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Abstract

We use a low-temperature scanning tunneling microscope (STM) to conduct an
atomic-scale study of thiophene on Pd{111} at 4 K. In one set of experiments,
we characterized the Pd{111} single crystal. Two distinct features of subsurface
impurities in a normally clean Pd are resolved under topographic images. One
is ascribed to S, and the other to either C or O. The vibrational spectrum of
the Pd substrate lattice was measured by inelastic electron tunneling spectroscopy
with the STM. We find that the vibrational energy of the Pd surface phonon is
consistent with previous experimental results and theoretical predictions.

In another set of experiments, we investigated the system of thiophene adsorbed
on Pd{111} at 4 K. Thiophene was found preferentially bound to the upper step
edges of Pd substrate due to a combination of molecule-substrate interactions and
intermolecular attractive dipole-dipole interactions. By resolving the underlying
substrate lattice in topography, we are able to determine the adsorption sites and
orientations of thiophene molecules on Pd.

We also use the STM as an operative tool to study molecular motions induced
by tunneling electrons. We believe that tunneling-electron-induced molecular mo-
tions (rotation, translation, dissociation) involve the inelastic electron scattering
and relaxation of C-H stretch vibrations to lower energy modes of the molecules
that leads to excitation of other degrees of freedom in thiophene. The vibrational
relaxation of a single molecule was monitored by time-dependent changes in the
current level.
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2.1

2.2

List of Figures

Pd {111} surface. (A) STM image (Vsample =500 mV, Itiynnel =

175 pA) of a 325 Ax325 A region of a Pd{111} surface. Surface-
bound impurities are denoted by the red right-pointing arrow. Two
distinct subsurface impurity features are observed and highlighted
with a green arrow, assigned as S, and a pink arrow, assigned as
C or O. (B) STM image (Vsample =40 mV, Iy ypel = 350 PA)
of a 65 Ax65 A region of clean Pd surface resolving the Pd 1x1
lattice structure. A point defect is highlighted by a yellow circle.
The subsurface impurities that appear as protrusions are ascribed
toeither Cor O. . . . . . . . . .
(A)-(C) Schematic showing the emergence of inelastic tunneling
at the threshold (V = hw/e) for vibrational excitation. In STM-
IETS, when sample bias is increased and crosses the threshold for
the excitation of a vibrational mode, the opening of the inelastic
electron tunneling channel is accompanied by a slope change in
the I —V curve (A). This change is more clearly apparent from
(d*1/dV?) (C). (D)-(F) Spectra of Pd{111} acquired by E. C. H.
Sykes and L. C. Fernandez-Torres using the same STM on which
the work in this thesis was done. (F) illustrates the symmetry of
the Pd phonon features with respect to 0 V' bias at £0.02 V. . . . .

vi
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3.1

3.2

3.3

3.4

STM image (Viample = -0-5 Vs Tiynnel = 100 A, 325 Ax 325 A)
of molecular thiophene aligned preferentially along the top of step
edges on a Pd{111} surface at 4 K. Thiophene was dosed shortly af-
ter the surface was annealed and before the crystal was completely
cooled down to 4 K. Noted that some molecules are also adsorbed
below step edges (denoted by pink arrow). A segment of step edge
is saturated with thiophene molecules (highlighted by yellow box).
(B) One possible way (not in our case) for a molecule to interact
with a step edge. The orientation of the molecule maximizes the at-
tractive dipole-dipole interactions between itself and the step edge,
as described by Chen et al. [33]. (C) Proposed orientation of thio-

phene at step edges. Molecules are aligned at the upper step edge.

Intermolecular dipole interactions are attractive. . . . . .. .. ..

STM image of a 60 Ax60 A area with thiophene molecules at low

coverage on Pd{111} at 4 K (Vsample =10mV, I ynnel = 100 pA).

(A) The underlying Pd{111} lattice is resolved and (B) is high-

lighted to assign adsorption sites and orientations for the molecules.

Calculated images of unoccupied states of (upper left) isolated thio-
phene, (middle left) on-top site adsorbed thiophene with resolved
metal atoms, and (lower left) bridge site bound thiophene by Chi-
ang et al. [34]. In all the calculated images, the sulfur appears
with less contrast than the carbon backbone. (Right) Experimen-
tal STM image (Vsample =10 mV, It ;;nel = 100 pA) of thiophene
on Pd. The internal structure in the molecule was not resolved, but
the overall feature of the molecule resembles the calculated images.
The sulfur atom is assumed to be a relatively low contrast feature

under positive sample bias because it is more electronegative than

carbon. . ..o

Assigned adsorption sites for each thiophene molecule on Pd{111}.
The numerals indicate the rotation angle in degrees, ®, of sulfur as

shown in the inset. . . . . . . . . . . .
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3.5

4.1

4.2

(A) Topographic STM image (Vsample: -25mV, It innel = 100 pA,
33 A x 33 A) and (B) simultaneously obtained differential conduc-
tance image of thiophene on Pd{111}. (Bottom left) The interac-
tion between adsorbates and Pd substrate results in charge transfer
from the Pd bands to the thiophene 7* orbital, hence depleting the
surrounding electron density on the Pd surface and enhancing the
local density of empty states. (Bottom right) At negative sample
bias, the STM probes the filled states and thiophene appears as
protrusion surrounded by depression (bottom right). The effect of
adsorbate-substrate interaction on the perturbed surface LDOS is
more apparent in the differential conductance image (B) in which
the electronic structure is deconvoluted from the geometric struc-
ture. . . . .o

Inducing molecular rotation with tunneling electrons. (A) STM
image of thiophene adsorbed on Pd (Vsample = -150 mV, Liyinnel
= 100 pA, 162 Ax162 A). A 350 mV voltage pulse was applied
to an isolated molecule on terrace (denoted by pink arrow) for 60
seconds. (B) Current during the 350 mV pulse over the isolated
molecule showing the moment of rotation (step at ¢ ~40 s, where
t is the time after the initiation of the pulse). (C) After-pulse
image showing the continuous rotation of the stimulated molecule
(V, = -250 mV, I yne] = 100 pA, 33 Ax33 A). The same

sample
voltage pulse was applied to molecules near the step edge and at

the bottom at the step edge (denoted by green arrows). However,
no sudden current change or motion was observed for these two
molecules. . . ...
Inducing molecular motion with tunneling electrons. STM images
(A) before injecting 350 mV electrons over a single molecule (high-
lighted by yellow circle) and (C) of same area after injecting elec-
trons. (B) Current during a 350 mV pulse showing the moment of
translation (spike at ¢ ~45 s). STM imaging condition: Vsample =

-200 mV, It innel = 100 pA, 52 Ax52 A. A chain formation at the
step edge is used as a reference point. . . . . ... ... ...
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4.3

4.4

A voltage pulse was applied to the molecule, denoted by pink arrow
in (A). (B) Current during a 350 mV pulse over the molecule. No
current jump was observed during the 60-second pulse. (C) Cur-
rent during a 500 mV pulse over the molecule, showing a 5 second
duration of high level current. (D) STM image of the same area
as (A), showing a molecular feature change after the second pulse.
STM imaging conditions: Vsample = 200 mV, It ;nnel = 100 pA.

