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Abstract
The advent of scanning tunneling microscopy (STM) changed the way the world
perceived surfaces at the nanoscale. STM is a technique capable of imaging surfaces at
the atomic scale, allowing researchers to probe surface processes with previously
unavailable resolution. While STM is a powerful tool used in many nanoscale
applications, this thesis examines three overarching themes: the investigation of
adsorbate interactions, the elucidation of surface structures, and the study of catalytically
active sites in alloys.
STM maps the topographic and electronic structures of surfaces and adsorbates.
STM can therefore be used to image the atomic structure of a surface as well as the shape
and positions of individual molecular adsorbates. We have used this capability to study
the effect that adsorbates have on a surface and each other, and to measure the processes
that molecules undergo on a surface. In particular, the following chapters outline how
STM studies reveal an inert substrate restructuring in the presence of a weakly adsorbed
molecule (Chapter 3), dipole-driven ferroelectric ordering on a metal surface (Chapter 4),
extended hydrogen-bonded networks and their structural dependence on coverage
(Chapter 5), and the rotational dynamics of individual surface-bound molecules (Chapter
6). Capturing interactions and dynamics on a molecular level allows us to reveal the
driving forces behind these processes.
The high resolution of STM at low temperatures allows us to image the structure
of a static lattice of surface atoms. Using STM, we were able to elucidate the atomic
structure of chiral sites at the step edges of an intrinsically chiral surface (Chapter 7),
which has previously been shown to enantiospecifically interact with adsorbates.

ii

Identifying the surface structure allows us to better predict how adsorbates or reactants
will interact with such metals. Additionally, we characterized the temperature
dependence of the geometric structure of a catalytically relevant Pd/Au bimetallic alloy
(Chapter 8). Because STM measures the geometric and electronic structure of surfaces,
we were able to measure the charge transfer of individual Pd atoms when alloyed into an
inert Au surface. These results demonstrated the first simultaneous geometric and
electronic measurements of individual atoms in a Pd/Au alloy.
Finally, using STM we identified the subtle structural differences between two
bimetallic alloys (Pd/Cu and Pd/Au) and studied their interaction with hydrogen (Chapter
9). Hydrogen was used to probe the active Pd sites of the alloys. Although dissociation
and spillover of hydrogen occurred over individual Pd atoms in Cu, H uptake was only
observed on Au when Pd was present as large particles on the surface. The strong Pd-H
interaction on Au resulted in Pd segregation on top of the Au surface. These results show
how the surface affects the adsorbates and how adsorbates can influence the surface
structure. Each of these examples will show how STM can be used to study systems
unlike any other instrument and deepen our understanding of atomic-scale phenomena.
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Chapter 1: Introduction
1.1 Scanning Tunneling Microscopy Theory
Using scanning tunneling microscopy (STM), surface scientists can image the
atomic-scale geometric and electronic structures of surfaces and interfaces. Surface can
be mapped in order to characterize their structures, and the adsorbate-substrate and
adsorbate-adsorbate interactions which occur on them. In the following, we show how
STM can be used to monitor surface and single-molecule dynamics, measure local
geometric and electronic structure, manipulate molecules, and probe individual active
sites on bimetallic alloys.
Binnig & Rohrer built the first STM in 1981, pioneering scanning probe
microscopy and revolutionizing surface science as it was known.1 This technique allows
conductive surfaces to be imaged via the quantum mechanical process of tunneling. An
atomically sharp metal tip (typically W or PtIr) is brought within nanometers of a
conductive surface. When a bias is applied to the tip, electrons tunnel across the gap
between the tip and the sample.2,3 A constant-current scanning mode is typically used,
where the feedback loop alters the distance between the tip and the surface to maintain a
constant current. The output is tip height, and as a result, a topographic and electronic
layout of the surface is obtained with nanoscale resolution. The tip height (d) is
exponentially related to the tunneling current (I) as seen in the following equation:

I ∝ e −2κd
where

κ=

2m
(eVB − E )
η2

1

where m is the mass of an electron, ħ is Planck’s constant (h) divided by 2π, eVB is the
barrier height and E is the energy of the surface electronic state from which tunneling
occurs.
Due to the lack of chemical sensitivity with STM, sample cleanliness during
experiments is of utmost importance. In order to know exactly what is being studied, the
sample and adsorbates must be very pure. The experiments in this work are run in
ultrahigh vacuum (UHV) conditions to decrease the quantity of contaminants that come
in to contact with the surface. To maintain confidence in the results, the substrates are
initially characterized and visually checked for atomic-scale cleanliness using STM
before introducing any adsorbates. The structures of the most commonly used substrates
(Au and Cu) follow.

1.2 Substrate Structures

The majority of the studies discussed here involve the use of well-defined Au
surfaces, which are ubiquitous in the fields of molecular self-assembly, molecular
electronics, sensing, and catalysis.4-6 Au(111) surfaces are the most commonly used
because they are inert, stable, commercially available, easy to prepare, and resilient to
contamination. Both Au(111) single crystals and Au/mica substrates were used. Au/mica
substrates are economical alternatives to Au(111) single crystals because they offer an
atomically flat Au(111) surface at a fraction of the price. Clean Au(111) adopts a
herringbone reconstruction, formally referred to as the 22 x √3 reconstruction, which has
been thoroughly studied using STM.7,8 A large-scale atomically resolved image of a clean
Au(111) surface is shown in Figure 1.1. The lower coordination of the surface atoms in
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Au(111) as compared to the bulk leads to a 4.5% contraction of the top layer with 23 gold
atoms stacking along the [ 1 1 0 ] direction that would normally contain 22 atoms in the
bulk. The subsequent mismatch between the top and second layer causes domain (soliton)
walls to form, which divide areas of fcc and hcp packing. These three domains have
slightly different electronic properties9,10 and also different adsorption strengths.11,12 The
soliton wall surface atoms reside on bridge sites, as opposed to the other surface atoms
that occupy 3-fold hollow sites. Pairs of soliton walls form a unique herringbone pattern
(as seen in Figure 1) because bridge site atoms are 0.2 Å higher than the hollow site
surface atoms.7,8 The threefold symmetry of the Au(111) surface allows the pairs of
soliton walls to run in three equivalent directions linked by elbows at every 120° turn in
order to reduce the surface strain evenly in all directions.13 At every outer bulged and
inner pinched elbow of the soliton wall pairs, an edge dislocation is present, where one
atomic row terminates as shown in the inset of Figure 1. 7,8,14 The perturbed geometry and
electron density of the under-coordinated Au atoms at edge dislocations allows these
regions to act as preferential binding sites for adatoms or adsorbates.15-17 A large scale
atomically-resolved STM image of the herringbone reconstruction is also seen in Figure
8.7.
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Figure 1.1. Herringbone reconstruction of clean Au(111). In this atomically-resolved
STM image, the pairs of bright lines are the soliton walls of the herringbone
reconstruction, which separate the hcp and fcc domains. A high resolution image of the
atomic structure of an edge dislocation (present at the soliton wall elbows) is shown in
the inset. All imaging conditions: -0.5 V, 1 nA, 78 K.

In addition to Au(111) substrates, Cu single crystals were used for the research
described here. Cu is stable and easy to clean but unlike Au(111), the atomically flat
surface of Cu(111) does not undergo reconstruction. Structurally, the Cu(111) surface
therefore offers a test bed without the variations in surface structure and electronic
properties, which is often used in comparison and as a complement to Au(111).
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Figure 1.2: 3D STM image of clean Cu(111). Large atomically flat terraces are separated
by monatomic Cu step edges. The atomically resolved inset shows the hexagonally
packed surface atoms. Imaging conditions: 0.5 V, 10 pA, 78 K, z-range = 500 pm. Inset:
-0.07 V, 2 nA, 78 K, z-range = 40 pm.

Although only(111) surfaces have been discussed so far, single crystals may host
different facets depending on the cut of the surface. The (111) facet is the least reactive,
most prevalent, and most stable facet and has therefore been the focus of most of these
studies. One exception arises in Chapter 6, where STM was used to elucidate the real
structure of Cu(643). Having a sound knowledge of the aforementioned substrates is
critical before introducing adsorbates. The next several sections will discuss the
molecular and bimetallic alloys systems that were studied with the substrates of interest.
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1.3 Molecular Systems

In this section, various systems will be discussed with which STM can be used as
a tool to study the following topics related to adsorbate interactions: surface dynamics,
dipole-driven ferroelectric assembly, hydrogen-bonded networks, and single-molecule
rotational dynamics.

1.3.1 Surface Dynamics

In Chapter 3, STM was used to capture the dynamical nature of surface
rearrangements that resulted from adsorbate-substrate interactions. Because of gold’s
intrinsic inertness, most molecules adsorb weakly on Au and do not restructure the
surface. The exception to this rule lies in molecular overlayers that form strong bonds to
Au, such as thiol self-assembled monolayers which, upon adsorption convert the 22 × √3
reconstruction back to the 1 × 1 pattern.18 For most experiments using Au to study
molecules it is in either its 22 × √3 or 1 × 1 form, and the surface is considered to be a
static lattice of atomic sites. Surprisingly, it was found that the presence of styrene, a
weakly adsorbed molecule, restructures the Au(111) surface at temperatures as low as 78
K.19 The restructuring manifests itself both in mobility of step-edge atoms, as well as
changes in the position of the herringbone reconstruction over time. These effects are
explained in terms of the preferential adsorption sites of styrene allowing it to assist in
atom detachment from step edges, as well as lowering of the energetic barrier for
movement of the herringbone reconstruction. The present work has important
consequences for the aforementioned studies in which Au is used as a support for, or as
an electrical contact to molecules. These results indicate that one cannot assume that the
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atomic structure of the surface is static in the presence of weakly adsorbed molecules,
even at temperatures as low as 78 K.

1.3.2 Ferroelectric Molecular Assembly

In Chapter 4, styrene on Au(111) was studied again, but this time at 7 K,
essentially freezing the molecules in place on the surface. Using this system, we were
able to investigate ferroelectric ordering and ferroelectric transitions at the singlemolecule level.20 In recent years, device miniaturization has led to an interest in the
development of smaller ferroelectric materials with even faster switching times. This has
raised questions about the relevant size effects that lead to deviations from bulk
properties and ultimately cessation of ferroelectric properties.21,22 There is, however, a
current lack of understanding of the finite domain size required for ordering to occur, the
mechanism of ordering, and the effect of the supporting surface on the ordering.21,22
Understanding the fundamental nanoscale mechanisms of ferroelectric ordering and
transitions is crucial for the continued development of smaller and faster ferroelectric
devices.
Low-temperature (LT) STM imaging of individual styrene molecules reveals their
internal structure, and hence the orientation of their dipole moment parallel to the
Au(111) surface. At near monolayer coverages, both local ferroelectric ordering of the
molecules and long-range antiferroelectric ordering of the domains are observed, and the
dipole−dipole interaction energies are quantified. A piezoelectric transition from
ferroelectric to paraelectric ordering is observed upon further increase of the styrene
coverage. The effect of the STM tip in randomizing ordered domains is also discussed.
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This work demonstrates that important ferroelectric properties such as spontaneous
polarization, long-range ordering, and piezoelectricity can be achieved in nanoscale
domains of a weakly polar molecule on a metal surface.

1.3.3 Hydrogen-bonded Networks of Methanol

In Chapter 5, STM is used to study hydrogen-bonded networks, which form the
backbone of many complex and functional structures in nature. Fundamentally, methanol
represents the simplest alcohol for understanding hydrogen-bonded networks, and from a
practical perspective constitutes a very important chemical feedstock. The interaction of
methanol with transition metal surfaces is of relevance to many catalytic processes. Gold
based catalysts have been shown to be highly selective for the partial oxidation of several
species including, most recently, methanol.23-31 However, due to its weak interaction, it
has not yet been possible to study intact methanol adsorption and ordering on any metal
surface with molecular resolution. Using careful annealing treatments and low current
STM we have performed the first study of the basic bonding geometries of a range of
hydrogen-bonded methanol structures as a function of surface coverage and temperature.
Like water, methanol forms hexamer units;32-53 however, at all but very low coverages,
chain structures dominate. Unlike the honeycomb structure of water, which is
interconnected by hydrogen bonds,33-37,48,49,54 methanol chains interact weakly and
actually repel one another until forced into close contact at high coverages. Annealing
experiments reveal the reversibility of the assembly and demonstrate that the reported
structures are the thermodynamic products. These results serve as a guide for the
molecular-scale ordering of MeOH on metal surfaces and in confined geometries.
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1.3.4 Single Molecule Rotation

In nature, motors operate at interfaces, and thus surface-mounted rotors offer the
most potential for nanoscience applications.55 Therefore, mastering the properties of
surface-bound rotors is the next logical step towards harnessing their utility. Studying the
rotation of molecules bound to surfaces offers the advantage that a single layer can be
assembled and monitored using the tools of surface science.55-81 We have used LT-STM
in Chapter 6 for a fundamental, single-molecule study of the motion of a set of thioethers
supported on Au surfaces.82 Thioethers constitute a simple, robust system with which
molecular rotation can be actuated both thermally and mechanically. LT-STM allowed
the measurement of the rotation of individual molecules as a function of temperature and
the quantification of both the energetic barrier and pre-exponential factor of the motion.
Through a series of single-molecule manipulation experiments, we have switched the
rotation on and off reversibly by moving the molecules towards or away from one
another. Arrhenius plots for individual dibutyl sulfide molecules reveal that the torsional
barrier to rotation is ~1.2 kJ/mol, in good agreement with the temperature at which the
molecule’s appearance changes from a linear to a hexagonal shape in the STM images.
The thioether backbone constitutes an excellent test bed for studying the details of
molecular rotation at the single-molecule level.
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1.4 Elucidating Structure Using STM
1.4.1 Geometric Surface Structure: Chiral Metal Surfaces

Achiral metals can be cut, polished, and cleaned in such a way that they are
terminated by surfaces on which all of the kink sites along the step edges are of the same
chirality. 83 The most studied of these surfaces is the (643) facet of Cu, which has been
shown to interact enantiospecifically with chiral molecules.84-87 In order to fully exploit
the potential of these surfaces for enantioselective chemistry, elucidating an atomic-scale
picture of the active sites is crucial. Chapter 7 shows the first atomically-resolved images
of a Cu(643) crystal that had been thermally roughened at 1000 K.88 STM images
recorded at 78 K revealed that the real structure of Cu(643) is much more complex than
the ideal structure. The number of chiral kink sites was quantified and compared to that
expected for the ideal Cu(643) structure. Importantly, atomic resolution imaging revealed
that the absolute chirality of the surface is preserved; however, thermal roughening led to
a reduction in the absolute number of kinks.
The real structures of chiral, high Miller index surfaces can be very different from
those of the ideal bulk terminations. Steps and kinked steps can undergo thermal
roughening in which atomic diffusion results in the coalescence of kinks or even step
bunching to form low Miller index facets.89 Although the net chirality of the surface is
retained after roughening, the roughened surface defines a range of potential step edge
sites for molecular adsorption with varying local environments. This inhomogeneity in
the kinds of sites that exist on the surface presents a challenge to efforts to model
adsorption or catalysis on these surfaces.90,91 By cooling the surface quickly after an
annealing procedure, we were able to perform an atomic-scale characterization and
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quantify the kink density present on the thermally roughened surface. Atomically
resolved images allowed the true structure of kink sites to be revealed, and the results are
discussed in terms of the enantiospecific chemistry observed on the Cu(643) surface.84-87

1.4.2 Geometric and Electronic Structure: Bimetallic Alloys

The unique properties of bimetallic alloys have played a major role in
heterogeneous catalysis for decades. The tunability offered by mixing different elements
with control over stoichiometry allows catalysts to be made with greater activity,
selectivity, and stability than those derived from single metals. 92-95 Pd/Au bimetallic
alloys catalyze many important reactions ranging from the synthesis of vinyl acetate and
hydrogen peroxide to the oxidation of carbon monoxide and trimerization of acetylene. It
is known that the atomic-scale geometry of these alloys can dramatically affect both their
reactivity and selectivity. However, there is a distinct lack of experimental
characterization and quantification of ligand and ensemble effects in this system. LTSTM is used to investigate the atomic-scale geometry of Pd/Au(111) near-surface alloys
and to spectroscopically probe their local electronic structure in Chapter 8.96 The results
reveal that the herringbone reconstruction of Au(111) provides entry sites for the
incorporation of Pd atoms in the Au surface and that the degree of mixing is dictated by
the surface temperature. At catalytically relevant temperatures, the distribution of low
coverages of Pd in the alloy is random, except for a lack of nearest neighbor pairs in both
the surface and subsurface sites. Differential conductance (dI/dV) spectroscopy is used to
examine the electronic structure of the individual Pd atoms in both surface and
subsurface sites and reveals that in both sites, Pd atoms display a very similar electronic
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structure to the surrounding Au atoms. However, individual surface and subsurface Pd
atoms are depleted of charge in a very narrow region at the band edge of the Au surface
state. dI/dV images of the phenomena demonstrate the spatial extent of this electronic
perturbation.

1.5 Hydrogen Dissociation on Bimetallic Pd Alloys

Palladium and its alloys play a central role in a wide variety of industriallyimportant applications such as hydrogen separation, reactions, storage devices, and fuel
cell components. Alloy compositions are very complex as they are often heterogeneous at
the atomic-scale and the exact mechanisms by which many of these processes operate
have yet to be discovered. LT and variable temperature (VT) STM were used to
investigate the atomic-scale structure of Pd/Au and Pd/Cu bimetallics created by
depositing Pd on both Au(111) and Cu(111) single crystals at a variety of surface
temperatures. The choice of supporting metal allowed the study of Pd particles as a
function of size; from individual atoms in and under the surface to islands >10 nm in
diameter. We demonstrate that individual, isolated Pd atoms in an inert Cu matrix are
active for the dissociation of hydrogen and subsequent spillover onto Cu sites. Our results
indicate that H spillover is facile on Pd/Cu at 420 K but that no H was found under the
same H2 flux on a Pd/Au sample with identical atomic composition and geometry. In the
case of Au, significant H uptake was only observed when larger ensembles of Pd were
present in the form of nanoparticles. We report experimental evidence for the ability of
hydrogen to reverse the tendency of Pd to segregate into the Au surface at catalytically
relevant temperatures, and our STM images reveal a novel H-induced striped structure in
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which Pd atoms aggregate on top of the surface in regularly-spaced rows.97 These results
demonstrate the powerful influence an inert substrate has on the catalytic activity of Pd
atoms supported in or on its surface and reveal how the atomic-scale geometry of Pd/Au
alloys is greatly affected by the presence of H.
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Chapter 2: Experimental Methods
2.1 UHV Chambers

The Sykes lab is equipped with Omicron NanoTechnologyTM LT- and VT-UHV
STMs.1 All experiments were performed with these two instruments and all scanning
voltages refer to the sample bias. Each Omicron STM is housed in a UHV chamber, with
the STM chamber isolated from the preparation (prep) chamber by a VAT gate valve.
These gate valves are capable of holding UHV on one side against atmospheric pressure,
thereby allowing us to vent the chambers separately, if necessary. The gate valve is
generally closed, keeping the STM chamber isolated from the prep chamber (where highpressure processes are run), to help to keep the STM pressures lower. Each instrument
has two Varian ion getter pumps with the following nominal pumping speeds: 230 L/s
(LT-STM chamber), 210 L/s (LT and VT prep chambers), and 120 L/s (VT-STM
chamber). The prep chambers are each connected to a Pfeiffer turbomolecular pump (210
L/s) which is backed by an Edwards rotary pump, via a pneumatic valve. Each chamber
is also equipped with a titanium sublimation pump (TSP) in order to achieve low
pressures (5x10-11 mbar).
Samples are introduced to the vacuum chambers through a load lock. Each prep
chamber contains an x, y, z horizontal manipulator with angle control for transferring
samples and tips between the load lock, prep, and STM chambers. Wobblesticks are used
for transfers between the horizontal manipulator, the carousel (where the samples are
held), and the STM stage. All of the details above describe the similarities between the
STM chambers, however the next few sections will discuss their major differences.
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2.2 Low Temperature STM

The LT-STM operates at either 7 K or 78 K when using liquid helium or liquid
nitrogen coolants, respectively. Typically, the LT-STM is kept at 78 K and rarely warms
up to room temperature (RT). Once a month, week-long cold runs occur where
experiments are conducted at 7 K. The STM stage is protected by cooled double-wall
shields and samples can be left in the cold STM stage for weeks without having to be
cleaned. The tip and sample are held at the same temperature and are very stable at low
temperatures. Low temperatures slow down processes (lattice vibrations, molecular
diffusion, etc…) so we can capture normally fast processes and take very stable STM
images. Due to the very high stability of the microscope at LT, we can image a particular
area of the surface with minimal thermal drift, and therefore follow a set of molecules or
structural changes for many hours. The static bath dewars, one inner and one outer, must
be filled with coolant approximately every 17 hours. Before cooling from RT, both
dewars are flushed with He(g) in order to drive out any lingering water vapor that could
freeze, expand and cause leaks in the vacuum welds. To cool from 78 K to 7 K, all of the
N2(l) is flushed from the inner dewar with He(g), and the inner dewar is filled He(l). At
both 7 and 78 K, the outer dewar is only filled with N2(l). The sample is cooled for an
hour to reduce thermal drift before scanning. At low temperatures, the main function of
the STM is to image, yet we can also accomplish differential conductance and timeresolved measurements as well as atomic manipulation, as discussed in the next three
sections.
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2.2.1 Differential Conductance Measurements

STM imaging depends on the scanning voltage (V), which determines the
electronic states which are probed, and the images are a representation of all of the
electronic states between the scanning V and the Fermi level, as well as the topographic
structure of the sample. The differential conductance (dI/dV) is a measure of the surface
density of states at a particular scanning voltage, or energy.2 Differential conductance
spectroscopy measures the density of states as a function of voltage (dI/dV vs. V).
Simultaneously mapping dI/dV with the tip position gives dI/dV images, which are
images of the density of the states at the scanning voltage, from which the topographic
contribution is excluded. The dI/dV spectra and images are taken at low temperature to
reduce thermal drift and electronic broadening, thereby making atomic-scale
measurements possible, with an energy resolution < 50 meV.

2.2.1.1 Experimental Details

The dI/dV images and spectra in Chapter 8 were acquired at a sample and tip
temperature of 7 K, using a lock-in amplifier to modulate the bias voltage with a 1 kHz ac
12 mV amplitude signal and were recorded with a 10/300 ms time constant, respectively.
For dI/dV measurements, the lock-in is set to record the 1st harmonic and the frequency
was consistently set to 1 kHz. Modulation amplitudes between 10 and 14 mV were used,
where lower amplitudes led to higher energy-resolution measurements. The modulation
amplitude is also known as the ac “wobble”, which oscillates the V; for example if the tip
V is set to 0.2 V and the modulation amplitude is 12 mV, the gap voltage will “wobble”
between 0.188 and 0.212 V at a frequency of 1 kHz during the measurement. The
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modulation amplitude should be lower than the scanning V so that the wobble does not
overwhelm the tip (which causes the tip to crash). It is good practice to turn the wobble
down and unplug the lock-in while not making measurements as to not overwhelm the tip
with the lock-in signal.
For dI/dV point spectra, the dI/dV signal is recorded as a function of V. When
recording dI/dV spectra, the number of points taken within a spectrum should be large to
make measurements with high energy resolution (~100 for a 1 V sweep). The raster time
(time between each point in the spectrum) should be long (~500 ms), but longer raster
times allow for more drift. The points and raster time are set in the Ext2(V) window in
the Matrix program, and the spectra are only recorded when that channel has been
selected. On the lock-in amplifier, the time constant is a gauge for how fast the lock-in
makes measurements and should be between one-half and one-third of the raster time so
that the program can record several full periods of the modulation. The phase of the
signal is set by the autophase selection on the lock-in. The lock-in should be autophased
at the tunneling I at which the experiment will be run and a V that is the midpoint of the
V sweep. The sensitivity is generally set to 200 mV so that the lock-in signal in the xchannel is ~25% of the saturation level. When the aforementioned settings are
appropriate, the correct tunneling I should be set, and the scanning V should be the
starting V for the V sweep. I vs. V and dI/dV vs. V spectra are recorded simultaneously to
make sure that the I vs. V curves are linear during dI/dV vs. V measurements on metals.
To record dI/dV images, the Ext2 channel should be selected in the Matrix
program. The imaging raster time is increased to ~20 ms and the points and lines per
image are set to ~200. The time constant is set to be a fraction of the raster time (10 ms)
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on the lock-in. Typically, the image is taken at a constant I and V, at which the lock-in
should be autophased. All other lock-in settings should be similar to those used for dI/dV
spectroscopy.

