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SYNOPSIS:Based on a sanning near-�eld optialmirosopy apparatus, elasti satter-ing of surfae plasmon polaritons, beingexited via the Kretshmann ouplingsheme, is investigated. The exitationsoures inlude foused and parallellight from a He-Ne and a Ti:Sapphire(725 to 890nm) laser.Prior to sattering investigations, thesurfae plasmon polariton intensitypro�le from a foused exitation beamis studied in detail and its behavior ismodelled.The samples onsist of 45 to 80nm thiksilver and gold �lms. The gold �lmsontain deposited gold nano-partilesarranged as either single satterers,line arrays or periodi surfae plasmonband gap strutures with straight han-nels of missing partiles.Modelling of the �eld intensity distri-bution is made by means of a multiplesattering dipole approah treating theindividual partiles as point-like sat-terers.
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Chapter 1IntrodutionSurfae plasmon polaritons (SPPs) are, as the name partly indiates, eletromagnetiexitations oupled to eletron plasma osillations, whih have the unique property ofpropagating along a metal-dieletri interfae as quasi-two-dimensional interfae waves.Due to their eletromagneti nature, SPPs an re�et, di�rat and interfere [1℄.This o�ers new tehnologial perspetives in a broad range of branhes. For instane, SPPsan be applied to e�iently hannel light using satterers in subwavelength strutures[2, 3, 4℄. Eventually, this ould lead to miniaturized photoni iruits with length salesmuh smaller than urrently ahievable.Another branh whih makes use of the properties of SPPs is the �eld of bio-photonis.By using SPPs to onentrate light in subwavelength strutures, suh as a metalli beak,it is possible to loally reate a massive signal enhanement. This may be used to de-tet vibrational modes of a single moleule[5℄, also known as surfae enhaned Ramanspetrosopy.Other areas of siene, in whih SPPs are of interest inlude magneto-opti data storage,mirosopy and solar ells. [6℄Fundamentals of Surfae Plasmon PolaritonsThe following brie�y summarizes the important properties of SPPs. Appendix A an beonsulted for a far more detailed desription. In addition, evanesent �elds, assoiatedwith SPPs, are shortly studied in general, see appendix B.A preliminary observation whih must be made prior to the desription of the natureof SPPs, is to onsider the eletrons of the host material, a ondutor. The ondutingeletrons are, to a ertain extent, onsidered to be apable of moving freely within thematerial. In the ase of a loal in�uene on the eletrons, longitudinal osillations ofeletrons, plasma osillations, are being reated. A plasmon is a quantum of the plasmaosillation. The eletron plasma frequeny at metal-air interfae lies in the optial rangeand has the relation
ωsp =

ωp√
2
, (1.1)where ωp is the natural frequeny of bulk eletron plasma osillations.Surfae plasmons are olletive exitations of the eletrons at the interfae between aondutor and an insulator. This leads to osillatory longitudinal motion of the eletronsalong the x-diretion with a dispersion relation β, see �gure 1.1A for an illustration ofthis. An evanesent �eld in the z-diretion is produed by the eletrons, whose alternatingsurfae harge densities build up the �eld. The evanesent �eld distribution aross the7
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Figure 1.1: A: longitudinal harge �utuations aused by olletive exitations of eletronsat the interfae between two semi-in�nite media of metal and dieletri. B:the evanesent �elds onstituted by the propagating SPPs deay exponentiallyinto both media. C: the non interseting dispersion lines for vauum (blueline) and SPPs (green line).boundary is skethed in �gure 1.1B. Only p-polarized surfae osillations exist, sine theassoiated �eld Ey is ontinuous aross the boundary and therefore it produes no surfaeharge.It is a natural idea to ouple surfae plasmons with light waves, sine the dispersion lineof light in vauum lies lose to that of the SPPs, see �gure 1.1C. In the ase of ouplingbetween the surfae plasma osillations and the photons, this resonant exitation willprodue a surfae plasmon polariton. Hene, the word "polariton" re�ets this hybridnature, i.e. a onstitution of light and surfae 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 dieletri medium during this entire work is air, thus justifying the above simpli�-ation of β. Note that the dispersion relation is a omplex funtion with β = β

′

+ iβ
′′ .Therefore β ′ is the wave vetor, whih is related to the SPP wavelength

λSPP =
2π

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



9whih 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 inrease signi�antly for exitation wavelengths in theinfrared range as shown in �gure 1.2C. The dieletri onstants are similarly skethed in
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Figure 1.2: Real (A) and imaginary (B) values of the dieletri funtions 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. Heneforward, all alulationsinvolving the dieletri onstants of silver and gold are based on these sets of data or theinterpolated values in between, whih are demonstrated by the onneting lines.Exitation of Surfae Plasmon PolaritonsAs the dispersion lines of �gure 1.1C are non interseting SPPs an not be generatedby any diret illumination of the metal surfae, exept in the ase of surfae defetswhose presene are omitted in this urrent piture. Therefore, an alternative approahmust be made. SPP exitation is made possible by means of a oupling sheme knownas the Kretshmann on�guration, illustrated in �gure 1.3A. The formalism assoiatedwith this is thoroughly desribed in appendix C. The main idea with the Kretshmannon�guration is to enhane the wave vetor of the applied light, via the dispersion of theprism, in order to ouple with the surfae plasmons. This illustrated by the dispersionrelations in �gure 1.3B. The prism dispersion line intersets that of the surfae plasmon.The propagation of the surfae plasmon is along the x-diretion, so in order to onservemomentum, oupling requires that the x-omponent of the wave vetor of the appliedlight should math the surfae plasmon wave vetor. This implies that within a broadrange of frequenies, SPP exitation is always possible and the e�ieny of it depends onthe inident angle of the applied light.The measured re�etivity from the Kretshmann prism an give an indiation of theextent of SPP exitation. This is due to the fat that SPPs being exited on a thin �lmhave the possibility to deay bak into the prism, often referred to as the bak-sattered
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Figure 1.3: Coupling of light with surfae plasmons may be ahieved using theKretshmann oupling sheme (A), whih is a prism with the metal �lm oat-ing. B: the dispersion line of light within the prism (red line) intersets thatof the surfae plasmon (green line) unlike the dispersion line of light in va-uum (blue line). The purple line indiates the x-omponent of the prism wavevetor.�eld or radiation damping. The re�eted light at the prism-metal interfae undergoes a180◦ phase hange thus interfering destrutively with the baksattered �eld. The netresult is a redution of the re�etivity, usually named attenuated total re�etion (ATR).Appendix D provides a areful analysis of this situation.A quantitative desription of the re�etivity is given by Fresnel's equations for a threelayer, prism(p)-metal(m)-air, system
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. (1.3)See appendix E for a derivation of this expression. For a given three layer system a ertaininident angle yields a minimum in the re�etivity. Figure 1.4 illustrates a performedATR measurement, from a silver �lm, whih exhibits this behavior. Hene, the angle ofmaximum exitation e�ieny is found by monitoring the re�etivity from the sample.For a ertain value of the thikness it is possible to have zero re�etivity or total ATR. Thisis the ase for silver and gold at thiknesses of approximately 45nm and 53nm respetively.In addition, at these values of the thikness the bak-sattered 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 thikness expressed in (1.2).Hene, in order to experimentally inrease the propagation length the thikness shouldbe larger, but only slightly, sine a very thik layer will derease the exitation e�ienysigni�antly.SamplesThe samples investigated during this projet are skethed 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 1.5: 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 eletron beam lithography on a resist layer on the �lm, evaporation of aseond layer, and lift-o� [3℄. This proess is skethed in �gure 1.6. The result is either
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Figure 1.6: A foused eletron beam draws a pattern of holes in the resist layer overingthe gold �lm whih has been vaporized on a glass substrate (A). Evaporationof a seond 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-partiles(C).



12 Chapter 1: Introdutionsimple patterns onsisting of gold nano-partiles with 100nm in diameter and 70nm inheight or two dimensional periodi arrays, surfae plasmon polariton band gap strutures(SPPBG), with �lling fators ranging from 0,20 to 0,32.Sanning Near-Field MirosopyThe SPP propagation at the surfae of these samples are studied with an experimentalsetup known as the sanning near-�eld (optial) mirosopy (SNOM) apparatus. The op-erational priniple is somewhat similar to that of atomi fore mirosopy and sanningtunnelling mirosopy. Whereas the probe of the AFM apparatus typially is a miroan-tilever, the probe for SNOM is the tip of an optial �bre. In both tehniques feedbakmehanisms enables the mounted piezo-eletri elements to maintain the tip at a on-stant fore roughly at the surfae. The unoated sharp �bre tip, in lose proximity tothe surfae, ats as a satterer piking up sattered omponents, whih are lead, as �bremodes, through the �bre to a detetion soure. 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 eletri-�eld density [8℄.The experimental setup is skethed in �gure 1.7. The laser beam is guided through a
He-Ne laser
Ti:Sapphire laser
or telecom laser
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CCD microscopy
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Figure 1.7: The experimental setup for SNOM measurements using a foused exitationsoure. The table is vibration damped.



13hopper, giving the light a ertain pulserate to whih the lokin ampli�er is synhronizedso that signals with this pulserate are ampli�ed and signals at other frequenies arerejeted. The polarizer may be used to derease the intensity. Subsequently, the lightis guided into a �ber, whih fouses the beam onto the surfae. The foal length ofthe fouser is 9.8mm with a numerial 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 onnetion joint. The optial signalis olleted by the sanning �bre tip and guided to the detetion soure, analyzed by thelokin ampli�er and then stored on the omputer.The shown experimental setup is for the ase of a fousing exitation soure. The fousingarrangement may be replaed by a mirror arrangement for a parallel exitation beam. Inthis ase the beam will be weakly foused by a lens with a foal length of 50m givinga spot size of approximately 300µm. This size is su�iently large to provide a uniformillumination intensity throughout the entire san area, sine the sanning range is limitedto 60×60µm by the piezo elements of the san 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 indiated and
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Figure 1.8: Template for the presentation of data.the topographial depth or optial signal ontrast are shown by either values or olorbars.In all images the inident light enters from the right unless stated otherwise.OutlineInitially, measurements of foused exitation on planar, defet free, surfaes will be pre-sented. A model for desribing the obtained SPP intensity pro�le is presented, andthroughout this proess the deviations of the pro�le from the ideal ase are analyzed andmodelled leading to suggestions to the soure of these behaviors. The experienes gainedfrom these investigations thus serves as basis for further studies of SPP propagation froma foused exitation beam.Subsequently, the sattered SPP �eld in simple strutures of gold nano-partiles are stud-



14 Chapter 1: Introdutionied by SNOM. The modelling of these images, and of images in general throughout therest of the report, are made by means of a multiple sattering dipole approah, wherethe sattered �eld from all nano-partiles are summed yielding a resulting �eld intensitydistribution. As a motivation, the modelling study leads to a setion desribing modelledSPP �eld distribution in possible realizable miro-optial omponents.Next, modelling of SPPBG strutures are arried out, starting with triangular strutureswhere previous works serve for omparison and moving on to quadrati strutures, whihare also measured by SNOM. Spei�ally, the band gap in the SPPBG strutures is studiedin detail.Ultimately, the e�ieny of SPP waveguides, in terms of lines of missing nano-partilesin the SPPBG strutures, are investigated by SNOM.



