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Abstract

This thesis reports on the electronic properties of surface state (SS) electrons near
one-dimension gratings; and the opto-electronic properties of metallic systems, and
molecular emitters, inside the plasmonic nano-cavity of a Low-Temperature (LT)
Scanning Tunneling Microscope (STM) in Ultra-High-Vacuum (UHV) conditions.
The thesis can be divided in three blocks.

First, the scattering of Cu(111) surface state (SS) electrons near the edges of TCNQ
molecule islands is investigated. By means of Quasi Particle Interference (QPI), and
1D Fourier-Transform of d1/dV spectra, it is found that the band structure of the
quasi-free Cu(111) SS electrons, follows a discrete set of energy bands, originating
from Bragg diffraction at the edges of the molecule islands.

Second, the light emission of noble metal surfaces, is studied as a function of
the tunneling parameters. We have focused on the interpretation of the slow de-
cay of the light intensity towards the quantum cut-off for 1e processes, the over-
bias emission, and the quenching of luminescence after the maximum of the photon
yield. Also, the effects on the light emission properties due to the adsorption of ultra-
thin layers, on top of noble metal surfaces, are studied for two cases: Au islands on
Ag(111), and NacCl bi-layers on Au(111).

Third, the luminescence of electronically decoupled Cgy nanocrystals is charac-
terized. At positive bias above a certain threshold voltage, the spectral distribution
of the emitted light is dominated by a series of sharp resonances, that are unam-
biguously identified with molecular fluorescence of Cgy molecules. We show that
the emission type can be switched in a controlled way from plasmonic to molecular
with the tunneling parameters, in a fixed excitation position.

As a general remark, the results presented in this thesis contribute to the better
understanding of the opto-electronic properties of model systems, at the atomic and
molecular level.



Resumen

En esta tesis se estudian las propiedades electrénicas de los electrones de estado de

superficie en las cercanias de redes de difraccion unidimensionales; y las propiedades
opto-electronicas de sistemas metalicos, y emisores moleculares, incluidos en la nano-
cavidad plasmoénica de un microscopio de efecto tlnel operado a baja temperatura

y en ultra alto vacio. Esta tesis se puede dividir en tres bloques.

En primer lugar, se ha investigado la dispersion de los electrones del estado de
superficie de Cu(111) en las proximidades de los bordes de islas de moléculas de
TCNQ. Mediante técnicas basadas en la espectroscopia tunel, se ha encontrado que
la estructura de bandas de los electrones quasi-libres del estado de superficie de
Cu(111), esta formada por un conjunto discreto de bandas, que tienen su origen en
la difraccion de Bragg en los bordes de las islas de moléculas.

En segundo lugar, se ha estudiado la emisién de luz de superficies de metales
nobles, en funcion de los parametros tunel. El foco se ha puesto en la interpretacion
del decaimiento lento de la intensidad de luz cerca del corte cuéntico asociado a
procesos de un electron, en la region de emisidn por encima del corte cuéntico, y en
el decaimiento de la intensidad de luz integrada mas alla de del maximo de eficiencia
de excitacion.

En tercer lugar, se ha caracterizado la luminiscencia de nanocristales de Cgp de-
sacoplados electronicamente. A voltajes positivos por encima de cierto valor umbral,
la distribucion espectral de la luz emitida estd formada por una serie de resonancias
estrechas, que han sido univocamente identificadas con la luminiscencia molecular
de moléculas de Cg. Hemos demostrado que se puede cambiar entre luminiscen-
cia molecular y plasménica de manera controlada mediante la modificacion de los
parametros tunel, en una posicién de excitacion fija.

Como comentario general, los resultados presentados en esta tesis contribuyen al
entendimiento de las propiedades opto-electronicas de sistemas modelo en la escala
de atomos y moléculas individuales.
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Chapter 1

Introduction

1.1 Motivation

The discretization of electronic energy levels, is a key ingredient towards the con-
trol of the electronic and light emission properties of nanostructures, which has
implications in the fields of nano-photonics, quantum optics, and quantum infor-
mation [1-3]. In this context, band structure engineering is a powerful strategy
to design and fabricate nano-materials with pre-defined opto-electronic function-
ality. While the light emission of metallic nanostructures is related to collective
excitations, i.e Surface Plasmon Polaritons (SPPs) and Localized Surface Plasmons
(LSPs), the light emission of semiconducting Quantum Emitters (QEs) such as single
molecules, molecular nanocrystals, or organic quantum dots, is related to excitons.

