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Abstract
The direct observation and measurement of the chemical and physical properties
of nanoscale structures on noble metal surfaces have been accomplished utilizing an
ultrastable low temperature (4 K) extreme high vacuum (XHV) scanning tunneling
microscope (STM). The ultrastability of the STM enables the measurement of single
molecules with great precision. These high-resolution microscopic and spectroscopic
studies are essential in developing benchmarks for the design of novel catalytic systems,
understanding

the

communicative

behavior

of

adsorbates

through

substrate-mediated interactions (SMIs), and probing the buried interface structures of
monolayers.
Toward understanding heterogeneous catalysis at the atomic scale, studies of the
subsurface hydride (SSH) of Pd, the key material and reactant hypothesized to be critical
both to hydrogenation reactions and metal embrittlement, are presented.

The SSH

species has been created directly for use as a chemical reagent, in preparation for
tunneling electron-induced reactions that can be monitored by recording the discrete
spectroscopic signatures of intermediates and products isolated at 4 K. Additionally, Pd
surface-bound atomic hydrogen and deuterium (as well as vacancies at higher coverages)
exhibit diffusion even at low temperature, offering insight into the behavior of these
species prior to reaction.
Because molecular thiophene (and its heterocyclic analogues) poses a significant
challenge to desulfurization due to its stabilizing π electrons, it is an ideal candidate for
investigating the mechanism of hydrodesulfurization (HDS). The chemical structure and
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adsorption of thiophene on Pd{111} and Pd{110} are presented. Through topographic
measurements and differential conductance (dI/dV) imaging, we show a dramatic
difference between the adsorption of thiophene on Pd{111} and that on Pd{110}. The
observation of the electronic structure of thiophene on Pd reveals that the surface state
may play a role in molecular adsorption via SMIs, however, the surface state dispersion
for Pd suggests that mediation may come from bulk-state or image-state electrons.
Further, these techniques will be used both to manipulate single adsorbates into proximity
of SSH and to induce reaction in situ.
We have studied the SSH of Pd{111} and the subsurface deuteride (SSD) of
Pd{110} toward understanding chemical reactions with these novel reactants. Deposition
of deuterium into the bulk and interstitial subsurface sites of Pd{110} causes a (1 × 2)
surface reconstruction. We have found that while SSH causes unidirectional lattice
distortion for Pd{111}, SSD formation results in the growth of facets along the 〈110〉
substrate direction, reverting to the (1 × 1) phase.

Single-molecule vibrational

spectroscopy of thiophene adsorbates on both flat and faceted regions allude to distinctly
different chemical identities, suggesting that we are observing the reaction intermediates
of the HDS of thiophene.
Additionally, the controversy of STM image interpretation of self-assembled
monolayers (SAMs) has been resolved using a technique that images both the chemically
bound head-groups and exposed tail-groups in bi-component alkanethiolate (ALK)
SAMs on Au{111} simultaneously, with molecular resolution.

The polar tilt and

azimuthal angles of single molecules within monolayers have been measured and

v
demonstrate that ordered domains with different superstructures also have varied buried
sulfur head-group structures.
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science facilities labeled. The cryostat is highlighted in red. Molecules are
introduced into the chamber via high precision sapphire leak valves on any of
the three chambers. Figure 2.1 has been adapted from Ref [31]. ........................ 13
Figure 2–2. Schematic diagram of the Besocke-style STM head design and
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teardrop grooves brings the sample closer to the tip until tunneling current is
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Figure 3–1. Fermi surface contours for well-characterized noble metals. The Cu
Fermi surface (left panel) is especially symmetrical and has been used to
demonstrate key features, intersecting points and wave vectors along and
through the FBZ (black and blue outline). The fcc{111} plane (blue
projection) and the {110} plane cut (red dotted line and accompanying red
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defects. (b) Differential conductance image (dI/dV) acquired simultaneously
with (a). Because dI/dV is a phase-sensitive technique that is mostly
insensitive to topography, the electronic standing waves are greatly enhanced.
A Fourier transorm (inset) of the data in (b) results in the expected Fermi
contour with radius 2kF. (c) Perspective rendering of (b) to show
enhancement of scattering about the defect sites. ................................................. 26
Figure 3–3. Constant-current STM (145 Å × 145 Å, Vs = 1.2 mV, It = 1.9 nA,
T = 40 K) image of a Cu{111} terrace with standing waves propagating from
the step edge at the bottom right-hand corner of the image. (b) Fourier
transform map of (a). The lattice spots with corresponding Fermi contours
are highlighted. The two semi-ellipses at the center are a mathematical result
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(b) displays the SBZ of Cu{110} and highlights the projected bulk band gaps.
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xi
Figure 3–6. a) STM image (Vs = 0.1 V; It = 150 pA; 143 Å × 143 Å) of molecular
thiophene (0.08 ML) adsorbed on a Pd{111} surface at 4 K. Dosed after the
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b) STM image (57 Å × 38 Å, Vs = -0.2 V, It = 100 pA) of molecular
thiophene adsorbed near (the top of) a Pd{111} step edge at 4 K. The arrow
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(14 Å × 14 Å, Vs = -0.2 V, It = 100 pA) acquired leading up to and after I vs. t
spectroscopy. The thiophene moved out of the frame of imaging during
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d) STM image (57 Å × 38 Å, Vs =-0.2 V, It = 100 pA) after I vs. t
spectroscopy. This image confirms the new location of the molecule from
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a) Topographic STM image (Vs = 10 mV; It = 0.1 nA; 60 Å × 60 Å) of
individual thiophene molecules at low coverage on Pd{111} deposited onto
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is enhanced at this imaging energy, and some subsurface impurites (leftpointing dotted orange arrow) remain despite diligent crystal preparation.
b) Same image as (a) overlaid with a proportional model of the Pd atomic
lattice to highlight and assign adsorption sites and orientations of the
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Figure 3–9. Electronic perturbation of Pd{110} by thiophene adsorption.
Topographic STM image (Vs = -30 mV; It = 0.2 nA; 285 Å × 285 Å) of
Pd{110}-(1 × 1) with low coverage of thiophene molecules (orange
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Inset: High-resolution STM image (Vs = -30 mV; It = 0.2 nA; 73 Å × 73 Å)
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(b) Normalized histogram of separations between thiophene molecules on
Pd{110} (0.0017 molecules/Å2) determined from a series of 50 nonoverlapping STM images recorded at 4 K. ........................................................... 48
Figure 3–11. Polar histogram of the adsorbate distribution data from Figure 3–10.
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Figure 3–12. Probing surface-state oscillations in Pd{110} by STM, simultaneous
dI/dV spectroscopic imaging, and Fourier transform. a) Topographic STM
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demonstrated by the potential energy diagram (inset), adapted from Ref. [72]. .. 57
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(B) Topographic STM image
(Vs = -0.025 V; It = 50 pA; 950 Å × 700 Å) of five lines created on the
Pd{111} surface by holding I = 50 pA. The write voltages for lines 5-9 were
-0.6, -1.0, 1.0, 0.6, and 0.7 V, respectively. The vertical scale maximum is
0.6 Å.
The two insets are differential conductance STM images
(Vs = -0.018 V; It = 200 pA; 30 Å × 30 Å) displaying atomic resolution of the

xiii
expected hexagonal fcc atomic array (top) and the distorted hexagonal array
(bottom) over the line edge. .................................................................................. 58
Figure 4–3. Schematic of the effect of population of SSH sites. (A) The surface
and subsurface sites are free of H on the clean crystal, though, some H
remains present in the bulk. (B) After applying a bias pulse with the STM tip
(indicated by the yellow region in the bottom left panel), some of the bulk H
diffuses to the more stable subsurface sites. Surface Pd atom relaxation
ensues, and they gain a net positive dipole with respect to the SSH. A 1D
potential energy diagram depicting the relative stability of placing an H atom
in either the bulk or the subsurface sites is given above each schematic. ............ 61
Figure 4–4. Effect of SSH on H adatoms on Pd{111}. (A and B) Topographic
STM images (Vs = 0.07 V; It = 50 pA; 150 Å × 150 Å) depicting H
segregation from the area over which the STM tip hovered (red circle in (B)).
(C and D) Topographic STM images (Vs = 0.05 V; It = 100 pA;
200 Å × 200 Å) demonstrating H overlayer vacancy aggregation in the area
over which the tip hovered. .................................................................................. 64
Figure 4–5. Schematics demonstrating the process of H atom migration to the
subsurface sites and its effects on surface H structures. The topographic
STM images are taken from Figure 2-4. (A and B) Below 0.33 ML, SSH
sites are filled, the electronic structure of the overlaying structure is
perturbed, and its geometric structure is distorted. H adatoms migrate away
from these SSH features to find more stable adsorption sites. (C and D) At
higher coverages, subsurface hydride sites are populated, the surface
electronic structure is perturbed, and its geometric structure is distorted. H
adatoms migrate from the SSH feature, but the constriction due to higher
coverage causes some H to remain as lower density (√3 × √3)-2H structures. .... 66
Figure 5–1. D-induced Pd{110}-(1 × 2) surface reconstruction. (a) Atomically
resolved STM image (substrate bias voltage Vs = 0.01 V; tunneling current
It = 1.4 nA; 22 Å × 22 Å) with model structure (inset) of the (1 × 2) phase.
(b) Apparent height profile acquired along the dashed red line in Panel (a). ...... 74
Figure 5–2. Thiophene adsorption on D/Pd{110}-(1 × 2) and on clean
Pd{110}-(1 × 1). (a) Topographic STM image (Vs = -0.015 V; It = 0.2 nA;
73 Å × 73 Å) of thiophene deposited at low coverage on a D-reconstructed
Pd{110}-(1 × 2) surface. Thiophene molecules appear as protrusions and
adopt two distinct shapes/intensities in STM images depending upon
adsorption site. (b) Topographic STM image (Vs = 0.1 V; It = 0.9 nA;
22 Å × 22 Å) of thiophene on Pd{110}-(1 × 1), accompanied by a
simultaneously recorded differential conductance image, (c) showing
enhancement of the local density of states (LDOS) at this energy. At positive
sample bias, we observe lobes attributed to empty states. .................................... 76

xiv
Figure 5–3. Drawing D to the subsurface sites of Pd{110}. The STM
topographic image (Vs = 0.5 V; It = 0.010 nA; 260 Å × 260 Å) on the left was
acquired before setting the bias voltage to 1 V. After setting the bias voltage
to 1 V and having the STM tip hover in its rest position over the center of the
frame for 2 min, the image on the right was acquired. A diffuse protruding
region (dashed white circle) was observed at the center of the image. ................ 78
Figure 5–5. Selected frames extracted from a series of sequential STM images
(Vs = 1.0 V; It = 0.05 nA; 260 Å × 260 Å) that were rendered into a timelapse video file. Already evident at the beginning of the sequence (Frame 0)
is a more protruding region at the center of the image, where the STM probe
rests for a short time (<10 ms) before and between frame acquisition.
Subsurface sites are increasingly populated as the tip rasters across the
surface at Vs = 1 V, and facets emerge and propagate along the 〈110〉
direction of the Pd{110} substrate. Population of the subsurface sites by D
was saturated by frame 30. ................................................................................... 81
Figure 5–6. Determining the onset of the population of subsurface D in the
presence of thiophene. (a) STM topographic (derivative) image (Vs = 0.05 V;
It = 0.05 nA; 348 Å × 348 Å) highlighting the deviation of the facet planes
(β) from the underlying substrate plane (α). (b) Topographic STM image
(Vs = 0.05V; It = 0.05nA; 260 Å × 260 Å) of region β in panel a, plane
subtracted (flattened by tilting the image). The inset is a high-resolution
STM topographic image (Vs = 0.01 V; It = 1.4 nA; 22 Å × 22 Å) acquired
over the region denoted by the black dotted box. Here, the Pd{110}-(1 × 1)
structure has returned. The protrusions in both panels a and b are thiophene
molecules. (c) Representative I(V) spectrum taken over Pd in area α of panel
a (Vgap = 0.05 V; Igap = 0.05 nA). The red curve represents the forward bias
sweep direction from negative to positive bias, and the blue curve represents
the reverse sweep. Further spectra acquired at the same spot retraced the blue
curve (see Figure 5–7).
The dashed line marks the onset value.
(0.38 ± 0.02 V) acquired from an average of 45 forward spectra at fresh
locations on the surface. ....................................................................................... 83
Figure 5–7. STM topographic image (Vs = -0.06 V; It = 0.8 nA; 130 Å × 130 Å)
of a (1 × 1) faceted region of Pd{110} at 4 K accompanied by its fast Fourier
transform (FFT, inset). The Pd{110} lattice constants can be obtained from
the prominent spots of the FFT. Here, the white arrow points to the spot
corresponding to 2.71 Å and the green arrow points to the spot corresponding
to 3.83 Å. The lattice constants for Pd{110} in the 〈110〉 and 〈001〉
directions are 2.75 Å and 3.89 Å, respectively. These data illustrate the
(1 × 1) Pd atomic structure over the faceted region.............................................. 84
Figure 5–8. Conductance spectra acquired over the (1 × 1) region of the inset of
Figure 3-5b. The energy region between -0.15 and +0.15 eV is shown here;

xv
there is complete overlap of I(V) curves for both forward and reverse sweeps.
The features at ca. ±0.045 eV are apparent in the reverse sweep (blue curve)
in Figure 5–5c, and are attributed to the surface vibrations. ................................ 86
Figure 6–1. Theory of IETS. a) Hypothetical simultaneous I/V. dI/dV, and IETS
measurements qualitatively depicting a single-point IETS sweep, where Vs is
above the threshold of an inelastic tunneling channel (ħω/e). b) Energy level
diagram for STM tunneling showing both elastic and inelastic tunneling
routes. In (a), ħω is the energy of a vibrational mode and e is the charge of
an electron. ............................................................................................................ 90
Figure 6–2. Single-molecule IETS of H on Pd{111} at 4 K. a) Topographic STM
image (Vs = -15 mV; It = 0.2 nA; 80 Å × 80 Å) of (1 × 1) H overlayer where
point spectroscopy was acquired (red ×). The apparent protrusions are H
vacancies. b) Conductance spectroscopy (I/V) over the H molecule denoted
by the red × in (a). b) Differential conductance spectroscopy (dI/dV)
acquired simultaneously with (b) and (d). Note that the features in I/V
translate into step-like features in dI/dV at the corresponding energies.
d) IETS acquired simultaneously with (b) and (c). The peaks at ±200 mV,
±150, and ±80 mV correspond to the energies of translation, H–Pd
perpendicular stretching, and H–Pd parallel bending, respectively. .................... 93
Figure 6–3. Generalized schematic of HDS of thiophene on a metal substrate (M)
(Adapted from Refs [154, 179, 180, 182]). Initial adsorption of thiophene
proceeds through conversion to the 2,5-dihydrothiophene intermediate, where
aromaticity is broken and the S gains more sp3 character. The green doubleheaded arrows denote vibrational dipoles that are expected to be IETS active
in our STM measurements. Conversion of the C4H4 intermediate to
1,3-butadiene is not expected to occur at 4 K. ...................................................... 98
Figure 6–4. Single-molecule vibrational spectroscopy of HDS intermediates on
Pd{110} at 4 K by IETS STM. a) Topographic STM image (Vs = -120 mV;
It = 1.4 nA; 43 × 43 Å) of the HDS precursor adsorbed on the
Pd{110}-(1 × 2) D-reconstructed surface. The blue arrow denotes the
molecule over which IETS was acquired. Diagonal rows (bottom left to top
right) are indicative of the (1 × 2) Pd atomic rows. b) Topographic STM
image (Vs = 120 mV; It = 1.4 nA; 43 Å × 43 Å) of the C4H4 intermediate
adsorbed on a (1 × 1) faceted step that was induced by tunneling electrons.
The red arrow denotes the molecule over which IETS was acquired, and the
green dashed line is provided as a guide for the eye for the step edge.
c) IETS acquired over the respective molecules in a (blue trace) and in b (red
trace). The blue arrow indicates the strong signal at ~94 mV (-C-S-Cstretch) and the red arrow indicates the vibration at ~180 mV (-C=C- stretch).
Gap conditions: (a)(Vgap = -60 mV; Igap = 600 pA); (b)(Vgap = -120 mV;
Igap = 1400 pA) ...................................................................................................... 103

xvi
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Chapter 1
Atomic-Scale Insight into Surface Interfaces: Scanning Tunneling
Microscopy
1.1 Introduction
The advent of the scanning tunneling microscope (STM) enabled the first direct
observations of the local physical and electronic structures of surfaces with atomic
resolution [1,2]. This development came on the heels of a technological age experiencing
exponential advances in electronic device design, computing power, and demanding
needs by a scientific community desiring precise understanding and control of the
nanoscale. Following its development by Binnig and Roher in the early 1980’s, the STM
has become an indispensible tool in surface science, and thanks to a broad and
resourceful user community, it has matured into an extremely flexible and capable
instrument not only for imaging nanoscale landscapes but also for manipulating features
on these landscapes and for differentiating chemical identities with atomic precision
[3-5]. A brief overview of the STM and its operational principles is presented here to
give the reader a feel for the advantages this powerful technique affords us in our studies
of atomic-scale surface interactions, dynamics and structures.
1.2 Principles of Scanning Tunneling Microscopy
The fundamental principle of STM lies in the probability of an electron of known
energy penetrating a classically forbidden potential barrier, in this case a vacuum barrier,
between two conducting electrodes, here a metallic single crystal sample and a metallic
probe tip wire. Quantum mechanics dictates that at such close distances as is the case in
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the majority of STM experiments (where the tip-sample separation, z, is on the order of a
few Å), the wavefunctions of the surface and the tip can decay through and overlap
within the vacuum gap, leading to a non-zero probability of quantum electron tunneling.
The operation of STM is rooted in the work function,

, of a metal, which is defined as

the minimum energy required to remove a single electron from the highest occupied
electronic energy level to the vacuum level. Figure 1–1 shows the geometry of the
tunneling junction accompanied by the respective energy level diagram. Note that the
Fermi energy, EF, is the energy at the band edge of the highest occupied energy level of
the metal. When the tip and the sample are brought to within tunneling proximity and
when a potential energy in the form of a bias voltage is applied between the two metals,
EF of the probe tip and that of the sample are offset by the magnitude of the bias times the
electron charge (eV). The result is net electron flow, or current, from the tip to the
sample or vice versa depending on the bias polarity. For simplicity’s sake, the energy
level diagram in Figure 1–1 represents only that of a positively biased sample, thus net
electron flow is from the tip into the empty states (or in the case of molecular adsorbates,
empty orbitals) of the surface. Reversing the bias polarity results in the STM probing the
filled states of the surface (vis-à-vis filled molecular orbitals).
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Figure 1–1. Geometry of the tunneling junction (top) with tip atoms
represented by blue spheres and substrate atoms represented by gold spheres.
The corresponding energy level diagram (bottom) shows that the Fermi levels
(EF) of the tip and sample are offset by the bias voltage applied to the sample
(Vs). In this case, electrons are tunneling from the filled states of the tip to
empty states of the sample, thus Vs is positive with respect to the tip.
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Note that the bias can be applied at the tip, although, the experiments described
henceforth are conducted by applying the bias to the sample (Vs) and by recording the
tunneling current (It) from the tip. The fundamental relationship between current, I, and z
in STM [1,6] is expressed as
∝

1.1

where k is the decay constant
2

1.2

and m is the mass of the electron (9.1 × 10-28 g),

is Planck’s constant

(6.626 × 10-34 J · s), V is the applied bias voltage, and E is the energy state of the electron.
At small Vs, (V – E) can be approximated as the work function, , and Equation 1.2
reduces to
2
where φ is the barrier to tunneling.

1.3

From Equation 1.1, it is evident that It is

exponentially proportional to the tip-sample separation, z. It is this relationship that is
responsible for the extreme degree of precision and dynamic range of the STM; small
variances in z lead to large variances in It. The tip-sample separation in our microscope is
controlled by an external piezoelectric actuator, which has an applied voltage range on
the order of hundreds of V (resulting in a dynamic range of about a micron), thus, we are
able to probe current responses from the sub-picoamp (pA) regime to the nanoamp (nA)
regime. It should be noted here that the STM is commonly operated in one of two
modes; either constant-current or constant-height. In constant-current mode, a feedback
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loop (FBL) measures and adjusts z in order to maintain a set It, whereas in constantheight mode, the feedback loop is disabled and z is fixed while It is measured. The
experiments described in this dissertation were carried out in constant-current mode
unless otherwise noted. The STM draws 2D topographic maps by “rastering” the tip
across the surface. This process requires that the tip be moved precisely so that data can
be acquired at each point along a line with a defined point resolution. Subsequent lines
of data are compiled to build a 2D representation, which is the STM image. Figure 1–2
shows a schematic of the STM topographic imaging process. The image in the inset of
the monitor in Figure 1–2 is that of an n-alkanethiolate (ALK) self-assembled monolayer
(SAM) on Au{111}, a well-established crystalline surface system that will be discussed
in more detail when we lay out the foundation for mapping both the tops and bottoms of
these molecules in Chapter 7.
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Figure 1–2. Simplified overview of the STM and control interface. The STM
tip (blue) rasters across the surface (yellow) in constant-current mode (see the
dotted red trajectory). In this mode, the feedback electronics dynamically
adjust z to maintain a set current. The electronics sample z at each point along
the path and compile lines of data points into a 2D representation on the
computer screen (in this case, a SAM of alkanethiolate molecules).
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Since we map the change in z in two dimensions with an electronic feedback
mechanism with predefined response times, it is important to point out that STM
topography images are a convolution of physical and electronic structure.

Phase-

sensitive techniques (in the form of spectroscopic imaging and single-point
spectroscopies) are employed to aid in the deconvolution of these components. These
techniques include, but are not limited to, conductance (I/V) spectroscopy, differential
conductance (dI/dV) spectroscopy, inelastic electron tunneling spectroscopy (IETS, also
d2I/dV2), and local barrier height (dI/dz) spectroscopy (LBH). With the exception of I/V
spectroscopy, all of these techniques typically use an external lock-in amplifier (LIA)
both to supply a reference modulation and to demodulate the carrier signal in order to
record the desired signal component. These measurements will be discussed in more
detail as they apply to the specific experiments throughout this dissertation.
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1.3 Dissertation Overview
Though the work presented in this dissertation makes use of many of STM’s
capabilities in studying a multitude of interfacial chemistries at the nanoscale, it still
represents only a small fraction of the vast body of work utilizing STM to study surfaces,
and does not address the growing body of literature on STM characterization of novel
nanostructures like nanowires, nanotubes, graphene, etc. The aim of this dissertation is to
tie together several key concepts of the palladium (Pd) heterogenous catalytic system
using STM and STS to study this surface and its catalytic reactivity with hydrogen (H),
deuterium (D), and molecular adsorbates (e.g., thiophene), as well as its ability to probe
both exposed and buried interfaces of monolayers simultaneously.
We have already touched upon the fundamental principles of STM here in
Chapter 1.

