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Abstract

For the first time, using a equipment combining a scanning tunneling microscope

(STM) and an inverted optical microscope, we excite and directly image STM-excited

broadband propagating surface plasmons on a thin gold film. The STM-excited propagat-

ing surface plasmons have been imaged both in real space and Fourier space by leakage

radiation microscopy. Broadband localized surface plasmons due to the tip-gold film cou-

pled plasmon resonance have also been detected. Quantitatively, we compare the inten-

sities of STM-excited propagating and localized surface plasmons obtained with different

STM tips. We find that the intensity of each plasmon mode can be selectively varied

by changing the STM tip shape or material composition. A silver tip produces a high

intensity of localized surface plasmons whereas a sharp (radius < 100 nm) tungsten tip

produces mainly propagating surface plasmons.

We have investigated the coherence of STM-excited propagating surface plasmons by

performing experiments on a 200 nm thick (opaque) gold film punctured by pairs of

nanoholes. This work is analogous to Young’s double-slit experiment, and shows that

STM-excited propagating surface plasmons have a coherence length of 4.7±0.5 µm. This

coherent length is very close to the value 3.7±1.2 µm expected from the spectrum, which

indicates that the spectrum broadening of STM-excited surface plasmons is homogeneous.

We have also studied the in-plane and radiative scattering of STM-excited propagat-

ing surface plasmons by gold nanoparticles deposited on a 50 nm thick gold film. In

the Fourier space images, interference fringes are observed in the forbidden light region.

This interference occurs between STM-excited localized surface plasmons (radiating at

large angles from the tip position) and the radiative scattering by the gold nanoparticle

of STM-excited propagating surface plasmons. This indicates that STM-excited localized

and propagating surface plasmons are different components of the same single plasmon

produced by inelastic electron tunneling with the STM tip.

These results not only broaden the understanding about the excitation process of STM-

excited surface plasmons but also offer interesting perspectives for the connection between

nanoelectronics and nanophotonics.

Keywords:

STM, surface plasmons, coherence, interference, scattering





Résumé

Pour la première fois, en associant un microscope à effet tunnel (STM) et un microscope optique

inversé, nous avons imagé les plasmons de surface excités électriquement sur un film d’or avec la

pointe d’un STM. Par microscopie de fuite radiative, en observant l’image de l’interface air/or

et celle du plan de Fourier associé, nous avons distingué les plasmons propagatifs des plasmons

localisés sous la pointe. Les plasmons propagatifs sont caractérisés par une distance de propagation

et une direction d’émission en accord avec celles de plasmons propagatifs créés par excitation laser

sur des films d’or de mêmes épaisseurs. Les fuites radiatives des plasmons localisés s’étalent jusqu’à

l’angle maximum d’observation. Plasmons propagatifs et localisés ont une large bande spectrale

dans le visible. Si la pointe est plasmonique (en argent), les plasmons localisés ont une composante

supplémentaire due au couplage associé. Pour différents types de pointe, nous avons déterminé les

intensités relatives des plasmons localisés et propagatifs. Nous trouvons que chaque mode plasmon

(propagatif ou localisé) peut être préférentiellement sélectionné en modifiant le matériau de la

pointe et sa forme. Une pointe en argent produit une intensité élevée de plasmons localisés, tandis

qu’une pointe fine de tungstène (rayon de l’apex inférieur à 100 nm) produit essentiellement des

plasmons propagatifs.

Nous avons étudié la cohérence spatiale des plasmons propagatifs excités par la pointe du STM.

Avec un film d’or opaque (épaisseur 200 nm) percé de paires de nanotrous nous avons réalisé une

expérience analogue à celle des fentes d’Young. Des franges d’interférences sont observées. La

mesure de leur visibilité en fonction de la distance des nanotrous donne une longueur de cohérence

des plasmons de 4.7 ± 0.5 µm. Cette valeur, très proche de la valeur 3.7 ± 1.2 µm déduite de la

largeur de la distribution spectrale des plasmons, indique que l’élargissement spectral des plasmons

propagatifs est homogène.

Nous avons aussi étudié la diffusion des plasmons propagatifs excités par la pointe du STM

par des nanoparticules d’or déposées sur un film d’épaisseur 50 nm. Nous observons une diffusion

élastique et une diffusion radiative. Des franges d’interférences sont observées dans la région

d’émission lumineuse interdite du plan de Fourier, dont la période est inversement proportionnelle

à la distance pointe-nanoparticule d’or avec un facteur de proportionnalité égal à la longueur

d’onde moyenne des plasmons. Il y a donc interférence entre la radiation des plasmons localisés et

la radiation provenant de la diffusion des plasmons propagatifs sur les nanoparticules d’or. Ceci

indique que les plasmons localisés et propagatifs excités électriquement par la pointe du STM sont

différentes composantes du plasmon unique produit par effet tunnel inélastique avec la pointe du

STM.

Ces résultats originaux sur les plasmons créés sur film d’or par un effet tunnel inélastique local-

isé à l’échelle atomique (i) élargissent la compréhension du processus et (ii) offrent des perspectives

intéressantes pour une association de la nanoélectronique et de la nanophotonique.

Mots clés:

STM, plasmons de surface, coherence, interference, diffusion
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Chapter 1

Introduction

1.1 Light emission with a scanning tunneling microscope

The scanning tunneling microscope (STM) was invented in 1982 by Gerd Binnig and

Heinrich Rohrer, for which they shared the Nobel prize in physics in 1986. The instrument

consists of a sharp metal tip which scans very close (≤ 1nm) to a conducting (or semi-

conducting) sample surface. When a voltage V is applied between the tip and the sample

surface, across the junction, a tunnel junction forms and a tunneling current flows, and

this tunneling current is a function of tip position, applied voltage, and the local density

of states (LDOS) of the sample.

The first observation of photon emission from a tunnel junction was reported even

before the invention of the scanning tunneling microscope. In 1976, Lambe and McCarthy

[1, 2] observed that broadband light emission was produced with a planar metal-insulator-

metal (MIM) sandwich junction (Al-Al2O3-Ag/Au junction) having a roughened Ag exter-

nal electrode surface or a Au electrode with deposited Ag nanoparticles. They also found

a high frequency linear cutoff of the optical spectra that was dependent only upon the

applied voltage through the quantum relation: hνcutoff = eVapplied. This was interpreted

in terms of inelastic tunneling excitation of surface plasmon modes which were coupled to

free photons by scattering on rough metal surface or metal particles.

In 1985 and 1986, Ushioda et al. coupled the surface plasmon modes of a planar

MIM (Al-AlOx-Au) junction excited by inelastic electron tunneling to free photons with a

hemicylindrical prism [3, 4]. The light was detected at specific angles, which meant that

propagating surface plasmons were excited on the air-Au interface.

The light emission from the STM tunnel junction was first observed by Gimzewski et al.

in 1988 [5]. The authors reported isochromatic photon-emission spectra of polycrystalline

tantalum and Si(111)-(7 × 7) at photon energies of 9.5 eV. In 1989, Gimzewski et al.

reported the first STM excited light emission spectra of polyscrystalline silver film [6].

Similar to the observations of Lambe and McCarthy in 1976, the high energy threshold

of the spectra was found to equal the electron energy with the applied voltage between

the tip and the sample eVapplied. A very interesting phenomenon is that the maximum

intensity of the photon emission was at ≈1.9 eV and ≈2.4 eV, independent of applied

voltages. This study suggested that the light emission originates from resonant excitation

and radiative decay of localized surface plasmon modes at the silver surface.
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In 1991, Berndt et al. reported the first experiment of photon emission from single-

crystal surfaces of Ag(111), Au(110) and Cu(111) using the STM in tunnel and field

emission modes [7]. Following studies on MIM junctions, they suggested that the light

emission from STM tunnel junction originates from the inelastic tunneling process. The

inelastic tunneling electrons interact with collective electromagnetic modes and excite a

localized surface plasmon between the tip and the sample as shown in figure 1.1 (a). They

found that the light emission spectra were sensitive to the cavity size of the tunneling

junction, which showed that the localized surface plasmons were not only on the metallic

surface, but in the tip-surface gap.

In 1991 and 2010, Takeuchi et al. and Ahamed et al. reported light emission under an

STM tip from a gold film deposited on a prism [8, 9]. They detected light both on the tip

side (for localized plasmons) and on the prism side (for localized plasmons and leakage

radiation of propagating plasmons). Propagating plasmons are recognized by their specific

leakage radiation angle.

The schematic diagram of inelastic tunneling is shown in figure 1.1 (b). When the

electrons tunnel from the tip to the metal surface, most of them tunnel elastically. How-

ever, about 1 in 106 electrons tunnel inelastically. The inelastic tunneling electrons lose

part of their energy in the tunneling junction and this lost energy turns into the energy

of surface plasmons so that inelastic tunneling electrons excite surface plasmons between

tip and sample. The lost energy by the inelastic tunneling electron is limited to eVapplied,

so the maximum surface plasmon photon energy hν must be lower than this value.

Figure 1.1: (a) The tunneling current in an STM can be used as a nanosource to generate

light from the tunnel junction. (b) Schematic potential energy diagram illustrating the

mechanism for photon emission in an STM junction. Elastic (ET) and inelastic tunneling

(IET) processes are indicated. Inelastic tunneling electrons excite a localized surface

plasmon between tip and sample. The photons emitted during the radiative decay of the

plasmon may be detected in the far field. [10]

Since these first observations of light emission from the tunnel junctions of a STM,

this phenomenon has been reported for a variety of systems, including metal surfaces

and nanoparticles, semiconductor surfaces, semiconductor heterostructures and quantum

dots, ultrathin dielectric films on metal surfaces, molecules assembled in thin films and

even supported single molecules [10]. Benefiting from the atomic scale resolution of the
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STM, the STM induced light emission technique provides a powerful method to image and

to chemically recognize the constituents of matter down to the molecule and atomic scale

optically. This atomic resolution luminescence induced by the tunneling electrons not

only reveals the chemical identification of individual molecules [11] or the basic quantum

mechanical principle of the tunneling junction [12]but also provides an atomic-scale light

emission source.

In my PhD studies, we have optically investigated this atomic-scale light emission

source (STM-excited surface plasmons) in the far field. As opposite to previous works, for

the first time, we can directly image both the localized and propagating surface plasmons

excited with the STM tip by combining a STM with an inverted optical microscope and

performing leakage radiation microscopy. We have used this atomic-scale light emission

source for nano-optics experiments involving scattering of nanoholes and gold nanoparti-

cles.

1.2 Opportunities and challenges of plasmonics

Benefiting from the ability to manipulate light at the nanoscale, plasmonic research

has risen rapidly in the last decade. This manipulation of light consists mainly of the

confinement of light to the nanoscale (localized surface plasmons) and the modification

of the dispersion relation of light (propagating surface plasmons). The development of

nanoscale fabrication techniques (such as electron beam lithography or focused ion beam

milling) and nanoparticle synthesis techniques, has opened up new ways to fabricate new

metallic structures at the nanoscale. Because of these attributes, plasmonics has found

applications in a large range of fields such as sensing, imaging, energy harvesting and

waveguiding [13–21].

The light field confined and localized at the surface of metallic structures makes sur-

face plasmons very sensitive to the local changes in the permittivity of the surrounding

medium. The metallic structures can be thin metal films and stripes, metal nanoparticles,

holes, slits, gaps, grooves or corrugations in metal films and so on. By functionalizing the

metal surface, molecules can be selectively bound to the surface, shifting the wavelength

of the surface plasmons resonance. Because of the large light field confinement and en-

hancement, single molecules spectroscopy or sensing is also possible [14, 15]. Nowadays,

sensors based on the effect of the surface plasmon resonance are commercially available.

As the surface plasmons wavelength for a given frequency is shorter than that in air, sur-

face plasmons can be employed to overcome the classical diffraction limit and to be used

for nano-scale imaging [17]. The large light confinement can be used to efficiently trap and

concentrate sunlight, so the absorption in photovoltaic devices is largely improved. This

improvement may permit a considerable reduction in the physical thickness of solar pho-

tovoltaic absorber layers and may reduce the price of the solar cells in the future [16, 21].

The modification of dispersion relation of light at the metallic structures makes surface

plasmons guided in metallic structures such as thin metal films and stripes, nanowires, and

nanoparticles arrays. The waveguiding properties make surface plasmons very useful for

integrating optics at nano-scale, especially for the energy and information transfer beyond

the diffraction limit[13, 14, 18–20].

Despite these advances and useful applications in the field of plasmonics, there are still
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important open questions and problems. For example: how can plasmons be efficiently

excited with nano-scale resolution? So far, the excitation of surface plasmons is mostly

performed using far-field optical techniques which have a resolution that is larger than

plasmonic phenomena under investigation and using near-field optical techniques (e.g.,

scanning near-field optical microscopy) which have a better resolution for both excitation

of SPP and detection of SPP [22–25]. However, for true nano-scale plasmonic studies

a point source of surface plasmons with nano-scale dimensions is required. In recent

years, high energy electron beams(>30keV) have been used to excite surface plasmons

thus reducing the excitation source size down to the nanometer scale [26–30], but the

high energy electron beams generators are usually large and not easy to couple to the

traditional optical microscope. The high energy electron beams are not compatible with

low-voltage electronic devices, so the application is limited. Also, the high energy electron

beams should be used in high vacuum (≤ 10−6mbar), which is another drawback for future

application. So can we find a way to excite surface plasmons very locally and truly at the

nano-scale, while easier combining with the traditional optical microscope?

1.2.1 Optical nano-antenna

In recent years, a technique, closely related to plasmonics, named "optical antenna"

has attracted much attention [31–39]. Antenna techniques are well known in traditional

electrical engineering fields. The antenna are used to emit and receive radiowaves or mi-

crowave signals so energy or information can be transmitted through transmission lines

from one place to another. Now, antennas are pervasive in almost all areas of modern

technology, ranging from satellite communications to cell phones and the design of anten-

nas to control electromagnetic fields on the subwavelength scale is well-established. The

objective of optical antenna design is equivalent to that of classical antenna design: to

optimize the energy transfer between a localized source or receiver and the free-radiation

field, and optical antenna can be looked as an extended concept of antenna to the optical

frequency range. Optical antenna techniques provide emerging applications in photode-

tection, photovoltaics, nano-imaging, nonlinear signal conversion, information processing

and among others [39].

One challenge for optical antenna is “electro-optical transduction" [39]. In the tradi-

tional radiofrequency and microwave regime, antennas are usually used to convert electric

currents into electromagnetic radiation, and vice versa. However, most of the optical an-

tennas studied so far operate on a “light-in, light-out" basis. A mean for electro-optical

transduction is vital. One possible way for optical antenna assisted electro-optical trans-

duction can be inspired from STM induced light emission experiments, especially the

STM-excited surface plasmons experiments. Although there are problems such as low

“electro-optical transduction” efficiency, it can be expected that electro-optical anten-

nas based on electron-plasmon coupling with a scanning tunneling microscope will be a

promising choice for optical antenna in the near future [39].
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1.3 Outline of this thesis

This thesis focuses on the fundamental understanding of surface plasmons excited with

a scanning tunneling microscope and also gives several typical applications.

In Chapter 2, we give a general theoretical background of surface plasmons. We dis-

cuss the dispersion relations of surface plasmons polaritons on a gold film with different

gold film thicknesses. We also discuss the basic principle of leakage radiation microscopy.

In Chapter 2, we also introduce the dipole radiation near an air-dielectric interface and

air-gold film interface. The angular distribution of the dipole radiation is discussed. In

Chapter 2, we also present our experimental setup and the general experimental tech-

niques.

In Chapter 3, we show that propagating surface plasmons can be excited with the STM

on a thin gold film. In the Fourier space (back focal plane), the plasmons peaks which

related to the propagating surface plasmons are clearly seen. There are also localized

surface plasmons excited under the STM which are attributed to a tip-gold film coupled

plasmon resonance.

In Chapter 4, we demonstrate that the sizes and materials of the STM tips have effects

on the STM-excited surface plasmons on gold films. The size and material of the STM tip

both have effects on the relative ratio between the propagating surface plasmons intensity

to the total intensity (ISP P /Itotal). In our experiments, the sharpest W tip has the highest

ratio of ISP P /Itotal. The spectra of electrically excited surface plasmons does not depend

on the tip shapes. However, the spectra have a blue shift when the gold film thickness

increases.

In Chapter 5, we present experiments involving the STM-excited surface plasmons

scattered by nanoholes in thick (opaque) gold films. In both real space images and Fourier

space images, we see that the STM excited surface plasmons are scattered by nanoholes

along the tip-nanohole direction. In the experiments with a nanohole pair (double holes),

interference fringes are seen in Fourier space (back focal plane). By changing the sep-

aration between the nanoholes, the coherent length of STM-excited surface plasmons is

measured at 4.7±0.5 µm. This coherent length is very close to the value estimated from

the spectrum 3.7±1.2 µm, which indicates that the spectrum broadening of STM-excited

surface plasmons is homogeneous.

In Chapter 6, we present experiments involving the STM-excited surface plasmons

scattered by gold nanoparticles deposited on thin gold films. In real space images, we

record both the in-plane (elastic) scattering and the radiative (out of plane) scattering

of STM-excited surface plasmons by the gold nanoparticles. In Fourier space images, we

see the interference between the radiative scattering of STM-excited propagating surface

plasmons by the gold nanoparticles and STM-excited localized surface plasmons under the

STM tip, which indicates that STM-excited propagating and localized surface plasmons

are coherent.

Chapter 7 gives the conclusions and future prospects.

This thesis gives an overview of the opportunities that the STM technique provides

for the field of plasmonics. The presented results show that inelastic tunneling electrons

can be used to excite propagating SPP on an atomic scale. Our work provides a new way

to generate a nano-scale photon source for nano-scale energy transfer. These insights can
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lead to novel applications of surface plasmons in (bio-)sensing or addressing, nano-scale

optical integrated circuits, opto-electronic integration and electro-optical nano-antenna

techniques.



Chapter 2

Theoretical Background and
Experimental Techniques

2.1 Surface plasmons

2.1.1 Optical constant of gold films

The optical properties of metals can be described by a complex dielectric function that

depends on the frequency of light. The properties are determined mainly by two facts:

first, the electrons can move freely within the bulk of material and second, interband

excitations can occur if the photon energy exceeds the bandgap energy of the respective

metals [40].

It is well known that the free electrons in metals are modeled in the “Drude-Sommerfeld

model” as a free electron gas. In the low photon energy region, the “Drude-Sommerfeld

model” fits well with the dielectric function of gold. But in the high photon energy region

where the interband transitions may occur, the “Drude-Sommerfeld model” is no longer

valid and a “Lorentz” term describing the damping of bound electrons should be added.

We can thus use the “Drude-Lorentz model” to fit the dielectric function of gold.

The Drude-Lorentz model for gold is written as [41]:

εgold(ω) = εr −
ω2

p

ω(ω + iγ)
− ∆ε ∗ Ω2

ω2 − Ω2 + iωΓ
(2.1)

with εr=5.967 (relative dielectric constant considering both bound and free electrons),

ωp=8.729 eV (bulk plasma frequency), γ=0.065 eV (bulk plasma damping), Γ=0.433

eV (interband transition damping), Ω=2.684 eV (interband transition frequency) and

∆ε=1.09 (interband transition dielectric constant displacement).

In equation 2.1, the first two terms are the “Drude-Sommerfeld model” term and the

last term is the “Lorentz” term which relates to an interband transition.

Figure 2.1 plots the dielectric constant (real and imaginary parts) of gold as a function

of wavelength. The blue dots show the data taken from the paper of Johnson and Christy

[42] and the black lines show the Drude-Lorentz model curves from equation 2.1. For

wavelengths above 500 nm the behavior clearly follows the Drude-Lorentz theory. For

wavelengths below 500 nm obviously interband transitions become significant. Because in
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Figure 2.1: Optical constants of gold as a function of the wavelength. The real part and

imaginary part of the optical constants are drawn in black lines based on equation 2.1

separately. The experimental data from Johnson and Christy [42] are plotted as blue

dots.

equation 2.1 only one interband transition is taken into account, the model curves still fail

to reproduce the data below 500 nm [40].

2.1.2 Surface plasmon polaritons

Surface plasmons are collective surface charges oscillation that exist at a metal-dielectric

interface. When surface plasmons couple with photons, the resulting hybridized excitation

is called surface plasmon polaritons (SPP or SPPs). These SPPs can propagate along the

metal surface until energy is lost either via internal absorption in the metal or radiation

damping [43]. The propagating SPP wave has the properties of a transverse magnetic

(TM) electromagnetic field. The elementary propagating SPP wave can be written as:

Ed(x, z, t) = Ed,0 eikxxeikz0 ze−iωt; Em(x, z, t) = Em,0 eikxxeikz1 ze−iωt (2.2)

where Ed, the field in the dielectric, Em, the field in the metal and kSP P = kx = k
′
x + k

′′
x

is the in-plane wave vector of the SPP propagating in the x direction along the interface.

kzj = ±
√

k
2

j − k2

x are the wave vectors in the medium j= [0 (dielectric),1 (metal)] along

the direction z normal to the interface (the conventions for the axes x and z can be seen

in figure 2.3(b)). By applying boundary conditions to the Maxwell’s equations, we can

deduce the dispersion relation of the propagating SPP [40, 43, 44]:

kz0/εd − kz1/εm = 0 (2.3)

which implies:

kSP P = kx =
ω

c

√
εdεm

εd + εm
(2.4)

where εd and εm are the permittivity of the dielectric medium and the metal respectively.

Because the permittivity of the metal is complex, the kx is also complex with real and

imaginary parts. The real part of kx gives the dispersion relation of the SPP waves

propagating along the dielectric/metal interface and the imaginary part of kx is involved
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in the field decay of the SPP waves propagating along the dielectric/metal interface and

is related to the propagation length of SPP waves.
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Figure 2.2: (a) Dispersion relation of SPP waves propagating along the air/gold (thick

black curve) and glass/gold (thin blue curve) interfaces. (b) Propagation length of SPPs

along the air/gold (thick black curve) and glass/gold (thin blue curve) interfaces.
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Figure 2.3: (a) Intensity distribution of the SPP field Re[Ez] along the z direction across an

air/gold (black thick line) and glass/gold (blue thin line) interface. The optical wavelength

considered is λ = 700 nm. The permittivity of glass is taken to be 2.25. (b) shows the

conventions for the x and z axes. The arrows indicate the direction of the real part of the

wave vectors normal and parallel to the interface.

Figure 2.2(a) gives the dispersion relation curves of SPP waves along an air (εd=1)/gold

(thick black curve) and glass (εd=2.25)/gold (thin blue curve) interface ((εm=εgold=εgold(ω)

in equation 2.1). A very important point is that the air/gold dispersion curve is located

inside of the light cone for glass defined by K = (ω/c)nglass where K is a real light wave

vector and nglass=1.5, so according to the coupling condition the SPP propagating along

the air/gold interface can radiate into the glass medium if the x component of the wave

vector of the radiative light in glass medium is equal to the in-plane wave vector of the

SPP (this is called leakage radiation and a more detailed discussion may be found in sec-

tion 2.1.4). Similarly we know that the SPPs propagating along either interface cannot

radiate into the air side and the SPPs along the glass/gold interface cannot radiate into
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the glass medium.

Figure 2.2(b) presents the propagation length of SPP along the air/gold and glass/gold

interfaces for different wavelengths. The intensity of SPP propagating along the interfaces

exponentially decreases as e−2Im(kx)x, so the propagation length is defined as:

LSP P =
1

2Im(kx)
(2.5)

From figure 2.2(b) we see that the propagation length LSP P increases when the SPP

wavelength increases. We also see that at the same wavelength, the propagation length

along air/gold interface is always larger than the propagation length along glass/gold

interface.

Another important parameter is the kzj . From the equation above we can get: kzj =

(ω/c)
√

ε2
j/(ε0 + ε1) with j= [0(dielectric),1(metal)]. On the air-gold interface, the per-

mittivity of gold is complex and the real part is negative, and the absolute value of the

real part is much larger than the absolute value of the imaginary part. So the kzj can

be considered as a pure imaginary number. This pure imaginary wave vector indicates

that the SPP cannot propagate along the z direction and the SPP wave exponentially

decays along z direction. The decay length of the SPP field along z direction is defined

as 1/Im[kzj ] [43] and the decay length of the SPP intensity along the z direction can be

defined as 1/2Im[kzj ].

Figure 2.3(a) gives the intensity distribution of the SPP field Re[Ez] along the z di-

rection across an air/gold (black thick line) and glass/gold (blue thin line) interface. It

is clear that the decay length of the SPP intensity along the z direction is much longer

in the dielectric medium than in the metal. The decay length of the SPP intensity in the

metal medium does not vary so much between the air/gold interface and the glass/gold

interface, and at λ = 700 nm, the decay length (also called skin depth) in gold is ≈13nm.

On the other hand, the decay length of the SPP intensity in the dielectric medium varies

quite a bit between air and glass. At λ = 700 nm, the decay length of the SPP intensity

along the z direction is ≈220nm in air and ≈44nm in glass.

From the discussion above we see that the energy of the SPP is well confined to the

dielectric-metal surface and propagates along the interface. The SPPs wavevector in the

x direction, kx, indicates how the SPP propagate along the dielectric-metal interface. The

real part of kx presents the dispersion relation of the SPP and imaginary part of kx defines

the propagation length LSP P . The SPP wavevector in the z direction, kzj , shows how the

SPP energy is confined along the z direction.

2.1.3 Dispersion relation of gold films

In the last subsection we discussed the SPP dispersion properties for a dielectric-

metal interface. In practice, we make the sample by depositing a thin metal film on a

glass substrate, so the sample is a dielectric-metal-dielectric sandwich structure with a

finite metal film thickness. The SPP dispersion relation of this sandwich structure is very

important.

To calculate this SPP dispersion relation, we follow the method proposed by H.

Raether [43] and A. Drezet [44]. In this method, we try to find the zeros of the denomi-

nator of the Fresnel reflectivity coefficient for a TM wave (p-polarized) coming from the
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Figure 2.4: (a) Dispersion relation of SPP waves propagating along air/gold interface with

different gold film thicknesses and (b) The propagating length of SPP waves propagating

along air/gold interface with different gold film thicknesses and with different wavelengths.

dielectric side. For example, on the dielectric-metal (0-1) structure the Fresnel reflectivity

coefficient for a TM wave from the dielectric side is [43, 44]:

rp
0,1 =

kz0/ε0 − kz1/ε1

kz0/ε0 + kz1/ε1
(2.6)

where kzj = ±
√

k
2

j − k2

x are still the wave vectors in the medium j= [0 (dielectric),1

(metal)] along the direction z normal to the interface. We see the denominator is exactly

the same as equation 2.3. In the same way, we define the Fresnel coefficient of the glass-

gold-air (2-1-0) sandwich structure for a TM wave from the glass side as [40, 43, 44]:

rp
2,1,0 =

rp
2,1 + rp

1,0 e2ikz1d

1 + rp
2,1rp

1,0 e2ikz1d
(2.7)

where d is the gold film thickness. To find the zeros of the denominator and get the

dispersion relation, we solve the equation:

rp
2,1 + rp

1,0 e2ikz1d = 0 (2.8)

From this equation it follows:

(
kz2/ε2 − kz1/ε1

kz2/ε2 + kz1/ε1
) + (

kz1/ε1 − kz0/ε0

kz1/ε1 + kz0/ε0
)e2ikz1d = 0 (2.9)

with kzj = ±
√

k
2

j − k2

x as the wave vectors in the medium j= [0 (air),1 (gold),2 (glass)]

along the direction z normal to the interface. By solving the equation (2.9)1, we get the

SPP dispersion relations for different gold film thicknesses as shown in Figure 2.4. From

Figure 2.4 we see that the dispersion curves for the 70 nm thick gold film is nearly the

same as the dispersion curve of a semi-infinite gold film. When the gold film thickness

decreases, the dispersion curve turns towards the light line. When the gold film thickness

is smaller than 20 nm, the dispersion curve jumps to the left side of the light line which

indicates the light along the air-gold interface can radiate into the far field and there is no

SPP bound on the interface.
1In order to solve the equation, we follow the method by H. Raether [43], page 120-121
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2.1.4 Leakage radiation microscopy

In the last section we discussed how SPPs propagate on gold films of different thick-

nesses. In this section, we will discuss how to image the SPP which propagates on gold

films.

Having been studied for more than ten years [44, 45], leakage radiation microscopy

(LRM) is a very useful optical far-field method allowing the direct imaging of propagating

SPP on thin metal films. The LRM is easy to set up: a standard epifluorescence microscope

with an oil objective(numerical aperture(NA) larger than 1) is sufficient. Compared to near

field optical techniques, with LRM one can directly obtain the two-dimensional SPP image

without scanning point by point, so the imaging speed is more rapid. Normally in LRM

one records the two-dimensional SPP image on a CCD camera. With accessory optical

elements, the LRM can be used for both the direct space imaging and reciprocal space

(k-space) imaging of the propagating SPP. Because LRM is a far field imaging technique,

the optical resolution of LRM is limited by the diffraction of the optical microscope.

Leakage 

radiation

Optical axis

kglass

Oil

Glass

kƍSPPs
Air
Gold

șcrit

ĮNA

șLR

kglass

kƍSPPs

Figure 2.5: Principle of leakage radiation.

Figure 2.5 presents the principle of leakage radiation. On the air-gold interface this

k′
SP P is the real part of the in-plane wavenumber of the propagating SPP and in the glass

medium kglass is the wavenumber of the leakage radiation light. The leakage radiation

relation can be written as:

Real[kSP P (ω)] = kglasssin(θLR) = nk0(ω)sin(θLR) (2.10)

with n the refractive index of the glass substrate, θLR the leakage angle and k0 the wavevec-

tor in free space. Because of the dispersion relation, the leakage angle θLR also depends

on the light angular frequency ω. From the dispersion relation shown in figure 2.2 and

figure 2.4, we know that the Real[kSP P (ω)] is larger than k0(ω), so if we define θcritical as

the critical angle at the glass/air interface (nsin(θcritical) = 1), we get:

nsin(θLR) = Real[kSP P (ω)]/k0(ω) > 1; θLR > θcritical (2.11)

This is a very important relation for leakage radiation microscopy. From this relation, we

know that in order to get leakage radiation images we need an oil objective with an NA

larger than 1. Using an air objective we cannot get leakage radiation images.



13 Chapter 2. Theoretical Background and Experimental Techniques

To understand more about leakage radiation, we study the electric field distribution

in the air-gold-glass (0-1-2) sandwich structure (figure 2.6(b)). As it is well known for

waveguide structures [40, 44, 46], we write the SPP waves in the three layers as:

E0(x, z, t) = γeikxxeikz0(z−d)e−iωt

E1(x, z, t) = eikxx[αsin(kz1z) + βcos(kz1z)]e−iωt

E2(x, z, t) = eikxxeikz2ze−iωt

(2.12)

with
α = ikz2ε1

kz1ε2

β = 1

γ = ikz2ε1
kz1ε2

sin(kz1d) + cos(kz1d)

(2.13)
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Figure 2.6: (a) Electric field intensity transmission of a propagating SPP mode leaking

through gold films of different thicknesses (medium 1) from the air side (medium 0) to

the glass side (medium 2). The evolution is represented along the Z axis (the direction

normal to the interfaces) at x=0. The optical wavelength considered is λ = 700 nm.