Due to the fast development of quantum technologies, the study of the coupling
between QEs and plasmonic nano-cavities is attracting a lot of attention. When the
size of the optical resonators is comparable to the dimensions of the QEs, the inter-
action between excitons and plasmons becomes stronger, giving rise to a quantum
coherently coupled system [4-6]. The study of these coherently coupled (plexcitonic)
systems is pushing the development of applications based on single photon emitters
[7], detection of single molecules [8], light energy harvesting [9], or photon-based
quantum technologies [10].

An ideal experimental technique to investigate the opto-electronic properties of
metallic and semiconducting nanostructures is the Scanning Tunneling Microscope.
The role of quantum size effects on the electronic structure [11, 12], as well as the
electro-luminescence induced by the tunnel current [13, 14], can be studied with
unbeatable spatial resolution at the single atom and molecule level. The driving
mechanism behind the high optical lateral resolution of STM induced luminescence
(which is far beyond the Abbe diffraction limit [15]) relies on the local character of
the tunnel current as an excitation source, and the spatial confinement of the electro-
magnetic fields inside the tunnel junction, which behaves as a plasmonic nanocavity,
due to the close proximity between the tip and the sample. Since the tip-sample dis-
tance can be controlled with sub-angstrom precision, the coupling strength between
a QE and the plasmonic cavity modes can be tuned. Thus, the weak and strong
coupling regimes of coherently coupled systems can be accessed in a unique experi-
ment. Also, the frequency of the plasmonic resonances can be detuned with respect
to the frequencies of the QEs by controlled tip forming procedures, which change
the plasmonic response of the nanocavity. Therefore, STM offers a rich playground
to study the opto-electronic properties of entangled plasmon-exciton systems, where
the coupling strength and detuning can be accurately controlled.

Alongside with the mentioned applications, the basic knowledge of light-matter
interactions of nanostructures, plays a fundamental role in a wide range of fields
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such as optical nano-antennas, solar-energy-harvesting, display technology, sensing
and catalysis, or bio-medicine, just to mention a few.

1.2 Outline of the Thesis

This thesis is organized as follows:

Chapter 2 is divided in two parts. In the first part, a brief theoretical introduction
to understand the working principles of STM is made. The tunnel current flowing
between the tip and the sample is described within the Tersoff-Hamann approxi-
mation, and the scanning procedures to obtain topography-related images are pre-
sented. Scanning Tunneling Spectroscopy (STS) naturally arises as a method to mea-
sure the Local Density of States (LDOS), by taking the derivative of the described
tunnel current. The second part of the chapter deals with the light emission of a
model STM tunnel junction. To understand the physical origin of the emitted light,
some basic concepts of plasmonics are reviewed, namely, Localized Surface Plas-
mons (LSPs), and Surface Plasmon Polaritons (SPPs).

In Chapter 3, the experimental facilities of the Photon STM laboratory held at
IMDEA Nanoscience are presented, focusing on the Ultra High Vacuum (UHV)
Low Temperature (LT) Scanning Tunneling Microscope (STM). Special importance
is given to the design and functionality of the optical set-up to detect the light
emitted from the tunnel junction, that has been built from scratch during the first
years of this thesis. The spectrometer, the Charge-Coupled-Device (CCD), and the
Avalanche-Photon-Diode (APD), used to analyze the outcoming beam of light, are
briefly discussed. Also, the tip fabrication procedures used to electrochemically etch
W and Au tips suitable for light emission experiments are described.

In Chapter 4, the scattering of Cu(111) surface state (SS) electrons near the edges
of TCNQ islands is studied. The results are compared with the interference at the
bare Cu(111) atomic-height step edges. The dispersion relation of the SS electrons is
investigated by two STM-related techniques. First, the band structure along the di-
rection perpendicular to the molecular edges, is experimentally obtained by taking
the 1DFFT of d1/dV spectra at increasing distance from the edge of molecules. Sec-
ond, the momentum transfer space is analyzed by taking the 2DFFT of lock-in maps
revealing the standing waves distribution near the the edges of the TCNQ islands.
We introduce a simple model based on Bragg scattering of SS electrons with a 1D
periodic array of scatterers, to explain the experimental data. It is demonstrated that
our model predicts the quantization of the parallel component of the momentum
near the edges of the TCNQ islands, and therefore the appearance of a discrete set
of energy bands.