Chapter 2 will describe the specialized instrumentation used for the

experiments described throughout the following chapters. The unique adaptation of a
multitude of surface science analytical facilities to the instrument, and its housing in an
isolated acoustic chamber result in an ability to acquire comprehensive, precise, and highresolution data. Chapter 2 also discusses the key advantages of operating at 4 K in terms
of thermal, mechanical, and electronic stability.
The adsorption of thiophene on Pd{111} and Pd{110} will be discussed in
Chapter 3. Adsorption dynamics will be discussed in two-fold: 1) Thermally driven
adsorption of thiophene at step edges of Pd{111} and 2) Adsorption via competition
between surface structure (i.e. corrugation) and long-range surface electronic statemeditated interactions.

9

Chapter 4 introduces a fundamental and technologically critical interaction of Pd
and H—an interaction where H and D can absorb into the near-surface region and be
manipulated directly by the STM tip to create local subsurface hydride (SSH) features
that are posited to be precursors to catalytic reactions. We show that population of the
subsurface sites by H destabilizes the surface adsorption sites directly above, causing the
outward diffusion of either H adatoms or H overlayer vacancies at low or high coverage,
respectively. Our work is supported by the theoretical and experimental consensus, and
has implications not only in catalytic reactivity, but also in hydrogen storage materials
and in the mechanism(s) responsible for metal embrittlement [7,8].
Chapter 5 extends our investigations of the Pd SSH to the respective subsurface
deuteride (SSD). In this case, we examine the structural transitions induced by D on the
Pd{110} surface. We find that D deposited at 4 K induces the (1 × 2) surface atom
reconstruction, and that subsequent deposition of thiophene and application of tunneling
electrons results in local surface faceting at bias voltages greater than ±0.38 eV. The
faceting is commensurate with the 〈110〉 direction of the Pd surface and is a result of D
populating the subsurface sites. Our data suggest that this faceting is a precursor to the
mechanism of hydrodesulfurization (HDS) of thiophene by SSD on Pd{110}.
In Chapter 6, we examine our hypothesis of the HDS mechanism from the
previous chapter of thiophene on Pd{110} at 4 K by employing direct single-molecule
vibrational spectroscopy by IETS.

The vibrational data corroborate a significant

structural difference between the species adsorbed on the (1 × 1) Pd{110} phase where
no SSD is present, and the species adsorbed on the SSD-induced facets. These data are
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supported by molecular dynamics simulations in collaboration with S. Morton and the
Jensen Research Group at Penn State University.
In Chapter 7, we address a novel technique for extending the capability of STM to
probe simultaneously both the exposed and buried interfaces of monolayers. This dual
mode imaging technique relies on the simultaneous mapping of topography and LBH to
deconstruct the molecular orientation parameters of individual molecules in self- SAM
matrices. Our investigations on this system involved custom data processing routines
that we composed and automated to index local molecular extremities and to measure
hundreds of absolute and azimuthal tilt angles. Our measurements demonstrate that STM
topography images the exposed methyl termini of the SAM while LBH maps the buried
thiolate-Au (S-Au) head groups. This fundamental distinction is what has allowed us to
match a molecule’s head group with its respective tail group to make the measurement.
Our results are in good agreement with the consensus of literature addressing the
structure of SAMs in regards to tilt angles, and suggest that the presence of more
complicated superstructures for longer ALK SAMs is a direct result of the structure of
the S-Au buried interface. These findings have great implications in the design and
implementation of nanoscale devices whose functionality is directly dependent up
molecular orientation.
We will conclude with some final remarks in Chapter 8 regarding the experiments
discussed throughout this dissertation, and the importance of the techniques described
therein in the continuing advancements in surface science, from a fundamental
understanding to applied nanostructured design in devices and catalytic systems.

11

Chapter 2
Ultrastable Scanning Tunneling Microscopy at 4 K in Extreme High Vacuum
2.1 Introduction
Since the inception and implementation of scanning tunneling microscopy in the
early 1980’s, the STM has become an indispensible and flexible tool for studying the
chemistry and physics of surfaces at the atomic scale [1,2]. There are a variety of designs
for the STM and in particular the scanning element, but all work off of similar principles
of piezoelectric responses to applied voltages. Based on the preferred STM design, one
can build low-cost, ambient systems (designed primarily for probing surface feature
morphology, and now for learning enrichment at educational institutions looking for
inexpensive turn-key systems for teaching surface science (NanoSurf® EasyScan,
Nanoscience Instruments, Phoenix), to high-temperature, high-pressure systems for
studying surface-interface interactions at industrially relevant conditions [6,8-12], and
finally to extreme high-vacuum (XHV) cryogenic and ultrastable systems that can probe
physical and electronic structures and properties that are otherwise unobservable with
atomic resolution due to thermal activation [4,11,13-15].
This chapter will set the stage for following ultrastable cryogenic measurements
by outlining the low-temperature XHV STM system used throughout this dissertation.
The cryogenic STM offers several major advantages over standard ambient systems.
Most importantly, perhaps, is the stability of the tunneling junction. Once reaching and
equilibrating to 4 K, thermal and mechanical drift is nearly quenched.

This near-

elimination of drift offers the user precise control over tip placement and manipulation,
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which is a necessity in experiments involving measurements of single molecules,
manipulation of single atoms, or electronic and vibrational spectroscopy over single
molecules [4,14,16-24].

At 4 K, thermally activated processes, such as adsorbate

diffusion, subsurface species formation, and substrate-adsorbate interactions, are slowed
significantly, giving access to these processes that typically occur on time scales faster
than that of the STM’s response [25-27]. In the case of spectroscopic measurements, the
effect of operating at 4 K on the system is of paramount importance. At this temperature,
electron energy distributions are much narrower compared to those at room temperature
[8,28-30], enabling higher energy resolution, thus enabling measurements of electronic
and vibrational states of surface adsorbates. This chapter will give a brief introduction to
the custom 4 K STM system and its experimental capabilities. The original design by
Ferris at al. [31] has been maintained for the most part, with specific modifications made
for the experiments described in the subsequent chapters.
2.2 Isolation and Operation
To achieve the degree of stability and precision needed to carry out experiments
requiring positioning the STM tip over a single location on the substrate for up to days at
a time, special consideration has been given to the design of both the instrument itself and
the acoustic chamber in which the STM is located. Figure 2–1a shows a schematic of the
XHV STM system inside its acoustic isolation chamber (Figure 2–1 has been adapted
from Ref [31]), referred to colloquially as “the quiet room.” The chamber is built upon a
foundation that is isolated mechanically and electronically from the rest of the building.
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Figure 2–1. (a) Schematic overview of the acoustical isolation chamber and
ultrastable low-temperature XHV STM system within. The XHV system is
supported on a sealed hole pneumatic laser table (A). Samples are introduced
into the vacuum chamber at the load lock (D) and cleaned in the prep chamber
(B) before transfering from the main chamber (C) to the STM held within the
cryostat (E) at 4 K. (b) Schematic of the XHV system with surface science
facilities labeled. The cryostat is highlighted in red. Molecules are introduced
into the chamber via high precision sapphire leak valves on any of the three
chambers. Figure 2.1 has been adapted from Ref [31].
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Below this “building-within-a-building” sits a single 23-ton concrete slab atop a
bed of crushed rock. A two-meter-deep recession with stairs was built to enable access to
the cryostat, which houses the microscope and hangs below the pneumatic air table
(Newport Corporation, Irvine, CA), and to accommodate the liquid helium (LHe)
refrigerator (Kadel Engineering, Danville, IN) that is mounted around the cryostat during
daily operation. The isolation chamber has its own electrical ground and power
distribution to eliminate electronic interference (60 Hz) from neighboring labs and
building facilities.

To this end, the number of electronic components within the

acoustical chamber is kept to a minimum, and all lights and devices except for ion gauges
(Balzers-Pfeiffer, Nashua, NH) are turned off and unplugged during measurements. The
STM control electronics and ion pump power supplies (Varian, Palo Alto, CA) are
housed in electronic racks at a control station just outside the chamber, and windows on
either side of the one-foot-thick isolation wall enable direct visual observation of the
instrument during operation.
The cryostat houses the STM head and is highlighted in red in Figure 2–1b.
Mechanical bellows (green circle in Figure 2–1b) attached to ballast tanks enable the
cryostat to swing freely or to remain rigid. Every element of the STM chamber is
designed for mechanical decoupling to eliminate vibrations and to achieve maximum
stability at the STM head. Cryogenic cooling is achieved by mounting a gas heatexchange cylinder (referred to as the insert) around the cryostat and immersing both into
the LHe dewar. The insert is initially evacuated with a roughing pump (BOC Edwards,
Tewksbury, MA). Cooling the cryostat is a two-step process. First, liquid nitrogen (LN2)
is used to bring the temperature down to 77 K and helium gas is added to the insert.
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Once at 77 K, any remaining LN2 is removed and the LHe is added. This two-step
process ensures controlled cooling and reduces the expense of LHe needed during initial
cooling from room temperature (293 K). An additional benefit to the two-step cooling
process is the ability to check connections and functionality of the STM head before
proceeding to 4 K.
Figure 2–1b also highlights additional surface science facilities built onto the
XHV chamber. Samples are introduced into vacuum at the load lock (rightmost chamber
in Figures 2–1a and 2–1b). Once the sample has been loaded into the chamber, sample
translation is achieved via a combination of magnetically coupled transfer arms (Figure
2–1, blue, (Thermionics, Hayward, CA)) and multiple-axis motion feedthroughs (MDC
Vacuum, Hayward, CA). The horizontal transfer arm consists of a pair of molybdenum
(Mo) rods in a fork-like configuration to straddle the sample holder. Rotation of the
sample is possible and adjustable gimbals enable fine adjustment of sample position
inside the chambers. The vertical transfer arm has a jaw that is custom fit to the sample
holder and is operated by rotating the magnet. Sample cleaning by Ar+ sputtering (Perkin
Elmer, Waltham, MA) and annealing is carried out in the preparation chamber (leftmost
chamber of Figures 2–1a and 2–1b). Also in this chamber are optics for low energy
electron diffraction (LEED) and auger electron spectroscopy (AES) (VG Scientific,
Sussex, England).

Quadrupole mass spectrometry (QMS) is used as a residual gas

analyzer (RGA) mounted on the load lock (Balzers, Lichtenstein).
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Figure 2–2. Schematic diagram of the Besocke-style STM head design and
teardrop sample holder ramps. The sample is inserted into the center of the
ramps where friction bearings hold it in place. Coarse approach is achieved
by moving the STM head up such that the stainless steel ball bearings on the
outer piezoelectric tubes are in conformal contact with the teardrop grooves.
Voltage pulses are applied to the outer tubes to rotate the sample in the ramps
by a “stick-slip” motion. This rotation combined with the grade of the
teardrop grooves brings the sample closer to the tip until tunneling current is
detected.

17

2.3 The Besocke-Style Scanning Tunneling Microscope
There are multiple strategies for building STM heads. We have chosen the
Besocke (or “beetle”) design with a three-point coarse approach mechanism for its
inherent stability [32]. The STM head and sample holder schematic are presented in
Figure 2–2. Coarse approach is carried out by applying sawtooth voltage pulses to the
respective outer quadrants of the three peripheral piezoelectric transducers (piezoelectric
tubes) (EBL Products, East Hartford, CT).

Each of these three piezoelectric tubes

consists of four outer electrodes and one inner electrode, each of which can be addressed
individually.

The three outer piezoelectric tubes, responsible for coarse approach

(“walking”) have electrically connected stainless steel ball bearings attached at the tops,
which serve both to center the sample holder’s teardrop ramps on the head and to supply
the bias voltage to the sample. The fourth piezoelectric tube located at the center of the
Macor® ceramic base (Corning, Corning, NY) is the scanning element of the STM head.
Two adjacent outer electrodes of this tube serve as x and y offsets and two serve as the x
and y scanning elements. The inner electrode of this tube serves as the feedback sensor
and z control. The tip wire is mounted into an electrically isolated stainless steel syringe
tube that has been fabricated within the scanner tube. Careful attention has been paid to
ensure that the tip assembly, which carries the current signal out in this design, is fully
shielded, and that the grounding shield of the signal path back to the electronics is never
broken.
The sample holder ramps shown in Figure 2–2, as well as the sample holder itself,
is machined out of Molybdenum (Mo). Mo was chosen because it undergoes little
volume change with decreasing temperature. The teardrop ramps with helical symmetry
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rest on the three ball bearings of the outer piezoelectric tubes. The high degree of
symmetry of the Besocke STM head is especially important to the added stability of the
STM head at 4 K.
Additionally, the electronics that control the STM head have been designed and
built in-house with high precision, low noise components. During typical operation, the
largest contributor to 60 Hz noise is believed to be the ion pumps, which must remain
operating to maintain XHV. The design of the feedback and scanning electronics provide
the user with access to nearly every signal at nearly any point along its travel. This
enables flexibility in experimental design and allows the connection of multiple LIAs and
signal modulators for simultaneous measurements.
2.4 Synopsis
This chapter has given a brief overview of the design of our ultrastable 4 K XHV
STM. The large emphasis placed on mechanical and electrical decoupling of the STM
from outside influences during its design has tremendous impact on the operational
stability of the microscope. Under optimal conditions, the Besocke STM head in this
system enables static positioning of the STM tip over a single location on the surface
with a maximum drift rate of a few Ångstroms per day. In essence, the only limiting
factor to the length of experiment we can carry out is the cryogen itself. We can maintain
the tip at its position only until the liquid helium requires refilling (ca. 10 days). At that
point, we must make physical contact with the vacuum chamber.

The STM tip is

retracted to avoid direct Ohmic contact with the surface (“crashing”). The ability of our
microscope to operate with such extreme precision and stability at 4 K has been the
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impetus of the single-molecule and surface- and subsurface-adsorbate interaction studies
described in the following chapters.
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Chapter 3
Probing Electronic Surface Structure with Atomic Precision: SubstrateMediated Interactions of Thiophene on Palladium at 4 K
3.1 Introduction
As discussed in the previous chapters, the STM’s superior resolution and dynamic
range make it an ideal tool not only for studying topography of nanoscale assemblies and
features, but also for directly probing electronic effects that result from the inherent
electronic structure of the substrate, perturbations induced by adsorbates or defects, or
molecular electronic structure. These types of electronic effects are implicated in the
formation of molecular assemblies and on the interactions of adsorbates with each other
and with the substrate. Fundamental understanding of these electronic effects is critical
to advancing self- and directed nanoscale design with atomic precision.
The electronic effects mentioned in this chapter are generally categorized as either
direct or indirect interactions. Direct interactions occur over short distances, typically
equal to those of chemical bonds (ca. 1 – 5 Å). Indirect interactions occur over mid- to
long-range distances, where physical or electronic perturbations to the substrate (from
adsorption or stress) cause oscillatory potential energy landscapes [27,33-35].
Accommodation of subsequent adsorbates is governed by the wavelengths of the
oscillations. We refer to these interactions as “substrate-mediated” interactions (SMIs),
as they provide a way for adsorbates to “communicate” through the substrate over larger
distances (>80 Å) [12,36-40]. For the scope of this dissertation, we will discuss SMIs as
they pertain to oscillations—or standing waves as they are observed in STM dI/dV
images—in the nearly-free 2D electronic surface structure of noble and near-noble
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metals, specifically Ag{111}, Pd{111} and Pd{110}. It is noted that SMIs have also
been observed in semiconducting and non-metallic systems, and are a matter of great
interest following recent advances in graphene chemistries and graphitic material design
(i.e., carbon nanotubes, peapods, etc.).
3.2 The Fermi Surfaces of Noble and Near-Noble Metals
To discuss the electronic surface-state structure of a metal surface, we must define
the critical energy level in the surface-state dispersion to which the STM is extremely
sensitive at 4 K. The Fermi level or Fermi energy (EF) is the chemical potential, μ, that is
found in the Fermi-Dirac distribution function of an electron,
1
1
where

3.1

is the electron energy measured relative to the chemical potential, kB is the

Boltzmann constant (8.617 × 10−5 eV/K), and T is the temperature in K. Although the
two terms are used interchangeably at temperatures approaching absolute zero, EF and the
Fermi level differ at elevated temperatures. In quantum mechanics, EF refers to the
energy of the highest occupied state in a given system.
In metals, the highest occupied level of the conduction band meets the lowest
unoccupied valence band with no gap (explaining the intrinsic property of metals as
conductors). The EF of a metal is defined as the quantum well energy minimum of the
highest occupied level of the conduction band [41]. This energy minimum is seen in the
surface-state dispersions of a variety of metals examined by angle-resolved
photoemission spectroscopy (ARPES) [42] and inverse photoemission spectroscopy
(IPES) [43-45] and by theoretical models [46-48]. Note that while we do not measure EF
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directly via STM, we are able to probe increasingly close to the Fermi level (<<10 mV).
Thus, STM is a suitable tool for probing directly electronic behavior at these energies.
The first observations of surface states on noble metal surfaces by STM in real
space was carried out concurrently by Eigler and coworkers [13,17,18] and by Avouris
and coworkers [49], both pioneering groups at IBM. Because it was known that the
surface-state electrons of the close-packed surface exist as a 2D nearly free electron gas
[50-52], these two groups were able to probe the energies of the surface states of
Cu{111}and Au{111} in order to resolve standing wave patterns in STM images.
Further, they were able to quantify surface-state dispersions and spatial oscillations of
quantum mechanical interference patterns induced by electrons scattering off point
defects, step edges, and adsorbates.
The behavior of adsorbates interacting with a metal’s oscillatory surface-state
near EF has been implicated in autonomous nanoscale design, which has gained much
attention in recent years. Because we can extrapolate a Fermi surface within the first
brillouin zone (FBZ) of a metal’s atomic lattice, it is possible to interrogate the physical
behavior of electrons confined to this surface. Briefly, the FBZ is defined as a unique
primitive cell in reciprocal space whose shape and critical points of intersection are
defined by the type of lattice in real space.

The critical term that enables the

extrapolation of a Fermi wavelength (λF) is the Fermi wave vector, kF, since it is a
variable that we can measure directly from Fourier transform STM (FT-STM) images as
the radius of the Fermi contour (in Å-1). From empirical and measured observations, the
relationship between kF and λF is defined as
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2

3.2

We note that the numerator includes a multiplier of 2. This stems from the fact that when
observing standing waves in dI/dV images, we are actually observing Ψ2. A classic
example of this relationship was established by Crommie in an STM experiment
measuring the energy dependence of standing waves on Cu{111} [53]. By acquiring
dI/dV maps at selected bias voltages, k could be evaluated for each energy (including kF).
From this, a plot of the energy dispersion for Cu{111} was obtained. This surface state
energy dispersion was in excellent agreement with previous IPE experiments by
Woodruff and co-workers [45]. For clarity and relevance to the experiments described
here, we will discuss these electronic properties as they relate to face-centered cubic (fcc)
lattices like those of Au{111}, Cu{111}, Ag{111}, Pd{111}, Pd{110}, etc. Figure 3–1
shows 3D models, adapted from Ref [54] of the Fermi surfaces of Cu{111} (left panel),
Ag{111} (top right panel), and Au{111} (bottom right panel). An important feature
observed in all three of these noble metal Fermi surfaces is the symmetry of the Fermi
shell and the prominent “neck” centered about the fcc plane of the FBZ. The existence of
this neck is responsible for surface-state oscillations observable by STM as standing
waves.
As stated above, the surface-state electrons of fcc and analogous close-packed
surfaces of noble metals behave as 2D nearlyfree electron gasses. These surface-state
electrons are subject to scattering by surface defects such as step edges, adsorbates, and
point defects. Incident and reflected electron waves interfere to create the standing waves
first observed in seminal STM studies [5,18].
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Figure 3–1. Fermi surface contours for well-characterized noble metals. The
Cu Fermi surface (left panel) is especially symmetrical and has been used to
demonstrate key features, intersecting points and wave vectors along and
through the FBZ (black and blue outline). The fcc{111} plane (blue
projection) and the {110} plane cut (red dotted line and accompanying red
projection) describes the symmetry of the surface state in reciprocal space.
All three noble metals have similar Fermi surfaces with prominent necks
leading to wave vectors, kF, discernable from standing waves in STM images.
The 3D surface renderings have been adapted from Ref [54]
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Figure 3–2a-c shows the standing waves of a nominally clean Ag{111} surface
prepared by usual cycles of sputtering and annealing. In this case, the surface state is
prominent enough that its electronic contribution to topography is non-trivial. We use the
Ag{111} example here to differentiate between the surface electronic state of the noble
metals and that of near-noble metals like Pd.
It is important to point out that the observation of the surface state by STM is not
exclusive to the fcc{111} family. An elegant demonstration of correlating the Fermi
surface of a fcc{110} metal with standing waves and FT-STM images was conducted by
Besenbacher and coworkers for Cu{110} [55]. In their experiment, they probed filled
states near EF (Vs = -12 mV) and acquired FT-STM images from these data. Figure 3–3,
adapted from Ref [55] juxtaposes the standing wave data with the {110} cut of the Fermi
surface from Figure 3–1. The FT-STM image in Figure 3–3b shows the respective Fermi
contour and {110} lattice spots. The standing wave of Cu{110} is evident in the mottling
of the surface in the topographic STM image (Figure 3–3a).
The lattice spots labeled in Figure 3–3b are adjacent to the Fermi surface contours
(one contour traced by the blue dotted line). These contours correspond to the Fermi
surface of the {110} cut, shown for clarity in Figure 3–3c. The respective contour is also
traced by a blue dotted line, and the FBZ line of symmetry is shown by the red dashed
line. Because of the anisotropy of the Cu{110} surface, its electronic structure is more
complex.
STM was ideally suited to these experiments because the projected bulk band gap
of Cu{110} that crosses EF consists of two surface states, both of which are within
operational range of the microscope.
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Figure 3–2. Imaging surface electronic standing waves on Ag{111}. (a)
Topographic STM image (Vs = -10 mV; It = 0.5 nA; 570 Å × 570 Å) of a
nominally clean Ag{111} surface displaying two terraces separated by a
monatomic step edge. Residual surface impurities appear as protrusions and
missing atom defects appear as depressions. At Vs = -10 mV, the electronic
contribution of the Fermi surface state in topography is already visible as
standing waves that propogate at the step edge and around the missing atom
defects. (b) Differential conductance image (dI/dV) acquired simultaneously
with (a). Because dI/dV is a phase-sensitive technique that is mostly
insensitive to topography, the electronic standing waves are greatly enhanced.
A Fourier transorm (inset) of the data in (b) results in the expected Fermi
contour with radius 2kF. (c) Perspective rendering of (b) to show
enhancement of scattering about the defect sites.
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One state is unoccupied at 2 eV above EF and the other crosses EF [43,44,56].
Their value of kF was determined to be about 0.68 Å-1, which is in reasonable agreement
with the photoemission result of 0.70 Å-1[42]. The wavelength of the corresponding
standing waves was found to be about 4.5 Å, though it was not easily visible in the realspace image of Figure 3–3a. In the Fourier space image of Figure 3–3b, the visible
interference pattern with wavelength of 19 Å is represented by an ellipse centered about
.

