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Abstract

The present thesis deals with the electronic structure, work function and single-
atom contact conductance of Pb thin films, investigated with a low-temperature
scanning tunneling microscope.

The electronic structure of Pb(111) thin films on Ag(111) surfaces is inves-
tigated using scanning tunneling spectroscopy (STS). Quantum size effects, in
particular, quantum well states (QWSs), play a crucial role in the electronic and
physical properties of these films [1, 2]. Quantitative analysis of the spectra yields
the QWS energies as a function of film thickness, the Pb bulk-band dispersion in
Γ -L direction, scattering phase shifts at the Pb/Ag interface and vacuum barrier
as well as the lifetime broadening at Γ̄ .

The work function φ is an important property of surfaces, which influences cat-
alytic reactivity and charge injection at interfaces. It controls the availability of
charge carriers in front of a surface. Modifying φ has been achieved by deposition
of metals and molecules [3, 4]. For investigating φ at the atomic scale, scanning
tunneling microscopy (STM) has become a widely used technique. STM mea-
sures an apparent barrier height φa [5], which is commonly related to the sample
work function φs by [6]: φa = (φs +φt −|eV |)/2, with φt the work function of the
tunneling tip, V the applied tunneling bias voltage, and −e the electron charge.
Hence, the effect of the finite voltage in STM on φa is assumed to be linear
and the comparison of φa measured at different surface sites is assumed to yield
quantitative information about work function differences. Here, the dependence
of φa on the Pb film thickness and applied bias voltage V is investigated. φa is
found to vary significantly with V . This bias dependence leads to drastic changes
and even inversion of contrast in spatial maps of φa, which are related to the
QWSs in the Pb films. It is shown how accurate quantitative information about
work function differences can be obtained and how these differences depend on
the QWSs in the Pb thin films.

The electron transport properties and mechanical characteristics of atom-sized
metallic contacts are of fundamental interest in view of future nanoscale device
technologies. Proximity probes like STM, metal break junctions, and related
techniques, together with computational methods for simulating tip-sample inter-
actions, have made it possible to address this question [7]. While the importance
of atomic structure and bonding for transport through single-atom junctions has
repeatedly been emphasized, investigations of the influence of subsurface bond-
ing properties have been rare [8, 9]. Here, the contact formation of a STM tip
approaching Pb(111) thin films supported on Ag(111) substrates is investigated.
Contacts on monolayer films are found to differ from contacts made on thicker Pb
films. This behavior is explained in terms of different vertical bonding-strengths
due to a charge-transfer induced surface dipole. Furthermore, the single-atom
contact conductance on Pb(111) films beyond the first monolayer is determined.
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It is shown that analyses based on hitherto widely used conventional conduc-
tance histograms [10] may overestimate the single-atom contact conductance by
as much as 20%.
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Zusammenfassung

Die vorliegende Dissertation befasst sich mit der elektronischen Struktur, der
Austrittsarbeit und der Einatomkontaktleitfähigkeit dünner Pb Filme, welche
mit einem Tieftemperatur-Rastertunnelmikroskop untersucht wurden.

Die elektronische Struktur von dünnen Pb(111) Filmen auf Ag(111) Oberflä-
chen ist mittels Rastertunnelspektroskopie (RTS) untersucht worden. Quanten-
effekte, insbesondere Quantentrogzustände (QTZ), haben einen entscheidenden
Einfluss auf die elektronischen und physikalischen Eigenschaften von diesen Fil-
men [1, 2]. Die quantitative Analyse der Spektren ergibt die Quantentrogzustands-
energien in Abhängigkeit der Filmdicke, die Dispersion der Pb Volumenzustände
in Γ -L Richtung, die Streuphasen am Pb/Ag Übergang und der Vakuumbarriere
als auch die Lebensdauerverbreiterung der QTZ am Γ̄ -Punkt.

Die Austrittsarbeit φ ist eine wichtige Kenngröße von Oberflächen, welche
Einfluss auf das katalytische Reaktionsvermögen und den Ladungsübergang an
Grenzflächen hat. Sie beeinflusst maßgeblich die Verfügbarkeit von Ladungsträ-
gern dicht vor der Oberfläche. Eine Veränderung von φ kann durch das Aufbrin-
gen von Metallen und Molekülen erreicht werden [3, 4]. Für das Vermessen von
φ auf atomarer Skala ist mittlerweile die Rastertunnelmikroskopie (RTM) eine
weit verbreitete Technik. RTM misst eine scheinbare Barrierenhöhe φa [5], welche
weithin zur Austrittsarbeit der Probe φs wie folgt in Beziehung gesetzt wird [6]:
φa = (φs + φt − |eV |)/2, wobei φt die Austrittsarbeit der Tunnelspitze, V die
angelegte Tunnelspannung, und e die Elementarladung darstellt. Folglich wird
der Einfluss der Tunnelspannung in der RTM auf φa als linear angenommen.
Weiterhin wird angenommen das φa Messungen, welche auf unterschiedlichen
Oberflächenbereichen vorgenommen wurden, quantitative Aussagen über Aus-
trittsarbeitsunterschiede zulassen. Die Abhängigkeit von φa von der Pb Filmdicke
und der angelegten Tunnelspannung V soll hier untersucht werden. Es wird ge-
zeigt, das φa als Funktion von V in signifikanter Weise nicht-linear variiert. Diese
Spannungsabhängigkeit führt zu drastischen Veränderungen bis hin zu Kontras-
tinversionen von räumlichen Karten der scheinbaren Barrierenhöhe φa, welche
mit den QTZn in den Pb Filmen in Verbindung stehen. Es wird gezeigt, wie eine
korrekte quantitative Bestimmung der Austrittsarbeitsdifferenzen vorgenommen
werden kann und wie diese Differenzen von den QTZn in den dünnen Pb Filmen
abhängen.

Die Transporteigenschaften von Elektronen und die mechanischen Charakte-
ristiken von atomaren metallischen Kontakten sind hinsichtlich zukünftiger na-
noskaliger Bauteiltechnologien von fundamentalem Interesse. Näherungssonden
wie die RTM, mechanisch-kontrollierte metallische Bruchkontakte und artver-
wandte Techniken, zusammen mit computergestützten Methoden zur Simulati-
on von Spitze-Probe Wechselwirkungen haben es ermöglicht, sich dieser Frage-
stellung anzunehmen [7]. Während der Einfluss der atomaren Struktur und der
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Bindungseigenschaften auf den Elektronentransport durch Einatomkontakte wie-
derholt betont wurde, gibt es bis dato wenige Untersuchungen über den Einfluss
der Bindungscharakteristiken dicht unterhalb der Oberfläche der Kontaktstelle
[8, 9]. In dieser Arbeit wird die Kontaktbildung zwischen einer RTM Spitze und
den auf Ag(111) aufgebrachten Pb(111) Filmen untersucht. Kontakte auf Pb Mo-
nolagen (ML) unterscheiden sich von Kontakten auf dickeren Pb Filmen. Dieses
Verhalten lässt sich mittels der Unterschiede in den vertikalen Bindungskräften
verstehen, welche auf ladungstransferinduzierte Oberflächendipole beruhen. Des
Weiteren wird die Einatomkontaktleitfähigkeit auf den dickeren Pb(111) Filmen
(ML > 1) bestimmt. Es wird gezeigt, das Untersuchungen, welche auf den bisher
weithin genutzten konventionellen Leitfähigkeitshistogrammen [10] basieren, die
Einatomkontaktleitfähigkeit zu 20% überschätzen können.
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CHAPTER 1

Introduction

As anyone who has suffered from a rusting car knows, surface processes play a

significant part in our lives: corrosion on the car body, friction in the wear and

tear on the engine, catalysis in the petrol refining, all occur at surfaces [11].

Control of such processes by tailoring functionalized surfaces at the nanometer

scale is one of the goals of the so-called nanotechnology. In particular, control of

the charge density on a metal surface makes it possible to tune its catalytic reac-

tivity [12] and research in this field may lead to improvements of the effectivity

of, e.g., anti-corrosive protections, and of the production of industrially impor-

tant chemicals. However, before elaborate surface morphologies with the desired

functionalities can be tailored, a thorough understanding of the functionalities

of clean, perfect surfaces must be accomplished.

Among all the metal species, ultra-thin Pb(111) films have attracted vast at-

tentions. Prominently, it has been found that the electron Fermi wavelength λF

of Pb is nearly four times the lattice spacing along the [111] direction, hence

most physical properties of Pb(111) films such as, e.g., the electrical resistivity,

superconducting transition temperature, Hall coefficient, surface energy, work

function, electron-phonon coupling, and chemical reactivity, all oscillate with

the thickness in a quasi bilayer period [1, 13–19]. The thickness selectivity of

chemical surface processes on the Pb(111) films has been evidenced by adsorp-

tion experiments of O2 and cobalt-phthalocyanine (CoPc) molecules as probes of

the chemical reactivity [19, 20]. However, it is desirable to gain information on

the chemical reactivity of a certain surface morphology without the need of ad-

sorption experiments. The work function φ of a metal surface, which controls the

1
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availability of charge carriers in front of a surface, contains the necessary informa-

tion to improve our understanding of such chemical surface processes. Scanning

tunneling microscopy (STM) measures an apparent barrier height φa [5], which is

commonly related to the sample work function φs by [6]: φa = (φs +φt −|eV |)/2,

with φt the work function of the tunneling tip, V the applied tunneling bias volt-

age, and −e the electron charge. Hence, the effect of the finite voltage in STM

on φa is assumed to be linear and the comparison of φa measured at different

surface sites is assumed to yield quantitative information about work function dif-

ferences. However, while the scanning tunneling microscope has become a widely

used tool for the investigation of φs at the nanoscale, controversial experimental

results concerning the voltage dependence of STM derived work functions have

been reported [21, 22] and the reliability and limitations of the STM derived φs

still remain unclear.

Another important aspect of nanotechnology is the development of future

nanoscale electronic devices. For example, in 2010 the 32-nm-process has been

employed by several semiconductor companies. Meaning that the typical half-

distance between identical features in an array of a memory cell is around 32 nm.

According to the international technology roadmap for semiconductors (ITRS)

it is expected that the 32-nm-process will be followed by the 22-nm-process in

2011/2012, and the 16-nm-process is expected to be reached in 2013/14. Hence,

the fast approach of technological devices to sizes comparable with their atomic

constituents makes a fundamental understanding of how such nanoscale struc-

tures behave in this realm of utmost importance. Therefore it is highly interest-

ing to investigate the electron transport through single atoms, as they represent

the smallest possible building blocks of such nanoscale circuitry. At the atomic

scale all common macroscopic knowledge about a materials properties becomes

invalid. The familiar Ohm’s law, from which we learn that the resistance of

a conductor scales proportional to its length, breaks down [7]. The reason is

that the distance an electron travels between two scattering events is typically

much larger than the atomic size. The electrons traverse an atom-sized conduc-

tor ballistically, and the resistance becomes independent of its length. In fact,

the character of the resistance changes conceptually and it is necessary to invoke

the wave nature of the electrons in the conductor for a proper description. The

chemical nature of the metallic element starts to play an essential role. As a
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consequence, while in the macroscopic world Au is a better conductor than Pb

by an order of magnitude, for conduction through a single atom, Pb beats Au

by a factor of ≈ 1.5 [7]. In addition to the chemical nature, the dependence of

the electron transport properties of such atom-sized conductors on the detailed

geometric structure and bonding properties of the constituent atoms has been

emphasized [7]. However, investigations of the influence of bonding on the elec-

tron transport for well characterized conductor geometries have been rare [8, 9]

and more work appears to be required for a thorough understanding of electron

transport at the single-atom scale.

This thesis is organized as follows. Chapter 2 gives an introduction to the basic

principles of STM and the experimental setup. In Chapter 3 an overview of

the growth and surface morphology of Pb thin films on Ag(111) is given. An

investigation into the electronic structure of the Pb thin films is presented in

Chapter 4. Quantum size effects, in particular, quantum well states (QWSs),

play a crucial role for the electronic properties of these films [1, 2]. A quantitative

analysis of scanning tunneling spectroscopy (STS) measurements yields the QWS

energies as a function of film thickness, the Pb bulk-band dispersion in Γ -L

direction, scattering phase shifts at the Pb/Ag interface and vacuum barrier as

well as the lifetime broadening at Γ̄ .

In Chapters 5 and 6 the voltage dependence of the relation between the ap-

parent barrier height φa and the work function of the sample φs is investigated.

The influence of the band structure of the sample, as well as the geometry of the

tip-sample junction are investigated in Chapter 5 using the noble metal (111)

surfaces as a reference system. Results for Pb/Ag(111) are presented in Chap-

ter 6. The dependence of φa on the Pb film thickness and applied bias voltage V

is investigated. φa is found to vary significantly with V . This bias dependence

leads to drastic changes and even inversion of contrast in spatial maps of φa,

which are related to the QWSs in the Pb films. It is shown how accurate quan-

titative information about work function differences can be obtained and how

these differences depend on the QWSs in the Pb thin films.

A detailed investigation of the impact of bonding on conductance measure-

ments of single-atom Pb contacts are presented in Chapter 7. The contact for-

mation of a STM tip approaching Pb(111) thin films supported on Ag(111)
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substrates is analyzed. Contacts on monolayer films are found to differ from

contacts made on thicker Pb films. This behavior is explained in terms of differ-

ent vertical bonding-strengths due to a charge-transfer induced surface dipole.

Furthermore, the single-atom contact conductance on Pb(111) films beyond the

first monolayer is determined. It is shown that analyses based on hitherto widely

used conventional conductance histograms [10] may overestimate the single-atom

contact conductance by as much as 20%.

Parts of this thesis have been published or are accepted for publication in peer

reviewed journals as indicated below:

• Chapter 4 has been published in large part as Scattering and lifetime broad-

ening of quantum well states in Pb films on Ag(111), M. Becker, R. Berndt,

Phys. Rev. B 81, 205438 (2010).

• Chapter 5 has been published as Influence of band structure on the apparent

barrier height in scanning tunneling microscopy, M. Becker, R. Berndt,

Phys. Rev. B 81, 035426 (2010).

• Chapter 6 has been published as Contrast inversion of the apparent bar-

rier height of Pb thin films in scanning tunneling microscopy, M. Becker,

R. Berndt, Appl. Phys. Lett. 96, 033112 (2010).

• Chapter 7 has been published as Conductance of atom-sized Pb contacts,

M. Becker, R. Berndt, New J. Phys. 12, 113010 (2010).



CHAPTER 2

Scanning Tunneling Microscopy

The experiments described in this thesis were all conducted under ultra-high

vacuum (UHV) conditions which is necessary to obtain well characterized sur-

faces. Additionally, to improve the spectroscopic resolution and for a reduction

of drift, measurements were performed at cryogenic temperatures. In this chap-

ter, a brief introduction to the experimental setup of the UHV system and the

scanning tunneling microscope is given.1 Furthermore, the basic experimen-

tal principle of scanning tunneling microscopy (STM) and scanning tunneling

spectroscopy (STS) and the various operational modes of the instrument and

acquisition methods used during this thesis are introduced. For a more detailed

description of STM and other scanning probe techniques, the interested reader

is referred to one of the many textbooks on this topic [24–29].

2.1 Experimental Setup

UHV System: Figure 2.1 shows a schematic drawing of the UHV system. The

STM chamber (green) on the left contains the cryostats and the scanning tun-

neling microscope, the chamber on the right (red) is the preparation chamber

(PREP chamber) which contains the usual vacuum science instruments for sam-

ple characterization and preparation. Additionally there is a loadlock (not visible

in Fig. 2.1) connected to the PREP chamber, such that tips, samples and evap-

1 A thorough specification can be found in the PhD thesis by J.U. Kliewer [23].

5
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STM chamber

PREP chamber

transfer rod

damping I

damping II

manipulator

STM viewport

Figure 2.1: Schematic overview of the UHV system (adopted from Ref. [23]).

orators can be introduced into the UHV system without breaking the vacuum.

Samples, tips and evaporators can be transferred between the STM and PREP

chambers by a magnetically driven linear translator (transfer rod). The entire

system is mounted on an aluminum frame which is placed onto pendulum air

dampers (Fig. 2.1, damping I).

The STM chamber is equipped with two cryostats, an inner 6 liter liquid

Helium cryostat and a 5 liter liquid Nitrogen cryostat surrounding the Helium

cryostat, thereby reducing thermal radiation. The STM is placed in a copper

stage which itself is tightly screwed to the bottom of the Helium dewar, thereby

providing a good thermal contact. This way a measurement temperature of

5 K for a period of ≈ 20 hours can be maintained. The top flange, which is

connected to the inner Helium cryostat, is vibrationally isolated from the rest

of the vacuum system through a membrane bellow which itself is kept from

collapsing by a second vibration isolation stage made of air dampers (Fig. 2.1,

damping II).

The PREP chamber is equipped with the following vacuum science instru-
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ments: a quadrupole mass spectrometer for residual gas analysis, a quartz micro

balance for evaporation monitoring and calibration, a LEED/Auger combination

for sample characterization and analysis, a 4 axes manipulator for sample heating

and cooling and precise positioning, a sputter gun for sample and tip cleaning.

All three chambers are evacuated with turbo molecular drag pumps which are

backed by rotary vane pumps and are equipped with cold cathode gauges for

measuring the pressure down to 2 · 10−11 mbar. The PREP chamber has an ad-

ditional titanium sublimation pump. During STM measurements all mechanical

pumps are shut down and separated from the PREP and STM chambers with

gate valves, and the vacuum is maintained by two ion getter pumps. With this

system, a base pressure below 5 · 10−10 mbar is reached in the PREP chamber

when pumped by ion getter pump, turbo molecular drag pump and Titanium

sublimation pump. A base pressure below (5 ·10−11 mbar) is reached in the STM

chamber when both dewars are filled with liquid Helium and liquid Nitrogen,

respectively, and the chamber is pumped by the ion getter pump.

Scanning Tunneling Microscope: Figure 2.2 shows a photograph of the scanning

tunneling microscope as it can be seen through the STM viewport (see Figure 2.1;

highlighted in yellow). In this setup, the movement of the scanning probe is

carried out by a horizontally mounted piezoelectric tube scanner (a) [23, 30, 31].

Ideally, the tip (b) is mounted, such that the tip-apex is close to the centerline of

the tube scanner, resulting in almost isotropic lateral (x,y) deflection constants.

At 5 K, the deflection constants are ≈ 30 Å/V in lateral direction and ≈ 5 Å/V

in vertical (z) direction. The precise deflection constants depend on the tip

geometry and the deflection of the tube scanner.