Probing the internal structure of a molecule. (A) and (C) STM
images of a two-lobe-shaped molecule on Pd. (B) and (D) Current
during a 500 mV pulse over one of the two lobes of the molecule,
denoted by red dot in (A) and (C). No significant current change
was observed in (B) while four levels of current were observed in
(D). They may correspond to four orientations of the molecule frag-

ments. STM imaging conditions: Vsample = 200 mV, Iiiinnel =

100 pA, 13 Ax13 A, . . ..
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Chapter 1

Atomic-Scale Studies of Molecules on

Palladium{111} Surface

1.1 Why Low-Temperature Scanning Tunneling
Microscopy

The scanning tunneling microscope (STM) has developed into a fascinating tech-
nique in almost all fields of surface science since its invention by Binnig and Rohrer
[1]. It enables imaging surfaces with atomic resolution, the manipulation of sin-
gle adsorbates, the monitoring of catalytic surface reactions, the investigation of
metastable precursors, and the performance of spectrocopic measurement [2, 3.
It has had an enormous impact on our understanding of the structures and the
chemical, physical and electronic properties of surfaces.

In this thesis, all experiments were conducted using a custom-built, ultrastable,
extreme-high vacuum, low-temperature STM (XHV LT-STM). The advantage of
working under XHV conditions is twofold. First, the XHV environment is neces-
sary for experiments on “clean”, well-defined solid-vacuum interfaces, where con-
tamination effects can be neglected. Second, the pressure control of the dosage of
molecules into the UHV chamber through a sapphire leak valve is straightforward.
Along with XHV STMs, helium-cooled low-temperature STMs have been another

important development. Working at 4 K, sample cleanliness is greatly extended



due to the efficiency of cryopumping. Our experience tells us that the sample
does not undergo degradation over 10 days while maintained at 4 K. Further, the
stability of the tunnel junction is enhanced due to minimal thermal drift. The
STM is sufficiently stable to keep the STM tip positioned at a single atomic site
for hours or days. Moreover, low temperature narrows the electron distribution of
both tip and surface and thus greatly enhances both the imaging and spectroscopic
resolutions. Finally, thermally activated diffusion is quenched, making it possible
to find single isolated adsorbates and study tunneling-electron-induced molecular

motions.

1.2 Thesis Overview

In accomplishing the work presented in this thesis, a low-temperature extreme-high
vacuum STM was used to study the chemistry and physics of thiophene molecules
on palladium surfaces at the atomic level. We first characterized the Pd{111} sin-
gle crystal by topographic imaging and inelastic electron tunneling spectroscopy
(Chapter 2). We assigned two distinct features to two types of subsurface impuri-
ties by their contrast under topography. We also determined the vibrational energy
of Pd lattice phonons by STM-IETS. In Chapter 3, the adsorption of thiophene
on Pd{111} was probed. The role that step edges play in directing molecular
adsorption and orientation was investigated. We found that thiophene molecules
preferred to bind to the upper step edges while they showed no apparent prefer-
ence to any of the three binding sites (on-top, hollow and bridge sites) on terraces.
Chapter 4 described the ability of using STM to manipulate single molecules on
surfaces. Molecular rotation, translation and bond dissociation were observed. The
mechanism of these tunneling electron induced molecular motions were speculated
to involve inelastic electron tunneling and vibrational relaxation. In Chapter 5 the
conclusions from the individual chapters were reviewed and future experimental

directions were outlined.



Chapter 2

Characterization of Palladium{111} at 4 K Using
Scanning Tunneling Microscopy and

Spectroscopy

2.1 Introduction

The motivation for studying the palladium surface is to gain a fundamental under-
standing of the critical role this substrate plays in catalytic processes, particularly
in the processes where palladium is used to catalyze hydrogenation and dehydro-
genation reactions. It is known that hydrogen can occupy subsurface sites that
are stable absorption sites below the top-most surface layer of Pd atoms. These
sites are suggested to be an important link between strongly chemisorbed surface
hydrogen and the more weakly bound hydrogen absorbed in the bulk [4]. Sev-
eral important chemical reactions are thought to involve subsurface hydrogen in
Pd, such as hydrogenation of furan [5], hydrodesulfurization of thiophene [6], and
alkene hydrogenation by Pd nanoparticles [7]. For the first time, Sykes et al. have
been able to create this species of subsurface hydride of Pd for direct observation
via an inelastic excitation mechanism using the STM [8]. Therefore, characterizing
the Pd surface is an important step in understanding the catalytic properties of
Pd.

Active sites at which surface reactions occur make key contributions to cat-
alytic processes. The identification of active sites has been an important and

long-standing goal of surface science. In many instances, it has been demonstrated



that chemical reactions occur preferentially at defects [9] and monatomic steps
[10]. For crystalline surfaces, one type of defects is impurities. Impurities can alter
the structure and reactivity of surfaces. An isolated impurity adsorbed on a metal
surface modifies the surrounding electronic levels of the metal, both by the shift
of bonding geometry with respect to other substrate atoms and by enhancing or
diminishing the ability of the surface to bind adsorbates and catalyze reactions.
Impurity atoms can also accumulate within and beneath the surface layer [11].
Just as surface impurities, subsurface impurities are expected to perturb the local
geometry and electronic structure of the host substrate. Because the STM is ex-
tremely sensitive to impurities near surfaces, we are able to distinguish two distinct
impurity species beneath the Pd{111} surface by their image contrast.

In this chapter, we will show topographic STM images of a nominally clean
Pd{111} surface with resolved features of subsurface impurities and spectroscopy

of Pd surface vibrations.

