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ABSTRACT

Atomic-scale studies of the assembly, chemistry and charge transport of
individual adsorbates on well-defined surfaces and of nano-structures dispersed on selfassembled monolayer surfaces are presented. Ultrahigh vacuum variable temperature
scanning tunneling microscopy (STM) was used to observe these systems directly with
atomic resolution. The spectroscopic resolution enabled by low temperatures was utilized
to identify adsorbates on atomically flat surfaces, as well as to probe charge transport
through ex-situ assembled precise nano-scale structures.
The role of the substrate in the reactivity and interactions between surface-bound
species is necessary for a complete understanding of complex surface phenomena. Here,
we have studied the atomic-scale reaction pathway of a surface-catalyzed reaction and
utilized single-molecule spectroscopy to identify adsorbates. The Ullmann coupling
reaction on Cu{111} refers to the coupling of two haloaromatic molecules to form a
diaromatic molecule. The active site of the coupling step of this reaction has been
identified. We have inferred the bonding geometry of surface-bound species through the
vibrational modes observed for substituted haloaromatic molecules.
Substrate-mediated indirect interactions between islands of bromine adatoms were
investigated. The islands were formed at 600 K. The island-island interaction potential
was measured by evaluating ~3000 inter-island distances from ~200 non-overlapping
STM images that were acquired at 4 K. Preferred distances between the islands
corresponded to half-multiples of the Fermi wavelength of Cu{111}.
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Conductance switching in 4,4´-di(ethynylphenyl)-1-benzenethiolate (OPE) and
4,4´-di(ethynylphenyl)-2´-nitro-1-benzenethiolate

(NO2-OPE)

molecules

were

investigated. These molecules have exhibited stochastic switching between discrete
conductance states under ambient conditions and we have now addressed this
phenomenon using variable temperature STM at 300, 77 and 4 K.
Charge transport through nano-scale assemblies, ligand-stabilized precise
undecagold clusters and gold nanoparticles has been investigated. These nanoparticles
demonstrated Coulomb blockade as well as spectral hopping and diffusion.
Apparent tunneling barrier height (ATBH) images acquired simultaneously with
STM topographic images have enabled us to probe directly the alkanethiolate selfassembled monolayer (SAM)−substrate interface. Implications in the theories of the
tunneling mechanism through an insulating thin film as well as the origin of features in
STM images of SAMs are discussed.
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CHAPTER 1

PRECISE AND DIRECTED ASSEMBLY AND CHEMISTRY
AT THE ATOMIC SCALE

Low temperature STM and spectroscopy (STS) affords the spatial and energy
resolution necessary to access surface phenomena at the atomic scale. Presented in this
thesis are studies ranging from probing surface-catalyzed reaction pathways to the
interrogation of charge transport through molecular- and nano-scale assemblies.
Chapter 2 describes the fundamentals of STM and STS that were utilized in the
studies presented throughout this thesis. The surface state of Cu{111} was characterized
and the energy dispersion curve derived utilizing spectroscopic images.
The atomic-scale reaction pathway of the Ullmann coupling reaction on Cu{111}
with STS identification of single molecules and adatoms is presented in Chapter 3. This
reaction refers to the coupling of two haloaromatic molecules to form a diaromatic
molecule, where the product formation temperature depends on the coverage of the
reactants. The haloaromatic molecule dissociatively chemisorbs on the Cu surface to
form phenyl intermediates and halogen adatoms at ~298 K. The phenyl intermediates,
which are mobile at ~298 K, diffuse over distances of ~1000 Å to bind preferentially at
steps. The halogen adatoms, which are immobile at ~298 K, represent the locations where

2
dissociation took place. We have identified the surface step edge as the active site for
the coupling step of this reaction. Once formed at steps, the diaromatic molecules diffuse
to the terraces and form a weakly ordered overlayer where the intermolecular spacings
are governed by substrate-mediated interactions. Chemical identification of the
diaromatic molecule and the halogen adatom was achieved using STS. We have observed
vibrational modes that are active in tunneling spectroscopy in substituted phenyl
intermediates, through which we inferred their bonding geometry as well as that of
biphenyl molecules.
We elucidated the essential role of the substrate surface-state electrons in
mediating indirect, long-range interactions (up to ~60 Å) between islands of Br adatoms.
This study is described in Chapter 4. Here, we extended the understanding of the role of
the surface state in mediating inter-adatom interactions from single adatoms at low
temperatures to islands of adatoms at catalytically relevant temperatures. The Br adatom
islands were formed on Cu{111} at ~600 K. The nearest neighbor island separations were
quantified and favored spacings were measured to be half-multiples of the Fermi
wavelength of Cu{111}. The island-island interaction potential was determined from
thousands of inter-island distances measured from hundreds of non-overlapping STM
images recorded at 4 K.
We also investigated conformational dynamics and charge transport in OPE and
NO2-OPE molecules. Previous work in our group has shown that these molecules
undergo stochastic switching between discrete conductance states under ambient
conditions. We have now addressed this phenomenon using variable temperature STM at
300, 77 and 4 K, and this is discussed in Chapter 5.

3
In Chapter 6, we present our contribution to the understanding of charge
transport through nano-scale assemblies; precise undecagold clusters (Au11) and
nanoparticles (Au101). The Au nanoparticles were ligand stabilized and were covalently
bound to a substrate utilizing inserted tether molecules in an alkanetiolate SAM. We
observed spectral hopping and diffusion in single electron transport (SET) measurements
of precise Au11 clusters (dCORE = 8 Å) as well as single Au101 (dCORE = 15 ± 4 Å)
nanoparticles. We attribute this phenomenon to variations in the background charge of
the cluster. This study highlights SET dynamics in supramolecular assemblies.
The structure of alkanethiolate SAMs on Au{111} has been extensively studied
using STM; however, the mechanism of imaging of the insulating monolayer as well as
the origin of the features observed in STM images are not well understood. We have
probed the structure of alkenthiolate SAMs using STM topographic and ATBH images,
and this is presented in Chapter 7. For a molecularly resolved decanethiolate (C10) SAM,
the features observed in topographic images are offset from those of the ATBH image.
We measured the shift in the features between these two types of images. The shift is
consistent with the distance between the thiolate functionality (bound to the Au substrate)
and the terminal methyl group of the C10 molecules that are tilted 30º from the surface
normal. This non-invasive imaging technique enables direct access to both the surface
and its buried molecule-substrate interface.
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CHAPTER 2

CHARACTERIZATION OF COPPER{111} USING LOW-TEMPERATURE
SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY

We describe the characterization of the surface-state electrons of Cu{111} using
low-temperature STM and STS in this chapter. We also briefly discuss the fundamentals
of STM and several spectroscopic and imaging techniques. As described in the thesis
overview (Chapter 1), approximately half the research presented in this thesis has been
performed on a Cu{111} substrate. In one experiment, we used the Cu{111} substrate to
map the atomic-scale reaction pathway of the Ullmann coupling reaction. This surfacecatalyzed reaction refers to the coupling of two haloaromatic molecules to form a
diaromatic molecule, which is known to take place with 100% selectivity on the Cu
surface. In a second experiment, we investigated the role of the Cu{111} surface-state
electrons in mediating long-range interactions between islands of adatoms at elevated
temperatures. The Cu{111} surface is known to support a two-dimensional nearly-freeelectron-like surface state. Here, we present characterization of the Cu{111} substrate via
STM and STS.
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2.1 INTRODUCTION
We aim to understand the electronic properties of a surface in detail, since it is
these characteristics that govern the surface's chemical and physical behavior. The effects
of the surface on the chemical, physical and dynamic properties of adsorbates are central
to many technologically important processes such as catalysis, thin film growth,
corrosion, adhesion, friction, and wetting [1]. For example, the surface is known to
influence the sticking coefficient as well as the physisorption and chemisorption
potentials of approaching adsorbates [2-4]. The adsorbate-suface and adsorbate-adsorbate
interactions of surface-bound species are strongly influenced by the chemical and
physical character of the surface. In the experiments presented in Chapters 3 and 4, we
utilized a Cu{111} single crystal to study two processes in which the surface plays a
crucial role− catalysis and surface-state-mediated adsorbate-adsorbate interactions.
Since the discovery in 1901 by Ullmann and Beileck that finely divided copper
catalyzes the coupling of two haloaromatic molecules to form a diaromatic molecule, the
Ullmann coupling reaction has become a routine synthetic formula for the synthesis of
molecules with multiple aromatic centers [5]. The mechanism of this reaction remained
controversial, as it was not clear whether the formation of the organocopper intermediate
takes place in solution or on the surface of the Cu catalyst. Bent and co-workers
established that the Ullmann coupling reaction takes place with 100% selectivity on a
Cu{111} surface at sub-monolayer coverages of the aromatic halide [6-8]. We exposed
the Cu{111} surface to molecules of bromobenzene, and investigated the atomic-scale
reaction pathway of this surface-catalyzed reaction on Cu{111} using low temperature
STM and STS (Chapter 3).
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When electrons in the two-dimensional surface state scatter from surface defects
such as surface step edges, vacancies or adsorbates, the resulting quantum mechanical
interference patterns of the incident electrons and the scattered electrons form standing
waves on the surface. These standing wave patterns are periodic oscillations in the local
density of states (LDOS) and are observable by STM and STS. Long-range indirect
interactions between adsorbates have been associated with such oscillations in the LDOS
[9-11]. We utilized the Cu{111} surface to investigate the role of the surface state in
mediating long-range interactions between islands of Br adatoms at elevated temperatures
(Chapter 4).
Recently, STM has been utilized to study surface states of the {111} faces of
noble metal surfaces [12-15]. In this chapter, we will describe the characterization the
Cu{111} surface state using low temperature STM and STS.

2.2 EXPERIMENTAL METHODS
2.2.1 SAMPLE PREPARATION AND DATA ACQUISITION
The experiments described in this chapter, as well as throughout this thesis have
been conducted in a custom-built, low-temperature, ultrastable, extreme high vacuum
STM described elsewhere [16]. The Cu{111} single crystal (MaTecK, Jülich, Germany)
substrate was cleaned by exposing it to cycles of Ar+ sputtering and annealing. These in
situ cleaning cycles were performed by heating (550–600 °C) the substrate utilizing a
button heater (Heat Wave Labs, Inc., Watsonville, CA), while exposing the front face of
the substrate to Ar+ sputtering at 1 keV. During sputtering, the Ar pressure in the main
chamber was maintained at ~5 × 10-5 Torr, the emission current of the ion gun was held
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at 20 mA and the sputter current detected at the Cu substrate was ~6 µA. The
temperature of the substrate during cleaning cycles was measured using a pyrometer
(Heat Spy, Wahl Instruments, Inc., Ashville, NC) as well as thermocouple wires on
which the sample holder sits during heating. The sample holders (flat ramps) as well as
the shims holding the Cu{111} substrate in place were made with oxygen-free high
conductivity grade copper (Goodfellow, Inc., Devon, PA). Monatomic steps and terraces
~500−1000 Å wide were observed using STM after about ~100 sputter and anneal cycles
(for a new substrate) of ~10−30 minutes each. Once the cleanliness of the substrate was
established, the STM was cooled to liquid helium temperatures (4 K) where subsequently
all experiments were performed. Substrates that were at room temperature, once placed
on the STM were always left overnight at 4 K to reach thermal equilibrium before
experiments.
All STM topographic images were recorded at 4 K in constant-current mode with
a mechanically cut Pt/Ir tip (85%/15%) (Goodfellow, Inc., Devon, PA). Bias voltages in
all STM images refer to sample bias voltage. Differential conductance images were
acquired using a lock-in amplifier (LIA) (model SR850, Stanford Research Systems,
Sunnyvale, CA) by phase-sensitive detection of the first harmonic of the tunneling
current with respect to the bias, which corresponds to the differential conductance of the
tunneling current. The differential conductance was acquired by the LIA by modulating
the bias voltage with an ac amplitude of 8−12 mV (Vrms), 700−1000 Hz and acquired
with a 10−30 ms time constant.
Scanning tunneling spectroscopy can be acquired as current vs. voltage plots at
single points on a surface. This was done by holding the STM tip at a constant (feedback
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loop is opened) distance from the sample over the point of interest and then sweeping
the bias voltage while recording the tunneling current. Since the feedback loop is open,
the tip will not try to compensate for the changes in current by adjusting the tip-sample
distance. The first harmonic of these conductance plots, differential conductance, can also
be acquired simultaneously using a LIA.

2.3 SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY
2.3.1 FUNDAMENTALS OF STM
Since its invention in 1982 [17-19], the STM has demonstrated extraordinary
results in its ability to image surfaces with atomic or molecular resolution [20-24]. It is
noteworthy, also to applaud the invention of the STM’s closest ancestor (in terms of
principle and operation), the topographiner, by Young et al. in 1972 [25, 26].
In this section, we briefly discuss the basics of STM, the geometry of the
tunneling junction (Fig. 2-1A) and its corresponding energy level diagram (Fig. 2-2A).
The basic principle is that an ultra-sharp metallic probe tip is brought within ~10 Å of a
conducting surface and a bias voltage is applied (between the tip and the surface), which
induces a flow of (tunneling) current between the tip and the surface (Fig. 2-1A).
The mechanism of approach of the tip towards the sample in our Bescoke beetlestyle STM has been discussed previously [16, 27, 28]. The fundamental basis of STM is a
quantum mechanical phenomenon called tunneling, which describes the non-zero
probability of an electron to tunnel through a potential energy barrier between the tip and
the sample when their wavefunctions are in very close proximity. A schematic of the one-
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dimensional metal-vacuum-metal tunneling junction is shown in Fig. 2-1B. For the sake
of simplicity, we assume both the tip and the sample to be metals.
The work function ( φ ) of a metal is defined as the minimum energy required to
remove an electron from the highest occupied electronic energy level in to the vacuum
level. When there is no applied bias voltage between the tip and the sample and the two
are electrically connected, the Fermi levels of both metals are aligned. When a bias
voltage is applied, the Fermi levels of each metal (the tip and the sample) shift by the
magnitude of the bias times the electron charge (eV) (Fig. 2-1B), and a net tunneling
current flows in a direction that depends on the polarity of the applied bias. Depending on
the direction of the bias, the STM is able to probe either the filled or the empty LDOS of
the surface. Figure 2-1B illustrates an example where the surface is positively biased with
respect to the tip. Hence, the electrons flow from the filled states of the tip to the empty
states of the surface, probing the surface’s local density of empty states.
The electrons localized at energy levels between EF - eV and eV now have the
opportunity to tunnel from the tip and vice versa. The probability ( w ) of an electron in
the nth sample surface state to tunnel into the tip (where z is the distance between the tip
and the sample) can be written as [29, 30]:
2

w ∝ ψ n ( 0 ) e − 2 κz ,

(2.1)

where ψ n (0) is the nth state at the sample surface and κ is the decay constant of the
sample state near the Fermi level within the barrier region (the barrier to tunneling
between the tip and the sample).

10

(A) Geometry of the Tunneling Junction

(B) Energy Level Diagram
Vacuum level

φtip

Vacuum level

φbarrier

φsample

Figure 2-1. A schematic of the fundamental basis of STM is shown. (A) The geometry of
the tunnel junction and (B) its corresponding one-dimensional metal-vacuum-metal
energy level diagram. For the sake of simplicity, both the tip and the sample are depicted
as metals. The Fermi levels of the tip and sample are shifted by eV, the magnitude of the
bias voltage times the electron charge. A positive sample bias polarity with respect to the
tip, is shown. The work functions of the tip (φtip), the sample (φsample), and the tunneling
barrier height ( φ barrier) are shown.
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The decay constant can be written as:
2m(U − E )
=
h

K=

2 mφ
,
h

(2.2)

where m is the mass of an electron, h is the Planck constant and φ is the barrier to
tunneling [29, 30]. The tunneling current is directly proportional to the total number of
states in the sample surface within the energy region eV. Hence, the tunneling current can
be written as:

I∝

2

EF

∑ψ

En = E F − eV

n

(0) e −2κz ,

(2.3)

Once a tunneling current is established between the tip and the surface, it has to
be maintained and utilized to record surface features. All STM experiments discussed in
this thesis were performed in ‘constant current mode’ where the feedback loop maintains
the tunneling current during image acquisition at a constant value over all points as the
tip is rastered over the surface. The feedback loop refers to the electronic circuitry that
controls and maintains the position of the tip over the surface.
This means that when a tip is rastered across the sample surface during image
acquisition, and the tunneling current rises beyond the reference, the tip is withdrawn
away from the surface until the reference value is re-established. The rise in tunneling
current over certain surface features could be due to structurally higher features or
features of higher conductance; hence an STM image represents a two-dimensional
contour map (xy), which is a convolution of electronic and structural features. A
topographic image (Fig. 2-2A) of the bare Cu{111} surface shows a single Cu atom step
and multiple vacancy sites.
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A

B

Topography

Differential
conductance

Figure 2-2. Scanning tunneling microscopy image of a 670 Å × 670 Å (It = 500 pA;
Vsample = -0.2 V) area of the bare Cu{111} surface in (A) topographic mode and
simultaneously acquired (B) differential conductance mode. The differential conductance
image was acquired using a LIA by modulating the bias voltage with an ac amplitude of
8 mV (Vrms), 1000 Hz and recorded with a 30 ms time constant.
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When the STM is scanning in topographic mode, it is recording an image that
corresponds to the summation of the surface LDOS from Ef to Ef + eV (where eV
represents the bias voltage as shown in Fig. 2-1B [31, 32]. Topographic images also
present a convolution of electronic and structural components of the surface and one way
to de-convolve the information is to use STS, which can use modulation techniques [33,
34].

2.3.2 SCANNING TUNNELING SPECTROSCOPY
The first demonstration of STS was made by Feenstra et al. and Stroscio et al. on
a Si{111}-2×1 surface [35, 36]. One of the simplest forms of STS is bias-dependent
differential conductance imaging. Differential conductance images are acquired
simultaneously with the topographic images using a LIA. The LIA superimposes an ac
modulation frequency on to the tunneling current through the bias voltage and records the
first harmonic (differential conductance) at a set time constant. The ac component of the
tunneling current is directly proportional to the sample surface LDOS. The surface LDOS
can be probed as a function of energy by acquiring differential conductance images as a
function of VDC (sample bias voltage).
Standing waves have been reported on close-packed noble metal surfaces in both
imaging modes [14, 37-41]. Scanning tunneling microscopy images recorded in
topographic mode as well as spectroscopic mode on a Cu{111} surface recorded at 4 K
are shown in Fig. 2-2. The topographic image (Fig. 2-2A) of the bare Cu{111} surface
shows a single Cu atom step and vacancy sites. Terrace widths were typically 1000 Å
wide and single atoms defects were found with a concentration of 22 defects per 1×106
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Å surface area. The standing waves formed by scattering of the surface state from the
2

step edge and the single atom defects are visible in both imaging modes, but observed
with more clarity in the spectroscopic image (Fig. 2-2B). The measured wavelength of
the standing waves associated with the step in Fig. 2-2 B was 19.5 ± 0.4 Å. However the
wavelength of the standing waves is energy dependent [39, 42], and will be discussed in
the following section.
Scanning tunneling spectroscopy acquired over a single point over the bare Cu
terrace shows a peak at 0.43 eV below the Fermi level (Fig. 2-3). This peak corresponds
to the surface-state band edge of the Cu{111} surface and is a signature for identifying a
clean, bare Cu surface.

2.3.3 CHARACTERIZING THE CU{111} SURFACE STATE USING STS
In certain solid surfaces, there are special electronic states that are confined to the
first few atomic layers called the surface state. Due to its proximity to adsorbates
approaching the surface, the surface state has a strong influence on adsorbate-surface
interactions. When a crystal face of a surface disrupts an infinite solid, bulk states are
interrupted and scattered off the surface [1]. As a result, a new electronic state called the
surface state, arises at the surface and is confined to the first few layers of surface atoms.
A Russian physicist, Igor Tamm first discovered the surface state [43]. Surface states are
known only to exist in gaps in the bulk electronic band structure of the solid where bulk
states are forbidden [1, 32]. The {111} termination of noble metal surfaces (Cu, Ag, Au)
and late transition metal surfaces (Ni, Pd, Pt) are generally known to support a surface
state by creating such band gaps in the bulk electronic band structure [1, 32, 44]. By
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solving the Schrodinger equation, the wave functions of these surface-state electrons
are shown to decay exponentially into vacuum as well as into the solid [1, 32]. Hence,
they are localized perpendicular to the surface. Furthermore, the electrons of such a
surface state are free to move along the plane of the surface analogous to a nearly free
two-dimensional gas [1, 31].
We have measured the energy dependence of the wavelength of standing waves
(λexpt) on Cu{111} using STS at 4 K. Topographic and differential conductance images
recorded over a Cu step edge within a bias voltage range -0.4 to +0.3 eV are shown in
Fig. 2-4. Line scans taken from each of the differential conductance images, which
demonstrate the changes in wavelength as a function of energy are also shown.
An analogous set of images was also recorded over a point defect and is shown
with line scans in Fig. 2-5. The zero distance in the line scans in the case of the step edge
corresponds to the top edge of the step, while for the point defect, it corresponds to the
center. In both cases, the λexpt decreased as the energy increased with respect to the Fermi
level (i.e. going from -0.4 to +0.3 eV). Since the amplitude of the standing waves over
the step edge is higher than the point defect, because a step edge is a stronger scatterer,
we concentrated our subsequent analysis on the step edge data.
The wavelength of the surface-state electrons scattered from the step edge, λexpt
decreased from 47.3 Å to 13.2 Å, going from a bias voltage of -0.4 eV to +0.3 eV, as
shown in Fig. 2-4. This energy dependence of λexpt is related to the energy dispersion of
the Cu{111} surface state [45-48].
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Sample Bias (V)
Figure 2-3. Tunneling spectrum recorded in differential conductance mode (feedback
loop open) over a single point on a Cu{111} terrace. Lock-in amplifier parameters were a
1000 Hz modulation frequency with amplitude of 16 mV (Vrms), and recorded with a 10
ms time constant. The peak (blue line) in the spectrum at -0.43 V is the Cu{111} surfacestate band edge. Throughout the energy region shown in this spectrum, constant bulk
states exist and the band edge defines the energy at which the surface state (L0) ends.
Below the band edge (at energies more negative than 0.43 V), only the bulk states
contribute, hence, no standing waves are observed at those energies, as shown in Fig. 2-4
and Fig. 2-5.
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Figure 2-4. Topographic (175 Å × 175 Å; It = 320 pA) and differential conductance
images of standing waves created by the surface-state electrons that scattered from a step
edge are shown. The spatial dependence of the standing waves (line scans in the
spectroscopic images) as a function of distance is shown for each bias voltage. Line scans
are offset for clarity. Zero distance corresponds to the top edge of the Cu{111} step. The
wavelength of the standing waves increase as the energy is lowered with respect to the
Fermi level.
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Figure 2-5. Topographic (130 Å × 130 Å; It = 320 pA) and differential conductance
images of standing waves created by the surface-state electrons that scattered from a
point defect are shown. The spatial dependence of the standing waves (line scans in the
spectroscopic images) as a function of distance is shown for each bias voltage. Line scans
are offset for clarity. Zero distance corresponds to the center of the point defect. The
wavelength of the standing waves increase as the energy is lowered with respect to the
Fermi level.
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The first energy dispersion curves for Cu{111} and other noble metal surfaces
were recorded using angle-resolved photoemission (ARPES) and inverse photoemisson
spectroscopy studies [1, 46, 49, 50]. The energy dispersion relation of noble metal
surface can also be measured using STM and STS [39, 40, 42, 51, 52].
We have determined the energy dispersion curve for the Cu{111} surface state
from the differential conductance images recorded over the step edge (Fig. 2-6A). Our
experimentally measured wavelengths of the standing waves are in good agreement with
previously observed values (Table in Fig. 2-6). The wave vector ( k 0 ) of the standing
waves corresponding to each bias voltage was derived using k 0 = π / λ , and plotted
against the sample bias voltage, which is the dispersion curve (Fig. 2-6). Our dispersion
curves (solid line in Fig. 2-6A and Fig. 2-6B) were fit with a model equation (red line in
both plots) in order to extract the effective mass (m*) of a surface-state electron and the
surface-state band edge (Ess) [39, 52]. The dispersion curve in Fig. 2-6A shows data
points for both positive and negative sample bias voltages, while Fig. 2-6B shows only
that of negative sample bias. The model equation, as shown in Eqn. (2.4), showed good
agreement with our data [39]:
k0 =

2m * ( E v − E ss )
,
h2

(2.4)

where Ev is the bias voltage, and Ess is the surface-state band edge, and h is Planck’s
constant.