Modeling the surface-state wave function revealed that the ellipse is actually

comprised of a replica of the two Fermi contour semi-ellipses (blue dotted line in Figure
3–3b) that have been translated by the reciprocal lattice vector of the close-packed rows.
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Figure 3–3. Constant-current STM (145 Å × 145 Å, Vs = 1.2 mV, It = 1.9 nA,
T = 40 K) image of a Cu{111} terrace with standing waves propagating from
the step edge at the bottom right-hand corner of the image. (b) Fourier
transform map of (a). The lattice spots with corresponding Fermi contours are
highlighted. The two semi-ellipses at the center are a mathematical result of
the Fourier operation and represent the shifted Fermi contour. The inset of (b)
displays the SBZ of Cu{110} and highlights the projected bulk band gaps. (c)
Projection of the Fermi surface for Cu{110}. The red dashed line represents
the line of symmetry about the two semi-ellipses (highlighted by the blue
dotted line) that corresponds to the two non-shifted semi-ellipses in (b).
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3.3 Substrate-Mediated Interactions: Controlling Adsorbate Distribution
The ability for adsorbates to interact through long-range electronic perturbations
to the substrate was first conceptualized by Koutecky [38]. This study was based on
molecular-orbital theory, and asserted that the energy of two adatoms chemisorbed on a
surface could be lower than that of two isolated adatoms, regardless of having no direct
chemical bonding. The interactions between the two adatoms were postulated to interact
through the diffuse electron cloud of the surface (the 2D nearly free electron gas).
Following this study, Grimely showed that in the case where a moderate surface
electronic state exists, the electron wavefunctions of two adsorbates can indeed couple
through the substrate [57].

The interference of the two wavefunctions results in

oscillatory repulsive and attractive interactions. Since these pioneering hypotheses, the
theoretical approach to SMIs has been studied extensively [57-60] with the work of
Einstein maintaining the most current relevance [58]. A major advance was the study by
Lau and Kohn that showed that long-range interactions between adsorbates were in fact
mediated by a 2D electron gas, resulting in oscillatory interaction potentials with a
periodicity of λF/2 [60]. The first experimental confirmation of this was performed by
Tsong for Re adatoms on W{110} using field ion microscopy (FIM) [40].
The STM has enabled direct investigations of SMIs between adsorbates. In
addition to our previous study showing that adsorption of one row of benzene molecules
on Cu{111} at 77 K perturbed the local electronic structure, creating new adsorption sites
for subsequent rows of benzene molecules [33,61], we also showed strong adsorbateinduced perturbations for 7,7’,8,9-tetracyanoquinonedimethane (TCNQ) adsorbed at the
bottoms of step edges [62]. These molecules caused local perturbations at the tops of
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step edges, governing further adsorption of TCNQ rows, thus illustrating the importance
of SMIs in thin-film growth.
Many theoretical simulations and experiments have since adopted a strategy of
observing, manipulating, or exploiting SMIs to build adatom superstructures with longrange order [34,63-67]. Primary quantitative analyses of long-range interactions through
surface-state electrons was reported by Repp et al. for Cu adatoms on Cu{111} [39] and
later by Knorr et al. for Cu/Cu{111}, Co/Cu{111}, and Co/Ag{111} [37]. Both groups
showed that adatoms adopted preferential separation distances. In the case of Cu on
Cu{111}, the long-range interactions between Cu adatoms were oscillatory with a period
of about 15 Å, which is λF/2 for the Cu{111} Fermi surface state. The disparity between
the results of these two groups is not that SMIs mediate adsorbate distribution over long
distances (>80 Å), but that the long-range interactions are independent of the chemical
identity of the adsorbates and that the models must take into account the finite size of the
STM images. This was proven by the aforementioned studies by Knorr et al., who
showed that for both Cu and Co on Cu{111}, the interaction potentials were identical
with oscillation periods of λF/2. Further, changing the substrate effected an intrinsic
modification of the substrate’s surface state; thus, the interaction potential for Co on
Ag{111} showed a different oscillation period altogether. We later showed that SMIs
can also drive the aggregation and coherence distances of bromine adislands on Cu{111}
at elevated temperatures (up to 600 K), proving that SMIs are not relegated only to lowtemperature, industrially-insensitive, conditions [68].
So far, studies involving SMIs have relied heavily on the oscillating potential
energy landscape of the surface-state (i.e., standing waves). The substrates investigated
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have been mostly noble metal with strongly interacting surface energy potentials, such as
the case for Cu{111} and Ag{111}. Applying SMI studies to late-transition and nearnoble metals can provide insight into technologically relevant processes such as catalytic
behavior in the case of Pd. However, standing waves on single-crystal Pd substrates have
been elusive and the observed band structure dispersions from IPES are a great deal more
complex. Thus, the technique needed to deconvolve the substrates’ electronic surfacestate structure is not as straightforward as that used for determining kF for noble metals.
This disparity arises from the complexity of the Pd Fermi surface.

Though still

symmetrical, the apparent bulging, puckering, and discontinuities (Figure 3–4, inset)
make probing the surface-state by STM more complicated (vida infra). In fact, from the
band structure determined by IPES by Jacob et al., (Figure 3–4), it is apparent that there
is no parabolic dispersion along k║ that is typically expected for a true 2D surface state
(red dotted oval) [69]. Instead, non-trivial contributions from imaging states S1 and S2
(projected dispersions within the band gaps) may participate in the modification of
surface electronic structure leading to SMIs of adsorbates. The phenomena from where
SMIs arise by means other than surface-state electrons have been observed recently by
Freund and co-workers for Li atoms on Ag{001} at 5 K, where preferential distances
between pairs of Li adatoms was explained by long-range mediation from electrons
within the bulk band [70].
Electronic contributions to surface adsorbate interactions on late transition and
near noble metals are expected to play an important role in directing catalytic
functionality. We will next outline the experimental methods employed to study both
Pd{111} and Pd{110}, and discuss the promising results toward understand SMIs on
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these surfaces with thiophene as a model adsorbate. It will be evident that there are
barriers yet to overcome in fully understanding these interactions on Pd surfaces,
particularly on Pd{111}, where the Fermi surface electronic state contribution is
negligible along k║, and on Pd{110}, where the Fermi surface electronic state component
must be separated from surface structure (i.e., 〈110〉 surface anisotropy) by post-mortem
computational analyses.
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Figure 3–4. Band structure above EF determined from IPE for Pd{110}. The
bulk band denoted B1 and highlighted by the red dotted oval is generally flat
for all k║ rather than the parabolic dispersion expected for a true 2D surface
state. Inset: Fermi surface of Pd. The Fermi surface is contained within the
FBZ (black outline in inset) and shows little resemblance to the simple
spherical properties of the noble metal Fermi surface. One might expect to
observe no surface state at EF for the Pd{111} plane since there is no conical
neck.
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3.3 Experimental Methods
3.3.1 Pd{111} / Thiophene Sample Preparation
The Pd{111} crystal (MaTeck, GmbH) and sample holder were assembled and
loaded into the vacuum chamber. After equilibrating at UHV, the crystal was aligned in
front of an ion gun (Perkin Elmer, Waltham, MA) and a pair of copper braids provided
contacts to the sample holder for resistive heating. The crystal was cleaned by repeated
cycles of Ar+ bombardment at 1 keV and 873 K for 15 minutes, maintaining a target
current of 5 μA, followed by annealing at 873 K in a background of O2 (~2 × 10-6 Torr),
and a final high-temperature anneal at 1100 K for 10 minutes. Sample cleanliness and
surface structure were ascertained by LEED before confirming by STM. We typically
observed <0.01% surface impurities and <1% subsurface impurities. Neat thiophene
(Supelco, Bellefonte, PA) was further purified by several freeze-pump-thaw cycles and
introduced to the XHV chamber via a high-precision sapphire leak valve (Varian, Palo
Alto, CA). Ion pumps and non-essential ion gauges were turned off during deposition to
minimize molecular fragmentation.

Molecular thiophene was dosed from room

temperature onto the crystal held at 4 K. The nominal deposition parameter (read from
the ion gauge at eye level) was 100 Langmuir (1 × 10-5 Torr thiophene exposure for
1 min). STM tips that had been mechanically cut previously and installed into the
scanning head were prepared by high-voltage pulses for durations of 15 min to 2 hrs.
3.3.1 Pd{110} / Thiophene Sample Preparation
The Pd{110} crystal (MaTeck, GmbH) was prepared in a similar manner
described above for Pd{111}. Because the Pd{110} surface is known to undergo surface
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morphological changes readily due to thermal activation or surface adsorption/absorption
by impurities, the temperatures of both sputtering and annealing were reduced to 773 K
and 873 K, respectively. Oxygen treatments were carried out only for the initial cycles,
and the preparation was completed with a 2 min flash anneal to 1273 K. The sample was
transferred directly to the STM held at 4 K following this final anneal; therefore,
preparation success was ascertained by STM only.

Nominal deposition of 180 L

thiophene (4 × 10-6 Torr thiophene for 45 sec) was carried out from the same leak valve
described above while the sample was held at 4 K. Topographic STM images were
acquired in constant-current mode.

Differential conductance (dI/dV) images were

acquired using a LIA (Stanford Research Model SR850, Sunnyvale, CA) to superimpose
a small AC modulation to the DC bias and to demodulate the first harmonic of the carrier
signal in the tunneling current.
3.4 Results and Discussion
3.4.1 Pd{111} at 4 K
Figure 3–5 shows an atomically resolved Pd{111} surface. The hexagonal lattice
is visible with a nearest neighbor atomic spacing of ~2.75 Å, which is the expected value
for Pd{111}. Subsurface impurities are denoted by the left-pointing yellow arrows, and
have been ascribed to C, S, O, and H. Oxygen impurities are usually surface-bound and
form regular hexagonally close-packed islands [71]. These impurities of Pd have been
investigated and characterized by Salmeron and co-workers [22]. Pd is well known to
conceal impurities within its bulk crystal structure (NB: with respect to bulk H impurities,
we will describe in Chapters 4 and 5 how we have taken advantage of this species for the
direct and controlled creation of subsurface reactive).
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Figure 3–5. STM image (Vs = 40 mV; It = 0.35 nA; 60 Å × 60 Å) of a
nominally clean Pd surface resolving the hexagonal lattice structure.
Subsurface impurities are difficult to remove and typically persist at <1%.
Here, the subsurface impurities are denoted by the left-pointing yellow
arrows, and may be ascribed to either C or O.
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Thus, preparation of Pd crystals requires greater persistence and additional
protocols in sputtering and annealing. Cleaning by sputtering and exposure to reactive
gases (i.e., O2) under UHV conditions is usually sufficient to remove bulk and subsurface
impurities that have segregated to the surface during thermal annealing. Impurity atoms
may accumulate beneath the surface layer and remain stable with significant energy
barriers to segregate to the surface or migrate back to the bulk [72]. As a result, small
quantities of impurities are expected to remain in the subsurface region of the Pd{111}
crystal. At considerably low density (<1%) these subsurface impurities are not expected
to have long-range effects on global electronic structure. However, as will be discussed
in the following chapters, the local effect of subsurface impurities, particularly H and D,
on local surface structure are significant.
For the Pd{111} facet, the contribution to the surface electronic structure at EF
should be negligible. This is evident from the discontinuity of the Fermi surface (see
Figure 3–4) along the hexagonal plane of the FBZ projection.

Thus, adsorption

distribution for the Pd{111} system is expected to be governed by thermally activated
processes and localized electronic perturbations such as electronic distributions across
step edges.
3.4.2 Thiophene Adsorption at Pd{111} Step Edges at 4 K
We have observed that both the surface preparation and the temperature at which
thiophene is deposited affects the adsorption of thiophene molecules. Figure 3–6 shows
STM images representing two separate dosing conditions, 4 K and ca. 20 – 40 K. Here,
we note that dosing directly onto the surface at 4 K (Figure 3–6a) results in a random
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distribution of adsorbates.

However, depositing immediately after the crystal is

transferred to the low-temperature STM chamber, we find that thiophene adsorbs
preferentially along the tops of step edges, as seen in Figure 3–6b. In this case, the
crystal was not allowed to achieve thermal equilibrium, and we infer that thiophene
remained mobile while the surface cooled, finding the most favorable binding sites along
step edges as a result of the Smoluchowski effect [73]. This phenomenon is known to
occur for adsorbates that are sufficiently mobile to find the electronic potential minimum
caused by the charge distribution at step edges.

The net result of this electron

redistribution is the formation of an in-plane surface dipole oriented perpendicular to the
step edge, with its positive end (slightly electron deficient) on the upper terrace and its
negative end (slightly electron rich) on the lower terrace. Previously in our group,
benzene was observed to migrate preferentially towards the top of step edges on a
Ni{110} surface [74]. The charge transfer from above to below the step edge resulted in
enhancement of the empty states above the step edge [33]. Like benzene, thiophene is
nucleophilic and donates electron density, both from its available σ lone pair and π ring,
to the surface. The interaction potential then is dominated by the local density of empty
states [27,33,75]. Other nucleophilic molecules adsorbing preferentially on the top of
surface step edges have been observed for furan on vicinal Pd{111} [76], benzene on
Au{111} [35], and thiophene on Ag{111} [77,78]. Near substrate step edges, we have
had some success inducing molecular motion with the STM tip. Hovering over a single
thiophene molecule at a bias voltage significantly higher than that of EF results in
stochastic

motion

of

the

molecule

in

and

out

the

tunneling

junction.
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Figure 3–6. a) STM image (Vs = 0.1 V; It = 150 pA; 143 Å × 143 Å) of
molecular thiophene (0.08 ML) adsorbed on a Pd{111} surface at 4 K. Dosed
after the Pd surface was allowed to reach 4 K, thiophene adsorbs randomly
across the surface. The two regions seen in the image are atomic terraces
separated by a single Pd atomic step edge. b) STM image (Vs = -0.3 V;
It = 100 pA; 286 Å × 286 Å) of molecular thiophene (0.03 ML) aligned
preferentially along the tops and bottoms of step edges on a Pd{111} surface
at 4 K. Thiophene was dosed before reaching thermal equilibrium (c.a. 20 –
40 K).
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Eventually, the molecule is imparted sufficient energy to slip out and find a potential
minimum elsewhere. This process is exemplified by Figure 3–7.
The color scale of the images in Figure 3–7b-d has been enhanced to highlight the
individual thiophene molecules adsorbed along the top of the monatomic terrace. The
plot in Figure 3–7a records the current response over the molecule highlighted by the
black arrow in Figure 3–7b. Since the current response is ultimately related to the change
in z by the FBL, this I vs. t spectroscopy is both a direct measurement of molecular
motion beneath the STM tip and an indicator that the STM can be used to manipulate
thiophene molecules nondestructively with high lateral precision.

This ability will

become an indispensible tool for further studies involving direct placement of reactant
species within proximity for chemical reaction. Although the surface-state dispersion of
Pd{111} by STM is still to be determined, its reactivity and ability to be pre-loaded with
SSH (or SSD), combined with the electronically mediated adsorbate perturbation by step
edges makes the thiophene/Pd{111} system an ideal model system to study singlemolecule reactions with STM.
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Figure 3–7. a) I vs. t data (Vs = -0.35 V) acquired over 60 s exhibits motion of
the molecule under the STM tip before finally moving out of the frame in (b).
b) STM image (57 Å × 38 Å, Vs = -0.2 V, It = 100 pA) of molecular thiophene
adsorbed near (the top of) a Pd{111} step edge at 4 K. The arrow denotes the
single molecule over which the STM tip hovered. c) STM image
(14 Å × 14 Å, Vs = -0.2 V, It = 100 pA) acquired leading up to and after I vs. t
spectroscopy. The thiophene moved out of the frame of imaging during
spectroscopy, resulting in what appears to be a partially imaged molecule.
d) STM image (57 Å × 38 Å, Vs =-0.2 V, It = 100 pA) after I vs. t
spectroscopy. This image confirms the new location of the molecule from (a).
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3.4.3 Thiophene Adsorption on Pd{111} Terraces at 4 K
We have investigated the adsorption of thiophene on Pd{111} at 4 K at a variety
of bias voltages. Terraces of {111} fcc metals are relatively inert, and enable our probing
individual molecules with great control. Our expectations were to determine preferred
orientation geometry and adsorption sites, which could be compared to those determined
theoretically by Futaba et al. [79] and applied to later studies where individual thiophene
molecules could be placed in precise registry with other surface features to carry out and
to monitor tip-induced chemical reactions. Figure 3–8 shows a topographic STM image
where both the thiophene molecules and the Pd atomic lattice have been resolved.
Thiophene molecules (left-pointing yellow arrow, Figure 3–8a) appear as protrusions on
the atomically flat Pd substrate. Thiophene should be adsorbed with its conjugated π ring
parallel to the surface thanks to appreciable d-π* back donation. For this system, the σbonding contribution from the S lone-pair electrons has negligible effect on orientation.
Also noted in Figure 3–8a are subsurface impurities (denoted by the left-pointing dotted
orange arrow) and a missing atom defect site whose appearance is enhanced at low bias
voltages (<15 meV).
To assign adsorption sites, we overlaid a model fcc{111} surface with the STM
image (Figure 3–8b). The majority of molecules appear to adsorb at bridging sites,
whereas a single molecule on the right side of Figure 3–8b is sitting at a three-fold hollow
site. Our results correlate well with the extended Hückel molecular orbital theory STM
simulations that examined the unoccupied states of thiophene on Pd{111} [79]. While
the simulations favored the atop site, followed by three-fold hollow sites and bridge sites,
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Figure 3–8. Determination of adsorption sites for thiophene on Pd{111} at 4
K. a) Topographic STM image (Vs = 10 mV; It = 0.1 nA; 60 Å × 60 Å) of
individual thiophene molecules at low coverage on Pd{111} deposited onto
the substrate held at 4 K. At this low bias voltage, we are able to resolve both
individual molecules (left-pointing yellow arrow) and the underlying Pd
atomic lattice. A single missing atom defect site (left-pointing green arrow) is
enhanced at this imaging energy, and some subsurface impurities (leftpointing dotted orange arrow) remain despite diligent crystal preparation. b)
Same image as (a) overlaid with a proportional model of the Pd atomic lattice
to highlight and assign adsorption sites and orientations of the thiophene
molecules.
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there is experimental precedent that multiple adsorption sites may be satisfied during
low-temperature experiments, where incident molecules on the surface adsorb and further
mobility is quenched. Weiss and Eigler observed three distinct geometries for benzene
on Pt{111}, each of which corresponded to a different adsorption site [15]. Later, Sautet
and Bocquet simulated STM images of benzene on Pt{111} and found that both threefold hollow and bridge sites were of comparable energy and favorable adsorption sites
[80].
3.4.4 Thiophene on Pd{110} at 4 K
We applied similar preparation procedures as described above for Pd{111} for the
Pd{110} crystal. After depositing 180 L thiophene onto the crystal held at 4 K, our
initial STM images are indicative of the Pd{110}-(1 × 1) surface, with nearest neighbor
spacings of about 2.75 Å along the 〈110〉 direction and 3.98 Å along the <001> direction.
These Pd lattice constants are consistent with the previous STM experiments of Kim et
al. where they investigated the adsorption of pyrimidine molecules on Pd{110} (their
measured lattice constants were 2.75 Å and 3.89 Å, respectively) [81]. Figure 3–9 is a
topographic image of the Pd{110}-(1 × 1) surface decorated by individual thiophene
molecules, imaged as protrusions. Though some rows of individual Pd atoms can be
observed along the 〈110〉 direction, the inverted appearance of the substrate lattice is
attributed to the state of the tip used to image this surface.
A striking feature of this system is the observed perturbation of the local
electronic surface structure (LDOS) around the thiophene molecules. This perturbation is
highlighted in the inset of Figure 3–9. Each molecule has four symmetric perturbations
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Figure 3–9. Electronic perturbation of Pd{110} by thiophene adsorption.
Topographic STM image (Vs = -30 mV; It = 0.2 nA; 285 Å × 285 Å) of
Pd{110}-(1 × 1) with low coverage of thiophene molecules (orange
protrusions on lower terrace, saturated white protrusions on upper terrace).
The jagged diagonal boundary diagonal from top left to lower right is a
monatomic Pd{110} step edge, The 〈110〉 direction is across the step edge.
Inset: High-resolution STM image (Vs = -30 mV; It = 0.2 nA;
73 Å × 73 Å) of the area highlighted by the yellow dotted box. The color
scale of the inset image is 1.2 Å. Symmetric perturbations extending ~8 Å
from the centers of the molecules are observed (green arrow) while a pair of
thiophene molecules “communicate” with a region of constructive
interference in between (yellow arrow).
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that extend up to 8 Å away from the molecules’ centers (one is highlighted by the green
arrow in Figure 3–9). Even more intriguing is the pair of molecules situated near the
center of the inset image, where constructive interference of these perturbations results in
a region of higher apparent height with a coherence length on the order of 10-12 Å
(denoted by the yellow arrow in Figure 3–9). This type of local perturbation to the
substrate by molecular adsorbates is reminiscent of the pioneering study by Weiss and
Eigler for benzene molecules deposited on Pt{111} at 4 K [15]. Their STM images of
the adsorbed benzene displayed three distinct molecular shapes, each of which were
attributed to benzene bound to one of three types of surface sites. Though the interaction
of benzene and aromatic molecules with metal surfaces is typically weak (e.g., benzene
desorbs from Cu{111} at 250 K [82]) the molecules interact more strongly with defect
sites and step edges. The STM images showed—for benzene adsorbed at three-fold
hollows, in particular—perturbations to the surface LDOS that manifested themselves as
three small depressions symmetric about the benzene molecule at specific energies. This
perturbation was significantly larger than the spatial extent of the molecule, extending up
to 6-10 Å away from the center of the molecule. The perturbation to the surface LDOS
seen for benzene on Pt{111} and here for thiophene on Pd{110} provide a clue into the
initial stages of SMIs, where molecular adsorption impacts subsequent adsorption by
modifying the local electronic potential energy landscape.
These initial results led us to investigate whether significant, if any, contributions
from the surface state could impart long-range adsorption order, in a manner similar to
that carried out by Knorr et al. for Cu and Co on Cu{111} and Ag{111} [37] and by
Nanayakkara et al. for interaction potentials between Br adislands on Cu{111} [68].
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Further investigation of surface-state contributions by Pd{110} would prove complicated
due to the surface anisotropy. Figure 3–10a shows a representative STM image of
thiophene on Pd{110} (nominal coverage of ~0.0015 molecules / Å) that we used to
calculate separations and interaction potentials between pairs of thiophene adsorbates.
Hyldgaard and Persson developed the original theoretical model for calculating the
interaction energy between a pair of adsorbates mediated by a surface state [59],
,

4

2

2

3.3

where δF is the phase shift, εF is the Fermi energy, kF is the Fermi wave vector, d is the
distance, and A is a dimensionless value representing the interaction strength.
Nanayakkara et al. employed this model with great success for a quantitative comparison
with theory for the interacting Br adislands [68]. They measured inter-island distances
manually for each data set (upwards of 3000 inter-island distances); here, we utilized a
computer algorithm to index local maxima (the centers of the thiophene molecules) and
measure the distances between every pair for a series of over 50 non-overlapping STM
images. Because the algorithm could not correct for the offset incurred by step edges, we
located large terraces free of these defects.
The histogram in Figure 3–10b is the result of counting and binning at least an
order of magnitude more inter-adsorbate distances than was previously achieved
manually. The red trace superimposed on the histogram in Figure 3–10b represents the
interaction potential δF of π/2 that decays as 1/r2.