2.2 Sample Preparation

Scanning Tunneling Microscopy. The experiments presented in this chapter,
as well as throughout this thesis, have been conducted using a custom-built, low-
temperature, ultrastable, extremely high vacuum STM that has been described in
detail elsewhere [12]. All STM topographic images have been recorded at 4 K in
constant-current mode with a mechanically cut Pt/Tr (85%/15%) tip. All biases
in the STM images are referenced to the sample bias.

Inelastic electron-tunneling spectroscopy has been acquired utilizing a lock-
in amplifier (model SR830, Stanford Research Systems) to monitor the current’s
second harmonic (d?I/dV?) directly with an AC amplitude of 4 mV (rms) at
1000 Hz modulation. Each STM-IETS spectrum was acquired at a single point on
a surface. This was done by holding the STM tip at a constant distance (feedback
loop is blanked) from the sample over the point of interest and then sweeping
the bias voltage while recording the tunneling current. Since the feedback loop is
open, the tip will not try to compensate for the changes in current by adjusting
the tip-sample distance.

Palladium Crystal Preparation. Pd{111} single crystal surface (MaTecK,



Juelich, Germany) was cleaned by repeated cycles of Ar™ sputtering (1000 eV,
Isample =5 pA, 873 K for 15 min), followed by oxygen treatment (873 K, 1.0 x
107° torr Oy backfill for 5 min; 1 torr = 133 Pa) and annealing in vacuum (1100 K
for 10 min). Pd cleaniness was assessed with STM as described in the following
sections, and we typically observed <0.01% surface impurities and <1% subsurface

impurities.

2.3 Scanning Tunneling Microscopy and
Spectroscopy of Pd{111}

2.3.1 Microscopy of Pd{111} and Its Subsurface Defects

Sulfur and carbon are two common Pd bulk contaminations. Initial removal of
bulk contamination can be achieved by repeated cycles of sputtering with 1 keV
Art and reaction with oxygen followed by annealing to 1100 K. It is useful to
distinguish impurities bound externally to the surface from those incorporated
into the few outermost layers of the crystal. The former category includes for-
eign atoms and molecules adsorbed from the gas phase, as well as bulk impurities
that thermally segregate to the surface. Cleaning by sputtering and exposure to
reactive gases (oxygen treatment is used in our sample preparation) under ultra-
high vacuum conditions is usually sufficient to remove such surface contamination
temporarily. Impurity atoms can also accumulate within and beneath the surface
layer. Impurities in such sites can be quite stable, with significant energy barriers
either to segregate onto the surface or to migrate deeper into the bulk. As a result,
small quantities of impurity atoms may remain in subsurface sites. Subsurface
impurities are expected to perturb the local geometry and electronic structure of
the surface. To the extent that the perturbations reach the surface layer atoms,
the reactivity of the surface may be affected.

Figure 2.1A shows an STM image of Pd{111} with both surface-bound and
subsurface impurities. The surface-bound impurities (denoted with the red right-
pointing arrow) are assigned as atomic oxygen resulting from thermal dissociation
of oxygen in the sample cleaning procedure. The appearance of atomic oxygen

clusters on Pd{111} in our STM images as protrusions is consistent with the study



Figure 2.1. Pd {111} surface. (A) STM image (Vsample =500 mV, It innel = 175 pA)

of a 325 Ax325 A region of a Pd{111} surface. Surface-bound impurities are denoted
by the red right-pointing arrow. Two distinct subsurface impurity features are observed
and highlighted with a green arrow, assigned as S, and a pink arrow, assigned as C or

0. (B) STM image (Vsample = 40 mV, Liynnel = 350 pA) of a 65 Ax65 A region of

clean Pd surface resolving the Pd 1x1 lattice structure. A point defect is highlighted
by a yellow circle. The subsurface impurities that appear as protrusions are ascribed to
either C or O.

of Rose and co-workers [13]. Two distinct types of subsurface features are also
visible in Figure 2.1A, denoted by green and pink arrows. Subsurface impurities
are ubiquitous in STM studies of Pd single crystals, and have been characterized by
Salmeron and co-workers [14]. The subsurface feature that appears in Figure 2.1A
as a depression surrounded by a higher contrast ring (highlighted by green arrow)
is ascribed to S, as assigned by Salmeron and co-workers [14]. The subsurface
features that appear as protrusions (highlighted by the pink arrow) is ascribed to
either C or O; these are difficult to discern from one another. A normally clean
Pd surface with <1% subsurface impurities can be obtained through additional
cycles of sample treatment. A representative STM image of a clean Pd surface
with atomic resolution (Figure 2.1B) shows the hexagonal arrangement of the Pd
atoms, a point defect of a Pd atom vacancy and a trace subsurface impurities.
These subsurface species generally have important effects on the electronic,
geometric, and chemical properties of the metal surface. Sykes et al. observed

the effects of Pd subsurface hydride formation in Pd{111} on surface deformation



and charge and on adsorbed hydrogen on the surface [8]. Surface hydrogen atoms
are observed to segregate away from the area where subsurface hydrogen causes
topographic and electronic perturbations in the Pd top layer. Another STM exper-
iment by Gsell et al. shows that small lattice distortions can modify the reactivity
of the surface [15]. Strain induced on the nanometer length scale can locally affect
the binding energy of adsorbates. In their experiment, bubbles of argon trapped
beneath the surface of Ru(0001) caused outward buckling of the surface layer, re-
sulting in expansion in the intralayer spacing to which adsorbed oxygen and carbon

monoxide were attracted [15].

2.3.2 Inelastic Electron Tunneling Spectroscopy of
Pd{111}

In addition to topographic imaging of surfaces, STM also provides the opportu-
nity to separate the contributions of electronic and geometric structure by using
scanning tunneling spectroscopy (STS). The STS technique, first used by Binnig et
al. [16], involves superimposing a small high-frequency sinusoidal AC modulation
voltage on top of the constant DC bias between the sample and tip. Simultane-
ously with the sample topography, the tunneling conductance d//dV at selected
locations of the image or over extended 2-D arrays is measured with a lock-in am-
plifier. Plots of the conductance dI/dV vs. V provide quantitative spectroscopic
information of the electronic density of states (occupied and empty) at these loca-
tions with atomic resolution. The method has been very useful for characterization
of semiconductors [17] and of metals [18-20]. The surface states on several bare
surfaces, such as Cu, Ag, and Au, were investigated [18, 19], and it was possible
to detect electronic states of adsorbed transition metal atoms [20]. In contrast to
noble metals, however, the corresponding surface states on Pd(111) are unoccupied
and far above the Fermi energy Fr (1.3 eV above Er) [21], making it difficult to
characterize the surface states of palladium and to study their interactions with
defects on a local scale by STS.