20

0.4
0.3

A

-0.20

B

0.1

Energy (eV)

Energy (eV)

0.2
0.0
-0.1
-0.2

-0.30
-0.35

y=8.59x2-0.43

y=13.1x2-0.49

-0.3
-0.4
-0.5

-0.25

-0.40
0.08

0.12

0.16

0.20

0.24

0.06

0.08

-1

0.10

0.12

0.14

0.16

0.18

-1

k0 (Å )

k0 (Å )

(Table 2-6C)

D

Sample
Bias (eV)

λ (Å)
Experiment

k0 (Å-1)
Calculated

+0.3

13.2

0.238

+0.2

13.4

0.234

-0.2

18.8

0.166

-0.3

25.6

0.122

-0.4

47.3

0.066

Figure 2-6. (A) and (B) Experimental energy dispersion curves (blue points) for
Cu{111} derived from the line scans from the differential conductance images in Fig.
2-4, along with the fitting curves (solid red line) and their equations. (C) The table
consists of the compilation of wavelength of standing waves as a function of bias voltage,
and the calculated wave vector parallel to the surface. (D) An illustration of the energy
dispersion curve for Cu{111} derived from ARPES [50], which describes the momentum
dependence of the energy of the surface-state electrons.
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The equation that fitted our experimental dispersion curve representing the
negative sample bias energies (Fig. 2-6B) is in good agreement with that of the fitting
equation for the dispersion curve acquired by ARPES [ E = 8.25k 02 − 0.389 ] [46]:
y = 8.59 x 2 − 0.43 ,

(2.5)

which yielded m*/me = 0.44 and a band edge of 0.44 eV below the Fermi level, in
excellent agreement with values determined from photoemission studies (m*/me = 0.42 ±
0.05 ; Ess = 0.40 ± 0.02 eV) [46, 49]. The surface-state band edge refers to the point after
which the surface LDOS drops sharply in magnitude, and in the case of Cu{111} it is
~0.43 eV below the Fermi level. The presence of the surface state can be observed as a
peak in the differential conductance spectra as shown in Fig. 2-3, where constant bulk
states exist throughout the sampled bias voltage range. This explains the sharp decrease
in standing waves at energies lower (more negative) than the band edge [39, 52].
We have shown a schematic of a dispersion curve for Cu{111} as derived by
ARPES (Fig. 2-6B) [45, 46], in order to compare with our experimental dispersion curve
acquired by STS. The grey area depicts the bulk states while the area of the spectrum
enclosed in the blue colored box represents the negative sample bias voltage portion of
our dispersion curve (Fig. 2-6B). Note the position of the surface-state band edge
(horizontal grey line). The surface-state band edge corresponds to the binding energy of
the surface-state electrons along the center of the two-dimensional Brillouin zone, Γ , of
Cu{111} [46].
In order to understand the energy dispersion relation, a basic knowledge of the
central component of the electronic structure of the Cu{111} surface is required, which is
the Fermi surface of Cu{111}. The Fermi surface separates the occupied and unoccupied
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electronic states at absolute zero, which for Cu{111} is confined within the walls of
the first Brillouin zone of a crystal. The first Brillouin zone refers to the Wigner-Seitz cell
of the reciprocal lattice of the fcc Bravais crystal [53-55]. The Wigner-Seitz cell refers to
the primitive cell of a given Bravais lattice. In the case of Cu{111}, the threedimensional bulk Fermi surface is completely contained within the first Brillouin zone,
which has a spherical shape except for the regions that protrude and make contact with
the <111> faces of the crystal (Fig. 2-7D) [53-55]. A schematic of a two-dimensional
(surface) Fermi contour in the {111} direction is shown in Fig. 2-7C, which can be
observed experimentally by Fourier transforming (FT) a differential conductance image
[56]. A FT image (Fig. 2-7B) of a differential conductance image of Cu{111} (Fig. 2-7A)
shows this two-dimensional Fermi contour of the surface state, at the bias voltage at
which it was acquired. This FT image demonstrates that the standing wave pattern
observed in Fig. 2-7A is of a single wave vector that is azimuthally symmetric with
respect to the center.

2.3.4 CHARACTERIZING THE TUNNELING BARRIER HEIGHT
Point spectroscopy (conductance spectra) described in Section 2.3.3, acquired as a
function of bias voltage provides information about the sample LDOS. However,
conductance spectra do not provide information about the apparent barrier height or
width of the tunneling junction (φbarrier) (refer to Fig. 2-1). Using ATBH, it is possible to
probe directly the tunneling barrier height [57, 58].
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Figure 2-7. Imaging the two-dimensional Fermi contour of Cu{111} by Fourier
transformation of a differential conductance image. (A) Differential conductance image
showing standing wave patterns created by point defects. (B) Two-dimensional Fourier
transformation of the image in (A) where the radius of the ‘circle’ corresponds to 2kF of
the surface state (white arrow). The measured wave vector corresponding to this image is
0.115 Å-1. The surface state is isotropic as it is symmetric in every crystallographic
direction on the surface. (C) Sketch illustrating the surface Brillouin zone of Cu{111}
defining the Fermi contour. (D) Three-dimensional bulk Brillouin zone of Cu{111}
derived from www.phys.efl.edu/fermisurface/ periodic_table.html.
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The basic principle of ATBH is that the tip-sample separation is modulated
(typically a fraction of an Å), while the dependence of the tunneling current on the
modulating tip-sample separation is measured using a LIA, at a constant bias voltage
(Eqn. 2.6) [57, 58].
Unlike traditional conductance spectroscopy, where the ac modulation is applied
to the bias voltage, in ATBH, the ac modulation is applied to the z -piezo (of the scan
tube). From the basic logarithmic dependence of the tunneling current (I) with tip-sample
distance (z), I t ∝ e −κz , where κ =

2 mφ
, the apparent tunneling barrier height ( φ ) can
h

be further expanded as follows:

φ=

h 2 d ln I 2
d ln I 2
dI
(
) = 0.95(
) = 0.95( ) 2 .
8m dz
dz
Idz

(2.6)

Apparent tunneling barrier height images are acquired simultaneously with
topography, analogous to differential conductance images. Hence, the frequency of the
modulation must be greater than the frequency of the feedback loop of the STM
electronics (typically 500−1000 Hz), and the amplitude of the modulation must not affect
the topographic images. The high frequency of the modulation is required to prevent the
images from being a convolution of topographic features and the ac modulation of the tip.
A typical ATBH image is acquired by modulating the z-piezo with an ac amplitude range
of 50−90 mV (Vrms) (attenuated by a 20 db attenuator), at a frequency of 3.0−3.5 kHz and
recorded with a 30 ms time constant.

We measured the amplitude (in Å) of the

modulation on the tunneling current, by comparing the output of the LIA to the z-piezo
electric transducer, with that of the tunneling current using an oscilloscope. Once the

25
resultant modulation amplitude was measured in the tunneling current, it was
converted into Ångstroms using the gain setting on the pre-amplifier at the temperature of
the STM, at which the image was acquired.
A modulation amplitude of 90 mV (Vrms) from the LIA resulted in a tip-sample
modulation (Δz) of ~0.8 Å, at 4 K. Two pairs of BH and topographic images on Cu{111}
are shown in Fig. 2-8. The BH images (Fig. 2-8C and D) were recorded simultaneously
with topography (Fig. 2-8A and B). In Fig. 2-8B, the step appeared as a protrusion, while
in Fig. 8D, it appeared as a depression. Barrier height images are known to be sensitive to
the chemical nature of the sample surface [59], and we attribute this opposing appearance
to impurities on the tip and/or sample surface during one image compared to the other.
These two ATBH images were acquired over the same area on the Cu surface,
and two separate impurities on the terrace images in Fig. 2-8B appeared as zig-zag
features in Fig. 2-8D, possibly due to a tip-induced effect. Generally, in ATBH images of
low-index surfaces, step edges have appeared as depressions [59]. This has been
attributed to the Smoluchowski effect, where the smoothing of the electronic structure at
the step edge leads to the formation of a dipole, which alters the work function of the step
compared to the terrace [59, 60], hence affecting the local tunneling barrier height over
step edges compared to terraces.
We hope to utilize the sensitivity of ATBH imaging to acquire local changes in
work function in order to determine the structure of the buried S-Au interface of a
alkanethiolate self-assembled monolayer on Au{111} (Chapter 4).
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Figure 2-8. Apparent barrier height images (B, D) acquired simultaneously with
topography (A, C) over a 300 Å × 300 Å area on Cu{111} at 4 K. The BH images were
recorded using a lock-in amplifier by modulating the z-piezo with an ac amplitude of
30−40 mV (Vrms), 3.5 kHz and recorded with a 30 ms time constant. In the ATBH
images, the step appeared as a protrusion in (b), while in (d) the step appeared as a
depression. We attribute this to an impurity on the tip or sample that caused the steps to
appear differently, as ATBH images are known to be sensitive to different chemical
functionalities. The ATBH at steps compared to the terraces is expected to be different
due to the Smoluchowski effect.
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2.4 CONCLUSIONS
We have demonstrated the advantages of low-temperature STM and STS in
enabling the characterization of the surface state of Cu{111}. Standing wave patterns are
imaged on a routine basis in topographic images, but with much greater clarity in
differential conductance images. Using differential conductance images, we have derived
the energy dispersion relation by accessing states both below and above the Fermi level.
By recording differential conductance spectra over single points on a Cu terrace, we have
measured the surface-state band edge. Fourier transformation of differential conductance
images has enabled us to observe directly the two-dimensional Fermi contour as well.
The tunneling spectroscopic techniques demonstrated in this chapter will be utilized
throughout this thesis on a variety of adsorbate-surface systems and assembled nanostructures on surfaces, as an identification tool as well as to probe their charge transport
characteristics.
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CHAPTER 3

THE ULLMANN COUPLING REACTION: AN ATOMIC-SCALE STUDY OF
THE REACTIVE INTERMEDIATES AND PRODUCTS OF A SURFACECATALYZED REACTION

We present an atomic-scale study of the Ullmann coupling reaction on Cu{111}
using low-temperature STM and STS. This surface-catalyzed reaction refers to the
coupling of two haloaromatic molecules (e.g., bromobenzene) to form a diaromatic (e.g.,
biphenyl) molecule, where the product formation temperature depends on the coverage of
the reactants. We have studied the preferred adsorption sites of the reactive intermediates
and the products of this coupling reaction between haloaromatic molecules. Chemical
identification of adsorbates has been achieved using their tunneling spectroscopic
signatures. At low coverage, bromobenzene dissociatively chemisorbs at 293 K and
forms phenyl intermediates and Br adatoms. We have quenched the mobility of the
phenyl intermediates at 4 K and observed preferential binding at step edges. We infer that
intermediates traveled distances up to ca. 1000 Å over Cu{111} terraces to bind
preferentially at steps, due to the perturbed electron density distribution. We identify the
surface step edge as an active site of this reaction on Cu{111} for C-C bond formation.
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At higher coverage, biphenyl formation takes place at ~293 K. Once two phenyl
intermediates combine to form biphenyl at steps, the molecules diffuse onto terraces and
aggregate. We conclusively identified biphenyl using tunneling spectroscopy and by
probing substituent effects in this reaction; namely 4-fluoro-1-bromobenzene
(p-FC6H5Br).
When p-FC6H5Br dissociatively chemisorb at 293 K on Cu{111}, the weakly
bonded Br dissociates, and fluorinated-phenyl intermediates are formed. These
fluorinated-phenyl intermediates couple to form biphenyl and desorb < 370 K. However,
by cooling the substrate to low temperatures, we have observed unreacted, fluorinatedphenyl intermediates distributed randomly at terraces and sparsely at step edges of the
Cu{111} surface. We have measured the vibrational modes of the halogenated-phenyl
intermediates using tunneling spectroscopy that correspond to modes indicative of their
unreacted status. In the earlier experiment, biphenyl did not display such vibrational
modes in their tunneling signature, as should be the case since they were bonded parallel
to the surface. Ascertaining the bonding geometry of the phenyl intermediates with
respect to the Cu{111} surface using tunneling spectroscopy is discussed.

3.1 INTRODUCTION
The term “active site” refers to the regions of a catalyst where the reactants
undergo chemical transformations (i.e dissociative chemisorption, coupling reactions) via
low energy intermediate states. This means that catalytic surfaces are not uniformly
active, but contain unique sites with special chemical, physical, and electronic properties
that enhance reactivity. Thus, active sites are of utmost importance to our understanding
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of surface reactivity. Since Taylor formulated the theory of an active site for catalysis
in 1925 [1], many researchers have attempted to obtain direct information regarding the
nature of active sites. The importance of surface defects, such as steps, as active sites in
surface-catalyzed reactions has been demonstrated using low energy electron diffraction
and auger electron spectroscopy [2, 3]. Since the advent of STM, a significant amount of
research has contributed to a deeper understanding of chemisorption and catalysis on the
atomic scale [4-10]. Surface reactions in which STM has been used to identify the active
site include hydrodesulfurization [5, 6], methanol oxidation [4], alcohol dehydration [9],
oxygen dissociation [7], and nitrous oxide dissociation [10]. The history of heterogeneous
catalysis on surfaces since its conception, and a comprehensive summary of the
fundamental factors that affect catalysis have been reviewed by F. Zaera [11].
The STM can be used to study surface reactions at the atomic scale. For such
studies, generally either the reactants or products have been imaged [10, 12-18]. Direct
visualization of the intermediates in surface reactions can provide key details of reaction
mechanisms and dynamics on surfaces, unavailable from macroscopic techniques.

3.1.1 THE ULLMANN COUPLING REACTION
The Ullmann coupling reaction refers to the synthesis of diaromatic molecules from
haloaromatic molecules catalyzed by copper, as first described by Ullmann [19]. Copper
metal is known to abstract the halogen atom and to initiate the reaction; however, the
coupling mechanism, whether it takes place in solution or on the metal surface, was
initially unclear [20, 21]. Using temperature programmed desorption (TPD) experiments,
Bent and co-workers found that the Ullmann coupling reaction between two iodobenzene
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(C6H5I) molecules to form biphenyl (C6H5-C6H5) takes place with 100% selectivity on
Cu{111} [20, 21]. A schematic of the surface-catalyzed Ullmann coupling reaction on
the Cu{111} surface is shown in Fig. 3-1. The temperature at which biphenyl formation
takes place depends on the coverage of the haloaromatic on Cu{111} [20, 21]. At
submonolayer coverages of C6H5I on Cu{111}, C6H5I dissociates to form phenyl
intermediates and iodine (I) adatoms at ~175 K, and biphenyl formation and desorption
takes place between ~370 K.
Therefore, at low surface coverage, only the phenyl intermediates and halogen
adatoms are observed on the surface. This has been confirmed by STM studies [22-24].
On the other hand, the biphenyl desorption peak in the TPD spectra develops a low
temperature shoulder (with the onset of desorption at ~285 K) as the C6H5I surface
coverage increases [21]. The rate-limiting step of biphenyl desorption is the reaction, i.e.
the coupling between phenyl intermediates [20]. Therefore, higher surface coverages of
the haloaromatic (C6H5X) on Cu{111} make it possible to access the products of this
reaction at 293 K.
Previously in our group, Kamna et al. investigated the dynamics of the reactive
phenyl intermediates of the Ullmann coupling reaction by exposing Cu{111} to C6H5I at
293 K and subsequently by imaging at 77 K [22, 24]. It was shown that the phenyl
intermediates, which were mobile at 77 K, exhibited attractive interactions as they paired
and unpaired. These interactions allowed for the formation of stable structures whose
orientation was proposed to be favored for reaction [22, 24]. Later, Rieder and coworkers used a STM tip to induce coupling between two C6H5I molecules to form
biphenyl on Cu{111} [25].
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Figure 3-1. A schematic of the Ullmann coupling reaction between two haloaromatic
molecules that couple to form a diaromatic molecule. Adsorbed phenyl intermediates and
halide adatoms are formed on Cu{111} via dissociative chemisorption of the
haloaromatic at ~175 K (A, B). Subsequent recombination of pairs (C) phenyl
intermediates form biphenyl from 285−400 K, depending on the coverage of the
haloaromatic. In UHV at higher temperature, (D) biphenyl desorbs at ~390 K, and (E) the
halide adatoms desorb as CuX (X = I, Br) at ~950 K. Steps B, C and D are the subject of
this atomic-scale investigation.
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3.2 EXPERIMENTAL METHOD
The Cu{111} single crystal cleaning methodology has been described in Chapter
2. Bromobenzene (C6H5Br) and p-FC6H4Br (99%, Sigma-Aldrich Co., St. Louis, MO)
was purified through several freeze-pump-thaw (fpt) cycles and was dosed via a high
precision sapphire leak valve. The purity was verified via residual gas analysis using a
quadrupole mass spectrometer. The clean Cu{111} substrate was exposed to C6H5Br by
backfilling the main chamber with C6H5Br vapor while the crystal was at 293 K. The ion
gauges and ion pumps in the main chamber were turned off during the exposure to
minimize molecular fragmentation prior to adsorbtion. The exposure in Langmuirs (L)
was based on the observed pressure in the load lock and hence reads a significantly lower
pressure than that at the substrate. It was found that a 10 L (200 L) exposure of C6H5Br
formed <0.05 monolayer (0.3−0.4 monolayer) on Cu{111}, respectively.

A 200 L

exposure of p-FC6H4Br formed a coverage approximately equivalent to 200 L exposure
C6H5Br. The Cu{111} crystal was then transferred immediately to the XHV-STM
maintained at 4 K.
All STM images were acquired in constant current mode at 4 K and are presented
unfiltered. Scanning tunneling spectroscopy was acquired as described in Section 2.2.2.