The horizontal lines show the interfaces of different gold films. The electric field intensity

Re[E(z)]2 is normalized to Re[E(d)]2 for each sample of gold film thickness d. (b) shows

the conventions for the x and z axes. The arrows indicate the direction of the real part of

the wave vector normal and parallel to the interface.

Figure 2.6(a) shows the electric field intensity Re[E(z)]2 associated with a propagating

SPP mode leaking through gold films of different thicknesses (medium 1) from the air

side (medium 0) to the glass side (medium 1). The electric field intensity Re[E(z)]2

is normalized to Re[E(d)]2 for each sample of gold film thickness d. The evolution is

represented along along the Z axis (the direction normal to the interfaces) at x=0, and

the wavelength is λ = 700 nm. It is very clear that with the same SPP field intensity

on the air-gold interface (z=d, d is the thickness of the gold film) there is less intensity

transmitted to the glass substrate for thick gold films. In other words, with the gold

film thickness increases, the intensity transmission by leakage radiation through the gold

film decreases. By comparing the electric field intensity of a propagating SPP mode

at the air-gold interface Real[E(z = d)]2 and the electric field intensity of leaked light

Real[E(z = 0)]2, we can find the leakage radiation transmission ratio.
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Figure 2.7 shows the leakage radiation transmission ratio as a function of free-space

light wavelength for different gold film thicknesses. From this figure we clearly see the dif-

ferent transmission ratios for different wavelengths and for different gold film thicknesses.

It clearly shows that at λ = 700 nm (see the dashed vertical line) while the gold film thick-

ness increases from 20 nm to 70 nm, the leakage radiation transmission decreases from

∼0.75 to ∼0.05. With the same gold film thickness, the leakage radiation transmission is

larger at near infrared wavelengths.
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Figure 2.7: Leakage radiation(LR) transmission ratio as a function of free-space wave-

length for different gold film thicknesses. The dashed line guides the eyes for λ = 700

nm.

2.2 Dipole radiation near an interface

An oscillating dipole is the basic light source in electromagnetic radiation systems.

In many nano-optics experiments or theoretical calculations the nano-scale light source

may be also considered as an oscillating dipole or an ensemble of oscillating dipoles. For

example, single molecule emission [47, 48], CdSe quantum dot emission[49], the surface

plasmon resonances of nanoparticles [40], the surface plasmon resonances of nanoholes

[50, 51], scanning near-field optical microscope probes [36, 40], the optical response of the

atomic force microscope probes [52] and even the scanning tunneling microscope tunneling

junction [53] have been considered as oscillating dipoles. Such a wide variety of applications

makes it very important to understand the radiation properties of oscillating dipoles. Most

of the time we study the system near an interface, either an air-dielectric interface or an

air-metal interface, so here we will focus on the radiation properties of a dipole near an

interface.

2.2.1 Dipole radiation near an air-dielectric interface

Dipole radiation near an air-dielectric interface was well studied by W. Lukosz in the

1970s [54–56]. The air-dielectric interface can transmit and reflect the radiation of a dipole

near the interface. As is well known, the Fresnel transmission (t(p), t(s)) and reflection

(r(p), r(s)) coefficients are different for different polarizations [40], so we need to consider
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Figure 2.8: The coordinate system used for the dipole radiation near an interface. In

(a), the red arrow indicates the position and orientation of the dipole. The angle θ is

between the dipole and the optical axis, and the angle ϕ is between the X axis and the

dipole’s projection in the X–Y plane. In (b), θ1 is the angle between the light emitted

from the dipole and the optical axis, and θ2 is the angle between the transmitted light and

the optical axis. n1 and n2 represent the refractive indices of air and dielectric medium

respectively.

the polarization when we calculate the dipole radiation near an interface. Here, we give

the angular distribution of a dipole at an air-dielectric interface (z0=0) [40, 54–57]:

I = 3
8π sin2(θ)sin2(ϕ)(

t
(s)
12 cos(θ2)√

1−(
n2
n1

sin(θ2))2
)2 + 3

8π cos2(θ2)(t
(p)
12 )2( (cos(θ)sin(θ1)−sin(θ)cos(ϕ)cos(θ1))√

1−(
n2
n1

sin(θ2))2
)2

(2.14)

with θ, ϕ, θ1 and θ2 defined in figure 2.8. The Fresnel transmission coefficients (t(p), t(s))

are as follows:

t
(p)
12 = (n1

n2
)(1 + n2cos(θ1)−n1cos(θ2)

n2cos(θ1)+n1cos(θ2))

t
(s)
12 = 1 + n1cos(θ1)−n2cos(θ2)

n1cos(θ1)+n2cos(θ2)

(2.15)

So, putting equation 2.15 into equation 2.14 we get:

I = 3
2π n2

1sin(θ)2sin(ϕ)2( cos(θ2)
n1cos(θ1)+n2cos(θ2))2 + 3

2π n2
1cos(θ2)2( (cos(θ)sin(θ1)−sin(θ)cos(ϕ)cos(θ1))

n2cos(θ1)+n1cos(θ2) )2

(2.16)

In figure 2.8(a), the red arrow indicates the position and orientation of the dipole. The

angle between the dipole and the optical axis is θ. In the interface (X–Y plane), the angle

between the X axis and the projection of the dipole in the X–Y plane is ϕ. In figure 2.8(b),

θ1 is the angle between the light emitted from the dipole and the optical axis, and θ2 is

the angle between the transmitted light and the optical axis. When θ = 0◦, the dipole is

perpendicular to the X–Y plane, and the dipole is vertical. When θ = 90◦, the dipole is

parallel to the X–Y plane, and the dipole is horizontal. For these two special cases, based

on the equation 2.16, the vertical dipole (θ = 0◦) and horizontal dipole (θ = 90◦) emission

intensity can be written respectively as:

Ivertical = 3
2π n2

1sin(θ1)2( cos(θ2)
n2cos(θ1)+n1cos(θ2))2 (2.17)
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and

Ihorizontal = 3
2π n2

1sin(ϕ)2( cos(θ2)
n1cos(θ1)+n2cos(θ2))2 + 3

2π n2
1cos(ϕ)2cos(θ1)2( cos(θ2)

n2cos(θ1)+n1cos(θ2))2

(2.18)

Figure 2.9: Angular distribution in the X–Z plane of the radiation from (a) a vertical

dipole (θ=0◦), (b) a horizontal dipole (θ=90◦, ϕ=0◦) and (c) a horizontal dipole (θ=90◦,

ϕ=90◦) through an air-glass interface. These dipoles are located at the air-glass interface,

z0=0. The emission is calculated only for the glass side.

The angular distribution in the X–Z plane of the light emitted through an air-glass

interface by a vertical dipole or a horizontal dipole is shown in figure 2.9. Figure 2.9(a)

shows the angular distribution of the emission intensity (in the glass) for a vertical dipole

located at the air-glass interface. The red double arrow shows the orientation of the dipole.

The black line indicates the critical angle. Thus, the emission of a vertical dipole through

an air-glass interface is mainly at angles larger than the critical angle.

Figure 2.9(b) and (c) show the angular distribution of the emission intensity (in the

glass) of a horizontal dipole located at the air-glass interface. In figure 2.9(b), the red

double arrow shows the direction of the horizontal dipole. In this case the horizontal

dipole is in the X–Z plane (ϕ=0◦, figure 2.8). Again, the black line indicates the critical

angle, so in this case the dipole emission through the air-glass interface is mainly at angles

smaller than the critical angle in the plane containing a dipole horizontal to the interface.

In figure 2.9(c), the red dot again shows the direction of the horizontal dipole, so in this

case the horizontal dipole is in the Y–Z plane (ϕ=90◦, figure 2.8). The black line indicates

the critical angle, so in this case the dipole emission through the air-glass interface is

again mainly at angles larger than the critical angle, but there is still a significant amount

of light emitted at small angles in the plane perpendicular to a dipole horizontal to the

interface.

In figure 2.10, we plot the angular radiation pattern in the horizontal plane (parallel

to the X–Y plane) in the glass medium for a vertical (figure 2.10(a)) and a horizontal

(figure 2.10(b)) dipole. The dipoles are located at the air-glass interface, z0=0. It is clear

that the vertical dipole gives rise to a central symmetric pattern which means that angular

distribution of the emission is the same for all values of ϕ. On the other hand, it is also

clear that the horizontal dipole gives rise to a pattern which is symmetric with respect to

the X or Y axis. This means that angular distribution is not the same for all values of

ϕ. The emission intensity along the direction (in the X–Y plane) of the horizontal dipole
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(a) (b)

Figure 2.10: Angular radiation pattern in the horizontal plane (parallel to the X–Y plane)

in the glass medium for (a) a vertical dipole (θ=0◦) and (b) a horizontal dipole (θ=90◦,

ϕ=0◦). The dipoles are located at the air-glass interface, z0=0.

orientation is much smaller than the emission along the direction perpendicular to the

horizontal dipole orientation (in the X–Y plane).

In general case, the dipole is neither vertical nor horizontal, so the angle θ may be

between 0◦ and 90◦. Figure 2.11 gives the angular radiation pattern for a dipole oriented

45◦ to the optical axis (θ=45◦, ϕ=0◦). The angular radiation pattern is not central

symmetric. Especially in the small angle range (smaller than critical angle), there is more

radiation along the direction perpendicular to the dipole (in the X–Z plane) than along

the direction parallel to the dipole (in the X–Z plane, see figure 2.11(b)).

(a) (b)

Figure 2.11: Angular distribution (a) in the X–Y plane and (b) the X–Z plane for a dipole

(θ=45◦, ϕ=0◦). The dipole is located at the air-glass interface, z0=0.

Dipole above the air-dielectric interface (z0>0)

We have also investigated the case where z0 > 0 (the dipole is above the air-dielectric

interface). In this case, we need to add a multiplicative term to equation 2.14 in order to

describe the distance effect, so the equation 2.14 can be modified to [40]:

I = (equation 2.16) × Re[ei 2π
λ

z0cos(θ1)]2 (2.19)
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The angular distribution of a dipole oriented 60◦ to the optical axis for different distances

z0 are shown in figure 2.12. Here we choose z0=0.01λ, z0=0.1λ and z0 = λ. With the three

different distances, we see that when the z0 increases, the radiation at large angles (larger

than critical angle) decreases, but the radiation at small angles (smaller than critical angle)

does not change. The radiation at large angles is called “forbidden light” and the radiation

at small angles is called “allowed light” [40]. The forbidden light is always symmetrical

with respect to the optical axis. But, the allowed light is not symmetrical with respect

to the optical axis because of the dipole orientation of 60◦. Moreover, the allowed light

originates from traveling waves and the forbidden light arises from the evanescent waves

of the electric dipole radiation [58]. It is shown in figures 2.9-2.12 that when the dipole

is very close to the air-glass interface, almost all the far field intensity is from evanescent

waves. But when the dipole is one wavelength away from the interface, no radiation is

observed in the forbidden light region, because the evanescent waves from the dipole die

out before reaching the interface.

Figure 2.12: Angular distribution in the X–Z plane of a dipole (θ=60◦, ϕ=0◦) for different

distances z0. The distances z0 of the dipole are indicated in the figure. The radiation

patterns are shown in the X–Z plane. Note that the allowed light does not depend on z0

and that the forbidden light is always symmetrical with respect to the optical axis.

2.2.2 Dipole radiation near an air-gold film interface

Now we consider how a dipole radiates near an air-gold-glass sandwich structure shown

in figure 2.13.

Vertical dipole radiation through an air-gold-glass structure

When a dipole radiates near an air-gold interface, the dipole can excite surface plas-

mons on the gold film [59–62]. Similar to the air-glass interface case, with the consideration

of dipole-excited surface plasmons, we can write the angular distribution of the radiation

from a vertical dipole (θ=0◦) through an air-gold-glass sandwich structure as [53]:

E(kx) =
ipz

8π2ε0

kxt(p)(kx)√
1 − k2

x/k2
0

eik0z0

√
1−k2

x/k2
0 (2.20)

where kx is the wavenumber of the propagating surface plasmons at the air-gold interface,

k0 is the wavenumber of the light in free space, pz represents the vertical oscillating dipole.
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Figure 2.13: Schematic image of a dipole near an air-gold-glass sandwich structure (cross

section in the X–Z plane). The coordinate system is shown in figure 2.8. The red double

arrow indicates the position and orientation of the dipole. z0 is the distance between the

dipole and the gold film and the d is the thickness of the gold film.

If z0 = 0, the angular distribution of intensity I can be written as:

I(kx) ∝
(kx)2

∣∣∣t(p)(kx)
∣∣∣
2

1 − k2
x/k2

0

(2.21)

with [43, 44]

t(p) =
tp
01tp

12eikz1d

1+rp
01rp

12e2ikz1d

rp
ik =

kzi
εi

− kzk
εk

kzi
εi

+
kzk
εk

tp
ik = (1 + rp

ik)
√

εi/εk

kzi =
√

k2
i − k2

x

(2.22)

The schematic is shown in figure 2.13 and figure 2.6(b).

Vertical dipole radiation through an air-gold-glass structure for different gold

film thicknesses at λ=700 nm (z0 = 0)

Figure 2.14 shows the angular distribution in the horizontal plane (parallel to the X–Y

plane) in the glass medium of the radiation from a vertical dipole radiation through an air-

gold-glass structure for different gold film thicknesses from 6 nm to 70 nm at wavelength

λ=700 nm based on equation 2.21. Figure 2.15 presents the corresponding cross-sections

of the images in figure 2.14.

In figure 2.14, it is very clear that the angular distribution image (in the X–Y plane)

on a 6 nm gold film is very similar to figure 2.10(a) which shows the radiation of a vertical

dipole on an air-glass interface. This means there are no propagating surface plasmons

excited by the vertical dipole on the 6 nm gold film. It is clearer in figure 2.15(a) that

the cross-section of the angular distribution image of a vertical dipole on a 6 nm gold

film is very “flat”, i.e., there is no propagating SPP peak. Actually, as already shown in

figure 2.4(a), a 6 nm gold film does not support propagating SPPs, so there is no SPP

ring in figure 2.14 or SPP peak in figure 2.15(a). Instead, the angular distribution (in the

X–Y plane) image features a uniform intensity pattern with a discontinuity at the critical

angle.
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Figure 2.14: Angular distribution in the X–Y plane of the radiation from a vertical dipole

through an air-gold-glass structure for different gold film thicknesses at λ=700nm. The

film thickness d is indicated for each image.

For other thicknesses (20 nm to 70 nm), they all have a significant plasmon ring in

figure 2.14 or plasmon peak in figure 2.15, and the plasmon peaks are all at angles larger

than the critical angle. We also notice that the maximum intensities are higher than that

from the 6 nm gold film. If we only consider the transmission properties, this peak intensity

increasing effect is very surprising because the transmission decreases when the gold film

thickness increases. However, due to the fact that the propagating SPPs are excited by

dipole radiation on these gold films and the fact that thicker gold films support more

propagating SPPs, so we can understand this phenomenon. More precisely, we see the

peak intensity from the 70 nm gold film is lower than that from the 50 nm gold film since

the film starts to become opaque. Moreover, the full width at half maximum (FWHM) of

the plasmon peak decreases as gold film thickness increases. This because the reciprocal

of the FWHM of these plasmon peaks is related to the propagating length of the SPP, and

when the gold film thickness increases, the propagating length of the SPPs also increases

as shown in figure 2.4(b).

Vertical dipole radiation through an air-gold-glass structure for a 50 nm gold

film at different wavelengths (z0 = 0)

Figure 2.16 shows the angular distribution in the X–Y plane of the radiation from a

vertical dipole through an air-gold-glass structure (gold film thickness 50 nm) for different

dipole radiation wavelengths λ. Figure 2.17(a) presents the corresponding cross-sections

(from 40◦ to 50◦) of the images in figure 2.16. From figure 2.16, we see that at λ=500 nm

the angular distribution image (in the X–Y plane) is similar to figure 2.10(a) which is a

vertical dipole on an air-glass interface. In figure 2.17(a) we see that the cross-section of

the angular distribution image at λ=500 nm is very "flat", and there is no significant SPP

peak (grey curve). This means that there are no propagating SPPs excited by the vertical

dipole at λ=500 nm [63].

For other wavelengths (550 nm to 900 nm), a significant SPP ring in figure 2.16

or SPP peak in figure 2.17(a) is observed, and the SPP peaks are all at angles larger

than the critical angle. In figure 2.17(a), it is very clear that the SPP peak positions

change with the dipole radiation wavelengths. When the wavelength decreases, the SPP

peak shifts to a larger angle. In figure 2.17(b) we plot the dispersion curve of SPP



21 Chapter 2. Theoretical Background and Experimental Techniques

38 40 42 44 46 48 50
0.0

0.5

1.0

N
o

rm
a

liz
e

d
 I
n

te
n

s
it
y

θ (degree)

 35nm

 50nm

 70nm

38 40 42 44 46 48 50

0.0

0.1

0.2

0.3
N

o
rm

a
liz

e
d
 I
n

te
n

s
it
y

θ (degree)

 6nm

 20nm
(a) (b)

Figure 2.15: Cross-sections through the center of the images in figure 2.14. The cross-

sections are normalized to the maximum intensity for the 50 nm gold film case and show

the relative intensity. For clarity, the plot range is from 38◦ to 50◦ and the cross-sections

are separated into two groups of gold film thicknesses: (a) 6 and 20 nm, (b) 35, 50 and 70

nm. The critical angle of an air-glass interface is 41.8◦.

Ȝ=500nm Ȝ=600nm Ȝ=700nm Ȝ=800nm

Figure 2.16: Angular distribution in the X–Y plane of the radiation from a vertical dipole

through an air-gold-glass structure for a fixed gold film thickness (50 nm) and for different

dipole radiation wavelengths. The wavelength λ is indicated for each image.

waves propagating along the air/gold interface for a 50 nm thick gold film again (already

shown in figure 2.4(a)). From the SPP peak positions in figure 2.17(a), we determine

the propagating SPP wavenumbers (real part) for different dipole radiation wavelengths

(Re[kSP P (ω)] = nglasssin(θ)k0(ω)). We see that the determined value fits very well with

the theoretical dispersion curve. This give us another way to calculate the dispersion

relation for gold films. The FWHMs of the SPP peaks (in figure 2.17(a)) also indicate

the propagation length LSP P of SPP at different wavelengths (LSP P = 1/FWHM [64]).

For example, the FWHM of the SPP peak at 550 nm is much larger than that at 700 nm

which means the propagation length of SPP at λSP P =550 nm is much smaller than that

at λSP P =700 nm.

From the figures 2.14-2.17 we see that propagating SPPs can be excited when a vertical

dipole with an appropriate wavelength is near an air-gold-glass sandwich structure with

an appropriate gold film thickness. When propagating SPPs are excited, the angular
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Figure 2.17: (a) Partial cross-sections through the center of the images in figure 2.16. The

cross-sections are normalized to the maximum intensity for the λ=800 nm case and show

the relative intensity. For clarity, the plot range is from 40◦ to 50◦. (b)The red curve is

the dispersion curve of SPP waves propagating along the air/gold interface for a 50 nm

thick gold film (already shown in figure 2.4(a)). The black squares are the propagating

SPP wavevectors (real part) as determined from the SPP peaks in (a). The values from

the angular distribution images fit very well with the theoretical dispersion curve.

distribution of the radiation through an air-gold-glass structure is different from that of

a vertical dipole on an air-glass interface. The angular distribution (in the X–Y plane)

is very useful for checking whether propagating SPPs are excited. Moreover, we can

calculate the dispersion curve and propagation length from the the angular distribution

of the radiation.

2.3 Experimental setup

Our experimental setup has two main parts: the scanning tunneling microscope (STM)

and the inverted optical microscope. We combine them together so that we can excite

surface plasmons on thin metal films (deposited on quartz or glass substrates) with the

STM and record the surface plasmons images through the thin metal film with the optical

microscope. The setup is shown in figure 2.18 and figure 2.19.

2.3.1 Scanning tunneling microscope

In general, there are two types of imaging modes for STM: constant height mode and

constant current mode. In constant height mode, the relative distance between the tip and

the reference plane is fixed and the tunneling current changes with the lateral tip position.

However, in constant current mode, the tunneling current is maintained and the relative

tip-sample distance (z position of the tip) is adjusted by a feedback loop. By recording

the feedback signal at each tip position, a “topography” image is produced.

In our experiments, we use the STM mode (constant current mode) of a Veeco Dimen-

sion 3100 system (nanoscope IV). The STM tips are made of PtIr, W and Ag. The PtIr

tips are bought from Veeco and were just mechanically cut. The W tips and Ag tips were

homemade by an electrochemical etching process.
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STM head

Microscope

CCD 

camera

Figure 2.18: The combination experimental setup. In a glove box, a STM/AFM head is

mounted on an inverted optical microscope. A cooled Roper camera is mounted on the

left port, a live Axiocam camera is on the front port and a collection fiber is on the right

port. The collection fiber is connected to a spectrometer outside the glove box.

The W tips are etched in a 2 mol/L NaOH solution. The solution is prepared with:

80 g Na2O, 650 ml distilled H2O and 350 ml glycerin. The applied bias can be either

alternating current (AC) pulses or direct current (DC). The electrode used in the NaOH

solution is made with nickel wire. Normally, when etched with direct current, the tip is

sharper and has a symmetrical shape.

The Ag tips are etched in a 25% (in volume fraction) NH3OH solution. The NH3OH

solution is prepared using a 32% NH3OH solution diluted with distilled H2O. For example,

100 ml of a 32% NH3OH solution diluted with 28 ml distilled H2O, gives us a 25% NH3OH

solution.

2.3.2 Optical microscope

The inverted optical microscope we used is a Zeiss Axiovert 200. With dichroic cubes

(dichroic mirrors and bandpass filters for excitation and emission), the inverted optical

microscope can be used for epifluorescence microscopy experiments using lamp or laser

excitation. During the lamp (X-cite 120) excitation, the excitation intensity on the sample

can be adjusted with the aperture diaphragm by changing the beam diameter of the lamp

in the microscope and the emission area size on the samples can be adjusted by the field

diaphragm. For the laser excitation, by adding a focus module, the beam size of a 488nm

argon laser is reduced and the FWHM (full width at half maximum) of the laser beam can

reach around 1 µm. With the help of a high numerical aperture oil objective, the laser

excitation can be also operated in the total internal reflection fluorescence (TIRF) mode.

The emission can be recorded either by an uncooled color Axio camera (AxioCam ICc,
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Figure 2.19: The core part of the experimental setup. The spectrum is recorded without

a sample during XX s.

Zeiss) or by a liquid cooled Roper camera (PIXIS 1024B, Princeton Instruments). The

Axio camera has a 1.4 megapixel resolution (1388 × 1038) and one pixel is 4.65 µm × 4.65

µm in size. The Roper camera has a 1 megapixel resolution (1024 × 1024) and one pixel

is 13 µm × 13 µm in size. While the Axiocam has better resolution, the Roper camera

is used most because of its better signal to noise ratio (cooled to −70◦C. If we use an

100× objective, one pixel of the Axio camera in the image plane corresponds to 46.5 nm

(4.65 µm/100) in the object plane and one pixel of the Roper camera in the image plane

corresponds to 130 nm (13 µm/100) in the object plane. It is important to notice that

in our setup before the Axio camera, there is an 0.63 × optical translator, so one pixel of

Axio camera in the image plane corresponds to 74 nm (4.65 µm/(100×0.63)) in the object

plane.

The emission can also be recorded by a liquid nitrogen cooled spectrometer (Jobin-

Yvon, Triax 190). A collection fiber made of 49 single fibers collects the light from the

right port of the microscope. The spectrometer uses a CCD for light detection, so the

spectral information can be presented either as spectral curves or 2D spectral maps. The

spectrometer CCD works at around 150K. There are several gratings with different spectral

ranges. The most frequently used grating for our spectral measurements is the one with a

blazed wavelength at 600 nm, a grating density of 300 grooves/mm (grating per millimeter)

and a grating width of 120 mm. Theoretically, the 300 grooves/mm grating with a width

of 120 mm that is used in first order has a numerical resolving power R = 300×120 =

36,000= λ/∆λ . Therefore, at 700 nm, the spectral resolution ∆λ of the grating is equal

to 0.0194 nm (λ/R) [65].

A transmission curve of our spectrometer system has been calculated including the

transmission of the objective, the tube lens and prism of the microscope, the collection

fiber, the response of the grating in the spectrometer and the quantum efficiency of the
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CCD in the spectrometer (figure 2.20(a)). According to this transmission curve, our

recorded experimental spectra (central wavelength around 700 nm) need to be red shifted

by 10 nm. Most of the spectra in this thesis are not corrected for instrumental response

since the shift is small, except for some special cases. The transmission curves of the

spectrometer system are given in figure 2.20(a) and the transmission curves of the Roper

camera system are given in figure 2.20(b). Figure 2.21 is a comparison between the spec-

trometer and the Roper camera systems.
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Figure 2.20: Transmission curves of (a) our spectrometer system and (b) Roper camera

system (b). In each image, we show the transmission curves for each component in the

detection system. The total transmission curve is also plotted.
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Figure 2.21: Total transmission curves of our spectrometer and Roper camera systems.

Figure 2.22 shows the near infrared light from the AFM/STM head of our setup. This

near infrared light is always there when the AFM/STM head is electrically connected to
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the controller and it may be related to the feedback system in the AFM/STM head. By

a Gaussian fit, we see that this near infrared light has a central peak position around 893

nm and a FWHM around 40 nm. This near infrared light is a noise for our experiments,

so we use a 842 nm shortpass filter to cut this near infrared light.
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Figure 2.22: Near infrared light from the AFM/STM head of our setup. The spectrum

is recorded using an oil objective (×100, NA=1.45). An ITO deposited glass substrate is

used to focus the oil objective. The acquisition time is 60 s.

Back focal plane imaging

The back focal plane is also called the rear focal plane or Fourier plane and the back

focal plane image is usually called the Fourier space image. A converging lens has both a

front focal point and back (rear) focal point. Any ray passing through the front focal point

will exit parallel to the optical axis when it leaves the converging lens. The back (rear)

focal point of the system has the reverse property: rays that enter the system parallel to

the optical axis are focused so that they pass through the rear focal point.

Back focal plane imaging gives information on the angular distribution of the light

emitted in the object plane. Figure 2.23 shows the principle of the back focal plane.

There is an emitter at point A in the object plane (front focal plane of the objective)

which emits at an angle θ.

As shown in figure 2.23, in the object plane the distance between point A and the

optical axis is r, and in the back focal plane the distance between point A’ and the optical

axis is r′. According to the “Abbe sine condition”, there is a relation [66, 67]:

rnsin(θ) = r′n′sin(θ′) (2.23)

where n is the refractive index of front focal plane and n′ is the refractive index of back

focal plane. Because θ′ is rather small, sin(θ′) ≈ tan(θ′). The focal length of the objective

is defined as f, thus tan(θ′)= r/f. So equation 2.23 can be written as:

rnsin(θ) = r′n′tan(θ′) = r′n′r/f (2.24)

So we have:

r′ = fnsin(θ)/n′ (2.25)

Because the refractive indices n, n′ and focal length of the objective f do not change for a

specific objective, the distance r′ between image point A′ and the optical axis in the back

focal plane only depends on the light emission angle in the object plane.
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Figure 2.23: Principle of the back focal plane.

On the other hand, the image in the back focal plane may be considered as the “Fraun-

hofer diffraction” pattern of the point source emission in the object plane. In this case,

the field emission in the back focal plane can be calculated as [66, 67]:

U(x′, y′) =

∫∫

Aperture

A(x0, y0) e−ik(lx+my)dxdy = A(x0, y0) e−iky′r/f (2.26)

where A(x0, y0) represent the field amplitude at point (x0, y0) in the object plane and

U(x′, y′) represents the field amplitude in back focal plane at point (x′, y′). The l and m

are the direction cosines of the emission at point A. For the case shown in figure 2.23, l=0

and m = r′/f = y′/f .

Back focal plane calibration

To understand the back focal plane images, it is very important to calibrate the back

focal plane image. Once the back focal plane image is calibrated, we can quantify the

angular distribution of the emitted light. Here we do the back focal plane calibration for

oil objectives by obtaining back focal plane (or Fourier space, see subsection 2.3.2) images

with molecular fluorescence and attributing a value of 1 to the inflection point, as shown

in the following.

The fluorescence sample is made by using a a fluorescence marker on a glass substrate.

The photoluminescence of the fluorescence marker is excited by a lamp (x-cite 120, Lumen

Dynamics Group Inc.) and detected by our inverted optical microscope (epifluorescence

microscopy). The back focal plane images with oil objectives NA=1.45 (figure 2.24(a))

and NA=1.3 (figure 2.24(b)) both have a ring shaped pattern. The ring pattern with
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the oil objectives NA=1.45 (figure 2.24(a)) is larger than the one with the oil objectives

NA=1.3 (figure 2.24(b)). This also can be seen in figure 2.24(c) with the cross-section

curves.
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Figure 2.24: Back focal plane images of fluorescent molecule photoluminescence emission

with oil objectives NA=1.45 (a) and NA=1.3 (b). (c) Corresponding cross-sections of (a)

and (b). (d) The derivative curves of the cross-sections in (c).

To find the NA=1 point, we take the derivative of the cross-sections in figure 2.24(c).

From the derivative curves in figure 2.24(d) we see that for each objective there are four

peaks. The outer two peaks corresponding to the numerical aperture of the objectives.

The inner two peaks have been assigned to the critical angle[47, 68], so we can use 34

pixels as NA=1 to find the measured numerical aperture of the objectives by the inten-

sity rapid decreasing point divided by the intensity rapid increasing point. Here for oil

objective NA=1.45, the measured numerical aperture is 49/34=1.44, and for the oil objec-

tive NA=1.3, the measured numerical aperture is 44/34=1.29. The measured numerical

apertures fit well with the nominal values for both objectives, so the calibration is quite

good. In the future, for all the back focal plane images with oil objectives, we will use the

calibration "34 pixels corresponding to NA=1". Similarly, for air objectives, the abrupt

cutoff of the back focal plane image is assigned to be the numerical aperture of the air

objective. An important point is that the air objective back focal plane calibration may

be different from that of the oil objectives because of the different coverslip correction

thicknesses.
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Figure 2.25 shows the radiation angle θ as a function of numerical aperture nsin(θ).

