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SYNOPSIS:Based on a s
anning near-�eld opti
almi
ros
opy apparatus, elasti
 s
atter-ing of surfa
e plasmon polaritons, beingex
ited via the Krets
hmann 
ouplings
heme, is investigated. The ex
itationsour
es in
lude fo
used and parallellight from a He-Ne and a Ti:Sapphire(725 to 890nm) laser.Prior to s
attering investigations, thesurfa
e plasmon polariton intensitypro�le from a fo
used ex
itation beamis studied in detail and its behavior ismodelled.The samples 
onsist of 45 to 80nm thi
ksilver and gold �lms. The gold �lms
ontain deposited gold nano-parti
lesarranged as either single s
atterers,line arrays or periodi
 surfa
e plasmonband gap stru
tures with straight 
han-nels of missing parti
les.Modelling of the �eld intensity distri-bution is made by means of a multiples
attering dipole approa
h treating theindividual parti
les as point-like s
at-terers.
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ros
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luding pre
eding reports namedSe
ond Harmoni
 S
anning Opti
al Mi
ros
opy of Poly Para-Phenylene Nano�bers, spring2003 and S
anning Near-Field Mi
ros
opy of Surfa
e Plasmon Polaritons, fall 2004, whi
hwas worked out in 
ollaboration with Stud. Ing. Claus Kejser. This present proje
t isa dire
t 
ontinuation of the se
ond report, and some of the theory des
ribed during thattime is in
orporated into this report in the form of appendi
es.In ea
h 
hapter, referen
es to the applied literature, possibly in
luding the relevant pages,are listed. Spe
i�
 referen
es are usually stated within the 
hapter. The referen
es andpossible 
orresponding pages are denoted by surrounding bra
kets, su
h as [35℄[pages 21to 32℄. Ve
tors are denoted by bold format, for instan
e E. Matri
es are indi
ated by adouble arrow, as ←→M . Referen
es to equations are shown with surrounding parentheses,for instan
e (1.3). Any simulations shown in this report have been performed using theprogramming tool Matlab 6,5.Thanks are dedi
ated to Prof. Dr. Sergey I. Bozhevolnyi, Aalborg Universitet, for imme-diate and relevant supervising in times of need and to Ph.D. Valentyn Volkov, AalborgUniversitet, for signi�
ant 
ontribution to the mounting of experimental arrangements.Additional thanks are dire
ted to Ph.D.-student Peter Kjær Kristensen and laboratoryte
hni
ian Kim Houtved Jensen, Aalborg Universitet, for evaporation of silver �lms, toDr. Carsten Henkel, Universität Potsdam, for inspiring 
omments on optimization of
omputation pro
edures and to Stud. Ing. Claus Kejser, Aalborg University, for relevantdis
ussions on modelling of light propagation in photoni
 band gap stru
tures. Finally,the author greatly appre
iate the proofreading and support by Annette Høj Nielsen.
Carsten Marquart
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Chapter 1Introdu
tionSurfa
e plasmon polaritons (SPPs) are, as the name partly indi
ates, ele
tromagneti
ex
itations 
oupled to ele
tron plasma os
illations, whi
h have the unique property ofpropagating along a metal-diele
tri
 interfa
e as quasi-two-dimensional interfa
e waves.Due to their ele
tromagneti
 nature, SPPs 
an re�e
t, di�ra
t and interfere [1℄.This o�ers new te
hnologi
al perspe
tives in a broad range of bran
hes. For instan
e, SPPs
an be applied to e�
iently 
hannel light using s
atterers in subwavelength stru
tures[2, 3, 4℄. Eventually, this 
ould lead to miniaturized photoni
 
ir
uits with length s
alesmu
h smaller than 
urrently a
hievable.Another bran
h whi
h makes use of the properties of SPPs is the �eld of bio-photoni
s.By using SPPs to 
on
entrate light in subwavelength stru
tures, su
h as a metalli
 beak,it is possible to lo
ally 
reate a massive signal enhan
ement. This may be used to de-te
t vibrational modes of a single mole
ule[5℄, also known as surfa
e enhan
ed Ramanspe
tros
opy.Other areas of s
ien
e, in whi
h SPPs are of interest in
lude magneto-opti
 data storage,mi
ros
opy and solar 
ells. [6℄Fundamentals of Surfa
e Plasmon PolaritonsThe following brie�y summarizes the important properties of SPPs. Appendix A 
an be
onsulted for a far more detailed des
ription. In addition, evanes
ent �elds, asso
iatedwith SPPs, are shortly studied in general, see appendix B.A preliminary observation whi
h must be made prior to the des
ription of the natureof SPPs, is to 
onsider the ele
trons of the host material, a 
ondu
tor. The 
ondu
tingele
trons are, to a 
ertain extent, 
onsidered to be 
apable of moving freely within thematerial. In the 
ase of a lo
al in�uen
e on the ele
trons, longitudinal os
illations ofele
trons, plasma os
illations, are being 
reated. A plasmon is a quantum of the plasmaos
illation. The ele
tron plasma frequen
y at metal-air interfa
e lies in the opti
al rangeand has the relation
ωsp =

ωp√
2
, (1.1)where ωp is the natural frequen
y of bulk ele
tron plasma os
illations.Surfa
e plasmons are 
olle
tive ex
itations of the ele
trons at the interfa
e between a
ondu
tor and an insulator. This leads to os
illatory longitudinal motion of the ele
tronsalong the x-dire
tion with a dispersion relation β, see �gure 1.1A for an illustration ofthis. An evanes
ent �eld in the z-dire
tion is produ
ed by the ele
trons, whose alternatingsurfa
e 
harge densities build up the �eld. The evanes
ent �eld distribution a
ross the7
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Figure 1.1: A: longitudinal 
harge �u
tuations 
aused by 
olle
tive ex
itations of ele
tronsat the interfa
e between two semi-in�nite media of metal and diele
tri
. B:the evanes
ent �elds 
onstituted by the propagating SPPs de
ay exponentiallyinto both media. C: the non interse
ting dispersion lines for va
uum (blueline) and SPPs (green line).boundary is sket
hed in �gure 1.1B. Only p-polarized surfa
e os
illations exist, sin
e theasso
iated �eld Ey is 
ontinuous a
ross the boundary and therefore it produ
es no surfa
e
harge.It is a natural idea to 
ouple surfa
e plasmons with light waves, sin
e the dispersion lineof light in va
uum lies 
lose to that of the SPPs, see �gure 1.1C. In the 
ase of 
ouplingbetween the surfa
e plasma os
illations and the photons, this resonant ex
itation willprodu
e a surfa
e plasmon polariton. Hen
e, the word "polariton" re�e
ts this hybridnature, i.e. a 
onstitution of light and surfa
e plasmons.The SPP dispersion relation may be derived through the use of Maxwell's equations andthe boundary 
onditions, yielding the expression
β =

k0

2π

√

εmεd

εm + εd
=
k0

2π

√

εm

εm + 1
for εd = 1.The diele
tri
 medium during this entire work is air, thus justifying the above simpli�-
ation of β. Note that the dispersion relation is a 
omplex fun
tion with β = β

′

+ iβ
′′ .Therefore β ′ is the wave ve
tor, whi
h is related to the SPP wavelength

λSPP =
2π

β ′and β
′′ is the amplitude damping term. The propagation length, i.e. the distan
e at



9whi
h the SPP intensity is at 1
e
of it's initial value is, then reads

LSPP =
1

2β ′′
. (1.2)The propagation length seems to in
rease signi�
antly for ex
itation wavelengths in theinfrared range as shown in �gure 1.2C. The diele
tri
 
onstants are similarly sket
hed in

L
[

m
]

S
P

P
m

400       600        800       1000      1200      1400      1600400       600        800       1000      1200      1400      1600 400       600        800       1000      1200      1400      1600

10

8

6

4

2

0

-20

-40

-60

-80

-100

-120

200

150

100

50

0

l[nm]l[nm] l[nm]

goldgold gold

Imaginary eReal e Propagation length

silversilver silver

Figure 1.2: Real (A) and imaginary (B) values of the diele
tri
 fun
tions of silver andgold and the 
orresponding propagation lengths (C).�gures 1.2A and 1.2B [12℄ for silver and gold. The sudden jump in these values at around1200nm is due to two di�erent series of measurements. Hen
eforward, all 
al
ulationsinvolving the diele
tri
 
onstants of silver and gold are based on these sets of data or theinterpolated values in between, whi
h are demonstrated by the 
onne
ting lines.Ex
itation of Surfa
e Plasmon PolaritonsAs the dispersion lines of �gure 1.1C are non interse
ting SPPs 
an not be generatedby any dire
t illumination of the metal surfa
e, ex
ept in the 
ase of surfa
e defe
tswhose presen
e are omitted in this 
urrent pi
ture. Therefore, an alternative approa
hmust be made. SPP ex
itation is made possible by means of a 
oupling s
heme knownas the Krets
hmann 
on�guration, illustrated in �gure 1.3A. The formalism asso
iatedwith this is thoroughly des
ribed in appendix C. The main idea with the Krets
hmann
on�guration is to enhan
e the wave ve
tor of the applied light, via the dispersion of theprism, in order to 
ouple with the surfa
e plasmons. This illustrated by the dispersionrelations in �gure 1.3B. The prism dispersion line interse
ts that of the surfa
e plasmon.The propagation of the surfa
e plasmon is along the x-dire
tion, so in order to 
onservemomentum, 
oupling requires that the x-
omponent of the wave ve
tor of the appliedlight should mat
h the surfa
e plasmon wave ve
tor. This implies that within a broadrange of frequen
ies, SPP ex
itation is always possible and the e�
ien
y of it depends onthe in
ident angle of the applied light.The measured re�e
tivity from the Krets
hmann prism 
an give an indi
ation of theextent of SPP ex
itation. This is due to the fa
t that SPPs being ex
ited on a thin �lmhave the possibility to de
ay ba
k into the prism, often referred to as the ba
k-s
attered



10 Chapter 1: Introdu
tion

k

k0 k  sin(  )p kp

b2

pw

pw

1w

[Hz]

[m ]
-1

0       1       2       3       4       5       6       7
x10

7

14

12

10

8

6

4

2

0

x10
15

wave vector match
k0

kp

m

d

p

x

zA B

Figure 1.3: Coupling of light with surfa
e plasmons may be a
hieved using theKrets
hmann 
oupling s
heme (A), whi
h is a prism with the metal �lm 
oat-ing. B: the dispersion line of light within the prism (red line) interse
ts thatof the surfa
e plasmon (green line) unlike the dispersion line of light in va
-uum (blue line). The purple line indi
ates the x-
omponent of the prism waveve
tor.�eld or radiation damping. The re�e
ted light at the prism-metal interfa
e undergoes a180◦ phase 
hange thus interfering destru
tively with the ba
ks
attered �eld. The netresult is a redu
tion of the re�e
tivity, usually named attenuated total re�e
tion (ATR).Appendix D provides a 
areful analysis of this situation.A quantitative des
ription of the re�e
tivity is given by Fresnel's equations for a threelayer, prism(p)-metal(m)-air, system
R =

∣

∣

∣

∣

rp,m + rmde
i2kzmd

1 + rp,mrm,airei2kzmd

∣

∣

∣

∣

2

. (1.3)See appendix E for a derivation of this expression. For a given three layer system a 
ertainin
ident angle yields a minimum in the re�e
tivity. Figure 1.4 illustrates a performedATR measurement, from a silver �lm, whi
h exhibits this behavior. Hen
e, the angle ofmaximum ex
itation e�
ien
y is found by monitoring the re�e
tivity from the sample.For a 
ertain value of the thi
kness it is possible to have zero re�e
tivity or total ATR. Thisis the 
ase for silver and gold at thi
knesses of approximately 45nm and 53nm respe
tively.In addition, at these values of the thi
kness the ba
k-s
attered damping is shown to equalthe internal damping of SPPs in the metal. This implies that the propagation lengthin this 
ase is half that of a metal layer of semi-in�nite thi
kness expressed in (1.2).Hen
e, in order to experimentally in
rease the propagation length the thi
kness shouldbe larger, but only slightly, sin
e a very thi
k layer will de
rease the ex
itation e�
ien
ysigni�
antly.SamplesThe samples investigated during this proje
t are sket
hed in �gure 1.5. The silver �lmshave been made by thermal evaporation in a pressurized 
hamper of 10−9mbar. The gold
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Figure 1.4: Measured re�e
tivity (blue line) of a 45nm thi
k silver �lm. The red line isthe �tting 
urve based on (1.3).
45nm 60nm

80nm 60nm

Figure 1.5: The two silver 
oated prisms have been made by thermal evaporation. Thegold 
oated glass substrates are "glued" to the prism by immersion oil.�lms have similarly been made by thermal evaporation, the nano-patterning has thenbeen made by ele
tron beam lithography on a resist layer on the �lm, evaporation of ase
ond layer, and lift-o� [3℄. This pro
ess is sket
hed in �gure 1.6. The result is either
e

-

Au
3+

lift-off

resist
gold
glass

A B C

Figure 1.6: A fo
used ele
tron beam draws a pattern of holes in the resist layer 
overingthe gold �lm whi
h has been vaporized on a glass substrate (A). Evaporationof a se
ond gold layer �lls in the holes (B). Removal of the resist layer and thesuper�uous top gold layer reveals a gold �lm 
overed with gold nano-parti
les(C).
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tionsimple patterns 
onsisting of gold nano-parti
les with 100nm in diameter and 70nm inheight or two dimensional periodi
 arrays, surfa
e plasmon polariton band gap stru
tures(SPPBG), with �lling fa
tors ranging from 0,20 to 0,32.S
anning Near-Field Mi
ros
opyThe SPP propagation at the surfa
e of these samples are studied with an experimentalsetup known as the s
anning near-�eld (opti
al) mi
ros
opy (SNOM) apparatus. The op-erational prin
iple is somewhat similar to that of atomi
 for
e mi
ros
opy and s
anningtunnelling mi
ros
opy. Whereas the probe of the AFM apparatus typi
ally is a mi
ro
an-tilever, the probe for SNOM is the tip of an opti
al �bre. In both te
hniques feedba
kme
hanisms enables the mounted piezo-ele
tri
 elements to maintain the tip at a 
on-stant for
e roughly at the surfa
e. The un
oated sharp �bre tip, in 
lose proximity tothe surfa
e, a
ts as a s
atterer pi
king up s
attered 
omponents, whi
h are lead, as �bremodes, through the �bre to a dete
tion sour
e. The probe thus maps the SPP near-�eldintensity at a given area at the sample plane. The tip 
an, within 
ertain approximationsbe 
onsidered as a non perturbing probe of the ele
tri
-�eld density [8℄.The experimental setup is sket
hed in �gure 1.7. The laser beam is guided through a
He-Ne laser
Ti:Sapphire laser
or telecom laser

Chopper

Polarizer (optional)

Focusing lens

Focusing fibre

SNOM scan head

Paper screen

PMT tube or IR detector

Laser diode for fibre tip adjustments

Beamsplitter

Fibre holder

Fibre holders and polarization adjustment

Mirror

CCD microscopy
image of the fibre tip

Microscope

Figure 1.7: The experimental setup for SNOM measurements using a fo
used ex
itationsour
e. The table is vibration damped.
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hopper, giving the light a 
ertain pulserate to whi
h the lo
kin ampli�er is syn
hronizedso that signals with this pulserate are ampli�ed and signals at other frequen
ies arereje
ted. The polarizer may be used to de
rease the intensity. Subsequently, the lightis guided into a �ber, whi
h fo
uses the beam onto the surfa
e. The fo
al length ofthe fo
user is 9.8mm with a numeri
al aperture of approximately 0,25. Measurementshave shown a spot size in air of roughly 6 µm at a wavelength of 810nm. Polarizationadjustments are possible by twisting of the �bres at a 
onne
tion joint. The opti
al signalis 
olle
ted by the s
anning �bre tip and guided to the dete
tion sour
e, analyzed by thelo
kin ampli�er and then stored on the 
omputer.The shown experimental setup is for the 
ase of a fo
using ex
itation sour
e. The fo
usingarrangement may be repla
ed by a mirror arrangement for a parallel ex
itation beam. Inthis 
ase the beam will be weakly fo
used by a lens with a fo
al length of 50
m givinga spot size of approximately 300µm. This size is su�
iently large to provide a uniformillumination intensity throughout the entire s
an area, sin
e the s
anning range is limitedto 60×60µm by the piezo elements of the s
an head.Presentation of images, either experimental or simulated, are made based on the templateof �gure 1.8. For both simulated and experimental data, the resolution is indi
ated and
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z
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Figure 1.8: Template for the presentation of data.the topographi
al depth or opti
al signal 
ontrast are shown by either values or 
olorbars.In all images the in
ident light enters from the right unless stated otherwise.OutlineInitially, measurements of fo
used ex
itation on planar, defe
t free, surfa
es will be pre-sented. A model for des
ribing the obtained SPP intensity pro�le is presented, andthroughout this pro
ess the deviations of the pro�le from the ideal 
ase are analyzed andmodelled leading to suggestions to the sour
e of these behaviors. The experien
es gainedfrom these investigations thus serves as basis for further studies of SPP propagation froma fo
used ex
itation beam.Subsequently, the s
attered SPP �eld in simple stru
tures of gold nano-parti
les are stud-
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tionied by SNOM. The modelling of these images, and of images in general throughout therest of the report, are made by means of a multiple s
attering dipole approa
h, wherethe s
attered �eld from all nano-parti
les are summed yielding a resulting �eld intensitydistribution. As a motivation, the modelling study leads to a se
tion des
ribing modelledSPP �eld distribution in possible realizable mi
ro-opti
al 
omponents.Next, modelling of SPPBG stru
tures are 
arried out, starting with triangular stru
tureswhere previous works serve for 
omparison and moving on to quadrati
 stru
tures, whi
hare also measured by SNOM. Spe
i�
ally, the band gap in the SPPBG stru
tures is studiedin detail.Ultimately, the e�
ien
y of SPP waveguides, in terms of lines of missing nano-parti
lesin the SPPBG stru
tures, are investigated by SNOM.