On average, the inter-adsorbate

distances correspond to 3.98 Å, which approximates the nearest-neighbor spacing of the
Pd atomic lattice in the <001> direction. In effect, we have an angle-independent pairing
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Figure 3–10. Adsorption distribution measurement of thiophene on Pd{110}
at 4 K. (a) Representative STM topographic image (280 Å × 280 Å,
Vs = 10 mV, It = 900 pA) used to measure the radial distribution of thiophene.
(b) Normalized histogram of separations between thiophene molecules on
Pd{110} (0.0017 molecules/Å2) determined from a series of 50 nonoverlapping STM images recorded at 4 K.
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distribution for an anisotropic surface. One may expect subsequent adsorbates to see
different LDOS upon landing next to a molecule along a row or next to a molecule across
a row. To account for this possibility, we have developed a separate algorithm that
accounts for pair spacing in every direction, giving a polar histogram where the color
scale represents the probability of finding an adsorbate at a distance away from another
adsorbate. An example of this histogram is shown in Figure 3–11 and represents the
same data set as that of Figure 3–10. Regions of red indicate a higher probability of
finding a molecule at that distance (rmax = 50 Å) from any other molecule. Taking into
account the directionality of the {110} surface in Figure 3–10a and the pattern of high
intensity information of the polar histogram, there is a correlation in both the <001> and
〈110〉 directions, indicating competitive effects from physical surface structure and
surface electronic structure.
To investigate directly the surface state of Pd{110}, we employed a method
similar to that of Besenbacher et al. for Cu{110} [55]. That is, we acquired topographic
and differential conductance images simultaneously at energies close to EF and used 2D
FT to interrogate a correlation between the contours in k-space and the {110} FBZ cut of
the Pd Fermi surface. Figure 3–12a–e demonstrate two data sets; Vs = +30 mV (Figure
3–12a-c) and Vs = -30 mV (Figure 3–12d–f) The dramatic difference in image quality
between Figure 3–12a and Figure 3–12d indicates different tip states. However, the
corresponding dI/dV images in Figure 3–12b and Figure 3–12e show similar mottling,
suggesting the presence of a surface state with anisotropic oscillations. Further, 2D
Fourier transforms of the dI/dV images present a much more intricate k-space structure
than that observed for Cu{110}, and is posited to be a result of the complex band
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Figure 3–11. Polar histogram of the adsorbate distribution data from Figure
3–10. The substrate directions from Figure 3–10 are given in the bottom left
corner of the panel. The color scale denotes the probability of finding a
molecule at a distance, r, from a neighboring molecule. Low-frequency
occurrences are shown in blue while high-frequency occurrences appear in
red. Thresholding is employed to eliminate high-frequency noise during
image processing.
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Figure 3–12. Probing surface-state oscillations in Pd{110} by STM,
simultaneous dI/dV spectroscopic imaging, and Fourier transform. a)
Topographic STM image (Vs = 30 mV; It = 0.6 nA; 144 Å × 144 Å) of clean
Pd{110} with the 〈110〉 direction aligned along the slow-scan direction of the
image acquisition.
b) Differential conductance image acquired
simultaneously with the topographic image in (a). A mottling pattern is
observed, but periodic oscillation is not readily discerned. c) 2D FT of (b),
showing the complex structure in frequency space (inset: {110} cut of the Pd
Fermi surface).
(d-f) Same experiment as (a-c) but acquired at
Vs = -30 mV. Notable differences include atomic resolution in topography, a
result of a more favorable tip state.
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dispersion and Fermi surface of Pd{110} (Figure 3–4 and inset, Figure 3–12f,
respectively), where contribution from the bulk bands is almost certain.
3.5 Synopsis
We have investigated the Pd{111} and Pd{110} surfaces at 4 K and their
divergent behavior toward thiophene adsorption.

We explained the fundamental

principles of surface state effects on adsorbate distribution and their contributions to
SMIs. To the best of our knowledge, this is the first study addressing the effect of the
surface state of Pd{110} on adsorbate distribution. We propose that the effect of the
surface state of Pd{111} is negligible as a result of the discontinuous Fermi surface
contour (inset, Figure 3–4). In fact, it may be appropriate to assume that Pd{111} has no
Fermi surface state contribution to adsorbate distribution, but instead is more prone to
thermally activated diffusion events and electronic effects of the charge transfer across
step edges. We have acquired dI/dV images of clean Pd{110} simultaneously with
topography in an attempt to observe a distinct surface state oscillation. Though standing
waves in the dI/dV images are not obvious, mottling patterns similar to those observed on
Cu{110} [55] suggest that we may be able to observe effects from the bulk state, as was
observed for single Li adatoms on Ag{100} [70].

53

Chapter 4
Investigating the Subsurface Hydride of Pd{111} at 4 K
4.1 Introduction
Until now, we have discussed STM as an indispensible tool for observing the
interactions of surface adsorbates with their respective substrates, resolving both local
physical and electronic structure. The seminal experiments of Eigler and coworkers,
which demonstrated that the STM probe tip can be used to manipulate individual
adsorbates on the surface and to function as “atomic switches” came with great
excitement in the scientific community, as they demonstrated the precise control of
materials on the nanoscale [3,5,23,83,84]. In the years to follow, efforts ensued to
employ STM in the imaging and identification of species beneath the surface. These
subsurface species are implicated in a wide range of chemistries and technologies, from
semiconductor doping to heterogeneous catalysis. Pd is known to contain subsurface
species, namely carbon (C), oxygen (O), sulfur (S), and hydrogen (H), because of its high
degree of reactivity with molecules in the gaseous phase containing these heteroatoms.
Salmeron and co-workers characterized the C, O, and S impurities by STM [22], and also
showed that these impurities have varying degrees of mobility within the subsurface
region.
In this chapter, we discuss our observations and manipulations of the SSH of
Pd{111}. The interaction of H with Pd is of fundamental significance to a variety of
industrial and technological processes such as catalysis, fuel cells, hydrogen storage, and
metal embrittlement [85,86].

As a result, there have been many experimental and
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theoretical investigations aiming to elucidate the role of surface- and subsurface-bound H
[85,87-93]. It is known that H can occupy the octahedral subsurface sites just below the
top-most layer of Pd atoms, furthermore, these sites are proposed to be stable
intermediate sites between the surface H and the SSH [85,87,88,92,93]. The SSH of Pd
is implicated in several important chemical reactions, namely the hydrogenation of furan
[94], the HDS of thiophene [95], and alkene hydrogenation [96,97].

Here, we are

concerned with the SSH/Pd system because of its implications for heterogeneous
catalysis.
Hydrogen occupying the stable subsurface sites has been observed indirectly by
temperature

programmed

[85,87,88,92,93,98].

desorption

(TPD),

AES,

and

He

atom

scattering

These experiments have indicated that the subsurface site is

thermodynamically more stable than interstitial bulk sites and is nearly equivalent in
energy to that of the surface adsorption sites. The inability to observe SSH vibrations by
high resolution energy loss spectroscopy (HREELS) is related directly to the effect of
screening from the surface Pd valence band electrons [98]. Theoretical studies also
predict that H prefers to adsorb in the octahedral interstitial sites [72,89,99], and that
charge transfer occurs between the surface Pd atoms and the SSH, leading to either a
slight positive or negative net charge, respectively. Further calculations suggest that
occupation of the subsurface sites of Pd{111} by H results in an outward relaxation of the
surface Pd atoms to accommodate the SSH [89,99,100].
Salmeron and coworkers have studied surface-bound H on Pd{111} by STM
[90,91], but no studies had been performed on the SSH of Pd{111}. To this end, this
chapter presents our work on the SSH of Pd{111} by STM. We present data showing a
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direct effect on the surface-bound H by occupation of subsurface sites by SSH. These
effects are rationalized to be surface H segregation and surface H vacancy island
aggregation over regions of SSH. These results show promise in our ability to tailor
surface systems precisely for the direct study of single-molecule catalytic reactions by
STM.
4.2 Experimental Methods
The experiments discussed in this chapter have been carried out using the same
ultrastable, low-temperature, XHV STM that was described in Chapter 2 and in Ref. [31].
All STM topographic images were recorded at 4 K in constant-current mode with a tip
mechanically cut from Pt/Ir (85%/15%) wire. All reported biases are with respect to the
sample (Vs), and dI/dV images were acquired using a LIA (Model SR830, Stanford
Research Systems). The AC bias modulation, Vrms, was 4 mV at 1 kHz with τ = 10 ms.
Topography and dI/dV images were acquired simultaneously.
The single-crystal Pd{111} surface was prepared by repeated Ar+ sputtering
(1 keV, Is = 5 µA) at 873 K for 15 minutes followed by oxygen treatment (1 × 10-5 torr
O2 backfill ) for 5 minutes and annealing at 1100 K for 10 minutes. Sample cleanliness
was assessed by LEED and STM; we typically observed less than 0.003% surface
impurities and less than 1% subsurface impurities.

In addition to the subsurface

impurities that Salmeron and coworkers assigned according to contrast of features in
STM images [22], we also observed an additional subsurface species that we attribute to
SSH. Atomic H on Pd{111} was obtained by depositing molecular H2 from the gaseous
phase via a high-precision sapphire leak valve onto the Pd crystal held at
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30 K < T < 100 K. In this temperature range, H2 readily dissociates but does not readily
desorb from the surface.
4.3 Results and Discussion
4.3.1 Creating Subsurface Hydride Features of Pd{111} by STM at 4 K
The Pd{111} single-crystal surface was initially exposed to H2 (1000 L) and then
cleaned using the sputtering and annealing procedure described above. A final flash
anneal at 1200 K ensured that H was removed from the topmost Pd atomic layers but that
H was left throughout the bulk [101]. This preparation procedure is outlined in the
schematic of Figure 4–1. We estimated that the bulk was populated by only a small
amount of H (estimated from the amount of H to which the crystal was previously
exposed, 1 H for every 2000 Pd atoms), but a significant amount of hydrogen remained in
the near-surface region. Thus, the H concentration in this region prior to treatment was
expected to be higher than this estimate [85].

At 4 K, features were formed and

observed by imaging at Vs > 0.5 eV. We were unable to create these features on the
surface if the crystal had not been pre-exposed to H. Employing the lithography feature
of our STM, we were able to “write” features with our STM tip. We denote the voltage
and current gap conditions for writing by Vwrite and Iwrite, respectively. Figure 4–2
displays two images where we created lines of the features with respect to either It (A) or
Vs (B).
The areas were imaged at Vs = -0.025 V to avoid further changes of the features.
Depending on the gap conditions used to create them, the features produced were
anywhere from 20 – 60 Å in width and 0.1 – 0.6 Å in apparent height.
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Figure 4–1. Schematic representing the overall preparation procedure
subsurface hydrogen in Pd{111}. The crystal was initially exposed to
molecular hydrogen, followed by routine sputtering and annealing procedures.
A final flash anneal at 1200 K ensured that no H was present on the surface or
subsurface sites, yet that some H remained in the bulk (right side of the
Figure). The system is in a metastable state in this condition, as demonstrated
by the potential energy diagram (inset), adapted from Ref. [72].
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Figure 4–2. Manipulation of subsurface H atoms in Pd{111} by STM at 4 K.
(A) Topographic STM image (Vs = -0.025 V; It = 50 pA, 700 Å × 700 Å) of
four lines “written” on the Pd{111} surface by moving the tip over the
trajectory at elevated voltages. The bias voltage was held constant at 0.7 V.
The currents used for lines 1-4 were 1, 10, 50, and 150 pA, respectively. The
vertical scale maximum is 0.5 Å.
(B) Topographic STM image
(Vs = -0.025 V; It = 50 pA; 950 Å × 700 Å) of five lines created on the
Pd{111} surface by holding I = 50 pA. The write voltages for lines 5-9 were 0.6, -1.0, 1.0, 0.6, and 0.7 V, respectively. The vertical scale maximum is
0.6 Å.
The two insets are differential conductance STM images
(Vs = -0.018 V; It = 200 pA; 30 Å × 30 Å) displaying atomic resolution of the
expected hexagonal fcc atomic array (top) and the distorted hexagonal array
(bottom) over the line edge.
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In Figure 4–2B, we note that at 50 pA, positive sample biases created somewhat wider
and topographically more protruding lines (40 Å in line 5 compared with 30 Å in line 8 at
Vwrite = 0.6 V; 0.45 Å compared with 0.40 Å at Vwrite = 0.06 V) and that increasing Iwrite at
a set Vwrite increased the width and apparent height of the lines.
We were able to resolve the hexagonal structure of the Pd{111} atomic lattice by
imaging at high resolution in dI/dV mode. The Pd atoms located beyond 10 Å from the
lines (Figure 4–2A, upper inset) were imaged as expected for a hexagonal fcc metal
surface. However, the Pd atoms over and around the line’s edge (Figure 4–2A, lower
inset) exhibited lattice distortion in the dI/dV images. We were able to deconvolve the
effects of topography in STM and electronic structure by imaging in both topographic
and dI/dV mode simultaneously [102].

At negative Vs, dI/dV images appeared as

depressions relative to the surrounding surface atoms, with 3% attenuation of the dI/dV
signal. For positive Vs, dI/dV images appeared as protrusions (not shown here) with a
2 – 3% enhancement in the dI/dV signal. Because the dI/dV images were recorded at Vs
close to the Fermi energy (EF) of Pd (± 18 mV), this contrast reversal indicates a depleted
filled LDOS just below EF and an enhanced filled LDOS just above EF for the Pd surface
atoms. These findings are consistent with the aforementioned theoretical predictions for
the SSH of Pd; thus, we attribute the creation of these features to the population of Pd
subsurface sites by H atoms.
Previously, several groups have predicted that population of subsurface sites by H
causes outward relaxation of the Pd surface lattice by up to 0.2 Å [89,99,100]. We
observed outward distortions in the topographic images on the order of 0.1 - 0.6 Å.
Differential conductance imaging, as evident in the insets of Figure 4–2, reveal that
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surface atoms distort not only normally, but also laterally around areas of SSH.
Additionally, the contrast dependence of Vs is consistent with features originating from
population of the subsurface Pd sites by H. Theoretical predictions of Paul and Sautet
indicated that for a completely filled octahedral subsurface layer, the Mulliken charge of
individual SSH atoms is -0.3e while the Mulliken charge of individual surface Pd atoms
is +0.3e [99]. Our dI/dV measurements are consistent with this predicted charge transfer,
which accounts for Pd atoms above SSH having a depleted filled state and an enhanced
empty state near EF. Figure 4–3 illustrates this process, with a schematic of the Pd crystal
before (Figure 4–3A) and after (Figure 4–3B) SSH population. The 1D potential energy
diagrams for the H-Pd interaction are displayed above each respective state in Figure 4–3.
Here, we have chosen the potential energy scheme reflecting the consensus of literature
describing the energy levels of the bulk, subsurface, and surface-bound H
[72,87,88,100,103-105].
While tunneling at Vs in the ranges that populate SSH (0.5 V > |Vs| > 1.0 V), the
mean free path of the electron (for the case of pristine Pd) is about 1500 Å [106]. The
SSH features exhibit dramatically smaller widths than this value, hence, we suggest that
tunneling electrons propagating from the tip into the sample (at positive Vs) or from the
sample into the tip (at negative Vs) are scattered inelastically by H atoms in the bulk.
Ceyer. and coworkers employed HREELS to detect the vibrational modes of H
atoms embedded in a Ni crystal [107]. Their findings indicated that SSH species could
be distinguished via vibrational measurement from surface-bound species. Additionally,
these modes could be excited by the impact and scattering of electrons.
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Figure 4–3. Schematic of the effect of population of SSH sites. (A) The
surface and subsurface sites are free of H on the clean crystal, though, some H
remains present in the bulk. (B) After applying a bias pulse with the STM tip
(indicated by the yellow region in the bottom left panel), some of the bulk H
diffuses to the more stable subsurface sites. Surface Pd atom relaxation
ensues, and they gain a net positive dipole with respect to the SSH. A 1D
potential energy diagram depicting the relative stability of placing an H atom
in either the bulk or the subsurface sites is given above each schematic.
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Here, we propose that in our experiments, electrons impacting H atoms during
scattering events excite local vibrations, thereby mobilizing H in the near-surface layers.
Subsequent vibrational relaxation results in the redistribution of H atoms, trapping some
by the local energy minimum of the subsurface site (Figure 4–3, top right panel). The
work of Ceyer and coworkers demonstrated that H atoms in the bulk can act as electron
scatterers, thus reducing the inelastic mean free path of the tunneling electrons [107]. We
infer that tunneling electrons excite H atoms from significantly shallower depths than
expected for the mean free path of an electron travelling through pristine Pd, enabling
fine control over the creation of SSH features.
Note that we have not yet been able to extract SSH to the surface. Thus, we infer
that the barrier between the 1st and 2nd region of the potential energy plots of Figure 4–3
(top left and right panels) is much more easily overcome than the barrier between the 2nd
and 3rd regions (i.e., the H atom more easily overcomes the bulk-subsurface diffusion
barrier than the subsurface-surface diffusion barrier). Later, we will discuss in detail the
subsurface deuteride (SSD) of Pd{110}, where surface structure and surface
reconstruction influences this diffusion barrier to a larger extent. The magnitude of the
subsurface-surface diffusion barrier varies greatly throughout the literature compiled
from theoretical approaches, with values ranging anywhere from 0.1 to 0.5 eV
[72,87,88,90,100,103-105]. We were unable to redistribute the SSH atoms back into the
bulk (i.e., “erasing” the features) using a variety of gap pulses. This result was to be
expected, as all of the literature in the references above predicts that the subsurface sites
are significantly more stable than are the bulk sites. Before beginning the experiment,
our system can be considered to be in a metastable state, since the majority of subsurface

63

sites are unoccupied. Producing the SSH features resulted in a more stable state for the
system, thus, we were unable to erase the features. Direct vibrational spectroscopy by
IETS did not produce significant losses attributable to SSH, which was to be expected as
a result of surface Pd valence band electron screening [98].
4.3.2 Controlling Surface Morphology by Subsurface Hydride Formation
Subsurface species, particularly SSH, have been implicated in the ordering and
structure of adsorbates on Pd{111}. Using variable temperature STM, Salmeron and
coworkers studied the (2 × 2)-O island covered Pd{111} surface [20]. They noticed that
these islands compressed to (√3 × √3)-O structures at 150 K. Subsequent annealing at
210 K resulted in reversion to the initial (2 × 2)-O structure. They rationalized this
phenomenon to be a result of H diffusing to subsurface sites. Because we are able to
manipulate the SSH and create SSH features with great precision at 4 K, we can observe
the H dissolution directly.

In Figure 4–4, we present STM topographic images

summarizing the effects of SSH on a surface H layer under the influence of a controlled
STM tip perturbation. The STM topographic images in Figure 4–4A and 4–4B are of a
Pd{111} surface with a low coverage of H (~0.1 ML).
The image in Figure 4–4A was acquired at small Vs before allowing the tip to
hover over the center of the area at Vs = 0.7 V and It = 50 pA for 1 minute. At coverages
below 0.33 ML, individual H atoms can appear as either protrusions or depressions,
depending on the tip state [108,109]. We have imaged H atoms as both states, but omit
those imaged as depressions for clarity here. We attribute this new protrusion to the
population of subsurface sites by H. Because the occupation of these sites causes the
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Figure 4–4. Effect of SSH on H adatoms on Pd{111}. (A and B)
Topographic STM images (Vs = 0.07 V; It = 50 pA; 150 Å × 150 Å) depicting
H segregation from the area over which the STM tip hovered (red circle in
(B)). (C and D) Topographic STM images (Vs = 0.05 V; It = 100 pA;
200 Å × 200 Å) demonstrating H overlayer vacancy aggregation in the area
over which the tip hovered.
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redistribution of surface electronic density, as well as the relaxation of the Pd surface
atoms, surface sites above the SSH feature are destabilized, causing the migration of H
atoms away from where the STM tip created the SSH feature [89,99,110].
At coverages above 0.33 ML H, the effect of SSH on the surface H tells a
different story. In these cases, H atoms form (√3 × √3)-1H and (1 × 1) structures on
Pd{111} where the vacancies in the (1 × 1) structure also appear as protrusions [90]. We
also imaged protruding vacancies in a (1 × 1)-H overlayer (Figure 3-4C, right-pointing
arrow). Hovering the STM tip in the center of the frame at Vs = 0.7 V and It = 200 pA for
2 minutes resulted in the aggregation of these vacancies to form a (√3 × √3)-vacancy
structure, which is equivalent to a (√3 × √3)-2H overlayer structure (Figure 4–4D).
Hovering the STM tip over this surface caused the formation of a SSH feature, which in
turn, caused H atoms under the tip to diffuse and drive away distant vacancy structures
around the SSH feature while allowing vacancy islands within close proximity to
aggregate.
The schematics in Figure 4–5 explain the effect of SSH on surface H atoms
(Figure 4–5A and 4–5B) and H-vacancies (Figure 4–5C and 4–5D). The top scheme
shows the result of the tip hovering over a region of diffuse H atoms. At Vs = 0.7 V, the
perturbation from the tip-induced upward diffusion of bulk H atoms, in turn causing a
shift in electronic density distribution and outward relaxation of the topmost Pd atomic
layer [88,99,100]. The partially depleted filled states of the Pd atoms present destabilized
sites for H adsorption, driving away H atoms from this area. A similar scenario is
observed for the case of H-vacancy aggregation (lower scheme in Figure 4–5). Because
the high initial surface H coverage, some H atoms remained over the SSH area, however
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Figure 4–5. Schematics demonstrating the process of H atom migration to the
subsurface sites and its effects on surface H structures. The topographic STM
images are taken from Figure 2-4. (A and B) Below 0.33 ML, SSH sites are
filled, the electronic structure of the overlaying structure is perturbed, and its
geometric structure is distorted. H adatoms migrate away from these SSH
features to find more stable adsorption sites. (C and D) At higher coverages,
subsurface hydride sites are populated, the surface electronic structure is
perturbed, and its geometric structure is distorted. H adatoms migrate from
the SSH feature, but the constriction due to higher coverage causes some H to
remain as lower density (√3 × √3)-2H structures.
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their packing density was reduced. The (√3 × √3)-vacancy structure is known to contain
interstitial H atoms. Neither surface H nor H vacancy aggregation was observed when
the Pd crystal was completely clean of bulk H. These observations constitute a direct link
between H atoms in the Pd{111} subsurface sites and their effect on H atoms on the
surface.
4.4 Synopsis
In this chapter, we have shown the significance of the interactions between H
atoms and the Pd{111} substrate at 4 K. We were able not only to observe the formation
of SSH features by STM, but also to control the formation of these features with atomic
precision. The apparent topographic heights of the SSH features correlate well with
theoretical predictions of the outward relaxation of surface Pd atoms, and dI/dV imaging
revealed that SSH depletes the surface Pd atoms’ charge. We propose that this system is
ideal for studying the interactions of molecules with this important SSH species. We
propose that the mechanism for creating the SSH features involves tunneling electrons of
sufficient energy scattering inelastically from H centers beneath the surface, causing the
mobilization of H atoms and their eventual migration to the stable subsurface sites. We
demonstrate the first instance of direct control over subsurface species as a new reagent
for novel designer catalytic systems. In the following chapter, we will discuss the case
for SSD in a Pd{110} single crystal. As will be evident, the surface structure plays a
critical role in both the thermodynamics of the SSD system, and ultimately, the formation
of the SSD structures. The formation of the SSD features is strikingly different for the
case of Pd{110} than for the case of Pd{111} as a result of structural anisotropy. Our
goal is to characterize these subsurface systems for use in catalytic processes, as will be
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discussed in more detail in Chapter 5. The studies in the following chapters lay the
groundwork for single-molecule reactions instigated, controlled, and observed by LTSTM. Chapter 5 will begin with a discussion on the role of Pd in heterogeneous catalysis
and, more specifically, HDS of thiophene, a catalytic reaction of great significance to
industrial processes.