Figure 2.25(b) is a zoom of figure 2.25(a) around nsin(θ)=1. It shows that around

nsin(θ)=1, the resolution of angle θ is around 1.5◦. When numerical aperture nsin(θ)

increases and nsin(θ) < ∼1.25, the resolution of angle θ nearly does not change (or de-

creases slightly). When numerical aperture nsin(θ) is larger than ∼1.25, the resolution of

angle θ decreases rapidly.
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Figure 2.25: The radiation angle θ as a function of the numerical aperture nsin(θ). (b) is

a zoom of (a) around nsin(θ)=1.





Chapter 3

STM Excitation of Surface
Plasmons on Gold Films

Inelastic electron tunnelling excitation of propagating surface plasmon polaritons (SPP)

on a thin gold film is demonstrated. This is done by combining a scanning tunnelling mi-

croscope (STM) with an inverted optical microscope. Analysis of the leakage radiation in

both the image and Fourier spaces unambiguously shows that the majority of the detected

photons originate from propagating SPP with propagation lengths of the order of 10 µm.

The remaining photon emission is localized under the STM tip and is attributed to a

tip-gold film coupled plasmon resonance as evidenced by the bimodal spectral distribution

and enhanced emission intensity observed using a silver STM tip for excitation.

T Wang, E Boer-Duchemin, Y Zhang, G Comtet and G Dujardin, Excitation of propagating surface

plasmons with a scanning tunnelling microscope, Nanotechnology, 22, 175201 (2011)
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3.1 Introduction

Propagating surface plasmon polaritons (SPP) in metallic nanostructures offer new

perspectives for integrating optics at the nanoscale. In particular, SPP provide new meth-

ods for the transfer of information and energy at dimensions below the diffraction limit

[13, 14, 17, 18]. Excitation of such propagating SPP on noble metal nanostructures has

been demonstrated by using photon excitation [69, 22, 70, 64, 71] and high energy (≥ 30

keV) electron beams [26, 27, 29]. Recently, the use of a near-field scanning optical source

made of a single fluorescent nanodiamond [63] has opened the possibility of quantum plas-

monics. Another possibility, the electrical excitation of propagating SPP using inelastic

electron tunnelling from the tip of a scanning tunnelling microscope (STM), would have

unique advantages over the methods of [26, 27, 29, 63, 69, 22, 70, 64, 71]: (i) inelastic

electron tunnelling can be extremely localized (down to the picometre scale) [72], (ii)

there is no background light from an excitation source when an STM is used, and (iii) the

STM can be easily coupled to optical devices for photon emission detection. Despite these

advantages, the excitation of propagating SPP on noble metal surfaces with the STM has

not been unambiguously demonstrated so far. Optically excited SPP propagating on a

thin homogeneous noble metal film sandwiched between air on one side and a quartz or

glass substrate on the other are often detected by leakage radiation microscopy, i.e. by de-

tecting the light emitted into the substrate of higher index of refraction [22, 70, 64, 71]. In

most of the previous STM experiments, photon emission was detected on the air/vacuum

side of the noble metal film [7, 73–83], i.e. on the same side as the STM tip, where leakage

radiation of propagating SPP cannot occur. Thus in this configuration the detection of

propagating SPP is not possible, unless the noble metal surface is very rough. Others

have detected the light induced by the STM tip through a thin gold film at specific an-

gles [8, 84]. Egusa et al [85] have detected the light induced by the STM tip through a

thin gold film in the leakage radiation configuration. In their Fourier space image, they

observe a peak at zero numerical aperture (NA = 0) and assign this peak to propagating

SPP. However, this does not fit with the expected leakage emission from propagating SPP

which occurs at large angles (larger than the critical angle of the substrate/air interface,

i.e., NA > 1 [70]). Therefore, the origin and nature of plasmons excited with an STM tip

on noble metal surfaces is still a very puzzling problem, raising a number of questions: is

it possible to excite propagating SPP with the STM and to detect them? What is the

nature of those plasmons which are excited with the STM?

In this chapter, we use an STM operating in air to electrically induce light from a thin

gold film on a quartz substrate. The STM is combined with an inverted optical microscope

and the emitted photons are collected through the quartz by leakage radiation microscopy.

Both the image and Fourier space results are analyzed. We show that the majority of the

emitted photons originate from propagating SPP with propagation lengths of the order

of 10µm. In addition, the remaining light emission, which was the only detected light

in previous STM experiments [7, 73–83], is shown to be localized under the STM tip

and is attributed to a tip-gold film plasmon resonance. Replacing the tungsten STM tip

by a silver tip splits the spectral distribution of this localized emission into a bimodal

distribution as expected for a Ag-Au localized plasmon resonance [86]. It is also shown

that using a silver tip instead of a tungsten tip enhances the intensities of the propagating
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SPP and the localized plasmon emission by a factor of 2 and 20 respectively.

3.2 Experimental Setup
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Figure 3.1: Experimental setup (a) and schematics defining the different angles in the

experiment for the case of the (b) oil and (c) air objective.

The experimental setup is shown in figure 3.1(a). A scanning tunneling microscope

(Veeco Bioscope/Nanoscope IV) operating in air is mounted on an inverted optical mi-

croscope(Zeiss Axiovert 200). Photon emission produced by inelastic electron tunneling

is detected through the sample made of a thin gold film (35 nm) deposited on a 0.2mm

thick quartz substrate (GE 214, refractive index n = 1.4585) by electron beam evapo-

ration under high vacuum (1 × 10−7 Torr). The rootmean square surface roughness as

measured by atomic force microscopy is found to be about 1.5 nm (Figure 2.2). Both air

(100×, NA = 0.75) and oil immersion (100×, NA = 1.45) optical microscope objectives

are used for small (i.e., less than the critical angle, θcrit) and large (>θcrit) angle photon

emission detection through the sample, respectively (see figures 3.1(b) and (c)). For each

value of the tunnel current I and surface voltage V (the tip is grounded), we successively

record (i) the image plane with the CCD camera, (ii) the Fourier space by focusing the

back focal plane onto the CCD camera(PIXIS 1024B, Princeton Instruments), and (iii)

the photon emission spectrum using a spectrometer (Jobin-Yvon, Triax 190). In order to

focus the back focal plane onto the CCD camera, an extra lens, called a Bertrand lens, is

added to the optical path in front of the CCD (see figure 1(a)). Three different types of

STM tips are compared: commercial cut PtIr tips, electro-chemically etched W tips and

electro-chemically etched Ag tips [87]. The tips have been imaged with a scanning electron

microscope. Whereas the W and Ag tips have a regular shape with a radius of about 50

nm, the PtIr tips have a completely erratic shape with a radius of several micrometres.
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The gold film surface is imaged with the STM before and after each experiment to verify

that no change in the surface has occurred.

10nm 13nm

(a) (b)

Figure 3.2: Atomic force microscope (AFM) topography image (a) and STM topography

image (b). The roughness measured from the topography images is around 1.5nm. The

AFM topography image is recorded in tapping mode with a Si tip and the STM image is

recorded with a PtIr tip.

Figure 3.1(b) and 3.1(c) shows the schematics defining the different angles in the

experiment for the case of the (b) oil and (c) air objective. The red arrows k
′
spp and kquartz

represent the real parts of the wavevectors of the SPP and leakage radiation respectively.

The blue dashed lines designate the critical angle, θcrit. The black dotted lines show the

collection angles of the two objectives. From the sketch (b), we see that in order that

the component of kquartz parallel to the interface be equal to the real part of the SPP

wavevector, i.e., k
‖
quartz = k

′
spp, kquartz must make an angle θLR with respect to the optical

axis. This leakage radiation angle θLR is slightly larger than the critical angle. In (b)

we see that θLR < θNA, the maximum collection angle for the oil objective (NA = 1.45),

so that the leakage radiation may be collected in this configuration. In (c), for the air

objective (NA = 0.75), not only is θLR > θNA, the maximum collection angle for the air

objective, but since θLR > θcrit, the leakage radiation undergoes total internal reflection

at the quartz/air interface.

3.3 Results and discussions

3.3.1 Propagating surface plasmons on a gold film

We use leakage radiation microscopy to investigate the STM excitation of propagating

SPP on a gold film sandwiched between air and a quartz substrate. Leakage radiation

microscopy has been used in previous experiments where SPP have been excited optically

[69, 22, 70, 64, 71]. An important difference between STM and optical excitation is that

a whole range of radiation frequencies ν, with hν < eV , may be produced with the STM

(V is the surface bias voltage) [81, 82].
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Figure 3.3: Light collected through the quartz substrate of an air/Au film/quartz system

during STM excitation (oil immersion objective, NA = 1.45). Images are recorded for 60

s with I = 5 nA and V = +2.5 V, using a tungsten STM tip. (a) Two-dimensional image

plane data showing the spatial distribution of the collected light and (b) the corresponding

cross-section (average of three measurements) along the X axis (see arrows in (a)). (c)

Corresponding two-dimensional Fourier space data showing a bright ring and (d) the

horizontal cross-section (see arrows in (c)). In (d), n = 1.4585 is the quartz refractive

index and θ is the angle (with respect to the optical axis) of the emitted light excited by

the STM. The scale for (d) was determined by back focal plane calibration.

Leakage radiation microscopy has already been discussed in subsection 2.1.4, in this

case, the leakage radiation relation (coupling condition) can be written as:

Real[kspp(ν)] = k
′
spp(ν) = k

‖
quartz(ν) = nsin(θLR)k0(ν) (3.1)

with k
′
spp and k

‖
quartz represent the real parts of the wavevectors of the SPP and the in-

plane component of leakage radiation wavevectors parallel to the gold/quartz interface, n

is the refractive index of the quartz substrate 1.4585. The θLR is the leakage angle. The

k0 is the wavevector in free space and k0 = 2πν/c with frequency ν. Since as discussed

in 2.1.4, θLR > θcritical, so this is expected that leakage radiation may be detected through

the quartz substrate using an oil immersion objective (NA = nsin(θ) > 1) but not an air

objective (NA < 1, see figure 3.1(c)).

Electrically induced photon emission is recorded by placing the STM tip at a fixed
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position on the film surface and maintaining a constant tunnel current I (e.g., I = 5 nA)

and surface voltage V (e.g., V = 2.5 V). A tungsten tip is used for the images shown in

figures 3.3 and 3.5. The recording time for each image is 60 s. Image plane and Fourier

space data recorded with the high numerical aperture (NA = 1.45) oil immersion objective

are shown in figures 3.1(a) and (c) respectively. The image plane (figure 3.1(a)) shows a

narrow central peak whose full width at half maximum (FWHM) is approximately 0.6 µm

and is limited by diffraction. Furthermore, a broad feature, made of several concentric

bright rings, extends up to more than 30 µm from the centre. broad feature is assigned to

leakage radiation from propagating SPP whose intensity decreases with increasing distance

from the excitation point. The dark circular fringes in the image plane (figure 3.3(a))

are an artifact caused by refractive index mismatch as previously observed with similar

experimental setups [63, 88] and we will discuss this artifact in section 3.4.

The Fourier space image in figure 3.3(c) consists of a bright ring. This result shows that

the maximum intensity of the emission occurs at large angles, confirming the existence of

propagating SPP. From our data we estimate θLR to be ≈ 45◦ ± 1◦, i.e., larger than the

critical angle for the quartz.air interface (θcrit = arcsin(1/1.4585) = 43.3◦), as expected

for leakage radiation from propagating SPP. Moreover, k
′
spp(ν)/k0(ν) = nsin(θLR) =

1.4585 ∗ sin(45◦ ± 1◦) = 1.03 ± 0.015. From SPP dispersion relation shown in figure 2.4,

we can then estimate that the wavelength of this leakage radiation should be in the range

650-800 nm. We emphasize that our Fourier space image (figure 3.3(c)) is markedly

different from that which was previously reported for similar experimental conditions [85].

Here, our Fourier space result shows intense emission at large leakage radiation angles,

i.e., for NA > 1, whereas in [85], the Fourier space image shows a peak at NA = 0 which

was assigned to propagating SPP.
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Figure 3.4: Propagation length analysis with the cross-sections from real space image (a)

and Fourier space image (b). The cross-section of real space image is the same cross-section

as in figure 3.3(b). The blue (left) and red (right) dashed lines are the 2D exponential decay

fitting. The fitting lines fit well the peaks. The left (blue) dashed line give a propagation

length ≈ 8 µm, and the right (red) dashed line give a propagation length ≈ 10 µm. The

cross-section of Fourier space image is the same cross-section as in figure 3.3(d). The blue

(left) and red(right) dashed lines are Lorentzian profile fitting.
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The propagation length (LSP P ) of the propagating SPP is deduced from the cross-

sections from real space image (see figure 3.4(a)). Figure 3.4(a) is the same as figure 3.3(b).

The blue (left) and red(right) dashed lines are the 2D exponential decay fitting because

the STM-excited SPP are circular waves. The function used is e
− r

Lspp /r, where r is the

distance from the excitation point (tip position)[22]. The fit does not look good due to the

artifact of refractive index mismatch (section 3.4). But at least, the fit agrees well with

the peaks. The left (blue) dashed line gives a propagation length of 8 µm, and the right

(red) dashed line gives a propagation length of 10 µm. With more statistics, we obtain a

propagation length 10 ± 5 µm which is in good agreement with the theoretical calculation

shown in figure 2.4(b) and other measurements of the damping constant of propagating

SPP on gold film surfaces, albeit for different film thicknesses [26, 63, 22]. We note that

this decay length varies with gold film thickness.

Figure 3.4(b) shows the same cross-section of Fourier space image as in figure 3.3(d).

The blue (left) and red(right) dashed lines are Lorentzian profile fitting. In principle, by

measuring the FWHM of the Lorentzian profiles, we can obtain the propagation length

LSP P = 1/(FWHM*k0) [64]. The measured FWHM= 0.102 (left) and 0.095 (right) and

k0=8.97 1/µm (at λ=700 nm) which gives a propagation length of only ≈ 1.1 µm (left) and

≈ 1.17 µm (right). So it is very clear that the propagation lengths determined in this way

are much shorter. One reason may be that the plasmon peaks are broaden because of the

broad spectra of STM-excited propagating surface plasmons (see section 3.3.2). Another

reason may be our poor back focal plane resolution. In our back focal plane image, one

pixel is equal to 0.02941 (kSP P /k0), so if the plasmon peak FWHM is only 1 pixels, we

deduce a propagation length of LSP P =3.8 µm. Thus in our experiments, it is best to

deduce the propagation lengths of the propagating surface plasmons from the real space

images.

It is important to realize that the central peak in figures 3.3(a) and 3.3(b), although

intense, accounts for a little amount of the total detected emission when integrated over

the two dimensions of the image plane. This means that the majority of the detected

emission originates from propagating SPP. The exact percentage depends on the tip in

our experiments. As mentioned previously, this emission from propagating SPP could

not be detected in previous STM experiments when the light was detected above the

air or vacuum/gold interface (i.e., on the same side as the STM tip) [7, 73–83]. We

also emphasize that the central peak emission could not be detected, even if it existed,

in previous experiments using optical excitation, since any induced radiation from the

excitation point is indistinguishable from the excitation source [63].

Similar experiments are reported in figure 3.5, this time using a small numerical aper-

ture (NA = 0.75 < 1) air objective instead of the high NA (NA > 1) oil immersion

objective. Only the narrow central peak emission is observed in figure 3.5(a). The corre-

sponding Fourier space image in figure 3.5(c) consists of a disc of low intensity. The abrupt

cutoff of the Fourier space signal occurs at the numerical aperture of the air objective,

i.e., at its maximum collection angle (see figure 3.1(c)). The fact that the Fourier space

image consists of a disc means there is no preferential angle at which the light is emitted-in

other words, there is no detected leakage radiation from propagating SPP. The absence

of any detected leakage radiation from propagating SPP is easily explained. Using the oil

immersion objective we showed in figures 3.3(c) and 3.3(d) that the leakage radiation from
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propagating SPP is at large angles i.e., θLR > θcrit, and thus cannot be detected with the

air objective (see figure 3.1(c)).
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Figure 3.5: Light collected through the quartz substrate of an air/Au film/quartz system

during STM excitation (air objective, NA = 0.75). Images are recorded for 60 s with I =

5 nA and V = +2.5 V, using a tungsten STM tip. (a) Two-dimensional image plane data

showing the spatial distribution of the collected light and (b) the corresponding cross-

section (average of three measurements) along the X axis (see arrows in (a)). Note that

in this case only the central peak is observed. (c) Corresponding two-dimensional Fourier

space data showing a disc and (d) the horizontal axis cross-section (see arrows in (c)).

In (d), n = 1.4585 is the quartz refractive index and θ is the angle (with respect to the

optical axis) of the emitted light excited by the STM. The scale for (d) was determined

by attributing a value of NA = 0.75 to the abrupt cut-off of the Fourier space signal.

The experiments reported in figures 3.3 and 3.5 were performed using a tungsten tip

freshly prepared to avoid tungsten oxidation and whose regular shape was verified by

scanning electron microscopy. Similar results are obtained using PtIr tips. However, with

PtIr tips, whose shapes are much more irregular, the observed patterns in the image plane

due to the leakage radiation of propagating SPP are not as symmetric as with the W tips

(figure 3.3(a)). This indicates that the propagating SPP can be perturbed by the STM

tip.
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3.3.2 Voltage dependence of the emission spectra
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Figure 3.6: Light emission spectra obtained with a PtIr STM tip using an oil objective

(NA=1.45). The voltage bias increases from 1.6 V to 2.8 V.

Emission spectra are recorded using the oil objective (NA=1.45) and the spectrometer

as shown in figure 3.1(a). A PtIr tip (in figure 3.6 by different sample voltage biases. It

shows that when the voltage bias increases from 1.6 V to 2.4 V, the central peak of the

relative spectra decreases and the spectra are “blue shifted”. However, when the voltage

bias is larger than 2.4 V (e.g, 2.8 V), the central peaks of the spectra are stable around 720

nm. This is because the interband transition happens when the voltage bias is higher than

2.4 V, which opens new decay channels [6, 10]. Another phenomenon is that the maximum

photon energies of the light emission spectra are smaller than the electron energies of the

relative sample bias, i.e, hνphoton< eVbias, and this is because that the light(plasmons) are

excited by inelastic tunneling electrons and the energy is conserved during the excitation

process.

3.3.3 Localized tip-gold film coupled plasmon resonance

In order to investigate the nature of the central peak emission as observed in figures 3.3

and 3.5, we compare results obtained with tungsten and silver STM tips. Silver is a

material which has a large plasmonic response in the visible region of light, unlike the

case of tungsten. Cross-sections of the spatial distribution of the light detected in the

image plane with the oil immersion objective are compared in figure 3.7 for W and Ag

tips. As the detected emission intensities may fluctuate from one tip to the other and

even for the same tip from one experiment to the other, the experiments were repeated for

several different W and Ag tips in order to confirm the results. Figure 3.7 shows that when

using a silver tip the central peak intensity is increased by a factor of ≈20 whereas the

leakage radiation from propagating SPP is only increased by a factor of ≈2. This clearly

demonstrates that the central peak emission and propagating SPP are two distinct optical
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Figure 3.7: (a)Cross-sections of real space images recorded with W (thin blue curve) and

Ag (thick red curve) tips using the oil immersion objective (NA=1.45). The data are

recorded for 60 s with I = 5 nA and V = +2.5 V. The inset is a zoom showing the

propagating SPP part of the two cross-section curves.(b)Emission spectra recorded with

W (lower blue curve) and Ag (upper red curve) tips using the air objective (NA = 0.75).

Each spectrum is recorded for 20 s with I = 5 nA and V = +2.8 V. Note the two peaks

seen in the Ag tip case.

processes. More insight is deduced from the emission spectra (figure 3.6) recorded with the

air objective lens which has been shown to select only the central peak emission at small

angles (see figure 3.5). The emission spectra are not corrected for the transmission of the

detection system. With the W tip, a broad emission spectrum centered around 720 nm

is observed. This is consistent with the peak wavelength range estimated in section 3.3.1

above and with the fact that hνphoton < eV . With the Ag tip, two bands centred around

600 and 700 nm are observed. The emission spectrum with the Ag tip is very similar to the

optical scattering spectrum of a Ag nanoparticle (60 nm) on top of a 50 nm gold film [86].

This suggests that the end of the STM tip plays the role of a metallic nanoparticle and,

by interacting with the gold surface, creates a localized tip-gold film plasmon resonance.

3.4 Refractive index mismatch

In this experiment, the gold films are deposited on quartz substrates. Because the

refractive index of quartz (GE 214) at 589.6nm is around 1.4585, it is slightly different

than the refractive index of the immersion oil (1.52). Although this slight mismatch

does not contradict the fact that the propagating surface plasmons are excited by the

scanning tunneling microscope, it influences both the real space and the back focal plane

images. The influence is more important for large emission angles, for example, the leakage

radiation angle of the propagating surface plasmons.

Figure 3.8(a) shows the schematic image of the defocus effect on a oil-quartz interface.

The defocus effect is due to the spherical abberation caused by the mismatching of the

refractive indexes of the quartz substrate and the immersion oil. The t is the thickness of

the quartz substrate. The light with an angle α is supposed to focus on the top surface of

the quartz substrate, but due to the refractive indexes mismatching, the real focus position
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Figure 3.8: (a) Schematic image of the defocus effect on a oil-quartz interface. The defocus

effect is due to the spherical abberation caused by the mismatching of the refractive indexes

of the quartz substrate and the immersion oil. (b) Spherical abberation as a function of

the angle α with different quartz substrate thicknesses (150 µm and 200 µm).

is lower(defocus), and the focus shift is t2. From Snell equations we have that noil sin (α)

= nquartz sin(β). So we find a relation between t2 and angle α:

t2 = (1 − tg(α)

tg(β)
) × t = (1 − nquartz

noil

√
1 − ( noil

nquartz
)2sin(α)2

√
1 − sin(α)2

) × t (3.2)

So for small angles around 0◦, t2 = (1-nquartz/noil) × t=0.0428 t. For large angles the t2

increases, and the spherical abberation δt2 between the large angle and the small angle

light is [89–91]:

∆t2 = t2(α) − t2(α = 0) =
nquartz

noil
(1 −

√
1 − ( noil

nquartz
)2sin(α)2

√
1 − sin(α)2

) × t (3.3)

The spherical abberation as a function of the angle α with different quartz substrate

thicknesses (150 µm and 200 µm) is shown in figure 3.8(b). At the leakage radiation angle

of 45◦, the abberation is around 6.7 µm for a 150 µm quartz substrate and 9 µm for a 200

µm quartz substrate.

Because of this spherical abberation, the real space image (figure 3.3(a)) of the prop-

agating surface plasmons on the 35 nm thin gold film deposited on the top surface of

the quartz substrate is defocused, so there is a dark ring round the central peak. In fig-

ure 3.3(a), the radius of the dark ring is around 6µm which is nearly the same as the

calculation above, which means that this theoretical deduction is reasonable.

From the discussion above, we know that in figure 3.3(a), the central peak is actually

related to the small angle radiation (smaller than critical angle) of the local emission

under the STM tip. The first bright ring from the central peak is related to the large

angle radiation (larger than critical angle) of the local emission under the STM tip and

the propagating surface plasmons radiation close to the STM tip.

This defocus effect is demonstrated further in the defocusing experiments of STM

excited surface plasmons on a 50nm gold film with glass substrates (see Appendix B and
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figure B.2). To avoid this artifact, we must use glass substrates with a refractive index

very close to 1.52 for gold film deposition and must focus well on the gold film surface.

3.5 Conclusion

We have analysed the light induced by inelastic electron tunneling in an air/thin gold

film/quartz system. Detection of the photon emission through the quartz substrate en-

ables us to unambiguously demonstrate STM excitation of propagating SPP on the gold

film with propagation lengths of the order of 10 µm. Moreover, this leakage radiation

from propagating SPP accounts for the majority of the total detected photon emission.

The remaining minority part is localized under the STM tip. The two-peak spectrum

found with Ag tips suggests that this localized emission is due to a tip-gold film plasmon

resonance.

These results provide new insight on light emission induced by STM on gold films. In

most of the previous studies [7, 73–83]„ the excitation of propagating SPP on gold films

was not considered. This is due to the fact that under typical experimental conditions

the light emission is detected above the air or vacuum-Au interface (i.e., on the same side

as the STM tip). In this case, the propagating SPP cannot be detected since there is

no leakage radiation into the medium with n ∼ 1. From the present results, we learn

that the excitation of propagating SPP by inelastic tunneling is in fact a very efficient

process, as it gives rise to the overwhelming majority of the detected photons in our

experiment. The light emission detected in previous studies [7, 73–83], is probably due to

a localized tip-gold film plasmon resonance that we have also investigated. This resonance

is considerably enhanced when a W STM tip is replaced by a Ag tip. At the same time,

the excitation efficiency of propagating SPP is only weakly affected by the nature and

the shape of the tip. This ability to excite very locally, with a spatial resolution smaller

than one nanometre, propagating SPP with tunnelling electrons from the STM tip offers

interesting perspectives to combine nanoelectronics with nanophotonics.



Chapter 4

The Tip Effects of STM-excited
Surface Plasmons on Gold Films
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4.1 Introduction

The role of the tip shape (size) and material in light emission from the scanning

tunneling microscope (LESTM) has been studied both theoretically and experimentally

since 1990s [7, 92–98]. But in most of the previous LESTM experiments, photon emission

was detected on the tip side (in other words the air or vacuum side) where propagating

SPP do not radiate, unless the noble metal surface is very rough. Consequently previous

calculations and experiments on the role of the tip shape and material involve only the

localized surface plasmons excited in the tunneling junction. Combining an STM with

an inverted optical microscope and recording light emission excited from the STM on

the glass side of the gold film samples, we have demonstrated that both localized surface

plasmons and propagating surface plasmons are excited on a thin gold film with an STM

tip in chapter 3 and ref.[99]. What is more important is that the majority of the detected

photons originate from propagating SPP. In this case, it is possible to investigate the tip

effects with our setup not only for the STM-excited localized surface plasmons but also

for the major source of the intensity : STM-excited propagating surface plasmons.

Another interesting point is central peak pattern of the STM-excited surface plasmons

in the real space images. The central peak pattern shown in chapter 3 (figure 3.3) and

ref.[99] is different from the pattern reported by Bharadwaj et al [53] with a very similar

setup. In our case, we used a W tip to excite surface plasmons on a gold film and we

found a high intensity peak at the tip position. In the paper by Bharadwaj et al. they

used a Au tip to excite surface plasmons on a gold film and they found a dip at the tip

position. What is reason for these different central peak patterns? How does the tip affect

the central peak pattern? Can we use the STM tip to selectively excited different plasmon

modes (localized and propagating modes)? What parameters of the STM tip are crucial

for exciting the propagating surface plasmons?

In this chapter, we demonstrate how the shape and material of STM tips affect the

STM-excited localized and propagating surface plasmons on thin gold films. We find that

in the real space with a sharp (symmetric) W tip or a Ag tip the central peak pattern

is a donut shape and with a blunt (asymmetric) W tip the central peak pattern is a

high intensity peak. Furthermore, with a deeper understanding of the real space and

Fourier space images, we quantitatively calculate the relative ratio between the STM-

excited localized surface plasmons and the STM-excited propagating surface plasmons

on gold films with different film thicknesses. The spectrum of the STM-excited surface

plasmons does not depend on the tip shape but does depend on the tip material. It is also

shown that the spectrum of the STM-excited surface plasmons is blue shifted when the

gold film thickness increases.

4.2 Experiment preparation

The experimental setup is shown in figure 3.1. A scanning tunneling microscope oper-

ating in air is coupled to an inverted optical microscope. Photons induced in the sample

by the inelastic tunneling of electrons from the STM are detected through the substrates.

To match the refractive index of the immersion oil, thin gold films are deposited on glass

substrates (nglass=1.52, thickness 170 µm). The optical microscope is equipped with a
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x100 oil immersion objective (numerical aperture NA= 1.45). The light emitted through

the sample may be focused on a cooled charge-coupled device (CCD) camera to investigate

the real space distribution of the emitted light or dispersed with a diffraction grating in

order to obtain the emission spectrum. A third possibility is to add an extra (Bertrand)

lens in front of the CCD camera to study the Fourier space image and thus determine the

angular distribution information of the light emission excited with the STM tip.

For all real space and Fourier space images shown in this chapter, the STM parameters

are Itunnel=6 nA, sample bias Vs=2.8 V and the integration time of the CCD camera is

60 s.

Preparation of gold film samples

Gold film samples are prepared by electron beam evaporation under high vacuum (1x

10−7 torr). Gold film samples with different gold film thicknesses (6, 20, 35, 50 and 70

nm) are made at CTU (Centrale de Technologie Universitaire) IEF-Minerve in Orsay. The

root-mean-square surface roughness as measured by atomic force microscopy is found to

be about 1.5 nm. The AFM topography images of a 6 nm and a 50 nm gold film are

shown in figure 4.1. It is clear that the 6 nm gold film is not uniform and it seems that

there are randomly distributed big particles on the 6 nm gold film. On the contrary, the

50 nm gold film is more uniform.

5nm 12nm6 nm gold film 50 nm gold film

Figure 4.1: AFM topography images of (a) a 6 nm and (b) a 50 nm gold film. The AFM

image size is 1 µm × 0.5 µm.

Preparation of the three types of STM tips

Three types of STM tips have been used for this study. The first two are made of

tungsten, and have been fabricated by two different processes, leading to different tip

shapes; the third is made of silver. The blunt W tip is made by electrochemical etching

with an AC power supply using an NaOH solution (80g Na2O2 dissolved in 650ml H2O

and mixed with 350 ml glycerin) and results in a somewhat blunted, slightly asymmetrical

shape as seen in figure 4.2(a). From scanning electron microscope (SEM) images the radius

of curvature is estimated at ∼ 400 nm. The sharp W tip is made by electrochemical etching

with a DC power supply (no glycerin is used) and is much finer and more symmetric

(figure 4.2)(b); the radius of curvature is measured to be ∼ 70 nm. The silver tip is made

by electrochemical etching in ammonia solution (25% volume ratio) with a DC power

supply (see figure 4.2)(c). The radius of curvature is measured to be ∼ 400 nm.
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(c)        Ag tip(b)   Sharp W tip(a)   Blunt W tip

500 nm 500 nm 500 nm

Figure 4.2: Scanning electron microscope images of the three types of tips. The yellow

scale bar is 500 nm. The radius of curvature are ∼400 nm (a), ∼70 nm (b), ∼400 nm (c)

respectively.

The three types of STM tips are used to electrically excite surface plasmons on gold

film sample of different gold film thicknesses respectively. For each case, both real space

images and Fourier space images are recorded. Meanwhile, the corresponding spectra are

also recorded.

4.3 Real space images on gold films of different thicknesses
obtained with the three types of STM tips

4.3.1 Propagating SPP in real space images

With the three types of STM tips (blunt W tips, sharp W tips and Ag tips), we excite

surface plasmons on gold films of different thicknesses. The real space images are recorded

using an oil objective (NA=1.45) on a cooled (−70◦C) Roper CCD camera.