The plasmonic response of metallic tunnel junctions is investigated in Chapter
5. In the first part of the chapter, the role of the tip shape, and the dependence
of the light emission on the tunnel current and bias voltage, are studied. Then, we
propose a simple model based in Fermi statistics, that is used to understand the slow
decay of the spectra towards the quantum cut-off for 1e processes, the increase of
light intensity with the voltage, and the over-bias emission. In the second part of
the chapter, the spatial modifications of the plasmonic excitation efficiency of noble
metal surfaces are investigated. Also, the changes in light emission induced by the
growth 2D layers on top of noble metals are studied for two systems: Au islands on
top of Ag(111), and NacCl bi-layers on top of Au(111).
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In Chapter 6, the light emission of electronically decoupled fullerene nanocrys-
tals is studied. Under adequate conditions, the spectral distribution of the emitted
light consists of a series of narrow emission lines, which are compared with Raman
spectroscopy from the literature, revealing the excitonic nature of the luminescence.
We then propose a model to explain the observed sharp voltage threshold for molec-
ular luminescence at positive polarity, and the plasmonic emission at negative bias.
Afterwards, the evolution of the light emission with the tunnel current is tracked,
where a transition between plasmonic and molecular luminescence is also observed,
as for the bias voltage. Finally, the local modifications of the molecular fluorescence
are investigated.

The general conclusions of this thesis are written in English in Chapter 7, and in
Spanish in Chapter 8.



Chapter 2

Scanning Tunneling Microscopy
and Light Emission

In this chapter, the basic principles concerning Scanning Tunneling Microscopy
(STM) and Scanning Tunneling Luminescence (STL) are shown. Based on the work
by Bardeen a simple expression for the tunnel current within the Tersoff and Hamann
approximation is presented. General understanding of STM data naturally arises
from interpretation of the tunneling current expression. The two methods for pro-
ducing topography related images with a Scanning Tunneling Microscope are re-
viewed, namely, the constant current and constant height modes. It is emphasized
that the produced images are not a simple reproduction of the samples topography
but a convolution of its physical corrugation and electronic properties. Afterwards,
it is shown how the LDOS energy dependence, and therefore the electronic prop-
erties of the system, may be tracked by means of Scanning Tunneling Spectroscopy
(STS). Also, the not so common use of STM as a local probe technique for the study
of light emission is presented. Surface Plasmon Polaritons (SPP) and Localized Sur-
face Plasmons (LSP) are introduced as key concepts to understand the light induced
by inelastic tunneling electrons in the tip-sample nanocavity. Finally, the versatility
of STM as a multi functional technique to study the electronic and optical properties
of surfaces is stressed.

2.1 Scanning Tunneling Microscopy

Scanning Tunneling Microscopy (STM) is a local probe experimental technique to
study surfaces at the atomic scale. Since its invention in 1981 by G. Binning and H.
Roher at IBM Zurich [16] it has become one of the most successful and worldwide
used surface science techniques. The discovery earned its authors the noble prize in
1986. A Scanning Tunneling Microscope (for now on also denoted STM as the cor-
responding technique) is in essence formed by a sharp metallic tip used as a mobile
electrode, the probe, and a conducting substrate, the sample under analysis. The
tip is usually placed at a distance of few Angstroms from the substrate and a bias
voltage is applied between the two electrodes, as schematically presented in figure
2.1 a). The corresponding energy diagram for a positive bias, Vs = 0, is depicted
in figure 2.1 b). In this figurative configuration, the occupied part of the electronic
Density Of States (DOS) corresponds to the gray shadowed areas, up to the Fermi
level, Eg, after which, all states are empty until the vacuum level, E,;, is reached.
The tip and sample work functions are f; s respectively.
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Figure 2.1: STM tunnel junction. a) Schematic representation of the tunnel junction in a
STM where a bias voltage, Vias, IS applied between the tip (green electrode) and sample
(silver electrode). b) Energetic scheme of the tunnel process for electrons going from the tip
to the sample.