Chapter 2Fo
usingLo
al ex
itation of SPPs may be 
onvenient for various reasons. For instan
e, investigationof SPP �elds without the 
ontinuous ex
itation from the sour
e at the area of interestmay be studied by SPPs propagating from a lo
ally ex
ited area at a nearby pla
e on thesample. Other interests in this may in
lude the need to have large ex
itation intensitiesat 
ertain areas.In order to a
hieve ex
itation of SPPs lo
ally, a fo
user is applied. Prior to applying thisin the measurements of SPPs in nano-stru
tures, the intensity pro�le on a �at surfa
e isinvestigated. The reason to this is to be
ome a
quainted with the intensity pro�le and toexplain, eventually solve, possible unexpe
ted behaviors. Then, the future investigationswith the use of lo
al ex
itation will be based on better knowledge of the ex
itation sour
e.The intensity pro�le has been demonstrated experimentally by numerous s
ans at di�erentwavelengths and for various samples with either silver or gold layers. In addition, thee�e
ts of 
hanging polarizations and in
ident angle of the fo
user have been investigated.See �gure 2.1 for an explanation to how SPP ex
itation and the fo
user in
ident angle aremonitored. Naturally, SPP ex
itation using s-polarized light is impossible from an ideal
A B C

Figure 2.1: The re�e
tion image from a fo
used beam at the prism-metal interfa
e 
learlyshows the presen
e of SPP ex
itation. As the �eld 
omponents of the fo
userspan over an angular range more than tenfold larger than that of the SPPex
itation peak, re
all �gure 1.4, ATR will appear in the re�e
tion image inthe form of a dark stripe. The three digital photographs show re�e
tion imagesin the 
ase of a small in
ident angle (A) to larger angles (B) and (C). Thesethree 
ases are hen
eforward denoted as left, middle and right ex
itation.point of view. However, the measurement of penetrating light at s-polarization 
an givea fair indi
ation of the lo
ation of the illumination area if some of the �eld 
omponents,outside the TIR range, penetrate the metal �lm.15
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using2.1 ModellingA starting point for modelling is to de�ne the illumination area. The fo
using beamimpinges the prism surfa
e almost perpendi
ularly, so the 
ross se
tional shape of thebeam is assumed to be remained within the prism, and only the prism dispersion is takeninto a

ount involving. This leads to in
reased fo
al length and de
reased fo
al spot beamwaist with a fa
tor of approximately the refra
tive index of the prism. Based on this, itseems reasonable to state that the illumination area at the prism metal interfa
e is anoblong gaussian distribution with a beam waist in the y-dire
tion at the fo
al point, see�gure 2.2A, of approximately wy = w0

np
. The 
enter of the fo
used beam is in
ident on

wy

wx

x

y

b
A B

-        +

-        +

0

y0

Ly

x0 LxFigure 2.2: The gaussian illumination distribution at the fo
al spot (A) is longer in the x-dire
tion than in the y-dire
tion. B: When the beam is fo
used before (lowerimage) or after (upper image) the fo
al point, an asymmetri
 distributionmay o

ur. For illustration purposes, the in
ident angle is exaggerated in thissket
h.the prism-metal interfa
e at an angle of approximately 45◦, so an obvious estimate of thebeam waist along the x-dire
tion is wx ≈ wy

√
2. In the subsequent se
tions, the values ofthe beam waists are often written as the produ
t of a de
imal value and the square rootof two, for instan
e w = 3, 4

√
2µm. The reason to this is that the beam waist measuredin an intensity pro�le must be multiplied by √2 to 
orrespond to the beam waist in theamplitude pro�le, whi
h is often used in the modelling. It is important not to 
onfusethis 
onversion with the relationship between wx and wy just mentioned above.In the 
ase of non ideal fo
using, an asymmetri
 intensity distribution may o

ur, see�gure 2.2B. The possible presen
e of these uneven distributions are not being taken intoa

ount.In this modelling, the angular dependent SPP ex
itation e�
ien
y is omitted. Hen
e,the ex
itation e�
ien
y at a 
ertain point is assumed to be dire
tly proportional to theGaussian amplitude distribution. Additionally, it is assumed that the wave ve
tor ofex
ited SPPs exhibits no y-
omponents. Based on this, the �eld distribution of SPPs at



2.1 Modelling 17the instant of ex
itation is gaussian on the form
g(x, y) = A(x0, y0)e

−(x−x0

wx
)
2

e
−

(

y−y0

wy

)2

eiβx.As SPPs, formed at the beginning of the illumination area, propagate throughout thearea of the applied �eld distribution, the amplitude of the SPP �eld is 
ontinuously beingampli�ed. Therefore, a 
al
ulation of the �eld SPP �eld at a 
ertain point must take thepreviously ex
ited SPPs into a

ount. Additionally, the 
onstant de
ay throughout theentire pro
ess should be in
luded. This leads to the following expression of the SPP �eld
E(x, y) = A(x0, y0)K0e

−
(

y−y0

wy

)2

eiβ
′

x

∫ x

0

e−(x−x0

wx
)
2

e−β
′′

dxdxwhere K0 is a normalization 
onstant. For 
omputational purposes, the �eld is expressedin a similar summational form
E(x, y) = K1e

−
(

y−y0

wy

)2

eiβ
′

x
N=x
∑

n=∆x

A(n∆x, y0), (2.1)with
A(n∆x, y0) = A((n− 1)∆x, y0) + e−(n∆x−x0

wx
)
2

e−β
′′

∆x.

A((N−1)∆x, y0) is found from the result of the 
al
ulation of E(x−∆x, y) whi
h similarlyrequires the value A((N − 2)∆x, y) found from the 
al
ulation of E(x − 2∆x, y) and soon. In summary, a 
al
ulation of E(x1, y) requires 
al
ulation of the amplitude of allx-values (in steps of ∆x) lower than x1 until a lower limit, in these 
al
ulations for x = 0,in whi
h A(0, y) = 0. Figure 2.3 shows the result of su
h a 
al
ulation of E(x, y1) bythe intensity distribution along the x-dire
tion for an arbitrary value of the y-
oordinate.Based on the previously mentioned assumption that SPP propagation o

urs only along
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Figure 2.3: Normalized intensity graphs of the sour
e (green graph) and the SPPs (bluegraph). The 
al
ulation is performed for a semi-in�nite layer of silver at633nm.the x-dire
tion, and as seen through the modelling expression, it is realized that the
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usingshape of the 
ross se
tion along the y-dire
tion is 
onstant for all x-values. Therefore, itis only ne
essary to rigorously 
al
ulate the SPP �eld for one y-value, and then refer tothe gaussian distribution fun
tion in order to obtain the intensity distribution along bothdire
tions.The two pro�les of �gure 2.3 do not have peak values at the same point. This demonstratesthat the SPP �eld is 
ontinuously being built up, even as the illumination intensity is de-
reasing. In �gure 2.4, experimental images show the opposite relationship between thesepro�les. The reason to this 
an be due to the intensity of the propagating 
omponents
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Figure 2.4: Two 
onse
utive measurements performed with p-polarization (A) and s-polarization (B) on a 60nm thi
k silver layer with 633nm sour
e wavelength.The in
ident angle of the fo
user is rather steep, 
orresponding to left ex
ita-tion, in order to a
hieve su�
ient intensity for s-polarization. Nevertheless,the peak intensity ratio is still approximately 4. The intensity pro�les (C) ex-hibit a 
lear di�eren
e in the point of the peak value for s- and p-polarization,respe
tively.whi
h might not be dire
tly related to the illumination area. Conservation of momentumindi
ates that the propagation dire
tions of these lie 
lose to the horizontal plane, whi
hsuggests that propagating 
omponents may impinge and 
ouple into the �bre only afterthe tip has passed the illumination area. This distan
e dependen
y may thus be largerthan the distan
e of the building of the SPP intensity. However, similar measurementsfor longer wavelengths 
ould, due to the weaker damping, yield larger building distan
esdemonstrating the e�e
t.



2.2 Beam Waist Dispersion and Propagation Lengths 192.2 Beam Waist Dispersion and Propagation LengthsTwo of the pro�le s
ans are shown in �gures 2.5 and 2.6 using middle ex
itation. The
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Figure 2.5: Topographi
al (A) and near-�eld (B) measurements of lo
al SPP ex
itation atthe surfa
e of a 50nm thi
k gold layer. The sour
e wavelength is 633nm andthe image resolution is 0.18µm. C: The 3D presentation of the opti
al signal.D: Modelling of the near-�eld intensity distribution using wy = 2.5
√

2µm and
ǫ = −9, 60 + 1, 01i.value of the beam waist, along the opti
al axis, used in the modelling of the intensitypro�les, have been estimated based on a 
ross se
tion pro�le measurement of the opti
alimage at the peak value.Consider the 3D representations of experimental and simulated data in �gures 2.6C and2.6D - the shape of the intensity pro�les at the end of the pro�le, for x = 45µm, 
learlyseem to di�er. The gaussian pro�le of the experimental image is both broader and oflower peak value than that of the simulated.The reason to the broad pro�le 
ould stem from the approximation, introdu
ed previouslyin this 
hapter, that SPPs are propagating in the exa
t same dire
tion. When the beamis not parallel, as it is the 
ase with the fo
user, it is easy to imagine the gaussian pro�lebeing spread out, starting from the ex
itation point, along the propagation dire
tion, due
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Figure 2.6: Topographi
al (A) and near-�eld (B) measurements of lo
al SPP ex
itation atthe surfa
e of a 50nm thi
k gold layer. The sour
e wavelength is 727nm andthe image resolution is 0.35µm. C: The 3D presentation of the opti
al signal.D: Modelling of the near-�eld intensity distribution using wy = 3.0
√

2µm and
ǫ = −18, 6 + 1, 41i.to SPPs with wave ve
tors made up by di�erent values of the y-
omponent. This theory issupported by beam waist measurements of the opti
al signals in �gures 2.5B and 2.6B. Forthis purpose, the 
onstru
tion of an image analyzing pro
edure, measuring interpolatedvalues of the beam waists starting at the peak value and moving along the propagationdire
tion, has been 
arried out. The results are shown in �gure 2.7A. Although the graphsexhibit os
illatory behaviors, the width of the beam seems to be generally in
reasing. The
onsequen
e of this would obviously be a broader gaussian 
ross se
tion with a lower peakvalue. In addition to this, it should be mentioned that a similar feature whi
h may 
ausebeam waist dispersion is inelasti
 s
attering in the surfa
e plane.As far as the peak value is 
on
erned, a de
rease in the propagation length of the exper-imental image 
ould similarly a�e
t this. Figure 2.7B shows de
aying pro�les along thex-dire
tion after the illumination area for ea
h of the s
ans of �gures 2.5 and 2.6. Fromthe 
orresponding exponential �tting 
urves, the propagation lengths are found. Theseshow to be slightly smaller than the 
al
ulated values of 7,86µm and 26,3µm of 633nmand 727nm, respe
tively. Additional damping in terms of radiation damping, des
ribed
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Figure 2.7: A: Cal
ulated beam waists of the opti
al signals of �gures 2.5B and 2.6B. B:Measured and �tted propagation lengths based on the de
aying pro�le after theillumination area.in detail in appendix D, and a small 
ontribution in terms of possible inelasti
 s
atteringfrom nano-sized protrusions may be taken into a

ount, thus justifying the lowering ofthe peak value. It should be borne in mind that beam waist dispersion may similarly
ause a lowering of the peak value.Based on these 
onsiderations, an attempt to improve the model is made. The last 
rossse
tion of normalized representations of the measured and simulated intensity, �gures2.6C and 2.6D, respe
tively, are integrated and 
ompared. The summed intensity of theexperimental image is, as expe
ted, lower than the modelled one. This shows that, atleast in this 
omparison, a slight additional de
ay should be introdu
ed in order to �tthe model to the experimental image. The additional de
ay is expe
ted due to ba
ks
attering, whi
h is possible even for a "thi
k" layer of 80nm. The broadening of thegaussian distribution is made up for by 
onsidering the beam waist dispersion graphs in�gure 2.7A. A rough estimate of the beam waist along the x-dire
tion is presented in thegraph of �gure 2.8A. This is applied in the modelling of the experimental s
an of �gure2.6C and gives a slight improved resemblan
e.2.3 Os
illationsAlthough the shape of the modelled and experimental intensity pro�les are quite simi-lar, os
illations along the propagation dire
tion are quite noti
eable. This may be dueto the presen
e of penetrating, propagating 
omponents interfering with the near-�eld
omponents in the �bre, see �gure 2.9A. The sket
h in �gure 2.9B illustrates the angularrange where these propagating 
omponents are expe
ted, so he amount of propagating
omponents may depend on the in
ident angle of the fo
user. Additional fa
tors respon-sible for propagating 
omponents may in
lude layer thi
kness and �lm material whi
hhave an e�e
t on the amount of transmittan
e through the �lm. Finally, the �bre tipmay be shaped in a manner whi
h pi
ks up the propagating signal more e�
iently than
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Figure 2.8: By allowing a dispersion in the beam waist (A) and by introdu
ing an addi-tional de
ay, the modelling of �gure 2.6D has been slightly improved (B). Thede
ay has been introdu
ed in terms of an additional damping term of the value
0, 44i in the dispersion relation, giving a total of ǫ = −18, 6 + 1, 85i.the SPP signal leading to large interferen
e e�e
ts. Figures 2.9C and 2.9D show a s
anwhi
h exhibits large interferen
e e�e
ts. There has been a 
lear de
rease in this e�e
t asinvestigations have moved from the 45nm silver �lm to the 60nm silver �lm. This seemsreasonable, as a thinner layer transmits applied light outside the TIR range more easily.The assumption needs further 
onsiderations to be fully justi�ed: One may argue that athi
ker layer leads to less SPP ex
itation thus 
an
elling the e�e
t of a lower propagating�eld. However, it should be mentioned that a thi
ker layer in fa
t 
an 
ause a larger SPP�eld. At �rst, this seems 
ontradi
tory, but further analysis of this situation implies thata thi
ker layer also leads to less ba
ks
attered damping - the �eld is being built up overa larger distan
e, exhibiting a larger peak value.Taking fully a

ount of the propagating 
omponents in the modelling of the SPP �eldrequires elaborate 
onsiderations of the shape of the �bre tip, the angular distributionof the transmitted light, et
. Hen
e, another approximation is introdu
ed. All the prop-agating 
omponents are assumed to originate from the illumination area, whi
h seemsfair in the 
ase of an ideally �at surfa
e. In addition, these are assumed to propagatein the same dire
tion. Therefore, the intensity pro�le of propagating 
omponents alongthe x-dire
tion is assumed to be a exponentially de
aying fun
tion starting at the point
orresponding to the peak value in the SPP intensity. In order for this fun
tion to be
ontinuous, it is in
reased in a gaussian-like manner before the point of the peak value.The fun
tion resembles the SPP pro�le of �gure 2.3, but its exponent and peak value areallowed to be used as a �tting parameters.The interferen
e between propagating 
omponents and the SPP �eld is possible due tothe relationship k0 cos(θ) < β

′, where θ is the angle between the surfa
e and the dire
tionof k0. The length of the os
illations are many times larger than the light wavelength,
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Figure 2.9: Illustration of the in�uen
e of propagating 
omponents on the dete
ted signal(A). The graphs of the ATR Re�e
tivity and the gaussian distribution for"middle ex
itation" (B) give an indi
ation of the amount of 
omponents, inthe illumination area, whi
h are allowed to propagate. The 2D (C) and 3D(D) representations of a near-�eld measurement of an intensity pro�le, on a45nm thi
k silver layer with 633nm sour
e wavelength, show a profound e�e
tof the 
laimed interfering propagating 
omponents.so this �ts with the relatively 
lose magnitudes of the two wave ve
tors. For instan
e,the ratio between these for SPPs at a silver surfa
e with 633nm sour
e wavelength is0,968. Any additional de
rease in this ratio 
an be justi�ed by introdu
ing a small angle.The 
al
ulation of the SPP �eld, taking propagating 
omponents into a

ount, is thenexpressed as
Eosc(x, y) = E(x, y)(1 + Aprope

i(k0 cos(θ)x+φ)),where E(x, y) is the 
al
ulation des
ribed in (2.1) and Aprop is the amplitude pro�le of thepropagating 
omponents. The ratio Aprop,max/Amax is thus a fa
tor des
ribing the extentof interferen
e, whi
h is applied in the modelling pro
ess. The origin of the propagating
omponents is assumed to be known, however, the parameter φ allows for possible phase
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usingdelays.The modelling of the os
illations has been performed on two of the previous shown s
ans,see �gure 2.10.
A

B

Figure 2.10: In �gure A and B, respe
tively, the measured SPP �elds of �gures 2.6C and2.9D have been modelled with the os
illations taken into a

ount. The appliedparameters for A are: θ = 19◦, Aprop,max/Amax = 0, 012, φ = 0, 5 and
wy = 4, 0µm. For B these are: θ = 11◦, Aprop,max/Amax = 0, 15, φ = 0, 4and wy = 2, 0µm.Con
luding RemarksBy modelling the intensity pro�le based on performed measurements, many of the behav-iors, whi
h at �rst seem unexpe
ted, are explained. When knowing the sour
e of thesebehaviors, it is possible to perform more well quali�ed tasks in order to avoid these sidee�e
ts and obtain a more ideal intensity pro�le.Based on the analysis of the in�uen
e of propagating 
omponents, it is strongly suggestedto use a 
oated �bre tip in order to redu
e these interferen
e e�e
ts.However, an alternative way to meet this problem, while maintaining a bare �bre tip andtight fo
using, is to perform the SPP ex
itation at the angle of the largest gradient in thegaussian intensity distribution, Ig(x) = e−

x2

w2 . The reason to this is to have the intensityof the propagating 
omponents as low as possible 
ompared to that of the SPP ex
itation.Mathemati
ally, this is expressed as the value x0 to whi
h the tangent to Ig(x) has thelargest slope. This is found to be the value of x whi
h solves the equation
d2Ig(x)

dIg(x)
2 = 0⇒

x0 = ± w√
2
.