Figure 4.3 presents the real space image of light emission excited by blunt W tip on a

50 nm gold film with different gray scales. The images are recorded using an oil objective

(×100, NA=1.45) by leakage radiation microscopy. In (a), only the central peak is seen.

In (b), the image gray scale has been chosen so that the lateral extent of the propagating

surface plasmons is visible, thus saturating the central peak. It is clear that other than

the high intensity central spots, we also see the surface plasmons which propagate on the

surface from the tip position (center of the image). The large concentric rings in (b) are

due to the diffraction limitation of the leakage radiation microscopy, the detail explanation

can be found in Ref.[100].

Figure 4.3(c) and (d) show the corresponding cross-sections obtained on samples of

different gold film thicknesses with different intensity scale. In figure 4.3(c), we clearly see

that the maximum intensities of these cross-sections are the same so that we can compare

the relative intensities of these cross-sections. The FWHMs of these cross-sections are

all around 1µm, actually the actual size of the excitation is much smaller than 2 µm

[94]. From figure 4.3(d) we see that on gold films thicker than 20nm, the cross-sections

exponentially decay from the tip position (center of the image). In order to see the change

of these cross-sections at large x value, the maximum intensities at (x=0) in these cross-

sections are the same. Furthermore, we see qualitatively that the decay length of the
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Figure 4.3: Real space image of light emission excited with a blunt W tip on a 50 nm gold

film with different gray scales shown in (a) and (b). The image is recorded with an oil

objective (×100, NA=1.45) in the leakage radiation microscopy configuration. The tip is

in the center of the images. In (a), only the central peak is seen. In (b), the central peak

is saturated in order to clearly see the propagating surface plasmons. The corresponding

cross-sections obtained on samples of different gold film thicknesses are shown in (c) and

(d) with different intensity scale. Note that the images of the propagating surface plasmons

with a sharp W tip and a Ag tip (not shown) are very similar to the image with a blunt

W tip.

cross-sections increases when the gold film thickness increases. This exponential decay

strongly suggests that the surface plasmons propagate on the gold films, and that this

decay length is the propagation length [22]. In the cross-section from the 6 nm gold film,

there is no exponential decay, so we can say there are no propagating SPP excited on 6 nm

gold films. This is because 6 nm gold film does not support propagating surface plasmons

(see subsection 2.1.3).

Figure 4.4 shows the real space image obtain on a 50 nm thick gold film with a polarizer

(a dichroic sheet polarizer (03FPG003, CVI Melles Griot)) placing after the oil objective

and before the tube lens. The images in (a) and (b) are the same real space image but

with different gray scale. The polarizer is parallel to the object plane. This dichroic

sheet polarizer strongly absorbs the light whose electric field direction is perpendicular to

the polarizer axis. In figure 4.4, the propagating SPP which propagate along the same

direction (y axis) as the polarizer are seen; and the propagating SPP which propagate
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along the perpendicular direction (x axis) of the polarizer are not seen. The corresponding

cross-sections along x and y axis are shown in figure 4.4(c) and (d). This is very similar

to the image of propagating SPP excited with a polarized laser (figure 3 in [22]). This

phenomenon clearly indicates that the in-plane electric field direction of the propagating

SPP is the same as the propagation direction of the propagating SPP and the propagating

SPP are TM-waves propagating on the gold films. The images of STM-excited propagating

surface plasmons with sharp W tips and Ag tips are very similar to the images with blunt

W tips. In this case, the images of STM-excited propagating surface plasmons with sharp

W tips and Ag tips are not shown.
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Figure 4.4: Real space images of light emission excited with a blunt W tip on a 50 nm

gold film using a polarizer with different gray scales shown in (a) and (b). The images

are recorded with an oil objective (×100, NA=1.45) in the leakage radiation microscopy

configuration. The tip is in the center of the images. The yellow arrow line indicates

the polarizer direction. In (a), only the central peak is seen. In (b), the central peak is

saturated in order to clearly see the propagating surface plasmons. The corresponding

cross-sections obtained on samples of different gold film thicknesses are shown in (c) and

(d) with different scales.

One very important point is that the propagating SPP excited by the STM are 2D

circular waves propagating on the gold film surfaces radially away from the tip (STM

excitation position). This is quite different from the optically excited propagating SPP

where the propagating surface plasmons are often plane waves (such as Kretschmann

excitation or grating excitation case) or circular waves with a polarization direction (such

as SNOM excitation case). 2D circular SPP waves propagating on the gold film surfaces
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may be used as a new type of circular light source for nano-optics experiments. One thing

very important is that the real space image is not perfectly symmetric in all the directions

because of the tip condition, the surface roughness and so on. For example, in figure 4.4(b)

we see the STM-excited propagating surface plasmons in the upper part of the image is

more intense.
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Figure 4.5: (a) Calculating the propagation length of propagating SPP by 2D exponential

decay. The experimental data (black line) is the cross-section from figure 4.3 on 50 nm gold

film. The red lines are fitted curves. The propagation length is found around 11µm. (b)

Propagation lengths of propagating SPP excited with different types of STM tips on gold

films with different gold film thicknesses. For the three types of STM tips, the propagation

lengths are nearly the same. The propagation length increases as the gold film thickness

increases.

From the cross-sections in the real space images we can quantitatively calculate the

propagation lengths (LSP P ). Figure 4.5(a) shows the method to calculate the propagation

length of propagating SPP. We use 2D exponential decay same as in figure 3.4: e
− x

LSP P /x

(x, distance to the tip position). The experimental data (black line) is the cross-section

from figure 4.5 on a 50 nm gold film. The red lines are fitted curves. The propagation

length is found around 11µm.

Figure 4.5(b) presents the propagation lengths of propagating SPP excited with differ-

ent types of STM tips (blunt W tip, sharp W tip and Ag tip) on gold films with different

thicknesses. Each point of the data is the average of more than 20 fits as in figure 4.5(a)

(the cross-sections are from different real space images obtained with several tips of the

same kind). For the three types of STM tips, the propagation lengths are nearly the same.

This is because that the propagation length is the intrinsic properties of the gold films.

It indicates the damping of the propagating SPP on gold films and it shows the relation

between the propagating SPP and the gold films which does not depends on the STM

tips. When the gold film thickness increases, the propagation length of propagating SPP

increases. The propagation lengths presented in figure 4.5(b) fit well with the theoretical

results as shown in figure 2.4(b). Note that in figure 4.5(b), there is a large uncertainties

for the results with Ag tips. This is because the Ag tips are soft and fragile. The real

space images obtained with Ag tips are less symmetric and the propagation lengths along
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different directions vary more.

4.3.2 Central peak intensities and patterns in real space images

To compare the central peak patterns in real space images, we excite surface plasmons

on a 50 nm gold film sample with the three types of STM tips (blunt W tips, sharp W

tips and Ag tips). Like in last subsection, the real space images are recorded using an

oil objective (NA=1.45) on a cooled (−70◦C) Roper CCD camera. Figure 4.6 shows the

real space central peak patterns and corresponding cross-sections obtained with the blunt

W tip (a) (same image as figure 4.2(a) with different lateral and gray scales), the sharp

W tip (b) and the Ag tip (c). The indicated intensity in the cross-section is an averaged

intensity of more than 70 images for each kind of tip.
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Figure 4.6: Central peak images in real space with blunt W tip (a), sharp W tip (b) and

Ag tip (c). The corresponding cross-sections are also shown. The images are obtained on

a 50 nm gold film. The SEM images of the tips are shown in figure 4.2. The indicated

intensity in the cross-section is an averaged intensity of more than 70 images for each kind

of tip.

Central peak intensities comparison

From figure 4.6 (a) and (b), we see that the intensity obtained with blunt W tips

(radius of curvature ∼ 400 nm) is higher than that of sharp W tips (radius of curvature ∼
70 nm). This phenomenon is already seen and discussed by Johansson et al. that with a

larger curvature the interaction area between the STM tip and sample is increased, giving

rise to an enhancement of the local field [92–94] (tip-side light detection).

From figure 4.6 (a) and (c), we see that the intensity obtained with Ag tips (radius of

curvature ∼ 400 nm) is higher than that of blunt W tips (radius of curvature ∼ 400 nm).

In this case, the radius of curvature is the same. This phenomenon is owing to the fact
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that with a plasmonic tip (Ag or Au tip), the light emission from the tunneling junction

can be enhanced around 10 times (1 order of magnitude) [7, 92, 93, 96, 97] (tip-side light

detection).

In conclusion, the central peak intensity depends on the tip shape (size) and material,

which is similar to the previous experiments where the light emission from STM (LESTM)

is collected on the tip-side. Because the LESTM on the tip-side is explained by the

localized surface plasmons resonance in the tunneling junction, we say that the central

peak intensity represents mainly the localized surface plasmons.

Central peak patterns comparison

From figure 4.6 it is clear that the image obtained with the blunt W tip is different

from the others (Note that in all the real space central peak patterns, the rings are the

Airy pattern of diffraction). For the image obtained with the sharp W tip and the Ag

tip, there is a dip in intensity (an intensity minimum) at the center and the central peak

pattern has a donut shape. This phenomenon is also seen in the x and y cross-sections

of the central peaks. For the cross-section of the blunt W tip, the central position (x=0,

y=0) has the maximum intensity, but for the cross-section of the sharp W tip and the Ag

tip, there is a drop in intensity at the central position. We conclude that the central peak

pattern of the STM-excited light emission depends on the shape and the material of the

STM tip.

First, we compare the central peak patterns obtained with the blunt W tip and the

sharp W tip. The two types of tips are made of the same material and the difference is

the shape of the tip. From figure 4.6(a) and (b), it is clear that the size of the central

peak patterns does not depend on the the radius of curvature. It may indicate that the

emission size of the tunneling junction is smaller than the diffraction limitation (similar

to a point source). Actually, the symmetry of the tip is very important for the central

peak pattern. The electromagnetic modes in the tip-surface cavity excited by the inelastic

electron tunneling can be modeled by an oscillating dipole [7, 10, 92, 94, 97, 101], and the

direction of the oscillating dipole largely depends on the symmetry of the tip, especially

the symmetry at the end of the tip. If the tip is perfectly symmetric, the oscillating dipole

used in the model is perpendicular to the gold film surface; otherwise the oscillating dipole

is not perpendicular to the gold film. From the SEM image of the tips, we see that the

sharp W tip is symmetric and the blunt W tip is asymmetric. So the tunneling between

the sharp W tip and the gold film may be modeled as a vertical oscillating dipole, but not

the one of the blunt W tip. From the theoretical calculation of a dipole near an interface,

we know that for an oscillating dipole which is perpendicular to the interface, the central

peak pattern is a donut shape and for oscillating dipole which is parallel to the interface,

the central peak pattern is a high intensity peak [40]. Note that because of background

noise, surface roughness of the film, finite detector pixel size, and the slightly asymmetry

of the sharp tip, the minimum in figure 4.6(b) is not a perfect null, which is also seen in

ref. [53].

Second, we compare the central peak patterns obtained with the sharp W tip and the

Ag tip. The two types of tips are made of different materials but central peak patterns both

have donut shapes. Although the central peak patterns are the same, the physical principle
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is different. For sharp W tip, the donut shape pattern is due to the symmetry of the W

tip and the related oscillating dipole orientation. But for Ag tip, the donut shape pattern

is due to the local tip-film plasmon resonance (see subsection 3.3.3) [86, 99, 102, 103].

The Ag tip has plasmonic resonance in visible range, and during the STM excitation the

Ag tip is predominantly excited [98]. The end of the Ag tip is most easily modeled as a

Ag nanosphere [7, 10, 92, 93, 97], so an oscillating dipole can form in the Ag nanosphere

during the STM excitation. This oscillating dipole excited in the end of the Ag tip is also

similar to the case in ref.[104] where they use a high electron beam to excite individual

silver sphere on a silver film: If the Ag tip is perfectly symmetric, the induced oscillating

dipole is perpendicular to the gold film surface; otherwise the induced oscillating dipole is

not perpendicular to the gold film.

Figure 4.7: Simplified representation of interaction of a plasmonic sphere with a gold film.

The oscillating dipole induced in the plasmonic sphere can be considered as the sum of

the vertical component and the horizontal component. The vertical component induces an

image dipole vertical to the gold film with the same direction. The horizontal component

induces an image dipole parallel to the gold film with an opposite direction.

This nanosphere-film system is already well studied experimentally using laser exci-

tation [86, 102, 103], the donut shape pattern is always seen no matter the polarization

direction of the nanosphere. The explanation is that at low frequencies (well below the

plasma frequency of the metal film), the oscillating dipole in the metal particle near a gold

film can induce an oscillating dipole in the gold film. According to the “boundary con-

ditions” at the air-gold interface, the vertical (perpendicular to the gold film) component

of the oscillating dipole in the metal particle can induce an image dipole in the gold film

that is aligned in the same direction. The horizontal (parallel to the gold film) component

of the oscillating dipole in the metal particle can induce an antiparallel image dipole in

the gold film. In this case, in the vertical direction, we can assume that a new vertical

dipole with a longer oscillating length forms with the sum of the vertical components of

the oscillating dipole in the metal particle and the corresponding image dipole. While

in the horizontal direction, a quadrupole (with a shorter oscillation length) forms with

the sum of the parallel component of the oscillating dipole in the metal particle and the

corresponding image dipole [86]. Both a vertical dipole or a quadrupole near an interface

give a donut shape pattern in the real space image [105], so for a nanosphere-film system

there is always a donut shape pattern in the real space image no matter the polarization

direction of the nanospheres.



53
Chapter 4. The Tip Effects of STM-excited Surface Plasmons on Gold

Films

Figure 4.8: Schematic representation of the induced oscillating dipole by the tunneling

junction between the STM tips and the gold film. The orientation of the induced oscillating

dipole depends on the tip shape and the tip materials.

Similar to nanospheres, for STM-excited surface plasmons experiments with Ag tips,

no matter the shape (symmetry) of the Ag tip, we always get a donut shape cental peak

pattern in the real space image. The schematic representation of the induced oscillating

dipole by the tunneling junction between the STM tips and the gold film is shown in

figure 4.8. A more detailed numerical analysis of the local electric field in the STM

tunneling junction based on static approximation is shown in “Appendix A”. One thing

that needs to be emphasized is that the polarization of the W tip can be ignored because

of its small polarizability compared to that of the Ag tip. In other words, the W tip is

not excited and cannot induce an image dipole in the gold film.

A very important point is that the model described in “Appendix A” is limited. In

this model, the interaction between the tip and the film is not fully treated, especially for

the case when the STM tip is very close and tunnel to the gold film as in our experiments.

Detail discussions about the tip-film interactions are recently done in ref.[98, 106]. In

these two papers, they both found two localized modes in the tip-film junction: “the high

energy particle dipolar plasmon modes” and “the low energy evanescent plasmon waves of

the film”. “the high energy particle dipolar plasmon modes” is the same as in the model

described in “Appendix A”. “the low energy evanescent plasmon waves of the film” has

a similar behavior as the propagating surface plasmons. These localized modes can both

affect the central peak pattern, so it could be also a reason why the dips at the center

obtained with the sharp W tip and the Ag tip (figure 4.6(b) and (c) ) are not a perfect

null.

4.3.3 Propagating and localized surface plasmons in real space images

In the subsection 4.3.1, we calculate the propagation lengths of propagating SPP on

gold films with different thicknesses using 2D exponential decay fitting. For the same

equation, we can transform the 2D exponential decay fitting to linear fitting:

I = I0
e

−x
Lspp

x

Ln[I × x] = Ln[I0 e
−x

LSP P ]

Ln[I × x] = A + −x
Lspp

(4.1)
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In this way, we can use a linear fitting procedure to fit the cross-sections from the real

space images. We use the intensity I in figure 4.3(a) and time I with x. The Ln[I × x] as a

function of x is shown in figure 4.9(a). The cross-section shows different behavior at large

(x > 2µm) and small (x < 2µm) distances from the tip position. The red line is the linear

fit for x > 2µm and the propagation length is found to be around 11µm. However, when

x is smaller than 2µm (close to the STM tip), the red line does not fit the experimental

data. Thus, we cannot assign this part of light to propagating surface plasmons. However,

we may assign it as the component of localized surface plasmons trapped in the tip-film

junction because this part of light is very close to the tip position and does not propagate.
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Figure 4.9: (a) Calculating the propagation length of propagating surface plasmons by

linear fitting using equation 4.1. The experimental data (black line with black squares) is

the cross-section from figure 4.3 on the 50 nm gold film. The red line is the linear fit for

x > 2µm from the tip position. (b) The ratio between the intensity of propagation SPP

and the total intensity calculated from the real space images on gold films with different

thicknesses obtained with blunt W tip, sharp W tip and Ag tip. The ratio varies with the

tip shape and material and also with the thickness of the gold films.

In figure 4.9(a), the intensity corresponding to the red line fit can be considered as

propagating part. By using the parameters from the fit on a linear scale and integrate the

fitted curves for the whole real space image, we can get the intensity of propagating SPP

ISP P in the real space image. Then, we can calculate the ratio ISP P /IT otal between the

propagating SPP and the total intensity of the real space image (More data on gold films

with different thicknesses as figure 4.9(a) are shown in figure 4.10). Similarly, the data

obtained by a sharp W tip are shown in figure 4.11. Apparently the intensity of localized

surface plasmons ILSP is equal to the difference between IT otal and ISP P .

Figure 4.9(b) presents the ratio between the intensity of propagation SPP and the total

intensity calculated from the real space images on gold films with different thicknesses

obtained with blunt W tip, sharp W tip and Ag tip. From figure 4.9(b) we see that the

ratios are all larger than 50%, on 70 nm, the ratios are even higher than 75%, so we can

say that the propagating SPP dominate the light emission excited with a STM tip on gold

films.

From figure 4.9(b) we also see that the ratios ISP P /IT otal varies with the tip shape, the

tip material and the thickness of the gold films. The variation with the tip shape (blunt
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W tip and sharp W tip) may be due to the oscillating dipole direction in the tunneling

junction between the STM tip and the gold film surface. For the very symmetry tip (sharp

W tip), the oscillating dipole in the tunneling junction is perpendicular to the gold film.

For the asymmetry tip (blunt W tip), the oscillating dipole in the tunneling junction is

not perpendicular to the gold film and the oscillating dipole can be looked as partially

perpendicular and partially parallel to the gold film. To excite propagating SPP, a dipole

vertical to the gold film excites more efficiently than the dipole parallel to the gold film

[62]. The variation with the tip shape (blunt W tip and sharp W tip) may be also due

to the fact that the diameter of the blunt tip is larger than that of the sharp W tip. The

tip with a larger diameter can trap more light in the tunneling junction [94], so that the

localized emission intensity is larger and the ratios ISP P /Itot is smaller. The variation with

gold film thickness is due to the fact that thicker gold film support better the propagating

surface plasmons (more oscillating electrons, less leakage damping) [43, 106].
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Figure 4.10: Calculating the propagation length of propagating surface plasmons by linear

fitting using equation 4.1. The experimental data (black line with black squares) is the

cross-section obtained with a blunt W tip from figure 4.3 on 35 nm ((a) and (b)) , 50 nm

((c) and (d)) and 70 nm ((e) and (f)) gold film. The red lines are the linear fits for x >

2µm from the tip position.
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Figure 4.11: Calculating the propagation length of propagating surface plasmons by linear

fitting using equation 4.1. The experimental data (black line with black squares) is the

cross-section with a sharp W tip on 35 nm ((a) and (b)) , 50 nm ((c) and (d)) and 70 nm

((e) and (f)) gold film. The red lines are the linear fits for x > 2µm from the tip position.

4.4 Fourier space images on gold films of different thick-
nesses obtained with the three types of STM tips

The Fourier space images present the angular distribution of the light emission from

the object plane. It is very important to fully understand the Fourier space images in

order to better comprehend the light emission excited by STM.

Figure 4.12(a) shows the Fourier space images of light emission excited by a blunt W

tip on a 50 nm gold film. Figure 4.12(b) shows the corresponding cross-sections on samples

with 6 nm, 20 nm, 35 nm, 50 nm and 70 nm gold film thicknesses. It is very clear that there

is a propagating surface plasmons ring (in figure 4.12(a)) and peaks (in figure 4.12(b)) for

gold film thickness thicker than 20 nm. In figure 4.12(b), we see that the peak positions

are all slightly larger than the critical angle and exactly at the same position as the

theoretical calculated propagating surface plasmon peaks in Fourier space (see figure 2.15).
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Figure 4.12: Fourier space images of light emission excited with a blunt W tip (a), a sharp

W tip (c) and a Ag tip (e) on a 50 nm gold film. The corresponding cross-sections are

shown in (b) for 6 nm - 70 nm gold films with a blunt W tip, (d) for 20 nm - 70 nm gold

films with a sharp W tip and (f) for 35 nm - 70 nm gold films with a Ag tip. Note that in

(b) the 6 nm cross-section is normalized to 0.25 for clarity. The inset to (a) is the Fourier

space image with a polarizer, and the double arrow indicates the polarizer direction. Note

that the cross-sections are only half range for a better view of the peaks.

In figure 4.12(b), it is very clear that there is no propagating surface plasmons peak for the

6 nm gold film. From the dispersion relation (as shown in figure 2.4(a)) we know that gold

film ≈ 6 nm does not support propagating SPP, so no propagating surface plasmons are

excited by the STM tip and hence no propagating surface plasmon peak can be observed.

The inset of figure 4.12 (a) shows the result when a polarizer (oriented in the direction

of the double arrow) is placed in front of the CCD camera. The result is reminiscent of

that which is obtained when exciting SPP with a near field optical probe with polarized

light [22], confirming that the polarization of the leakage radiation is as expected for

propagating SPP.

Figure 4.12(c) shows the Fourier space images of light emission excited by a sharp W

tip on a 50 nm gold film. Figure 4.12(d) shows the corresponding cross-sections on samples

with 20 nm, 35 nm, 50 nm and 70 nm gold film thicknesses. As in figure 4.12(a), there is

also a propagating surface plasmons ring in figure 4.12(c). A slight difference compare to

those cross-sections in figure 4.12(d) may be that the peaks in figure 4.12(d) seem a little

narrower.

Figure 4.12(e) and (f) show the Fourier space images of the light emission excited with

a Ag tip on a 50 nm gold film and the corresponding cross-sections on gold films with

35 nm, 50 nm and 70 nm thicknesses. As in figure 4.12(a), there is also a propagating

surface plasmons ring in figure 4.12(e). However, in figure 4.12(e) we see that there is
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more intensity at small angles (nsin(θ<1), which indicates more “localized” light emission

(especially for the 35 nm gold film case). A slight difference compare to those cross-sections

in figure 4.12(b) may be also that the peaks in figure 4.12(f) seem a little narrower.

Except this plasmon peak, there is also light emission at large angles which looks like

“shoulder” in the cross-sections. From figure 4.12, it is clear that the “shoulder” in the

cross-sections obtained with a sharp W tip or a Ag tip is lower than that obtained with a

blunt W tip.

4.4.1 The dispersion relation of SPP deduced from Fourier space images

The propagating surface plasmons ring at the correct angle in the Fourier space images

is direct evidence of propagating SPP. The width of the propagating surface plasmons ring

is related to the damping of the propagating SPP, so one can calculate the propagation

length of the propagating SPP from the width of the plasmon ring [64].

Here, we demonstrate that the dispersion relation of the propagating surface plasmons

can also be deduced from the plasmon ring of electrical excited surface plasmons with a

STM tip. The reason is that the light emission of the electrical excited propagating SPP

is broadband (see figure 3.6). Due to the dispersion relation of the propagating SPP (fig-

ure 2.4) and the leakage radiation properties (subsection 2.1.4), different wavelengths have

different leakage radiation angles, so in the Fourier space the position of the propagating

surface plasmons ring changes for different wavelengths (theoretical calculation shown in

figure 2.17(a)).

In this case, on the same 50 nm gold film we record the Fourier space images of the

STM-excited surface plasmons with different bandpass filters to see the changes of prop-

agating surface plasmons ring. The cross-sections of these propagating surface plasmons

rings at different wavelengths are shown in figure 4.13(a). In figure 4.13(a) one thing very

obvious is that the positions of the plasmons peaks are all larger than 1. Also, the position

of the peaks are different for different wavelengths. From these peak positions we calculate

the related propagating SPP wavevectors (real part). The calculated value fits well with

the theoretical dispersion curve (figure 4.13(b)).

From this experiment, we are sure that these peaks originate from propagating surface

plasmons. We also know that we can deduce the dispersion relation of thin gold films from

the Fourier space images of the broadband propagating SPP excited using a STM tip with

the help of bandpass filters. It is a new way to experimentally determine the dispersion

relation of thin metal films.

In the other hand, we understand that these propagating surface plasmons rings in the

Fourier space images contains the dispersion information, and the widths of the propa-

gating surface plasmons rings are certainly broadened because of the different positions of

the propagating surface plasmons rings with different wavelengths. From the dispersion

relation (figure 2.4), we can calculate the width broadening due to the dispersion of the

broadband propagating SPP.

Figure 4.14 clearly shows the range of this Fourier space propagating surface plasmons

peaks width extension which is due to the dispersion of the broadband propagating SPP.

It is quite obvious that on 50 nm gold films the maximum ratio between Re[kSP P ] and k0

is ≈ 1.08 at λ=520 nm and at λ=800 nm the ratio is only ≈ 1.02. This indicates that the
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Figure 4.13: (a) Cross-sections of the plasmon rings with different bandpass filters. (b) The

blue curve is the dispersion curve of SPP waves propagating along the air/gold interface

of a 50nm gold film (already shown in figure 2.4(a)). The black squares are the calculated

propagating SPP wavevectors (real part) from the plasmon peaks in (a). The calculated

value fits very well with the dispersion curve. The central wavelengths of the plasmon

rings are also indicated in (b)

width of the propagating surface plasmons peak in the Fourier space can be enlarged by ∼
0.06 (1.08-1.02) due to the dispersion of the broadband propagating SPP. In figure 4.12,

the FWHM of the propagating surface plasmons ring on 50 nm gold film is ≈ 0.11, larger

than 0.06. This is because other parameters such as the damping of the propagating SPP

and limited Fourier space resolution also needs to be considered.

4.4.2 Propagating and localized surface plasmons in Fourier space im-
ages

From the discussion above, we know that there are two contributions of light recorded

in the Fourier space images: the propagating SPP and the localized surface plasmons.

In this subsection, we propose a method to quantify the intensity of propagating SPP

and local surface plasmons respectively in the Fourier space images and give the relative

ratio between them. The contribution of the propagating SPP is very clear: the plasmon

rings (in the Fourier space images) or peaks (in the corresponding cross-sections). So we

integrate the intensities of the plasmons peaks to get the intensity of the propagating SPP

and then the rest is assigned to localized surface plasmons.

Figure 4.15(a) shows the propagating SPP intensity and the localized surface plasmons

intensity in the half cross-section curves. In the half cross-section, above the green dash

line, is the SPP peaks. The rest, below the green dashed line, is assigned to the localized

surface plasmons contribution. If we integrate the intensity of the whole SPP peaks, we

can quantitatively calculate the intensity of propagating SPP and get the ratio between

the propagating SPP and the total intensity ISP P /IT otal from the Fourier space images.

Figure 4.15(b) gives the ISP P /IT otal from the Fourier space images for gold films of

different thicknesses obtained using different STM tips. From figure 4.15(b) we see that

similar to figure 4.9(b), the ratios with W tips are all larger than 50%, and on 70 nm the
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Figure 4.14: Wavelength dependence of the ratio between the Real[kSP P ] and k0 on 50nm

gold film. Real[kSP P ] is the real part of the in-plane wavevector of propagating SPP. k0

is the wavevector of the light in free-space. From equation 2.11, Real[kSP P ]/k0 equals to

nsin(θ) (θ is the leakage radiation angle (plasmon angle)). It is very clear for different

wavelengths the positions of the plasmon rings are different.

ratios are even higher than 75%, so we can also say that the propagating SPP dominate

the STM-excited light emission on gold films.

From figure 4.15(b) we also see that on gold films of the same thickness, the ratios

ISP P /IT otal with W tips are obviously higher than the ratios with the Ag tip. This may

be because of the local tip-film plasmon resonance between the Ag tip and the gold film.

This local tip-film plasmon resonance largely enhances the local emission owing to the

gap plasmons enhancement [99]. Because the local tip-film plasmon resonance, the light

emission in the allowed light region (Insin(θ<1) should be enhanced. This phenomenon is

seen in figure 4.16(b) where we clearly see that for Ag tips the ratio between the allowed

light intensity and the total intensity (INA<1/IT otal) is higher than that for W tips.

There is also a difference between the ISP P /IT otal of blunt W tip and sharp W tip

(similar to figure 4.9(b)). One reason of this difference may be explained by considering

the fact that the localized surface plasmons result from the coupling of the STM tip with

the sample. If we assume that the tunneling occurs through a small cluster of atoms of

the same size at the apex of the two types of W tips, the tip-sample separation is the same

in the two cases. However, due to the larger radius of the blunt tip, the interaction area

between the tip and sample is increased and more localized surface plasmons is trapped in

the tunneling junction, giving rise to an enhancement of the local field [94]. This increases

the local emission intensity and decreases the ratio ISP P /IT otal. Another reason (not

very obvious) may be the different propagating surface plasmons excitation efficiency of

different oscillating dipole orientations. As discussed above, a vertical oscillating dipole

model (perpendicular to the gold film surface) is used for the sharp W tip and an oscillating

dipole that is not perpendicular to the gold film is used for the blunt W tip. The vertical

oscillating dipole has a higher coupling efficiency to propagating surface plasmons because

the radiation light of a vertical dipole is p-polarized. For a dipole that is not perpendicular

to the gold film, the horizontal component which contains the s-polarized radiation light

will decrease the coupling efficiency to propagating surface plasmons [40, 62]. This also
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Figure 4.15: (a) The propagation SPP intensity and the local emission intensity in the

cross-section curves. Above the green dash line is the intensity of propagation SPP, the

rest is the local emission. (b) The ratio between the intensity of propagation SPP and the

total intensity calculated from the Fourier space images for different gold film thicknesses

with different STM tips. The ratio varies considerably with STM tip shape, material as

well as the thickness of the gold film.

makes the ISP P /IT otal higher for the blunt W tip.

Another interesting point in figure 4.15 (b) is that the ISP P /IT otal varies with the gold

film thicknesses (also seen in figure 4.9(b)). It is clear that the ISP P /IT otal increases when

the gold film thickness increases. The variation with gold film thickness is due to the fact

that thicker gold film support better the propagating surface plasmons (more oscillating

electrons, less leakage damping) [43, 106].
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Figure 4.16: (a)ISP P /IT otal calculated from both real space and Fourier space. (b)The

ratio between the allowed light intensity and the total intensity (INA<1/IT otal) on gold

films with different thicknesses using the three tips.

Putting the ISP P /IT otal ratios deduced from the real space and Fourier space together,

we get figure 4.16 (a) which clearly shows that the two methods give a very similar result.