Following classical mechanics no current would be detected in such scenario
since the two electrodes are separated by the vacuum and form an open circuit.
However, due to the short distance between tip and sample electron tunneling can
take place and in such case a current is detected, namely the tunnel current I;. The
guantum mechanical tunneling effect is depicted in figure 2.2 for an electron travel-
ing in one dimension (1D). In this illustration regions (I) and (l11) represent the tip
and sample, where the electron is assumed to move freely, and region (ll) the vac-
uum gap. The electron, represented by its wave vector j(x), with energy below the
potential barrier Uy, travels from left to right.

A

U(x) U
o) () (I (1)
\\/\/\/\/\/\
x=0 x=L

>
>

X

Figure 2.2: Quantum tunnel effect. An electron represented by its wave function j(x) with
energy lower than Uy is able to traverse the potential barrier of width L due to the quan-
tum mechanical tunnel effect. The probability of finding the electron inside the classically
forbidden region (I1) decays exponentially with the distance.

For this text book problem the probability of finding the electron inside region
(1) is not zero and is obtained from the transmission coefficient by solving the cor-
responding 1D time independent Schrodinger equation

h h2 2

i
s U0 100 = Ef(X) ey
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where E is the electron energy and U(x) the one dimension potential of figure 2.2.
Since the barrier divides space in three inequivalent parts, the solutions for each
region are given by

8 . .
Sji(x) =ekX+re kx jf x<L

JO)=_Jn(x) = Ae*+Be * if 0<x<L (22)
_j|||(X):teik1X if x>1L

in which k; and k, are the wave numbers related to the energy by

s s
ky = ZE"ZE; ky = 2m(L;102 E) 2.3)
In region (I) the electron is described by a combination of two plane waves, one
traveling rightwards and the other leftwards (reflected electron) with amplitude r.
Only one wave with amplitude tis considered in region (I11) because there is no other
reflecting interface. Inside the potential barrier, region (1), the solution consists of
an evanescent wave. This already points that the probability of finding the electron
inside the classically forbidden region decays exponentially with the distance to the
wall. Continuity conditions of the wave functions and their derivatives at x = 0 and
X = L implies that s
%1 +r=A+B
Agikel 4 Be kel = teikil
ki@ 1) =ko(A B)
- kZ(AeikzL Be ikzL) — klteile

(2.4)

Solving the set of equations 2.4 for the transmission amplitude yields a transitivity
of
T = jti2 = 4kzk?
1D = = -

4k2Kk3 + (k3 k3) sinh(k,L)
For E > U the transmissivity reaches unity in the asymptotic limit, whereas for
E < Uy it decays exponentially. If considering a strongly interacting barrier, i.e
weak tunneling, kL >> 1, and then

(2.5)

Tip € 2ol (26)

One of the fundamental aspects of STM can already be extracted from equation
2.6. The transmission of electrons through the barrier exponentially decays with
the width of the barrier, which is the vacuum gap for STM.

2.1.1 Tersoff and Hamann Model

A model to describe the tunnel current for vacuum tunneling between a real solid
surface and a model probe was developed in 1983 by Tersoff and Hamann [17]. In
first order perturbation theory the tunnel current can be expressed as

2pe . .
IT - % f(Em)[l f(En eVbias)]J Mm,njzd(Em En) (2'7)

m,n

where f is the Fermi-Dirac distribution, V,,s is the applied bias voltage, and Ep
are the energies of the states jn, from the tip and sample respectively. My, , are the



8 Chapter 2. Scanning Tunneling Microscopy and Light Emission

matrix elements between states of the probe and the surface which Bardeen showed

to be [18] 7
2

) . h . o
JMm,nJ:% BSsJn¥in Jn¥iy) (2.8)

where the surface integral is performed over a surface plane separating the volume
of the tip and the sample. At low bias and low temperature, the largest contribution
to the tunneling process mainly occurs for electrons at the Fermi level, therefore
En = Er and E, = Ef, so that the tunnel current can be approximated by