Another modulation technique to characterize surfaces and particularly single
adsorbates is vibrational spectroscopy. It had been expected that this could be

achieved by STM in the same way as with traditional inelastic electron tunneling
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Figure 2.2. (A)-(C) Schematic showing the emergence of inelastic tunneling at the
threshold (V' = hw/e) for vibrational excitation. In STM-IETS, when sample bias is
increased and crosses the threshold for the excitation of a vibrational mode, the opening
of the inelastic electron tunneling channel is accompanied by a slope change in the I —V
curve (A). This change is more clearly apparent from (d?1/dV?) (C). (D)-(F) Spectra of
Pd{111} acquired by E. C. H. Sykes and L. C. Ferndndez-Torres using the same STM on
which the work in this thesis was done. (F) illustrates the symmetry of the Pd phonon
features with respect to 0 V' bias at £0.02 V.

spectroscopy (IETS) [22], which is performed with planar solid tunneling junc-
tions. In IETS, inelastic excitations of vibrations appear as peaks in the second
derivative of the tunneling current with respect to the sample bias (Figure 2.2,
A-C). Recording (d*1/dV?) vs V during scanning of the surface with the STM by
selecting specific points could, therefore, provide locally resolved vibrational spec-

tra of substrate lattice or adsorbed molecules. From the characteristic vibrational



energies, chemical identification of molecular species in the tunneling junction is
possible [3]. However, the selection rules and excitation mechanism of STM-IETS
have not yet been fully understood.

We have performed STM-IETS on bare Pd{111}. Figure 2.2F displays the
IETS spectra for bare Pd{111}, which contains features at £0.02 V. Experimen-
tally, a Pd surface phonon feature has been detected with helium scattering and
measured in the range of 0.020 - 0.030 eV [23]. Molecular dynamics simulations
have predicted a peak at 0.023 eV resulting from a Pd phonon motion [24]. The
feature in Figure 2.2F corroborates these values, and has been assigned as a Pd
phonon motion. Surface phonons are quanta of lattice vibrations of atoms near the
surface and are important in surface physics due to several phonon-related phenom-
ena, such as thin-film reconstructions driven by electron-phonon coupling [25], and
size-dependent frequency shifts and broadening of the surface phonon modes for
quantum dots [26]. In catalytic reactions, studying surface phonons may provide
information about the substrate lattice relaxation and distance change between
adsorbates and surface atoms, giving insight on phonon-induced surface change of
reactivity [27].

It must be recognized that inelastic tunneling effects are small (the conductance
changes by only a few percent), and so demand an extremely stable tunneling gap.
To allow averaging of spectra, thermal drift and adsorbate mobility (in the case of
adsorbate-metal system) must be minimal, as discussed earlier. That is why low-

temperature instruments are necessary for such stringent stability requirements.

2.4 Conclusions

To characterize the Pd{111} surface, we have produced clean Pd surfaces by re-
peated sputtering/annealing cycles and observed two distinct subsurface impurities
features, one assigned to S and the other assigned to either C or O. We have also
demonstrated the advantage of STM in recording the vibrational spectra of Pd

surface phonons using STM-IETS.



Chapter 3

Adsorption and Interaction of Thiophene on
Pd{111}

3.1 Introduction

3.1.1 Motivation

Desulfurization of sulfur compounds, particularly aromatic molecules contained in
petrolem fuel, is a catalytically important process due to the deleterious effects of
S in the deactivation of refinement catalysts, corrosion of engine parts, and SOx
emission. As a model system of the reaction, the adsorption of thiophene (C4H,4S)
on metal surfaces has been studied extensively [10, 28, 29, 30, 31]. Palladium is
considered quite important for such catalytic reactions because (1) as one of the
late transition metals, it has a high electronegativity that destabilizes aromatic
rings by charge transfer from the metal bands to the thiophene antibonding 7*
orbital; (2) the Pd metal is well-known as catalyst for hydrogenation and desul-
furization of unsaturated and heteroatom-containing species [32]. However, there
is currently little molecular understanding of the interaction between the reagent
thiophene and the catalytic substrate palladium. Thus, in order to gain a funda-
mental understanding of such catalytic processes, the study of thiophene on Pd

single crystal at atomic level is necessary.
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3.1.2 Prior STM Experimental and Theoretical Results

Hamers and co-workers imaged rotational orientation of thiophene derivatives on
a Ag{111} surface at 120 K. [31]. Thiophene, 2,5-dimethylthiophene and 2,2’-
bithiophene, were dosed onto vacuum-evaporated Ag{111} surface. All three
molecules preferentially bind at step edges. Images of dimethylthiophene and
bithiophene molecules show an elongated structure while thiophene appears near-
circular. The long axis of dimethylthiophene molecular images is oriented perpen-
dicular to the step edges while that of bithiophene is parallel. Chen et al. proposed
that the rotational orientation of dimethylthiophene at Ag(111) step edges is due
to intermolecular dipole-dipole interactions [33]. They also observed that at high
coverages a phase transition occurs from the thiophene molecules lying with their
molecular plane parallel to the surface to a tilted geometry. Kushmerick et al.
studied the adsorption of thiophene on Ni{110} and proposed a four-fold bind-
ing geometry [10]. Chiang and her group calculated the STM images of isolated
thiophene on Pd{111} as a function of adsorption sites [34].

In this chapter, we will discuss our study of thiophene on Pd{111} in terms
of the Smoluchowski effect, thiophene adsorption sites and orientations on Pd
surface step edges as well as terraces and interactions between the adsorbates and

substrate.

3.2 Experimental

The Pd{111} single crystal cleaning methodology has been described in Chapter 2.
Neat thiophene (99.9% purity) was obtained from Sigma Aldrich and was further
purified by cycles of freeze/pump/thaw prior to introduction to the UHV chamber.
Purity of the gas-phase thiophene was verified by a quadrupole mass spectrometer.
The Pd{111} substrate was exposed to thiophene by backfilling the main chamber
to 1 x 107° Torr of thiophene vapor for 40 seconds via a leak valve shortly after
the crystal was transferred to 4 K STM chamber.

