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ABSTRACT

This thesis summarizes research completed on two different model systems. In the
first system, we investigate the deposition of the elemental metal dysprosium on highly-
oriented pyrolytic graphite (HOPG) and its resulting nucleation and growth. The goal of this
research is to better understand the metal-carbon interactions that occur on HOPG and to
apply those to an array of other carbon surfaces. This insight may prove beneficial to
developing and using new materials for electronic applications, magnetic applications and
catalysis.

In the second system, we investigate the intermetallic single crystal NaAu,. We
conducted a characterization of the clean (111) surface along with a determination of the
effects of gas exposures on the surface. No surfaces of bulk NaAu, have been previously
characterized, although the closely related system of Na films on Au(111) has been
investigated. NaAus, is an active catalyst for CO oxidation. To better understand the catalytic
reaction occurring, we studied the NaAu, surface after exposure to O, 4, COq, CO, 4 and
H,Oq. The goal of this research is to find a possible alternative for supported gold catalysts
by utilizing an Au-rich intermetallic compound and to determine how its catalytic reaction
proceeds. This insight may be valuable in determining other catalytic alternatives as well as
helping understand catalytic reactions that occur with other intermetallic compounds.

In order to characterize and examine these systems, we utilized several ultrahigh
vacuum (UHV) techniques, including scanning tunneling microscopy (STM), X-ray

photoelectron spectroscopy (XPS) and low-energy electron diffraction (LEED).
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CHAPTER 1

GENERAL INTRODUCTION

This thesis work presents investigations on two different model systems. The first
system examines the rare earth metal, dysprosium, and its nucleation and growth upon
deposition onto graphite. The second system examines the intermetallic single crystal,
NaAus,, characterizing the clean surface as well as analyzing what happens on the surface

after various gas exposures.

1. Metals on Graphite

Natural and synthetic graphite has been used in various applications throughout
industry for several hundred years, but it has only been in the last forty years that the
scientific community has begun to study graphite in detail. Highly-oriented pyrolytic graphite
(HOPG) is one of the most extensively studied forms of synthetic graphite. Today graphite is
used in electrodes,’ catalyst supports,*” batteries,>** analytical sensors,*? x-ray

1314 and lubricants.*>!® HOPG is an ideal material to use since it is fairly

diffraction,
inexpensive and inert. The conductivity within each layer of HOPG is close to that of noble
metals,” which makes it a prospective candidate to replace current metals used in industry
that are rare, expensive, and potentially toxic to the environment.

Studying the interaction of metals with graphite can give insight into several research
topics involving carbon materials. It is known that some metals, alkali, alkali earths and
18-22

lanthanides, intercalate (move from the surface to subsurface layers) in carbon materials.

Some metals also form nanowires/nanowhiskers after deposition onto silicon and/or carbon
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based substrates at elevated temperatures.*?® Therefore, developing an understanding of how
those specific metals interact with thick carbon films can be beneficial. Information can be
gathered on how metals bind to the graphite surface and how this can affect electronic and
magnetic properties of both the graphite and the metal. There is potential for this research to
broaden the understanding of metal-carbon interactions on an array of carbon surfaces.
Scanning tunneling microscopy (STM) studies of metals on HOPG have become
more common in the ultra-high vacuum (UHV) community within the last twenty five years.
Noble metals (e.qg. silver, gold, platinum) are the most common group that have been
investigated on HOPG, due to their resistance to oxidation and corrosion in air as well as

their use in catalysis. Researchers have found that the metals tend to form small 2D and 3D

27-29 27,29

clusters on the surface, although gold and platinum can also form dendritic structures.

Figure 1 illustrates these features. The noble metals preferentially nucleate at step edges®!

293132 and only nucleate on terraces at higher coverages.?®>" This preferential

and defect sites,
nucleation is due to the weak metal-HOPG bonding interaction, especially on flat terraces,
and the low sticking coefficient of the metal.??23"*® Researchers have found that this weak
interaction causes difficulty in imaging the surface because as the STM tip rasters across the
surface it can cause sintering and shearing of the metal islands.?”*"* Figure 2 illustrates
these scanning issues. Adjusting the tip tunneling parameters helps to alleviate this issue.
HOPG with intercalated rare earth metals is of interest due to the resulting 2D
structure as well as the anisotropic electronic properties, which have potential for new

17,35,36

applications in electronic materials development, spintronics,®” and magnetic

materials.*®3 The 2D structures vary due to the staging of the metal between the graphene

layers with the intercalated metal layers separated by one to three graphene layers.*"
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Conductivity within each graphene layer and each intercalated metal layer is still present, but
the addition of the intercalated metal promotes conductivity between the graphene sheets as
electrons move between the metal atoms and the 7 bands of HOPG.***° These changes in
conductivity may prove useful for industry, especially for electronic applications.

The main focus of this experimental research was STM studies on the nucleation and
growth of the rare earth metal dysprosium (Dy) on HOPG. Since little was known about how
Dy may behave on HOPG, the results of this study provided a guide for continued research
into Dy on HOPG at elevated temperatures and on other carbon surfaces. In addition, other
rare earth metals may be investigated to provide further insight on metal-graphite interactions
as well as a comparison with Dy on HOPG. Continuing insight into interactions between
metals and carbon surfaces can be beneficial to the materials industry, as metals on surfaces
continue to be utilized for electronic applications, catalysis and future uses yet to be

discovered.

2. Gold Catalysts and Beyond

Single crystal gold surfaces have long been considered poor catalysts as their inert
surfaces do not readily absorb molecules. However, in 1987, Haruta and co-workers
discovered that supported gold nanoparticles were catalytically active at low temperatures.**
Metal oxides are the typical support for gold nanoparticles and common ones include TiO»,
Al,O3 and Si0,.**® Since then, researchers have found that supported gold nanoparticles are

47-49

catalytically active for many reactions including CO oxidation, propene oxidation,”> NO

reduction,*® hydrogenation of acetylene, butadiene and CO,,*** hydrochlorination of ethyne
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46,50

and acetylene,***° and decomposition of Freon-12 (CCI,F) and methyl chloride.*

Researchers have also discovered catalytic activity in nanoporous gold solids and foams.>*>°

Scientists believe that the small size of the gold nanoparticles, typically 2 — 10 nm in
diameter, is the main factor that promotes catalysis. Answering the question of why this is
the case has not been as simple and researchers have collectively hypothesized three possible
explanations. The first theory involves the interaction between the underlying metal oxide
support and the gold nanoparticles. Here, the metal oxide influences the electronic state of
the gold nanoparticle via charge transfer between the two which promotes catalytic
activity.”®® The second, and most likely theory, involves the coordination number (or
number of nearest neighbors) of the gold atoms in the nanoparticle. A nanoparticle typically
has a coordination number of 3-4, while a close packed surface (e.g. an fcc or hcp single
crystal) has a surface coordination number of 7-9. A low coordination number leads to higher
unsaturation in the gold atoms and thus more binding sites for catalytic activity.>**® The
final theory involves the quantum effects due to the size of the nanoparticle. It is speculated
that the electronic band structure is altered from the bulk band structure thus allowing a
higher reactivity.*®® Additional experimental work and theoretical calculation need to be
conducted before a conclusion can be reached.

Alternatives to supported metal nanoparticles are becoming more desirable as they
eliminate the need for the supports, allowing the catalysts to be more versatile. Intermetallic
compounds are becoming increasingly popular in this realm of catalysis as possible
replacements for these supported metal nanoparticle catalysts. For instance, quasicrystalline
TizZr10C0x0 IS an active catalyst for oxidation of cyclohexane and Pd-Ga compounds show

reactivity for selective hydrogenation of alkynes.®*® Intermetallic compounds are comprised
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of two or more metallic elements that have an ordered crystal structure and a fixed
stoichiometry. Xiao and co-workers recently discovered that the single crystal intermetallic
NaAu; is an active catalyst for low temperature CO oxidation.®® Powdered NaAu, showed
catalytic activity down to 30°C (~300 K)® which is much lower than the temperature of
300°C (~575 K) that Haruta and co-workers reported for unsupported Au powder.*! The
intermetallic nature of the compound, specifically the sodium, plays a key role in increasing
the catalytic activity. This result shows promise that Au-rich intermetallics may be a viable
alternative to supported gold nanoparticles.

The main focus of this experimental research was to determine the morphology of the
NaAu,(111) single crystal as well as conduct X-ray photoelectron spectroscopy (XPS)
studies both before and after gas exposures (specifically reactant and product gases in CO
oxidation). It addition, the techniques of low-energy electron diffraction (LEED) and STM
were used to develop a better picture of the surface morphology. There have been no
previous studies of bulk NaAu, characterization. However, Barth and co-workers studied Na
films on Au(111). They found that upon heating the samples after deposition from 300 K to
600 K, Na and Au react to form films and multilayers of NaAu, which exhibit a (111) surface
orientation.®”®® Studying the interactions between the Na, Au and gases can give insight into
how the reaction proceeds and what role the intermetallic, especially sodium, plays in

increasing the catalytic activity.
3. Instrumentation

Ultrahigh vacuum (UHV), at pressures typically between 10™° and 10™ mbar, is used

to study surfaces because it allows us to control the sample’s environment and remove
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potential sources of contamination, which include oxygen and carbon. UHV is also required
for electron based techniques used to study the surface.

Scanning tunneling microscopy (STM) is a nondestructive technique that provides a
topographic image of a sample’s surface. An atomically sharp metal tip is brought within 0.5
nm to 1 nm of the surface and electrons tunnel between the sample and the tip. When a bias
voltage is applied, a net current flow occurs and is measured. The tip is rastered across the
sample and records the measured current, which creates an electron density contour map of
the surface. STM is generally used to image atomically flat surfaces and 2D structures on
surfaces (i.e. islands and step-terraces).

X-ray photoelectron spectroscopy (XPS) provides both quantitative and characteristic
information on sample composition and elemental chemical states. An X-ray source
irradiates a sample surface which then emits characteristic core electrons that are detected
and recorded. These recorded electrons produce an energy spectrum of intensity versus
binding energy with peaks that correspond to the characteristic core electrons. From this
spectrum, a user can determine which elements are present (via peak binding energy) as well
as the surface composition (via integration of area under the peaks). Peak binding energies
can also reveal the chemical state of an element. For example, a pure metal is typically at a
lower binding energy than a metal oxide. A detailed description of XPS is given in Chapter 6.

Low-energy electron diffraction (LEED) provides a 2D structure, in reciprocal space,
of the top ~1 nm (4 to 5 atomic layers) of a sample. Low-energy electrons (30 eV to 200 eV)
are required because they have a short mean free path (which limits detection to the top ~1
nm) and wavelengths on the order of, or smaller than, atomic separations. An electron gun

produces these low-energy electrons which bombard the sample surface, collide with atoms,
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and elastically scatter. Those electrons which scatter back toward the gun are accelerated into
a phosphor screen. The impact sites on the screen fluoresce and a pattern of spots is
produced. This pattern represents a 2D structure in reciprocal space, which can be converted
into real space and provide lattice parameters and crystal orientation of the surface. LEED is
typically used for ordered crystals (e.g. a single crystal sample) because such samples have
defined atom locations which produce a pattern with sharp bright spots and a low

background.

4. Data Processing and Analysis

WSxM software was used to process and analyze all acquired STM images.®® In
many cases, the STM tip is not perpendicular to the sample while scanning a surface for
several reasons, including sample tilt or scanner bow, causing the acquired image to have a
slope. The two most common image processing procedures to correct these issues are plane
and flatten. The plane feature, whether global (entire surface) or local (selected region), fits a
plane to the image and subtracts this from the original image. This preserves the original
height information as well. The flatten feature, considered a form of filtering, subtracts a
function from each scan line. Different applications within the flatten feature can be used to
preserve height information, dependent on the original image topography. Other image
processing procedures utilized include the Fast Fourier Transform (FFT) filter to remove
noise from images, equalize to enhance image contrast, and remove lines to minimize streaks
by islands. Plane, flatten, and equalize are frequently used for all STM images shown in this

dissertation. Any additional image processing is noted in the figure caption.
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CasaXPS software was used to process and analyze all acquired XPS spectra.”® A
Shirley background subtraction was used for the majority of peak integrations, as it is ideal
for integrating single peaks and small energy ranges.”*"? Microsoft Excel software was used

for numerical analysis and graphing.