Chapter 5
Elucidating the Role of Subsurface Species in the Hydrodesulfurization of
Thiophene on Pd{110}
5.1 Introduction
Molecular-scale heterogeneous catalysis studies elucidate reaction mechanisms
critical to technological processes, with the ultimate goal of improving catalyst design
from the bottom up [111]. Major advances have resulted from the fabrication of metallic
and bimetallic supported catalysts for a wide variety of catalytic reactions using shapecontrollable synthetic approaches [112,113] and “self-activating” catalytic systems
involving surface H and SSH or surface D and SSD in the selective partial hydrogenation
of small alkenes [10]. Transition and near-noble metals, specifically Pd, play important
roles in catalyst design and function because of their behavior when modified by H or D
adsorption and absorption [7,114,115].

It is understood that both the physical and

electronic landscape of the metal substrate influence the coincidence and interactions of
adsorbed molecules through SMIs, even at catalytically relevant temperatures
[19,35,68,116,117].

However, catalyst design is hindered by the complexity and

incomplete understanding of the mechanisms of the catalytic reactions. For instance,
hydrogenation on Pd is known to depend strongly on both the surface structure and on
the distribution of heteroatom species on and beneath the metal surface [20,22,71,118121]. The dissolution of hydrogen into metal subsurface sites and its effects on surface
adsorbates have been addressed in a review by Christmann and references therein
highlighting ensemble spectroscopic techniques such as LEED, AES, TPD, and HREELS
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[122].

Additionally, the SSH of Pd{111} has been revealed directly by STM

[20,22,90,91,120]. A recent advance by Teschner et al. demonstrated that this subsurface
species, along with subsurface carbon impurities, impact catalytic selectivity through
localized surface structural transitions [121].
In the work presented in this chapter, we use the direct, local probe of our
ultrastable, XHV cryogenic (4 K) STM [31], to elucidate these surface transitions on the
atomic scale and with direct spectroscopic characterization. We study the D/Pd{110}
catalytic system beginning with D-induced surface reconstruction and discover local
faceting of the D/Pd{110}-(1 × 2) surface upon thiophene adsorption followed by
application of tunneling electrons. Initial reconstruction of Pd{110} by D adsorption
follows the (1 × 2) row pairing mechanism [123]. Subsequent adsorption of thiophene
combined with the perturbation by the STM tip drives the formation of localized (1 × 1)
facets tilting off the plane of the underlying substrate to facilitate the population of
subsurface sites by D.
Induced facet reconstruction is known to occur on a variety of surfaces, both by
molecular chemisorption [124-128] and by epitaxial growth during metal deposition
[129-131]. Analyses by Madey and co-workers have followed surface reconstruction and
faceting induced by epitaxial growth of ultrathin metallic films of Pd on W and Mo
surfaces [132-135]. However, whether induced by molecular adsorption or by epitaxial
growth, faceting in these instances occurs in a fashion parallel to the plane of the
underlying substrate lattice.

Out-of-plane faceting has been observed for vicinal

Cu{100} in the presence of oxygen [136]. There are few examples of achieving local
control via STM [137,138], and none address the impact of subsurface species on
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adsorbate-induced faceting. Thus, this work provides new insight into how adsorbates
influence local structure of catalyst surfaces in the presence of surface D and/or SSD, and
how the individual components of heterogeneous catalytic systems work cooperatively,
ultimately to affect chemical reactions.
Previous studies of H (D) on Pd{110} have focused on understanding the array of
induced in-plane substrate reconstructions upon chemisorptions [92,139-147]. Because
Pd{110} is known to undergo surface reconstructions with and without H or D adsorption
[147-149], it is not surprising that additional chemisorption or coadsorption of other
molecules can drive surface atoms toward energetically more favorable arrangements.
Further, uptake of H or D into subsurface sites causes a 6% outward relaxation relative to
the bulk Pd lattice constant [146]. This was observed via dI/dV STM imaging of SSH in
Pd{111} [120], as was discussed in Chapter 4. In addition, a recent study by Kralj et al.
followed, directly, the initial stages of H-induced reconstruction of Pd{110} in situ by
STM at room temperature [150].
Here, we have chosen to study thiophene on D/Pd{110}-(1 × 2) because it
provides insight into mechanisms of catalyst reactivity or poisoning, for instance in
petroleum feedstocks, and because it has been used as a model toward elucidating the
competing mechanisms of hydrogenation and HDS [151-154]. We study this system at 4
K to observe surface transitions and intermediate states that might not be accessible even
fleetingly or observable at higher temperatures.
5.2 Experimental Methods
All experiments were carried out in our custom-built XHV (base pressure less
than 10-12 Torr), ultrastable, low temperature STM system with the additional capability
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of sample rotation for direct deposition of gas-phase molecules from the room
temperature chamber onto the sample held at 4 K [31].

Tungsten probes were

mechanically cut and sharpened in situ by high voltage pulses [155]. The Pd{110} single
crystal (MaTecK, GmbH) was prepared by cycles of Ar+ sputtering at 875 K, oxygen
treatment (~2 × 10-6 torr at 875 K) and flash annealing to 1175 K. Sample cleanliness
was ascertained by STM imaging prior to D or thiophene deposition.

Molecular

deuterium (Matheson Tri Gas, Parsippany, NJ) was deposited directly from a room
temperature chamber onto the sample held at 4 K using a high-precision sapphire leak
valve. Neat thiophene (Supelco, Bellefonte, PA) was further purified by several freezepump-thaw cycles and deposited directly from an identical high-precision sapphire leak
valve. Purity and deposition of both deuterium and thiophene were monitored via a
quadrupole RGA (QMA 125, Balzers, Liechtenstein).

The standard deposition

parameters (deuterium, 180 L; thiophene, 480 L) were calibrated using an inverted
magnetron cold cathode ion gauge at the main chamber, although the actual deposition
incident on the sample can be up to 5 orders of magnitude lower due to the efficiency of
cryopumping [31]. Ion pumps and gauges were turned off during actual deposition to
avoid molecular fragmentation, and partial pressure was maintained by differentially
pumping via a turbomolecular pump. Differential conductance imaging was performed
by superimposing a small AC modulation (νAC = 1 kHz, Vrms = 25 mV) on the DC sample
bias, and then by monitoring the demodulated signal using a lock-in amplifier (SR850,
Stanford Research Systems, Sunnyvale, CA).

Topography and dI/dV images were

acquired simultaneously. All bias voltages reported are sample biases (Vs) unless stated
otherwise.
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5.3 Results and Discussion
5.3.1 Creating the (1 × 2) Pd{110} Surface Reconstruction with Deuterium at 4 K
Adding D to a clean Pd{110} substrate results in the typical (1 × 2) surface
reconstruction (Figure 5–1a). Figure 5–1b shows the height profile taken along the
dashed red line in panel a, highlighting the row-pairing of this surface reconstruction.
We use this and other similar images to confirm the reconstruction, and to show that
contamination by subsurface impurities is minimal with our preparation procedure,
limited to small amounts of atomic S contamination, as observed in our earlier work on
Ni{110} [31] and in our previous investigations on Pd{111} [119,120]. We observe a
small degree of S contamination even prior to thiophene deposition. The difficulty in
removing S impurities stems from its concentration in the bulk of the crystal and its
tendency to migrate to the surface and subsurface regions during annealing. The highresolution STM image shown in Figure 5–1a was acquired such that no S was observed
in the region.
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Figure 5–1. D-induced Pd{110}-(1 × 2) surface reconstruction.
(a) Atomically resolved STM image (substrate bias voltage Vs = 0.01 V;
tunneling current It = 1.4 nA; 22 Å × 22 Å) with model structure (inset) of the
(1 × 2) phase. (b) Apparent height profile acquired along the dashed red line
in panel a.
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5.3.2 Resolving Molecular Fine Structure of Thiophene on Pd{110}-(1 × 2)-D
Once the (1 x 2) surface was confirmed, we deposited thiophene to address local
structural and electronic perturbations. The STM image in Figure 5–2a shows surface
morphology after 4 K deposition of thiophene. We observe thiophene adsorption atop the
paired rows (black arrow, Figure 5–2a), with some molecules of lower apparent height
within the troughs between paired rows (red arrow, Figure 5–2a). The (1 × 2) surface
also exhibits “railroad switch” structural perturbations (green arrows in Figure 5–2a) that
are a result of the reconstruction. The dI/dV image acquired over a single thiophene
molecule on the (1 × 1) surface (Figure 5–2c) reveals electronic lobes, yielding strong
evidence that this molecule is lying flat on the surface. Hence, molecules lying atop the
paired rows see more (1 × 1) structure locally and adopt the flat configuration, whereas
the molecules adsorbed between paired rows bond through the sulfur and thus adopt a
tilted conformation. Similarly, two distinct bonding orientations were also observed in
our previous study of thiophene on Ni{110} [26]. Surface-bound S impurities are also
apparent, denoted by the white arrow. The adsorption distribution as a result of possible
SMIs will be discussed elsewhere, but may be attributed to the competition between
surface physical structure (i.e., the (1 × 1) versus the (1 × 2) paired row reconstructions)
and the surface electronic structure of the Pd substrate.
In order to observe both the molecular structure of the thiophene adsorbates and
the atomic structure of the underlying Pd surface, we typically scan at relatively high
tunneling currents (>1 nA) and low sample biases (<100 mV). On the clean (1 × 1)
surface, we achieve the deconvolution of the molecular electronic structure (Figure 5–2c)
acquired simultaneously with Figure 5–2b by dI/dV imaging. Because we image in
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Figure 5–2. Thiophene adsorption on D/Pd{110}-(1 × 2) and on clean
Pd{110}-(1 × 1). (a) Topographic STM image (Vs = -0.015 V; It = 0.2 nA;
73 Å × 73 Å) of thiophene deposited at low coverage on a D-reconstructed
Pd{110}-(1 × 2) surface. Thiophene molecules appear as protrusions and
adopt two distinct shapes/intensities in STM images depending upon
adsorption site. (b) Topographic STM image (Vs = 0.1 V; It = 0.9 nA;
22 Å × 22 Å) of thiophene on Pd{110}-(1 × 1), accompanied by a
simultaneously recorded differential conductance image, (c) showing
enhancement of the local density of states (LDOS) at this energy. At positive
sample bias, we observe lobes attributed to empty states.
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constant-current mode and at positive sample bias, we observe empty electronic states.
The observed lobes account for the π* orbitals and are indicative of those observed in the
STM simulations of thiophene on Pd{111} [79].
5.3.3 Pd{110} Subsurface Deuterium Segregation: Induced Local Faceting
On the (1 × 2) reconstruction, at larger Vs, molecular detail is lost, but higher
conductance features increasingly appear in the area over which the STM probe rests
between images. In Figure 5–3, topographic STM images show the result of hovering the
tip over a thiophene-covered (white protrusions) D-reconstructed Pd surface.

The

phenomenon observed here after hovering over the center of the scan frame for 2 min at 1
V is manifested in the diffuse, higher-contrast feature in the center of the frame on the
right (dotted circle in the right image of Figure 5–3). Subsequent hovering and scanning
produces more prominent perturbations. Since other subsurface impurities are minimized
by careful preparation, we attribute this effect to the population of subsurface sites by D
atoms drawn up from the bulk Pd. Previously, we produced and imaged the subsurface
hydride of Pd{111} at 4 K. We have shown that we can use ballistic scattering of
tunneling electrons to draw and to manipulate bulk hydrogen to the stable subsurface
region [120].
Whereas SSH in Pd{111} causes outward relaxation of the surface lattice on the
order of a few hundredths of an Ångstrom, here, we observe a much different effect—one
that occurs along the direction of the paired rows (the 〈110〉 direction) only in the
presence of additional thiophene.

In the absence of preadsorbed D, deposition of

thiophene and subsequent imaging resulted in no apparent local structural perturbations,
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Figure 5–3. Drawing D to the subsurface sites of Pd{110}. The STM
topographic image (Vs = 0.5 V; It = 0.010 nA; 260 Å × 260 Å) on the left was
acquired before setting the bias voltage to 1 V. After setting the bias voltage
to 1 V and having the STM tip hover in its rest position over the center of the
frame for 2 min, the image on the right was acquired. A diffuse protruding
region (dashed white circle) was observed at the center of the image.
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as seen in Figure 5–4a. Similarly, imaging the D-reconstructed surface shown in Figure
5–1 at larger Vs (3 eV) in the absence of thiophene also produced no faceting, as seen in
Figure 5–4b. It should be noted that the image in Figure 5–4b was acquired after
obtaining 40 individual conductance spectra along the trajectory indicated by the red
arrow from +1 to +4 eV with a total acquisition time of over 4 h. This energy range is
well above the faceting threshold. Thus, we posit that adsorption of thiophene onto the
D-reconstructed surface lowers the overall barrier to near-surface D diffusion, and may
be coverage dependent, as indicated by the work by Katano et al. in ref [10].
Significant restructuring of the surface occurs with repeated imaging, and is both
energetically and kinetically driven. That is, we observe faster growth at higher Vs;
restructuring also occurs at lower Vs given longer times, but not below a threshold bias
voltage (vide infra).

New faceted steps propagate along the 〈110〉 direction with

angularity incommensurate with the plane of the underlying substrate. Step edges are
typically more catalytically active than terrace sites due to the charge dipole across the
step and higher coordination [5,27,33,49,73,156-164]. Here, the formation of new steps
may be driven by the favorability of thiophene to be in proximity to these active sites in
the presence of SSD. Figure 5–5 shows one such example of this surface restructuring,
highlighting individual images from 50 consecutive images acquired at 1 V. Faceting is
nearly complete by frame 29, and little molecular diffusion is observed during faceting.
Several time-lapse sequences acquired over up to 7 hrs and at a variety of sample bias
voltages demonstrate that faceting is reliably induced at │Vs│>500 mV.
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Figure 5–4. Control experiments highlighting the absence of the faceting
effect when either subsurface D or adsorbed thiophene are not present. (a)
STM topographic image (Vs = -0.5 V; It = 0.5 nA; 274 Å × 274 Å) of
thiophene on Pd{110}-(1 × 1) at 4 K in the absence of adsorbed D showing no
induced faceting. Thiophene molecules are imaged as protrusions (indicated
by the blue arrow). Missing Pd atom defects and residual subsurface
impurities from crystal preparation are indicated by the green and red arrows,
respectively. At Vs = -0.5 V, an energy well above the threshold expected to
cause subsurface population and facet formation, no faceting is observed.
(b) STM topographic image (Vs = 3 V; It = 1 nA; 217 Å × 217 Å) of Dreconstructed Pd{110} without thiophene adsorption. This image was
acquired after obtaining 40 individual conductance spectra along the line
indicated by the red arrow. The bias voltage sweep was from +1 V to +4 V
with a total acquisition time of over four hours. No faceting was observed,
even after exposing the area to electron energies ten times larger than that
required to induce faceting on the surface with both subsurface D and
adsorbed thiophene.
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Figure 5–5. Selected frames extracted from a series of sequential STM
images (Vs = 1.0 V; It = 0.05 nA; 260 Å × 260 Å) that were rendered into a
time-lapse video file. Already evident at the beginning of the sequence
(Frame 0) is a more protruding region at the center of the image, where the
STM probe rests for a short time (<10 ms) before and between frame
acquisition. Subsurface sites are increasingly populated as the tip rasters
across the surface at Vs = 1 V, and facets emerge and propagate along the
〈110〉 direction of the Pd{110} substrate. Population of the subsurface sites
by D was saturated by frame 30.

82

5.3.4 Determining the Onset of Induced Faceting by Conductance Spectroscopy
To demonstrate that faceting is localized to the region imaged by the STM tip, we
first created the facets at 1 V and then repositioned the tip to image both flat and faceted
areas at small Vs. Scanning at lower Vs prevents further SSD population. Figure 5–6a
shows an area comprising both the (1 × 2) paired row surface (denoted α) and the faceted
surface induced by scanning at 1 V (denoted β).

These areas are shown prior to

investigation by I(V) tunneling spectroscopy. Figure 5–6a is displayed in derivative
mode to highlight the angularity of the stepped facets with respect to the flat underlying
substrate. Using trigonometry, height profiles acquired and averaged over topographic
images in this area (one such profile acquired over the dotted red line in Figure 5–6a
reveal that the faceted plane is 3.2 ± 0.8 ° off the substrate plane. This small value is
greatly exaggerated by the display used, as observed in Figure 5–6a, and accounts for the
(1 × 1) structure over the β region.
Figure 5–6b is an image acquired over the β region, plane subtracted (flattened by
tilting the image) to demonstrate that the angle of the faceted planes are identical within
experimental error. The inset of Figure 5–6b shows a high resolution scan resolving the
Pd atoms in the (1 × 1) configuration over a faceted step, further confirmed by a fast
Fourier transform (FFT) seen in the inset of Figure 5–7.
Scanning tunneling spectroscopy (STS) over the paired row Pd{110} enables us
to determine the onset voltage for D migration to the subsurface layer. The spectra in
Figure 5–5c represent typical I(V) curves for the faceting behavior (forward sweep in red
and reverse sweep in blue) acquired over the α region. Bulk D is drawn to the subsurface
region on the initial forward sweep, causing outward relaxation of the Pd lattice, thus,

83

Figure 5–6. Determining the onset of the population of subsurface D in the
presence of thiophene. (a) STM topographic (derivative) image (Vs = 0.05 V;
It = 0.05 nA; 348 Å × 348 Å) highlighting the deviation of the facet planes (β)
from the underlying substrate plane (α). (b) Topographic STM image
(Vs = 0.05V; It = 0.05nA; 260 Å × 260 Å) of region β in panel a, plane
subtracted (flattened by tilting the image). The inset is a high-resolution STM
topographic image (Vs = 0.01 V; It = 1.4 nA; 22 Å × 22 Å) acquired over the
region denoted by the black dotted box. Here, the Pd{110}-(1 × 1) structure
has returned. The protrusions in both panels a and b are thiophene molecules.
(c) Representative I(V) spectrum taken over Pd in area α of panel a
(Vgap = 0.05 V; Igap = 0.05 nA). The red curve represents the forward bias
sweep direction from negative to positive bias, and the blue curve represents
the reverse sweep. Further spectra acquired at the same spot retraced the blue
curve (see Figure 5–7).
The dashed line marks the onset value.
(0.38 ± 0.02 V) acquired from an average of 45 forward spectra at fresh
locations on the surface.

84

Figure 5–7. STM topographic image (Vs = -0.06 V; It = 0.8 nA; 130 Å × 130
Å) of a (1 × 1) faceted region of Pd{110} at 4 K accompanied by its fast
Fourier transform (FFT, inset). The Pd{110} lattice constants can be obtained
from the prominent spots of the FFT. Here, the white arrow points to the spot
corresponding to 2.71 Å and the green arrow points to the spot corresponding
to 3.83 Å. The lattice constants for Pd{110} in the 〈110〉 and 〈001〉 directions
are 2.75 Å and 3.89 Å, respectively. These data illustrate the (1 × 1) Pd atomic
structure over the faceted region.
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physically decreasing the probe-sample separation.

Because of the exponential

dependence between current and probe-sample separation (as discussed in Chapter 1) and
because the STM probe is held at a fixed position during spectrum acquisition, this
surface relaxation is observed as a steep onset in current response (dashed vertical line in
Figure 5–5c). Since only a finite amount of bulk D can be drawn up into the subsurface
region beneath the probe, we are able to acquire only one such spectrum in each location.
Each spectrum displays the indicative onset in the forward sweep direction and the
reconstructed surface signature on the reverse sweep. From 45 such spectra, we have
determined the onset of drawing SSD to be 0.38 ± 0.02 eV. This I(V) behavior is not
observed over the (1 × 1) faceted regions of β, suggesting complete population of the
subsurface sites with D. Subsequently recorded spectra have overlapping forward and
reverse sweeps, as shown in Figure 5–8. We point out a plausible correlation here with
the STM images observed by Katano et al. (specifically that of Figure 8c of ref [10]).
Their annealing at 202 K after additional molecular adsorption onto hydrogen precovered
Pd{110} resulted in a vicinal surface. Here, we believe that we are observing the
beginnings of this surface transformation by injecting tunneling electrons of sufficient
energy relative to the thermal energy of annealing.
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Figure 5–8. Conductance spectra acquired over the (1 × 1) region of the inset
of Figure 3-5b. The energy region between -0.15 and +0.15 eV is shown here;
there is complete overlap of I(V) curves for both forward and reverse sweeps.
The features at ca. ±0.045 eV are apparent in the reverse sweep (blue curve)
in Figure 5–5c, and are attributed to the surface vibrations.
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5.4 Synopsis
In this work, we have shown the propensity of the D/Pd{110}-(1 × 2) to undergo
faceting along the 〈110〉 direction after depositing thiophene and during observation by
STM resulting from subsurface site population by D. At 4 K, this process requires
additional local molecular adsorption in order to reduce the total surface free energy that
might otherwise be achieved thermally, as in ref [10]. Spectroscopic analysis reveals the
onset of drawing subsurface D to be 0.38 ± 0.02 eV.

Regions that do not show

appreciable SSD exhibit the expected (1 × 2) surface reconstruction upon D adsorption,
whereas faceted areas adopt the (1 × 1) atomic Pd configuration 3.2 ± 0.8° tilted with
respect to the substrate plane. These differences in local surface structure account for
preferred adsorption sites found for thiophene between rows. Differential conductance
imaging has elucidated the electronic LDOS of thiophene adsorbates, and may provide
further insight into the bonding mechanism of this and analogous heterocycles onto
transition metal surfaces during hydrogenation, desulfurization, and deoxygenation.
We continue our studies of this system in order to develop a more comprehensive
understanding of the catalytic reactions of small molecules on transition metal at the
single-molecule scale, extending our spectroscopic capabilities to enhanced singlemolecule vibrational measurements, theoretically modeled approaches, and subsequent
action spectra [36,68,119]. This phenomenon has implications in elucidating key aspects
of heterogeneous catalytic processes, including substrate structure changes, directed
modification of surface potential energy landscapes, and bulk diffusion. Additionally,
these studies may provide insight into the mechanism responsible for metal
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embrittlement, and for developing routes toward stable, efficient, and clean hydrogenstorage materials.