Chapter 2FousingLoal exitation of SPPs may be onvenient for various reasons. For instane, investigationof SPP �elds without the ontinuous exitation from the soure at the area of interestmay be studied by SPPs propagating from a loally exited area at a nearby plae on thesample. Other interests in this may inlude the need to have large exitation intensitiesat ertain areas.In order to ahieve exitation of SPPs loally, a fouser is applied. Prior to applying thisin the measurements of SPPs in nano-strutures, the intensity pro�le on a �at surfae isinvestigated. The reason to this is to beome aquainted with the intensity pro�le and toexplain, eventually solve, possible unexpeted behaviors. Then, the future investigationswith the use of loal exitation will be based on better knowledge of the exitation soure.The intensity pro�le has been demonstrated experimentally by numerous sans at di�erentwavelengths and for various samples with either silver or gold layers. In addition, thee�ets of hanging polarizations and inident angle of the fouser have been investigated.See �gure 2.1 for an explanation to how SPP exitation and the fouser inident angle aremonitored. Naturally, SPP exitation using s-polarized light is impossible from an ideal
A B C

Figure 2.1: The re�etion image from a foused beam at the prism-metal interfae learlyshows the presene of SPP exitation. As the �eld omponents of the fouserspan over an angular range more than tenfold larger than that of the SPPexitation peak, reall �gure 1.4, ATR will appear in the re�etion image inthe form of a dark stripe. The three digital photographs show re�etion imagesin the ase of a small inident angle (A) to larger angles (B) and (C). Thesethree ases are heneforward denoted as left, middle and right exitation.point of view. However, the measurement of penetrating light at s-polarization an givea fair indiation of the loation of the illumination area if some of the �eld omponents,outside the TIR range, penetrate the metal �lm.15



16 Chapter 2: Fousing2.1 ModellingA starting point for modelling is to de�ne the illumination area. The fousing beamimpinges the prism surfae almost perpendiularly, so the ross setional shape of thebeam is assumed to be remained within the prism, and only the prism dispersion is takeninto aount involving. This leads to inreased foal length and dereased foal spot beamwaist with a fator of approximately the refrative index of the prism. Based on this, itseems reasonable to state that the illumination area at the prism metal interfae is anoblong gaussian distribution with a beam waist in the y-diretion at the foal point, see�gure 2.2A, of approximately wy = w0

np
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x0 LxFigure 2.2: The gaussian illumination distribution at the foal spot (A) is longer in the x-diretion than in the y-diretion. B: When the beam is foused before (lowerimage) or after (upper image) the foal point, an asymmetri distributionmay our. For illustration purposes, the inident angle is exaggerated in thissketh.the prism-metal interfae at an angle of approximately 45◦, so an obvious estimate of thebeam waist along the x-diretion is wx ≈ wy

√
2. In the subsequent setions, the values ofthe beam waists are often written as the produt of a deimal value and the square rootof two, for instane 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, whih 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 fousing, an asymmetri intensity distribution may our, see�gure 2.2B. The possible presene of these uneven distributions are not being taken intoaount.In this modelling, the angular dependent SPP exitation e�ieny is omitted. Hene,the exitation e�ieny at a ertain point is assumed to be diretly proportional to theGaussian amplitude distribution. Additionally, it is assumed that the wave vetor ofexited SPPs exhibits no y-omponents. Based on this, the �eld distribution of SPPs at



2.1 Modelling 17the instant of exitation 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 alulation of the �eld SPP �eld at a ertain point must take thepreviously exited SPPs into aount. Additionally, the onstant deay throughout theentire proess should be inluded. 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 alulation of E(x−∆x, y) whih similarlyrequires the value A((N − 2)∆x, y) found from the alulation of E(x − 2∆x, y) and soon. In summary, a alulation of E(x1, y) requires alulation of the amplitude of allx-values (in steps of ∆x) lower than x1 until a lower limit, in these alulations for x = 0,in whih A(0, y) = 0. Figure 2.3 shows the result of suh a alulation of E(x, y1) bythe intensity distribution along the x-diretion for an arbitrary value of the y-oordinate.Based on the previously mentioned assumption that SPP propagation ours only along
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18 Chapter 2: Fousingshape of the ross setion along the y-diretion is onstant for all x-values. Therefore, itis only neessary to rigorously alulate the SPP �eld for one y-value, and then refer tothe gaussian distribution funtion in order to obtain the intensity distribution along bothdiretions.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
I[

n
o

rm
. 

u
n

it
s]

0

0

60

60

0

0

30

30

[ m]m

[ m]m

I = 601mVmax

I = 2,39Vmax

[
m

]
m

[
m

]
m

A

B

C

0               10              20               30                40

1

0

x[ m]m

p-polarized

s-polarized
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2.2 Beam Waist Dispersion and Propagation Lengths 192.2 Beam Waist Dispersion and Propagation LengthsTwo of the pro�le sans are shown in �gures 2.5 and 2.6 using middle exitation. The
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Figure 2.5: Topographial (A) and near-�eld (B) measurements of loal SPP exitation atthe surfae of a 50nm thik gold layer. The soure wavelength is 633nm andthe image resolution is 0.18µm. C: The 3D presentation of the optial signal.D: Modelling of the near-�eld intensity distribution using wy = 2.5
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2µm and
ǫ = −9, 60 + 1, 01i.value of the beam waist, along the optial axis, used in the modelling of the intensitypro�les, have been estimated based on a ross setion pro�le measurement of the optialimage 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, introdued previouslyin this hapter, that SPPs are propagating in the exat same diretion. When the beamis not parallel, as it is the ase with the fouser, it is easy to imagine the gaussian pro�lebeing spread out, starting from the exitation point, along the propagation diretion, due
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√

2µm and
ǫ = −18, 6 + 1, 41i.to SPPs with wave vetors made up by di�erent values of the y-omponent. This theory issupported by beam waist measurements of the optial signals in �gures 2.5B and 2.6B. Forthis purpose, the onstrution of an image analyzing proedure, measuring interpolatedvalues of the beam waists starting at the peak value and moving along the propagationdiretion, has been arried out. The results are shown in �gure 2.7A. Although the graphsexhibit osillatory behaviors, the width of the beam seems to be generally inreasing. Theonsequene of this would obviously be a broader gaussian ross setion with a lower peakvalue. In addition to this, it should be mentioned that a similar feature whih may ausebeam waist dispersion is inelasti sattering in the surfae plane.As far as the peak value is onerned, a derease in the propagation length of the exper-imental image ould similarly a�et this. Figure 2.7B shows deaying pro�les along thex-diretion after the illumination area for eah of the sans of �gures 2.5 and 2.6. Fromthe orresponding exponential �tting urves, the propagation lengths are found. Theseshow to be slightly smaller than the alulated values of 7,86µm and 26,3µm of 633nmand 727nm, respetively. Additional damping in terms of radiation damping, desribed
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Figure 2.7: A: Calulated beam waists of the optial signals of �gures 2.5B and 2.6B. B:Measured and �tted propagation lengths based on the deaying pro�le after theillumination area.in detail in appendix D, and a small ontribution in terms of possible inelasti satteringfrom nano-sized protrusions may be taken into aount, thus justifying the lowering ofthe peak value. It should be borne in mind that beam waist dispersion may similarlyause a lowering of the peak value.Based on these onsiderations, an attempt to improve the model is made. The last rosssetion of normalized representations of the measured and simulated intensity, �gures2.6C and 2.6D, respetively, are integrated and ompared. The summed intensity of theexperimental image is, as expeted, lower than the modelled one. This shows that, atleast in this omparison, a slight additional deay should be introdued in order to �tthe model to the experimental image. The additional deay is expeted due to baksattering, whih is possible even for a "thik" 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-diretion is presented in thegraph of �gure 2.8A. This is applied in the modelling of the experimental san of �gure2.6C and gives a slight improved resemblane.2.3 OsillationsAlthough the shape of the modelled and experimental intensity pro�les are quite simi-lar, osillations along the propagation diretion are quite notieable. This may be dueto the presene of penetrating, propagating omponents interfering with the near-�eldomponents in the �bre, see �gure 2.9A. The sketh in �gure 2.9B illustrates the angularrange where these propagating omponents are expeted, so he amount of propagatingomponents may depend on the inident angle of the fouser. Additional fators respon-sible for propagating omponents may inlude layer thikness and �lm material whihhave an e�et on the amount of transmittane through the �lm. Finally, the �bre tipmay be shaped in a manner whih piks up the propagating signal more e�iently than
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′, where θ is the angle between the surfae and the diretionof k0. The length of the osillations are many times larger than the light wavelength,
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Eosc(x, y) = E(x, y)(1 + Aprope

i(k0 cos(θ)x+φ)),where E(x, y) is the alulation desribed in (2.1) and Aprop is the amplitude pro�le of thepropagating omponents. The ratio Aprop,max/Amax is thus a fator desribing the extentof interferene, whih is applied in the modelling proess. The origin of the propagatingomponents is assumed to be known, however, the parameter φ allows for possible phase



24 Chapter 2: Fousingdelays.The modelling of the osillations has been performed on two of the previous shown sans,see �gure 2.10.
A

B

Figure 2.10: In �gure A and B, respetively, the measured SPP �elds of �gures 2.6C and2.9D have been modelled with the osillations taken into aount. 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.Conluding RemarksBy modelling the intensity pro�le based on performed measurements, many of the behav-iors, whih at �rst seem unexpeted, are explained. When knowing the soure of thesebehaviors, it is possible to perform more well quali�ed tasks in order to avoid these sidee�ets and obtain a more ideal intensity pro�le.Based on the analysis of the in�uene of propagating omponents, it is strongly suggestedto use a oated �bre tip in order to redue these interferene e�ets.However, an alternative way to meet this problem, while maintaining a bare �bre tip andtight fousing, is to perform the SPP exitation 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 exitation.Mathematially, this is expressed as the value x0 to whih the tangent to Ig(x) has thelargest slope. This is found to be the value of x whih solves the equation
d2Ig(x)

dIg(x)
2 = 0⇒

x0 = ± w√
2
.