2.2.2 Current vs. Time Curves

Even at 7 K, some processes occur faster than the time scale of STM imaging
(~0.01 Hz), such as the rotation of single surface-bound molecules. Our group has
measured the tunneling current as a function of time (I(t)) to record the rotation of
molecular rotors with a time resolution greater than 1000 Hz.3 With this technique, the tip
is hovered over the rotor and the feedback loop, which normally regulates the tip-sample
distance, is turned off during the measurement. Over time, the I fluctuates as molecular
rotational events occur under the tip due to the exponential relationship between the
tunneling I and the tip-sample distance. If the tip is placed asymmetrically over one lobe
of the rotating molecule (as discussed in Chapter 6), three distinct current states arise in
I(t) curves due to the three distinct orientations the molecule may lie on the hexagonally
packed surface, making it possible to “watch” the molecule rotate using the STM tip.
Each time the molecular orientation changes, the tunneling I switches to one of the three
distinct current states and the rotational rate is determined by counting each switching
event in the I(t) curves. The data in Chapter 6 shows the rotational rate dependence on
temperature. For these experiments, the sample was resistively heated using a LakeShore
331 temperature controller and measurements were made every 0.1 K. When annealing
with the LakeShore, the heater should never be operated in the “high” power mode as this
could cause damage to the delicate internal STM wires. By increasing the temperature
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slowly (0.1 K), the drift was easily controllable and the same set of molecules could be
tracked over a 10 – 15 K anneal. The upper limit for LT-STM stage anneals is 40 K
above the base temperature; however, the rotor molecules were only annealed to a
maximum of 25 K, after which the rotational rate was too rapid to be measured via I(t)
curves.

2.2.3 Atomic Manipulation

Atomic manipulation experiments may be conducted to relocate individual atoms
or molecules on the surface. These experiments work well at low temperatures because
diffusion of the atoms or molecules that are moved is limited. Chapter 6 shows an
example of atomic manipulation experiments using thioether molecules. In general for
moving molecules, the STM tip is brought very close to the molecule on the surface by
increasing the current and decreasing the voltage. While maintaining these conditions, the
tip position is changed with the feedback loop on and then normal scanning conditions
are reapplied, which moves the tip away from the molecule, leaving it on the surface in a
new location. Upon using the correct manipulation conditions, the interaction between
the tip and the molecule will cause the molecule to move with the tip to the new location.
It is best to start with mild manipulation conditions and work up to more perturbative
conditions (high I, low V) so that the tip or sample is not ruined by an accidental
indentation. On a side note, we have found that when working on a surface with a high
coverage of molecules, the atomic manipulation capability works very well to fix or
change the tip in small confines, since large, clean terraces are generally the best place to
fix the tip.
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2.3 Variable Temperature STM

The VT-STM is kept at RT unless low temperature experiments are running. The
tip is always at RT and only the temperature of the sample is varied. The T differential
between the tip and the sample leads to drift, so it is very important to let the drift
minimize before taking data. The VT is capable of imaging between 30 and 500 K and
the annealing and cool-down procedure follow.

2.3.1 Annealing Procedure

The sample can be annealed and scanned in the STM stage up to 500 K. An
integrated heater element allows radiative sample heating and is controlled by a SL 100
power supply. The power supply should not exceed 0.5 A or 8 W and is operated in
constant current mode. For large changes in temperature (> 20 K), the tip should be
retracted approximately 15 steps to ensure that it does not crash into the sample. A good
trick for monitoring the tip-sample distance is to leave the z-piezo fully extended by
pressing “forward” on the remote box. In the Matrix software, if the z-piezo is fully
extended and safely far from the surface, the tip appears yellow. As the tip gets closer to
the surface, it turns green and is in danger of crashing (or has crashed) into the surface
when it is red. When the temperature is stable after annealing, the tip can be approached,
but it is important to maintain a safe distance between the tip and the sample to prevent
crashing. The sample temperature fluctuation should be limited to ~0.1 K per image
while scanning at elevated temperatures to decrease thermal drift. It is possible to scan
and track one area of the surface while annealing, however it is time consuming and
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patience is required to increase the temperature slowly and reposition for drift in the x, y,
and z directions.

2.3.2 Cooling Procedure
2.3.2.1 Cool-down

Before cooling down, the condition of the tip and sample should be checked and
then the tip should be retracted. The VT-STM chamber is equipped with a CryoVac
Konti-cryostat for controlling the flow of coolant. The geometry of liquid helium dewars
is necessary for cooling with a rectangular (or U-shaped) transfer rod. There is a black
needle valve on the He(l) transfer rod, which will be referred to as “Valve A”. The
transfer rod is lowered slowly into a He(l) dewar with Valve A closed, keeping the
pressure in the dewar below 3 psi. The output end of the transfer rod is then carefully
lowered into the flow cryostat and tightened in place. At this point, the dewar should be
located close to the STM table in order to reduce strain on the transfer rod, but not
touching the table, to decouple from additional noise. There are two valves on the flow
cryostat, a black coarse “Valve B” and a silver needle valve, and a pressure gauge for the
cryostat line. Initially these two valves are closed. An Edwards rotary pump is attached to
the cryostat. When the transfer rod is inserted in the dewar and the cryostat, the pump is
turned on and the line is evacuated (pressure < 0 mbar) using Valve B. With Valve B
closed, Valve A is opened to fill the line with helium to 1000 mbar. Valve A is closed
and the line is again evacuated using Valve B to flush the line at least three times before
cooling.
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The fast cool-down procedure is the used, in which the silver valve is opened to 7
mm and then Valve A is opened to fill the line to ~200 mbar. Valve B can then be
cracked opened slightly, so that the pressure decreases, but does not drop to 0 mbar. The
temperature is monitored using a LakeShore 331 Temperature Controller, which outputs
two temperature readings: TA is the cryostat temperature, which is measured by a Si
diode thermocouple and TB is the sample temperature, measured by a Pt100 sensor. The
cryostat is coupled to and cools the sample via a permanent copper braid in the STM
chamber. When the STM stage has cooled to the desired temperature (~30 K for LT
experiments), the flow of He(l) should be decreased to minimize helium waste while
maintaining a constant temperature. The flow is decreased by fully closing Valve B and
adjusting the silver valve and Valve A simultaneously to reach the desired temperature
and the pressure in the cryostat line should be between 600 and 800 mbar. When the
temperature is stable (∆T/min < 1 K), the tip can be approached for scanning.

2.3.2.2 Annealing the Cold Sample

It is possible to counter heat with the LakeShore in order to maintain a constant
low temperature above 30 K. As with the LT, when annealing with the LakeShore, the
heater should never be operated in the “high” power mode as to not cause damage to the
STM. The VT experiments conducted at LT were stable at 30 K and therefore the counter
heating process was not used.
The fastest way to anneal the cold sample in the VT STM stage is to reduce the
flow of He(l) by closing Valve A and gently anneal the stage using the SL 100 heater
with the tip retracted at least 10 steps. When approaching the desired temperature (read
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by TB), the heater is turned down and off, and Valve A is opened to begin cooling the
stage. Temporarily opening Valve B will speed up the cooling process. To anneal the
sample to RT, the tip is fully retracted and with the stage stably in the “up” position, the
sample is transferred to the carousel for 30 mins, then transferred back to the cold STM
stage to cool down for 30 mins before scanning.

2.3.2.3 Ending the Cool-down Process

To warm the stage to RT, the tip must be retracted. Valve A is closed to shut off
the flow of He(l) and Valve B is opened to evacuate the CryoVac line. When TB > 100 K,
the transfer rod may be removed from the dewar and cryostat. The transfer rod should be
stored with Valve A open. The CryoVac line is then plugged and evacuated before the
silver valve and Valve B are closed and the rotary pump is turned off.

2.4 Sample Preparation
2.4.1 Spot Welding

In order to introduce single crystal samples into the STM chamber, they must be
affixed to an Omicron Mo or Ta sample plate. Stainless steel sample plates are never
used because they can not be annealed. Single crystals are spot welded onto the sample
plates with thin Ta strips holding the sample in place. The sample is held upside down in
the STM stage, so it must be extremely secure. The single crystals in the Sykes lab are
designed to have an elevated polished face to make spot welding easy. Figure 2.1 shows
the general shape for single crystals with an elevated polished face. Figure 2.2 shows the
geometry for a single crystal spot welded to a sample plate.
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Figure 2.1: Single crystal schematic. The dimensions for single crystals with an elevated
polished face are 6 mm x 3 mm x 1.5 mm. The polished surface is 3 mm x 3 mm.

Figure 2.2: Spot welded single crystal schematic. Ta strips (dark gray) are spot welded
over the lower sides of the single crystal to keep it in place on a sample plate (gray). This
schematic shows a top view of single crystal (yellow) with an elevated polished face.

Before spot welding the crystals to the sample plate, it is important to practice on
a sample plate to find the appropriate settings for securely spot welding the strips to the
plate. When spot welding, a second person should be present to hold a sheet of Ta foil
between the spot welding electrodes and the single crystal face, without touching or
scratching the surface, to block any sparks from landing on the sample surface. When
finished, the spot welding electrodes are discharged and the power is turned down and
off.
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2.4.2 Sample Cleaning

The Au and Cu samples used for the experiments in the following chapters were
cleaned with consecutive Ar+ sputter and anneal cycles. To clean, the sample is
transferred to the sputtering position and the turbo pump should be on and spinning up
for at least 10 mins. The preparation chamber ion pump is turned down and off with the
gate valve to the STM chamber closed, and the turbo is opened to the prep chamber. The
Ar line is flushed and filled three times to 10 psi. The sputter gun controller is turned on
to the appropriate settings (1 keV, 1 turn focus) and the prep chamber is backfilled with
1.3x10-5 mbar Ar. At these conditions, the target I should be 12 – 15 µA. Generally, the
procedures are very similar, but the subtle variations for instruments and samples will be
highlighted in the following sections. It is important to note that if the pressure increases
beyond 8x10-5 mbar, the sputter gun will enter in a self-destructive discharge mode. The
pressures should therefore be kept around 1x10-5 mbar while sputtering.

2.4.2.1 Sputtering and Annealing

Both Omicron prep chambers have ISE 5 cold cathode sputter guns for sample
cleaning. The target current readout on the LT is on the electronics panel. The target
current on the VT is measured via the black ground wire (which grounds the sample
holder on the horizontal manipulator). The black ground wire should be attached to the
horizontal manipulator unless the target current is being measured. The single crystals
were prepared by 30 mins of Ar+ sputtering (1.0 keV/12 µA) at RT, followed by
annealing to 1000 K for 15 mins, then sputtering for an additional 20 mins at elevated
temperatures, and finally annealing to 1000 K for 10 mins. The 30 min sputter/anneal
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cycles were performed ~12 times upon receiving the crystals, followed by the
30/15/20/10 sputter/anneal cycles between each STM experiment. Au/mica samples
(Molecular Imaging) were prepared by a short two min Ar+ sputter (1 keV/12 µA)
followed by a two min anneal at 850 K. Optical and STM investigation of the Au/mica
samples showed that after five cleaning cycles, the samples began to degrade and were
then discarded.
The cleaning cycles vary slightly by instrument due to the two different heaters.
The LT prep chamber is equipped with a PBN resistive heating element and the VT prep
chamber has an electron bombardment (e-beam) heater. The sample should not be
sputtered and annealed simultaneously in the VT prep chamber, as high pressures can
cause plasma degradation of the e-beam heater. The sample is, however, sputtered and
annealed at the same time for the 20 min sputter cycle on the LT.

2.4.2.2 Sputter Gun Details
2.4.2.2.1 Calibration

The ISE 5 sputter gun operates at Ar+ beam energies up to 5 kV and a focus that
can be rotated 10 turns clockwise from the ‘zero’ position. The sputtering position for the
sample is calibrated using a ZrO2 ceramic plate that is held on a sample plate with carbon
tape. The ceramic sample is only kept in the UHV system while the calibration procedure
is in process. Initially the horizontal manipulator is adjusted so that the sputter gun is
aimed directly at the ceramic plate and the sputter cycle is started following the normal
sputtering procedure. The ceramic sample is used for calibration because it glows when it
is sputtered. However, if the room is dark enough, the plasma beam can be seen and
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therefore any sample can be positioned if the beam is visible. The ZrO2 plate makes the
process easier and the position does not require recalibration unless the sputter gun is
dismantled. The Ar+ plasma is easiest to see at high beam energies, so the calibration
process is started at 5 kV with the main lights off. The position and focus are adjusted so
that the Ar+ beam is centered on the sample for all integer beam energies from 1 to 5 kV.
The sample position (x, y, z, and angle) and focus settings are recorded for each integer
beam energy. If it is difficult to see the plasma at low beam energies, block all sources of
light (hall lights, computer monitors) and temporarily turn off the ion gauge, if the sputter
pressure is stable, to see the beam more clearly.

2.4.2.2.2 Maintenance, Dismantling and Cleaning

After extensive use, the sputter gun performance begins to fail, as indicated by a
decrease in the target current. At first the target current will fluctuate between normal and
below normal and will eventually drop to zero. Inevitably, the sputter gun will need to be
removed, dismantled, cleaned, and reassembled, but before that point, there are various
methods for increasing the lifetime of the sputter gun temporarily. If the target current is
low or zero, the sputter gun may work again at its full potential if the beam energy is
slowly increased to 5 kV and then the focus is slowly increased to 10 turns. If there is still
no target current readout, it is sometimes helpful to continue adjusting the energy and
focus settings until obtaining a target current. At 5 kV, the plasma should be visible, so it
helps to have one person monitoring the target current and plasma beam while another
person adjusts the settings. Occasionally, the target current should be checked at the
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normal settings (1 kV, 1 turn focus) to see if the target current has returned to normal (12
– 15 µA) since the target current will be different for different settings.
If adjusting the beam energy and focus settings is unsuccessful, the target current
may recover when the sputter gun flange is gently tapped with a wrench. The sputter gun
magnet (seen in Figure 2.3) can be removed to tap the gun, but the magnet should be
replaced to check the target current. It helps to try tapping the gun at a high beam energy
so that the beam can be monitored visually. If the target current does not recover, the
sputter gun will need to be cleaned. A schematic of the sputter gun while off of the
chamber is seen in Figure 2.3. The magnet should be removed before taking the sputter
gun off of the chamber, but is shown in Figure 2.3 to indicate the external side. The BNC
connections are shown for reference when looking at the gun from two angles (Figures
2.3 and 2.4). There are many different screws and small pieces on the sputter gun, which
should be kept separate on a labeled piece of aluminum foil. When the sputter gun is on a
dust-free, clean piece of foil on the bench top, the earthed cover screws (1) are removed
first to pull the earthed cover away from the flange. Next, the ion flight tube mounting
ring screws (2) and the earthed cover are removed, revealing the flight tube underneath,
which is still connected to the flange via delicate electrical and gas connections and
should be treated with care.
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Figure 2.3: First stage of sputter gun dismantling. This figure is modified from the
Omicron NanoTechnologyTM ISE 5 Ion Source and NG ISE 5 Control Unit User’s
Guide.4

The electrical wires are then disconnected while keeping track of where the wires
belong for reassembly. The cathode “C” wire is connected to one of the gas cell end cap
screws (4), the energy “E” wire is connected to one of the anode centering ceramics
screws (5) and the focus “F” wire is connected to one of the focus centering ceramic
screws (3). Figure 2.4 shows a schematic of the flight tube extended just beyond the
flange, without the electrical connections. When the gas supply tube is removed from the
gas cell end cap, the flight tube should be free from the flange.
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Figure 2.4: Second stage of sputter gun dismantling. This figure is modified from the
Omicron NanoTechnologyTM ISE 5 Ion Source and NG ISE 5 Control Unit User’s
Guide.4

The wire retaining ring holding the flight tube aperture in place can be removed
with pliers and the aperture should be removed gently. It is made from carbon, cracks
easily, and should not be forced. Removing the focus centering ceramics screws (3) will
release the floating focus element. The gas cell end cap screws (4) are taken off to pull
the gas cell end cap, ceramic disc, ceramic tube, and carbon rear aperture off (as seen in
Figure 2.5). Finally, the anode centering ceramics screws (5) are removed, which release
the floating anode, anode shell, and second carbon aperture, shown in Figure 2.5. It is
important to note that the focus element and anode are very similar in shape, but the
focus is longer than the anode.
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Figure 2.5: Schematic for anode assembly.

The anode, anode shell, ceramic tube, and disc and focus element should be
sonicated in ethanol. The anode and focus can be scrubbed with Scotch-BriteTM and
resonicated in ethanol to remove residue. Debris in the gas cell end cap and flight tube
can be tapped out or wiped out with cotton bud dampened with ethanol. When the sputter
gun components have been thoroughly cleaned, they should be reassembled with new
ceramic pieces for the focus and anode centering ceramics screws (3 and 5). Figure 2.5
shows the assembly for the anode: the carbon aperture, anode and anode shell are
reassembled together. Alignment kits are used to reattach the anode and focus to the
flight tube, and the electrical connections should be replaced at this time so that the anode
and focus are not released while trying to attach the wires later. The flight tube fits best
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when all of the electrical wires are connected are on the same side. Although this is a
tedious and frustrating step, the screws should be firmly attached (but not over tightened,
as the ceramics will crack) or otherwise the pieces may come loose and the sputter gun
will not work. When the anode, focus, E, and F wires are securely reassembled, the
carbon rear aperture, ceramic tube, disc, and gas cell end cap can be assembled (Figure
2.5). The disc should be centered in the bottom of the gas cell end cap, otherwise it will
not fit on the end of the flight tube and it should not be forced. The C wire is reconnected
with the gas cell end cap screws (4). The flight tube aperture, wire retaining ring and gas
supply tube can then all be gently replaced. Care should be taken not to force or crack the
aperture or form kinks in the gas tube.
At this point, the flight tube should be completely reassembled. The flight tube is
then lowered into the sputter gun flange and twisted gently to make all of the wires and
gas tube fit. After the earthed cover and screws 2 are replaced, the earthed cover can be
reattached to the flange with screws 1. The sputter gun is then ready to be placed back on
the UHV chamber with a new copper gasket. The newly aligned sputter gun will need to
be recalibrated, and it is important to remember that initially there may not be a target
current. Running through the calibration procedure and especially running at a high beam
energy typically helps to get the sputter gun working normally.
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2.4.3 Alloys

In order to study bimetallic alloys, the samples must be prepared in the prep
chamber after cleaning by vapor depositing a dopant metal onto the substrate of interest.
Filaments are prepared by hand to be used as metal vapor deposition sources. This
section describes the procedures for filament preparation and calibration.

2.4.3.1 Filament Preparation

The basic steps for filament preparation are shown in Figure 2.6. To prepare a
filament, a small piece of 99.9+% pure W wire (0.25 mm diameter, 8.5 cm long) is used
as the base. A hand drill is held in place with a table clamp and the W wire is secured in
the drill vertically. A very thin, 99.9+% pure wire (~0.125 mm diameter) of the dopant
metal is wrapped in a tight coil around the W. To initially get the metal wire attached to
the W, either a small knot is tied or the two are gently spot welded together. Spot welding
causes to the W wire to become brittle and break, so it should be done sparingly. The drill
works very efficiently to wrap the metal wire around the W, but the metal wire should be
held tight to make very small coils (step 1 in Figure 2.6). Tweezers can be used to gently
compress the coil down the W wire so there are no gaps (step 2 in Figure 2.6). When the
first layer is 2 mm long and in the center of the W wire, additional layers are added one at
a time until there are 3 to 4 layers of tightly-wound coils (step 3 in Figure 2.6). The
metal-wrapped W wire is then removed from the drill and the central part of the wire is
wrapped 3 times around a very clean, small nail to make a filament (step 4 in Figure 2.6).
Finally, the filament is sonicated in ethanol.
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Figure 2.6: Filament preparation steps. In the first step, the metal wire is wrapped
around a W wire in a single, tight coil. In step 2, the coil is compressed so there are no
gaps in the coil. In step 3, multiple layers of the metal wire are coiled, layer by layer. In
the fourth step, the metal-wrapped wire is coiled to make a filament.

The filament is attached to an UHV feed through flange with extension rods to get
the source as close to the sample as possible without colliding into the horizontal
manipulator. The filament, extenders, and feed through rods are all linked with vacuumcompatible Cu-Be barrel connectors. A shield made from Ta foil is generally spot welded
around the filament so that the metal does not coat the inside of the chamber. A cap with
a pinhole is spot welded to the shield, so that the pinhole is directly above the filament.
The entire assembly should be carefully cleaned and measured to ensure that the source
will not collide with anything in the prep chamber.

2.4.3.2 Filament Calibration

The metal source must be calibrated after it is housed in the UHV chamber. The
power of the filament is slowly increased until it begins to glow, which is usually easiest
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to see with the main lights off. The calibration process generally begins with the power of
the source set so that the filament is glowing. With the sample or a blank sample plate in
the deposition position, the source is degassed at a constant power for four mins. While
the source degasses, the following information is recorded every minute: the base
pressure in the prep chamber, the pressure and power settings for the source during the
degas, and the pressures at the end of the degassing cycle.
After degassing the source, the sample is cleaned and then the metal is deposited
on the clean sample for three mins while recording all of the same information every
minute including the sample temperature. The sample is then scanned using STM to
visually check for the presence of the dopant metal. If the sample still looks clean (i.e.
Au(111) has the characteristic herringbone reconstruction and there is no sign of
alloying), the power of the source should be increased for the next degas and deposition
until the filament is depositing the desired amount of metal on to the substrate.