The sample (c) is mounted on the slider (d), which is used for the coarse

positioning of the sample in front of the tip. This coarse positioning is done

by a slip-stick drive, which consists of 3 piezoelectric tube drives (one of which

is shown in Fig. 2.2, (e) ) situated below the slider, and which also enables the

adjustment of the scanning angle between tip centerline and sample surface plane.

Electronics: The STM is controlled by commercial ECS digital electronics and

software. The current I between tip and sample is amplified and converted to a

voltage VI by a transimpedance amplifier (Femto DLPCA-200) with a variable
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a

b
c

de

Figure 2.2: Photograph of the scanning tunneling microscope: (a) horizontally
mounted piezoelectric tube scanner, (b) tip, (c) sample, (d) slider for the slip-
stick coarse approach, (e) coarse approach piezoelectric tube drive.

gain of 103−1011 V/A. The commercial equipment is supplemented by homebuilt

analog electronics (made by Laurent Libioulle) which are used for the attenuation

and offset calibration of the x,y,z-deflection voltages, sample voltage V , and the

converted tunneling-current voltage VI . Using the ECS high-voltage amplifier,

voltages in the range of ±150 V can be applied to the piezoelectric tube scanner,

which yields a maximum lateral scan range of ≈ 900 × 900 nm2.

As part of this thesis, complementary analog electronic components were built

and added to the electronic setup. The modifications were intended to improve

the signal-to-noise ratio of the output sample voltage V . For the noise compo-

nent δV of the sample voltage V a reduction of δV from ≈ 700 µVpeak−peak to

100 µVpeak−peak has been achieved. Similar electronics have been employed to

improve the signal-to-noise ratio of the tunneling-current voltage VI .

2.2 Working Principle

In order to define the necessary variables for the discussion of the STM mea-

surements presented in this thesis a short introduction on the working principle

of STM along with the basic formulas describing the tunneling current is given

here. Figure 2.3(a) shows a schematic diagram of the STM tunneling junction.
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(a)

Vacuum
Sample

Energy

I

V

X

Y

Z

Piezoelectric

Tip

fe
e

d
b

a
ck

Sam
ple

φ

Tip

Distance

drive

(b)

eV
0

Figure 2.3: (a) Schematic diagram of the STM tunneling junction. Using the
piezoelectric drive the tip sample separation is regulated (feedback) in order to
keep the current I constant. (b) One-dimensional energy diagram of the tun-
neling process. The electron wave functions decay exponentially into the vac-
uum, having a small overlap, thus allowing electrons to tunnel from one elec-
trode to the other. With a positive V applied to the sample the electrons tunnel
preferentially from the tip into unoccupied sample states. Figure adopted from
Ref. [32].

An atomically sharp tip is brought in close proximity to a sample surface. If a

voltage V is applied between tip and sample, a net tunneling current I can be

detected. Using the piezoelectric transducers the tip sample separation is regu-

lated (feedback-loop) in order to maintain a constant current I. By scanning the

tip across the surface, it is possible to generate a three-dimensional real-space

image of the surface. For low voltages these images can be interpreted in terms of

contour maps of constant local density of states (LDOS). Throughout this thesis,

the voltage V is applied to the sample. Figure 2.3(b) shows an energy diagram

illustrating the tunneling process. The tip on the right side is biased by eV . The

vacuum potential barrier, which depends on the work function of tip and sample,

respectively, and the applied bias V , exhibits a roughly trapezoidal shape. The

electron wave functions (while periodic in the bulk) decay exponentially into the

vacuum, having a small overlap, thus allowing the electrons to tunnel from one

electrode to the other. Hence, the magnitude of the current depends exponen-
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tially on the tip-sample separation z̃.1 With a positive V applied to the sample,

as in Fig. 2.3(b), the electrons tunnel preferentially from the tip into unoccupied

sample states. Thus leading to a net current flow from the tip to the sample. At

T = 0 K, all electronic states below the corresponding Fermi levels EF of tip and

sample, respectively, are occupied. Throughout this thesis EF of the sample has

been used as the reference level and is set to 0 eV. Within the one-dimensional

Wentzel-Kramer-Brillouin (WKB) approximation in the limit T = 0 K, the cur-

rent flowing between tip and sample is proportional to the sum of the tunneling

electrons in the energy range between 0 and eV [33]:

I ∝
eV
∫

0

ρs(E)ρt(E − eV )T (E,V,z̃) dE, (2.1)

where ρs and ρt denote the local density of states (LDOS) of the sample and

the tip, respectively, at the corresponding surface. The transmission probability

T (E,V,z̃) for an electron impinging on the tunneling barrier with energy E is

given by [6, 34]

T (E,V,z̃) = exp



−2
h̄

z̃
∫

0

√

2m (U(s) − E) ds



 , (2.2)

where U(s) is the barrier potential felt by the tunneling electron. The sample

and tip surfaces are located at s = 0 and s = z̃ respectively. The barrier potential

is widely approximated by the electrostatic potential of an infinitely blunt tip,

i.e. a tip with radius R → ∞, such that:

U(s) = U∞(s) = φs +
s

z̃
(eV + (φt − φs)) . (2.3)

Here, φs is the sample work function and φt the local work function of the tip

apex. Using U∞, the expression for the transmission probability Eq. 2.2 can be

1 It is important to note, that STM measures only relative tip displacements, z̃ differs from
the measured tip excursion z by an offset zi.
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further simplified as [6]

T (E,V,z̃) = exp
[

−2z̃

h̄

√

m (φs + φt + eV − 2E)
]

. (2.4)

Supported by the experimental findings, it is common practice to assume, that

the LDOS of the tip ρt is a slowly varying function of E and that the transmis-

sion probability T (E,V,z̃) is smooth in the range of the applied voltages with

a maximum at E = eV . Under these assumptions, differentiating Equation 2.1

with respect to V yields a differential conductance which can be approximated

as

dI

dV
∝ ρs(E)T (eV,V,z̃). (2.5)

Hence, by measuring I − V characteristics with the STM it is possible to probe

the local density of states of the surface with atomic scale resolution. More

detailed discussions on the approximations used here are given in Refs. [35–38].

Furthermore, the STM offers the possibility to study the current as a function

of tip-excursion z. Starting from Eqs. 2.1 and 2.4 it can be shown that for

voltages close to V = 0 V, the tunneling current can be approximated as

I ∝ V ρs(EF )ρt(EF ) exp
[

−2z̃

h̄

√

2m φa

]

(2.6)

where φa = (φs + φt)/2 is an apparent barrier height (ABH)1 of the vacuum

potential. Hence, by measuring the exponential variation of the tunneling current

with z, the ABH can be calculated from the slope of ln(I(z)) as [6, 39]

φa =
h̄2

8m

(

d ln(I)
dz

)2

, (2.7)

giving access to the mean value of the work functions of tip and sample.

1 Note, that the relation between φa and φs is only valid for small voltages. The meaning of
small in this context is investigated in Chapters 5 and 6.
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2.3 Operating Modes

Topographic imaging

During this thesis all topographic images were acquired in the constant-current

mode. In this standard mode, the tunneling current I is kept constant by con-

tinuously feedback-adjusting the tip vertical position during the scan. Since the

tunneling current integrates over all states in the energy range from 0 eV to

eV , the constant-current mapping corresponds to a profile of constant integrated

electron density of states. When the LDOS is homogeneous over the mapped

area, this profile corresponds to constant tip-sample separation.

dI/dV spectroscopy

dI/dV spectra can either be obtained by numerical differentiation of I(V ) curves

or by a lock-in amplifier technique. In the latter case, a small sinusoidal modula-

tion Vm sin(ωt) is superimposed to the sample voltage V , and the corresponding

modulation of the tunneling current is measured [23, 40, 41]. The amplitude of

the current modulation is proportional to dI/dV , given that Vm ≪ V and that

I(V ) is sufficiently smooth. The additional broadening induced by the lock-in

technique is on the order of 1,73Vm [42]. Hence, when analyzing the width ∆ of

spectroscopic features in the dI/dV signal (see e.g. Section 4.4), the amplitude of

the modulation voltage has to be such that Vm ≪ ∆. The advantage offered by

the lock-in technique is that the sampling frequency ω can be selected outside the

typical frequency domains of mechanical vibrations or electronic noise, thereby

enhancing the measurement sensitivity. Amplitudes of Vm between 500 µV and

10 mV were used in the present study. The frequency was usually set in the

range of 10 − 11 kHz. In general, the frequency should be chosen such that the

steptime of the bias sweep is large compared to the cycle duration of the modu-

lation voltage.1

Two kinds of dI/dV spectroscopy using the lock-in technique have been used

1 In addition to the instrumental broadening due to the lock-in technique, one has to bear in
mind the thermal broadening, which is on the order of 3.5 kBT or ≈ 1.5 meV at T = 5 K
as in the present study.
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during the present thesis and are outlined below:

Constant-height dI/dV spectroscopy: In this spectroscopy mode, the feedback

loop is switched off and the vertical and lateral position of the tip is kept constant.

Then a voltage sweep is applied to the junction and the tunneling current I =

I(V ) and dI/dV are recorded.

Constant-current z(V) & dI/dV spectroscopy: In this mode, the bias voltage is

swept while the feedback loop remains active. The lateral position of the tip is

kept constant. The vertical tip displacement z = z(V ) is recorded concomitantly.

Additionally, dI/dV can be measured by means of the lock-in technique. The

dI/dV signal measured this way resembles dz/dV . Note, that the modulation

frequency ω has to be set higher than the cut-off frequency of the feedback loop.

Otherwise the feedback loop compensates the bias modulation by continuously

adjusting the tip-sample separation. In addition the velocity of the bias sweep

dV/dt has to be low enough, such that the feedback loop can completely adjust

the tip height in order to maintain the steady state current constant.

I(z) measurements

Two different kinds of I(z) measurements have been employed. While both

methods can be used to determine the ABH, so-called conventional I(z) measure-

ments, as described below, are also suited to perform conductance measurements

in the contact regime (see Chapter 7). The constant-current dI/dz method (see

below) is well suited to perform voltage-resolved ABH measurements in a fast

and convenient way.

Conventional I(z) measurements: The tunneling current I(z) is recorded while

the feedback loop is switched off and the tip is approached to (or retracted from)

the sample with constant bias voltage. Here, the velocity of the tip motion

(dz/dt) has to be set such that the measured current variation dI/dz is not

affected by the cut-off frequencies of the STM-electronics nor the transimpedance

amplifier.
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Constant-current dI/dz measurements: For this spectroscopy mode the feedback

loop is kept active and a small sinusoidal voltage Vm sin(ωt) is applied to the Z-

segment of the piezoelectric tube scanner. The response on the current signal is

measured via the lock-in technique. The bias voltage is ramped over the voltage

range of interest. The recorded signals are dI/dz(V ) and z(V ). The velocity of

the bias sweep dV/dt has to be low enough such that during each bias step the z-

motion can complete several oscillation cycles. The frequency of the modulation

voltage has to be set above the cut-off frequency of the feedback loop. Otherwise

the feedback loop compensates the oscillating motion by adjusting the tip-sample

separation. Additionally, the frequency has to be set well below the resonant

frequency of the z-motion of the piezoelectric tube scanner. In the present thesis,

the frequency of the modulation voltage was chosen between 300 and 1000 Hz,

and the feedback-loop was set such, that doubling the modulation frequency ω

did not affect the experimental result. The root-mean-square amplitude of the

modulation was usually set to 0.15 Å.



CHAPTER 3

Growth and Morphology of Pb/Ag(111)

In this chapter the different surface structures found during the growth of Pb

on Ag(111) are presented. The growth of Pb on noble metal substrates has

been investigated in several research reports [43–61]. In particular, growth of

Pb/Ag(111) in the sub-monolayer and monolayer regime has been investigated

by means of different surface-sensitive techniques such as low-energy electron

diffraction (LEED) [43–45], Auger electron spectroscopy (AES) [44, 45], photo-

electron spectroscopy (PES) [56, 60, 61], surface X-ray diffraction (SXRD) [57],

and STM [48, 49, 56–59]. It is found that the Pb/Ag(111) surface morphology

strongly depends on the amount of deposited Pb as well as on the substrate

temperature during deposition and post-annealing procedures. Given the prepa-

ration procedure as presented below the stages of Pb growth on Ag(111) are as

follows. For coverages well below 1/3 monolayer (ML), the Pb atoms appear

randomly distributed within the first Ag layer. Even though Pb and Ag are

immiscible in the bulk, they alloy in the sub-monolayer regime. For coverages of

1/3 ML the Pb/Ag surface alloy arranges in a long-range ordered (
√

3×
√

3) R30°

superstructure as evidenced by LEED, SXRD, and STM [43, 58]. Increasing the

coverage from 1/3 ML to 1 ML Pb, the Pb atoms segregate from the substrate.

This segregation can be seen as the consequence of the immiscibility of Pb/Ag

in the bulk and is also called de-alloying [62, 63]. For coverages of 1 ML the

de-alloying process results in an overlayer with an average in-plane lattice con-

stant of a free-standing Pb monolayer (3.5 Å) [43–45, 49, 56]. Additionally, a

hexagonal moiré-type modulation of this so-called wetting layer (WL) with a

(
√

19 ×
√

19) R23.4° supercell is observed. Further deposition of Pb results in

15
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three-dimensional island growth on top of the WL, also referred to as Stranski-

Krastanov growth [44, 45]. Film thicknesses are numbered in ML including the

WL. The sub-monolayer regime, the wetting layer, and the three-dimensional

island growth are discussed in sections 3.1, 3.2, and 3.3, respectively.

Sample preparation: The Ag(111) single crystal surfaces were prepared by re-

peated Ar+ sputter and anneal cycles. Pb has been evaporated from a resistively

heated tungsten crucible at deposition rates of ≈ 1 ML/min. The Ag(111) sam-

ple was held at room temperature during deposition, and the pressure in the

preparation vacuum chamber did not exceed 2 × 10−9 mbar. The samples were

annealed at 450 ± 50 K for 2 min subsequent to the deposition (Subsequently it

was found that for coverages in excess of 1 ML, the post-annealed surfaces exhibit

the same surface morphology and electronic properties as non-post-annealed sur-

faces. Therefore, the post-annealing has been omitted in the bulk of the studies

on Pb islands beyond the WL.).

3.1 Sub-Monolayer Regime

While most STM studies in the sub-monolayer regime are concerned with the

(
√

3×
√

3) R30° alloy structure no detailed analysis of the equilibrium Pb distribu-

tion at coverages below 1/3 ML as presented here has been reported. Figure 3.1

shows an STM topograph of the so-called disordered surface alloy of Pb on

Ag(111). 0.1 ML Pb have been deposited on the Ag substrate. The Pb atoms

(red/yellow spots) appear as protrusions with an apparent height between 0.1

and 0.2 Å at V = 10 mV. Depending on the bias voltage, the single incorporated

atoms appear as protrusions or as depletions. This behavior is well understood

in terms of the localization of the Ag(111) surface state at the embedded Pb

atom [64]. At lower coverages than presented in Fig. 3.1, Friedel oscillations due

to the scattered electrons of the Ag(111) surface state around the Pb atoms and

small clusters can be observed. Hence, the surface around the Pb atoms and

small clusters is the clean Ag(111) surface, which is also confirmed by STS.

Inspecting the Pb atom distribution of Figure 3.1, at first sight there is a

seemingly long-range order of the Pb atoms. It appears as if the Pb atoms

arrange in favor of specific atom separations. Hence, the question arises whether
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Figure 3.1: Topograph of 0.1 ML Pb of the disordered Pb/Ag surface alloy
(20 × 12.5 nm2, V = 10 mV, I = 60 nA). The white dashed circle highlights a
region where the (

√
3 ×

√
3) R30° phase starts to form (see inset for zoom). The

full colorscale corresponds to a height difference of 0.26 Å.

the annealing procedure lead to an equilibrium distribution of the Pb atoms

which is governed by, e.g., a substrate mediated long-range interaction as it

has been found for Cu atoms on Cu(111) [65]. There a long-range oscillatory

interaction between the Cu adatoms mediated by two-dimensional surface state

electrons was evidenced. In addition, highlighted by the white dashed circle,

small regions of local hexagonal order can be identified (see inset in Fig. 3.1

for close-up view). The nearest neighbor distance within the ordered region is

4.9 ± 0.2 Å in agreement with the 5 Å in-plane lattice constant of an ordered

Ag2Pb (
√

3 ×
√

3) R30° surface alloy (Ag in-plane lattice constant 2.89Å). For a

schematic sketch of the ordered Ag2Pb alloy structure see Figure 3.3.

To investigate the existence of a long-range interaction of the Pb atoms an

autocorrelation analysis of the Pb distribution was performed. The autocorrela-

tion describes how well an image correlates with itself under conditions where the

image is displaced with respect to itself in all possible directions. Figure 3.2(a)

shows a STM topograph of the disordered surface alloy with a coverage of 0.1 ML

(Note, Fig. 3.1 shows a subrange of Fig. 3.2(a) ). The single embedded Pb atoms

appear as bright spots. In order to account only for the Pb atoms and to remove

artifacts due to standing wave phenomena of the Ag(111) surface state, the au-
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Figure 3.2: (a) STM topograph of 0.1 ML Pb (bright spots) on Ag(111) (in-
creasing brightness corresponds to an increasing height), (b) binary represen-
tation of (a) as explained in the text (threshold value: 70% of the maximum
height of the embedded Pb atoms), (c) self-correlation of (b). (c) uses the same
colorscale as Fig. 3.1.

tocorrelation analysis of the Pb atom distribution (Fig. 3.2(c) ) was performed

using a binary representation (Fig. 3.2(b) ) of the topograph shown in (a). Fig-

ure 3.2(b) has been obtained by assigning surface areas the value 1 (black) when

they exhibit a height which is larger than 70% of the maximum height of the

embedded Pb atoms. Otherwise, the value 0 (white) was assigned.

The autocorrelation of Figure 3.2(b) is shown in Fig. 3.2(c). A hexagonal

lattice with Ag(111) in-plane lattice constant can be identified. The peak at the

center of the autocorrelation image (ACI) corresponds to the virtual position of

a Pb atom. The height at this position has been normalized to 1. The height of

all other hexagonal lattice sites of the ACI may be interpreted as a probability

for finding a Pb atom at that very location given that a Pb atom is located at

the center of the image. The appearance of the Ag substrate lattice in the ACI

evidences that the embedded Pb atoms acquire Ag lattice sites. The dark ring

around the center position reflects the fact that neighboring Pb atoms occupy
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second-nearest neighbor (SNN) Ag lattice sites. This can be understood in terms

of the size mismatch of Pb and Ag atoms. The in-plane bulk lattice constants of

Pb(111) and Ag(111) are 3.50 Å and 2.89 Å, respectively. The Pb atoms are too

large such that repulsive forces prevent that two Pb atoms occupy neighboring Ag

lattice sites. Consequently, the diminished occupation probability of the nearest

neighbor lattice sites causes an increased occupation probability of the SNN and

third-nearest neighbor (TNN) sites. As can be seen in Figure 3.2(c) the SNN

and TNN make up a hexagon consisting of 12 virtual lattice sites centered at

the origin of the ACI. Within the hexagon the SNN and TNN position alternate.