2.3 Osillations 25Applying this value to Ig(x) indiates that the SPP exitation 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 thiknessesin the same range as in this work, that intensity pro�les with no observed interferenee�ets an be obtained using a bare �bre tip. However, for these measurements, fousingwas obtained by applying a beam expander (20X) followed by a best form laser lens witha foal 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 setionsshowed pratially no beam waist dispersion. This ould indiate a smaller angular rangethan that of the fousing �bre. An applied fousing beam with a small angular rangeat inident angle lose to SPP resonane may lead to less propagating omponents andinreased SPP exitation e�ieny thus reduing the interferene e�ets.
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Chapter 3Elasti SatteringThere are several possible ways in whih SPPs propagating at a metal surfae may hangetheir urrent nature and diretion. For instane, SPPs may deay due to either interationwith the phonons of the metal or by radiating bak into the oupling media ontributingto ATR as mentioned previously. Now, suppose the surfae is di�erent from a perfetly�at one with protrusions along the surfae. These may interat with the SPPs in mainlytwo ways: on one hand, the SPPs an be sattered out of the surfae plane, inelastisattering, thus leaving the oupling system as regular photons. On the other, handSPPs may undergo elasti sattering, whih refers to sattering in diretions still on�nedto the surfae plane. This projet deals with investigations of the near-�eld, whih isstrongly on�ned to the surfae plane, so only the latter type of sattering is onsidered.A ommon denominator of the samples investigated throughout this projet is the pres-ene of arti�ially made satterers. The onsequene of this presene is an interferenepattern due to interation of the applied �eld with the sattered and with a ontrast om-parable to the e�ieny of the satterer. In strutures of multiple satterers loated loseto eah other, for instane in a surfae plasmon polariton band gap struture, an addi-tional ontribution to the interferene pattern is the e�et of interation between multiplesattered �elds. Consideration of the extent of this ontribution is made by omparingthe SPP propagation length (1.2) with the elasti sattering mean free path related as
l ∼ R2

σ
,where R is the average satterer separation distane and σ is the total elasti satteringross setion of the satterer. These onsiderations imply that, if l beomes inreasinglylarge ompared to LSPP , the e�et of multiple sattering in the interferene patterninreases.3.1 Self-onsistent ModelThe alulation of the sattered �eld from a single satterer of a partiular shape is ingeneral quite ompliated and requires extensive theoretial onsiderations [13℄ whih goesfar beyond the framework of this projet. Hene, the individual satterers are treated asisotropi pointlike dipolar satterers. Modelling of the interferene pattern using thismultiple sattering dipole approah is realized by means of a self-onsistent model [14℄.This model is based on some assumptions. First, the sattering is elasti and primarilyin the surfae plane as mentioned above. Seondly, the SPP sattered by an individualdefet orresponds to the interferene between the inoming SPP with a plane phase frontand the sattered SPP with a ylindrial phase front. These assumptions are justi�ed byexperimental investigations showing exponential, evanesent, signal deay at inreased27



28 Chapter 3: Elasti Satteringtip-surfae distanes and paraboli interferene fringes with SPP sattering by individualdefets [15℄.The ylindrial waves of sattered SPPs, the ylindrial surfae polaritons (CSP) [16℄,an be desribed by the Hankel funtion of the �rst kind, whose analytial expression isthe sum of two Bessel funtions
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 supersript ν and the subsript n indiate the kind and the angular number, respe-tively. In the ase of a CSP, ν = 1, n = 0 and the argument is β|r|. Surfae plots ofthe real and imaginary values of this funtion with the value of the dispersion relation

β orresponding to SPPs exited at 740nm on gold are shown in �gure 3.1. Due to the
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Figure 3.1: Surfae plots of the real (A) and imaginary (B) parts of the H
(1)
0 funtion.singularity at origo, the Hankel funtion exhibits values whih are unreal from a physialpoint of view when the argument is su�iently small. In order to avoid any of theseirregularities, the Hankel funtion an be assigned a onstant value within an area or-responding to the size of the satterer - in this ase, nano-partiles or ylinders with aradius of 100nm.Far-Field ApproximationThe far-�eld approximation of the Hankel funtion reads

H
(1)
0 (β|r|) =

√

2

π
e−i π

4

eiβ|r|
√

β|r|
for |r| → ∞. (3.2)This is appliable for positions of r whih are di�erent than at the immediate viinityof the satterer, see �gure 3.2. Only at positions very lose to zero, for |r| < 100nm,
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0 funtion shown for theorret 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 funtion will be assigned the aforementioned onstant value, so the far-�eldapproximation is onsidered useful for any alulation of sattered �elds.Sine the damping of the host media is losely related to the CSP (or SPP) propagationlength, the Hankel funtion similarly depend on this. Consequently, inreased dampingleads to inreased deay of the Hankel funtion. Figure 3.3 illustrates the CSP sattered�eld at three extents of damping. Based on these observations, the sattering may be
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Figure 3.3: The sattered CSP �elds from two satterers in the ase of large (A), middle(B) and low (C) damping.ategorized into three types:
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• Single sattering, for LSPP < l

• Double sattering, for 2l > LSPP > l

• Multiple sattering, for LSPP ≫ lIn single sattering, the image is formed by only the inoming �eld being sattered ateah of the satter sites. In double sattering there is an additional ontribution to the�eld being sattered due to the presene of other sattered �elds originating from nearbysatterers. If the separation distane is dereased further, part of the �eld to be satteredat an individual site may ome from the very same satterer due to the possibility ofbaksattering (not to be onfused with baksattered �elds, radiation damping) - the�eld is self-onsistent. These di�erent ases are taken into aount in the modelling.Omitting the exponential deay of the SPP �eld into the neighbor medium, the �eld, atan arbitrary surfae point r di�erent from that of the satterers, is expressed as
E(r) = E0(r) +

N
∑

j=1

αjE(rj)G(r, rj), (3.3)where the j index indiates the satter number. rj and αj denote the position and e�etivepolarizability of the jth satterer, respetively. The Green's funtion reads
G(r, rj) =

i

4
H

(1)
0 (β|r− rj |). (3.4)Clearly, the �eld is alulated by onsidering individual ontributions from eah of thesattered �elds in agreement with the above desription. The alulation of the �eld atthe sites of the satterers E(rj) may be simpli�ed aording to the type of sattering:

• Single sattering: E(rj) = E0(rj)

• Double sattering: E(rj) = E0(rj) +
N

∑

l=1,l 6=j

αlE0(rl)G(rj, rl)

• Multiple sattering: E(rj) = E0(rj) +

N
∑

l=1,l 6=j

αlE(rl)G(rj, rl)For single and double sattering the �elds are alulated in a straightforward sequentialmanner. However, the alulation of the �elds of multiple sattering 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 vetors 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 alulation of the self-onsistent �elds seems more di�ult.



3.1 Self-onsistent Model 31At �rst, the onept of ategorizing di�erent types of sattering has been used to illustratethe sattering proesses. Seondly, the approximations of single and double sattering anbe used to ease alulations as just demonstrated. However, the alulation of the self-onsistent �elds an be solved by aid of a regular PC whih, at this time, easily solvessystems with N ∼ 1000 within few minutes. This involves the simpli�ation that everysituation of sattering, regardless of the relationship between LSPP and l, will be treatedas multiple sattering.PolarizabilityThe e�etive polarizability enters into the self-onsistent model in a diret relation to thesattering strength. The following setion serves to give estimates of the range of allowedvalues of α.A �rst approah is to onsider the sattered power versus the inident �eld related as
Psc = I0σ.Sine this is treated as a two-dimensional ase, the units of I0 and σ are power per lengthand length, respetively. All sattered �eld omponents at a distane |r| from the sattereroriginate from the same instantaneous sattering proess, so the sattered 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 irumferene of a irle entered at the sattererin origo. I0 is a plane wave, so the integration of this yields zero. The sattered �eldis assumed, from (3.3), to be αE(r)G(r, 0). Using the far-�eld approximation for thesattered �eld gives the result
σI0 =

∫ 2π

0

|α|2|E0|2
1

8πβ|r||r|dϕ

= |α|2I0
1

4β
.The satterers are nano-sized, so the ross setion is assumed muh lower than the SPPwavelength:

σ =
|α|2
4β
≪ λSPP , with β ≈ 2π

λ
,giving the result |α| ≪ 5. This provides an indiation of a higher limit for the polarizabilityof subwavelength satterers.Aording to an analytial study of loalization of eletromagneti waves in two-dimensionalrandom arrays of dieletri 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)



32 Chapter 3: Elasti Satteringwith the Green's funtion expressed as
G1(rj, rl) =

2

iπ
K0(−iβ|rj − rl|) = H

(1)
0 (β|rj − rl|).Substitution of the Green's funtion 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 alulation of α. Hene-forward, the e�etive polarizability is applied as a �tting parameter allowed to have aomplex value and to vary within the estimated range. The applied values will be men-tioned either as a salar value or as a phase number φl.3.2 Miro-optial DeviesThe following setion re�ets some of the ideas regarding appliations of elasti SPPsattering, whih naturally arise during the modelling proess. The ideas are partlyinspired by previous works [1, 18℄.The devies are ommon in the sense that the individually sattered �elds of eah nano-partile plaed in a ertain struture add up to give a ertain overall enhaned e�et. Theresults of the modelling of the SPP �eld intensity in these devies may provide a basisand motivation for future experimental investigations.As previously mentioned, a single irular nano-partile satterer is assumed to satterlight as ylindrial waves, so no preferred diretion of sattering is present. The sat-terers may not be perfetly irurlar, but nevertheless, this assumption seems neessaryas further onsiderations would have to inlude the unknown and experimentally varyingstruture of the satterer. By plaing satterers in line arrays, a ommon plane wavefrontof the sattered light an be ahieved, see �gure 3.4. From an appliation point of view,it seems obvious to exploit line arrays to re�et the wavefront of the applied �eld - tomake a mirror e�et. The idea has been modelled for a line array, whose inlinationompared to the applied �eld is 45◦, 3µm in length. The images are shown in �gure 3.5.The e�ieny of the mirror e�et an be inreased by applying a larger polarizability.However, suppose the polarizability is onstant, sine experimentally it may not be easilytuneable. The e�ieny an then be inreased by a larger onentration of nano-partilesper unit length, whih is learly demonstrated by �gure 3.5B. The line arrays are farfrom being perfet mirrors sine muh of the inident light passes through the strutures.This phenomenon an be ompensated for by plaing additional lines parallel to the �rstwith separation distanes 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 satterers may form a plane wavefrontin the diretion perpendiular to the line. In this ase, shown by the real partof the sum of Hankel funtions for 10 nano-partiles spaed 0,6 µm apart witha soure wavelength of 740nm.
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(y−y0)