2.4.4 Molecular Dosing

With the sample (pure metal or alloy) clean and characterized, adsorbates may
then be dosed and studied. Molecular dosing lines should be cleaned, assembled, and
filled with a small amount (~2 mL) of a high purity (99+%) liquid sample and the line
should hold a vacuum overnight. The liquid sample is further purified by
freeze/pump/thaw cycles, by dipping the dosing tube in liquid nitrogen (only to submerge
the liquid sample, not the entire line) and evacuating it while the sample is frozen. As the
liquid thaws, bubbles emerge, releasing the air and any high vapor pressure impurities in
to the space above the liquid. Each time the freeze/pump/thaw cycles are repeated, fewer
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bubbles emerge as the sample becomes more pure. The cycles are repeated until bubbles
do not emerge for three consecutive cycles. The dosing tube is then ready to be attached
to the leak valve line on the STM chamber (for collimating dosing on to the cold sample).
Before dosing, the tip should be conditioned on a clean surface and able to scan at
the appropriate imaging conditions, usually low I for molecules. The ionization cross
section (ICS) of the molecule of interest should be calculated in order to determine the
appropriate dosing time and pressure. The dosing procedure is calibrated for styrene in
the LT chamber, which has an ionization cross section of 19 Å2, assuming an incident
electron energy of 100 eV, as calculated from the National Institute of Science and
Technology (NIST) website for Electron-Impact Cross Sections for Ionization and
Excitation.5 The molecule to be dosed is usually not present in the NIST library but can
be built from fragments. The ionization cross section for the molecule at 100 eV can then
be compared to that of styrene. When styrene was dosed at 7 K, a 0.3 L dose resulted in a
0.3 ML coverage, where 1 L = 1.3x10-6 mbar·s. If the new molecule has a calculated
ionization cross section of 38 Å2, a 0.6 L dose would be required to get 0.3 ML coverage,
assuming the molecules that land on the surface will stick at 7 K and the density
(molecules/cm2) is similar to styrene:
38Å 2 new
x0.3L styrene dose = 0.6L new dose
19Å 2 styrene
To begin the dosing procedure, the tip is approached far from the collimated
dosing line so that it will not shadow the surface. The tip is left scanning during the dose
to avoid dosing molecules on to the end of the tip. The dosing line is evacuated and filled
with the sample three times before dosing. The valve to the liquid sample is opened to the
leak valve and the leak valve is slowly opened until the appropriate pressure has been
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reached. The leak valve should be adjusted to maintain that pressure for the duration of
the dosing time, which is dictated by the desired coverage. At the end of the dose, the
leak valve is closed, the liquid sample valve is closed, the tip is retracted, and the dosing
line is evacuated. The tip is then approached closer to the doser to interrogate the surface
for adsorbates. The baseline pressure, dose pressure, and duration are all recorded.

2.4.4.1 Dosing Hydrogen

Hydrogen was dosed (for experiments in Chapter 9) in the prep chamber as to not
expose the piezoelectric scanner to hydrogen. A gas cylinder of ultrahigh purity H2 was
connected to a leak valve on the prep chamber, which was collimated to point directly at
the surface. After cleaning or metal vapor deposition was completed, the sample was
moved into position for hydrogen dosing. With the turbo on and opened to the prep
chamber, the prep ion pump was turned off and left off for 5 mins. Next, the turbo was
closed and simultaneously the chamber was backfilled with H2 (1x10-6 to 1x10-7 mbar).
At the end of the dose, the leak valve was closed and the turbo was opened to the prep
chamber. When the pressure had recovered to 10-8 mbar, the prep ion pump was turned
on and the turbo was closed to the prep and turned off.

2.4.4.2 Pre-dosing Oxygen

After our initial hydrogen doses, there were issues with the cleanliness of the
bimetallic alloy samples, as Pd supported in Cu readily dissociates molecular hydrogen
(as demonstrated in Chapter 9). In order to remove the background hydrogen before
making Pd alloys, the prep TSP was flashed and oxygen was pre-dosed in the prep
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chamber. To begin this procedure, the TSP was flashed one time, and the turbo was
turned on to allow for spin-up time. An ultrahigh purity oxygen line was connected to a
prep leak valve, then flushed and filled to 40 psi at least two times. The prep ion pump
was turned off and oxygen was dosed into the prep chamber in three quick bursts (~1 s)
at a pressure around 1x10-7 mbar. The leak valve was then fully closed and the oxygen
line was evacuated. The chamber was left unpumped for 30 mins before it was opened to
the turbo. The ion pump was turned on when the pressure in the prep chamber had
recovered.

2.5 Venting procedure

If the UHV STMs need to be vented, a general procedure applies. The Matrix
control box must be turned off. There is a dangerous pressure regime called the corona
region (1x10+1 mbar to 1x10-3 mbar) which causes damage to the scanner piezoelectric
material if the electronics are connected. The ion pumps and ion gauges should be off for
at least 5 mins before venting the chambers to N2(l). Nitrogen is a better option for
venting than air because it will react less with the ion pumps and helps to keep water
vapor from entering the chambers. Rubber hosing can be attached to a vent valve and
submerged in a dewar of liquid nitrogen to vent. The venting process should be very slow
and controlled. The vent valve on the VT prep chamber was removed because it was
defective. In this case, the load lock is evacuated and then opened to the prep chamber
right before venting through the load lock vent valve to N2(l). The VAT gate valves
should never be opened if there is a pressure differential on them.
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For short vents, where the instrument is vented, fixed or adjusted, and pumped
down within a few hours, the instrument is backfilled with Ar when open. A slight
positive pressure of Ar decreases the amount of air that enters the chamber, thereby
keeping water vapor out. If this technique is properly executed, the pressures will recover
from pumping down rendering a bake-out unnecessary. Extreme caution must be used
with this procedure as reaching a positive pressure in UHV chambers is very dangerous.
To fill the chamber, an Ar gas cylinder is connected to a vent valve on the chamber after
it has been vented using N2(l) and a balloon is used to monitor the Ar pressure in the line.
After all but two opposite bolts have been removed from the flange that will be taken off,
the Ar pressure is increased to ~1 psi on the cylinder’s regulator and Ar is leaked into the
chamber via a vent valve. The flange and old gasket are removed immediately and
replaced with the new flange and a new gasket. The Ar pressure is decreased as two
opposite bolts are tightened on the new flange. This is typically a four-person job in order
to keep the process smooth. One person regulates the Ar pressure, one person opens and
closes the vent valve, one person removes the old flange, and the fourth person replaces
the new flange. If it is expected that the instrument will be vented for a day or longer, the
Ar positive pressure procedure is not used and the chamber is baked.

2.6 Bake-out procedure

Before baking the instrument, all copper gaskets should be replaced with new
gaskets for the ports that were opened and the flanges should be evenly tightened. The
gate valves between the STM and prep chamber, and the prep chamber and load lock
should be opened. The interlock override is turned off before the turbo is turned on and
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immediately opened to the prep chamber via the pneumatic valve. The pneumatic valve
will not open if the interlock is overridden. After an hour of pumping, the pressures
should be at least ~1x10-5 mbar. All leak valves lines are evacuated before any plastic
extensions are removed. The o-rings on the top of the cryostat (VT) and inner dewar (LT)
are removed. All of the cables are cleared from the table and replaced with bake-out
cables. The instrument and table are cleaned with Windex to remove dirt, dust, and
especially fingerprints. All of the viewports are covered with double layers of aluminum
foil. Any plastic or rubber is removed from table, including the non-bakeable black valve
between the turbo and load lock on the VT and the inner dewar plug on the LT. The
bake-out shields are wiped down and placed on the table. The maximum bake out
temperature is 150ºC. Generally, the STMs are baked at 130ºC for at least 72 hours.
When the bake-out is over and the instrument is at RT, the TSPs can be flashed 3
times a day, and when the temperature below the table is at RT, the ion pumps are turned
on to 3 kV. The process of turning the ion pumps on can be a long and tedious one,
depending on how long the instrument was open to air. It is important to keep an eye on
the pressures until the ion pumps are stable for 30 mins. Even then, an eye may need to
be kept on the pressures depending on how much trouble the ion pumps had turning on.
When the ion pumps work stably on their own at 5 kV, the turbo pumps can be valved
off. Day-to-day, the TSPs only need to be flashed once if the base pressure is greater than
1x10-9 mbar region, but the TSP should not be flashed in the STM chamber if the STM
stage is at low temperatures.
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2.7 Power Outages

The annual planned power outages pose a threat to the UHV chambers. As such,
the following procedure outlines how to deal with the days when the power is off (usually
on the Saturday of Memorial Day weekend from 6 am to 6 pm). The Friday before, the
TSPs are flashed in all chambers three times, but not in the LT-STM chamber if it is at
low temperatures. All leak valves lines are evacuated and the Matrix computers and
electronics boxes are turned off before turning off the ion gauges, ion pumps and the
electronics racks. The 3-phase sockets are unplugged after the racks are off. All
computers are shut down and everything is unplugged from the wall to avoid damage
when the power is cut and restored. The compressed air is turned off and the valves are
closed in both labs. If the LT-STM is at low temperatures, the coolant is filled before
leaving for the night.
On Saturday after the power has been restored, the 3-phase sockets are plugged in
and the electronics racks are turned on, only if the ion gauges and ion pumps are off first.
The compressed air valve is opened and turned up to 60 psi for the pneumatic gate valve.
If the LT-STM is at low temperatures, the coolant is filled. The turbo pumps are turned
on and should spin up for at least 10 mins. If the pressures are less than 1x10-8 mbar, the
ion pump in that respective chamber is turned on and up to 5 kV. If pressure is greater
than 1x10-8 mbar, the chamber will need to be pumped by the turbo. If the chamber needs
to be initially pumped by the turbo, the ion pump for that chamber may be turned on and
up to 5 kV when the pressure has recovered. The interlocks will need to be overridden in
order to restore power to the TSP controllers. The TSPs should be flashed two times in
each chamber (except the LT-STM chamber if it is at a low temperature).
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Chapter 3: Extraordinary atomic mobility of Au(111) at 80 Kelvin; Effect
of Styrene Adsorption
This chapter describes how the presence of styrene, a weakly adsorbed molecule,
dramatically restructures the Au(111) surface at temperatures as low as 78 K. The
restructuring manifests itself both in mobility of step-edge atoms, as well as changes in
the position of the herringbone reconstruction over time. These effects are explained in
terms of the preferential adsorption sites of styrene allowing it to assist in atom
detachment from step edges, as well as lowering of the energetic barrier for movement of
the herringbone reconstruction. Our results indicate that one cannot assume that the
atomic structure of the surface is static in the presence of weakly adsorbed molecules,
even at temperatures as low as 78 K.

3.1 Introduction

Because of gold’s intrinsic inertness, most molecules adsorb weakly on Au and do
not restructure the surface. The exception to this rule lies in molecular overlayers that
form strong bonds to Au, such as thiol self-assembled monolayers which, upon
adsorption convert the 22 × √3 reconstruction back to the 1 × 1 pattern.4 In most
experiments in which Au is used to study molecules it is in either its 22 × √3 or 1 × 1
form, and the surface is considered to be a static lattice of atomic sites.
Previous STM work has demonstrated that the Au(111) surface can restructure at
room temperature, but only under perturbative scanning conditions.5,6 Palmer and coworkers used STM to study bare Au(111) under “high field” conditions (I = 30 nA, V = 1.5 V) and observed the restructuring of herringbones, as well as the growth of thin
monolayer high gold islands (so-called “fingers”) from step edges at room temperature.5,6
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The authors explained that this atomic motion originated from electric field induced atom
detachment from step edges. The authors also noted that under “low field” conditions
(<0.1 nA, <1.0V) the surface showed no restructuring after prolonged periods of
scanning. Movement of the herringbone reconstruction on bare Au(111) was also
reported by Avouris and co-workers, but only after they removed surface atoms with the
STM tip.7 The effect was explained in terms of motion of surface atoms in order to
minimize stress around the defect created by the tip.7

3.2 Results and Discussion

Here we present STM results that demonstrate that the presence of styrene, a
weakly adsorbed molecule (61.5 kJ/mol)8 allows Au(111) surface restructuring to occur
at 78 K and under “ultra-low field” scanning conditions. All images tracking surface
reconstruction were recorded at 2 pA and 0.6 V to minimize any influence of the tip.
The effect of styrene adsorption on the structure of the Au(111) surface was
studied by time-lapse STM imaging at 78 K. Figure 3.1 shows a set of four representative
images taken from a series of 152 images recorded over 2.5 h of 0.03 monolayers (ML)
of styrene adsorbed on Au(111). The pairs of bright lines are the soliton walls of the
herringbone reconstruction of Au(111), and the small protrusions (three of which are
highlighted by white arrows in Figure 3.1b) are styrene molecules adsorbed at the elbows
of the herringbone reconstruction. The two large protrusions on the right hand side of the
four images are clusters of styrene which serve as “landmarks” to show that the images
are from the same area of the surface. These images demonstrate at temperatures as low
as 78 K, while scanning under ultra-low field conditions (-0.6 V, 2 pA), the presence of
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styrene causes motion of the soliton walls to occur. Our control experiments show this
same restructuring was not observed at 78 K in the absence of styrene under the same gap
conditions.

Figure 3.1: Atomic Au herringbone motion at 78 K. Time-lapse STM imaging of 0.03
ML styrene on Au(111) at 78 K. Soliton walls appear as raised lines and their positions
change over time. Imaging conditions: -0.6 V, 2 pA. The time between each image is
approximately 4 minutes.

In addition to the motion of the herringbones, we also observed that the presence
of styrene dramatically alters the shape of Au terraces and islands. Figure 3.2 shows two
STM images of 0.03 ML styrene on Au(111) at 78 K taken from a set of 400 images. The
elevated areas of both images are Au terraces, one atomic layer high. It is clear from
these images that over the course of 2.7 h, the Au islands in the center of the image have
reduced in size (white arrows in Figure 3.2a) and gold fingers (see white arrows in Figure
3.2b) have grown out from the upper terrace. The Au fingers have a width of 5 nm, and a
height of 0.24 nm, corresponding to the height of a monatomic Au step and in exact
agreement with those reported by Palmer and co-workers.5,9 Rearrangement of the
herringbone reconstruction is also observed in Figure 3.2. It is clear from these data that
the presence of styrene lowers the energetic barriers for both atom detachment from step
edges and for movement of the herringbone reconstruction.

48

Figure 3.2: Atomic Au step motion at 78 K. Two STM images taken 2.7 hours apart (0.03
ML styrene on Au(111) at 78 K) showing the growth of one atomic layer high gold
islands, so-called “fingers” (white arrows in Figure 3.2b). Depletion of atoms from the
highlighted Au islands is shown by the white arrows in Figure 3.2a. The insets show the
motion of styrene molecules adsorbed at the top of step edges. Imaging conditions: 0.6 V,
2 pA.

To investigate the mechanism by which styrene promotes surface restructuring we
studied the adsorption site of styrene. Figure 3.3 shows that styrene preferentially adsorbs
at sites above step edges. The white line across Figure 3.3 corresponds to the line scan in
the inset, which indicates that styrene molecules are adsorbed above the step edge and the
insets in Figure 3.2 show that they are mobile. Atom detachment from step edges is the
rate limiting step for the motion of step edges and island rearrangement.10 Therefore, we
postulate that the presence of styrene molecules above the step edges lowers the energetic
barrier for Au atom detachment from the step edges by stabilizing the transition state that
involves a Au atom in a low coordination state.11,12 Due to the Smoluchowski effect
(Figure 3.3) step edges have electron depleted areas above them and electron rich areas
below.13 The fact that styrene adsorbs preferentially above the step edges means that
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styrene, like benzene, acts like a nucleophile and donates charge to Au atoms, thereby
stabilizing them as they detach from step edges.14

Figure 3.3: Styrene adsorption at Au step edges. Styrene acts like a nucleophile and
adsorbs preferentially at the top of Au step edges. Styrene donates charge to the step edge
is depleted due to the Smoluchowski effect.13 Imaging conditions: 0.8 V, 10 pA, 78 K.

Figure 3.4 illustrates how styrene preferentially adsorbs at the elbows of the
herringbone reconstruction where edge dislocations are present. Figure 3.4a shows an
STM image of two atomically resolved edge dislocations on a bare Au surface. Edge
dislocations are areas of a surface where an atomic row is missing and locally two atomic
rows must meet up with three rows, leaving coordinatively unsaturated atoms. Figure
3.4b shows an area equivalent to that in 3.4a after deposition of 0.03 ML styrene. It is
clear that the edge dislocations serve as nucleation centers for adsorption of styrene.15
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Figure 3.4: Styrene adsorption at edge dislocations. Figure 3.4a shows atomic resolution
of bare Au(111) before styrene is deposited. Edge dislocations (darker spots) are present
at the elbows of herringbone reconstruction. Figure 3.4b shows an equivalent area after
styrene deposition in which styrene is imaged as a bright protrusion. Imaging conditions:
(a) 0.5 V, 100 pA (b) 0.6 V, 80 pA.

For an explanation of how the herringbone reconstruction moves, we turn to a
similar system consisting of 2 ML of Cu on Ru(0001).16,17 Extensive simulations and
experiments have been performed and show that this system also has a mismatch between
the top and second atomic layers resulting in the formation of pairs of soliton walls.16,17
Data from these studies reveals that the greatest energetic barrier to motion of a soliton
wall is not the movement of the straight part of the soliton wall, but the propagation of
the edge dislocation present at the elbow across the surface, and that this barrier is of the
order 1 eV.16 This is why, even at room temperature, motion of the herringbone
reconstruction is not observed, except under perturbative scanning conditions.5,6 As we
only observe the motion of the herringbones when styrene is present, we postulate that
the presence of a styrene molecule adsorbed above the edge dislocation allows the
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position of the edge dislocation to move across the surface by interacting favorably with
the coordinatively unsaturated atoms there.
In addition to styrene, the effect of benzene and the fully saturated molecules
ethylcyclohexane and cyclohexane were investigated. To study the influence that each of
the molecules had on the Au(111) surface at 78 K, STM movies were recorded for
several hours. Great care was taken so that a new tip was used with each molecule, and
the molecular dosing lines were flushed before doses to decrease the risk of
contamination. The movies were diligently checked for signs of Au motion which was
observed in 75% of the styrene movies, 0% of the ethylcyclohexane movies, 24% of the
cyclohexane movies and 40% of the benzene movies. It was concluded that styrene
induced the greatest amount of atomic mobility while monitoring the Au(111) surface
after adsorption. Benzene had a larger effect than the fully saturated molecules. From
these data we can infer that the presence of unsaturated molecules, even when weakly
adsorbed, have a stronger effect on restructuring the Au(111) surface than their saturated
counterparts. This supports our hypothesis that the electron rich π-system is responsible
for enabling Au atom rearrangement that leads to surface restructuring.
To summarize, our findings point towards the fact that the Au(111) 22 × √3
surface restructures in the presence of styrene, even at 78 K. Styrene preferentially
adsorbs at specific locations on the surface and assists in atom extraction from step edges
as well as lowering the energetic barrier for movement of the herringbone reconstruction.
These results have important implications for work in which the Au(111) surface is used
as a support for or contact to molecules.
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3.3 Additional Experimental Details

All experiments were performed in the LT-UHV STM on a Au/mica sample. The
herringbone reconstructed surface is the most stable surface structure and exists up to
1250 K.18 Liquid styrene (99.9% purity) was obtained from Sigma Aldrich and was
further purified by cycles of freeze/pump/thaw prior to introduction to the STM chamber
via a leak valve. Styrene was deposited on the sample at 78 K by a collimated molecular
doser. Coverages quoted are with respect to the full monolayer (1 ML) being one styrene
per 6 surface Au atoms. No temperature programmed desorption data exist for styrene on
Au(111) however, benzene desorbs from Au(111) at 239 K, which correlates to a
Au/benzene bond strength of 61.5 kJ/mol.8 Due to their structural similarity, we assume
that styrene also binds to Au(111) with a similar strength.
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Chapter 4: Dipole-Driven Ferroelectric Assembly of Styrene on Au(111)
By studying styrene, a simple hydrocarbon with a weak dipole moment, we have
investigated ferroelectric ordering and ferroelectric transitions at the single-molecule
level. LT-STM imaging of individual styrene molecules reveals their internal structure
and hence the orientation of their dipole moment parallel to the Au(111) surface. At near
monolayer coverages, both local ferroelectric ordering of the molecules and long-range
antiferroelectric ordering of the domains are observed, and the dipole−dipole interaction
energies are quantified. A piezoelectric transition from ferroelectric to paraelectric
ordering is observed upon further increase of the coverage. The effect of the STM tip in
randomizing ordered domains is also discussed. This work demonstrates that important
ferroelectric properties such as spontaneous polarization, long-range ordering, and
piezoelectricity can be achieved in nanoscale domains of a weakly polar molecule on a
metal surface.

4.1 Introduction

Ferroelectric materials have an interesting set of properties such as controllable
polarization, piezoelectricity, and non-linear optical and dielectric activity.1-3 As such,
they have been utilized for many applications like non-volatile random access memories,
sensors, capacitors, microactuators, and optical components.1-4 In recent years device
miniaturization has led to an interest in the development of smaller ferroelectric materials
with even faster switching times. This has raised questions about the relevant size effects
that lead to deviations from bulk properties and ultimately, cessation of ferroelectric
properties.2,3 Despite this, functional ferroelectric films with thicknesses in the nanometer
range have been successfully synthesized. Perovskite films as thin as 1.2 nm have been
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produced and shown to be ferroelectric.5 Also, copolymer films have displayed
ferroelectricity in 1 nm thick layers.6 There is, however, a current lack of understanding
of the finite domain size required for ordering to occur, the mechanism of ordering, and
the effect of the supporting surface on the ordering.2,3 Understanding the fundamental
nanoscale mechanisms of ferroelectric ordering and transitions is crucial for the
continued development of smaller and faster ferroelectric devices.
This chapter describes a study in which the ferroelectric properties of styrene, a
simple hydrocarbon molecule with a weak dipole moment supported on a Au(111)
surface, are investigated. The excellent resolution of LT-STM allows us to readout the
orientation of each individual molecule in an array and to investigate ferroelectric
ordering and ferroelectric transitions at the single-molecule level.
It is useful at this point to provide a brief description of common types of dipole
ordering exhibited by ferroelectric materials. Figure 4.1 shows the three simplest and
most common types of structure formed by polar particles. The dipole moments are
depicted by black arrows. Parallel alignment of all the dipoles leads to formation of a
domain with a net electric field, and is referred to as ferroelectric ordering (Figure 4.1a).
Anti-parallel alignment yields a domain with no net polarization and is called
antiferroelectric ordering (Figure 4.1b). Randomly arranged domains with no long-range
order also yield structures with no net field and are referred to as paraelectric structures
(Figure 4.1c).
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Figure 4.1. Common types of dipole ordering: Ferroelectric, antiferroelectric, and
paraelectric ordering.

4.2 Results and Discussion

Molecules have been shown to bind preferentially to hcp and fcc regions of the
surface and typically bind very weakly, or not at all to the soliton walls.7 We use this
effect to our advantage in these experiments to corral styrene molecules into small
regions and study their local ordering, as well as long-range interactions between these
regions.
Figure 4.2 shows STM images of a range of surface coverages of styrene on a
Au(111) surface at 7 K. The depressions (dark lines) running through the images are
soliton walls that separate the narrower hcp, and wider fcc regions of the herringbone
reconstruction. Figure 4.2a shows that at a coverage of 0.3 monolayers (ML), the styrene
molecules preferentially adsorb in the hcp and fcc regions, but not on the soliton walls.
The inset of Figure 4.2 shows a high-resolution image of four individual styrene
molecules in the fcc region. Each molecule appears pear-shaped and the molecules point
in random orientations. Figure 4.2b shows that upon increasing the coverage to 0.6 ML, a
few ordered structures begin to form in the hcp and fcc regions. Figure 4.2c shows that at
0.9 ML coverage all of the hcp and fcc regions of the surface are covered in an ordered
array of styrene molecules and that adsorption on the soliton walls is still not favored.
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The inset of Figure 4.2c shows a high-resolution image of four styrene molecules in the
fcc region. The molecules again appear pear-shaped and it is obvious that all four
molecules are orientated in the same direction.