One of the SNN positions is highlighted by a white arrow. Comparing the height

of SNN and TNN, the occupation probability of the SNN position is ≈ 10%

larger as compared to the TNN site. This may indicate a slight preference for

hexagonal order according to the Ag2Pb (
√

3 ×
√

3) R30° alloy structure to the

disadvantage of a strictly disordered surface alloy already at coverages of 0.1 ML

Pb.

However, except for the above mentioned findings the ACI does not reveal

any further long-range order of the Pb atom distribution at this coverage. The

height fluctuation of all other lattice sites are within the uncertainty margins.

According to the current data basis the existence of a substrate mediated long-

range order of the Pb atoms cannot be evidenced. Rather, it appears that the

seemingly long-range order of the Pb atoms may be understood in terms of the Ag

lattice acting as a long-range ordered template for the Pb absorption sites. The

Pb atoms are randomly distributed (except for the SNN minimum separation)

throughout the Ag lattice template, thereby giving the erroneous impression of

long-range order.

For increasing coverage up to 1/3 ML, the disordered alloy phase vanishes.

The Pb atoms rearrange such that large scale (≈ 50 × 50 nm2) domains of

the ordered (
√

3 ×
√

3) R30° alloy phase develop, which cover the whole surface

[43, 58–60]. This behavior is similar to Pb/Cu(111) where a disordered alloy

consisting of local (
√

3 ×
√

3) R30° and p(2 × 2) ordered patches is reported [66].

Figure 3.3 shows a schematic sketch of the ordered alloy structure. The blue

and gray dots represent the Ag and Pb atoms, respectively. The green and the

red hexagons highlight the hexagonal unit cells of the undistorted Ag and Pb

lattices, respectively. Note, that due to the symmetry of the ordered Ag2Pb alloy,
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Figure 3.3: Schematic sketch of the or-
dered (

√
3 ×

√
3) R30° Ag2Pb alloy struc-

ture. The blue and gray dots represent the
Ag and Pb atoms, respectively. The green
and the red hexagons, highlight the hexag-
onal unit cells of the undistorted Ag and
Pb lattices, respectively.

three commensurate domains with different occupation sites of the Pb atoms can

develop.

Further increase of the Pb coverage to 1 ML leads to a segregation of the Pb

atoms from the substrate which results in a hexagonal Pb overlayer wetting the

Ag(111) surface (see below).

3.2 The Wetting Layer

For coverages of 1 ML the de-alloying process is almost complete and the Pb

atoms are rearranged into a hexagonal ordered overlayer, which is wetting the

complete surface. The average in-plane lattice constant is 3.5±0.1 Å and matches

well with the (111) in-plane bulk lattice constant of 3.5 Å. The WL exhibits a

moiré-type hexagonal superstructure with a supercell length of 16 ± 0.5 Å [56].

For a moiré pattern to be formed, the lateral stiffness of the film has to be large

compared to the binding energy of the substrate, such that the first adsorbed

monolayer displays almost the geometric structure of a freestanding monolayer.

Fig. 3.4(a) shows an atomically resolved image of the WL. The atomic lattice

with the moiré superstructure can be clearly identified. Furthermore, additional

protrusions consisting of 2 to 5 Pb atoms, exhibiting an increased apparent height

of 0.1 − 0.2 Å are observed (red/yellow colored atoms). Similar protrusions

have been also observed for Pb/Cu(111) [66]. Since the heights of the clusters
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(a) (b)

Figure 3.4: Topograph of the wetting layer acquired with V = 100 mV, I =
250 nA, (a) 10.4 × 11.3 nm, (b) 27 × 30 nm2. The full colorscale corresponds to a
height difference of (a) 0.62 Å and (b)0.86 Å.

correspond to the apparent heights of embedded Pb atoms (0.1 − 0.2 Å) in the

sub-monolayer regime, it is likely that the de-alloying process is not complete

and that below the WL there are still embedded Pb atoms in the first Ag layer.

Fig. 3.4(b) shows a larger scale image of the WL. The fact that the protrusions

never occur at the topographic minima of the moiré structure will be discussed

below. The dark area on the left may be due to a subsurface Ar-filled nanocavity

implanted in the Ag(111) substrate during the sputtering/annealing procedure

[67–69].

The lattice mismatch between the Pb(111) WL and the Ag(111) substrate is

≈ 21% (The Pb(111) and Ag(111) in-plane bulk lattice constants are 3.50 Å

and 2.89 Å, respectively). For the Pb overlayer it is known that there are two

equivalent domains of the moiré structure, rotated by ±(4.5 ± 0.2)° [56]. A

schematic sketch of one of the rotated domains using the undistorted Pb and

Ag lattices is shown in Figure 3.5. The small yellow hexagon in the middle

highlights the hexagonal unit cell of the Pb lattice while the larger red hexagon

represents the hexagonal unit cell of the moiré reconstruction which is denoted

by (
√

28 ×
√

28) R19.1° with respect to the Ag substrate, or (
√

19 ×
√

19) R23.4°

with respect to the Pb lattice.

While Fig. 3.5 is based on the undistorted lattices, it has been shown that
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Figure 3.5: Schematic sketch of
the moiré structure of the wetting
layer of Pb/Ag(111). The blue and
gray dots represent the Ag and Pb
lattice, respectively. The Pb lattice
is rotated by 4.3° with respect to
the Ag lattice. The yellow and the
red hexagons, highlight the hexag-
onal unit cells of the undistorted
Pb lattice and of the moiré recon-
struction, respectively. The dark
and light blue background corre-
spond to the topographic minima
and maxima of the moiré pattern,
respectively [56].

the atomic positions are modulated mainly perpendicular to the surface [56].

This result was obtained using the embedded atom method for structure calcu-

lations. According to the calculations presented in Ref. [56] the dark and light

blue background in Figure 3.5 highlight the regions of the moiré structure which

correspond to the topographic minima and maxima, respectively. Hence, the

on-top position of the Pb atom is connected with the topographic minima of

the moiré pattern. This result is referred to as inverse corrugation (see Ref. [51]

and references therein). Furthermore, the out-of-plane modulation of the atom

positions in the Pb layer was found to be 0.09 Å, whereas the modulation of the

Ag atoms in the top layer amounts to 0.32 Å. A qualitatively similar result has

been obtained for a Pb overlayer on Cu(111). For the Pb/Cu(111) system, the

Pb overlayer induced modulation of the substrate surface has been proposed to

be related to the surface-active (surfactant) role of Pb [55].

According to the structural model of the moiré pattern, the protrusions (see

Fig. 3.4 (a) (b) ), which are probably due to the incomplete de-alloying, never

occur at the lattice sites which correspond to the on-top position of the Pb atoms.

This result may be understood in terms of the reduced coordination number of

an Pb overlayer atom in on-top position as compared with a Pb overlayer atom

in a bridge position. The lower coordination of a Pb atom in on-top position
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over an embedded Pb atom possibly results in enhanced repulsive forces [51],

which make the de-alloying process energetically favored at the on-top positions.

Hence, it appears that the specific surface morphology at these locations prevents

the occurrence of embedded Pb atoms in close proximity to the on-top sites.

3.3 Pb Islands

After completion of the WL, further Pb deposition results in three-dimensional

island growth. The Pb islands preferentially emerge from Ag terraces which are

bounded towards the upper lying terraces by Ag double-steps. Figure 3.6(a)

shows a topograph of a 3 ML thick Pb film (orange colored region on the right)

emerging from such an Ag double-step. The blue colored region on the left shows

the Pb WL. The moiré structure from the WL can also be recognized on the Pb

island. However, the protrusions observed on the WL, which we assign to the

incomplete de-alloying, are not found on the Pb film. Hence, Pb islands and the

WL can easily be distinguished by inspecting STM topographs. Additionally,

dI/dV spectra clearly reveal the different electronic structure and hence the
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Figure 3.6: (a) shows a topograph of a 3 ML thick Pb film (orange colored
region on the right). The blue colored region on the left shows the Pb WL (74 ×
74 nm2, V = 200 mV, I = 0.2 nA). Below the topograph is a schematic sketch
of the cross-sectional profile of the Pb thin film structure . (b) shows a height
distribution of the topograph shown on the left.
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different thickness of the Pb films (see Chapter 4). Below the topograph is a

schematic sketch of the cross-sectional profile of the Pb thin film. The height of

an Ag(111) (gray colored) and Pb(111) layer are 2.36 Å and 2.86 Å, respectively

(Pb blue and orange colored; different color code for Pb only for consistency

with shown image). Hence the geometric height of the step in Fig. 3.6(a) should

correspond to 1 Å. Figure 3.6(b) shows a height histogram of the topograph

shown on the left. The average height of the undistorted WL has been set to

0 Å. While the protrusions on the WL result in a shoulder-like feature located

at 0.13 Å, the histogram peak of the Pb island does not exhibit such a shoulder

and points to the flat-top growth of Pb islands. The average height difference of

the WL and the island of 1.04 Å is in very good agreement with the theoretical

geometric height. However, due to the existence of quantum well resonances

within the Pb films (see chapter 4) step heights as measured by STM exhibit

voltage dependent variations. To minimize this effect, topographs should be

acquired with voltages close to 0 V.

Figure 3.7(a) shows an image of Pb islands (gray) protruding from the WL

(blue) of Pb/Ag(111). On Pb islands, which extend over several adjacent Ag

terraces, the difference in interlayer spacing between Pb (2.86 Å) and Ag (2.36 Å)

causes a dislocation running from the Pb/Ag interface to the surface. This

produces a step of 0.5 Å height at the island surface. These dislocation lines

are clearly visible in the shown image Fig. 3.7(a) and are used to discriminate

different island thicknesses (one of the dislocation lines is highlighted by a white

arrow). The image has been processed by adding contributions of the Laplacian

filtered image to enhance the contrast of steps and dislocation lines.

It is found that the moiré structure is still present at coverages up to 37 ML.

As shown by Altfeder et al. for Pb/Si(111) this is caused by an adiabatic shift

of quantum well resonances due to lateral variations of the electronic reflection

phase at the buried interface and is not a sign of unrelaxed strain within the Pb

islands [70]. Figure 3.7(b) shows a zoom in to a Pb island. The image has been

processed by adding contributions of the Laplacian filtered image to enhance the

contrast of the moiré pattern. Four different terraces are shown. The thickness

of the Pb film increases from 24 ML at the lower left to 27 ML at the upper

right. It is found that the contrast of the moiré pattern on the different terraces

reverses when the film thickness is increased by 1 ML [70]. This is due to the
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(a) (b)

Figure 3.7: (a) Processed image of Pb islands on Ag(111) (600 × 600 nm2,
V = 0.2 V, I = 5 nA). Ag steps are clearly ’shining through’ the Pb island. (b)
Processed image of a Pb film with 24-27 ML Pb from lower left to upper right
(60 × 60 nm2, V = 0.1 V, I = 2.6 nA).

specific ratio of interlayer spacing a and Fermi wavelength λF (λF /a ≈ 4) along

the [111] crystallographic direction of Pb, which causes a modulation of the

electron density of states near the Fermi level EF with bilayer periodicity (Due

to the slight mismatch of λF and 4a, a beating pattern with a 9-layer periodicity

is superimposed to the bilayer modulation [16].). Furthermore, similar to Pb

adsorbed on Cu(111) and Si(111) some island heights —2, 4, 5, 7, and 9 ML in

the present case of Pb/Ag(111)— are hardly observed [22, 71, 72].





CHAPTER 4

Electronic Structure of Pb/Ag(111)

The quantum confinement of electronic states in thin Pb(111) films has attracted

considerable interest for almost 40 years [73, 74]. When the thickness of a Pb

film is reduced to the nanoscale, confinement of electrons results in discrete en-

ergy levels associated with so-called quantum well states (QWSs). The specific

ratio of interlayer spacing a and Fermi wavelength λF (λF /a ≈ 4) along the

[111] crystallographic direction of Pb causes a modulation of the electron den-

sity of states near the Fermi level EF with bilayer periodicity. Hence, increasing

the film thickness by one atomic layer has a significant impact on the physical

and chemical properties of the films [2] as shown for, e.g., the electrical resistiv-

ity [1], superconducting transition temperature [13], Hall coefficient [14], surface

energy [15], work function [16, 17], roughening temperature [75], step height

[76], electron-phonon coupling [18], and chemical reactivity [19]. By means of

scanning tunneling microscopy (STM) and spectroscopy (STS) of these quantum

well structures it is possible to gain information on the band structure, scattering

phase shifts, interface reflectivity, and quasiparticle lifetimes of occupied as well

as unoccupied states. The quasiparticle lifetime sets the duration of excitations

and, in combination with the group velocity, determines their mean free path.

Excited electrons play an essential role in many physical and chemical surface

processes, such as energy transfer, electronically induced adsorbate reactions,

catalytic processes and epitaxy [12, 77]. For understanding these surface pro-

cesses on thin metal films, it is therefore of fundamental importance to study the

decay of electronic excitations within these films. Theoretical lifetime studies

of Pb films have already been performed for freestanding Pb and for Pb films

27
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on Cu(111) [78, 79]. Experimentally, it has been found that for Pb films on

Si(111) the lifetime broadening exhibits a quadratic energy dependence as also

found theoretically for freestanding Pb [78]. Contrary to this finding, the theo-

retical results for Pb/Cu(111) suggest a rather linear dependence of the lifetime

broadening on E for energies above EF + 1 eV [79]. However, for Pb on closed-

packed noble metal surfaces, experimental results for the quasiparticle lifetimes

are lacking.

Here, we report on a detailed STS study of QWSs in thin Pb(111) films grown

on Ag(111) in the thickness range from 1 to 37 monolayers (ML). From the

QWS energies as a function of film thickness, the bulk-band dispersion along

Γ -L is derived in the energy region from −0.5 eV to +3.5 eV around EF . Simple

models of scattering at the two boundaries of the Pb film, i. e., the vacuum

barrier and the inverted sp-band gap of the Ag(111) interface yield a rather

accurate description of the energy dependence of the scattering phase shift Φ

[80]. Moreover, the widths of the spectroscopic features of the QWS are analyzed,

giving insight into hot-electron and hot-hole dynamics in Pb films on Ag(111).

Experiment: Electrochemically etched W tips were prepared by annealing cycles

and indenting into Pb islands, thereby covering the tip apex with Pb. Spectra

of the differential conductance (dI/dV ) were acquired by using standard lock-in

detection (modulation amplitude 2.5 mVrms, frequency 10 kHz).

4.1 Phase Accumulation Model

For our study we utilize the phase accumulation model (PAM) [82, 83] which has

been very successful in the interpretation of image and surface states on clean

metals and of QWSs in layered noble metal systems [84].

The physics of this multiple reflection approach is illustrated schematically in

Fig. 4.1. In the energy range of a bulk band gap, an incident electron will be

reflected by the crystal. If the electron energy is also below the vacuum level

EV , the electron will be reflected back again by the surface barrier. It is there-

fore trapped between the crystal barrier, located at zC , and the image potential

surface barrier. For constructive interference, the round-trip phase accumulation
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Figure 4.1: Schematic diagram showing the multiple reflection (phase accu-
mulation) model used to describe the electron bound states in a thin Pb film on
an Ag(111) surface. The electron confinement is caused by the image potential
on the vacuum side and the Ag(111) band gap at the Pb/Ag interface (adopted
from Ref. [81]).

associated with the propagation between the barriers and the phase shifts asso-

ciated with the reflections at the boundaries must be an integer multiple of 2π,

then a standing wave solution corresponding to a bound state occurs.

Hence, the quantization condition for the existence of such states, which is

based on the Bohr-Sommerfeld quantization rule, can be written as

2k(E) (d + d0) + Φ = 2πn, (4.1)

where Φ = ΦC + ΦB is the sum of the phase shifts on reflection at the crystal

ΦC and at the vacuum barrier ΦB, k(E) is the energy dependent wave vector

of an electron propagating along the Γ -L direction of Pb in a slab of thickness

zB −zC = d+d0. d = aN is the nominal thickness, with N the number of atomic

layers, and a = 2.86 Å. d0 is a constant offset which accounts for the displacement

of the position of the Pb/Ag interface and of the image plane with respect to
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the jellium edges of the film due to the spill-out of electrons on both sides of the

slab [2]. We assume d0 to be independent of N and use it as a fit parameter.

The integer quantum number n corresponds to the number of half-wavelengths

of the wave function inside the slab. For ΦB we have used the WKB expression

[85]:

ΦB = π [3.4 (eV)/(EV − E)]1/2 − π, (4.2)

with EV the vacuum level. The fact that the image potential barrier extends

beyond the terminating plane zB is accounted for in the expression for ΦB. EV

has been shown to vary with bilayer periodicity [16, 17]. Here we fix a single value

for all layer thicknesses and use EV as a fit parameter. The interface phase shift

ΦC can be calculated from a simple two-band model of the substrate. ΦC should

vary from 0 to π across the inverted sp-band gap of Ag(111), varying rapidly with

E at the band edges [81, 83]. We have used the empirical expression [80, 86]:

ΦC = 2 arcsin [(E − EL)/(EU − EL)]1/2 , (4.3)

where EU and EL are the energies of the upper and lower edges of the projected

band gap in Ag(111), respectively. Here EL = −0.4 eV and EU = 3.9 eV [87]

(Energies are measured with respect to the Fermi level of the sample.). Figure 4.2

shows the scattering phase shifts ΦC (blue) and ΦB (red) as a function of energy

E for EV = 4.5 eV, and EL and EU as given above.
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Figure 4.2: Scattering
phase shifts ΦC (blue) and
ΦB (red) as a function of
energy E. EV = 4.5 eV,
EL = −0.4 eV, and EU =
3.9 eV.
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Note, that the term inverted sp-band gap is used to specify a band gap, where

the state at the bottom of the gap is p-like, with charge accumulating between

the atoms as expected for a bonding state, whereas at the top of the gap the state

is s-like, with charge concentrated on the atoms and thus having anti-bonding

character. The inversion is relative to free atoms in which s-states generally have

lower energies than p-states.