2 = 4F (x−x0) where the oordinate (x0, y0) is loated at the bottom of the mirror,
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F is the foal length and x is along the optial axis. In priniple, this works for the two-dimensional ase of SPP propagation in the same way as the three-dimensional ase of aparaboli sreen of a solar ooker, whih onentrates re�eted solar light at a ooking pot.Hene, at the point (x0 + F, y0) a onentration of light is expeted. In �gure 3.8, theseideas are tried out for fousing miro mirrors with di�erent dimensions. The fousing
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36 Chapter 3: Elasti Sattering3.3 Simple StruturesSattering of SPPs in simple strutures of few nano-partiles has been investigated. Asketh of the sample is shown in �gure 3.9. The nano-partiles have shown to satter
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3.3 Simple Strutures 37large, and it is learly shown that as far as the sattered �eld is onerned, the e�et ofthe line array is quite poor. There seems to be an immediate e�et in terms of a dark areain the proximity of the satterer and a shadowing e�et along the propagation diretion,but the overall image is dominated by an externally sattered �eld. In general, the imageswhih are believed to have been made with the broken �bre tip show deent 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�et has been observed elsewhere on the sample, �gure 3.11, in a
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√
2µm based on a ross setionmeasurement in the experimental image.pro�le of this measurement indiates that the beam may be improperly foused due tothe presene 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 inident SPP �eldis assumed to be an inlined gaussian distribution of this kind. To some extent, it hasbeen possible to reprodue the experimental image through modelling. Strikingly, bothimages exhibit a spot of large intensity to the immediate left of the line array and abovethis struture interferene fringes with large periods are present. On the other hand, itis similarly lear that interferene fringes from bak re�etion of the struture are onlypresent in the modelled image. Suppose the modelling is reliable and that the reason tothe missing interferene phenomenon is due to experimental auses. An irregular shapeof the tip may then provide an explanation to this, as the irregularity may prevent SPPsignal detetion from ertain diretions, in this ase SPPs propagating towards the rightof the image. This assumption is further supported by the near-�eld measurements of



3.4 Surfae Plasmon Polariton Band Gap Strutures 39�gures 3.10B and 3.11B, whih lak interferene fringes in similar diretions from theassumed satterer. Common to all measurements is the fat that the same �bre tip hasbeen used and that it, therefore, is possible that it has been irregularly shaped during allthese measurements.3.4 Surfae Plasmon Polariton Band Gap StruturesThe investigation of simple strutures of the previous setion is now extended to inludelarge periodi arrays of nano-partiles making up surfae plasmon polariton band gapstrutures.In the subsequent setions, SPP propagation in triangular and quadrati strutures areinvestigated by means of modelling and SNOM measurements. The propagation diretionwith respet to the orientation of the strutures is denoted by the speial points alongthe edge of the irreduible Brillouin zone, see �gure 3.13. All SNOM measurements of
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Figure 3.13: The lattie strutures and Brillouin zones of a triangular (A) and quadrati(B) lattie struture. The blue shaded area represents the irreduible Brillouinzone whih is the smallest region not divisible by symmetry onsiderations.SPPBG strutures with an applied foused beam are performed with "middle exitation".3.4.1 Optimization of ComputationCalulations of near-�eld images of many partile strutures have shown to require de-manding omputation power. By analyzing this omputation proess, reasonable approx-imations an be introdued in order to greatly enhane the alulation e�ieny. Theseare desribed and investigated in the following.The alulation primarily onsists of two major proesses, one for the omputation ofthe self-onsistent �elds at the sites of the satterers and one for the summation of �eldontributions at eah spei� loation oordinate at the surfae plane. These proessesare related to the expressions in (3.5) and (3.3), respetively. The �owhart diagramof �gure 3.14A illustrates the straightforward way of implementing these proesses in awhole. The preliminary alulations inlude, among other things, the onstrution ofa oordinate array ontaining the loations of the satterers and the �eld omponentdistribution of the inident �eld. Compared to the other omputation proesses, thesealulations are performed instantly.As previously mentioned in this hapter, the matrix alulation of the self-onsistent
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αjE(rj)G(r, rj) alulated for eah satterer. The Hankel funtion, inluded in the Green'sfuntion, is due to its summational form apparently a quite demanding operation for thePC. This operation is performed many times due to its presene in the inner loop, signi�-antly dereasing omputation e�ieny. For instane, omputation of the �eld intensitywith an image resolution of 200×200 points in a struture of 200 satterers will roughlyrequire 2003 of these demanding operations. An improvement to this is to replae theHankel funtion with the far �eld approximation shown on page 28 in the omputationof the Green's funtion. This improvement gives a threefold inrease in omputation e�-ieny. However, even with this approximation, the bottlenek for faster omputation isstill aimed at the ontinuous alulation of the Green's funtion in the inner loop. Hene,additional approximations are introdued for even further improvements.



3.4 Surfae Plasmon Polariton Band Gap Strutures 41The basi approah is to perform tabulation of the Green's funtion, illustrated by the�owhart skethed in �gure 3.14B. Prior to the alulation of the �eld distribution, a twodimensional array AG with elements AG[nx, ny] = αG(C
√

nx
2 + ny

2β, 0) and dimensionsorresponding to the image resolution is onstruted. nx and ny are positive integer valuesand C is a onversion fator. For eah surfae oordinate, the �eld is then alulated bythe sum of individual produts of E(rj) and AG[|∆nx|, |∆ny|]. |∆nx| and |∆ny| are integervalues representing the oordinate distane of the jth satterer from the surfae oordinatealong eah of the axes. In summary, the omputing of the individual �eld ontributions isnot made by a rigorous Hankel funtion operation or by alulation of the large expressionfor the far-�eld approximation. Instead, the ontribution is omputed by fething a valuefrom the AG array, at the point orresponding to the rounded oordinate distane betweenthe surfae point and the proper satterer, and thereafter multiplying with E(rj), whihhas been alulated in Proess 1 thereby similarly fething this from an array.Naturally, exeptions must be introdued for satterers loated outside the image regionas this eventually may lead to large distanes to the satter soure and thereby attemptedfething of values loated at oordinates whih are out of range of the AG array. A possiblefuture solution to this, assuming the external satterers are plaed within a fair viinityof the image region, ould inlude a su�ient enlargement of the AG array. This onlyneeds to be made one for eah image omputation and therefore will not a�et overallperformane. Still, while doing this, it should always be borne in mind that handling ofvery large memories may severely a�et the omputation e�ieny.A performane 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 funtion" denoted as Method A, Method A1 andMethod B, respetively. The results are shown in the following table.Resolution Number of satterers Proess 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 fration of the image.The omputer used as test benh 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 inrease in omputation e�ieny with the use of tabulation methods ompared tothe other two. Method B is, therefore, by far the preferred hoie for future omputations.The only possible onern is the inaurate fething of values due to the neessity ofrounding the oordinate distanes between the satterers and the proper loation. Inorder to investigate this further, test images alulated by the orret and the tabulatedmethod, respetively, are ompared, see �gure 3.15. Despite a slight di�erene in themaximum intensity, the images seem indistinguishable, so Method B remains the preferredhoie of omputation method. Finally, it should be noted that ertain onditions may
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|Aeikx +Be−ikx|2, (3.7)
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Imax − Imin

Imax + Imin
=

4AB

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

B = A
1−

√

1− Contrast2Contrast and B = A
1 +

√

1− Contrast2Contrast . (3.9)The �rst solution with the subtration of the two terms in the nominator is valid when
B ≦ A and is therefore the physially interpretative solution. The 11 blue lines in frontof the struture in �gure 3.16A represent the ross setions from whih the ontrastsare alulated and the average re�etivity is found. After many unsuessful attempts,re�etivity graphs similar to those of the previous work have �nally been alulated, see�gure 3.16B as well as replia of the previously alulated images, �gure 3.17. The reason

[norm. units] [norm. units][norm. units]

[
m

]
m [

m
]

m[
m

]
m

A CB

[ m]m [ m]m[ m]m
0 00

0 00

13 1313

13 1313

2,0 1,84,0

0,4 0,50

201x201 points 201x201 points201x201 points

Figure 3.17: The near-�eld images have been alulated di�erently than usual with sourewavelengths of 670nm (A), 710nm (B) and 750nm (C). The applied dieletrionstant is -24 + 1,6i, and the polarizability has been set to -60.to the experiened troubles is that it eventually has been disovered that the alulation



44 Chapter 3: Elasti Satteringof 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 alulations of the previous work have been arried out somewhat inorretlywhih explains the unreasonably large polarizabilities.An alternative approah to re�etivity alulations of the modelled images is to alulatethe average intensity of an area in front of the struture followed by a subtration ofthe inident �eld intensity. Suh an area is skethed as the green area in �gure 3.16Aand the results of re�etivity alulations, performed for the same parameters as with theontrast method, are shown in �gure 3.16C. It is learly demonstrated that the re�etivityexeeds the intensity of the inident �eld for very large or very small polarizabilities. Aftersome thought, the result is found expeted due to the lak of α in the alulation of theself-onsistent �eld and the individual satterer ontributions are then simply inreased,proportional to the value of the α parameter. Calulation of the average intensity inan area is a safe measuring method and works well as long as the value of the inident�eld is known. For this reason, it is ontraditory 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 hoie of thealulation method of the re�etivity, inluding B. For the meaningless, but yet present,situation where B beomes larger than A, only the seond solution of (3.9) is appliable.The alulations behind some of the graphs shown in �gure 3.16B, have not taken thisinto aount and are therefore onsidered inorret.Nevertheless, from an experimental point of view, where A is always larger than B,exept for possible loal bright spots, the ontrast method of (3.9) works exellent foranalyzing images where the inident �eld intensity may be unknown. Without furtherknowledge in advane of the inident intensity, substitution of A, from the di�erene termin the nominator of (3.8), into the �rst equation of (3.9) yields an expression whih 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-�etivity larger than 1 may not be disovered until the very images are modelled, if there�etivity reading is based on (3.10). Based on this, and on the inident �eld inten-sity being a known parameter, re�etivity alulations by means of either the intensitydi�erene
B =