Figure 4.2. Coverage-dependent STM images of styrene on Au(111) at 7 K. Insets show
high-resolution images of individual styrene molecules at the different coverages that
appear as “pear-shaped” protrusions. At coverages >0.5 ML, the styrene molecules orient
in ferroelectric domains in the hcp and fcc regions of the surface. Styrene coverages are
0.3 ML (a), 0.6 ML (b), and 0.9 ML (c). Imaging conditions: -0.5 V, 2 pA, 7 K.

Further STM imaging of the 0.9 ML surface coverage revealed that the styrene molecules
within fcc and hcp regions align with their long axes parallel to one another and that the
majority of the molecules in each region point in the same direction. Analysis of 1117
molecules revealed that 74 ± 4% of the molecules in fcc regions are oriented in the same
direction and similarly 68 ± 5% in the hcp regions. These results indicate that dipoledriven ferroelectric ordering of styrene is occurring within each region. A simple
Boltzmann distribution calculation reveals that the energy difference between a styrene
molecule aligned parallel and anti-parallel to its neighbors is 70 ± 15 J/mol in the fcc
domains and 50 ± 15 J/mol in the hcp domains. This small interaction energy is
consistent with the small dipole moment of styrene (0.1 D) that points toward the vinyl
group.8 The possibility that the ordering could be a consequence of the intrinsic strain
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field of the Au(111) surface,9-11 and not dipole-dipole interactions was also considered.
However, if this was the case then one would expect to observe styrene molecules
orienting in preferential directions at all surface coverages, as opposed to our
experimental finding that molecular ordering only occurs at coverages >0.5 ML.
Figure 4.3 shows an STM image of 0.9 ML styrene on Au(111) on which the
direction of each styrene molecule has been labeled with an arrow. Black arrows indicate
upward pointing molecules and pink arrows indicate downward pointing molecules. The
inset shows an expanded view of an fcc domain in which the orientation of each molecule
can be seen. It is obvious from these data that not only do styrene molecules order
ferroelectrically within hcp and fcc regions, but that long-range antiferroelectric ordering
of the domains is also present. An explanation of this phenomenon requires an
understanding of the growth mechanism of the domains. As we discussed, low coverages
of styrene molecules orient randomly. As the coverage increases, small ferroelectric
domains form within the hcp and fcc regions. In the far-field, the net dipoles of these
domains would be completely screened by the image charge of the metal surface.
However, due to the small distance between the hcp and fcc regions (~1 nm), the styrene
molecules in each domain experience asymmetric fields, and as the domains grow they
order with their net dipoles antiparallel to their neighboring domains. This leads to a
surface structure with small domains of ferroelectrically ordered molecules. Adjacent
domains orient antiparallel and give rise to a long-range antiferroelectric structure.
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Figure 4.3: Antiferroelectric domains of styrene on Au. STM image of 0.9 ML of styrene
on Au(111). The inset shows the internal structure of the molecules from which their
orientations are labeled with black or pink arrows, denoting upward or downward
pointing molecules, respectively. It is clear that most of the molecules orient in one
preferred direction (ferroelectrically) within each hcp and fcc domain, and that the
polarization of neighboring domains alternate antiferroelectrically. Imaging conditions: 0.5 V, 1 pA, 7 K.

The effect of further increasing surface coverage is demonstrated in Figure 4.4 in
which two areas of different local coverages are present in the same STM image. The
lower part of the image shows a typical area of 0.9 ML coverage with local ferroelectric
and long-range antiferroelectric ordering of the domains. The upper part of the image has
a higher local coverage close to 1 ML, in which the orientation of each styrene molecule
is randomized in a paraelectric structure. This is an example of a piezoelectric transition
in which the polarization of a material is changed by an applied force. The higher local
coverage of styrene molecules has crowded the surface and the styrene molecules can no
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longer adopt their energetically preferred orientations with respect to one another. This is
analogous to the transition of flat-lying to tilted benzene in densely packed monolayers
caused by short-range repulsive interactions.12 In the present case, crowding has led to a
disordered array of molecules with no net dipole.

Figure 4.4: Paraelectric transition of styrene ordering. STM image of an area of the
surface with two local coverages of styrene on Au(111). The lower part of the figure
shows an area of 0.9 ML coverage with local ferroelectric and long-range
antiferroelectric ordering. The upper part of the image shows an area where a higher local
coverage (~1 ML) has forced the molecules into random orientations. Imaging
conditions: -0.5 V, 1 pA, 7 K.

We also investigated the effect of the STM tip on the ordering of styrene by
taking STM movies, which consist of a series of images of the same area taken ~ 3 mins
apart. These data revealed that the tip has a randomizing effect on the ferroelectric
structures. Scanning an area, such as the one shown in Figure 4.3, induces small motions
of the individual molecules that subsequently “refreeze” in a different, random
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orientation. These results demonstrate that the ferroelectric ordering is an intrinsic
property of the styrene/Au(111) system and not an effect of the tip.
To summarize, our findings indicate that complex ferroelectric ordering can occur
in a simple system of weakly polar molecules on a metal surface and that STM can be
used to investigate molecular-scale ordering processes and transitions between different
structures. This type of system represents a robust setup with which to study dipoledipole interactions and ferroelectric assembly. By adding functional groups to styrene we
hope to alter its dipole moment and thus tune the dipole-dipole interaction energy. This
will allow investigation of the effect of dipole strength on the aforementioned
phenomena. We also plan on investigating the effect of external electric fields parallel to
the surface in an effort to switch the polarization of the ferroelectric domains externally
and study the dynamics of the switching process at the molecular level.

4.3 Additional Experimental Details

All experiments were performed with the LT-STM on a Au/mica sample. Liquid
styrene (99.9% purity) was obtained from Sigma Aldrich and was further purified by
cycles of freeze/pump/thaw prior to introduction to the STM chamber via a leak valve.
Styrene was deposited on the sample at 7 K by a collimated molecular doser. Coverages
quoted are with respect to the full monolayer (1 ML) being 2.12 styrene molecules per
nm2. All scanning voltages refer to the sample bias.
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Chapter 5: Hydrogen-Bonded Networks in Surface-Bound Methanol
Fundamentally, methanol represents one of the simplest molecules for
understanding extended hydrogen-bonded networks and from a practical perspective it
constitutes a very important chemical feedstock. The interaction of methanol with
transition metal surfaces is of relevance to many catalytic processes. Gold-based catalysts
show high selectivity for the partial oxidation of several species including most recently,
methanol. However, due to its weak interaction, it has not yet been possible to study
intact methanol adsorption and ordering on any metal surface with molecular resolution.
Using careful annealing treatments and low tunneling current VT-STM, we show the
basic bonding geometries of a range of hydrogen-bonded methanol structures as a
function of surface coverage and temperature on Au(111). Like ice, methanol forms
hexamer units, however at all but very low coverages, chain structures dominate. Unlike
the 2D honeycomb structure of ice which is interconnected by hydrogen bonds on
wettable metal surfaces, methanol chains interact weakly and actually repel one another
until forced into close contact at high coverages. We report the three basic geometrical
units of methanol that form the basis of all the observed structures. Annealing
experiments reveal the reversibility of the assembly and demonstrate that the reported
structures are thermodynamically formed.

5.1 Introduction

Hydrogen-bonded networks form the backbone of many complex and functional
structures in nature. While the transfer of geometrical order from the molecular to the
macroscopic level is not often well understood, this effect clearly dominates structural
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properties at many length scales. For example, the complex macroscale structure of
snowflakes ultimately derives from nanoscale ice crystallinity. Additionally, many
biological systems maintain their unique shape, crucial for functionality, with a
dynamical network of hydrogen bonds. Pioneering scanning probe research allowed the
adsorption and ordering of H2O on surfaces to be examined with high resolution.1-22
These studies revealed water generally forms ice-like hexagonal bilayers with (√3 x
√3)R30° periodicity on close-packed hexagonal metal surfaces.2-6,17,18,23 These bilayers

are based on a hexamer unit in which water molecules may bond to atop atomic sites on
the surface via a lone pair of the H2O oxygen.7,24-26 Hexamers, in which each water
molecule acts as a single H-bond acceptor and single H-bond donor, are the most stable
water structure at low coverages.4-6,12,24,25,27
While MeOH hydrogen-bonded networks have not yet been imaged with highresolution techniques, they are believed to be more complicated than water H-bonded
networks due to steric repulsion between neighboring methyl groups.28 The structure of
liquid MeOH is dependent upon H-bond interactions as well as hydrophobic interactions
due to the methyl groups.28 There is a long running debate over the nature of H-bonded
networks in liquid MeOH. Early molecular dynamics and Monte Carlo calculations
predicted that long, winding chains were the dominant structure for liquid MeOH,29,30
while density functional theory (DFT) calculations indicated that rings are more stable
than chains in liquid MeOH.28,31 X-ray emission spectroscopy (XES) in combination with
DFT calculations showed that both rings and chain structures were present in liquid
MeOH with a dominance of structures containing 6-8 molecules.32 Recently, Raman
spectroscopy combined with DFT calculations suggested that the most stable structures
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of liquid MeOH are trimer, tetramer, and pentamer rings.33 The crystal structure for solid
MeOH is described as hydrogen-bonded zigzag chains with the methyl groups pointed
outward from the H-O···H backbone.34
In terms of its surface chemistry, MeOH adsorbs molecularly on clean noble
metal single crystals (Au(111), Cu(111), Ag(111)).35-38 MeOH multilayers desorb from
Au(111) at 134 K and the monolayer desorbs at 155 K.35 Studies of MeOH on Au
indicate that Au(111) does not activate MeOH decomposition, unless it is pre-dosed with
atomic oxygen.35,38 Highly-kinked Au surfaces and particles are active for MeOH
decomposition.39-48 Oxygen-covered Au nanoparticles on Au(111) selectively couple
MeOH and aldehydes for methyl ester formation40 and catalyze MeOH esterification
reactions41 below room temperature. Nanoporous Au catalyzes the selective oxidative
coupling of MeOH to methyl formate with high selectivity.42 Au nanoparticles supported
on oxides are shown to be active catalysts for MeOH decomposition, indicating their
potential use for MeOH steam reformation.43-48
In this chapter, the assembly of MeOH in a number of unique structures from low
coverage up to a full monolayer is reported. Using VT-STM we attain snapshots of
molecular-scale structure at the range of temperatures over which temperature
programmed desorption (TPD) experiments indicate multi- and mono-layer desorption.
While all extended water honeycomb structures are derived of cyclic hexamers we show
that MeOH, although forming a variety of rings, adopts chain structures at all but very
low surface coverages. DFT calculations predict that MeOH binds to atop sites on
Au(111) via donation of a lone pair of electrons from the oxygen atom.49 Therefore, as
one of the oxygen lone pairs is involved in bonding, surface-bound MeOH can only form
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two H-bonds per molecule in any extended network in contrast to H2O which can form
up to three H-bonds when bound to metal surfaces (in accordance with Salmeron’s 2D ice
rules4,5).

5.2 Results and Discussion:

In order to fully explain our findings on Au, a brief discussion of the subtleties of
the Au(111) surface compression is warranted. The surface-most atoms contract such that
23 Au atoms are packed into a space equivalent to 22 bulk atoms, leading to local
compression (4.5%) in one of the three equivalent close-packed directions, referred to as
the compressed axes. The three equivalent second-nearest-neighbor directions are the √3
directions (see label in schematic in Figure 5.1b). One of these √3 axes is perpendicular
to the compressed axis, and is thus entirely uncompressed. The remaining two √3 axes
are at 30° angles to the compressed axis and therefore exhibit only partial compression
(3.9%).
After depositing sub-monolayer amounts of MeOH onto a Au(111) surface cooled
to 30 K, without any further annealing treatment, a variety of species formed as shown in
Figure 5.1. Even at temperatures as low as 30 K, MeOH was very difficult to image at
low coverage due to its weak adsorption strength on Au (40.6 kJ/mol for 0.2 ML; 38.4
kJ/mol for 1.0 ML)35 that led to STM tip-induced cluster motion. Care was taken to use
STM tips that had been tested on the clean metal surface to be capable of high-quality
imaging at very low tunneling currents (typically < 10 pA) that were least perturbative to
the molecules.
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The most predominant structures appear as rings in which six maxima are
observed, as shown in Figure 5.1a. These rings are positioned with their edges parallel to
the Au close-packed atomic axes indicating that their orientation is dictated by the metal
atoms of the surface. The measured width of the rings is 0.67 ± 0.06 nm and the fact that
they are hexagonal in shape is consistent with the rings being composed of six MeOH
molecules. As mentioned previously, DFT calculations predicted that MeOH binds at
atop sites and retains a roughly tetrahedral geometry around the oxygen atom.49 The atopatop oxygen spacing on Au(111) (0.28 nm, which is an average Au-Au spacing for the
reconstructed Au(111) 22 x √3 surface) lies close to the ideal hydrogen bond distance
(0.29 nm) expected for liquid MeOH H-bonded networks.32 As the adsorption site could
not be distinctively assigned from the STM images, we used the aforementioned data to
assign the MeOH H-bonded structures seen in Figure 5.1. A model for the MeOH
hexamer is proposed in Figure 5.1a. Interestingly, MeOH hexamers have the same basic
footprint as water hexamers on close-packed surfaces,50 where each molecule sits atop to
form a ring over six surface atoms and one bare atom remains in the center of the ring.
The STM image in Figure 5.1b shows the molecular-scale structure of the MeOH
chains present on the surface at this coverage. These chains run along the √3 direction of
the Au surface, 30° from the substrate close-packed direction, and high-resolution scans
reveal that they were composed of zigzag arrays of protrusions. Measurements indicate
that these protrusions coincide with the spacing of every other surface Au atom in the √3
direction (0.48 ± 0.02 nm). Assuming the chains are held together by hydrogen-bonded
networks with dimensions similar to the hexamers, the tetrahedral geometry of MeOH
dictates that methyl groups must point outward from the H-bonded backbone as shown in
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the model in Figure 5.1b. Importantly, these surface-bound zigzag chains are very similar
in geometry to the crystal structure for solid MeOH.34 Also, an analogy between these
MeOH chains, with their inner “hydrophilic” OH backbone and outer “hydrophobic”
methyl units, and much longer alcohol chains (C30H61OH) can be seen in the work of
Flynn’s group.51 The Flynn group observed domains of pure alcohols on graphite after
dosing mixtures of alcohols and alkanes, indicating the segregation of alcohols due to the
H-bonded network.
Also present on the surface in this first experiment are larger rings composed of
18 protrusions as shown in the STM image in Figure 5.1c. Just like the hexamers, these
rings align with the substrate’s close-packed axes. Assuming the same atop preferred
adsorption of MeOH, measurements of molecular positions within the 18-molecule ring
yields the model shown in Figure 5.1c. This structure can be thought of as wrapping a
chain (Figure 5.1b) of 18 MeOH molecules into a circle and flipping the orientation of
every third MeOH unit such that 12 methyl groups point outward and only six point
inward to relieve the steric hindrance between methyl groups. This geometry leaves a
hole in the center of the 18-mer ring, encompassing the area of almost seven Au surface
atoms which is occasionally seen to host another MeOH molecule (see fourth panel of
Figure 5.3). The fact that the centers of these 18-mer rings and the extended ring
structures seen later in this chapter were most often empty supports the model of their
proposed structure in which a core of methyl groups prevents any trapped MeOH
molecules from forming hydrogen bonds to stabilize themselves.
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Figure 5.1: STM images and corresponding models of the elementary structural motifs
for 2D H-bonded networks of MeOH on Au(111). In every structure each molecule acts as
both a H-bond donor and acceptor, and the measured intermolecular spacings match
those expected for hydrogen bonds. a) Hexamers: six MeOH molecules adsorbed atop
arranged in cyclic rings with the methyl groups pointed away from the center, thereby
reducing steric hindrance in the structure. Imaging conditions: -1 V, 5 pA, 30 K. b)
Chains: zig-zig formations of MeOH molecules H-bonded together with the methyl
groups pointed outward. Imaging conditions: -1 V, 4 pA, 30 K. c) MeOH cyclic cluster:
18 MeOH molecules H-bonded together yielding a structure with an interior and exterior
terminated by methyl groups. Imaging conditions: -1 V, 3 pA, 30 K. All scale bars = 1
nm.

TPD experiments indicate that multilayers of MeOH desorb from Au(111) at 134
K and monolayers desorb at 155 K.35 After annealing the MeOH/Au(111) sample to 139
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K, STM images revealed that 1 monolayer (ML) of MeOH remained on the surface and
that the predominant structure was the zigzag chains as shown in the larger-scale STM
image in Figure 5.2. The larger features visible in Figure 5.2 are the soliton walls of Au’s
herringbone reconstruction that appear as pairs of lines that run across the surface and
turn in 120° bends. Importantly, in all of the experiments with MeOH on Au(111), this
reconstruction remains intact and unaltered as is the case with weakly interacting
molecules.52 High-resolution images such as that displayed in the inset of Figure 5.2
reveal that the chains are arranged in pairs separated from neighboring pairs by a gap.
The average spacing between the tightly packed chains as seen in Figure 5.2 is 0.77 ±
0.03 nm, while the distance between equivalent points on pairs of chains is 1.55 ± 0.05
nm. As the schematic shows, high resolution images reveal that neighboring chains are
offset from one another, meaning that a unit cell must traverse two rows of MeOH chain
pairs to connect equivalent molecules, leading to a unit cell of 11 x √3. The MeOH chains
run in the √3 direction of the Au surface and the periodicity of the chains is disturbed in
the regions where there are elbows in the Au(111) herringbone reconstruction. These
elbows contain a crystallographic defect known as an edge dislocation, where there is
irregular lattice spacing in the vicinity of the elbow.53,54 On close inspection of multiple
images in which MeOH chains and the herringbone reconstruction of Au(111) 22 x √3
can be seen there appears to be a correlation between the MeOH chain direction and the
herringbone reconstruction, as the vast majority of the chains run in the two partially
compressed √3 directions. This indicates that the MeOH chains are more stable with
slightly closer molecule-molecule spacing than offered by the uncompressed √3 direction
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(0.48 nm versus 0.50 nm) and assemble in such a way to maximize the moleculemolecule interactions.

Figure 5.2: STM image of 1 ML of MeOH on Au(111) after a 139 K anneal. The larger
pairs of lines on the surface are the soliton walls of the Au 22 x √3 surface reconstruction,
whereas the smaller pairs of lines are the long MeOH zigzag chains. The MeOH chains
aligned 60° to the soliton walls, in the √3 direction of the underlying Au(111) lattice.
Interestingly, of the three possible √3 directions, high coverage MeOH chains only
occupy the two √3 directions in which the Au lattice is compressed by 3.9%, indicating
that this distance between MeOH molecules (0.27 nm as compared to 0.28 nm for
uncompressed) offered a more favorable hydrogen-bonding interaction. Scale bar = 5 nm;
imaging conditions: -0.8 V, 2 pA, 30 K. Inset: molecularly-resolved STM image of the
MeOH chains and a schematic of the molecular ordering, with the unit cell highlighted.
The two diagonal stripes in the STM image are the soliton walls of the Au surface
reconstruction. Scale bar = 1 nm; imaging conditions: -0.7 V, 15 pA, 29 K.
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Annealing to temperatures above 139 K results in MeOH desorption and a
progressive lowering of the surface coverage. Figure 5.4 shows two large scale STM
images acquired after 1 ML MeOH on Au(111) was annealed to 148 K and 153 K along
with corresponding high-resolution images showing molecular resolution of the MeOH
chains. The chains are aligned along the √3 substrate directions, and the moleculemolecule spacing along the side of the chain is 0.48 nm (i.e. √3 x Au-Au spacing in the
√3 direction) which indicates that they are still epitaxial on the substrate. After the 148 K

anneal, the average spacing between chains increases from 0.77 ± 0.03 (at 1 ML
coverage) to 1.5 ± 0.1 nm. The 153 K anneal leads to a further increase in the chain-chain
spacing (1.8 ± 0.1 nm), and the formation of extended rings and 18-MeOH rings.
Interestingly, every unit of the winding chains and extended rings observed in these submonolayer coverage images can be modeled using only the straight chain structure and
some portion of the 18-MeOH ring structure shown in the models in Figure 5.1. The
straight, regular chains form rings because the orientation of one or more MeOH
molecules is flipped to the opposite side of the chain, causing the chain to deviate by 60°.
In fact, the 18-MeOH structure can be thought of as a regular chain in which six MeOH
units have been flipped so that the chain turns into a ring.
The fact that annealing did not lead to the local formation of islands, but instead
to the development of uniform gaps between MeOH chains and rings that widened as the
coverage was lowered, is strong evidence for a repulsive interaction between MeOH
chains. We postulate that this repulsion could arise in one of two ways: 1) any charge
transfer from the MeOH molecule to the substrate will lead to the development of dipole
moments perpendicular to the surface.55,56 This renders the chains with a net charge and
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the substrate beneath with the opposite image charge. Dipole-dipole repulsion between
chains will then lead to the formation of gaps between chains as the surface coverage is
reduced. 2) Considering the charge distribution in a plane parallel to the surface, the
hydrogen-bonded core and methyl group exterior of the MeOH chains may carry
different net charges, leading to repulsive electrostatic interactions between chains.21
As the MeOH coverage decreases, the chains continue to preferentially lie in the
two most compressed √3 directions of the surface. Interestingly in Figure 5.3, as the local
direction of the soliton walls changes, the orientation of the MeOH chains shifts as well.
The chains lie across the herringbones, but do not run along the soliton walls as seen in
Figure 5.2. There are no soliton walls in Figure 5.3 that run in the vertical direction
(green line), but there are soliton walls that zigzag across the images horizontally (as
indicated by the directions of the yellow lines). Therefore, the most compressed direction
in the images in Figure 5.3 corresponds to the green line. It is immediately evident that
the majority of the chains at both coverages run in the orientation equivalent to the green
line, or in the most compressed direction.
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Figure 5.3: Coverage-dependent MeOH chain structures. Left panels: 30 K STM images
after a 148 K anneal that reduced the surface coverage to ~0.5 ML reveal a widening of
the gaps between chains and the formation of some extended rings. Right panel: 30 K
STM images after a 153 K anneal, where the majority of the chains convert to extended
rings. The space between the structures has further increased and the uniform distances
between them suggest repulsion between neighboring chains/rings. All scale bars = 5 nm;
imaging conditions: -0.8 V, 10 pA.

TPD experiments indicate that the MeOH monolayer desorbs with a peak
temperature of 155 K.35 Annealing the sample to 157 K induced the desorption of all but
a fraction of the MeOH layer (0.1 ML) and STM images such as those in Figure 5.4 show
that the only structures that remained on the surface were hexamers. The apparent
ordering of the hexamers in meandering lines as seen in Figure 5.4 can be explained by
their preferred adsorption in the fcc and hcp regions of the Au herringbone
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reconstruction.11,52,57,58 The hexamers did not cluster together, which again indicates a
repulsive interaction between MeOH structures. The larger protrusions in Figure 5.4 were
small 3D clusters of MeOH adsorbed at the elbows of the reconstruction that could not be
fully resolved. It is known that these elbow sites contain edge dislocations that adsorb
molecules more strongly, hence it is expected that larger clusters of MeOH nucleate at
these sites.11,57,59-62

Figure 5.4: After a 157 K anneal, only hexamers remain on the surface, preferentially
adsorbed in the fcc and hcp domains of the herringbone reconstruction. Small 3D
clusters of MeOH are adsorbed at the elbows of the reconstruction. Scale bar = 5 nm.
Inset: high resolution image of four MeOH hexamers after the 157 K anneal. Scale bar =
1 nm. Imaging conditions: -0.8 V, 3 pA, 28 K.