4.2 Quantum Well State Energies

A collection of representative constant-current dI/dV spectra acquired atop of

various island heights is displayed in Fig. 4.3. The spectra show a number of

unoccupied states. Similar spectra have been found in Pb islands on Cu(111)

[88]. The peak positions correspond to the extracted QWS energies of each island

and are highlighted by solid triangles (Fig. 4.3(b)). For sample voltages V < 1 V,

the peak structure displays a shoulder towards higher voltages. For V > 1 V

the peaks become more symmetric. This is due to the specific band structure

of thin Pb films [89]. In constant-height dI/dV spectra the states at V < 1 V
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Figure 4.3: Representative constant-current dI/dV spectra acquired on Pb
islands with film thicknesses of 3, 6, 12, 17, 22, and 27 ML from bottom to top,
respectively (I = 5 nA). Triangles indicate the extracted QWS energy. Spectra
are vertically shifted for clarity.
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exhibit boxshaped lineshapes with an arctan-like onset as will be discussed in

more detail in Sec. 4.4 (see also Fig. 4.8).

Figure 4.4 shows the layer resolved QWS energies versus island height for

Pb/Ag(111) numbered in monatomic layers. Dots and triangles are obtained

from constant-current (cf. Fig. 4.3(b)) and constant-height dI/dV respectively.

Open squares show QWS energies calculated as described in the following. As

mentioned before, similar to Pb adsorbed on Cu(111) and Si(111) some island

heights —2, 4, 5, 7, and 9 ML in the present case— are hardly observed [22, 71,

72]. For V < 1 V, the QWS energies are determined from the constant-height

data as the midpoint of the onset of the arctan-like spectral feature [90]. For

V > 1 V the peak position of the Lorentzian-like lineshapes is used.
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Figure 4.4: QWS energies versus island height for Pb on Ag(111) numbered in
monatomic layers. Dots and triangles are obtained from constant-current and
constant-height dI/dV respectively. Open squares show calculated QWS ener-
gies as described in the text (vg = 13.19 eVÅ, kF = 1.592 Å−1, d0 = −0.18 Å,
and EV = 4.5 eV).

The sections below are organized as follows. In Sec. 4.3, the bulk dispersion

along Γ -L is derived and the scattering phase shifts are analyzed. In Sec. 4.4, we
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analyze the onset-widths of the spectroscopic signals of the QWSs, giving insight

into hot-electron and hot-hole dynamics in the Pb films.

4.3 Band Structure and Scattering Phase Shifts

From the energies of the QWSs as a function of film thickness, the bulk band

dispersion along the Γ -L direction can be derived. Fig. 4.4 displays the layer

resolved QWS energies. For the determination of the quantum number n of

each QWS, we utilize the fact that the energy of the particular QWS located

at ≈ 0.65 eV on islands consisting of an even number of Pb layers is rather

independent of the slab thickness. It has been shown that the wave vector k

of this state is 3π/2a [91]. Hence, the corresponding quantum number n for all

QWSs shown in Fig. 4.4 (dots and triangles) can be derived [88].

The sum of the thickness-independent phase shifts Φt-i = ΦC + ΦB + 2k(E)d0

depends only on the electron energy. Hence, the wave vector k(E) at a given

energy can be derived from the QWSs at that energy. Consider N1 and N2,

corresponding to film thicknesses of two QWSs at the same energy E = E1 = E2

with quantum number n1 and n2, respectively. Eq. (4.1) leads to

k(E) = π(n2 − n1)/ [(N2 − N1)a] . (4.4)

In view of the uncertainty margins in determining QWS energies from dI/dV

spectra, we applied Eq. (4.4) to pairs of QWSs whose energies differ by less

than 30 meV, i. e., |E2 − E1| ≤ 30 meV. Fig. 4.5 summarizes the results for the

dispersion along Γ -L in an extended Brillouin zone scheme. The band exhibits

an approximately linear relation between E and k over the entire energy range.1

The slope of the dispersion relation converts to a constant group velocity vg =

13.19 eVÅ and a Fermi wave vector kF = 1.592 Å−1. The result for kF is very close

to the value from angle-resolved photoemission spectroscopy, kF = 1.598 Å−1,

and de Haas-van Alphen measurements, kF = 1.596 Å−1 [18, 92, 93]. It is

1 The piling up of data points around k = 3π/2a = 1.648 Å−1 and k = 5π/3a = 1.831 Å−1

is due to the finite energy window of 30 meV used to determine k(E). The piling can be
removed by reducing the energy window. However, the resulting slope of the dispersion is
not affected when changing the energy window to 3 meV.
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Figure 4.5: Bulk band dispersion along the Γ -L direction shown in the ex-
tended Brillouin zone scheme. Data from constant-current and constant-height
data are indicated by dots and triangles, respectively. A linear fit (solid line)
yields vg = 13.19 eVÅ and kF = 1.592 Å−1.

important to note that the dispersion relation of Fig. 4.5 has been obtained

without using the scattering phase shift at the vacuum barrier. Thus, our result

would not be affected by a STM-induced Stark-shift [94].

Using the above derived linear dispersion relation along Γ -L, we can now cal-

culate the scattering phase shifts from the experimental data. Fig. 4.6 shows

the resulting Φt-i (dots and triangles). A solid line shows Φt-i as calculated from

Eqs. (4.1),(4.2), and (4.3). Given the expressions for ΦB and ΦC we find that

the experimental data is best described with d0 = −0.18 Å and EV = 4.5 eV.

Figure 4.6 shows that simple models for the scattering phase shift yield a rather

accurate description for the experimentally observed Φt-i over the entire energy

range investigated here. The divergence of ΦB for E → EV is clearly observable

and points to the massive impact of the vacuum barrier phase shift on the ener-

getic positions of the higher lying QWSs. EV = 4.5 eV as found here compares

well with EV = 4.6 eV as inferred from STS data of Pb QWSs on Cu(111) [88].

Furthermore, the very good agreement of calculated QWS energies, using the

PAM together with the derived values for vg = 13.19 eVÅ, kF = 1.592 Å−1,
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Figure 4.6: Φt-i, sum of the thickness-independent phase shifts. Data from
constant-current and constant-height data are indicated by dots and trian-
gles, respectively. Φt-i as calculated from Eqs. (4.1),(4.2), and (4.3) with vg =
13.19 eVÅ, kF = 1.592 Å−1, d0 = −0.18 Å, and EV = 4.5 eV is shown as a solid
line.

d0 = −0.18 Å, and EV = 4.5 eV, and the experimental data as shown in Fig. 4.4

is remarkable.

4.4 Linewidths and Lifetime Broadening

In the following, we discuss the spectral linewidths of the Pb/Ag(111) QWSs.

Figure 4.7 shows the projected band structure of the QWSs of an 8 ML Pb film

along the high-symmetry directions (adopted from Ref. [95]). The dispersion of

the QWSs shows a quasifree-electron-like dispersion near the zone center Γ̄ , but

at larger in-plane momenta the dispersion flattens and even turns toward higher

binding energies [89, 95–97]. For QWSs at higher energies, the effective mass

near Γ̄ increases. For the unoccupied QWSs in the vicinity of Γ̄ , this can result

in almost non-dispersive bands, yielding a Lorentzian lineshape in STS [98–100].

Figure 4.8 shows an exemplary constant-height dI/dV spectrum of an 36 ML

Pb film. The shapes of the QWS features change with varying voltage. For
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Figure 4.7: Projected band structure of a 8 ML Pb film along the high-
symmetry directions. Data taken from Miyata et al. [95].

V < 1 V the QWSs give rise to box-shaped spectral features, while for V > 1 V

the lineshapes are Lorentzian-like. We found that this energy dependence of the

spectral lineshapes is universal for all investigated film thicknesses and we assign

it to the peculiar band structure of the Pb QWSs.

Hence, for voltages below 0.9 eV we assume that the onset is well described

by the arctan-shaped onset of a two-dimensional quasifree electron gas [90]. The

steplike spectral features of the QWSs are in contrast to spectra measured on

Pb/Si(111) where also the QWS below 1 V exhibit Lorentzian lineshapes [16, 78].

This difference in lineshape may be explained by the enhanced lossy interface

scattering, induced by disorder at the Pb/Si interface as observed in Ref. [78],

affecting the lineshape of the QWSs. Therefore, from observing the arctan-

shaped onsets we infer that Pb films on Ag(111) exhibit a high-quality ordered

interface.

As for QWSs with energies above 1 eV the observed spectral feature turns to

a symmetric Lorentzian lineshape, the contribution of tunneling electrons with

finite in-plane momenta decreases and should contribute less than 10 meV to

the Lorentzian linewidth of the excitation at the Γ̄ point [98, 99]. Hence, we
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Figure 4.8: Exemplary constant-height dI/dV spectrum of 36 ML Pb. Inset
shows a zoom in the same spectrum. The three gray lines on the left and on
the right QWS indicate how the onset linewidths are determined for arctan-like
QWS lineshapes (left) and a Lorentzian-like lineshape (right). Red dots high-
light the intersection points, used to determine ∆.

assign Lorentzian lineshapes to QWSs with energies above 1.1 eV. For QWSs

with energies ranging from 0.9 eV to 1.1 eV the distinction between arctan and

Lorentzian lineshape is difficult and therefore we concentrate on QWS energies

outside this energy range. In order to determine the lifetime broadening we

analyze the QWSs onset widths following the surface state analysis of Li et al.

described in Ref. [90]. To quantify the onset width, which we denote ∆, we

adopt the geometrical definition illustrated in the inset in Fig. 4.8. For arctan-

like features (left QWS) we extrapolate the slope at the midpoint of the rise to

the continuation of the differential conductance above and below the onset. For

Lorentzian-like features (right QWS) we extrapolate the slope at the steepest

point of the rise to the continuation of the differential conductance below the

onset and to the continuation of the steepest point of the trailing edge. The red

dots highlight the intersection points, used to determine ∆.
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We have also used constant-current dI/dV spectra to determine ∆. In order

to minimize the distorting influence of the constant-current modus on the ob-

served lineshapes we normalize the constant-current dI/dV spectra to remove

the influence of the changing tip-sample distance [38, 101]. 1 We find that the

normalization recovers the boxshaped QWS spectra for energies below 1 eV. For

the unoccupied states we find that analyzing the two kinds of dI/dV spectra,

i. e., constant-height and normalized constant-current, yield linewidths which are

in good agreement. This indicates the reliability of the normalization scheme also

for linewidth determinations in the shown voltage range.

For arctan lineshapes, the lifetime broadening Γτ can be extracted from the

geometrical onset width ∆ as Γτ = (2/π)∆ [77, 90]. For Lorentzian lineshapes

it can be shown by means of simple lineshape analysis arguments that the geo-

metrical onset width ∆ as defined above relates to Γτ as Γτ = (2/
√

3)∆.

Figure 4.9 shows Γτ , obtained using the above mentioned lineshape analysis.

We find that for energies below E ≈ −0.4 eV, Γτ increases more rapidly as a

function of |E| than for positive voltages. We assign this to the lower band

edge in Ag(111). Below the lower band edge at E = −0.4 eV the Pb QWSs

turn into quantum well resonances due to the reduced confinement at the Pb/Ag

interface. Thus, the elastic scattering rate of hole-like excitations in the quantum

well rises, leading to the observed increase in Γτ [79, 102]. For energies within the

inverted sp-band gap (−0.4 eV < E < 3.9 eV), we find that Γτ is independent of

film thickness within the uncertainty margins. Hence, we assume the linewidth

contribution due to the lossy interface scattering into the Ag(111) substrate to

be rather small.

In the absence of defects within the Pb films, there are mainly three contribu-

tions to Γτ to be considered:

Γτ = Γ0 + Γe-p(E) + Γe-e(E). (4.5)

1 The dI/dV signal is divided by the transmission factor T (V,z̄) =

exp
[

−z̄
√

4m/h̄2 (φs + φt − eV )
]

to obtain the normalized differential conductance

dI/dVN . We used φt = φs = 4.5 eV, and z̄ is calculated as z̄(V ) = z(V ) + 5 Å where z(V )
is the constant-current vertical tip displacement measured concomitantly with dI/dV .
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Figure 4.9: Lifetime broadening Γτ . Data from constant-current and constant-
height data are indicated by dots and triangles, respectively. Solid orange line is
a quadratic fit to the energy range from E − EF = −0.4 eV to 3 eV. A dashed
black line shows a linear fit for E − EF > 1 eV.

Γe-e(E) and Γe-p(E) denote the electron-electron (e-e) and electron-phonon scat-

tering rates, respectively. Γ0 accounts for the lossy interface scattering. In

Ref. [78], Γe-p(E) ≈ 20 meV at EF has been calculated for freestanding Pb

at a temperature of 5 K. As |Γe-p(EF ) − Γe-p(E)| < 10 meV for E ≤ 2.5 eV, we

assume a constant contribution of Γe-p to the lifetime broadening over the energy

range investigated here. From Fermi-liquid theory, as shown by Quinn-Ferrell,

the e-e scattering is expected to exhibit a quadratic energy dependence for states

close to EF [103]. For Pb such a description yields, Γe-e(E) = α(E − EF )2 with

α = 0.027 eV−1. The solid orange line shows such a quadratic energy dependence

fitted to our data in the energy range between -0.4 eV and 3 eV. The jump in Γτ

that occurs at E ≈ 1 eV is linked to the different lineshapes found for QWSs with

energies below and above ≈ 1 eV. For the e-e scattering we find α = 0.023 eV−1

which compares very well with the Quinn-Ferrell value and with α = 0.026 eV−1

as measured by Hong and coworkers [78]. However, for energies above 1 eV a

deviation of the quadratic energy dependence (shown by the dashed black line in
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Fig.4.9) is observed. The fitted line has a slope of 53 meV eV−1. A similar linear

dependence has also been found theoretically for Pb islands on Cu(111) [79].

There it has been argued that the linear dependence is signaling deviations of

the random phase approximation linewidth from simple quadratic dependence.

The reported slope of 52 meV eV−1 is in good agreement with our measured data.

The fit also yields a constant offset of Γ0 + Γe-p(EF ) = 29 meV. Comparing

this result with the above mentioned calculations for Γe-p of freestanding Pb,

supports the assumption that the contribution of the lossy scattering to the

lifetime broadening is small and of the order of Γ0 ≈ 10 meV at EF . A similar

analysis for the
√

3×
√

3 and the 7×7 interface of Pb/Si yields Γ0 ≈ 50 meV and

≈ 140 meV at EF , respectively [78]. Hence, the Pb/Ag interface yields a better

confinement than the Pb/Si interface and this possibly causes the observability

of the box-shaped QWSs below ≈ 1 eV.

4.5 Summary

In summary, quantum well states in Pb(111) films up to 37 ML have been inves-

tigated. The thickness dependence of the QWS energies is found to be very well

fitted with the phase accumulation model including energy dependent scattering

phase shifts at the interface and the vacuum barriers. The dispersion along the

Γ -L direction is shown to be well approximated by a constant group velocity

of vg = 13.19 eVÅ. The Pb/Ag interface is found to be of high-quality, such

that the lossy interface scattering contribution to the lifetime broadening is sig-

nificantly reduced compared to Pb/Si interfaces. The electron-electron lifetime

broadening is shown to follow to a good approximation a quadratic energy de-

pendence Γe-e = α(E − EF )2 with α = 0.023 eV−1. However small deviations of

the quadratic energy dependence are observed and may be caused by a deviation

of the screening behavior of the Pb electrons compared to that of a homogeneous

electron gas [79].



CHAPTER 5

Apparent Barrier Height on Noble Metal Surfaces

Abstract

The apparent height of the tunneling barrier in scanning tunneling microscopy

measured on Au(111), Ag(111), and Cu(111) surfaces is found to vary signif-

icantly with the bias voltage. In particular, the apparent barrier height φa is

asymmetric with respect to the bias polarity on all three surfaces, in contrast

to simple interpretations of φa in terms of an average work function of tip and

sample. Model calculations of the tunneling current, which take band structure

effects into account, describe the experimental observations.

5.1 Introduction

A fundamental physical property of a metal surface is its work function φ, which

is defined as the minimum work required to remove an electron from the metal at

T = 0 K. Knowledge about φ at the atomic scale can improve the understanding

of chemical surface processes like heterogeneous catalysis and adsorption [11,

12]. Scanning tunneling microscopy (STM) offers the possibility to study φ of

conductive samples at the atomic scale [104, 105] using the exponential variation

of the tunneling current I with the tip excursion z [39, 106]. From I(z) data

an apparent barrier height φa may be determined, which —within the WKB

approximation of the tunneling current through a rectangular barrier— is related

41
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to the sample work function φs by [6, 34]

φa =
1
2

(φs + φt − |eV |), (5.1)

where φt is the work function of the tip apex, V the applied tunneling bias volt-

age, and −e the electron charge. Hence, the effect of the finite voltage on φa is

assumed to be linear. A more realistic barrier shape, which takes into account

a classical image potential, leads to minor modifications [107]. Atomistic Calcu-

lations for tunneling between an Au(100) sample and tip confirm this picture in

the zero bias limit [106].

The number of publications using measurements of φa to characterize surfaces

is considerable. Often φa is evaluated at elevated sample voltages with |V | ≫
0.1 V assuming that equation (5.1) is valid [16, 21, 22, 108–111]. On the other

hand, surprisingly few reports on voltage-resolved φa measurements are available

[22, 112–116]. For example, φa on the reconstructed Au(111) surface was reported

to show a voltage polarity dependence, which was suggested to result from the

surface dipole layer originating from the reconstruction [114]. In a subsequent

study no voltage polarity dependence was found [115]. Calculations predicted a

voltage polarity dependence of φa on Al(100) and excluded the possibility that the

polarity induced difference may be due to the formation of an additional surface

dipole layer [117]. Overall, more work appears to be required to clarify the origin

of the voltage dependency of φa on metal surfaces and its interpretation.

Here, we report low-temperature STM results for voltage-resolved apparent

barrier heights φa on the (111) surfaces of Au, Ag, and Cu. Probing the unoccu-

pied states of defect-free surface areas we find similar behavior for all surfaces. φa

remains rather constant for sample voltages up to V ≈ 3.5 V. At higher voltages,

φa decreases within some hundred millivolts by ∆φa ≈ 2 eV and then undergoes

oscillations due to Gundlach resonances [112]. When probing the occupied states

(V < 0), φa decreases approximately linearly with the sample voltage as expected

from Eq. (5.1). Near steps, φa no longer remains constant at V > 0 and becomes

symmetric as a function of bias voltage. Using model calculations of the tun-

neling current we find that observed variations of φa may be attributed to the

band structures of the investigated surfaces. The geometric asymmetry of the

tip-sample junction plays a minor role.
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5.2 Experiment

Measurements were performed with a home-built scanning tunneling microscope

operated at 5 K in ultrahigh vacuum conditions. The tunneling voltage is ap-

plied to the sample. Au(111), Ag(111), and Cu(111) single crystal surfaces were

prepared by repeated Ar+ bombardment and annealing cycles. W tips were first

electrochemically etched and then further prepared in vacuo by repeated anneal-

ing. Au tips were cut at ambient conditions and used without further treatment.