2.3 Os
illations 25Applying this value to Ig(x) indi
ates that the SPP ex
itation stripe should be in a rangewhere the intensity is approximately e− 1

2 Ig(0), or 61% of Ig(0) where Ig(0) is the maximumintensity in the middle of the distribution.On the other hand, it has been demonstrated by [9℄ on thin silver �lms with thi
knessesin the same range as in this work, that intensity pro�les with no observed interferen
ee�e
ts 
an be obtained using a bare �bre tip. However, for these measurements, fo
usingwas obtained by applying a beam expander (20X) followed by a best form laser lens witha fo
al length of 19,0 
m. It has not been possible, from this information, to derivethe very angular range of the ar
 of 
omponents for 
omparison, but the 
ross se
tionsshowed pra
ti
ally no beam waist dispersion. This 
ould indi
ate a smaller angular rangethan that of the fo
using �bre. An applied fo
using beam with a small angular rangeat in
ident angle 
lose to SPP resonan
e may lead to less propagating 
omponents andin
reased SPP ex
itation e�
ien
y thus redu
ing the interferen
e e�e
ts.
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Chapter 3Elasti
 S
atteringThere are several possible ways in whi
h SPPs propagating at a metal surfa
e may 
hangetheir 
urrent nature and dire
tion. For instan
e, SPPs may de
ay due to either intera
tionwith the phonons of the metal or by radiating ba
k into the 
oupling media 
ontributingto ATR as mentioned previously. Now, suppose the surfa
e is di�erent from a perfe
tly�at one with protrusions along the surfa
e. These may intera
t with the SPPs in mainlytwo ways: on one hand, the SPPs 
an be s
attered out of the surfa
e plane, inelasti
s
attering, thus leaving the 
oupling system as regular photons. On the other, handSPPs may undergo elasti
 s
attering, whi
h refers to s
attering in dire
tions still 
on�nedto the surfa
e plane. This proje
t deals with investigations of the near-�eld, whi
h isstrongly 
on�ned to the surfa
e plane, so only the latter type of s
attering is 
onsidered.A 
ommon denominator of the samples investigated throughout this proje
t is the pres-en
e of arti�
ially made s
atterers. The 
onsequen
e of this presen
e is an interferen
epattern due to intera
tion of the applied �eld with the s
attered and with a 
ontrast 
om-parable to the e�
ien
y of the s
atterer. In stru
tures of multiple s
atterers lo
ated 
loseto ea
h other, for instan
e in a surfa
e plasmon polariton band gap stru
ture, an addi-tional 
ontribution to the interferen
e pattern is the e�e
t of intera
tion between multiples
attered �elds. Consideration of the extent of this 
ontribution is made by 
omparingthe SPP propagation length (1.2) with the elasti
 s
attering mean free path related as
l ∼ R2

σ
,where R is the average s
atterer separation distan
e and σ is the total elasti
 s
attering
ross se
tion of the s
atterer. These 
onsiderations imply that, if l be
omes in
reasinglylarge 
ompared to LSPP , the e�e
t of multiple s
attering in the interferen
e patternin
reases.3.1 Self-
onsistent ModelThe 
al
ulation of the s
attered �eld from a single s
atterer of a parti
ular shape is ingeneral quite 
ompli
ated and requires extensive theoreti
al 
onsiderations [13℄ whi
h goesfar beyond the framework of this proje
t. Hen
e, the individual s
atterers are treated asisotropi
 pointlike dipolar s
atterers. Modelling of the interferen
e pattern using thismultiple s
attering dipole approa
h is realized by means of a self-
onsistent model [14℄.This model is based on some assumptions. First, the s
attering is elasti
 and primarilyin the surfa
e plane as mentioned above. Se
ondly, the SPP s
attered by an individualdefe
t 
orresponds to the interferen
e between the in
oming SPP with a plane phase frontand the s
attered SPP with a 
ylindri
al phase front. These assumptions are justi�ed byexperimental investigations showing exponential, evanes
ent, signal de
ay at in
reased27
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 S
atteringtip-surfa
e distan
es and paraboli
 interferen
e fringes with SPP s
attering by individualdefe
ts [15℄.The 
ylindri
al waves of s
attered SPPs, the 
ylindri
al surfa
e polaritons (CSP) [16℄,
an be des
ribed by the Hankel fun
tion of the �rst kind, whose analyti
al expression isthe sum of two Bessel fun
tions
H(ν)

n (x) = Jn(x) + iYn(x), with (3.1)
Jn(x) = xn

∞
∑

m=0

(−1)mx2m

22m+nm!(n+m)!
and

Yn(x) =
1

sinnπ
[Jn(x) cos nπ − J−n(x)].The supers
ript ν and the subs
ript n indi
ate the kind and the angular number, respe
-tively. In the 
ase of a CSP, ν = 1, n = 0 and the argument is β|r|. Surfa
e plots ofthe real and imaginary values of this fun
tion with the value of the dispersion relation

β 
orresponding to SPPs ex
ited at 740nm on gold are shown in �gure 3.1. Due to the
1
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Figure 3.1: Surfa
e plots of the real (A) and imaginary (B) parts of the H
(1)
0 fun
tion.singularity at origo, the Hankel fun
tion exhibits values whi
h are unreal from a physi
alpoint of view when the argument is su�
iently small. In order to avoid any of theseirregularities, the Hankel fun
tion 
an be assigned a 
onstant value within an area 
or-responding to the size of the s
atterer - in this 
ase, nano-parti
les or 
ylinders with aradius of 100nm.Far-Field ApproximationThe far-�eld approximation of the Hankel fun
tion reads

H
(1)
0 (β|r|) =

√

2

π
e−i π

4

eiβ|r|
√

β|r|
for |r| → ∞. (3.2)This is appli
able for positions of r whi
h are di�erent than at the immediate vi
inityof the s
atterer, see �gure 3.2. Only at positions very 
lose to zero, for |r| < 100nm,
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Figure 3.2: Line plots of real and imaginary parts of the H
(1)
0 fun
tion shown for the
orre
t expression in (3.1) and for the far �eld approximation in (3.2).the approximation is 
onsidered useless. However, in either 
ase, for positions below thislimit, the fun
tion will be assigned the aforementioned 
onstant value, so the far-�eldapproximation is 
onsidered useful for any 
al
ulation of s
attered �elds.Sin
e the damping of the host media is 
losely related to the CSP (or SPP) propagationlength, the Hankel fun
tion similarly depend on this. Consequently, in
reased dampingleads to in
reased de
ay of the Hankel fun
tion. Figure 3.3 illustrates the CSP s
attered�eld at three extents of damping. Based on these observations, the s
attering may be

0E

A

B

C

Figure 3.3: The s
attered CSP �elds from two s
atterers in the 
ase of large (A), middle(B) and low (C) damping.
ategorized into three types:
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• Single s
attering, for LSPP < l

• Double s
attering, for 2l > LSPP > l

• Multiple s
attering, for LSPP ≫ lIn single s
attering, the image is formed by only the in
oming �eld being s
attered atea
h of the s
atter sites. In double s
attering there is an additional 
ontribution to the�eld being s
attered due to the presen
e of other s
attered �elds originating from nearbys
atterers. If the separation distan
e is de
reased further, part of the �eld to be s
atteredat an individual site may 
ome from the very same s
atterer due to the possibility ofba
ks
attering (not to be 
onfused with ba
ks
attered �elds, radiation damping) - the�eld is self-
onsistent. These di�erent 
ases are taken into a

ount in the modelling.Omitting the exponential de
ay of the SPP �eld into the neighbor medium, the �eld, atan arbitrary surfa
e point r di�erent from that of the s
atterers, is expressed as
E(r) = E0(r) +

N
∑

j=1

αjE(rj)G(r, rj), (3.3)where the j index indi
ates the s
atter number. rj and αj denote the position and e�e
tivepolarizability of the jth s
atterer, respe
tively. The Green's fun
tion reads
G(r, rj) =

i

4
H

(1)
0 (β|r− rj |). (3.4)Clearly, the �eld is 
al
ulated by 
onsidering individual 
ontributions from ea
h of thes
attered �elds in agreement with the above des
ription. The 
al
ulation of the �eld atthe sites of the s
atterers E(rj) may be simpli�ed a

ording to the type of s
attering:

• Single s
attering: E(rj) = E0(rj)

• Double s
attering: E(rj) = E0(rj) +
N

∑

l=1,l 6=j

αlE0(rl)G(rj, rl)

• Multiple s
attering: E(rj) = E0(rj) +

N
∑

l=1,l 6=j

αlE(rl)G(rj, rl)For single and double s
attering the �elds are 
al
ulated in a straightforward sequentialmanner. However, the 
al
ulation of the �elds of multiple s
attering involves a system of
N homogeneous linear equations leading to a matrix formulation

E
T = E

T

0
+ E

T
←→
G α ⇒

E
T = E

T

0
(←→u −←→G α)−1, (3.5)where E

T

0
and E

T are row ve
tors 
ontaining N elements of the applied and the self-
onsistent �eld, and ←→G α is a N × N matrix 
ontaining elements on the form Gα,ij =
αjG(i, j). Therefore, the 
al
ulation of the self-
onsistent �elds seems more di�
ult.
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onsistent Model 31At �rst, the 
on
ept of 
ategorizing di�erent types of s
attering has been used to illustratethe s
attering pro
esses. Se
ondly, the approximations of single and double s
attering 
anbe used to ease 
al
ulations as just demonstrated. However, the 
al
ulation of the self-
onsistent �elds 
an be solved by aid of a regular PC whi
h, at this time, easily solvessystems with N ∼ 1000 within few minutes. This involves the simpli�
ation that everysituation of s
attering, regardless of the relationship between LSPP and l, will be treatedas multiple s
attering.PolarizabilityThe e�e
tive polarizability enters into the self-
onsistent model in a dire
t relation to thes
attering strength. The following se
tion serves to give estimates of the range of allowedvalues of α.A �rst approa
h is to 
onsider the s
attered power versus the in
ident �eld related as
Psc = I0σ.Sin
e this is treated as a two-dimensional 
ase, the units of I0 and σ are power per lengthand length, respe
tively. All s
attered �eld 
omponents at a distan
e |r| from the s
attereroriginate from the same instantaneous s
attering pro
ess, so the s
attered power is thenexpressed as a sum of these 
omponents

σI0 =

∫ 2π

0

(|Esc(r)|2 + I0(r))|r|dϕ,where the position r belongs to the 
ir
umferen
e of a 
ir
le 
entered at the s
attererin origo. I0 is a plane wave, so the integration of this yields zero. The s
attered �eldis assumed, from (3.3), to be αE(r)G(r, 0). Using the far-�eld approximation for thes
attered �eld gives the result
σI0 =

∫ 2π

0

|α|2|E0|2
1

8πβ|r||r|dϕ

= |α|2I0
1

4β
.The s
atterers are nano-sized, so the 
ross se
tion is assumed mu
h lower than the SPPwavelength:

σ =
|α|2
4β
≪ λSPP , with β ≈ 2π

λ
,giving the result |α| ≪ 5. This provides an indi
ation of a higher limit for the polarizabilityof subwavelength s
atterers.A

ording to an analyti
al study of lo
alization of ele
tromagneti
 waves in two-dimensionalrandom arrays of diele
tri
 
ylinders [11℄, the self-
onsistent �eld equation reads

E(rj) = E0(rj) +
1

2

N
∑

l=1,l 6=j

G1(rj, rl)(e
iφl − 1)E(rl), (3.6)
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atteringwith the Green's fun
tion expressed as
G1(rj, rl) =

2

iπ
K0(−iβ|rj − rl|) = H

(1)
0 (β|rj − rl|).Substitution of the Green's fun
tion of (3.4) into the self-
onsistent �eld expression of(3.6) yields

E(rj) = E0(rj) +
1

2

N
∑

l=1,l 6=j

4

i
G(rj , rl)(e

iφl − 1)E(rl)thus relating α to a value of −2i(eiφl − 1) where φl is some arbitrary real number. Themaximum value of |α| with this de�nition is 4 when φl = π, so it stays within the aboveestimated range.The 
onsiderations just made have not revealed any means of 
al
ulation of α. Hen
e-forward, the e�e
tive polarizability is applied as a �tting parameter allowed to have a
omplex value and to vary within the estimated range. The applied values will be men-tioned either as a s
alar value or as a phase number φl.3.2 Mi
ro-opti
al Devi
esThe following se
tion re�e
ts some of the ideas regarding appli
ations of elasti
 SPPs
attering, whi
h naturally arise during the modelling pro
ess. The ideas are partlyinspired by previous works [1, 18℄.The devi
es are 
ommon in the sense that the individually s
attered �elds of ea
h nano-parti
le pla
ed in a 
ertain stru
ture add up to give a 
ertain overall enhan
ed e�e
t. Theresults of the modelling of the SPP �eld intensity in these devi
es may provide a basisand motivation for future experimental investigations.As previously mentioned, a single 
ir
ular nano-parti
le s
atterer is assumed to s
atterlight as 
ylindri
al waves, so no preferred dire
tion of s
attering is present. The s
at-terers may not be perfe
tly 
ir
urlar, but nevertheless, this assumption seems ne
essaryas further 
onsiderations would have to in
lude the unknown and experimentally varyingstru
ture of the s
atterer. By pla
ing s
atterers in line arrays, a 
ommon plane wavefrontof the s
attered light 
an be a
hieved, see �gure 3.4. From an appli
ation point of view,it seems obvious to exploit line arrays to re�e
t the wavefront of the applied �eld - tomake a mirror e�e
t. The idea has been modelled for a line array, whose in
lination
ompared to the applied �eld is 45◦, 3µm in length. The images are shown in �gure 3.5.The e�
ien
y of the mirror e�e
t 
an be in
reased by applying a larger polarizability.However, suppose the polarizability is 
onstant, sin
e experimentally it may not be easilytuneable. The e�
ien
y 
an then be in
reased by a larger 
on
entration of nano-parti
lesper unit length, whi
h is 
learly demonstrated by �gure 3.5B. The line arrays are farfrom being perfe
t mirrors sin
e mu
h of the in
ident light passes through the stru
tures.This phenomenon 
an be 
ompensated for by pla
ing additional lines parallel to the �rstwith separation distan
es that satis�es the Bragg 
ondition, 2d sin θ = nλ, where d is
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Figure 3.4: In a line array, the CSP response of the s
atterers may form a plane wavefrontin the dire
tion perpendi
ular to the line. In this 
ase, shown by the real partof the sum of Hankel fun
tions for 10 nano-parti
les spa
ed 0,6 µm apart witha sour
e wavelength of 740nm.
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0,6 0,5Figure 3.5: Mi
ro mirrors 
onsisting of line arrays of nano-parti
les with a separationdistan
e of 0,50µm (A) and 0,28µm (B). The polarizability is set to 0,7 andthe sour
e wavelength is 727nm.the separation distan
e, θ is the angle the beam makes with the mirror and n is a wholenumber.Modelling of SPPs in
ident on a Bragg mirror is illustrated in �gure 3.6 for a fo
usedintensity pro�le of the in
ident SPPs made by a sour
e wavelength of 1550nm, demon-strating the feasibility for tele
ommuni
ation ranges of light. The propagation length inthis range is quite large, ∼ 400µm, so the de
ay of the in
ident �eld is barely seen. TheBragg mirror has shown to re�e
t the light most e�
iently for a 
omplex polarizability.
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0 0Figure 3.6: The topography (A) of the Bragg mirror 
onsists of 5 parallel lines of nano-parti
les, with a polarizability of φl = 1, 4π, separated by a distan
e of 0,55µm.The in
lination of the lines is 45◦ from the horizontal and the separation dis-tan
e between the layers is 1,10µm. The in
ident �eld has a fo
used intensitypro�le with a beam waist of 3,0√2µm (B). The Bragg mirror 
learly re�e
tsthe in
ident �eld (C).The penetration of light through the mirror has been de
reased by adding additional lines.Removing some of these would yet again result in transmission through the mirror. Thisphenomenon may be exploited in the 
onstru
tion of a beam-splitter, see �gure 3.7. By
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0Figure 3.7: The topography (A) of the beam-splitter 
onsists of 2 parallel lines separatedby a distan
e of 1,10µm, whi
h is the same value for the distan
e between thenano-parti
les. The in
lination of the lines is 45◦ from the horizontal and theapplied polarizability is φl = 1, 4π. The in
ident �eld has a fo
used intensitypro�le with a beam waist of 3,0√2µm (B).slightly displa
ing one of the lines along the line dire
tion, the beam-splitter modellingshows an interesting phenomenon, as the beam is split into an additional third part. Themaximum of the intensity s
ale has been lowered in order to bring out the transmittedintensity pro�les.Another mi
ro-opti
al devi
e, realizable by a 
ertain array stru
ture of nano-parti
les, isa fo
using mi
ro mirror. The 
on
ept is to pla
e the parti
les along a paraboli
 
urve
(y−y0)

