ABSTRACT

ANDREWS, KATIE MARIE. Organizational and Interfacial Examination of Adenine
Films on Ag(111): Self-Assembly and Shockley State Modification. (Under the direction
of Thomas P. Pearl.)
The scope of this research has been two-fold: to quantify the strength of
intermolecular hydrogen bonds that dictate self-assembly of single nucleobases on a
metallic platform and to identify the resultant interfacial electronic influence of an
organized organic film on a surface with a Shockley-type surface state. A model system
of weakly bound, physisorbed adenine molecules on the (111) face of crystalline silver
has been chosen, where the dosing parameters of the molecules from a solid source are
limited to the low, sub-monolayer regime when exposed to a room temperature substrate.
STM topographic imaging at 300, 83, and 15 K reveal highly organized domains
of two orientations composed of dimerized adenine molecules aligning with particular 2dimensional substrate lattice vectors. In addition, this system has shown high molecular
mobility and STM tip induced dissociation when the sample is either imaged at room
temperature, or annealed at 340 K and subsequently imaged at 83 K. By systematically
varying the bias voltage (and therefore the tunneling gap) and rescanning the same area,
the small regions of alternate domains have been shown to dissociate at larger tunneling
gaps than molecules in the primary domain orientation of an island. Using this qualitative
study of hydrogen bond strength along with our high-resolution images, a proposed
molecular structure is given with adenine dimer pair models and energy characteristics

taken from the current literature.
In order to probe the interfacial structure of this system and the interaction of an
adsorbed nucleobase film on a surface with a known Shockley-type surface state near the
Fermi level, differential conductance maps and point spectroscopy curves were taken at
low temperature. The point spectra reveal an upward energetic shift of +152 meV to
+82.5 ± 2 meV of the Shockley state when taken over adenine islands. A series of
differential conductance maps taken over a range of energies shows free-electron like
scattering in the film. A parabolic dispersion curve was obtained for the film regions and
when compared to the experimentally measured dispersion curve over bare silver, gives an
effective mass ratio between the two of m*A/Ag/m*Ag = 1.1 ± 0.05.

Considering the

characteristics of the dispersion curve and the signature of the adenine films in the point
spectra, the observed interface state is believed to be a film induced modification of the
native Shockley state from bare Ag(111). The chemical structure of adenine includes πorbitals protruding from the molecular plane as well as a large gap (~4 eV for the free
molecule) between the HOMO and LUMO.

It is therefore hypothesized that the

mechanism behind the upward energetic shift of the surface state is a modification of the
silver Shockley state, however, further investigation, both experimentally and
theoretically, must be undertaken before conclusive remarks about the mechanism behind
this phenomenon can be made.
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CHAPTER 1

Introduction

1.1 Motivation
In order to enhance the development of biologically sensitive devices and
functional materials, a basic understanding of the electronic interactions between
biomolecules and metallic surfaces is fundamentally important. Various sensors have
been proposed that pair biomolecules, particularly DNA, with an ionized metal atom,1-3
and DNA based radiation sensors.4 DNA bases have also been proposed as possible nanoscale wires utilizing electron tunneling through the π-orbitals of base pairs.5-7 This work
is still in the preliminary stage and demands an understanding of the fundamental
properties of biomolecular organization, charge transfer, and interfacial electronic
structure of these systems, as well as an understanding of the electronic mechanisms
behind their observed behavior.
Considering a model system for biomolecular-metallic systems, nucleobases
present an important class of molecule. In addition to being the fundamental building
block of DNA, nucleobases have strong intermolecular interactions between the WatsonCrick base pairs presenting the possibility for self-assembly of highly organized networks
by simple exposure to an inert surface. One example of this is the observed ordered
structures of guanine and cytosine found from liquid deposition onto graphite driven by
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the Watson-Crick pairing of these complimentary bases.8 In order to further understand
the structure of nucleobases on metallic platforms, self-assembly studies have been
conducted on model systems of nucleobases deposited as single molecules or coadsorbed
base pairs on Cu(110),9-15 graphite,8,16-19 Ag(110),20 Si(100)2 x 1,21-22 SrTiO3(100),23 Agterminated Si(111),24 Au(111),25-29 and Cu(111).30-33 The experimental procedures used in
these works include deposition from liquid and solid sources as well as a range of probing
techniques including scanning tunneling microscopy (STM), atomic force microscopy
(AFM), reflection anisotropy spectroscopy (RAS), low-energy electron diffraction
(LEED), Auger electron spectroscopy (AES), near-edge X-ray absorption fine-structure
spectroscopy (NEXAFS), X-ray photoelectron spectroscopy (XPS), and infrared
spectroscopy (IRS) as well as ab initio density functional theory calculations having been
used to find the most energetically favorable pairing arrangements. However, these works
focus on the structural organization of the molecules with little to no comment made on
the interfacial electronic structure of these systems.
Certain inert metals, particularly fcc-(111) transition metals, have unique surface
electronic states, which lend themselves as ideal candidates for studies of the electronic
interaction between organized arrays of nucleobases.

Surface states are known to

influence and even enhance surface chemistry and electronic properties affecting the
morphology of adsorbed species,34,35 which can be altered by adsorbates. Strong chemical
interactions between the substrate and adsorbate have been shown to quench native
surface states,36 while physisorbed species appear to modify the state.37 Various studies of
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physisorbed molecules on fcc-(111) crystals have been conducted, which identify the
mechanism of modification to be a change in the work function due to an adsorbed film38
or simply a modification of the localized potential.39
The influence of surface states on the growth and stability of adsorbed films has a
greater impact when the surface state is near the Fermi-level. Ag(111) has a native
surface state in very close proximity to the Fermi-level (-67 meV) and has been shown to
be fairly inert,40,41 particularly with regards to adsorbates with π-rings, like the
nucleobases.42 In addition, Ag(111) experiences no native surface reconstruction43 and
has a low atomic corrugation. One interesting observation for this surface is that certain
adsorbates appear to shift the occupied surface state of Ag(111) to partially if not
completely unoccupied energy levels.

However, there is disagreement as to the

mechanism behind this upward shift. A more complete discussion of this is given in
Chapter 4 when presenting the observed interfacial characteristics of our study. To our
knowledge, however, Ag(111) has not been used as a platform for nucleobase adsorbate
studies. It is therefore the focus of this work to explore the organization and interfacial
structure of a single nucleobase on the (111) face of crystalline silver.
Due to the chemical structure of adenine and the fact that it has been found to form
highly organized structures and dimerize, we have also chosen to restrict this work the
adenine/Ag(111) system.

The kinetics for driving film growth are not the primary

concern of this work and we therefore propose to maintain a constant low flux of incident
molecules to the surface. Furthermore, by controlling the exposure parameters, i.e., by
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maintaining a sufficiently low flux of sublimated molecules and controlling the
temperature of the sample during dosing, as well as lowering the sample temperature after
dosing, physisorption of the molecules can be induced where the driving force in film
growth is intermolecular interactions. We believe that restricting our system in these
ways will allow for possible detection of a modified surface state as well as insight into
the role and quantitative strength of hydrogen bonding between adsorbates.

The

remainder of this chapter presents the properties of the adsorbate and the substrate
including the theoretical development of the native surface state.

1.2 Background on Ag(111) and Adenine
1.2.1 Substrate: Ag(111)
Crystalline silver forms a face-centered cubic (fcc) lattice with the (111) cut
exposing a hexagonal arrangement of surface atoms. The (111) surface of silver, along
with gold and copper, has a wide energy gap centered on the surface Brillouin zone (SBZ)
as well as a partially occupied spz surface state just below the Fermi level. Numerous
photoelectron spectroscopy studies have explored this band gap and surface state.44,45 The
remainder of this section lays out the framework for understanding the surface electronic
structure of Ag(111).
There are two mathematical models to describe surface states on metals and
semiconductors: Shockley states46 and Tamm states.

Although physically they both

originate from the abrupt change in electronic potential of the bulk at the terminating
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atomic layer, the theoretical approaches differ.

Tamm states describe the electronic

structure of a crystal with the tight-binding model, which uses Linear Combinations of
Atomic Orbitals (LCAO) to describe the electron wavefunctions. Using this model, the
difference in electronic states when passing from the bulk of a material to the surface
originates from a lack of an atomic binding partner with the terminating species creating a
different orbital overlap along the surface than in the bulk. The resulting orbitals that
protrude from the bulk are termed dangling bonds and have substantially different energy
levels than the bulk. Shockley states, on the other hand, are derived directly from the
Schrödinger’s equation for electron wavefunctions. In metals, bulk wavefunctions are
periodic, however, when abruptly terminated by the surface layer, the wavefunctions
exponentially decay into the vacuum barrier.

Considering the classic Schrödinger

equation
" ! 2 !2
%
$ 2m !z 2 + V ( z ) ' ( ( z ) = E( ( z )
#
&

with the potential defined as

!# V ( z + la ) ,
V (z) = "
V0 ,
#$

for

z<0

for

z>0
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Figure 1.1 shows a schematic of the decaying wavefunction for z>0. The result is a 2dimensional, nearly-free electron gas in the vicinity of the surface. Since the atomic
corrugation at the terminating plane is periodic, it must satisfy Bloch’s theorem, which
states that a particle in a periodic potential will satisfy the wave equation
!!
!
!
! n k! r = ei k "r un k! r

()

()

!
!
where r is the direction of the potential, n is the index of the energy band, k is the wave
!
number, and the function un k! r is related to the periodic potential.

()

When considering a 3-dimensional crystal, the 2D surface state will satisfy the

(

)

Bloch theorem resulting in wavevectors parallel to the surface, k! = kx , ky . The surface
state corresponds to the n=0 band. Using this and solving the Schrödinger equation for E
with the Bloch wave equation yields
E=

#$ 2
! 2 k"
2m *

+ E0

where m* is the effective mass of the electron in this band and E0 is the bottom of the
surface state energy band and is surface dependent. Therefore the Shockley model for
surface states characterizes the resulting energy band as a parabolic dispersion curve with
respect to the energy and parallel wavevector.
In addition to having a Shockley-type surface state near the Fermi level, -0.067
eV, Ag(111) has a first order image state in the spz band gap that is unoccupied and has an
energy closer to the top of the gap, namely 3.9 eV above the Fermi level.47 The first order
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and all subsequent higher order image states originate from the coherent reflection of what
N. V. Smith calls “crystal induced” surface states.48 For distances greater than the bulk
potential termination height, image potential states exist as asymptotically decaying
waveforms with the maximum energy defined by the vacuum barrier, with the zero-th
order state corresponding to the “crystal induced” Shockley state and n ≥ 1 the image
states.

1.2.2 Adsorbate: Adenine (C5N5H5)
The nucleobase adenine is a heterocyclic aromatic purine (Figure 1.2). Due to the
aromatic rings of this molecule, there are associated π-orbitals that protrude from the
molecular plane. Adenine is also slightly polar with a calculated dipole moment of 2.18 D
along the plane of the molecule from the pyrimidine ring to the imidazole ring.19 There
have been a number of ab initio DFT studies, mentioned above, that calculated the
HOMO and LUMO of a single free molecule of adenine with a gap of approximately 4
eV. As briefly mentioned above, there have been several studies of adenine deposited on
a variety of substrates in order to explore self-assembly. Although presentations of case
studies are given throughout this thesis, a couple of examples will be summarized here. A
combined STM and DFT study by Maya Lukas26 revealed that adenine forms two selfassembled structures when physisorbed on a Au(111) surface. The adsorbate is found to
lie flat on the surface and to form double hydrogen bonds with three nearest neighbors and
a primary dimer pairing arrangement between molecules with no obvious commensuration
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with the substrate.

Qiao Chen’s combined STM, electron energy loss spectroscopy

(EELS), and ab initio calculation work9 shows that adenine forms well defined 1D chains
when exposed to Cu(110). These chains lie along the (±1 2) substrate direction, however
they attribute this alignment with intermolecular interactions rather than a strong
interaction between the adsorbate and the substrate. They also show that adenine does not
lie parallel to the surface, but rather the NH2 group is tilted slightly toward the surface
compared to the plane of the rings. Although in both cases adenine appears to have strong
adsorbate-adsorbate interactions compared to adsorbate-substrate interactions, there
appears to be some surface dependence on the organization.
As mentioned in the Section 1.1, Ag(111) is not expected to have a strong
interaction with adenine and by controlling the exposure parameters, there can be a weak
interaction between the adsorbate and the surface.

This allows the intermolecular

interactions to dominate the self-assembly and for hydrogen bonding between the
molecules as well as the electronic structure of a weakly bound assembly to be explored.
In this work, we propose to sufficiently control the exposure conditions to allow adenine
to physisorb to Ag(111). The result is that the adsorbed molecules assemble into wellorganized structures at low coverage discussed in full detail in Chapter 3. Chapter 4 will
present the effect of these films on the surface state of Ag(111) and explore the interfacial
electronic properties.
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Figure 1.1. Diagrams showing the potential energy (a) and surface state electron wavefunction
(b) from a surface with a periodic potential. The x-axis, z, represents the perpendicular
direction from the surface of the crystal where z = 0 is the terminating layer.
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Figure 1.2. Molecular structure of the nucleobase adenine.
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CHAPTER 2

Experimental Details

2.1 Apparatus Overview
All experiments were carried out in a custom built ultra-high vacuum chamber
with base pressure 7.5 x 10-11 Torr with full details given in a previous publication.1 A
brief description is presented here. The chamber houses sample cleaning and dosing
equipment for in situ sample preparation.