5. Dissertation Organization

This dissertation includes two published papers, one accepted paper and one paper in
preparation. The first published paper, Chapter 3: “The (111) Surface of NaAu,: Structure,
Composition, and Stability” appears in the journal of Inorganic Chemistry, volume 54, year
2015 on page 1159. The second published paper, Chapter 4: “Interaction of Oxygen with the
(111) Surface of NaAu,” appears in the journal of Surface Science, In Press, year 2016. The
submitted paper, Chapter 2: “Adsorption of Dy on the Graphite (0001) Surface: Nucleation
and Growth at 300 K” has been accepted for publication in The Journal of Chemical Physics,
year 2016. The paper in preparation is Chapter 5: “Interaction of Water, Carbon Monoxide,
and Carbon Dioxide with the (111) Surface of NaAu,”.

Chapter 2 focuses on the rare earth metal dysprosium and its adsorption, nucleation
and growth on HOPG when deposited at room temperature. Chapters 3, 4, and 5 focus on the
intermetallic single crystal, NaAu,, specifically in regards to its clean surface composition
and structure, the effects oxygen has on the surface and the effects water, carbon monoxide,
and carbon dioxide have on the surface, respectively. Chapter 6 gives a comprehensive look
at XPS from how it works to analyzing acquired spectra. Following the chapters are
appendices that briefly discuss two other metals (Au and Pt) deposited on HOPG, a

temperature calibration for annealing in the manipulator, and an experimental database.
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Figures

Figure 1. Images of typical metal nucleation on HOPG (a) Ag on HOPG, 870 nm x 870 nm, reproduced from
Reference [31], with permission from Elsevier; (b) Pt on HOPG, 844 nm x 1095 nm, reproduced from Reference
[32], with permission from Elsevier; Step edges are indicated by the gray arrows in (a).
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Figure 2. STM images showing examples of (a) sintering and (b) shearing of metal islands on HOPG caused by tip
tunneling effects. (a) Ag on HOPG, 600 nm x 600 nm, reproduced from Reference [31], with permission from Elsevier;
(b) Cu on HOPG, 250nm x 250nm. Sintered islands are denoted by the gray arrows in (a) and sheared islands are
denoted by the gray arrows in (b).
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Abstract

We have studied nucleation and growth of Dy islands on the basal plane of graphite at
300 K using scanning tunneling microscopy (STM), density functional theory (DFT) in a
form that includes van der Waals interactions, and analytic theory. The interaction of atomic
Dy with graphite is strong, while the diffusion barrier is small. Experiment shows that at 300

K, the density of nucleated islands is close to the value predicted for homogeneous
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nucleation, using critical nucleus size of 1 and the DFT-derived diffusion barrier.
Homogeneous nucleation is also supported by the monomodal shape of the island size
distributions. Comparison with the published island density of Dy on graphene shows that the
value is about two orders of magnitude smaller on graphite, which can be attributed to more
effective charge screening in graphite. The base of each island is 3 atomic layers high and
atomically ordered, forming a coincidence lattice with the graphite. Islands resist
coalescence, probably due to multiple rotational orientations associated with the coincidence
lattice. Upper levels grow as discernible single-atom layers. Analysis of the level populations
reveals significant downward interlayer transport, which facilitates growth of the base. This
island shape is metastable, since more compact three-dimensional islands form at elevated

growth temperature.

1. Introduction

The interaction of magnetic materials with graphitic surfaces, from single-layer
graphene to few-layer graphene to bulk graphite, holds possibilities for designing and
controlling magnetic properties at the nanoscale. For graphene, in particular, it has been
proposed that the carbon sheet may play a valuable role in new spintronics devices, or as a
support or modifier of magnetic materials.™ In most cases, it is necessary to achieve good
contact between the magnetic material and the carbonaceous substrate, in the form of a thin,
essentially two-dimensional (2D) metal layer.* However, this has proven difficult since the
adsorption energy of a metal on a graphitic surface is often much less than its cohesive

energy, a factor which promotes three-dimensional (3D) growth of metals.®
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In terms of magnetic properties, rare earths such as Dy attract special interest because
of their high magnetic moment. This paper is a study of Dy islands that form when Dy is
deposited on bulk graphite at room temperature. It sheds light on the fundamental energetics
and mechanisms involved in adsorption, diffusion, nucleation, and growth, which may
contribute to an ability to predict and manipulate Dy nanostructures, and the conditions under
which they form.

There are two prior sets of studies of Dy’s interaction with related substrates. In one
set, the substrate was graphene grown on SiC(0001).”® There, it was shown that deposition
of Dy at 660 K produced compact 3D islands, with (mainly) triangular shapes indicative of
fcc atomic structure, rather than the bulk hcp structure.” Smaller, more irregular islands
formed at 300 K, and were very stable against coarsening when annealed at 600 K.2? In the
second set, the substrate was highly-oriented pyrolytic graphite (HOPG).® A 20 nm film of
Dy was deposited, corresponding to about 70 atomic layers if distributed uniformly.
Annealing to 1200 K produced a carbide-like surface species, consistent with the high

propensity for rare earths to form carbides.™

2. Description of Methods
2.1. Experimental details

The experiments were performed in an ultrahigh vacuum (UHV) chamber with base
pressure 5 x 10™*! mbar. The graphite samples were HOPG of grade ZYA in experiments at
low coverage, i.e. below 0.8 monolayer (ML) of Dy, or ZYB in experiments at higher
coverage. The clean graphite surface was prepared by tape-cleavage in air, followed by

transfer into the UHV chamber where all subsequent experiments took place. Samples were
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heated in the manipulator to either 800 K for 60 minutes (low coverage experiments) or 1000
K for 20 minutes (high coverage experiments) in UHV to remove contaminants and then
transferred to the scanning tunneling microscopy (STM) stage for subsequent Dy deposition
and STM imaging. Dy was deposited via physical vapor deposition from a Mantis QUAD-
EV-C Mini e-beam evaporator, using a Mo crucible lined with pyrolytic boron nitride. For
heating, the crucible was biased at +2 kV with respect to an electron filament mounted
parallel to and near the top of the evaporation target, with total power typically 25 W.

In a study of Cu/graphite, we showed that this evaporator, under similar conditions,
produced a significant fraction of metal ions that damaged the graphite surface and
influenced nucleation. We also showed that this could be circumvented by heating the
evaporator, then shutting off the high voltage and/or filament current during deposition, with
only a small drop in flux over times up to 10 s.*? For all experiments reported herein, we
employed this protocol. The deposition time was constant at 10 s; coverage was varied by
adjusting power and hence flux.

In STM, tunneling parameters were typically in the range -1.0 V to -1.2 V tip bias and
0.15 nA to 0.25 nA tunneling current for low coverage experiments, and 0.70 V to 1.3 V and
0.13 nAto 0.77 nA for higher coverage experiments. The STM tip was electrochemically-
etched W. All STM images were planed for data analysis. Other details of STM experiments

and data analysis were the same as reported elsewhere.?

2.2. Computational details: DFT

First-principles energy calculations with non-local van der Waals correction were

performed based on density functional theory (DFT) using VASP.** The exchange and
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correlation energy functional adapted the opt-B88 scheme developed by Klimes et al.™"’
This functional has been verified to describe accurately the energy and other properties of
graphite and metals.”>*" The electron-ion interaction was described by the projector
augmented wave method.'® The energy cutoff for the plane wave basis set used in the
calculation was 600 eV. The calculated fundamental properties of graphite agreed well with
the corresponding experimental values.'® The calculated lattice constants of hexagonally-
close-packed Dy were 0.357 nm for a and 0.558 nm for c, respectively, in good agreement
with experimental data of 0.359 nm for a and 0.565 nm for ¢ The calculated cohesive
energy was 3.58 eV/atom, somewhat larger than the experimental value, 3.04 eV/atom.”

The graphite substrate was modeled by a slab with a 6x6 unit cell in the xy plane and
four layers along the (0001) direction, plus enough vacuum (1.57 nm) to avoid interaction
between the slab and its images under the periodic boundary condition. Spin polarization and
dipole correction were considered in all calculations. A I'-centered k-point grid of 15x15x1
was used for Brillouin zone sampling to ensure energetic convergence. During geometric
optimization, the bottom three layers were fixed at their bulk positions, while carbon atoms

in the top layer and metal adatom were relaxed fully with a force tolerance of 0.1 eV/nm.

3. Computational Results: Adsorption Energy and Diffusion Barrier

Table 1 shows calculated values of the adsorption energy of a Dy atom at different
sites on the graphite surface. The adsorption energy at the favored site is 1.90 eV. This is
higher than the value of 1.47 eV calculated for Dy on graphene,? which reinforces a trend
noted elsewhere: For a given metal, its calculated adsorption energy on graphite exceeds that

on graphene.* The adsorption energy is about 2/3 the cohesive energy of bulk Dy, 3.04 eV.
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The adsorption energy falls in the range of chemisorption, and implies an essentially infinite
surface lifetime for a Dy atom at 300 K. By all measures, the interaction of Dy with graphite
is reasonably strong.

The Dy atom is most stable at the hollow (H) site, in the center of the hexagon of
carbon atoms. (See inset in Table 1 for identification of adsorption sites.) This is the same as
the site predicted for Dy and other rare earths on free-standing graphene.’ The diffusion
barrier, Eq4, can be approximated as the difference in adsorption energies along a path that
links minimum-energy sites. In this case that path leads from the H site, over T, and back to

H. The energy difference between the H and T, sites is 0.048 eV.

Table 1. DFT results for a Dy atom adsorbed on graphite. A schematic of atoms in the
(0001) graphite plane is shown in top left, where large circles represent top-layer C atoms
and smaller circles represent second-layer C atoms. Four high-symmetry adsorption sites are
identified: two top (T) sites, which differ in occupation of the second-layer site; hollow (H);

and bridge (B).

T, Tp Bridge (B) | Hollow (H)
Adsorption Energy (eV) -1.85 -1.83 -1.83 -1.90
Height above carbon atom plane (nm) 0.241 0.242 0.239 0.214
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4. Experimental Results: Island Characteristics
4.1. Island shapes

Figure 1 shows representative STM images of Dy islands on graphite terraces, for
coverages spanning 0.12 to 2.5 ML. The islands consistently have a flat base with an
irregular footprint. The flat base is decorated with smaller upper features, many of which are
found near the island edges. The base is 0.87 + 0.02 nm high, based on a sample size, N, of
36 islands. This height is invariant with island size. To first order, it can be compared with
the 0.282 nm spacing between close-packed planes in bulk Dy, which yields a thickness of 3
atomic layers. Thus, the base can be described as quasi two-dimensional (2D), which is not
unreasonable in light of the relatively high adsorption energy found in Section 3.

In many cases a honeycomb pattern with amplitude 0.04 + 0.01 nm (N = 144 islands)
can be observed on the base, as shown in Figure 2. This is a moiré pattern between the Dy
film and the graphite support, which indicates that the Dy film is atomically well-ordered.
The modulation periodicity is 1.23 nm, which is close to 3.4 times the periodicity of the
underlying graphite. In moiré patterns such as this, a rotation between the unit cell vectors of
the overlayer and the substrate, along with possible distortion of the overlayer, brings the two
lattices into coincidence. There must be 6 rotational orientations, given the 3-fold symmetry
of the graphite substrate. Unfortunately, atomic-scale resolution of the graphite support could
not be obtained in the presence of Dy islands, so the rotational angle is unknown. However,
the existence of a coincidence lattice provides further evidence of significant interaction
between Dy and the carbon substrate.

At high Dy coverage, Dy islands become very close but often retain their individual

identity, as illustrated in Figure 3. For example, the oval in Figure 3(a) encompasses 3 islands
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separated by thin gaps, indicating a barrier to coalescence. We attribute this to the different
epitaxial orientations of the Dy base, associated with the moiré pattern. Only when
orientations happen to match can adjacent islands merge easily.