2 = 4F (x−x0) where the 
oordinate (x0, y0) is lo
ated at the bottom of the mirror,
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F is the fo
al length and x is along the opti
al axis. In prin
iple, this works for the two-dimensional 
ase of SPP propagation in the same way as the three-dimensional 
ase of aparaboli
 s
reen of a solar 
ooker, whi
h 
on
entrates re�e
ted solar light at a 
ooking pot.Hen
e, at the point (x0 + F, y0) a 
on
entration of light is expe
ted. In �gure 3.8, theseideas are tried out for fo
using mi
ro mirrors with di�erent dimensions. The fo
using
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Figure 3.8: The topographies (A) and (C) and the 
orresponding �eld intensity distri-butions (B) and (D) of two fo
using mi
ro mirrors with a parallel beam ex-
itation of 740nm. The polarizability of the s
atterers are set to 0,7. Theseparation distan
e of the s
atterers along the y-dire
tion is 0,25µm, and thefo
al lengths are 7,25µm (A) and 1,75µm (C).leads to an enhan
ement at the fo
al point of 3 in ea
h of the two 
ases, so a mirror in alarger s
ale with an in
reased amount of s
atterers does not ne
essarily give larger signalenhan
ement at the fo
al point. However, further modelling has shown that with mirrorsof similar dimensions, in
reased s
atter density and de
reased fo
al distan
e 
ontributeto larger signal enhan
ement at the fo
al point. For appli
ation matters, fo
using mi
romirrors are interesting in the sense that it gives the possibility to enhan
e the SPP signallo
ally in a 
ontrollable way. For instan
e, this feature 
ould be exploited, possibly in
onne
tion with a fo
used ex
itation sour
e, to further in
rease the e�
ien
y of surfa
eenhan
ed Raman spe
tros
opy.
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attering3.3 Simple Stru
turesS
attering of SPPs in simple stru
tures of few nano-parti
les has been investigated. Asket
h of the sample is shown in �gure 3.9. The nano-parti
les have shown to s
atter
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of 1200nm and 800nmFigure 3.9: Sket
h of the various simple stru
tures in
luded on the sample.light ine�
iently 
ompared to other, external, s
atterers. An example of this is shown in�gure 3.10. It has later been dis
overed that the �bre tip used in these measurement has
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Figure 3.10: Topographi
al (A) and near-�eld opti
al (B) images, with a sour
e wavelengthof 727nm, of a line array of 5 nano-parti
les spa
ed approximately 0,30µmapart. A zoomed topographi
al image is shown in �gure C.been severely broken and therefore is unreasonably large. The 
onsequen
e of this is thatthe lowest point of the �bre, whi
h s
ans the topography, is di�erent than the point ofthe �bre whi
h pi
ks up the opti
al signal thus 
ausing a displa
ement between the twosignals. However, regardless of a possible signal displa
ement, the 
ontrast is still quite
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tures 37large, and it is 
learly shown that as far as the s
attered �eld is 
on
erned, the e�e
t ofthe line array is quite poor. There seems to be an immediate e�e
t in terms of a dark areain the proximity of the s
atterer and a shadowing e�e
t along the propagation dire
tion,but the overall image is dominated by an externally s
attered �eld. In general, the imageswhi
h are believed to have been made with the broken �bre tip show de
ent topographyand signal 
ontrast, so it is likely that the features of these will not 
hange signi�
antlywith a sharp �bre tip.An almost similar e�e
t has been observed elsewhere on the sample, �gure 3.11, in a
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Figure 3.11: The topographi
al (A) and near-�eld opti
al (B) image, with a sour
e wave-length of 727nm, of a region of no arti�
ially made gold nano-parti
les, show-ing the e�e
t of a strongly s
attered �eld from an external s
atterer positionedbelow the image. The modelling of this (C) has been done with an array ofmi
ro s
atterers with the stru
ture and lo
ation shown in the pi
ture.lo
ation relatively far from any expe
ted arti�
ially made mi
ro s
atterers. During themodelling pro
ess of this image, it has been assumed that the external s
atterer is a defe
twith a 
ompli
ated stru
ture, so it has been built up by a bun
h of individual s
atterers,ea
h with a polarizability of 0,7 as used in previous modelled images. In prin
iple, thisgives the approximate same result as a single s
atterer with a larger polarizability. Sin
ethe topography of the defe
t is unknown, the defe
t 
an be either a 
ompli
ated stru
-ture of weakly s
attering individual parti
les or one large parti
le with a large s
atteringe�
ien
y, and hen
e both ways of modelling seem reasonable.The weak s
attering from the arti�
ial nano-parti
les permits detailed study of these s
at-tered �elds due to the regular presen
e of stronger s
attered �elds. However, it is possibleto over
ome this limitation by performing measurements with lo
al SPP ex
itation. Thefo
user is then illuminating an area in front of, and in the immediate vi
inity of, the areaof the arti�
ial nano-parti
les, thus preventing SPP s
attering from external areas withpossible strong s
atterers.Measurements of this kind have been performed on the line array stru
ture whose topog-raphy is shown in �gure 3.10C. Using a fo
used ex
itation beam with a wavelength of727nm, a s
attering e�e
t from the line array is 
learly seen, illustrated by the topogra-phy and near-�eld measurements of �gures 3.12A and 3.12B, respe
tively. The intensity
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7,5 7,515 15Figure 3.12: Topographi
al (A) and near-�eld (B) measurement of a gaussian distributionof SPPs in
ident on a line array of nano-parti
les. The modelled topography(C) and near-�eld image (D) show a 
lear resemblan
e with the experimen-tal result. The phase number of the polarizability has been set to φl = π,the in
lination of the SPP propagation dire
tion is 7◦ and the beam waist ofits gaussian distribution is set to w = 2, 0

√
2µm based on a 
ross se
tionmeasurement in the experimental image.pro�le of this measurement indi
ates that the beam may be improperly fo
used due tothe presen
e of a large uniform area in the lower half of the image. However, in the up-per part the distribution seems gaussian, with a beam waist of approximately 2,0√2µm.In the modelling of the measurement, �gures 3.12C and 3.12D, the in
ident SPP �eldis assumed to be an in
lined gaussian distribution of this kind. To some extent, it hasbeen possible to reprodu
e the experimental image through modelling. Strikingly, bothimages exhibit a spot of large intensity to the immediate left of the line array and abovethis stru
ture interferen
e fringes with large periods are present. On the other hand, itis similarly 
lear that interferen
e fringes from ba
k re�e
tion of the stru
ture are onlypresent in the modelled image. Suppose the modelling is reliable and that the reason tothe missing interferen
e phenomenon is due to experimental 
auses. An irregular shapeof the tip may then provide an explanation to this, as the irregularity may prevent SPPsignal dete
tion from 
ertain dire
tions, in this 
ase SPPs propagating towards the rightof the image. This assumption is further supported by the near-�eld measurements of



3.4 Surfa
e Plasmon Polariton Band Gap Stru
tures 39�gures 3.10B and 3.11B, whi
h la
k interferen
e fringes in similar dire
tions from theassumed s
atterer. Common to all measurements is the fa
t that the same �bre tip hasbeen used and that it, therefore, is possible that it has been irregularly shaped during allthese measurements.3.4 Surfa
e Plasmon Polariton Band Gap Stru
turesThe investigation of simple stru
tures of the previous se
tion is now extended to in
ludelarge periodi
 arrays of nano-parti
les making up surfa
e plasmon polariton band gapstru
tures.In the subsequent se
tions, SPP propagation in triangular and quadrati
 stru
tures areinvestigated by means of modelling and SNOM measurements. The propagation dire
tionwith respe
t to the orientation of the stru
tures is denoted by the spe
ial points alongthe edge of the irredu
ible Brillouin zone, see �gure 3.13. All SNOM measurements of
G GK X

M
M

A B

Figure 3.13: The latti
e stru
tures and Brillouin zones of a triangular (A) and quadrati
(B) latti
e stru
ture. The blue shaded area represents the irredu
ible Brillouinzone whi
h is the smallest region not divisible by symmetry 
onsiderations.SPPBG stru
tures with an applied fo
used beam are performed with "middle ex
itation".3.4.1 Optimization of ComputationCal
ulations of near-�eld images of many parti
le stru
tures have shown to require de-manding 
omputation power. By analyzing this 
omputation pro
ess, reasonable approx-imations 
an be introdu
ed in order to greatly enhan
e the 
al
ulation e�
ien
y. Theseare des
ribed and investigated in the following.The 
al
ulation primarily 
onsists of two major pro
esses, one for the 
omputation ofthe self-
onsistent �elds at the sites of the s
atterers and one for the summation of �eld
ontributions at ea
h spe
i�
 lo
ation 
oordinate at the surfa
e plane. These pro
essesare related to the expressions in (3.5) and (3.3), respe
tively. The �ow
hart diagramof �gure 3.14A illustrates the straightforward way of implementing these pro
esses in awhole. The preliminary 
al
ulations in
lude, among other things, the 
onstru
tion ofa 
oordinate array 
ontaining the lo
ations of the s
atterers and the �eld 
omponentdistribution of the in
ident �eld. Compared to the other 
omputation pro
esses, these
al
ulations are performed instantly.As previously mentioned in this 
hapter, the matrix 
al
ulation of the self-
onsistent
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Figure 3.14: Flow
harts demonstrating two di�erent 
onstru
tions of the 
omputing pro-
ess. The straightforward program stru
ture (A) involves numerous 
omputa-tions of the Hankel fun
tion, whereas an alternative approa
h (B) avoids thisby means of tabulation.�elds is not a demanding pro
ess, not even for a 
onsiderable amount of s
atterers, sooptimization of Pro
ess 1 is not being thought of.In Pro
ess 2, the �eld at ea
h surfa
e 
oordinate is found by the sum of the term
αjE(rj)G(r, rj) 
al
ulated for ea
h s
atterer. The Hankel funtion, in
luded in the Green'sfun
tion, is due to its summational form apparently a quite demanding operation for thePC. This operation is performed many times due to its presen
e in the inner loop, signi�-
antly de
reasing 
omputation e�
ien
y. For instan
e, 
omputation of the �eld intensitywith an image resolution of 200×200 points in a stru
ture of 200 s
atterers will roughlyrequire 2003 of these demanding operations. An improvement to this is to repla
e theHankel fun
tion with the far �eld approximation shown on page 28 in the 
omputationof the Green's fun
tion. This improvement gives a threefold in
rease in 
omputation e�-
ien
y. However, even with this approximation, the bottlene
k for faster 
omputation isstill aimed at the 
ontinuous 
al
ulation of the Green's fun
tion in the inner loop. Hen
e,additional approximations are introdu
ed for even further improvements.



3.4 Surfa
e Plasmon Polariton Band Gap Stru
tures 41The basi
 approa
h is to perform tabulation of the Green's fun
tion, illustrated by the�ow
hart sket
hed in �gure 3.14B. Prior to the 
al
ulation of the �eld distribution, a twodimensional array AG with elements AG[nx, ny] = αG(C
√

nx
2 + ny

2β, 0) and dimensions
orresponding to the image resolution is 
onstru
ted. nx and ny are positive integer valuesand C is a 
onversion fa
tor. For ea
h surfa
e 
oordinate, the �eld is then 
al
ulated bythe sum of individual produ
ts of E(rj) and AG[|∆nx|, |∆ny|]. |∆nx| and |∆ny| are integervalues representing the 
oordinate distan
e of the jth s
atterer from the surfa
e 
oordinatealong ea
h of the axes. In summary, the 
omputing of the individual �eld 
ontributions isnot made by a rigorous Hankel fun
tion operation or by 
al
ulation of the large expressionfor the far-�eld approximation. Instead, the 
ontribution is 
omputed by fet
hing a valuefrom the AG array, at the point 
orresponding to the rounded 
oordinate distan
e betweenthe surfa
e point and the proper s
atterer, and thereafter multiplying with E(rj), whi
hhas been 
al
ulated in Pro
ess 1 thereby similarly fet
hing this from an array.Naturally, ex
eptions must be introdu
ed for s
atterers lo
ated outside the image regionas this eventually may lead to large distan
es to the s
atter sour
e and thereby attemptedfet
hing of values lo
ated at 
oordinates whi
h are out of range of the AG array. A possiblefuture solution to this, assuming the external s
atterers are pla
ed within a fair vi
inityof the image region, 
ould in
lude a su�
ient enlargement of the AG array. This onlyneeds to be made on
e for ea
h image 
omputation and therefore will not a�e
t overallperforman
e. Still, while doing this, it should always be borne in mind that handling ofvery large memories may severely a�e
t the 
omputation e�
ien
y.A performan
e test of the various 
omputation methods has been 
arried out. Thesemethods are now summarized as "the straightforward way", "usage of far-�eld approxi-mation" and "tabulation of the Green's fun
tion" denoted as Method A, Method A1 andMethod B, respe
tively. The results are shown in the following table.Resolution Number of s
atterers Pro
ess 1 Method A Method A1 Method B
101× 101 25 40 ms 29 s 9 s 0, 75 s
101× 101 200 1, 9 s 3, 7 minutes 66 s 2, 8 s
201× 201 50 90 ms 3, 7 minutes 68 s 4, 6 s
201× 201 400 11, 4 s 30 minutes 9, 3 minutes 21 s
801× 801 200 1, 9 s 3, 9 hours∗ 1, 2 hours∗ 10 minutes
801× 801 1600 8 minutes 31 hours∗ 9, 2 hours∗ 35 minutes* These values have been found by 
omputing only a fra
tion of the image.The 
omputer used as test ben
h is an Athlon XP 2400+ running at 266MHz bus speedwith su�
ient, 512MB, DDR PC2700 RAM. It is quite striking that there is more than atenfold in
rease in 
omputation e�
ien
y with the use of tabulation methods 
ompared tothe other two. Method B is, therefore, by far the preferred 
hoi
e for future 
omputations.The only possible 
on
ern is the ina

urate fet
hing of values due to the ne
essity ofrounding the 
oordinate distan
es between the s
atterers and the proper lo
ation. Inorder to investigate this further, test images 
al
ulated by the 
orre
t and the tabulatedmethod, respe
tively, are 
ompared, see �gure 3.15. Despite a slight di�eren
e in themaximum intensity, the images seem indistinguishable, so Method B remains the preferred
hoi
e of 
omputation method. Finally, it should be noted that 
ertain 
onditions may
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0 0Figure 3.15: Topography (A) of 100 nano-parti
les whi
h are randomly distributed. Thenear-�eld images have been 
al
ulated by means of Method A (B) and byMethod B (C). The polarizability is 1 and the sour
e wavelength is 727nm.apply for the image modelling in a periodi
 stru
ture, by whi
h the approximation ofMethod B signi�
antly a�e
ts the result. It is possible that slight deviations from theexa
t 
ontribution from ea
h s
atterer may add up due to the periodi
ity thus giving anoverall large deviation. Small ina

ura
ies in the argument of the Green's fun
tion maya�e
t the result even for a small number of 
ontributions. This situation is imagined if thes
atterers involved in the proper 
al
ulation are lo
ated in an area of lo
ally enhan
ed self-
onsistent �elds. However, as long as modelled images of symmetri
 stru
tures exhibitindistinguishable symmetry along the median opti
al axis this statement is not beingtaken further into a

ount. In any 
ase, whenever possible, the s
atterer 
oordinates arepresented by whole numbers, whi
h for 
ertain 
ommon stru
tures, su
h as triangularlatti
e arrays, is impossible.3.4.2 Triangular Stru
turesPrior to any presentation of experimental images, the modelling is tried out on varioustypes of band gap stru
tures. A previous work of modelling of triangular stru
turesof gold nano-parti
les [10℄, using the same self-
onsistent model, serves as inspirationsour
e for the starting point of the modelling pro
ess. Eventually, the pro
edures 
arriedout in the previous work are 
ompared to alternative approa
hes and dis
ussed in orderto provide a better basis for subsequent SPPBG stru
ture modelling. The stru
ture ofinvestigation is shown in �gure 3.16A. A wavelength range of interest in this modellingis the wavelengths lying within the band gap. For these wavelengths, penetration of thein
ident light through the stru
ture is forbidden. A measure of the extent of the bandgap is thus to 
onsider the re�e
tivity from the stru
ture. A method of doing so in
ludes
ontrast 
al
ulations of the interferen
e fringes in front of the stru
ture, sin
e in
reasedinterferen
e between the in
ident and re�e
ted light involves higher 
ontrasts. In the 
aseof the 
ross se
tional intensity pro�le of an interferen
e fringe, the 
ontrast is de�ned asthe di�eren
e between the peak and bottom intensity divided by their sum. The 
ontrast
an be related to the analyti
al expression
|Aeikx +Be−ikx|2, (3.7)
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l[nm]Figure 3.16: Topography (A) of 400 gold nano-parti
les arranged in a triangular latti
estru
ture oriented for SPP in
iden
e along the ΓK dire
tion and with a latti
e
onstant of 400nm. The blue lines lo
ated in front of the stru
ture are 
ontrastlines of whi
h the re�e
tivity is 
al
ulated for various polarizations (B). Thegreen area represents an area of integration applied in an alternative approa
hto re�e
tivity 
al
ulation, whi
h is shown for similar polarizations (C).whi
h represents the intensity at a lo
ation x 
ontaining the in
ident, amplitude A, andre�e
ted, amplitude B, light. Following the above de�nition, the maximum and minimumof the intensity is found, and the 
ontrast is eventually expressed asContrast =
Imax − Imin