A high-energy ion gun (Omicron

NanoTechnology GmbH, ISE 10) and electron bombardment (e-beam) heater mounted on
a sample holder stage are used for noble gas ion sputtering and annealing cycles. Two
differentially pumped glass vial effusion cell dosers are mounted with line-of-sight
exposure to the sample stage and the microscope base. This system is also equipped with
low energy electron diffraction (LEED) optics, to be explained in full detail below, and a
residual gas analyzer (Stanford Research Systems RGA 300) in order to study the dosed
chemical species and for routine background gas analysis. In order to perform low and
variable temperature scanning tunneling microscopy (STM), a modified Besocke-style
STM stage is mounted on springs inside a pair of radiation shields that are in turn
connected to a flow cryostat (Advanced Research Systems, Helitran LT-3B). The inner
radiation shield for the microscope is connected to the cold tip of the cryostat (in direct
contact with flowing cryogen) while the outer radiation shield is connected to the flow
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return. The cold tip of the cryostat has a controllable heater (LakeShore Cryotronics, 331
Temperature Controller), and silicon diode temperature sensors (LakeShore Cryotronics,
DT-470-SD) that are mounted to the cold tip and microscope stage for monitoring the
temperature stability at low temperatures. All temperature readings of the microscope and
the sample are taken from the silicon diode sensor mounted to the microscope stage.

2.2 Sample Preparation
2.2.1. Ag(111)
The silver sample (MaTecK, GmbH) is a single crystal with a diameter of 6.5 mm
and height of 2 mm with a 0.3 mm wide, 4.9 mm diameter circumferential groove 0.4 mm
from the bottom used for mounting purposes. The crystal is polished to the (111) plane to
within 0.4°. The sample is mounted with molybdenum wires using the circumferential
groove to a molybdenum sample plate measuring 1.5 cm by 1.3 cm. A 5 mm diameter
hole was machined in the center of the molybdenum sample plate to allow for direct
access to the back of the sample for electron bombardment heating.
The crystal is typically cleaned with standard Ar+ sputtering (Ar backfilling of the
chamber to 2.4 x 10-4 Torr through the use of a high precision leak valve) with a beam
energy of 1 keV and a sputter current of approximately 3.5 µA/cm2 for 20 minutes. This
is followed by annealing the sample to 800 K for 20 minutes, through the use of the
ebeam heater mounted on the sample stage. In order to ensure and verify the crystallinity
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and by extension, the cleanliness of the sample, particularly after baking out the chamber
and exposing the crystal to ambient conditions, LEED experiments were performed.

2.2.2 Adenine
A fine adenine powder was commercially available (Sigma, 99%), however, to
ensure stability with our vacuum system, the powder was pressed into pellets. This was
done by compressing 1.5 g of fine adenine powder with 7000 psi for 1 minute, which
results in a solid 1.27 cm diameter by 0.847 cm thick pellet.2 Once the adenine pellets
were prepared, a single pellet was loaded into the effusion cell doser with line of sight
exposure to the sample preparation stage. The doser cell was pumped down and baked
out at approximately 385 K for 12 hours to remove residual water prior to the first use.
Before exposing a clean crystal to the pellet, the adenine was heated to 385 K for 2
hours to degas the doser source. The source vial was then exposed to the clean silver
crystal at room temperature by opening a gate valve between the vial and the chamber.
Various exposure times were used throughout this work, resulting in different coverages,
however, typical exposure time was 90 seconds with PUHV = 1 x 10-9 Torr.
After the sample was dosed at room temperature it was either placed directly into
the STM with the microscope (at either 300, 83, or 15 K) or it underwent a low
temperature anneal prior to imaging.

Although various anneal parameters, e.g.,

temperature and time, were tried, the following is the most successful procedure resulting
in organized domains of a different orientation than the non-annealed samples, and is the
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procedure which was used to obtain the images of annealed samples presented in Chapter
3. Low temperature anneals were done with relatively high dosed samples (120 second
exposure time), and by utilizing the heating element on the cold tip of the inner shield of
the STM. Using the temperature controller and one of the silicon diode temperature
sensors, the microscope was slowly heated to 340 K prior to inserting the sample. Once
this temperature was reached and the crystal prepared and dosed, the sample was placed
into the warm microscope.

After 5 minutes, the sample was removed from the

microscope and placed back in the sample preparation stage (300 K) while the STM was
cooled with liquid nitrogen. Once the microscope had reached 83 K, the sample was
placed back in the STM for low temperature imaging.

2.3 Low-Energy Electron Diffraction (LEED)
2.3.1 Principles of Operation
LEED theory starts from the properties of the incident beam, namely, a
monochromatic, low energy (< 200 eV) electron beam. The energy of the incident beam
can be related to the de Broglie wavelength by

!=

h
2mE

The diffraction of the incident electrons off of surface features follow the kinematic
diffraction theory, which states that there is one elastic scattering event per incident
electron. From the uniformity of their atomic structure, by definition, crystals of varying
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orientations provide a platform for coherent scattering of incident beams. In particular,
because the mean free path of low energy incident electrons is on the order of Ångstroms,
only the first few atomic layers contribute to diffraction. This defines LEED as a surface
sensitive technique compared to X-ray diffraction which is able to probe deep into the
bulk of crystalline samples, as well as limits the diffraction between parallel features on
the surface, i.e. there is no diffraction perpendicular to the surface. Diffraction wave
theory follows Bragg’s law, which provides an explanation of the observed parameters for
constructive interference of incident waves on a crystalline surface. Starting from basic
wave mechanics and geometry of crystalline features, Bragg’s law gives an upper limit for
the wavelength of the incident beam to be twice the distance between scatterers (λ ≤ 2d),
following the relation,
2d sin ! = n"

where θ is the incident angle and n is the order of diffraction.
In addition to the real space parameters defined by the Bragg law, there is a similar
relationship between the reciprocal space lattice vectors of the sample and the wavevector
of the incident beam (the reciprocal space equivalent of the wavelength). Constructive
interference resulting in a diffraction pattern follows the Laue condition in reciprocal
space

! "! "!
k = G + k!
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!
!"
!"
where k is the incident wavevector, k ! is the scattered wavevector, and G is a reciprocal
space vector between crystalline features. In the early 1900s, P. P. Ewald developed a
schematic to help visualized this relationship. Figure 2.1 shows a schematic of the Ewald
construction, which identifies the components with relation to the substrate and incident

!
beam. The incident electron beam is in the direction of the wavevector k , and the origin
!
of the vector is chosen so that k terminates at a reciprocal lattice point. This origin is
shared by a circle of radius k = 2π/λ. The diffraction condition defined by the Ewald
construction is satisfied if this circle (or sphere in 3D) intersects another reciprocal lattice
point.

!"
The lattice vector G connects these two intersecting lattice points with the

!"
diffracted electron beam in the k ! direction.
Diffracted beams are projected onto a phosphorescent screen, which yields a
reciprocal space representation of the atomic configuration of the sample. Due to the
relationship between real space and reciprocal space features, a large lattice parameter
corresponds to a small distance between corresponding diffraction spots. The distance
and intensity between diffraction spots can be used to characterize atomic/molecular
spacing and orientation at the surface as well as possible symmetry in the unit cell.
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2.3.2 Experimental Details: LEED
LEED experiments were performed with a commercial apparatus (Omicron
NanoTechnology GmbH, SPECTRALEED), which includes an electron gun, and a
phosphorescent screen (visible in reverse-view) to observe the diffraction pattern. A
monoenergetic electron beam is generated by running a current through a tungsten
filament and accelerating the ejected electrons towards the sample.

The elastically

scattered electrons are projected onto the phosphorescent screen held at a bias of 7 kV
after accelerating through a series of grids towards the surface normal. The diffraction
pattern on the phosphorescent screen is recorded using a CCD camera. For our silver
crystal and LEED apparatus, a first-order diffraction pattern is observed with a beam
energy of around 50 eV. Figure 2.2 shows a typical LEED pattern observed for our clean
Ag(111) sample used throughout this work.

2.4 Scanning Tunneling Microscopy (STM)
2.4.1 Principles of Operation
Utilizing quantum-tunneling phenomenon, G. Binnig and H. Rohrer developed the
scanning tunneling microscope in 1981 and received a Noble prize for this work in 1986.3
Electron tunneling arises due to a non-zero probability of an electron’s wavefunction
projecting through a barrier when there is a potential difference between the two walls of
the barrier. Binnig and Rohrer realized an application of this in vacuum systems with
spatially precise spectroscopy and later as topographic scans yielding a map of the
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occupied energy states along a surface, although it has since been developed as an ambient
microscopy technique since.4 Maintaining a sufficiently small gap allows the electronic
wavefunctions in the tip apex and the sample to overlap. If a small voltage (<10 V) is
then applied between the two, a tunneling current can be measured. Using a small bias
voltage eliminates possible field emission from the sample, which would instead yield an
image more closely resembling that of an optical microscope.5 In the limit of a small
tunneling gap and a small applied voltage, using the Wentzel-Kramers-Brillouin (WKB)
approximation, the tunneling probability, ℘, is

% 2z
(
! " exp ' #
2m$ *
& !
)
where z is the distance between the tip and the sample, m is the mass of an electron, φ is
the effective barrier height of the sample, i.e. the work function in eV. More explicitly,6

φ = (φsurface + φtip + eV)/2 - E
with φsurface and φtip the work functions of the sample and the tip, respectively, e the charge
of an electron, V the applied voltage, and E the energy of the tunneling electron.
Using a feedback loop in the electronic controls allows the tunneling current to be
held constant with the variations in the topographic and electronic profile of the scanned
area corrected for by a variation in the tip to sample gap. Using elastic tunneling theory,
the resulting current, It, is
It =

)

eV

0

!"tip ( E # eV ) "surface ( E, x ) $ %& ftip ( E # eV,T ) # fsurface ( E,T ) '( dE
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where ρtip is the local density of states (LDOS) of the tip, ρsurface the LDOS of the sample,
eV the energy in electron volts applied to the system by the bias voltage, T the temperature
of the system, and the function f() is the Fermi-Dirac function, which gives the
temperature dependent probability of filled versus unfilled energy states.7 Therefore,
combining the equations for the tunneling probability and the full integral the tunneling
current can be written as,
eV
% 2z
(
I t ! + "surface "tip exp ' #
2m$ * dE
0
& !
)

which more explicitly shows the relationship between the density of states, the applied
bias voltage, and the sample height. Furthermore, the piezoceramic material that controls
the XYZ position of the tip relative to the sample can reproducibly move with picometer
resolution for relatively high applied voltages, which reduces the noise of the system,
therefore, atomic and molecular scale features can be resolved. Figure 2.38 shows a
schematic of the STM-sample circuit.
As seen through the equation above, the atomic/molecular species at the apex of
the STM tip plays an important role in the measured current. In order to create and
maintain tips that are atomically sharp enough to measure electronic surface corrugation
with sub-Ångstrom resolution, a number of tip sharpening techniques have been used
including high voltage field emission (Vbias = 10 V, It = 1 nA) and voltage pulses (up to 10
V for less than 1 second), low-gap imaging (Vbias = 10 mV, It = 20 nA), slight contact
made between the tip and the sample, and finally mechanical alteration of the tip. Figure
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2.4 shows a schematic of tunneling with respect to the work functions of the tip and
sample, φtip and φsurface, and the Fermi energy, EF.
Once the STM tip is conditioned, topographic scanning is achieved by keeping the
tunneling current constant by using a feedback loop, described above, and rastering the tip
across a small (<1 µm2) surface area. If the sample is held at a positive bias with respect
to the tip (held at ground), then tunneling is from filled states in the tip to empty states in
the sample. If the polarity of the applied voltage is switched (negative sample bias with
respect to the tip) then tunneling originates from filled states of the sample to empty states
in the tip. With the voltage applied to the sample and the tip remaining at ground, only
the energy states that lie between EF and EF + eVbias contribute to the tunneling signal.
Therefore, the applied DC bias voltage determines the electronic states that are imaged.
The resulting topographic image gives a representation of the electronic profile of the
surface that is convolved with the surface morphology. Due to the sensitivity of the
system, STM allows for high-resolution atomic and molecular surface features to be
probed.

2.4.2 Experimental Details: STM
As mentioned above, the experiments for this work were conducted in a custombuilt ultra-high vacuum (UHV, base pressure = 7.5 x 10-11 Torr) chamber. The small
distance between tip and sample (~1 nm) for measuring tunneling current, however,
makes STM sensitive to vibrational noise. Therefore, vibration stabilizers are used as
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isolators for the chamber frame (Newport I-2000) from the floor, silicone based vibration
damping mounts between the chamber and the frame, and pneumatic isolators for the
Dewar attached to the flow cryostat on the chamber. In addition, the microscope itself is
suspended with four springs with magnets mounted underneath the microscope stage/base
for eddy current damping.
Our STM operates as both a low and variable temperature microscope by virtue of
housing the microscope stage in a pair of cryogenic shields with connections to the
cooling circuits of a low vibration flow cryostat (ARS Helitran LT-3B). By regulating the
temperature of the inner and outer cryogenic shields (constructed from oxygen-free high
conductivity (OFHC) copper) the temperature of the microscope base can be controlled.
A coaxial, vacuum jacketed and cooled shielded transfer line is connected to the cold tip
that in turn is in direct thermal contact with the inner shield. The other end of the transfer
line is a bayonet style transfer tube that is inserted directly into a liquid nitrogen (LN2) or
liquid helium (LHe) Dewar that has been custom fitted for this style of transfer line
(Machine and Welding Supply Company).

The cryogenic flow is established by

pressurizing the Dewar to 5 psi with either dry N2 or dry He, depending on the cryogen.
The exhaust from the cold tip is channeled back into the cold shield of the transfer line
with a flow meter connected between the cold tip and shield flow circuits. Reducing the
flow through this meter minimizes noise transmission to the microscope from the boiling
of the coolant upon hitting the warm shields. An additional regulator is attached to the
transfer line sleeve with access to the Dewar in order to maintain constant tank pressure.
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In order for STM to work properly and the XYZ position of the tip with respect to
the sample to have picometer resolution at low temperatures, the temperature gradient
between the tip and sample must be minimized. In our system, we achieve this thermal
stability by clamping the microscope base to the back wall of the inner shield, which is in
thermal contact with the cold tip. During scanning the microscope base is unclamped.
However, when the microscope base is unclamped, blackbody radiation leaks and minimal
thermal losses through the microscope’s wiring cause the temperature of the base to
slowly increase, particularly when using liquid nitrogen, until a new thermal equilibrium
point is reached. This thermal creep causes the STM tip to drift during scans in the XYZ
planes. Therefore, when cooling with liquid nitrogen the clamped microscope base is
counter-heated to 82.5 K while cooling for several hours before the base is unclamped.
Once thermal equilibrium has been achieved, the base is released and allowed to hang
freely on its supporting springs with the temperature remaining steady to within 0.5 K on
the order of days. Since there is a significantly different heat capacity for the microscope
materials at 15 K compared to 83 K, when using liquid helium thermal equilibrium for the
unclamped microscope base is reached on the order of an hour and so no additional
counter-heating is required. Figure 2.59 shows the microscope with the threaded hole to
clamp the microscope base (Figure 2.5C).