All STM images were acquired in constant-current mode at 4 K and are pre-
sented unfiltered. Differential conductance images were acquired using a lock-in
amplifier (LIA) (model SR850, Stanford Research Systems) by phase-sensitive de-



12

tection of the first harmonic of the tunneling current with respect to the bias,
which corresponds to the differential conductance of the tunneling current. The
differential conductance was acquired via the LIA by modulating the bias voltage
with an ac amplitude of 4 mV' (V,,5), 1000 Hz and acquired with a 10 ms time

constant.

3.3 Results and Discussion

3.3.1 Adsorption at Step Edges

Figure 3.1A shows an STM image of 0.1 monolayers (ML) of thiophene adsorbed
on Pd{111}. The crystal was dosed shortly after it had been transferred from room
temperature to the 4 K stage on the STM (i.e., before it was completely cooled
down). That allows thiophene molecules to diffuse across the surface before reach-
ing their low-energy adsorption sites such as at steps and surface defects. The
features running horizontally in the image are monatomic steps on the Pd sub-
strate; the protrusions are thiophene molecules adsorbed mostly along the upper
step edges. Nucleophilic molecules adsorb preferentially on the top of surface step
edge as has been observed in several systems, such as furan on vicinal Pd{111} [35],
benzene on Au{111} [36], and thiophene on Ag{111} [31]. The factor influencing
the adsorption at step edges is the Smoluchowski electron-smoothing effect [37], in
which electrons “spill over” at the step edge, leaving the upper step edge slightly
depleted of electrons and the lower step edge slightly enriched. 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 on the upper terrace and its
negative end on the lower terrace.

Thiophene has a permanent dipole moment of 0.5 Debye [38], with the negative
charge located on the sulfur lone pair electrons and the positive charge delocalized
among the aromatic ring system. To determine the orientation of thiophene at
step edges, we discuss further how a molecule with a dipole moment interacts with
a step edge. Chen et al. proposed two possible interactions [33]. One possibility
is for the molecule to orient across the step edge in order to maximize the purely

electrostatic, attractive dipole-dipole interaction between the molecule and the
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Figure 3.1. STM image (Vgample = 05 V, Iiyppel = 100 pA, 325 Ax 325 A) of

molecular thiophene aligned preferentially along the top of step edges on a Pd{111}
surface at 4 K. Thiophene was dosed shortly after the surface was annealed and before
the crystal was completely cooled down to 4 K. Noted that some molecules are also
adsorbed below step edges (denoted by pink arrow). A segment of step edge is saturated
with thiophene molecules (highlighted by yellow box). (B) One possible way (not in
our case) for a molecule to interact with a step edge. The orientation of the molecule
maximizes the attractive dipole-dipole interactions between itself and the step edge, as
described by Chen et al. [33]. (C) Proposed orientation of thiophene at step edges.
Molecules are aligned at the upper step edge. Intermolecular dipole interactions are
attractive.

step edge (Figure 3.1B). In this case, the molecules are expected to bridge across
the step edge. Additionally, since all molecules would be oriented in the same
direction, the molecular dipoles would all align perpendicular to the step edge, and
the intermolecular dipole-dipole interactions would be repulsive, so that molecules
adsorbed across the step would repel one another and would not cluster. Contrary
to this suggestion, we did not observe molecules bridging the step edge.

A second possibility for molecular orientation is for the molecule-substrate in-

teractions to be dominated by charge transfer between the molecule and the sub-
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strate. The positive charge at the upper step edge leads to the creation of a nu-
cleophilic site. If the interaction between the molecule and the substrate depends
strongly on charge transfer, then spatially localized bonding at either the upper
step edge (for electron-rich molecules) or at the lower step edge (for electron-poor
molecules) will result. The STM image in Figure 3.1A indicates that the thiophene
molecules lie along the upper step edge. The observation of clustering along the
steps also proves that the intermolecular dipolar interactions are attractive. In the
step edge region where the molecules have condensed into a linear array (denoted
by the yellow box), the separation between thiophene molecules is measured as
6.340.5 A. This value closely approximates 7.04£0.1 A of the molecular separation
at the minimum in the potential energy diagram of two thiophenes held in a copla-
nar configuration in a head-to-toe geometry calculated using ab initio molecular
orbital methods [33]. Based on the above discussion, we have determined the rota-
tional orientation of thiophene at the step edge, shown in Figure 3.2C. We believe
that the primary interactions for bonding the molecules to the upper step edge
are the electron donation from the sulfur lone pair to the positively charged upper
step edge and the attractive intermolecular dipole-dipole interactions. However,
we could not determine the adsorption sites of thiophene at step edges as we did
not resolve the atomic substrate lattice near the steps.

It is not surprising to see some bonding occur at the lower step edge (high-
lighted by the pink arrow in Figure 3.2A), since empty states originating at the
step riser hang out ~5 A beyond the step edge, as previously observed in the study
of benzene on Cu{111} by Stranick et al. [39], and thus offer relatively favorable
adsorption sites near the bottom of step edges over terraces. Moreover, at high
coverage, substrate-mediated interactions will control the adsorption sites of addi-
tional molecules. Stranick et al. have shown that the presence of adsorbed benzene
molecules at step edges induces perturbations of the surface local density of states
(LDOS) near the steps and thus creates favorable adsorption sites for additional

molecules [39].
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3.3.2 Adsorption on Substrate Terraces

We have obtained simultaneously resolution of the substrate lattice and of the
molecule (Figure 3.2A). Thiophene molecules appear as protrusions from the oth-
erwise flat Pd substrate. The thiophene molecule is found to lie flat on the surface
at low coverage [40]. This is reasonable since thiophene is a 7 acceptor and inter-
acts with Pd through the d-7* back donation. The ¢ donor character of S lone-pair
electrons has little effect on the molecular orientation on the surface. To assign
the adsorption sites for the molecules, we highlighted the underlying Pd lattice
(Figure 3.2B). It is apparent that some molecules (the highest contrast) are bound
to the bridge sites, while others are at either the on-top sites or hollow sites.