Imax + Imin
=

4AB

2(A2 +B2)
, (3.8)with two solutions to the re�e
ted amplitude

B = A
1−

√

1− Contrast2Contrast and B = A
1 +

√

1− Contrast2Contrast . (3.9)The �rst solution with the subtra
tion of the two terms in the nominator is valid when
B ≦ A and is therefore the physi
ally interpretative solution. The 11 blue lines in frontof the stru
ture in �gure 3.16A represent the 
ross se
tions from whi
h the 
ontrastsare 
al
ulated and the average re�e
tivity is found. After many unsu

essful attempts,re�e
tivity graphs similar to those of the previous work have �nally been 
al
ulated, see�gure 3.16B as well as repli
a of the previously 
al
ulated images, �gure 3.17. The reason
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Figure 3.17: The near-�eld images have been 
al
ulated di�erently than usual with sour
ewavelengths of 670nm (A), 710nm (B) and 750nm (C). The applied diele
tri

onstant is -24 + 1,6i, and the polarizability has been set to -60.to the experien
ed troubles is that it eventually has been dis
overed that the 
al
ulation



44 Chapter 3: Elasti
 S
atteringof the self-
onsistent �elds in [10℄ are based on the equation E0E
T =←→u −←→G , omitting

α, and not on the supposed expression in (3.5). Based on these revelations, it is assumedthat the 
al
ulations of the previous work have been 
arried out somewhat in
orre
tlywhi
h explains the unreasonably large polarizabilities.An alternative approa
h to re�e
tivity 
al
ulations of the modelled images is to 
al
ulatethe average intensity of an area in front of the stru
ture followed by a subtra
tion ofthe in
ident �eld intensity. Su
h an area is sket
hed as the green area in �gure 3.16Aand the results of re�e
tivity 
al
ulations, performed for the same parameters as with the
ontrast method, are shown in �gure 3.16C. It is 
learly demonstrated that the re�e
tivityex
eeds the intensity of the in
ident �eld for very large or very small polarizabilities. Aftersome thought, the result is found expe
ted due to the la
k of α in the 
al
ulation of theself-
onsistent �eld and the individual s
atterer 
ontributions are then simply in
reased,proportional to the value of the α parameter. Cal
ulation of the average intensity inan area is a safe measuring method and works well as long as the value of the in
ident�eld is known. For this reason, it is 
ontradi
tory that the graphs for |α| = 80 in �gures3.16B and 3.16C are so di�erent. The reason is believed to be found in the 
hoi
e of the
al
ulation method of the re�e
tivity, in
luding B. For the meaningless, but yet present,situation where B be
omes larger than A, only the se
ond solution of (3.9) is appli
able.The 
al
ulations behind some of the graphs shown in �gure 3.16B, have not taken thisinto a

ount and are therefore 
onsidered in
orre
t.Nevertheless, from an experimental point of view, where A is always larger than B,ex
ept for possible lo
al bright spots, the 
ontrast method of (3.9) works ex
ellent foranalyzing images where the in
ident �eld intensity may be unknown. Without furtherknowledge in advan
e of the in
ident intensity, substitution of A, from the di�eren
e termin the nominator of (3.8), into the �rst equation of (3.9) yields an expression whi
h solelydepends on measurable quantities
B2 =

(

Imax − Imin

4

)

1−
√

1− Contrast2Contrast . (3.10)However, during the modelling and testing phases, unreasonable results leading to a re-�e
tivity larger than 1 may not be dis
overed until the very images are modelled, if there�e
tivity reading is based on (3.10). Based on this, and on the in
ident �eld inten-sity being a known parameter, re�e
tivity 
al
ulations by means of either the intensitydi�eren
e
B =

Imax − Imin

4Aor by average intensity reading of an area, are hen
eforward 
onsidered the safe 
hoi
e.Re�e
tivity graphs have been made for the same wavelength range and triangular stru
-ture as previously, now using the supposed method of modelling. In addition, the trans-mittan
e through the stru
ture is now 
al
ulated in a similar manner as the re�e
tivity,by 
al
ulating average intensity in an area immediately after the stru
ture. This is dueto the dis
overy that for 
ertain polarizations, by whi
h the re�e
tivity exhibits a 
learband gap behavior, the average transmittan
e in some ranges is 
ontradi
tory large, in
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e Plasmon Polariton Band Gap Stru
tures 45some 
ases more than unity, whi
h is unreasonable. Based on this, the preferred polar-izability is the value for whi
h a band gap is seen both by re�e
tivity and transmittan
e
al
ulations and, in addition, these intensities should not be larger than the in
ident �eldintensity for any wavelength in the range of investigation. Cal
ulations have shown thatthese introdu
ed requirements prohibit any phase number values φl, introdu
ed on page31, and any positive real values of the polarizability, at least in this 
ase. However, for asmall range of negative polarizability values the above requirements are satis�ed, see �gure3.18. Based on these 
al
ulations, modelled images of the stru
ture for sour
e wavelengths
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tivity (A) and transmittan
e (B) 
al
ulations for small negative valuesof α indi
ate the presen
e of a band gap.around the band gap are presented in �gure 3.19. The 
al
ulations reveal a band gap at
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[ m]m [ m]m[ m]mFigure 3.19: Representations of the �eld intensity distribution for SPP propagation in thestru
ture shown in �gure 3.16A. The sour
e wavelengths are 660nm (A),690nm (B) and 720nm (C) and the polarizability of the s
atterers has beenset to -0,6.approximately 690nm, 
lose to 710nm found for the in
orre
t 
al
ulations, and these twoimages are quite similar in appearan
e ex
ept for a slight di�eren
e for the interferen
efringes in front of the stru
ture. Strikingly, the 
hara
teristi
 interferen
e pattern of �g-ure 3.18B, i.e. the uneven intensity distribution along the verti
al dire
tion in front of
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 S
atteringthe stru
ture, shows superior resemblan
e with previous experimental results of a similarstru
ture presented in [10℄[page 244℄, performed with a ex
itation sour
e wavelength of782nm, however.An appearing feature for some wavelengths is the presen
e of resonan
es leading to large�eld intensity distributions within the stru
ture. This is demonstrated by the imagein �gure 3.18A. Based on the notion of a resonating 
avity, it is suggested that theequal dimensions, in terms of the number of s
atterers, along the horizontal and verti
aldire
tions of the stru
ture, respe
tively, may 
ause this behavior. However, investigationsshow a similar image for a oblong stru
ture, �gures 3.20A and 3.20B, so this suspi
ion isreje
ted.
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[ m]m[ m]m[ m]mFigure 3.20: Topography (A) of an triangular stru
ture oriented for SPP in
iden
e alongthe ΓK dire
tion and with a latti
e 
onstant of 400nm. The remaining opti
alimages of this �gure 
orrespond to this topography. B: Cal
ulated �eld inten-sity distribution with a sour
e wavelength of 660nm. Fo
used ex
itation lightis applied, shown here (C) for 690nm and with a beam waist of 2,5√2µm.The �eld intensity distribution for fo
used ex
itation light has been 
al
ulatedfor 660nm (D), 690nm (E) and for 720nm (F).Sin
e the previous 
hapter of this proje
t has dealt with a fo
used ex
itation beam, it
ould be interesting to investigate this by modelling gaussian SPP intensity pro�les inthese SPPBG stru
tures. This has been tried out for the same wavelengths as for theparallel beam ex
itation in �gure 3.19. The results are shown in �gures 3.20C, 3.20D,3.20E and 3.20F. A 
omparison of these images with the others of parallel beam ex
itationreveals re�e
tivity patterns whi
h are quite similar. A noti
eable feature, however, is thede
reased maximum intensity for images of the gaussian in
ident pro�le. The reason to
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e Plasmon Polariton Band Gap Stru
tures 47this lies in the de
ay of the ex
itation beam along the opti
al axis, whi
h 
learly 
auseslower intensity of the re�e
ted and in
ident light.This se
tion is rounded o� by a demonstration of the e�e
ts of SPPBG stru
tures onlarge s
ale images, see �gure 3.21. The SPPBG stru
ture of investigation is the same as
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[ m]mFigure 3.21: Modelling of the large s
ale e�e
ts on the �eld intensity distribution by atriangular SPPBG stru
ture, lo
ated to the right in the image.in �gure 3.16A, with an imaging range in
reased fourfold to 52×52µm. In order to betterdemonstrate the de
aying e�e
ts, the damping term in the diele
tri
 
onstant has beendoubled. This a
tion may not only be justi�ed for illustrative purposes. For a gold �lmthi
kness of around 53nm, an additional de
ay of ba
ks
attered radiation of approximatelythe same size as the natural de
ay 
aused by the ohmi
 resistan
e in the metal shouldbe present, see appendix D. Eventually, to the far left of the stru
ture, the intensitydistribution is roughly una�e
ted by the SPPBG stru
ture. This regain in in
ident �eldstrength should not be, at least in this modelling, related to the situation of a rebuilt SPP�eld immediately after the stru
ture, as dis
ussed in 
hapter 2. The parti
ular reason isexa
tly due to the de
ay, thereby limited range, of the s
attered, perturbing, �eld.3.4.3 Quadrati
 Stru
turesThe experien
es gained from modelling of triangular SPPBG stru
tures in the previousse
tion set the s
ene for modelling of quadrati
 SPPBG stru
tures. Experimentally ob-tained images will provide an obvious opportunity in terms of 
omparison and modellingimitation attempts.Near-�eld measurements of SPP propagation on a gold �lm with gold nano-parti
lesarranged in quadrati
 array stru
tures, oriented in the ΓX-dire
tion, with an approximatelatti
e 
onstant of 400nm have been performed for a variety of wavelengths. The sampleis sket
hed in �gure 3.22. In 
omparison, the re�e
tivity and transmittan
e from su
ha stru
ture have been 
al
ulated and the �eld intensity distribution has been modelled,see �gure 3.23. The re�e
tivity 
al
ulations reveal jagged 
urves in 
ontrast with theprevious re�e
tivity representations. It is assumed that the reason is the presen
e ofbright/dark spots in front of the stru
ture of rapidly 
hanging re�e
tivity patterns, whi
heither lowers or raises the minima and maxima of the interferen
e fringes. In summary,there are pros and 
ons of both re�e
tivity 
al
ulation methods. Whereas integration of
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10 mm 10 mm

A B

3 2Figure 3.22: Sket
h of the two SPPBG stru
tures in
luded on the sample - one with straight(A) and one with 
urved waveguides (B). Indi
ators in terms of numbers,shown with two examples of obtained topography measurements, assist in lo-
ating areas of interest.an area in front of the stru
ture is slightly more time 
onsuming, and is reliable only instru
tures whi
h are su�
iently wide [22℄, it tends to return more 
ontinuous re�e
tivityrepresentations. The di�eren
e may be 
ompensated for by introdu
ing more lines inthe 
ontrast measuring method - however, this is done at the possible 
ost of equalized
al
ulation times.ExperimentsAs a �rst approa
h, the quadrati
 stru
tures are investigated experimentally with thepurpose of demonstrating the band gap e�e
t. From the previous modelling, it seems thatan obvious method of doing so is to measure the maxima and minima of the interferen
efringes in the expe
ted re�e
tivity pattern in front of the stru
ture and in
orporating thisinto (3.10). However, in the measurements, 
lear presen
e of these interferen
e fringes ismissing, rendering the 
ontrast method useless. Instead, the measurable penetration ofSPPs into the stru
ture is used, thus relating this to the band gap e�e
t, sin
e redu
edtransmittan
e into the stru
ture is expe
ted around the band gap. Based on measurementswith fo
used ex
itation of varying wavelengths, 13 penetration pro�les are at disposal fordata analysis. An example of one of these measurements is shown in �gure 3.24. Forea
h penetration pro�le, 11 sub pro�les are measured, summed and normalized. Three ofthese pro�les are displayed in �gure 3.25A. The sudden large intensity at the area aroundthe edge of the stru
ture may be related to inelasti
 s
attering. Hen
e, it is attemptedto avoid these areas upon the �tting of the pro�les. Sin
e only part of the graphs exhibitexponential behavior, the straight lines along the pro�les demonstrate the determinedvalid, exponential, range of values applied for �tting. Using the usual 
onvention for
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Figure 3.23: The topography of a quadrati
 array stru
ture (A) applied in the transmittan
e(B) and re�e
tivity (C) 
al
ulations. Based on these 
al
ulations the �eldintensity distribution at the band gap, with a sour
e wavelength of 790nm andpolarizability of the s
atterers of −0, 6, has been modelled (D).
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Figure 3.24: Topography (A) and SNOM (B) measurements of a fo
used pro�le of SPPs,ex
ited at 842nm, in
ident on the wall of a quadrati
 stru
ture. The redarrows denote the penetration pro�les.
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Figure 3.25: Three averaged intensity pro�les (A) of s
ans similar to that of �gure 3.24.Wavelength dependen
y of the damping term (B) based on two types of �ttingpro
edures of the intensity penetration pro�les. The bla
k and red 
urvesdenote two dependen
ies providing explanations to the de
aying tenden
y of
b.the average intensity attenuation [4℄, I(x) = I0e

(−2xb), where b is the damping 
onstant,�ttings of the intensity pro�les have been performed with I0 and b as �tting parameters.This pro
edure has been 
arried out, by means of an automated �tting pro
edure, in twodi�erent ways. One, whi
h �ts ea
h of the 11 individual normalized sub 
ross se
tionsfor ea
h wavelength returning the average value of b, and another whi
h simply �ts theaverage normalized 
ross se
tion for ea
h wavelength. The reason to this is based onthe notion that an in
reased number of �ttings may yield more reliable results. On theother hand, however, an averaged intensity pro�le is expe
ted to be more smooth thanthe individual ones. The results of these operations are displayed in �gure 3.25B. It isobserved that the two ways of �tting yield somewhat similar results expe
t for a slightlysmoother 
urve in the 
ase of individual �ttings of sub intensity pro�les.In relation to this, it should be mentioned that slight deviations in the valid intensitypro�le range, whose determination is based on human per
eption, might signi�
antlya�e
t the �tting results. As a 
onsequen
e of this, it is intended to determine rangeswhi
h are small and su�
iently far from observed non-exponential behaviors. For thesame reason, one should be 
areful in as
ribing any signi�
an
e to the two risings alongthe b-
urve. The 
hoi
e of slightly di�erent ranges of values for intensity pro�les at thesewavelengths, whi
h 
ould be justi�ed, 
ould yield results of b whi
h, to a 
ertain extent,redu
e the risings.Nevertheless, it is quite 
lear that the penetration damping is 
onsistently de
reased forrising wavelengths. Relating the obtained b term to the lo
alization length ξ = 1
b
gives ξ-values ranging from approximately 4 to 7µm. This is 
omparable with previously obtainedresults of SPP propagation in tight random arrays of nano-parti
les [3, 4℄.
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e Plasmon Polariton Band Gap Stru
tures 51Based on these similarities the following situation is imagined; suppose the large SPPde
ay within the stru
ture is not related to any resonan
e 
ondition leading to a bandgap e�e
t, as studied theoreti
ally previously. Instead, suppose the damping is entirelyrelated to the multiple de�e
tions in the travelling path of the in
ident SPP �eld 
ausedby the large 
on
entration of s
atterers. With less internal and/or radiation damping, aSPP quantum will "survive" longer during the multiple s
attering pro
ess, leading to alarger penetration depth. This di�usion-like idea is supported by the similarity betweenthe �tting values of b and the damping term of freely propagating SPPs, see the red linein �gure 3.25B with Cβ = 16.A similar approa
h to the explanation of the de
aying penetration damping term, orrising lo
alization length, along the wavelength axis, is to 
onsider the s
attering 
rossse
tion, whose wavelength dependen
e for two dimensional s
attering in random mediagoes as σ ≈ λ−3 [2℄. This dependen
e is shown as the bla
k 
urve in �gure 3.25B with
Cλ = 1, 05 · 10−13.As an alternative experimental approa
h, similar measurements of the quadrati
 bandgap stru
ture with a parallel ex
itation beam have been performed at three di�erentwavelengths, �gure 3.26. As with the previous measurements with a fo
used ex
itationbeam, a possible 
ontribution to the high intensity areas at the front edge of the stru
tureare as
ribed to inelasti
 s
attering. As for the previous 
ase, �tting is performed for theestimated range of values whi
h exhibits exponential behavior. An example of one of the
ross se
tions is shown in �gure 3.27. The �tting pro
edure has been 
arried out yieldingthe results shown in the following table.