The work in this chapter has resulted in the publication:
“Adsorbate-Promoted Tunneling-Electron-Induced Local Faceting of D/Pd{110}-(1 ×
2),” A. R. Kurland, P. Han, J. C. Thomas, A. N. Giordano, and P. S. Weiss, Journal of
Physical Chemistry Letters 1, 2288 (2010).
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Chapter 6
Single-Molecule Vibrational Spectroscopy of Thiophene on Pd{110} at 4 K
6.1 Introduction
6.1.1 Fundamentals of Inelastic Electron Tunneling Spectroscopy
The use of inelastic electron tunneling processes to measure molecular vibrations
has been employed for several decades, since it was initially demonstrated by Jaklevic
and Lambe for metal-adsorbate-insulator-metal sandwich tunnel junctions [165,166].
Early results showed that I/V data of some sandwich systems exhibit discrete “kinks” at
precise energies. They found that by recording the second harmonic (d2I/dV2) of the
tunneling current signal, peaks (and minima) would become apparent at the energies
corresponding directly to vibrational energies. This trend is depicted schematically in
Figure 6–1a, where

|

| and where the energies associated with the peaks in

d2I/dV2 are understood as the thresholds for electrons coupling into the inelastic tunneling
channels. Recalling Figure 1–1 describing the potential energy diagram associated with
elastic STM tunneling, we can add the inelastic component to show the theoretical
aspects of the IET process. Figure 6–1b gives the energy level diagram comparing elastic
and inelastic tunneling. The energy loss, ħω/e, results from transduction of electron
energy to a vibration of the adsorbate-substrate system. Though early IET experiments
were intrinsically ensemble measurements, the applications of low-temperature STM
proved that the vibrational modes of single molecules could be recorded directly.
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Figure 6–1. Theory of IETS. a) Hypothetical simultaneous I/V. dI/dV, and
IETS measurements qualitatively depicting a single-point IETS sweep, where
Vs is above the threshold of an inelastic tunneling channel (ħω/e). b) Energy
level diagram for STM tunneling showing both elastic and inelastic tunneling
routes. In (a), ħω is the energy of a vibrational mode and e is the charge of an
electron.
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Ho and co-workers used IETS to observe small energy shifts (few meV) between IETS
peaks due to isotopic effects of C–H and C–D stretches in single acetylene and its
isotopic isomers adsorbed on Cu{100} [4,14]. Since these primary studies, many STM
IETS experiments have exemplified the capability of the technique, from making isolated
single-molecule vibrational measurements [167,168] explaining observed diffusion of H
on Pd (vide infra) [119], to extracting chemical and bonding information from individual
molecules within a SAM matrix [169,170].
The method for acquiring single-molecule IETS is similar to that of dI/dV, except
that the LIA records the second harmonic of the tunneling current that has been
modulated by a small AC bias from the same LIA. Note that the baseline resolution is
directly related to the amplitude of the AC modulation.

In our experience, ideal

experimental conditions are those where there is a strong second harmonic signal with a
minimal AC modulation (Vrms << 20 mV). For free-electron metals, the full -width-halfmaxima (FWHM) of vibrational IETS peaks are subject to smearing of the Fermi
distribution and are related by the equation:
1.7

5.4

/

6.1

where Vrms is the modulation voltage, k is the Boltzmann constant, T is temperature (in
Kelvin), and W is the intrinsic width [4,171-174]. At 4 K, this results in a FWHM of
~7 meV. The LIA maximizes the signal-to-noise ratio by adjusting internal offset filters,
acquisition time constant, and input sensitivity. We used IETS to measure the vibration
of the H–Pd bond over regions of high H coverage on Pd{111} at 4 K [119]. Figure 6–2a
shows a topographic STM image of H on Pd where IETS was acquired. Because phase-
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sensitive measurements can be carried out simultaneously, we can record all channels
(I/V, dI/dV, and IETS) if we employ multiple LIAs.

Figure 6–2b–d shows the

progression of data from I/V (b), dI/dV (c), and IETS (d). Again, although these data are
shown independently, it is important to note that all three spectra were acquired
simultaneously with multiple LIAs.
Additionally, one common feature of IETS is the inversion symmetry about the
origin, where peaks appear at both positive and negative bias, with opposite signs (Figure
6–2d). The energies observed for the H–Pd bond are given in Table 6–1, and agree well
with previous HREELS measurements [175,176]. The additional peak at 200 meV has
been destermined to be a coupled mode, where the parallel bending and perpendicular
stretching result in diffusion of H atoms hopping across adsorption sites. Rust and
coworkers previously described the excitation of vibrational modes coupling with
translation [168]. The observed diffusion (onset ~Vs = 100 mV) is explained by the
schematic in Figure 6–3. We have also used IETS to measure the phonon mode of clean
Pd{111} [119], and the value of ±24 meV compares well with the theoretical prediction
of 25 meV [177].
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Figure 6–2. Single-molecule IETS of H on Pd{111} at 4 K. a) Topographic
STM image (Vs = -15 mV; It = 0.2 nA; 80 Å × 80 Å) of (1 × 1) H overlayer
where point spectroscopy was acquired (red ×). The apparent protrusions are
H vacancies. b) Conductance spectroscopy (I/V) over the H molecule denoted
by the red × in (a). b) Differential conductance spectroscopy (dI/dV) acquired
simultaneously with (b) and (d). Note that the features in I/V translate into
step-like features in dI/dV at the corresponding energies. d) IETS acquired
simultaneously with (b) and (c). The peaks at ±200, ±150, and ±80 mV
correspond to the energies of translation, H–Pd perpendicular stretching, and
H–Pd parallel bending, respectively.
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Table 6–1. Vibrational measurements and their assignments from STM IETS
and HREELS.

a

Ref. [168, 169]
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6.1.2 Chemical Identification of HDS Intermediates on Catalyst Supports
We have described how the interactions of small aromatic heterocycles with nearnoble and transition metal surfaces have important consequences in heterogeneous
catalysis. For instance, the presence of these molecules, particularly those that contain S,
in petroleum feedstocks or in automobile catalytic converters, is detrimental to catalytic
efficiency, since S is a catalyst poison [7,154]. In systems involving supported catalysts
with Pd especially, under industrial conditions, subsurface and bulk sites are readily
accessible for atomic adsorption and diffusion (e.g., by H, C, S, O, N), deactivating
catalytically active sites on the surface. Thus, reactivity is governed by species both on
and beneath the surface of the metal substrate. We and others have previously shown
that the subsurface sites of Pd are known to support the adsorption of heteroatom
impurities from the metal bulk, and these species can also diffuse within the subsurface
region [22,120,121]. To this end, a recent breakthrough by Teschner et al. demonstrated
that the selectivity of alkyne hydrogenation on a Pd catalyst depends strongly on the
presence of both subsurface C and SSH [121]. We showed that the SSH and SSD can be
drawn up from bulk Pd systematically with the STM tip [120,178]. This ability, in
tandem with STM adsorbate manipulation, enables precise control over adsorbate
proximity to these or other subsurface species for single-molecule catalysis studies.
Sulfur-containing heterocycles like thiophene are major obstacles to HDS,
however, the exact mechanism of HDS remains to be determined. While a large body of
experimental and theoretical work of HDS studies on MoS2 and transition metal
complexes constitutes a majority of the literature on this topic [151,152,179-184], fewer
reports on local probe techniques exist, and even fewer address the study of HDS on
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metallic single-crystal substrates by single-molecule microscopy and spectroscopy
[26,185-187]. This may be in part because single-molecule IETS necessitates the thermal
stability afforded by extreme high vacuum, cryogenic STM—exactly the opposite of the
high-pressure, high-temperature environments of industrial reactors.

Yet, these

fundamental studies can provide important insight into molecular orientation, initial
interactions, intermediate products, and products of reactions on timescales that we can
observe and thus extrapolate information about activation energies, diffusion, and
chemical identities of those species involved. Since the pioneering single-molecule IETS
work of Ho and coworkers, the technique has been used to measure the vibrational
fingerprints of small molecules on metal surfaces [4,14,119,188].

Though Ho and

coworkers did not observe measureable vibrational signals for thiophene on Cu{001},
they did record IETS of pyridine on Ag{110}, implying that that adsorbate bonding
orientation plays a critical role in IETS selection rules; the molecule must have a
vibrational dipole component normal to the surface [188]. In the case of thiophene on
Cu{001}, the molecule adsorbs in a planar fashion with strong π-stacking interactions
with the substrate. For pyridine on Ag{110}, the atomic corrugation of the substrate
forces the molecule to adsorb with some tilt, thus activating stretching modes under IETS
conditions.

Additionally, IETS has been used to image products and reactants of

chemical reactions of single molecules. Here, we report on our use of IETS to follow the
pivotal steps of HDS of thiophene on Pd{110} by SSD.

The mechanism is not

straightforward, as it involves both local surface restructuring via out-of-plane faceting,
which occurs only above a tunneling electron energy threshold that we reported
previously to be at |Vs| = 0.38 ±0.02 eV [178].
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The current consensus of the HDS product of thiophene on Pd has been
determined to be 1,3-butadiene, as demonstrated by laser-induced thermal desorption
[180]. 1,3-Butadiene has been observed as the major product of thiophene HDS on
Mo{110} [154], and further, that the aromaticity of thiophene is broken upon adsorption
to form a 2,5-dihydrothiophene (DHT) intermediate [179,182]. The consensus HDS
pathway is shown in Figure 6–3.

In the case of thiophene on single crystals, the

mechanism begins with planar adsorption of thiophene followed by direct conversion to
the DHT intermediate, where the sulfur has sp3-like hybridization. While we demonstrate
our ability to probe this reaction precursor, we do not observe 1,3-butadiene on the
surface. Instead, we observe the C4H4 intermediate and speculate that this species is
stable at 4 K and does not proceed through conversion to 1,3-butadiene. We maintain our
samples at 4 K throughout our experiments since thiophene is generally reactive with
single-crystal metal surfaces at elevated temperatures, readily decomposing to carbon and
surface sulfide. Our IETS assignments are expected to be supported by theoretical
simulations for the expected reactant and intermediate species (under way).
6.2 Experimental Methods
6.2.1 Sample Preparation
All experiments were carried out in a custom-built low-temperature (4 K) XHV
(base pressure <10-12 Torr) STM with an array of surface science facilities for sample
preparation and analysis in addition to the STM [31]. Single-crystal Pd{110} (MaTek,
GmbH) was prepared by repeated cycles of Ar+ bombardment at 875 K followed by a
high temperature anneal at 1173 K. The initial cycles included an annealing step at
875 K in a background of reactive O2 gas (2 × 10-6 Torr) to remove C and S impurities
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Figure 6–3. Generalized schematic of HDS of thiophene on a metal substrate (M)
(Adapted from Refs. [154, 179, 180, 182]). Initial adsorption of thiophene proceeds
through conversion to the 2,5-dihydrothiophene intermediate, where aromaticity is
broken and the S gains more sp3 character. The green double-headed arrows denote
vibrational dipoles that are expected to be IETS active in our STM measurements.
Conversion of the C4H4 intermediate to 1,3-butadiene is not expected to occur at 4 K.
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that typically segregate to the surface during annealing. The crystal was flash annealed to
1175 K before transferring directly to the STM held at 4 K. This crystal preparation
procedure has produced the Pd{110}-(1 × 1) surface reliably.

To obtain the

Pd{110}-(1 × 2) reconstructed surface, molecular deuterium (Matheson, Parsippany, NJ)
was deposited directly via high-precision leak sapphire leak valve (180 Langmuir,
calibrated with an inverted magnetron cold-cathode ion gauge at the main chamber).
Neat thiophene (Supelco, Bellefonte, PA) was acquired in sealed ampoules and further
purified by repeated freeze-pump-thaw cycles before attaching to the dosing apparatus on
the UHV chamber.

Thiophene was deposited from room temperature via a high-

precision sapphire leak valve to the sample held at 4 K (480 Langmuirs). Non-critical ion
pumps and gauges were turned off to avoid molecular fragmentation during deposition.
Purity and partial pressure of thiophene during deposition was ascertained by quadrupole
mass spectrometry residual gas analysis.
6.2.2 IETS Measurements
Single-molecule vibrational measurements were carried out using a LIA (Model
SR850, Stanford Research Systems, Sunnyvale, CA) to superimpose a small AC
modulation (Vrms = 9 mV at 700 Hz) on the DC sample bias voltage and to record the
second harmonic of the tunneling current signal. The FBL was disengaged and z was
held at a fixed distance during spectra acquisition.

Gap conditions are reported

separately, as these parameters are experiment dependent and extremely sensitive to the
STM probe tip state. All bias voltages reported are sample biased (Vs) unless noted
otherwise.
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6.2.3 Computational Details
All calculations were performed using density functional theory (DFT) [189,190]
with a plane-wave basis through the ABINIT software package [191-194].

The

generalized gradient approximation (GGA) was utilized, as it is known to perform better
than the local density approximation (LDA) [195].

The exchange and correlation

functional as determined by Perder, Burke, and Ernzerhof (PBE) was used in the
approximation [196]. From previous determinations by Krack [197], the relativistic
pseudopotentials of q = 1 for H, q = 4 for C, q = 6 for S, and q = 18 for Pd, were
employed. A total of 10 k-points were sampled using Monkhorst-Pack grids [198]. We
chose a total energy cut-off for the plane-wave basis of 10 a.u.

The Kohn-Sham

equations were solved self-consistently using the conjugate-gradient algorithm [199] with
a convergence criterion of 5.0 × 10-6 a.u. and an extrapolated preconditioning method
[200]. Geometry optimizations were performed using quenched molecular dynamics
with the Verlet algorithm with a tolerance of 5.0 × 10-5 a.u./Bohr [201]. Vibrations were
calculated as phonon modes with the Pd atoms frozen, which is seen as a fair
approximation since Pd–Pd modes are not expected to couple with the organic modes.
6.3 Results and Discussion
Previously, we showed directly by STM that the Pd{111} surface undergoes
reconstruction to a (1 × 2) phase upon addition of D into bulk and interstitial subsurface
sites [178]. This reconstructed surface is stable to normal scanning conditions and is
suitable as a test bed for studying the conversion of surface-bound thiophene to HDS
reaction intermediates.

At low sample bias and low coverage, thiophene adsorbs

randomly across the surface at both atop row sites or between paired rows. At larger bias
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energies, we showed that the SSD features are generated much like the way that SSH
features formed on Pd{111}. We have attributed the formation of both SSH on Pd{111}
and SSD on Pd{110} to inelastic electron scattering events, and further that the surface
anisotropy of Pd{110} leads to SSD features forming facets along the 〈110〉 direction.
We have acquired high-resolution STM images of individual molecular features
both on the (1 × 2) flat surface and on the (1 × 1) faceted steps. Figure 6–4a and 6–4b are
representative images of the molecules on these structures, respectively. Figure 6–4a
show two molecules imaged as protrusions (one is indicated by the blue arrow) set on top
of the (1 × 2) atomic lattice (diagonal rows running from bottom left to top right). The
shape of the molecules are probe shape dependent, accounting for the apparent height
difference at the center of the highlighted molecule. The molecule denoted by the leftpointing red arrow in Figure 6–4b was imaged over an area adjacent to that in Figure 6–
4a where SSD faceting had occurred. The molecule’s apparent shape differs from that of
the molecule in Figure 6–4a, and has a depressed region of conductance about its center.
The green dashed line represents the location of the single facet to the right of which the
molecule resides.
Because STM topography is a convolution of surface physical and electronic
structure, we cannot assign chemical identity to these species based on morphology
alone. Rather, we employ single-molecule IETS to establish vibrational signatures, thus
chemical identities, of the surface-bound adsorbates. While acquiring each image from
Figure 6–4a and Figure 6–4b, we paused scanning over each feature and set z constant,
recording the second harmonic of the tunneling current (It) in response to sweeping the
sample bias energy (Vs). The selection rules for IETS are still a matter of debate,
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although it is generally agreed that an adsorbate must have a vibrational dipole
component normal to the surface. This accounts for the lack of IETS signal seen for
thiophene on Cu{001} by Ho and coworkers [188] and for thiophene on Pd{111} by our
earlier attempts. However, for the case of Pd{110}, surface corrugation lends to tilted
adsorption geometries.

We have successfully acquired IETS signatures over both

adsorbates in Figures 6–4a and 6–4b. The IETS data are displayed in Figure 6–4c. The
two spectra have strikingly different shapes and peak intensities. The lower blue curve
corresponds to the molecule highlighted by the blue arrow in Figure 6–4a and the red
curve corresponds to the molecule highlighted by the red arrow in Figure 6–4b. Both
curves show telltale IETS inversion symmetry and both have similar features at50 meV < Vs < +50 meV, corresponding to the contributions from the Pd surface dipole
(i.e., the surface phonon interaction). We assign the peak at ±180 meV in the red curve
to be the small contribution from the -C=C- stretch and CH2 deformation of the expected
HDS preproduct—the Pd-adsorbed C4H4 1,3-butadiene precursor (fourth structure in
Figure 6–3). We assign the intense peak at ±94 meV to be the strong -C-S-C stretch from
the 2,5-dihydrothiophene adsorption intermediate. We have compared these values with
those previously obtained by IR [202,203] and HREELS [10,203,204] and find that our
values are in reasonable agreement. Table 6–1 summarizes the observed major stretches
from this work and the respective values from IR and HREELS data and our calculations
(NB: calculations are currently in progress).
We do not observe vibrational modes resulting from in-plane -C-C- stretching of
either 2,5-dihydrothiophene or the C4H4 intermediate due to the selection rules of IETS.
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Figure 6–4. Single-molecule vibrational spectroscopy of HDS intermediates
on Pd{110} at 4 K by IETS STM.
a) Topographic STM image
(Vs = -120 mV; It = 1.4 nA; 43 × 43 Å) of the HDS precursor adsorbed on the
Pd{110}-(1 × 2) D-reconstructed surface. The blue arrow denotes the
molecule over which IETS was acquired. Diagonal rows (bottom left to top
right) are indicative of the (1 × 2) Pd atomic rows. b) Topographic STM
image (Vs = 120 mV; It = 1.4 nA; 43 Å × 43 Å) of the C4H4 intermediate
adsorbed on a (1 × 1) faceted step that was induced by tunneling electrons.
The red arrow denotes the molecule over which IETS was acquired, and the
green dashed line is provided as a guide for the eye for the step edge. c) IETS
acquired over the respective molecules in a (blue trace) and in b (red trace).
The blue arrow indicates the strong signal at ~94 mV (-C-S-C- stretch) and
the red arrow indicates the vibration at ~180 mV (-C=C- stretch). Gap
conditions: (a)(Vgap = -60 mV; Igap = 600 pA); (b)(Vgap = -120 mV;
Igap = 1400 pA)
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Table 6–2. Comparison of the Vibrational Signatures of 2,5-DHT and C4H4 on Pd{110} at
4 K with Gas Phase, IR, HREELS, and DFT Assignments. Values reported are in meV.

a

Refs. [202,203]
Ref. [203]
c
Sigma-Alddrich
d
Refs. [10, 204]
b

6.4 Synopsis
In this chapter, we have presented work towards elucidating the mechanism of
HDS of thiophene on Pd by implementing STM IETS. A brief history and introduction
to the IETS technique set the stage for developing the concepts required for using the
STM to follow reaction intermediates in situ at 4 K. While STM IETS is not a new
technique for chemical differentiation of intermediate species adsorbed on a surface, it is
a powerful tool when combined with a tailored system for studying reaction progress. In
this case, we combined the tendency of D/Pd{110}-(1 × 2) to undergo reconstruction in
the presence of thiophene and tunneling electrons, and our ability to “freeze out”
intermediates at 4 K for direct inspection. Our IETS measurements tell us a story that is
two-fold. First, our vibrational assignments are in good agreement with those of previous
ensemble measurements (vide supra), suggesting that we are in fact seeing
2,5-dihydrothiophene adsorbing on the surface rather than planar thiophene, and that the
selection rules for IETS still hold—that is, we observe intense signals from vibrational
modes that have a dipole component normal to the surface, whereas we do not see signals
from vibrational modes that are parallel to the surface.
We continue investigating this system in conjunction with DFT calculations
(already in progress). A possible future route to enhancing these results would be to
include studies aimed at teasing out isotope effects due to exchange of H and D, and to
develop an “activity series” for analogous heterocycles such as furan and pyridine.
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Chapter 7
Extending the Capabilities of STM: Subsurface Imaging of Monolayers
7.1 Introduction
Until now, we have discussed the unique single-molecule experiments that
cryogenic STM enables from the perspective of the adsorbate-surface or adsorbatesubsurface interactions. From the SMI studies illustrated by the work in Chapter 3, we
already have glimpsed at how we can control the structural order of nanoscale assemblies
over significant distances. This is achieved through long-range interactions mediated by
the surface or subsurface electrons. However, fundamental questions remain, “How does
the single molecule behave when we remove its degrees of freedom on a sprawling
substrate landscape, and how can we understand and/or manipulate these properties as
they apply to the design of devices where the molecular orientation becomes a critical
variable?” To this end, and in the grand scheme of nanoscience, the evolution of selfand directed device assembly has seen tremendous attention and growth in recent decades
[205]. Nature remains the master artist and craftsman in regards to self-assembly, as is
observed in systems of all size scales. From the double helix of DNA to the assembly
and folding of proteins to the intricate forces at play that regulate the coming-together of
all the complex molecular machines, motors, and structures that make up living cells,
scientists are constantly attempting to replicate the complexity of Nature’s work. Thus,
self-assembly by the experimentalist on a larger scale continues to see breakthroughs
thanks to new techniques, analytical tools, and insights.
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As nanoscientists, our approach to self-assembly is often from the bottom-up,
enabling direct studies of the ways in which intermolecular interactions and other
thermodynamic and kinetic processes drive self-assembly from even the simplest
building blocks. To this extent, the ALK SAMs on Au{111} remain the most studied
self-assembled system to date since their discovery by Nuzzo and Allara in the early
1980’s [206-211]. While the majority of more recent work on SAMs has investigated
their applicability to molecular electronics, nanofabrication, and biosensor technologies
[206,209], key fundamental aspects remain poorly understood, particularly as they relate
to the structure of the Au-S buried interface. This chapter will discuss the concept of
local barrier height (LBH) analysis and how it has been applied here in combination with
STM topographic imaging and automated data processing in order to make direct and
statistically relevant measurements of single-molecule orientations within SAM matricies
at that buried interface.

The applicability and scope of this technique is broad,

particularly in areas where device function is directly related to the orientation of the
molecular components comprising it (i.e., molecular switches). In the following, we
begin with a brief introduction to the ALK SAMs and their advantageous structural
properties as determined by ensemble methods, and address the controversy surround the
imaging modality of STM in topographic measurements.
7.2 The n-Alkanethiolate Self-Assembled Monolayer
The enthalpy of formation of a Au-S bond is approximately 45 kcal/mol. This
energetic gain sets the stage for the formation of the SAM of ALK molecules on a Au
surface. When a Au surface is exposed to a dilute solution or vapor of ALKs, the
molecules covalently attach to the surface via Au-S bonds within a matter of seconds to
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minutes, or even faster. During the initial growth phase, the SAM exhibits a large degree
of disorder with many domains of molecules lying flat on the surface (as is also the case
for SAMs of low surface coverage, < 1 monolayer, ML). The initial growth phase, thus,
is driven kinetically by the favorable formation of Au-S bonds. The second phase of
SAM growth is driven thermodynamically over minutes to hours, where the hydrocarbon
tails stand up and interact to maximize van der Waal forces between them. The resulting
structure is highly crystalline and ordered with a primarily all trans configuration (as is
the case for higher ML coverage) [212].
A prototypical SAM system (n-octanethiolate on a Au{111}/mica substrate) is
shown (Figure 7–1c) with corresponding side- and top-view models in Figure 7–1a,b,
respectively. At monolayer coverage, ALK molecules form a (√3 × √3)R30° structure
with respect to the Au{111} substrate lattice (SAM unit cell indicated by the red
parallelogram in Figure 7–1b). As a result of the three-fold symmetry of the Au{111}
surface, the SAM also exhibits the hexagonally close-packed (hcp) lattice structure. A
more complex superstructure, the c(4 × 2) structure, has also been observed, and its
origin remains controversial [213-219].