Imax − Imin

4Aor by average intensity reading of an area, are heneforward onsidered the safe hoie.Re�etivity 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-mittane through the struture is now alulated in a similar manner as the re�etivity,by alulating average intensity in an area immediately after the struture. This is dueto the disovery that for ertain polarizations, by whih the re�etivity exhibits a learband gap behavior, the average transmittane in some ranges is ontraditory large, in



3.4 Surfae Plasmon Polariton Band Gap Strutures 45some ases more than unity, whih is unreasonable. Based on this, the preferred polar-izability is the value for whih a band gap is seen both by re�etivity and transmittanealulations and, in addition, these intensities should not be larger than the inident �eldintensity for any wavelength in the range of investigation. Calulations have shown thatthese introdued requirements prohibit any phase number values φl, introdued 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 alulations, modelled images of the struture for soure wavelengths
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46 Chapter 3: Elasti Satteringthe struture, shows superior resemblane with previous experimental results of a similarstruture presented in [10℄[page 244℄, performed with a exitation soure wavelength of782nm, however.An appearing feature for some wavelengths is the presene of resonanes leading to large�eld intensity distributions within the struture. 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 satterers, along the horizontal and vertialdiretions of the struture, respetively, may ause this behavior. However, investigationsshow a similar image for a oblong struture, �gures 3.20A and 3.20B, so this suspiion isrejeted.
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3.4 Surfae Plasmon Polariton Band Gap Strutures 47this lies in the deay of the exitation beam along the optial axis, whih learly auseslower intensity of the re�eted and inident light.This setion is rounded o� by a demonstration of the e�ets of SPPBG strutures onlarge sale images, see �gure 3.21. The SPPBG struture of investigation is the same as
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3 2Figure 3.22: Sketh of the two SPPBG strutures inluded on the sample - one with straight(A) and one with urved waveguides (B). Indiators 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 struture is slightly more time onsuming, and is reliable only instrutures whih are su�iently wide [22℄, it tends to return more ontinuous re�etivityrepresentations. The di�erene may be ompensated for by introduing more lines inthe ontrast measuring method - however, this is done at the possible ost of equalizedalulation times.ExperimentsAs a �rst approah, the quadrati strutures are investigated experimentally with thepurpose of demonstrating the band gap e�et. From the previous modelling, it seems thatan obvious method of doing so is to measure the maxima and minima of the interferenefringes in the expeted re�etivity pattern in front of the struture and inorporating thisinto (3.10). However, in the measurements, lear presene of these interferene fringes ismissing, rendering the ontrast method useless. Instead, the measurable penetration ofSPPs into the struture is used, thus relating this to the band gap e�et, sine reduedtransmittane into the struture is expeted around the band gap. Based on measurementswith foused exitation 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. Foreah 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 struture may be related to inelasti sattering. Hene, it is attemptedto avoid these areas upon the �tting of the pro�les. Sine 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



3.4 Surfae Plasmon Polariton Band Gap Strutures 49

650 700 750 800 850 900
0

0.2

0.4

0.6

0.8

1

1.2

1.4

650 700 750 800 850 900
0

0.2

0.4

0.6

0.8

1

1.2

1.4

D
4,1

0

201x201 points

201x201 points

[
m

]
m

[
m

]
m

0

0

0

0

15

15

15

15

[ m]m

[ m]m

0

0.2

0.4

0.6

0.8

0.8

1

1

650       700       750        800       850      900

650       700       750        800       850      900

0

0

1,4

1,4

1

1

B

C

a = -0,5

a = -0,5

a = -0,6

a = -0,6

a = -0,7

a = -0,7

l[nm]

R
ef

le
ct

iv
it

y

T
ra

n
sm

it
ta

n
ce

l[nm]

A

Figure 3.23: The topography of a quadrati array struture (A) applied in the transmittane(B) and re�etivity (C) alulations. Based on these alulations the �eldintensity distribution at the band gap, with a soure wavelength of 790nm andpolarizability of the satterers of −0, 6, has been modelled (D).
0 030 30

0 0

15 15

[ m]m [ m]m

I = 825mV

256x128 points
maxz = 182nm

256x128 points
max

[
m

]
m [

m
]

m

A B

Figure 3.24: Topography (A) and SNOM (B) measurements of a foused pro�le of SPPs,exited at 842nm, inident on the wall of a quadrati struture. The redarrows denote the penetration pro�les.



50 Chapter 3: Elasti Sattering

l[nm]x[ m]m

0 7,5 15 22,5 30

BA
774nm
815nm
850nm

fitting by of sub profiles
fitting of averaged profiles

C

C
b

l

b

l

’’
-3

10
0

2,5

2

1,5

738
750

762
774

785
795

800
805

815
825

834
842

850

10
-1

10
-2

10
-3

I[
n
o
rm

. 
u
n
it

s]

b
[1

0
 ]5

Figure 3.25: Three averaged intensity pro�les (A) of sans similar to that of �gure 3.24.Wavelength dependeny of the damping term (B) based on two types of �ttingproedures of the intensity penetration pro�les. The blak and red urvesdenote two dependenies providing explanations to the deaying tendeny 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 proedure has been arried out, by means of an automated �tting proedure, in twodi�erent ways. One, whih �ts eah of the 11 individual normalized sub ross setionsfor eah wavelength returning the average value of b, and another whih simply �ts theaverage normalized ross setion for eah wavelength. The reason to this is based onthe notion that an inreased number of �ttings may yield more reliable results. On theother hand, however, an averaged intensity pro�le is expeted 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 expet 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 pereption, might signi�antlya�et the �tting results. As a onsequene of this, it is intended to determine rangeswhih are small and su�iently far from observed non-exponential behaviors. For thesame reason, one should be areful in asribing any signi�ane to the two risings alongthe b-urve. The hoie of slightly di�erent ranges of values for intensity pro�les at thesewavelengths, whih ould be justi�ed, ould yield results of b whih, to a ertain extent,redue the risings.Nevertheless, it is quite lear that the penetration damping is onsistently dereased forrising wavelengths. Relating the obtained b term to the loalization 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-partiles [3, 4℄.



3.4 Surfae Plasmon Polariton Band Gap Strutures 51Based on these similarities the following situation is imagined; suppose the large SPPdeay within the struture is not related to any resonane ondition leading to a bandgap e�et, as studied theoretially previously. Instead, suppose the damping is entirelyrelated to the multiple de�etions in the travelling path of the inident SPP �eld ausedby the large onentration of satterers. With less internal and/or radiation damping, aSPP quantum will "survive" longer during the multiple sattering proess, 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 approah to the explanation of the deaying penetration damping term, orrising loalization length, along the wavelength axis, is to onsider the sattering rosssetion, whose wavelength dependene for two dimensional sattering in random mediagoes as σ ≈ λ−3 [2℄. This dependene is shown as the blak urve in �gure 3.25B with
Cλ = 1, 05 · 10−13.As an alternative experimental approah, similar measurements of the quadrati bandgap struture with a parallel exitation beam have been performed at three di�erentwavelengths, �gure 3.26. As with the previous measurements with a foused exitationbeam, a possible ontribution to the high intensity areas at the front edge of the strutureare asribed to inelasti sattering. As for the previous ase, �tting is performed for theestimated range of values whih exhibits exponential behavior. An example of one of theross setions is shown in �gure 3.27. The �tting proedure 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 deaying tendeny of the penetration damping term b with inreasing wavelengths�ts niely to the other results of this setion, however, the values are generally smaller.In relation to this it has been notied that the penetration pro�les of these measurementsgenerally exhibit less pure exponential behavior. Sine the beam is parallel, all inident�eld omponents lie within the TIR range and no propagating omponents are expeted.Instead, a ontinuous exitation of the SPP �eld inside the struture, either in betweenor on top of the satterers, with a uniform intensity distribution throughout the SPPBGstruture, is suggested as the reason to this. Future further investigations of this ouldinvolve another �tting proedure, whih takes the additional, assumed SPP, �eld intoaount. Hene, expressing the measured �eld along the optial axis x, yields
I(x) = |ESPP + Eex|2 = |Aeiβxe−bx +Bei(k1x+φ)|2,with the inident, amplitude A, and ontinuously exited, amplitude B, �eld. k1 and φmay be set to β and 0, respetively, in the ase of an assumed additional SPP �eld.
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3.4 Surfae Plasmon Polariton Band Gap Strutures 533.4.4 Waveguide StruturesThe results of the sans of �gure 3.26 are used to study the waveguiding properties alongthe hannels of missing partiles. Generally, the sans exhibit a behavior of strong lighton�nement along the edges of the hannels. A similar behavior has appeared for SPPpropagation along lines in a triangular struture of ΓM orientation. During the modellingproess, 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 resemblane with the experimental in
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3.4 Surfae Plasmon Polariton Band Gap Strutures 55inter-satter distanes, it has proven di�ult to obtain images whih bear deent om-parison with experimental investigations. The re�etivity and transmittane alulationsfrom the triangular and quadrati strutures of �gures 3.18 and 3.23, respetively, indiatethe presene of a band gap. Based on a onsideration of energy onservation, the sum ofthe re�etivity and transmittane in these measurements must equal the unitary inidentintensity, whih is not the ase. A more preise hoie in the value of the polarizabilitymay slightly improve this inonsisteny. However, in general, it seems unreasonable thatthe physial piture may be justi�ed only for a very limited range of α.Muh of the e�orts in relation to modelling of SPPBG strutures have been onentratedin �nding a proper value of the polarizability for eah spei� situation, i.e. by alulatingre�eted and transmitted intensity distributions for many α-values, inluding omplexnumbers, prior to any image modelling. For this purpose, approximations introduedin the omputation proess have proven quite helpful, thus reduing omputation timesand allowing more extensive investigations. It is quite lear that the treatment of thesatterers as point-like is an approximation whih may beome inreasingly unreasonableas the separation distanes beome omparable to the satterer dimensions. Further studyof the polarizability and its wavelength dependene and of higher harmonis in the SPP�eld sattered from an individual surfae defet [7℄, ould possibly prove helpful in thee�orts of improved modelling of SPPBG strutures.From the SNOM measurements of quadrati strutures it is observed that, with the rangeof investigation, no lear loal maximum of the damping onstant has been found, implyingno presene of a band gap. Clearly, the supposed band gap, from the modelling setion,at 790nm, is not seen. Instead, the deaying tendeny of the graph ould indiate aband gap towards the lower end of the investigated spetrum. Investigations with theHe-Ne exitation soure ould extend the range of investigation. However, it should beborne in mind that the theoretial propagation length for light with this wavelength on asemi-in�nite gold surfae is approximately 7µm. Taking into aount additional radiationdamping, the propagation length is lowered even further, so the feasibility of applyingHe-Ne light is yet questionable.
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Chapter 4ConlusionThe primary purpose of this projet has been to experimentally study the near-�eldpatterns of sattered SPPs by means of SNOM. As a preliminary preparation to this,the shape of the strong SPP �eld, reated from a tightly foused exitation soure, hasbeen studied in detail for varying wavelengths. Several phenomena assoiated with this,suh as dereased propagation length, beam waist dispersion and osillations along theintensity pro�le, have been explained and modelled showing superior resemblane withthe experimental images. The subsequent disussion has led to the suggestion that aoated sharp �bre tip, thiker metal �lm layer and a lower angular range of inident lightomponents an provide smoother intensity pro�les, thus reduing the present side e�ets.SPP sattering from simple strutures of low dimensional gold nano-partiles has shownto be quite weak as on�rmed by SNOM measurements with a parallel exitation soure.Measured images of the simple strutures are dominated by strong external sattering,possibly from larger defets. By applying foused exitation light, the sattered �eldpattern from a line array of nano-partiles has been observed and modelled showing goodresemblane between theory and experiments.For the more extensive SPPBG strutures, the applied model for alulation of the SPP�eld intensity distribution has shown some limitations. Still, alulations of the re�etivityand transmittane have been arried out for SPP propagation in the ΓK- and ΓX-diretionin SPPBG strutures of triangular and quadrati lattie arrays, respetively, eah with alattie onstant of 400nm. The results suggest SPP band gaps at 690nm for the triangularstruture and at 790nm for the quadrati struture. Experimental SNOM measurementsof SPP propagation on a gold �lm overed with gold partiles, arranged in a quadratiSPPBG struture with similar dimensions as the one investigated by modelling, show alear wavelength dependeny of the SPP penetration into the struture in agreement withsimilar investigations of random surfae plasmon nanostrutures. However, in relation tothe band gap, the measurements show poor resemblane with the results of the modelling.Finally, SPP propagation in the same quadrati SPPBG struture along hannels, in theform of lines of missing nano-partiles, has been investigated experimentally by SNOMfor three di�erent wavelengths. The results indiate 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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AppendixASurfae Plasmon PolaritonsThis appendix provides an introdution to the phenomena assoiated with SPPs. Sinethe �elds of SPPs are evanesent in nature, evanesent �elds in a total internal re�etionsheme is investigated in general in appendix B. This forms a basis for a desriptionof SPPs, both from a phenomenologial and a theoretial perspetive. The fundamentalproperties, whih are investigated in the subsequent setion, lead to experimental param-eters important in the proess of reating SPPs. Throughout the writing proess of thisappendix [6℄, [19℄[pages 270 to 273℄ and [20℄[pages 1 to 6℄ are been used in general.Plasma OsillationsThe basis of understanding the reation of a SPP involves an introdution to the phe-nomenon known as plasma osillations.Consider a metal having free eletrons, meaning eletrons apable of moving freely be-tween nulei. If, in addition, these are supposed to be ompletely una�eted by the nulei,the eletrons are onsidered to be randomly distributed and to behave as a gas. In rela-tion to this, the orresponding nulei lattie of positive ions is supposed to be uniformlydistributed with a positive harge distribution equal to the average eletroni harge dis-tribution but of opposite sign. This positive bakground harge density is assumed not to�utuate, sine the movement of nulei in a solid state matter is relatively small omparedto that of the eletrons. The bonded eletrons are omitted in this piture, sine these arestrongly on�ned to be near the orresponding nuleus. This model therefore treats a gasomposed of ionized speies, or free eletrons - a plasma.The eletron gas density may vary due to external exitations. If the eletroni hargedensity is redued loally, the positive nulei lattie is less sreened by the eletroniharges. Eletron sreening means that the positive ion is overed by a loud of eletronsopposing the Coulomb potential, implying that the Coulomb potential of the ion is moresigni�ant the less the sreening. Due to the strong tendeny that harge neutrality mustbe obtained, the restoring fore auses too many eletrons to move to the positive regionthus overompensating for the loal harge density redution. The repulsive Coulombfore between the lose paked ompensating eletrons produes motion in the oppositediretion and the loal eletroni harge density is one more redued. This proess re-peats itself as longitudinal osillations of the plasma throughout the matter - thereby theonept of plasma osillations. Figure A.1 ontains an illustration of plasma osillations.
59
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Figure A.1: Plasma osillations of an eletron gas - the bright and dark olors are relatedto areas of low and high eletron density, respetively. The red arrows indiatethe displaement of the eletrons.PlasmonsThe energy of a plasma osillation 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 frequeny.An expression for this frequeny an be obtained by applying the equation of motion ofa unit volume of the eletron gas