This confirms that our deduction of ISP P /IT otal ratio from both real space and Fourier

space is reasonable.
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4.5 Mode Selection between propagating and local surface
plasmons with different STM tips

From the previous discussion in this chapter, we clearly see that different surface

plasmon modes are excited on gold films by inelastic electron tunneling with the STM,

namely localized and propagating plasmons. Both types of plasmon modes are of interest:

localized plasmons are of crucial importance for the excitation of quantum emitters in

the plasmonic nano-cavity formed between the STM tip and the substrate [107], while

propagating plasmons are essential for information transfer at the nanoscale [14, 18]. In

this section, we show how we can preferentially excite one type of plasmon mode over

another by changing the tip shape or material based on the quantitative calculation of

ISP P and ILSP from real space and Fourier space images.
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Figure 4.17: The average propagating surface plasmons intensities ISP P (a) and the local

surface plasmons intensities ILSP (b) on a 50 nm gold film with the three tips. The average

intensities are calculated based on the ratios ISP P /IT otal for both real space and Fourier

space in figure 4.16.

Figure 4.17 shows the average propagating surface plasmons intensities ISP P (a) and

the local emission intensities ILSP (b) on a 50 nm gold film for the three tips calculated

from both real space and Fourier space. The way we calculate ISP P and ILSP is described

as follows. First, for each type of tip, we integrate all the STM-excited light intensities

IT otal (on a 50 nm gold film) in a real space image and average for more than 70 images.

The averaged IT otal reflects the ability of the STM-excited surface plasmons for each type of

tip. Then, with the ratio ISP P /IT otal (calculated from both real space and Fourier space),

we calculate ISP P for each tip. The difference between IT otal and ISP P is attributed to

ILSP . From figure 4.17, it is clear that ISP P and ILSP calculated from both real space

and Fourier space intensity ratio (ISP P /IT otal) are very similar.

It is also clear that the localized emission intensities ILSP of the Ag tip are around

10 times higher than the ILSP of W tips (figure4.17(b)), which is similar to the results

observed before [7, 53, 92–94, 96, 97]. However, a very interesting point is that the

propagating surface plasmons intensities ISP P of Ag tip is just around 2 times higher

than the ISP P of W tips, which means the propagating surface plasmons are not greatly

influenced by the STM tip material (figure4.17(a)).

Figure 4.18 shows the ratio between ISP P and ILSP based on the data in figure 4.17.
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Figure 4.18: The ratio ISP P /ILSP on a 50 nm gold film with the three types of STM tips.

From figure 4.18 we clear see that a silver tip produces a high intensity of localized plas-

mons whereas a sharp (radius < 100 nm) tungsten tip produces mainly propagating plas-

mons.

4.6 Spectra of STM-excited surface plasmons

4.6.1 Spectra obtained with the three types of tips on a 50 nm gold film

The spectra of STM-excited surface plasmons on gold films are also very interesting.

Figure 4.19 shows the spectra of STM-excited surface plasmons when the three types of

STM tips are used on the same 50 nm gold film. It is clear that all the spectra have a

similar peak position of ∼ 700 nm and similar bandwidth of ∼ 150 nm. This indicates

that the different STM tips do not influence the spectra very much.
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Figure 4.19: The spectra of STM-excited surface plasmons with the three types of STM

tips on the same 50 nm gold film. The spectra are recorded using the oil objective (×100,

NA = 1.45). The tunneling condition is V=2.8 volts, I=6 nA.
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4.6.2 Spectra obtained with the three types of tips on gold films of
different thicknesses

Figure 4.20 shows the spectra of STM-excited surface plasmons with a blunt W tip

(a) and a Ag tip (b) on gold films of different thicknesses. It is clear that the spectrum

depends on the gold film thicknesses! When the gold film thickness increases, the spectra

of STM-excited surface plasmons are blue shifted for both types of STM tips (blunt W

tip and Ag tip). The spectra peaks on 35 nm, 50nm and 70nm gold film are at ∼ 730 nm,

700 nm and 670 nm respectively.
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Figure 4.20: The spectra of STM-excited surface plasmons with the same blunt W tip (a)

and the same Ag tip (b) on gold films of different thicknesses. The spectra are recorded

using the oil objective (×100, NA = 1.45). The tunneling condition is V=2.8 volts, I=6

nA.

Actually, during the STM inelastic tunneling, two modes are excited: a low energy

“film-like” propagating surface plasmons mode bound at the air-gold interface and a high

energy “particle-like” localized surface plasmons mode [106].

When the gold film thickness increases, the interaction between the two modes de-

creases which leads to less repulsion between the two modes. This makes the spectra of

the two modes closer to each other. Because the localized mode does not change its spec-

trum during this process (mainly depends on the tip shape and material), the spectrum of

the “film-like” propagating surface plasmons mode is blue shifted [106]. The peak position

of the spectrum shifts from around 730 nm for 35 nm gold film to 670 nm for 70 nm gold

film. This phenomenon is also seen in Ref [106] by theoretical calculation.

In principle, the spectrum with the Ag tip has two peaks which are related to the low

energy “film-like” propagating surface plasmons mode and the high energy “particle-like”

localized surface plasmons mode respectively. Here, because the two peaks excited with

the Ag tip are very close, they merge into a broader spectrum which makes the two peaks

difficult to be distinguished [106]. While, with the W tip, the spectrum only has one peak

of the low energy “film-like” propagating surface plasmons mode because the high energy

“particle-like” localized surface plasmons mode is very weak for a non-plasmonic tip.
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4.6.3 Spectra obtained with a Ag tip on a 70 nm gold film

Figure 4.21 shows the spectra obtained with a same Ag tip on a 70 nm gold film. We

see that a “tip” mode peak [86, 106] is around 600 nm on the red curve. But, on the black

curve the “tip” mode peak cannot be easily seen. This spectrum variation may be because

the tip shape changes during the experiment. We know that the Ag is very soft, so during

the experiment, the tip becomes less sharp and the radius of curvature becomes larger,

so the “tip” mode peak peak becomes less clear. However, in figure 4.21, the “film” mode

peaks do not change.
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Figure 4.21: The spectra of STM-excited surface plasmons with a same Ag tip on a 70

nm gold film. The spectra are recorded using the oil objective (×100, NA = 1.45). The

spectrum variation may be due to the change of the tip shape during the experiment. The

tunneling condition is V=2.8 volts, I=6 nA.

4.7 Simulation of Fourier space images using the vertical
dipole model

4.7.1 Fourier space images without bandpass filters

Figure 4.22 shows Fourier space images of STM-excited surface plasmons on (a) 50 nm

(c) 20 nm and (e) 6 nm thick gold films, obtained with the blunt W tip. It is clear that when

the gold film thickness increases, the propagating surface plasmons peak becomes higher

and the contribution of propagating surface plasmons increases. This is because there

are more electrons in the thicker film which can couple in the oscillation of propagating

surface plasmons.

The red curves in figure 4.22 (b), (d) and (f) are the calculated cross section determined

by considering the STM tunnel junction as a sum of monochromatic vertical point dipoles

all located at the same point 1 nm above the gold film surface [108]. The sum of a series

of dipoles of different wavelengths is necessary to take into account the broadband nature

of the resulting emission. The dipoles’ wavelengths and relative strengths are determined

from measured spectra of light from STM-excited surface plasmons. The spectra of the

STM excited SPP on gold films of 50 nm, 20 nm and 6 nm are shown in (g)-(i), respectively
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(The transmissions of our spectrometer and Roper camera systems have been taken into

account). In figure 4.22 (b) and (d), the calculation predicts well the peak positions for

SPP, but it does not reproduce the small shoulder present at angles much larger than the

critical angle and up to the numerical aperture of the objective. Similarly, in figure 4.22

(f), the calculation has a discontinuity at nsin(θ) = 1, typical for a vertical dipole at an

interface, but the calculated result does not explain the emission at large angles up to

NA=1.45, the objective numerical aperture. The root-mean-square roughness of the 6 nm

film was measured by AFM and found to be 1.5 nm, so radiation loss due to scattering

is assumed to be negligible. From these data we see that the vertical dipole model of the

tunnel junction does not completely explain the results.
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Figure 4.22: Fourier space images of STM-excited surface plasmons on (a) 50 nm (c) 20

nm and (e) 6 nm thick gold films, obtained with the blunt W tip. The black curves in (b),

(d) and (f) are the corresponding cross sections. The sharp cut-off seen at large angles

is due to the objective numerical aperture (NA=1.45). For (a) to (d) a sharp peak at

the Kretschmann angle is observed, consistent with the generation of propagating surface

plasmons. Using the oscillating point vertical dipole model for the tunnel junction gives

rise to the calculated red curves in (b), (d), and (f). The emission at large angles is clearly

not taken into account in this model, and is assigned to the modes that result from the

interaction of the film with the STM tip, i.e., the localized modes. The spectra of the STM

excited SPP on gold films of 50 nm, 20 nm and 6 nm are shown in (g)-(i), respectively.

Similarly, the comparison between the experimental cross-sections obtained with a
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sharp W tip and the calculated cross-sections are shown in figure 4.23(b). It is also clear

that the experimental plasmon peaks are well fitted with the vertical dipole model, but the

emission at large angles (“shoulder”) cannot be fitted by this model. However, comparing

the blunt W tip and the sharp W tip, the experimental cross-sections obtained with the

sharp W tip fit better with the vertical dipole model. This means that the electron

tunneling of the sharp W tip is more similar to a vertical dipole. This is consistent with

the fact that with a sharp W tip we obtained donut shape real space central peak patterns

(already discussed in subsection 4.3.2).

Since no STM tip is present in this simple vertical dipole model, the tip must play

an important role and the large angle emission is thus attributed to the tip-induced or

localized plasmon modes.
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Figure 4.23: The vertical dipole model for the blunt W tip (a) and for the sharp W

tip (b). The black curves in (a) and (b) are the Fourier space cross-sections obtained

on a 50 nm thick gold film (already shown in figure 4.12). The sharp cut-off seen at

large angles is due to the objective numerical aperture (NA=1.45). The sharp peak at

the Kretschmann angle is observed, consistent with the generation of propagating surface

plasmons. Using the oscillating point vertical dipole model for the tunnel junction gives

rise to the corresponding calculated red curves in (a) and (b).

4.7.2 Fourier space images with bandpass filters

Another comparison is shown in figure 4.24. Figure 4.24 presents the experimental

cross-sections in the Fourier plane images (with bandpass filters) compared to the theo-

retical cross-sections. The theoretical cross-sections are calculated using a vertical dipole

located on the gold film with an emission wavelength same as the central wavelengths of

the bandpass filters (see Chapter 2, subsection 2.2.2). The experimental data are from

figure 4.13.

Similar to figure 4.22, we see that the plasmon peaks of the experiments fit well with

the plasmon peaks of theoretical curves in figure 4.24(a)-(d). There are also two main

differences: the widths of the plasmon peaks and the “shoulders” at large angles. For the

widths of the experimental plasmon peaks, the differences may come from the fact that

the theoretical curves are calculated for perfect flat gold films. In reality, the deposited

gold films have a roughness which makes the damping larger than perfect gold films. From
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figure 4.24(a)-(d), we can see that the shorter the wavelength, the better the width fitting

between the theoretical curves and the experimental data. The widths of the plasmon

peaks may also be influenced by the finite pixels of the CCD camera. For the “shoulders”

at large angles, they cannot be attributed as propagating SPP and they are related to the

the tip-induced or localized plasmon modes.
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Figure 4.24: Experimental cross-sections in the Fourier space image compared to the

theoretical cross-sections. The experimental data are from figure 4.13. The theoretical

cross-sections are calculated at the central wavelengths of the bandpass filters in the same

way as for figure 2.17.

4.8 Conclusion

In conclusion, we have shown that an STM electrically excites both localized and prop-

agating plasmon modes on thin gold films on glass. For the first time we have characterized

the plasmon modes and measured their intensities in both real and Fourier space images

obtained from leakage radiation microscopy. We have shown that by varying the tip shape

and material we can selectively excite one mode over the other: a sharp “non-plasmonic”

tip (e.g. a sharp W tip) is the best choice for the preferential excitation of propagating

surface plasmons as compared to localized surface plasmons while a “plasmonic” tip (e.g.

a Ag tip) is recommended for the excitation of localized surface plasmons. Furthermore,

calculations show that approximating the STM tunnel junction as a vertical dipole is ap-

propriate for the propagating plasmon modes but this model does not take into account the

tip-film interactions and the tip-induced or localized plasmon modes. These results pro-

vide more control over the STM plasmon excitation process, offer insight into the physical

mechanisms involved, and lead to interesting prospects for low energy electrically excited

plasmonics.
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Propagating Surface Plasmons
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5.1 Introduction

Optically excited propagating surface plasmons (SPP) can interfere with the laser

excitation light [109, 110]. For the electrically excited SPP [53, 99] which have a broadband

emission spectrum, the investigation of the coherence of such electrically excited SPP is

important in the context of their use in future integrated nano-optics devices such as

optical nano-antennas [39].

Recently, combining a scanning tunneling microscope (STM) with an inverted optical

microscope, we have excited propagating surface plasmons on a thin gold film with an

STM [99]. Now, for the first time, we measure the coherence length of these STM-excited

SPP.

We excite SPP on a 200 nm opaque gold film containing two nanoholes of the same

diameter (250 nm, 500 nm, or 1 µm) using the STM. The STM-excited SPP propagate on

the gold film surface and are scattered by the nanoholes. This scattered light is detected

both in real space and Fourier space. In real space images, diffraction-limited patterns are

seen at the hole positions. In Fourier space images, interference fringes are clearly seen and

the period of the interference fringes depends on the separation between the two nanoholes.

This experiment is analogous to Young’s double-slit experiment. By varying the relative

position between the STM tip and the nanoholes, we have studied the visibility of the

interference fringes as a function of the plasmonic path difference between the tip and the

nanoholes. This enables us to measure the coherence length of STM-excited propagating

SPP.

5.2 Young’s double-slit experiment for measuring light source
coherence

Figure 5.1 shows the Young’s double-slit setup for coherence studies of quasi-monochromatic

light [111]. A parallel light beam (central wavelength λ) is diffracted by two slits, and the

two diffracted light radiations interfere on a screen. The fields diffracted by the slits

are E1exp(iϕ1) and E2exp(iϕ2) (see figure 5.1). If the distance between the screen and

the slits is significantly larger than the slit separation, the interference pattern takes the

approximate expression [66, 67]:

I(x) = I1 + I2 + 2
√

I1I2 |γ12| cos(
2π(|R1| − |R2|)

λ
+ ∆ϕ) (5.1)

where I1 = |E1|2, I2 = |E2|2, ∆ϕ = ϕ1 − ϕ2, and |γ12| is the degree of coherence [67]. |γ12|
is the absolute value (module) of the normalized mutual correlation function γ12 (complex

degree of coherence) of the electric fields at the two points A and B.1 Usually |γ12| is

related to time delay τ between the two diffracted fields and can be written as |γ12(τ)|.
When |γ12(τ)| = 1, the light beam is perfect coherent. When |γ12(τ)| = 0, the light beam

is incoherent. When 0 < |γ12(τ)| < 1, the light beam is partially coherent.

1. γ12(τ) =
〈E1(t+τ)E∗

2
(t))〉

T√
〈|E1|2〉

T
〈|E2|2〉

T

[67], page 570
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The sharpness of the interference fringes is quantified by the visibility V :

V =
2
√

I1I2

I1 + I2
|γ12(τ)| = 2(

√
I1

I2
+

√
I2

I1
)−1 |γ12(τ)| (5.2)

So by measuring the visibility V and the intensity ratio I1/I2, we can deduce the degree

of coherence |γ12(τ)| which shows the coherence information of the light source. A special

case is when |E1| equals |E2|, then the visibility V = |γ12(τ)|.

Figure 5.1: The Young’s double-slit experiment setup for coherence studies of quasi-

monochromatic light. Two slits located at A and B diffract a parallel light beam on a

screen. If the diffracted lights from the two slits are coherent or patially coherent, there

will be interference fringes on the screen.

5.3 Young’s double-slit experiment for measuring plasmonic
source coherence

In our experiments (figure 5.2), we use a STM tip to excite propagating surface plas-

mons (SPP) on a 200 nm gold film containing two nanoholes (separation d). If the paths

of the STM-excited propagating SPP from the STM tip to each nanohole (r1 and r2)

are different, there will be a phase difference ∆ϕ(SP P ) between the two diffracted electric

fields. This phase difference is written as:

∆ϕ(SP P ) = kSP P (|r1| − |r2|) =
2π

λSP P
(|r1| − |r2|) (5.3)

where kSP P is the wavenumber of the SPP and λSP P is the wavelength of the SPP. Our

name for this phase difference will be the “plasmonic path difference”. Also the amplitudes

of the electric fields at the two nanoholes are different since the SPP attenuations are

related to the path length (r1 or r2).

The time delay τ of the two diffracted fields is proportional to the plasmonic path dif-

ference(PPD) LP P D (τ=LP P D/v, v is the velocity of the SPP), so we define “|γ12(LP P D)|”
as the “degree of coherence”.

The scattered light along the same radiation angle α will go to the same point in the

Fourier space with an optical path difference dsin(α). This optical path difference causes
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a phase difference:

∆ϕ(photon) = kglassdsin(α) =
2π

λ/n
dsin(α) =

2π

λ
d nsin(α) (5.4)

where kglass is the wavenumber of light in glass and n is the refractive index of the glass

substrate. For a fixed nanohole pair separation d and a certain wavelength λ, this optical

phase difference is only related to the radiation angle α.

Į Į

r1 r2

STM tip

glass

e-

SPPs

E1exp(iĳ1) E2exp(iĳ2)

Figure 5.2: Schematic image of our experiment. Two nanoholes scatter the STM-excited

propagating SPP. Note that when r1 = r2, ∆ϕ(SP P ) = 0 and E1 = E2. Otherwise,

∆ϕ(SP P ) 6= 0, E1 6= E2.

Thus, if the scattered lights from the nanoholes are coherent, there will be an inter-

ference fringe pattern in Fourier space. This interference fringe pattern depends on these

two kinds of phase difference contributions: the plasmonic path difference and the optical

path difference.

5.4 Sample design, fabrication and characterization

Thickness

200nm

Thickness

35nm

1mm

100µm

100µm

d d

100µm

D

(a) (b)

Figure 5.3: Design of the sample with nanoholes.

The design of the sample is shown in figure 5.3. Glass substrates are used (diameter

20 mm, thickness 150 µm). One half of the glass substrate is coated with a 200 nm gold
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film pierced with single nanoholes and pairs of nanoholes aligned along markers. The other

half of the glass substrate is coated with a 35 nm gold film which is used for the STM tip

alignment.

We first designed a sample containing single nanoholes and pairs of nanoholes with

diameters of 250 nm. Single nanoholes and pairs of nanoholes are 100 µm apart from each

other so that they are well isolated. The nanoholes are aligned 100 µm away from the

markers which have a width of 3 µm and a length of 100 µm. These markers help us to

find the nanoholes during the initial transmission imaging experiments (see figure 5.3 (b)).

The markers are far enough from the nanoholes to prevent their influence on the nanohole

radiation. After the experiments with the first sample, we designed samples with larger

diameters (500 nm and 1 µm) to increase the light intensity scattered by the nanoholes.

For the simplicity of the text, the diameter of the nanoholes is defined as D and the

distance between the nanoholes (for the nanohole pairs) is defined as d (figure 5.3(b)).

The samples were fabricated at the “Pôle Nanofab” of the Institut Néel (Grenoble) by

Jean-François Motte and Dr. Serge Huant using a focused ion beam etching. The samples

were observed using scanning electron microscope right after the fabrication (figure 5.4).

1µm500 nm250 nm

1µm500 nm250 nm

(a) (b) (c)

(d) (e) (f)

Figure 5.4: SEM (scanning electron microscope) images of single nanoholes and nanohole

pairs. (a) D=250 nm, (b) D=500 nm, (c) D=1 µm, (d) D=250 nm, d=2 µm, (e)

D=500 nm, d=2 µm and (f) D=1 µm, d=2 µm . D is the diameter of the nanoholes

and d is the separation of the nanohole pairs. Note that we also use nanohole pairs with

separations d= 4 µm and 6 µm.
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20 µm

(a) (b)

5 µm

Figure 5.5: Transmission image of a nanohole pair with D=250 nm d=2 µm. In a very large

area of 130 µm × 130 µm, we can only see the light transmitted from the two nanoholes.

The single nanoholes and nanohole pairs are also characterized by optical transmission

imaging and STM topography imaging using our setup. Here we show an example of this

characterization. Figure 5.5 shows a transmission image of a nanohole pair with D=250 nm

and d=2 µm. There is only one nanohole pair in the large area of about 130 µm × 130 µm.

Figure 5.5(b) is a zoom. The STM topography image of the nanohole pair is shown in

figure 5.6(a). From the cross-section along the two holes (figure 5.6(b)), we clearly see

that the diameter D is around 250±20 nm and the distance d between the two nanoholes

is about 2±0.05 µm.
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Figure 5.6: (a) STM topography image of the nanohole pair with D = 250 nm d = 2 µm.

(b) Cross-section along the two nanoholes.

In all the STM experiments of this chapter, the tunneling parameters are V=2.8 volts,

I=6 nA. The STM tips used in this chapter are blunt W tips (see figure 4.2).

5.5 Radiative scattering of STM-excited propagating SPP
by single nanoholes

For the first set of experiments, we excite propagating surface plasmons (SPP) on

the 200 nm gold film near a single nanohole with a W STM tip. The STM-excited SPP

propagate on the gold film surface and are scattered by the nanohole. Due to the 200 nm

thickness of the gold film, leakage radiation of the propagating SPP is not detected. With

the oil objective, we only detect the radiative scattering of the SPP. The real and Fourier
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space images of the radiative scattering of propagating SPP from a 250 nm nanohole are

presented in the upper part of figure 5.7(a-f). The lower part of figure 5.7(g-l) shows the

radiative scattering from a 1 µm nanohole. It is very clear that the image patterns in both

the real space and Fourier space follow the STM tip position.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 5.7: STM-excited propagating SPP are radiatively scattered by a single nanohole.

Real (a-c) and Fourier (d-f) plane images of the radiative scattering from a 250 nm

nanohole. Real (g-i) and Fourier (j-l) plane images of the radiative scattering from a

1 µm nanohole. In (a-c) and (g-i), the yellow spot indicates the tip position. The scale

bar is 1 µm. In (d-f) and (j-l), the yellow dashed circle indicates the numerical aperture

of the oil objective, i.e., NA=1.45.
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Figure 5.8: STM-excited propagating SPP are radiatively scattered by a single nanohole.

Real and Fourier plane images of the radiative scattering from a 250 nm nanohole (a, d),

a 500 nm nanohole (b, e) and a 1 µm nanohole (c, f). Images (g-i) are the corresponding

cross-sections of (a-c) along the tip-nanohole direction. Images (j-l) are the corresponding

cross-sections of (d-f) along the tip-nanohole direction. In (a-c), the yellow spot indicates

the tip position. The scale bar is 1 µm. In (d-f), the yellow dashed line circle indicates

the numerical aperture of the oil objective, i.e., NA=1.45.

Looking closely at figure 5.7(a)-(c) (nanohole diameter 250 nm) we see that there is

more intensity along the tip-hole axis than that along the direction perpendicular to this

tip-hole direction. This phenomenon is also seen in the corresponding Fourier space images

(figure 5.7(d)-(f)). From figure 5.7(g)-(i) (nanohole diameter 1 µm) we see that the real

space patterns are elongated along the tip-hole direction. This also means that there is

more intensity along the tip-hole direction than that along the direction perpendicular to

the tip-hole axis. This phenomenon is also seen in the corresponding Fourier space images
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(figure 5.7(j)-(l)).

Figure 5.8 presents the radiative scattering images of STM-excited propagating SPP

from single nanoholes of different diameters (250 nm, 500 nm and 1 µm) with similar tip-

hole orientations. Figure 5.8(a-c) and (d-f) are the real space images and Fourier space

images respectively. Figure 5.8(g-i) and (j-l) are the cross-sections along tip-nanohole

direction (i.e. y axis) of the real and Fourier space images respectively. All the images

have a symmetry axis, the tip-nanohole direction.

The real space image of the scattered light from a 250 nm nanohole (figure 5.8(a)

and (g)) has a three spot pattern. The three spots are aligned along the tip-nanohole

direction. The central spot is located on the nanohole position. It is slightly more intense

than the others. This three spot pattern presents similarities with the emission pattern

of a horizontal dipole near a air-glass interface. The real space image of the scattered

light from a 500 nm nanohole (figure 5.8(b) and (h)) has a one spot pattern. The spot is

located on the nanohole. The real space image of the scattered light from a 1 µm nanohole

(figure 5.8(c) and (i)) has a three spot pattern elongated along the tip-nanohole direction.

Two spots are located on the nanohole edges along the tip-hole direction and one is located

at the center of the nanohole. Of these three spots, the spot of highest intensity is the one

which is furthest from the tip while the one of lowest intensity is the one centered on the

nanohole.

Let us now discuss the angular distribution of the scattered light. The Fourier space

image pattern is rather uniform for the 250 nm nanohole (figure 5.8(d) and (j)). It becomes

smaller, for the 500 nm nanohole (figure 5.8(e) and (k)), and concentrated on the lower

half part of the Fourier space image. It becomes even smaller for the 1 µm nanohole

(figure 5.8(f) and (l)), and concentrated on the bottom of the Fourier space image with

maximum intensity around the critical angle.

The propagating SPP launched by the STM tip on the gold film are transverse magnetic

waves. Their electric field has two components in the “incident plasmonic plane”: one is

along the tip-nanohole direction, and the other one is perpendicular to the gold film. We

have observed the response of the nanoholes, 200 nm in depth and with 250 nm, 500 nm and

1 µm diameters, to this STM-excited propagating SPPs. The radiative response is mainly

concentrated in the “incident plasmonic plane”. Calculations are needed to understand

better the scattering of propagating SPP by nanoholes with different diameters.

For the same tip-nanohole distance, the radiative scattering intensity is more than 5

times higher for 1 µm nanoholes than for 250 nm nanoholes.
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5.6 Radiative scattering of STM-excited propagating SPP
by two 250 nm nanoholes (2 µm apart)

Figure 5.9: Two different positions of the STM tip (which launches the SPP) relative to the

nanoholes. (a) Equal tip-nanohole plasmonic paths (b) Different tip-nanohole plasmonic

paths. The tip-nanohole distances are |r1| and |r2|, and the angle between the unit vectors

r̂1 and r̂2 is θ. The red lines represent the 2D circular propagating SPP waves excited by

the STM.

In the next set of experiments, we excite propagating surface plasmons (SPP) on

a 200 nm gold film near a pair of 250 nm nanoholes, 2 µm apart. The propagating

SPP (excited with a blunt W tip) are 2D circular plasmonic waves, which are radiatively

scattered by each of the nanoholes. If the radiation from the two nanoholes overlaps in

Fourier space, we might see some interference features. If we put the STM tip on the

“perpendicular bisector” of the two nanoholes, the SPP propagating paths from the tip to

each of the nanoholes are equal (figure 5.9(a)). The propagating SPP wave, launched by

inelastic electron tunneling (IET) at the tip position, reaches the two nanoholes at the same

time, so the propagating SPP wave has the same phase and the same intensity attenuation

at the nanoholes. On the other hand, if we put the STM tip somewhere else, the SPP

propagating paths from the tip to each of the nanoholes are different (figure 5.9(b)). The

propagating SPP wave, launched by inelastic electron tunneling at the tip position, first

reaches the closer nanohole and then the other one, so the propagating SPP wave at the

nanoholes has different phases and different intensities. We will investigate successively

these two cases.
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5.6.1 Radiative scattering by two 250 nm nanoholes: equal SPP path
cases

Real space images when the tip is in the center of the nanohole pair
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Figure 5.10: Real space image of the scattered propagating SPP from a nanohole pair.

(a) Large scale (130 µm × 130 µm) image. (b) Zoom-in view. (c) Schematic image of the

relative position of the STM tip and the nanoholes. (d) Cross-section along y axis of (b).

In (b) and (c) the red spot indicates the tip position.

Figure 5.10(a-b) shows real space images of the propagating SPP scattered by a pair

of 250 nm nanoholes, 2 µm apart, when the STM tip is located at the center of the two

nanoholes. Figure 5.10(c) is a schematic showing the relative position of the STM tip and

the two nanoholes. Here, the red dot indicates the tip position. We used a W tip. The real

space images are recorded using an oil objective. Because the 200 nm gold film is opaque, in

a large area around (130 µm × 130 µm), only the scattered light emission at the nanohole

positions is detected and there is no contribution from leakage radiation (figure 5.10(a)).

Figure 5.10(d) shows the cross-section along the nanohole axis of figure 5.10(b). From

figure 5.10 (b) and (d) we clearly see that the scattered light emission pattern of each of

the two nanoholes is similar to the scattered light emission pattern from a single 250 nm

nanohole (see figure 5.8 (a) and (g)). From figure 5.10(d) we clearly see that the light

emission patterns are diffraction limited.
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Fourier space images for different tip positions for equal SPP path lengths
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Figure 5.11: (a-c) Fourier space images of the scattered light from the nanohole pair

(D=250 nm and d=2 µm) for three different positions of the STM tip. The dashed yellow

line (a-c) represents the central axis of the Fourier space image. The yellow circle indicates

the numerical aperture of the oil objective, NA=1.45. (d-f) Fourier cross-sections (y axis)

associated with (a-c). The vertical dashed line in (d-f) denotes NA=0. In the schematics

(g-i), the red dot indicates the tip position.

Figure 5.11 shows the Fourier space images (a-c) of the scattered light from the

nanohole pair for different relative positions of the tip and the nanohole pair (g-i).

We see fringes in figure 5.11(a-c). These fringes are believed to be the interference

fringes of the light (originating from propagating surface plasmons) scattered from the

two nanoholes. This experiment is analogous to Young’s double-slit experiment. The

angular periods of the interference fringes for the three tip-nanohole positions are the

same. The period is measured to be 0.353 ± 0.015 in NA units (NA = nsin(θ)). In

Young’s double-slit experiment, the angular period of the interference fringes is calculated

as:

θf =
λ

d
=

700 nm

2 µm
= 0.35 (5.5)

So it is clear that the angular period we measured is the same as the calculated value. One

interesting thing is that the interference fringes shift when the relative position between

the STM tip and the nanoholes changes. This phenomenon is clearest in the cross-sections
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of the interference (figure 5.11(d-f)).