λ0 b
727nm 2, 0 · 105m−1

795nm 1, 4 · 105m−1

850nm 1, 3 · 105m−1The de
aying tenden
y of the penetration damping term b with in
reasing wavelengths�ts ni
ely to the other results of this se
tion, however, the values are generally smaller.In relation to this it has been noti
ed that the penetration pro�les of these measurementsgenerally exhibit less pure exponential behavior. Sin
e the beam is parallel, all in
ident�eld 
omponents lie within the TIR range and no propagating 
omponents are expe
ted.Instead, a 
ontinuous ex
itation of the SPP �eld inside the stru
ture, either in betweenor on top of the s
atterers, with a uniform intensity distribution throughout the SPPBGstru
ture, is suggested as the reason to this. Future further investigations of this 
ouldinvolve another �tting pro
edure, whi
h takes the additional, assumed SPP, �eld intoa

ount. Hen
e, expressing the measured �eld along the opti
al axis x, yields
I(x) = |ESPP + Eex|2 = |Aeiβxe−bx +Bei(k1x+φ)|2,with the in
ident, amplitude A, and 
ontinuously ex
ited, amplitude B, �eld. k1 and φmay be set to β and 0, respe
tively, in the 
ase of an assumed additional SPP �eld.
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Figure 3.26: Topography (A) of the measured array stru
ture. The �eld intensity distribu-tions are shown for 727nm (B), 795nm (C) and 850nm (D). The red arrowsdenote the penetration pro�le measurement.
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e how the �eld is beingrebuilt after the stru
ture at x = 25µm.
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e Plasmon Polariton Band Gap Stru
tures 533.4.4 Waveguide Stru
turesThe results of the s
ans of �gure 3.26 are used to study the waveguiding properties alongthe 
hannels of missing parti
les. Generally, the s
ans exhibit a behavior of strong light
on�nement along the edges of the 
hannels. A similar behavior has appeared for SPPpropagation along lines in a triangular stru
ture of ΓM orientation. During the modellingpro
ess, this phenomenon has appeared for relatively many values of the φl number rang-ing from 1,2π to 1,7π. The modelled �eld intensity distribution for one of these valuesis shown in �gure 3.28. This image shows some resemblan
e with the experimental in
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0Figure 3.28: A: Topography of 1600 s
atterers arranged in a quadrati
 SPPBG stru
turewith approximate similar dimensions, latti
e 
onstant 400nm, as the stru
tureinvestigated experimentally, re
all the sket
h in �gure 3.22A. The �eld inten-sity distibution (B) at an ex
itation wavelength of 800 nm has been 
al
ulatedbased on a value of φl of 1,5π.terms of the light 
on�nement along the 
hannel edges albeit the experimental 
hannellines lie 
loser to the edge. However, the 
hara
teristi
 interferen
e pattern in front of thestru
tures is not re
ognized.ExperimentsFurther experimental investigations of the light lines along the 
hannel edges have been
arried out by performing high resolution SNOM measurements at the end of the widest
hannel line, see �gure 3.29. The image 
learly shows light propagation emitted from the
hannel. In addition, it is interesting to noti
e the immense restri
tion of light to thesingle horizontal rows, adja
ent to the 
hannel line, of the hosting SPPBG stru
ture.Investigations of the waveguiding e�
ien
y, for the various 
hannel widths and ex
itationwavelengths, have been performed experimentally by measuring verti
al 
ross se
tions atthe end of the stru
ture, see �gure 3.30. The width of the four lines range from 2 to 5missing rows of nano-parti
les. For all wavelengths, waveguiding along the two widest
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0Figure 3.30: A: The area, marked by the red square, at the end of the stru
ture maps themeasured 
ross se
tions. The intensities along the short end of the square areaveraged and displayed (B). The pro�les have been normalized, i.e. the valuesare divided by the maximum intensity of the 
orresponding overall s
an.
hannels is observed as well as inhibited propagation throughout the narrowest line. Itis slightly indi
ated that waveguiding along the line of 3 missing defe
t rows, only o

ursfor 795nm.Con
luding RemarksModelling of elasti
 s
attering of SPPs has been 
arried out by employing the multiples
attering dipole approa
h treating the parti
les as point-like s
atterers. As far as sim-ple stru
tures are 
on
erned, there exists good resemblan
e between the measured andmodelled near-�eld intensity distributions. However, for larger stru
tures, with small
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tures 55inter-s
atter distan
es, it has proven di�
ult to obtain images whi
h bear de
ent 
om-parison with experimental investigations. The re�e
tivity and transmittan
e 
al
ulationsfrom the triangular and quadrati
 stru
tures of �gures 3.18 and 3.23, respe
tively, indi
atethe presen
e of a band gap. Based on a 
onsideration of energy 
onservation, the sum ofthe re�e
tivity and transmittan
e in these measurements must equal the unitary in
identintensity, whi
h is not the 
ase. A more pre
ise 
hoi
e in the value of the polarizabilitymay slightly improve this in
onsisten
y. However, in general, it seems unreasonable thatthe physi
al pi
ture may be justi�ed only for a very limited range of α.Mu
h of the e�orts in relation to modelling of SPPBG stru
tures have been 
on
entratedin �nding a proper value of the polarizability for ea
h spe
i�
 situation, i.e. by 
al
ulatingre�e
ted and transmitted intensity distributions for many α-values, in
luding 
omplexnumbers, prior to any image modelling. For this purpose, approximations introdu
edin the 
omputation pro
ess have proven quite helpful, thus redu
ing 
omputation timesand allowing more extensive investigations. It is quite 
lear that the treatment of thes
atterers as point-like is an approximation whi
h may be
ome in
reasingly unreasonableas the separation distan
es be
ome 
omparable to the s
atterer dimensions. Further studyof the polarizability and its wavelength dependen
e and of higher harmoni
s in the SPP�eld s
attered from an individual surfa
e defe
t [7℄, 
ould possibly prove helpful in thee�orts of improved modelling of SPPBG stru
tures.From the SNOM measurements of quadrati
 stru
tures it is observed that, with the rangeof investigation, no 
lear lo
al maximum of the damping 
onstant has been found, implyingno presen
e of a band gap. Clearly, the supposed band gap, from the modelling se
tion,at 790nm, is not seen. Instead, the de
aying tenden
y of the graph 
ould indi
ate aband gap towards the lower end of the investigated spe
trum. Investigations with theHe-Ne ex
itation sour
e 
ould extend the range of investigation. However, it should beborne in mind that the theoreti
al propagation length for light with this wavelength on asemi-in�nite gold surfa
e is approximately 7µm. Taking into a

ount additional radiationdamping, the propagation length is lowered even further, so the feasibility of applyingHe-Ne light is yet questionable.
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Chapter 4Con
lusionThe primary purpose of this proje
t has been to experimentally study the near-�eldpatterns of s
attered SPPs by means of SNOM. As a preliminary preparation to this,the shape of the strong SPP �eld, 
reated from a tightly fo
used ex
itation sour
e, hasbeen studied in detail for varying wavelengths. Several phenomena asso
iated with this,su
h as de
reased propagation length, beam waist dispersion and os
illations along theintensity pro�le, have been explained and modelled showing superior resemblan
e withthe experimental images. The subsequent dis
ussion has led to the suggestion that a
oated sharp �bre tip, thi
ker metal �lm layer and a lower angular range of in
ident light
omponents 
an provide smoother intensity pro�les, thus redu
ing the present side e�e
ts.SPP s
attering from simple stru
tures of low dimensional gold nano-parti
les has shownto be quite weak as 
on�rmed by SNOM measurements with a parallel ex
itation sour
e.Measured images of the simple stru
tures are dominated by strong external s
attering,possibly from larger defe
ts. By applying fo
used ex
itation light, the s
attered �eldpattern from a line array of nano-parti
les has been observed and modelled showing goodresemblan
e between theory and experiments.For the more extensive SPPBG stru
tures, the applied model for 
al
ulation of the SPP�eld intensity distribution has shown some limitations. Still, 
al
ulations of the re�e
tivityand transmittan
e have been 
arried out for SPP propagation in the ΓK- and ΓX-dire
tionin SPPBG stru
tures of triangular and quadrati
 latti
e arrays, respe
tively, ea
h with alatti
e 
onstant of 400nm. The results suggest SPP band gaps at 690nm for the triangularstru
ture and at 790nm for the quadrati
 stru
ture. Experimental SNOM measurementsof SPP propagation on a gold �lm 
overed with gold parti
les, arranged in a quadrati
SPPBG stru
ture with similar dimensions as the one investigated by modelling, show a
lear wavelength dependen
y of the SPP penetration into the stru
ture in agreement withsimilar investigations of random surfa
e plasmon nanostru
tures. However, in relation tothe band gap, the measurements show poor resemblan
e with the results of the modelling.Finally, SPP propagation in the same quadrati
 SPPBG stru
ture along 
hannels, in theform of lines of missing nano-parti
les, has been investigated experimentally by SNOMfor three di�erent wavelengths. The results indi
ate a strong inhibition of SPP propa-gation along the narrowest 
hannels whereas for 
hannels of 4 and 5 missing lines, SPPpropagation is evident.
57
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AppendixASurfa
e Plasmon PolaritonsThis appendix provides an introdu
tion to the phenomena asso
iated with SPPs. Sin
ethe �elds of SPPs are evanes
ent in nature, evanes
ent �elds in a total internal re�e
tions
heme is investigated in general in appendix B. This forms a basis for a des
riptionof SPPs, both from a phenomenologi
al and a theoreti
al perspe
tive. The fundamentalproperties, whi
h are investigated in the subsequent se
tion, lead to experimental param-eters important in the pro
ess of 
reating SPPs. Throughout the writing pro
ess of thisappendix [6℄, [19℄[pages 270 to 273℄ and [20℄[pages 1 to 6℄ are been used in general.Plasma Os
illationsThe basi
s of understanding the 
reation of a SPP involves an introdu
tion to the phe-nomenon known as plasma os
illations.Consider a metal having free ele
trons, meaning ele
trons 
apable of moving freely be-tween nu
lei. If, in addition, these are supposed to be 
ompletely una�e
ted by the nu
lei,the ele
trons are 
onsidered to be randomly distributed and to behave as a gas. In rela-tion to this, the 
orresponding nu
lei latti
e of positive ions is supposed to be uniformlydistributed with a positive 
harge distribution equal to the average ele
troni
 
harge dis-tribution but of opposite sign. This positive ba
kground 
harge density is assumed not to�u
tuate, sin
e the movement of nu
lei in a solid state matter is relatively small 
omparedto that of the ele
trons. The bonded ele
trons are omitted in this pi
ture, sin
e these arestrongly 
on�ned to be near the 
orresponding nu
leus. This model therefore treats a gas
omposed of ionized spe
ies, or free ele
trons - a plasma.The ele
tron gas density may vary due to external ex
itations. If the ele
troni
 
hargedensity is redu
ed lo
ally, the positive nu
lei latti
e is less s
reened by the ele
troni

harges. Ele
tron s
reening means that the positive ion is 
overed by a 
loud of ele
tronsopposing the Coulomb potential, implying that the Coulomb potential of the ion is moresigni�
ant the less the s
reening. Due to the strong tenden
y that 
harge neutrality mustbe obtained, the restoring for
e 
auses too many ele
trons to move to the positive regionthus over
ompensating for the lo
al 
harge density redu
tion. The repulsive Coulombfor
e between the 
lose pa
ked 
ompensating ele
trons produ
es motion in the oppositedire
tion and the lo
al ele
troni
 
harge density is on
e more redu
ed. This pro
ess re-peats itself as longitudinal os
illations of the plasma throughout the matter - thereby the
on
ept of plasma os
illations. Figure A.1 
ontains an illustration of plasma os
illations.
59
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Figure A.1: Plasma os
illations of an ele
tron gas - the bright and dark 
olors are relatedto areas of low and high ele
tron density, respe
tively. The red arrows indi
atethe displa
ement of the ele
trons.PlasmonsThe energy of a plasma os
illation is quantized and the quanta are 
alled plasmons inanalogy with photons, phonons et
. The energy of plasmons in the bulk of a material is
~ωp, where ωp is the plasma frequen
y.An expression for this frequen
y 
an be obtained by applying the equation of motion ofa unit volume of the ele
tron gas

nme
d2u

dt2
= −neE = −neneu

ǫ0
, (A.1)where n is the ele
tron 
on
entration and u is the displa
ement of the ele
tron gas 
reatingthe ele
tri
 �eld E = neu

ǫ0
whi
h a
ts as a restoring for
e on the gas. The os
illatory move-ment has the time dependen
e e−iωpt giving the relation d2u

dt2
= −ωp

2u. Hen
e, applyingthis with (A.1), the plasma frequen
y in a bulk plasma of free ele
trons is
−nmeωp

2u =
−n2e2u

ǫ0

ωp =

√

ne2

meǫ0
. (A.2)Additionally, (A.1) is applied to 
al
ulate the displa
ement of the ele
tron gas in general

u =
eE

meω2
,where ω no longer is the plasma frequen
y, but an arbitrary frequen
y giving the timedependen
y of the free ele
trons. This is now used to 
al
ulate the polarization P (ω)

P (ω) = −neu = −ne
2E(ω)

meω2
.