76

5.3 Conclusions:

By studying surface-adsorbed MeOH we have been able to interrogate its
tendency to form hydrogen-bonded networks with molecular-scale resolution. Unlike
liquid MeOH in which each molecule can form three hydrogen bonds, surface-bound
MeOH is only capable of two. Our results reveal that MeOH forms a variety of hydrogenbonded structures which can all be described by three basic units: the hexamer, the
straight chain, and a bent chain/ring in which a regular chain turns 60° by flipping the
orientation of a single MeOH molecule. The fact that MeOH hexamers form at low
coverage, convert to extended chains/rings at high coverage and are observed again after
the surface coverage is reduced indicates that they are indeed thermodynamically stable
entities. Chains are a stable and efficient way to pack MeOH at higher coverages and
resemble the hydrogen-bonded zigzag chains reported for solid methanol. The evolution
of the networks as a function of coverage indicates that there is a short-range repulsive
interaction between hydrogen-bonded structures. These conclusions indicate the tendency
for MeOH to bind to Au(111) surfaces (34.8 kJ/mol35) and form hydrogen-bonded
coverage dependent structures (13 kJ/mol30,63,64).

5.4 Additional Experimental Details

All experiments were performed on the VT-STM on a Au(111) single crystal.
Before cooling the STM stage with liquid helium via a flow cryostat, the base pressure in
the STM chamber was around 1x10-10 mbar. Pre-cooling the STM before the sample was
loaded decreased the pressure in the STM chamber (<5x10-11 mbar). Very low pressures
were required to ensure sample cleanliness for extended periods at low temperatures.
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Annealing experiments were performed in situ in the STM chamber with the STM tip
backed several µm away. 99.8+% ultrapure HPLC grade MeOH from Alfa Aesar was
further purified by freeze/pump/thaw cycles. MeOH was dosed directly on to the 30 K
surface via a collimated molecular doser in the STM chamber. All of the scanning
conditions are reported for the sample voltage. Sample temperatures measured in the
STM stage are accurate to within ±1 K. Etched W STM tips from Veeco and Omicron,
which were conditioned using voltage pulses over clean Au(111) surfaces, were used to
acquire images. A monolayer of MeOH is defined by the repeat unit of the extended
chain structure observed at high coverage (Figure 5.2) in which there is 1 MeOH
molecule per 2.75 Au atoms.

5.5 Future Directions

At 30 K, rings and chains were the most stable structures on Au(111). These
aforementioned experiments were all conducted on the VT-STM which has a lower
temperature limit of ~30 K. On the LT-STM however, MeOH could be dosed onto the
surface at a lower temperature, which would slow down molecular diffusion, in order to
attempt to image units smaller than hexamers. Small regions of the surface could be
tracked during gentle thermal anneals to induce diffusion and watch H-bond assembly.
Diffusion events can be recorded as a function of cluster size to investigate if the
formation of a H-bond weakens the MeOH-Au bond.
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Chapter 6: A Quantitative Single-Molecule Study of Thioether Molecular
Rotors
This chapter describes a fundamental, single-molecule study of the motion of a set
of thioethers supported on Au surfaces. Thioethers constitute a simple, robust system
with which molecular rotation can be actuated both thermally and mechanically. LT-STM
allowed the measurement of the rotation of individual molecules as a function of
temperature and the quantification of both the energetic barrier and pre-exponential factor
of the motion. The results suggest that movement of the second CH2 group from the S
atom over the surface is responsible for the barrier. Through a series of single-molecule
manipulation experiments we have switched the rotation on and off reversibly by moving
the molecules towards or away from one another. Arrhenius plots for individual dibutyl
sulfide molecules reveal that the torsional barrier to rotation is ~1.2 kJ/mol, in good
agreement with the temperature at which the molecule’s appearance changes from a
linear to a hexagonal shape in the STM images. The thioether backbone constitutes an
excellent test bed for studying the details of molecular rotation at the single-molecule
level.

6.1 Introduction

Molecular motors are ubiquitous in nature; they perform tasks as varied as
organizing the cellular cytoplasm by vesicle transport (i.e. kinesin or dynein) to powering
the motion of cells (i.e. the bacterial flagellar motor) and even driving whole body
locomotion through muscle contraction.1 In stark contrast to nature, current manmade
devices (with the exception of liquid crystals) make no use of nanoscale molecular
motion. This is due in part to a gap in the understanding of how individual molecular
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components behave in the face of opposing forces such as friction, thermal fluctuations,
viscosity and coupling to neighbors. The majority of current understanding of molecular
rotors has been generated by synthesizing complex organic structures and studying their
properties in solution.2-7 Complex functionality has been developed that allows either
chemically-driven2 or photon-driven6 unidirectional motion. Simulations have also
revealed many important aspects of the complex workings of both the biological and
chemical systems.8-12
In nature, motors operate at interfaces and thus surface-mounted rotors offer the
most potential for nanoscience.13 Therefore, mastering the properties of surface-bound
rotors is the next logical step towards harnessing their utility. Studying the rotation of
molecules bound to surfaces offers the advantage that a single layer can be assembled and
monitored using the tools of surface science. This approach allows for the engineering of
artificial molecular machinery that can respond to electrical and optical stimuli and
perform useful work such as driving fluid flow. One of the earliest surface studies of
thermally-induced molecular rotation of PF3 on Ni(111) was reported by the Yates group
in 1987.14
The first scanning probe measurements of individual rotational events were made
in 1993 when the STM tip was used to induce the rotation of antimony dimers on a
Si(001) surface.15 Gimzewski performed the first study of the rotation of a single
molecule. His group found that individual porphyrins in an ordered network could be
manipulated into vacancies where they spun very fast at room temperature (>30 kHz) and
then reversibly locked back into position in the network.16,17 Over the last 10 years
several other groups have studied the rotation of porphyrins on surfaces with STM.18-24
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Temperature-dependent imaging has allowed the rotational barrier to be quantified19,20
and Lambert and coworkers demonstrated that rotation could be actuated by adsorbing a
simple ligand that lifted a static porphyrin off the surface and allowed facile rotation.21
Apart from porphyrins there is only a small amount of data on the rotation of
surface-bound molecules. Ho and co-workers studied O2 molecules on Pt(111) and found
that the molecule had three equivalent orientations on the Pt(111) surface.25 Single
electrons with energy >0.175eV were found to induce rotation of the molecule. The same
group also studied acetylene on Cu(100) and found that excitation of the C-H bonds via
inelastic electron tunneling (IET) increased rate of rotation.26 Acetylene was used by the
Salmeron and Kawai groups to investigate rotation.27,28 Kawai also reported the IET
induced rotation of cis-2-butene motion on Pd(110).29,30 The Michl group has made many
contributions to the surface-mounted rotor field by combining theory and
experiments.13,31-37 This group measured the dielectric response of monolayer films of
chloromethyl- and dichloromethylsilyl dipolar rotors on fused silica as a function of
coverage and modeled the barrier heights with molecular mechanics.36 The group has
also synthesized both polar and non-polar rotors and shown that the electric field
produced by an STM tip can be used to produce an orientation change only in the polar
rotor.38
Other work of particular relevance to this chapter are studies by the Bartels group
who studied halogenated thiophenol molecules on a Cu(111) surface.39,40 They found that
the molecules rotated freely at temperatures as low as 15 K until the S-H bond was
cleaved by tunneling electrons and rotation ceased. The Yates group observed similar
rotation of CH3SH on Au(111) and used DFT calculations to explain the low barrier to
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rotation.41 In both studies the rotating molecules appeared in the STM images as
hexagons due to the preferred orientations of the molecules on the three-fold symmetric
Cu and Au surfaces.
This chapter describes a simple rotor system of thioether (RSR) molecules of
varying length which bind to the Au(111) surface through a S-Au bond (the axle) and the
alkyl tail (rotor) interacts weakly with the surface. A variety of commercially available
thioether molecules allows the length of the thioether, and hence the moment of inertia of
the molecular rotor, to be varied in a controlled manner.

6.2 Results and Discussion

Au(111) was chosen as a support for thioethers due to both its inertness and the
strength of its bonds to S-containing molecules. Initial experiments on the rotation of
thioether molecules involved depositing the molecules on the cold Au(111) surface, then
studying their appearance in the regular STM imaging mode as the sample was slowly
heated. Figure 6.1 shows an STM image of 0.08 ML of dibutyl sulfide deposited at 7.6 K
and imaged between 7.6 and 25 K. At 7.6 K the molecules appeared linear and positioned
in three preferred orientations that align with the close-packed directions of the Au(111)
substrate. Scanning for several minutes at 7.6 K yielded no change in appearance or
motion of the molecules, therefore, the conditions used for imaging (0.3 V, 10 pA) did
not perturb the molecules. The sample was then slowly warmed at ~1 K per minute and
continuously imaged. By constantly correcting for thermal drift the same set of molecules
could be tracked over a temperature range of ~50 K. Figure 6.1 reveals that at a
temperature of ~10 K the images of the molecules became streaky and at a temperature of
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25 K the molecules no longer looked linear but appeared hexagonal in shape. It is
important to note that the molecules all remained in exactly the same area of the surface
and hence the same adsorption sites during the warming experiments. Restricting the
translational motion of the molecules via a strong S-Au bond meant that the only type of
motion detectable via STM was rotation. This rotational motion of dibutyl sulfide should
be reasonably facile, as the alkyl tails are only weakly interacting with the Au surface.
Therefore, we attributed the molecules’ change in shape as being due to the onset of
rotation of the molecules about the central S-Au axle as the temperature was raised. Two
other groups have reported similar STM images of rotating molecules. Bartels and
coworkers studied a set of benzene thiols on Cu(111) and found that their hexagonal
appearance in STM images resulted from registry of the molecule in the six equivalent
directions of the Cu(111) surface.39,40 Voltage pulses from the STM tip allowed the S-H
bond to be cleaved and the covalent S-Cu bond formed tethered the molecule in place and
halted the rotation.40 Yates and coworkers performed a study of methanethiol on Au(111)
and found that even at 5 K the intact molecule rotates and appears hexagonal in shape in
STM images.41,42
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Figure 6.1: STM images showing thermally induced rotation of dibutyl sulfide. Imaging
conditions: 0.3 V, 10 pA.

STM movies of dibutyl sulfide at 78 K revealed that even at this elevated
temperature (~ 60 K above the onset of rotation), the molecules diffuse across the surface
very slowly (~0.1 Hz) compared to the rate at which they spin (~1x107 Hz at 78 K). This
diffusion rate was calculated by counting the hopping rate of molecules in time-lapse
STM imaging experiments. The rotational rate at 78 K is too fast to be measured by
STM, therefore, the rotation rate at 78 K was calculated by extrapolating the Arrhenius
plot in Figure 6.6.
The fact that the molecules rotate quickly and translate slowly makes them an
ideal test bed for the study of surface-bound molecular rotation. Another piece of
evidence that supports the interpretation that the hexagonal appearance of the molecules
is due to rotation is that upon cooling, the molecules return to imaging as linear shapes.
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Care was taken during the heating experiments to image with gap conditions that did not
perturb or rotate the molecules. It was found that while using voltages between 0.2 and
0.35 V and tunneling currents less than 50 pA the molecules could be imaged for many
hours without perturbation of their shape or position. Measuring molecular rotation using
non-perturbative conditions is crucially important in terms of quantifying the thermallyinduced motion of molecules without error due to tip-induced rotational effects.
A discussion of any type of rotational motion typically begins with the rigid rotor
model.43 This simple model assumes that the rotor is composed of two point masses
connected by a rigid rod. Macroscopically one would expect that the longer the rotor (and
the larger its moment of inertia) the more thermal energy it would require to begin
rotating. Quantum mechanically however, the solution to the rigid rotor problem reveals
that increasing the moment of inertia will decrease the energetic gap between ground and
first rotationally excited state, and hence longer, heavier rotors should have their excited
rotational levels populated at lower temperatures than shorter, lighter rotors. The rigid
rotor model works well for quantifying gas phase molecular rotation, however, as it
assumes a flat torsional potential it is not necessarily accurate for describing surfacemounted rotors, for which the interaction with the surface imposes a non-zero torsional
potential.13 These systems are much better described in terms of the height of the
torsional barrier which dictates the onset of thermally induced rotational motion.
In order to investigate the effect of the rotor’s size (or more technically its
moment of inertia) on its rotational barrier, a series of thioethers from dimethyl to dihexyl
sulfide was studied as a function of temperature. When studying thioethers with different
tail lengths, just as with dibutyl sulfide, scanning conditions were used that did not cause
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tip-induced rotation. Figure 6.2 reveals the effect of temperature on this set of molecules.
At 7.6 K all of the molecules, with the exception of dimethyl sulfide, imaged as linear
shapes which corresponds to the molecules being static on the surface. Dimethyl sulfide
imaged as a hexagon (rotating) under all scanning conditions (-0.05 ≤ V ≤ -1 V / 2 ≤ I ≤
1000 pA) and all temperatures studied (7.6 – 78 K). Interestingly diethyl, dibutyl and
dihexyl sulfide all began to rotate fully at 16±2 K.

Figure 6.2. Thermal activation as a function of carbon chain length. STM images
showing thermal activation of thioether rotors: dimethyl, diethyl, dibutyl, and dihexyl
sulfide. Temperatures in the right column indicate the onset of rotation. Scale bar = 1 nm.
Imaging conditions: 0.3 V, 9 pA.
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This result reveals that dimethyl sulfide has a very low barrier to rotation, whereas
all the other molecules have roughly the same energetic barrier to rotation. As expected
neither the classical nor quantum mechanical picture for the rigid rotor accurately
describes the behavior of the thioether rotor system. Clearly the interaction of diethyl,
dibutyl and dihexyl sulfide with the surface imposes a torsional potential that governs the
rotational motion of the molecules. These results can be understood by considering the
conformation of the molecule relative to the surface. Dimethyl sulfide has just two
methyl groups that point up off the surface, whereas diethyl, dibutyl and dihexyl sulfide
have two or more carbons in the alkyl tail in which the second carbon atom points down
at the surfaces (Figure 6.3). The fact that the jump in energetic barrier occurs after adding
a second carbon to the chain indicates that the barrier to rotation originates from the
motion of this CH2 group over the surface (Figure 6.3). Dimethyl sulfide’s geometry
renders it with a very low barrier (<0.5 kJ/mol) and almost unhindered rotational motion.

Figure 6.3: Schematic of dimethyl, ethyl, and butyl sulfide on a Au surface.

The fact that all the molecules larger than dimethyl sulfide begin to rotate at the
same temperature suggests that the most significant contribution to the energetic barrier
comes from the interaction of the second carbon of the alkyl chain with the surface and
that adding additional CH2 groups to the alkyl tail does not affect the torsional barrier
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significantly. Molecular dynamics simulations indicate that as the alkyl chain length
increases, the interaction of the molecule with the underlying surface and the flexibility
of the molecule increases.44 These two factors effectively cancel each other and as a
result the activation energy for rotation is constant for diethyl, dibutyl and dihexyl
sulfide.
It is also interesting to note that the shorter molecules (dibutyl sulfide and
smaller) image as hexagonal shapes when rotating, whereas images of rotating dihexyl
sulfide were less defined even with sharp STM tips and the molecules appeared as
roughly circular shapes. The “sharpness” of an STM tip refers to the resolution with
which it can image a nanometer-scale feature such as a molecule. Sharper tips reveal
more internal resolution of surface features and molecular adsorbates. The fact that even
sharp tips never image dihexyl sulfide clearly is most probably due to the longer alkyl
tails of dihexyl sulfide having more degrees of freedom and being less rigidly locked to
the surface in three equivalent orientations than the shorter thioethers.
In order to test the possibility of actuating molecular rotation mechanically,
molecular manipulation experiments were performed. Figure 6.4 shows an STM image of
dibutyl sulfide molecules at 78 K. The arrow in the upper left image shows how the STM
tip can be maneuvered to shift one rotating molecule towards a group of three static
molecules that are locked together by van der Waals interactions between the alkyl tails.45
The molecular manipulation was achieved by moving the tip over the rotating molecule,
reducing the tunneling voltage to 0.05 V and increasing the current to 120 nA, moving
the tip to the desired location, and then returning the gap to normal scanning conditions.
The feedback loop remained on during the whole manipulation procedure. Inspection of
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the right image in Figure 6.4 reveals that the dibutyl sulfide molecule has stopped
spinning and joined the chain. This is because as the molecules were brought together
they were attracted by van der Waals forces between the alkyl tails and this interaction
hinders each others rotation.45,46 Our data revealed that this process was reversible; if a
molecule was pulled off a static chain at 78 K, it began to rotate again. Using similar
procedures, straight rigid chains of >10 molecules were built and then disassembled back
into rotating monomers at 78 K.

Figure 6.4. Mechanical control of rotation. STM images showing how the rotation of an
individual dibutyl sulfide molecule can be switched off by maneuvering it towards a
static chain of three molecules. Imaging conditions: 0.3 V, 15 pA, 78 K.

In order to measure the rate at which dibutyl sulfide rotated as a function of
temperature, tunneling current versus time (I vs. t) experiments were performed. As the
molecule rotated, the alkyl tails passed under the STM tip causing the tunneling current
to fluctuate. If the tip was placed asymmetrically to the side of one of the six lobes of the
molecule, the tunneling current alternated between three discrete values (see Figure 6.5).
These three values corresponded to the three inequivalent orientations of the molecule
with respect to the STM tip. This point refers to the position of the tip with respect to the
molecule as it rotates beneath it. At rest, the molecule appears linear, whereas the
spinning molecule images as a hexagon, therefore, the molecule resides more often in
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three orientations on the surface. In order to distinguish between the three orientations
using I vs. t spectroscopy the tip was placed slightly to the side of one of the three
positions. This break in symmetry yielded three distinct levels of tunneling current (as
shown in Figure 6.5) that correlate with the three inequivalent orientations of the
molecule with respect to the tip. The highest tunneling current corresponded to the
orientation of the molecule (shaded in yellow) almost directly under the tip (black dot).
The next highest tunneling current corresponded to the molecule lying in the orientation
shaded in blue and the lowest current reading came from the molecule lying at an angle
that left it furthest from the tip (shaded in red). These three-state I vs. t curves allowed the
direction of rotation of individual molecules to be monitored over many 100s of rotations.
As would be expected from the 2nd law of thermodynamics, it was found that thermal
excitation gave a random progression of rotational direction.10-12 The molecule essentially
flipped randomly between states with no knowledge of the previous state.

93

Figure 6.5. Monitoring single molecule rotation using the STM tip. Tunneling current as
a function of time (I vs. t) plots indicate changes in the position of the alkyl tail of the
thioether with respect to the STM tip and hence the rotation rate of the molecule. The I
vs. t curves reveal three levels of tunneling current that correspond to the three
inequivalent orientations of dibutyl sulfide (blue, yellow and red) with respect to the
STM tip position (black dot). STM images like that shown allowed the tip to be placed
asymmetrically over the molecule for I vs. t measurements.

Performing I vs. t experiments while heating the sample allowed for the
measurement of the rate of rotation of individual molecules as a function of temperature.
Care was taken to record this data under tunneling conditions that did not excite the
molecule. An Arrhenius plot for dibutyl sulfide in an fcc region on Au(111) is shown in
Figure 6.6. These measurements yielded an activation barrier (E) of 1.2 ± 0.1 kJ/mol and
an attempt frequency (A) of 7 x 107 ± 0.3 Hz for molecules in the fcc areas of the
Au(111)surface. A comparison of the rates measured by I vs. t curves and the
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temperature-dependent imaging experiments shown in Figure 6.1 reveals that the two
methods for measuring the thermal activation of molecular rotation are comparable and
the results do not contradict each another. In regular STM imaging mode the molecules
appear as hexagons when they start to rotate faster than the imaging rate. The data in
Figure 6.1 was recorded at a scan rate of ~10 lines/sec. This meant that a molecule
rotating at a rate >1000 Hz appeared to be in all three equivalent positions on the
timescale of scanning and imaged with a hexagonal shape. Placing this rate in the
Arrhenius equation along with the activation energy and attempt frequency derived from
the Arrhenius plots gave a rotational onset temperature for dibutyl sulfide of 13 ± 2 K, in
good agreement with the value (15 ± 2 K) measured by regular STM imaging as a
function of temperature in Figure 6.1. This comparison of methods for measuring the rate
of rotation of a molecule as a function of temperature demonstrates that, while the
Arrhenius approach is more accurate, both temperature dependent imaging and Arrhenius
measurements essentially monitor the same phenomena, namely the onset of molecular
rotation as a function of temperature.
Attempt frequencies that differ from the normal range (1010 - 1013 Hz) often give
clues to the mechanism by which the motion occurs. Assuming a potential that is
proportional to the square of the rotational angle and has a maximum value of 1.2 kJ/mol
at ±30º from the minima, classically one would expect an attempt frequency around 1011
Hz for the present system. The low attempt frequency (7 x 107 ± 0.3 Hz) measured
experimentally for dibutyl sulfide hints at a multi-step process leading to molecular
rotation. The fact that the molecule is symmetric means that both rotor arms must
overcome the torsional barrier simultaneously and in phase with one another. We
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hypothesize that this constraint is responsible for the low A value measured
experimentally and are currently performing experiments with asymmetric thioether
rotors to further investigate this phenomenon.

Figure 6.6. Arrhenius plot for the rotation of an individual dibutyl sulfide molecule in an
fcc area on the Au(111) surface. Rates are obtained from switching events in I vs. t curves
at each temperature under non-perturbative tunneling conditions.

6.3 Conclusions

Monitoring the thermally-induced rotation of a set of symmetric thioethers with
variable temperature STM revealed that the second CH2 group from the S atom is
responsible for the barrier to rotation in molecules larger than dimethyl sulfide. Through
a series of controlled manipulation experiments the rotation could be switched on and off
reversibly by moving the molecules towards or away from one another. When two
dibutyl sulfide molecules are in close contact, their rotation becomes hindered due to van
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der Waals interactions between the alkyl tails. Tunneling current versus time spectra
taken at specific locations on the molecules revealed three distinct states from which the
orientation of the molecule and the direction of its rotation could be measured. Arrhenius
plots for individual molecules revealed that the barrier to rotation was 1.2 ± 0.1 kJ/mol, in
good agreement with the temperature at which the onset of rotation was observed in the
regular STM imaging mode. The thioether backbone serves as an excellent test bed for
studying the fundamentals of surface-bound molecular rotation. Future work will involve
the study of dipolar rotors, asymmetric rotors, molecules functionalized with groups that
impart an asymmetric torsional potential, and rotational coupling between adjacent
molecules.

6.4 Additional Experimental Details

All STM experiments were performed in the LT-STM on a MaTecK Au(111)
single crystal. All images were recorded with etched W tips and voltages refer to the
sample bias. Thioethers (between 99.9 and 99.95% purity) were obtained from Sigma
Aldrich and were further purified by cycles of freeze/pump/thaw prior to introduction to
the STM chamber via a leak valve. The molecules were deposited on the sample by a
collimated molecular doser while the tip was scanning. All coverages are quoted in
monolayers (ML), where 1 ML refers to a complete, single-layer coverage of the
molecule. The STM stage was equipped with sample heater capable of controllably
heating the sample and tip up to 40 K above the base temperature.
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Chapter 7: The real structure of naturally chiral Cu(643)
Achiral metals can be cut, polished, and cleaned in such a way that they are
terminated by surfaces on which all of the kink sites along the step edges are of the same
chirality. The most studied of these surfaces is the (643) facet of Cu, which has been
shown to interact enantiospecifically with chiral molecules. In order to fully exploit the
potential of these surfaces for enantioselective chemistry, elucidating an atomic-scale
picture of the active sites is crucial. Low-temperature scanning tunneling microscopy was
used to study the structure of a Cu(643) crystal that had been thermally roughened at
1000 K. Images recorded at 78 K revealed that the real structure of Cu(643) is much
more complex than the ideal structure. The number of chiral kink sites was quantified and
compared to that expected for the ideal Cu(643) structure. Importantly, atomic resolution
imaging revealed that the absolute chirality of the surface is preserved; however, thermal
roughening led to a reduction in the absolute number of kinks.