To further reduce vibrations from the

supporting springs, a magnetic damping stage (D) is mounted below the microscope for
eddy current damping.
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After the sample preparation is complete, it is placed directly into a sample holder
slot (Figure 2.5B) in the microscope base. This creates good thermal and electrical
contact between the base and the sample. The microscope itself is a modified Besockestyle STM.10 The major components of our STM are the mechanisms behind coarse
vertical motion, lateral motion (rastering the tip across a sample face), and the fine vertical
motion associated with maintaining a constant current using the feedback loop described
briefly in the previous section. Coarse vertical motion involves simply bringing the tip
into tunneling range with the sample. This is done by the use of 3 piezoelectric ceramic
tubes with four electrical quadrants along the outside of each tube and a separate electrode
on the inside of each tube (Figure 2.5E). The piezoelectric ceramic tubes (EBL products,
PZT 5A, 0.125 in. o.d., 0.012 in. wall thickness) are mounted in electrical isolation from
the molybdenum microscope base with sapphire spacers. The approach of the scan head
(Figure 2.5A) to the sample is achieved by the rotation of a molybdenum plate on which
the scan head is mounted which has a set of helical ramps (0.700 in. o.d., 0.035 in. vertical
range of motion). The ramps on the molybdenum plate rest on ruby bearings (0.0625 in.
diameter; Figure 2.5F) that are attached to the top of the walker tubes. The voltage
waveform (asymmetric sawtooth) applied to the outer quadrants of the walker piezotubes
effectively rotates the ramps through a stick-slip mechanism bringing the scan head down
to the sample until a user-defined threshold tunneling current is measured.
The lateral rastering motion of the scan head across a small area of the surface is
accomplished by the use of an additional piezotube, the scan tube (Figure 2.5G). This
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piezotube is also mounted in electrical isolation from the molybdenum helical ramps with
sapphire spacers. The scan tube is manufactured in the same fashion as the walker tubes
with the voltage applied to the four outer quadrants of this centered tube resulting in xand y-lateral motion.

The STM tip is inserted into a shielded coaxial syringe tube

assembly through the length of the piezotube, with the tip extending through the bottom of
the tube pointing towards the surface. The STM tip used throughout this work was a
mechanically cut Pt/Ir (90%/10%) wire and is held at ground with the bias voltage applied
to the sample, i.e. the microscope base. The shielded tip wire used to measure the
tunneling current is connected to a preamplifier (RHK Technology IVP-300) as well as a
multigrain preamp with an adjustable low pass filter (set at 500 Hz for this work). An
image is produced by rastering the tip with respect to the surface to cover a defined scan
area.
The fine vertical motion associated with constant current mode imaging is also
achieved by applied voltage to the quadrants on the outside of the scan tube. When the
electronics detect a difference between the measured tunneling current and the set point,
the feedback loop compensates for this by applying a voltage to the z-motion of the
scanning piezotube to either retract or extend the scan tube, which in turn decreases or
increases the tunneling current. The response time of this correction is determined by the
time constant and integrator gain of the feedback loop. A higher gain and lower time
constant yields a faster response time, and a low gain and high time constant yields a
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slower response time, however the effect that these conditions have on a scan is
determined by the sampling rate of the microscope.

2.5 Scanning Tunneling Spectroscopy (STS)
2.5.1 Principles of Operation
In addition to probing topographic features on a sample, scanning tunneling
microscopes can be used as a spectroscopic tool, the original design function, in order to
separate the electronic structure from the geometric structure. In our experiments, this is
done by the addition of a small, high frequency sinusoidal AC modulation voltage to the
DC bias voltage. A lock-in amplifier is then used to measure the same frequency in-phase
component of the tunneling current as to the applied AC voltage. In order to calibrate the
phase detection of the lock-in amplifier, the scanning tip is first slightly retracted out of
tunneling range, the amplifier is phased to the capacitive portion of the tunneling signal,
and then a 90° phase shift is adjusted for the measurement of the in-phase (conductive)
portion. This effectively filters the current signal so that only the conductive portion
remains. This results in detection of the first harmonic of the input tunneling signal.
Using a modulation voltage, the differential conductance, dI/dV, can be extracted
either spatially as a differential conductance map at a single DC bias voltage or
spectroscopically by holding the tip position at a single point and changing the DC bias
voltage through a set range, resulting in point spectroscopy plots of dI/dV versus Vbias.
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Using the electron tunneling equations of Section 2.4, the differential conductance can be
written as11
eV
dI
$!
= !"tip ( E # eV ) "surface ( E, x ) + % "tip ( E # eV ) "surface ( E, x )
dE
0
dV
$V

This expression, or the normalization of this expression ((dI/dV)/(I/V)), is used as a
measurement of the convolution of the LDOS of the tip and the sample, i.e. dI/dV ∝
LDOS.
Figure 2.6 shows a schematic of the different available functions of a STM
microscope that we utilized throughout this study: topography, conductance maps, and
point spectroscopy. This figure identifies the energy ranges and sampling methods used
in these three modes with illustrative images of data obtained throughout this work with
adenine on Ag(111). Using the STM as a point spectroscopic tool yields spatially precise
spectra, as opposed to surface averaged techniques such as ultraviolet photoemission
spectroscopy

(UPS),

electron

energy

loss spectroscopy

(EELS),

and

inverse

photoemission spectroscopy (IPS) to name a few. The remainder of this chapter describes
the two different STS techniques used in this work: spatially resolved differential
conductance mapping and single point differential conductance spectroscopy.
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2.5.2 Experimental Details: Tunneling Spectroscopy
2.5.2.1 Differential Conductance Maps (dI/dV)
In differential conductance mapping, the tunneling current is held constant through
the use of the same feedback loop as used in topography. The maps are taken at a single
DC bias and so multiple scans must be taken at different biases in order to obtain a
complete picture of the LDOS of the system. The result is simultaneously obtained
topographic and dI/dV maps.
As described in Chapter 1, Ag(111) has an inherent surface state resulting in a 2dimensional electron gas on the surface. In differential conductance maps this electron
gas manifests itself as a standing wave pattern with scattering off surface defects
(including adsorbates) and step edges. In other words, the electron scattering on the
surface is due to localized potentials and the standing wave results from the coherent
interference of reflected and incident waves, which results in LDOS oscillations.12
Although the standing wave patterns can be observed in both constant current and STS
modes, thermal smearing eliminates observable scattering in the topography of our system
for temperatures at and above 83 K. Figure 2.7a, however, shows the inherent standing
wave pattern observed on a clean silver terrace at 15 K. The rings of scattering are
initiated by surface defects.

Taking differential conductance maps as opposed to

topographic scans enhances the observed standing wave patterns in the sample since this
imaging mode is sensitive to electronic information at a single energy only. As mentioned
in Section 2.4, STM topographic scans involve tunneling from all states in the energy
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range between the bias voltage and the Fermi energy, while differential conductance maps
probes states at the specific energy of the applied voltage. Figure 2.7c shows a dI/dV map
showing scattering on a Ag(111) surface. By use of the STM analysis software package
WSxM (Nanotec Electronica S.L.) the wavelength of the scattered electrons can be
measured through the Fast-Fourier Transform (FFT) function. Using the relation
k! =

!
"

the corresponding wavevector can be extracted. Note that this is different from the
wavevector relation between the wavelength of incident electrons and the reciprocal space
equivalent wavevector discussed in the LEED section. The factor of two is dropped when
discussing FFTs of real space STM images because the image is a representation of the
LDOS, which is related to the norm square of the electron wavefunction by

!
!
LDOS r, E = ( ! k! r

( )

()

2

!
" $% E # E k &' .13 Since on Ag(111) the scattered waves occupy
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a nearly-free electron Shockley-type surface state, their scattering behavior follows the
dispersion relation,

E=

! 2 k"2
2m *

+ E0

where m* is the effective mass. Therefore, multiple dI/dV maps taken over a range of bias
voltages are required to obtain a dispersion curve (E vs. k||) of the surface state. In this
work, scattering was observed in the adlayer as well, therefore, wavelength measurements
were taken from differential conductance maps of the adlayer over a range of energies
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(bias voltages) and a resulting dispersion curve was obtained. Full presentation and
details of this are given in Chapter 4.

2.5.2.2 Point Spectroscopy
Differential conductance point spectroscopy is taken in a similar fashion to the
spatially resolved maps with a small (10 mV) high frequency (1 kHz) sine wave added to
the DC bias, however over a single point on the surface.

Point spectroscopy

measurements differ from dI/dV maps in that instead of maintaining a constant DC
voltage and rastering the tip across a designated area, point spectra are taken with the tip
at a single XYZ position and the DC voltage incrementally increased. For these
measurements the electronic feedback loop is turned off, resulting in a changing tunneling
current as the DC bias is varied. For our experiments, the bias voltage was ramped from a
negative (relative to the Fermi level) voltage to a positive voltage in 0.1 mV increments.
The result is a plot of dI/dV versus Vbias and yields a spectrum proportional to the surface
LDOS.
For the Shockley states present on our sample, the characteristic spectrum is that
of a step function. This corresponds to electrons tunneling into (or from) the bulk on the
bottom of the step to the 2D surface state on the top of the step. The inflection point of
this spectrum corresponds to the bottom of the surface state band, and is used as the E(k||)
= 0 point in the dispersion curves, with the spectroscopic curve increasing at higher
energy values because more states become available in the surface band.
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Figure 2.1. Schematic of the Ewald construction showing the reciprocal lattice,
incident beam and its corresponding wavevectors,
satisfying the diffraction condition.
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Figure 2.2. LEED diffraction pattern of clean Ag(111) sample with
beam energy 50 eV.
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Figure 2.3 Schematic diagram of the complete STM-sample circuit modified from Ref. 8.
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Figure 2.4.11 Schematic diagram of the tunneling between an STM tip
and the sample showing the vacuum energy, Evacuum, and the Fermi
energy, EF, and their work functions, φtip and φsurfae, respectively. The
shaded region identifies the filled states and the lines indicate the
wavefunctions of the electrons of the tip and the surface and the
asymmetric line on the left-most side of the surface diagram illustrates
the wavefunction of electrons on the surface. Figure 2.4a represents the
wavefunctions when the tip is out of tunneling range, b represents when
the tip is in close proximity with the surface such that the wavefunction
of the tip electrons overlaps those of the surface creating a trapezoidal
barrier and the two are in equilibrium, c represents tunneling when there
is a positive applied bias voltage, and d represents when there is a
negative applied bias voltage.
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F
G

E

Figure 2.5.9 Picture of the STM with the
following identified parts: A: scan
head/ramps, B: microscope base/sample
holder, C: threaded guide to clamp
microscope, D: magnetic damping stage,
E: 1 of 3 walker piezotubes, F: ruby
bearing for walking, and G: scan tube.
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Topography:

20nm

Local Density of States
(LDOS) ∝ dI/dV
20nm

Figure 2.7 Differential conductance imaging schematic14 identifying the energy states imaged under the
three STM experimental techniques used in this study. The red layers indicate filled electronic states,
the blue layer indicates the Fermi energy, EF, and the white layers indicate empty electronic states. STM
images (46.2 nm x 36.9 nm) taken at 83K with Vbias = 50 mV, It = 100 pA, with the dI/dV map taken
with Vrms = 10 mV, f = 1 kHz. The point spectroscopy is taken for energies from -200 meV to +350
meV.
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a

b

c

Figure 2.7. Clean Ag(111) images taken at (a) 15 K and (b), (c) 83 K. Figure 2.7a (110.9 nm x 167.8
nm) shows the scattering observed in a topographic image of clean silver at 15 K, whereas Figures b
and c (69.2 nm x 69.2 nm) show the topography of a clean silver step and the corresponding
differential conductance scattering, respectively, observed at 83 K. Imaging conditions: (a) Vbias = 50
mV, It = 100 pA; (b) & (c) Vbias = 55 mV, Vrms = 10 mV, It = 100 pA, f = 1 kHz.
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CHAPTER 3

Adenine/Ag(111) Organizational Structure

3.1 Introduction
The nucleobase adenine (6-aminopurine, C5H5N5, Figure 3.1) is a heterocyclic
aromatic purine derivative and one of the four main molecular components in DNA.
Various biomolecules have been recognized as possible components in biosensors,
however the four nucleobases—guanine, cytosine, adenine, and thymine—have known
selectivity in biological systems and could therefore prove to be particularly useful
components.1,2

Surfaces and interfaces are important in different types of sensor

architectures, and therefore, in order for any device development to begin it is essential to
first understand the behavior of active molecular elements at relevant surfaces. Transition
metals, particular inert noble metals, are currently used in electronic and chemical sensing
components and therefore are ideal platforms for the study of model systems of
nucleobase adlayers.

One experimental technique that allows for organization and

electronic information for molecules on surface and interfaces to be obtained is STM. The
self-assembly of nucleobases, in pairs and in isolation, have been studied using STM on
various metallic substrates.3-5 Considering a nucleobase in isolation, various experimental
work6-8 has shown adenine to form organized structures composed of dimer pairs of single
adenine molecules when physisorbed on transition metal crystals such as Au(111),

43

Cu(111), and Cu(110). Ab initio DFT studies have also been performed for adenine6,8,9-11
in order to determine the most energetically favorable intermolecular bonding for these
pairs in the gas phase. No work has been done, however, on Ag(111), a substrate that
does not experience a native surface reconstruction, has low atomic corrugation, is not
expected to react chemically with adenine, and has a surface state close to the Fermi level.
Due to the chemical structure of adenine and of Ag(111), discussed in Chapter 1, this
system can potentially yield information into adsorbate-adsorbate hydrogen bonding
strengths as well as the preferred self-assembly of adenine when exposed to an inert
surface. We therefore chose to consider the self-organization of adenine on Ag(111) and
the corresponding electronic interface.