The bases often have taller dot-like features around their edges. The height of these
dots corresponds to 1 atomic layer above the base. Examples are visible in Figure 1 and
Figure 4. Larger, layer-like features can also cover part of the islands’ interiors. These are
1.13 £ 0.02 nm and 1.42 £ 0.02 nm above the graphite. Figure 4 provides examples of these
features, including line profiles that illustrate heights. The fact that each layer is higher by
0.28 nm indicates that single Dy layers are populated successively, above the base. With
increasing Dy coverage, it becomes more probable to find these partially-filled layers. The
layers can exist near the center of an island, or emanate from an edge. When more than one
layer exists atop the base, layers are stacked in a wedding-cake morphology such that each
level below the top one is partially exposed.

For comparison, Figure 5 shows the result when Dy is deposited at 800 K. Now the
Dy islands are much taller and more three-dimensional; the three-layer mesa-like base is no
longer evident. This indicates that the quasi-2D shape at 300 K is metastable. Indeed, the
equilibrated Wulff shape of crystalline islands should be relatively tall compared to their
width for a metal weakly bound to the substrate. The footprint should also be geometric, e.g.,
hexagonal for hcp crystal structure. Presumably, upward diffusion beyond the first three
layers becomes facile at the higher temperature, allowing islands to achieve a more

equilibrated shape during growth, than that which can be attained at 300 K.
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4.2. Island densities and size distributions

The island density, Nig, is shown as a function of Dy coverage in Figure 6. The
density increases from a value of (2.4 + 0.3) x 10 nm™? at 0.12-0.15 ML, and saturates at
6.0 x 10" nm?at 1.2 ML.

The island size distribution is shown in Figure 7 for two coverages, 0.13 and 1.2 ML.
In both cases the distribution is monomodal.

These observations are analyzed in the following section.

5. Theoretical Analysis of Island Formation for Deposition of Dy/Graphite
5.1. Island densities

First we assess the island nucleation mechanism by comparing the observed value of
Nisi and its coverage dependence for deposition at 300 K with theories for homogeneous
nucleation. It is useful to note that the area of the surface unit cell for graphite is €2 =0.052
nm?. Multiple experiments for deposition of 0.12-0.15 ML provide quite consistent estimates
for Nisl (see Figure 6). Averaging this data yields Nig = (2.4 + 0.3) x 10* nm™? (or 1.3 x 10°
per unit cell or per adsorption site) for coverage = 0.13 + 0.1 ML corresponding to a
deposition flux of F = 0.013 ML/s.

To analyze this behavior, we use the estimate for the terrace diffusion barrier of Eq ~
48 meV, obtained from DFT analysis described in Section 3. Assuming an attempt frequency
of v=10"/s yields a rate of h = vexp[-E4/(ksT)] for adatom hopping associated with terrace
diffusion. A key parameter for nucleation is h/F. Using the experimental values of T = 300 K

and F = 0.013 ML/s, one has h = 10'"/s and h/F = 10**%/s. For homogeneous nucleation and
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growth of islands with critical size i (where islands of size > i atoms are stable), the island
density satisfies Nig ~ 6“2"?(h/F)* where y = i/(i+2) in the regime of low coverage.?

For this system, it is reasonable to anticipate that homogeneous nucleation and
growth of islands is at least close to irreversible, corresponding to critical size i = 1.
Theoretical analysis indicates that the temperature for transition to reversible island
formation is proportional to Ee, = (2/3)Eq + Enn, Where Eny > 0 is the strength of the nearest-
neighbor interaction.?? More precisely, to ensure a transition temperature above 300 K for a
standard deposition flux of 0.005 ML/s and attempt frequency of v = 5 x 10*? /s, one requires
that Ee, ~ 0.55 eV or above. Thus, for Dy on HOPG with E4 ~ 0.05 eV, one requires that Exy
~0.52 eV or above. A crude estimate of Exy and 1/6 of the bulk cohesive energy yields a
value of 0.51 eV, and it is plausible that the true Exy for a pair of Dy on HOPG is stronger.

For i = 1, one has that Ni; ~ (h/F)™* for fixed coverage, and simulations indicate that
Nig ~ 2.18 x 10° per site for 8= 0.13 ML.?*?® Thus, the experimental value of Nig, 1.26 x10”
per site, is close to but slightly reduced from classic i = 1 prediction (reduced by a factor of r
=0.58).

The lower experimental value could be achieved by choosing an attempt frequency
which is higher by a factor of 5.1. Such a prefactor, just above 10*%/s, cannot be excluded, but
one generally expects low prefactors for low diffusion barriers (as in this system).
Alternatively, the lower experimental Nig could be naturally explained by deviations from
classic i = 1 behavior due to either significant mobility of adsorbed Dy dimers (and perhaps
other small Dy clusters) or due to the onset of reversibility in island formation. To obtain a
sense of the impact of dimer mobility or reversibility in reducing Nig, we note the following.

If monomers and dimers have comparable mobility, then Nig ~ (h/F)®® ?*2* which implies a
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reduction in Nig from the classic i = 1 value by a factor of r = (h/F)™**® = 0.12 for the above
h/F = 10™*®, i.e. the reduction is too strong. For facile dissociation of dimers but stable
trimers corresponding to i = 2, one has that Nj ~ (h/F)'l’Z, reducing N;g for the classici =1
value by a factor of r = (h/F)™® = 0.005, which is much too strong. In conclusion, the
observed reduction by r = 0.58 relative to classic i = 1 could be induced by some dimer
mobility?* (still significantly lower than adatom mobility), or by slight reversibility in island
formation.

Another way of accounting for these effects is by introducing a slight increase 6y = y
-1/3 in the scaling exponent y relative to i = 1, so that (h/F)> =r = 0.58. This implies that
8y =0.018 so = 0.351 and (1-x)/2=0.325. As a result, Nig = c(h/F) ®**'¢*3%_ Choosing c to
recover the experimental Njg at 0.13 ML, and recognizing that F=6/10 in experiment, one
obtains Nig ~ 5.01 x 10* 8%%7® per site, which should apply in the lower coverage regime
where the footprint of the islands covers a small fraction of the substrate area (i.e., the “point
island” regime?). This curve is shown in Figure 6 up to a coverage of 0.4 ML, beyond which
one expects that the point island model will significantly overestimate N;g because it
underestimates the capture probability at existing islands. (We emphasize that for the Dy
islands with a 3-layer base, the areal coverage or fraction of the substrate covered is only
~0@I3 in contrast to @ for 2D islands. Thus, nucleation persists to higher coverages.) There is

good agreement between the model and the data in this regime.
5.2. Island size distribution

Next, we analyze experimental observations for the island size distribution, Ns, which

gives the density of islands of s atoms, so that Nig; = 2s>1 Ns and 8= 2 SNs. If S5y = /N
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denotes the average island size (measured in atoms), then the island size distribution is
naturally written in scaled form, Ns = (Nisi/Say) f(S/Sav, €), where the scaling or shape function
f(x) satisfies Jy»0 dx f(x) = 1 and =0 dx xf(x) =1.% For homogeneous nucleation at lower
coverages around 0.1 ML, f(x) is monomodal with a peak height around x = 1 increasing
from about 0.75 fori=1t0 1.1, 1.3, and 1.5 for i = 2, 3, and 6, respectively (and also f(x)
narrows with increasing i). The peak also increases to about 1.1 with high dimer mobility.?*
There is a significant population of smaller islands reflected in f(0) ~ 0.3 for i = 1, with f(0)
quickly decreasing with increasing i (e.g., to 0.15 for i = 1). The experimental f(x) shown in
Figure 7(a) for 0.13 ML has a peak height around 1.0 consistent with slight deviations from
classic i = 1 behavior. However, there is a significant depletion in the population of small
islands relative to classic i = 1 behavior. This feature together with an increase in peak height
and shift to smaller x-values has been seen previously and attributed to post-deposition
diffusion and coalescence of small clusters.? Figure 7(b) shows the experimental f(x) for a
much higher coverage of 1.2 ML. The peak height is similar to 0.13 ML, but the peak and the
weight of the distribution has shifted to higher (scaled) island sizes. This feature might be
expected, as inspection of STM images reveals that island growth is impeded by
impingement upon other islands (without coalescence) in this regime. As noted in Section 4,
we attribute this to epitaxial mismatch between different islands. This would tend to induce a

sharper cut-off on the right side of the distribution.

5.3. Layer distributions

Despite the complexity of multilayer growth in this system (described in more detail

below), simplified modeling can produce significant insights, e.g., into the extent of
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interlayer transport. To provide some context, such models have been traditionally developed
for systems with equivalent layers where growth in higher layers proceeds before lower
layers are complete. If & denotes the coverage of layer j, then P; = 6 - 8.1 denotes the
exposed fraction of layer j. In the extreme case where interlayer transport is absent, one finds
a Poisson distribution for P; and film roughness W satisfies W? = d”6, where d is the
interlayer spacing.?? This modeling has been refined to account for downward interlayer
transport by specifying that a fraction, «, of atoms deposited in each layer reach the next
lower layer (so & = 0 recovers the above case).??® Then, for rough growth with small ¢, one
can show that W? ~ (1-2) 0d%.2"* Although not well-recognized, this result must be
modified for larger « [see Appendix 1].

A special feature of the Dy/graphite system is that atoms deposited on the substrate
form bases consisting of three atomic layers (rather than single layer islands). This implies
facile transport from the substrate upward to the second and third layers. However, on top of
these bases, growth occurs in single layers. Thus, it is convenient to refer to the fraction, P;,
of exposed level, j (rather than layer), where j = 0 is the substrate, j = 1 is the top of the 3-
layer base, j = 2 is the top of the single layer island on the base, etc. Experimental values for
these populations or fractions of exposed levels for coverage = 1.2 ML are given in Table

2.
Table 2. Layer distributions in Dy islands at 1.2 ML. P;j is the fraction of area exposed for

each level j, where j = 0 indicates the graphite substrate, j = 1 is the top of the Dy base, j = 2

is the first Dy layer atop the base, and j = 3 is the second Dy layer above the base. The
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parameters o and o * are defined in Figure 8. The experimental values were obtained by

analyzing a total area of 1.38 x 10° nm?, which included 792 Dy islands.

. ) Model:

Experiment M_odel_. EAOdEI' a*=0.69

o*=o0=10 o*=a=10.65 B

a=0.385
Po 0.631 0.670 0.634 0.631
P 0.276 0.185 0.278 0.281
P, 0.0904 0.096 0.072 0.081
P3 0.0024 0.036 0.015 0.006

To elucidate this behavior, we develop a theory in the spirit of the more traditional
one mentioned above, for multilayer growth with equivalent layers. However, here we
naturally specify that all atoms deposited on the graphite substrate are incorporated
immediately into 3-layer bases. A fraction o* of atoms deposited on top of bases hop down
to become incorporated in the base and the remainder stay on top of the base forming single-
layer islands. Of atoms deposited in higher layers, a fraction « hop down to be incorporated
in the next lower layer, and the remainder stay in the layer where they were deposited,
forming or joining single-layer islands in that layer. See the schematic in Figure 8. With this
prescription, the rate equations describing the evolution of the level populations are:

d/dOPy = -Py/3 — &*P1/3,  d/dOP; =Py/3 + a*P1/3 - (1-a*)P1 - aP»,

d/dOP; = (1-a*)P1 +aP; - (1-a)P; - P3, d/dOPjx = (1-)Pj.1 - (1-2)Pj -aoPj+1.
Simple modification of these equations is possible if one wishes to exclude population of
level 4 (i.e., to enforce P, = Q) consistent with experiment.

It is natural to first consider the extreme case of no interlayer transport (other than

upward transport of atoms deposited on the substrate to form 3-layer bases). In this case o* =
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a =0, and the above equations partially decouple in the sense that P; is coupled only to Py<;
so they can be recursively solved exactly to obtain

Po = exp(-013), P1 = [exp(-a13) —exp(-0)]/2,

P2 = (3/4)[exp(-a3) — exp(-8)] - Oexp(-0)/2, etc.
As shown in Table 2, the resultant values of P; agree roughly with experimental values, but
the fact that Py is higher in the model than in experiment (0.670 vs. 0.631, respectively) is a
clear indication that net downward transport is operative in the Dy/graphite system.