Here, we propose possible origins for this

superstructure based on our ability to measure both the exposed termini and buried
surface bonds of the molecules in SAMs simultaneously.
The lattice constant for ALK SAMs is approximately 5 Å, determined by the
distance between the sulfur head groups adsorbed on the Au surface. Characteristic
defect features are highlighted in Figure 7–1c and include tilt domain boundaries (green
arrows), Au substrate step edges (blue arrow), single-Au-atom deep etch pits or substrate
vacancy islands (red arrows), and regions of disorder. It is noted that while these features
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are often referred to as “defects,” it is these sites where SAMs possess great advantages
over other bottom-up self-assembly systems.
Defect sites in SAMs enable molecules with additional functionality to be inserted
for direct studies of systems such as molecular switches [220], nanoparticles [221], and
microcontact (insertion) printing [222]. The density of defect sites can be tailored by
deliberate and careful preparation methods, enabling enhanced control over insertion and
SAM-supported surface chemistries.

It is the crystallinity of the SAM matrix in

comination with their flexibility of design that makes them ideal systems for study by
STM.
For clarity, this chapter will follow the colloquial nomenclature convention of
naming the molecules that comprise a SAM. That is, we will say a “CX” SAM, where X
is the number of methyl units that make up the hydrocarbon backbone. For example, we
refer to n-octanethiolate as C8 because it has a hydrocarbon backbone made up of eight
carbons (seven methylene groups and one methyl group).
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Figure 7–1. (a) Schematic of a C8 monolayer. The atoms of the SAM molecules and the
substrate are colored for clarity (C, black; H, white; S, purple; Au, yellow). The ALK
molecules are chemisorbed to the surface by the thermodynamically favored formation of
the Au-S bond. (b) The SAMs assemble in a (√3 × √3)R30° lattice (unit cell given by the
larger red parallelogram) relative to the underlying fcc Au substrate lattice (small black
parallelogram). (c) Topographic STM image of a C8 SAM on Au{111}. Defects within
the monolayer are intrinsic to the self-assembly process, and are highlighted by the
respective arrows (green, domain boundaries; blue, substrate step edge; red, substrate
vacancies).

111

7.3 Fundamentals of Local Tunneling Barrier Height Microscopy
In Chapter 1, Equation 1.1 described the fundamental physical relationship of the
electron tunneling mechanism, that the tunneling current, I, in STM is related
exponentially to the tip-sample separation, z:
∝

1.1

with a decay rate, k, given by Equation 1.3:
2

1.3

where φ is the local potential barrier height; that is, the energy barrier to extracting a
single electron from a single, finite point on the metal’s Fermi surface beneath the STM
tip. Originally reported by Tersoff and Hamann, it was assumed that φ would not depend
on the lateral position of the probe, and thus, would be equal to the surface work function
[223,224]. It should be noted that these assumptions were made using models with larger
tip-sample separation distances (>10 Å).

For smaller tip-sample distances, lateral

variations of the tunneling current relating to the surface LDOS were considered
[223,224]. Additionally, φ is often expanded to read:
ln
8

7.1

Binnig et al. maintained that for very small tip-sample separations (5 – 10 Å), imagepotential effects would have to be considered [225]. However, it was later determined
that to first order, the image potential does not show up in the distance-dependence of I
[226,227]. Thus, spatial mapping of the apparent tunneling barrier height (ATBH) can
provide valuable information regarding the spatial variations of the local work function
with molecular—and even atomic—resolution. The measurement of LBH is another
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phase sensitive technique with a LIA whose AC reference carrier modulates the tipsample distance, z, by some small Δz while scanning at constant I. In order for this
technique to work, the reference carrier frequency must be set above the falloff response
of the STM electronics (typically ca. 3 kHz, but system dependent). From the equation
above, the modulation of ln I at the reference frequency, which is by definition phaselocked with the tip-sample modulation, can then be measured using the same LIA. More
importantly, perhaps, is that these data can be acquired simultaneously with the
corresponding topography map. The STM LBH technique has been applied both to the
macroscopic regime, mapping chemical inhomogeneities of surfaces [1,228,229], and to
the microscopic regime, obtaining atomic LBH resolution of metal surfaces [230], thin
films [231], and dopant dispersion in semiconductors [232].
The energy level diagram for LBH spectroscopy is given in Figure 7–2, along
with a schematic of the tip trajectory over a bi-component SAM when the Δz is applied.
Note that the AC modulation should be at least ten times smaller in amplitude than that of
the DC sample bias. This modulation translates into Δz on the order of tenths of an
Ångstrom. Thus, this technique should also be well suited to studying the LBH of SAMs,
as it is destructive to neither the SAM matrix nor the STM tip, and is not sensitive to the
largest dipole (i.e., S-Au in the tunneling junction). From the lower schematic in Figure
7–2, it can be observed that two types of data are acquired simultaneously. The red trace
indicates the usual tip trajectory in constant-current mode, while the blue trace indicates
the LBH signal measured simultaneously by the LIA.
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Figure 7–2. Energy level diagram (top schematic) of STM tunneling with
LBH component (Δz). Δz is applied by a reference AC modulation from a
LIA with carrier frequency above the response of the feedback (~3 kHz) and
translates into an approximate modulation of 0.1 – 0.6 Å. This modulation is
visualized in the lower schematic representation of the STM tip rastering
across a row molecules in a bi-component SAM. The LBH modulation
technique enables the simultaneous measurement of topography (red dotted
line) and the buried Au-S structure (dotted blue line) (vide infra, Figure 7-3a)
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7.4 Experimental Methods
7.4.1 Sample Preparation
The chemicals n-hexanethiol, n-heptanethiol, n-octanethiol, n-nonanethiol,
n-decanethiol, n-dodecanethiol (Sigma-Aldrich, St. Louis, MO), and 200-proof ethanol
(Pharmco, Brookfield, CT) were used as received. The Au{111} on mica substrates
(Agilent Technology, Tempe, AZ) was hydrogen-flame-annealed prior to SAM
formation.

Both the single- and bicomponent SAMs were fabricated according to

previously established procedures [233]. Briefly, Au substrates were immersed into
gravimetrically prepared 1 mM ethanolic solutions for 24 h at room temperature. For
bicomponent SAMs, the ethanolic stock solutions of mixed n-alkanethiols were prepared
such that the mole ratio of the longer molecule to the shorter molecule was 9:1,
respectively. After solution deposition for 24 h, substrates were rinsed thoroughly with
neat ethanol, dried under a stream of ultrahigh purity argon, and introduced into the UHV
chamber.
7.4.2 STM Measurements
All STM measurements were conducted using the same custom-built Besokestyle STM under cryogenic (4 K), XHV (<10-12 Torr) conditions as described throughout
this dissertation. Both topographic and LBH images were acquired simultaneously in
constant-current mode with a current set point of 11 pA and a direct AC modulation of
the tunneling gap distance (with amplitudes of 0.1 – 0.6 Å and frequencies of 3.0 – 3.5
kHz) and measuring the derivative of the modulated current signal using a LIA (Stanford
Research Systems SR850 DSP, Sunnyvale, CA).
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7.4.3 Image Processing Routine for Orientation Measurements
All STM measurements were carried out employing an automated digital image
processing routine developed in the Matlab environment (R2008b, The MathWorks,
Natik, MA) to remove high-frequency noise and intensity spikes that could have
otherwise impaired the ability to pick maxima reliably. Because STM data are acquired
by rastering (pixel-by-pixel), the overall dimensions of the image data are represented in
pixel values. We implemented the matrixsmooth algorithm for manipulating raw data in
the form of an n × n intensity map. The algorithm utilizes a non-weighted moving
average with a user-defined sampling window. The smoothing function was applied lineby-line in the horizontal fast scan direction and repeated row-by-row in the vertical slow
scan direction. Following smoothing, we implemented the algorithm, localMaximum, to
find and index local maxima across the image matrix. The algorithm applies Matlab’s
imdilate function whose structuring element size is defined by the user as [q r] in the
usage line. We have found that the threshold for reliable maxima picking occurs when
q,r ≥ 2.

These procedures were repeated for each pair of simultaneously recorded

topographic and LBH data, and the resulting maxima points were merged for
measurement.
The image drift corrections were performed in Adobe Illustrator (Adobe Systems
Incorporated, San Jose, CA). The relevant distances between local maxima were also
measured in Adobe Illustrator.
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7.5 Results and Discussion
7.5.1 Addressing the Buried Complexity in SAM Structure
As stated earlier, key fundamental issues of SAM structure remain poorly
understood.

For example, the high-coverage self-assembly of simple linear

n-alkanethiolate molecules on Au{111} surfaces involves a multitude of more complex
stages such as lifting of the (22 × √3) Au reconstruction, upright molecular alignment at
specific orientations, and formation of both the (√3 × √3)R30° and the c(4 × 2)
superstructures in neighboring domains [208]. Questions such as what happens to the
additional Au atoms after self-assembly [211], and what leads to the existence of several
superstructures for long-chain (number of carbon, n ≥ 6) SAMs [213,214,219] remain
subjects of intense research. Achieving fundamental understanding of how such
complexity arises from such a simple system is a first step toward the ultimate goals of
self-assembly, such as the synthesis of supramolecular functional systems whose
complexity can rival biological systems [205,234,235]. In Chapter 7, we present a
technique that adds an additional dimension to the sensitivity of STM on SAMs,
determining molecular tilt and azimuthal orientation. This technique has important
applications in more complex processes where changes in molecular tilt are important
aspects of molecular function [220,236].
7.5.2 SAM Structure by Ensemble Measurements
Experimental investigations of the S−Au interface in SAMs have generally
employed ensemble techniques such as normal incidence X-ray standing waves (NIXSW)
[218,219] and grazing incidence X-ray diffraction (GIXD) [213,217].

The current
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consensus is that the S−Au interface involves some form of Au adatom-bound S species
[215,216]. Strong evidence shows the presence of Au adatom−dithiolate species (two
alkanethiolate molecules bound to a single Au adatom) for low-coverage short-chain
(n ≤ 4) SAMs [215-217]. However, the consensus diverges for high-coverage systems,
where observations from different X-ray techniques appear inconsistent. GIXD and
density functional theory (DFT)-based simulations predict a single Au adatom−dithiolate
structure in methylthiolate (C1) and hexanethiolate (C6) SAMs, for both the
(√3 × √3)R30° and the c(4 × 2) domains [213]. This proposed structure contradicts
NIXSW measurements for C1, butanethiolate (C4), C6, and octanethiolate (C8) SAMs,
which suggest different S−Au lattice structures for the (√3 × √3)R30° and the c(4 × 2)
domains, involving Au adatom−monothiolate species [218,219].
7.5.3 Local Barrier Height Measurements by STM Explain Imaging Modality
One key issue that perpetuates this impasse is the ensemble nature of the two
X-ray techniques. Even though it is highly sensitive to the locations of the strongly
scattering Au atoms, GIXD is ill-suited for investigating high-coverage long-chain
(n ≥ 6) SAMs, where the coexistence of the (√3 × √3)R30° and the c(4 × 2) domains is
inevitable [211].

A single-molecule technique such as STM would be an ideal

alternative, provided that we first resolve the controversy surrounding the interpretation
of STM topographic images of SAMs. While STM can resolve the apparent height
differences between ALK molecules of different lengths in bicomponent SAMs
(assuming that the methyl termini are imaged) [233,237], conditions inducing disorder in
the alkyl chains still yield periodic features (implying that the thiolate head groups are
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imaged) [238,239]. Still other experimental results suggest that the sensitivity of STM to
either interface is also tip dependent [237,240]. This ambiguity has prevented the direct
study of the S−Au interface with STM.
In other STM experiments, we have been able to “peer through” a thin molecular
overlayer to image substrate atoms and thereby to make absolute site assignments
[25,241].

Here, we use our low-temperature (4 K) ultrastable STM [31] to image

bicomponent SAMs. We first resolve the controversy of STM image interpretation by
imaging simultaneously in constant-current topographic and in LBH modes. We use in
situ preparation to control the state of the STM tip, which images the methyl termini of
the SAMs in topographic mode (as in ref [233]), and the S−Au bond in LBH mode. As
explained in section 7.3, this latter imaging mode measures the potential barrier of the
tunneling gap between the STM tip and the substrate and is sensitive to the more
electronegative atomic species on the surface [230]. We demonstrate this method’s
sensitivity to both the exposed and buried interfaces by measuring the molecular
orientations of the bicomponent SAMs and compare our results with values previously
obtained by infrared spectroscopy (IR) [242,243] and GIXD [244]. Our measurements
show that for C8 and decanethiolate (C10) SAMs domains presenting (√3 × √3)R30°
superstructures have the same (√3 × √3)R30° S−Au lattice structure, whereas the c(4 × 2)
overlayers have a more complex buried structure.
7.5.4 Simultaneous Topography and Local Barrier Height Measurements by STM
For the experimental strategy outlined in this chapter, we fabricated three
bicomponent SAMs (C8/C6, nonanethiolate (C9)/heptanethiolate (C7), and C10/C8, all
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with molar ratio χ = 0.9 for the longer thiolate molecule) and single-component
dodecanethiolate (C12) SAMs, all prepared according to previously described methods
[233]. The presence of the shorter ALK species in the bicomponent SAMs introduces an
important structural effect: due to the polar tilt in SAMs, the methyl termini of the shorter
molecules are constrained to present lateral shifts relative to the methyl termini from the
surrounding molecules, as shown in Figure 7–3a. This lateral shift enables us (1) to
monitor the tip state to test if the topographic mode always images the methyl termini and
(2) to assign the Au-bound S atoms detected by LBH to their corresponding methyl
termini for the measurements of the molecular orientations. We use a Pt/Ir STM probe
tip cut under ambient conditions and prepared in situ by voltage pulses. Our optimum tip
is one that can measure the apparent height difference of the methyl termini [233,237]
and probe the Au-bound S—the more electronegative surface species. We distinguish the
desired tip state by comparing the number of local maxima from the topographic and the
LBH images. We use only tips that detect equal numbers of topographic and LBH
maxima. We will later discuss variations in SAM imaging resulting from modified
and/or ill-defined tip states (Figure 7–8). The number of maxima selected varies as a
result of these different tip states, and does not enable reliable and reproducible tilt
assignments.
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Figure 7–3. Experimental strategy: Simultaneous topography and barrier
height imaging. (a) Schematic of the molecular orientation measurement. The
top of panel a shows the simultaneously acquired topographic and LBH
images of a C8/C6 bicomponent SAM (25 Å × 30 Å, Vs = 1.2 V, It = 11 pA).
With this particular STM probe tip, topography measures the methyl termini,
while LBH measures the S−Au interface of the alkanethiolate layer.
(b) Topographic STM image (100 Å × 100 Å, Vs = −1.0 V, It = 15 pA) of a
C12 SAM. The protruding feature at the center of the image is a domain
boundary. Here, the c(4 × 2) domain can be distinguished by its herringbone
pattern. (c) Barrier height STM image acquired simultaneously with panel b.
The (√3 × √3)R30° domain shows a hexagonal pattern, while the c(4 × 2)
domain shows a nonhexagonal pattern. The location of the thiolate head
groups of the c(4 × 2) domain has not been determined.
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The perspective images in Figure 7–3a demonstrate the capabilities of a properly
selected tip on a (√3 × √3)R30° phase of a C8/C6 SAM. The topographic image (top left
of Figure 7–3a) shows not only the apparent height difference between the three C6
molecules and the surrounding C8 molecules but also the lateral shift of the C6
topographic maxima, consistent with this modality imaging the top of the molecular layer
[233,237]. The LBH image (top right of Figure 7–3a) shows no such lateral shift of the
local maxima, but instead a single lattice for the two-dimensional crystalline domain,
consistent with measuring the buried S−Au interface. This observation is consistent with
recent NIXSW measurements on C1 and C4 SAMs, which detect univalent adsorption
sites for the thiolate head groups [218]. The sensitivity of LBH imaging to the S−Au
interface is demonstrated further in panels b and c in Figure 7–3, which show the
topographic and LBH images acquired simultaneously over two adjacent domains of a
single-component C12 SAM, respectively. While a weak herringbone pattern is apparent
in the rightmost domain in the topographic image in Figure 7–3b, indicating its c(4 × 2)
superstructure, the LBH image in Figure 7–3c displays two dramatically different buried
S−Au lattice structures between the two domains. This direct observation is consistent
with the NIXSW-based prediction by Yu et al. that the (√3 × √3)R30° and the c(4 × 2)
domains should have different S−Au lattice structures [219]. Figure 7–3c also confirms
the hexagonal (√3 × √3)R30° structure of the thiolate head groups within the
(√3 × √3)R30° domain.
To test if the lateral shifts of the topographic maxima exemplified in Figure 7–3a
are due to molecular orientation, we locate areas over bicomponent SAMs that
encompass different rotational domains (Figure 7–4a).
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Figure 7–4. Effects of molecular tilt on local maxima imaged in topographic
mode. (a) Topographic STM image (270 Å × 270 Å, Vs = 1.2 V, It = 11 pA)
showing two rotational c(4 × 2) domains of a C9/C7 bicomponent SAM. The
insets (both 25 Å × 25 Å, Vs = 1.2 V, It = 11 pA) show the high-resolution
STM images of the areas highlighted by the respective black and white
squares. The different tilt directions are apparent when looking at the shorter
C7 molecules. This effect is also observed on rotational domains of C8/C6
and C10/C8 bicomponent SAMs. The top black arrow shows the designated
〈110〉 direction of the Au{111} substrate and the direction of the herringbone
pattern. The bottom black arrow marks the 60° rotation of the bottom domain
with respect to the 〈110〉 direction. (b) Molecular orientation coordinate
system. The θ and α represent the polar tilt angle and azimuthal angle,
respectively. The δ denotes the surface projection of the shift between the S
head group and methyl terminus of a single alkanethiolate molecule.
(c) Coordinate system used to measure and bin δ values. Each black and red
dot represents a topographic and LBH maximum, respectively. Letters a−r
categorize the molecular azimuthal directions from x.
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We select areas with the c(4 × 2) superstructure—evident as the herringbone
pattern—to highlight these domains. Figure 7–4a shows the topographic images of one
such area over a C9/C7 SAM. The herringbone patterns of the c(4 × 2) structure reveal a
60° rotation between the two domains, caused by the observed three-fold symmetry of
SAMs on Au{111}. The topographic maxima shifts of the isolated C7 molecules from
each domain show corresponding directionality (insets of Figure 7–4a), consistent with
the role of molecular orientation in the observed shifts. We test the validity of our
molecular orientation measurements using this surface structural effect; we expect the
relative azimuthal orientation angles measured between adjacent rotational domains to be
multiples of 60°.
The coordinate system used to describe ALK orientations in SAMs is shown in
Figure 7–4b, where θ and α denote the polar and azimuthal angles, respectively, and δ
denotes the surface projection of the shift between the Au-bound S and the methyl
terminus of a single ALK molecule. Since this method pinpoints the molecular
extremities, in effect, we have a direct means of measuring δ, θ, and α for each molecule.
An additional angle—the axial twist—is required for a complete description of the
orientation. Because we measure only the molecular extremities, we do not address this
quantity. For this same reason, at this point, we exclude areas with the c(4 × 2)
superstructure from our orientation measurements since, in addition to the S−Au
configuration [213,219], this structure could involve different molecular twists,
complicating data interpretation [214].

Another reason for excluding the c(4 × 2)

domains from this measurement is that the topographic image contrast of these domains
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is highly sensitive to the tunneling gap conditions [245]; this affects our ability to locate
local maxima consistently over c(4 × 2) domains.
In practice, each pair of topographic and LBH images yields two sets of local
maxima. We assign the topographic local maxima to be the locations of the methyl
termini (black dots in figures) and the LBH local maxima to be the locations of the
thiolate head groups (red dots in figures). As exemplified by the black and red dots in
Figure 7–4c, superimposing the two sets of local maxima does not straightforwardly
reveal each thiolate’s corresponding methyl terminus. The “head-to-tail” assignment of
individual molecules is critical to our measurements and is discussed in detail below.
The colored circles in Figure 7–4c show the coordinate system used for measuring
and binning the measured δ to make the molecular head-to-tail assignment. To measure
the δ values of one ALK molecule, we anchor the red dot of the molecule of interest (red
circle in Figure 5-4c) as the origin and measure every distance to the black dots of its
nearest neighbor, next-nearest neighbor, and next-next-nearest neighbor locations (blue,
black, and green circles, respectively in Figure 7–4c). This process is applied to every red
dot of an image pair, and the resulting δ values are binned and averaged by direction
according to the system shown in Figure 7–4c.
After acquiring topographic and LBH images simultaneously over two adjacent
rotational domains of a C8/C6 SAM, we used a digital image processing routine to select
the local maxima. This automated image processing routine is summarized in Figure 7–5
for a typical raw topography image. Because our experiment involves precise angular
measurements, we rely on the stability of our instrument at 4 K to minimize thermal drift
(a high-resolution 128 pixel × 128 pixel LBH image typically is acquired in ~15 min).
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Figure 7–5. Demonstration of the local maxima selection method by digital
image processing. (a) Raw topographic STM image (25 Å × 30 Å, Vs = 1.2 V,
It = 11 pA). This is the same image as shown in Figure 7–7c before drift
correction. (b) Same image after smoothing. (c) Superimposed topographic
maxima from (a) and (b), in blue and red dots, respectively. The blue and red
height traces at the bottom of the figure compare the profiles indicated by the
corresponding colored lines in (a) and (b).
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Figure 7–6. Image drift correction. (a) Topographic STM image with selected
maxima. (b) An array of equally spaced, parallel red lines is fitted to the
selected local maxima in the horizontal SAM nearest neighbor direction.
(c) The process in (b) is repeated for a second SAM nearest neighbor
direction. (d) The image and red lines are set against an array of black lines of
perfect hexagonal dimensions. The image size is adjusted to correct the
vertical dimension. (e) The image is sheared. (f) The image size is adjusted to
correct for the horizontal dimension. (g) The corrected image is displayed
against an array of circles indicating the ideal (√3 × √3)R30° positions. The
nearest neighbor distances between the circles represent 4.99 Å. The diameter
of the circles represents 1 Å.
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We corrected any image aberration caused by residual drift and nonorthogonalities of the scanner tube. The flow-chart of our drift correction procedure is
seen in Figure 7–6, with each step annotated. The resulting high-resolution topographic
and LBH image pairs over two adjacent rotational domains of a C8/C6 SAM with
(√3 × √3)R30° superstructures are shown in Figure 7–7a–d.
Table 5-1 shows the measured δ, θ, and α values for the images in Figure 7–7a–d,
averaged and listed according to the binning system in Figure 7–7c. To assign a
topographic maximum to its corresponding LBH maximum, we assume that the
molecular orientations of both the long and short ALK molecules within a single SAM
domain must be nearly identical.
We use three criteria for our assignments: (1) the ratio δC8/δC6 must be in close
agreement with the ratio between the C8 and C6 molecular lengths (lC8/lC6); (2) both θ
and α must be coherent between the corresponding C8 and C6; and (3) the assignment
must agree with the azimuthal orientation indicated by the maxima shift of the shorter
ALK molecules in the topographic image.
From Figure 7–7a and the top half of Table 7–1, the directions b, g, and q present
tilts with acceptable δC8/δC6 and coherent θ and α values. We dismiss b for its θ of
16 ± 2°, which is not in agreement with the accepted range of 28° < θ < 40° [242-244].
While the topographic image of this data set does not allow us to choose unambiguously
between the remaining two directions, we assign g to be the correct molecular orientation
based on its better δC8/δC6 agreement with lC8/lC6 = 1.219.
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Figure 7–7. Alkanethiolate molecular extremities located and highlighted by
digital image processing. (a) Topographic STM image (26 Å × 25 Å,
Vs = 1.2 V, It = 11 pA) of a C8/C6 bicomponent SAM. (b) Barrier height STM
image acquired simultaneously with image a. (c) Topographic STM image
(25 Å × 30 Å, Vs = 1.2 V, It = 11 pA) of a rotational domain adjacent to image
a. (d) Barrier height STM image acquired simultaneously with image c.
Images a−d are acquired with the same scan direction. (e) Topographic STM
image (35 Å × 34 Å, Vs = 1.2 V, It = 11 pA) of a C8/C6 bicomponent SAM, in
an area that is macroscopically distant from a−d. (f) Barrier height STM
image (35 Å × 30 Å, Vs = −1.2 V, It = 10 pA) of a C10/C8 bicomponent
SAM. In images a, c, e, and f, the black and red dots show the locations of the
simultaneously acquired topographic and LBH maxima, respectively. In
images b and d, only the LBH maxima are shown. All areas in this figure are
(√3 × √3)R30° domains.