This Chapter focuses on the structural

organization. Comparisons have been made with regards to the geometry and physical
parameters between calculated gas phase structures from previous studies and those that
have been experimentally observed in this work.

3.2 Experimental Details
All experiments were performed in a custom built ultra-high vacuum system (base
pressure 7.5 x 10-11 Torr), with a low and variable temperature scanning tunneling
microscope, low-energy electron diffraction optics, and sample preparation equipment.
The silver crystal is cleaned by standard Ar+ sputtering (1 kV, 3 µA/cm2) at 300 K
followed by annealing at 800 K. Adenine was sublimated from pellets loaded in an
effusion cell doser after being pumped down to vacuum and degassed at 385 K for 2
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hours. The molecules were subsequently exposed with direct line of sight to the clean
Ag(111) crystal at room temperature with a back-fill pressure of up to 1 x 10-9 Torr. The
sample was then either placed directly in the microscope for imaging at 300, 83, or 15 K,
or the sample was annealed by placing it in a preheated (340 K) microscope for five
minutes, removing it, and then placed back in the microscope once it had cooled to 83 K.
All STM topographic images were recorded in constant current mode.
In order to clarify the features seen under each experimental condition, the
following results section is divided into subsections devoted to each of these setups. The
remainder of this chapter will present comparisons drawn between these experiments
followed by a discussion of the behavior and features presented in Section 3, and a brief
summary of the organization of adenine films on Ag(111).

3.3 Results
3.3.1 Adenine/Ag(111) Imaged at 300 K
After exposing the silver crystal to the sublimated adenine pellet for 150 seconds,
the first priority was to determine whether or not the molecules adsorbed to the surface
through the use of LEED described in Chapter 2. For this, we used an electron beam with
energies up to 65 eV. Since the flux of the dosing system for adenine was unknown, and
therefore the exposure time to achieve a complete monolayer undetermined, we performed
multiple 150 second exposures of the sublimated adenine to the crystal. After each
individual dose, LEED was performed with Ag(111) remaining as the only observed
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diffraction pattern. In other words, for exposure times of 150 seconds and greater the
LEED patterns just revealed the diffraction pattern for Ag(111). After subsequent cycles
of dosing and LEED imaging with the total dose time of 10 minutes (4 cycles), the silver
diffraction spots began to decrease in intensity. After a total dose time of 12.5 minutes (5
cycles), the silver diffraction spots were no longer present. Since the substrate diffraction
pattern disappeared, we suspected that we had achieved a multilayer of adenine.
However, since we did not observe an associated LEED pattern, either the adenine
overlayer is highly disorganized or highly mobile, or the electron beam affects the film
inducing dissociation, desorption, and/or damage to the sample making a discernable
diffraction pattern impossible. In other words, if adenine was in fact adsorbing to the
surface, the lack of an adenine LEED pattern implies that the interaction between the
adsorbate and the surface was not strong enough to create stable structures at room
temperature with the molecules weakly bound to the surface and/or easily disrupted by the
incident electron beam.
In order to explore possible organization and confirm adsorption of the molecule
to the surface, the highly dosed sample (12.5 minute exposure time) was placed in a room
temperature STM immediately following the LEED experiment.

This revealed high

coverage of adsorbed molecules. Therefore, we can conclude that adenine physisorbs to
Ag(111) at room temperature. Figure 3.2 shows room temperature STM images taken at
high (>1 ML) coverage on Ag(111). This shows adenine clusters on top of a monolayer
imaging as topographic protrusions under these scanning conditions. Image 3.2a is a large
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scan size image (350 nm x 278.9 nm) and shows molecular chain formations along with
free molecules on the terraces. The chain length varies from 18.8–35.9 nm with an
average width of 5.40 nm and heights measured between 0.4–0.6 nm with the chains
appearing to deform and decrease in length when rescanned. Figures 3.2b and c show an
initial scan and an immediate rescan of a pair of adenine clusters with scan conditions held
constant. The groups on the left-hand side of the frame become shorter while the clusters
on the right-hand side appear to become distorted. The mobility of this system will be
discussed in Section 3.4.4. Although these small domains on top of the monolayer are
mobile, the system’s high coverage does not necessarily give insight into the adsorption
behavior of adenine on the Ag(111) surface.
Figure 3.3 gives an overview of domains and molecular resolution observed at
room temperature with sub-monolayer adenine coverage (sublimated exposure time: 90
seconds). Adenine islands image as topographic depressions on the silver substrate with
nucleation along the bottom of the step edge. Another interesting feature of island growth
(Figure 3.3a) is the relative angle between the silver steps and the front and side edges of
the film. For every island observed at room temperature, the front edge lies parallel to the
bottom of the step edge on which it lies and the sides are at a 45° rotation to the right or
left. Although the absolute orientation of the step edges varies over the surface, this
relative rotation appears to hold, i.e. there is consistently a 45° rotation between the left
(or right) boundary and the front (or back) boundary of the domains, with the front edge of
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the domain consistently lying parallel to the silver step edge.

This indicates some

coherence with the substrate lattice, which will be discussed in Sections 3.4.2 and 3.4.3.
Figure 3.3 additionally shows three prominent features in the film as well as the
molecular correlation with the Ag(111) lattice. As discussed in Chapter 1, the absolute
substrate orientation is unknown without determining the relative positions of bulk atoms
with, e.g., X-ray scattering. Therefore, we have assigned in-plane, azimuthal surface
lattice directions based on the 2D orientation of the substrate.

Although there are

numerous equivalent positions with this arbitrary assignment, doing so allows for ease of
discussion, and, therefore, important organizational information to be extracted such as
the relative molecular arrangement with respect to binding sites on the surface. Taking
each bright feature as a single adenine molecule, the average molecular length is 0.7 nm,
which is approximately the expected value for an adenine molecule lying flat on the
surface.6,12 Figures 3.3b and c show adenine forming dimer pairs, which is similar to
structures observed on Au(111)7, Cu(110)6, Ag-terminated Si(111)10, Si(100)2 x 113,
Cu(111)8,11, and graphite.14 Two domains are also observed with the alignment of the
dimers undergoing an approximate 79° rotation between the two domains. These domains
are identified as the major and minor domains throughout the remainder of this document.
The major domain is the primary structure observed in the islands, i.e., the majority of
dimer pairs orient themselves along the directions associated with the major domain. The
minor domain refers to the secondary orientation observed as small patches within the
major domain.

Rows of dimer pairs identified in Figure 3.4 lie along particular
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misalignments with respect to the 2D silver lattice directions indicated in Figure 3.3.
Specifically, there is an approximate 90° rotation from 110 for the major domain, which
corresponds to the 112 2D lattice direction, and a 19° rotation from 101 for dimer
rows in the minor domain. The major direction of molecular alignment is along the 211
direction, in that along this crystalline angle the bottom molecules in a dimer pair
throughout both domains align. Figure 3.4 shows images taken at 300, 83, and 15 K with
the dimer rows, molecular rows, top molecules, and bottom molecules labeled.
Figures 3.5 and 3.6 show sequences of images taken with the same sub-monolayer
coverage. These figures highlight interactions typical for low coverage adenine islands
imaged at room temperature. In Figure 3.5a, adenine forms films that are highly ordered
and yet easily disrupted by the STM tip. Figures 3.5a-d show the influence of varying the
tip to sample bias voltage. These images are rescans of the same area at tunneling
junction biases of 200 mV, 100 mV, 50 mV, and 200 mV, respectively.
In order to further investigate tip induced dissociation, systematic rescans were
taken in which the lateral sample position remained fairly constant and the bias was
decreased in increments of 10 mV. The results are shown in Figure 3.6. Images along
each row have the same applied bias voltage, with three scans taken for each set of
tunneling conditions. A slight position correction was made between Scan 3 at 100 mV
and Scan 1 at 90 mV. Red and blue markers are given to identify the same features
between this move.

49

Figures 3.7a and b are also rescans of the same area under different tunneling
conditions, however in these scans the bias voltage is increased from 200 mV in Figure
3.7a to 300 mV in Figure 3.7b. Note the vertical scan direction of these images, which
can be seen by the noise on the silver terrace. This image shows a typical bare patch in
films observed at room temperature imaging, which lie along the back edge of the film
next to the bottom step edge of the silver terrace. Further discussion of mobility will be
given in Section 3.4.4.
In order to eliminate some of the mobility of the molecules, the sample was cooled
with liquid nitrogen (83 K). Decreasing the temperature freezes out molecular translation
and rotation, as well as significantly reduces the hysteresis of the piezotube, which
effectively allows the tip to retrace the same area more precisely. This allows for a higher
precision of molecularly resolved images. The remainder of the experiments presented
here were performed at low temperature.

3.3.2 Adenine/Ag(111) Imaged at 83 K
Figure 3.8a shows typical coverage of Ag(111) substrate after a deposition time of
75 seconds imaged at 83 K. Adenine images as a topographic protrusion on the silver
terraces with domains forming on the bottom of the step edge without traversing the step
edge. Figure 3.8b shows a high resolution STM image of an island with one uniform
domain. Similar to images obtained at 300 K, here the molecules appear to be forming
dimers when adsorbing to the surface. Figure 3.8b also shows typical defect sites seen
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throughout domains imaged at 83 K, however, row distortions like those observed at 300
K were not observed.
Another difference in the scanned films imaged at a lower temperature is that
instead of bare regions in the films being isolated to the bottom of the step edge, there
were patches of bare silver in the center of the films as well. Figure 3.9 shows typical
vacancy islands that appear throughout the films.

These sites are thought to form

spontaneously, as with the edge sites at room temperature scanning. However, with a
lower temperature the adsorbates have less energy to overcome the diffusion barrier,
which reduces any induced dissociation at room temperature. Therefore, molecularly
resolved images taken at lower temperatures were with a lower bias voltage (smaller
tunneling gap) than that used at 300 K, and the mobility observed around the vacant
patches at 300 K in Figure 3.7 was not observed at these lower temperatures.
Similar to the room temperature images, within certain islands the adsorbate forms
two distinct domains aligned with particular 2D substrate lattice directions. Figure 3.10
shows images taken on islands at 83 K, with domains labeled A and B. Figure 3.10a
shows the overall orientation of the islands with respect to the Ag(111) terraces. The front
edges of the domains are perpendicular to the substrate step edges, while the sides of the
islands are aligned at a 45° offset. The two domains in Figure 3.10b appear to have
somewhat similar overall structure, however the angle of rotation between these domains
is approximately 40°. Like the molecularly resolved images taken at room temperature,
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adenine molecular rows (Figure 3.4b) align with the 211 direction in the major domain,
however, the molecules from the dimer pair that constitute a molecular row at 83 K are
inequivalent with molecules within a molecular row at 300 K. Considering the dimers to
lie along the y-scan direction, we define the molecules in a pair as either “top molecules”
or “bottom molecules” with the top molecules closer to the top of an image and the
bottom molecules closer to the bottom of the image. Figure 3.4 has top and bottom
molecules identified for the 300, 83, and 15 K non-annealed samples. Considering the
inequivalent molecular rows, the 211 molecular row at 300 K was composed of either
all top molecules of a dimer pair or all bottom molecules. At 83 K, the 211 molecular
row is made from alternating top and bottom molecules from neighboring dimer pairs.
This will affect unit cell coherency between temperatures, discussed in Section 3.4.3. The
minor domain of adenine lies along rows at an approximate 10° counter-clockwise
rotation from 121 . The dimer rows orient themselves at slight offset angles with respect
to the Ag lattice directions: 90° rotation from the 110 direction for the major domain
like at 300 K

( 112 ) and a 45° counter-clockwise offset from the

110 direction for the

minor domain. However, the dimer pairing itself in Figure 3.10b differs in structure
between the two domains.

Domain B shows very rigid pairing with each molecule

imaging as a bright lobe in the pair that forms a figure eight. Domain A does not have the
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tight dimer structure seen in Domain B, and the molecules image as slightly disordered
triangles.

3.3.3 Adenine/Ag(111) Imaged at 15 K
Cooling the sample further to 15 K yields similar results to the structures imaged
at 83 K. Two domains are observed with numerous defect and vacancy sites throughout
the film.

Figure 3.11 shows the orientation of island edges and the alignment of

molecules in the two domains. Although the perimeter of the films has staggered edges,
the same 45° rotation is observed. The molecules are aligned through both domains along
a slight rotation from the 211 substrate direction as seen at 300 K (at 83 K molecular
rows in the 211 direction were only observed in the major domain). The molecules
constituting the rows appear to be either all bottom or all top molecules of neighboring
dimer pairs (Figure 3.4c), like the domains observed at 300 K. The dimer pairing also has
the same orientations as those observed at 300 and 83 K for the major domain, namely,
the 112 direction, and approximately along the 011 direction for the minor domain
although the minor domain images lacked the quality of molecular resolution as those for
the major domain.
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3.3.4 Adenine/Ag(111) Imaged at 83 K with 340 K Sample Anneal
In order to possibly induce an alternative morphology for this weakly bound
adsorbate, as well as to qualitatively determine the strength of interactions dictating order,
the adenine samples were annealed at relatively low temperatures. Various annealing
experiments have been performed on other adenine/metal systems,6,15 resulting in new
domain configurations, however, no work has been done considering the effect of sample
annealing conditions on adenine mobility.