It =€V jMpaj?d(En  EF)d(E, Ef) (2.9)

m,n

The difficulty to calculate the current from equation 2.9 lies on the evaluation of the
matrix elements. In the Tersoff-Hamann model this is done by considering the tip as
a locally spherical potential well (s-wave approximation) of radius R and center of
curvature £y, placed ar a distance d of nearest approach to the surface. Under these
assumptions the tunnel current can be expressed as

It VrEp)k “e*R jjn(ro)j%d(En  Er)
n
(2.10)
k=q2mf/ﬁ2

where k is the decay constant (analog to k, from the previous example), F is the work
function of the tip and sample (assumed to be equal), and r{(Eg) is the tip DOS per
unit volume at the Fermi level. The summation term on equation 2.10 is by definition
the sample Local Density of States (LDOS), rs(ro, EF), and since the corresponding
wave functions decay exponentially into the vacuum, rs(ro, EF) exp[ 2k(R +d)],
and consequently

It Ve 2d (2.11)

Thus the tunnel current is roughly speaking proportional to the bias voltage and de-
cays exponentially with the tip to sample distance. Even though equation 2.11 has
been derived with many assumptions (zero temperature, low bias and s-wave ap-
proximation) it is a useful rule of thumb to qualitatively understand how the tunnel
current changes when varying the gap voltage or the tip-sample distance.

2.2 Imaging Modes

One of the most notorious capabilities of Scanning Tunneling Microscopy is to pro-
duce topography related images with atomic resolution. To this purpose the tip
electrode is scanned over the sample while recording the variations of one tunneling
parameter (tunnel current or gap distance) with the other two kept constant at each
spot of the topography. The high lateral resolution achieved on STM comes from
the very precise movement of the tip, which is done by piezoelectric materials (for
a more detailed description go to chapter 3), and the local character of the tunnel
current. There exist two operating modes: the constant height and constant current
modes. In the first one, the tip to sample distance is kept constant while record-
ing the tunnel current variations at each topography spot at a given voltage. In the
second method, the tunnel current is kept constant at each point and the tip height
variation is recorded also at a fixed voltage.



2.2. Imaging Modes 9

a) b)
| I

t t |

————————

ﬂ z
Z,

X X

>

>

Figure 2.3: Imaging modes. a) Constant height mode. The tip is scanned over the surface
at a fixed height zg while recording the tunnel current at a fixed bias. The tunnel current is
bigger in the upper terrace than in the lower one because the gap distance is shorter. Images
produced in this way represent variations of the tunnel current over the surface at a fixed
tip height. b) Constant current mode. For the tunnel current to be constant while scanning
the surface at a certain voltage, the circuit is closed by a feedback loop controller so that the
tip-sample distance is adjusted at each point. Images produced in this way represent tip
height variations at constant LDOS.

Figure 2.3 a) illustrates a scan line in the x direction perpendicular to a surface
step in the constant height mode. Because the tip height is constant, z = z;, the gap
distance is reduced when the tip is at the upper terrace, and therefore from equa-
tion 2.11 the tunnel current increases. Following this method, images are produced
by plotting the tunnel current variations as a function of the tip position over the
sample plane. However this acquisition mode has the potential risk of tip crash-
ing when scanning corrugated samples. To overcome this issue, images are usually
recorded in the constant current mode. The same scan line as in the previous case
is shown in figure 2.3 b) for the constant current mode. Since now the tunnel cur-
rent is kept constant, I+ = I, the tip height has to be adjusted at each topography
point. The current set by the experimentalist is also referred to as current set point.
Images produced by this method consist on plotting the variations of the tip height
over the surface plane at a given tunnel current and bias voltage. Because the tip
follows the corrugation of the sample, images produced in this way are usually re-
ferred to as "topography" images. Nevertheless it is important to keep in mind that
the corrugation followed by the tip does not come exclusively from the topography
but also from the electronic structure. Strictly speaking the images produced in the
constant current mode represent the tip height variations at a constant LDOS. All the
topography images shown in this Thesis are recorded in the constant current mode.
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Figure 2.4; Scheme of the feedback loop circuit in a STM. Illustration of the feedback loop
circuit in the STM. The tunnel current enters the feedback loop controller which adjusts the
tip height at each topography point to keep constant the set point value.