3.3 RESULTS AND DISCUSSION
3.3.1 THE SURFACE STEP EDGE AS THE PREFERRED ADSORPTION SITE
FOR PHENYL INTERMEDIATES
Temperature-programmed desorption experiments have shown that at submonolayer coverages, C6H5I on Cu{111} dissociates completely to form phenyl
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intermediates and I adatoms at ~175 K [20]. The C-X bond enthalpies of C6H5X, for
C-Br and C-I are 70 kcal/mol (3.04 eV) and 57 kcal/mol (2.47 eV), respectively [26, 27].
Based on these values, it is assumed that C6H5Br should dissociate upon adsorption at
293 K, as will be discussed below. In a previous study, we showed that phenyl
intermediates formed by C6H5I dissociation on Cu{111} appeared as protrusions at 77 K,
measuring ~5 Å FWHM [22, 24]. The Cu substrate held at 293 K was exposed to C6H5I.
Adsorbed I adatoms were found sparsely distributed on the surface and appeared as
depressions by STM [22, 24]. Also, it has been shown that I adatoms are immobile on
the Cu{100} surface at 293 K [28, 29]. Hence, as previously shown by measurements of
p-diiodobenzene on Cu{111} [29], it was inferred that the distribution of I adatoms on
the surface represents the sites at which C6H5I dissociation took place.
Scanning tunneling microscopy images of the Cu{111} surface after 10 L
exposure of C6H5Br are shown in Fig. 3-2. Two surface-bound species were observed:
protrusions, which were found only at the substrate steps; and depressions, which were
distributed randomly on the terraces. We have assigned the protrusions as phenyl
intermediates and the depressions as Br adatoms, which formed upon dissociative
chemisorption of C6H5Br.
These assignments have been substantiated by STS and are discussed below. We
attribute the apparent rise in defect density to Br adatoms, which appear as depressions
(similar to defects) in STM images, as shown in Fig. 3-2A. Analogous to the previous
observations of I adatoms on Cu{111} [22, 24], it was inferred that C6H5Br dissociatively
chemisorbed on the Cu surface to form phenyl intermediates and Br adatoms.
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Figure 3-2. Scanning tunneling microscopy images of the Cu{111} surface after a low
exposure (~10 L) to C6H5Br: (A) An STM image showing the random distribution of Br
adatoms, which appeared as depressions under these tunneling conditions. (B) Phenyl
intermediates are adsorbed as single rows at the top as well the bottom of the steps in the
closed-packed directions. A high resolution STM image outlined in (A), illustrating the
preferential binding of the phenyl intermediates at steps (black lines).
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These observations confirmed the expected dissociative chemisorption of
C6H5Br, which was based on the comparison of the bond enthalpies of C-Br and C-I of a
C6H5X (X = Br, I) molecule. Furthermore, the Br adatoms adsorbed on the Cu{111}
surface at 293 K were immobile and as shown by previous measurements of similar
species on Cu{111} [29], it is proposed that their adsorption sites represent the sites at
which C6H5Br dissociation took place on the surface.
Previously, we demonstrated that when benzene molecules impact the Ni{110}
surface at 4 K within ~10 Å from a surface step edge they bind preferentially at the step
edge [30]. This attraction to the step edge has been attributed to the Smoluchowski effect,
which describes the anisotropic electron distribution at the surface steps due to charge
transfer from the top to the bottom of the steps [31]. In the present C6H5Br experiments,
we observed phenyl intermediates adsorbed only at step edges (Fig. 3-2B).
Since the phenyl intermediates were formed upon dissociative chemisorption of
C6H5Br at random locations on the Cu surface at 293 K, we attribute this observation to
the phenyl intermediates having sufficient thermal energy to diffuse distances of several
thousand Ångstroms on terraces to the preferred step edge sites. The phenyl intermediates
at the bottom of the step edge were separated by an intermolecular spacing of ~5 Å
(center-center). However, at the top of the step edge they appear to have aggregated into
small clusters that gradually populated the terrace. Thus, it is concluded that step edges
are the preferred adsorption sites for phenyl intermediates in the Ullmann coupling
reaction.
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3.3.2 THE SURFACE STEP EDGE AS THE ACTIVE SITE FOR PHENYL
COUPLING
Scanning tunneling microscopy images of the Cu{111} surface after 200 L
exposure to C6H5Br are presented in Fig. 3-3. Oblong shaped protrusions that were not
observed previously in the low coverage experiments were observed in addition to the
depressions. The temperature at which biphenyl formation takes place depends on the
coverage of haloaromatic, such that at higher coverages we were able to access biphenyl
at ~293 K. We assign the oblong protrusions to be biphenyl molecules based on previous
TPD and STM experiments [20, 25]. The Br adatoms, which appeared as depressions,
were distributed randomly over the surface as for the low coverage phase.
The biphenyl molecules decorated the entire length of the step edge and formed
clusters on the terraces (Fig. 3-3A). As shown in Fig. 3-6B and C, the biphenyl clusters
did not exhibit well-ordered structures, but there were instances in which they ordered
with their long axes aligned in the < 1 1 2 > directions of the Cu{111} surface. The
measured intermolecular distances (center-center) between biphenyl molecules in this
direction was ~13 Å. Other groups have observed similar overlayer structures of surfacebound biphenyl molecules [32].
A similar structure was observed by Yau et al., where biphenyl molecules on
Rh{111} did not form well-ordered structures on the surface but showed instances in
which they aligned with their long molecular axes in the < 1 1 2 > directions of Rh{111}
[32].
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Figure 3-3. Scanning tunneling microscopy of Cu{111} after a high exposure (~200 L)
to C6H5Br. (A) An STM image showing molecules decorating the entire length of the
step edge and also grouped as clusters on the terrace. (B) An STM image (enclosed large
box in A), showing the weakly-packed biphenyl clusters. (C) An STM image (enclosed
small area in A) showing biphenyl molecules prefer to align with their long axis in the
< 112 > directions (cross) on the Cu surface.

46
Tunneling spectra (conductance and differential conductance) acquired over the
biphenyl molecules are shown in Fig. 3-4. Clusters of biphenyl molecules over multiple
areas of the surface (at step edges and on the terraces) and of varying cluster sizes,
displayed identical spectroscopic signatures. This observation provided additional
evidence that the oblong protrusions were indeed one chemical species, which we
assigned as biphenyl. The biphenyl clusters, shown in Fig. 3-3B and C, do not form well
ordered overlayer structures on the Cu{111} surface. This indicates that biphenyl
molecules do not have preferred orientations due to weak intermolecular interactions
and/or molecule-surface interactions. The STS profile of the biphenyl molecules will be
revisited in a later section to discuss implications on its bonding geometry with respect to
the Cu{111} surface (Section 3.3.4).
The actual length of a biphenyl molecule along its long axis is ~6.4 Å (the
distance between the two farthest carbon atoms), but the apparent intermolecular distance
in STM was measured to be ~13 Å. This leaves a gap of ~6 Å between each molecule,
which is a distance far too great for significant direct intermolecular interactions. Hence,
we infer that indirect interactions play a role in the formation of the overlayer structure of
biphenyl. Such indirect interactions are mediated by the substrate [22, 23, 33-36].
Substrate-mediated interactions, initiated by electronic perturbations on the
surface caused by adsorbates, are dominant over distances of up to 3 lattice constants [23,
35, 37]. We observed biphenyl molecules approximately every 3 lattice constants in the
< 1 1 2 > directions (The Cu-Cu distance in the < 1 1 2 > direction is 4.4 Å).
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Figure 3-4. Tunneling spectra (conductance and differential conductance, average of 3
each) acquired over a biphenyl molecule. The conductance spectrum is shown in the
bottom left and the differential conductance spectrum on the bottom right. The biphenyl
molecule, over which the spectra were acquired, is indicated by the arrow on the STM
image. The differential conductance spectrum was acquired using a lock-in amplifier by
modulating the bias voltage with an ac amplitude of 8 mV (Vrms) at 1000 Hz and recorded
with a 30 ms time constant.
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This indicates that substrate-mediated interactions determined the growth of the
overlayer of biphenyl. We have also determined the ratio of biphenyl:Br present on the
surface to be ~1:1.5, and infer that very little biphenyl desorption has occured. We
hypothesize that this may be due to the strong binding of the biphenyl molecules to the
step edges and defects on the Cu surface. These data recorded at a high C6H5Br coverage
support our earlier conclusion that step edges are the most stable adsorption sites for
phenyl intermediates (Fig. 3-5A). In this experiment we observed that biphenyl, the
product of this Ullmann coupling reaction, forms stable structures near the steps and on
the terraces (Fig. 3-5B). Once biphenyl is formed at the steps and the step edge sites are
saturated, the molecules diffuse onto the terraces and arrange into clusters, possibly at
defect sites. These data demonstrate that at room temperature, the steps are likely to be
active sites for the C-C coupling step of the Ullmann coupling reaction on Cu{111}.

3.3.3 SELECTIVE DESORPTION OF BIPHENYL
We further confirmed the assignment of Br by selectively desorbing the biphenyl
molecules. It is known from TPD experiments that biphenyl desorbs at ~370 K and Cu-I
desorbs only at ~950 K [20, 21]. We annealed the Cu substrate to ~600 K after a 200 L
exposure of C6H5Br at 293 K (see Section 4.2 for details). After allowing the sample to
cool to 293 K, it was transferred on to the STM at 4 K. Scanning tunneling microscopy
images recorded after the annealing step are shown in Fig. 4-3. As seen in Fig. 4-3, only
one surface-bound species was observed as islands that appeared as depressions at
negative sample bias voltages. We did not observe biphenyl molecules (no features
appeared as oblong protrusions).
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A

It = 160 pA; Vsample = -0.20 V
295 Å × 295 Å

B

It = 10 pA; Vsample = -0.75 V
340 Å × 340 Å

Figure 3-5. Scanning tunneling microscopy images depicting (A) the preferred binding
sites of phenyl intermediates, which then couple to form (B) biphenyl molecules at the
surface steps. We have identified the surface step edge as an active site for biphenyl
formation.
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The Br adatoms were identified using bias-dependent STM images (Fig. 4-3)
and tunneling spectroscopy (Fig. 4-2), before and after the annealing step described in
Section 4.3.1.

3.3.4 HALIDE SUBSTITUTED PHENYL INTERMEDIATES
Scanning tunneling microscopy images of the Cu{111} surface after 200 L
exposure to p-FC6H4Br are shown in Fig. 3-6. Two surface-bound species were observed:
protrusions, which were distributed randomly on terraces, and sparsely at substrate steps;
and depressions, which were also distributed randomly on the terraces. As shown in Fig.
4-3, the Br adatoms appeared as depressions at negative sample bias voltages, and as
protrusions with center depressions at positive sample bias voltages. However, unlike the
previous experiment, where a 200 L exposure to C6H5Br on Cu{111} produced biphenyl
molecules (Fig. 3-3), we did not observe surface-bound species that appeared to be
substituted-biphenyl (i.e. difluorobiphenyl) molecules on the surface (Fig. 3-6A to Fig. 36F). The observed protrusions, which appeared as ~5 Å FWHM and distributed randomly
over the terraces, (Fig. 3-6) have been assigned as fluorinated-phenyl intermediates. This
assignment has been substantiated by tunneling spectroscopy and will be discussed
below.
A schematic of the expected reaction pathway of p-FC6H4Br on Cu{111} is
illustrated in Fig. 3-7. Based on previous TPD and our own STM experiments [20-22,
24], we expect the p-FC6H4Br molecules to dissociatively chemisorb on Cu{111} at 293
K to form halogenated-phenyl intermediates and halogen adatoms.
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A

It = 30 pA; Vsample = -0.3 V
420 Å × 420 Å

It = 30 pA; Vsample = -0.3 V
201 Å × 210 Å

D

C

It = 30 pA; Vsample = -0.3 V
340 Å × 340 Å

It = 30 pA; Vsample = +0.3 V
340 Å × 340 Å

E

It = 30 pA; Vsample = -0.3 V
250 Å × 250 Å

F

It = 30 pA; Vsample = -0.3 V
150 Å × 150 Å

Figure 3-6. Scanning tunneling microscopy images [(A)-(F)] of Cu{111} after a high
exposure (~200 L) to p-FC6H4Br. Two surface-bound species were observed. The
protrusions, assigned as halogenated-phenyl intermediates were found distributed
randomly over terraces, and sparsely at step edge [(A)-(F)]. As seen previously, the Br
adatoms appeared as depressions at negative sample bias voltages (C), and as protrusions
with center depressions at positive sample bias (D).
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The bond enthalpies of C-Br and C-F of C6H5X (X=Br, F) are 70 kcal/mol
(3.08 eV) and 115 kcal/mol (4.98 eV), respectively [26, 27], and lead us to presume that
only C-Br would dissociate upon adsorption. Temperature-programmed desorption
experiments on fluoroiodobenzene (FC6H4I) have shown that only the reaction kinetics
are altered upon fluorination of the haloaromatic, not the surface chemistry [38].
The linear free energy relationship (Hammet plot) of the Ullmann coupling
reaction, has been derived by TPD experiments using C6H5I, para-fluoroiodobenzene
(p-FC6H4I), meta-fluoroiodobenzene (m-FC6H4I) and meta-iodotoluene [38]. The slope of
the Hammet plot indicated that the transition state of the Ullmann coupling reaction is
electron-rich with respect to the initial state. Hence, the addition of electron-withdrawing
groups such as fluorine stabilizes the transition state and lowers the energy barrier to
coupling. Upon fluorination at the para position of the C6H5I molecule, the activation
energy for the coupling of fluorinated-phenyl intermediates decreases by ~4 kcal/mole to
22.7 kcal/mole (0.9 eV) [38]. Addition of substituents such as fluorine also increases
repulsion forces between molecules at higher coverages, which can result in a decrease in
the energy barrier to desorption [20]. In the case of C6H5Br, we observed biphenyl
molecules; however, for p-FC6H4Br, we do not observe surface-bound difluoro-biphenyl
molecules. We deduce that the fluorinated-phenyl intermediates coupled to form
difluoro-biphenyl at a lower temperature and desorbed from the surface due to stronger
repulsion forces. In order to ascertain the effect of adsorbed fluorine on Cu{111} on the
chemistry of adsorbed phenyl; Gellman and co-workers exposed the Cu{111} surface to
submonolayer coverages of both benzene (C6H6) and hexafluorobenzene (C6F6) at 130 K
and monitored their desorption temperatures [38].
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Figure 3-7. A schematic of the Ullmann coupling reaction between two p-FC6H4Br
molecules that couple to form a symmetric dihalogenated-biphenyl molecule. As
discussed in the text, we have shown that only one of the C-X (X = Br, F) bonds
dissociate, which we have proposed to be C-Br. Hence, the proposed reaction pathway is
enclosed in the blue box.
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Hexafluorobenzene did not decompose on the Cu{111} surface and molecular
desorption occurred between 175–210 K. The desorption of molecular benzene occurred
between 170–230 K. Since the surface chemistry agreed well with that of previous TPD
experiments [39], it was concluded that surface-bound fluorine does not affect the
reaction rate of substituted phenyl intermediates [38].
In order to test our previous assignment of the protrusions as halogenated-phenyl
intermediates, we acquired tunneling spectra (conductance and differential conductance)
over the surface-bound species: the bare Cu surface, the protrusions, and the Br adatoms
(Fig. 3-8). The tunneling spectra were acquired as described in Section 2.2.1. The
bidirectional conductance spectra (forward sweep in black and the reverse sweep in red)
are shown in the left column, while the conductance spectra along with their differential
conductance (forward sweep only) are shown in the right column (Fig. 3-8). The
adsorbate over which each spectrum was acquired is labeled in the STM image. The
spectroscopic signatures of bare Cu (Fig. 3-8A) and the Br adatoms (Fig. 3-8C) were
identical to those to be discussed in Section 4.3.2.
The surface state of Cu{111}, which appears at 0.43 eV below the Fermi level is
quenched by the Br adatoms. However, this observation does not differentiate between
two surface-bound halogens on Cu{111}.
We propose that that one and only one of the C-X (X = F, Br) bonds dissociate
upon adsorption of p-FC6H4Br on Cu{111} at 293 K, which we have inferred to be the CBr bond. We validate this proposition based on previous STM experiments as well as
infrared (IR) vibrational spectra of substituted fluorobenzene molecules.
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Figure 3-8. Tunneling spectra acquired over (A) the bare Cu surface, (B) a protrusion (in
close proximity to another) and (C) a Br adatom, are shown. The spectra were acquired as
bidirectional sweeps and on the left, a single conductance sweep is shown. The sweep
began at negative bias voltage. The lines represent the tunneling set point (It = 40 pA;
Vsample = -0.75 V) and the axes of zero current and bias. On the right, the overlap of the
forward conductance sweep with the simultaneously acquired differential conductance
sweep are shown.
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Previously, we showed that p-diiodobenzene (C6H4I2) exposed to Cu{111} at
293 K produced surface-stabilized phenylene (·C6H4·) intermediates upon dissociation of
both C-I bonds [40]. These phenylene intermediates aligned to form molecular chains on
the Cu surface. Since, we did not observe aligned chains of surface-bound adsorbates, we
conclude that only one of the C-X (X=Br, F) bonds dissociated upon adsorption of pFC6H4Br. Furthermore, IR vibrational spectra of halogen substituted fluorobenzene
molecules, specifically p-FC6H4Cl, p-FC6H4Br, and p-FC6H4I have shown that the
stretching and bending frequencies of the C-F bond remains unchanged in all these
molecules [41]. Therefore, we reason that the C-F bond enthalpy of p-FC6H4Br would not
be significantly different from that of C6H5F (4.98 eV). Hence, we conclude that the C-Br
bond of p-FC6H4Br is the weaker bond, and therefore dissociates upon adsorption on
Cu{111}.
We have corroborated our assignment of the protrusions as fluorinated-phenyl
intermediates based on their tunneling spectroscopic signature. The conductance
spectrum acquired over the protrusion showed sharp increases in conductance at ~±110
meV (Fig. 3-8B). Such sharp increases in the tunneling conductance can be observed
when the energy of the tunneling electrons reaches the value of a vibrational mode of the
probed molecule [13, 42-44]. This change in conductance is due to the tunneling
electrons losing their energy to vibrational modes, giving rise to an inelastic tunneling
channel [42, 43].
Based on high resolution electron energy loss spectroscopy (HREELS)
experiments of phenyl on Cu{111}, ~110 meV corresponds to a C-H out-of-plane
bending mode that is a result of the ~45º angle of the phenyl ring with respect to the
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surface [20, 45]. Hence, we infer that these protrusions are unreacted, halogenatedphenyl intermediates (p-FC6H4·), based on the inferred angle with respect to the substrate
surface.
Bent and co-workers acquired HREELS spectra for adsorbed C6H5I on Cu{111}
at 115 K, where the C6H5I molecules had not dissociated and were adsorbed parallel to
the surface [20]. Once HREELS was acquired at 115 K, the substrate was heated up to
295 K to form phenyl and adsorbed I adatoms, and HREELS spectra were reacquired.
High resolution electron energy loss spectroscopy spectra of the Cu{111} substrate were
also acquired after a monolayer exposure to biphenyl at 120 K [20]. A compilation of the
relevant HREELS vibrational modes for adsorbed C6H5I, phenyl and biphenyl on
Cu{111} are shown in Table 3-9. The vibration modes denoted in blue represent the
modes that are prominent for phenyl (adsorbed at a ~45º angle to the surface), but are not
observed for adsorbed C6H5I or biphenyl (both are adsorbed parallel to the surface).
The selection rules for vibrational modes that are active in tunneling spectroscopy
are not well defined and not all observed modes in traditional vibrational techniques (e.g.
HREELS, IR) are observed as inelastic tunneling features [46]. The second derivative of
conductance is generally utilized to identify molecular vibrational modes. However, in
our experiment we probed only the differential conductance (first derivative of current
with respect to voltage).
Since the peaks in differential conductance were broad due to the relatively large
bias modulation (16 mV (Vrms)), we measured the energies of the vibrational modes by
measuring the energy at which the onset of the slope change in the conductance spectrum
occurred.
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HREELS
vibrational
frequency (cm-1)

HREELS
Vibrational
energy (meV)

Molecular iodobenzene on Cu{111} adsorbed at 115 K
(1) C-I out-of-plane stretch and ring deformation
(2) C-H out-of-plane bend
(3) C-H stretch

425 m
710 s
3050 s

53
88
378

Phenyl on Cu{111}: Post-annealing iodobenzene on
Cu{111} up to 295 K
(1) C-I out-of-plane bend and ring deformation
(2) C-H out-of-plane benda
(3) C-H out-of-plane bendb
(4) Ring stretchc
(5) C-H in-plane bendd
(6) Ring stretche
(7) C-H stretch

445 m
725 s
880 sh
995 w
1135 w
1470 w
3020 m

55
90
109
123
141
182
374

Biphenyl on Cu{111}
(1) Ring deformation
(2) C-H out-of-plane bend

430 m
720 m

53
89

Description of system and bond vibrations

I

I

I

I

I

a

b

c

d

e

Table 3-9. Compilation of HREELS vibrational frequencies of (A) iodobenzene, (B)
phenyl, and (C) biphenyl adsorbed on Cu{111}. This table shows the expected
vibrational frequencies for adsorbed phenyl and biphenyl molecules. Phenyl adsorbs at a
~45º angle to the Cu{111} surface, while biphenyl adsorbs parallel to the surface. The
vibration modes denoted in blue represent the modes that are prominant for phenyl,
which is not seen for adsorbed iodobenzene or biphenyl. The schematics at the bottom (ae) represent the vibration modes that are labeled in superscript next to the descriptions.
Note: s = strong, m = medium, sh = shoulder, w = weak.
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A compilation of conductance and differential conductance spectra that were
acquired over a fluorinated-phenyl intermediate are shown in Fig. 3-10. This intermediate
is adsorbed in close proximity to another, as seen in the STM image in Fig. 3-8. These
spectra (Fig. 3-10A to Fig. 3-10D) do not represent consecutive mesurements, but were
acquired at the same tunneling set point as stated in Fig. 3-8.
The onsets of slope changes in the tunneling conductance are labeled in each
spectrum. These values in eV are in reasonable agreement with vibrational modes of
adsorbed phenyl intermediates on Cu{111} from HREELS studies (Fig. 3-8). By
comparing the observed vibrational energies in the conductance spectra (Fig. 3-10) with
those of the HREELS energies (Fig. 3-9), we confirm that the protrusions represent
phenyl intermediates. The presence of C-H out-of-plane (~110 and ~92−95 meV) modes
and ring stretches (~182 meV) that are predominantly observed for phenyl on Cu{111}
by HREELS lead to this conclusion. Infrared vibrational spectra of benzene (C6H6) and
fluorobenzene (C6H5F) have shown that only the C-C breathing frequency changed
significantly from 980 cm-1 (benzene) to 810 cm-1 (fluorobenzene) upon fluorination of
the benzene molecule [41]. The C-H bending and stretching frequencies remained
unchanged [41]. Hence, we do not expect energy shifts in the fundamental vibration
frequencies of the fluorinated-phenyl intermediates from those of unsubstituted-phenyl
intermediates.
Our assignments are consistent with the expectation not to observe biphenyl
molecules on the surface. Fluorination of the phenyl intermediates lowers the energy
barrier to coupling as well as the energy barrier to desorption [20, 38]; hence, we do not
expect to observe biphenyl molecules.
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Figure 3-10. A compilation of tunneling spectra acquired over a halogenated-phenyl
intermediate (as shown in Fig. 3-8). The spectra do not represent consecutive curves, but
were acquired at the same tunneling set point as stated in Fig. 3-8. The onsets of increases
in tunneling conductance are labeled in each spectrum.
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We further acquired STS over protrusions that were adsorbed in close
proximity as well as ones farther apart. In both cases, they displayed identical
spectroscopic features (Fig. 3-11). Hence, we infer that all protrusions observed on the
Cu surface after 200 L exposure to p-FC6H4Br are unreacted, fluorinated-phenyl
intermediates (Fig. 3-6).
In section 3.3.1, we showed that at low coverage (10 L exposure) of C6H5Br on
Cu{111}, phenyl intermediates preferentially adsorbed at surface steps. We inferred that
the phenyl intermediates traveled distances up to ca. 1000 Å over Cu terraces to bind
preferentially at steps. However, in the current experiment of p-FC6H4Br on Cu{111}, we
observe fluorinated-phenyl intermediates distributed randomly at terraces and sparsely at
steps (Fig. 3-6). Electron-withdrawing groups such as fluorine are known to deactivate
phenyl rings [47]. We propose that these fluorinated-phenyl intermediates traveled at a
slower rate on the Cu surface, hence, not bound at steps by the time the substrate is
cooled to 4 K. It is also possible that these intermediates, with a decreased electron
density finds a multitude of preferred adsorption sites on terraces, likely in close
proximity to defects and/or surface-bound Br adatoms.
We have also acquired STS over protrusions adsorbed at surface steps (red
circles), shown in the two separate STM images (Fig. 3-12). The conductance spectra
along with their differential conductance are shown under each image. The spectra
acquired over protrusions adsorbed at step edges (Fig. 3-12) did not display the same
spectroscopic features as those adsorbed at terraces (Fig. 3-8 and Fig. 3-11).
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Figure 3-11. Tunneling spectra acquired over (A) the bare Cu surface, (B, C) two
protrusions (in close proximity to another) and (D) an isolated protrusion. The spectra
were acquired as stated in Fig. 3-7. The conductance spectra recorded over Cu shows the
characteristic peak of the surface state at 0.43 below the Fermi level. The spectra (B, C,
D) show similar features as seen in both the conductance as well the differential
conductance spectra.
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Figure 3-12. Tunneling spectra acquired over halogenated-phenyl intermediates adsorbed
at a surface step. The conductance and differential conductance spectra acquired at the
point (circled in red) shown in the STM image are shown. These halogenated-phenyl
intermediates did not display the same spectroscopic signature as those adsorbed on
terraces (Fig. 3-10 and Fig. 3-11).
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We hypothesize that the protrusions at the steps are halogenated-phenyl
intermediates adsorbed at an angle that is nearly parallel to the surface [20, 21]. Hence,
they do not display the same conductance features as the ones adsorbed on the terraces.
In retrospect, we look at the STS signatures of biphenyl on Cu{111} (Fig. 3-4).
The conductance profile of biphenyl appears featureless compared to that of the
halogenated-phenyl intermediates (Fig. 3-8 and Fig. 3-11). We conclude that the lack of
features in the conductance profile corresponding to tunneling-active vibrational modes
that we have assigned to the halogenated-phenyl intermediates (adsorbed at ~45º to the
substrate), are consistent with an aromatic molecule that is adsorbed parallel to the
surface (Table 3-9).