To refine the above simplest model, we introduce interlayer transport, initially setting
o* = a. We also enforce P, = 0. Numerical integration of the associated rate equations
indicates that good agreement with experiment comes from choosing « = 0.65, with the
resultant values of P shown in Table 2. A slightly better fit is achieved by allowing
independent values o* = 0.69 and « = 0.85. In either case, this analysis indicates that there is
significant net downward transport in the Dy/graphite system, which impacts the film height
distribution.

The existence of small single-layer features at the edges of islands was noted in
Section 4. Their presence indicates that nucleation is somewhat more likely near islands’
edges than in islands’ interiors. This could divert some Dy atoms from reaching and crossing

over the edge of the base, leading to o* < « as suggested by the modeling.

6. Discussion
One major conclusion from this work is that Dy island nucleation is homogeneous.
This is based upon the measured value of Njg at 0.13 ML, in comparison with the value

predicted from a point-island growth model using the diffusion barrier from DFT and i = 1.
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The agreement is quite good, with the experimental value being slightly lower than the
predicted value. Elsewhere, we have argued that homogeneous nucleation of metals on
graphite terraces may be less common than previously thought, with heterogeneous
nucleation playing a larger role than expected due to the susceptibility of graphite substrates
to inadvertent ion beam damage.'” We have argued that if the measured island density is
significantly higher than the predicted value, then heterogeneous nucleation should be
considered. If the opposite is true, as in this case, then homogeneous nucleation is viable with
some adjustments. Here, we have shown that the degree of adjustment is too extreme if i = 2
or if dimer diffusion is fully operative, though a small contribution from one or both of these
mechanisms could explain the discrepancy.

The island size distributions are also consistent with homogeneous nucleation. Their
monomodal shapes are quite different from the monotonically-decreasing shape found in our
previous study of Cu on graphite, where Cu ions in the metal atom flux introduced defects in
the graphite surface during deposition. Precautions are taken in the present work to prevent
such damage, consistent with the radically-different distributions observed.

As noted in Section 1, Hupalo et al. studied a related system, Dy deposited on
monolayer graphene supported on SiC, at 300 K.2 They reported Nig = 2 x 10° nm? at 0.4
ML, which is two orders of magnitude higher than our value of Njs at 0.13 ML. While a
somewhat higher value of Eq = 0.125 eV was calculated for that system, this and other
differences—in experimental flux and coverage—are insufficient (by far) to explain the
difference in Njg. Instead, we propose that the explanation lies in the influence of the number
of carbon layers, n, on nucleation, growth, and stability of metal nanoclusters. There is now

broad evidence for this dependence, with Nig generally decreasing as n increases.® This has
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been demonstrated in studies of Au, Ag, and Pd nanoclusters on n-layer graphene sheets
supported on SiO,/Si substrates. This trend, decreasing N;s with increasing n, describes
exactly the trend in going from Dy/graphene (n = 1) in the prior work, to Dy/graphite (n = o)
in this study. One explanation involves charge transfer from the metal to the underlying
carbon and consequent Coulomb and dipole repulsion terms, which have significant effect at
small n due inefficient screening.?®

Finally, we comment on the morphology of the Dy islands. Experiment indicates that
growth is quasi-2D. The islands exhibit a 3-layer base, and single atomic layers grow on top
of the base. DFT shows that the interaction between Dy and the graphite is reasonably strong,
providing a rationale for the quasi-2D base. Analysis of the level populations reveals
significant downward interlayer transport, which facilitates growth of the base. On the other
hand, the quasi-2D structure is metastable, based on comparison with the taller, more
compact 3D islands that form at 800 K; the most natural explanation is that upward transport
(beyond the 3-layer base) is kinetically limited at 300 K.

It is possible that the base is limited to 3 atomic layers because of strain between Dy
and graphite lattices. It is well-established that strain influences growth in heteroepitaxial
systems. For the growth mode known as Stranski-Krastanov (SK), the film wets the substrate
(growth is smooth) up to a critical thickness, beyond which growth is 3D.%3! In SK systems
strain is often manifest in a moiré pattern at or below the critical thickness.*® Strictly
speaking, SK is a thermodynamic (equilibrium) picture of growth, but the same factors that

lead to SK growth can influence structures formed under kinetically-limited conditions.
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7. Conclusions

We have shown that experimental measurements of the value of Dy island density,
and coverage-dependence of Dy island density at low coverage, are well described by
analytic theory for homogeneous nucleation, using energetics provided by DFT. The Dy
islands have a quasi-2D 3-layer base which exhibits atomic order coincident with the
graphite substrate. This natural tendency toward quasi-2D growth may be useful in situations

where good contact between a magnetic metal and a graphitic substrate is desired.
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Figures
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Figure 1. STM images of Dy islands on HOPG terraces, 100 nm x 100 nm. Coverages are:
(@) 0.12 ML; (b) 0.28 ML, (c) 1.2 ML; (d) 2.5 ML. Noise is reduced in (d) using a fast
Fourier transform (FFT) filter.
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Figure 2. STM images of Dy islands, 20 nm x 20 nm, at (a) 0.28 ML and (b) 0.12 ML. The
enlargement shows the honeycomb pattern visible on the base of (a), 7.5 nm x 3.2 nm. The
enlargement is shown after FFT filtering.
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Figure 3. STM images of Dy islands at 2.5 ML. Image sizes are 250 nm x 250 nm. The
white oval in (a) shows three islands that are very close but still separated.
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Figure 4. STM images of Dy islands on graphite terraces, with line profiles. Each image has
been derived to facilitate viewing of small features on different levels. Image size is 60 nm x
60 nm. (a) 0.14 ML (b)-(d) 1.2 ML.
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Figure 5. Topographic STM image of Dy islands on a graphite terrace after deposition at 800
K, with associated line profiles. Image size is 250 nm x 250 nm, and tunneling conditions are
1.3V, 0.15nA.
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bars reflect the standard error of the mean, calculated from the set of images available within
each experiment, and do not reflect variations between different experiments.
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4000 atoms/bin. The histogram represents 270 islands.
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Figure 8. Schematic of model for multilayer growth.
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Appendix 1. Additional Notes on Layer Occupations

For equivalent layers with deposition at rate F so &= Ft and a fraction « of deposited
atoms reaching the next lower layer, one has that:

d/d@ 8 = Pj.1 -aPj.1 +aPj or d/dOPj = (1-a)Pj.1 - (1-2)P;j -aPj+1 for j > 1.
Separate equations are needed for j = 0 and j = 1. Neglecting these different equations yields
the simple result for W? = (1-2) 8d? quoted in the text. However, reliable results for
smoother growth with larger a must account for the modified equations, noting that clearly

this expression for W? cannot apply for a > 1/2.

Appendix 2. lon Damage
1. Initial experiments

A previous Cu/graphite study*? on the Mantis QUAD-EV-C Mini e-beam evaporator
used for these Dy depositions, showed that this evaporator produces a significant fraction of
metal ions that damage the graphite surface. This evaporator operates via thermionic
emission. A hot filament emits electrons and these electrons are accelerated toward the
crucible, which is at a bias (or high voltage, HV) of +2 kV. Metal ions are generated by these
filament electrons and accelerated by the HV on the crucible, causing ion damage on the
graphite surface. These metal ions are only formed when both the filament and HV are on.

Initial Dy on graphite experiments were conducted leaving both the HV and filament
on during deposition. This resulted in surface defects from ion damage produced by the
evaporator.'? The approximated fraction of the flux is estimated from Dy deposition
experiments involving ion damage. We assume one ion causes one defect on the surface and

all defects become a nucleation site. The ionized fraction = # islands/total atoms and can be
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calculated from the slope of the island density vs. coverage plot (Figure A2.1). At 1 ML, the
number of islands is estimated at 6.1 x 10” islands/nm?. Using the surface density of Dy

atoms in the hcp(0001) unit cell (4.5 atoms/nm?) we obtain:

(6.1 x 107 islands/nm?)(1 nm?/4.5 atoms) = 1.3 x 10°® islands/atom

Thus the ionized fraction of our flux is approximately 1/750.

These experiments resulted in two different types of nucleated islands on the surface.
The first type was an island with a flat base and additional growth on top of the island, not
unlike the islands described in the main text (cf. Section 4.1). The island density of this flat
base island decreases with increasing coverage (and thus increasing ion damage). Between 0
ML and 0.45 ML in coverage, 19-30% of total islands present are this type. Between 0.45
ML and 0.9 ML in coverage, 8-16% of total islands present are this type. Above 1.5 ML in
coverage, less than 7% of total islands present are this type. The second type of island was a
compact island which is circular in shape and has an average height of 1.4 nm £ 0.1 nm (N =
5,200 islands). This height, compared with the 0.282 nm spacing between close-packed
planes in bulk Dy, gives 5 layers of Dy. Figure A2.2 shows examples of the island
morphology at various coverages when defects are present. The Dy atoms also decorate the
step edge, shown in Figure A2.2(e). While the majority of the compact islands are circular in
morphology, some are hexagonal in morphology. These islands are illustrated in Figure A2.3.
The nucleation point for each island is believed to be a defect on the surface. To test this

theory, we conducted an experiment looking at ion damaged and non-ion damaged surfaces.
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2. lon damage experiments

We conducted a set of experiments for Dy on graphite in order to study how island
morphology depended on surface ion damage. Control experiments, which entailed leaving
both the HV and filament on during deposition, were conducted before and after the tailored
experiments. The tailored experiments entailed shutting off either the HV or the filament or
both during deposition. Due to the similar ion damage nature from the evaporator, we
hypothesized Dy would act comparable to Cu on a graphite surface without ion damage
defects and preferentially adsorb at the step edges with no island nucleation on the terraces.*?
Figure A2.4 shows the results of these experiments. The island morphology drastically
changed from that of the ion damage defect surface. The results show only nucleation of the
flat base with additional growth Dy islands on the terraces and decoration of the step edges
(not shown in the figure). These experiments led to the conclusion that the compact islands
seen in initial deposition experiments undergo heterogeneous nucleation, where Dy adsorbs
at the defect sites on the surface. The flat base islands then are the result of homogenous
nucleation. Remaining experiments, as described in the main text, utilized the conditions for

homogeneous nucleation.
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Figure A2.1. Dy island density as a function of Dy coverage with surface ion damage.

www.manharaa.com




Figure A2.2. STM images of island morphology on the ion damage defect graphite surface at various coverages. (a)
0.9 ML (b) 0.17 ML (c) 0.30 ML (d) 0.44 ML (e) 0.52 ML (f) 0.52 ML. All images 100 nm x 100 nm. Scanning
parameters 0.21 nA to 0.27 nA, -0.5V to -1.0 V.
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Figure A2.3. STM images of hexagonal island morphology present on the ion damage defect graphite surface. All
images 12 nm x 12 nm. Scanning parameters 0.27 nA to 0.37 nA, -0.57 VV t0 -0.88 V.
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Figure A2.4. STM images from the ion damage experiments showing variations of high voltage (HV) and filament

turned on or off. (a) HV On, Filament On (control). (b) HV Off, Filament On. (c) HV On, Filament Off. (d) HV Off,

Filament Off. (e) HV On, Filament On (control). All images are 100 nm x 100 nm. Scanning parameters 0.15 nA to
0.26 nA,-1.0Vto-1.2 V.
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Appendix 3. Anneals after Deposition
We annealed HOPG samples, after deposition at room temperature, to study Dy

desorption and island morphology transformation.

1. With ion damage

We conducted three separate experimental anneals, one slightly above room
temperature and two at higher temperatures, on graphite samples with Dy deposited at room
temperature with ion damage from the evaporator. For the first experiment, the sample was
held at 400 K for 15 minutes. Island density (2.0 x 10 islands/nm?) and island heights (flat
base islands: 0.85 nm; compact islands: 1.4 nm) remain the same before and after heating.
There is little to no change in island morphology as shown in Figure A3.1(a)-(b). 400 K is
too low to initiate coarsening on, or loss of Dy from, the terraces.