Fourier space interference fringes from two in-plane dipolar point sources

In case of a nanohole pair, we have observed interference fringes in Fourier space

(figure 5.11). We propose to check whether this interference pattern can be understood in

terms of the emission of two in-plane (i.e., parallel to the Au film) point sources P1 and

P2 located at the nanohole positions. Owing to their similar shape, we may assume that

the two nanoholes have the same polarizability and for simplicity we set the polarizability

to 1. So the two point sources can be written as:

~P1 = ei~kr1 ~r1√
r1

r̂1, ~P2 = ei~kr2 ~r2√
r2

r̂2

with

~kr1 = ~kr2 = ~kSP P = ~k′
SP P + i~k′′

SP P

(5.6)

In the Fourier space, the intensity of the light from the two point sources can be written

as:

I(K) = ( ~P1e−iK d
2 + ~P2eiK d

2 )2 = | ~P1|2 + | ~P2|2 + ~P1
~P2

∗
e−iKd + ~P1

∗ ~P2eiKd (5.7)

where d is the distance between the two nanoholes which are along the y axis. From the

discussion of back focal plane in Chapter 2 (section 2.3.2), we have K = 2π
λ0

NA (λ0 is the

photon wavelength in free space). So from equation 5.6 and equation 5.7 we get [112]:

I(K) = I1 + I2 + 2cos(θ)
√

I1I2 |γ12| cos[Kd + ∆ϕ]

with

I1 = e
−2k′′

SP P
|r1|

r1
and I2 = e

−2k′′
SP P

|r2|

r2

∆ϕ = k′
SP P (|r2| − |r1|)

cos(θ) = r̂1 · r̂2

(5.8)

where the |γ12| is the degree of coherence of the light emitted from the two nanoholes (see

section 5.2).

This expression is similar to the equation 5.4 for Young’s double slit experiments of a

parallel beam, except the factor cos(θ). θ is the angle between r̂1 (tip-nanohole 1 direction)

and r̂2 (tip-nanohole 2 direction). It is also the angle between the horizontal components

of the plasmonic electromagnetic fields at nanohole 1 and 2. So it means that the factor

cos(θ) is provided by the radial polarization of the electromagnetic wave launched by STM

tip. The equation 5.8 can also be written as:

I(K) = I0(1 + V cos[Kd + ∆ϕ])

or I(NA) = I0(1 + V cos[2π
λ0

d (NA + δϕ)])

with

I0 = I1 + I2 = e
−2k′′

SP P
|r1|

r1
+ e

−2k′′
SP P

|r2|

r2

V (visibility) = 2cos(θ)
√

I1I2
I1+I2

|γ12|

δϕ(phase shift) =
k′

SP P
k0

(|r2|−|r1|)
d

(5.9)
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Understanding the shift of the interference fringes

For tip positions along the perpendicular bisector of the nanohole axis, the SPP prop-

agation paths from the tip to each of the nanoholes are equal (figure 5.9(a)). The prop-

agating SPP wave launched by the inelastic electron tunneling (IET) at the tip position

reaches each of the nanoholes with the same phase and intensity. So equation 5.9 becomes:

I(NA) = I0(1 + V cos[2π
λ0

d NA])

with

I0 = 2 e
−2k′′

SP P
|r|

r

V (visibility) = cos(θ) |γ12|

(5.10)

where |γ12| is the degree of coherence of the light emitted from the two nanoholes. Normally

|γ12| equals 1 if the optical paths are equal [67]. At the center of the Fourier space image,

i.e., NA=0, the equation 5.10 can be written as:

I(NA = 0) = I0(1 + V ) = I0(1 + cos(θ))

with

I0 = 2 e
−2k′′

SP P
|r|

r

cos(θ) = x2−(d/2)2

x2+(d/2)2

r =
√

x2 + (d/2)2

(5.11)

where θ is the angle between |r1| and |r2| (see figure 5.9). For a fixed nanohole pair

separation d, the equation 5.11 means that the intensity of the central fringe (NA=0)

depends on the position of the tip x (y=0). The normalized intensity of the central fringe

is:

Normalized I(NA = 0) = (1 + cos(θ))/2 (5.12)

Especially, if the STM tip is at the middle of the two nanoholes, then the angle θ= 180◦.

In this case, the normalized intensity of the central fringe (1 + cos(180◦))/2= 0, which

means that in the Fourier space image the central fringe is a dark fringe.

From the cross-sections in figure 5.11 (d-f), we measured the normalized I(NA = 0)

at different x values and plot them as blue dots in figure 5.12. Note that the closest

maximum and minimum intensity near NA=0 in the cross-sections is normalized to be

1 and 0. We also plot equation 5.12 in figure 5.12. We see that the measured values fit

well with equation 5.12. It is clear that when the value of |x| becomes larger I(NA = 0)

increases and saturates at 1. Furthermore, the black line in figure 5.12 also represents

the shift at different tip positions along the x axis comparing to the cross-section of x=0.

When |x| becomes larger the shift increases and saturates at a half period.

It is very important to emphasize that this interference fringe pattern shift is not due

to a phase difference between the radiation from the two nanoholes. This shift occurs

because of the cos(θ), the angle between the tip-nanohole axes.
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Figure 5.12: Shift of the interference fringe pattern in Fourier space when the STM tip

moves along x axis. The blue dots show the measured value of I(NA=0) from the cross-

sections. The solid line is the theoretical curve of I(NA=0) from equation 5.11 with

d=2 µm. Theoretical curve of I(NA=0) also represents the phase shift of the interference

fringes. The experimental data fit well with the theoretical curves.

Understanding the intensity distribution of the interference fringe pattern

To completely model the intensity of the interference fringe pattern in Fourier space,

we need to consider more parameters. The first parameter we need to add is the single

slit(hole) diffraction profile. During the double slit interference experiments, if the widths

of the slits are comparable to the wavelength of the light, the interference fringes are

modulated by the single slit diffraction profile. So the equation 5.10 can be modified as:

I(NA) = I0(1 + V cos[2π
λ0

d NA])Sinc2(πD NA
nλ0

)

V (visibility) = cos(θ) |γ12|

I0 = 2 e
−2k′′

SP P
|r|

r

(5.13)

where D is the diameter of the nanoholes, d is the separation of the nanohole pair, n=1.52

is the refractive index of the glass substrate and θ is the angle between the tip-nanohole

directions (see figure 5.9).

The second thing we need to consider is the broadband spectra of the STM-excited

propagating SPP. In principle, the interference fringes of different wavelengths beat with

each others and diminish the interference. In our experiments, we need to integrate the

whole spectra to model well the interference fringe pattern in the Fourier space. So

equation 5.13 should be written as:

I(NA) =
λmax∑

λmin

I0(λ)(1 + V cos[
2π

λ
d NA])Sinc2(

πD NA

nλ
) (5.14)

where λmin and λmax are the minimum wavelength and the maximum wavelength of the

scattered light spectrum.

We use equation 5.14 to fit the cross-sections shown in figure 5.11 (d-f). Note that

during the fitting in equation 5.14 there is only one unknown parameter V . So it is by

means of this fit that we can get the visibilities of the three cross-sections. For simplicity,
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we use just three wavelengths: λ0=700 nm, λ0=650 nm and λ0=750 nm. In this case,

equation 5.14 can be written as:

I(NA) =
∑

λ=650,700,750 nm I0(λ)(1 + V cos[2π
λ d NA])Sinc2(πD NA

nλ )

V (visibility) = cos(θ) |γ12|
(5.15)

where D is the diameter of the nanoholes, d is the separation of the nanohole pair, n=1.52

is the refractive index of the glass substrate and θ is the angle between the tip-nanohole di-

rections (see figure 5.9). According to the measured spectra, we set the relative normalized

intensity to I0(700nm)=0.5, I0(650nm)=I0(750nm)=0.25.

Figure 5.13 shows the results of fits. It is clear that the theoretical curves using

equation 5.15 fit the experimental data well. The visibility for the tip position (0, 0) is

0.55 (figure 5.13 (a)), for tip position (1 µm, 0) is 0.15 (figure 5.13 (b)), and for the tip

position (2 µm, 0) is 0.60 (figure 5.13 (c)).
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Figure 5.13: Fits to the interference cross-sections using equation 5.15. The cross-sections

are from figure 5.11 (d-f).

Understanding the visibility of the interference fringes

Another interesting point may be observed for the visibility. In the case where the tip

is along the perpendicular bisector of the nanohole axis, the visibility V can be written as

a function of x as:

V = cos(θ) |γ12| =
x2 − (d/2)2

x2 + (d/2)2
|γ12| (5.16)

From equation 5.16, it is clear that when x=d/2=1 µm (i.e., θ = 90◦), the visibility V

decreases to 0. From the cross-sections in figure 5.11 (d-f) or figure 5.13, we clearly see that

the visibility of the cross-section at x=1 µm is smaller than the other two cross-sections.

Note that the visibility measured at x=1 µm is not exact 0, is 0.15. This may due to the

precision of our tip position. The tip position has a ∼ 100nm uncertainty in both x and

y axes.
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5.6.2 Radiative scattering by two 250 nm nanoholes: different SPP path
cases

Measurement of propagation length of STM-excited propagating SPP

As indicated in figure 5.9, the distance between the STM tip and the two nanoholes

are r1 and r2, so the propagating SPP intensities at the two nanohole positions are:

I1 = I0
e−r1/LSP P

r1

I2 = I0
e−r2/LSP P

r2

(5.17)

where I0 is the propagating SPP intensity at the tip position and LSP P is the propagation

length of the SPP.

From equation 5.17, the intensity ratio between I2 and I1 is calculated as:

I2/I1 =
r1

r2
e

− |r1−r2|
LSP P (5.18)

where |r1 − r2|=LP P D, the plasmonic path difference. Thus, if we know the intensity ratio

I2/I1, r1 and r2, we can obtain the propagation length LSP P .

Table 5.1 shows the measured I2/I1 and calculated LSP P values for different tip posi-

tions. Here, the data are from a nanohole pair with a separation d=2 µm. The nanohole

diameter is 250 nm. By averaging the six calculated LSP P values, we obtain the propaga-

tion length for STM-excited propagating SPP on a 200 nm gold film: 20.7± 2.5 µm. This

is very close to the theoretical value 22 µm at λ = 700 nm [44].

Table 5.1: Measured I2/I1 (acquisition time 300 s) and calculated LSP P values for different

tip positions.

d Tip Position r1 r2 I1 I2 Measured I2/I1 Calculated LSP P

(µm) (x µm, y µm) (µm) (µm) (counts) (counts) µm

2 (3.0, 0.0) 2.00 4.00 25668 11583 0.451 19.5

2 (2.0, 1.0) 1.41 3.16 46885 19162 0.412 21.6

2 (2.0, 2.0) 2.24 3.61 43729 25631 0.586 24.3

2 (2.0, 3.0) 3.16 4.24 71582 49879 0.700 17.6

2 (2.0, 4.0) 4.12 5.00 22566 17688 0.793 22.4

2 (1.0, 4.0) 4.00 4.47 57376 66072 0.872 18.8

Fourier space images when the STM tip is along the y axis

Figure 5.14 (g-i) presents three different positions of the tip relative to the nanohole

pair along the y axis. The distance between the tip and the nearest nanohole is L. The

separation of the nanohole pair is d. In these cases, the angle θ is 0◦ (see figure 5.9), the

plasmonic path difference is d and the shift in the Fourier space δϕ is equal to
k′

SP P
k0

. Thus,

the equation 5.9 can be written as:

I(NA) = I0(1 + V cos[2π
λ0

d(NA +
k′

SP P
k0

)])

V (visibility) = 2
√

I1I2
I1+I2

|γ12|

I0 = I1 + I2 = e
−2k′′

SP P
|r1|

r1
+ e

−2k′′
SP P

|r2|

r2

(5.19)
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Figure 5.14: The Fourier space images of the scattered light emission from a nanohole

pair with three different relative positions of the tip and the nanohole pair. (a-c) The

Fourier space images of the scattered light emission from the nanohole pair. (d-f) The

corresponding cross-sections. In the schematics (g-i), the red dot indicates the tip position.

The yellow dashed line crossing (a-c) represents the central axis of the Fourier space image.

Figure 5.14 shows the Fourier space images (a-c) and the corresponding cross-sections

(d-f) for three values of L (1 µm, 2 µm, 3 µm). The interference patterns are very similar.

The interference fringes are all shifted along the tip-nanohole direction towards the upper

half of the Fourier space images. From the cross-sections (d-f), we find that the central

fringes all shift +1.03 NA from the central axis of the Fourier space image. This value is

exactly as we predicted (see equation 5.19) because at λ0=700 nm, on 200 nm gold film,
k′

SP P
k0

equals 1.03 [44].

In figure 5.14, the red lines are fits to the cross-sections using equation 5.20 (similar

to equation 5.15):

I(NA) =
∑

λ=650,700,750 nm I0(λ)(1 + V cos[2π
λ d (NA +

k′
SP P (λ)

k0(λ) )])Sinc2(
πD (NA+

k′
SP P

(λ)

k0(λ)
)

nλ )

V = 2cos(θ)
√

I1I2
I1+I2

|γ12|
(5.20)

where n=1.5 is the refractive index of the glass substrate, d=2µm is the separation of the

nanohole pair, D=250 nm is the diameter of the nanoholes and
k′

SP P
k0

equals 1.03. We use
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the following relative normalized intensities: I0(700nm)=0.5, I0(650nm)=I0(750nm)=0.25.

It is clear that the fits agree well with the experimental cross-sections. From the fits, we

can determine the visibility V = 0.8 ± 0.05 for L=1 µm, V = 0.88 ± 0.05 for L=2 µm and

V = 0.91 ± 0.05 for L=3 µm.

Degree of coherence for a 2 µm SPP path difference (nanohole diameter 250

nm

For the case in figure 5.14, the visibility V can be calculated as:

V = 2cos(θ)

√
I1I2

I1 + I2
|γ12| =

2 e
−k′′

SP P
(L+L+d)

√
L
√

(L+d)

e
−2k′′

SP P
L

L + e
−2k′′

SP P
(L+d)

(L+d)

|γ12| (5.21)

where k′′
SP P = 1/2LSP P (LSP P = 20.7 µm, calculated in 5.6.2) and d is 2 µm.

The measured visibilities from the cross-sections of figure 5.14 are plotted in fig-

ure 5.15(b). It is clear that the measured visibilities fit well with the theoretical curve from

equation 5.21 when |γ12| equals 0.95. In these experiments, the plasmonic path difference

is always 2 µm, so the degree of coherence |γ12| is 0.95±0.05 when the plasmonic path

difference is 2 µm.
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Figure 5.15: (a) Schematic showing the relative position of the STM tip to the nanohole

pair. (b) The visibility as a function of L. The blue squares are the measured visibilities

from figure 5.14. The lines are the theoretical curves based on equation 5.21 with |γ12|=1

(dash line), |γ12|=0.95 (solid line) and |γ12|=0.9 (dot line).

Arbitrary STM tip position with respect to the nanohole pair

In most cases, the STM tip is put at an arbitrary position on the gold film surface

neither along x axis nor along y axis. Figures 5.16 (e) and (f) show the schematics with

the STM tip at (-1 µm, 2.5 µm) and (-1.5 µm, 1 µm) respectively. Figure 5.16 shows

the Fourier space images (a-b) and the corresponding cross-sections (c-d) with these two

tip-nanohole relative positions (indicated in figure 5.16 (e-f)). The corresponding values

of r1, r2, cos(θ) and δϕ (defined in equation 5.9 as
k′

SP P
k0

(|r2|−|r1|)
d ) for the two tip positions

are given in table 5.2.
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Figure 5.16: The tip is neither along the x axis nor y axis. Fourier space image with the

tip at (-1 µm, 2.5 µm) (b) and (-1.5 µm, 1 µm) (a) . The corresponding cross-sections are

shown in (c) and (d) with the theoretical fits (red lines) from equation ?? and equation ??

respectively.

Table 5.2: The corresponding values of different parameters for the two tip positions shown

in figure 5.16 (e) and (f)

d Tip Position r1 r2 cos(θ) Calculated I2/I1 V δϕ

µm (x µm, y µm) µm µm

2 (-1, 2.5) 1.8 3.64 0.95 0.45 0.88 |γ12| 0.92
k′

SP P
k0

2 (-1.5, 1) 1.5 2.5 0.6 0.57 0.58 |γ12| 0.5
k′

SP P
k0

In figure 5.16 (c) and (d), the red lines are fits to the cross-sections using equation 5.22
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(similar to equation 5.15 and equation 5.20):

I(NA) =
∑

λ=650,700,750 nm I0(λ)(1 + V cos[2π
λ d (NA + δϕ)]) Sinc2(πD (NA+δϕ)

nλ )

V = 2cos(θ)
√

I1I2
I1+I2

|γ12|

δϕ(phase shift) =
k′

SP P
k0

(|r2|−|r1|)
d

(5.22)

It is clear that the theoretical curves fit well with the experimental data. From these

Fourier space images and the cross-sections we see that although δϕ is quite different for

these two tip positions, the interference fringes for the two tip positions are not so different

owing to another important parameter: cos(θ). This also means that the relative tip-hole

position (represented by cos(θ)) plays an important role in the interference fringes.

5.6.3 Conclusion

In conclusion, from these radiative scattering experiments discussed above involving

nanohole pairs (D=250 nm, d=2 µm), we clearly see that with SPP path difference smaller

than 2 µm there is interference in the Fourier space image and the interference fringes

can be well simulated by including the diffraction profile of single slits and the multi-

wavelengths beating. With a 2 µm SPP path difference, the interference in the Fourier

space has a degree of coherence of 0.95, very close to 1, so the coherence length is longer

than 2 µm.

We also tried to repeat these radiative scattering experiments of nanohole pairs with

a larger nanohole separation (d) and tried to find the exact value of the coherence length.

But when d increases, with 250 nm diameter nanoholes, the radiative scattering inten-

sity decreases due to the longer tip-nanohole distance and thus greater attenuation. So

we designed a sample with nanoholes that have a larger diameter (1 µm) to increase the

radiative scattering intensity. In this way, we can repeat these radiative scattering exper-

iments with nanohole pairs with larger separations d and try to find the coherence length

of the STM-excited propagating SPP.
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5.7 Radiative scattering of STM-excited propagating SPP
by two 1 µm nanoholes

In the last part of these experiments, we excite propagating SPP on a 200 nm opaque

gold film near a nanohole pair with a diameter around 1 µm using a W STM tip. The

STM-excited propagating SPP propagate on the gold film surface and are scattered by

the nanoholes. This scattered light is detected both in the real space and Fourier space

images.

(a) (b) (c) (d)

(e) (f) (g) (h)

5µm

A nanohole pair, Diameter=1 µm, 6 µm apart

Real 

plane 

image

Fourier 

plane 

image

Figure 5.17: Real space (a-d) and Fourier space (e-h) images of the light emission from

a nanohole pair with a diameter 1 µm for different tip positions. The propagating SPP

are scattered by the nanoholes. In (a)-(d), the yellow spot indicates the tip position. The

scale bar is 5 µm. In (e)-(h), the yellow dashed circle indicates the numerical aperture of

the oil objective, i.e., NA=1.45.

Figure 5.17 shows real space images obtained with the STM tip at four different lo-

cations with respect to the nanohole pair. Similarly to the single hole experiments, the

STM-excited propagating SPP are scattered along the tip-hole direction as shown in both

real space and Fourier space images (figure 5.17). A very interesting phenomenon appears

in the Fourier space. When the scattered light from the two nanoholes has no component

along the same direction, there are no interference fringes (figure 5.17 (e) and (f)). On

the contrary, when the scattered light has components along the same direction, there are

interference fringes (figure 5.17 (g) and (h)). It is clear that when the tip is along the

nanohole direction the fringes are clearer. In the following experiments, we will put the

tip along the perpendicular bisector of the nanohole axis or along the nanohole axis.
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5.7.1 Radiative scattering by two 1 µm nanoholes: equal SPP paths
cases
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Figure 5.18: The interference patterns in the Fourier space of the scattered propagating

surface plasmons from a nanohole pair (diameter 1 µm) with the STM tip displaced along

the x axis.
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Figure 5.19: (a) Schematic showing the tip position in the experiments. (b) The visibility

as a function of the STM tip position along x axis. The blue square points are experimental

data and are measured from figure 5.18. The black curves are based on the equation 5.23

with γ12 = 1 and γ12 = 0.95. (c) The visibility as a function of cos(θ). The blue square

points are experimental data and measured from figure 5.18. The black line is V = cos(θ).

When we put the STM tip along the perpendicular bisector of the nanohole axis, the

SPP paths are equal (same situation as in section 5.6.1). In this case, the visibility can

be written as (same as equation 5.16, the separation of the nanoholes is d=2 µm):

V = cos(θ)|γ12(LP P D)| =
x2 − 1

x2 + 1
|γ12(LP P D)| (5.23)

where θ is the angle between r̂1 and r̂1 (as shown in figure 5.9). Here, the plasmonic path

difference LP P D is equal to 0.
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Figure 5.18 presents the interference patterns in the Fourier space for different positions

of the STM tip along the x axis. It is clear that the interference pattern is seen even when

the STM tip is more than 16 µm away from the hole. The visibilities of the interference

fringes are measured and plotted in figure 5.19 as a function of x and as a function of

cos(θ). To find the |γ12(LP P D = 0)|, we plot the theoretical curve based on equation 5.23

and try to fit with the experimental data. Thus, from figure 5.19 (b) and (c) we find

that the experimental data fit well with the theoretical curve when |γ12(LP P D)| equals 1.

Therefore, we find that the degree of coherence |γ12| for LP P D=0 is 1.

It is important to note that it is very difficult to deduce the |γ12| using nanohole pairs

with diameter=250 nm. This is because the scattered intensity from 250 nm nanoholes is

very low.

5.7.2 Radiative scattering by two 1 µm nanoholes: different SPP paths
cases

(d) (e) (f)
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Figure 5.20: Real space (a-c) and Fourier space (d-e) images of the scattered propagating

SPP from a 1 µm nanohole pair with three different nanohole separations d (2 µm, 4 µm,

6 µm). The tip is along the nanohole axis as indicated with the yellow spots in (a-c). (g-i)

are the corresponding schematics.
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Figure 5.21: The corresponding cross-sections of the interference fringes in the Fourier

space images of figure 5.20.

Figure 5.20 shows a series of experiments performed in the same way as in figure 5.17(d).

Here, we change the distance d between the nanoholes: d=2 µm ((a) and (d)), d=4 µm

((b) and (e)) and d=6 µm ((c) and (f)). The SPP path differences in the three cases are

all equal to the corresponding d. In the schematics (g-i), the relative position between the

STM tip and the nanohole pair are presented. In Fourier space images (d-f), it is clear that

the period of the interference fringes decreases when d increases. The periods are 0.353 ±
0.015, 0.176 ± 0.015 and 0.118 ± 0.015 in NA units for d=2 µm, d=4 µm and d=6 µm

respectively. These periods are all equal to λ/d, the angular period of the Young’s double

slit experiment.

The corresponding cross-sections of the interference fringes are shown in figure 5.21.

From the Fourier space images and the cross-sections, we see that the visibility V of the

interference fringe pattern decreases when the distance d between the nanoholes increases.

In these experiments, the nanohole separation d is equal to the plasmonic path difference

LP P D, so it means that visibility V decreases as the LP P D increases. The visibilities V are

0.8, 0.42 and 0.2 for LP P D=2 µm, LP P D=4 µm and LP P D=6 µm respectively. This may

be related to a decrease of |γ12(LP P D)| when the plasmonic path difference LP P D increases.

This phenomenon may indicate that the STM-excited propagating surface plasmons have

a certain coherence length Lc between 2 µm and 6 µm. However, in these experiments,

the decrease of the visibility V may be also due to the increasing difference of the relative

intensities scattered from the two nanoholes (see real space image in figure 5.20(a-c)).

Figure 5.22 shows two models for the radiative scattering intensity at the two nanoholes.

In figure 5.22(a), the red circles represent the STM-excited propagating SPP. The STM-

excited SPP first reaches nanohole No.1 and then nanohole No.2. Here, the in-plane

scattering of nanohole No.1 is ignored. The separation of the nanohole pair is d. The

distance between the STM tip and nanohole No.1 is r1 and the distance between the STM

tip and nanohole No.2 is r2 , so the propagating SPP intensities at the two nanohole

positions are:

I1 = I0
e−r1/LSP P

r1

I2 = I0
e−r2/LSP P

r2

(5.24)

where I0 is the propagating SPP intensity at the tip position and LSP P is the propagation

length of SPP. r1, r2 and d are indicated in figure 5.22.

In figure 5.22(b), the in-plane scattering of nanohole No.1 is considered and represented
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by the blue circles. The propagating SPP intensities at the two positions are:

I1 = I0
e−r1/LSP P

r1

I2 = αI0
e−r2/LSP P

r2
+ βI1

e−d/LSP P

d

(5.25)

where α is the transmission coefficient when the STM-excited propagating SPP passes the

nanohole No.1 along the tip-nanohole axis and β is the coefficient of the in-plane scattering

by the nanohole No.1 along the tip-nanohole axis. In principle, the model in (b) is more

precise but more complicated because of the unknown parameters α and β.

In the next section, we will show that the model of figure 5.22(a) is sufficient for

describing the intensity ratio between I1 and I2.

STM tip STM tip

(a) (b)

r1

d

12 12

r2

Figure 5.22: Two models presenting the scattering of STM-excited propagating SPP by a

nanohole pair. The STM tip is along the nanohole axis. In (a-b) the red circles represent

the STM-excited propagating SPP, in (b) the blue circles represent the in-plane scattering

of nanohole No.1.

5.8 Coherence length of STM-excited propagating SPP de-
duced from the interference fringes

We define the coherence length Lc as the length where the |γ12(L)| decreases to 1/2

of the value measured at LP P D=0 [113]. From the discussion above, |γ12(LP P D = 0)| is

equal to 1. To calculate |γ12(LP P D)|, based on equation 5.9, we have:

|γ12(LP P D)| = V

cos(θ)× 2
√

I1I2
I1+I2

= V
2cos(θ)(

√
I1
I2

+
√

I2
I1

) (5.26)

Thus, to obtain |γ12(LP P D)|, we need to measure the visibility V , cos(θ) and the

intensity ratio I2/I1 for different LP P D. The measurement of the visibility V is from the

interference fringe pattern in the Fourier space images. cos(θ) can be determined from

the tip-nanohole relative positions. The intensity ratio I2/I1 can be measured from the

real space images and also can be calculated with the tip-nanohole relative positions based

on equation 5.24 (model in figure 5.22(a)). Here, the propagation length is 20.7 µm as

calculated in subsection 5.6.2.
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Table 5.3: Comparison of calculated and measured I2/I1 values at different tip positions.

nanohole separation Tip Position r1 r2 Calculated I2/I1 Measured I2/I1

(µm) (x µm, y µm) (µm) (µm)

6 (-3.5, 3) 3.50 6.95 0.431 0.426

6 (-2.5, 2) 2.70 5.60 0.422 0.419

6 (-3.5, 2) 3.64 6.10 0.533 0.529

6 (1.0, -4.5) 1.80 7.57 0.183 0.180

6 (1.5, -4.5) 2.12 7.65 0.216 0.212

6 (0, -4.5) 1.00 7.00 0.100 0.107

Table 5.3 presents the calculated and measured I2/I1 for different tip positions (tip-

nanoholes distances r1 and r2). It is clear that the calculated and measured light intensity

ratios at the two nanoholes I2/I1 are very similar. Later on, we will use the calculated

I2/I1 value for the deduction of |γ12(LP P D)|. This also shows that the model in figure

5.22(a) is good enough to describe the propagating SPP intensities at the two nanoholes.

Table 5.4: The deduction of |γ12(LP P D)| for different tip positions based on equation 5.26.

For all the cases, the center of the nanohole pairs is at (0,0) and the nanohole pairs are

along y axis.

d Tip Position measured V r1 r2 LP P D Calculated I2/I1 cos(θ) |γ12(LP P D)|

(µm) (x µm, y µm) (µm) (µm) (µm)

2 (2.5, 3.5) 0.873 3.54 5.15 1.61 0.514 0.962 0.931

2 (1.5, 3.5) 0.862 2.91 4.74 1.83 0.566 0.976 0.919

2 (0.5, 3.5) 0.810 2.55 4.53 1.98 0.638 0.996 0.858

2 (0.0, 2.5) 0.800 1.50 3.50 2.00 0.391 1.000 0.890

4 (2.0, 3.0) 0.312 2.24 5.39 3.15 0.360 0.747 0.728

4 (2.0, -5.0) 0.578 3.61 7.28 3.67 0.419 0.952 0.665

4 (1.0, -4.0) 0.505 2.24 6.09 3.85 0.309 0.956 0.622

4 (0.0, 3.0) 0.420 1.00 5.00 4.00 0.167 1.000 0.600

6 (1.5, 3.0) 0.091 1.50 6.18 4.68 0.196 0.243 0.506

6 (2.0, -4.0) 0.255 2.24 7.28 5.04 0.244 0.676 0.476

6 (1.5, -4.0) 0.217 1.50 6.18 5.36 0.197 0.717 0.408

6 (2.0, -5.0) 0.274 2.83 8.25 5.42 0.268 0.858 0.391

6 (3.5, -6.0) 0.315 3.90 9.34 5.44 0.327 0.912 0.402

6 (0.5, -4.0) 0.205 1.12 7.02 5.90 0.122 0.924 0.357

6 (0.0, 4.0) 0.194 1.00 7.00 6.00 0.110 1.000 0.337

Table 5.4 shows the value of |γ12(LP P D)| deduced for different tip positions from

equation 5.26. Figure 5.23 shows the degree of coherence |γ12(LP P D)| as a function of

the plasmonic path difference LP P D according to the data in Table 5.4. |γ12(LP P D)| is

deduced from the measured visibility V and the calculated I2/I1 and cos(θ) for different

tip positions. The solid curve is a gaussian fitting. We can find that when LP P D is around

4.7 µm, the degree of coherence |γ12(LP P D)| is 0.5. Thus, the coherence length Lc is

measured at 4.7±0.5 µm.
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Figure 5.23: The degree of coherence |γ12(LP P D)| as a function of the plasmonic path

difference LP P D. The blue square points are the degree of coherence listed in Table 5.4.

The solid curve is a gaussian fit.

5.9 Coherence length of SPP as deduced from the radiative
scattering spectra

20 µm

Figure 5.24: The transmission image showing the relative position between the STM tip

and a etched line. The distance between the STM tip and the etched line is defined as L.

The gold film thickness is 200 nm, so no light can transmit through the gold film (dark

area in this image).

For a 200 nm thick gold film, light cannot transmit through it. In order to measure the

spectrum of STM-excited propagating SPP on a 200 nm thick gold film, we use an etched

line with a width of ∼ 20 µm as shown in figure 5.24. The STM-excited propagating SPP

are scattered into the far field by the etched line and may be detected by our spectrometer.
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Figure 5.25: The radiation spectra of scattered STM-excited SPP by the etched line as a

function of L. The acquisition time of each spectrum is 60 s.

Figure 5.25 shows the spectra of scattered STM-excited SPP by the etched line as a

function of L. The spectra are recorded with the following tunneling conditions: 2.8V, 6nA.