7.1 Introduction

Chiral surfaces can be created by cutting single crystals of face-centered cubic
(fcc) metals to expose surfaces with periodic arrays of steps, terraces, and kinks.1 All
high Miller index surfaces of fcc structures with Miller indices satisfying the criteria h ≠
k ≠ l and h... k... l ≠ 0 are chiral. Figure 7.1a shows an atomic model of an ideal (643)
facet of an fcc metal. The origin of the chirality can be seen most easily by realizing that
the kinks at the step edges are formed by the intersections of three different low Miller
index microfacets. The direction of the progression from (111) to (100) to (110)
microfacets dictates the handedness. By convention, fcc surfaces with clockwise rotation
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are denoted fcc(hkl)R and those with counterclockwise rotation are denoted fcc(hkl)S.2,3
This description suggests that there are only six basic classes of kinks differentiated by
whether the (111), (110), or (100) microfacets form the terrace, step, or kink. The surface
of interest in this chapter is the Cu(643)R surface, which consists of narrow (111)
terraces, step edges with a (100) orientation, and (110) kinks.

Figure 7.1. Schematic of ideal and thermally roughened (643) surfaces. Figure 7.1a
shows that the ideal termination of an fcc crystal along the (643) plane exposes two-atom
steps with single atom kinks. The real structures of chiral surfaces, however, can be very
different from those of the ideal bulk terminations. Steps and kinked steps can undergo
thermal roughening in which atomic diffusion results in the coalescence of kinks as
depicted in Figure 7.1b.

The real structures of chiral, high Miller index surfaces can be very different from
those of the ideal bulk terminations shown in Figure 7.1a. Steps and kinked steps can
undergo thermal roughening in which atomic diffusion results in the coalescence of kinks
or even step bunching to form low Miller index facets.4 Figure 7.1b shows an atomic
model of a thermally roughened fcc (643) surface in which the average step length
between kinks is longer than that on the ideal surface and there are fewer kink sites.
Although the net chirality of the surface is retained after roughening, the roughened
surface defines a range of potential step edge sites for molecular adsorption with varying
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local environments. This inhomogeneity in the kinds of sites that exist on the surface
presents a challenge to efforts to model adsorption or catalysis on these surfaces.5,6
There is a growing body of data revealing the enantioselective properties of
naturally chiral metal surfaces.2,3,7-16 From the perspective of enantioselective chemistry,
the most important results are those that reveal enantiospecific adsorption, desorption,
and reaction energetics. The first experimental observations of enantioselectivity were
made in 1999 by Attard et al. who discovered that the rates of electro-oxidation of d- and
l-glucose depended on the chirality of the Pt(643) electrodes.3 In terms of molecular
interactions with naturally chiral surfaces, the best understood system is R-3metyhlcyclohexanone (MCHO) adsorbed on the Cu(643)R&S surfaces, which has been
studied by Gellman and co-workers.11,14,15 Temperature-programmed desorption of R-3MCHO on the Cu(643)R&S surfaces revealed three peaks in the spectrum that correspond
to desorption from the (111) terraces, the (100) straight step edges, and the (110) kink
sites. The peak desorption temperatures of R-3-MCHO from the Cu(643)R and Cu(643)S
kink sites differ by ∆Tp = 3.5 ± 0.8 K, which equates to a desorption energy (∆Edes)
difference of ∆∆Edes ≈ 1 kJ/mol, or a difference in desorption rates of about 30% at room
temperature. This result demonstrates that naturally chiral surfaces interact
enantiospecifically with chiral adsorbates and that enantioselective catalysis and
separations on naturally chiral surfaces are realistic goals. This work has now matured to
the point that it has been possible to enantioselectively purify racemic 3-MCHO on the
naturally chiral Cu(643)R&S surfaces.15 Enantiospecific desorption kinetics have also been
observed for R- and S-propylene oxide on the Cu(643)R&S surfaces.10
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Atomistic simulations by Sholl et. al. were the first results to indicate that
enantiospecific adsorption energetics could be observed on naturally chiral metal
surfaces.6-9,17 Those simulations used an empirical potential for the physisorption of
alkanes on Pt surfaces.18 Simulations of adsorption on thermally roughened Pt(643)
surfaces show that although roughening reduces the density of kinks on a chiral surface it
does not remove its net chirality.4,6 Additionally, DFT calculations have been used to
examine enantiospecific chemisorption on chiral surfaces.19-21
Although several enantiospecific properties have been demonstrated on a number
of naturally chiral metal surfaces, one of the critical limitations to our further
understanding of these enantiospecific phenomena is the lack of a clear picture of the
types of chiral sites and the distributions of site types that exist on these surfaces. A few
recent studies have used STM to image chiral surfaces. A room-temperature STM study
of Cu(643) revealed a high step density; however, due to atomic mobility, kink sites
could not be imaged.22 Another room-temperature study of Cu(5 8 90) revealed the
presence of kinks and that the surface appeared to be thermally roughened.23 This chapter
describes a LT-STM study of the Cu(643)R crystal at 78 K. By cooling the surface
quickly after an annealing procedure, we were able to perform an atomic-scale
characterization and quantify the kink density present on the thermally roughened
surface. Atomically-resolved images allowed the true structure of kink sites to be
revealed and the results are discussed in terms of the enantiospecific chemistry observed
on the Cu(643) surface.10,11,14,15
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7.2 Results and Discussion

Figure 7.2 shows a large scale STM image of the Cu(643) sample where terraces
and step edges are visible. The terraces are between 0.5 and 4 nm in width perpendicular
to the step edge, and are typically many tens of nanometers in length. The step heights are
all 0.21 ± 0.01 nm, in exact agreement with the monatomic step heights on Cu(111).

Figure 7.2: STM image of the highly stepped Cu(643) surface. In this large scale image
of Cu(643) (67.8 x 75.3 nm2), the roughness average is 0.209 nm, while the RMS is 0.243
nm. The peak-to-peak height for the z-scale is 1.161 nm. Imaging conditions: -0.3 V, 0.5
nA, 78 K.
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Figure 7.3a shows a typical STM image of Cu(643) in which terraces, step edges
and kinks are visible. Kink sites are highlighted by white arrows in Figure 7.3a and have
a rounded appearance. Images of this quality could be obtained routinely when scanning
the Cu(643) surface. Atomically resolved images of the Cu(643) surface were much
harder to acquire. The regular procedure for obtaining atomically resolved STM images
is to find a large terrace away from step edges on which to tune the scanning and
tunneling parameters until atomic resolution is acquired. However, the largest terraces on
Cu(643) measure no more than a few nanometers in length; therefore, this technique was
not feasible. We found that the optimal procedure for preparing tips that yield atomic
resolution was by applying 10 V pulses to the tip during scanning, then moving to a new
area of the surface. This procedure was repeated until atomically resolved images were
obtained.
Figure 7.3b shows an atomically resolved area of the surface. It is obvious from
this STM image that the atoms of the terraces are hexagonally packed, as highlighted by
the white circles. It is also apparent from this data that step edge atoms are imaged
slightly larger than the terrace atoms and that those atoms forming the obtuse kinks are
the largest of all. Atoms at step edges have fewer nearest neighbors and different
electronic properties from terrace atoms.24,25 Their positions are also slightly perturbed
from the expected lattice sites.26 These facts mean that step edge atoms are often imaged
differently than terrace atoms by STM.
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Figure 7.3: Chiral Cu(643). Figure 7.3a shows an STM image of the chiral Cu(643)
surface. Terraces, steps, and kink sites are observed. The white arrows point to three kink
sites. Figure 7.3b shows an atomically resolved image of Cu(643). The (111) packing of
Cu atoms on the terraces is highlighted by white circles, and the atoms at the step edges
appear slightly larger than their neighbors in the terraces. Image conditions: 78 K, (3a)
−0.3 V, 0.5 nA; (3b) −0.3 V, 0.09 nA.

The next stage of the study was aimed at quantifying the number of kink sites per
unit area. One consequence of thermal roughening is the loss of kink sites in favor of the
growth of longer step edges. The schematic in Figure 7.4a demonstrates that there are two
types of kink, namely, acute and obtuse kinks. The atom at the center of an acute kink has
eight nearest neighbors, whereas atom at the center of an obtuse kink has six nearest
neighbors. It is apparent from our STM images that the atom forming the obtuse kink is
the most pronounced in the STM images, as would be expected because of its low
coordination number.24,25 Figure 7.4b shows such an STM scan in which each obtuse
kink in the image is labeled with a white circle.
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Figure 7.4: Chiral kinks. Figure 7.4a shows a schematic of terraces, step edges and the
two types of kink sites on chiral surfaces. Figure 7.4b shows an atomically resolved
image of Cu(643) on which only the obtuse kink sites have been highlighted. Imaging
conditions: -0.3 V, 0.09 nA, 78 K.

In order to quantify the number of kinks per unit area present on the thermally
roughened Cu(643) surface, we recorded a set of images of different areas of the surface.
This set of images contained both smaller, atomically resolved images (Figure 7.3b) and
larger ones in which steps and kinks but not atoms could be resolved (Figure 7.3a). In all,
over 1800 kinks in > 1000 nm 2 of STM images were counted. The number of obtuse
kinks per unit length along a step edge and number of kinks per square nanometer was
counted in both the atomically resolved and larger images. The choice of counting obtuse
kinks stems from the fact that they are the most apparent in the STM images. By
symmetry, for every obtuse kink there is an acute kink; therefore, quantifying one type of
kink also defines the quantity of the other type of kink. Table 6.1 shows the results of the
analysis of both the atomically resolved images and the larger ones.

107

Table 6.1: Experimental Results Quantifying the Number of Obtuse Kinks Per Unit
Length along Step Edges and Per Unit Area on the Thermally Roughened Cu(643)
Surfacea
atomic images larger images ideal Cu(643)

kinks/nm 1.1 ± 0.3

1.3 ± 0.1

1.46

kinks/nm2 1.7 ± 0.2

1.8 ± 0.1

2.03

a

The density of kinks is lower than that expected for the ideally terminated Cu(643)
surface.

The larger error bars for the atomically resolved images stems from the fact that
the data set contained many more large images and, therefore, the standard deviation in
counting kinks in the larger images was lower.
Thermal roughening of the Cu(643) surface is consistent with the results of
temperature-programmed desorption (TPD) studies of the R-3-MCHO from the surface.14
As mentioned, the three desorption features observed during TPD of R-3-MCHO can be
assigned to molecules desorbing from the (111) terraces at 230 K, molecules desorbing
from the straight step edges at 345 K, and molecules desorbing from the chiral kink sites
at 385 K. These features suggest that 40% of the R-3-MCHO desorbs from the kinks,
35% from the steps, and 25% from the terraces.14 If the real surface had the ideal
structure of the Cu(643) termination, as shown in Figure 7.1a, it is very difficult to
imagine that the terraces are wide enough or the steps long enough to accommodate R-3MCHO adsorption at any sites other than the kinks. Observation of molecular desorption
from the terraces and steps is entirely consistent with desorption from a thermally
roughened surface, exposing wide terraces and long step edges.
In trying to draw connections between the structure of the clean roughened
Cu(643) surface and the structure of the surface with adsorbed R-3-MCHO, it is
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important to bear in mind the fact that molecular adsorption can influence surface
structure. This has been observed many times in many adsorbate−substrate combinations
but has also been observed for R-3-MCHO adsorption on the Cu(533) surface at room
temperature.27 During adsorption of R-3-MCHO at room temperature, the straight (100)
step edges of the Cu(533) surface are roughened to induce the formation of kinks. This
roughening does not seem to occur during adsorption at 90 K and subsequent heating
during the TPD experiment. Nonetheless, one has to bear in mind the caveat of adsorbateinduced restructuring before trying to make quantitative connections between the
roughened structure of the clean Cu(643) surface and the real structure of the surface
modified by R-3-methlycyclohexanone adsorption.

7.3 Conclusions

A LT-STM study revealed that the real structure of Cu(643) deviates significantly
from the expected ideal surface termination. Thermal roughening leads to the creation of
longer step edges, wider terraces, and the coalescence of kink sites. Importantly, atomic
resolution imaging showed that the absolute chirality of the surface is preserved, but
thermal roughening leads to a reduction in the absolute number of kinks (1.8 ± 0.1
kinks/nm2 as opposed to 2.03 kinks/nm2 for the ideal structure).

7.4 Additional Experimental Details

All experiments were performed in the LT-STM. The Cu(643) sample was
prepared with a cleaning and cooling procedure identical to the one used by Gellman and
co-workers.10,14,15 Briefly, the crystal was Ar+ sputtered (1.5 keV/20 µA) for 30 minutes
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followed by a 2 min anneal to 1000 K. Approximately 12 of these sputter/anneal cycles
were performed upon receiving the crystal, followed by a further 2 sputter/anneal cycles
between each STM experiment. After the final anneal the crystal was transferred in less
than 3 min in vacuum (<5x10-10 mbar) to the precooled STM stage. In approximately 30
min, the sample cooled from room temperature to 78 K. All images were recorded at 78
K with etched W tips, and voltages refer to the sample bias. In order to make an accurate
count of the kink sites/nm2 on the Cu(643) surface, it was necessary to precisely calibrate
the STM images. This was achieved by using atomically resolved images of Au(111) to
calibrate the x and y scanners and then cross-checking this calibration by comparing with
measurements of the atomically resolved terraces of Cu(643).
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Chapter 8: Atomic-Scale Geometry and Electronic Structure of
Catalytically Important Pd/Au Alloys
Pd/Au bimetallic alloys catalyze many important reactions ranging from the
synthesis of vinyl acetate and hydrogen peroxide to the oxidation of carbon monoxide
and trimerization of acetylene. It is known that the atomic-scale geometry of these alloys
can dramatically affect both their reactivity and selectivity. However, there is a distinct
lack of experimental characterization and quantification of ligand and ensemble effects in
this system. LT-STM is used to investigate the atomic-scale geometry of Pd/Au(111)
near-surface alloys and to spectroscopically probe their local electronic structure. The
results reveal that the herringbone reconstruction of Au(111) provides entry sites for the
incorporation of Pd atoms in the Au surface and that the degree of mixing is dictated by
the surface temperature. At catalytically relevant temperatures the distribution of low
coverages of Pd in the alloy is random, except for a lack of nearest neighbor pairs in both
the surface and subsurface sites. Differential conductance spectroscopy is used to
examine the electronic structure of the individual Pd atoms in both surface and
subsurface sites. This work reveals that in both surface and subsurface locations, Pd
atoms display a very similar electronic structure to the surrounding Au atoms. However,
individual surface and subsurface Pd atoms are depleted of charge in a very narrow
region at the band edge of the Au surface state. dI/dV images of the phenomena
demonstrate the spatial extent of this electronic perturbation.
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8.1 Introduction

The unique properties of bimetallic alloys have played a major role in
heterogeneous catalysis for decades. The tunability offered by mixing different elements
with control over stoichiometry allows catalysts to be made with greater activity,
selectivity and stability than those derived from single metals. 1-4 The superior properties
of alloys are often discussed both in terms of ligand (electronic) and ensemble
(geometric) effects.1,5-8 Ligand effects refer to the change in catalytic properties due to
electronic interactions between the two elements of a bimetallic alloy. Ensemble effects
refer to the spatial distribution of atomic sites that host reactants. Some reactions require
larger ensembles of reactive atoms to catalyze the transformation and are therefore halted
when the active atom is dispersed throughout an inert lattice. Therefore, understanding
the atomic-scale surface structure of alloys is a crucial step on the path towards designing
optimal heterogeneous catalysts. Only fairly recently has the nanoscale surface structure
of metal alloys begun to be reported.4,9-18
Photoelectron spectroscopies have been used to investigate ligand effects in
Pd/Au alloys with the aim of quantifying the charge transfer between the different
atoms.19-21 X-ray photoelectron spectroscopy (XPS) measures the binding energy of
electrons in core levels of the surface atoms in a sample and can be used to quantify
charge transfer between atoms or, in other words, determine oxidation states.22 However,
binding energy shifts in XPS occur not only from charge transfer, but other initial state
effects like changes in coordination number, orbital rehybridization and also final state
effects such as screening. Therefore, XPS alone is unsuitable for determining ligand
effects in alloy systems.
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Many experimentalists have studied Pd/Au surfaces and explained their catalytic
performance in terms of geometric effects. Pd/Au alloys catalyze reactions as varied as
the oxidation of CO2,23 and crotyl alcohol24, the synthesis of vinyl acetate monomers
(VAM)3,4,25-29 and hydrogen peroxide8,30-32, the cyclotrimerization of acetylene to
benzene20,33,34, the hydrogenation of polyunsaturated hydrocarbons35, and the
electrooxidation of ethanol36-39. The interaction of hydrogen with Pd/Au alloys has also
been studied.40-44 Goodman and coworkers have performed many surface studies of the
alloy system and demonstrated that although Pd monomer pairs are most catalytically
active for VAM synthesis on Au(100), Pd monomers are most active on Au(111).3 Of
particular relevance to the present study, it has been reported that annealing Pd/Au alloy
films on Mo(110) results in a Au-enriched surface that contains only isolated Pd atoms.26
Behm & coworkers have also shown that these same Pd monomers are catalytically
active for CO oxidation, but that Pd dimers are needed for hydrogen adsorption.2 Lambert
and coworkers have examined the increase in catalytic activity and selectivity of Pd/Au
alloys as a function of stoichiometry and temperature.20,33,45 The Goodman and Behm
groups have separately shown that even dilute amounts of Pd in Au(111) increase the
catalytic ability of the substrate. Specifically, Pd monomers embedded in Au(111) are
beneficial for VAM synthesis3 and CO oxidation2. Therefore, elucidating the atomicscale geometric and electronic structure of isolated Pd atoms in a Au host is crucial step
for a more complete understanding of catalysis by Au/Pd alloys.
The aim of this chapter is to elucidate the local geometry and electronic structure
in the Pd/Au(111) system using STM imaging and differential conductance (dI/dV)
spectroscopy. These techniques allow the electronic structure of individual Pd atoms to
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be measured both in and under the Au surface. Small amounts of Pd were alloyed with
Au(111) in order to mimic the structure of individual Pd monomers which are stable in
the Au surface under catalytic conditions.46 The fact that dI/dV spectra of both the Au
and Pd atoms can be measured with the exact same STM tip allowed a direct comparison
of the electronic structure of both sites without any spectral artifacts due to the electronic
structure of the STM tip itself. Also, as dI/dV spectra represent the local density of states
(LDOS) as a function of energy, the direction of charge transfer and the involved energy
levels could be determined.

8.2 Results and Discussion

When Pd is deposited onto the Au(111) surface, it lands on the Au terraces and
diffuses until it comes into contact with an edge dislocation, where it alloys into surface
and subsurface sites via place exchange.47 We have also observed a limited amount of Pd
alloying at the step edges. It is clear that the density of alloyed Pd atoms is greatest in the
vicinity of the elbows of the herringbone reconstruction, as seen in Figure 8.2b after a
low coverage Pd deposition. At the temperature of this deposition (370 K), the Pd atoms
reside in the topmost surface layer of Au(111). Figure 8.1 shows a representative area of
Au(111) after physical vapor deposition of 0.005 monolayers (ML) of Pd atoms at a
sample temperature of 380 K. To ensure that Pd atoms were indeed being studied, and
not defects on the Au surface, particular attention was paid to the cleanliness of the bare
Au(111) surface before depositing Pd. Clean Au surfaces could be routinely prepared
with less than one defect per ~8,000 surface atoms. At this deposition temperature the
majority of the Pd atoms (imaged as protrusions surrounded by a dark “halo” as

115

highlighted by the white arrows in Figure 8.1) were found to substitutionally alloy in the
surface layers of the Au sample in the vicinity of the edge dislocations (green arrows in
Figure 8.1). The reduced coordination and bond strength of the Au atoms at edge
dislocations allowed for the preferential place exchange of Pd atoms to occur. This result
is in agreement with the predictions made by Behm and coworkers due to the higher
surface free energy and heat of sublimation of Pd in comparison to Au.48 The vast
majority of the Pd atoms were found to alloy in the immediate vicinity of the edge
dislocations. Varga and Schmid explained the origin of chemical contrast in different
alloy systems in terms of both intrinsic differences in electronic/geometric structure and
tip-sample interaction.49 The Besenbacher and Goodman groups have recently performed
high-resolution STM studies on Cu/Pt and Au/Pd alloys respectively.4,50 Besenbacher and
coworkers also studied the alloying of Pt with Au(111) and found that Pt occupied the
areas around edge dislocations and step edges of the Au surface.51 Goodman and coworkers found that even though Pd atoms have a smaller diameter than Au (Pd = 0.275
nm, Au = 0.282 nm), individual surface Pd atoms in Au/Pd(100) imaged as protrusions
with apparent height between 0.01 and 0.06 nm.4
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Figure 8.1. STM image of Au(111) after 0.005 ML Pd deposition at 380 K. The edge
dislocations (green arrows) at the elbows of the herringbone reconstruction serve as entry
sites for Pd atoms into the surface layer. The white arrows highlight three Pd atoms
substituted into the surface layer. The majority of the Pd was found close to the elbows of
the herringbone reconstruction and the concentration of Pd atoms decreases dramatically
further from the edge dislocations. Imaging conditions: 1.3 nA, 0.01 V, 7 K.

Careful control over the Au(111) surface temperature during deposition allows the
fabrication of both stable and metastable alloyed structures that vary from hosting
isolated Pd atoms in surface or subsurface layers to Pd adatom islands.47 Surface and
subsurface alloying preferentially occurs at the elbows of the herringbone reconstruction
via place exchange. The thermodynamic stability of surface alloying in Pd/Au systems
has been demonstrated by experiments and theory.19,52,53 When the surface temperature is
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lower during deposition, island nucleation occurs at substituted Pd surface atoms in the
vicinity of the elbows.54,55 The structure of the Pd/Au alloy hosts mostly subsurface Pd
atoms at 460 K (Figure 8.2a), surface Pd atoms at 370 K and Pd islands at 290 K. These
results reflect the higher surface free energy of Pd compared to Au (surface free energy:
Au = 1.63 Jm-2; Pd = 2.05 Jm-2).56 Figure 8.2b shows a Pd/Au alloy with Pd atoms in the
surface of Au(111), which was prepared at 370 K.47 The surface Pd atoms appeared in
STM images as both depressions and protrusions in Au(111) depending on the imaging
conditions.2 At the conditions used to record Figure 8.2b, the surface Pd atoms appeared
as protrusions. Depending on the temperature of the deposition, a combination of
subsurface and surface Pd atoms or surface atoms and islands could be prepared. Figure
8.2c shows a sample prepared at 290 K which hosts surface Pd atoms as well as Pd rich
islands, supporting the island nucleation mechanism.45,47,48 The diffusion barriers for
alloying were calculated assuming a modest pre-exponential factor of 1x10-12, using the
deposition time as the rate. The barriers were found to be 105 ± 15 and 115 ± 10 for Pd
alloying in to the surface and subsurface layers, respectively. The islands grew toward the
fcc areas at bulged elbows, as previously observed by Lambert and coworkers.45 The fact
that alloy formation proceeds via place exchange means that Au atoms are expelled from
the surface as the Pd islands grow. Therefore, the Pd islands are not pure Pd, but a Pdrich mixture of Pd/Au.
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Figure 8.2. STM images and corresponding side-view schematics of the deposition
temperature dependence on Pd/Au alloy composition. a) Pd alloying occurs in the
subsurface region of the Au(111) (atomic resolution) when the deposition temperature is
460 K. Imaging conditions: -0.3 V, 2 nA, 7 K. b) Atomically-resolved surface Pd is seen
near edge dislocations after a deposition at 370 K. Imaging conditions: -0.5 V, 1 nA, 5 K.
c) Surface Pd and Pd-rich islands are present after Pd is deposited at 290 K. Imaging
conditions: 0.3 V, 0.3 nA, 78 K. All scale bars = 2 nm.