As positive sample bias probes the unoccupied states of the sample, we com-
pare the molecular features in our STM image with that of predicted image of
unoccupied states of thiophene on Pd calculated by Chiang and her group using
extended Hiickel molecular orbital theory [34]. The upper left image in Figure 3.2
is an image of the lowest unoccupied molecular orbital (LUMO) for an isolated
thiophene. Due to the dipole moment of the thiophene, the LUMO shows high
electron density along the carbon backbone. For on-top site bound thiophene,
their calculation is able to resolve both the molecule and metal atoms (middle left
inset). The feature in the bridge-site image (lower left inset) shows a mixture of
the features of the LUMO and of the on-top site.

One common feature for different adsorption sites is that due to its strong elec-
tronegativity, the sulfur atom appears less protruding than the carbon ring. Due
to resolution limits of the STM, we are unable to resolve the internal structure of
the molecule, but the observed overall molecular feature shows excellent qualita-
tive correspondence with the theoretical images. The dim feature near the sulfur
allows us to distinguish orientations of thiophene on Pd. Therefore, we are able to
assign both adsorption sites and orientations for each molecule in the STM image
(right in Figure 3.2).

Figure 3.3 shows the assigned adsorption sites and orientations of all seven
molecules. The numerals indicate the rotation angle in degrees, ®, of sulfur as
shown in the inset. Among the seven molecules, we observe that four bound
to bridge sites, two to on-top sites, and one to a hollow site. The rotational

preference is either 0° or -30° in our observations. Chiang and her group expect
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Figure 3.2. STM image of a 60 Ax60 A area with thiophene molecules at low coverage

on Pd{111} at 4 K (Vsample =10 mV, Ity nnel = 100 pA). (A) The underlying Pd{111}

lattice is resolved and (B) is highlighted to assign adsorption sites and orientations for
the molecules.

Figure 3.3. Calculated images of unoccupied states of (upper left) isolated thiophene,
(middle left) on-top site adsorbed thiophene with resolved metal atoms, and (lower left)
bridge site bound thiophene by Chiang et al. [34]. In all the calculated images, the sulfur
appears with less contrast than the carbon backbone. (Right) Experimental STM image
(Vsample = 10 mV, I nnel = 100 pA) of thiophene on Pd. The internal structure
in the molecule was not resolved, but the overall feature of the molecule resembles the
calculated images. The sulfur atom is assumed to be a relatively low contrast feature

under positive sample bias because it is more electronegative than carbon.
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Figure 3.4. Assigned adsorption sites for each thiophene molecule on Pd{111}. The
numerals indicate the rotation angle in degrees, ®, of sulfur as shown in the inset.

the on-top site to be the most probable binding site from their energy calculations,
followed by 3-fold hollow site, and then bridge site [34]. For both on-top and
hollow sites, 0° rotation is predicted to be the most energetically favorable, while
for bridge sites, their binding energy computations find no discernible preference
between the 0° and 90° orientations. However, in our experiment, all three binding
sites are found possible for thiophene on Pd{111} at 4 K. This is not unusual
at low temperature. Sautet and Bocquet calculated STM images of benzene on
Pt{111} and found that the most stable adsorption sites were the hollow (®=0)
and the bridge (®=-30) [41], while in earlier experimental STM images at 4 K,
Weiss and Eigler were able to obtain three distinct shapes for benzene on Pt{111},

corresponding to three different adsorption sites [42].

3.3.3 Differential Conductance Imaging of Thiophene

Surface defects and adsorbates perturb the electronic structure of the surrounding

surface. These perturbations are important as they affect the structure, dynamics
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Figure 3.5. (A) Topographic STM image (Vsample: -25 mV, Iiinnel= 100 pA, 33 A x

33 A) and (B) simultaneously obtained differential conductance image of thiophene on
Pd{111}. (Bottom left) The interaction between adsorbates and Pd substrate results
in charge transfer from the Pd bands to the thiophene 7* orbital, hence depleting the
surrounding electron density on the Pd surface and enhancing the local density of empty
states. (Bottom right) At negative sample bias, the STM probes the filled states and
thiophene appears as protrusion surrounded by depression (bottom right). The effect
of adsorbate-substrate interaction on the perturbed surface LDOS is more apparent in
the differential conductance image (B) in which the electronic structure is deconvoluted
from the geometric structure.

and reactivity of the adsorbates themselves as well as other adsorbates [43]. Spec-
troscopic measurements, either current-voltage (I — V') curves or bias-dependent
imaging with STM are a direct way to study the electronic properties of surfaces
and adsorbates on surfaces. By inverting the bias polarity applied between the tip
and sample, the filled or empty states of the sample can be studied. A negative
sample bias probes the occupied states, while a positive sample bias probes the un-
occupied states. Differential conductance imaging (dI/dV map at a certain sample
bias) also reveals information about the local density of states of the sample.

Topographic images present a convolution of electronic and structural com-
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ponents of the surface. By simultaneously recording topographic and differential
conductance images, we are able to deconvolute the effects of topography and
electronic structure (Figure 3.5). The interaction between thiophene and the Pd
substrate results in the charge transfer of 1.1 electrons from the Pd bands to the
thiophene 7* orbital [40]. Figure 3.5 bottom illustrates the bias dependent imag-
ing mechanism of adsorbate perturbed local surface. The charge transfer from
the Pd d-band to thiophene 7* orbital results in depleted filled states surrounding
the adsorbates on the Pd surface (bottom left schematic). Thus, in the case of
negative sample bias, the STM probes the filled states and thiophene appears as a
protrusion surrounded by depression. The effect of thiophene-Pd interactions on
the perturbed electronic structure of the surface is more easily seen in differen-
tial conductance images (Figure 3.5B) where the electronic structure is somewhat

separated from the topography.

3.4 Conclusions and Future Directions

In this study, we have shown that thiophene molecules are adsorbed at upper step
edges with specific orientations. The observed adsorption geometries are deter-
mined by a combination of molecule-substrate interactions together with inter-
molecular attractive dipole-dipole interactions. Atomic resolution of the Pd{111}
substrate lattice is obtained with adsorbate features, which qualitatively match
calculated STM images. At 4 K, all three binding sites (on-top, hollow and bridge
sites) are found possible for thiophene on Pd{111} terraces. We have also demon-
strated the advantage of differential conductance imaging in revealing the spatial
modulation of the surface LDOS surrounding an adsorbate by separating the elec-
tronic structure of surface from the topography. Future experiments using hy-
drodesulfurization of thiophene on Pd{111} as a model system will be conducted
to elucidate the chemistry of subsurface hydride of Pd, a species created for the
first time in our group using a 4 K STM [8] and hypothesized to be critical in

hydrogenation reactions.



