dependent on our ability to measure both 

the position of the interference zero and the width of the 

incident beam of light. Uncertainty in the measurement of 

either of these parameters becomes unimportant for the cases 

where the interference zero is far to the leading edge of the 

beam, due to the exponential dependence of 5/3 on the distance 

of the zero from the edge of the beam. Thus only in cases 

where the interference zero is within a few pixels of the 

edge of the beam is the limited accuracy with which we can 

determine the position of the zero a problem. 

To check the resulting value of Im(/3m) against 

theoretically predicted values, it is necessary to first 

determine the thickness and dielectric constants of the 

metal film. This data can be obtained from the angular 

reflectance scans. The first parameter that must be 

adjusted is the thickness of the coupling gap. This is done 

by matching the position of the first Fabry-Perot resonance 

below critical angle in the experimentally obtained 

reflectance scan to the calculated position of the same 

resonance. This parameter then remains fixed. Then, as a 



first guess, the dielectric constants of bulk silver are 

chosen for the silver film, and the thickness of the metal 

film is adjusted until the center of the calculated resonance 

coincides with the measured position. The imaginary part of 

the dielectric constant is then adjusted so that the width of 

the calculated and measured resonances match. The system is 

then completely determined, and the measured reflectance 

below critical angle is checked against the predicted value. 

If the predicted reflectance is too high, then the thickness 

of the metal film must be reduced, together with an 

appropriate change in the dielectric constant so as to 

maintain the match with the LRSP resonance. If. on the other 

hand, the predicted reflectance is too low, the metal film 

thickness must be increased. This process is continued until 

the predicted and measured reflectances are adequately 

matched. 

The value of Im((3) can then be determined for this 

system by solving the dispersion equation for this system. 

This has been done for the four films in this study, and the 

results are listed in table 2, where the calculated values 

are compared to the values obtained from the intensity 

profiles. The observed value of Im(/3) is consistently 

greater than the calculated value. This means that the 

observed LRSP mode decays more quickly than does the 

calculated LRSP mode on an ideal metal film of the same 
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Table 2. Im(/3) for four samples. 
Comparison of measured values of Im(|3) to calculated values 
of Im(/3) for the four samples tested. 

Sampl e thi ckness Im(|3) 
(nm) calculated measured 

1 15.0 3.79e-4 1.431e-3 
2 21.5 7.07e-4 3.18e-3 
3 29.8 1.01e-3 3.37e-3 
4 27.0 1.34e-3 4.11e-3 



dielectric constants. Since the predicted decay length does 

not take surface roughness or inhomogeneities in any of the 

dielectric constants. 

Since the results of these calculations involving the 

reflected intensity profile verify the theory presented 

earlier, we can confidently produce magnetic field amplitude 

profiles from the intensity profiles. This is done by taking 

the square root of the measured intensity, then reflecting 

the data that lies between Xj and the edge of the beam 

through zero, as illustreated in Fig. 22. The maximum value 

of the magnetic field thus obtained is then is then 

subtracted from the data between the limits of the input 

beam width, and the result is a plot the magnetic field 

amplitude as a function of position along the surface of the 

silver film. 

We have used finite width pump beams to excite long 

range surface plasmon modes on thin silver films. We have 

probed these modes using both attenuated total reflection 

(ATR) and new technique based on the spatial intensity 

profile of the reflected light. Our analysis of the spatial 

intensity profile of the reflected beam allows the separate 

determination of losses in the mode due to reradiation and 

dissipation or scattering and agrees closely with the ATR 

method. Possible uses of this system exist in the study of 

nonlinear applications of surface plasmons where knowledge 
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Fig. 22. Magnetic field amplitude as a function of position 
for sample 1. 

Magnetic field amplitude as a function of position for 
sample 1, derived from profile in Fig. 6. 



of the magnetic field amplitude as a function of position 

along the metal film could prove useful. Our group is 

currently investigating these possibilities. 
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