3.4 CONCLUSIONS
We have identified the surface step edge as an active site for the phenyl-coupling
step of the Ullmann coupling reaction on Cu{111}. We have demonstrated that when
C6H5Br molecules dissociatively chemisorb on the surface at 293 K, they form adsorbed
phenyl intermediates and Br adatoms. The Br adatoms are immobile on the Cu substrate
at room temperature and are distributed randomly on the surface. By analogy to C6H5I on
Cu{111}, the adsorption sites of Br adatoms likely represent the sites at which C6H5Br
dissociation takes place. The phenyl intermediates, which are mobile at 293 K, travel up
to a few 1000 Å and preferentially bind at step edges. The Smoluchowski effect at the
step edge causes this preferential binding. Our data demonstrate that C-C bond formation
likely takes place at the step edges at room temperature. Once formed, the products of the
Ullmann coupling reaction, biphenyl, diffuse onto the terraces and arrange into clusters.
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The weakly ordered overlayer of biphenyl exhibits the role of substrate-mediated
interactions between the molecules.
We also showed that at high coverage of p-FC6H4Br on Cu{111}, only
halogenated-phenyl intermediates and Br adatoms are observed on the surface. We have
verified the ‘unreacted’ status of the intermediates by the vibrational modes observed in
their spectroscopic signatures. The vibrational modes were assigned based on previous
HREELS experiments of analogous surface-bound species, and correspond to their ~45º
adsorption angle to the surface. In retrospect, we compared the spectroscopic signature of
biphenyl and further support their assignment based on our inferred bonding angle of
biphenyl with respect to the surface.
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CHAPTER 4

LONG-RANGE ELECTRONIC INTERACTIONS AT HIGH TEMPERATURE:
BROMINE ADATOM ISLANDS ON COPPER{111}

We investigated the role of the substrate surface-state electrons in mediating longrange electronic interactions between islands of adatoms at elevated temperatures. We
investigated Br adatom islands on Cu{111}, which were created ~600 K and
demonstrated that long-range order between the adatom islands is dictated by the
substrate surface state at that high temperature. We determined a spatially varying
interaction potential between these islands by evaluating thousands of (~3000) distances
between nearest-neighbor Br adatom islands from a series of (~200) non-overlapping
STM images recorded at 4 K. The extracted inter-island interaction potential displayed
energy minima at ca. 12, 26, 41 and 56 Å. This corresponds to a 15 Å period, which is
half the Fermi wavelength (λF/2) for Cu{111}, indicative of the role of the surface state in
determining the lateral spacings between the islands.
The coherence length of standing waves at ~600 K for a bare Cu{111} surface is
expected to be ca. 22 Å. We measured a decay length of 19 ± 3 Å for the inter-island
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interaction potential and observed oscillations up to ca. 56 Å. The decay length of the
interaction potential (19 ± 3 Å) is in good agreement with the theoretically expected
coherence length (ca. 22 Å) of the standing waves at ~600 K. The attractive and repulsive
strengths of the interaction potential are attributed to the strong perturbation of the
surface state by Br adatom islands.

4.1 INTRODUCTION
Detailed knowledge of the fundamental factors that affect adsorbate-adsorbate
interactions on surfaces is important for a comprehensive understanding of surface
phenomena such as catalysis and crystal and film growth. Interactions between surfacebound adsorbates can be divided into two broad categories; direct interactions and
indirect interactions. A direct interaction, which typically takes place between 1–5 Å, via
direct chemical bonds or through individual charges and/or dipoles, are responsible for
short-range order between adsorbates [1]. Examples of typical bond distances due to
short-ranges forces are: 1.77 Å hydrogen bonding distance between H2O molecules and
0.92 Å ionic bond distance between HF molecules. In terms of surface-bound adsorbates,
ordered structures of R,R-tartaric acid molecules on Cu{110} forms an overlayer
structure with intermolecular spacings of ~5 Å based on short range interactions [2].
In this chapter, we focus on substrate-mediated indirect interactions between
surface-bound adsorbates, which are responsible for ordering at larger separations. These
interactions occur when the surface is physically or electronically perturbed as a result of
adsorption and/or surface stress [1, 3-6]. Through such perturbations on the surface,
adsorbates can “communicate” over distances of up to ca. 80 Å [1, 4, 7-9]. Long-range
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interactions can be mediated through the substrate in two ways, through substratelattice deformations or through substrate surface-state electrons [7]. Here, we concentrate
on long-range interactions between adsorbates mediated by the surface-state electrons of
a closed-packed noble metal surface.

4.1.1 SUBSTRATE-MEDIATED INTERACTIONS
4.1.1.1 THEORY
Substrate-mediated long-range interactions were first hypothesized by Koutecký
[4]. In this pioneering molecular-orbital theory study, it was shown that the energy of two
chemisorbed adatoms on a surface could be lower than two isolated atoms, even if they
were unable to form direct bonds with each other. It was proposed that the adatoms
interact indirectly through the diffused electron cloud of the surface [4]. The first
theoretical analysis of such long-range interactions was performed by T. B. Grimley [10].
The basis of Grimley’s proposed substrate-mediated interaction theory is described in a
schematic diagram shown in Fig. 4-1. The one-dimensional potential energy diagram for
two surface-bound adatoms that are too far apart for direct interactions is shown in Fig.
4-1A, where favorable conditions for indirect substrate-mediate interactions also do not
exist. Hence, the electronic wavefunctions of the adatoms remain close to the adsorption
site and are not coupled through the electronic wavefunctions of the substrate, as the
potential energy barrier is unsurmountable. However, under conditions favorable for
indirect interactions, the adatom electronic wavefunctions couple through the substrate,
as shown in Fig. 4-1B [10].
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A

B

Figure 4-1. Schematic diagram illustrating substrate-mediated interactions between two
surface-bound adatoms, as described by Grimley [10]. (A) The one-dimensional potential
energy diagram for two surface-bound adatoms that are too far apart for direct
interactions, where favorable conditions for indirect substrate-mediate interactions also
do not exist. (B) Potential energy diagram under favorable conditions for substratemediated interactions, where the adatom electronic wavefunctions are coupled through
that of the substrate.
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The interference of the wavefunctions leads to attractive and repulsive
interactions between the indirectly coupled adatoms, leading to oscillations in their
interaction potential [10]. The periodicity of the oscillations in the interaction potential
depends on the substrate electronic state through which the adatoms are coupled. These
indirect substrate-mediated long-range interactions can be two-dimensionally isotropic on
a given surface only if the electronic character of the underlying substrate is isotropic
(Section 4.4.3). Since the conception of indirect interactions, the fundamental basis of
this phenomenon has been extensively studied theoretically [10-13].
A general form of the oscillatory long-range interaction potential between
surface-bound adsorbates can be written as [13]:

ΔE =

cos(2k F R + ϕ )
,
Rn

(4.1)

where kF is the Fermi wave vector, φ is the phase shift and R is the inter-adsorbate
distance [13]. The degree of the decay, n, depends on the electronic levels of the metallic
surface that are the medium of the interaction. Grimley predicted theoretically that longrange interactions between adsorbates on fcc and bcc crystal surfaces, assuming a
spherical Fermi sphere decay as R-5 [10]. And in the case of the medium of the
interactions being bulk electrons, the interactions decay relatively slower, as R-3 [13].
Theoretical studies by Lau and Kohn on long-range interactions mediated by a
two-dimensional electron gas demonstrated that the interaction is oscillatory, with a
periodicity of half the Fermi level wavelength ( λ F 2 ) of the corresponding surface state
[13]. These surface-state mediated interactions decay as R-2, the slowest of all these forms.
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In this chapter, we focus on substrate-mediated interactions that are mediated
by a two-dimensional nearly-free-electron-gas-like surface state.

4.1.1.2 PREVIOUS EXPERIMENTS
The first direct observation of substrate-mediated interactions was presented by
Tsong between Re adatoms on W(110) using field ion microscopy (FIM) [9], which was
followed by the work of Watanabe and Erlrich [14]. Since the advent of STM, it has been
possible to observe local perturbations to the surface by adsorbates and to quantify
indirect interactions [3, 7, 8, 15, 16].
Surface-state electrons of close-packed {111} facets of noble metal surfaces are
known to behave as two-dimensional nearly-free-electron gases [16-18]. Substrate steps,
defects, and adsorbates on such surfaces can act as barriers that scatter surface-state
electrons and create standing waves, which can mediate interactions between adsorbates
[1, 3, 6]. These spatial oscillations of the LDOS can be observed directly using STM,
which is one of the mechanisms responsible for long-range interactions [15, 16, 19].
Previously, we observed substrate-mediated interactions between benzene molecules on
Cu{111} using STM at 77 K [3, 5, 20-23]. We demonstrated how the adsorption of an
initial row of individual benzene molecules perturbed the surface LDOS, which created
adsorption sites for incoming molecules [3]. Wahlström et al. demonstrated long-range
interactions between bulk impurities (assumed to be sulphur) on Cu{111} that surfaced
during an annealing step, using STM at room temperature [24].
However, the first detailed quantitative analysis of long-range interaction energies
mediated by a two-dimensional electron gas between surface-bound adatoms was
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reported by Repp et al., who investigated Cu/Cu{111} at 9−12 K using STM [8]. In
this study, ~0.01 ML copper was evaporated on to the Cu{111} substrate, which was held
at 15 K. The Cu adatoms, which are mobile at this temperature, showed preferred
adatom-adatom distances, as observed by time-lapse STM images recorded at 15 K [8].
The interaction potential between the Cu adatoms was evaluated from ~65,000 adatomadatom distances measured over ~3400 STM images. The interaction potential showed
oscillations with a periodicity of 15 Å, which is λ F 2 of Cu{111} and extended up to a
distance of ~80 Å [8]. This study was soon followed by that of Knorr et al., where three
different systems, Cu/Cu{111}, Co/Cu{111} and Co/Ag{111} were investigated [7].
Copper and Co were evaporated by degassed filaments on to Cu{111}, which was held at
6 K. At 6 K, these adatoms are immobile, and the temperature of the substrate was raised
and controlled such that the hopping rates of the adatoms were slower than the STM
image recording rate [7]. The interaction potential between single adatoms on the
Cu/Cu{111} and Co/Cu{111} systems again showed oscillations with periodicities of

λ F 2 of Cu{111} up to a distance of ~80 Å, illustrating that these long-range
interactions are not sensitive to the chemical identity of the adsorbate [7]. Furthermore,
in the case of Co/Ag{111}, the periodicity of the interaction potential changed to 38 Å,
which is λ F 2 of Ag{111}, illustrating that it is the surface-state electrons of the
substrate that mediate these long-range interactions [7].
Recently, Morgenstern et al. moved beyond adatom-adatom interactions and
studied the role of the surface state on the formation and motion of Cu adatoms and
dimers on Ag{111} [25]. The interaction strength was shown to be stronger between
adatoms and addimers than between single adatoms, hence oscillations were observed up
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to a distance of ~230 Å. The role of the perturbed LDOS of a dimer on the rotation of
another dimer was also demonstrated [26]. Silly et al. demonstrated the role of the
surface state in the self-assembly of an entire monolayer of adatoms, a superlattice of Ce
on Ag{111} at 4 K, where the Ce-Ce distance was measured to be ~32 Å [27]. This
superlattice was stable only up to 10 K.
As will be described in this chapter, we have extended the understanding of
surface-state mediated indirect interactions from single adatoms to larger aggregates of
adsorbates that are stable at elevated temperatures, using a heteroepitaxial system of Br
adatom islands on Cu{111}.

4.1.2 PREVIOUS STUDIES OF HALOGENS ON SURFACES
Halogens play a crucial role in electrochemical processes and are known to adsorb
strongly on electrode surfaces [28]. A growing interest in halogen adlayers formed on
electrodes during electrochemical processes that utilize halogen-based electrolytes led to
studies using LEED and in situ STM on the adsorption of iodine on Pt{111}, Pd{111}
and Rh{111} surfaces [29, 30]. Unlike the commensurate I adlayers on closed-packed
transition metal surfaces, in the case of Au{111} and Ag{111}, more complex structures
were discovered [28]. However, I on Cu{111} formed commensurate structures and this
unexpected result led to an interest in halogen adsorption studies on Cu{111} [28].
Halogen overlayers on surfaces have been created and studied using a variety of
techniques; x-ray standing wave studies and in situ STM studies of mixed and full
monolayers formed by electrochemically synthesized Cl2, Br2 and I2 exposed to Cu{111}
[31-33], ‘cracking’ methylbromide on Cu{111} using an electron beam [34], ultraviolet
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photoelectron

spectroscopy

(UPS),

LEED,

TPD

studies

of

dissociated

1-bromo-2-chloroethane on Cu{111} [35].
At a low surface coverage of ~0.33 ML, all halogens (Cl, Br and I) form a
commensurate structure on Cu{111}, which transitions to a complex incommensurate
structure at higher coverages [28, 31-33]. These halogen overlayers were formed by
leaking molecular gas (e.g. Br2), which was synthesized in an electrochemical cell, into
the UHV chamber and onto a Cu{111} surface that was held at room temperature. In a
study by Jones et al. on Br adsorption on Cu{111} using LEED, it was shown that at
~0.33 ML, a (√3×√3)R30°-Br structure was formed [32]. Identical structures were
observed for Cl and I at ~0.33 ML surface coverage on Cu{111}. However, at saturation
coverage, this commensurate structure compressed to an incommensurate structure
depending on the atomic van der Waals diameter of each halogen. The van der Waals
diameters of Cl, Br and I atoms are 3.6, 4.0 and 4.4 Å, respectively [31, 32]. The Cu-Cu
spacing in the √3 direction of the {111} closed-packed lattice is 4.427 Å. Since the
diameter of I is comparable with the Cu-Cu spacing in this direction, the overlayer
structure remains (√3×√3)R30° at saturation coverage; however, the Cl and Br overlayers
form complex compressed structures [31, 32].
The nature of the halogen-Cu bond formed when molecular halogen gases
dissociatively chemisorb on the Cu{111} surface at room temperature is not clearly
understood. Theoretical analyses based on all-electron density functional calculations of
Cl adsorption on Cu{111} and Ag{111} has predicted the Cl-Ag and Cl-Cu bond to be
more ionic than covalent in nature [36, 37]. Based on the bond lengths between Cl on fcc
sites of Cu{111} and Ag{111} (2.40 and 2.62 Å), the extracted effective radii of the
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adsorbed Cl atom was found to be 1.12 and 1.17 Å, respectively [36]. This falls in
between the atomic Cl (0.99 Å) and ionic Cl- (1.81 Å). Most importantly, Mulliken
population analysis showed that a charge transfer of 0.25e to the adsorbed Cl atom
resided in orbitals that had the least overlap with Cu atoms of the substrate, hence the
bonding was somewhat ionic in nature [36]. The lowest energy adsorption site for Cl was
calculated to be a fcc site [36, 37], with an adsorption energy of 3.6 eV, and the
adsorption energies of hcp and bridged sites were found to be higher by ~8.7 and ~75
meV, respectively [36, 37].
The adsorption and desorption of ~0.33 ML of Cl on Cu{111} was studied by
Goddard and Lambert, who found an adsorption energy of 236 kJ/mol (2.44 eV) for Cl
on Cu{111} using thermal desorption experiments [38]. Using this value while
comparing the bond dissociation energies of Cu-Cl:Cu-Br = 1.7 [39, 40], we estimate an
adsorption energy of ~1.43 eV for Br on Cu{111}. Generally, activation barriers to
diffusion are ~10% of adsorption energies for chemisorbed adsorbate-surface systems;
hence, we estimated ~0.14 eV for Br on Cu{111} [41, 42]. Walter et al. measured the
activation barrier to diffusion for atomic Cl using electron-stimulated diffusion
experiments to be ~0.19 meV [43]. In a LEED study done by Bent and co-workers on the
diffusion of iodine (created by the dissociation of alkyl iodides) on Cu{111}, a threshold
temperature range of 340−395 K was established [44]. The Cu-Br:Cu-I bond dissociatiom
energy ratio is 1.15 [40, 45]; hence, we expect the activation barrier to diffusion for Br to
be greater than for iodine. From these previous experiments, we estimated that isolated,
atomic Br diffuses on Cu{111} at a temperature ~600 K.
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4.2 EXPERIMENTAL METHOD
All experiments described in this chapter were performed using a custom-built
cryogenic XHV-STM, described elsewhere [46].

The Cu{111} single crystal was

cleaned by cycles of Ar+ ion sputtering and annealing (Section 2.2.1). All STM images
shown were recorded at 4 K in constant current mode and the bias voltage refers to the
sample bias. The differential conductance spectra were recorded simultaneously with
conductance using a LIA (as described in Section 2.3.2) by modulating the bias voltage
with an ac amplitude of 8 mV (Vrms), 1000 Hz and acquired with a 30 ms time constant.
The Br adatom islands were created by ramping the substrate temperature up to
~600 K after a 200 L exposure to C6H5Br at 293 K [47, 48]. Bromobenzene was purified
through several freeze-pump-thaw cycles then dosed via a high-precision leak valve in
the load-lock region of the vacuum system. The purity was verified via residual gas
analysis by a quadrupole mass spectrometer. Prior to exposure the Cu{111} substrate was
flash annealed up to ~825 K and allowed to cool to room temperature. The clean
Cu{111} substrate (while in the heater base) was exposed to C6H5Br by backfilling the
main chamber to 7.1×10-7 Torr of C6H5Br vapor for 3.5 minutes while the crystal was at
293 K. The ion gauge and ion pumps in the main chamber were turned off during the
exposure time. One Langmuir (L) exposure refers to the equivalent of an exposure time
of one second at 1×10-6 Torr.
The pressure was monitored through the ion gauge located in the load lock and
probably reads a value much smaller than that at the front face of the sample. Once the
main chamber pressure reached its baseline value after the exposure (~2−5 minutes), the
substrate was annealed to ~600 K. The heater current was set to 5 A for 10.5 minutes (at
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which point the substrate front face would be ~600 K) and the heater was turned off.
The substrate was allowed to cool completely to room temperature for ~1 hour in the
heater base. The sample was then placed in the STM and the ion pumps and ion gauge in
the main chamber were turned on. The sample was kept overnight at 4 K prior to
experiments.