nme
d2u

dt2
= −neE = −neneu

ǫ0
, (A.1)where n is the eletron onentration and u is the displaement of the eletron gas reatingthe eletri �eld E = neu

ǫ0
whih ats as a restoring fore on the gas. The osillatory move-ment has the time dependene e−iωpt giving the relation d2u

dt2
= −ωp

2u. Hene, applyingthis with (A.1), the plasma frequeny in a bulk plasma of free eletrons is
−nmeωp

2u =
−n2e2u

ǫ0

ωp =

√

ne2

meǫ0
. (A.2)Additionally, (A.1) is applied to alulate the displaement of the eletron gas in general

u =
eE

meω2
,where ω no longer is the plasma frequeny, but an arbitrary frequeny giving the timedependeny of the free eletrons. This is now used to alulate the polarization P (ω)

P (ω) = −neu = −ne
2E(ω)

meω2
.



61The dieletri funtion 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.Surfae Plasmon PolaritonsSurfae plasmon polaritons are, as the name indiates, related to plasma osillationson�ned to the surfae of a material ontaining an eletron gas. The additional word"polariton" refers to the oupling between the surfae osillation and an eletromagnetiwave.Optial exitations from s- and p-polarized waves are onsidered. S-polarized waves areperpendiular to the plane of inidene, that is E(z) = Ey(z). In this ase it is notpossible to exite SPPs sine s-polarized surfae osillations are non-existent due to thetangential eletri �eld being ontinuous aross the surfae produing no surfae harge[7℄[page 27℄.In �gure A.2 the �eld on�guration of SPPs propagating in the x-diretion at a metal-airinterfae is shown. Charge osillations our in the x- and z-diretion. In the latter ase,
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Figure A.2: The harge �utuations involved in SPPs propagating on a surfae in thex-diretion. β is the propagation onstant.this happens within a small distane of 1Å. The SPPs propagate along the x-diretion.This implies that they onsist of a ombined transverse (z-diretion) and longitudinal



62 Appendix A: Surfae Plasmon Polaritons(x-diretion) eletromagneti �eld thereby exhibiting ombined eletromagneti wave andsurfae harge harater. This leads to the �eld omponents normal to the surfae deay-ing exponentially into both media, see �gure A.3 thus e�etively on�ning the SPPs tothe surfae.
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Figure A.3: SPPs propagating in the x-diretion. The eletri �eld in the z-diretion isdeaying exponentially.The range of eigen frequenies of the longitudinal osillations 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-interseting, that of the light. Appendix C treats the theoretial andpratial onsiderations in mathing the wave vetors of, and thereby oupling, surfaeplasma osillations and photons.Fundamental PropertiesFundamental properties of the eletromagneti �elds of SPPs, suh as dispersion relationand propagation, are treated theoretially in this setion.Consider the interfae between two semi-in�nite media of dieletri air and metal, �gureA.2, with the dieletri funtion εm = ε

′

m + iε
′′

m. The aim of the following is to obtainan expression of the wave propagating on the interfae 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 beause 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 assoiated eletri �eld vetor of the p-polarized waves are in the xz-plane, implyingthat the magneti �eld is oriented in the y-diretion. The attention is turned to this�eld H(z) = Hy(z) in the analysis. The two boundary onditions for the waves areontinuity for H(z) and ∂H(z)
∂z

at the interfae 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)Sine the slope of the x-omponent of the eletri �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 dieletri onstants εm and εd, (A.7) provides two equations tosolve, one for eah medium

∂2Hm(z)

∂z2
+ (εmk0

2 − β2)Hm(z) = 0 and
∂2Hd(z)

∂z2
+ (εdk0

2 − β2)Hd(z) = 0.With the exponential deay of the SPPs into eah 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 vauum (blue line) and for SPPs (greenline). The maximum frequeny allowed for SPPs, shown by the dashed line,is given by ωp√
1+εd

. The two lines are non-interseting.This is the dispersion relation for SPPs, and β is the propagation onstant. Hereby theneessary boundary onditions are ful�lled, and it is shown that TM-waves, εm < 0 and
εd > 0, are neessary to generate SPPs. Additionally, sine β is a propagation onstant,(A.12) must be positive. Sine 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 depited in �gure A.4, showing the maximum frequeny for generatingSPPs.The magneti �eld is direted along the y-axis when operating with TM-waves. This �eldis evanesent and expressed as
H(x, z) = Hye

iβxe±
√

β2−εmk0
2z. (A.15)Sine β = k0

√

εmεd

εm+εd
and εm = ε

′

m + iε
′′

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

+ iβ
′′ .Calulation of β ′ gives

β
′

= k0

√

ε′mεd

ε′m + εd
=

2π

λ0

√

ε′mεd

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

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 desribes the intensity. The wave is propagating inthe x-diretion, and from (A.18) the damping in this diretion is e−2β

′′ . The propagationlength LSPP is de�ned as the distane along the propagation diretion, at whih theintensity of the SPP is 1
e
of its initial value. Therefore

−2β
′′

LSPP = −1⇒
LSPP =

1

2β ′′
. (A.19)Where β ′′ is alulated 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 distane from the surfae where theamplitude of the magneti �eld has dereased to 1

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

′′

m. By taking this into onsideration when alulating 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 aount when alulating 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. Replaing 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 exited at origoin the (x,z,I)-oordinate system at a silver-air interfae with a soure wave-length of 633nm. The propagation length in this situation is LSPP = 21, 3µm.Similar alulations an be made for the dieletri 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, whih are important in the understanding ofSPP behavior of interfaes 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 eletri �eld, expressed as