It is important to note that a previous study of this system reported atomic-scale
depressions on the surface after Pd deposition at room temperature and assigned them as
individual Pd atoms residing in fcc three-fold hollow sites.57 The fact that these features
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could be imaged at 300 K for a number of minutes precludes them from being isolated
atoms on the surface. In fact, isolated metal atoms on (111) facets of noble metal surfaces
have fairly low diffusion barriers, typically less than 100 meV. For example the
Al/Au(111) system has an experimentally measured barrier of 30 ± 5 meV58 and
Ag/Ag(111) has a barrier of 97 ± 10 meV 59. Assuming a modest attempt frequency of
1x1013 and a diffusion barrier of 100 meV, the rate of diffusing metal atoms across a
Au(111) surface at room temperature is ~2x1011 s-1. Therefore, it would be completely
impossible to detect isolated Pd atoms diffusing on Au(111) at 300 K using STM
imaging. We suggest that the depressions reported in the aforementioned study are in fact
either surface Pd atoms imaged with a different tip state, subsurface Pd atoms, or
impurities.
It is evident from Figures 8.1 and 8.2 that there is no long range order of surface
or subsurface Pd atoms in Au(111). The only order that exists is a distinct lack of nearest
neighbor Pd atoms.60 The apparent repulsion between nearest neighbor Pd atoms stems
from stronger heteroatom Pd-Au bonds as compared to weaker Au-Au and Pd-Pd
bonds.61 The ramification of this nearest neighbor repulsion between Pd atoms is that in
any dilute alloy surface Pd atoms will be surrounded by six Au atoms with the nearest
possible Pd atom √3d away. We show here that this effect is relevant over a fairly wide
range of temperatures (290-500 K) at which Au/Pd catalysts typically operate.3,8,20
Therefore, elucidation of the geometric, electronic and reactive properties of Pd atoms
locally coordinated by Au is a crucial step towards understanding the fundamental
workings of these systems.
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Now that we have quantified the atomic-scale geometry (ensemble effects) of the
Pd/Au(111) system we will focus on using the spectroscopy capabilities of the LT-STM
to measure the electronic structure (ligand effects) of the Pd/Au system. In terms of
electronic structure, the d-band model uses the energy of the d-band center with respect
to the Fermi level as a predictor of adsorbate binding strength and therefore reactivity.6265

The closer the d-band to the Fermi level, the stronger an adsorbate binds. In alloy

systems variations in elemental composition, and hence the d-band center, determine
adsorbate binding and reactivity. In general, without the use of theoretical modeling it has
been difficult to separate ligand and ensemble effects. This is due to the fact that varying
the composition of the elements in a surface simultaneously affects both the geometry
and the electronic structure of the alloy. Norskov and coworkers used DFT calculations to
decouple ligand and ensemble effects in the adsorption of small molecules on Au/Pd(111)
alloy surfaces and found that in the case of adsorption, the ensemble effect dominates.1,66
In contrast, a recent theoretical investigation of CO oxidation highlighted the
importance of the Au induced ligand effect in Pd-Au alloys.67

In this chapter, the ligand effect was investigated using dI/dV point spectroscopy,
in which the LDOS of individual Pd atoms both in and under the surface were recorded 1
eV above and below the Fermi level (EF). Individual electronic spectra (either I vs. V or
dI/dV vs. V) recorded using any scanning probe technique have the inherent problem that
the spectra contain contributions from the electronic structure of the probe tip itself as
well as the sample. For example, the dI/dV spectra of the fcc and hcp regions of clean
Au(111) presented in Figures 8.3c and 8.4a are of identical Au samples but recorded with
different STM tips. It is obvious from inspection of both sets of spectra that, while the
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surface state appears at the same energy, the background dI/dV intensity is markedly
different. In order to eliminate such tip artifacts in our quantification of dI/dV data we
used the same tip to record spectra over bare Au surface atoms and Pd atoms both in and
under the Au surface (Figures 8.3 and 8.4). Changes in the STM tip state were very
noticeable not only in the topographic images (which were taken concurrently with dI/dV
spectra measurements), but also large spikes were observed in dI/dV spectra when a tip
change occurred due to saturation of the signal from the lock-in amplifier. In order to
ensure that all data was recorded with the same STM tip state, dI/dV spectra were always
taken multiple times alternatively above Pd and Au atoms. If the tip had changed within
the set of measurements, then the Pd spectra at the beginning and end of the set would
differ and the data set would be discarded.
The fact that dI/dV spectra of both the Au(111) surface atoms and inserted Pd
atoms could be measured with exactly the same tip allowed a direct comparison of the
electronic structure of both atomic sites with sub-nanometer resolution without tip
artifacts. Spectra were taken of surface and subsurface Pd atoms in both the fcc and hcp
regions of the Au(111) crystal and compared to the spectra of Au atoms in the respective
areas. The first point to address is the reproducibility of individual, single-sweep dI/dV
point spectra. Figures 8.3a and 8.4b show five individual dI/dV curves for surface Pd
atoms in the hcp and fcc regions of the Au herringbone reconstruction and the average of
all five. It is important to note that while we present dI/dV spectra that are the average of
five individual spectra in this chapter, the individual single-sweep curves all exhibit the
same features in a reproducible manner. The reason for using five curve averages was
that the charge transfer between atoms could be quantified more accurately. The dI/dV
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spectra for Au atoms in the fcc and hcp regions of the Au(111) surface were in good
agreement with those recorded by Crommie and co-workers.68 Figure 8.3c shows average
dI/dV spectra of both surface Pd and Au atoms in both fcc and hcp areas of the Au(111)
surface. At first glance all of the spectra looked almost identical. Therefore, to first
approximation, isolated surface Pd atoms are electronically identical to their Au host.
However, as all of these spectra were taken using the same STM tip, the Au background
could be subtracted from the Pd spectra to reveal subtle differences in the LDOS of the
Au and Pd atoms as seen in Figure 8.3b.
The major difference in the electronic structure of surface Pd atoms and Au atoms
lies at an energy very close to the Au(111) surface state band edge (~-0.45 eV68). The
surface Pd atoms quench a narrow region of this electron density and are thus themselves
depleted of electron density at this energy. Figure 8.3d reveals that Pd atoms in the hcp
area are more electron deficient with respect to their neighboring Au atoms than Pd atoms
in the fcc area.
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Figure 8.3. Electronic spectra of individual surface Pd atoms in a Pd/Au alloy. a) Five
individual, single-sweep dI/dV spectra for a surface Pd atom residing in the hcp region of
the Au(111) surface. The average (Avg) dI/dV curve of the five single-sweep spectra is
shown in black. The spectra have been offset in the y-axis for clarity. b) Average (black
line) and five single-sweep measurements for individual surface Pd atoms in the fcc
region of the herringbone reconstruction. c) dI/dV spectra for surface Au and Pd atoms in
both hcp and fcc regions. d) Background subtraction spectra of Pd atoms in the respective
regions. Dips in the spectra in Figure 8.3d are seen for both Pd atoms in hcp and fcc
regions at ~0.45 eV below the Fermi energy.

Figure 8.4 shows dI/dV spectra of subsurface Pd atoms in the fcc and hcp regions
of the Au(111) surface. Spectra were taken over both isolated Pd subsurface atoms and
subsurface Pd atoms in “clusters” with 4-8 other subsurface Pd atoms within an area of
~1.6 nm2. Figures 8.4b and 8.4c show subsurface Pd spectra in which the Au background
has been subtracted in order to demonstrate how the presence of subsurface Pd atoms
affected the electron density of the Au(111) surface above it. It is evident from these
spectra that both the surface and subsurface Pd atoms quench the same region at the
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surface state band edge of the Au(111) as do surface Pd atoms. Comparing panels b and c
in Figure 8.4 revealed that just like surface Pd atoms, subsurface Pd atoms in hcp areas
quench the surface state to a greater degree than those in fcc areas. Clusters of subsurface
Pd atoms depleted the surface electron density to a greater extent than individual atoms.
The charge transfer from the Pd atoms to the Au substrate was quantified by integrating
the region of the dI/dV spectra that corresponded to the surface state of Au(111). Then,
by referencing the Wigner-Seitz radius of Au (8.9 Å), the original electron density
contained in the surface state of Au(111) was calculated. Quantifying the difference
between the dI/dV spectra of individual Au and Pd atoms allowed the depletion of
electron density at the Pd atom positions, and therefore the charge transfer between Pd
and Au, to be quantified. There was a slightly larger charge transfer from surface Pd
atoms to Au in the hcp regions (0.0007 e-) as compared to the fcc regions (0.0004 e-).
Clusters of subsurface Pd atoms transfer a greater number of electrons to Au as compared
to single subsurface Pd atoms in both fcc and hcp regions (0.001 e- and 0.0002 erespectively in fcc regions; 0.008 e- and 0.0006 e- in hcp regions). The hcp sites in
Au(111) are more electron rich than fcc sites at an energy of -0.45 eV as shown by
Crommie’s group.68 Therefore, greater charge transfer occurs in hcp regions due to the
larger amount of electron density to quench at this energy.
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Figure 8.4. Electronic spectra of subsurface Pd atoms and clusters in a Pd/Au alloy. a)
dI/dV spectra taken over each of the following atoms: subsurface Pd atoms, either
individually or in a cluster of subsurface Pd atoms and Au atoms in the fcc and hcp
domains of the Au herringbone reconstruction. Figures 8.4b and 8.4c are spectra in which
the relevant areas of the bare Au(111) background electron density have been subtracted
from the Pd spectra for fcc and hcp regions of the surface respectively. Figures 8.4b and
8.4c show that a single subsurface Pd atom has a relatively small effect on the surface
electron density in fcc regions and a larger effect in hcp areas. However, the spectra of Pd
atoms at the center of clusters of subsurface Pd atoms show a much greater quenching of
the electron density of the Au(111) surface than do isolated subsurface Pd atoms.
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After measuring the magnitude of the charge transfer, its spatial effect was
investigated using dI/dV imaging which outputs the spatial variation of the electron
density of the surface as a function of the energy. In this way the size of the area depleted
of charge around the Pd atoms could be measured. Figure 8.5a is an atomically-resolved
topographic image of two surface Pd atoms that appear as protrusions. The dI/dV image
in Figure 8.5b was obtained at a sample bias of -0.45 V, which corresponded to the
energy of the charge depleted region that arises from the presence of surface Pd (Figure
8.3). In the dI/dV map the Pd atoms appeared as localized depressions the same size as
the Pd atoms themselves. This indicates that the depletion of charge affected an area no
larger than the isolated Pd atom itself (~0.28 nm in diameter). In Figure 8.5c, the dI/dV
image was recorded at -1 V, corresponding to an energy at which the electron density of
Pd and Au spectra are the same. In this case, the Pd atoms were barely visible in the
dI/dV map, verifying that the Pd and Au atoms were nearly electronically identical at this
energy, as indicated by the dI/dV point spectroscopy.
To put these results in to context, the effect of surface defects and adatoms on the
electronic structure of surfaces has been reported by several groups.69-72 Using dI/dV
spectroscopy, Eigler and coworkers revealed that monatomic step edges quenched the
entire Cu(111) surface state over an energy range ~1eV.70 Similarly, Weiss and
coworkers found that in the vicinity of Br adatom islands on Cu(111) the entire surface
state was quenched.71 In both studies the effect was explained by the strong electron
scattering seen by defects and adsorbates. Pd has been observed to quench a narrow
region of the surface state of another noble metal, Cu(111), as well.73 In the present study

127

the surface state quenching was very localized spatially, as well as in energy with a
FWHM of < 0.05 eV.

Figure 8.5. Topographic and dI/dV images of surface Pd atoms in Au(111) at various
energies. Figure 8.5a is an atomically-resolved topographic STM image in which two
surface Pd atoms appear as protrusions. Imaging conditions: 2 nA, -0.5 V. Figure 8.5b
shows a dI/dV image of the same area of the surface shown in 8.5a at recorded at a
sample bias of -0.45 V, corresponding to the energy at which dI/dV spectra show
differences for Pd and Au atoms. This dI/dV image reveals that the Pd atoms are indeed
depleted of charge at this energy and that the charge depletion is spatially localized on the
atom itself. In Figure 8.5c the dI/dV image was recorded at a sample bias of -1.0 V,
corresponding to an energy at which the Pd and Au atoms are electronically very similar
and the Pd atoms are almost indistinguishable from the Au host.

In order to investigate the origin of the charge transfer effects observed here
larger scale dI/dV imaging was performed to examine the effect of Pd atoms on the
surface state electrons. The wavelike nature of the electronic surface state was directly
visualized in the regions of any defects that acted as scattering centers. Figure 8.6 shows
topographic and dI/dV images for both bare Au(111) and the 0.005 ML Pd/Au(111)
surface. The depression near the center of the clean Au(111) image originated from
residual subsurface impurities that weakly perturbed the surface electronic state density
but did not contribute to scattering. On the bare Au(111) it is evident in the dI/dV images
that the step edge in the upper right hand corner of the image acts as the predominant
scattering site for the surface state electrons. Importantly, the dI/dV images of bare
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Au(111) reveal that the elbows of the herringbone reconstruction do not contribute
significantly to electron scattering. However, inspection of the dI/dV image in the bottom
right panel of Figure 8.6 shows that scattering occurs in the Pd/Au alloy surface at the
elbows of the herringbone reconstruction where the Pd atoms reside. The scattering
which appears as a diagonal line (top left to bottom right) tracks the elbows of the
herringbone reconstruction and has a similar amplitude as the scattering observed at step
edges. These results reveal that, unlike earlier work in which Pd layers on Au(111) were
found to shift the surface state electrons to longer wavelengths, addition of small amounts
of Pd atoms in the surface and subsurface layers of Au(111) act as scattering centers for
the surface state electrons but do not change their wavelength.74,75 This demonstrates that
the presence of a small amount of Pd does not quench the surface state as might be
expected for impurities that perturb the flat 2D surface state potential, but leads to
substantial scattering effects of similar magnitude to step edge defects. While this
scattering is a possible mechanism by which Pd atoms are depleted of charge, our data
reveals that electron scattering occurs over a wide energy range (~0.7 eV) but that the Pd
atoms are depleted of charge in a much narrower range of energies (~0.05 eV) and that
this charge depletion is very localized in space (~0.3 nm). This indicates that electron
scattering is most likely not the cause of the charge transfer effect. We suggest that
further modeling work is needed to explain the origin of the effect we observe
experimentally.
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Figure 8.6. Topographic and dI/dV images of bare Au(111) and 0.005 ML Pd/Au(111).
The images in the left panels are topographic images of bare Au and Pd/Au(111).
Monatomic Au step edges are present in the upper right hand corner of each image. The
elbows of the alloy surface contain the majority of the Pd atoms. The images in the right
panels are dI/dV images which show the LDOS of the surface while removing all
topographic features. It is seen that while the step edge is the predominant scatterer on
bare Au(111), Pd sites scatter strongly in the alloy surface. Imaging conditions: 1.5 nA,
0.1 V, 7 K.

8.3 Conclusions

The ability of gold to temper palladium’s reactivity and tune its selectivity makes
the Pd/Au alloy a crucial component of a variety of industrially important catalysts.
Different compositions lead to a complex geometry and associated electronic structure,
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both of which have been shown to have dramatic effects on the chemistry of the alloy.
This study was aimed at elucidating the atomic-scale structure of a Pd/Au(111) model
system and measuring subtle local electronic differences between the constituent atoms.
We found that at the dilute limit the most stable configuration consisted of isolated Pd
atoms beneath the Au surface. Pd deposition at lower sample temperatures yielded
isolated monomers in the surface layer and room temperature alloying resulted in the
growth of arrays of Pd islands. We discovered that isolated Pd atoms both in and under
the Au surface had an electronic structure almost identical to their host metal, except for a
very small charge depletion from the Pd near the peak in the Au surface state. dI/dV
imaging revealed that this effect was entirely localized on the Pd atom itself and that
while the Pd “defects” do not quench the surface state the isolated Pd atoms serve as
scattering centers. While the measurements were conducted at low temperatures, the
actual geometric arrangements of atoms studied are similar to those in Pd/Au alloys at
catalytically relevant temperatures. At high temperatures (> 400 K) Pd diffuses to more
stable sites in the subsurface and bulk of Au. However, in the presence of reactive species
Pd will actually segregate back to the surface as both single atoms and clusters.
Therefore, our study of the geometric and electronic properties of both surface and
subsurface Pd has relevance to real catalytic Pd/Au alloy particles which will contain
similar ensembles of Pd atoms. Future studies are aimed at extending the energy of these
measurements and making comparisons to theory.

131

8.4 Additional Experimental Details

Experiments were performed in the LT-STM on a Princeton Scientific
Corporation Au single crystal. A homebuilt Pd source (0.05 mm Pd wire wrapped around
a 0.25 mm W wire) was used to deposit Pd directly onto the Au(111) sample at a variety
of sample temperatures in the preparation chamber. All of the scanning conditions are
reported for the sample voltage. Sample temperatures are accurate to within ±10 K.
Differential conductance (dI/dV) images/spectra were acquired using a lock-in amplifier
by modulating the bias voltage with a 1 kHz ac 12 mV amplitude signal and recorded
with a 10/300 ms time constant respectively at a sample and tip temperature of 7 K.

8.5 Future Directions

The density of states has been well characterized for the fcc, hcp and soliton wall
regions of the Au(111) surface.68,76 To date, the electronic structure of the perturbed
atoms at the edge dislocations however, has not been investigated via dI/dV spectroscopy
or imaging. Figure 8.7 shows a large scale, atomically-resolved image of the herringbone
reconstruction. The edge dislocations appear as a row of perturbed atoms. The inset
shows one edge dislocation in which red lines overlay the Au atomic rows. The atomic
row mismatch results in undercoordinated (and therefore perturbed) atoms at the elbows.
The black arrows point to the side of the edge dislocation with more atomic rows. The
electronic structure of these regions could be investigated via dI/dV spectroscopy or
imaging on the LT-STM.
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Figure 8.7: Large scale atomically-resolved image of the herringbone reconstruction of
Au(111). The edge dislocations appear as a row of perturbed atoms at every elbow. The
inset shows one edge dislocation where red lines over lay the Au atomic rows. The black
arrows point to the side of the edge dislocation with more Au row.

Differential conductance measurements have not yet been performed on Pd
islands on Au(111). Spectroscopy should be performed over various regions of the
islands to see how the center of the island differs from the edges. The DOS of the islands
can then be compared to equivalent areas on the Au(111) surface and step edges. In
addition to comparing the Pd island edges to Au step edges. It is expected that we may
find what Eigler and coworkers found for monatomic step edges on Cu(111), that the
entire surface state is quenched due to strong scattering at those sites.70
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Chapter 9: An Atomic-scale View of Palladium Alloys and their Ability to
Dissociate Molecular Hydrogen
Palladium and its alloys play a central role in a wide variety of industriallyimportant applications such as hydrogen reactions, separations, storage devices, and fuel
cell components. Alloy compositions are very complex as they are often heterogeneous at
the atomic-scale and the exact mechanisms by which many of these processes operate
have yet to be discovered. In this chapter STM has been used to investigate the atomicscale structure of Pd/Au and Pd/Cu bimetallics created by depositing Pd on both Au(111)
and Cu(111) single crystals at a variety of surface temperatures. The choice of supporting
metal allowed the study of Pd particles as a function of size; from individual atoms in and
under the surface to islands >10 nm in diameter. We demonstrate that individual, isolated
Pd atoms in an inert Cu matrix are active for the dissociation of hydrogen and subsequent
spillover onto Cu sites. Our results indicate that H spillover is facile on Pd/Cu at 420 K
but that no H was found under the same H2 flux on a Pd/Au sample with identical atomic
composition and geometry. In the case of Au, significant H uptake was only observed
when larger ensembles of Pd were present in the form of nanoparticles. We report
experimental evidence for the ability of hydrogen to reverse the tendency of Pd to
segregate into the Au surface at catalytically relevant temperatures and our STM images
reveal a novel H-induced striped structure in which Pd atoms aggregate on top the surface
in regularly-spaced rows. These results demonstrate the powerful influence an inert
substrate has on the catalytic activity of Pd atoms supported in or on its surface and
reveal how the atomic-scale geometry of Pd/Au alloys is greatly affected by the presence
of H.
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9.1 Introduction

The two alloy systems of direct relevance to this chapter are Pd/Cu(111) and
Pd/Au(111). As the importance of Pd/Au alloys was highlighted in Chapter 8, here the
relevance of Pd/Cu alloys will be discussed. Pd/Cu alloys are an important class of
materials used for hydrogen purification membranes, and also serve as the active metals
in many heterogeneous catalysts.1-5 Due to the technological importance of Pd/Cu alloys,
a wide variety of experimental and theoretical studies have been performed in order to
uncover the surface physics and chemistry of these systems.6-20 The bulk alloys exist in
both ordered and disordered phases, however at most catalytically relevant temperatures
and compositions the binary Pd-Cu system is a disordered fcc alloy.6,21-23 Surface studies
have shown that the top atomic layer of Pd/Cu alloys is rich in Cu, whereas the nearsurface region (~7 atomic layers) is rich in Pd.24 However, if there are strongly
interacting adsorbates present, Pd is brought to the surface.25 Aaen et al. used STM to
study the structure of surface alloys formed by physical vapor deposition of Pd onto
Cu(111) at a variety of temperatures.6 They found that after deposition, the Pd was
incorporated into the surface via ascending step edges and that the size of the Cu/Pd alloy
“brims” which formed above the Cu step edges was dependent in size on the lower
terrace.
Recent studies on carbon-carbon cross-coupling reactions have shown that the
reaction which was originally thought to be driven by pure Au catalysts was actually
facilitated by trace amounts of Pd and the reaction yield increased in the presence of
Pd(0).26 This result and others motivate our work utilizing high-resolution STM to study
very low concentrations of individual active atoms and small ensembles in catalytically-
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relevant alloys at a sensitivity (< 1% surface concentration) which few other techniques
are able to achieve.
We aim to understand the preferred geometries of reactive atoms at catalytically
relevant temperatures and the effect of H on the aggregation and segregation of these
atoms. Due to the great atomic-scale heterogeneity of the aforementioned alloy catalysts
the nature of the ensembles of the reactive element needed to promote the key steps of the
reaction is often unclear. In this chapter we use UHV conditions to prepare well-defined
surface alloys of Pd with more inert Cu and Au hosts. LT-STM allows us to determine
the atomic-scale stoichiometry and geometry of the surface as well as the alloying
mechanisms. We demonstrate how the temperature at which the elements are mixed
determines the alloy composition and how metastable Pd particles can be grown on
Au(111) surfaces. These abilities allow us answer questions like: (1) What is the smallest
ensemble of Pd needed to catalyze H2 dissociation? (2) How does the identity of the host
metal affect spillover of H atoms? (3) Does H2 dissociation require a direct collision with
the active site or are there precursor adsorption mechanisms at play? (4) How does the
presence of H affect the atomic-scale geometry of the alloy?