Chapter 4

Single Molecular Motion Induced by Tunneling

Electrons

4.1 Introduction

In 1959, Richard Feynman presented a vision of manipulation and control on an
atomic scale in his classic lecture “There’s Plenty of Room at the Bottom” [44].
In recent years, this vision has been realized. Since its inception, the STM has
been further developed from an imaging instrument with atomic resolution to an
operative tool. The STM has been used to manipulate and to assemble atoms on
surfaces [45]. The tip of the STM can catalyze surface reactions [46]. Electrons
tunneling through the electronic states of a molecule adsorbed on a surface also
couple to intrinsic molecular motions such as rotation and vibration, leading to the
possibility of inducing chemical transformation in the molecule [47, 48]. Inelastic
tunneling electrons can also be tuned to induce either bond formation or translation
or desorption of individual molecules on surfaces [49, 50].

In this chapter, tunneling electrons are used to induce and to monitor the mo-
tions of single molecules, namely, thiophene adsorbed on Pd{111} at 4 K. We
precisely positioned the STM tip above the molecule, rotated the molecule with
tunneling electrons from the STM tip without perturbing neighboring molecules,
and imaged the consequent molecular motion. The precise moment of motion
of the molecule studied was monitored as a sudden change in the tunneling cur-
rent. We will further discuss the mechanism behind the tunneling-electron-induced

molecular motion.
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4.2 Experimental

The Pd{111} single crystal was cleaned by cycles of Ar' ion sputtering and anneal-
ing (Section 2.2). All STM images shown were recorded at 4 K in constant-current
mode and the bias voltage refers to the sample bias. Thiophene was purified
through several freeze-pump-thaw cycles then dosed via a leak valve to the vac-
uum system. The purity was verified via residual gas analysis by a quadrupole
mass spectrometer.

To induce motion of the molecule in the tunneling junction, the feedback mech-
anism was turned off, the tip was positioned at a chosen point above a molecule,
a voltage pulse was applied to the sample, and the time dependence of the tun-
neling current was recorded during the pulse. The tip remained stationary during
the voltage pulse, i.e., the gap distance is held fixed, and the current change is

attributed to the molecular rotation or translation underneath the tip.

4.3 Results and Discussion

In this section, we use tunneling electrons from an STM to excite and to induce
changes in a molecule. From these changes, detailed properties of the molecule are
revealed.

Rotation. After finding an isolated thiophene molecule (Figure 4.1A, denoted
by pink arrow), we positioned the STM tip over the center of the molecule. The
voltage was then increased to 350 mV, and the tunneling current was recorded.
During a 60-second period voltage pulse, we observed a sudden change in the
current at ¢ ~ 40 s, where t is the time after the initiation of the pulse. We
speculate that this current change represents the moment of rotation and each
current level corresponds to a rotational orientation of the molecule. The current
spikes at ¢t >50 s appear each time the molecule rotates underneath the tip. The
motion of the molecule, translation coupled with rotation, is evidenced by the
streaky feature in the STM image (Figure 4.1C) when the tip was scanned over
the molecule.

It should be noted that, in contrast to free rotations for molecules in the gas

phase, these single-molecule rotations correspond to hindered rotations where en-
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Figure 4.1. Inducing molecular rotation with tunneling electrons. (A) STM image of
thiophene adsorbed on Pd (Vsample = -150 mV, I ;nnel = 100 pA, 162 Ax162 A). A
350 mV voltage pulse was applied to an isolated molecule on terrace (denoted by pink
arrow) for 60 seconds. (B) Current during the 350 mV pulse over the isolated molecule
showing the moment of rotation (step at ¢ ~40 s, where ¢ is the time after the initiation
of the pulse). (C) After-pulse image showing the continuous rotation of the stimulated
molecule (Vsample =-250 mV, I ;nne] = 100 pA, 33 Ax33 A). The same voltage pulse
was applied to molecules near the step edge and at the bottom at the step edge (denoted
by green arrows). However, no sudden current change or motion was observed for these

two molecules.

ergetic barriers between stable sites are crossed in the rotational process. We
believe that the mechanism for single-molecule rotation involves inelastic tunnel-
ing electron scattering. In each scattering process, energy is transferred to the
hindered rotational mode of the molecule. The maximum energy of the tunneling
current is given by eV, where e is the charge of a single electron and V' is the
bias voltage applied to the sample. If eV is greater than the barrier to rotation,
E, the barrier can be overcome in one scattering event. If eV is less than the
barrier E, the barrier may be overcome in several scattering events, in which each

event promotes the molecule to a higher hindered rotational quantum state in a



23

ladder-climbing fashion [51]. Prior experiments also found that excitation of the
adsorbate-substrate vibrational mode enhances the molecular change on surface.
For example, the rotation of CoHy on Cu is enhanced with the excitation of C-H
stretching vibrational mode at 364 mV pulse [48]. However, the detailed mech-
anism of the coupling between the rotation of the molecule and the vibrational
mode is still uncertain.

In our experiments, we found that when the voltage pulse was reduced from 350
to 300 mV, no rotation was observed for the molecule studied. Although we have
not yet conducted such experiments with different tunneling currents, we believe
that for a certain voltage pulse, the rotation rate will be current dependent, as the
rate of energy transfer from tunneling electrons to the hindered rotational mode
of the molecule depends on the amount of electron flow between the molecule and
STM tip, i.e., the tunneling current.

When the molecules were adsorbed next to the bottom of or near a step edge
such as the ones shown by the green arrows in figure 4.1C, the same voltage pulse
(350 mV, 60 seconds) did not induce any motion of these molecules and no jump
was observed in the tunneling current. The lack of rotation reveals the importance
of local environmental effects.