E(x, y) = E0e
iβxe−y/d where

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



AppendixBEvanesent FieldsAs it will be explained more arefully throughout this appendix, SPPs are on�ned toan interfae and the belonging eletri �elds are deaying exponentially into eah media.Due to this exponentially deaying nature, the �elds are alled evanesent, so this setiononsists of a short desription of evanesent �elds in general.The treatment of evanesent �elds takes basis in the ommon situation of a plane waveinident on a �at interfae between two homogeneous media, see �gure B.1, where the
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Figure B.1: A plane wave impinging on a �at surfae. Sine the plane of inidene is thex-z plane, the wave vetor k is desribed only by a x- and a z-omponent. Therefrative indies are related as n1 > n2.refrative indies and the angles are desribed through the ommon relationships of
θ = θr and

n1 sin θ = n2 sin θt. (B.1)If the inident angle is inreased onsiderably, θt approahes 90◦ and the inident angleequals the ritial angle given by θ(θt = 90◦) = θc = sin−1 n2

n1
as seen from (B.1). Whenthe inident angle is beyond the ritial angle the interpretation of θt as an angle is invalidsine

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�etion ours. Nevertheless, optial �elds in medium 2 are present butdiminishing evanesently at short distanes from the interfae along the z-diretion. Anillustration of this situation is given in �gure B.2.67
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Figure B.2: Total internal re�etion from an interfae aused by an inident angle equal toor larger than the ritial angle. The evanesent �eld is deaying exponentiallyinto medium 2.Evanesent Field StrengthThe �rst step in the proess of deduing an expression of the evanesent �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 inidene
(

∂2

∂x2
+

∂2

∂z2

)

E − n2

c2
∂2E

∂t2
= 0.Substitution of the expression of a monohromati wave, with the time dependene 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. Withsuh 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 beomes

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:
• Refration: the situation skethed in �gure B.1 where the beam is split into arefrated and a transmitted part.
• Total internal re�etion: The situation of �gure B.2 showing no transmission.In the ase of refration, sin θt < 1 and therefore, aording to the �rst two terms in (B.6),

|kx| < k. This leads to the optial �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-diretion. Their exponents are purelyimaginary and therefore they are both osillating propagating waves and the damping,whih haraterizes evanesent waves, is not present. Hene, this expression representsan ordinary propagating monohromati wave.In the ase of total internal re�etion, the notion of θt as an angle beomes invalid, sine,aording to Snell's law, sin θt > 1 as shown in (B.2). Aording 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 optial �eld of medium 2 now beomes

E(x, z) = Aeikxxe∓
√

k2
x−k2z.The physial reasonable solution to kz has a negative sign for z ≥ 0, sine the z-omponentotherwise would reah in�nity at a growing distane z. In the ase of total internalre�etion, evanesent waves in the z-diretion are ahieved.In order to illustrate the evanesent �eld distribution, a simulation of the intensity of this�eld, I = |E(x, z)|2, has been arried out, see �gure B.3. As indiated by the �gure,evanesent �elds are strongly on�ned to the interfae, sine these seem to appear mostlywithin a sub wavelength distane from the interfae.
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Figure B.3: Simulation of the evanesent �eld intensity near an interfae. The value kxhas been alulated aording to (B.6) and the remaining parameter values are
np = 1.5, θi = 45◦ and λ0 = 632, 8nm.



AppendixCExitation of Surfae PlasmonPolaritonsIn order to monitor exitation of SPPs a phenomenon known as attenuated total re�etion(ATR) is applied. As indiated by the name, light impinging an interfae is totallyre�eted but yet attenuated, sine some of the photons are onverted into SPPs. A setupfor generating SPPs using ATR is the Kretshmann 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 vauum and the SPPs are non-interseting, indiating that it is not, at �rst,possible to math the wavevetors of light and surfae plasmons. The main idea withthe Kretshmann on�guration is to enhane the wave vetor of the applied light, via thedispersion of the prism, in order to ouple with the surfae plasmons.In �gure C.2 the dispersion line of vauum and a prism is ompared with the dispersionline of surfae plasmons in silver. The dispersion line of the x-omponent of the prismwave vetor mathes that of the SPP wave vetor at the frequeny ω1, as both vetorsare similar both in magnitude and diretion. Hene, in this partiular ase it is possibleto exite SPPs. Simply this means that the inident angle, the frequeny of applied lightand the refrative index of the prism are adjusting parameters deisive for the possibilityof generating SPPs. The orrelation between these parameters are investigated in thesubsequent text.The SPPs propagate along the interfae 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 dieletri onstant for the metal has been simpli�ed to εm = ε. Sine the greendispersion urve representing β in �gure A.4 is to the right and non-interseting 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 inident �eld on the metal layer inside the prism is
kxp = k0npsin(θ)71
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Figure C.1: The Kretshmann on�guration. By using an additional prism metal inter-fae, it is possible to ouple photons with the surfae plasma osillations al-lowing exitation of SPPs.

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

Figure C.2: The dispersion relation of vauum (blue line) and a glass prism with √εp = 1.5(red line). The orresponding x-omponents of the vauum and prism wavevetors are shown as the purple and turquoise lines respetively. The SPPdispersion line has been generated for silver by applying the SPP wave vetorexpression in (A.13). The plasma frequeny is alulated using (A.2) on page60 with a ondution eletron density of 5, 85 · 1028m−3.



73Where np is the refrative index for the prism and k0 is the wave vetor in vauum. 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 exitation,at kxp = β, the re�eted light is attenuated orresponding to exitation 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 pratie is to measure the re�etivity as a funtion of theinident angle. An expression for the re�etivity is derived in appendix E by treating theKretshmann on�guration as a three layer system with multiple re�etions within themetal �lm. The expression is

R(θ) =

∣

∣

∣

∣

rpm + rmaire
2ikzmd

1 + rpmrmaire2ikzmd

∣

∣

∣

∣

2

, (C.3)where rpm and rmair are re�etion oe�ients at the prism-metal and metal-air interfaerespetively. 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 vetor of the proper medium is expressed as
kz(p,m,air) =

2π

λ0

√

ε(p,m,air) − ε0sin2(θ). (C.5)Hene, the angle of minimum re�etion in (C.3) will orrespond to maximum ATR.
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AppendixDPhysis of Attenuated TotalRefletionPhysial explanations to ATR in the Kretshmann on�guration are provided in thisappendix viewed from two di�erent perspetives; by means of ray traing and by meansof enhanement of the SPP wave vetor due to the near presene of the prism medium.These ideas are developed further below.Ray Traing PitureConsider a light ray impinging the prism-metal layer at the inident angle for SPP ex-itation - it is partly re�eted and partly transmitted. The transmitted part traversesthe metal layer approahing the metal-air interfae and is deaying exponentially alongthe way due to internal damping in the silver. Subsequently, the remaining light induesSPP exitations at the metal-air interfae. At this instant, the re�eted light at theprism-metal interfae ontinues and leaves the Kretshmann on�guration.The near presene of the prism medium auses some of the SPPs to radiate light bakinto the prism, baksattered light. This radiation is in antiphase with the re�eted lightat the prism-metal interfae. The baksattered light then interferes destrutively withthe re�eted light, but the baksattered amplitude Aback is initially quite low omparedto the re�eted amplitude Ar and ATR is unnotieable. However, as the SPPs propagatealong the surfae the SPP amplitude is being built up to a stable level due to a ontinuoussupply of exitation light giving an inreased Aback and thereby inreased ATR. As thethikness of the metal layer is dereased, the internal damping of the transmitted parttraversing the metal layer is dereased and naturally the degree of exitation of SPPsis inreased. This ontributes to an inrease in Aback and at a ertain thikness thebaksattered and the re�eted light even ompensate eah other. This is the situation oftotal ATR and thereby maximum SPP exitation e�ieny. In priniple, sine no energyis leaving the system, everything is eventually transferred into heat in the metal �lm attotal ATR. A further derease in the thikness leads to a larger Aback whih is then notfully ompensated by the smaller Ar giving a non-zero re�etivity from the sample.SPP Wave Vetor EnhanementThe SPP wave vetor in the interfae between two semi-in�nite media has been derivedpreviously in this hapter, (A.13) on page 64. This is not the ase with the Kretshmannon�guration, whih deals with a metal layer of �nite thikness. In this explanation totalinternal re�etion is assumed at the prism-metal interfae. The generated evanesent75



76 Appendix D: Physis of Attenuated Total Refletionwave in this interfae exites SPPs at the metal-air layer as long as the thikness of themetal �lm is relatively small. At a small thikness the evanesent light wave is apable ofin�uening the SPP wave vetor adding an additional term to it
βKretschmann = β + ∆β.The real part of ∆β auses a displaement of the resonane position ompared to β. Asdemonstrated previously in this hapter, in the ase of an interfae 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 baksattered damping is present in the Kretshmann on�gu-ration. Calulations performed in [20℄[Appendix II℄ yield a re�etivity relation expressedin terms of the internal and baksattered damping
R = 1− 4ΓiΓback

(kxp − (β + ∆β))2 + (Γi + Γback)2
. (D.1)The value of Γback needed to provide minimum re�etivity of R in the resonane 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 thikness of the metal layer may be adjusted thereby hanging the value of Γbackimplying that a ertain thikness 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 thisresonane 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 physial explanation, the e�ets of hanging parameters of the expres-sion in (C.3) are heneforward studied in detail, explained and demonstrated throughsimulations.ThiknessThe e�et of a hanging thikness parameter is illustrated in �gure D.1 using �ve di�erentvalues of the metal layer thikness. This seems to be a powerful parameter stronglyresponsible for the degree of maximum ATR and the shape of the graph. As mentionedin the previous setion total ATR is only possible at a ertain thikness dmin whih, in
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q [degrees]Figure D.1: Simulation of re�etivity using di�erent thiknesses of the silver layer. Theapplied parameters are εAg = −16 + 1.1i, np = 1, 5 and λ0 = 632, 8nm. Theapplied thikness value is inreasing 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�etion minimum urve isinreased by dereasing thikness. The reason is obvious when onsidering the fration of(D.1). As the thikness beomes small, Γback inreases. This makes the term (Γi +Γback)