A schematic illustration of the feedback loop circuit used to keep constant the
tunnel current while scanning is shown in figure 2.4. The parts inside the blue
shaded square are located inside the STM chamber (see chapter 3) and the rest are
outside. First, for a given bias voltage, the tip height is regulated so that the tunnel
current matches the one chosen by the experimentalist. Afterwards, the tip scanning
begins. At each point of the topography the tunnel current is measured and if it
has changed with respect to the previous point, the tip height is corrected until it
matches again the set point. The feedback loop forms a closed circuit in which the
tip height is constantly regulated through the whole image.

2.3 Scanning Tunneling Spectroscopy

In this section it is presented how the LDOS can be probed by means of Scan-
ning Tunneling Spectroscopy (STS). Generally speaking it consists on recording the
derivative of the tunnel current while ramping the bias voltage. STS is a very pow-
erful technique that allows to probe the LDOS for occupied and empty states within
the same experiment, thus enabling to study the conduction and valence bands. It
can for example be used to measure surface, interface, or image states of 2D samples,
energy gaps, molecular orbitals of adsorbed organic molecules and compounds, or
localized energy levels of nanostructures such as quantum dots, just to mention
some examples. One of the big advantages of STS is that since the tip is a mobile
electrode, not only the energy dependence of the LDOS can be tracked, but also its
spatial dependence with atomic resolution. As will be seen in chapter 4 this char-
acteristic can be further exploited to obtain information of scattering processes and
band structure determination locally. In the following, a demonstration of the pro-
portionality between the LDOS and the derivative of the tunnel current is given.

The Tersoff-Hamann theory provides a good qualitative understanding of the
tunnel current behavior. However, the low bias voltage limit consideration is often
violated in STM experiments. It has to be taken into account that at higher voltages
tunneling occurs for electrons with energy Er up to Ef  eV. Equation 2.10 was
generalized by N. Lang integrating over the available energy range [19]

Z ov
It dEr{(E eV)rs(ry, E) (2.12)
0

where the zero of energy has been set at the Fermi level for simplicity. Because not all
states have the same probability to traverse the vacuum potential barrier the sample
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LDOS is usually expressed as follows
rs(fo,E) rs&,E)T (2.13)

in which ¥ is the projection of the tip position vector over the sample plane, and T
is the transmission factor that takes into consideration the different tunneling prob-
ability of the states.

Since the tunneling problem is not restricted to 1D, equation 2.6 for the transmis-
sion factor can be generalized to 3D by subtracting the energy of the electron motion
in the surface plane, due to the band structure of the electrodes [20]. Following the
free electron approximation, (see Chapter 4) the energy becomes

E=E E=E h2k2 (2.14)
k 2m K '
where E' is the energy associated to the perpendicular motion of the electrons, and
E is the total energy. Therefore, by inserting equation 2.14 into equation 2.6, the
transmissivity reads

h r i
m
T(d,E,V, k) =exp 2d ?(fs +fi+eV 2E)+kE (2.15)

where an average potential barrier has been considered, Uy = 1/72(F; + fs + eVjjas),
to take into account that the potential barrier is not square [figure 2.1 b)]. An im-
portant consequence of the electronic motion parallel to the surface plane, is that the
probability to traverse the tunnel barrier depends on the parallel component of the
momentum.

From the generalized expression for the transmission factor, the tunnel current
can be written as follows

ZeV
It . dEry(E  eV)rs(r,E)T(d,E, V, k) (2.16)

Equation 2.16 expresses that the tunnel current is proportional to the LDOS of the
sample for all states included in the energy window opened by the bias voltage,
weighted by the DOS of the tip, and the transmission factor. It is important to notice
that not all electrons have the same contribution to the tunnel current, as seen from
equation 2.15. Electrons with low k, values, which originate from states at the Bril-
louin zone center, have a larger contribution due to their increased transmissivity.
Also, at higher energies the transmission coefficient becomes larger and the tunnel
current decreases.