Here we present preliminary images of

annealed adenine films and in Section 3.4.4 qualitatively discuss the observed molecular
mobility.
After exposing the clean silver crystal at 300 K to sublimated adenine for 120
seconds and annealing the sample for 5 minutes at 340 K, we cooled it down to 83 K for
imaging and observed new domain formations. For these annealing experiments the
exposure time of the clean crystal to the sublimated adenine was increased, because even
at 340 K adenine readily desorbed from the surface. Therefore, the combination of the
short anneal time and subsequently cooling the annealed sample to 83 K maintained island
sizes comparable to the lower dosing time coverages of the non-annealed sample. Figure
3.12 shows the alignment of the annealed adenine islands and domains with respect to
substrate lattice vectors. Figure 3.12a shows the edge alignment of the islands with
respect to Ag(111) steps, which shows 38° between the silver steps and the domain edges.
Note the apparent overflow from the bottom step edge of a silver terrace to the front. The
film appears to traverse the width of the silver terrace, however this is likely due to the
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increased coverage. In Figure 3.12b, the perimeter of the islands image as disordered
regions of adenine with the center and majority of the island forming well-organized
domains. This system continues to promote the formation of dimer pairing between
adenine molecules, but the alignment is slightly skewed, with dimer rows aligning along
the 112 direction in the major domain and approximately along the 110 direction in
the minor domain (Figure 3.12c).
Upon closer inspection of the perimeter regions, the disorganization appears to be
molecules loosely bound to the surface. These loose clusters contain no apparent dimer
pairs or registry with the underlying lattice. Figure 3.13 shows a sequence of scans
highlighting the mobility of these clusters along the perimeter of adenine islands. The
white arrows serve as markers for the same area on the scan showing the movement and
distortion of these loose molecules upon subsequent scans. The fast scan direction for
these images is in the horizontal direction, and the distortion of the clusters appears to be
along this axis.

3.4 Discussion
3.4.1 Adenine Islands and Dimer Pairing
Considering the chainlike clusters on the adenine overlayer of Figure 3.2, in which
the total dosing exposure time was 12.5 minutes, some insight can be gained into the
organization of high coverage domains.

Adenine has been seen to form chains on

Cu(111) and graphite.11,14 However, since the lateral dimension of a single adenine
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molecule is around 0.65 nm, we conclude that these chainlike structures are not the same
as the single stranded chains observed by T. Kawai in his work with adenine/Cu(111)8,11
or as double stranded chains of adenine grown from solution on graphite at room
temperature.14 These previous results also utilized low coverage (<1 ML), and so cannot
be directly compared to the interactions and properties observed on the multilayer clusters
that we observed with high coverage.

It is clear, though, from Figure 3.2 that the

overlayer groups are highly mobile and easily disrupted by the scanning tip of the
microscope. However, since we believe that the multilayer clusters are incommensurate
with the substrate, the coverage must be lowered in order to gain insight into the selfassembly of these films and possible influences from the Ag(111) substrate.
Lowering the deposition time yields sub-monolayer coverage in which several
distinguishing organizational characteristics are observed. Figure 3.14 shows adenine
islands on Ag(111) terraces under the four experimental conditions: (a) 300 K imaging,
(b) 83 K imaging, (c) 83 K imaging after annealing the sample to 340 K for five minutes,
and (d) 15 K imaging. All four conditions give organized structures on the bottom step
edges of silver.

3.4.2 Domain Orientation and Features
The majority of the features present in the adlayer carry over as the temperature of
the system decreases. Figures 3.3 and 3.8 show similar film defects at room temperature
and liquid nitrogen temperature imaging. As seen in Figure 3.8, some defects image as
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topographic depressions while others appear to be ring structures formed by rotated dimer
pairs with a vacancy site in the center. Although both are possible artifacts of substrate
interactions (e.g., Ag(111) defect sites) the apparent spontaneous trough-like vacancy
depression is not immediately identifiable as a possible substrate effect. In addition, the
domains observed after annealing the sample appeared to be defect-free, which would
indicate the mechanism behind the defects lies in the formation of the organized domains.
Further investigation is required to determine the origins of these defect sites.
Row distortions in Figure 3.3b appear to be kinks, or rotations, in the dimer rows
of a single domain.

Although some dimer misalignment was observed at lower

temperatures, they were always accompanied by a molecular vacancy. The stand-alone
row distortions were only observed for room temperature imaging, which may suggest
that it is an artifact of increased mobility at higher temperatures and not as an inherent
film trait, however, without experiments to probe the kinetics of film growth and to
identify the mechanism behind defect and row distortion formation further comments
cannot be made.
One interesting feature that was present for the non-annealed sample at all three
temperatures is the front edge of the domains lying parallel to the step edge and a 45°
angle between the sides of the island and silver steps (Figures 3.3, 3.10 and 3.11).
Comparing these angles with the domain orientations (white arrows) indicates that the 45°
angle between the domain edges is possibly due to the rotation of the dimer pairs
themselves. This can most easily be seen in Figure 3.10. Two dimer pairs are highlighted
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in Figure 3.9b by a dashed oval. Between the 110 direction and the 45° white arrow
there are an increasing number of dimer pairs that can fit along a particular dimer row. In
other words, the angle between the front edge and the sides of the islands is due to the
initiation and termination of dimer rows.
Another feature in these figures is the alignment of molecular rows with the 211
2D silver lattice direction for all temperature ranges with this alignment holding
throughout both domains for 300 and 15 K images.

Having the molecules of both

domains sharing the dominant alignment direction has also been observed with two
domains of adenine when adsorbed at room temperature on Ag-terminated Si(111).10 This
directional preference is present as the temperature decreases, which is one indication of
stronger van der Waals interactions between the film and the substrate along a particular
molecular orientation. Comparing the dimer pairing directions of the cooled sample with
those observed at room temperature, the major domains maintain the dimer row alignment
with the 112 direction, while in the minor domains dimer rows undergo rotations. The
misalignments of the observed minor domains are possibly due to weaker van der Waals
interactions in these regions, which can factor into the increased mobility we observed.
Adenine is a polar molecule with a dipole moment of 2.18 D,9 however, this has not been
determined to be the driving force behind organization on other surfaces. Although there
is a discrepancy between the observed molecular rows imaged at 300 and 83 K (Figures
3.4a and 3.4b) with inequivalent molecules contributing to the molecular rows, we believe
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that this is due to statistical variations and not directly associated with the change in
temperature. In other words, the inequivalent molecular rows observed for the sample
imaged at 83 K and the rows observed at 15 and 300 K are not due to the sample
temperature, but are in fact due to the particular domains that were imaged. Although we
achieved molecular resolution in multiple domains and experimental runs, we believe that
if a larger catalog of experiments devoted to obtaining molecularly resolved images were
conducted that we would observe both configurations of molecular rows along 211 at
all three temperatures. Since the molecular rows are inequivalent, the packing density and
unit cell dimensions differ between our recorded domains for the different sample
temperatures.

3.4.3 Unit Cells and Proposed Molecular Structure
Using the molecularly resolved images of the non-annealed sample at 300, 83, and
15 K, along with the annealed sample imaged at 83 K we can show the rotation and
distortion of the unit cells of these structures. Figure 3.15 shows a summary of all four
experimental conditions with the unit vectors drawn in red and blue and the image’s
corresponding 2D fast Fourier transforms (FFTs).

The unit cell dimensions are as

follows: (a) 300 K: 0.916 nm x 1.07 nm, (c) 83 K: 1.05 nm x 1.55 nm, (e) 83 K anneal
sample: 1.41 nm x 1.00 nm, and (g) 15 K: 0.976 nm x 1.27 nm, with the angles between
the vectors in all unit cells equal to 104°. The FFTs on the right-hand column yield the
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unit cell measurements in the spots labeled 1-3. For the non-annealed samples the FFTs
also give the distance between molecules in the dimer pairs (spot 4). The molecular
distances are as follows: (b) 300 K: 0.621 nm, (d) 83 K: 0.773 nm, and (h) 15 K: 0.657
nm. The unit cells for the non-annealed sample are composed of equivalent molecules,
i.e., the red vector intersects two neighboring top molecules in a dimer pair and the blue
vector intersects a top molecule, a bottom molecule, and another top molecule.
Additionally, the angles between the vectors remain constant for all temperatures.
However, there are two properties of the unit cells that are not equivalent throughout our
experimental temperature range: the length of the vectors and their orientation with
respect to the substrate. Although some discrepancy can be expected between sample and,
particularly regarding the size of the unit cells, be due to lowering the temperature of the
sample, which can slightly increase the packing density, or due to inaccurate calibration of
the piezotubes for the different temperatures, the large rotation of the unit cell imaged at
83 K implies an additional driving factor. There is an approximate 30° rotation between
the unit cells identified for 300 and 15 K and the unit cell at 83 K. In addition, the red unit
cell vectors for 300 and 15 K align with the 211 direction, i.e. along the molecular rows
discussed above. Since we have equivalent unit cells for all temperatures and since the
molecular rows along 211 at 83 K are inequivalent with those at 300 and 15 K, we
expect the unit cells to undergo a rotation. The red unit cell vector at 83 K aligns with the

110 2D silver lattice direction. Since there is still registry with the underlying lattice,
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we do not associate the domain at 83 K with the minor domains of 300 and 15 K. Instead,
we believe this implies that the inequivalent molecular rows along 211 are due to the
presence of a rotational domain. In other words, the domains that we sampled at 83 K
were the same as those sample at 300 and 15 K however rotated by approximately 30°.
Due to the atomic structure of our surface, this indicates different adsorption sites with
respect to the silver lattice in the two rotational domains. Figure 3.16 is a schematic of the
Ag(111) atomic orientation with the proposed molecular structure overlaid (blue). These
schematics are for the non-annealed sample at 300 K (a), 83 K (b), and 15 K (c). The
figure includes the 211 and 110 2-dimentional lattice vectors (grey arrows) identified
earlier with regards to dimer and molecular rows, along with the unit cells from Figure
3.15.
As mentioned in Section 3.1, taking each bright feature to be a single adenine
molecule, topographic measurements indicate that the molecule lies flat on the Ag(111)
surface. Although numerous experimental and theoretical studies have found adenine to
lie parallel to other substrates,13,16-18 no work has been done to consider the effect of a
Ag(111) substrate on the adsorption of adenine. Due to the size of the adenine molecules
and the fact that they form dimer pairs on a variety of substrates, most calculations
performed for energy minimization were done with the molecule in the gas phase.6, 9-12
Although the absolute orientation of the adenine molecules on Ag(111) must be obtained
through experimental spectroscopy, e.g. near-edge X-ray absorption fine-structure
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spectroscopy (NEXAFS) or X-ray photoelectron spectroscopy (XPS)) combined with
density-functional theory (DFT) calculations in which the molecules are relaxed on a
Ag(111) slab, comparisons can be made with regards to the geometry of dimer pairing
calculated from gas phase models.
Comparing each of the proposed models with the STM images obtained at 300, 83
and 15 K, one combination of three dimer pairs correlate with the images for all
temperatures (a total of four molecules and six intermolecular hydrogen bonds, two bonds
between adenine molecules). Figure 3.17 shows (a) room temperature, (b) liquid nitrogen
temperature, (c) liquid helium temperature, and (d) high resolution liquid helium images
with the proposed molecular orientation overlaid. The two hydrogen bonds between each
dimer pair are shown as dashed lines. Some discrepancy between the proposed gas-phase
models and the actual configuration on the silver crystal is expected due to STM imaging
errors and with molecular relaxation on the surface. Although we have determined that
adenine is weakly bound to the surface, these dimer pairing hydrogen bonds can expand
and contract depending on substrate interactions. The bonds labeled 1, 2, and 3 have
stabilization energies of -0.03 eV/dimer, -0.44 eV/dimer, and -0.19 eV/dimer,
respectively. Bond 1 is the weakest of the three configurations, and is also the bond
between molecules in the dominant molecular row.

Since adenine appears to be

commensurate with the substrate along the 211 direction we propose that adsorbatesubstrate van der Waals interactions dominate this molecular alignment. However, since
the dimer pairs themselves are misaligned with the substrate’s 2-dimensional lattice
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vectors and since there are significantly stronger bonds between the molecules holding the
dimer rows together, we propose that the dimer row orientation is dominated by
adsorbate-adsorbate interactions. Similar dynamics into a lateral registration with the
substrate was observed on Au(111)15 in which there was weak registry with the gold
surface lattice initiated by a partial charge transfer from the surface to the π* system of
adenine.
Figure 3.17d shows a high-resolution image at 15 K. In this image, from Figure
3.11c, each bright molecule in the dimer pair appears to have two lobes. The proposed
molecular orientation does not immediately identify the source of these features, however,
lobe separation that is not associated with individual aromatic rings has been observed in
studies of aromatic molecules on (111) metallic substrate.14,19,20 These features can often
be associated with specific binding sites on the surface, since STM constant current
images yield spatially resolved measurements of the electronic density of states of a
system. The annealed sample was not considered for molecular orientation models due to
the poor resolution of those images.

3.4.4 Mobility
As seen in both the room temperature and the annealed sample images, the
mobility of the molecules on the surface is temperature dependent with the STM tip
inducing dissociation for these samples. Figure 3.7 is a room temperature image in which
molecules along the perimeter of a bare patch in the film appear to have a higher mobility
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than those in the center, and can either fill gaps or create larger bare region as highlighted
by the arrows.
Considering the noise along the silver terraces imaged as sharp spikes in the
topographic linescans, the mobility of single molecules on the surface comes into
question.

Room temperature STM studies of adenine monolayers on SrTiO321 and

Cu(110)12 reveal similar interactions. Braun and Hla22 investigated the induced molecular
mobility by an STM tip in constant current mode on individual sexiphenyl molecules
physisorbed to Ag(111) at 6 K. Sexiphenyl is a chain of six π-rings with alternating rings
at a 20° - 40° off-axial rotation. This work investigated the lateral manipulation of these
chains on the surface, and found that the chains can be dragged across the surface by the
interaction of the STM tip with the front edge π-ring. In this work they observed sharp
increases and decreases in topographic line scans which they attribute to the molecule
twisting on the surface due to the off-axial rotation of alternating rings. Although we
maintain that adenine molecules remain parallel to the surface and do not experience any
comparable rolling as in the sexiphenyl work, this study shows that individual molecules
with π-rings, like adenine, can be readily manipulated by topographic STM imaging.
Maya Lukas’ work with adenine on Au(111) imaged between 120 – 170 K indicated the
same noise features observed on clean gold terraces.7 After performing ab initio DFT
calculations on this system, they attribute the noise to the diffusion of adenine molecules
on the substrate, which has a negligible potential energy corrugation, similar to Ag(111).