The current I versus tip excursion z was measured by opening the feedback loop

at a current of 100 pA and driving the tip towards the surface by 2 Å at veloc-

ities ranging from 3 to 8 Å/s. dI/dz versus V spectroscopy was performed at

constant current (closed feedback loop) with a sinusoidal voltage added to the

z-piezo actuator voltage of the tip (resulting in a root-mean-square amplitude of

0.15 Å) and by measuring the current response with a lock-in amplifier. The fre-

quency of the modulation voltage was chosen between 300 and 1000 Hz, and the

velocity of the bias sweep dV/dt was low enough to maintain a constant current.

φa is calculated from the measured data as

φa =
h̄2

8m

(

d ln(I)
dz

)2

, (5.2)

where m denotes the electron mass and h̄ is the reduced Planck constant. Spectra

of the differential conductance (dI/dV ) were acquired at constant current using

standard lock-in detection (root-mean-square modulation 2.5 mV at 10 kHz).

5.3 Modeling

The one-dimensional tunneling current is calculated in the limit T = 0 K as[33]

I(V ) ∝
eV
∫

0

ρs(E)T (E,V,z̃)dE, (5.3)

where ρs(E) denotes the local density of states (LDOS) of the sample at the

surface and z̃ is the tip-sample distance. Since STM measures only relative

tip displacements, z̃ differs from the tip excursion z by a constant offset zi.
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Throughout this article the Fermi level of the sample EF has been used as the

reference level and is set to 0 eV. In using Eq. (5.3) we assume an electronically

featureless tip. It should be mentioned that ρs(E) denotes an effective local

density of electronic states, which are involved in the tunneling process, and

may deviate from the LDOS as obtained from band structure calculations owing

to a certain selectivity of the tunneling probability in k-space [6, 118]. The

transmission probability T (E,V,z̃) for an electron impinging on the tunneling

barrier with energy E is given by[6, 34]

T (E,V,z̃) = exp



−2
h̄

z̃
∫

0

√

2m (U(s) − E) ds



 , (5.4)

where U(s) is the barrier potential felt by the tunneling electron. The sample and

tip surfaces are located at s = 0 and s = z̃ respectively. The barrier potential

U(s) is approximate by the electrostatic potential of a spherical metallic tip

with radius R in front of a planar metal surface, UR(s). For our one-dimensional

calculation we use the resulting potential barrier at the central axis of symmetry.

Thus the barrier potential reads

UR(s) = φs + (eV + (φt − φs)) · R
(

1 +
R

2z̃

)

·
( 1

z̃ + R − s
− 1

z̃ + R + s

)

.
(5.5)

In the limit R → ∞ , i.e. an infinitely blunt tip, we obtain the widely used

trapezoid approximation of the barrier potential:

U∞(s) = φs +
s

z̃
(eV + (φt − φs)) . (5.6)

The choice of U(s) = UR(s) will be discussed in more detail in the Appendix.

For simulating the feedback loop, z̃ was adjusted at each voltage V to ensure

constant current I, which in turn was numerically differentiated using dz̃ = 0.2 Å

to obtain d ln(I)/dz̃.
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5.4 Results and Discussion

Figure 5.1 shows the main experimental finding for φa on defect-free (111) sur-

faces of Au, Ag, and Cu. On these surfaces, we find an asymmetry of φa with

respect to zero bias. For V < 0, φa decreases approximately linearly while for

V > 0, φa tends to be constant up to V ≈ 3.5 V. Beyond this voltage, φa drops

significantly within some 100 mV and oscillates for even larger V . 1 As shown by

Scandella and Güntherodt [112] these oscillations are due to Gundlach resonances

[119].

A possible reason for the observed asymmetry with respect to bias polarity is

the asymmetric geometry of a sharp tip in front of a planar surface which affects

the shape of the potential barrier. We discard this possibility because calculations

(see Appendix) show that the resulting polarity dependence is opposite to the

observed experimental asymmetry.

Spatially resolved measurements of φa (Fig. 5.2) show clear variations on and

near monatomic surface steps. For voltages close to 0 V, φa is reduced by

≈ −0.4 eV on top of the step edge (Fig- 5.2(a)), as expected owing to a reduced

barrier height, which results from the Smoluchowski effect [108, 120].2 At the

step, the asymmetry of the voltage dependency of φa, which is observed on ter-

races, vanishes. Moreover, in the vicinity of step edges, φa changes continuously

(at intermediate voltages) as a function of lateral displacement (Fig. 5.2(b)).

Before any further analysis of these data, it is worth noting that the reduction

of φa at step edges and, in particular, its apparent lateral extension depend on

the sample bias and should not be mistaken to directly reflect work function

1 Despite of these general tip-independent findings, we observed that the absolute values and
the exact shape of φa(V ) are tip dependent. (i) The absolute values of φa may vary by
≈ 1 eV. (ii) The curvature of φa for negative voltages varies. E. g., for W-tips on Ag(111)
we also observed an increased curvature of φa at V < 0 similar to the case of an Au tip
on Cu(111) shown in Fig. 5.1(c). (iii) For 0 < V ≤ 3.5 V, φa tends to be rather constant
but slight increases were observed for some tips. (iv) For Ag(111) and Cu(111) the width
of the transition from constant φa to the range of Gundlach-resonances varies with the
tip status. In this regard Au(111) is exceptional as the transition at V ≈ 3.6 V is rather
tip-independent and narrow.

2 With different tips we observed varying values of ∆φa at the step edge up to ≈ −0.8 eV.
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Figure 5.1: Voltage resolved apparent barrier height φa data acquired on (a)
Au(111), (b) Ag(111), and (c) Cu(111) with W, W, and Au tips, respectively.
Black lines denote dI/dz data acquired at constant current I = 1 nA, red squares
show results obtained from I(z) spectroscopy using Eq. (5.2). That we do find
quantitatively similar results with both techniques points to the independence of
φa on the tip-sample separation and also provides evidence for the correct choice
of the modulation frequency during dI/dz spectroscopy.

differences.1

We suggest that the peculiar band structures of the coinage metal (111) sur-

faces [87] are the origin of the observed polarity asymmetry of φa and its disap-

pearance near steps. These band structures exhibit a projected band gap around

Γ̄ (wave vector parallel to the surface k‖ = 0) and a partially occupied surface

state band within this gap (Figure 5.3). As a result, the local density of states

1 It it worth noting that compared to Fig. 5.1(a), Fig. 5.2 shows an apparent barrier height
φa which is larger by ≈ 1 eV. As mentioned before we assign this difference to the tip status.
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Figure 5.2: (a) Experimental results for φa on a terrace (black) and on top of
a step edge (light-gray) on Au(111). (b) Detailed view of φa in the vicinity of
a step edge for positive V . Light gray curves were acquired on top of the step
edge; darker gray denotes increasing distances on the upper terrace from the
step edge. Black lines were acquired 20 Å away from the step edge and are iden-
tical to spectra acquired on wide perfect terraces. On the lower terrace, similar
results were obtained. (c) dI/dV recorded at constant I = 5 nA near a step
edge. In (b, c) curves with the lightest gray were acquired on top of a step edge,
darker gray corresponds to increasing distance on the upper terrace from the
step edge as denoted by the legend in (b).

at the surface is comprised of components due to bulk states and the surface

band. Their relative weights vary at step edges [121–125] and, as a consequence,

φa exhibits lateral variations.

To substantiate this interpretation, additional information on the LDOS on

terraces and near steps is required. We therefore recorded constant-current

dI/dV spectra at these locations (Fig. 5.2(c)), which exhibit a similar lateral

variation as the φa data. The spectra acquired on a bare Au(111) surface (black
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Figure 5.3: (a) Sketch of the electronic band structure at Γ̄ of the (111) sur-
faces of Au, Ag, and Cu. The gray area denotes projected bulk bands. The black
line inside the band gap (white area) shows the surface state band, with its min-
imum energy E0 at Γ̄ . Ele (Eue) denote the lower (upper) edge of the band gap.
EF is the Fermi energy. Table 5.1 lists the relevant energies for Au, Ag, and Cu.
(b) Model LDOS ρs(E) used for calculations.

Table 5.1: Energies of the surface state E0 (Refs. [126, 127]) and the lower and
upper projected band gap edges Ele and Eue, respectively, at Γ̄ (Ref. [87]).

Surface Ele (eV ) Eue (eV ) E0 (eV )
Au(111) -1.0 3.6 -0.487
Ag(111) -0.4 3.9 -0.063
Cu(111) -0.89 4.25 -0.435

line) display a steplike increase at V ≈ 3.6 V which is generally assigned to the

upper edge of the projected band gap at Γ̄ [81]. Closer to the step edge (increas-

ingly light colors in Fig. 5.2(c)) the steplike feature vanishes, the dI/dV signal

below 3.6 V gradually increases, and the rapid increase above 3.6 V becomes less
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pronounced. Using a normalization for constant current data [101, 128],1 the

effective tunneling density of unoccupied states is estimated from these spectra.

Figure 5.4 shows the resulting ρexp on a logarithmic scale. The color code is

identical to the one used in Fig. 5.2, i.e., black on the bare surface, light gray

on the step edge and intermediate colors inbetween. In spectra acquired on a
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Figure 5.4: Experimental effective LDOS ρexp which is extracted from the dif-
ferential conductance dI/dV shown in Fig. 5.2(c) (using the same color scheme)
by normalization with T (eV,V,z̃(V )) as explained in the text. The black curve
is acquired on the bare Au(111) surface, the lightest gray curve is taken on the
step edge and intermediate colors inbetween.

terrace at varying distances from a step edge, the logarithm of ρexp decreases

rather linearly with increasing V (up to V ≈ 3.2 V). The magnitude of the slope

of log(ρexp) increases for increasing distance from the step edge.

The reduction of ρexp with increasing electron energy may be attributed to

the projected band gap, which extends up to 3.6 eV above EF for Au. As

the tunneling probability depends on k‖ the gap is expected to diminish the

contribution of bulk electronic states to the current. Similarly, the spectroscopic

signal of the two-dimensional surface state decreases with increasing k‖ [101,

122, 126, 129]. Moreover, for increasing k‖ the surface band turns into a surface

1 The differential conductance is divided by the transmission factor T (eV,V,z̃(V )) to obtain an
experimental LDOS ρexp(eV ). From Fig. 5.2(b, at low positive V ), we used φt = φs = 5 eV
for spectra acquired off the step edge and φt = φs = 4.6 eV for the spectrum from the top of
the step edge. To estimate the absolute tip-sample distance z̃, the constant-current vertical
tip displacement z(V ) was measured concomitantly with dI/dV and z̃ was calculated as
z̃(V ) = z(V )+5 Å . Assuming a featureless LDOS of the tip, ρexp(eV ) should qualitatively
resemble the sample LDOS ρs(E).
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resonance, which may affect its contribution to the current [130, 131].

On top of step edges, a rather constant ρexp is observed. This difference from

the terrace result may have two possible reasons. As the step edge breaks the

symmetry of the periodic lattice the band gap may be disturbed. Moreover, the

presence of a one-dimensional state located at the step edge as found on Cu(111)

[124] may modify ρexp.

For numerical calculations of φa the experimental ρexp (Fig. 5.4) was approx-

imated by the model LDOS shown in Fig. 5.3(b). For energies between EF

and Eue, ρs(E) decreases exponentially as found in the experiments: ρs(E) =

exp [−α (E − EF )], with α describing the exponential decrease of LDOS inside

the band gap. α varies for different distances from the step. At Eue, ρs(E) in-

creases in a arctan(E)-like manner (characteristic width 30 meV) to reach again

a constant value ρs(E) = 1.

Figure 5.5(a) shows calculated constant-current φa data as obtained from

Eqs. (5.3) and (5.4) using ρs(E) as shown in (b). We find that the exponen-

tial decrease of ρs(E) results in an increased φa in the band gap region. The

stronger reduction of ρs(E) for large α and the increased φa for eV < Eue is

in good agreement with our experimental findings. At Eue, φa decreases in a

steplike manner as also found experimentally. Thus, the simple model for the

LDOS is sufficient to reproduce the essential experimental effects.

According to the model calculations, φa is constant due to an exponentially-

decaying effective local density of electronic states ρs(E), which are involved

in the tunneling process. ρs(E) may be viewed as a weighting of T (E,V,z̃) in

Eq. (5.3), which is used to calculate the tunneling current.
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Figure 5.5: (a) Calculated constant-current φa data as obtained from
Eqs. (5.3) and (5.4). The barrier potential U was approximated by U∞, i.e.
R = ∞. The work functions were set to φs = φt = 5 eV as suggested by the
low voltage value of φa in Fig. 5.2(b). (b) Model LDOS ρs used to calculate φa

. The exponential decay constant was set to α = 0.0,0.2,0.5,1.0, and 1.2 eV−1 for
the curves shown in colors from light gray to black, respectively. The constant-
current value for all spectra was determined at V = 0.1 V using zi = 5 Å and
α = 0 .

5.5 Conclusion

The band structure of the (111) faces of the coinage metals Au, Ag, and Cu has

a significant impact on the voltage-resolved apparent barrier height φa measured

by scanning tunneling microscopy. This leads to a surprising, asymmetric voltage

dependence of φa with a constant-φa range for positive sample voltages below

V ≈ 3.5 V. These results have direct consequences for the interpretation of

maps of the apparent barrier height. Such maps may exhibit interesting voltage

dependencies, which, however, may reflect band structure variations rather than

local changes of the decay of wave functions into the tunneling gap.
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5.6 Annex: Influence of the Geometric Asymmetry of the

Junction

The observed asymmetry of electron tunneling upon reversal of the bias polarity

may in principle be caused by the asymmetric geometry of a sharp tip in front

of a planar surface. Below we analyze the importance of such an effect. As

to its impact on φa, we find that the geometric asymmetry cannot explain the

experimental data.

First, we define the potential U in the barrier for limiting cases of the junction

geometry. Two contributions to U are considered: U = Ui + Ue. Here Ui is

the multiple image potential and Ue the potential resulting from the contact

potential in case of a work function difference between tip and sample and the

applied sample voltage. Figure 5.6(a) shows the multiple image potential for

planar tip-sample electrodes (solid line) [132] and for a planar sample facing a

hemispherical tip with radius R = 5 Å on a planar metal surface (dashed-dotted

line). The potential for the hemispherical tip in front of the planar metal surface

was calculated along the high symmetry axis according to Ref. [133].

Figure 5.6(a, dotted line) shows an asymmetric reduction of Ui for the hemi-

spherical tip, as expected. This reduction may be reasonably approximated by a

straight line. In other words, the asymmetry of Ui induced by the hemispherical-

tip is similar to an additional contact potential between two planar electrodes,

which effectively lowers φt. Below, its effect may therefore be estimated by using

different work function of tip and sample.

Figures 5.6(b) and (c) display the electrostatic potentials for different electrode

geometries and bias polarities. Compared to the case of planar tip and sample

electrodes (solid lines) the higher electric field causes a more rapid variation

of Ue near the hemispherical tip. Hemispherical and spherical tip electrodes

yield similar shapes of Ue, although the asymmetry is more pronounced for the

spherical tip. A spherical tip may therefore be used to estimate an upper limit
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Figure 5.6: (a) Multiple image potential Ui for planar tip-sample electrodes
(solid line) and a planar sample facing a tip made up of a hemisphere on a pla-
nar electrode (dashed-dotted line). The potential difference is shown by a dotted
line. (b) Electrostatic potentials Ue for a planar metal electrode facing a second
planar electrode (solid line), a hemisphere on a planar electrode (dashed-dotted
line), or a sphere (dashed line). A negative voltage V = −1.5 V is applied to the
left electrode. (c) Same as (b) but with V = +1.5 V. Further parameters: Elec-
trode distance z̃ = 10 Å, electrode work function φ = 5 eV, hemisphere radius
R = 5 Å.

of the impact of geometry.

Figure 5.7 summarizes the results of our numerical calculations of φa . For

planar electrodes with identical work functions (Fig. 5.7(a), solid line) φa is

symmetric about V = 0 V and decreases approximately linearly with V according

to Eq. (5.1). The curvature of φa exhibits an inflection point at V = ±5 V,

where eV = φs and the field emission regime is approached. For a spherical

tip (dashed line), an asymmetry occurs. The asymmetry can be understood

from Figs. 5.6(b) and (c). For all V < 0, the average tunneling barrier (i. e. the

average value of the gray shaded area below the dashed line) is larger than the

average of the trapezoidal barrier (i.e. the area below the solid line). Thus, φa

decreases less as a function of voltage for a spherical tip. For V > 0 the effect is

reversed. Electrons emitted from the Fermi level of a hemispherical tip towards
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Figure 5.7: Constant-current φa data calculated from Eqs. (5.3) and (5.4) for
planar electrodes (solid line) and a sphere with R = 5 Å facing a plane (dashed
line). (a) φs = φt = 5 eV. (b) φs = 5 eV, φt = 3 eV. Further parameters: ρs(E)
set constant; zi = 5 Å and Vi = ±0.1 V.

the sample, ’feel’ an average barrier height that is smaller than for a planar

electrode. Similar results are obtained when different electrode work functions

are considered to mimic the effect of multiple image charges (Fig. 5.7(b)).

In summary, the geometric asymmetry of the STM junction may lead to a

polarity dependence of φa, which is, however, opposite to the experimentally

observed trends. If present in the experiment, it appears to be hidden by the

band structure effects presented above.



CHAPTER 6

Contrast Inversion of the Apparent Barrier Height of Pb

Thin Films

Abstract

Scanning tunneling microscopy measurements of the apparent height of the tun-

neling barrier are analyzed for Pb islands on Ag(111). The apparent barrier

height (ABH) significantly varies with the bias voltage. This bias dependence

leads to drastic changes and even inversion of contrast in spatial maps of the

ABH. Using model calculations, these variations are interpreted in terms of the

strongly modulated local density of states of thin Pb films, which is caused by

quantum well states.

6.1 Introduction

The work function φ is an important property of surfaces, which influences cat-

alytic reactivity and charge injection at interfaces. It controls the availability of

charge carriers in front of a surface. Modifying φ has been achieved by deposition

of metals and molecules [3, 4]. In particular, for Pb thin films on Si(111) the

existence of a quantum-size-effect [2] induces a bilayer modulation of φ and of the

chemical reactivity [15, 16, 19, 22, 134]. For investigating φ at the atomic scale,

scanning tunneling microscopy (STM) has become a widely used technique. From

the variation of the tunneling current I with the tip excursion z, an apparent

barrier height φa may be extracted [5], which —within the WKB approximation

55



56 6 Contrast Inversion of the Apparent Barrier Height of Pb Thin Films

of the tunneling current between free-electron metals separated by a rectangular

barrier— is related to the sample work function φs by [6]: φa = (φs+φt−|eV |)/2.