4.3 RESULTS AND DISCUSSION
4.3.1 IDENTIFYING BROMINE ON CU{111}
Upon exposure to the Cu surface at 293 K, C6H5Br dissociated to form phenyl
(C6H5⋅) intermediates and Br adatoms, after which the phenyl intermediates coupled to
form biphenyl (C6H5-C6H5) molecules as described in Chapter 3 (Fig. 4-2A) [49, 50]. By
annealing up to 600 K, the biphenyl molecules desorbed at ~390 K [49, 50], leaving
behind only Br adatoms.
During annealing, Br adatoms that were randomly distributed and immobile at
293 K became mobile and aggregated to form islands (Fig. 4-2B) [47]. We verified the
identity of the Br adatoms before and after the annealing step by two methods, STS and
bias-dependent topographic images. We recorded STS [Fig. 4-2c] over randomly
distributed and isolated Br adatoms (Fig. 4-2A) as well as Br adatom islands (Fig. 4-2B)
and compared the spectra to that of the bare Cu{111} in both cases [47]. The Cu{111}
surface-state band edge observed at 0.4 eV below the Fermi level (red line in Fig. 4-2C),
the signature for identifying the bare Cu surface, was not observed over the Br adatoms
(blue line in Fig. 4-2C) in either case.
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Figure 4-2. Scanning tunneling microscopy images acquired at 4 K, before and after Br
adatom island formation. (A) Prior to the annealing step, biphenyl (C6H5-C6H5)
molecules (protrusions, along the step edges) and Br adatoms (depressions, isolated and
distributed randomly over the terraces) were observed on the Cu surface. (B) After
annealing this sample up to 600 K, the biphenyl molecules desorbed and the Br adatoms
mobilized and aggregated to form islands. (C) Differential conductance spectra recorded
using a LIA (details in text) over bare Cu surface (red line) and Br adatoms (blue line).
Note that the surface state of Cu{111} at -0.4 eV is quenched locally by the Br adatoms.
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This is consistent with the identification of Br adatoms, since halogens are
known to quench the surface state of Cu{111} [35]. The quenching of the Cu{111}
surface state by halogens has been previously observed by Turton et al. in an UPS study
of 1-bromo-2-chloroethane on Cu{111} [35].
Ultraviolet photoelectron spectroscopy of the clean Cu showed peaks at -0.4 eV,
which is the surface state, and as well as surface resonances at 2.8 and 3.7 eV. However,
as the surface was exposed to 1-bromo-2-chloroethane at room temperature, the Cu peaks
decreased in intensity while three halogen peaks appeared at 5.1, 4.6 and 2.3 eV [35]. At
the saturation coverage the surface state peak at -0.4 eV, as well as the others, were
completely quenched. Auger electron spectroscopy (AES) of this surface showed only the
presence of Cl and Br, not carbon. The work function of clean Cu increased by 0.75 eV
from that of the bare Cu value of 4.9 eV [35]. The resonances observed were not
assigned; however, in an ARPES study of the adsorption of Br on Cu{110} [34], it was
found that the Br 4pz band interacted with the Cu 4s and 3dyz, and shifted their energy.
Representative STM images recorded at both bias polarities before and after the
annealing step are shown in Fig. 4-3. Prior to the annealing step, both biphenyl and Br
adatoms were present on the surface. Topographic images recorded over the same area at
negative (Fig. 4-3A) and positive biases (Fig. 4-3B) illustrate the different contrast in the
images in the case of the Br adatoms only. In STM images, Br adatoms appeared as
depressions at negative sample bias voltages (-0.20 to -0.75 V), and as protrusions with
center depressions at positive sample bias voltages (+0.20 to +0.75V). Once formed, the
Br adatoms islands appeared identical to individual adatoms in STM images at each
respective bias voltage polarity (Fig. 4-3C and Fig. 4-3D).
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This bias-dependent contrast in STM images can be explained in terms of
whether the STM tip is probing the occupied or the unoccupied states of a surface-bound
adatom (Fig. 4-4). At positive sample bias voltages, the STM tip probes the local density
of empty states. Bromine is an electronegative element compared to Cu (Table 4-2);
therefore, it depletes the surrounding electron density on the Cu surface. Thus, enhancing
the empty states surrounding Br leads to the appearance of a protrusion at positive sample
biases. In the case of negative sample bias voltages, the STM tip probes the local density
of filled states (Fig. 4-4). Bromine lacks filled states in the energy range accessible by
STM and is imaged as a depression. Previously, we and others have shown the biaspolarity-dependent STM contrast of surface-bound species [51-55].
Several theoretical analyses have been brought forward to predict STM images of
surface-bound adatoms, of which the work of N. D. Lang and P. Sautet are the most
prominent [56-58]. Based on Lang’s calculations, electronegative O adatoms yielded a
negative contribution to the surface LDOS and appeared as depressions (-0.1 Å) [56, 58].
In our experiments, the Br adatoms on Cu{111} appeared as depressions (-0.2 Å) under
specific tunneling conditions (Fig. 4-3). However, there are a few limitations to this
theoretical approach, which does not take into account the surface or the chemical
identity of the adsorbate. In a different approach to the problem of contrast in STM
images, P. Sautet de-convolved the imaging mechanism to that of tip-surface
contributions and tip-adatom contributions to the tunneling current [57]. This theoretical
analysis included a variety of adatoms (Na, O, S, Se etc) adsorbed on fcc sites on a
Pt{111} surface [57].
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A

B

It = 12 pA; Vsample = -0.65 V
220 Å × 220 Å

It = 12 pA; Vsample = +0.65 V
220 Å × 220 Å

C

D

It = 12 pA; Vsample = -0.75 V
220 Å × 220 Å

It = 12 pA; Vsample = +0.75 V
220 Å × 220 Å

Figure 4-3. Bias-dependent STM images of isolated Br adatoms (A, B) and adatom
islands (C, D) on Cu{111}. Isolated Br adatoms appeared as depressions in STM images
at negative sample bias voltages (A), and as protrusions with center depressions at
positive sample bias voltages (B). Note the biphenyl molecules (oblong protrusions)
appeared the same at both bias polarities. Once formed, the islands of Br adatoms also
appeared analogous to the isolated adatoms, at both sample bias polarities (C, D).
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Br

Cu

Probing the filled states
STM tip

Br

Probing the empty states
STM tip

electrons
(a) Negative sample bias

electrons
(b) Positive sample bias

Figure 4-4. Schematic diagram illustrating the bias dependent imaging mechanism of Br
adatoms. Br is a more electronegative element compared to Cu (top), hence it depletes the
surrounding electron density on the Cu surface, enhancing the local density of empty
states. At positive sample bias voltages, the STM probes the empty states, and Br
adatoms appear as protrusions with a center depression (bottom left). At negative sample
bias voltages, the STM probes the filled states and Br adatoms appear as depressions as it
lacks filled states at that energy range (bottom right).
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Adsorption was described as a perturbation to the surface where the electronic
states are shifted out of resonance with bulk states; hence, for all adatoms the tip-surface
contribution results in a depression. However, strong tip-adatom contributions to the
tunneling current could result in an adatom appearing as a protrusion.
Calculations showed that the polarizability of the adatom is the most important
factor, followed by the energy of the most protruding orbital and the electronegativity of
the atom [57, 58]. This results in the prediction that O would appear as a depression and
S as a protrusion. Due to the lower principle quantum number and higher
electronegativity for O (2s22p4; 3.44) than for S (3s23p4; 2.58) [59-63], the contribution to
the tunneling current from S is much greater, resulting in a protrusion. The polarizability
of atomic S (2.9 Å3) is also greater than that of O (0.793 Å3). Comparing with Br adatoms,
the principle quantum number (4s24p7), the polarizability (3.1 Å3) and atomic radius is
greater than for S [59-63]. However, Br is more electronegative (2.96) that S. We
hypothesize that when the highly electronegative Br adsorbs on Cu{111}, the strong
perturbation to the surface LDOS creates a negative tip-surface contribution that cannot
be compensated by tip-adatom contributions. Hence, line scans of STM showed Br
adatoms on Cu{111} appear as depressions of ~0.2 Å (Fig. 4-3).

4.3.2 STRUCTURE OF BROMINE WITHIN THE ISLANDS: SHORT-RANGE
ORDER
Representative STM images of the Cu{111} surface with ~0.03 ML coverage of
Br adatom islands are shown in Fig. 4-5. The Br adatoms within all the islands formed
(√3×√3)R30° structures [Fig. 4-5A to Fig. 4-5D] on Cu{111}, as previously observed for
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a sub-monolayer of Br by LEED [32]. As shown in Fig. 4-5A and Fig. 4-5C, Br
adatom islands were found distributed over the terraces and along the tops of the step
edges. An island decorating the upper side of the Cu step edge is shown in Fig. 4-5A,
which reveals an Ehrlich-Schwoebel barrier for attachment to the lower side of the step
edge. We have less frequently observed islands on the lower sides of Cu step edges. The
Br adatom islands were observed in a variety of shapes and sizes (Fig. 4-5). The varieties
in the shapes as well as the roughnesses of the edges of some islands are shown in Fig. 45B and Fig. 4-5D. We have counted the numbers of Br adatoms present in ~100 islands
and the distribution in the island sizes are shown in a histogram in Fig 4-6. A Gaussian fit
to the histogram shows that a majority of the islands contained 22 ± 13 Br adatoms.
We observed a range of size distributions for the Br adatom islands on Cu{111}
(Fig. 4-6). The shapes and distributions of islands can give insight into the kinetics and
the intricate role of inter-adatom interactions that govern the formation of the Br
island/Cu{111} system [64]. Recently, Fichthorn et al. incorporated pair interactions into
a Monte Carlo study of thin-film epitaxy and discussed their consequences on island size
distributions [64]. Pair interactions refer to electronic interactions between a central
adatom to its neighbors, based on their inter-adatom distance [65].

During initial

deposition, small stable islands form rapidly, until pair-wise electronic interactions within
the island result in an energy barrier around the islands; this was predicted to control the
island sizes. After this, adatoms that can hop over the barrier are able to join the island. It
was proposed that in the presence of this repulsive ring barrier around the islands, the
island size distribution would be an order of magnitude narrower [64].
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A

It = 50 pA; Vsample = -0.20 V
211 Å × 211 Å

B

It = 50 pA; Vsample = -0.20 V
176 Å × 176 Å

D

C

It = 50 pA; Vsample = -0.20 V
211 Å × 211 Å

It = 40 pA; Vsample = -0.20 V
176 Å × 176 Å

Figure 4-5. Compilation of STM images of Br adatom islands on Cu{111}. Br adatoms
form a (√3×√3)R30° structure within the islands and were observed on terraces (B, D), as
well as on the tops of step edges (A, C). Bromine islands decorating the top of a Cu step
edge reveals an Ehrlich-Schwoebel barrier (A). Adatom islands with smooth edges as
well as rough edges were observed.
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Figure 4-6. Histogram of the Br adatom island size distribution (bin size = 1). The island
size was measured by counting the number of adatoms within each island using
atomically resolved STM images. This histogram was compiled from ~100 Br adatom
islands. A Gaussian fit (blue line) to the data showed that a majority of the islands
contained 22 ± 13 Br adatoms.
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Bromine, as a p-block element, may be a strong repulsive scatterer that forms a
repulsive energy barrier around initial Br adatom island nuclei (discussed in Section
4.4.4) [66]. The strength of the scattering properties of Br was not only responsible for
the narrow island size distributions, but has also lead to strong interaction energies in the
inter island-island interaction potentials, as will be discussed in Section 4.3.4 (Fig. 4-9).

4.4.3 DISTRIBUTION OF BROMINE ADATOM ISLANDS: LONG-RANGE
ORDER
The first evidence of long-range order between the Br adatom islands by surfacestate mediated interactions was afforded by STM images recorded at bias voltages close
to the Fermi level. The interference patterns of the standing waves created by scattering
of the surface-state electrons from the islands are visible in these STM images, shown in
Fig. 4-7, which were recorded at -50 mV (Fig. 4-7A) and +50 mV (Fig. 4-7B).
In this pair of images the Br adatom islands appear as depressions, and the atoms
were not resolved due to the large image areas. At low sample bias voltages, the standing
wave pattern closely follows the LDOS at the Fermi level. These images imply that the
inter-island distances are related to the standing wave patterns. In order to verify this, we
measured over 3000 inter-island separations from more than 200 non-overlapping STM
images recorded at 4 K. An example of such an STM image is shown in Fig. 4-8A. We
measured only nearest neighbor distances between islands that had no other islands in
between, examples of which are shown as white lines on the STM image (Fig. 4-8A).
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A

It = 10 pA; Vsample = -50 mV
420 Å × 420 Å

B

It = 10 pA; Vsample = +50 mV
420 Å × 420 Å

Figure 4-7. Scanning tunneling microscopy images acquired at sample bias voltages
close to the Fermi level; (A) -50 mV and (B) +50 mV. These images illustrate the
interference patterns of the standing waves created by scattering of the surface-state
electrons from the Br adatom islands. The adatoms within the islands were not resolved
due to the larger scale of the image.
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Figure 4-8. (A) An example of a STM image in which inter-island distances were
measured. Examples of measured nearest-neighbor distances are illustrated by white lines.
(B) Histogram of the distribution of ~3000 inter-island distances determined from a series
of ~200 non-overlapping STM images recorded at 4 K (as shown above in A). The dotted
line represents the theoretically derived island distribution in the absence of long-range
order.
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Hence, our analysis only considered two-body interactions. The inter-island
distances were plotted in a histogram and are shown in Fig. 4-8B. We observed peaks
(binned distances) in our histogram of island-island distances, indicating the existence of
favored distances between the islands.
The theoretical function for non-interacting islands was derived from an equation
used by Knorr et al. (dotted line in Fig. 4-8B) [7]:

(2πrΔrnN )
πr 2 N [πL2 + (4 − π )r 2 − 4rL]
),
(1 − 2 ) (
f random ( r ) =
L2
L
πL2

(4.2)

where n is the number of STM images, N is the average number of Br islands per STM
image, and L is the length of each STM image.

4.3.4 BROMINE ADATOM ISLAND-ISLAND INTERACTION POTENTIAL
We derived the interaction potential between the Br adatom islands using an
analysis similar to that used in Tsong’s FIM experiments, as described below [9]. The
spatially varying interaction potential, E(r), was determined from the equation:
E ( r ) = − k B T ln[( g ( r ))] ,

(4.3)

where T is the temperature, kB is the Boltzmann constant and g(r) is the pair correlation
B

function. The pair correlation function was obtained by dividing the experimental pair
distribution function (histogram in Fig. 4-8B) by the theoretically derived function for
similar non-interacting species on the surface (dotted line in Fig. 4-8B) [9].

The

interaction potential between Br adatom islands, E(r), plotted as a function of distance
between the islands r, is shown in Fig. 4-9A.
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We have analyzed the interaction energy by two methods. Firstly, we overlaid
the experimental interaction energy plot (solid line in Fig. 4-9A) with a theoretically
derived energy plot (dashed line in Fig. 4-9A) adapted from Hyldgaard and Persson [12].
In comparison with the theoretical energy plot, we observed potential energy minima at
12, 26, 41 and 56 Å, which are indicated by arrows in Fig. 4-9A (solid line).
The first potential energy minimum at 12 Å corresponds to the first favorable
distance between the islands. The following minima are observed at intervals of ~15 Å.
This interval corresponds to λF/2 of Cu{111}, indicating that the surface state plays a
central role in mediating the lateral distances between islands.

Additionally, the

amplitude of the interaction strength decays as 1/r2 with distance r [13]. The scattering
phase shift of the Br adatom islands determines the position of the first energy minimum.
Our first minimum observed at ~12 Å, indicative of a phase shift of π / 2 , is in good
agreement with the values for a typical black body scatterer [7, 8].
However, at distances shorter than the first minimum, we observe a divergence in
the magnitude of the interaction energy from that predicted theoretically. We attribute
this effect to interference of bulk electronic states with the surface state [8, 67]. Secondly,
for a quantitative comparison with theory, we used the same model, shown in Eqn. (4.4),
by Hyldgaard and Persson [12], which revealed a good fit to the experiment in a selected
distance range of 10–80 Å (Fig. 4-9B):

E (r ) = − A(δ F , r )(

4ε F sin(2q F d + 2δ F )
)
,
(q F d ) 2
π2

(4.4)
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Figure 4-9. Inter-island interaction potential determined from the measurements shown
in Fig. 4-8. (A) The experimental interaction potential plot (solid line) is overlaid with a
theoretical plot (dashed line), illustrating the oscillations at 15 Å intervals as well as the
decay of the interaction energy as 1/r2 with distance r. Arrows indicate the four potential
energy minima at 12, 26, 41 and 56 Å. (B) Experimental energy plot (solid line) with a
theoretical fit (dashed line) based on Eqn. (4.4) with A = 480 and δ F = π / 2 .

where δ F
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is the phase shift, ε F is the Fermi energy, q F is the Fermi level wave vector,

d is the distance between nearest neighbor Br adatom islands and A is a dimensionless
value representing the interaction strength. The fit (dashed line in Fig. 4-9B) was based
on Eq. (4.4) with A = 480 and δ F = π / 2 . The measured phase shift is in good agreement
with previous values [7]. Our value of A for the interaction strength between two Br
adatom islands is ~102 higher than the previously determined values of interaction
strengths for single metal adatoms. We attribute this difference to the multiple scattering
sites along the edges of the islands and the electronegative Br being a strong scatterer.
Our experimentally measured separations reveal a relatively higher degree of spread, and
we attribute this to two main factors; the islands were formed at ~600 K and the variety
in the shapes of the islands (Fig. 4-5). We measured distances between pairs and
threesomes of Br adatom islands and observed oscillatory potential energy plots in both
cases. Pairs of Br adatom islands are two nearest neighbor islands located less than ~40 Å
apart, and having greater than ~40 Å distance from all other neighboring islands.
Threesomes of Br adatom islands are analogous clusters of three islands. However, due to
the limited number of pairs and threesomes of Br islands, it was not possible to obtain a
statistically significant conclusion from the analysis.
Additionally, in order to determine the exact locations of the scattering centers,
we also performed alternate analyses by measuring the island-island separations from the
centers of each island. In that case, we did not observe similar oscillations in the
calculated interaction potential plot. Therefore, it is the edges of the islands that are the
strongest scattering sites and hence mediate the distribution of the islands. This is
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apparent in Fig. 4-5, where the surface-state electrons scattered from Br adatom
islands on the terraces and at the tops of the steps follow the shapes of the island edges.
The coherence length of standing wave patterns observed by STM is inversely
proportional to the temperature of the surface, especially at temperatures >100 K where
Fermi-Dirac broadening is the predominant factor in the damping process [68, 69]. This
coherence length (λC) as a function of temperature (T) for surface-state electrons on a
bare noble metal surface can be calculated from the following equation [68]:

λc ≅

h2k F
,
3.5m *k BT

(4.5)

where h is the Planck constant, kF is the Fermi level wave vector of the surface state, and
m* is the effective mass of a surface-state electron. The coherence length of standing
waves at 600 K on bare Cu{111} (the temperature at which the Br islands were formed)
is expected to be ca. 22 Å based on Eqn. (4.5). We measured a decay length of 19 ± 3 Å
for the island-island interaction potential (Fig. 4-10), while the oscillations were observed
up to a distance of ca. 56 Å. The decay length of the interaction potential (19 ± 3 Å) is in
good agreement with the theoretically expected coherence length (ca. 22 Å) for standing
waves at ~600 K on Cu{111}. Previous experiments have shown that at low temperatures
going from adatom-adatom interactions (Co,Cu/Cu{111} at 9−12 K) to adatom-dimer
interactions (Cu/Ag{111} at 6−25 K) [7, 70], the distance over which oscillations were
observed increased from 80 to 230 Å (Table 4-1 represents a compilation of experimental
details and observations from previous experiments).
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Figure 4-10. We measured a range of decay lengths by fitting y = A*exp(-x/B) + 5 meV
to the theoretical fit to the experimental interaction energy plot starting from a distance of
17 Å. The fits representing the ranges of decay lengths, 19 ± 3 Å, are shown in the plot.
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The expected coherence length of standing waves for each bare surface at the
temperature at which the experiment was performed is also tabulated. For systems based
on adatom-dimer and island-island interactions, the observed distance in the interaction
potential is much longer than the expected coherence length of the standing waves for the
bare surface [26, 48]. The measured increase in the attractive and repulsive strengths in
the interaction potential was estimated to be only ±1 meV, going from adatom-adatom
interactions to adatom-dimer interactions [7, 8, 70]. In our measured interaction potential
between Br adatom islands, the energy barrier from the first minimum at 12 Å to the first
maximum at 18 Å was ~25 meV, substantially higher than the ~1 meV barrier previously
measured between single adatoms [7, 8, 70]. The origin of this striking difference
between the energy barriers is twofold; there are multiple Br adatoms scattering at the
edges of the islands, and the Br adatoms themselves are stronger scatterers (p-block
element) [66].
We propose that due to the anisotropy of the Br-Cu bond, Br adatoms present a
larger barrier to the surface-state electrons than do Cu adatoms. Therefore, Br is a
stronger scatterer than Cu, and accordingly we measure a greater island-island interaction
potential. The scattering properties of adatoms on surfaces have been investigated
theoretically and experimentally since STM demonstrated its capabilities in building
atomically precise surface structures [15, 71]. The adatoms used thus far in building
quantum corrals were not perfect scatterers, i.e. do not demonstrate unit reflectivity;
hence, the surface state cannot be completely confined within the walls of the quantum
corrals [15].
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System and type
of interaction

T (K)

Expected λC
for bare
surface (Å)

Observed
interaction
distance (Å)

Cu/Cu{111}
Adatom-adatom

15 K

868 Å

80-90 Å

Co/Cu{111}
Adatom-adatom

15 K

868 Å

60-70 Å

Co/Ag{111}
Adatom-adatom

15 K

320 Å

80-90 Å

Cu/Ag{111}
Adatom-dimer

25 K

192 Å

230 Å

Br/Cu{111}
Island-island

400-600 K

32-22 Å

56 Å

Table 4-1. Compilation of previous experimental data on surface-state-mediated
interactions. Data includes that of adatom-adatom as well as island-island interactions.
The expected coherence length of standing waves on the specific surface was calculated
using Eqn. (4.5), for the temperature at which the experiment was performed [7, 8, 48].
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Adsorbate

Atomic
Radius
(Å)

Polarizability
(Å3)

Electronegativity

Electronic
configuration

R

T

Cu

0.128

6.7

1.95

[Ar]3d104s1

0.42

0.39

Fe

0.126

8.4

1.9

[Ar]3d64s2

0.24

0.50

S

0.103

2.9

2.58

[Ne]3s23p4

0.30

0.17

C

0.077

1.8

2.55

[He]2s22p2

0.33

0.16

Br

0.114

3.1

2.96

[Ar]3d104s24p5

-

-

Table 4-2. Compilation of the probabilities of reflection (R) and transmission (T) factors
for adatoms Cu, Fe, S and C, based on Ref. [59-63]. The probability of absorption is not
included. Some of the fundamental parameters of each of the above elements, along with
Br, are compiled in order to evaluate the strength of Br as a scatterer. P-block elements
are known for their stronger repulsive scattering properties than transition metal elements,
and by comparing Br and Cu (most pertinent to the current experiment), we infer that the
most prominent differences between the two elements are their electronegativity and porbital character.