2inreasingly dominant ompared to (kxp − (β + ∆β))2. The latter term is a funtionof θ, so a relatively broad range of θ angles, around the re�etion minimum, gives lowre�etivity and thereby a large half-width. In the opposite ase, when the thikness islarge, the denominator term (Γi + Γback)
2 → Γ2

i and the fration beomes inreasinglysensitive to hanges in the term (kxp − (β + ∆β))2. Consequently the half-width of there�etion minimum in this ase beomes small.It is observed that the minimum of the re�etion urves is displaed to the right withdereasing thikness. The reason to this is found in the real part of ∆β. As the thiknessis dereased, the SPP omes loser to the evanesent wave at the prism-metal interfae andits wave vetor is therefore inreasingly in�uened. At small thiknesses ∆β
′ is inreasedand the kxp wave vetor has to be enhaned to obtain resonane. This is done by inreasingthe inident angle, thus displaing the re�etion minimum to the right along the angleaxis.In order to further evaluate the ertain values of dmin, the minimum re�etion of two sam-ples, with a silver layer and a gold layer respetively, is alulated at various thiknessesin the interval from 1nm to 100nm, see �gure D.2. For the sample of silver layer ATRours at 45nm whereas for the gold sample this happens at 53nm. This information isof great importane if one wants to onstrut an ATR oupler with re�etion minimumnear zero.
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Figure D.2: Calulated re�etion minima from a sample with a silver layer (blue) and agold layer (green) at various thiknesses. The thikness parameter is inreasedin steps of 1nm.Refrative Index of the PrismSuppose one takes ount of an o�set error in the angular measurement, this merely shiftsthe re�etivity graph to one of the sides not a�eting the tendeny of the graph. Similarly,this is the ase for a hange, within a reasonable range, of the refrative index of the prism,whih 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 enhane the wave vetor of the applied light,in order to ouple with SPPs. Therefore, the larger the refrative index of the prism thelarger the wave vetor kp and hene a smaller inident angle at the prism-metal interfaeis needed to enhane the value of the x-omponent of kp to the value of the SPP wavevetor.Dieletri Constant of the MetalThe e�et of hanges in the real an imaginary part of the dieletri onstant of the metalare illustrated in �gure D.4. An inrease in the real part of εm seems to broaden thepeak and shift the inident angle of maximum ATR. This peak is similarly broadenedwhen inreasing the imaginary part, but in addition, the amount of maximum obtainableATR seems strongly dependent on this parameter. The explanation to the shift in there�etion minima is found by onsidering the SPP dispersion relation, (A.16) on page 64
β

′

= k0

√

ε′m
ε′m + 1

.An inrease in ε′m auses an inrease in β ′ . For instane, 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 inreased with inreasing ε′m. This is veri�ed by
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Figure D.4: Re�etion urves of various values of the real (left graph) and imaginary (rightgraph) value of the dieletri onstant of the metal. In the left graph the valuesare dereased from εm = −14 + 1.1i (blue) in steps of 1 to εm = −18 + 1.1i(purple). The right graph represents inreasing dieletri 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�etion urves for silver and gold at optimal thiknesses of 45nm and 53nmrespetively. Total ATR of gold ours at an inident angle of 45,2◦.onsidering the expression ∆β = k · rpmβ, whih is a simpli�ation of a longer expressionprovided by [20℄[page 12℄, where an inrease in ε′m auses an inrease in both the onstant
k and β. This implies that the inident angle must be inreased with inreasing β ′ inorder to enhane kxp to the ase of resonane given by (kxp − (β + ∆β))2 = 0.The reason to the broadening in both set of graphs in �gure D.4 is depited by onsideringthe fration term of (D.1). In the ase of an inrease in ε′m the term β + ∆β beomesmore dominant allowing a broader range of kxp values and thereby θ values. A similarexplanation is valid for the broadening of the re�etion minima due to an inrease in theimaginary part of the dieletri onstant of the metal, but in this ase the term (Γi+Γback)

2is inreasingly dominant, sine ε′′m is proportional to Γi

d
.Only the green graph in the right window of �gure D.4 depits total ATR, whereas theminima of the remaining are displaed 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, whih ours at a larger thikness if the ε′′m-value is small, and vie versa.Re�etion Curves for Total ATRIn order to onlude the issues just treated, the re�etion urves of samples of silver andgold at the orresponding optimal thiknesses are shown in �gure D.5. It is possible toevaluate the value of the half-width of these re�etion urves by means of the following:ATR is based on destrutive interferene between the baksattered and re�eted light,eah having phase veloities β ′ and kxp and thereby phase dependenies of eiβ
′

x+π and
eikxpx respetively. The SPPs are onverted into baksattered light at a travelled distaneof, on average, LSPP,ATR. If the phase hange of the baksattered and re�eted light isexatly equal, the destrutive interferene is retained, even at the distane LSPP,ATR.



81Now suppose there is a small di�erene in phase veloity of the re�eted beam due toa hange in the angle of inidene, δθ. If the hange builds up along the propagationdistane, onstrutive interferene ould be observed instead. The phase di�erene in thissituation is then 0 expressed as
δφ = β

′

2LSPP,ATR + π − kxp2LSPP,ATR = 0. (D.4)The fator of 2 is present sine the interferene e�et depends on the amplitudes and notthe intensities. The propagation length of the SPP in terms of the amplitude is then twiethat of the intensity. This is seen by omparing the exponential deay in the expressionsof the amplitude and intensity of the H �eld provided, respetively, by (A.15) and (A.18)on page 64. Sine 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 dedue the value δθ = (θ0 − θ) whih is interpreted as the half-width of the re�etion 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◦ respetively. Thisorresponds quite well to the half-widths of the re�etion urves of �gure D.5.
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AppendixERefletivity From a Three LayerSystemThe total re�etion from a three layer system, suh as a prism/metal/air system, is derivedby onsidering the multiple re�etions. The situation is skethed in �gure E.1. One wayto proeed is to onsider the total re�etion oe�ient at the prism-metal interfae as asum of the oe�ients of all individual light waves propagating in the prism away fromthe metal-prism interfae. The phase di�erene between eah re�etion wave is learly
∆φ = 2kzmd, (E.1)sine the path di�erene in the z-diretion is twie the distane of the metal layer. Thisgives the following for the total re�etion 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)Sine 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�etion 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�etivity is expressed, inluding (E.1), as

R = |r|2 =

∣

∣

∣

∣

rpm + rmaire
i2kzmd

1 + rpmrmairei2kzmd

∣

∣

∣

∣

2

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



Bibliography[1℄ Vitor Coello. Elasti Sattering of Surfae Plasmon Polaritons. Institute of Physis(1999). ISBN 87-89195-17-5.[2℄ S. I. Bozhevolnyi, V. S. Volkov, K. Leosson and A. Boltasseva. Surfae plasmon po-lariton waveguiding in random surfae nanostrutures. Journal of Mirosopy 209 209(2003)[3℄ V. S. Volkov, S. I. Bozhevolnyi, K. Leosson and A. Boltasseva. Experimental studiesof surfae plasmon polariton band gap e�et. Journal of Mirosopy 210 324 (2003)[4℄ Sergey I. Bozhevolnyi, Valentyn S. Volkov and K. Leosson. Loalization and waveg-uiding of surfae plasmon polaritons in random nanostrutures. Phys. Rev. Lett. 89186801 (2002).[5℄ Katrin Kneipp, Yang Wang, Harald Kneipp, Lev T. Perelman, Irving Itzkan, Ra-mahandra R. Dasari and Mihael S. Feld. Single moleule detetion using surfae-enhaned Raman sattering (SERS). Phys. Rev. Lett. 78 1667-1670 (1997).[6℄ William L. Barnes, Alain Dereux and Thomas W. Ebbesen. Surfae plasmon subwave-length optis. Nature 424 (August 2003).[7℄ Valentyn S. Volkov. Near-Field Mirosopy of Photoni Band Gap Strutures. Instituteof Physis (2003). ISBN 3-540-42331-1.[8℄ J. J. Gre�et, A. Sentena and R. Carminati. Surfae pro�le reonstrution using near�eld data. Optis Communiations 116 20 (1995).[9℄ P. Dawson, A. F. Puygranier and J-P. Goudonnet. Surfae plasmon polariton prop-agation length: A diret omparison using photon sanning tunneling mirosopy andattenuated total re�etion. Phys. Rev. B 63 205410 (2001).[10℄ Sergey I. Bozhevolnyi and Valentyn S. Volkov. Multiple-sattering dipole approahto modeling of surfae plasmon polariton band gap strutures. Optis Communiations198 241 (2001).[11℄ Marian Rusek and Arkadiusz Orlowski. Analytial approah to loalization of eletro-magneti waves in two-dimensional random media. Phys. Rev. E 51 R2763 (1995)[12℄ Edward D. Palik. Handbook of Optial Constants of Solids. Aademi Press (1985).ISBN 0125444222.[13℄ F. Pinemin, A. A. Maradudin, A. D. Boardman and J.-J. Gre�et. Sattering ofsurfae plasmon polariton by a surfae defet. Phys. Rev. B 50 15261 (1994).[14℄ Sergey I. Bozhevolnyi and Vitor Coello. Elasti sattering of surfae plasmon po-laritons: Modeling and experiment. Phys. Rev. B 58 10899 (2002).85



86 BIBLIOGRAPHY[15℄ Sergey I. Bozhevolnyi and Fedor A. Pudonin. Two-Dimensional Miro-Optis of Sur-fae Plasmons. Phys. Rev. Lett. 78 2823 (1997).[16℄ P. J. Valle, E. M. Ortiz and J. M. Saiz. Near �eld by subwavelength partiles onmetalli substrates with ylindrial plasmon exitation. Optis Communiations 137334 (1997).[17℄ A. V. Shhegrov, I. V. Novikov and A. A. Maradudin. Sattering of Surfae PlasmonPolaritons by a Cirularly Symmetri Surfae Defet. Phys. Rev. Lett. 78 4269 (1994).[18℄ H. Ditlbaher, J. R. Krenn, G. Snider, A. Leitner and F. R. Aussenegg. Two-dimensional optis with surfae plasmon polaritons. App. Phys. Lett. 81 1762 (2002).[19℄ Charles Kittel. Introdution to Solid State Physis - Seventh Edition. John Wiley &Sons (1996). ISBN 0-471-11181-3[20℄ Heinz Raether. Surfae Plasmons. Springer Verlag (1988). ISBN 0-387-17363-3[21℄ I.S.P. Optis. http://ispoptis.om/material.html. Irvington, NY, USA. (deember2003).[22℄ Thomas Søndergaard and Sergey I. Bozhevolnyi. Vetorial model for multiple satter-ing by surfae nanopartiles via surfae polariton-to-polariton interations. Phys. Rev.B 67 165405 (2003).[23℄ Sergey I. Bozhevolnyi. Student ourse in near-�eld optis. Institute of Physis, Aal-borg University, (2003).[24℄ Miles V. Klein and Thomas E. Furtak. Optis. John Wiley & Sons, (1986). ISBN0-471-87297-0.[25℄ Frank L. Pedrotti, S.J. and Leno S. Pedrotti. Introdution to Optis. Prentie HallInternational, (1993). ISBN 0-13-016973-0.[26℄ Rihard Syms and John Cozens. Optial Guided Waves and Devies. MGraw-HillBook Company, (1992). ISBN 0-07-707425-4.[27℄ V. M. Agranovih and D. L. Mills Surfae Polaritons. North-Holland PublishingCompany (1982). ISBN 0-444-86165-3