Here, φt is the local work function of the tip apex, V the applied tunneling bias

voltage, and −e the electron charge.

In this chapter, we report voltage resolved STM measurements of φa on Pb thin

films supported on Ag(111). Strong modulations of the local density of states

(LDOS), which are due to quantum well states (QWS’s) in the Pb adlayers, re-

sult in a profoundly non-linear behavior of φa as a function of the bias voltage V .

φa is found to be very sensitive to the shape of the LDOS. In spatial maps of φa,

small voltage changes ∆V ≈ 50 mV can result in contrast reversal. Numerical

calculations of the tunneling current using a one-dimensional WKB approxima-

tion and including the LDOS modulations induced by the QWS’s, describe the

experimental observations.

6.2 Experiment

Measurements were performed with a home-built scanning tunneling microscope

operated at 5 K in ultrahigh vacuum conditions. The tunneling voltage is ap-

plied to the sample. Ag(111) single crystal surfaces were prepared by repeated

Ar+ sputter/anneal cycles. Pb islands of several monolayer (ML) thickness were

obtained by room-temperature deposition from a tungsten crucible with a depo-

sition rate of 1ML/min. Pb grows on Ag(111) in the Stranski-Krastanov mode

[44, 45] with an initial 1 ML thick wetting layer (WL). Film thicknesses are num-

bered in ML beyond the WL. Electrochemically etched W tips were prepared by

annealing cycles and indenting into Pb islands, thereby covering the tip apex with

Pb. The current I versus tip excursion z was measured by opening the feedback

loop at 100 pA and driving the tip towards the surface by 2 Å. Constant-current

dI/dz versus V spectroscopy was performed with a closed feedback loop. A

small sinusoidal modulation of the tip-sample separation (amplitude 0.15 Årms)

was used and the current response was measured with a lock-in amplifier. φa

was calculated from the measured data as

φa =
h̄2

8m

(

d ln(I)
dz

)2

, (6.1)
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where h̄ is the reduced Planck constant and m the electron mass. Spectra of

the differential conductance (dI/dV ) were acquired by using standard lock-in

detection (voltage modulation amplitude 2.5 mVrms, frequency 10 kHz).

6.3 Modeling

Numerically, the tunneling current as a function of sample voltage V and tip-

sample distance z̃ was calculated as[33]

I(V ) ∝
EF+eV
∫

EF

ρs(E) T (E,V,z̃) dE, (6.2)

where ρs denotes the LDOS of the sample at the surface and EF is the Fermi level

of the sample. Since STM measures only relative tip displacements, z̃ differs from

the tip excursion z by a constant initial offset zi. It should be mentioned that

ρs(E) denotes an effective local density of electronic states, which are involved in

the tunneling process, and may deviate from the LDOS as obtained from band

structure calculations owing to a certain selectivity in k-space. The transmission

probability T (E,V,z̃) for an electron impinging on the tunneling barrier with

energy E is given by

T (E,V,z̃) = exp



−z̃

√

4m

h̄2 (φs + φt + eV − 2E)



 . (6.3)

For simulating the feedback loop, z̃ was adjusted for each voltage V to ensure

constant current I, which in turn was numerically differentiated using dz̃ = 0.2 Å

to obtain d ln(I)/dz̃. In using (6.2) we assume an electronically featureless tip,

which is supported by the experimentally observed clearly dominating impact of

the sample LDOS.

6.4 Results and Discussion

Figures 6.1(a,b) show experimental data of (a) voltage resolved φa and (b)

constant-current dI/dV measured on the WL (red) and on a Pb island (see
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Figure 6.1: Experimental (left) and numerical results (right) for the volt-
age resolved apparent barrier height φa: (a) and (f), and for constant-current
dI/dV :(b) and (e), respectively. Experimental data has been acquired on the
wetting layer (WL) and on the island shown in the inset to (a) (image size
330 × 175 nm2). See legend in (f) for color code. (c) experimentally derived
LDOS ρs as explained in the text. (d) model LDOS used for the numerical cal-
culation. The model LDOS has been constructed from a set of lorentzians ap-
proximating the experimental LDOS shown in (c). The constant current setpoint
was determined at: zi = 5 Å, V = 0.1 V, WL: φs = φt = 4.2 eV, Pb island:
φs = φt = 4.0 eV.

inset to Fig. 6.1(a)) consisting of 5, 7, and 9 ML of Pb beyond the WL (green,

blue, and black data points, respectively. The same color scheme is used through-

out Fig. 6.1.). We find a nonlinear behavior of φa which is apparently linked to

variations of the dI/dV signal. φa tends to decrease for increasing dI/dV , while

φa stays constant or even increases for decreasing dI/dV . Before analyzing the
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data any further, it is worth noting that relative differences of φa on the different

island heights and on the WL are voltage dependent and should not be mistaken

to directly reflect work function differences. For example, at V ≈ 2 V, φa is

largest for the WL and smallest for the 9 ML film (Fig. 6.1(a)). At V ≈ 2.7 V,

this sequence is reversed. We suggest that the peculiar LDOS of the quantum

well system Pb/Ag(111) is at the origin of the observed voltage dependence of

φa. To substantiate this interpretation we normalize the constant-current dI/dV

data to estimate the density of unoccupied states from these spectra [38, 101].
1 Figs. 6.1(c,d) show the experimentally derived LDOS ρs and a model LDOS

chosen such as to mimic the experimental data. Using this model LDOS, dI/dV

and φa were calculated (Figures 6.1(e,f)). As in the experiment, an increasing

ρs results in an increasing dI/dV and decreasing φa. In other words, the simple

model of the tunneling current is able to reproduce the essential experimental

findings. Hence, the nonlinear behavior of φa may be attributed to the weight-

ing of T (E,V,z̃) by ρs(E) in Eq. 6.2. In addition to this effect, a wavevector-

dependence of the electron decay length has been suggested to play a role [134].

As the experimental LDOS ρs in our model already includes tunneling matrix

element effects it is difficult to separate these two contributions in the present

study.

Below we analyze the impact of the voltage dependence of φa on spatially re-

solved maps of φa. Figure 6.2(a) shows φa data from a Pb island with thicknesses

varying from 16 to 26 ML. Different voltages were used as indicated at the im-

ages. At V = 5 mV, φa is almost unaffected by finite voltage effects. Contrasts in

this map, therefore, reflect variations of φa due to the different film thicknesses.

Clear even-odd oscillations are observed as a function of the number of layers

in the film as expected. The dI/dV spectra in Fig. 6.2(b) reveal the energies of

the QWS of a few characteristic terraces labeled 1–6 in Fig. 6.2(a). Comparison

of the values of φa and the position of the highest-occupied QWS shows that

1 The differential conductance is divided by the transmission factor T (eV,V,z̃(V )) to obtain
ρs(eV ). From Fig. 6.1(a, at low V ), we used φt = φs = 4.2 eV for the spectrum acquired on
the WL and φt = φs = 4.0 eV for spectra on the Pb island. z̃ is calculated as z̃(V ) = z(V )+
5 Å where z(V ) is the constant-current vertical tip displacement measured concomitantly
with dI/dV . Assuming a featureless LDOS of the tip, ρs(E) should qualitatively resemble
the sample LDOS.



60 6 Contrast Inversion of the Apparent Barrier Height of Pb Thin Films

Figure 6.2: (a) Maps of the apparent barrier height φa acquired by means of
I(z) measurements on a Pb island (thickness WL+16 to +26 ML) at different
voltages as indicated at the images (for magnitude of φa see colorscale). (b)
Constant-height dI/dV spectra acquired at the terraces indicated by numbers
in the φa map at 5 mV. Spectra are offset by even integers for clarity.

φa assumes low values when this state is close to the Fermi level. These ob-

servations appear to qualitatively agree with previous results reported by Qi et

al. for Pb/Si(111) from measurements at V = −2 V [16]. A striking difference,

however, are the drastic changes of the φa maps with the applied bias voltage.

For instance, the terraces labeled 2, 5, and 6 exhibit lower φa than terraces 1, 3,

and 4 at V = 5 mV. At V = 300 mV, this sequence is inverted.

From the dI/dV spectra shown in Fig. 6.2(b), the voltage dependent change

of φa at the different layer thicknesses can be understood along the same line as

the spectroscopic results in Fig. 6.1. For positive voltages, we find an increasing

dI/dV signal to result in a decreasing φa and vice versa. For elevated negative

voltages the effect is different as will be discussed below.

At V < 0 V the tunneling current is dominated by electrons from close to EF .

Given a peak in the occupied ρs close to EF , electrons from this peak region

will predominantly contribute to the current. The value of dI/dz will, therefore,

reflect the apparent barrier characteristic of these electrons. φa will be small if
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Figure 6.3: (a) Impact of gaussian peaks in the LDOS ρs (dashed lines) on φa

(solid lines) calculated for V < 0 and φs = φt = 4 eV. The result for constant
ρs is shown in green for comparison. Peak positions: −0.1 V and −0.5 V, full
width at half maximum = 0.2 V. Setpoint parameters: zi = 5 Å, V = 0.1 V,
and ρs(E) = 1. (b) Layer-resolved QWS energies (blue dots) extracted from
experimental dI/dV spectra. Background colors reflect low voltage φa results:
Yellow corresponds to φa(N) > φa(N − 1) and red to φa(N) < φa(N − 1). As for
φa(11) no discernible difference to φa(10) is found, gray background was used.

this LDOS peak is close to EF and will increase as the peak moves away from

EF .

Numerical results (Fig. 6.3(a)) confirm the qualitative picture. φa was cal-

culated for negative voltages assuming a LDOS which is constant except for a

Gaussian peak close to (blue) or farther away (red) from EF . The result for con-

stant ρs (green) is shown for comparison. The height of the peak was chosen to

be comparable to the observed peaks in Fig. 6.2(b). We find that a pronounced

peak close to EF reduces φa (blue, solid line) compared to a peak farther away

from EF (red, solid line). As an important consequence, φa measured at elevated

negative voltages may oscillate as a function of layer thickness because the energy

of the highest occupied QWS oscillates. No oscillation of the work function φ is

required.1 An oscillation of φ has previously been inferred in Ref. [16] from mea-

1 We note that a LDOS peak close to EF results in an increased topographic height, too, as
first pointed out by Altfeder et al. [135].
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surements of φa at V = −2 V. The above results suggest that this interpretation

is not fully conclusive.

Finally, Figure 6.3(b) shows layer-resolved QWS energies (blue dots) of Pb thin

films on Ag(111) determined from series of dI/dV spectra (not shown). We use

background colors to indicate the apparent barrier heights (red/yellow indicating

low/high φa) measured at low bias, |V | ≤ 10 mV. Under this condition, changes

of φa are expected to reflect changes of the work function. For the investigated

thicknesses N = 11 . . . 35 layers of Pb on Ag(111), we re-establish the finding

of Qi et al. [16]. A highest occupied QWS close to EF results in a low φa (red

background). As reported in Ref. [16] a beating pattern at N = 18 ML and

N = 27 ML is also observed.

6.5 Conclusion

In summary, the dependence of the apparent barrier height φa on the bias voltage

can be profoundly nonlinear. The contrast of φa maps taken on multilayer Pb

islands can be reversed for different tunneling bias voltage V . Model calculations

show that this result is not limited to Pb/Ag(111). In general, φa measurements

on systems exhibiting strong variations of the local density of states are prone

to nonlinearity effects of the finite bias. At small bias voltages, the experimental

data confirms the even-odd oscillation of φa with the number of Pb layers.
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CHAPTER 7

Conductance of Atom-Sized Pb Contacts

Abstract

The contact formation of a metallic tip approaching Pb thin films supported

on Ag(111) substrates is investigated with a cryogenic scanning tunneling mi-

croscope. While contacts to thicker Pb films are formed rather abruptly, the

transition between tunneling and contact is gradual for the first Pb monolayer

on Ag(111). This behavior may be understood in terms of different vertical

bonding-strengths due to a charge-transfer induced surface dipole. Owing to the

gradual evolution of tip-surface contacts on the first Pb(111) ML imaging can be

performed at contact. Furthermore, we show that for atomic-sized Pb contacts,

the interpretation of peaks in conventional conductance histograms in terms of

single-atom point-contact conductances yields an overestimation of contact con-

ductances.

7.1 Introduction

The electron transport properties and mechanical characteristics of atomic-sized

metallic contacts are of fundamental interest in view of future nanoscale de-

vice technologies. Proximity probes like the scanning tunneling microscope

(STM), metal break junctions, and related techniques, together with compu-

tational methods for simulating tip-sample interactions with atomic detail, have

made it possible to address this issue [7]. Tip-surface point contacts are known

63



64 7 Conductance of Atom-Sized Pb Contacts

to exhibit a jump of the conductance [8, 106, 136, 137]. When stretched to the

point of breaking, their conductance decreases in discrete steps. The shape of

this staircase is material dependent and is related to electronic and mechanical

properties of the contact region [138]. The conduction in such systems is usu-

ally discussed in terms of the Landauer formula [139, 140]. Using a suitable set

of quantum states, so-called eigenchannels, the low-temperature linear conduc-

tance of a point contact can then be written as G = G0

∑

i Ti, where Ti ∈ [0,1]

are transmission probabilities of the eigenchannels and G0 = 2e2/h = 77.5 µS is

the quantum of conductance. Here, h is the Planck constant and −e the electron

charge. Much current research aims at measuring, understanding and control-

ling these transmission probabilities and their variation with geometric structure,

electrode material, electrode magnetization, mechanical strain etc. Taking ad-

vantage of the imaging capability of the STM recent experiments on individual

adsorbed atom (adatom) [8, 141–143] and on single molecule [9, 144, 145] con-

tacts showed that these contacts can reproducibly be made without structural

changes of tip or sample.

Here we report a study into the conductance G of a Pb tunnel tip contacting

Pb(111) thin films supported on Ag(111) substrates.1 The contacts are found

to exhibit a reproducible variation from tunneling to the contact regime with

purely elastic deformations of tip and sample. So far, such behavior has not

been observed on close packed fcc metal surfaces at low V , where contacts are

known to quite reproducibly result in material transfer from tip to sample [8].

The transition between tunneling and contact is found to be more gradual for

the first Pb(111) monolayer (ML), while contact to thicker films is more abrupt.

This behavior may be understood in terms of different vertical bonding-strengths

due to a charge-transfer induced surface dipole, which increases the stiffness of

the Pb-Ag bond compared to a Pb-Pb bond. For the first Pb(111) ML it is

shown that owing to the gradual character of the tip-surface contacts contact

imaging can be performed.

1 We used Pb-covered W-tips as described in the Experiment section. Throughout this article
we refer to these tips simply as Pb tips.
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7.2 Experiment

Measurements were performed with a home-built scanning tunneling microscope

operated at 5 K in ultrahigh vacuum conditions. The tunneling voltage V is

applied to the sample. Ag(111) single crystal surfaces were prepared by re-

peated Ar+ sputter/anneal cycles. Pb films were obtained by room-temperature

deposition from a tungsten crucible with a deposition rate of 1 ML/min. Elec-

trochemically etched W tips were prepared by annealing cycles and indenting

into Pb islands, thereby covering the tip apex with Pb. Throughout the article

we refer to these tips simply as Pb tips. The current I versus tip excursion z was

measured by opening the feedback loop and driving the tip toward the surface

by ≈ 2 Å at velocities ranging from 0.5 to 2 Å/s. The experimental setup of

Limot et al. was employed to avoid a significant voltage drop at the current

preamplifier [94].

7.3 Results and Discussion

Pb grows on Ag(111) in the Stranski-Krastanov mode [44, 45] with an initial 1 ML

thick wetting layer (WL) which exhibits a hexagonal moiré-type modulation with

a (
√

19 ×
√

19) R 23.4◦ supercell [56]. The in-plane lattice constant of the Pb

WL corresponds within 99% to the (111) in-plane lattice constant of bulk Pb,

3.5 Å. At higher coverage, flat-top islands of distinct heights are formed. The

in-plane lattice constant on the Pb islands corresponds to that of bulk Pb. We

number the film thicknesses including the WL in MLs.

Figure 7.1 shows an atomically resolved image of the moiré pattern observed

on a 6 ML Pb island. The color scale corresponds to a height range of 0.23 Å. On

the Pb islands, the moiré pattern can be observed for film thicknesses as large as

≈ 35 ML [146]. Altfeder et al. reported that the moiré pattern in multilayers is

caused by lateral adiabatic changes of the electrons scattering-phase shift located

at the adlayer/substrate interface rather than geometric modulation of the films

[70].

For typical tunneling conductances G in the range of ≈ 10−5 − 10−2 G0 (V =

100 mV) the apparent height of the moiré superstructure is ≈ 0.1 Å on the
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High

Low

Figure 7.1: Atomically resolved topograph (6.8×6.8 nm2) of a 6 ML Pb island,
clearly exhibiting a moiré-type superstructure. The color scale corresponds to a
height range of 0.23 Å (V = 100 mV, I = 710 nA, G = 0.09 G0).

WL and somewhat smaller on Pb islands. The increased apparent height of the

moiré pattern as shown in Fig. 7.1 for a conductance of G = 0.09 G0 indicates

deviations of G as a function of tip excursion z from purely exponential behavior

at conductances larger than 10−2 G0 and will be discussed below.

For contact measurements on pristine noble metal (111) surfaces using low

voltages, G(z) traces exhibit a strictly exponential behavior in the tunneling

regime up to the point where a sharp jump to contact (JTC), random in nature,

occurs [106]. Usually, the tip-apex atom is transferred to the surface during

this process. In the contact range, G(z) saturates and stays rather constant. In

contrast, the conductance over single Ag (Cu) adatoms on Ag(111) (Cu(111) )

exhibits a smooth and reproducible elastic transition from tunneling to contact

regime [8].

For the Pb tip-surface contacts studied here, more than 200 contacts can be

made with well formed Pb tips without material being transferred between tip

and sample. 1 While contacts acquired in a sequence at the same location are

highly reproducible, contacts on different positions of the moiré pattern result

1 Unless stated explicitly, all presented contact traces were not accompanied by material-
transfer between tip and sample, which was checked by repeated topographical imaging of
the surface.
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in different shapes of the contact traces. Ranging from very smooth behavior,

where no sign of a JTC is observed, to JTC characterized contacts as also found

on noble metal (111) surfaces [8, 136, 147]. In addition to the variations with

lateral position, there are distinct differences of the contact traces acquired on

the WL compared with contacts made on thicker Pb films.