The behavior of the tunnel current with the bias voltage is schematically repre-
sented in figure 2.5.
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Figure 2.5: Voltage dependence of the tunnel current. Energy diagrams of the tunnel junc-
tion of a STM for three bias voltage cases. The arrows represent the tunnel current, and their
sizes the corresponding magnitude depending on the energy. a) For V = 0 the Fermi levels
of both electrodes are aligned and there is no net flow of electrons. b) At negative voltage,
electrons flow from the occupied states of the sample to the empty states of the tip. ¢) When
the bias is positive, electrons flow from the occupied states of the tip into the unoccupied
states of the sample.

When no voltage is applied between both electrodes [figure 2.5 a)], no net current
is detected because the Fermi levels are aligned, preventing electrons from tunnel-
ing. In the case that a finite voltage V is applied, the tip and sample Fermi levels
separate in energy by eVyias, and tunneling becomes possible. Depending on the bias
polarity, electrons will flow in one ore another direction. If the voltage is positive
[figure 2.5 b)], the Fermi level of the tip crosses the Fermi level of the sample, and
electrons flow from occupied states of the tip to empty states of the sample, probing
the empty states of the sample. For negative voltages [figure 2.5 ¢)], the Fermi levels
unbalance in the opposite direction, and electrons flow from occupied states of the
sample into empty states of the tip, thus probing the samples occupied states. The
process at negative polarity, can also be visualized as tunneling of holes from the tip
to the sample.

Since all states in the eV, energy window contribute to the final value of the
tunnel current, it is not straight forward to extract information of the LDOS of the
sample at each energy. Despite of this, the LDOS of the sample at each energy can
be accessed performing the derivative of equation 2.16. By assuming a featureless
tip DOS and a weak energy dependence of the transmission factor, the derivative of
the tunnel current reads

dl+

dE rs(f,E)T(d,E,V,ky) (2.17)

which directly proportional to the LDOS of the sample.

2.3.1 The Lock-in Amplifier

Since the tunnel current in a STM experiment is a small quantity, usually in the pA-
nA regime, its derivative is experimentally obtained by means of a lock-in amplifier
to increase the signal to noise ratio. In a general sense, lock-in amplifiers are used
to measure the amplitude and phase of an electrical oscillating signal. The input
signal that wants to be measured is probed by a periodic reference and the result is
measured by the lock-in amplifier with respect to it. The general scheme indicating
the different stages of a lock-in amplifier in a STS experiment is shown in figure 2.6.
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Figure 2.6: Lock-in scheme. Schematic representation of the different stages in a lock-in
experiment. Vsiq(w, t) is the signal that wants to be analyzed and Vit (w, t) is the reference.

In the first stage, the bias voltage is modulated by a reference signal
Viet (W, 1) = Vg Sin(wt + a) (2.18)
of frequency w, phase a, and amplitude Vo4, SO that it becomes an AC signal
Vac(t) = Vhias + Vinod Sin (wt) (2.19)

Vhias 1S Now the DC component around which the time dependent voltage V,.(t) os-
cillates. Due to the modulation of the bias voltage, the tunnel current also oscillates
at the reference frequency, I+ ¥ I(w,t). Since the amplitude of the voltage modula-
tion is in the mV range, tunneling can still be considered at a fixed voltage value of
Vhias, @and the oscillating tunnel current can be expanded in Taylor series as follows

1 » dl V H
I[Vhias + Vimod SiIN(Wt)]  1(Vhias) + (d\t;las)

dv?

(2.20)
V2 gsin?(wt) + ...

where the third term can be safely neglected because Vg << 1.

In the second stage, the time dependent tunnel current is passed through a pre-
amplifier where itis amplified and converted to a voltage signal, Vsig(w, t) = Gl(w, t),
where G is the amplification factor.

The third stage corresponds to the multiplication of the voltage signal, Vsig, by
the reference signal, V,.¢. The resulting expression follows

. V2 Al (Vpi
Vsig Vref i I(Vbias)Vmod Sm(Wt + a) + %Od Cos(a)(d\t}m)

, (2.21)

Vmod dl (Vbias)

+
> y; cos(2wt + a)

The last stage consists on passing the product of the two signals through a low
pass filter, typically with the cut-off frequency at w/2. After it, all oscillating terms
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at frequencies higher than half the reference frequency are filtered, and the resulting
signal reads

dl (Vbias)

dv

The output of the lock-in amplifier is a signal that is proportional to the derivative of
the tunnel current, that following equation 2.17, is proportional to the LDOS of the
sample. Therefore, the LDOS of the sample can be experimentally obtained follow-
ing a lock-in scheme.