It is clear that the spectra are broadband and the spectrum is red shifted when L increases

from 5 µm to 10 µm. It is also clear that the intensity of the spectra decreases when L

increases. This is because of the 2D exponentially decay of the STM-excited propagating

surface plasmons. Figure 5.25 also shows that the full-width-half-maximum (FWHM) of

the spectrum decreases when L increases. This is because of a shorter propagation length

for a smaller wavelength of SPP (see figure 2.2). Thus, when the STM tip is close to the

etched line (small L), nearly all the STM-excited SPP can propagate to the etched line.

On the contrary, when the STM tip is far from the etched line (large L), only the long

wavelength part of STM-excited SPP can propagate to the etched line. Figure 5.26 clearly

shows the central peak position and FWHM of scattered STM-excited SPP by the etched

line as a function of L.
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Figure 5.26: The central peak position (a) and FWHM (b) of scattered STM-excited SPP

by the etched line as a function of L.

From figure 5.27, we see that the spectra of STM-excited propagating surface plasmons

scattered by a nanohole pair are also broadband, with central wavelength λ0=700 nm, and
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FWHM ∆λ=150±50 nm. The spectra are recorded with the same tunneling conditions:

2.8V, 6nA. Figure 5.27(a) shows the spectrum of the STM-excited propagating SPP scat-

tered by a nanohole pair with 250 nm diameter and 2 µm separation. The tip is in the

center of the nanohole pair. Figure 5.27(b) shows the spectrum of the STM-excited prop-

agating SPP scattered by a nanohole pair with 1 µm diameter and 2 µm separation. The

tip is along the perpendicular bisector and 2 µm away from the nanohole pair center. The

two spectra in figure 5.27 are very similar. They are also similar to the spectrum in figure

5.25 with L=5 µm. This is because during our experiments the tip-nanohole distances are

close to 5 µm. From this comparison, we can say that the nanoholes do not influence a

lot on the spectrum of STM-excited SPP, when the SPP is scattered by the nanoholes.

If the spectrum of STM-excited propagating surface plasmons is homogenously broad-

ened, the coherence length can be calculated using the equation Lc=(λ0)2/∆λ [114]. Here,

with λ0=700 nm and ∆λ=150±50 nm, the coherence length Lc=3.7±1.2 µm which is close

to the 4.7±0.5 µm coherence length as measured from the interference fringe patterns.

(a) (b)

500 600 700 800 900

0

150

300
D = 250 nm

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Wavelength (nm)

500 600 700 800 900

0

600

1200
D = 1 µm

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Wavelength (nm)

Figure 5.27: The spectra of STM-excited propagating surface plasmons scattered by a

nanohole pair with (a) diameter D=250 nm, separation d=2 µm and (b) a nanohole pair

with diameter D=1 µm, separation d=2 µm . Both of the spectra are centered around

700 nm and with a FWHM around 150 nm. For both (a) and (b), the tunneling condition

is V=2.8 volts, I=6 nA and the acquisition time of each spectrum is 300 s.

5.10 Homogeneous broadening of STM-excited propagating
SPP

The coherence length derived from the emission spectrum by assuming homogeneous

broadening is 3.7±1.2 µm. This value is very close to the coherence length of STM-excited

propagating SPP that we measured from the interference fringe patterns 4.7±0.5 µm.

Thus, it may be concluded that STM-excited propagating SPP are homogeneously broad-

ened. This means that each individual plasmon has the same broadband energy spectrum

seen in figure 5.27.

Until now, it was believed that the broadband spectrum was inhomogeneous, i.e., that

individual plasmons have different energies within the observed energy spectrum. The
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homogeneous broadening of STM-excited propagating SPP that we have deduced in this

chapter has important consequences. It indicates that each individual plasmon can interact

at any energy (within the energy spectrum) with a quantum device.

5.11 Conclusion

In conclusion, we have shown the scattering of STM-excited propagating SPP on a

200 nm gold film from single nanoholes and nanohole pairs. The scattered light from

the nanoholes is recorded both in real space and Fourier space. In real space images,

diffraction-limited light spots are seen at the nanohole positions. In Fourier space images

with nanohole pairs, interference fringes are clearly seen and the periods of the interference

fringe patterns depend on the separations of the nanohole pairs.

The experiment is analogous to Young’s double-slit experiment. From the Fourier

space interference fringe patterns with different nanohole separations, it is seen that STM-

excited propagating surface plasmons are coherent, with a coherence length of 4.7±0.5 µm.

This value is similar to the coherence length of 3.7±1.2 µm expected when considering

a homogeneously broadened spectrum for the surface plasmons produced by the STM.

The coherence length can be measured because it is much smaller than the propagation

length of the STM-excited propagating SPP 20.7±2.5 µm. In usual experiments, where

propagating SPP are excited by a narrow-band optical source (e.g. a laser), the coherence

length cannot be measured as it is much larger than the propagation length of the SPP.

The result obtained here is very important as it demonstrates a method to produce

homogeneously broadened surface plasmons which could be used for the fabrication of

“white” nano-lasers or plasmonic lasers. Our result is also of crucial importance for the

understanding of the mechanism for plasmonic inelastic electron tunneling (IET). Until

now, there exists no complete theory for plasmonic IET. On one side, the Fermi golden

rule in the dipole approximation [10, 12, 115] has been used to account for (i) the coupling

between tunneling electrons and the electromagnetic field and (ii) the energy distribution

of the density of electronic states on the surface. On the other hand, the time fluctuations

of the tunneling current [92, 116] is also believed to play a role in the plasmonic IET

mechanism. The homogeneous broadening of surface plasmons excited by IET with the

STM is certainly a key feature which will validate future theories of plasmonic IET.
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6.1 Introduction

Propagating surface plasmon polaritons (SPP) in metallic nanostructures offer new

perspectives for integrating optics at the nanoscale owing to the possibility of confining

and guiding electromagnetic field at a subwavelength scale. One of the main goals in

SPP research is the ability to control and manipulate the propagation properties (such as

the propagation direction and propagation length) of surface plasmons. This control is

essential for many prospects of new nanophotonic devices [13, 14, 17, 18, 20]. To control

and manipulate the propagation properties of surface plasmons, the propagating SPP

scattering plays the main role [117–121]. So it is very useful to know how propagating

SPP are scattered by typical optical elements such as nanoparticles.

Experimental studies have shown that nanoparticles on metal surfaces can be used

to create efficient micro-optical components for SPP, such as mirrors, beam splitters and

interferometers [117, 122–124]. Furthermore, periodic arrays of metal nanoparticles have

been shown to exhibit bandgap properties for the propagation of SPP [125–131]. Because

of these interesting applications, it is also important to understand how STM-excited

propagating SPP are scattered by gold nanoparticles.

In this chapter, we have used colloidal gold nanoparticles as scatterers on a 50 nm thick

gold film. The diameter of the nanoparticles are several hundred nanometers. The 2D

circular propagating surface plasmons (SPP) wave is generated by IET (inelastic electron

tunneling) in the tunneling junction between the STM tip and the gold film surface. We

observe the elastic (in-plane) and radiative (out of plane) scattering of STM-excited 2D

circular SPP by the colloidal gold nanoparticles in both the real and Fourier space. SPP

scattering in the surface plane (in-plane scattering) is denoted as elastic SPP scattering,

since SPP scattering into a free space (radiative scattering) is an unwanted process leading

to the additional radiative losses experienced by the SPP [132]. The in-plane and radiative

scattering experiments will be presented successively.

6.2 Sample preparation and characterization

The experimental setup is the same one used for film studies (see figure 3.1). A

scanning tunneling microscope (STM) operated in air is mounted on an inverted optical

microscope. A 50 nm gold film deposited on a glass substrate (refractive index n=1.52,

thickness 170 µm)) is used for the gold nanoparticles deposition. The gold film roughness,

measured by atomic force microscopy, is about 1 nm.

Gold nanoparticles (NPs) with diameters of several hundred nm are synthesized by Dr.

Wafa Abidi and Prof. Hynd Remita with γ ray radiation in LCP (Laboratoire de Chimie

Physique), Orsay [133]. During the synthesis, absorption spectra of gold nanoparticle

solution are recorded to follow the growing of the nanoparticles. Figure 6.1(a) shows the

absorption spectrum recorded in the end of the synthesis. In the spectrum, we see an

absorption peak at around 600 nm which gives a first information of the nanoparticle

size. After the synthesis, transmission electron microscopy (TEM) images are recorded to

verify the gold nanoparticle morphology. A TEM image in figure 6.1(b) shows that the

gold nanoparticles are around 150 nm.
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Figure 6.1: The absorption spectrum (a) and TEM image (b) of the gold nanoparticles.
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Figure 6.2: (a) Dark field image of gold nanoparticles deposited on a 50 nm gold film on a

glass substrate. The cyan dashed square indicates an interesting area for our experiments.

There are several gold nanoparticles in this area and the different light scattering colors

of these nanoparticles may be due to the different sizes of the gold nanoparticles. The

corresponding cross-sections of the gold nanoparticles emission in the dark field image is

shown in (c). (b) AFM image (tapping mode) of the gold nanoparticles. The nanoparti-

cles are numbered from 1 to 8. The AFM image clearly shows the different sizes of the

nanoparticles. The cross-sections of the gold nanoparticles in the AFM image is shown in

(d). The average height of the nanoparticles is around 250 nm.
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The dark field image of the gold nanoparticles (deposited on the 50 nm gold film

sample) is shown in figure 6.2(a). During the dark field experiments, a white excitation

light shines on the sample with a large angle to the optical axis (>60◦). In this case, only

the scattered light from the gold nanoparticles are collected using an air objective (100×,

NA=0.75) and recorded on an Axio color camera (Axio ICc1, Zeiss). In figure 6.2(a), the

cyan dashed square indicates an interesting area for our experiments with several gold

nanoparticles. The different dark field scattering colors of these nanoparticles are due to

the different size of the gold nanoparticles. Figure 6.2(b) shows the AFM image (tapping

mode) of the area indicated in figure 6.2(a). The nanoparticles are numbered from 1 to 8.

The AFM image and the corresponding cross-sections (figure 6.2(b) and (d)) clearly show

the different sizes and heights of the nanoparticles in the area. We see that the dark field

scattering is red shifted when the size of the gold nanoparticles increases. For example,

nanoparticle No.7 is largest among these nanoparticles and the dark field scattering color

is red; and nanoparticle No.1, No.4 and No.5 are smaller among these nanoparticles and

the dark field scattering color is green. From figure 6.2 (c) and (d), we also see that the

intensities of the dark field scattering is proportional to the nanoparticle size. The larger

the gold nanoparticle, the higher the dark field scattering intensity.

6.3 Real space images

6.3.1 Scattering of STM-excited propagating SPP by gold nanoparticles

Two types of experiments have been performed in this section. First (figure 6.3 (a)),

we will excite the propagating SPP on the 50 nm gold film with a STM tip and see how the

STM-excited propagating SPP are scattered by the gold nanoparticles. Second (figure 6.3

(b)), we will see if propagating SPP can be excited when a STM tip is positioned on a

gold nanoparticle deposited on the 50 nm gold film and see how the propagating SPP are

scattered by the other gold nanoparticles.

Figure 6.3: Two types of experiments: (a) The propagating SPP are excited (with a STM

tip) on the 50 nm gold film and scattered by a gold nanoparticle. (b) The propagating

SPP are excited (with a STM tip) when the STM tip excites on a gold nanoparticle

deposited on the 50 nm gold film. The propagating SPP are then scattered by another

gold nanoparticle.

To record the real space and Fourier space images, both air (100×, NA = 0.75) and

immersion oil (100×, NA = 1.45) objectives are used. Both real space images and Fourier
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space images are recorded with the Roper CCD camera.

Real space images with the air objective: radiative scattering

With an air objective, the propagation of SPP cannot be directly imaged because its

numerical aperture is smaller than 1 and the leakage radiation of propagating SPP emits at

an angle above the critical angle (a detail discussion is already shown in subsection 2.1.4).

But with the help of gold nanoparticles, the propagating SPP electrically excited by the

W STM tip and propagating on the gold film surface, can be radiatively scattered into

the far field and detected by the air objective. Note that propagating SPP are bounded in

the air-gold interface and by radiative scattering they can convert into free-space photons,

radiating along all the directions.

Figure 6.4(a) shows the same dark field image as figure 6.2(a). It also reminds the

named number of the gold nanoparticle. Figure 6.4(b-c) shows the real space radiative

scattering of STM-excited propagating SPP by gold nanoparticles deposited on the 50 nm

gold film surface. The images are obtained with the air objective (100×, NA = 0.75).
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Dark field image Real space images obtained with an air objective
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Figure 6.4: (a) The same dark field image as figure 6.2(a) shows the area we study. (b-

c) real space radiative scattering of STM-excited propagating SPP by gold nanoparticles

deposited on the 50 nm gold film surface. The images are obtained with the air objective

(100×, NA = 0.75). The red dot indicates the tip position. In (b) the W tip excites on

the gold film and in (c) the W tip excites on gold NP No.4.

In figure 6.4(b), the red dot indicates the STM tip position. The light spot at the

tip position is the localized light emission (localized surface plasmons) from the tunneling

junction between the STM tip and the gold film (also see in figure 3.5(a)). In figure 6.4(b),

we clearly see the bright spots at the nanoparticle positions, which indicates that the

STM-excited propagating SPP are radiatively scattered by the gold nanoparticles. The

scattered light is especially seen from gold nanoparticles No.2, No.3, No.6, No.7 and No.8.

The intensity of the scattered light from gold nanoparticles largely depends on the sizes of

gold nanoparticles. In figure 6.4(b), we see that although the tip-particle distance for gold

nanoparticle No.4 is smaller than the tip-particle distance for gold nanoparticles No.7 and

No.8, the radiatively scattered light intensity is much lower because of the smaller size of

gold nanoparticle No.4. The fact we see radiative scattered light from gold nanoparticles
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is a significant evidence of the existence of the propagating SPP electrically excited with

a STM tip on the 50 nm gold film surface.

A similar experiment is shown in figure 6.4(c). In (c), the STM tip excites on gold

nanoparticle No.4. Firstly, the local light emission at the tip position (from the tunneling

junction between the STM tip and the gold nanoparticle-gold film system) is more intense

(∼ 10 times) than the local light emission at the tip position (from the tunneling junction

between the STM tip and the gold film system) in figure 6.4(b). The reason for this

difference may be the enhancement of the localized surface plasmon resonance from the

gap between the gold nanoparticle and the gold film (see Appendix C). Secondly, similarly

to figure 6.4(b), radiatively scattered light is seen from other gold nanoparticles (No.2,

No.3, No.5, No.6 and No.7). This clearly shows that propagating SPP can be launched

when a STM tip excites on a gold nanoparticle which is deposited on the 50 nm gold film

surface. However, the radiatively scattered light in figure 6.4(c) is less intense compare to

that in figure 6.4(b), even the localized light emission under the STM tip is more intense

than that in figure 6.4(b). This indicates that electrical excitation on a gold nanoparticle

which is deposited on the gold film with a STM tip excites propagating SPP with a lower

efficiency. This low excitation efficiency of propagating SPP may be due to the extra

tunneling barrier introduced by the gold nanoparticle. This phenomenon also indicates

that the excitation of propagating surface plasmons does not depend on the localized

surface plasmons.

Real space images with the oil objective: in-plane and radiative scattering

With an oil objective, the propagation SPP can be directly imaged because it has a

large numerical aperture which is needed for the leakage radiation imaging of propagating

SPP (a detail discussion is already shown in subsection 2.1.4). With the help of the oil

objective, other than the radiatively scattering, we can also record the in-plane scattering

of the propagating SPP on the gold film surface by the gold nanoparticles [132].

Different from radiative scattering, the in-plane scattering means that the scattered

light is in the surface plane and does not radiate in to far field. Actually, by in-plane

scattering, the propagating SPP are in-plane scattered into SPP which radially propagate

in the surface plane with the same wavenumber. Thus, in order to image the in-plane

scattering, we need to use the leakage radiation microscopy configuration [132].

Figure 6.5(a) shows the same dark field image again to remind the named number of the

gold nanoparticle. Figure 6.5(b-c) shows the real space radiative and in-plane scattering

of STM-excited SPP by gold nanoparticles deposited on the 50 nm gold film surface. The

images are obtained with the oil objective (100×, NA = 1.45).

In figure 6.5(b), the red dot indicates the STM tip position. In this case, the STM tip

tunnels directly to the gold film. It is clear that in the region where the propagating SPP

do not reach the gold nanoparticles, the image is the same as the images obtained on the

50 nm gold film surface without any deposited gold nanoparticles (see figure 4.3(a)). This

clearly shows how STM-excited SPP propagate on the gold film surface.

When the propagating SPP reach the gold nanoparticles, two phenomena are seen. The

first phenomenon we see is the bright spot at each nanoparticle position, which indicates

that the STM-excited propagating SPP are radiatively scattered by the gold nanoparticles.
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Figure 6.5: (a) The same dark field image as figure 6.2(a) shows the area we study. (b-

c) real space radiative and in-plane scattering of STM-excited propagating SPP by gold

nanoparticles deposited on the 50 nm gold film surface. The images are obtained with

the oil objective (100×, NA = 1.45). The red dot indicates the tip position. The in-plane

scattering angle θ is indicated by the dashed yellow lines for each nanoparticle. In (b) the

W tip excites on the gold film and in (c) the W tip excites on gold NP No.4.

This is similar to the real space images using an air objective as shown in figure 6.4(b-c).

The second phenomenon is the in-plane scattering of propagating SPP by the gold

nanoparticles. In figure 6.5(b), we see that the propagating SPP are blocked by the gold

nanoparticles in a region with an angle θ, which is indicated by the yellow dashed lines.

This phenomenon is owing to the in-plane scattering by the gold nanoparticles. These

in-plane scattering patterns are similar to the in-plane scattering patterns in ref.[132, 134,

135] which are explained by the interference between the excited SPP and the in-plane

scattered SPP.

A similar experiment is shown in figure 6.5(c). In (c), the STM tip excites on gold

nanoparticle No.4 (a detail discussion of the local resonance of the STM tip-gold nanoparticle-

gold film system is in Appendix C). Similarly to figure 6.4(c), the intensity is high at the

tip position. As explained above, this is mainly related to the localized surface plasmons

resonance in the tunneling junction between the STM tip and the gold nanoparticle-gold

film system. Similarly to figure 6.5(b), when the propagating SPP do not reach the gold

nanoparticles, the image clear shows the propagating SPP on the gold film surface. When

the propagating SPP reach the gold nanoparticles, the radiative scattering bright spots

and the in-plane scattering patterns are seen.

6.3.2 Scattering of STM-excited propagating SPP by a single gold nanopar-
ticle as a function of tip-particle distance

In order to investigate this in-plane scattering phenomenon, on the 50 nm gold film

surface, we choose an area with only one single nanoparticle. By changing the tip-particle

distance, we see the change of the in-plane scattering angle θ.
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Figure 6.6: In-plane scattering of STM-excited propagating SPP by a single nanoparticle

in real space: (a) recoded without and (b) with a bandpass filter centered at 650 nm

(width 13 nm). The images are obtained using an oil objective (100 ×, NA=1.45). The

tip-particle distance d is indicated in each image. The single nanoparticle is indicated by

an arrow line and the tip position is indicated by a red dot. The in-plane scattering angle

θ is indicated by the yellow dashed lines.
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Figure 6.6 shows the in-plane scattering of STM-excited propagating SPP by a single

nanoparticle in real space recorded (a) without a bandpass filter and (b) with a bandpass

filter centered at 650 nm (width 13 nm). The images are obtained using an oil objective

(100 ×, NA=1.45). In figure 6.6, we clearly see the radiative scattering bright spot and

in-plane scattering pattern at the particle position for each tip-particle distance d. The

tip-particle distance d is indicated for each image and the in-plane scattering angle θ is

indicated by the yellow dashed lines. It is clear that the θ increases when d decreases.

6.3.3 Model of in-plane scattering of 2D circular waves by a point-like
scatterer

When propagating SPP are scattered by a nanoparticle or defect, a pronounced in-

plane scattering pattern is seen. The in-plane scattering pattern is related to the interfer-

ence between the incident SPP and the in-plane scattered SPP [132, 135, 136].

From the real space (figure 4.3(a)) and Fourier space (figure 4.12(c)) images of Chapter

4, we know that STM-excited propagating SPP on gold films are circular waves propagat-

ing radially from the tip position in all directions. So the pronounced in-plane scattering

pattern in figure 6.4, figure 6.5 and figure 6.6 can be explained as the interference between

the STM-excited propagating SPP and the scattered SPP by the gold nanoparticles.

Figure 6.7(a) shows the sketch of the in-plane scattering of 2D circular waves by a

single point-like scatterer. The thick black lines indicate the 2D circular waves originating

from the point source at (d/2, 0). A single point-like scatterer is at (-d/2, 0). The source-

scatterer separation is d. The thin black lines show the in-plane scattered 2D circular

waves from the scatterer. This interference between the incident 2D circular waves and

the in-plane scattered 2D circular waves may be calculated as follows.
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Figure 6.7: (a) Schematic presentation of in-plane scattering of 2D circular waves by a

single scatterer. The thick black lines indicate the 2D circular waves from the source at

(d/2, 0). A single scatterer is at (-d/2, 0) point and the in-plane scattered waves are shown

as thin black lines. The tip-particle separation is d. (b) The calculated high intensity

fringes of the in-plane scattering pattern for λ=700 nm. The tip-particle separation d is

7 µm. In (b), the angle θ measured from the fringe closest to the gold nanoparticle (thick

black fringe) is named as the in-plane scattering angle.
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The incident 2D circular waves at position (x,y) can be written as:

E1 = A1√
r1

× ei~kr1 ~r1

|~r1| =
√

(x − d/2)2 + y2
(6.1)

and the in-plane scattered 2D circular waves at position (x,y) can be written as:

E2 = A2√
r2

× ei~kr2 ~r2+iϕ

|~r2| =
√

(x + d/2)2 + y2
(6.2)

where ϕ = π/2 is the phase delay due to the in-plane scattering [137]. So the sum intensity

of the two fields can be written as:

I = |E1 + E2|2 = |E1|2 + |E2|2 + E1E∗
2 + E∗

1E2

I =
A2

1
r1

+
A2

2
r2

+ 2 A1A2√
r1r2

cos(~kr1 ~r1 − ~kr2 ~r2 − ϕ)
(6.3)

The high intensity fringes of this interference can be calculated as:

cos(~kr1 ~r1 − ~kr2 ~r2 − ϕ) = 1
~kr1 ~r1 − ~kr2 ~r2 − ϕ = 2πm (m = 0, 1, 2.....)

(6.4)

with
|~r1| =

√
(x − d/2)2 + y2

|~r2| =
√

(x + d/2)2 + y2

ϕ = π/2

|~kr1 | = |~kr2 | = 2π/λ

(6.5)

So the high intensity fringes of this interference are hyperboles written as:

y2 =
((mλ + λ

4 )2 − 2xd)2 − 4(x − d/2)2(mλ + λ
4 )2

4(mλ + λ
4 )2

(6.6)

The calculated high intensity fringes of this interference is shown in figure 6.7(b) at λ

=700 nm. The source-scatterer separation is 7 µm. The scatterer is at point (-3.5 µm, 0)

and the point source is at (3.5 µm, 0). The angle θ measured from the fringe closest to

the gold nanoparticle (thick black fringe) is named as the in-plane scattering angle.

In figure 6.7(b), the fringes are calculated without intensity information. In fact, the

incident intensity A1 is much larger than the scattered intensity A2. Near the scatterer,

the intensity difference between A1 and A2 is smaller and the interference is more visible.

While far from the scatterer, because of the large intensity difference between A1 and A2,

the interference fringes visibility decreases a lot and the interference can not be seen.

Figure 6.8 shows the calculated high intensity fringes of the in-plane scattering pattern

at different wavelengths and with different source-scatter separations. Figure 6.8(a) and

(b) are calculated for the same wavelength λ=700 nm but different tip-particle separations,

d=7 µm and d=4.2 µm respectively. It is very clear that at the same wavelength, when d

decreases, the in-plane scattering angle θ increases. Figure 6.8 (b) and (c) are calculated

for the same source-scatterer separation d=4.2 µm but different wavelengths, λ=700 nm

and λ=600 nm respectively. we see that when the wavelength λ decreases, the in-plane

scattering angle θ decreases a little.
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Figure 6.8: The calculated high intensity fringes of the in-plane scattering pattern for

different wavelengths and different source-scatterer separations. The wavelength in (a)

and (b) is 700 nm and the wavelength in (c) is 600 nm. The source-scatterer separation

in (a) is d=7 µm and the source-scatterer separation in (b) and (c) is d=4.2 µm.
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Figure 6.9: The calculated high intensity fringes of the in-plane scattering pattern for

different source-scatterer separations. In (a), the wavelength is 700 nm and in (b), the

wavelength is 600 nm. For each condition, only the fringe closest to the scatterer is plotted.

Figure 6.9 shows the high intensity fringes of the in-plane scattering pattern for differ-

ent source-scatterer separations. The wavelength in (a) is 700 nm and the wavelength in

(b) is 600 nm. The large angle scattering fringes with different source-scatterer distance d

are plotted together. To make the figure simpler, for each condition only the fringe closest

to the scatterer is plotted.

From figure 6.9, we can determine the in-plane scattering angle θ for each source-

particle distance and wavelength. Figure 6.10 shows how the in-plane scattering angle θ

changes with the source-particle separation (d) at different wavelengths. The wavelengths

are 600 nm (blue line) and 700 nm (red line).

From figure 6.10 we see that at the same source-scatterer separation, the in-plane

scattering angle θ is a little larger for the longer wavelength. More importantly, it is
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clear that the in-plane scattering angle θ increases when the source-particle separation d

decreases.

6.3.4 Interpretation of real space images using the in-plane scattering
model

In order to compare the experimental results and the theoretical model of in-plane

scattering, we measure the in-plane scattering angle θ in all the real space images: fig-

ure 6.4, figure 6.5 and figure 6.6. In figure 6.10 we plot the measured in-plane scattering

angle θ together with the theoretical curves determined in last subsection.
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Figure 6.10: Comparison between the measured scattering angle θ and the theoretical

curves.

In figure 6.10, almost all the measured scattering angles θ are located between the two

theoretical curves for λ=600 nm and λ=700 nm, showing that the experimental results

agree well with the theory. These two wavelength are chosen because the free space spectra

of STM-excited surface plasmons on a 50 nm thick gold film is centered at ∼ 700 nm and

the corresponding wavelength of the propagating SPP is ∼ 675 nm.

The data in the case of figure 6.6 (with a 650 nm bandpass filter) are closer to the the-

oretical curve of λ=600 nm. This is because for a 650 nm free space light, the wavelength

of the corresponding propagating SPP on a 50 nm gold film is around 620 nm.

The data in the case of figure 6.6 (no bandpass filter used) show a larger deviation

from the theoretical curves at small tip-particle distances. This larger deviation is because

that the broadband spectrum of STM-excited propagating SPP distorts the interference

between the incident SPP and the scattered SPP. At small tip-particle separations, this

interference distortion is more significant because more propagating SPP reach the single

nanoparticle.
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6.4 Fourier space image

6.4.1 Radiative scattering of STM-excited propagating SPP by gold
nanoparticles in Fourier space

In order to better understand the gold nanoparticle scattering properties, Fourier space

images are also recorded. Figure 6.11(a) shows the Fourier space image when the STM

tip is in the same gold nanoparticle area indicated in the dark field image in figure 6.2.

The red dashed arrows indicate the tip-particle axes. The red dashed-dot circle indicates

a numerical aperture of one (NA=1) and the cyan dashed circle indicates a numerical

aperture equals 1.45 (NA=1.45) which is the detection limit of our oil objective. The two

circles divided the Fourier space image into three parts: allowed light region (NA<1),

forbidden light region (1<NA<1.45) and out of detection region (NA>1.45). As a refer-

ence, figure 6.11(b) shows the Fourier space image when the STM tip is far from the gold

nanoparticles area.

(a) (b)

Figure 6.11: Fourier space image when the STM tip is in the gold nanoparticles region

(a) and far from gold nanoparticles region (b). The red dashed arrows indicate the tip-

particle directions. The red dashed-dot circle indicates the numerical aperture (NA) equals

one and the cyan dashed circle indicates the numerical aperture equals 1.45 which is the

detection limitation of our oil objective.

In both figure 6.11(a) and (b), there is a bright ring a little larger than the critical

angle which is due to the propagating SPP excited by the STM tip (see figure 4.12(a)) [99].

The interesting thing to note here is the fringes in figure 6.11(a), which are perpendicular

to the tip-particle axes. In our experiment, these fringes only appear when the STM tip is

in the gold nanoparticles area. These fringes must then be due to the interactions between

the gold nanoparticle and the STM-excited propagating SPP.

From the real space discussions, we know that the STM-excited propagating SPP can

be radiative scattered and in-plane scattered by the gold nanoparticle. In the Fourier

space image, the in-plane scattered SPP is at the same position as the incident STM-

excited propagating SPP because they have the same wavenumber. It means that the

bright ring a little larger than the critical angle also contains the in-plane scattered SPP
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contribution. In this case, we can say that the fringes we see in the forbidden light region

at large emission angles are related to the radiative scattering by the gold nanoparticle.

6.4.2 Radiative scattering of STM-excited propagating SPP by a single
gold nanoparticle as a function of tip-particle separation in Fourier
space

In order to better understand the fringes in figure 6.11(a), we repeat the experiment

with the STM tip near a single nanoparticle. By changing the tip-particle separation d,

we observe an evolution of fringe patterns in Fourier space. A first set of Fourier space

images are obtained by decreasing d from 6.9 µm to 2.5 µm (figure 6.12). A second set

of Fourier space images are obtained by decreasing d from 5.2 µm to 2.1 µm and with a

bandpass filter at 650 nm, 13 nm bandwidth (figure 6.13).

These two sets of images show that the fringes are along the tip-particle direction

(unidirectional, see figure 6.12(f)) and the fringes are perpendicular to the tip-particle

direction. They also show that the fringes are in the forbidden light region and extend

from the critical angle (NA=1) to numerical aperture of the oil objective (NA=1.45). It

is clear that the period of the fringe pattern increases when the tip-particle distance d

decreases.
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Figure 6.12: Fourier space images when the STM tip excites on the 50 nm gold film near

a single scatterer. The tip-particle distance (d) decreases from 6.9 µm to 2.5 µm. The red

dashed arrow indicates the tip-particle axis.
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d=2.1µmd=2.6µmd=3.1µm

d=3.6µmd=4.2µmd=5.2µm

Figure 6.13: Fourier space images when the STM tip excites the 50 nm gold film near a

single scatterer. A bandpass filter (central wavelength at 650 nm with 13 nm bandwidth)

is placed before the CCD camera. The tip-particle distance (d) decreases from 5.2 µm to

2.1 µm. The red dashed arrow indicates the tip-particle axis.