7.3.1 Thickness Dependence of Pb Contacts

Figures 7.2(a),(b) show normalized probability distributions of the variability of

G vs the tunneling gap variation ∆ z acquired on (a) 6 ML Pb and (b) the WL.

A total of 80 conductance traces acquired alternately on the two film thicknesses

is shown. After each individual contact trace, the tip has been laterally moved

onto the other film thickness where the next contact trace was acquired. The

traces were taken throughout the moiré supercell, without noticeable irreversible

change of the tip configuration. It is found that the transition region exhibits

a more pronounced step-like behavior with a larger variety of the conductance

traces on the 6 ML Pb film (Fig. 7.2(a) ) as compared with the WL (Fig. 7.2(b) ).

Similar results where found for the comparison of contact traces on the WL and

3ML Pb. Here we focus on thin Pb films with thicknesses ≤ 6 ML and voltages

V ≤ 200 mV, such as to rule out any impact of quantum well states on the

measured conductances [73, 148]. For the WL the transition from tunneling to

contact is very smooth and also more homogeneous throughout the moiré super-

cell as can be inferred from the reduced variation of contact traces in Fig. 7.2(b).

To further illustrate the difference between the contact spectra acquired on the

different film thicknesses, G(z) histograms of the contact traces are shown in

Figure 7.2(c). The dark blue line denotes the G(z) histogram of the WL. The

smooth G(z) traces result in a histogram with a very flat characteristic, where

no clear discrimination between tunneling and contact regime is obvious. In

contrast, the G(z) histogram of the 6 ML Pb film (light blue area) exhibits a

clear step-like onset at the transition to the contact regime. The analysis of

Pb conductance histograms on film thicknesses beyond 1 ML will be discussed

below.

We assign the differences of the conductance traces to the different atomic

species in the second layer and suggest that the peculiar vertical bonding strength



68 7 Conductance of Atom-Sized Pb Contacts

60

40

20

0

C
ou

nt
s 

2.52.01.51.00.5

G (G0)

 6 ML
 WL

-1.6 -1.2 -0.8
∆ z (Å)

2

1

0

G
 (

G
0)

2

1

0

G
 (

G
0)

100
80
60
40
20

0
WL

6 ML

(a)

(b)

(c)

Figure 7.2: G(z) traces of atomic-sized contacts on (a) 6 ML Pb and (b) the
WL. To quantify the scatter of the traces, probability distributions were calcu-
lated at each value of ∆ z and used to color the data points (color scale as inset
to b). Set point: I = 250 nA V = 0.1 V. 80 conductance traces were acquired
alternately on the two terraces, throughout the moiré supercell. (c) Histogram of
the conductance traces G(z) from (a) (light blue) and (b) (dark blue).

of the Pb(111) surface layer atoms is the origin of the observed differences of

contact traces. While the Pb surface atoms of the WL are vertically bonded to

Ag substrate atoms, the surface layer atoms of films with ML > 1 are vertically

bonded to Pb atoms. By means of electrochemical underpotential deposition

experiments it has been shown that the Pb-Ag bonding energy is 0.3 eV larger

than that of a corresponding Pb-Pb bond [44]. This increase in binding energy
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has been shown to be related to charge transfer effects between the WL and

the Ag(111) substrate [149]. Assuming that the vertical bonding strength of

such a Pb-Pb bond must be between the limiting values of the bonding strength

of a single Pb2 dimer and that of a nearest neighbor bond in bulk Pb, which

corresponds to 0.84 eV and 0.34 eV respectively,[150, 151] it may be inferred

that the Pb-Ag bonding strength is larger by ≈ 35 − 90%. Therefore, it is

expected that the stiffness of the vertical bond of the WL to the Ag(111) surface

atoms is enhanced.

A possibly related result has been observed for single Ag (Cu) adatoms on

Ag(111) (Cu(111) ), where the origin of the observed smooth contact traces is

a redistribution of surface charge due to the Smoluchowski effect that creates a

surface dipole which enhances the bonding of the adatom [8]. Hence, the atomic

positions are only slightly relaxed during the transition from the tunneling regime

to point contact, which is in sharp contrast to the situation on the flat noble

metal (111) surfaces, where the tip apex was routinely fractured and a sudden

JTC was observed. The reason being the larger stiffness of the adatom bond

to the surface. It is found that the surface dipole roughly doubles the elastic

constants as compared to the value found on flat surfaces [152].

7.3.2 Imaging at Contact

Taking advantage of the very smooth characteristics of the contact traces on the

WL, it is possible to perform contact imaging. Figure 7.3 displays the evolution

of constant current STM topographs spanning the range from (a) 0.16 G0 to

(f) 1.26 G0. At conductances of ≈ 0.25 G0 the corrugation of the Pb atoms

is reversed. Comparing Fig. 7.3 (a) and (b) (0.43 G0) the Pb atoms appear as

protrusions in (a), while they appear as depressions in (b). Further increase of the

current results in a triangular-shape-like appearance of the WL hollow positions

and increased apparent heights. A similar effect of corrugation reversal has been

observed for manipulated-atom images [153, 154]. Those images were obtained

by rastering a Co adatom over a Cu(111) surface, using the tip-induced local

potential to trap the Co atom under the rastering probe tip. It was concluded

that, due to adhesion forces the Co atom did not precisely follow the tip, but

hopped to the fcc or hcp binding sites nearest the moving tip. Since there is
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(a) 0.16 G0 (c) 0.58 G0(b) 0.43 G0

(d) 0.77 G0 (e) 1.05 G0 (f) 1.26 G0

Figure 7.3: WL contact images with Pb tip (V = 100 mV): (a) 0.16 G0, (b)
0.43 G0, (c) 0.58 G0, (d) 0.77 G0, (e) 1.05 G0, (f) 1.26 G0. Color scale corre-
sponds to 0.17 Å for (a), (b), and 0.28 Å for (c)-(f).

no adatom involved in the acquisition of the contact images presented here, we

assign the observed corrugation to the lateral elasticity of the apex atom of the

tip, which, while rastering the surface, prefers to reside on hollow position of

the Pb lattice. Hence, when scanning on top of a Pb atom, the apex atom is

laterally attracted and deflected towards the nearest hollow position. This causes

the STM electronics to approach the tip toward the surface in order to maintain a

constant current. Therefore the on top position appears as depressions. On this

grounds the increased resolution with increased conductance may be understood

in terms of enhanced attractive (repulsive) forces of the hollow (on top) position

with increased proximity of tip-apex atom and sample, such that the deflection of

the apex atom as a function of lateral position becomes more inhomogeneous. As

an additional feature, the moiré pattern is observed in contact images, too. The

apparent height of the hollow positions is modulated according to the (
√

19 ×√
19) R 23.4◦ supercell. However, from the present data it appears difficult to

distinguish whether this contrast reflects just real height differences due to the

corrugation of the WL, or is an indicator of preferred binding sites as it was

suggested for Co on Cu(111) [153]. Note, in contrast to Co on Cu(111) we do
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not observe a three-fold symmetry, which can be understood in terms of the

moiré supercell where the Pb atoms are not in registry with the Ag(111) lattice.

7.3.3 Analysis of Pb Conductance Histograms

For a quantitative comparison of atomic-sized contacts made of different mate-

rials, the conductance traces are often represented by a single value, the contact

conductance Gc. Gc may be analyzed using conductance histograms of large

numbers of G(z) traces [7]. For noble metals the conductance histogram ex-

hibits a clear peak at Gc owing to the flat-top steplike behavior of G(z) in

contact. However, for materials where the conductance exhibits a finite slope

in the contact regime, the determination of Gc using conductance histograms

is more difficult. Figure 7.4 shows data of a representative series of 223 con-

ductance traces bridging the transition between tunneling and contact regime.

These data were acquired consecutively on a 3 ML Pb film with the same tip.

Contact traces acquired on 6 ML Pb, using the same voltage, exhibit similar

behavior (see Fig. 7.2(a) ). Contacts were made at different sites of the moiré

pattern. The area shaded light-blue in Fig. 7.4(a) indicates the variability of the

conductance measurements and encloses all 223 G(z) contact traces. Here the

conductance vs tunneling gap variation is displayed on a logarithmic scale. Four

representative contact traces are highlighted, showing the variety of the elastic

Pb contacts. The random character of the contact traces may be understood in

the light of DFT structure simulations, where it was shown that the jump to

contact on Au(111) strongly depends on whether the tip is positioned on top of

a surface atom or over a hollow [155]. In the following the different regimes of

the contact traces are discussed.

The exponential variation of the tunneling current is usually characterized by

the apparent barrier height φa:

I ∝ exp(−1.025
√

φa z̃) (7.1)

where φa is in eV and z̃ the tip-sample distance in Å. For the Pb-Pb tunneling

junctions studied here, we find for G < 10−2 G0 a constant φa in the range of 3.5 -

5 eV, characteristic for metal-metal tunneling junctions. Here φa depends on the
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Figure 7.4: (a) The light-blue shaded area denotes the variability of 223 con-
secutively acquired contact traces on a 3 ML Pb island without material transfer
(V = 200 mV). 4 representative contact curves are highlighted. Diamonds denote
the deduced contact conductance Gc of the different traces. (b) Histograms of
the contact conductance Gc (dark-blue) and of the conductance G(z) (light-blue)
of the data presented in (a).

tip, film thickness, and applied bias [17]. φa starts to increase ≈ 0.5 − 1 Å before

the contact is reached up to ≈ 7−8 eV. Concomitantly, the variability of the G(z)

traces in the tunneling regime recorded throughout the moiré supercell increases,

i.e. for increasing conductance the light blue shaded area in Fig. 7.4(a) gets wider.

This marks the beginning of the transition region in G(z) measurements and

explains the enhanced corrugation of the moiré pattern as shown in Figure 7.1.

In the transition region G(z) exhibits a rich structure (see, e.g., the dark blue

trace in Fig. 7.4(a) ) which makes it difficult to characterize this range by an
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assignment of a single-valued slope. However, as a general result, we find that at

conductances of ≈ 0.1 G0 the slope of the conductance traces increases and the

transition region is entered. The transition region is then followed by the contact

regime which exhibits an approximately constant slope (on the logarithmic scale)

which is significantly smaller than the slope in the tunneling regime.

In addition to using conductance histograms for evaluating Gc, other schemes

have been employed. For single-adatom contacts Limot et al. [8] defined Gc by

the intersection between the experimental curve and the linear extrapolation of

ln(G(z)) vs z at large tip-sample separations. For the present Pb data, the point

of intersection lies in the transition range for some of the G(z) traces. Néel et

al. [9, 143, 156] used the conductance right after the JTC, which was defined

as the point of intersection of linear fits to the transition and contact ranges of

ln(G(z)) vs z. Due to the rich structure of the transition range in the present

study, we modified this latter approach and performed a local fit to the transition

range close to the contact regime, where the slope approaches a constant value.

The resulting Gc are highlighted by diamonds in Fig. 7.4(a) for some typical

contacts. Figure 7.4(b) shows histograms of Gc (dark-blue) derived from the 223

contacts, and of G(z) (light-blue) from the same data set. A Gaussian fit to the

two distributions in the range from 1.0 − 2.1 G0 yields maxima at 1.35 G0 for

the Gc distribution and 1.65 G0 for the G(z) histogram. The shift by 0.3 G0

may be understood in terms of mechanical strain, inducing a finite slope of the

G(z) traces in the contact regime and shifting the peak structure towards larger

conductances [138].

More precisely, on a logarithmic scale the contact traces highlighted in Fig-

ure 7.4(a) exhibit a rather constant slope in the contact region, due to elastic

deformations and mechanical strain in the junction [138]. In the transition region

the slope is larger. Hence, if all conductance traces were to result in the same

slope in the contact regime, the G(z) histogram would be expected to exhibit

a step-like onset at Gc. Due to the scatter of Gc in different measurements,

this onset is smeared. A maximum of the histogram is reached where nearly all

conductance traces have entered the contact range with its reduced slope. This

behavior can be seen in Figure 7.4(b) where the peak in G(z) occurs at the trail-

ing edge of the Gc distribution. Summarizing this issue, from G(z) histograms

Gc is overestimated by ≈ 20 % in the present study owing to a non-zero slope of
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G(z) in the contact regime.

Our result Gc = 1.35 G0 is in good agreement with conductance histograms of

recent electrochemical fabricated atomic-sized Pb contacts, where no mechanical

strain forces are present and which exhibit a prominent peak at Gc = 1.4 G0

[157].1 Earlier conventional break junction experiments led to conductance his-

tograms with a peak at G ≈ 1.7 G0 which again agrees with our result from Pb

films with thicknesses exceeding 1 ML [7, 158].

7.3.4 Role of the Tip

Finally, we comment on the influence of the Pb tips on the contact measurements.

Figure 7.5 shows conductance traces measured on the WL with two nanoscopi-

cally different Pb tips. The dark blue data points denote G(z) for 30 contacts

acquired throughout the moiré supercell on the WL of Pb/Ag(111). During the

acquisition of the conductance trace highlighted in red, an irreversible tip switch

occurred. Material was transferred from the tip to the surface, thereby changing

the nanoscopic structure of the tip apex. After the material transfer, the shape

of the conductance traces changed (light blue). The new nanoscopic structure

of the tip favors a smooth transition from the tunneling to the contact regime

throughout the moiré supercell.

It is clear that the tip shape has a significant influence on the contact traces

and that a certain tip geometry seem to persist until material transfer occurs. Pb

tips which preferentially show a very smooth transition from tunneling to contact

regime on the WL appear to be more stable than other tip configurations. For

tips which preferably show a JTC on the WL, the difference of the contact traces

on the WL and Pb islands are not as pronounced. Although the stability and the

shape of the contact formation is significantly affected by the atomic structure of

the tip apex, we did not find an accompanying tip-dependence of the resolution

of tunneling images or the shape of tunneling spectra.

1 The range of the tip excursion was kept fixed during the measurements. Hence the signif-
icance of the histograms is reduced for conductances exceeding G = 2.1 G0, which is the
lowest measured conductance at ∆z = −2.6 Å (see light-blue area in Fig. 7.4(a) ). However,
the relevant finding of the mismatch of Gc deduced from simple conductance histograms as
obtained by mechanical break junction or STM experiments and the explicit assignment of
Gc as the endpoint of the transition from tunneling to contact is unaffected.
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Figure 7.5: Impact of tip structure on contact traces acquired on the WL.
Dark blue dots and light blue triangles represent data from contact traces be-
fore and after an irreversible tip switch, respectively. The red squares denote the
contact trace, during which the tip irreversibly changed.

7.4 Conclusion

Pb(111) films deposited on Ag(111) substrates may be contacted with a STM

tip without irreversible structural changes of tip or sample. Contact to the

first monolayer of Pb exhibits a more gradual transition between tunneling and

contact, while contact to thicker Pb films is more abrupt. This behavior is

explained in terms of different vertical bonding-strengths due to a charge-transfer

induced surface dipole. For the first Pb(111) ML it is shown that due to the

gradual character of the tip-surface contacts using Pb tips, contact imaging can

be performed. For film thicknesses exceeding 1 ML, contact conductances of

1.4 G0 are observed. Furthermore, we have demonstrated that the peak position

in conventional conductance histograms deviates from this value.
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Summary

Quantum well states in Pb(111) films up to 37 monolayer have been investi-

gated. The thickness dependence of the QWS energies is found to be very well

fitted with the phase accumulation model including energy dependent scattering

phase shifts at the interface and the vacuum barriers. The dispersion along the

Γ -L direction is shown to be well approximated by a constant group velocity

of vg = 13.19 eVÅ. The Pb/Ag interface is found to be of high-quality, such

that the lossy interface scattering contribution to the lifetime broadening is sig-

nificantly reduced compared to Pb/Si interfaces. The electron-electron lifetime

broadening is shown to follow to a good approximation a quadratic energy de-

pendence Γe-e = α(E − EF )2 with α = 0.023 eV−1. However small deviations of

the quadratic energy dependence are observed and may be caused by a deviation

of the screening behavior of the Pb electrons compared to that of a homogeneous

electron gas [79].

The QWSs in the Pb(111) thin films give rise to a profoundly nonlinear depen-

dence of the apparent barrier height φa on the bias voltage. The contrast of φa

maps taken on multilayer Pb islands can be reversed for different tunneling bias

voltage V . Similarly, the band structure on the (111) faces of the coinage metals

Au, Ag, and Cu is found to have a significant impact on the voltage-resolved φa.

An asymmetric voltage dependence of φa with a constant-φa range for positive

sample voltages below V ≈ 3.5 V is observed. Model calculations explain these

experimental findings. In general, systems exhibiting significant variations of

the local density of states are prone to nonlinearity effects of φa measurements

at finite bias. These results have direct consequences for the interpretation of

maps of the apparent barrier height. Such maps may exhibit interesting voltage

dependencies, which, however, may reflect band structure variations rather than

77
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local changes of the decay of wave functions into the tunneling gap. At bias

voltages, which are small compared to the energy scale at which variations of the

local density of states occur, accurate information on work function differences

can be achieved. For the Pb thin films studied here, the even-odd oscillation of

φa with the number of Pb layers as proposed by Schulte has been confirmed [2].

A highest occupied QWS close to EF results in a low φa. Additionally, it was

shown that the geometric asymmetry of the STM junction may also lead to a

voltage polarity dependence of φa, which is, however, opposite to the experimen-

tally observed trends. If present in the experiment, it appears to be hidden by

the band structure effects.

In the course of atom-sized conductance measurements on Pb(111) films de-

posited on Ag(111) substrates it was found that Pb films may be contacted with

a STM tip without irreversible structural changes of tip or sample. Contacts

on monolayer films are found to differ from contacts made on thicker Pb films.

Contacts to the first monolayer of Pb exhibit a more gradual transition between

tunneling and contact, while contacts to thicker Pb films are more abrupt. This

behavior is explained in terms of different vertical bonding-strengths due to a

charge-transfer induced surface dipole. For the first Pb(111) ML it is shown

that due to the gradual character of the tip-surface contacts, contact imaging

can be performed. For the single-atom contact on Pb(111) films beyond the

first monolayer conductances of 1.4 G0 are observed. Furthermore, it is demon-

strated that analyses based on hitherto widely used conventional conductance

histograms may overestimate the single-atom contact conductance by as much

as 20 %.