The next experimental anneal was 750 K for 15 minutes. Island density decreases
slightly from 3.0 x 107 islands/nm? to 2.0 x 10° islands/nm? suggesting coarsening of some
islands. The flat base islands decrease in size while increasing in height to that of a compact
island (~1.4 nm). The flat base island morphology also becomes more circular (or
occasionally hexagonal) in nature. These changes are illustrated in Figure A3.1(c)-(d).
Annealing to 750 K appears to promote island coarsening on the terraces.

The final experimental anneal was 1100 K for 1 minute. Island density decreases by
an order of magnitude from 3.0 x 107 islands/nm? to 2.0 x 10™* islands/nm? suggesting Dy
island coarsening on, or loss of Dy from, the terraces. The islands remaining on the post-
annealed surface are circular in morphology and range in height from 1.9 nm to 2.5 nm.

Figure A3.2 illustrates these changes. The step edge decoration typically seen after a room
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temperature deposition is absent after 1100 K, as shown in Figure A3.2(b). Annealing to

1100 K causes a loss of Dy from the terraces and coarsening of the remaining islands.

2. Without ion damage

We conducted three separate higher temperature anneals on Dy deposited on graphite
at room temperature without surface ion damage. The first experiment was 600 K for 5
minutes. Island density remains the same at 4.5 x 10 islands/nm? after annealing. The
islands decrease in size while increasing in height to that of the taller dot like features first
described in Section 4.1 of the main text. This suggests the Dy atoms are moving from the
flat base layer to the top most island layer. Figure A3.3 illustrates the changes that occur after
annealing. The step edge remains decorated, similar to the decoration seen in all room
temperature depositions. The morphology of the islands changes in two ways, either they
become more circular in nature or the lobes become elongated. These changes are
highlighted in Figure A3.3(b) with gray boxes. Annealing to 600 K appears to promote island
self-coarsening with little to no island coarsening on the terraces or loss of Dy.

The next anneal was 700 K for 5 minutes. As with the 600 K anneal the island density
remains constant at 2.0 x 10 islands/nm®. The islands again decrease in size while
increasing in height. The island heights range from 1.4 nm to 2.0 nm. Figure A3.4 shows
these changes. The morphology of the islands also becomes more compact and circular in
shape. The step edges remain decorated as well. Annealing to 700 K seems to promote island
self-coarsening as it did at 600 K, but to a greater extent as the islands become smaller in size

and taller in height. There is little to no island coarsening or loss of Dy.
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The final anneal was 800 K for 5 minutes. The island density decreases slightly from
3.0 x 10 islands/nm? to 2.0 x 10 islands/nm? suggesting possible Dy desorption. As with
the 600 K and 700 K anneals, the islands decrease in size and increase in height. The island
heights range from 1.2 nm to 1.4 nm and the morphology is similar to the 600 K anneal
wherein the islands become more circular or the lobes elongate. These island heights are not
quite as tall as the 700 K anneal, suggesting that there is some loss of Dy via desorption.
Figure A3.5 illustrates these changes. The 800 K anneals appears to promote island self-
coarsening as seen with the previous anneals. Overall, there appears to be some Dy
desorption as post-anneal island heights are lower and the island density has decreased. There

is little to no island coarsening.
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Figures

Figure A3.1. STM images illustrating the effects of annealing ion damage defect samples to
400 K and 750 K after a room temperature deposition. (a) 300 K (b) 400 K (c) 300 K (d) 750
K. All images 100 nm x 100 nm. Scanning parameters 0.21 nA to 0.27 nA, -0.8 Vto -1.1 V.

www.manaraa.com



54

Figure A3.2. STM images illustrating the effects of annealing an ion damage defect sample
to 1100 K after a room temperature deposition. (a) 300 K (b)-(d) 1100 K. All images 100 nm
x 100 nm. Scanning parameters 0.21 nA to 0.40 nA, -0.20 V to -1.3 V.
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Figure A3.3. STM images illustrating the effects of annealing a graphite sample without ion
damage defects to 600 K after a room temperature deposition. (a) 300 K (b)-(d) 600 K. The
gray boxes in (b) illustrate the change in island morphology to circular or elongated lobes.

All images 100 nm x 100 nm. Scanning parameters 0.21 nA, -1.1Vto-1.2 V.
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Figure A3.4. STM images illustrating the effects of annealing a graphite sample without ion
damage defects to 700 K after a room temperature deposition. (a) 300 K (b)-(d) 700 K. All
images 100 nm x 100 nm. Scanning parameters 0.19 nA, -1.1 V.
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Figure A3.5. STM images illustrating the effects of annealing a graphite sample without ion
damage defects to 800 K after a room temperature deposition. (a) 300 K (b)-(d) 800 K. All
images 100 nm x 100 nm. Scanning parameters 0.23 nA, -1.1Vto-1.2 V.
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Appendix 4. Oxygen Exposure after Deposition

Dy is known to readily react with oxygen in air and form a metal oxide. To study this
effect, we exposed Dy supported on graphite in UHV to oxygen and analyzed the resulting
surface.

20 Langmuirs (L) of oxygen was exposed to non-ion damaged graphite surfaces at
room temperature (300 K) with adsorbed Dy islands in two separate experiments. Figure
A4.1 illustrates the effects of these oxygen exposures. In both cases, the islands have
coarsened to form larger rough islands which are most likely dysprosium oxide. This
coarsening is reflected in the island density which decreases from 2.2 x 10 islands/nm? to
1.3 x 10™ islands/nm?. The rough island surfaces make height determination impractical. The
presence of oxygen also causes a large double tip effect. An example of a double tip effect is
highlighted in Figure A4.1(e) by the gray box.

A third separate oxygen exposure was performed while the graphite sample with Dy
islands was held at 400 K during exposure. Figure A4.2 illustrates the effects of this elevated
sample temperature oxygen exposure. As with the room temperature exposures, the island
coarsen to form larger rough islands. The rough island surfaces once again make height
determination impractical. The notable difference between room temperature and 400 K
exposures is the island density. With the 400 K exposure the island density decreases from
2.4 x 10" islands/nm? to 6.0 x 10” islands/nm?, close to an order of magnitude decrease. This
decrease is significant when compared to the smaller decrease, 2.2 x 10 islands/nm? to 1.3 x
10 islands/nm?, seen at 300 K. This slight temperature elevation could be causing a loss of
dysprosium oxide from the surface, accounting for the large island density decrease. There is

no additional decoration of the step edges, as shown in Figure A4.2(c).
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Figure A4.1. STM images illustrating the effects of oxygen exposure on a graphite sample without ion damage defects
with adsorbed Dy islands. (a) Post-Dy deposition. (b)-(h) After 20 L O, exposure. The gray box in (e) highlights an
example of double tip effect. All images 100 nm x 100 nm. Scanning parameters without oxygen 0.21 nA, -1.0 V; with
oxygen 0.22 nAto 0.26 nA, -3.2V t0 -3.8 V.
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Figure A4.2. STM images illustrating the effects of oxygen exposure on a graphite sample
without ion damage defects with adsorbed Dy islands held at 400 K during exposure. (a)
Post-Dy deposition. (b)-(d) After 20 L O, exposure with graphite at 400 K. All images 100
nm x 100 nm. Scanning parameters without oxygen 0.19 nA, -1.0 V; with oxygen 0.20 nA, -
3.3V.
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Abstract

The (111) surface of single-crystal NaAu, is a model for catalytically-active,
powdered NaAu,. We prepare and characterize this surface with a broad suite of techniques.
Preparation in ultrahigh vacuum consists of the traditional approach of ion bombardment (to
remove impurities) and thermal annealing (to restore surface order). Both of these steps,

however, cause loss of Na, and repeated treatments eventually trigger conversion of the
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surface and near-surface region to crystalline Au. The bulk has a limited ability to repopulate
the surface Na. Under conditions where Na depletion is minimized, electron diffraction
patterns are consistent with the bulk-terminated structure, and STM reveals mesa-like
features with lateral dimensions of a few tens of nanometers. The tops of the mesas do not
possess fine structure characteristic of a periodic lattice, suggesting that the surface layer is

disordered under the conditions of these experiments.

1. Introduction

Intermetallics are used commercially in a variety of applications, from structural
components in the aerospace and automotive industries, to energy storage devices, heating
elements, and electronic materials.® In recent years, they have also come into consideration as
possible alternatives to precious metal catalysts for certain reactions, notably steam
reforming of methanol® and selective dehydrogenation of alkynes.** Independently, there has
been great interest in Au—in the form of nanoparticles—as an effective low temperature
catalyst, especially for the benchmark reaction of CO oxidation.>” These two trains of
thought naturally intersect at the possibility that intermetallics containing Au might show
interesting catalytic properties. John Corbett pioneered the use of Au to create diverse
intermetallic compounds, and so this topic is a fitting vehicle to pay homage to his
achievements.

Recently, a simple Au-rich intermetallic, NaAu,, was found to have high catalytic
activity for CO oxidation at relatively low temperature (T < 400 K), in powdered form.® An
explanation was proposed, on the basis of density functional theory (DFT). The theoretical

work showed that the (111) surface is most stable among the low-index faces, and that it is
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nearly bulk-terminated in its clean state. For the oxidation reaction mechanism, DFT revealed
a pathway in which molecular oxygen triggers a Na atom to 'pop out' toward the surface, then
reacts with CO to form an OOCO intermediate, with subsequent dissociation to CO; as the
rate-limiting step. However, experimental determination of the clean surface structure and
composition—especially their relation to the bulk structure and composition—has not been
undertaken. This would test the DFT model for the catalytic surface. Thermal stability of any
surface state is also an open question. The purpose of this work is to address these issues. We
use a single-crystal sample to investigate the structure, composition, and stability of NaAu;
(111) in ultrahigh vacuum. Single crystals are advantageous because their surfaces usually
exhibit a terrace-step morphology, in which the atomic arrangement on the terraces and the
step heights can be compared with bulk structure.’

No surfaces of bulk NaAu, have been characterized before, although a closely-related
system has been investigated. Barth et al. studied Na films deposited on Au(111). They found
that Na and Au react to form films and multilayers of NaAu,, exhibiting a (111) surface
orientation commensurate with the underlying Au, after heating samples (with sufficiently
high Na coverages) to temperatures ranging from 300 to 600 K.'%

NaAu, has a cubic unit cell with 24 atoms and lattice parameter 0.795 nm.**** It is a
diamond lattice in which 4 of the Na atoms fill tetrahedral holes. The (111) surface has a
hexagonal arrangement of Au atoms in which 1/4 of the Au atoms are missing, with a Na
atom below each Au vacancy. It is represented schematically in Figure 1. The surface lattice
parameter of NaAu,(111) is 0.550 nm, slightly less than twice the value of 0.288 nm for

Au(111). Bulk NaAu, melts congruently at 1275 K.*3
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2. Experimental Details

Single-crystal samples of NaAu, were grown at the Materials Preparation Center of
the Ames Laboratory via the Bridgman technique. Special precautions were necessary to
handle Na because of its sensitivity to air and moisture, and its inability to be arc melted.
Special techniques were also needed to extract, cut, and polish a sample after growth,
because the intermetallic was brittle, and it had become bonded to the Ta crucible which also
became brittle during growth. To our knowledge, this is the first growth of a macroscopic
single crystal of this material. The sample was oriented by back reflection Laue and the
surface prepared by normal metallographic techniques, since the Na was passivated once
alloyed.

UHYV experiments were conducted on 4 different samples (A, B, C, D), cut from 2
ingots prepared in separate growths (A from one growth, B-D from the other). The areal
dimensions of the samples ranged from 2.5 to 3.5 mm wide, and 5.5 to 9.5 mm long.
Different sets of experiments were carried out on different samples, with some overlap. Two
of the samples were re-polished during the course of experiments, and this was considered to
produce a totally fresh surface of NaAu,, based on data presented in Section 3.1. From this
combined and extensive dataset, certain trends emerged, which are reported in Section 3.