61The diele
tri
 fun
tion for a gas is de�ned as
ǫ(ω) = 1 +

P (ω)

ǫ0E(ω)

= 1− ne2

ǫ0meω2

= 1− ωp
2

ω2
(A.3)In the last rewriting (A.2) is applied.Surfa
e Plasmon PolaritonsSurfa
e plasmon polaritons are, as the name indi
ates, related to plasma os
illations
on�ned to the surfa
e of a material 
ontaining an ele
tron gas. The additional word"polariton" refers to the 
oupling between the surfa
e os
illation and an ele
tromagneti
wave.Opti
al ex
itations from s- and p-polarized waves are 
onsidered. S-polarized waves areperpendi
ular to the plane of in
iden
e, that is E(z) = Ey(z). In this 
ase it is notpossible to ex
ite SPPs sin
e s-polarized surfa
e os
illations are non-existent due to thetangential ele
tri
 �eld being 
ontinuous a
ross the surfa
e produ
ing no surfa
e 
harge[7℄[page 27℄.In �gure A.2 the �eld 
on�guration of SPPs propagating in the x-dire
tion at a metal-airinterfa
e is shown. Charge os
illations o

ur in the x- and z-dire
tion. In the latter 
ase,

++ + +- - - - x

z
b

m

d

Figure A.2: The 
harge �u
tuations involved in SPPs propagating on a surfa
e in thex-dire
tion. β is the propagation 
onstant.this happens within a small distan
e of 1Å. The SPPs propagate along the x-dire
tion.This implies that they 
onsist of a 
ombined transverse (z-dire
tion) and longitudinal



62 Appendix A: Surfa
e Plasmon Polaritons(x-dire
tion) ele
tromagneti
 �eld thereby exhibiting 
ombined ele
tromagneti
 wave andsurfa
e 
harge 
hara
ter. This leads to the �eld 
omponents normal to the surfa
e de
ay-ing exponentially into both media, see �gure A.3 thus e�e
tively 
on�ning the SPPs tothe surfa
e.
x

z

m

d

Ez
|   |

b

Figure A.3: SPPs propagating in the x-dire
tion. The ele
tri
 �eld in the z-dire
tion isde
aying exponentially.The range of eigen frequen
ies of the longitudinal os
illations of the propagating SPPs iswithin ω = 0 to ω = ωp√
2
[20℄ [page 1℄, with a dispersion relation ω(kx) slightly di�erentthan, and non-interse
ting, that of the light. Appendix C treats the theoreti
al andpra
ti
al 
onsiderations in mat
hing the wave ve
tors of, and thereby 
oupling, surfa
eplasma os
illations and photons.Fundamental PropertiesFundamental properties of the ele
tromagneti
 �elds of SPPs, su
h as dispersion relationand propagation, are treated theoreti
ally in this se
tion.Consider the interfa
e between two semi-in�nite media of diele
tri
 air and metal, �gureA.2, with the diele
tri
 fun
tion εm = ε

′

m + iε
′′

m. The aim of the following is to obtainan expression of the wave propagating on the interfa
e between the two media. ThroughMaxwell's equations the wave equation 
an be obtained
∇2

E− ε

c2
∂2

E

∂t2
= 0. (A.4)A solution to this equation is known to be a plane wave on the form E = Ee−iωt. Applyingthis solution to (A.4) gives the Helmholtz equation

∇2
E +

ω2

c2
εE = 0⇒

∂2
E

∂x2
+
∂2

E

∂z2
+
ω2

c2
εE = 0. (A.5)The y-
omponent of the ∇-operator vanishes be
ause all the 
onsidered waves are in thexz-plane. The Helmholtz expression for a �eld is ψ(x, z) = ψ(z)eiβx, where β is the



63propagation 
onstant. Substitution of this into (A.5) yields
−β2ψ(z)eiβx +

∂2

∂z2
ψ(z)eiβx + εk0

2ψ(z)eiβx = 0⇒ (A.6)
∂2

∂z2
ψ(z) + (εk0

2 − β2)ψ(z) = 0. (A.7)The asso
iated ele
tri
 �eld ve
tor of the p-polarized waves are in the xz-plane, implyingthat the magneti
 �eld is oriented in the y-dire
tion. The attention is turned to this�eld H(z) = Hy(z) in the analysis. The two boundary 
onditions for the waves are
ontinuity for H(z) and ∂H(z)
∂z

at the interfa
e z = 0. To verify the 
ondition for ∂H(z)
∂z

oneof Maxwell's equations is used
∇×H = iωεE ⇒
Ex(z) =

i

ωε

dHy(z)

dz
and (A.8)

Ez(z) =
−i
ωε

dHy(z)

dx
. (A.9)Sin
e the slope of the x-
omponent of the ele
tri
 �eld 
hanges abruptly at z = 0, as 
anbe seen in �gure A.3, this 
ondition 
an only be ful�lled if εm < 0 and εd > 0.The boundary 
onditions for H(z) are now veri�ed. If the two media are assumed tohave two di�erent relative diele
tri
 
onstants εm and εd, (A.7) provides two equations tosolve, one for ea
h medium

∂2Hm(z)

∂z2
+ (εmk0

2 − β2)Hm(z) = 0 and
∂2Hd(z)

∂z2
+ (εdk0

2 − β2)Hd(z) = 0.With the exponential de
ay of the SPPs into ea
h of the media two solutions to theseequations are
Hm(z) = Ae

√
β2−εmk0

2z and (A.10)
Hd(z) = Be−

√
β2−εdk0

2z. (A.11)These magneti
 �elds are 
ontinuous at z = 0 provided that A = B. (A.8) and (A.9) givethe boundary 
onditions for ∂H(z)
∂z

. Di�erentiation with (A.10) and (A.11) inserted yields
− 1

εd

√

β2 − εdk0
2 =

1

εm

√

β2 − εmk0
2 ⇒

β2(εd
2 − εm

2) = k0
2(εmεd

2 − εdεm
2)⇒

β2 = k0
2 εmεd(εd − εm)

(εd − εm)(εd + εm)
⇒

β = k0

√

εdεm

εd + εm
. (A.12)
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Figure A.4: Dispersion relations for the light in va
uum (blue line) and for SPPs (greenline). The maximum frequen
y allowed for SPPs, shown by the dashed line,is given by ωp√
1+εd

. The two lines are non-interse
ting.This is the dispersion relation for SPPs, and β is the propagation 
onstant. Hereby thene
essary boundary 
onditions are ful�lled, and it is shown that TM-waves, εm < 0 and
εd > 0, are ne
essary to generate SPPs. Additionally, sin
e β is a propagation 
onstant,(A.12) must be positive. Sin
e εm and εd are of opposite sign the nominator is negative,and thus the denominator must be negative. Substitution of (A.3) into (A.12) yields

β = k0

√

√

√

√

√

(

1− ωp
2

ω2

)

εd

1− ωp
2

ω2 + εd

. (A.13)As mentioned previously the denominator must be negative
1− ωp

2

ω2
+ εd < 0 ⇒

ω <
ωp√

1 + εd

. (A.14)This expression is depi
ted in �gure A.4, showing the maximum frequen
y for generatingSPPs.The magneti
 �eld is dire
ted along the y-axis when operating with TM-waves. This �eldis evanes
ent and expressed as
H(x, z) = Hye

iβxe±
√

β2−εmk0
2z. (A.15)Sin
e β = k0

√

εmεd

εm+εd
and εm = ε

′

m + iε
′′

m, β will be of the 
omplex form β = β
′

+ iβ
′′ .Cal
ulation of β ′ gives

β
′

= k0

√

ε′mεd

ε′m + εd
=

2π

λ0

√

ε′mεd

ε′m + εd
. (A.16)Expressing β ′ as a wave ve
tor

β
′

=
2π

λSP

,



65where λSPP is the wavelength of the SPPs, makes it possible to evaluate the SPP wave-length. Combining this expression with (A.16) gives
2π

λSPP
=

2π

λ0

√

ε′mεd

ε′m + εd
⇒

λSPP = λ0

√

ε′m + εd

ε′mεd
. (A.17)The intensity of the magneti
 �eld is the square of the absolute value given by (A.15)

|H(x, z)|2 = Hy
2e−2β

′′

xe2
√

β2−εmk0
2z. (A.18)It is the real part of this expression that des
ribes the intensity. The wave is propagating inthe x-dire
tion, and from (A.18) the damping in this dire
tion is e−2β

′′ . The propagationlength LSPP is de�ned as the distan
e along the propagation dire
tion, at whi
h theintensity of the SPP is 1
e
of its initial value. Therefore

−2β
′′

LSPP = −1⇒
LSPP =

1

2β ′′
. (A.19)Where β ′′ is 
al
ulated as

β
′′

=
ω

c

(

ε
′

mεd

ε′m + εd

)3/2
ε
′′

m

2(ε′m)2
. (A.20)Similarly the penetration depth is de�ned as the distan
e from the surfa
e where theamplitude of the magneti
 �eld has de
reased to 1

e
of its initial value. For metals it isoften the 
ase that |ε′m| ≫ ε

′′

m. By taking this into 
onsideration when 
al
ulating β ′ and
β

′′ from (A.16) and (A.20) it is possible to state that β ′ ≫ β
′′. Therefore, only the realparts of β and ε are taken into a

ount when 
al
ulating the penetration depth, from(A.10), giving

−
√

β ′2 − ε′mk0
2dm = −1 ⇒

dm =
1

√

β ′2 − ε′mk0
2
,where the negative sign on the left hand side 
orresponds to all values for z being negativein the metal. Repla
ing β ′ with the expression in (A.16) gives

dm =
1

√

k0
2 ε′mεd

ε′m+εd
− ε′mk0

2
=

1

k0

√

ε′mεd−ε′m
2−εdε′m

ε′m+εd

⇒

dm =
1

k0

√

−ε′m
2

ε′m+εd

=
λ

2π

√

ε′m + εd

−ε′m2 .
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Figure A.5: Simulation of the intensity distribution of the �eld from SPPs ex
ited at origoin the (x,z,I)-
oordinate system at a silver-air interfa
e with a sour
e wave-length of 633nm. The propagation length in this situation is LSPP = 21, 3µm.Similar 
al
ulations 
an be made for the diele
tri
 medium giving the result
dd =

λ

2π

√

ε′m + εd

−ε′d
2 . (A.21)The relations mentioned on this and the previous pages are used to determine the valuesof some fundamental parameters of SPPs, whi
h are important in the understanding ofSPP behavior of interfa
es of di�erent materials. Additionally, a simulation of the SPP�eld intensity distribution is 
arried out as shown in �gure A.5. The simulation is basedon the intensity of the ele
tri
 �eld, expressed as

E(x, y) = E0e
iβxe−y/d where

d = dd for y ≥ 0 and d = −dm for y < 0.



AppendixBEvanes
ent FieldsAs it will be explained more 
arefully throughout this appendix, SPPs are 
on�ned toan interfa
e and the belonging ele
tri
 �elds are de
aying exponentially into ea
h media.Due to this exponentially de
aying nature, the �elds are 
alled evanes
ent, so this se
tion
onsists of a short des
ription of evanes
ent �elds in general.The treatment of evanes
ent �elds takes basis in the 
ommon situation of a plane wavein
ident on a �at interfa
e between two homogeneous media, see �gure B.1, where the

r

t

n

k

kx

kz

x

z

n

medium 2

medium 1

1

2

Figure B.1: A plane wave impinging on a �at surfa
e. Sin
e the plane of in
iden
e is thex-z plane, the wave ve
tor k is des
ribed only by a x- and a z-
omponent. Therefra
tive indi
es are related as n1 > n2.refra
tive indi
es and the angles are des
ribed through the 
ommon relationships of
θ = θr and

n1 sin θ = n2 sin θt. (B.1)If the in
ident angle is in
reased 
onsiderably, θt approa
hes 90◦ and the in
ident angleequals the 
riti
al angle given by θ(θt = 90◦) = θc = sin−1 n2

n1
as seen from (B.1). Whenthe in
ident angle is beyond the 
riti
al angle the interpretation of θt as an angle is invalidsin
e

sin(θt) =
n1

n2
sin(θ) > 1. (B.2)In this 
ases there is no propagation of light, or transport of energy, into medium 2 andtotal internal re�e
tion o

urs. Nevertheless, opti
al �elds in medium 2 are present butdiminishing evanes
ently at short distan
es from the interfa
e along the z-dire
tion. Anillustration of this situation is given in �gure B.2.67
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i
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Figure B.2: Total internal re�e
tion from an interfa
e 
aused by an in
ident angle equal toor larger than the 
riti
al angle. The evanes
ent �eld is de
aying exponentiallyinto medium 2.Evanes
ent Field StrengthThe �rst step in the pro
ess of dedu
ing an expression of the evanes
ent �eld strength isto �nd a solution to the wave equation. By applying one of Maxwell's equations this isderived in the two dimensions of the plane of in
iden
e
(

∂2

∂x2
+

∂2

∂z2

)

E − n2

c2
∂2E

∂t2
= 0.Substitution of the expression of a mono
hromati
 wave, with the time dependen
e eiωt,into this equation yields

(

∂2

∂x2
+

∂2

∂z2

)

E +
(ωn

c

)2

E = 0. (B.3)A solution to this wave equation is known to be plane wave on the form E = Aeik·r. Withsu
h a plane wave de�ned in the 
oordinate system shown in �gure B.1, it is 
lear that
ky = 0. The solution to the �eld in medium 2 then be
omes

E(x, z) = Aei(kxx+kzz). (B.4)By inserting this into (B.3) the dispersion relation is obtained
k2

x + k2
z =

(ωn2

c

)2

= k2. (B.5)Evidently, the following expressions of the x- and z-
omponents of k are possible by useof Snell's law and the dispersion relation
kx = k sin θt =

ω

c
n2 sin θt =

2π

λ0

n1 sin θ and (B.6)
kz = k cos θt.



69(B.4) is now rewritten using (B.5)
E(x, z) = Aei(kxx+

√
k2−k2

xz). (B.7)The following two 
ases are 
onsidered:
• Refra
tion: the situation sket
hed in �gure B.1 where the beam is split into arefra
ted and a transmitted part.
• Total internal re�e
tion: The situation of �gure B.2 showing no transmission.In the 
ase of refra
tion, sin θt < 1 and therefore, a

ording to the �rst two terms in (B.6),

|kx| < k. This leads to the opti
al �eld strength in medium 2 being expressed as
E(x, z) = Aeikxxei

√
k2−k2

xz = Aei sin(θ)xei cos(θ)z.This �eld 
onsists of two waves in the x- and z-dire
tion. Their exponents are purelyimaginary and therefore they are both os
illating propagating waves and the damping,whi
h 
hara
terizes evanes
ent waves, is not present. Hen
e, this expression representsan ordinary propagating mono
hromati
 wave.In the 
ase of total internal re�e
tion, the notion of θt as an angle be
omes invalid, sin
e,a

ording to Snell's law, sin θt > 1 as shown in (B.2). A

ording to the �rst two terms in(B.6), |kx| ≧ k. This gives two solutions for kz in (B.7), that is kz = ±i
√

k2
x − k2. Withthese the opti
al �eld of medium 2 now be
omes

E(x, z) = Aeikxxe∓
√

k2
x−k2z.The physi
al reasonable solution to kz has a negative sign for z ≥ 0, sin
e the z-
omponentotherwise would rea
h in�nity at a growing distan
e z. In the 
ase of total internalre�e
tion, evanes
ent waves in the z-dire
tion are a
hieved.In order to illustrate the evanes
ent �eld distribution, a simulation of the intensity of this�eld, I = |E(x, z)|2, has been 
arried out, see �gure B.3. As indi
ated by the �gure,evanes
ent �elds are strongly 
on�ned to the interfa
e, sin
e these seem to appear mostlywithin a sub wavelength distan
e from the interfa
e.
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Figure B.3: Simulation of the evanes
ent �eld intensity near an interfa
e. The value kxhas been 
al
ulated a

ording to (B.6) and the remaining parameter values are
np = 1.5, θi = 45◦ and λ0 = 632, 8nm.



AppendixCEx
itation of Surfa
e PlasmonPolaritonsIn order to monitor ex
itation of SPPs a phenomenon known as attenuated total re�e
tion(ATR) is applied. As indi
ated by the name, light impinging an interfa
e is totallyre�e
ted but yet attenuated, sin
e some of the photons are 
onverted into SPPs. A setupfor generating SPPs using ATR is the Krets
hmann 
on�guration shown in �gure C.1.In �gure A.4 on page 64 it has been demonstrated that the dispersion 
urves for thelight line in va
uum and the SPPs are non-interse
ting, indi
ating that it is not, at �rst,possible to mat
h the waveve
tors of light and surfa
e plasmons. The main idea withthe Krets
hmann 
on�guration is to enhan
e the wave ve
tor of the applied light, via thedispersion of the prism, in order to 
ouple with the surfa
e plasmons.In �gure C.2 the dispersion line of va
uum and a prism is 
ompared with the dispersionline of surfa
e plasmons in silver. The dispersion line of the x-
omponent of the prismwave ve
tor mat
hes that of the SPP wave ve
tor at the frequen
y ω1, as both ve
torsare similar both in magnitude and dire
tion. Hen
e, in this parti
ular 
ase it is possibleto ex
ite SPPs. Simply this means that the in
ident angle, the frequen
y of applied lightand the refra
tive index of the prism are adjusting parameters de
isive for the possibilityof generating SPPs. The 
orrelation between these parameters are investigated in thesubsequent text.The SPPs propagate along the interfa
e between the metal and air. This means that
εd = 1 in the following. For the dispersion relation (A.12) this gives

β = k0

√

εmεd

εm + εd
= k0

√

ε

ε+ 1
, (C.1)where the diele
tri
 
onstant for the metal has been simpli�ed to εm = ε. Sin
e the greendispersion 
urve representing β in �gure A.4 is to the right and non-interse
ting the bluedispersion line of k0 a requirement for generation of SPPs is

β =

√

ε

ε+ 1
k0 > k0 ⇒

ε < −1.This requirement for the value of ε is the 
ase for most metals, but not for glass. This isthe reason for the requirement of the thin layer of metal. From �gure C.1 the x-
omponentof in
ident �eld on the metal layer inside the prism is
kxp = k0npsin(θ)71
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Figure C.1: The Krets
hmann 
on�guration. By using an additional prism metal inter-fa
e, it is possible to 
ouple photons with the surfa
e plasma os
illations al-lowing ex
itation of SPPs.
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Figure C.2: The dispersion relation of va
uum (blue line) and a glass prism with √εp = 1.5(red line). The 
orresponding x-
omponents of the va
uum and prism waveve
tors are shown as the purple and turquoise lines respe
tively. The SPPdispersion line has been generated for silver by applying the SPP wave ve
torexpression in (A.13). The plasma frequen
y is 
al
ulated using (A.2) on page60 with a 
ondu
tion ele
tron density of 5, 85 · 1028m−3.