APPENDIX A

Pb/Ag(111) Quantum Well State Energies

Here, the measured quantum well state energies as a function of film thickness
as shown in Fig. 4.4 are given. The energies are determined as the peak position
in the dI/dV spectra acquired with currents I < 5 nA. The energies can vary
within ±30 meV depending on the position on the moiré supercell. First, the
results using constant current spectroscopy are given:

ML E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11

1 2,63 4,23
2
3 1,96 3,96 4,60
4
5
6 0,63 2,42 3,73 4,37
7 1,46 2,93
8 0,63 2,10 3,31 4,08
9 1,43 2,68 3,67 4,26
10 0,63 1,85 2,93 3,80 4,29
11
12 0,66 1,71 2,67 3,51 4,09
13 0,23 1,24 2,17 3,03 3,75 4,22
14 0,67 1,60 2,46 3,24 3,88 4,32
15 0,27 1,16 1,97 2,76 3,46 3,99 4,33
16 0,67 1,50 2,26 2,99 3,63 4,11
17 0,31 1,12 1,84 2,56 3,22 3,80 4,23
18 0,72 1,45 2,15 2,84 3,45 3,93 4,27
19 0,35 1,08 1,74 2,40 3,01 3,57 4,03 4,32
20 0,73 1,40 2,01 2,67 3,24 3,73 4,10
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ML E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11

21 0,38 1,05 1,66 2,26 2,85 3,37 3,85 4,16
22 0,74 1,36 1,94 2,52 3,06 3,53 3,97 4,22
23 0,41 1,03 1,59 2,15 2,69 3,20 3,67 4,02 4,26
24 0,15 0,73 1,31 1,85 2,38 2,88 3,35 3,80 4,11
25 0,44 1,02 1,54 2,05 2,56 3,05 3,48 3,90 4,20
26 0,17 0,70 1,25 1,75 2,25 2,73 3,19 3,60 4,00 4,22
27 0,45 0,99 1,46 1,95 2,42 2,88 3,32 3,73 4,05
28 0,22 0,75 1,23 1,70 2,16 2,62 3,06 3,47 3,86 4,13
29 0,53 1,00 1,45 1,90 2,34 2,76 3,21 3,60 3,93 4,22
30 0,26 0,74 1,20 1,64 2,07 2,50 2,92 3,32 3,71 4,03
31 0,53 1,01 1,42 1,84 2,27 2,69 3,08 3,47 3,82 4,12 4,30
32 0,31 0,78 1,19 1,61 2,01 2,42 2,82 3,21 3,57 3,89 4,16
33 0,54 0,96 1,36 1,76 2,16 2,55 2,93 3,30 3,65 3,95 4,14
34 0,74 1,13 1,52 1,91 2,30 2,67 3,04 3,40 3,74 4,11
35 0,55 0,97 1,34 1,72 2,09 2,47 2,83 3,20 3,52 3,86 4,12
36 0,76 1,14 1,51 1,88 2,25 2,61 2,96 3,31 3,64 3,95 4,15
37 0,51 0,94 1,28 1,64 2,00 2,35 2,70 3,05 3,37 3,71 4,08

In the following the constant height results are given:

ML E1 E2 E3 E4 E5 E6 E7 E8 E9 E10

8 0,65 -0,76 -0,78 -1,96
9
10 0,63 0,61 0,65 1,90 -0,56 -0,52 -0,50 1,90
11 0,15 1,31 1,34 -0,76
12 -0,38 0,65 0,63 1,70 -0,37
13 -0,78 0,23 0,21 1,24 -0,77
14 -0,27 -0,26 0,68
15 0,27 -0,59 0,27 -0,55 0,24 1,18
16 -0,13 -0,17 -0,18 0,63
17 0,30 -0,45 0,31 -0,48 0,30 -0,40 -0,44 0,29
18 -0,70 -0,03 0,72 -0,04 -0,05 0,69
19 -0,36 0,34
20 -0,59 0,06 0,76
21 -0,26 0,38
22 -0,48 0,12 0,74
23 -0,19 0,40
24 -0,38 0,16 0,72
25 -0,11 0,43
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ML E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11

26 -0,36 0,16 0,69
27 -0,07 0,44 -0,05 0,47
28 -0,27 0,23
29 -0,42 0,03 0,50
30 -0,21 0,25
31 -0,36 0,07 0,50
32 -0,52 -0,13 0,28 0,71 -0,14 0,29
33 -0,31 0,10 0,51 0,93 -0,32 0,10 0,51
34 -0,50 -0,09 0,31 0,72
35 -0,28 0,12 0,50 0,90
36 -0,47 -0,05 0,33 0,71





APPENDIX B

Scanning Tunneling Microscopy on High-Temperature

Superconductors

Abstract

Scanning tunneling microscopy (STM) measurements on the high-temperature

superconductor (HTS) Bi2Sr2CaCu2O8+δ (Bi-2212) are presented. The STM in-

vestigations on Bi-2212 as a model system for superconductivity in the HTSs

were performed as part of the DFG-funded project ”Nanospektroskopie und the-

oretische Feldbeschreibung von Feld- und Korrelationseffekten”. Due to the brit-

tle behavior of Bi-2212 in combination with its layered structure, these mea-

surements were frequently obscured by peculiarities, which are outlined below

and explained in terms of disordered superconductor-insulator-superconductor

Josephson junctions induced by micro-cracks of the single crystal.

B.1 Introduction

Since the discovery of the HTSs by Bednorz and Müller in 1986 [159], a large num-

ber of experimental investigations have been performed to reveal the electronic

structures and the underlying pairing mechanism in these materials. Discovered

in 1988 [160], Bi-2212 is a cuprate superconductor with a two-dimensional lay-

ered perovskite structure where superconductivity originates from CuO2 double-

layers. The idealized structure of the unit cell of Bi2Sr2CaCu2O8 (Fig. B.1) has

a tetragonal shape with dimensions a = b = 5.4 Å and c = 30.9 Å which consists
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Figure B.1: Tetragonal unit cell of Bi2Sr2CaCu2O8 with dimensions a = b =
5.4 Å, c = 30.9 Å. Cleaving predominantly exposes the BiO layer to the surface
(adopted from Ref. [161]).

of 4×[Bi2Sr2CaCu2O8] and has 15 planes. The structure may be considered as

built up from two types of slabs: an insulating rocksalt derived slab containing

two BiO layers and a perovskite derived SrO-CuO2-Ca-CuO2-SrO slab. This

structure has a strong two-dimensional character with a cleavage plane between

the two BiO layers.

In order to be a superconductor, Bi2Sr2CaCu2O8 needs to be hole doped.

This is usually achieved by adding interstitial oxygen atoms to the copper ox-

ide layers, leading to the stoichiometric formula Bi2Sr2CaCu2O8+δ. The critical

temperature Tc of Bi-2212 is sensitive to the exact doping level. The maxi-

mum critical temperature of T max
c = 92 K is achieved with a doping level of

p = 0.16 which corresponds to an excess of about 0.16 holes per Cu atom

[162]. For other doping levels, Tc can be estimated using the generic formula

p = 0.16 ±
√

(1 − Tc/T max
c )/82.6 [163]. However, it has to be noted that Tc also

depends on the sintering process of the samples [162].

Concerning the electron transport properties perpendicular to the supercon-

ducting CuO2 layers (along the c-axis), it has been shown that the specific layered
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structure of Bi-2212 causes this material to behave like a stack of superconductor-

insulator-superconductor Josephson junctions (SISJJs) [164]. The I(V ) charac-

teristics of theses SISJJs could be well explained by modeling the layered crystal

as made up of junctions, where 3 Å thick superconducting layers, i.e. the CuO2

double layers, are separated by 12 Å thick insulating layers [165].

Here, the results of c-axis oriented scanning tunneling spectroscopy (STS) mea-

surements on BiO terminated surfaces of Bi-2212 are presented. For tunneling

resistances R0 below ≈ 10 MΩ the dI/dV (V ) spectra are regularly obscured by

sharply pronounced dips. The dips are symmetric around zero bias and shift

to lower values of V with decreasing R0. The shift is nearly proportional to R0

and is reversible for small changes of R0. The widths of the dips are found to

be rather independent of R0. By means of temperature resolved measurements,

the dips are shown to be correlated with the superconducting state of Bi-2212.

Following Refs. [166, 167], the dips are discussed in terms of micro-cracks of the

single crystal, which lead to disordered SISJJs. For a current I which locally

exceeds the critical current density of such a SISJJ, the junction switches to

the resistive (normal-conducting) state. The latter is accompanied by a certain

voltage drop at the junction [164], giving rise to the observed dips in the differ-

ential conductance. The shift of the dips as a function of tunneling resistance

R0 may be understood in terms of mechanical stress, induced by the tunneling

tip, affecting the coupling of the SISJJs and hence their critical current value.

B.2 Experiment

Samples with dimensions of ≈ 5 × 2 × 0.2 mm3 were cleaved from bulk single

crystals and glued to a sample holder with conducting two-component silver

glue. All presented data were obtained on samples which were provided by Dr.

Geetha Balakrishnan from the University of Warwick: Optimally doped Bi-2212

with Tc = 87 K. Additionally, the appearance of the dips in dI/dV was verified

on over-doped (p > 0.16) Bi-2212 samples with Tc = 81 K provided by Helmuth

Berger from the École Polytechnique Fédérale de Lausanne.

W and Au tips were used for this study. W tips were first electrochemically

etched and then further prepared in vacuo by repeated annealing. Au tips were
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cut at ambient conditions and used without further treatment. Spectra of the

differential conductance dI/dV were acquired at constant height using standard

lock-in detection (root-mean-square modulation 2.5 mV at 10 kHz).

For the variable temperature measurements, the inner cryostat of the STM

chamber was filled with liquid nitrogen. The temperature was varied by con-

trolled pumping on the inner cryostat.

B.3 Results and Discussion

Figure B.2(a) shows an STM topograph of the BiO terminated Bi-2212 surface.

The bright dots indicate the positions of the Bi atoms. Independent of the

tunneling voltage V , the O atoms are not visible in STM. The surface exhibits

an incommensurate superstructure with rows of depressed atoms running along

the b-axis (see arrows in Fig. B.2(b) ), thereby extending the unit cell along the

a-axis. (b) shows a zoom onto the superstructure of the lower left area in (a).

While the origin of the reconstruction is still under debate [162], it has been

a

b

(a) (b)

Figure B.2: STM topographs of the BiO surface of Bi-2212: (a) 20 × 20 nm2

and (b) 10 × 10 nm2 acquired at 5 K with V = 875 mV, I = 0.1 nA. The red
arrows in (b) highlight the direction of the a- and b-axis of the unit cell. The
bright dots indicate the positions of the Bi atoms [168]. Increasing brightness
corresponds to increasing height. The superstructure exhibits a corrugation of
≈ 1 Å.
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shown that the supermodulation is not restricted to the surface. A buckling of

the whole Bi-2212 crystal according to the observed supermodulation as seen by

STM has been evidenced by theory and experiment [169, 170].

Concerning STS measurements on the cleaved BiO terminated surfaces, it is

commonly believed that the measured DOS originates from the CuO2 double

layer. The CuO2 layer lies 4.5 Å beneath the surface BiO layer, with the tip

being ≈ 5 Å above that plane [162]. The detailed impact of the BiO layer is still

an open question. However, it is obvious from the STM topographs, which show

the lattice of Bi atoms on the surface, that the role of the BiO layer cannot be

completely neglected.

Figure B.3 shows a dI/dV spectrum acquired on the surface, which is shown

in Figure B.2. The prominent low-energy features of the Bi-2212 spectra are two
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Figure B.3: Spectrum of the superconducting gap of Bi-2212; setpoint: V =
300 mV, I = 1 nA, R0 = 300 MΩ.

large peaks in the differential conductance defining a clear gap centered on the

Fermi energy EF and a differential conductance increasing linearly (V-shaped)

with energy close to EF. For convenience, the superconducting gap is often

defined as half the energy separating the two peaks (∆p). In HTSs, the reduced

gap defined as 2∆p/kBTc significantly exceeds 3.5 or 4.3, the values expected for

weak coupling s-wave or d-wave conventional (Bardeen-Cooper-Schrieffer (BCS))

superconductors, respectively. The spectrum shown in Figure B.3 exhibits a ∆p

of 37 meV corresponding to 2∆p/kBTc = 9.9, which is in good agreement with
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previous reports [162].

It has to be noted that in contrast to conventional superconductors, the spec-

troscopic gap-feature around the Fermi level is not homogeneous as a function of

lateral position on the BiO terminated surface [162]. The spectrum shown here,

exhibits the smallest ∆p observed during this study.

B.3.1 Spectroscopy at Low Tunneling Resistances

Figure B.4 shows a representative spectrum of the observed anomalies at low

tunneling resistances R0. The spectrum exhibits dips of the differential conduc-

tance (blue), which are also recognizable as kinks in the current signal I (red).

The dips appear symmetric around zero sample voltage V . On well-defined sur-

faces where imaging yields topographs as shown in Figure B.2, the dips usually

occur at elevated tunneling currents which correspond to tunneling resistances

R0 ≤ 10 MΩ. On ill-defined surfaces where STM imaging only yields featureless,

noisy topographs, the dips are frequently observed also for tunneling resistances

R0 > 10 MΩ.
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Figure B.4: Exemplary spectrum of the differential conductance dips mea-
sured on Bi-2212; setpoint: V = 400 mV, I = 200 nA, R0 = 1.8 MΩ.

These dips have been observed earlier [166, 167] and were explained in terms of

SISJJs [171], which were induced by the presence of the STM tip. For a current

I which locally exceeds the critical current density of such a SISJJ, the junction
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switches to the resistive state. Hence, a certain voltage drop at the junction

occurs [164], giving rise to the observed dips in the differential conductance. As

a possible origin of the SISJJs the occurrence of micro-cracks in the tunneling

region due to mechanical stress, induced by the presence of the tip has been

proposed. The absence of these dips in spectra taken at very high resistances,

i.e. large tip-sample separations (see Fig. B.3), and consequently at very low

tip-sample pressures were taken as evidence for the proposed mechanism. For

a discussion of the behavior of the dips a model for a disordered system of

Josephson junctions was used [167]. Using this model Volodin et al. derived an

R0-dependence of the dips position as Vdip ∝ R1+α
0 . They found α ≈ 0.3. In the

following the experimental R0-dependence of Vdip as found here is investigated.
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Figure B.5: Impact of tunneling resistance on the dip-structure; setpoint V =
400 mV, I as indicated in the legend. The spectra are vertically offset for clarity.

Figure B.5 shows an exemplary series of consecutively acquired spectra, which

exhibit the dI/dV -dips. The spectra were acquired in-a-row from bottom to

top. For increasing setpoint current from 100 nA to ≈ 200 nA the dips shift to-

wards lower voltages. Upon further current increase to 300 nA, the gap feature

around the Fermi level turns to a peak structure, a so-called zero-bias differ-

ential conductance peak (ZBDCP), which may be understood in terms of an
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impurity induced bound state caused by the presence of the tip. Such impu-

rity induced bound states can be seen as fingerprints of the d-wave character

of superconductivity in the HTSs [162]. Retracting the tip, i.e. decreasing the

setpoint current to 210 nA, causes the peak to vanish, yielding a spectrum which

resembles the 220 nA spectrum which was acquired just before. Hence for small

current changes, the spectra appear to be reversible.

To characterize the shift of the dips with varying tunneling resistance R0,

the voltage of the lowest dip position as function of R0 for a series of spectra

(containing the spectra shown in Fig. B.5) are analyzed. The results are shown

as red crosses in Figure B.6. It is found that for tunneling resistances in the range

of 1.5 MΩ ≤ R0 ≤ 5 MΩ, the dip position depends rather linearly on R0 (α = 0).

Beyond a certain R0 (here 1.5 MΩ), which differs for different tunneling junction

geometries, the shift of the dip position saturates. To guide the eye, a line (blue)

has been added to highlight the rather linear dependence of the dip position on

R0. Note, that the main features of the observed structures are reproducible for
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Figure B.6: Lowest dip-position in dependence of tunneling resistance R0.

approaches on different positions on the sample surface. To summarize, the dips

shift to lower values of V with decreasing R0. The shift is nearly proportional to

R0 and is reversible for small changes of R0. The width of the conductivity dip

is found to be rather independent of R0. Beyond a certain R0, which differs for

different tunneling junction geometries, the shift of the dip position saturates.
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B.3.2 Temperature Resolved Measurements

To clarify whether the occurrence of the dips is correlated with the supercon-

ducting state of Bi-2212 or with Coulomb-blockade effects, temperature resolved

measurements were performed. If the dips vanish at temperatures close to Tc

(≈ 87 K) Coulomb-blockade effects may be excluded.
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Figure B.7: Temperature resolved dI/dV spectra of the differential conduc-
tance dips; setpoint V = 350 mV, I = 10 µA, R0 = 35 kΩ. The spectra have
been offset for clarity and were acquired consecutively from bottom to top at the
temperatures which are indicated at the corresponding dI/dV curves.

Figure B.7 shows the result of such measurements. The spectra were taken

during a cooling/heating cycle of the sample while the lateral tip position was

kept constant. Acquired consecutively from bottom to top, the spectra have
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been offset for clarity. The temperature is indicated at the corresponding dI/dV

curve.

It is found, that the dips vanish at temperatures above ≈ 75 K. Although

Tc ≈ 87 K > 75 K, it appears that the dips are indeed correlated with the super-

conducting state of Bi-2212 and are not induced by Coulomb-blockade effects.

Below ≈ 75 K the dip position shift with temperature as also found by Walsh et

al. using squeezable-electron-tunneling junctions [166]. During the temperature

resolved measurements the tunneling resistance was reduced to 35 kΩ in order

to improve the stability of the tip-sample junction and reduce drift effects. The

observed ZBDCP as found here, can be understood as a direct consequence of

the close proximity of tip and sample and has been discussed above.

B.4 Summary

The results of c-axis oriented STS measurements on BiO terminated surfaces

of Bi-2212 have been presented. On well-defined Bi-2212 surfaces using tunnel-

ing resistances R0 below ≈ 10 MΩ the dI/dV (V ) characteristics are regularly

obscured by sharply pronounced dips induced by the close proximity of the tun-

neling tip. The dips are symmetric around zero bias and shift to lower values of

V with decreasing R0. The shift is nearly proportional to R0 and is reversible for

small changes of R0. The width of the dips are found to be rather independent of

R0. By means of temperature resolved measurements, the dips are shown to be

correlated with the superconducting state of Bi-2212. Following Refs. [166, 167],

the dips are discussed in terms of micro-cracks of the single crystal. These micro-

cracks result in disordered superconductor-insulator-superconductor Josephson

junctions (SISJJs). For a current I which locally exceeds the critical current

density of such a SISJJ, the junction switches to the resistive state, which is

accompanied by a certain voltage drop at the junction [164]. The shift of the

dips as a function of tunneling resistance R0 is explained in terms of mechanical

stress, induced by the tunneling tip, affecting the coupling of the SISJJs and

hence their critical current value.
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