The measured fringe periods as a function of the tip-particle separation d are plotted

in figure 6.14(a). The experimental data from figure 6.12 are plotted as black squares and

the experimental data from figure 6.13 are plotted as magenta dots. In figure 6.14(a), we

also plot two curves of lambda/d for λ=600 nm and λ=700 nm. It is very clear that the

experimental data fit well with the two curves of λ/d. This indicates that an interference

occurs between two parallel and coherent emissions: one is from the tip position and along
~ktip and one is from the gold nanoparticle position and along ~kNP (see the schematic in

figure 6.14(b)). Here ~kNP is parallel to ~ktip. According to the experimental images,

the angle β (between ~ktip or ~kNP and the optical axis) is in the forbidden light region

(1<1.52sin(β)<1.45, 41.8◦<β<72.5◦).

6.4.3 Two possible models for the interference fringes in Fourier space

Here we will present two possibilities for the interference in the Fourier space. One

is the way we proposed in figure 6.15(a). The other one is shown in figure 6.15(b). In

figure 6.15(a), the interference is thought to be between the local emission at the tip

position and the radiative scattered propagating SPP (red arrow at the interface) by the

single gold nanoparticle. In figure 6.15(b), the interference is thought to be between the

radiative scattered propagating SPP by the gold nanoparticle and by the tip. Here, the

propagating SPP (red arrow at the interface) are in-plane reflected by the gold nanoparticle
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Figure 6.14: (a) Tip-particle separation dependence of the measured fringe periods (ex-

perimental data from figure 6.12 and figure 6.13) and the theoretically curves (lambda/d).

(b) The principle of the interference in Fourier space: the emission at STM tip and gold

NP positions are coherent. In Fourier plane, they have a phase difference kglassdsin(β).

(blue arrow at the interface). Note that both models will give the same period of the

interference fringes.
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Figure 6.15: Two possible models to explain the interference fringes seen in Fourier space

images: (a) The interference is between the local emission at the STM tip and the radiative

scattered propagating SPP light from the gold nanoparticle and (b) The interference is

between the the radiative scattered propagating SPP light from the gold nanoparticle and

from the tip. In (a), the phase difference is given by equation 6.10. Similarly, the phase

difference in (b) can be calculated.

Here, d is the tip-particle distance and LSP P is the propagation length of the propagat-

ing SPP. Γ is the local emission coefficient (along ~k0) at the tip position. The coefficient η

is the radiative scattering coefficient (along ~k1) of the nanoparticle, the coefficient γ is the

radiative scattering coefficient (along ~k2) of the tip and the coefficient α is the in-plane

reflection coefficient of the nanoparticle. For a certain nanoparticle and STM tip, Γ, η, γ

and α are constant.

In figure 6.15(a) and (b), the electric field amplitude of the propagating SPP starting

from the tip is defined as A0. The electric field amplitude of the propagating SPP which
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reach the gold nanoparticle is defined as A1. A1 can thus be written as:

A1 = A0
e

−d
2Lspp

√
d

(6.7)

In the same way, A2 in figure 6.15(b) can be written as:

A2 = αA1
e

−d
2Lspp

√
d

= αA0
e

−d
Lspp

d
(6.8)

It is clear that A0 is larger than A1 and A1 is larger than A2.

In figure 6.15(a)(case 1), the electric field amplitude of local emission along ~k0 is ΓA0

and the electric field amplitude of the radiative scattered propagating SPP by the scatter

along ~k1 is ηA1. Here, ~k0 and ~k1 are parallel. The interference fringes seen in Fourier

space between these two fields can be written as:

I = Γ2A2
0 + η2A2

1 + 2ηA1ΓA0cos(
2π

λ0
NAd + ∆ϕ) (6.9)

where ∆ϕ is the phase difference between ~k0 and ~k1.

∆ϕ = kSP P d + δϕ − kglassdsin(β) (6.10)

where δϕ is the phase delay in the radiative scattering process by the gold nanoparticle.

So the intensity of the bright fringes Imax and the intensity of the dark fringes Imin

can be written as:

Imax = (ΓA0 + ηA1)2 = A2
0 η2 ((Γ

η ) + e
−d

2Lspp√
d

)2

Imin = (ΓA0 − ηA1)2 = A2
0 η2 ((Γ

η ) − e
−d

2Lspp√
d

)2
(6.11)

the visibility can be written as:

V = Imax−Imin
Imax+Imin

= (ηA1+ΓA0)2−(ηA1−ΓA0)2

(ηA1+ΓA0)2+(ηA1−ΓA0)2 = 2ηA1ΓA0

η2A2
1+Γ2A2

0

V = 2ηA1ΓA0

η2A2
1+Γ2A2

0
=

2ηΓ e

−d
2Lspp√

d

η2 e

−d
Lspp

d
+Γ2

=
2 Γ

η
e

−d
2Lspp√

d

e

−d
Lspp

d
+( Γ

η
)2

(6.12)

if we set Γ
η = a, then for case 1 we will have:

Imax = A2
0 η2 (a + e

−d
2Lspp√

d
)2

Imin = A2
0 η2 (a − e

−d
2Lspp√

d
)2

V =
2a e

−d
2Lspp√

d

a2+ e

−d
Lspp

d

(6.13)

On the other hand, for case 2 in figure 6.15(b), the field amplitude of the radiatively

scattered propagating SPP from the nanoparticle along k1 is ηA1 and the radiatively
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scattered propagating SPP light from the tip along k2 is γA2. Like in figure 6.15(a), k1

and k2 are parallel. Using the same calculation as for case 1, if we set η
αγ = b, then for

case 2 we will have:

I ′
max = A2

0 (γα)2 e
−d

Lspp

d (b + e
−d

2Lspp√
d

)2

I ′
min = A2

0 (γα)2 e
−d

Lspp

d (b − e
−d

2Lspp√
d

)2

V ′ =
2b e

−d
2Lspp√

d

b2+ e

−d
Lspp

d

(6.14)

From equations 6.13 and 6.14, it is clear that the visibility has the same expression

for the two cases and it is not possible to distinguish the two cases using the visibility.

However, we can use the visibility equations to fit the d dependent experimental results

and get the value of a or b (if we set Lspp=10 µm for example). Also from equations 6.13

and 6.14, it is clear that the Imax and Imin have different expressions for the two cases,

so it may be possible to distinguish the two models using the values of Imax and Imin. In

this way, we can do a quantitative comparison of the two interference models using the

experimental data.

From the Fourier space images, we measure Imax, Imin and the visibility V as a function

of d, the tip-particle separation. In figure 6.16, we show the distance dependence of V

(figure 6.16(a)), Imax-Imin (figure 6.16(b)), Imax (figure 6.16(c)) and Imin (figure 6.16(d))

as derived from the Fourier space images of figure 6.12. The red line is the fit based

on model 1 (interference between the local emission at the tip position and the radiative

scattered propagating SPP by the single gold nanoparticle), and the blue line is the fitting

based on model 2 (interference between the radiative scattered propagating SPP by the

gold nanoparticle and by the tip).

In figure 6.16(a) and (b), we see that the visibility V and the Imax-Imin fits using

equations 6.13 and 6.14 are the same and the fittings are quite good. The value of a and

b used for the visibility fits are a= b= 3.1 (Lspp=10 µm).

Using this value of a and b, we can fit the d dependent experimental results of Imax

and Imin based on equation equations 6.13 and 6.14. In figure 6.16(c) and (d), we see

that the red lines (model 1, equations 6.13) fits very well for both Imax and Imin data.

On the contrary the blue lines (model 2, equations 6.14) cannot fit the experimental

data, especially the Imin data in figure 6.16(d). This suggests that the model 1 where

the interference occurs between the local emission at the tip position and the radiative

scattered propagating SPP light by the single gold nanoparticle is more reasonable.

Another similar comparison of the two models is shown in figure 6.16(e-h), as derived

from the Fourier space images of figure 6.13. In figure 6.16(e) and (f), we also see that

both models are equivalent and the fits are good. Here it is found that a= b= 1.2. In

figure 6.16(g) and (h), we see that model 1 (equations 6.13) again fits very well for both

the Imax and Imin data. Similar to figure 6.16(c-d), model 2 (equations 6.14) cannot fit

the Imax and Imin data.
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Figure 6.16: Quantitative comparisons of the two interference models using the experi-

mental data of figure 6.12(a-d) and figure 6.13(e-h). (a) Visibility data and the two fits

from the models. (b) Imax-Imin and the two fits. (c) Imax and the two fits. (d) Imin and

the two fits. In all the images, the red lines are the fits from model 1, and the blue lines

are the fits from model 2.
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From these quantitative comparisons, we conclude that model 1 is the more reasonable

explanation of the interference in the Fourier space. The interference observed in Fourier

space is most probably between the STM-excited localized surface plasmons at the tip

position (which radiate at large angles) and the STM-excited propagating SPP radiatively

scattered by the gold nanoparticle. This is a very interesting phenomenon because it indi-

cates that the STM-excited localized surface plasmons and the STM-excited propagating

surface plasmons are coherent, thus raising the fundamental questions about the nature

and origin of STM-excited surface plasmons on thin gold films.

6.5 In-plane and radiative interferences

One thing we need to emphasize is that from the real space and Fourier space images,

we observe two different kinds of interference in our experiments: the in-plane interference

seen in real space and the radiative interference seen in Fourier space.

The in-plane interference in real space is the interference between the propagating

SPP on the gold film surface and the in-plane scattered propagating SPP from the gold

nanoparticle. The interference in real space is well understood from the theoretical model

discussed in subsection 6.3.3. Figure 6.17 shows the in-plane interference ((a), (c) and (e))

again as a reminder. Because of the in-plane interference, in-plane scattering θ increases

when the tip-nanoparticle separation d decreases from 5.2 µm to 2 µm.

The radiative interference in Fourier space is the interference between the STM-excited

localized surface plasmons at the tip position (which radiate at large angles, in the forbid-

den light region) and the STM-excited propagating SPP radiatively scattered by the gold

nanoparticle. As discussed in chapter 3 and 4, we know that the STM-excited localized

surface plasmons at the tip position have the same angular distribution in all the direc-

tions. In the side view plane, we show that this localized emission radiates symmetrically

with a angle β to the optical axis.

Figure 6.17 shows the radiative interference ((b), (d) and (f)) again as a reminder. ϕ

indicates the radiative scattering range in Fourier space. We see that ϕ does not change

when the tip-nanoparticle separation d decreases from 5.2 µm to 2.1 µm ((b) and (d)). This

means that the angular dependence of the radiative scattering of the gold nanoparticle

does not depend on the tip-nanoparticle separation d. Because the interference fringes are

only seen in the left side, we know that the radiative scattering of the gold nanoparticle

is unidirectionally along the tip-NP direction.

By measuring the range indicated by the two canyon dashed lines in (b) and (d),

we find that the radiative scattering range δϕ (in (f), the side view plane) of the gold

nanoparticle is mainly from critical angle (NA=1) to the numerical aperture of the oil

objective (NA=1.45), i.e., β ranges from 41.8◦ to 72.5◦ and δϕ=72.5◦-41.8◦=30.7◦.



121
Chapter 6. Scattering of STM-excited propagating SPP by Gold

Nanoparticles

-5 0 5

-4

-2

0

2

4

NP

Y
 A

x
is

 (
µ

m
)

X Axis (µm)

tip

Side view

Gold NP STM tip

kSPPs

glass
air

d

k1
k0

ȕįȕ ȕ ȕ

d=5.2µm

d=2.1µm

d =5.2µm

d =2µm

d=4.2µm

Figure 6.17: In-plane and radiative interferences. The experimental images of the in-

plane interference and radiative interference are shown in (a), (c) and (b), (d) respectively

for two tip-nanoparticle separations d. These images are recorded with a bandpass filter

at 650 nm, bandwidth=13 nm. The theoretical calculated in-plane interference fringes

is shown in (e). The schematic of the radiative interference is shown in (f). The red

dot in (a) and (c) indicates the tip position. In (a), (c) and (e) θ indicates the in-plane

scattering angle. The yellow arrow in (a) indicates the gold nanoparticle position. The

red dot in (b) and (d) indicates the center of Fourier space. In (b) and (d), ϕ indicates

the radiative scattering range in Fourier space and the two canyon dashed lines indicate

the radiative scattering region along the tip-nanoparticle axis. In (f) δβ indicates this

radiative scattering range. In (f), β indicates the radiative scattering angle. Note that all

the images (a-f) are already shown in the previous discussions of this chapter, here we put

them together as a reminder and summary.



6.6. Conclusion 122

6.6 Conclusion

In conclusion, we have shown how the STM-excited propagating SPP are scattered by

gold nanoparticles deposited on a 50 nm gold film.

In real space images obtained with an air objective, we observe the radiative scattering

bright spots of STM-excited SPP from gold nanoparticles deposited on a 50 nm thick gold

film. In real space images obtained with an oil objective, we observe the radiative scattering

bright spots and in-plane scattering patterns. The in-plane scattering is theoretically

understood as the interference between the incident SPP launched by the STM tip and

the scattered SPP from gold nanoparticles.

According to the radiative scattering bright spots and in-plane scattering patterns

obtained when STM tip is at the position of gold nanoparticle No.4, it is clear that

propagating SPP can also be launched by electrically excitation of gold nanoparticles

deposited on the 50 nm gold film with a STM. Meanwhile, because of the gap between the

gold nanoparticle and the gold film, the localized emission is enhanced around 10 times.

From Fourier space images obtained with an oil objective, we see interference fringes

in the forbidden light region. This indicates that the radiative scattering of STM-excited

propagating surface plasmons from the gold nanoparticles can interfere with STM-excited

localized surface plasmons which emit at large angles under the STM tip. It follows that

STM-excited propagating surface plasmons and STM-excited localized surface plasmons

are coherent. This means that the localized and propagating surface plasmons are different

components of the same single plasmon produced by inelastic electron tunneling with the

STM tip. This result is important in the context of a better understanding about the

STM-excited surface plasmons process.



Chapter 7

Conclusions and Perspectives
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We have shown that with a scanning tunneling microscope (STM) tip, we electrically

excite both broadband localized and propagating surface plasmons on a thin gold film. We

demonstrate that by changing the STM tip shape or material we can preferentially excite

localized or propagating surface plasmons. This has important implications for the design

of electrically driven plasmon nano-sources that require either the excitation of localized

plasmon nano-cavity modes for electromagnetic field enhancement or propagating plasmon

modes for information transfer. The STM-excited surface plasmons provides a bridge

between nano-electronics and nano-optics. Such electrically excited surface plasmons are

important in the context of their use in future integrated nano-optics devices such as

electro-optical nano-antennas.

We have also explored the unique properties of surface plasmons produced by inelastic

electron tunneling (IET) with the STM.

We have investigated the coherence of STM-excited propagating surface plasmons by

performing experiments on a 200 nm thick (opaque) gold film punctured by nanoholes.

Analogous to Young’s double slit experiment, we show that STM-excited propagating sur-

face plasmons are coherent, with a coherence length of 4.7±0.5 µm. This coherent length

is very close to the value expected from the spectrum (3.7±1.2 µm), which indicates that

the spectrum broadening of STM-excited surface plasmons is homogeneous. This result

is very important as it demonstrates a method to produce homogeneous broadband SPP

which could be used for the fabrication of nano-lasers or plasmonic lasers. This result is

also important for understanding the mechanism of plasmonic inelastic electron tunneling

(IET). It indicates that each inelastic tunneling electron has a broadband spectrum of

released energy.

We have also studied the in-plane and radiative scattering of STM-excited propagating

surface plasmons by gold nanoparticles deposited on a 50 nm thick gold film. In the Fourier

space images, interference fringes are observed in the forbidden light region (larger than

the critical angle). This interference is between STM-excited localized surface plasmons

(radiating at large angles) at tip position and the radiative scattering of STM-excited

propagating surface plasmons by the gold nanoparticle. This indicates that STM-excited

localized and propagating surface plasmons are coherent. It also means that the localized

and propagating surface plasmons are different components of the same single plasmon

produced by inelastic electron tunneling with the STM tip.



Appendix A

Quasi-electrostatic approximation
of the local electric field in the
STM tunneling junction

Figure A.1: Sketch of sphere-gold film interaction in the polarizable sphere approximation

model. The sphere (radius of a) is polarized when it is excited by a light field (e.g. from

the inelastic electron tunneling). The sphere-dipole field ~p induces an image dipole field
~p′ located inside the gold film at a distance 2r from the sphere center. The far field light

emission pattern contains information about the effective polarizability of the sphere-film

tunneling junction.

As shown in figure A.1, the STM tip may be approximated by a spherical particle

located at a distance r from the air-gold interface. The radius of the spherical particle

is a. If a is very small (a ≪ λ, non-retardation), the polarizability of the sphere can be

written as [46]:

αp = 4πε0a3 εp − 1

εp + 2
(A.1)

where ε0 is the vacuum permittivity. εp is dimensionless (relative) dielectric constants, i.e.
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the vacuum permeability ε0 is not contained in εp. The dimensionless (relative) dielectric

constants of air is 1.

The sphere will thus respond to an incident field ~E0 by generating a dipole ~p = αp
~E0.

In the electrostatic limit, the electric field at a generic point ~R is [46]:

~Ep(~R) =
3(d̂ · ~p)d̂ − ~p

4πε0

∣∣∣ ~R − ~rp

∣∣∣
3 (A.2)

where ~rp is the spatial position of the sphere-dipole and d̂ =
~R− ~rp

|~R− ~rp| .
The gold film has a dielectric constant εg. Therefore the polarized sphere will induce

an image dipole ~p′ (see figure 1). The image dipole is located inside the sample at a

distance 2r from the sphere. The image dipole moment is ~p′ =~p β, where β =
εg−1
εg+1 [46].

The sphere-gold film interaction can now be calculated by evaluating the effective

polarization of the system, as defined by the coupling between the sphere-dipole and its

image dipole. At small distances, the effective incident electric field at the sphere-dipole

will be enhanced by the image dipole field so that the actual sphere-dipole moment is

modified as:

~p = αp[ ~E0 + ~E′(~rp)] (A.3)

where ~E0 is the incident field and

~E′(~rp) =
3(n̂ · ~p′)n̂ − ~p′

4πε0

∣∣∣~rp − ~r′
∣∣∣
3 (A.4)

Here, ~E′(~rp) is the electric field of the image-dipole at the sphere position rp. Here r′ is

the position of p′, and ~rp-~r′ = 2rn̂ with n̂ normal to the surface. We set the angle between

the sphere-dipole ~p and the normal direction n̂ as θ (see figure A.1). In the weak-coupling

approximation, ~E′(~rp) ≪ ~E0, so we can assume ~p to be parallel to ~E0. Therefore the

image-dipole ~p′ will lay in the incidence plane symmetrically to ~p with respect to ~n (see

figure A.1). From equation A.3, we get

~p · Ê0 = αp[E0 +
3(n̂ · ~p′)(n̂ · Ê0) − ~p′ · Ê0

4πε0

∣∣∣~rp − ~r′
∣∣∣
3 ] = αp[E0 +

3(cos(θ))2 − cos(2θ)

32πε0r3
p′] = |~p| = p

(A.5)

where Ê0 is the unit vector of ~E0. Since ~p′ = pβ, we can calculate

p =
αpE0

1 − αpβ 1+(cos(θ))2

32πε0r3

(A.6)

and in the same direction as ~p, the image-dipole component is

p′
parallel =

αpβcos(2θ)E0

1 − αpβ 1+(cos(θ))2

32πε0r3

(A.7)

So the effective polarizability is [138, 139]:

αeff =
αp(1 + βcos(2θ))

1 − αpβ 1+(cos(θ))2

32πε0r3

(A.8)
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Appendix A. Quasi-electrostatic approximation of the local electric

field in the STM tunneling junction

There are special cases: θ = 0 and θ = π/2 in which the sphere-dipole and its image-

dipole are respectively parallel and anti-parallel. The effective polarizabilities are αeff (θ =

0) =
αp(1+β)

1−αpβ 1
16πε0r3

and αeff (θ = π/2) =
αp(1−β)

1−αpβ 1
32πε0r3

. In the first case, the two dipoles

sum their contributions, while in the second case they tend to cancel each other.

Figure A.2 (a) shows the polarizability of the sphere-dipole based on equation A.1. It

is clear that the Ag sphere is more easily polarized than the W sphere. The polarizability

of an Ag sphere can be as much as 5 times of that of a W sphere, which leads to a 25

times (∝ αp
2) difference of the far field scattering intensity. Thus, the polarization of the

W tip is negligible.
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Figure A.2: (a) Polarizability of a W sphere and an Ag sphere as a function of wavelength.

(b) Effective polarizability of an Ag sphere on a gold film (r=2a) in vertical and horizontal

directions. The dielectric constants of Ag and W are from [41]

The Ag sphere is polarized by the light induced by inelastic electron tunneling. The

effective polarizability αeff (θ = 0) =
αp(1+β)

1−αpβ 1
16πε0r3

and αeff (θ = π/2) =
αp(1−β)

1−αpβ 1
32πε0r3

are

plotted in figure A.2(b) as a function of wavelength for a Ag sphere. It is clear that in the

horizontal direction (θ=π/2) the effective polarizability is around 10 times smaller than

in the vertical direction (θ = 0). Thus, the vertical component of the effective induced

dipole in a Ag sphere-gold film tunneling junction is dominant.

Figure A.2(c) shows the effective polarizability αeff as a function of wavelength for

a W sphere in horizontal (θ=π/2) and vertical (θ = 0) directions. It is clear that the
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effective polarizability for a W sphere is smaller than that for a Ag sphere. It is also clear

that the effective polarizability in the horizontal direction is around 3 times smaller than

in the vertical direction.



Appendix B

Defocusing experiments of STM
excited surface plasmons on a 50
nm thick gold film

Figure B.1 shows the real space images of STM excited surface plasmons on a 50 nm

thick gold film deposited on a glass substrate (n=1.52) obtained with the oil objective

overfocused (i.e. focus above the sample surface). The focus is moved from focus position

to 2 µm overfocused. The images are recorded with a bandpass filter (central wavelength=

700 nm, bandwidth= 13 nm). We see that when we overfocus 0.5 µm above the sample

surface, both the real space image and the cross-sections are similar to the in focus case.

This is because the depth of field of the oil objective is about several hundred nanometer

and also because the electric field of the propagating surface plasmons extends several

hundred nanometer in the air from the gold film surface. Because of the 2D exponential

decay of the propagating surface plasmons on the gold film surface, when the image is

more out of focus, the propagating surface plasmons far from the tip position may not be

detected due to the low intensity. Meanwhile, the propagating surface plasmons near the

tip position can still be detected because the intensity is higher. We can see this effect

in the real space images: the concentric rings farther from the tip which is related to the

propagating surface plasmons farther from the tip become less obvious when the image

is more overfocused. In the cross-sections with the natural logarithmic scale, we see that

when the defocusing increases, the fit becomes steeper which means a smaller propagation

length or faster intensity decay.

Figure B.2 shows the real space images of STM excited surface plasmons on a 50

nm gold film deposited on a glass substrate (n=1.52) with the image underfocused (i.e.

defocused toward the CCD camera). The focus is moved from focus position to 2 µm

underfocused. The images are recorded with a bandpass filter (central wavelength= 700

nm, bandwidth= 13 nm). Both the real space image and the cross-sections are similar to

the focus case. This is because the depth of focus of the objective is about several hundred

nanometer. We see that when the image is overfocused 1 µm (towards the CCD camera),

both the real space image and the cross-sections begin to differ from the focused case.

These defocused images are similar to the real space images we recorded when we use a

quartz substrate to support the gold film (see figure 3.3(a)). To explain this phenomenon,



130

the first effect is the leakage radiation of the propagating surface plasmons. Because of the

leakage radiation, the propagating surface plasmons on the gold film surface radiate to the

oil objective all along the same angle (around 45◦). So when we defocus the oil objective

with a certain distance d, the concentric rings in the real space images which related to

the propagating surface plasmons spread out with nearly the same distance d from the

tip position and make a dark ring around the central peak. The central peak is related to

the localized light emission under the STM tip. In principle, the localized light emission

radiates to all the angles. When the oil objective defocused towards the CCD camera,

the small angle and large angle radiation of the localized light emission is separated. The

small angle part is still at the tip position in the real space images, while the large angle

part spread out from the tip together with the propagating surface plasmons. This effect

is very similar to the defocusing effect of the quartz substrate (see section 3.4).



131
Appendix B. Defocusing experiments of STM excited surface plasmons on

a 50 nm thick gold film

0 10 20

6

8

10

In
(I

*x
)

X Axis (µm)

 focus

0 10 20

6

8

10

In
(I

*x
)

X Axis (µm)

 focus+0.5µm

0 10 20

6

8

10
 focus+1µm

In
(I

*x
)

X Axis (µm)

0 10 20

6

8

10
 focus+1.5µm

In
(I

*x
)

X Axis (µm)

0 10 20

6

8

10
 focus+2µm

In
(I

*x
)

X Axis (µm)

Figure B.1: Real space images of STM excited surface plasmons on a 50 nm gold film.

The images are recorded with an oil objective (NA=1.45). From (a) to (e), the images

are focused, overfocused 0.5 µm, overfocused 1 µm, overfocused 1.5 µm and overfocused

2 µm. A bandpass filter (central wavelength= 700 nm, bandwidth= 13 nm) is put before

the CCD camera. The gold film is deposited on glass substrate (refractive index 1.52).
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Figure B.2: Real space images of STM excited surface plasmons on a 50 nm gold film.

The images are recorded with an oil objective (NA=1.45). From (a) to (e), the images are

focused, underfocused 0.5 µm, underfocused 1 µm, underfocused 1.5 µm and underfocused

2 µm. A bandpass filter (central wavelength= 700 nm, bandwidth= 13 nm) is put before

the CCD camera. The gold film is deposited on glass substrate (refractive index 1.52).



Appendix C

Local resonance of the STM
tip-gold nanoparticle-gold film
system
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Figure C.1: (a) Schematic of the “W tip–gold nanoparticle–gold film” system. A W STM

tip injects electrons into a gold nanoparticle which is deposited on a 50 nm thick gold

film. (b) Real space image of the “W tip–gold nanoparticle–gold film” system. This image

is recorded using an oil objective (NA=1.45). (c) Spectra resulting from a blunt W tip

excitation of the gold film and of the gold nanoparticle which is deposited on the gold film.

Figure C.1(a) shows a schematic of the “W tip–gold nanoparticle–gold film” system.

A blunt W tip is used to excite on the gold nanoparticle(NP) which is deposited on a
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50 nm thick gold film. Figure C.1(b) shows the real space image of the “W tip–gold

nanoparticle–gold film” system. In the center of the real space image, we see a “donut”

shape pattern.

A similar donut shape central peak has already been discussed in section 4.3.2 for “Ag

tip–gold film” system (presented again in figure C.1(e)). During STM excitation, the Ag

tip is approximated as a polarizable sphere which induces a image dipole in the gold film

(see Appendix A). The in-plane (parallel to the film) dipole moment of the image dipole is

opposite to that of the Ag tip sphere, so that the effective dipole is normal to the surface

which rises to a donut shape central peak pattern. From figure C.1(b) and figure C.1(e)

we see that in real space “W tip–gold nanoparticle–gold film” system is similar to that of

the “Ag tip–gold film” system.

Figure C.1(c) shows the spectra when the W tip excites the gold film directly as well as

the gold film via the nanoparticle obtained using an air objective. When the W tip excites

the gold film directly, there is only one peak in the spectrum associated to a “film-like”

mode [106]. However, when the W tip excites the gold nanoparticle deposited on the gold

film, there are two peaks associated to a low-energy “film-like” mode and a high energy

“particle-like” mode. A similar phenomenon is seen in figure C.1(f) where we present the

spectrum of a Ag tip on a gold film. The two-peaks spectrum in figure 3.6 is due to the

local plasmonic resonance of “Ag tip–gold film” system. Similarly, the two peaks spectrum

in figure C.1(c) indicates the local plasmonic resonance of “W tip–gold nanoparticle–gold

film” system.

In both real space images and the spectra, there are similarities between the “W

STM tip–gold nanoparticle–gold film” system and “Ag tip–gold film” system during the

STM plasmonic excitation experiments. We thus say that a W tip combined with a gold

nanoparticle is similar to a Ag tip during the STM plasmonic excitation experiments.

Usually, the STM excitation of surface plasmons(both propagating and localized) with Ag

tips is not so stable because the Ag tips are very soft and fragile. Thus, the “W tip–gold

nanoparticle” system may substitute for a Ag tip for surface plasmon excitation because

the “W tip–gold nanoparticle” system is more robust and stable than Ag tips.



Appendix D

Scattering of STM-excited SPP by
a single gold nanoparticle: light
confinement

To get more insight into the electromagnetic field confinement around the gold nanopar-

ticle(NP), we zoom the real space image of the gold NP scattering for a tip-NP separation

d= 6.9 µm as shown in figure D.1. Figure D.1 (b) is a zoomed region (blue square) of

figure D.1(a). In figure D.1(b), the red square indicates the radiative emission of the gold

NP and the canyon square indicates an intensity dip. The cross-sections along the tip-NP

axis have been plotted for five tip-NP distances in figure D.2.

(b)(a) 

NP

Figure D.1: Real space image of the gold nanoparticle scattering for a tip-NP separation

d= 6.9 µm. (b) is a zoomed image of (a). The red square indicates the NP and the canyon

square indicates an intensity dip.
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Figure D.2: Cross-sections of the real space images (see figure 6.6) along tip-NP axis. The

NP is located at x=0. The tip-NP distance decreases from 6.9 µm (a) to 2.5 µm (e). A

zoom view of the cross-sections in (a-e) at the NP position is shown in (f). The canyon

squares in (a-e) are the intensity dip seen in the real space image.

In each image of figure D.2, the NP is located at x=0. The STM tip has five successive

positions, so the tip–NP distance decreases from 6.9 µm (a) to 2.5 µm (e). Figure 6.6(f)

shows a zoom view of cross-sections in (a-e) at the NP position. Note that each cross-

section in figure 6.6(f) is normalized to the maximum intensity at the tip position.

Figure D.2 clearly shows that when the tip-NP distance decreases the intensity at

the NP position increases. This is easy to understand because when the tip-NP distance
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Appendix D. Scattering of STM-excited SPP by a single gold

nanoparticle: light confinement

decreases the incident intensity on the NP increases and thus the radiative scattering of

the NP increases.

Another interesting point is that in each of the cross-section there is a double-peak

shape at the NP position. These double-peak shapes are very similar and with the same

peak-to-peak distance ∼ 650 nm. Just aside to the double-peak shape

These double-peak shapes show the radiative scattering pattern of the gold NP along

the tip-NP axis. Note that along the perpendicular direction of the tip-NP axis, we only

see single peak at the NP position (see figure D.1(b)). These peak shapes are similar to the

theoretically calculated scattering pattern of a surface protrusion in ref. [140]. The real

space image (figure D.1) and the corresponding cross-sections (figure D.2) clearly show

how the light field is confined by the gold NP.
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