Translation. We also observed lateral translation of a molecule onto a differ-
ent adsorption site after the voltage pulse, ascertained by subsequent imaging of
the surrounding area (Figure 4.2). The moment of translation is evidenced by a
current spike (e.g., at t ~43 s in Figure 4.2B). Such nonthermal diffusion of surface
species under electron irradiation was also observed for CO molecules adsorbed on
Pd{110} [52] and NH3 on Cu{100} [50]. These studies reveal that the chance of ac-
tivating the translational mode depends on the probability of energy transfer from
the C-O or N-H stretching vibrational mode into translational mode levels above
the molecular diffusion barrier. In the study of CO adsorbed on Pd{110}, Komeda
et al. found that internal energy transfer via anharmonic coupling between these
two modes can be important decay channel for an internal vibration to induce mo-
tion of an adsorbed molecule [52]. We believe that the observed lateral translation
of thiophene on Pd follows a similar mechanism as the energy of voltage pulse
applied (350 mV) is close to the excitation energy of the C-H stretching vibration
mode (364 mV).
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Figure 4.2. Inducing molecular motion with tunneling electrons. STM images (A)
before injecting 350 mV electrons over a single molecule (highlighted by yellow circle)
and (C) of same area after injecting electrons. (B) Current during a 350 mV pulse

showing the moment of translation (spike at ¢t ~45 s). STM imaging condition: Vsample

= -200 mV, It nnel = 100 pA, 52 Ax52 A. A chain formation at the step edge is used
as a reference point.

Dissociation. Further electron injection over the molecule studied (circled in
Figure 4.2) brought it next to another adsorbate (see Figure 4.3A). As mentioned
above, local environmental affects molecular behavior. For example, Stipe et al.
found that a molecule adsorbed next to a defect (impurity) site quickly returned to
a preferred orientation after a voltage pulse [47]. In our experiment, we observed
that binding next to another adsorbate hindered tunneling-electron-induced molec-
ular rotation with a 350 mV pulse. It is also possible that the energy transferred
from the electron injected to the hindered rotational mode was too small for the
molecule to overcome its new rotational barrier. Thus, we increased the pulse to
500 mV and observed a current change at t ~33 s. Subsequent STM imaging
showed a feature change of the molecule investigated after the pulse. This feature
change from a round protrusion to a two-lobe shape is not due to a tip change, as

all the other unprobed adsorbates appear the same as before.
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Figure 4.3. A voltage pulse was applied to the molecule, denoted by pink arrow in (A).
(B) Current during a 350 mV pulse over the molecule. No current jump was observed
during the 60-second pulse. (C) Current during a 500 mV pulse over the molecule,
showing a 5 second duration of high level current. (D) STM image of the same area as
(A), showing a molecular feature change after the second pulse. STM imaging conditions:
V. = 200 mV, I ;;nnel = 100 pA.

sample

To probe the internal structure of the molecule and to understand its feature
change in STM imaging, we applied a voltage pulse to each of the two lobes. During
a 60-second 500 mV pulse, no stepwise current change was recorded when the pulse
was applied to the upper lobe, while four current levels were observed when the
lower lobe was investigated (Figure 4.4). Due to the different chemistry of the two
lobes, we speculate that the molecule underwent a unimolecular reaction such as
bond dissociation during electron irradiation, producing two different fragments.
To understand this phenomenon further, a full theoretical analysis needs to take
into consideration the molecular potential-energy surface, the associated electronic
and vibrational excitations, and the coupling of electrons to nuclear motion. Also,
STM-IETS could be used to identify reaction products based on their characteristic

vibrational spectra.
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Figure 4.4. Probing the internal structure of a molecule. (A) and (C) STM images of a
two-lobe-shaped molecule on Pd. (B) and (D) Current during a 500 mV pulse over one of
the two lobes of the molecule, denoted by red dot in (A) and (C). No significant current
change was observed in (B) while four levels of current were observed in (D). They may
correspond to four orientations of the molecule fragments. STM imaging conditions:

Veample = 200 mV, Iyppep = 100 pA, 13 Ax13 A,

4.4 Conclusions and Future Directions

The excitation of a single molecule has been studied by injecting electrons through
the molecule using the STM tip. The relaxation of the high-energy C-H stretch
vibration to lower energy modes of the molecule and the substrate leads to ex-
citation of other degrees of freedom in thiophene, such as rotation and diffusion.
The vibrational relaxation of a single molecule was monitored by time-dependent
changes in the current level. We believe that the mechanism of the tunneling elec-
tron induced molecular motions involves inelastic electron tunneling. Further, the
induced molecular motions (vibration, rotation, translation) are responsible for
inducing nuclear motions. In our last experiment, excitation energy is ultimately

converted into dissociation. It remains a challenge to decipher the pathway and
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to determine the identity of the reactants, intermediates, and products in a chem-
ical reaction induced by STM. Action spectra (the rate of single molecular motion
plotted against sample bias or tunneling current) will be recorded to determine the

coupling of electrons to molecular motions.



Chapter 5

Conclusions and Proposed Future Directions

Atomic-scale study of molecules on metal surfaces has been achieved using a low-
temperature STM and described in this thesis. Each chapter discusses a unique
perspective of the chemistry and physics of molecules on surfaces.

In Chapter 2, we discerned two types of subsurface impurities of Pd{111} by
their distinct features and contrasts under topography. We have determined the
vibrational energy of the Pd lattice phonons by inelastic electron tunneling spec-
troscopy. Studying subsurface impurities and substrate phonon will help under-
stand their effects on surface reactivity.

In Chapter 3, we used the adsorption of thiophene on palladium as a model
system to gain a molecular understanding of the interaction between reagent and
the catalytic substrate Pd. We have determined the effect that step edges have
in guiding molecular adsorption and orientation. In future experiments, still us-
ing the adsorption of thiophene-on-Pd as a model system, we will elucidate the
chemistry of the subsurface hydride of Pd, a species created for the first time in
our group using the STM by Sykes et al. [8] and hypothesized to be critical in
hydrogenation reactions. We will use the ability of STM tip to manipulate the
reagents — subsurface hydrogen in and thiophene on Pd{111} in order to drive and
to control the hydrogenation and desulfurization of thiophene, probing the reac-
tion mechanism at atomic/molecular level and understanding the high reactivity
of subsurface hydrogen.

Finally, we investigated the tunneling-electron-induced molecular motions in

Chapter 4. The coupling of electrons to lower energy modes (vibrational and ro-
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tational) and nuclear motions of the molecule leads to excitation of degrees of
freedom in thiophene, such as rotation, diffusion and dissociation. The probabil-
ity of such coupling will be quantitatively determined in the future by studying
the time dependence of current at various voltages and tunneling currents. The
mechanistic understanding of the chemistry induced by tunneling electrons will

also involve the theoretical analysis of the excited states of the molecule.
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