Experiments were conducted both at EMPA in Dibendorf, Switzerland, and at the
Ames Laboratory in Ames, lowa, USA. All of the X-ray photoelectron diffraction (XPD),
and low-energy electron diffraction (LEED) experiments were carried out at EMPA, together
with the majority of the scanning tunneling microscopy (STM) and X-ray photoelectron

spectroscopy (XPS) work. Some STM and XPS, plus all of the temperature-programmed
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desorption (TPD) and X-ray diffraction (XRD) work was done at the Ames Laboratory.
Details relevant to the EMPA work™* and to the Ames work®? are available elsewhere.

All experiments (except XRD and TPD) were done in UHV with base pressure below
1.0 x 10 mbar. TPD was carried out in UHV with a base pressure of 7 x 10™° mbar. XRD
was conducted in air. All data were acquired with the sample at room temperature, except of
course in TPD.

After introduction to UHV, and between each experiment, each sample was sputtered
and annealed. Typically, sputtering was done with 0.75 keV Ar* for 5 minutes at normal
incidence and with the sample at 300 K. Annealing temperatures of 435 K to 850 K were
investigated, and the most common annealing condition was 20 minutes at 500 K.

In XPS and XPD, an Al K, source was used. XPS data were analyzed using CASA
software.'® Sensitivity factors for Na and Au were 8.52 and 17.1, respectively. In XRD, 6/0
scans were measured using Co K, radiation (1.79 A), and a PANalytical X’Pert Pro system.

The XRD data were used purely for phase analysis.

3. Experimental Results
3.1. Composition from XPS and XRD

Figure 2 shows the Na:Au composition ratio, R, as a function of the number of
sputter-anneal treatments, for two samples. (Between each treatment, an experiment such as
XPD or STM was conducted.) Both samples showed ratios close to that expected from the
bulk stoichiometry, R = 0.5, up to the point marked by the vertical line. For treatments to the

right of the line, R dropped below 0.4 and never recovered.
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The sample in (a) was annealed at temperatures (Tan,) 0f 430-600 K up until treatment
4 (just to the right of the vertical line), where it was annealed at T,,, = 650 K. This sequence,
involving some treatments at relatively high Ta,n, apparently triggered a permanent depletion
of Na. The sample in (b) was kept at lower T4y, = 500 K. Nonetheless, its composition
changed permanently after treatment 15. When R dropped below 0.4, no subsequent
treatment could cause it to increase again, including long anneals at low T, = 430-500 K, or
short anneals at high T, = 770-850 K. Together, these results show that irreversible Na
depletion in the surface and near-surface region occurs quickly at high Ta,n (600-650 K), or
slowly as a result of sputter-annealing cycles at lower Ta,n (500 K). In other words, not only
temperature but also cumulative history is important. In the end, our preferred UHV
treatment consisted of sputtering for 5 minutes and annealing at 500 K for 20 minutes.
Samples could be subjected to 12-15 of these treatments before showing surface
compositional change, and other signs of irreversible Na depletion outlined in Section 3.3.

Sample deterioration, resulting from repeated sputter-anneal treatments in UHV, is
confirmed by XRD of samples before or after use in UHV. Figure 3(a) is a powder pattern
from part of a ground NaAu, crystal; only lines associated with NaAu are visible. Figure
3(b) and Figure 3(c) are post-mortem XRD patterns of single crystals that had shown signs of
Na depletion. In Figure 3(b), signatures of Au and NaAu, co-exist, whereas in Figure 3(c)
only Au is evident. Clearly, Na depletion in UHV causes conversion to bulk Au, and this
conversion is more complete in (c) than (b). Further, given that XRD is sensitive to a depth
of at least 1 um, Figure 3(c)—showing only crystalline Au—indicates that Na depletion can
penetrate to at least this depth. Figure 3(d) represents a single crystal that was re-polished

after Na depletion, whereby 0.24 mm of material was removed from the surface. Only peaks
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from NaAu, appear. Therefore Na depletion is limited to the region adjacent to the surface,
and a sample can be regenerated by removing this region.

In the following two sections, we first present data acquired under conditions where
samples exhibited a surface composition close to that of the bulk, i.e. before irreversible Na

depletion. We then return to the issue of Na depletion and its effect on surface properties.

3.2. Surface characterization before Na depletion

LEED Figure 4(a) shows LEED patterns that are typical of an undepleted sample.
There is good agreement with the patterns expected for a bulk-terminated surface, shown in
Figure 4(b). Furthermore, we derive a surface lattice constant of 0.54 + 0.02 from the LEED
data, in agreement with the literature value of 0.550 nm. Thus, LEED is consistent with a
bulk termination. However, the level of background intensity in the measured patterns
suggests some degree of disorder.

XPD The XPD data are illustrated in Figure 5(a), for the Na 1s and Au 4f lines.
Corresponding single-scattering calculations are shown in Figure 5(b). For both Na and Au,
the symmetries and positions of features in the pattern agree well between experiment and
simulation, although the level of anisotropy (differences in amplitude between bright and
dark features) for the Na 1s does not. Note that the simulation for unreconstructed Au(111) is
very similar to that for bulk-terminated NaAus, so the Au 4f pattern cannot be used to
distinguish between the two types of surfaces. The similarity between simulations for the two
Au models is reasonable, since the surface plane of NaAu,(111) can nearly be considered an

Au(111) plane in which some Au atoms are missing.
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STM Figure 6 shows that undepleted surfaces typically do not exhibit the terrace-step
morphology that is characteristic of single-crystal surfaces. Rather, they show individual
mesa-like features with maximum diameters of about 60 nm. The images in Figure 6 are
highly representative of the undepleted NaAu,(111) surfaces. The mesas have flat tops with a
peak-to-peak roughness below 0.20 nm. Despite extensive efforts, no atomic-scale features
could be resolved atop the mesas. Also, there is no systematic trend in the differences
between heights of mesas, which range from 0.1 to 8 nm. The fact that good LEED and XPD
patterns can be obtained from such a surface indicates that the mesas are atomically ordered
and orientationally aligned. The partial disorder reflected in LEED and XPD may result, at

least in part, from the interfaces and valleys between mesas.

3.3. Surface characterization after Na depletion

STM Figure 7 shows images of a surface that is deficient in Na. The majority of the
surface is rough and featureless, like the image in Figure 7(a). Small parts can be found,
however, that exhibit the well-known herringbone reconstruction of Au(111), as shown in
Figure 7(b). This herringbone-decorated terrace is bordered by a step bunch in which step
heights are 0.25 + 0.01 nm. This value agrees with the bulk separation between (111) planes
in Au, 0.243 nm. (Note that the measured step heights have been calibrated against known
step heights on a (111) surface of an Au single crystal.) Similar step bunches and

herringbone-decorated terraces are not uncommon on surfaces with R < 0.4.
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3.4. Evidence regarding mechanisms of Na depletion

Each sputter-anneal treatment has the potential to remove Na in two ways:
Preferential evaporation of Na during annealing, and preferential removal of Na by
sputtering. Our data indicate that both processes contribute.

TPD In Figure 8, the partial pressure of Na in the gas phase (proportional to the
desorption rate) is shown as a function of increasing temperature, for three different heating
rates. Thermally-activated desorption of Na is first detected at about 450 K. These
experimental data became available after we observed Na depletion using other techniques,
and after we developed the protocol for sputter-annealing that involved heating to 500 K.
Thus, during the standard annealing treatment, there is continual evaporation of Na but at a
moderately low rate. This explains the observation (Section 3.1) that heating a sample to
temperatures of 600 K or above causes rapid deterioration, while heating to 500 K causes
gradual deterioration.

In the TPD curves, the highest rate of desorption of Na at a given temperature is
associated with the lowest heating rate. This observation can be explained if the rate of Na
desorption is affected by the rate of Na transport from the bulk to the surface. For slow
heating rates, the surface and bulk remain close to equilibrium and the surface is constantly
replenished, while at high heating rates, the surface Na cannot be repopulated quickly enough
and desorption slows.

Preferential sputtering Preferential sputtering in alloys and intermetallics is a well-
known phenomenon. In NaAu,, Ar* ion sputtering reduces the Na concentration to very low
levels. Data from a representative experiment are given in Table 1, for the same sample as in

Figure 2(b). The sample was initially prepared by sputtering for 5 minutes and annealing at
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500 K, corresponding to treatment 22 in Figure 2(b). After sputtering again for 5 minutes
without subsequent annealing, R dropped to 14% of its initial value, indicating selective
removal of Na.

Preferential sputtering can be attributed, in this case, to the better mass match of Ar”
(40 amu) with Na (23 amu), than with Au (197 amu), resulting in more effective momentum
transfer from the incident ion to Na than to Au. We conclude that Ar* ion sputtering

contributes to overall Na depletion in NaAus,.

Table 1 Effect of sputtering (alone) on composition of sample B. The initial condition
corresponds to treatment 22 in Figure 2(b). After the initial measurement of R, the sample
was sputtered again for 5 minutes with 0.75 keV Ar” ions, but it was not annealed. Then the

second value of R was obtained.

atom% Na atom% Au R
Initial condition 27.0 73.0 0.37
After sputtering 4.7 95.3 0.05

4. Discussion

This work shows that the nature of the (111) surface of bulk NaAu, depends strongly
on the conditions of its preparation in UHV.

If the sample is not heated too high (7., < 500 K), nor subjected to excessive sputter-
anneal cycles, its surface exhibits characteristics consistent with bulk termination. This is
based upon both LEED and XPD, where the measured patterns are very close to simulations
based on the bulk structure. In particular, the surface lattice constant calculated from the

LEED data agrees well with the value for the bulk-terminated unit cell, and the LEED pattern
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contains no extra diffraction spots that might indicate surface reconstruction. However, in
both techniques, some disorder is suggested by the moderately high background in the
patterns.

The STM data are unusual, because they do not display the anticipated terrace-step
structure, but rather an array of mesa-like features with diameters on the order of a few tens
of nm. These mesas give rise to the good LEED and XRD patterns, yet no regular atomic-
scale structure can be discerned on the flat (to within 0.2 nm) tops. One possible explanation
is that the top atomic layer is disordered, and the LEED and XRD patterns originate mainly
from deeper layers. Perhaps the disorder is a static remnant of the dynamic Na desorption
which occurs at temperatures above the observation temperature of 300 K. However, Barth et
al. observed good atomic-scale order on surfaces of NaAu, films grown on Au(111) and
heated to temperatures of 300-600 K.**!! The reason for the contradictory result is unclear,
although there are certain differences between the two systems and these may be significant.
For instance, in the work of Barth et al., NaAu, was in the form of a thin surface layer with
significant strain, and excess Au existed in the subsurface region (the Au substrate).

It is interesting that the mesas produce good LEED and XRD patterns. This means
that the mesas must be atomically ordered and orientationally aligned, i.e. their orientation is
fixed by the bulk lattice. Although the STM images in Figure 6 may give the impression that
the mesas are independent mounds, they are more correctly regarded as terrace-like features
separated by irregular valleys and crevasses. The reason for this unusual morphology
warrants further investigation.

If the sample is heated to higher temperatures (7,,, > 600 K), and/or subjected to

many sputter-anneal treatments at 7,,, < 500 K, it loses Na and eventually decomposes into
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elemental Au at the surface and in the adjacent bulk region. Evidence for this comes from the
irreversible drop in R in XPS and the emergence of bulk Au in XRD. Because a NaAu;
surface can be regenerated by polishing, Na depletion must be limited to the near-surface
region. In a Na-depleted sample, there are small areas which have the herringbone
reconstruction of Au(111), as well as cascades of steps each having the height of an Au(111)
step. Such regions are in the minority, however, and most of the Na-depleted surface simply
appears rough and featureless in STM.

We have determined that two mechanisms contribute to Na depletion. Thermally-
activated desorption begins around 450 K. Preferential sputtering also contributes. Our model
is that when surface and near-surface depletion becomes too extensive, the bulk can no
longer replenish the surface effectively, and the surface transforms to Au. In fact, the
importance of surface Na repopulation is evident from the inverse correlation between Na
desorption rate and heating rate (at fixed temperature) in TPD.