105
In an attempt to evaluate the factors that affect the strength of the scattering of
Br adatoms compared to others, we tabulated the theoretically derived reflection and
transmission probabilities for Cu, Fe, S and C, as presented by Hörmandinger and Pendry.
[66]. We also included key fundamental properties of each adatom and of Br (Table 4-2).
The reflection and transmission properties of the adatoms were calculated from onedimensional scattering models on Cu{111} [66]. A reflectivity between 0.3−0.4 was
calculated for all four adatoms, indicative of ~50% leakage of electrons through the
potential energy barrier (adatoms pose an energy barrier to the surface-state electrons)
back into the surface state or to the bulk [66]. Table 4-2 tabulates the atomic radius,
polarizability, electronegativity and electronic configuration of Cu, Fe, S, C and Br. For
comparative purposes, since our results showed that Br is a strong scatterer on Cu{111},
we compare the properties of Br with those of Cu. In terms of electronegativity, Br is
greater than Cu, but in terms of polarizability Br is weaker than Cu. However, the biggest
difference between the two is that Br is a p-block element, while Cu is a transition
element. P-block elements such as S and C, usually found as impurities, are known to be
strong repulsive scatterers [66]. Based on our experimental observations, we infer that Br
is a strong scatterer, leading to strong interaction between adatom islands. We conclude
that the deciding factor in Br being a stronger scatterer than Cu originates from Br being
a p-block element that forms a highly anisotropic bond with the surface, due to its high
electronegatvity.
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4.4 CONCLUSIONS
In our experiments, two-dimensional Br adatom islands formed as a result of
thermally induced diffusion of the isolated adatoms during the annealing step up to
~600 K. The structure of Br adatoms within each island was ordered, but the shapes of
the islands depended on the edges (Fig. 4-4). We hypothesize that during the annealing
step, the Br adatoms become mobile and aggregate into ordered nucleating sites due to
favorable short-range interactions between the Br adatoms; however, their shapes and
their distribution are also influenced by the surface electronic structure of Cu{111}. The
edges of the islands are expected to be the last to form [72-74]; adatoms diffuse along the
contours of the ordered Br island nuclei and thereby determine the most favorable interisland distances, while ‘communicating’ with each island via the surface-state electrons
to form the most stable long-range surface structures. We measured only the closest interisland distances, taking into account the contours of the edges of the islands.
We have extended the understanding of the role of the surface state in mediating
interactions between single adsorbates at low temperatures to that of larger aggregates of
adsorbates at catalytically relevant temperatures. The essential role of the surface-state
electrons in influencing the atomic-scale growth mechanisms of Br adatom islands on
Cu{111} in the temperature range ~600 K on Cu{111} has been analyzed. Our analyses
show oscillations in the inter-island interaction potential with a periodicity of λF/2 of
Cu{111}. The strong island-island interactions are due to the strong perturbation to the
surface state from the Br adatom islands.
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CHAPTER 5

DYNAMICS AND CONDUCTANCE OF
PHENYLENE-ETHYLENE OLIGOMER MOLECULES SUPPORTED IN
SELF-ASSEMBLED MONOLAYER MATRICES

Conformational dynamics in 4,4´-di(ethynylphenyl)-1-benzenethiolate (OPE) and
4,4´-di(ethynylphenyl)-2´-nitro-1-benzenethiolate (NO2-OPE) molecules have been
investigated using low-temperature STM and STS. Using self- and directed assembly, we
have tailored the distribution of these molecules within alkanethiolate self-assembled
monolayer matrices. Previous work has shown that these molecules undergo stochastic
switching between discrete conductance states under ambient conditions. This
phenomenon has now been addressed using variable temperature STM at 300, 77 and 4 K.

5.1 INTRODUCTION
The desire to build less expensive, efficient electronic devices has focused on
miniaturization of its basic components, all the way down to using single atoms or
molecules [1-10]. In 1974, Aviram and Ratner proposed the potential use of single
molecules as components in computing devices [11]. To date, our understanding of
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electron transport through single molecules, as well as the technological
breakthroughs required to build functional devices, are in their infancy. Many molecules
have been synthesized as potential candidates for electronic components and many test
structures have been created to measure charge transport. In order to measure charge
transport in molecules, the molecules first need to be attached to two electrodes. Hence,
clear understanding of the nature of the molecule-electrode contact, charge transport
across the contact and the molecules themselves, is required.
Several review articles have discussed in detail a variety of techniques used to
probe charge transport in molecules [1, 5, 7-9, 12], ranging from mercury drop junctions
to scanning probe techniques [5]. Phenylene-ethynylene oligomers have been one of the
most studied and modeled families of molecules as potential candidates for molecularscale electronic components [5, 8, 9]. Their advantages include the extended πconjugated backbone structure enabling facile electron transport, the variable terminal
chemical functionality enabling specific binding to metallic electrodes and the ability to
add substituent groups tailoring its electron transport characteristics [5, 9]. Although this
group of molecules has shown rectification [13-15], stochastic conductance switching [2,
16], and negative differential resistance (NDR) [13, 14] under a variety of techniques,
their basic electron transport characteristics is far from understood [17].
Previously, Donhauser et al. used STM to observe stochastic and drive switching
for single phenylene-ethynylene oligomer molecules that were inserted into an
alkanethiolate SAM host matrix [2, 16]. A ‘switch’ event was defined as a change in the
apparent topographic height of the inserted molecule. We have also previously
demonstrated the ability to control the switching utilizing applied electric fields [2, 18]
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and stabilization via interactions between chemical functionality of the molecules
within the host SAM matrix components [19, 20]. Experimental and theoretical works
have attributed this phenomenon to rotation [21], reduction of the functional groups [22],
phenyl ring rotation [23], proximity to other molecules [24, 25], bond fluctuations [26]
and hybridization changes [2, 18, 27, 28]. By utilizing specific molecules that isolated
each above-mentioned hypotheses, Moore et al. demonstrated that the stochastic
switching was likely due to hybridization changes at the molecule-substrate interface [29].
Prior to the present study, most of the previous experiments in our group were
performed under ambient conditions. In order to eliminate the role of environmental
impurities present in ambient conditions, we have utilized an XHV and variable
temperature STM. Here, we present reproducible, stochastic conductance switching in
STM at 300, 77 and 4 K. This eliminated the role of unknown impurities in the tunnel
junction as a possible cause of the switching.

5.2 EXPERIMENTAL METHOD
5.2.1 SAMPLE PREPARATION
The substrates used throughout this study were commercially purchased Au{111}
formed by thermal evaporation of gold on mica (Molecule Imaging Inc., Tempe, AZ). All
substrates were hydrogen flame annealed prior to SAM deposition. All alkanethiols (95%,
Sigma-Aldrich Co., St. Louis, MO) and the solvent ethanol (Absolute Ethanol, Pharmco
Products Inc., Brookfield, CT) were used as purchased. The solvent tetrahydrofuran
(THF, 99.99% in a sure-sealed bottle, Alfa Aesar, Ward Hill, MA) used to make
solutions of the phenylene-ethynylene oligomers molecules was distilled over calcium
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hydride (CaH2, Alfa Aesar, Ward Hill, MA) in an inert atmosphere (Argon gas) and
collected into a vacuum-sealed collection flask. The distilled THF was then subjected to
fpt (~5−8) in liquid nitrogen until completely degassed. The solvent was then
immediately transferred into the glove box and always stored in an amber-colored glass
bottle. Once received from our collaborators, all phenylene-ethynylene oligomers
molecules and its derivatives were immediately placed and stored in an inert atmosphere.
Sample preparation steps pertaining to these molecules were performed in an inert
atmosphere. After solution processing, all samples were blown dry with nitrogen and
stored in a dessicator until imaging with STM. All samples were analyzed for coverage
and order using ambient STM prior to transferring to the UHV chamber.
All alkanethiolate SAMs were formed by placing a Au{111} substrate in a
~1.0 mM ethanoic solution for 24 hours. Once their cleanliness and order were verified
by ambient STM (~2 out of ~6 SAMs were typically verified per batch), these SAMs
were then exposed to ~0.1 mM solution of the phenylene-ethynylene oligomers
molecules in THF. The coverage of these molecules in the alkanethiolate host matrix
depends on the insertion time and concentration of the solution. Multiple samples were
made with sequentially increasing insertion times of 5, 10, 15 and 20 minutes. These
samples were sequentially analyzed in ambient STM for coverage.

5.2.2. DATA ACQUISITION
All STM images were recorded in constant-current mode and bias voltages in all
STM images refer to sample bias voltage. Once transferred to the low-temperature STM,
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all samples were placed overnight at 4 K prior to experiments. The time-lapse STM
imaging and analysis algorithm have been described in detail elsewhere [5, 42].

5.3 RESULTS AND DISCUSSION
5.3.1 CONDUCTANCE SWITCHING AT 300, 77 and 4 K
A schematic diagram of a single phenylene-ethynylene oligomer molecule
inserted into a C10 SAM matrix is shown in Fig. 6-1. In the STM image (Fig. 6-1B), a
similarly inserted NO2-OPE molecule appears as a protrusion and is in its high
conductance or ON state, while a molecule in its OFF states would barely protrude above
the C10 SAM (not shown). We recorded time-lapse STM images and monitored the
stochastic switching of NO2-OPE molecules inserted into a C10 SAM at 300 K (Fig. 6-2).
Over 116 consecutive images were acquired at 10.3 minutes/image (total time ~20 hours),
in the 2000 Å × 2000 Å area STM image shown in Fig. 6-2. We observed reversible
stochastic switching of the NO2-OPE molecules as shown in the digitally extracted
segments of STM images over specific molecules (A and B).
The sequence of extracted segments shows that for molecule A, which was in its
ON state at the start of the image sequence, switched twice within frames 101−174.
Similar activity is shown for molecule B from frames 101−174. Thus, we have eliminated
the possible role of environmental impurities as the cause of the switch activity
previously observed under ambient conditions. Although it is possible for interaction
forces between the STM tip and the sample to compress a SAM mechanically [43, 44],
and to induce formation of gauche defects that can propagate with repeated scanning;
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It = 5 pA; Vsample = +1.0 V
75 Å × 75 Å

Figure 5-1. (A) Schematic diagram of a phenylene-ethynylene oligomer molecule
inserted into a C10 SAM matrix. (B) An inserted NO2-OPE molecule appears as a
protrusion in the STM image shown. The SAM matrix is molecularly resolved in the
image, where each feature corresponds to the methyl-terminus of each C10 molecule. In
our experimental setup, the inserted molecules are covalently bound to the Au{111}
substrate (bottom electrode) through a Au-S bond, and the STM tip acts as the top
electrode. The molecules used in this study were 4,4′-di(ethynylphenyl)-1benzenethiolate (OPE; R1=H; R2=H) and 4,4′-di(ethynylphenyl)-2′-nitro-1benzenethiolate (NO2-OPE; R1 = H; R2 = NO2).
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over the period of ~20 hours in which this sequence of images was acquired, we did
not observe any degradation of the SAM matrix.
We then acquired time-lapse STM images at low temperatures, specifically at 77
and 4 K. We observed stochastic conductance switching over inserted NO2-OPE
molecules in a C10 SAM matrix at 77 and 4 K. Figure 6-3 shows a STM image recorded
at 77 K, over which ~300 consecutive images were acquired at 2.6 minutes/image (total
time ~16 hours).
Segments of the STM image sequence over molecules that (labeled in each
image) displayed switch events, are also shown. At 4 K, the number of switch events
observed was reduced greatly. An example of a switch event is shown in Fig. 6-4.
We have demonstrated reproducible stochastic switching over at 300, 77 and 4 K.
However, due to the reduction in the number of switching events from 300 to 4 K, we
were unable to assess the thermal activation associated with this activity due to the
statistically irrelevant number of events.

5.4 CONCLUSIONS
We have eliminated the potential role of environmental impurities as the cause of
the stochastic switching by demonstrating switching under ultra-high vacuum conditions
at 300 K. We have also observed reproducible stochastic switching at 77 and 4 K. Due to
the drastic reduction in the number of observed switching events from 300 to 4 K, we
were unable to assess the thermal activation associated with this phenomenon.
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300 K

A

B

2000 Å × 2000 Å
It = 5 pA; Vsample = -1.5 V

Molecule A; segments of images 101-174

Molecule B; segments of images 101-174

Figure 5-2. An STM image of inserted NO2-OPE molecules in a C10 SAM matrix, over
which 116 images were acquired at 10.3 min/image, is shown. The segments of the image
within the white square over two separate molecules (A and B) show their switch activity
over a selected number of frames.
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77 K

C

D

1000 Å × 1000 Å
It = 5 pA; Vsample = +1.0 V

Molecule C; segments of images 26-101

Molecule D; segments of images 1-74

Figure 5-3. An STM image of inserted NO2-OPE molecules in a C10 SAM matrix, over
which 300 images were acquired at 2.6 min/image, is shown. The segments of the image
within the white squares over two separate molecules (C and D) show their switch
activity over a selected number of frames.
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4K

E

165 Å × 165 Å
It = 5 pA; Vsample = +1.0 V

Molecule E; segments of images 226-275

Figure 5-4. An STM image of an inserted NO2-OPE molecule in a C10 SAM matrix,
over which 300 images were acquired at 4.3 min/image, is shown. The segments of the
image within the white squares over a single molecule (E) showed a switch event over a
selected number of frames.
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CHAPTER 6

TUNNELING SPECTROSCOPY OF PRECISE, LIGAND-STABILIZED
NANOPARTICLES AND NANOPARTICLE ASSEMBLIES

We have measured charge transport through precise nano-scale assemblies using
low-temperature STM and STS, namely ligand-stabilized undecagold clusters (Au11) and
gold nanoparticles (Au101). Both nanoparticles were isolated and assembled using 1,10alkanedithiolate molecules inserted into alkanethiolate SAM host matrces. We compare
charge transport through Au nanoparticles of different sizes with the same ligand shell.
Unlike the precise Au11 cluster (dCORE = 8 Å), the Au101 nanoparticle has nominally 101
Au atoms in its core (dCORE = 15 ± 4 Å). Therefore, for Au101 we expected to observe
size-dependent variations in their conductance profile. However, we observed
dissimilarities in the conductance spectra acquired repeatedly over individual Au11
clusters and Au101 nanoparticles. We assign the observed energy, intensity and width
changes to conductance peaks in the differential conductance spectra as spectral hopping
and diffusion. We attribute this phenomenon to fluctuations in the background charge of
the Au nanoparticles. This study highlights single electron transport dynamics in
supramolecular assemblies.
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6.1 INTRODUCTION
The quantization of charge traveling between two electrodes separated by an
insulating material was first observed in granular film structures, small metal
nanoparticles embedded in oxide layers, and disordered quantum wires [1-3]. In granular
metallic materials, the transfer of electrons from metallic grain to metallic grain was
inhibited when the size of the grain was sufficiently small such that current flow was
suppressed at low voltages. Today, this phenomenon is known as Coulomb blockade. In
1985, Averin and Likharev formulated the orthodox theory of SET [4-7]. This theory
quantifies the experimentally observed charging steps that give rise to Coulomb blockade
and Coulomb staircases [8-12] that occur during the process of tunneling one electron
sequentially from one ultra-small electrode (≤100 Å) to another.
The development of facile synthetic routes for nanoparticles of varying elemental
compositions, sizes and external chemical functionalities has extended the field of SET
from the hands of physicists to those of chemists [13-23]. The growth in the field of
molecular electronics has brought forth a renewed interest in the desire to control the
flow of a single electron. The advancement of surface analytical tools, specifically
scanning probe microscopes has facilitated investigations into SET characteristics [2431]. Self- and directed assembly have enabled nanoparticles prepared in the solution
phase to be tethered to substrates, enabling chemical, physical and electronic
characterization using scanning probes [29].
In this chapter, we have probed charge transport in Au nanoparticles that are
dispersed on electrically insulating, organic thin films, using low-temperature STM and
STS. Low temperatures afford high spectroscopic resolution and spatial resolution,
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resolving the surrounding chemical, physical and electronic environment. Our
precision assemblies and measurements have enabled us to ascertain charge transport
dynamics in individual nanoparticles.
A schematic of our experimental setup is shown in Fig. 6-1. The nanoparticles
were tethered to the substrates using bifunctional, 1,10-decanedithiolate (1,10-DDT)
molecules inserted into octanethiolate (C8) SAM host matrices. Here, we present a
systematic study of charge transport through two types of Au nanoparticles; undecagold
clusters stabilized by triphenylphosphine ligands (Au11-TPP) and nanoparticles stabilized
by triphenylphosphosphine ligand (Au101-TPP). Inserting 1,10-DDT subsequent to the
host SAM preparation enabled us to isolate individual nanoparticles. Tethered Au
nanoparticles appear as protrusions in STM images, as shown in Fig. 6-1. The STM
image in Fig. 6-1, acquired at 4 K, shows a single octanethiolate-stabilized undecagold
cluster (Au11-OCT) tethered via inserted 1,10-DDT molecules in a C10 SAM on
Au{111}.

The surrounding SAM matrix was molecularly resolved and domain

boundaries and substrate vacancy islands were observed (typical SAM film defects). The
STM tip–vacuum–cluster–SAM–Au{111} assembly can be modeled as a double barrier
tunnel junction (DBTJ), where the vacuum gap and the SAM monolayer are the ‘barriers’
to tunneling, as they electrically isolate the cluster from the substrate and the probe
electrode (STM tip). A schematic of this assembly is shown in Fig. 6-1, where the DBTJ
is modeled as two RC circuits in series. We measured charge transport through the
nanoparticles by acquiring both conductance and differential conductance spectra
simultaneously, examples of which are shown in Fig. 6-1.
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Figure 6-1. An STM image showing a single Au11-OCT cluster tethered to the Au{111}
substrates via inserted 1,10-DDT molecules in a C10 SAM. Bottom left: A schematic of
the assembly as a double barrier tunnel junction consisting of two RC circuits in series.
Bottom right: An example of a tunneling spectrum. The conductance plot (black) and the
simultaneously acquired differential conductance plot (blue), displaying characteristic
Coulomb blockade and subsequent charging steps.
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In order to transfer an electron to or from the STM tip to the nanoparticle, the
Coulomb energy (EC) that needs to be overcome is given by:
EC = e2/2C,

(6.1)

where e is the charge of an electron (1.602×10-19 C) and C is the capacitance of the
cluster. As long as the bias voltage between the tip and the sample is smaller than
threshold voltage (VT) required:
(6.2)

VT = e/C,

no current will pass through the tip and the cluster, as there is not enough energy to
populate the nanoparticle with an electron. This suppression of current at low bias
voltages is called Coulomb blockade. The Coulomb blockade region in a conductance
spectrum is shown in Fig. 6-1. However, as the bias voltage is increased (at either
polarity) and this energy barrier is overcome, an electron is transferred to or from the
nanoparticle. This is represented as an increase in current flow in the conductance profile
(black line in the spectrum shown in Fig. 6-1). Further increase in the bias voltage
continues to populate/depopulate the nanoparticle with electrons sequentially and is
observed as step-like features in the conductance profile. Each step in the conductance
profile is also measured as a peak in the differential conductance profile. The necessary
condition for the experimental observation of Coulomb blockade and subsequent
charging steps is that the blockage region has to be greater than the thermal energy of the
system:
EC = e2/2C > kBT,
B

(6.3)

where kB is the Boltzmann constant and T is the absolute temperature. This condition
B

prevents random thermal fluctuations in electrons from obscuring the quantization effects.
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The thermal energy at the temperature at which we performed our experiments, 4 K,
is ~0.33 meV. The capacitance of the nanoparticle (for the geometry shown in Fig. 6-1) is
given by:
C = 4πεε0r(1+r/L),

(6.4)

where ε is the dielectric constant of the surrounding ligand shell, ε0 is the dielectric
constant of vacuum, r is the radius of the nanoparticle and L is the length of the insulating
SAM matrix. As shown in Eqns. (6.1 and 6.3), the blockade region is inversely
proportional to the capacitance of the nanoparticle and this capacitance is directly
proportional to its radius (Eqn. 6.4). Therefore, the size of the nanoparticle will dictate
the temperature at which SET can be observed. For example, the capacitance of the
nanoparticle has to be ~10-18 F (r ~ 1 nm) in order to observe Coulomb blockade at 300 K
[32].
According to the orthodox theory [33, 34], the voltage spacings in the
conductance profile of nanoparticles assembled as a DBTJ are controlled by the larger of
capacitances C1 and C2 [30, 33, 35]. This is because charge is only passed when either
junction reaches its threshold voltage (Eqn. 6.2) [33]. Therefore, in order to enable charge
transport to be studied as a function of nanoparticle-tip distance [30, 35-37], it is
imperative to use a molecular spacer of sufficient length (~length C10) such that the
nanoparticle-substrate capacitance (C1) is smaller than the nanoparticle-tip capacitance
(C2) [30]. The resistance of each insulating layer has to be greater than the quantum unit
of resistance, h/e2 (~6.5 kΩ), to prevent quantum fluctuations of the electron charge [32].
Andres et al. and Dorogi et al. reported Coulomb blockade from STS
measurements of Au nanoparticles (no ligand stabilization) that were adsorbed on a

137
monolayer of 1,4-xylyldithiolate (XYL) molecules on Au{111} [24, 36]. The
nanoparticles were synthesized in situ using a gas-phase cluster beam in an ultrahigh
vacuum chamber of an STM. Applying a fitting procedure to the acquired conductance
spectra and assuming a finite number of XYL molecules under the nanoparticles, the
resistance of each XYL molecule was estimated to be ~9 MΩ [36]. Using STS, Wang et
al. probed heptanethiolate-stabilized Au nanoparticles with average core diameters of
1.8–15 nm, and observed irregular voltage steps for the smaller particles [30]. For the
~1.8 nm size nanoparticles, they proposed that the dominant discrete energy levels due to
the quantum size effect caused a deviation from the classical observation of evenly
spaced Coulomb staircases [30]. The particle-in-a-box model was used to quantify and to
justify the observed irregular voltage spacings. Assuming spherical nanoparticles without
a ligand shell for the calculation, it was shown that the voltage spacing would vary from
~70–240 meV for nanoparticles of core diameter 1.5–1 nm [30].
When probing ligand-stabilized nanoparticles that are tethered to a substrate, it is
important to keep in mind that the entire cluster–tether–substrate junction is being probed.
Hence, one cannot rule out the surrounding ligand shell and/or the tether molecule in
contributing to the charge transport characteristics of the nanoparticle. In the present
study, we are at the ultimate limit in terms of precision assembly and measurement,
enabling us to elucidate the dynamic charging behavior in single clusters and
nanoparticles.
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6.2 EXPERIMENTAL METHODS
The substrates used throughout this study were commercially purchased Au{111}
formed by thermal evaporation of gold on mica (Molecular Imaging Inc., Tempe, AZ).
All substrates were annealed in a hydrogen flame prior to SAM deposition. The
alkenthiolates and 1,10-DDT were purchased from Lancaster Synthesis (Alfa Easer,
Windham, NH). These materials were used as received. Ethanol (EtOH, 200 proof,
Pharmco Products Inc., Brookfield, CT) and dichloromethane (CH2Cl2, J. T. Baker,
Phillipsburg, NJ) underwent fpt cycles (~3 cycles) prior to use. All glassware was
cleaned by soaking in freshly prepared piranha solution (caution: highly oxidizing! 1:3
30% H2O2:H2SO4) followed by rinsing with purified H2O and absolute EtOH, and was
dried overnight in a oven at 100 ºC. The H2O was purified using a Water Pro Plus System
(LabConco Corp., Kansas City, Missouri). All glassware that came into contact with the
nanoparticles was cleaned with aqua regia (caution: highly corrosive! Fumes NO2 gas,
3:1 HCl:HNO3), followed by rinsing with purified H2O, and dried at 100 ºC.
The Au11-TPP and the Au101-TPP were prepared utilizing a solution-phase
synthetic method developed by our collaborators at the University of Oregon, and is
described in detail elsewhere [38, 39]. Once received, the nanoparticles were stored in a
freezer

in

glassware

covered

with

aluminum

foil

to

prevent

possible

degradation/contamination due to light and/or environmental impurities.
The nanoparticles were assembled in a three-step process, all of which were
performed in an inert atmosphere [glovebag (Spilfyter, VWR Int., West Chester, PA) or
glovebox (Vacuum Atmospheres, Newburyport, MA)]. In the first step, the alkanethiolate
SAM host matrices were formed by immersing Au{111} substrates in a ~1 mM ethanolic

139
solution of the alkanethiol for ~24 hours. Once formed, host SAMs were rinsed with
EtOH and subsequently immersed into a ~1 mM ethanolic solution of 1,10-DDT for 30–
120 minutes and rinsed with EtOH. In the third and last step, the sample was immersed
into a ~1−2 mM CH2Cl2 solution of Au11-TPP or Au101-TPP. Generally, the cluster or
nanoparticle insertion time was twice that of the 1,10-DDT insertion time. Multiple
samples were made with sequentially increasing 1,10-DDT insertion times and the
attachment integrity, coverage, preliminary analyses and surface characterization of each
sample were performed using STM under ambient conditions. Once a sample of pristine
quality was realized, it was transferred to the low-temperature STM for further analysis
[40]. The electronic properties of the assembled clusters and nanoparticles were probed
using STS (conductance and differential conductance spectra), the details of which are
explained in Section 2.2.1. During data acquisition, a tunneling spectrum was always
acquired over the SAM prior to the nanoparticle to verify the integrity of the STM tip.