9.2 Results and Discussion

In order to study small amounts of catalytically active Pd atoms, fairly inert Cu
and Au host metals were chosen and prepared such that their defect density (0.01%) was
much lower than the concentration of Pd studied (1%). Cu(111) single crystals have
large, hexagonally-packed, atomically flat terraces as shown in Figure 9.1. When small
amounts of Pd (0.01 monolayers (ML)) are deposited onto Cu(111), the Pd atoms diffuse

139

across the Cu terraces until they come into contact with an ascending step edge, where
alloying occurs as shown in the schematic at the bottom of Figure 9.2. Additionally, large
brims form at ascending Cu step edges which contain alloyed surface and subsurface Pd
for an alloy prepared at 435 K as seen in Figure 9.2. The insets show a STM image of a
representative Pd brim and the corresponding side-view schematic of a Pd/Cu alloy
prepared at a higher temperature (460 K) where surface (arrow) and subsurface (circled)
Pd were imaged with atomic resolution. The brims at the top of the Cu steps are therefore
Pd-rich, whereas areas beyond these brims contain mostly pure Cu(111) terraces. It has
been shown that nearest neighbor Pd-Pd spacings are unfavorable and hence appear as
repulsive interactions in the Pd/Cu(111) system, so while there is no long-range order in
the Pd atom arrangement; all Pd atoms are isolated from each other, meaning no Pd-Pd
dimers or Pd clusters exist in this system.6,19 This result has particular relevance to our
discussion of H2 dissociation on these alloys.

Figure 9.1: Atomically-resolved LT- STM images of the substrates, Cu(111) and
Au(111). Cu(111): hexagonally-packed Cu lattice. Imaging conditions: 0.005 V, 2 nA, 78
K. Au(111): two edge dislocations in the herringbone reconstruction. Imaging conditions:
-0.05 V, 2 nA, 78 K.
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The geometry of the bare Au(111) surface is very different than Cu(111) due to
the herringbone reconstruction of Au(111), as seen in Figure 9.1 and Chapter 8, which
provides additional entry sites for Pd atoms to alloy, since the edge dislocations serve as
preferential binding sites for adsorbates.

Figure 9.2: STM images and schematics of the Pd/Cu(111) alloy. The schematic at the
bottom shows the mechanism for Pd alloying into ascending step edges via place
exchange to form a Pd-rich brim. The large STM image of an alloy prepared at 435 K
shows a Pd-rich brim on a Cu step edge. Imaging conditions: -0.4 V, 0.5 nA, 78 K. The
atomically-resolved STM image inset of a Pd/Cu alloy prepared at 460 K shows a
Cu(111) lattice with subsurface (circle) and surface (arrow) Pd atoms. Imaging
conditions: 0.04 V, 1 nA, 78 K, scale bar = 1 nm. The schematic in the upper left hand
corner shows a side-view of the alloy.
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The temperature of both the Cu and Au single crystals can be controlled during Pd
deposition in order to vary the alloy composition. The temperature dependence of Pd/Au
alloys was discussed in detail in Chapter 8. In the case of Cu(111), at higher T
depositions the majority of the Pd atoms reside in the subsurface region, whereas if the
Cu(111) is at a lower T during deposition, more Pd atoms alloy into the surface layer;
however at all deposition temperatures studied (290 - 475 K) both surface and subsurface
Pd atoms were found in the Pd/Cu(111) alloy system.19 The temperature dependence for
both alloys is due to the higher surface free energy of Pd as compared to Au and Cu
leading to the segregation of Pd into the host metal (surface free energy: Au = 1.63 J m-2;
Cu = 1.85 J m-2; Pd = 2.05 J m-2).27
The dynamics of Pd island motion and the mechanism of surface alloying was
elucidated by STM imaging at elevated temperatures as seen in Figure 9.3. The sample
was prepared at 320 K in order to host Pd islands on the surface of Au(111) and then the
sample was annealed to 450 K to obtain the images in Figure 9.3. These images show that
while the Pd islands are stable for many minutes, the circled islands decreased in size and
eventually disappeared due to the diffusion of Pd atoms across the terrace to nearby edge
dislocations or step edges where alloying occurred. The images in Figure 9.3 were
obtained at 450 K, yet still show the presence of islands. Interestingly, if the alloy had
been prepared at 450 K rather than 320 K, the Pd would be found in the surface of the
Au(111).
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Figure 9.3: Watching alloying occur. Variable temperature STM images recorded at 450
K show the disappearance of the Pd-rich islands that occurs as Pd alloys into Au(111).
These islands were grown at 320 K and subsequently annealed to 450 K. Imaging
conditions: 0.3 V, 20 pA, 450 K.

It is proposed that two factors are at play in allowing Pd islands to remain
somewhat stable on the surface for many minutes rather than instantly alloying. First, it is
expected that fewer edge dislocations (elbows) are present on the surface of Au(111) due
to the rearrangement of the herringbone reconstruction that is caused by Pd substitution.28
Place exchange occurs at the elbows and as Pd atoms replace Au atoms the strain within
the surface lattice causes the concerted motion of a significant number of atoms that
disorders and begins lifting the herringbone reconstruction28, similar to the disorder
caused by local vacancies in Au(111).29 Second, the elbows that still remain are likely
covered with Pd islands, which thereby limit place exchange at edge dislocations. Figure
9.4 shows large Pd-rich islands supported on Au(111) in which parts of the herringbone
reconstruction are visible under the islands, albeit at a much lower density than on pure
Au(111). It has been demonstrated by Lambert that the herringbone reconstruction is not
present under the Pd islands but is rather diverted around them, which we do not
dispute.28 In the case reported here the Pd deposition occurred rapidly and as a result
some of the Pd islands cover the herringbone reconstruction. This is a clue to the
enhanced stability of the Pd islands at elevated temperatures. We have shown that
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alloying occurs at edge dislocations and that there are fewer edge dislocations present in
the herringbone reconstruction due to some disorder of the surface lattice. Most
importantly, the edge dislocations that are present under islands are blocked by Pd and
therefore unable to participate in a vacancy-mediated place exchange mechanism that
transports Pd into the Au surface. Rather, Pd atoms detach from the edges of the islands
(as is observed in the concerted Oswald ripening and shrinking of Pd islands at 450 K)
and alloy into the surface at bare edge dislocations and step edges.

Figure 9.4: Pd-rich islands on Au(111). STM image of a higher coverage of Pd in the
form of islands on Au(111) deposited at 400 K in which the herringbone reconstruction
and specifically edge dislocations are seen below the islands, albeit at a lower density
than on clean Au(111), indicating a reduced number, as well as blockage, of Pd entry
sites into the Au surface. Imaging conditions: -0.9 V, 10 pA, 30 K.

STM has the ability to probe individual active sites, whether these sites are
isolated atoms or small particles. While most surface techniques average over µm2 or
mm2 areas of the sample, STM can monitor adsorption and reaction at the level of single
atoms and molecules. It is of great importance to obtain an accurate picture of the
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structure of active sites for reactions as well as knowledge of how the atomic scale
geometry of these sites changes after adsorption of catalytically relevant molecules. In
the next section we investigate the ability of Pd in a variety of ensembles on both Cu and
Au surfaces to dissociate H2, the diffusion pathway (spillover) of the dissociated H
atoms, and how these Pd sites restructure and segregate in response to the presence of H.
The dissociation barrier for H2 on Cu(111) has been calculated to be ~0.5 eV30,31
although some experimental estimates put the barrier in the range of 0.3–0.4 eV32,33. This
high barrier to H2 dissociation leads to no measurable H2 dissociation on Cu(111) up to
sample temperatures of 420 K. However, when isolated Pd atoms are present in the
surface of Cu(111), we have found that H2 dissociation and spillover occurs, bypassing
the kinetic limitation of pure Cu. The dissociation barrier of H2 over an isolated Pd atom
in Cu(111) has been calculated to have a barrier of only 0.02 eV.34 Figure 9.5 shows a
series of STM images of a H2 dosed Pd/Cu alloy which were recorded while moving
away from the step edge which appears in the first panel. The Pd-rich brim is located at
the top of the step edge, similar to the Pd brim seen in Figure 9.2. In the first panel,
depressions are seen above and below the step edge. The depressions on the lower terrace
are individual H atoms that have dissociated on Pd atoms and spilled over onto the bare
Cu(111) terraces. The concentration of H atoms decreased farther from the step edge (and
therefore the Pd rich brim). As can be seen from Figure 9.5, the H atoms are present in
localized 2D clusters on the bare Cu(111) terraces. Time-lapse STM imaging at 7 K
revealed the diffusion of these islands as a whole indicting attractive interactions between
the individual H atoms in the clusters. It is important to note that at low Pd coverages,
only isolated, individual Pd atoms were present in the Pd brims of Cu(111) and therefore
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H2 dissociation was activated by single, isolated Pd atoms. The large depression in Figure
9.5 is a defect in the Cu surface, which was used as a landmark as images were taken as a
function of proximity to the step edge.

Figure 9.5: Series of LT-STM images taken on Pd/Cu(111) after exposure to H2. The Pd
brim on the upper step edge is seen in the left hand side of the first panel. Individual H
atoms appear as depressions and are seen on the lower terrace after dissociation on
individual Pd atoms and spillover onto the bare Cu terraces. The sequence of images was
recorded moving progressively farther from the step edge to show the drop-off of H
concentration, in support of our findings that H2 dissociates at Pd sites and that H atoms
are stable on clean Cu(111) terraces. Imaging conditions: 0.008 V, 0.01 nA, 7 K, scale
bar = 20 nm.

Due to the reactivity of individual Pd atoms and the inert nature of Cu(111) for H2
dissociation, it was expected that H2 would desorb from a bare Cu surface but dissociate
and spillover from Pd atoms. Considering the coverage of Pd in the Cu(111) surface (0.01
ML) and the amount of H2 dosed (10 L = 10 ML), the expected coverage of H would be
0.2 ML (10 ML H2 * 0.01 ML Pd * 2 H atoms per molecule), however a coverage of ~0.5
ML H was observed experimentally by STM. Therefore, a H2 precursor state on Cu(111)
must be present to explain this result. We propose that molecular H2 does not desorb from
Cu(111), but remains on the surface, diffuses across terraces and only dissociates when in
contact with a substituted Pd atom. Precursor-mediated adsorption is an important and
sometimes overlooked issue in catalysis and surface chemistry and can have can have a
significant effect on reaction kinetics. Early experiments reported anomalously high
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molecular sticking probabilities at high adsorbate coverages.35,36 These results can only
be explained by a weakly-bound state with a long lifetime that allowed the incident
molecule to move around on top of an adsorbate-covered surface until it arrived at a
vacant site. These weakly-bound states are referred to as extrinsic precursor states.37 At
low coverages, molecules can also exist in so-called intrinsic precursor states on the bare
surface if there is a large barrier to dissociative chemisorption. These states are like traps
for incident molecules which allow them to diffuse far enough so that they can find
reactive sites such as step edges for dissociation. The schematic in Figure 9.6 illustrates
the proposed mechanism for the H2 precursor pathway, dissociation of H2 over Pd, and
finally spillover of H atoms onto Cu terraces.

Figure 9.6: H2 precursor state schematic. Schematic indicating the adsorption of a
precursor state of H2 on Cu(111), diffusion of H2, followed by dissociation over an
isolated Pd atom, and finally spillover of H atoms onto the Cu terrace.
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In contrast to Pd/Cu, when H2 was dosed onto the Pd/Au(111) alloy containing
surface or subsurface Pd atoms, H spillover onto Au sites was not observed. Our STM
data revealed that Pd monomers are the most prevalent Pd species present in the surface
layer of Au(111). This apparent Pd-Pd repulsion can be explained by stronger heteroatom
bonds (Pd-Au) than Pd-Pd or Au-Au bonds making the Pd/Au system directly relatable
and comparable to the aforementioned Pd/Cu alloy.38,39 While no H spillover was
observed for these individual, isolated Pd atoms in Au(111), STM images such as Figure
9.7a revealed that after H2 exposure the isolated Pd atoms appeared larger. DFT
calculations have shown that H atoms are thermodynamically stable on isolated surface
Pd atoms in Au(111).34,39 The ramification of this finding is that the enlarged appearance
of the Pd atoms in Figure 9.7a most probably arises due to the dissociation of a H2
molecule on a Pd atom that leads to the population of two of the six available three-fold
hollow sites surrounding the Pd atom with two H atoms.34,39 While theory predicts that
the presence of H should cause Pd trimers to form, this first system we have studied is too
dilute in Pd (0.01 ML) to permit this restructuring, which in our case would require
diffusion of Pd many lattice sites at a relatively low temperature (420 K).
In order to fabricate a Pd ensemble that could support significant H uptake on
Au(111), Pd islands were grown on the surface. Increasing the surface composition of Pd
increases the availability of active sites for H2 adsorption and dissociation.40,41 As
mentioned previously, these systems contain isolated Pd atoms in and under the surface
in the vicinity of edge dislocations as well as Pd islands on top of the Au surface. After
exposure to H2, STM imaging revealed the emergence of a new “striped” structure as
seen in Figure 9.7b due to the formation of PdH. These striped regions appeared on top of
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the surface in the vicinity of edge dislocations as well as on and around islands. In Figure
9.8, the structural differences between Pd/Au(111) without the presence of H (Figure
9.8a) and after deposition of 216 L of H2 on Pd/Au(111) (Figure 9.8b) are evident.
Without the presence of H, Pd appeared in the form of adatom islands and as individual,
isolated atoms in the surface and subsurface regions of Au(111), as seen in Figures 9.3,
9.4 and 8.8a. After exposure to H2, a novel striped phase of PdH was observed on and
around islands, in the vicinity of elbows and at step edges. It is important to note that
before H2 exposure, the highest concentration of Pd atoms in the surface were located in
the vicinity of elbows and step edges. The presence of the PdH striped structure was most
prevalent on areas of the surface where Pd preferentially alloys with Au(111), such as
edge dislocations, step edges, on and around Pd-rich islands.

Figure 9.7: STM images of H/Pd/Au with different alloy compositions. a) Isolated surface
Pd atoms appear larger due to the presence of atomic H but the alloy composition does
not support H spillover onto Au after exposure to 10 L H2. Imaging conditions: -1 V, 1
nA, 7 K. b) A PdH striped structure emerges after Pd islands on Au(111) are exposed to
216 L H2. The PdH striped structure is present on top of both the Pd/Au terrace and Pd
adatom islands. Imaging conditions: 0.4 V, 0.1 nA, 28 K.
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Hydrogen is not stable on Au(111) and, due to the fast diffusion rate of H on
Pd(111) even at temperatures below 100 K41-43, we can rule out the conclusion that the
striped structures arise from H atoms adsorbed on surface Pd as we have observed the
striped phase for long periods of time at both 30 K and 290 K. DFT calculations
performed for H on various geometric arrangements of Pd atoms in the Au(111) surface
indicate that H atoms stabilize Pd dimers and trimers and that H adsorption has the effect
of congregating isolated Pd atoms dispersed in the surface and subsurface regions into
ensembles of Pd atoms in the surface layer.39 Surface Pd segregation in the presence of H
on Pd/Ag alloys has also been demonstrated via DFT.44 In the case of the striped
structure, we propose that H2 exposure leads to the localization of Pd atoms in the surface
layer as theory predicts but also that some of these Pd atoms are pulled out of the surface
and also from the Pd islands in order to form PdH rows on top of the Au terraces and Pd
islands. To the best of our knowledge this type of alloy restructuring in which the
presence of H leads to ejection and ordering of atoms on the surface has never before
been predicted by theory or reported experimentally.
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Figure 9.8: STM images of Pd/Au(111) alloys before (a) and after (b) the exposure of
216 L H2. a) Pd islands and surface Pd (not seen in this large-scale image) are present
after deposition Pd at 370 K. Imaging conditions: -0.3 V, 0.1 nA, 300 K. b) After H2 is
dosed the striped PdH structure appears in the vicinity of elbows as well as on and around
islands. The striped structure is postulated to arise when H causes Pd to be removed from
the surface and aggregate in the form of PdH rows on top of the Au/Pd surface and the Pd
islands. Conditions: Pd deposition at 380 K, 216 L H2 dose, 0.7 V, 50 pA, 28 K.

The proposed striped structure (shown in Figure 9.9) is based on the H-induced
removal of Pd from the surface and islands in order to form PdH stripes on top of the
Au(111) terraces and Pd islands. The inter-row spacing of the striped structure was
measured to be 0.51 ± 0.06 nm, which corresponds to √3 spacing of atoms on Au(111).
The angle of the PdH rows with respect to the underlying Au(111) lattice also supported
the assignment of Pd rows (or stripes) running along the close-packed direction of the
substrate. The height of the Pd-rich islands before H2 adsorption is 0.22 ± 0.03 nm which
correlated to the height of a monolayer high Pd island. It is well known that atomic H
images as a depression (roughly 15 pm).41,42 The height of the hydride is expected to be
lower than that of a Pd island since H images as a depression, as STM measures the
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electronic structure of the material. The height of the striped phase is 0.14 ± 0.02 nm on
both the terraces and the islands, which is consistent with rows of Pd atoms that are
adsorbed on top of the surface and on top of the monolayer high Pd islands.

Figure 9.9: Schematic for the proposed structure of the striped PdH phase. H2 exposure
leads to Pd atom ejection from the surface layer and Pd islands to form PdH rows which
reside on top of the Au terraces and Pd islands. The striped structure forms around and on
the Pd islands as well as on the Au terraces in the vicinity of edge dislocations, where
surface Pd is present at higher concentrations in the alloy.

This striped structure is a previously unreported form of PdH as the surface phase
diagram for H on pure Pd(111) presented by Salmeron contains √3x√3R30-1H,
√3x√3R30-2H and 1x1 unit cells corresponding to Pd:H ratios of (3:1), (3:2), and (1:1)

respectively but shows no evidence for restructuring of the Pd(111) surface itself.45 The
PdH striped structure we propose has a unit cell of 1x√3, corresponding to rows of Pd
atoms adsorbed in three-fold hollow sites on the Au(111) surface separated by one atomic
row. DFT performed by Jacob and coworkers indicated that the order of decreasing
stability of a three-fold hollow adsorbed H atom on Pd/Au(111) would be a Pd trimer
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(Pd3), followed by a Pd dimer (Pd2Au) and finally an isolated Pd atom (PdAu2).39
Depending on whether the Pd stripes are adsorbed on pure Au regions or areas with Pd
atoms in the surface layer would lead to the H atoms associated with the stripe being
adsorbed in three-fold hollows of either Pd3 or Pd2Au composition respectively. The
stripes on the Pd island of course would be predominantly of Pd3 composition. The
resolution of our data does not permit us to determine the amount of H present in the
striped structures so while the schematic in Figure 9.9 shows one H atom associated with
each Pd atom in the stripe there is no reason why a second H atom cannot be adsorbed on
the opposite side. The Jacob group theory work predicts that as long as H is in an
adsorbed hollow site with at least one Pd in the PdxAu3-x ensemble, it is
thermodynamically stable. It is our hope that similar theoretical work will elucidate the
exact structure of this hydride phase we have observed on top of Pd/Au(111) alloy
surfaces. We now plan to perform temperature programmed reaction experiments to
investigate how the hydrogenation chemistry of this novel 2D PdH phase differs from
regular H/Pd(111) systems.

9.3 Conclusions

We have shown that UHV surface preparation methods can be used to yield a
range of Pd-based surface and subsurface alloys. High-resolution STM allowed us to
interrogate the atomic-scale geometry of these alloys and revealed that in both Cu and Au
metals, Pd tends to surround itself with host metal atoms and bury itself in subsurface
sites. This can be rationalized in the case of Pd/Cu by steric repulsion of nearest neighbor
Pd atoms as well as the higher surface free energy of Pd and the formation of stronger
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hetero-element bonds in both cases. Depending on surface temperature during the
alloying procedure a range of metastable states of Pd can be formed including Pd atoms
in the surface layer and Pd islands on Au(111). These well-defined systems allowed us to
interrogate the active sites for H2 dissociation. We found that individual, isolated Pd
atoms were active for the dissociation and spillover of H atoms onto Cu but not Au. This
can be understood by the thermodynamic stability of H atoms on Cu(111) but not
Au(111). In order to get significant uptake of H on Pd/Au, larger ensembles of Pd were
required. We found that major restructuring of the Pd/Au system occurred after exposure
to H that could be explained by strong Pd-H bonds reversing the tendency of Pd to
segregate into the bulk. We present a previously unreported form of PdH in regularlyspaced rows that we postulate form via H-induced ejection of Pd atoms from the surface.
This work reveals some of the rich structural diversity of bimetallic alloys that occurs in
the presence of reactants and raises the question of how these atomic-scale structures
affect hydrogenation chemistry.

9.4 Additional Experimental Details

Experiments were performed in the LT- and VT-STMs on Princeton Scientific
Corporation Au(111) and MaTecK Cu(111) single crystals. Pd was deposited on the
substrates by resistively heating a Pd wrapped W wire while the sample was held at a set
temperature. All of the scanning conditions are reported for the sample voltage. Sample
temperatures are accurate to within ±10 K. Between 10 and 216 L H2 was dosed in the
prep chamber, where 1 L = 1x10-6 Torr·s. Etched W and cut PtIr STM tips were used to
acquire images.
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9.5 Future Directions

This chapter studies the interaction of Pd islands supported on Au(111) with
hydrogen, where Au acts as an inert support. This system can be expanded to other
molecules, such as oxygen, which will interact with Pd, but not Au. In previous years, we
investigated O2 adsorption on surface Pd monomers on Au(111), but saw no evidence of
oxygen uptake. The aforementioned experiments could be conducted with oxygen to
determine the dependence of oxygen adsorption on Pd coverage on Au(111) via STM.
Additionally, the effect of O2 adsorption on the striped PdH phase could be studied while
scanning. After hydrogen adsorption on Pd islands on Au(111), O2 could be dosed while
scanning over a region of the striped phase, in order to capture the oxidation of the PdH
striped regions. It is expected that water will form and therefore the PdH striped phase
will disappear, leaving Pd islands or PdO islands on the surface.
In Chapter 5, we closely studied the extended H-bonded networks of methanol
which adsorbs intact on Au(111). Methanol does not decompose on bulk Au(111), but
does on Pd(111).46-49 With what we understand about the structure of MeOH H-bonded
networks as a function of coverage, we can study the effect of Pd alloyed with the
Au(111) surface, similar to the research that was conducted with H2 adsorption in this
chapter. Using careful scanning conditions and annealing treatments we can interrogate
the decomposition of MeOH as a function of coverage and position of Pd in Au(111). All
of the structures present on the Au(111) surface in Chapter 5 rely on H-bonded networks,
however the decomposition of methanol to methoxy renders the molecule unable to act as
a H-bond donor, which would inevitably change the assembly and ordering of the
surface-bound structures. TPD experiments of methanol on Pd/Au(111) alloys could be

155

conducted to verify methanol decomposition and indicate the appropriate annealing
temperatures.
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