Returning to the original motivation for this work, we can comment on the
plausibility of NaAu,(111) as a model for the catalytically-active surface. In powder form,
NaAu, showed good catalytic activity for CO oxidation at temperatures of 300 to 350 K.2 A
reaction mechanism was proposed, based upon the nearly-bulk-terminated (111) surface. The
present work does not prove that a (111)-like surface exists under reaction conditions, but
this work is compatible with this model for the catalyst operating in this temperature range.
The present work also predicts massive compositional changes in the intermetallic catalyst,

starting at reaction temperatures of about 450 K.
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5. Conclusion

We have found that the (111) surface of NaAu, can be prepared in a state where
orientationally-aligned, mesa-like features predominate. This state produces good diffraction
patterns in LEED and XPD, which are matched well by simulations based on a bulk-
terminated structure. However, there is no regular fine structure atop the mesas, possibly
indicating disorder in the topmost surface layer. The sample can lose Na both by thermal
evaporation (onset at 450 K) and by Ar* ion bombardment. Repeated sputter-annealing
treatments under the conditions described here leads to precipitation of pure Au at the surface

and near-surface region.
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Figures

Figure 1. Schematic of the (111) plane of NaAu,. Large (gold) circles represent in-plane Au
atoms. Small (blue) circles represent Na atoms slightly below the surface plane. The rhombus
shows the surface unit cell.
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Figure 2. Na:Au composition ratio, from XPS, as a function of treatment in UHV. XPS data
were not acquired after every treatment, so the number of data points is less than the number
of treatments. The compositions are derived from the relative intensities of the Na 1s and Au
4f lines in XPS, as described in Section 2. (a) Evolution of Sample A. This sequence
encompassed a wide variety of Tan, from 430 to 770 K. Prior to Na depletion, the treatments
included 2 at T,hn = 600 K and 1 at Tan, = 650 K. (b) Evolution of Sample B. Each treatment
included annealing at 500 K for 20 minutes. The top two panels show results for normal

emission (o = 0°) while the bottom two panels show grazing emission (a. = 60°).
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Figure 3. XRD patterns of NaAu, samples. (a) Powder pattern from a portion of the Sample
D ingot that was crushed and ground. All peaks are attributed to NaAu,. (b) Sample A single
crystal after heating from 400 K to 850 K in 50 K increments with 3 minutes of sputtering
before each heating. The Na:Au composition ratio was not measured, but these conditions are
expected to produce a Na-depleted surface. The pattern is a mixture of peaks assigned to
NaAu, and Au, the latter denoted by arrows. (c) Sample D single crystal after 11 treatments
that included flashing or annealing at 775 K and 825 K. These conditions are expected to
produce a Na-depleted surface, confirmed by R = 0.09 in XPS at a=0°. The major XRD
peaks can all be assigned to Au, denoted by arrows. (d) Sample D single crystal after re-
polishing which removed 0.24 mm from the surface. All peaks are attributed to NaAus,,
except the small features marked by asterisks, which are from the stainless steel sample
holder. These features also make very small contributions in panels (b) and (c).
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(a) Experiment (b) Simulation

27.0eV

64.5¢V

100.5¢V

Figure 4. LEED patterns at 3 incident electron energies and normal incidence. (a) Sample C,
after 13 sputter-anneal treatments, resulting in a cumulative history of 3 hours of sputtering,
and 18 hours of annealing at temperatures not exceeding 530 K. R = 0.55 (a = 60°). (b)
LEED pattern expected for the NaAu,(111) bulk-terminated surface (Figure 1).
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Experiment Simulation

(a) Na ls
NaAu,(111)
(b) Au 4f NaAu,(111)

Au(111)

Figure 5. Comparison of experimental XPD patterns from Sample B with single-scattering
calculations. Before XPD measurements, the sample underwent a total of 5 sputter-anneal
treatments at Tan, = 500 K, which resulted in R = 0.53 (a. = 60°). The sample was scanned at
o =01to0 90°, in 1° steps. (a) Na 1s. (b) Au 4f.
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Figure 6. STM images and line profiles of Sample C. The sample started with a history of 8 sputter-anneal treatments
at Tann = 425-480 K. Between each pair of images, it was sputtered once and annealed for 20 minutes at 480-515 K.
Values of R were measured at o = 60°. Tunneling parameters ranged from +1.1 to +1.6 V at the tip, and 0.1 to 0.3 nA.
(@ R=0.48.(b) R=0.47, (c) R=0.44.
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Figure 7. STM images of sample A after Na depletion, R = 0.24 (o = 60°). The sample
started with a history of 10 sputter-anneal treatments at T,nn = 430-750 K. Between images, it
was sputtered and annealed for 20 minutes at 770 K. (a) Typical surface image at +0.82 V,
0.08 nA. (b) Isolated region showing the herringbone reconstruction and step height
associated with Au(111), at -1.4 V and 0.08 nA. The average step height is 0.25 £ 0.01 nm.
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Figure 8. TPD spectra from Sample D showing the partial pressure of Na (mass-to-charge
ratio of 23) versus temperature. Three different heating rates were used: 0.59 K/s, 2.4 K/s and

4.2 KIs.
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Appendix. Surface Morphology
1. Incremental anneals

Many metals, both single element and mixed element, form step-terrace features on
the surface following specific sputter-anneal cycles tailored for each. In order to find the
specific sputter-anneal cycle combination for NaAu,, we conducted a series of incremental
anneals on NaAu, Sample A at the Ames Laboratory in March 2014. A sputter-anneal cycle
consisted of a three minute sputter at 1 keV with Ar” ions followed by a two minute anneal at
the desired temperature. A controlled annealing ramp rate of 0.04 A/min was used. The
sample cooled for 10-15 minutes before STM imaging. The annealing temperatures ranged
from 400 K to 850 K, in 50 K increments. We repeated the 400 K anneal twice before
moving on to higher temperatures. Figure A1.1 shows a compilation of STM images taken
after the ten different temperature anneals. As annealing temperature increases the surface
becomes rougher and small clusters appear. The large features, seen at all temperatures,
range in height from less than 3 nm to 15 nm tall. The small clusters, seen at temperatures
above 600 K, are 5 nm or less in width. Figure A1.2 shows STM images with line profiles
highlighting these feature heights and widths. We found no features indicative of step-terrace

morphology.

2. High temperature (>700 K) anneals

We conducted high temperature anneals on Samples A and D at EMPA. Sample A
was not re-polished between the previous incremental anneals at the Ames Laboratory and
the following high temperature anneals. Sample A was sputtered with Ar+ ions at 750 eV for

30 minutes followed by a 750 K anneal for 40 minutes. As shown in Figure Al1.3(a)-(b), the
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resulting surface is flat and covered with small clusters. No step-terrace formation is seen, so
Sample A was sputtered again for 30 minutes followed by a 770 K anneal for 40 minutes.
This resulted in a flatter, smoother surface with regions of step-terraces; see Figure A1.3(c)-
(d). We determined these step-terrace regions to be that of Au(111) (cf. Section 3.3).

Sample D, a previously unused sample, also underwent high temperature anneal
experiments. This sample was prepared and scanned in a separate chamber containing a low
temperature STM (LT-STM). Here the sample was subjected to four cycles of sputtering for
10 minutes followed by flash heating to 775 K. The resulting surface morphology consisted
of rolling mounds covered with the small clusters; see Figure Al.4(a)-(b). Sample D was
then subjected to four cycles of sputtering for 10 minutes followed by 10 minute anneals at
825 K. The surface presented with what appear to be many steps with small terraces
surrounded by large rough areas, as shown in Figure Al.4(c)-(d). The final conclusion is that
high temperature anneals do not form the desired step-terrace morphology and in fact,

deplete the surface of Na.

3. Scanning electron microcopy

We conducted a scanning electron microscopy (SEM) study on Samples A and C to
image the surface area on a larger scale than STM could provide. The samples were removed
from the UHV chamber and transported in air to a nearby SEM system within the building.
Dr. Juan-Ramon Sanchez performed all SEM imaging.

Sample A was imaged after the >700 K anneals and additional sputter-anneal cycles
at lower temperatures including at 16 hour anneal at 430 K. The R value of 0.07 indicates the

surface is Na-depleted. Secondary electron images (topographic) show a rough surface
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comprised of small clusters, Figure Al.5(a)-(c). The backscattered electron image (a
combination of both topographic features and density), Figure A1.5(d), shows a lack of
contrast on the surface suggesting there is only one element present. An element with a
higher atomic number and thus higher atomic mass backscatters more electrons and appears
brighter in the image. The large difference in mass between Au and Na (196 amu and 23
amu, respectively) means there would be a distinct contrast difference if both Au and Na are
present. An energy-dispersive X-ray diffraction (EDX) mapping of the surface composition
shows only Au is present. The typical EDX detection limit is 0.1 weight%, so if Na is present
it is only in trace amounts.

Sample C was imaged after several sputter-anneal cycles around 500 K. The R value
of 0.58 indicates the surface is not Na-depleted and actually close to the ideal value of 0.50.
Secondary electron images show a rough surface comprised of small clusters, Figure
Al.6(a)-(b). The backscattered electron image, Figure Al1.6(c), shows a two-tone surface
suggesting the presence of two elements, one with a higher density (i.e. Au) and one with a
lower density (i.e. Na). An EDX map of the surface composition shows the surface is 30%

Na and 70% Au, which is the ideal ratio for an undepleted sample.

4. Triangles

Unique triangular shaped features were found on Samples A and D of NaAu,(111).
The first triangles were found in July 2012 on Sample A. The sample had undergone 10
sputter-anneal cycles consisting of Ar* ion sputtering at 1 keV for 15 minutes followed by a
450 K anneal for 30 minutes. These features were an anomaly on the surface as they were

only seen in a small region. Figure Al.7(a) shows a group of these triangles clustered on a
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step-terrace formation. The average island size, measured from peak to base, is 2.8 nm + 0.2
nm and the average island height is 0.26 nm + 0.2 nm. The second set of triangles was found
in April 2014 on Sample C. The sample had undergone ~16 sputter-anneal cycles consisting
of Ar” ion sputtering at 1 keV for 5 - 15 minutes followed by 400 - 500 K anneals for 10 - 40
minutes. These features were again an anomaly on the surface as they were only seen on the
tops of a few mesas. Figure A1.7(b) shows a group of triangles clustered on the top of a
mesa. The average island size, measured from peak to base, is 1.3 nm £ 0.1 nm and the
average island height is 0.07 nm £ 0.01 nm. The difference in height of the triangles could be
due to the variation in the tunneling conditions. We speculate that these may be Au islands

that have nucleated on the NaAu, mesa.

5. Mesas

The typical surface morphology of an undepleted NaAu,(111) surface has mesa-like
features. When present on the surface, these mesas are found on the entirety of the sample.
Analyses of these mesas show they have a maximum width of 60 nm, range in height from
0.1 nm to 8 nm and exhibit an average peak-to-peak roughness of 0.18 nm + 0.09 nm (N =
124). The distribution for peak-to-peak roughness for six separate analyses is summarized in
Figure A1.8. The plot is broken down into two groups. Group 1, containing experiments with
fewer sputter-anneal cycles (<10), has an average peak-to-peak roughness of 0.15 nm £ 0.07
nm (N = 85) while Group 2, containing experiments with more sputter-anneal cycles (>10),
has an average peak-to-peak roughness of 0.25 nm £ 0.11 nm (N = 39). This result in itself
should not be unexpected. We know more sputter-anneal cycles leads to a deterioration of the

surface via depletion of Na and thus a possible increase in overall roughness.
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The overall shape of the mesas is similar. An analysis of clean surface images from
2014 and 2015 give the angle between the top of the mesas and the sloping sides as an
average of 155° + 7°. Figure A1.9 shows examples of this trend over various sized mounds.
The “step” distance between the tops of different mesas ranges from 0.1 nm to 8.4 nm, with
most “step” heights between 1 nm and 3 nm (N = 132); see Figure A1.10. The wide variation

between “step” heights suggests there is no trend in this aspect of the growth morphology.

6. Round top mounds

There are exceptions to the clean surface mesas. Round top mounds are another
feature that appears on the surface. These mounds are present on the surface for the first
three to four sputter-anneal cycles on an unused or freshly re-polished sample. After five
sputter-anneal cycles the mesas appear and the round top mounds are rarely seen on the
surface. These round top mounds have a maximum width of 75 nm and range in height from
2 nm to 12 nm. Examples of these round top mesas are shown in Figure A1.11. It is possible

these round top mounds are precursors for the mesas that form on the surface.