64

The noise features were observed at relatively low coverage when imaging a cooled
sample. This was not observed for our sample at any coverage on a cold film, although
our work was limited to temperatures of 300, 83, and 15 K and the specific temperature
region used on Au(111) was not explored. Although the experimental conditions differ,
the similarities between substrate energy profiles allow for comparisons to be made
between the mechanism of topographic noise found on the Au(111) and that for our
Ag(111) sample.
Upon subsequently cooling the annealed sample to liquid nitrogen temperatures,
we were able to observe that these films also exhibited diffusion behavior. The final
anneal conditions included a higher dose time, however the final domain size was
comparable to the lower dosed non-annealed samples. Therefore, some of the molecules
were desorbed while the sample was heated. Figures 3.12 and 3.13 show diffuse, loose
molecules around the parameter of organized domains. These regions do not appear to
have dimer pairs or any row alignment. The final anneal preparation cycle was shown to
give the film new domains while leaving the majority of the molecules on the surface.
Therefore, we hypothesize that this setup adds enough thermal energy during the anneal to
desorb molecules from the surface. However, the duration of the anneal and subsequently
cooling the sample down to 83 K prevents the desorption of the entire film and leaves
some regions of disordered molecules.
As mentioned with regards to Figure 3.7 with the tip distortion on room
temperature adenine islands, Figure 3.13 of the annealed sample at 83 K yields further
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evidence into the scan direction playing a roll in the movement of loose molecules. Since
these noisy features were predominately observed for room temperature and annealed
systems, we conclude that the added thermal energy in these systems allows for the
molecules to more easily overcome the diffusion barrier to be manipulated by the STM
tip. Topographic noise from adenine diffusion was also imaged by Perdigão et al.10 in his
room temperature study of adenine on Ag-terminated Si(100). This work indicated a bias
dependent interaction in which a window of operational voltages (-2.7 to -3.3 V) was
found such that the molecules were able to be imaged and not disrupted by the tip.
The room temperature and annealed samples for our system required a bias voltage
of 200 mV in order for the films and molecular resolution to be observed, while the nonannealed cold samples were imaged with molecular resolution at 50 mV. Figure 3.5 is a
room temperature sequence of scans in which the bias voltage was lowered from (a) 200
mV, (b) 100 mV, (c) 50 mV, and then (d) increased back to 200 mV. While keeping the
tunneling current constant, decreasing the bias voltage effectively brings the STM tip
closer to the sample, as explained in Chapter 2. Therefore, this sequence shows that a
closer proximity of the STM tip to the surface causes the molecules to desorb to the point
of completely clearing the silver terrace where there previously was a highly organized
structure. J. E. Freund’s work with adenine on graphite also showed bias dependent
interaction with the film when imaged at room temperature.23

They observed that

decreasing the STM tunneling resistance caused disturbances in the film to the point that
the adsorbate was no longer able to be imaged.
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Another example of bias dependent tip-molecular interaction is in Figure 3.6.
Scan 2 at 90 meV gives a clear view of two domains in the same island. Interestingly, the
minor domain (labeled ‘2’) appears to be disrupted at higher energies, i.e., with the tip
further away, than the major domain. By decreasing the bias voltage, the molecules along
the perimeter of the islands begin to desorb. Area 2, eventually, completely desorbs
leaving a vacancy island. This provides evidence that the molecular orientation of the
minor domain creates weaker (or fewer) intermolecular bonds than that of the major
domain at room temperature and suggests that there is a threshold tip-sample height with
regards to the degree of interaction for molecules in the minor domain and along the edges
of the domain, another region with fewer intermolecular bonds.

3.4.5 Topographic Contrast Reversal
Another prominent feature in this study is that the islands image as topographic
depressions when imaged at room temperature and as protrusions when imaged cold. As
discussed above, the room temperature images indicate an increased surface mobility.
With the thermally induced dissipation of adenine, molecules are likely to dissociate from
the surface by the STM tip. This has been seen in numerous adsorbate/metallic substrate
systems,6,21,24-26 with the result of a topographic contrast reversal. In addition to the
electronic properties of the surface, the chemical identification of the apex of the STM tip
strongly influences the electric conductivity of the tunneling junction. Therefore the
orbital overlap of the tip with the sample varies depending on the terminal species. The
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result of altering the tip termination is a change in the resolvable features and a possible
change in the observed topographic height.

Spontaneously changing tip states were

observed under all three temperatures (Figure 3.18).

Molecular resolution was only

obtainable when the tip was in a state such that the adenine film imaged at the same
topographic height as the silver terrace.

While the tip was under this condition,

spectroscopic measurements were taken at single points on bare silver and yielded the
signature for adenine (discussed in Chapter 4).
Figure 3.19 shows line scans of adenine/Ag(111) taken at the corresponding
sample preparation conditions as in Figure 3.14. All line scans are plotted from left to
right for their corresponding image. As can be seen in this figure, room temperature films
image as a topographic depression while all of the adenine domains on a cooled sample
(including the annealed sample) image as protrusions. It is also important to note that
these images were taken with the same gap conditions (Vbias = 200 mV, It =100 pA). As
mentioned in Section 3.4.4, the bias voltage for the room temperature sample had to be
relatively high in order to eliminate sample distortion due to thermally induced mobility.
Böhringer’s et al.25 work with perylene-tetracarboxylic-dianhydride (PTCDA) on
Ag(110) reveals a systematic study of the influence of trapping a PTCDA molecule on the
STM tip with regards to STM line profiles. Their work reveals that when the molecules
are trapped on the tip, the line profiles between a silver terrace and the film show a
diminished height difference, and that decreasing the resistance further results in the film
imaging as a topographic protrusions again. They attribute this feature to the PTCDA
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terminating molecule reorienting itself on the scanning tip and further changing the
electric conductance of the tunneling gap. We therefore conclude that the change in
height profile for our system was due to adenine molecules being picked up by the tip
from the room temperature sample, and that the multiple tip states shown in Figure 3.18
are due to reorientations of the tip terminating species with respect to the adenine in dimer
pairs on the surface. As mentioned in Section 3.3.4, there is some desorption associated
with annealing the sample that contaminates the STM tip to the point of preventing
molecular resolution and electronic measurements, however we believe that the resulting
annealed contaminant is different from the desorption of adenine molecules that we
attribute to room temperature imaging yielding an apparent topographic protrusion of the
annealed films.

3.5 Summary of the Self-Assembly of Adenine on Ag(111)
Adenine is found to physisorb on Ag(111) at room temperature and is pseudostable at this temperature as shown by imaging. The molecules self-assemble into two
domains of highly organized dimer pairs with molecules aligning with the 211 2D silver
lattice vector. The dimer rows orient along slight misalignments with respect to Ag(111)
surface vectors. Utilizing the calculated adenine pairs in the current literature, a proposed
model for the domains is presented. The molecular orientations we propose are consistent
for temperatures from 300 K to 15 K, and indicate a weaker hydrogen bond between
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molecules along rows oriented with the 211 2D surface vector, and a stronger hydrogen
bond between the two molecules in a dimer pair and between pairs in a particular dimer
row.
The minor domain in the film forms out of an apparent spontaneous rotation,
possibly associated with the adenine molecule being flipped over and not just rotated with
respect to molecules in the major domain, and defect sites are observed in the structures.
In addition, the film images as a topographic depression at room temperature with the
films easily disrupted by the STM tip. Of the two domain orientations, the minor domain,
is observed to be more easily disturbed by a decreased tunneling gap, which supports our
proposed structure in that the intermolecular bonding between molecules in separate
domains is weaker than the hydrogen bonds between molecules in a single domain.
Although annealing the sample creates new domains and gives insight into the
strength of the intermolecular bond and substrate-adsorbate interactions with regards to
the creation of ordered structures and loose clusters, the nature of the sample preparation
causes the STM tip to become contaminated. This particular contamination prevents us
from obtaining both molecular resolution and electronic measurements on this sample.
Therefore, insight into morphology of these domains is unavailable at this time.
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Figure 3.1. Molecular structure of the nucleobase
adenine.
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Figure 3.2. Constant current STM images (350 nm x 278.9 nm) of adenine
deposited (>1 ML) onto a Ag(111) crystal imaged at room temperature.
Figures 3.2b and 3.2c (179.1 nm x 179.1 nm) show an initial scan and a
subsequent rescan of the same area, respectively, showing the length and
orientation of the adenine chains changing. (Imaging conditions: Vbias = 50
mV, It = 100 pA)
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Figure 3.3. Topographic STM images of adenine on Ag(111) imaged at room temperature. Figure
3.3a (300 nm x 300 nm) shows a large scan area of the overall adenine island structure, with the
front edge lying parallel to the silver step and the edges of the island at a 45° offset. Figure 3.3b
(41.8 nm x 41.8 nm) shows dimer pairing, defect sites, dimer row distortions, and two domains.
Figure 3.3c (6.4 nm x 5.1 nm) is a more detailed image of the dimer pairing with two major
Ag(111) crystalline lattice vectors drawn. (Imaging conditions (a), (b) & (c): Vbias = 200 mV, It =
100 pA)
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Figure 3.4. Molecular resolution images of adenine dimers at (a) 300, (b) 83, and (c) 15 K. The top and
bottom molecules mentioned in the text are labeled as well as the dimer rows and molecular rows. Notice
the inequivalence between the molecular row at 300 and 15 K compared to the molecular row imaged at
83 K. Scan size: (a) 11.6 nm x 14.7 nm, (b) 23.0 nm x 23.0 nm, (c) 10.3 nm x 10.0 nm; Imaging
conditions: (a) Vbias = 200 mV, It = 100 pA, (b) Vbias = 50 mV, It = 100 pA, (c) Vbias = 50 mV, It = 100 pA.
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Figure 3.5. STM scans (300 nm x 300 nm) of the same region of adenine on
Ag(111) imaged at room temperature with constant tunneling current (100
pA) and a changing bias voltage for each rescan. Figure 3.5a:Vbias = 200 mV,
b:Vbias = 100 mV, c:Vbias = 50 mV, d:Vbias = 200 mV.
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Figure 3.6. Multiple rescans of the same area of an adenine island imaged at room
temperature (50 nm x 50 nm). The tunneling current was held at 100 pA for the duration of
the data set collection and the position remained the same however a slight correction was
made between the images taken at 100 mV and the subsequent energies. The distinguishing
marks to compare these two positions are marked with arrows. Also, in this region there are
two domains labeled in the images. As can be seen in the rescans, upon decreasing the bias
voltage, molecules in the minor domain and the island edges begin to desorb more readily
than the major domain.
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b
Ag

Adenine
Figure 3.7. Room temperature scan (a) and rescan (b) of the same region of
adenine on the bottom edge of a silver step. While imaging at room
temperature vacant patches are typically isolated to the bottom edge of the
domain. This image was also taken with the vertical axis as the fast scan
direction. The arrows identify disturbances in the edges of the bare patches,
which are hypothesized to be due to tip interactions resulting from the scan
direction. (Scan size (a) & (b): 38.1 nm x 38.1 nm; Imaging conditions
(a):Vbias = 200 mV, It = 100 pA, (b):Vbias = 300 mV, It = 100 pA)
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Figure 3.8. Scanning tunneling microscope images in constant current mode of adenine sublimated to a
Ag(111) surface at 83 K. Figure 3.8a (300.1 nm x 241.4 nm) shows adenine islands forming on the back
edge of silver terraces. Figure 3.8b (23.1 nm x 23.1 nm) shows molecular dimer pairing of the adenine
molecules in the island along with the formation of defect sites. Figures 3.8c (46.2 nm x 46.2 nm) and
3.8d (15.0 nm x 18.3 nm) show the two domains that form under the surface preparation conditions
described in the text both along the island edges and in the center of the islands. (Imaging conditions:
Vbias = 50 mV, It = 100 pA)
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Figure 3.9. Adenine/Ag(111) imaged at 83 K showing typical vacancy
islands within the film. (size (a): 46.2 nm x 46.2 nm, (b): 69.2 nm x 69.2 nm;
imaging conditions (a) & (b): Vbias = 50 mV, It = 100 pA)
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Figure 3.10. STM images taken at 83 K of adenine on Ag(111) with the underlying silver crystalline
lattice directions drawn. Figure 3.10a shows the correlation between the front edge of the islands with
the direction of the silver step edge as well as the side boundaries’ correlation with the underlying
lattice with a 45° difference between the island’s front edge and the sides. Figure 3.10b shows two
domains (labeled A and B) of dimer pairing within an island and their correspondence with the
underlying crystalline directions. (Scan size (a): 300.1 nm x 241.4 nm, (b): 23.1 nm x 23.1 nm; Image
conditions: Vbias = 50 mV, It = 100 pA)
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Figure 3.11. STM topographic images of adenine island at 15 K((a): 84.5 nm x
93.3 nm) and domain configuration ((b): 22.6 nm x 15.6 nm; (c): 13.3 nm x 5.6
nm). Orientation with respect to the underlying silver lattice is drawn with the
Ag(111) crystalline vectors labeled. The island edges are oriented
approximately 45° from the step edge. (Imaging conditions: Vbias = 50 mV, I t=
100 pA)
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Figure 3.12. STM images (a: 69.2 nm x 69.2 nm; b: 92.3 nm x 92.3 nm; c: 69.2 nm x 69.2 nm) at 83 K of
large domains of adenine dosed on a silver crystal after a subsequent anneal to 340 K. Note the ordered
structure in the majority of the domains with disordered molecules along the perimeter. Figure 3.12a and c
show the typical correlation between the anneal sample and the underlying Ag(111) lattice highlighting
the island edges and dimer rows in the two domains. (Imaging conditions: Vbias = 200 mV, It = 100 pA)
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Figure 3.13. Sequence of STM images (23.1 nm x 23.1 nm) of adenine on Ag(111) after an anneal at 340
K, imaged at 83 K. The white arrows serve as a guide to show the displacement of molecules upon
repeated scanning under constant tunneling conditions (Vbias = 200 mV, It = 100 pA). Certain clusters on
the perimeter of adenine domains have these loose single molecules. The mobility of these molecules
contributes to the decrease in image quality due to the change in chemistry of the STM tip terminating
species
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Figure 3.14. Large image scans of adenine films on Ag(111) terraces taken at room temperature ((a):
300 nm x 300 nm, Vbias = 200 mV, It = 100 pA), 83 K ((b): 300.1 nm x 241.1 nm, Vbias = 50 mV, It =
100 pA), 83 K after a prior sample anneal at 340 K ((c): 48.9 nm x 53.5 nm, Vbias = 50 mV, It = 100
pA), and 15 K with no sample anneal ((d): 124.5 nm x 109.6 nm, Vbias = 50 mV, It = 100 pA).
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Figure 3.15. STM image ((a): 21.8 nm x 10.8 nm; (c): 23.1 nm x 11.6 nm; (e): 38.1
nm x 17.0 nm; (g): 13.3 nm x 6.6 nm) and their corresponding calculated 2dimensional FFT patterns of adenine on Ag(111) imaged at room temperature (a), 83
K (c), 83 K after annealing the sample at 340 K for 5 minutes (e), and 15 K with no
sample anneal (g). The unit cell vectors are highlighted in blue and red and the spots
labeled 1, 2, 3, and 4 correspond to the unit cell dimensions, dimer row alignment
and molecular separation distances as explained in the text. (Imaging conditions (a):
Vbias = 200 mV, It = 100 pA; (c), (e), & (g): Vbias = 50 mV, I = 100 pA )
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Figure 3.16. Schematic of the Ag lattice with
proposed adenine structure (red) and unit cells
(green) with