6.3 RESULTS AND DISCUSSION
6.3.1 CHARACTERIZING THE NANOPARTICLE ASSEMBLIES
Scanning tunneling microscopy images of each stage of the nanoparticle assembly
process (described in Section 6.2) are shown in Fig. 6-2. An image of an ordered,
impurity-free, host C8 SAM matrix is shown in Fig. 6-2A. In the second step, the 1,10DDT molecules insert into film defects such as domain boundaries or substrate vacancy
islands of the C8 SAM, appearing as protrusions in the STM images, as shown in Fig.
7-2B.
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Figure 6-2. Representative STM images characterizing the nanoparticle assembly
process. All images presented were acquired under ambient conditions. (A) An STM
image (500 Å × 500 Å; It = 5 pA; Vsample = 1 V) of an ordered C8 SAM host matrix. (B)
An image (400 Å × 400 Å; It = 5 pA; Vsample = 1 V) showing 1,10-DDT molecules
inserted into the C8 SAM; the 1,10-DDT molecules appear as protrusions. (C)
Immobilized nanoparticle assemblies (1500 Å × 1500 Å; It = 5 pA; Vsample = 1 V).
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In the final step, this sample is exposed to a solution of either Au11-TPP or
Au101-TPP, which are immobilized and tethered to the substrate by covalent bonding to
the pendant thiol functionalities of the 1,10-DDT molecules. These nanoparticle
assemblies appear as protrusions in STM images (Fig. 6-2C), with apparent heights that
are in close agreement with the diameter of the ligand-stabilized Au nanoparticles. Since
the 1,10-DDT molecules insert into film defects, the nanoparticles are similarly found
attached at defects.
In order to ensure that the attachment chemistry is purely that of a S-Au
interaction, it is crucial to perform these steps in oxygen-free solvents and in an inert
environment to prevent thiol oxidation. A comprehensive study of insertion kinetics,
chemistries and surface characterizations is described elsewhere [29]. As shown in Fig.
6-2C, the nanoparticles are stable and are minimally perturbed by the scanning. We have
chosen C8 as the host matrix and 1,10-DDT as the tether molecule, as this combination
allows the exposed –SH functionality of the tether to protrude out of the film,
maximizing attachment opportunities for the nanoparticles. We presume that the strong
S-Au interaction compared to the phosphorous-Au of the ligand shell allows the 1,10DDT molecules to displace some TPP ligand molecules and bind the nanoparticles. Once
a sample with immobilized nanoparticles at a low fractional coverage was achieved, they
were transferred to the low-temperature STM. Representative STM images of Au11-TPP
acquired at 4 K are shown in Fig. 6-3. Individual nanoparticles as well as small groups
were observed, and were stable to repeated scanning. We acquired STS over these
clusters.
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Figure 6-3. Representative STM images of immobilized Au11-TPP clusters. The images
were recorded at 4 K. (A) Individual and small groups of nanoparticles were found at
substrate defects and SAM defect sites. (B) The individual molecules of the host SAM
matrix were resolved in the high-resolution images.
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6.3.2 CHARGE TRANSPORT IN AU11-TPP ASSEMBLIES
Figure 6-4 shows five tunneling spectra recorded over the same Au11-TPP cluster.
The conductance spectra acquired at the periphery of the cluster showed larger Coulomb
blockade widths than those acquired at the center. The different conductance profiles
may be due to different pathways of the tunneling electrons. For example, for spectra
acquired at the periphery, the tunneling electrons may predominantly pass through the
ligand shell, while at the center, they may pass through the Au core. Along with changes
to the blockade region, peaks in the differential conductance spectra displayed variations
in intensity and width. For example, the peak at ~1.25 V (labeled by a pink line in Fig.
6-4) is broader and lower in intensity at the periphery of the cluster. The Coulomb
blockade regions in the conductance spectra shown in Fig. 6-4 are also not symmetric
with respect to zero bias throughout all the spatially different spectral points.
However, variations in the Coulomb blockade width and peaks in the differential
conductance curve were not limited to spatially different spectral points within the same
cluster. Individual Au11-TPP clusters probed over the same spatial region did not display
a single and unique charge transport profile. Upon repeated probing of multiple clusters,
we observed significant spectral hopping (variations in energy) and diffusion (variations
in width and intensity) in the conductance peaks of the differential conductance spectra.
In order to illustrate the degree of hopping, we compiled 24 differential
conductance spectra acquired over a single Au11-TPP cluster, shown in Fig. 6-5. These
spectra were acquired over the same region of a single Au11-TPP cluster at It = 7−24 pA
and Vsample = +1.5 V. There was no direct relationship between the set point tunneling
current and the observed transport profile.
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Figure 6-4. Tunneling spectra as a function of spatially different spectral points on a
single Au11-TPP cluster. The Coulomb blockade width and conductance peaks were not
constant in all the conductance and differential conductance spectra. Here, the blockade
width is larger on the periphery of the cluster compared to the center. A peak in the
differential conductance spectra is highlighted (pink line) to demonstrate the intensity and
width changes.
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Figure 6-5. Compilation of 24 differential conductance spectra acquired over a single
Au11-TPP cluster (shown in Fig. 6-3B). The color scale corresponds to the intensity in the
peaks in the differential conductance spectra. Each horizontal line represents an
individual spectrum. Two of the 24 spectra, ‘o’ and ‘s’ are shown. Tunneling conditions
vary from It = 7−24 pA at Vsample = +1.5 V and spectra ‘a’−’r’ are shown in the next
figure.
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The color scale represents the intensity of the peaks in the differential
conductance spectra (peaks ≥1 are saturated). The 24 spectra are labeled ‘a’ through ‘x’,
but only alternate labels are shown for clarity. Two of the compiled spectra (‘o’ and ‘s’)
are shown to illustrate the application of the color scheme. Spectrum ‘s’ has a larger
Coulomb blockade region than spectrum ‘o’, and this is shown as a larger width in the
central ‘blue’ colored region along the line of ‘s’ spectrum. Although no reproducible
trend was observed, spectral hopping and diffusion were reversible (Fig. 6-6). The
Coulomb blockade width in the conductance spectra varied in the range of 0.2 V
(spectrum ‘c’) to >2.5 V (spectrum ‘m’) over the same cluster. These widths were
reversible and were observed multiple times (no direct relationship between time and
tunneling conditions), as shown in the compilation of all the individual spectra in Fig. 6-6.
Distance versus height traces over clusters in STM images (during the data acquisition
period) did not indicate any significant changes to the apparent shape or height of the
cluster. The spectral hopping and diffusion were independent of tunneling conditions.
An analytical solution derived by Hanna and Tinkham demonstrated that the
Coulomb blockade width depended on the fractional charge (Q0) residing on the center
electrode in a DBTJ geometry [34]. Asymmetric conductance profiles on granular gold
film structures varied with the magnitude and charge of Q0 [34]. It was presumed that Q0
originated from the difference in the work functions of the different metals. The
conductance curves were categorized into four cases, depending on the slope of the onset
of conduction in the Coulomb blockade region [34]. The center electrode corresponds to
the Au11-TPP clusters in our system. We also observed a variety of onset slopes, some
with sharp rises while others had linear increases at both sample bias polarities (Fig. 6-6).
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Figure 6-6. Individual tunneling spectra (‘a’ through ‘r’) acquired over a Au11-TPP
cluster used to compile Fig. 6.5. Spectra were acquired at a variety of tunneling gap
conditions (It = 7–24 pA; Vsample = +1.5 V). There was no direct correlation between the
tunneling current, blockade width and conductance peaks. The conductance and
differential conductance profiles were reversible and many were observed repeatedly.
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We hypothesize that the observed spectral hopping and diffusion is due to
variations in the background charge of the Au11-TPP clusters. The delocalized electron
density of the phenyl-groups of the TPP shell may also contribute to variations in the
background charge, leading to varying conductance profiles at spatially different
positions in a single Au11 cluster (Fig. 6-4).

6.3.3. CHARGE TRANSPORT IN AU101-TPP ASSEMBLIES
From a single atom to bulk materials, the evolution of size-dependent electronic
properties is a topic of fundamental importance to the solid-state physics community.
Particles on the order of dCORE ≤ 1 nm possess discrete energy level spacings [41]. The
Au11-TPP cluster falls into this size regime. Particles in the size regime 1 nm < dCORE <
2 nm possess transitional electronic properties between that of atomic and bulk structures
[27].
An atomistic modeling and experimental powder x-ray diffraction study of
passivated Au nanoparticles in the 1–2 nm size regime showed preferential formation of
stable particles with 75, 101, and 146 Au atoms [27]. Theoretical energy minimization
calculations have shown ordered structures for Au75 [42]. The Au101 particles used in this
study (dCORE = 1.4 ± 0.4 nm) may include these previously observed stable number of Au
atoms. The most stable structure for the 75, 101 and 146 Au particles was described as a
Marks decahedron (m-Dh) structure [27]. The m-Dh structure consists of fcc facets for
larger Au particles (> 200 Au atoms) [43]. Although multiple stable structures of Au101TPP are possible, they all fall into the ‘transitional’ size regime between molecular- and
bulk-like electronic properties.
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In order to immobilize the Au101-TPP nanoparticles, a greater fractional
coverage of inserted 1,10-DDT molecules was required. Once tethered, the Au101-TPP
assemblies were more stable to repeated scanning and charge transport acquisition (up to
~48 hours) than the Au11 counterparts. The Coulomb blockade widths in the conductance
profiles of Au101-TPP nanoparticles of varying apparent sizes followed the generally
expected trend; nanoparticles of larger apparent size displayed smaller blockade widths
than the smaller nanoparticles. The Coulomb blockade widths can be estimated using
Eqns. 6.1 and 6.4. However, the experimentally measured blockade widths varied from
those of the expected magnitudes.
We observed spectral hopping and diffusion over single Au101-TPP nanoparticles.
Tunneling spectra acquired over multiple spatially varied points over a single Au101-TPP
nanoparticle are shown in Fig. 6-8. Three conductance sweeps were acquired at each of
the points shown in the STM image and are displayed in two ways; the entire sweep
width as an average of all nine spectra and a selected energy range within each individual
spectrum. We highlight the sweep range including the conductance peak at +1.10 V to
demonstrate spectral hopping an the order of ~100 mV shifts. As for the Au11-TPP
clusters, we hypothesize that spectral hopping and diffusion for the Au101-TPP
nanoparticles is due to variations in the background charge of the nanoparticles.
Recently, Ho and co-workers showed that tunneling electrons can charge single
copper phthalocyanine (CuPC) molecules adsorbed on an ultra-thin Al2O3 film grown on
a NiAl(110) surface [44]. This geometry formed a DBTJ between the STM tip and the
substrate and it was shown that the charging was dependent on the position of the tip over
the molecule, as well as the applied bias.
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Figure 6-7. Tunneling spectra acquired at three different spectral points over the same
Au101-TPP nanoparticle. Three conductance sweeps were acquired at each point. The
average of all nine spectra (top) is shown. Spectral hopping in the conductance peak at
+1.10 V is illustrated by showing a selected energy range (0.75–1.25 V) for each
individual sweeps. A spectral point was acquired over the insulating host SAM prior to
probing the nanoparticle in order to verify the cleanliness of the tip and is shown in the
inset of the STM image.
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The difference in the dielectric constants of the ‘barriers’ led to different tunneling
rates, which resulted in asymmetric (both in intensity and with respect to zero bias) peaks
in the differential conductance spectra of the CuPC molecules.
In order to investigate the LDOS within individual Au101-TPP nanoparticles, we
acquired differential conductance images simultaneously with topography (Fig. 6-8). The
differential conductance image (Fig. 6-8A) provides a spatial map of the LDOS within a
variety of Au101-TPP nanoparticles. As shown in Fig. 6-8A, the LDOS appeared irregular
within each nanoparticle and was independent of their apparent size, adsorption site and
proximity to other nanoparticles. The tunneling current was kept constant for all of the
differential conductance images shown in Fig. 6-8 and the sample bias voltage was varied.
Higher resolution differential conductance images of the pair of closely-bound
Au101-TPP nanoparticles at varying negative sample bias voltages are also shown (Fig.
6-8B to D). The LDOS maps illustrated an irregular electron distribution within each
nanoparticle of the pair, and at their junction at each tunneling set point. Note the tip
change from image D to E, after which the nanoparticles appeared separated.
The appearance of the nanoparticles in differential conductance images at
identical tunneling set points is not constant and is demonstrated in images E and F (Fig.
6-8). The nanoparticle in image F is the larger of the two in image E.
We then acquired high resolution topographic and differential conductance
images of the three closely-bound Au101-TPP nanoparticles (Fig. 6-9). In the differential
conductance image acquired at -1.5 V, the electron density appeared to be localized in
one of the three nanoparticles. The junctions between the nanoparticles was also
discernible (Fig. 6-9A and B).
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A

It = 16 pA;
Vsample = -1.5 V
295 Å × 295 Å

B

It = 16 pA; Vsample = -1.25 V
170 Å × 170 Å
C

It = 16 pA; Vsample = -1.5 V
170 Å × 170 Å
D

It = 16 pA; Vsample = -0.85 V
170 Å × 170 Å
E

It = 16 pA; Vsample = -1.25 V
170 Å × 170 Å
F

It = 16 pA; Vsample = -1.25 V
96 Å × 96 Å

Figure 6-8. Differential conductance images of Au101-TPP nanoparticles are shown. All
differential conductance images shown were acquired at the same tunneling current with
varying negative sample bias voltages. (A) The large area differential conductance image
provides a spatial map of the irregular electron density distribution within the Au101-TPP
nanoparticles that appeared to be independent of their apparent size, adsorption site or
proximity to other nanoparticles. Note the tip change from images D to E.
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A

It = 20 pA; Vsample = -1.5 V
150 Å × 150 Å

B

It = 14 pA; Vsample = -1.5 V
150 Å × 150 Å

C

It = 14 pA; Vsample = -1.0 V
150 Å × 150 Å

D

It = 16 pA; Vsample = -1.0 V
150 Å × 150 Å

Figure 6-9. Differential conductance images of three closely bound Au101-TPP
nanoparticles (white box in Fig. 6-8A). All differential conductance images shown were
acquired at negative sample bias voltages with varying tunneling currents. The
differential conductance images provide a spatial map of the LDOS within each
nanoparticle as well as at the junctions that appears irregular in distribution. The
appearance of the Au101-TPP nanoparticles in the differential conductance images is more
dependent on the sample bias voltage than the tunneling current.
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In the differential conductance images acquired at -1.0 V, the electron density
appeared to be localized over two of the three nanoparticles and their junctions somewhat
obscured (Fig. 6-9C and D). The appearance of the nanoparticles in all the differential
conductance images shown in Fig. 6-9 was strongly dependent on the sample bias voltage
rather than the tunneling current set point. Unlike previous analyses of differential
conductance images of single molecules in a DBTJ geometry [44], our images are a
convolution of the LDOS of the Au core as well as the ligand shell. Nevertheless, the
images display the complex charge distribution within each nanoparticle.
Figure 6-10 shows conductance spectra over each of the pair of Au101-TPP
nanoparticles shown in Fig. 6-8 (B to D). The tunneling spectra displayed very different
Coulomb blockade widths as well as conductance peaks. The differential conductance
images provide a spatial map of the electron density distribution at sample bias voltages
of -1.5, -1.25 and -0.85 V (same tunneling current). These energies are highlighted in the
conductance sweep by vertical lines. The differential conductance image at -1.25 V (Fig.
6-10B) shows electron density more localized within nanoparticle X, but is present only
at the periphery of nanoparticle Y. In both differential conductance spectra acquired over
nanoparticle X (spectra 1, 2), a strong peak is present at -1.25 V. This peak is not present
in nanoparticle Y (spectra 3, 4). Similarly, peaks at -1.5 and -0.85 V are present in
differential conductance spectra of nanoparticle X but not in nanoparticle Y. The
differential conductance images at these sample bias voltages are more complex.
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Figure 6-10. Tunneling spectra and differential conductance images acquired over the
two adjacent Au101-TPP nanoparticles shown in Fig. 6-8B. The tunneling setpoint of the
conductance curves was It = 16 pA; Vsample = -1.5 V. The differential conductance images
provide a spatial map of the electron density distribution at sample bias voltages of -1.5,
-1.25 and -0.85 V. These energies are highlighted in the differential conductance spectra
by pink lines. The differential conductance image at -1.25 V shows electron density more
localized at nanoparticle X, but is present at the periphery of nanoparticle Y. In the
differential conductance spectra acquired over nanoparticle X (spectra 1, 2) a strong
conductance peak is present at -1.25 V. A peak at this energy is not present on
nanoparticle Y (spectra 3, 4). Spectrum 1, 3 refers to the upper point of the two for each
nanoparticle. All spectra are averages of three.
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We acquired conductance spectra over multiple spectral points at each of the
pair of Au101-TPP nanoparticles and at their junction, as shown in Fig. 6-11. Five spectral
points that were approximately equidistant were acquired across each nanoparticle and at
their junction, as shown in the STM image. Tunneling spectra over these two
nanoparticles showed different conductance profiles. There was no apparent relation
between the spectral point and the Coulomb widths and energies of conductance peaks.
The junction between the two was unstable during data acquisition and the last spectral
point (of line B) was located outside of the nanoparticle, and displayed a conductance
profile typically of an alkanethiolate SAM.
Density functional theory calculations by Gohda and Pantelides have shown that
during charge transport, molecules can acquire and retain charge when weakly bound to
the respective electrodes [45]. Charging did not occur when molecules were strongly
bound to the electrodes and tunneling barriers between the molecule and the electrodes
enabled charging [45]. It was proposed that different charging effects could be achieved
by using different length tether molecules [45]. The nanoparticles in our setup are
electrically insulated from the substrate by the tether molecules and the SAM matrix.
Our tether molecules consist of saturated hydrocarbon chains. It is possible that
during steady state charge transport the ligand-stabilized nanonanoparticle can acquire
and retain charge. The resident time and the magnitude of this charge is likely dynamic,
as shown by the experimental results in this chapter. Nanoparticle assemblies interlinked
with molecules containing an aromatic ring have shown metallic-like electrical transport
properties [46].
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Figure 6-11. Tunneling spectra acquired over two adjacent Au101-TPP nanoparticles (It =
14 pA; Vsample = +1.5 V). Five spectral points that were approximately equidistant were
acquired across each nanoparticle and at their junction. All spectra are averages of three.
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When the aromatic center of the linker molecule was replaced with a cyclopentane
ring the conductivity dropped by an order of magnitude [46]. Therefore, it may be
possible to control charging in there nanoparticles by changing the tether molecule from a
saturated hydrocarbon to that of a conjugated molecule.
Finally, we also acquired conductance sweeps in small groups of Au101-TPP
nanoparticles. The higher fractional coverage of inserted 1,10-DDT molecules required to
tether the nanoparticles increased the probability of forming small groups (Fig. 6-12).
Tunneling spectra acquired over each of the four (Fig. 6-12A) and three Au101-TPP (Fig.
6-12D) nanoparticles immobilized in close proximity are shown in Fig. 6-13 and Fig.
6-14.
The four Au101-TPP nanoparticles that appear to be ‘in contact’ in the STM
images are ~75 Å apart as shown by height vs. distance traces (peak to peak distance was
~75 Å). The actual possible diameter for the largest of the Au101-TPP nanoparticles is ~26
Å (including double the length of a TPP ligand). Similarly, the three Au101-TPP shown in
Fig. 6-12D are ~65 Å apart. Therefore, we considered the nanoparticles as individual
entities. The Coulomb blockade widths of each Au101-TPP nanoparticle changed with the
tunneling set point (Fig. 6-13). The blockade width in particles 1 and 3 decreased with
increasing tunneling current up to a point and then started to increase. Contrary to this
observed trend, tunneling spectra in the closely-bound triple Au101-TPP nanoparticles
showed the opposite trend (Fig. 6-14). The blockade width in nanoparticles 6 and 7
increased with increasing tunneling current up to a point and started to decrease (Fig.
6-14).