73Where np is the refra
tive index for the prism and k0 is the wave ve
tor in va
uum. If
kxp < k0 it gives

k0npsin(θ) < k0 ⇒
npsin(θ) < 1.Snell's Law: npsin(θ) = nairsin(θ

′

) = sin(θ
′

)This means that Snell's law is valid and the light is transmitted. For kx > k0 it is similar toshow that Snell's law is invalid and TIR is obtained. But for the angle of SPP ex
itation,at kxp = β, the re�e
ted light is attenuated 
orresponding to ex
itation of SPPs. From(C.1) the following is obtained
k0npsin(θ) = k0

√

ε

ε+ 1
⇒

npsin(θ) =

√

ε

ε+ 1
. (C.2)One way of �nding this angle in pra
ti
e is to measure the re�e
tivity as a fun
tion of thein
ident angle. An expression for the re�e
tivity is derived in appendix E by treating theKrets
hmann 
on�guration as a three layer system with multiple re�e
tions within themetal �lm. The expression is

R(θ) =

∣

∣

∣

∣

rpm + rmaire
2ikzmd

1 + rpmrmaire2ikzmd

∣

∣

∣

∣

2

, (C.3)where rpm and rmair are re�e
tion 
oe�
ients at the prism-metal and metal-air interfa
erespe
tively. These are given by [20℄[page 120℄
rpm =

kzp

εp
− kzm

εm

kzp

εp
+ kzm

εm

and (C.4)
rmair =

kzm

εm
− kzair

εair

kzm

εm
+ kzair

εair

,where the z-
omponent of the wave ve
tor of the proper medium is expressed as
kz(p,m,air) =

2π

λ0

√

ε(p,m,air) − ε0sin2(θ). (C.5)Hen
e, the angle of minimum re�e
tion in (C.3) will 
orrespond to maximum ATR.
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AppendixDPhysi
s of Attenuated TotalRefle
tionPhysi
al explanations to ATR in the Krets
hmann 
on�guration are provided in thisappendix viewed from two di�erent perspe
tives; by means of ray tra
ing and by meansof enhan
ement of the SPP wave ve
tor due to the near presen
e of the prism medium.These ideas are developed further below.Ray Tra
ing Pi
tureConsider a light ray impinging the prism-metal layer at the in
ident angle for SPP ex-
itation - it is partly re�e
ted and partly transmitted. The transmitted part traversesthe metal layer approa
hing the metal-air interfa
e and is de
aying exponentially alongthe way due to internal damping in the silver. Subsequently, the remaining light indu
esSPP ex
itations at the metal-air interfa
e. At this instant, the re�e
ted light at theprism-metal interfa
e 
ontinues and leaves the Krets
hmann 
on�guration.The near presen
e of the prism medium 
auses some of the SPPs to radiate light ba
kinto the prism, ba
ks
attered light. This radiation is in antiphase with the re�e
ted lightat the prism-metal interfa
e. The ba
ks
attered light then interferes destru
tively withthe re�e
ted light, but the ba
ks
attered amplitude Aback is initially quite low 
omparedto the re�e
ted amplitude Ar and ATR is unnoti
eable. However, as the SPPs propagatealong the surfa
e the SPP amplitude is being built up to a stable level due to a 
ontinuoussupply of ex
itation light giving an in
reased Aback and thereby in
reased ATR. As thethi
kness of the metal layer is de
reased, the internal damping of the transmitted parttraversing the metal layer is de
reased and naturally the degree of ex
itation of SPPsis in
reased. This 
ontributes to an in
rease in Aback and at a 
ertain thi
kness theba
ks
attered and the re�e
ted light even 
ompensate ea
h other. This is the situation oftotal ATR and thereby maximum SPP ex
itation e�
ien
y. In prin
iple, sin
e no energyis leaving the system, everything is eventually transferred into heat in the metal �lm attotal ATR. A further de
rease in the thi
kness leads to a larger Aback whi
h is then notfully 
ompensated by the smaller Ar giving a non-zero re�e
tivity from the sample.SPP Wave Ve
tor Enhan
ementThe SPP wave ve
tor in the interfa
e between two semi-in�nite media has been derivedpreviously in this 
hapter, (A.13) on page 64. This is not the 
ase with the Krets
hmann
on�guration, whi
h deals with a metal layer of �nite thi
kness. In this explanation totalinternal re�e
tion is assumed at the prism-metal interfa
e. The generated evanes
ent75
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s of Attenuated Total Refle
tionwave in this interfa
e ex
ites SPPs at the metal-air layer as long as the thi
kness of themetal �lm is relatively small. At a small thi
kness the evanes
ent light wave is 
apable ofin�uen
ing the SPP wave ve
tor adding an additional term to it
βKretschmann = β + ∆β.The real part of ∆β 
auses a displa
ement of the resonan
e position 
ompared to β. Asdemonstrated previously in this 
hapter, in the 
ase of an interfa
e between two semi-in�nite media, the damping of the SPP is given by β ′′ , whereas in the present situationthe total damping amounts to

Γtotal = β
′′

+ ∆β
′′

= Γi + Γback,showing that an additional ba
ks
attered damping is present in the Krets
hmann 
on�gu-ration. Cal
ulations performed in [20℄[Appendix II℄ yield a re�e
tivity relation expressedin terms of the internal and ba
ks
attered damping
R = 1− 4ΓiΓback

(kxp − (β + ∆β))2 + (Γi + Γback)2
. (D.1)The value of Γback needed to provide minimum re�e
tivity of R in the resonan
e 
ase,where kxp = β + ∆β, 
an be found by means of di�erentiation of (D.1)

dR

dΓback
=

4Γi(Γi + Γback)
2 − (2Γi + 2Γback)4ΓiΓback

(Γi + Γback)4
= 0⇒

Γback = Γi. (D.2)The thi
kness of the metal layer may be adjusted thereby 
hanging the value of Γbackimplying that a 
ertain thi
kness gives total ATR thus ful�lling the 
ondition in (D.2).In relation to this it should be mentioned that the propagation length of SPPs in thisresonan
e 
ase is halved by 
omparison with the relation in (A.19) on page 65semi-in�nite media : LSPP =
1

2β ′′
=

1

2Γi

andTotal ATR : LSPP,ATR =
1

2(Γi + Γback)
=

1

2
LSPP . (D.3)In addition to the physi
al explanation, the e�e
ts of 
hanging parameters of the expres-sion in (C.3) are hen
eforward studied in detail, explained and demonstrated throughsimulations.Thi
knessThe e�e
t of a 
hanging thi
kness parameter is illustrated in �gure D.1 using �ve di�erentvalues of the metal layer thi
kness. This seems to be a powerful parameter stronglyresponsible for the degree of maximum ATR and the shape of the graph. As mentionedin the previous se
tion total ATR is only possible at a 
ertain thi
kness dmin whi
h, in
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q [degrees]Figure D.1: Simulation of re�e
tivity using di�erent thi
knesses of the silver layer. Theapplied parameters are εAg = −16 + 1.1i, np = 1, 5 and λ0 = 632, 8nm. Theapplied thi
kness value is in
reasing from dAg = 35nm (blue line) in intervalsof 5nm up to dAg = 55nm (purple line).
addition, is shown by this simulation. The half-width of the re�e
tion minimum 
urve isin
reased by de
reasing thi
kness. The reason is obvious when 
onsidering the fra
tion of(D.1). As the thi
kness be
omes small, Γback in
reases. This makes the term (Γi +Γback)

2in
reasingly dominant 
ompared to (kxp − (β + ∆β))2. The latter term is a fun
tionof θ, so a relatively broad range of θ angles, around the re�e
tion minimum, gives lowre�e
tivity and thereby a large half-width. In the opposite 
ase, when the thi
kness islarge, the denominator term (Γi + Γback)
2 → Γ2

i and the fra
tion be
omes in
reasinglysensitive to 
hanges in the term (kxp − (β + ∆β))2. Consequently the half-width of there�e
tion minimum in this 
ase be
omes small.It is observed that the minimum of the re�e
tion 
urves is displa
ed to the right withde
reasing thi
kness. The reason to this is found in the real part of ∆β. As the thi
knessis de
reased, the SPP 
omes 
loser to the evanes
ent wave at the prism-metal interfa
e andits wave ve
tor is therefore in
reasingly in�uen
ed. At small thi
knesses ∆β
′ is in
reasedand the kxp wave ve
tor has to be enhan
ed to obtain resonan
e. This is done by in
reasingthe in
ident angle, thus displa
ing the re�e
tion minimum to the right along the angleaxis.In order to further evaluate the 
ertain values of dmin, the minimum re�e
tion of two sam-ples, with a silver layer and a gold layer respe
tively, is 
al
ulated at various thi
knessesin the interval from 1nm to 100nm, see �gure D.2. For the sample of silver layer ATRo

urs at 45nm whereas for the gold sample this happens at 53nm. This information isof great importan
e if one wants to 
onstru
t an ATR 
oupler with re�e
tion minimumnear zero.
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Figure D.2: Cal
ulated re�e
tion minima from a sample with a silver layer (blue) and agold layer (green) at various thi
knesses. The thi
kness parameter is in
reasedin steps of 1nm.Refra
tive Index of the PrismSuppose one takes 
ount of an o�set error in the angular measurement, this merely shiftsthe re�e
tivity graph to one of the sides not a�e
ting the tenden
y of the graph. Similarly,this is the 
ase for a 
hange, within a reasonable range, of the refra
tive index of the prism,whi
h is illustrated in �gure D.3. The reason to this is rather obvious. As mentioned onpage 71 the dispersion of the prism is used to enhan
e the wave ve
tor of the applied light,in order to 
ouple with SPPs. Therefore, the larger the refra
tive index of the prism thelarger the wave ve
tor kp and hen
e a smaller in
ident angle at the prism-metal interfa
eis needed to enhan
e the value of the x-
omponent of kp to the value of the SPP waveve
tor.Diele
tri
 Constant of the MetalThe e�e
t of 
hanges in the real an imaginary part of the diele
tri
 
onstant of the metalare illustrated in �gure D.4. An in
rease in the real part of εm seems to broaden thepeak and shift the in
ident angle of maximum ATR. This peak is similarly broadenedwhen in
reasing the imaginary part, but in addition, the amount of maximum obtainableATR seems strongly dependent on this parameter. The explanation to the shift in there�e
tion minima is found by 
onsidering the SPP dispersion relation, (A.16) on page 64
β

′

= k0

√

ε′m
ε′m + 1

.An in
rease in ε′m 
auses an in
rease in β ′ . For instan
e, the SPP dispersion at the blueline, β ′

= k0

√

−14
−13

is larger than the dispersion at the purple line, β ′

= k0

√

−18
−17

. Inthe 
ase of ∆β
′ this value is similarly in
reased with in
reasing ε′m. This is veri�ed by
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Figure D.3: Re�e
tion 
urves in the 
ase of 3 di�erent values of the refra
tive index. Theseare 1,5 (blue), 1,55 (green) and 1,6 (red). The laser wavelength and the thi
k-ness and diele
tri
 
onstant of the silver layer are λ0 = 632, 8nm, d=45nmand εm = −16 + 1.1i.
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Figure D.4: Re�e
tion 
urves of various values of the real (left graph) and imaginary (rightgraph) value of the diele
tri
 
onstant of the metal. In the left graph the valuesare de
reased from εm = −14 + 1.1i (blue) in steps of 1 to εm = −18 + 1.1i(purple). The right graph represents in
reasing diele
tri
 values going from
εm = −16 + 0.1i (blue) in steps of 1i to εm = −16 + 4.1i (purple). Theremaining parameters are np = 1, 5, d = 45nm and λ0 = 632, 8nm.
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Figure D.5: Re�e
tion 
urves for silver and gold at optimal thi
knesses of 45nm and 53nmrespe
tively. Total ATR of gold o

urs at an in
ident angle of 45,2◦.
onsidering the expression ∆β = k · rpmβ, whi
h is a simpli�
ation of a longer expressionprovided by [20℄[page 12℄, where an in
rease in ε′m 
auses an in
rease in both the 
onstant
k and β. This implies that the in
ident angle must be in
reased with in
reasing β ′ inorder to enhan
e kxp to the 
ase of resonan
e given by (kxp − (β + ∆β))2 = 0.The reason to the broadening in both set of graphs in �gure D.4 is depi
ted by 
onsideringthe fra
tion term of (D.1). In the 
ase of an in
rease in ε′m the term β + ∆β be
omesmore dominant allowing a broader range of kxp values and thereby θ values. A similarexplanation is valid for the broadening of the re�e
tion minima due to an in
rease in theimaginary part of the diele
tri
 
onstant of the metal, but in this 
ase the term (Γi+Γback)

2is in
reasingly dominant, sin
e ε′′m is proportional to Γi

d
.Only the green graph in the right window of �gure D.4 depi
ts total ATR, whereas theminima of the remaining are displa
ed upwards. Total ATR is possible only when thetwo 
onditions Γi = Γback and d = dmin are ful�lled. This is explained by the 
ondition

Γi = Γback, whi
h o

urs at a larger thi
kness if the ε′′m-value is small, and vi
e versa.Re�e
tion Curves for Total ATRIn order to 
on
lude the issues just treated, the re�e
tion 
urves of samples of silver andgold at the 
orresponding optimal thi
knesses are shown in �gure D.5. It is possible toevaluate the value of the half-width of these re�e
tion 
urves by means of the following:ATR is based on destru
tive interferen
e between the ba
ks
attered and re�e
ted light,ea
h having phase velo
ities β ′ and kxp and thereby phase dependen
ies of eiβ
′

x+π and
eikxpx respe
tively. The SPPs are 
onverted into ba
ks
attered light at a travelled distan
eof, on average, LSPP,ATR. If the phase 
hange of the ba
ks
attered and re�e
ted light isexa
tly equal, the destru
tive interferen
e is retained, even at the distan
e LSPP,ATR.



81Now suppose there is a small di�eren
e in phase velo
ity of the re�e
ted beam due toa 
hange in the angle of in
iden
e, δθ. If the 
hange builds up along the propagationdistan
e, 
onstru
tive interferen
e 
ould be observed instead. The phase di�eren
e in thissituation is then 0 expressed as
δφ = β

′

2LSPP,ATR + π − kxp2LSPP,ATR = 0. (D.4)The fa
tor of 2 is present sin
e the interferen
e e�e
t depends on the amplitudes and notthe intensities. The propagation length of the SPP in terms of the amplitude is then twi
ethat of the intensity. This is seen by 
omparing the exponential de
ay in the expressionsof the amplitude and intensity of the H �eld provided, respe
tively, by (A.15) and (A.18)on page 64. Sin
e β ′ 
an be expressed in terms of kxp = k0np sin θ0 at the angle of totalATR, θ0, (D.4) reads
(k0np sin θ0 − k0np sin θ)2LSPP,ATR = π.This may be applied to dedu
e the value δθ = (θ0 − θ) whi
h is interpreted as the half-width of the re�e
tion minimum
δθk0np cos θ =

π

2LSPP,ATR

⇒

δθ =
λ0

4np cos θLSPP,ATRFor silver and gold this gives a values of approximately 0.8◦ and 2.4◦ respe
tively. This
orresponds quite well to the half-widths of the re�e
tion 
urves of �gure D.5.
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AppendixERefle
tivity From a Three LayerSystemThe total re�e
tion from a three layer system, su
h as a prism/metal/air system, is derivedby 
onsidering the multiple re�e
tions. The situation is sket
hed in �gure E.1. One wayto pro
eed is to 
onsider the total re�e
tion 
oe�
ient at the prism-metal interfa
e as asum of the 
oe�
ients of all individual light waves propagating in the prism away fromthe metal-prism interfa
e. The phase di�eren
e between ea
h re�e
tion wave is 
learly
∆φ = 2kzmd, (E.1)sin
e the path di�eren
e in the z-dire
tion is twi
e the distan
e of the metal layer. Thisgives the following for the total re�e
tion 
oe�
ient

r = rpm + tpmrmairtmpe
i∆φ + tpmrmaire

i∆φrmprmairtmpe
i∆φ

+ tpmrmaire
i∆φrmprmaire

i∆φrmprmairtmpe
i∆φ + . . .

= rpm + tpmrmairtmpe
i∆φ(1 + rmprmaire

i∆φ + (rmprmaire
i∆φ)2 + . . .). (E.2)Sin
e 1 + x+ x2 + x3 + ... = 1

1−x
for |x| < 1, (E.2)is rewritten

r = rpm +
tpmrmairtmpe

i∆φ

1− rmprmairei∆φ
.Knowing that tpmtmp = 1−r2

pm and rmp = −rpm, the total re�e
tion 
oe�
ient is expressedwithout the transmission 
oe�
ients
r =

rpm − rpmrmprmaire
i∆φ + rmaire

i∆φ + rpmrmprmaire
i∆φ

1− rmprmairei∆φ

=
rpm + rmaire

i∆φ

1 + rpmrmairei∆φ
,and the re�e
tivity is expressed, in
luding (E.1), as

R = |r|2 =

∣

∣

∣

∣

rpm + rmaire
i2kzmd

1 + rpmrmairei2kzmd

∣

∣

∣

∣

2

.
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Figure E.1: Multiple re�e
tions from a three layer system. In this 
ase a prism/metal/airsystem.
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