211 and 110 2D Ag vectors

are drawn in grey.
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Figure 3.17. Schematic of the proposed molecular structure overlaid on images of dimer pairing
taken at (a) 300 K, (b) 83 K, (c) 15 K, and (d) a high-resolution STM image of the dimer pairing at
15 K.
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Figure 3.18. STM images taken at 300 K (a), 83 K (b), and 15 K (c) showing the imaging effects of
tip states. Figure 3.18a (25.0 nm x 39.5 nm) was imaged at Vbias = 200 mV, It = 100 pA. Figure
3.18b left and right panel (23.1 nm x 23.1 nm) are separate images of the same region taken at Vbias
= 50 mV, It = 100 pA. Figure 3.18c (13.3 nm x 8.9 nm) was imaged at Vbias = 50 mV, It = 100 pA.
In each image, the scan conditions remained constant and the difference in the features is a direct
result of a spontaneous changing of the tip interaction with the surface. Once the adenine film is
annealed, these spontaneous tip changes no longer occurred.
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Figure 3.19. STM images and their corresponding linescans between bare silver and an adenine island
on the same terrace. All plots are from left to right with respect to the images. Figure 19a (300.0 nm x
300.0 nm) is taken at room temperature and with the film imaging as a depression. Figures 19b (29.5
nm x 46.2 nm), 19c (69.2 nm x 69.2 nm), and 19d (59.8 nm x 93.3 nm) image the films as topographic
protrusions and are taken of the non-annealed sample at 83 K, the annealed sample at 83 K, and the
non-annealed sample at 15 K, respectively. All images were taken with a bias voltage of 200 mV and a
tunneling current of 100 pA.
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CHAPTER 4

Adenine/Ag(111) Electronic Structure

4.1 Introduction
Although knowing the morphology of an adsorbed film is necessary and useful,
the interfacial electronic characterization is also of extreme importance on a fundamental
level.1-3 The electronic structure of various adsorbates on noble metal surfaces has been
studied using model systems of weakly bound adsorbates on metallic platforms. Since
nucleobases are known to have strong preferential binding between the Watson-Crick base
pairs, they lend themselves to self-assembly studies that explore the role of internal
functionality in the organization of base pairs. Adsorbing bases individually on a nonreacting metallic surface allows the interfacial structure of these highly organizable
networks to be probed. Surprisingly, however, little work has been done to study the
interfacial structure of nucleobase-metal systems.

Various STM studies have been

performed on adsorbate-fcc(111) metal systems such as self-assembled organic
monolayers on Au(111),4 amino acids on Ag(111),5 insulators on Cu(111),6 and metals on
Ag(111),7 to name a few. We have utilized this probing technique to obtain conductance
measurements of the nucleobase adenine on a Ag(111) platform.

With slight

modifications to the topographic measurements presented in Chapter 3, we are able to
explore this interfacial structure and observe phenomena on a system in which, to our
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knowledge, no electronic studies have been performed. This chapter is divided into a
brief description of the experimental methods, followed by a presentation of the results of
these experiments, detailed discussions about the phenomena observed, and a summary of
the electronic structure of adenine on a silver surface.

4.2 Experimental Details
In order to probe the electronic effect of an adenine film on the surface state of
Ag(111), we conducted a variety of scanning tunneling spectroscopy measurements.
Although the experimental procedure is presented in full detail in Chapter 2, we present a
brief summary here. The sample was prepared in the same manner as for topographic
experiments: standard cycles of ion sputtering and annealing in order to clean the silver
crystal followed by line-of-sight exposure to sublimated adenine, with the exposure time
determining the adsorbate coverage. All coverages for this data set were less than one
monolayer. The dosed crystal was then placed into a cold STM. Differential conductance
(dI/dV) maps were recorded with the addition of an AC modulation signal to the DC bias
voltage between the sample and the tip as well as a lock-in amplifier to restrict the
measurements to the first harmonic of the modulated tunneling current signal. This allows
for phase sensitive detection of the first harmonic of the input tunneling current. The AC
modulation voltage was a sine wave with a frequency of 1 kHz and an amplitude of 10
mV. The maps of the first derivative of the tunneling current with respect to voltage,
dI/dV, as a function of spatial position are a representation of the local density of states
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(LDOS) of the system at the recorded bias. Differential conductance images are recorded
concurrently with topography under closed feedback loop conditions. Point spectroscopy
measurements of the system were taken using the same modulation voltage and lock-in
amplifier settings, however, for this data the tip is moved to a single location, the feedback
loop is turned off, and the bias voltage is ramped through a user-defined range. This
allows the tunneling gap to remain constant while the energy is increased.

4.3 Results
4.3.1 Differential Conductance Maps
Figure 4.1a shows a large scale topographic STM image at 83 K and subsequent
differential conductance maps of the region highlighted by the black square.

This

sequence shows a contrast reversal between the relative conductance of the clean silver
regions and the adenine films for bias voltages between +50 mV to -80 mV. Increasing
the voltage from +50 mV to +500 mV images the adsorbate film as low conductance
regions compared to the clean silver terraces. At voltages below -80 mV the film images
as high conductance (bright) features in differential conductance maps with the relative
intensities becoming more pronounced for energies further away from the inflection
voltage. A second contrast reversal is observed between -450 mV and -550 mV (Figure
4.2) with maps taken at energies below -550 meV showing adenine islands with a lower
conductance compared to clean silver.
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Considering just the defects in the film, discussed briefly in Chapter 3, Figure 4.3
shows a sequence of scans taken in the middle of an adenine island (topography shown in
the inset). Decreasing the voltage in increments of 25 mV shows the progression of the
relative conductance between the ordered film and defects sites switching from relative
low conductance in the films to high.

4.3.2 Electron Dispersion in Adenine/Ag(111)
In addition to observing a reversal between the relative conductance of different
features on the surface, these maps also reveal scattering from the Shockley-type surface
state of Ag(111), presented in full detail in Chapter 1. Briefly, the electrons in this state
populate an energy band that confines them to a gap between the vacuum barrier and the
bulk, resulting in a quasi-2D electron gas in the vicinity of the Fermi level. Within the
correct energy range for a particular system, the Shockley state is observed in the
differential conductance maps by a characteristic scattering of the nearly free surface
electrons. Although scattering is expected in the bare silver, initial maps taken at 83 K
(Figure 4.4) also revealed apparent standing waves in the adsorbate islands. At this
temperature, however, the wavelength of the scattering was not resolvable beyond the first
wave.

Since thermal energy of a system fills otherwise unoccupied energy levels,

lowering the temperature of the system sharpens the peak for the Fermi-Dirac probability
distribution of electrons at the Fermi level.8,9

This results in a narrowing of the

corresponding momentum spread. In other words, cooling the system sharpens the energy
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distribution of the populated states, which corresponds to the in-plane, parallel wavevector
distribution becoming sharper, i.e. smaller Δk||. The length of coherent scattering is
inversely proportional to the wavevector spread, and so decreasing the temperature also
increases the coherence length.

In short, due to a sharpening of the Fermi-Dirac

distribution of populated states at the Fermi level, decreasing the temperature of the
system allows more standing waves to be observed in the differential conductance maps.
We, therefore, lowered the temperature of our system to 15 K and recorded dI/dV
maps over a wide range of energies (Figures 4.5a – f). Scattering of nearly free-electrons
in both the clean silver terraces and in the adenine films was observed.

Parallel

wavevector measurements were taken through Fast-Fourier-Transforms (FFTs) of the
real-space images calculated by WSxM,10 an image analysis program. Figure 4.6 shows
representative conductance maps and their corresponding FFTs.

Wavevectors were

extracted through the measurement function of the software with uncertainties lying in the
precision of data points and the presence of noise in the system. The resulting dispersion
curves are shown in Figure 4.7e using the additional data point E(k|| = 0) = E0 with E0
found from the inflection point of the point spectroscopy, discussed below . We believe
that the slight discrepancy between the experimental and theoretical dispersion curves for
clean silver results from measurement uncertainty, drift of the STM tip during the scan
(~10 minutes), and calibration errors of the piezoelectric scanning tube of the STM head.
Since measurements of the silver scattering and the adsorbate scattering were acquired in
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the same manner and from the same images, the relative effective masses of the electrons
in the surface state band for the substrate and overlayer will be discussed.

4.3.3 Point Spectroscopy
Figure 4.8 shows point spectroscopy taken at the three regions identified in the
inset with the voltage swept between -200 mV to +350 mV. The step-like curve for point
spectroscopy taken in both the clean silver terrace and the middle of an adenine domain is
the characteristic shape proportional to the LDOS of a 2-dimensional Shockley-type
surface state.11-13 The inflection of the dI/dV curve, corresponding to the energy of the
onset of the state, was averaged over multiple spectra with errors approximated by the
uncertainty in the measurement of the inflection points. For clean silver, the energy of the
surface state was found to be -69.6 meV ± 1 meV, which is consistent with measurements
of the Shockley state of Ag(111).5,11,14 Inside the adenine film, the inflection point was
measured to be +82.5 meV ± 2 meV. The spectroscopic curve obtained inside an adenine
defect does not appear as a simple step function, and will be discussed in Section 4.4.3.
The relative values of differential conductance between the curves cannot be compared
because there is no normalization correction applied to the measured signal. In other
words, although the tip is held at a constant height during the acquisition of the curves, the
relative intensity of the signal from the lock-in amplifier varies as a function of the tip
termination species as well as spatial variations in the LDOS of the sample under the same
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gap conditions.

The energetic positions however are unaffected and therefore the

inflection points measured give the bottom of the experimental surface state.

4.4 Discussion
4.4.1 Contrast Reversal
The relative brightness between features in a differential conductance map is
proportional to the relative LDOS at a particular energy. A contrast reversal can be
expected when the normalized conductance between two features reverses.

In other

words, when, for a particular energy range, there is either a higher density of states or a
higher tunneling probability for one region than the other and outside of this range it is the
opposite. This type of behavior has been observed by Hövel et al. for Xe/Ag(111) at 5
K.11

In their work the point spectroscopy signal was normalized relative to the

background (bulk) signal and therefore direct comparisons between the relative
conductance measured over the complete energy spectrum could be made. The onset of
their observed contrast reversal in differential conductance maps of Xe films on Ag(111)
was attributed to a larger tunneling barrier for bulk states on the xenon covered regions.
In other words, the gap between the 2D surface state and the bulk is increased by the
addition of a xenon film on their Ag(111) sample. Comparing the results from their
normalized point spectroscopy showed a larger step in the spectra obtained over the Xe
film than over the bare silver regions, with the contrast reversal in the maps occurring for
energies near the inflection point of the xenon spectrum. In other words, for energies
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greater than the bottom of the interface band, the shifted surface interface state had a
larger LDOS than the bare silver surface state. Creating a larger tunneling barrier could
indicate that in the overlayer regions the gap between the vacuum and bulk energies of the
system is increased, however, they measured a decrease in the work function by
photoemission experiments.
In our work with adenine on Ag(111) we observed the opposite. The adenine film
only images as a higher conductance area in dI/dV maps taken at energies below the onset
of the silver surface state (-67 meV), which is to be expected since the bulk states are the
same with or without the adsorbate layer but the tunneling gap is smaller in the adsorbate
regions when taking differential conductance maps in constant current mode. However,
for energies above -67 meV and above the onset of the interfacial surface state (+82.5
meV), the silver images as a higher conductance region than adenine/Ag(111). Although
this would indicate, using the arguments of Hovel et al.,11 that the interface has a smaller
gap between the surface and bulk states, we see an upward energetic shift of the onset of
the surface state in the adlayer which would indicate an increase in the gap.
Although, to our knowledge, there is no published work exploring the interfacial
structure (or morphology) of adenine/Ag(111), there has been theoretical work with
adenine/Ag(110).15

This study calculated a 0.1 eV reduction in the Ag(110) work

function due to the addition of adenine. Although this is for a different crystalline face
with a different work function and electronic properties, it indicates that an adenine
overlayer decreases the work function, but only by ~10%. To understand the relation
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between a change in the work function and a change in the surface state recall the model
in Chapter 1 Section 1.2.1 for describing surface and image states. This modeled “crystal
induced” surface states as the result of coherent reflections of electron wavefunctions
between the bulk and vacuum potential barriers with the Shockley surface state
corresponding to the n = 0 coherent phase state and n ≥ 1 corresponding to the image
states. For a crystal with the bulk barrier close to the Fermi level, like Ag(111), a change
in the work function has a bigger impact on the phase reflected off of the vacuum barrier
than the phase from the bulk barrier. Therefore, if you decrease the work function of a
sample, the resulting coherent reflection of phases will be closer to the bulk barrier, i.e.
the surface state is shifted downward. If adenine also reduces the work function when
adsorbed to the (111) crystalline face of silver, this could help to explain the observed
relative conductance in the dI/dV maps, however, it does not follow why the surface state
is shifted to a higher energy. Interestingly, Hovel et al.11 also observed an upward shift of
the surface state while measuring a decrease in the work function for Xe/Ag(111). Further
exploration of these observations could be conducted with photoemission experiments to
measure the work function of our system, by normalizing the conductance signal, or by
acquiring differential conductance maps in constant height mode as opposed to the
constant average current mode we used in this study, however these experiments are out
of the scope of this work.
Another interesting feature that we observed is the onset of a second contrast
reversal at a much lower energy. Figure 4.2 shows sequential differential conductance
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maps taken at -550 meV(a) and -450 meV(b). Maps below -550 meV were not taken due
to disruption of the film at high bias voltages. A possible cause for this second contrast
reversal is in the density of states (DOS) of the adsorbate. The energy gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of adenine has been calculated in previous theoretical studies to be
approximately 4 eV in the gas phase.16 Although both experimental and theoretical values
of the HOMO of adenine exists in the literature, there are none that consider Ag(111) as a
substrate, and therefore these energies range from approximately -1.5 eV on Au(111)17 to
-8.8 eV on Si(100)2 x 1.18 Although the structure of adenine’s DOS and the onset of the
HOMO are possible causes for this second reversal in the differential conductance maps,
under the experimental conditions we performed the exact cause eludes us.