Table 7–1. Measured δ, α, and θ for Images Shown in Figure 5-6a,ca

a

Each value is the average of every measurement in the same
azimuthal direction according to the coordinate system in Figure
7–4c. The red boxes highlight the assigned molecular orientations.
The standard deviations are shown where possible. Here, the α
values are measured with respect to the horizontal direction.
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Figure 7–7c and the bottom half of Table 7–1 show the measurements for a
rotational domain adjacent to that in Figure 7–7a. Here again, while directions a and b are
in good δC8/δC6 agreement with lC8/lC6, we eliminate them for their small θ values. The
best candidates with reasonable δC8/δC6 are i and k. We eliminate k for its α value, which
does not agree with the azimuthal orientation found in Figure 7–7c. Therefore, we assign
i as the only consistent direction of molecular orientation. Incidentally, while direction g
in Figure 7–7a shows very good agreement between δC8/δC6 and lC8/lC6, directions i and k
in Figure 7–7b show a larger δC8/δC6 deviation from lC8/lC6. This is attributable to a slight
thermal drift during the data acquisition of Figure 7–7b, in the direction parallel to the tilt
direction. This is evident from the vertical stretch of the figure. In effect, this thermal
drift caused some data loss for our tilt measurement.
Our measurements over the two adjacent rotational domains show that ALKs in
both SAM regions have identical θ values within experimental error (33 ± 1 and 32 ± 2°).
On the basis of the corresponding α values, the two rotational domains are measured to
be out of phase by 65 ± 7°. This latter result is consistent with the 60° rotation observed
in Figure 7–4a; we conclude that our technique indeed probes the exposed methyl termini
and buried thiolate head groups simultaneously. With respect to the nearest Au 〈110〉
directions (arrow in Figure 7–4c), the measured α values are 9 ± 4 and 4 ± 3° for the
areas in Figure 7–7a,c, respectively.
We applied this method to measure the molecular orientation over relatively
distant regions of a C8/C6 SAM (Figure 7–7e), as well as a C10/C8 SAM (Figure 7–7f).
The full measurement data for Figure 7–6e,f are presented in Table 7–2, while Table 7–3
compares all of the measured δ, θ, and α values for the areas in Figure 7–7a–f.

Table 7–2. Measured δ, α, and θ for images shown in Figures 3e and 3f.

Each value is the average of every measurement in the same azimuthal
direction according to the coordinate system in Figure 2c. The red boxes
highlight the assigned molecular orientations. The standard deviations are
shown where possible. Here, the α-values are measured with respect to the
horizontal direction.
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Table 7–3. Comparisons of the assigned tilt directions for images shown in
Figure 7–7a–fa

a

Here the α values are measured with respect to the nearest Au{111} 〈
The standard deviations are shown where possible.

〉 direction.
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Our results indicate that, although significant variations in θ are observed over
different regions of the same C8/C6 SAM (θ = 41 ± 3° for Figure 7–6c), all polar tilt
angles fall within the expected range [242-244].
Measured azimuthal orientation angles over areas from different bicomponent
SAMs show comparable values (all α ≤ 10° with respect to the Au 〈110〉 directions). This
latter result seemingly contradicts the alkyl chain length dependence of α observed by
GIXD, which predicts αC8 > 15° with respect to the Au 〈110〉 directions [244]. We note
that both C8 and C10 are molecules with alkyl chain lengths in an intermediate regime
where the energy balance between the intermolecular interactions and headgroup−substrate interactions is changing [243], making the orientations of these
molecules less predictable [208].

More statistically significant measurements are

necessary to ascertain the specific orientations of these molecules. The total numbers of
δ measurements used to compile Table 7–1 and Table 7–2 for each direction are given in
Table 7–4.
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Table 7–4. The total number of δ measurements used to obtain the error bars shown in Table 1.
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7.6 Synopsis
This dual imaging mode technique measures molecular orientations by locating
the extremities of ALK molecules within SAMs. We have also resolved the problem of
STM image contrast assignment when imaging SAM systems. We tested the validity of
this method by comparing local molecular orientation measurements with previous
results observed by IR and GIXD [242-244]. These measurements show that for longerchain high-coverage SAMs (C8 and C10), domains presenting (√3 × √3)R30°
superstructure have the same (√3 × √3)R30° S−Au lattice structure; the c(4 × 2)
overlayers have more complex buried structures (Figure 5-1b,c), consistent with
inferences from previous NIXSW observations [219].

While the STM probes the

locations of the S atoms in the LBH mode, different tip states could be sensitive to the Au
adatoms, as discussed in Section 7.5.4 in shown in Figure 7–8.
Other systems, such as the alkaneselenolates appear to have even more
complicated buried interface structures, presumably due to the promiscuity of the Se−Au
bonding [246,247]. The moiré patterns observed in the STM images of those systems are
likely due to contributions from the effects described above. We anticipate that the
measurements described here can be performed at room temperature and may help
elucidate the complex interface bonding found in a number of SAMs as well as of
molecules inserted into SAMs [220,236].
Simultaneous imaging of the exposed and the buried interfaces adds a third
dimension to the sensitivity of STM, extending it to measurements of greater complexity
and insight.
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Figure 7–8. Tip effects on the simultaneously acquired topographic and
barrier-height images. (a) Topographic STM image (26 Å × 25 Å, Vs = 1.2 V,
It = 11 pA) of a C8/C6 bi-component SAM. The black dots are the selected
topographic maxima. (b) Barrier-height STM image simultaneously acquired
with a. The red dots are the selected LBH maxima. (c) Topographic STM
image (26 Å × 25 Å, Vs = 0.8 V, It = 11 pA) of the same area as in (a). The
change in bias voltage has induced a tip change making each molecule appear
sharper. (d) Barrier-height STM image simultaneously acquired with (c).
Here, additional LBH maxima are apparent. Their identity is currently
unknown. (e) Topographic STM image (37 Å × 37 Å, Vs = 1.2 V, It = 11 pA)
of a C8/C6 bi-component SAM in an area that is macroscopically distant from
(a)–(d). In this image, the maxima of the C6 molecules are not resolved.
(f) Barrier-height STM image acquired simultaneously with (e). With this
probe, the LBH maxima show a definite shift in the higher protrusions.
Similarly, the identity of the LBH maxima is currently unknown.
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The aforementioned work of Chapter 5 has resulted in the publication:
“Heads and Tails: Simultaneous Exposed and Buried Interface Imaging of Monolayers,”
D/Pd{110}-(1 × 2),” P. Han, A. R. Kurland, A. N. Giordano, S. U. Nanayakkara, M. M.
Blake, C. M. Pochas, and P. S. Weiss, ACS Nano 3, 3115 (2009).
It was also featured as an Editor’s Choice article in Science:
“Imaging Top and Bottom,” ed. P. Szuromi, Science 326, 341 (2009).

Chapter 8
Conclusions and Future Prospects
This dissertation has described direct and local measurements of single molecules,
surface electronic states, and molecular assemblies using low-temperature STM and STS.
Chapter 1 provided a brief overview of the operating principles of STM and the
customized electronics that we employ to tailor experiments to our specific needs.
Chapter 2 discussed the physical adaptation of the STM to ultra-stable, low-temperature,
XHV environments. We discussed in detail the steps taken to reduce or to eliminate the
coupling of acoustic, mechanical, and electronic interference by building the chamber
into an isolated acoustic chamber situated on its own foundation.

In Chapter 3,

adsorption behavior of thiophene on Pd{111} and Pd{110} were studied by topographic
and differential conductance imaging. Chapter 4 introduced the SSH of Pd{111} at 4 K
and described the first direct creation and observation of this new reactive species by
tunneling electrons. In Chapter 5, the studies of the SSH from Chapter 4 were extended
to the SSD of Pd{110} at 4 K to examine the effects of isotopic exchange and surface
structure on the formation of the subsurface species. Chapter 6 exploited the effects of
SSD in Pd{110} in tandem with IETS to characterize vibrational signatures of the
intermediate products of HDS of thiophene on a surface pretreated with bulk and
interstitial SSD. In Chapter 7, the classic limitation of STM in studying buried interfaces
was lifted, and the implementation of a dual-mode topographic/LBH imaging technique,
combined with clever SAM design and automated data processing methods enabled the
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first direct measurement of local molecular tilt in SAMs by measuring simultaneously
exposed methyl termini and buried Au-S structures.
8.1 Probing Electronic Surface Structure with Atomic Precision: SMIs of Thiophene
on Pd at 4 K
Chapter 3 introduced the fundamental principles of the surface electronic state
and how these states influence the adsorption and communication of adsorbates through
the substrate. A discussion of surface electronic states would not be complete without an
understanding of surface-state dispersion, in particular, the state crossing EF along k║ in
the dispersion. While most fcc{111} noble metal surfaces possess a nearly-free 2D
electron gas character and a parabolic-like surface-state dispersion about EF, the case for
Pd{110} is more intricate. We have attributed the distribution of thiophene adsorbates
across the surface to competing forces from the physical corrugation of the {110} surface
structure, and the surface electronic state contribution. To this end, we have developed a
method that should be able to deconvolve the two types of SMIs by applying a selfconsistent radial distribution taking into account the finite size of the STM image.
Additionally, from the standpoint of the Fermi surface contour of Pd, it is already
apparent that the {111} plane should have little contribution to the surface electronic
structure at EF due to discontinuities and the lack of the conical neck indicative of the
nearly-free 2D electronic surface state (i.e., standing waves in STM images). We have
shown that adsorption of thiophene on Pd{111} is directed by thermodynamic trapping at
4 K on large terraces, whereas given enough thermal energy (c. a. 20-40 K), thiophene
will diffuse and align preferentially along step edges as a result of the charge transfer due
to the Smoluchowski effect. The work in this chapter is currently ongoing, as intricacies
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and obstacles in data processing routines require optimization. This and future work will
complement the forthcoming SMI review:
Han, P.; Kurland, A. R.; Weiss, P. S. Substrate-Mediated Interactions. In
Preparation for Surf. Sci. Rep. (2010).
By observing thiophene adsorption on both Pd{111} and Pd{110} at 4 K, and by
probing direct electronic and structural contributions from the specific surface to the
adsorbate and vice versa, this study has provided insight into how molecular assemblies
can be fabricated with great precision over long distances. This study has also shown that
the STM probe tip can be used to manipulate individual adsorbates into precise registry
for carrying out single-molecule reaction experiments. Further studies of SMIs between
are certainly not limited to thiophene on Pd.

In fact, developing a comprehensive

understanding of adsorbate interactions between a variety of catalytically important
heteroatomic species on a variety of near-noble and late transition metal surfaces
provides new opportunities for studying and fabricating “designer” catalyst surfaces. The
studies here can be extended, quite readily, to thiophene’s analogous heterocycles such as
furan or pyrrole. More exotic SMIs may be present for higher-index surfaces and may
provide a direction for developing nanoscale materials and catalysts whose complex
surface structure can be tuned precisely for desired properties.
8.2 Investigating the Subsurface Hydride of Pd{111} at 4 K
In Chapter 4, we detailed the effects of subsurface species in Pd{111}, namely,
SSH, and how we can create and measure, directly, SSH features and potentially use
them to advantage in carrying out directed, tip-induced, single-molecule chemistries. The
creation of SSH was discussed in terms of potential energy barriers to bulk H diffusing to
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surface sites. Our work, reflecting that of previous theoretical calculations, suggests that
the SSH is created by inelastic electron scattering, causing bulk H to diffuse until it finds
a local potential energy minimum at the octahedral subsurface sites. Incidentally, the
barrier to diffusion to the surface from the subsurface is greater than that of the barrier
from bulk to subsurface; thus, SSH is a stable species and we have not yet had success in
removing SSH to the surface by tunneling electrons.

Additionally, this study

characterized the effect of SSH on surface-bound H at low coverage and on H vacancy
islands at high coverage, and found that in each case, the presence of SSH caused
diffusion of H atoms away from regions of SSH, and aggregation of H vacancy islands
over regions of SSH. Differential conductance imaging elucidated the distortion of the
Pd atomic lattice over SSH features, corroborating previous predictions of a 3–6%
outward relaxation upon occupation of subsurface sites. The work described in Chapter 4
previously resulted in the following publication and has since been expanded:
Sykes, E. C. H.; Fernández-Torres, L. C.; Nanayakkara, S. U.; Mantooth, B.
A.; Nevin, R. M.; Weiss. P.S. Observation and Manipulation of Subsurface
Hydride in Pd{111} and its Effect on Surface Chemical, Physical, and Electronic
Properties. Proc. Nat. Acad. Sci. U.S.A 2005, 102, 17907.
By carefully preparing and pretreating Pd{111} substrates with H, we have
demonstrated our ability to define a new catalytic reagent with atomic precision. The
creation of the SSH in tandem with our ability to place additional molecules within
proximity for chemical reaction has great implications for studying heterogenous
catalysis on the single-molecule scale.
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8.3 Elucidating the Role of Subsurface Species in the Hydrodesulfurization of
Thiophene on Pd{110}
In Chapter 5, we extended our previous insight of SSH of Pd{111} to SSD of
Pd{110}. The objective of this study was twofold; first, the isotopic exchange of H to D
could enable our ability to distinguish inelastic losses of H-containing thiophene that
have reacted with subsurface D. Second, our selection of the Pd{110} surface enabled
tailoring of surface structure by preparing either clean (1 × 1) or the (1 × 2) surface
reconstruction induced by D absorption. The result of this experiment was strikingly
different than that of the previous results for SSH of Pd{111}. In fact, the strong surface
anisotropy of Pd{110} directed the formation of SSD features along the 〈110〉 direction,
creating faceted steps 3.2 ± 0.8° off the substrate plane. This process occurred only when
all SSD, thiophene, and tunneling electrons were present. We found local faceting
induced by this process, and determined the energy threshold of drawing bulk D to
subsurface sites to be 0.38 ± 0.02 eV. We showed that Pd{110} adopts the (1 × 1)
surface reconstruction on the induced facets, yet maintains the paired row (1 × 2)
structure on unaffected regions. The work described in Chapter 5 has resulted in the
following publication:
Kurland, A. R.; Han, P; Thomas, J. C; Giordano, A. N; Weiss, P. S.
Adsorbate-Promoted
Tunneling-Electron-Induced
Local
Faceting
of
D/Pd{110}-(1 × 2). J. Phys. Chem. Lett. 2010, 1, 2288.
By showing that we can reliably produce local SSD facets over a thiophenedecorated surface, these experiments provide a new method toward elucidating the role of
subsurface species in the HDS mechanism. We already see morphological differences
between molecules adsorbed over the (1 × 2) surface and the reconstructed (1 × 1),
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suggesting that this faceting process actually results in the transformation of thiophene to
HDS intermediate products. It is important to note that while these studies have all been
conducted in a cryogenic environment, correlations between thermodynamic energies
here and those at industrially relevant conditions (high temperature, high pressure) will
become ever more crucial.

Thermodynamic pathways, for example, may become

dominant at elevated temperatures, where the STM may not be able to catch fleeting
intermediate conversions as easily. Thus, these experiments should be extended at least
to accessible ranges of temperatures and pressures as to compare energetics of formation
of the subsurface features. Additionally, we have already shown that SSH features can be
created precisely beneath the Pd{111} surface, and it should be straightforward to carry
out the identical work on Pd{110} (in addition to the SSD work shown in this
dissertation).
8.4 Single-Molecule Vibrational Spectroscopy of Thiophene on Pd{110} at 4 K
The work outlined in Chapter 6 is the result of a significant effort toward
elucidating single-molecule reactions on metals by STM IETS. Our choice to investigate
thiophene on Pd{110} stems from a desire to develop novel heterogeneous catalysts and
to understand the fundamental chemistries of HDS. From our previous studies of SSD of
Pd{110}, we gained insight into how the subsurface species leads to surface transitions
impacting the adsorption of thiophene on the surface. We posit that molecules adsorbed
on the (1 × 2) regions unaffected by local faceting are actually the 2,5-dihydrothiophene
precursors, as evidenced by the strong IETS signal at 94 meV, indicative of a strong S–C
stretch normal to the surface plane. Molecules adsorbed on the (1 × 1) faceted regions
exhibit an attenuated IETS signal at ~180 meV, which indicates the C4H4 intermediate
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with two –C=C– bonds oriented with vibrational dipoles partially normal to the surface.
Both species have symmetric inversion peaks from -50 meV to +50 meV, which are
attributed to Pd surface resonances. Calculations for both the 2,5-dihydrothiophene and
the C4H4 intermediate are being carried out and are anticipated to support our
experimental results. The C4H4 intermediate is expected to be stable at 4 K, and thus we
do not observe desorption of 1,3-butadiene from the surface. The work described in
Chapter 6 will result in the following publication:
Kurland, A. R.; Morton, S.; Han, P; Jensen, L.; Weiss, P.S. Atomic-Scale
Insight into Hydrodesulfurization: IETS of Thiophene on Pd{110}. In Preparation
for J. Phys. Chem. Lett. (2010).
By employing IETS concurrently with molecular vibration calculations, we have
gained insight into the reaction of thiophene on the Pd{110} surface. There are still
fundamental questions relating to the widely discussed mechanism of HDS, particularly
as it relates to variations in the catalytic substrate. We continue our investigation of
single-molecule chemistry by IETS to characterize the behavior of thiophene and its
heterocycle analogs such as furan and pyrrole on Pd and other catalytically relevant
substrates.

Additionally, careful and deliberate placement of substituents (i.e.,

methylthiophene, deuterated thiophene, etc.) will enable direct studies of the
consequences of substituent effects on orientation, isotopic exchange (through exchange
between SSH and D surface substituent and vice versa) and single molecule vibrational
spectroscopy.
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8.5 Extending the Capabilities of STM: Subsurface Imaging of Monolayers
The work presented in Chapter 7 represents a nearly 20-year effort toward
establishing the STM as a viable tool for probing both exposed and buried interfaces
simultaneously. The advances in technology and the flexibility of the custom STM has
enabled us to utilize LBH imaging in tandem with topographic imaging and automated
data processing routines to make direct orientation measurements of individual molecules
within SAM matrices. Clever SAM design was a key factor in our ability to carry out
these measurements. The work described in Chapter 7 has resulted in the following
publication:
Han, P.; Kurland, A. R.; Giordano, A. N.; Nanayakkara, S. U.; Blake, M.
M.; Pochas, C. M.; Weiss, P. S. Heads and Tails: Simultaneous Exposed and
Buried Interface Imaging of Monolayers. ACS Nano, 2009, 3, 3115.
It was also featured as an Editor’s Choice article in Science:
“Imaging Top and Bottom,” ed. P. Szuromi, Science 326, 341 (2009).
We have simultaneously imaged the chemically bound head groups and exposed
tail groups in bicomponent alkanethiolate self-assembled monolayers on Au{111} with
molecular resolution. This has enabled us to resolve the controversy of scanning
tunneling microscopy image interpretation and to measure the molecular polar tilt and
azimuthal angles. Our local measurements demonstrate that ordered domains with
different superstructures also have varied buried sulfur head group structures.
8.6 Epilogue
The research presented in this dissertation exemplifies both the rewards and
challenges of studying single molecules and nanoscale assemblies by STM and STS.
One may realize that many factors govern surface properties and adsorbate interactions,
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which include (but are certainly not limited to) surface electronic structure (i.e., the
surface state), physical surface structure, structural anisotropy, molecular self-assembly,
molecular perturbations to the surface LDOS, adsorbate communication through SMIs,
subsurface impurities, and perturbations generated by injecting electrons into the
tunneling junction. Here, we have described the development of a tool capable of making
such precise measurements, studied the adsorption behavior of molecules on surfaces
with dramatically different surface electronic structures, created SSH and SSD directly
for quantitative measurements and to explain possible routes of HDS and other
technologically relevant processes such as metal embrittlement. We have shown that
single-molecule IETS is a powerful technique for probing molecular vibrations of
reactive intermediates, and have demonstrated the significance of multiplexing
measurements to study exposed and buried interfaces simultaneously. This and related
work has promising applications toward designing novel catalytic systems and materials,
and toward understanding molecular function in devices where single molecule
orientation ultimately defines the device’s overall function.
Additional works not reported on in this dissertation have resulted in two separate
publications:
Hohman, J. N.; Zhang, P. P.; Morin, E. I.; Han, P.; Kim, M.; Kurland, A.
R.; McClanahan, P. D.; Balema, V. P.; Weiss, P. S. Self-Assembly of
Carboranethiol Isomers on Au{111}: Intermolecular Interactions Determined by
Molecular Dipole Orientations. ACS Nano, 2009, 3, 527.
Weiss, P. S.; Stranick, S. J. Life in Science: Sounds of Atoms. Science,
2008, 322, 190. Contributing work through sound transduction via the STM probe
tip and corresponding video files, provided free of charge at
http://www.sciencemag.org/cgi/content/full/322/5899/190/DC1
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