159

A

B

1
2
3
4

It = 10 pA; Vsample = -1.5 V
605 Å × 605 Å

It = 12 pA; Vsample = +1.5 V
340 Å × 340 Å

C

D

5
6

7
It = 12 pA; Vsample = +1.5 V
247 Å × 247 Å

It = 12 pA; Vsample = +1.5 V
318 Å × 318 Å

Figure 6-12. Topographic STM images of closely-bound Au101-TPP nanoparticles. The
higher fractional coverage of 1,10-DDT required to immobilize the nanoparticles
increased the probability of forming small groups. Tunneling spectra were acquired over
these nanoparticles and the numbering scheme is relevant to subsequent figures.
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Figure 6-13. Tunneling spectra acquired over the four closely-bound Au101-TPP
nanoparticles shown in Fig. 7-12A. Each column corresponds to a specific nanoparticle
numbered previously Fig. 7-12A and each row represents conductance spectra at a
specific tunneling set point. The Coulomb blockade width of each spectrum in indicated
in volts. All spectra are averages of three.
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Figure 6-14. Tunneling spectra acquired over the three closely-bound Au101-TPP
nanoparticles shown in Fig. 7-11D. Each column corresponds to a specific nanoparticle
numbered previously Fig. 7-12D and each row represents conductance spectra at a
specific tunneling set point. The Coulomb blockade width of each spectrum is indicated
in volts. All spectra are averages of three.
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We presume the differences between the spectra in Fig. 6-13 and Fig. 6-14 are
due to varying distances between the tip and the nanoparticle (henceforth referred to as z).
The z distance at which the conductance sweeps are acquired is determined by the
tunneling current and bias voltage. Variations in z affect the capacitance (C2) of the
tunneling junction between the tip and the nanoparticle (Fig. 6-1).
Hou et al. studied changes to the Coulomb blockade width as a function of the
distance between the STM tip and Au nanoparticles adsorbed on a SAM [35]. The Au
islands were made in situ and did not have a protective ligand shell, yet the DBTJ
geometry was analogous to our set-up (Fig. 6-1).
Measurements of capacitance were made through the observed Coulomb blockade
widths. The variation in C2 as a function of nanoparticle-tip distance is illustrated in Fig.
6-15, for the case where C2 > C1. Above a critical zC value, as z decreased, the measured
capacitance increased (Eqn. 6.1), which is in agreement with the classical theory [35].
Below the critical zC value, as z decreased, the measured capacitance also decreased (Eqn.
6.1), therefore deviating from the classical behavior. This transition has been attributed to
the break down of the classical theory of capacitance at the nano-scale [35]. As shown in
Fig. 6-13 and Fig. 6-14, we observed a complex trend in the Coulomb blockade widths as
a function of z. In certain instances, our observations were in agreement with previous
studies (nanoparticles 1 and 3 of Fig. 6-13). The onset slopes in conduction were not
consistent, some displayed a linear rises and other were non-linear.
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Figure 6-15. Schematic displaying the observed changes to the measured capacitance as
a function of z, for the case of C2 > C1. The capacitances C1 and C2 (inset above) are
represented by the blue boxes. Capacitance C1 is fixed once the nanoparticles are
assembled, and can only be varied during the sample preparation stage with the choice of
the host matrix. Capacitance C2 can be adjusted by varying the tunneling current.
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Apart from fluctuations in fractional charge, we cannot rule out the role of a
conformational changes to the tether molecule or the underlying SAM matrix. In Chapter
6, we demonstrated that tunneling electrons can cause conformational changes in
molecules. During imaging, electrostatic forces between the tip and the substrate are
known to cause elastic compression through forces of ~100 pN in magnitude [47-49].
The adsorption sites of the nanoparticles are determined by the inserted tether
molecules, which preferentially insert into film defects of the host SAM matrix. In one
instance, we were able to image the underlying adsorption site of a Au101-TPP
nanoparticle (Fig. 6-16). After ~6 hours of data acquisition, this nanoparticle desorbed
and exposed its adsorption site.
The subsequent topographic and differential conductance images showed that the
Au101-TPP nanoparticle was adsorbed within a substrate vacancy island (Fig. 6-16A and
Fig. 6-16B). We presume the protrusion in the differential conductance image represents
1,10-DDT molecules. These tether molecules adsorbed within a defect are less sterically
hindered and may undergo conformation changes that can affect charge transport through
the nanoparticle [50]. In some instances, SAM desorption can take place during
prolonged data acquisition. Figure 6-17 shows the desorption of the C8 SAM matrix over
a period of ~20 hours of data acquisition. During this time period, the initial desorbed
region (Fig. 7-15A) extended up to and possibly underneath the Au11-TPP cluster (Fig.
6-15B).

165

A

It = 15 pA; Vsample = -1.5 V
135 Å × 135 Å

B

It = 12 pA; Vsample = -1.0 V
135 Å × 135 Å

C

It = 12 pA; Vsample = -1.0 V
135 Å × 135 Å

Figure 6-16. Topographic and differential conductance images displaying a nanoparticle
attachment site. (A) After ~6 hours of conductance measurements on the Au101-TPP, it
desorbed and the underlying defect site was imaged (B). Topographic image (B) and the
differential conductance image (C) were acquired simultaneously. The protrusion at the
center of the differential conductance image likely represents the 1,10-DDT molecules
that bound the desorbed nanoparticle.
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A

B

It = 5 pA; Vsample = -1.5 V
135 Å × 135 Å

It = 5 pA; Vsample = -1.5 V
135 Å × 135 Å

C

D

Figure 6-17. Topographic STM images displaying the growth of a thin film defect over
time. During ~20 hours of conductance acquisition the initial desorbed SAM matrix (A)
has grown up to and possibly under the Au11-TPP cluster (B). (C, D) Each desorbed area
enclosed in a white box is shown beneath each respective image.
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We compiled hundreds of differential conductance spectra for both the Au11TPP clusters and the Au101-TPP nanoparticles into histograms (Fig. 6-16). These
histograms represent an approximate ‘consensus’ view of the LDOS of each nanoparticle.
The LDOS of the Au11-TPP cluster displayed more discrete energy levels than the Au101TPP nanoparticle, which appeared to have more delocalized energy levels. However, this
type of representation of spectroscopic information minimizes the ability to separate and
to understand single-nanoparticle charge transport characteristics.

6.4 CONCLUSIONS
We have observed spectral hopping and diffusion for single Au11-TPP clusters as
well as for Au101-TPP nanoparticles. Spatially different spectral points, as well as
repeated probing at the same location displayed spectral hopping. We attribute this to
fluctuations in the background charge distribution within each nanoparticle. Single
molecules are able to acquire and to retain charge during steady-state charge transport [44,
45]. Along with charge fluctuations within the Au nanoparticle itself, the phenyl groups
within the TPP ligands can also give rise to many molecular-level variations in charge.
Our assembly consists of 1,10-DDT tether molecules, which bind the particles to
the substrate. These tether molecules as well as the underlying SAM matrix electrically
isolates the particle from the substrate. We hope to investigate our hypothesis further by
utilizing rigid, conjugated tether molecules that will facilitate charge transport across the
thin film.
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Figure 6-18. Histograms of hundreds of differential conductance spectra represent an
approximate consensus view of the LDOS of each nanoparticle assembly. The LDOS of
the Au11-TPP assembly displayed more discrete energy levels than for the Au101-TPP.
The Au101-TPP appeared to have more delocalized energy levels. The bin size was 50 mV
for each histogram.
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CHAPTER 7

SIMULTANEOUSLY PROBING THE STRUCTURE AND BURIED INTERFACE
OF ALKANETHIOLATE SELF-ASSEMBLED MONOLAYERS ON AU{111}

We have probed the structure of a C10 SAM using STM topographic and
apparent tunneling barrier height (ATBH) images. The structure of alkanethiolate SAMs
on Au{111} has been extensively studied using STM. However, the mechanisms of
imaging of this insulating monolayer as well as the origin of the features observed in
STM images are not well understood. For a molecularly resolved C10 SAM, the features
observed in topographic images are offset from those of the ATBH image. We measured
the shift in the features between these two types of images. The shift is consistent with
the distance between the thiolate functionality (bound to the Au substrate) and the
terminal methyl group of the C10 molecules that are tilted ~30º from the surface normal.
This non-invasive imaging technique enables direct access to both the surface and its
buried molecule-substrate interface.
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7.1 INTRODUCTION
Self-assembled monolayers of n-alkanethiolate molecules on Au{111} represent
one of the most characterized molecular thin films [1-3]. Although alkanethiolate SAMs
are a subset of the immense field of organosulfur compounds on surfaces [2]; their ease
of preparation, stability and tunable chemical functionality allows flexibility in designing
two- and three-dimensional molecular assemblies [4].
The interplay between the strong affinity of the sulfur head group to the Au substrate
and the inter-chain interactions of the hydrocarbon backbone groups determine the
packing of these molecules on the surface [2]. Once bound, the sulfur head group is
known to exist in the form of a thiolate functionality [5-7]. Electron diffraction studies
have shown that the thiolate groups of alkanethiolate SAMs on Au{111} form a
symmetric, hexagonal structure with a S-S spacing of 4.97 Å and a calculated area per
molecule of 21.4 Å2 [8, 9]. This (√3×√3)R30° overlayer that is commensurate with the
underlying Au lattice has been observed by helium diffraction [10], atomic force
microscopy [11] and STM [12].
Alkanethiolate molecules in the (√3×√3)R30° structure display a tilt angle ~30°
(all trans conformation) with respect to the surface normal, and a ~13º azimuthal tilt
angle with respect to the close-packed direction of the underlying substrate [7, 13].
However, experimental techniques have also shown the presence of a superstructure
within the “normal” (√3×√3)R30° structure. This superstructure of the form c(4×2) was
characterized by low energy atomic diffraction (LEAD) experiments [14], which is
sensitive to the pendant portions of the molecular layer. The LEAD experiments showed
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that the molecules that constitute the superstructure were more protruding than the
regular structure. This height difference could be due to different thiolate adsorption sites
or to molecules with different tilt angles [14]. In STM, the c(4×2) superstructure
appeared more protruding in apparent height than the (√3×√3)R30° structure [15-17]. The
splitting of the CH2 scissoring mode (of the alkanethiolate chains) into two peaks, as
observed by IR studies, led to the assumption that the origin of the superstructure was
likely due to different molecular tilt angles [13].
It is widely assumed that the thiolate groups are uniformly bound to three-fold hollow
sites on the Au{111} substrate [2]. However, non-equivalent binding sites of the thiolates
groups have been observed by several experimental techniques, including grazing
incident x-ray diffraction [18], sum-frequency generation [19], x-ray standing waves [20]
and HREELS [21]. Fenter et al. proposed that the c(4×2) superstructure was due to
different binding sites of the thiolate groups that led to different molecular tilts [18].
However, this controversy remains unresolved.
An STM image of a C10 SAM recorded at 4 K is shown in Fig. 7-1. A schematic of
the proposed adsorption sites of the thiolate groups on the Au{111} surface is also
shown. The hexagonal close-packed (√3×√3)R30° structure of the SAM is resolved in the
STM image, as well as domain boundaries and substrate vacancy islands. However, the
origin of the molecular-scale features in the STM image is unclear. Some have suggested
that these features are the S-Au bond [22-24], while others have proposed they are the
terminal methyl group of the alkanethiolate molecules [25, 26].
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Au{111} unit cell

Domain boundary

105 Å × 105 Å
It = 10 pA; Vsample = +2.0 V

Substrate vacancy
islands

SAM unit cell
(√3×√3)R30°

Figure 7-1. An STM image of a C10 SAM recorded at 4 K. The hexagonal close-packed
(√3×√3)R30º structure of the SAM is resolved. A schematic illustrating the three-fold
hollow sites at which the thiolate groups are believed to be adsorbed.
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Assuming identical adsorption sites for the thiolate groups, the appearance of the
c(4×2) superstructure supports the theory that molecules of varying tilt angles appear as
features of different apparent heights in STM images. However, alkanethiolate molecules
have a ~9 eV energy gap between their highest occupied molecular orbital and their
lowest unoccupied molecular orbital [22]. Also, the frontier orbitals of alkanethiolate
molecules are dominated by the thiolate functionality [27]. These two facts support the
notion that features in STM topographic images represent the positions of the S-Au
bonds.
In this Chapter, we have probed the structure of a C10 SAM using STM topographic
and ATBH images. Utilizing ATBH simultaneously with topography has previously been
used to identify different surface-bound species [28], measure local work function
changes at step edges [29], locate sub-surface dopants on Si surfaces [30], and to measure
differences in conductance between alkanethiolate molecules with different head groups
[31].

7.2 EXPERIMENTAL METHOD
The alkanethiolate SAMs were made as described in Section 5.2.1 and the ATBH
images were acquired as described in Section 2.3.4.

7.3 RESULTS AND DISCUSSION
High resolution topographic and ATBH images of a C10 SAM are shown in Fig.
7-2.
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35 Å × 35 Å
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Figure 7-2. Scanning tunneling microcopy (A) topographic and (B) ATBH images of a
C10 SAM recorded at 4 K (It = 10 pA; Vsample = -1.0 V). The two images were acquired
simultaneously. The circles reveal the shift between features in both images. The ATBH
image was recorded using a LIA by modulating the z-piezoelectric transducer with an ac
amplitude of 90 mV (Vrms), 3.5 kHz and recorded with a 30 ms time constant. The ac
amplitude was passed through a 20 db attenuator.
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For the molecularly resolved C10 SAM (Fig. 7-2), the features observed in
topography were shifted from those of the ATBH image. The observed shift is displayed
by encircling these molecular-scale features in topography and by overlapping these
circles in the ATBH image at identical coordinates (Fig. 7-2) from simultaneously
acquired images.
In order to analyze and to quantify this result, we drew masks representing the
locations of the hexagonal close-packed features in topography (black dots) and ATBH
(red dots) images separately (Fig. 7-3A and Fig. 7-3B), and overlaid these masks on a
diagram of a Au{111} lattice (Fig. 7-3C). The shift between the masks with respect to the
Au lattice is drawn to scale (Au-Au distance is 2.94 Å).
For simplicity, we first assumed the features in topography represent thiolate
groups adsorbed at three-fold hollow sites when placing the masks on the Au{111}
lattice. Using this diagram, we measured distances between adjacent black and red dots.
We measured a distance of 5.61 Å ± 0.07 Å represented as a blue line between black and
red dots, as shown in Fig. 7-3C. Based on established values for the length of a C10
molecule and its 30° tilt relative to surface normal, we expected a thiolate−methyl
terminus lateral separation of 5.66 Å. We measured an azimuthal tilt angle of 12.5 Å with
respect to the close-packed direction of the Au{111} lattice (Fig. 7-3C), which was in
good agreement with previous measurements [32]. Therefore, our results indicate that
topography and ATBH can simultaneously probe the thiolate and methyl terminus of a
C10 SAM.
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Figure 7-3. (A, B) Topograhic and ATBH images overlapped with their respective
masks. (B) Precise diagram of the masks that represent features in topography (black
dots) and ATBH (red dots) overlaid on a Au{111} lattice. The offset between the masks
with respect to the Au lattice is drawn to scale. Using this diagram, we measured a
distance of 5.61 Å ± 0.07 Å between the black and red dots, shown in blue lines. (C) This
distance corresponded to the thiolate−methyl terminus separations of C10 molecules at a
30° tilt with respect to the surface normal. The expected lateral projection of the
thiolate−methyl terminus separation for a C10 molecule is 5.66 Å.
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Topographic and ATBH images at a domain boundary of a C10 SAM are
shown in Fig. 7-4. To highlight the differences in the appearance of the domain
boundaries, white lines are drawn across both images at identical coordinates. These
images demonstrate the effect of tilt angle in C10 molecules on the appearance of
features in the ATBH image. Based on the appearance of the domain boundary in both
images, our proposed structure of this domain is shown in Fig. 7-4C. The spacings
between molecules within the domain were measured using height vs. distance traces. We
tentatively propose that the features in topography correspond to that of the terminal
methyl groups and the features in ATBH correspond to the thiolate group of the C10
molecules.
Further analyses of these simultaneously acquired images are going in an effort to
assign a three-dimensional structure at the domain and throughout the rest of the film.

7.4 CONCLUSIONS
Apparent tunneling barrier height, a non-invasive imaging technique enabled
direct access to both the surface structure and the buried molecule-substrate interface.
With this imaging technique, we hope to study different chain length alkanethiolate
SAMs to understand the mechanism of STM imaging of insulating monolayers, the origin
of the features observed in images the adsorption site of the thiolate head groups.
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Figure 7-4. Scanning tunneling microcopy (A) topographic and (B) ATBH images of a
domain boundary in a C10 SAM recorded at 4 K (It = 10 pA; Vsample = -1.0 V). The white
lines in both images represent identical coordinates. The ATBH images were recorded
using a LIA by modulating the z-piezo with an ac amplitude of 80 mV (Vrms), 2.5 kHz
and recorded with a 30 ms time constant. (C) Schematic of one possible structure of this
domain boundary. We proposed the depressed regions in topography (pink lines)
correspond to the separation between the terminal methyl groups of the C10 molecules in
the domain (pink-oval). The separation between two thiolate functionalities (blue-oval)
corresponds to the depressed region (blue line) in the ATBH image. The distances
between molecules were measured using height vs. distance traces in both images.
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CHAPTER 8

CONCLUSIONS AND FUTURE PROSPECTS

Precision measurements on atomic- and nano-scale structures achieved by lowtemperature STM and STS have been described throughout this thesis. Each chapter
discusses a unique perspective of the chemistry, assembly and charge transport of simple
or complex surface structures.

8.1 SURFACE-CATALYZED REACTION PATHWAYS
Chapter 3 described the reaction pathway of the Ullmann coupling reaction on
Cu{111}. The phenyl intermediates formed upon dissociative chemisorption of C6H5Br
were mobile at ~293 K. These intermediates diffused up to a thousands of Ångtroms and
bound preferentially at step edges. Our data demonstrated that once bound at step edges,
C-C bond formation likely took place at room temperature. Biphenyl, the product
molecules, then diffused onto the terraces and formed ordered islands. Substratemediated interactions effected the intermolecular spacings within these islands. Scanning
tunneling spectroscopy and selective desorption of surface-bound species enabled
identification of the adsorbates. Fluorinated-phenyl intermediates formed upon
dissociative chemisorption of p-FC6H4Br on Cu{111}. The observation of vibrational
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modes of fluorophenyl by inelastic tunneling indicated that these species were not
adsorbed parallel to the surface. This was conclusive evidence of their ‘unreacted’ status,
as previous HREELS experiments of analogous surface-bound species showed similar
results.
With an understanding of how halogenation affects the rate of the Ullmann
coupling reaction and the ability to identify adsorbates using STS, this information can be
used to study the efficiency of this reaction as a function of varying chemical
functionalities.

This study resulted in the following manuscript:
“The Ullmann Coupling Reaction: Atomic-Scale study of the Reactive Intermediates
and Products of a Surface Catalyzed Reaction,” S. U. Nanayakkara, M. M. Kamna,
E. C. H. Sykes, L. C. Fernández-Torrez, T. M. Graham, P. Han and P. S. Weiss.
Submitted for publication.

8.2 QUANTIFYING INTERACTION POTENTIALS
In Chapter 4, we quantified the inter-island interaction potential between Br
adatom islands on Cu{111}. These islands formed as a result of thermally induced
diffusion of the isolated adatoms during the annealing step at ~600 K. We measured
~3000 inter-island separations from a series of ~200 non-overlapping STM images
recorded at 4 K. Our results indicated that during the annealing step, the mobile Br
adatoms formed ordered islands due to favorable short-range interactions, while the
shapes of the islands and their distribution were influenced by the surface-state electrons
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of Cu{111}. Our analyses of the inter-island interaction potential showed favored
separations at a periodicity of λF/2 of Cu{111}. The measured phase of the surface-state
scattering, π/2, agreed with theoretical predictions [1].
The strong inter-island interactions were due to the strong perturbation to the
surface state from the Br adatom islands.

This study resulted in the following manuscripts:
“Long-Range Electronic Interactions at High Temperature: Bromine Adatom Islands
on Cu{111},” S. U. Nanayakkara, E. C. H. Sykes, L. C. Fernández, M. Blake and P.
S. Weiss. In revision for Physical Review Letters.

8.3 CHARGE TRANSPORT IN PRECISE NANOSCALE STRUCTURES
Chapter 6 described charge transport measurements of single Au11-TPP clusters
and Au101-TPP nanoparticles. Our measurements displayed spectral hopping at both
identical and spatially different points over the same nanoparticle. We attribute this to
fluctuations in the background charge distribution within each nanoparticle. It is also
possible that along with charge fluctuations within the nanoparticle itself, the ligand shell
could give rise to molecular-level variations in charge.
Both nanoparticles were assembled using inserted 1,10-DDT tether molecules.
These tether molecules as well as the underlying SAM matrix electrically isolate the
nanoparticles from the substrate. This study demonstrates the need to account for charge
transport through the tether molecule. Facilitating charge transport across the thin film
by utilizing rigid, conjugated tether molecules may decrease spectral hopping.
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This study resulted in the following manuscripts:
“Spectral Diffusion in the Tunneling Spectra of Ligand-Stabilized Undecagold
Clusters,” R. K. Smith, S. U. Nanayakkara, G. Woerhle, M. M. Blake, T. P. Pearl, J.
E. Hutchison, and P. S. Weiss. Journal of the American Chemical Society, in press.

8.4 PROBING THE STRUCTURE OF A BURIED INTERFACE
In Chapter 7, we described our ability to study simultaneously the head and the
tail groups of an alkenthiolate SAM on Au{111}. For a molecularly resolved C10 SAM,
we measured the offset in features acquired in ATBH and topographic images. This
measured offset corresponded to the distance between the head group (thiolate
functionality bound to the Au substrate) and the tail group (terminal methyl group) of
C10 molecules that are tilted 30º from the surface normal. Our measured offset,
5.61 ± 0.07 Å was in good agreement with the expected offset of 5.66 Å [2]. We
measured an azimuthal tilt angle of 12.5 Å with respect to the close-packed direction of
the Au{111} lattice, which was in good agreement with previous measurements. The
features in the ATBH images varied as a result of varying molecular tilt angles compared
to topography, as demonstrated by the appearance of features at domain boundaries in a
C10 SAM. This non-invasive imaging technique enabled direct access to both the surface
structure and its buried molecule-substrate interface. With this imaging technique, we
will study a variety of different chain length alkanethiolate SAMs to understand the
mechanism of STM imaging of insulating monolayers, the origin of the features observed
in images the adsorption site of the thiolate head groups.
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