4.4.2 Surface State Shift
When an adlayer is deposited onto a surface like Ag(111), which has various
surface states described in Chapter 1, the effects are as follows. First, the effective bulk
sample termination is higher by the distance between the substrate bulk termination and
the thickness of the adsorbate film. Since the adsorbate has such direct contact with this
surface state, depending on the electronic structure associated with the adsorbed species
and the strength of the van der Waals interaction between the adsorbate and substrate, this
can result in a modification of the surface state, e.g., a change in the energy or in complete
quenching of the surface state.

101

As discussed in Section 4.4.2, the Xe/Ag(111)11 interface exhibits a shift of the
Ag(111) surface state of +119 ± 3 meV causing it to become completely unoccupied, as
well as causes a decrease in the work function of the system. As discussed in Section
4.4.1, the major difference between their observed electronic features and ours is the
difference in the relative conductance and contrast reversal in differential conductance
maps, which, using their arguments, indicates a larger gap between interfacial and bulk
states for Xe/Ag(111) and a smaller gap for adenine/Ag(111).

Although this is a

physisorbed rare gas single atom and not directly comparable to our physisorbed organic
molecule that has π-orbitals that can possibly play a role in the structure of the electronic
interface, similar upward energetic shifts have been observed for 3,4,9,10perylenetetracarboxylic-acid-dianhydride (PTCDA) weakly chemisorbed to Ag(111)
although there is some discrepancy as to the source of this modification. Temirov et al.19
reported the presence of two conductance peaks in STS spectra taken over the monolayer
film which they attribute to the LUMO and LUMO+1 of the free molecule, however they
also observe a parabolic dispersion of the electron scattering in the films with energy at
the bottom of the curve correlating with what they call the LUMO+1 and a very slight
modification of the effective mass of the adsorbate regions (m* = 0.47me) from the clean
Ag(111) (m* = 0.42me). In a more recent publication, however, Schwalb et al.20 reexamine this system using 2-photon photoemission (2PPE) and attribute the PTCDA
induced state at 0.6 eV to be due to a modification of the Shockley state of the substrate
due to the polarization of the overlayer screening the first image potential state. Since the
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change in the energetic barriers essentially creates a potential well with a larger height, the
electrons that are confined to the surface under these modified parameters have a higher
energy than those confined to a bare substrate with an image potential in the bulk-vacuum
gap. In other words, the resulting zero-order surface state—the Shockley-type state for
(111) metals—is shifted to a higher energy. For bulk PTCDA, the dielectric constant is
1.9, which induces a shift in the surface state of 0.41 eV, however they believe that
interactions with the metal substrate increase the polarizability, effectively increasing the
energetic shift.
A similar surface state shift was observed for physisorbed racemic and enantiopure
tartaric acid (C4H6O6) films on Ag(111).21 This system showed differing morphologies
for the (R,R)-, (S,S)-tartaric acid films and the racemic mixture, however both types of
films showed an upward shift of the surface state compared to the bare silver substrate.
The racemic films had a shift of only +54.5 ± 3 meV, keeping the modified state in the
occupied energy regime, while the (R,R)- films exhibited a shift of +881.2 ± 3 meV
causing the state to become completely unoccupied. Since organic molecules have a large
HOMO-LUMO gap, they determined that this energetic shift is due to a modification of
the localized potential and is, in fact, the Shockley state of Ag(111) modified by the
organic adlayer. Our organic molecule has π-orbitals, as mentioned previously, which
when overlapping with electrons in the Ag(111) substrate are expected to induce a
modification of the localized potential for our system.
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As shown in Section 4.3.3, a similar energetic shift was observed in
adenine/Ag(111). As can be seen in the dispersion curve in Figure 4.7, the adenine
overlayer exhibits a parabolic relation between the applied energy and the wavevector of
scattered electrons in the film. This parabolic relation is expected for the Shockley state
on Ag(111) with the effective mass extractable from this data using the relation between
energy and wavevector: E =

!2 k 2
+ E0 , with E0 measured from the inflection point of the
2m *

conductance spectra (Figure 4.8), i.e., the bottom of the surface state band. As mentioned
in Section 4.3.2, the exact values for the wavevector have inherent errors associated with
them, however, scattering measurements for both the clean and adsorbate covered regions
were taken from the same images using the same method effectively eliminating this
systematic error when comparing the ratio of effective masses. We, therefore, report the
calculated ratio of the effective masses of the clean silver and adenine/Ag(111) surface to
be m*A/Ag/m*Ag = 1.1 ± 0.05. There is approximately a 1:1 ratio between the effective
masses and the shift in the bottom of the band is only +158 meV, keeping the modified
state close to the bottom of the bulk-vacuum gap.
As can be seen in Figure 4.8 the surface state is shifted to a higher energy (above
the Fermi level) into unoccupied states upon the adsorption of adenine films. The lower,
front end of the step corresponds to energies in which there is tunneling directly into the
bulk and after the step up, tunneling into the 2D surface state. Taking the work function
of bare Ag(111) to be approximately 4.6 eV22,23 the onset of the first image state is 3.9 eV
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with respect to the Fermi level with subsequent image states at even higher energies.
Since the bottom band of the surface interface state is at 0.081 eV along with the parabolic
dispersion and the approximately 1:1 ratio between effective masses of the adsorbatecovered and adsorbate-free regions, we believe that the resultant adenine induced state is a
modification of the silver Shockley state.
Although one possible mechanism behind this shift can be simply a change in the
work function for the adsorbate regions, discussed in Section 4.4.1, adenine has been
found to reduce the work function of Ag(110) by approximately 10 %, which if a similar
decrease in the work function is found for Ag(111) does not immediately explain the
upward energetic shift of the surface state band, as explained in Section 4.4.1.
Considering the screening of the first image state used in Schwalb’s discussion of
PTCDA/Ag(111), the +158 meV shift could imply a relatively small dielectric constant
associated with the adenine film. Adenine is a polar molecule and the dipole moment of a
single adenine molecule has been calculated by Stephen J. Sowerby et al.3 to be 2.18 D
pointing from the pyrimidine ring to the imidazole ring, however, to our knowledge, there
has been no published work exploring the film or bulk polarization properties of adenine
or the electronic interface between adenine and Ag(111), and so the exact mechanism
behind the +158 meV shift of the surface state is unknown. Despite the uncertainty in
defining the mechanism behind the surface state shift, we can postulate that the electronic
interaction between adenine and Ag(111) leads to an adsorbate-dependent energy shift in
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the Ag(111) Shockley state, i.e., this specific surface state energy shift is not observed on
the same surface with different adsorbates.

4.4.3 Film Defects
Although minimal work was done with regards to film defects in this study,
interesting conductance spectrum was observed when probing the center of one of these
defect sites. Figure 4.8 shows the spectra of the defect in red. The double peak near the
Fermi energy is characteristic of quantum confinement of a free-electron gas.5,24
However, this requires more investigation into the formation of the defects and additional
spectroscopic measurements taken over a larger energy range before any further
comments can be made.

4.5 Conclusions
Through

the use

of

low-temperature

scanning

tunneling

spectroscopic

measurements, we were able to probe the interfacial electronic structure of
adenine/Ag(111). The addition of adenine to a Ag(111) surface results in a +158 meV
shift in the observed surface state in the adlayer regions. Cooling our sample to 15 K
revealed differential conductance maps showing free-electron-like standing waves in the
film, and upon measuring the characteristic wavevectors over a range of scattering
energies, the dispersion relation was found to be parabolic with an approximate 1:1 ratio
between the effective masses of clean Ag(111) and adenine/Ag(111).

We therefore
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hypothesize that the resultant interfacial state is a modification of the Shockley-type
surface state of bare silver, however without theoretical and additional experimental work
for this system, the exact mechanism behind this shift cannot be identified.
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Topography
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Vbias = +50 mV
d

Vbias = -50 mV

Vbias = -80 mV

Figure 4.1. Topographic STM image ((a): 241.4 nm x 241.4 nm) and sequential STM differential
conductance maps ((b) - (d): 46.2 nm x 46.2 nm) taken at 83 K of an adenine island (dark in (b)), on a
silver terrace (bottom right), with the front edge of a silver step (top). Decreasing the bias voltage from
+50 mV to -80 mV results in a contrast reversal between the adenine film and the clean silver. (Imaging
conditions: (a): Vbias = 50 mV, It = 100 pA, (b) - (d): Vrms = 10 mV, f = 1 kHz)
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a

b

Vbias = -550 mV

Vbias = -450 mV

Figure 4.2. Differential conductance maps (37.8 nm x 41.2 nm) of an adenine island
surrounded by silver (top and triangle in domain) on a single Ag(111) terrace at 15 K. Note
the contrast reversal between the adenine and the silver at the indicated bias voltages (Imaging
conditions: It = 100 pA, Vrms = 10 mV, f = 1 kHz)
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Vbias = +125 mV
c

Vbias = +100 mV
d

Vbias = +75 mV

Vbias = +50 mV

Figure 4.3. STM differential conductance maps (36.9 nm x 36.9 nm) taken in the middle of an adenine
film at 83 K (see inset). The features in the film are defect sites, with the relative contrast between the
film and these defects reversing when decreasing the bias voltage from +125 mV to +50 mV. (Imaging
conditions: It = 100 pA, Vrms = 10 mV, f = 1 kHz)
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Vbias = +175 mV
b

Vbias = +150 mV
c

Vbias = +125 mV
Figure 4.4. Differential conductance maps (36.9
nm x 26.2 nm) of scattering in an adenine film
at 83 K. Imaging conditions: Vrms = 10 mV, f =
1 kHz , It = 100 pA.
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Vbias = +140 mV
d

Vbias = +220 mV
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Vbias = +160 mV
e

Vbias = +180 mV
f

Vbias = +260 mV

Vbias = +280 mV

Figure 4.5. Differential conductance maps taken at the indicated bias voltages at 15 K. (Scan sizes: (a)
70.6 nm x 79.4 nm, (b) 70.6 nm x 79.4 nm, (c) 79.4 nm x 88.1 nm, (d) 62.4 nm x 73.6 nm, (e) 93.3 nm x
78.6 nm, (f) 64.1 nm x 69.9 nm; Imaging conditions: Vrms = 10 mV, It = 100 pA, f = 1 kHz)
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a

b

c

d

Figure 4.6. Representative differential conductance maps ((a): 51.5 nm x 44.7 nm, (c): 51.0 nm x
47.3 nm; Imaging conditions: (a): Vbias = +380 mV, (c): +200 mV, It = 100 pA, Vrms = 10 mV, f =
1 kHz), and their corresponding unfiltered Fourier Transforms (b) and (d) with the arrows
indicating the wavevectors associated with features from the scattering wavelengths in the film.
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Vbias = +100 mV

Vbias = +120 mV

Vbias = +140 mV

Energy (meV)

e

Wavevector (nm-1)
Figure 4.7. Figure 4.7a is a topographic image of the region in which the dispersion data was obtained.
Figures 4.7b - d give representative conductance maps at different bias voltages used for wavevector
measurements. Dispersion curve (e) with the theoretical curve for Ag(111) (grey), the experimentally
measured Ag(111) curve (black), and the experimentally measured adenine dispersion curve (blue). We
propose that the deviation from the experimentally determined dispersion curve and the theoretical curve
for silver, which relates to a deviation between the experimentally and theoretically determined effective
mass, results from our method of measurement of the parallel wavevector (k||). Since wavevector
measurements for the clean silver and adenine covered regions were obtained using the same method and
from the same images, we believe that the relative effective mass calculated from these curves will
alleviate this error. Imaging conditions: 79.36 nm x 80.9nm, It = 100 pA, (a) Vbias = 50 mV, (b) - (d) Vrms =
10 mV, f = 1 kHz.
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Adenine
Adenine
Defect

9.2nm

Figure 4.8. STS point spectroscopy taken in the middle of an adenine domain (blue), the silver
substrate (black), and the center of a defect in the overlayer (red), with the inset marking the center of
the domain and the defect sites.
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