Note that the product of the two signals also depends on the relative phase be-
tween the signal and the reference through the cos a term, which means that the sig-
nal can be maximized by adjusting the phase between both signals (phase shifter).
Because of this, the lock-in technique is also referred to as phase sensitive detection.

An intuitive illustration of how the derivative of the tunnel current can be ob-
tained by modulating the bias voltage is depicted in figure 2.7.

V2
Visig Vrer ~ %"dcos(a) (2.22)

It A V -
Vs:‘;g
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1
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-
dv
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Figure 2.7: Tunnel current response to voltage modulation. When the bias voltage is mod-

ulated by an oscillating reference signal (black sine waves) the tunnel current also becomes
periodic with the same frequency (blue sine waves). Since the resulting amplitude, Vsli'gz'3,
depends on the slope of the It versus V curve (red plot), the product of both signals is pro-
portional to the derivative of the tunnel current (blue curve).

The red graph at the left represents an example of the tunnel current as a function
of the bias voltage. The black sinusoids correspond to the modulated bias voltage
from equation 2.19, and the blue ones to the tunnel current response, with ampli-
tudes given by V2. It is observed that the amplitude of the modulated current
becomes larger for rapid changes of the tunnel current, as plotted in the blue shaded
graph in the right hand side. Since the amplitude is dependent on the slope of the

I+ versus V curve, it is therefore proportional to the derivative of the tunnel current.

2.3.2 Elastic and Inelastic Tunneling

So far, only elastic processes in which energy is conserved in the tunneling process
have been considered. However, part of the energy of the tunneling electrons may be
lost inside the tunnel barrier, due to electron interactions with elementary excitations
[20]. Therefore, two types of tunneling can be distinguished, elastic and inelastic.
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These two transitions are represented in the schematic illustration of figure 2.8 a).
For elastic tunneling, the electron traverses the vacuum barrier and appears in the
other electrode with the same energy as a "hot electron”, which further relaxes to the
Fermi level. In the case of inelastic tunneling, a quantum of energy, E = hw, is lost
inside the vacuum gap and the electron appears in the other electrode with a lower
energy.

The bias voltage dependence of the tunnel current for an inelastic transition is
shown in figure 2.8 b). Starting from zero bias, the tunnel current increases linearly
with the voltage until the energy of the excitation is reached. At the corresponding
threshold bias, V,;,s = hw/e, the inelastic channel opens up so that more electrons
can tunnel, and the current increases, which is traduced in a kink in the I+ versus
Vhias cUurve. Since the fraction of inelastic tunneling electrons is very small, typically
speaking less that 1%, the second derivative of the tunnel current is taken to stress
the kink. As shown in the graph, the fingerprint of inelastic tunneling is an anti-
symmetric peak in the second derivative of the tunnel current at the energy of the
excitation, because inelastic processes can occur for both senses of the tunnel cur-
rent. These excitations can be very diverse, going from individual processes such
as molecular vibrations [21], or collective modes such as phonons, or plasmons [22].
However, detection of such processes becomes a hard task due to their low contri-
bution to the tunnel current, and entanglement with elastic transitions.

A different way to study inelastic processes in STM is by analyzing the light
emitted by the tip-sample nanocavity while tunneling. This technique is usually
termed Scanning Tunneling Luminescence (STL). To this purpose a light collection
system has to be implemented in the STM, to collect the emitted light (see chapter 3).
Since by definition the detected light is produced by the loss of energy of tunneling
electrons, STL is thus a technique which is sensitive to inelastic processes.

a) b)

L -hw +hw
\ _:_ ///

—_Flastic
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Figure 2.8: Inelastic tunneling. a) Energy diagram for elastic and inelastic tunneling. In the
first case, energy is conserved during the tunneling process, whereas in the second one, a
guantum of energy, hw, is lost inside the vacuum barrier. b) Schematic representations of
the tunnel current, first, and second derivatives, as a function of the bias voltage.
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