7. Controlled annealing rate

We conducted another endeavor to create a step-terrace formation on the NaAu,(111)
surface at EMPA in 2015. Sample C was re-polished and used for these experiments. A
controlled ramping rate was used for heating and cooling the sample. It is known that Na
depletion occurs with sustained sputtering in addition to annealing above 475 K, so the
chosen base sputter-anneal cycle for the sample was sputtering with Ar+ ions at 750 eV for 3

minutes followed by annealing at 475 K for 20 minutes. Sample C was first annealed to 475
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K using a heating rate of 0.1 A/min (~4.5 K/min) and cooled to room temperature at a rate of
0.1 A/min. The resulting surface structure was similar to that of the previously seen mesas,
but with more separation between mesas and an underlying step-terrace morphology. Figure
A1.12 shows examples of this surface. The average step height shown in Figure A1.12(e) is
0.47 nm = 0.02 nm (N = 6). It is known that the bulk structure gives a layer separation of

1213 shown

0.45 nm for NaAuy(111) measuring from one “Aul” layer to the next “Aul” layer,
in Figure A1.13. It is plausible that these step-terraces are that of NaAu,(111).

A second sputter-anneal cycle was done with a heating rate of 0.1 A/min and a
cooling rate of 0.05 A/min. The resulting surface structure is similar to that of the previously
seen mesas. The step-terraces are still present, but are more infrequently seen. Figure Al.14
shows examples of this surface. The average step height shown in Figure A1.14(e) is 0.49 nm
+ 0.01 nm (N = 9). This height again is similar to the layer separation seen with the bulk
structure and could again plausibly be NaAu,(111) step-terraces.

The parameters used in the second sputter-anneal cycle were repeated for another
attempt at a step-terrace formation. The resulting surface resembled that of the typical mesas
(cf. Figure 6) and small step-terrace areas were scarce. Figure A1.15 shows examples of this
surface. The average step height shown in Figure A1.15(e) is 0.58 nm £ 0.03 nm (N = 6).
The height of these steps has increased by 0.10 nm indicating they may no longer be that of
NaAus.

After conducting these controlled annealing rate experiments, we determined that it is

not easily possible to obtain a step-terrace morphology on the NaAu(111) surface. It took

only three mild sputter-anneal cycles before the underlying step-terrace morphology
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disappeared and the typical mesa morphology appeared. The controlled cooling ramp rate

had only short-term benefit in generating step-terrace morphology.
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Figure Al.1. STM images of the NaAu,(111) surface following ten incremental anneals ranging from 400 K to 850 K,
in 50 K increments. (a) 400 K; (b) 450 K; (c) 500 K; (d) 550 K; (e) 600 K; (f) 650 K; (g) 700 K; (h) 750 K; (i) 800 K;
(j) 850 K. All images are 250 nm x 250 nm. Scanning parameters 0.4 nA to 0.5 nA, -2.2 V to -3.5 V.
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Figure A1.2. STM images and line profiles of the NaAu,(111) surface showing feature heights for various incremental
anneals. (a) 400 K; (b) 550 K; (c) 700 K; (d) 850 K. All images are 250 nm x 250 nm. Scanning parameters 0.4 nA to
05nA,-22V1to-35V.
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Figure A1.3. STM images of the NaAu,(111) surface of Sample A following two different
high temperature sputter-anneal cycles. (a)-(b) 750 K; (c)-(d) 770 K. Step-terrace formations
are seen in (c) and (d), (a) is 75 nm x 75 nm, (b)-(d) are 150 nm x 150 nm. Scanning
parameters (a)-(b) 0.03 nA to 0.08 nA, +0.57 V to 1.2 V; (c)-(d) 0.06 nA to 0.08 nA, -1.65 V.
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Figure Al.4. STM images of the NaAu,(111) surface of Sample D following two different
high temperature sputter-anneal cycles. (a)-(b) 775 K; (c)-(d) 825 K. (a),(c)-(d) are 150 nm X
150 nm, (b) is 35 nm x 35 nm. Scanning parameters 0.1 nA, 0.8 Vto 1.2 V.
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Figure A1.5. SEM images of the NaAu,(111) surface of Sample A. R = 0.07. Secondary
electron images are (a)-(c), backscatter electron image is (d). (a) 70 um x 70 um; (b) 25 um
X 25um; (c) 150 um x 150 pum; (d) 25 um X 25 pm
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Figure A1.6. SEM images of the NaAu,(111) surface of Sample C. R = 0.58. Secondary
electron images are (a)-(b), backscatter electron image is (c). (&) 7 um X 7 um; (b) 5 um x 5
um; (€) 5 um x 5 um
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Figure A1.7. STM images of Samples A and C showing triangular features seen on the
NaAu,(111) surface. (a) Sample A, 50 nm x 50 nm; (b) Sample C, 20 nm x 20 nm. Scanning
parameters (a) 0.5 nA, -2.5 V; (b) 0.09 nA, 0.5 V.
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Figure Al.8. Plot of peak-to-peak roughness of mesa tops with respect to surface area for six
separate experiments. Group 1 contains experiments with less than 10 total cleaning cycles
while Group 2 contains experiments with more than 10 total cleaning cycles. Group 1
average peak-to-peak roughness is 0.15 nm + 0.07 nm, Group 2 average peak-to-peak
roughness is 0.25 nm = 0.11 nm with an overall peak-to-peak roughness of 0.18 nm + 0.09
nm.
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Figure A1.9. STM images and line profiles showing the angle between the top of the mesas and the slope of the sides.
The average angle is 155° + 7°. The red dotted lines represent the angles measured. (a)-(b) are 150 nm x 150 nm. (c) is
100 nm x 100 nm. Scanning parameters 0.1 nAto 0.2 nA, 1.0V to 1.7 V.
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“Step” “Step”
Mesa 1: | Mesa 2: | Height Mesa 1: | Mesa 2: | Height Mesa 1: | Mesa 2: | Height
(nm): (nm): (nm):
1 2 5.0 1 2 1.6 1 2 0.9
1 3 4.6 1 -+ 4.6 2 3 5.9
1 4 1.4 2 3 6.8 3 4 3.2
2 3 1.2 -+ 5 1.3 3 5 0.4
3 4 3.4
3 5 3.3
3 6 1.9
4 5 0.03
5 6 5.2

(b)-(c) 150 nm x 150 nm. Scanning parameters 0.15nAto 0.5nA, 1.2V to 1.7 V.
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Figure A1.10. STM images of “step” heights between mesas. Each mesa is assigned a number within the image. The
“step” height difference between two mesas is listed in the corresponding table below each image. (a) 75 nm x 75 nm,
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Figure A1.11. STM images and line profiles of the NaAu,(111) surface showing the round top mesas. (a) 100 nm x
100 nm (b)-(c) 150 nm x 150 nm. Scanning parameters (a)-(b) 0.2 nA to 0.4 nA, -2.0V (c) 0.1 nA, 1.2 V.
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Figure A1.12. STM images of the transformed mesa structure with underlying step-terrace morphology. (a)-(c) are

images of the typical sample surface after controlled cooling rate of 0.1 A/min. (d) the derivative of (a) to enhance the
underlying step-terrace morphology. (e) a zoom of step-terrace in (c) indicated by the black box (f) Line profiles of the

step edges in (e). Average step height seen in (e)-(f) is 0.47 nm £ 0.02 nm. (a)-(d) 250 nm x 250 nm (e) 66 nm x 62 nm.

Scanning parameters 0.1 nA, 1.3 V.
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Figure A1.13. Schematic of NaAu, with view perpendicular to the (111) axis. Au atoms are yellow, Na atoms are blue.
The black box shows the bulk unit cell. The separation between Aul and Aul is 0.45 nm. The separation between Aul
and Au2 is 0.23 nm. Figure provided by Professor Gordon J. Miller.
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Figure A1.14. STM images of the mesa structure with infrequent step-terrace morphology after a second controlled cooling rate
experiment. (a)-(d) are images of the typical sample surface after controlled cooling rate of 0.05 A/min. (e) a zoom of step-terrace in
(d) indicated by the black box. (f) Line profile of the step edges in (e). Average step height seen in (e)-(f) is 0.49 nm + 0.01 nm. (a)-(d)
100 nm x 100 nm (e) 40 nm x 40 nm. Scanning parameters 0.08 nA to 0.4 nA, 0.7 Vt0 0.9 V.
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Figure A1.15. STM images of the mesa structure after a third controlled cooling rate experiment. (a)-(d) are images of

the typical sample surface after controlled cooling rate of 0.05 A/min. (e) a zoom of step-terrace in (d) indicated by the

black box. (f) Line profile of the step edges in (e). Average step height seen in (e)-(f) is 0.49 nm + 0.01 nm. (a)-(d) 100
nm x 100 nm (e) 50 nm x 50 nm. Scanning parameters 0.1 nA, 0.7 V.
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Abstract

NaAus,, in powder form, is known to be an active catalyst for CO oxidation. The goal
of the present study is to elucidate the interaction of one reactant, molecular oxygen, with a
single-crystal surface of this material, NaAu,(111). Exposing the clean surface to gas-phase

molecular oxygen produces three types of oxygen on the surface. One type is bound in
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spurious carbonate that forms during exposure. The second is adsorbed atomic oxygen that
interacts both with Na and Au. The third type is atomic oxygen that interacts mainly or only
with Na. We propose that the last species is an oxide of Na distributed throughout the surface

and near-surface region. Its formation is accompanied by surface segregation of Na.

1. Introduction

Intermetallics are potential alternatives to precious metal catalysts for certain
reactions.” For instance, quasicrystalline AICuFe shows good activity and stability in steam
reforming of methanol,? and both Pd-Ga compounds and Ali3X4 (X = Fe, Co) intermetallics
show promise for selective hydrogenation of alkynes.** Independently, there has been great

interest in Au—especially as supported nanoparticles®® and as nanoporous solids®*°

—as an
effective low temperature catalyst for oxidation reactions.** The reasons for the intriguing
catalytic properties of both classes of catalyst are diverse, and remain under active
investigation.

The possibility of finding new catalysts at the nexus of these two types of materials—
intermetallics and nano-structured Au—Iled to a recent investigation of the catalytic
properties of an Au-rich intermetallic, NaAu,.'? The CO oxidation reaction was chosen
because it is important, and also it is a benchmark indicator of the oxidative activity of Au in
its various forms.*® Powders of this material showed excellent activity for CO oxidation, in a
range of relatively low temperatures (T) between 300 K and 400 K.*? In the model developed
for this reaction, molecular oxygen adsorbs at a site involving multiple Au and Na atoms,

including 1 Na atom that moves above the surface plane, i.e. it ‘pops out’. The molecule can

react directly with CO,q to form an intermediate OOCOQO,q, and ultimately CO; 4 and Ogg.
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Motivated by this report, we characterized the clean (111) surface of single-crystal
NaAus, in ultrahigh vacuum (UHV), to determine its stability relative to the bulk, and hence
the suitability of the (111) termination as a model for the active catalyst surface.** We found
that the surface could exist in one of two conditions. In one, both low-energy electron
diffraction (LEED) and X-ray photoelectron diffraction (XPD) were consistent with
expectations from bulk structure, with some evidence of disorder. Furthermore, STM showed
mesa-like features whose flat tops likely exhibited bulk-termination—though atomic order
could not be resolved. The regions separating the mesas must be regarded as significant
defect regions. To provide a more graphic review, Figure 1 shows STM images and line
profiles, together with diffraction data, for this state of the clean surface. In this paper, we
present a re-analysis of the surface composition in this state using XPS and Auger electron
spectroscopy (AES), showing that the surface is Na-enriched.

In the second condition, the surface was Na-depleted/Au-enriched. Na depletion was
attributed both to preferential sputtering and desorption at elevated temperature. Based on
temperature programmed desorption (TPD), Na desorption began at about 450 K. Since both
processes (sputtering and heating) were employed repeatedly as part of the normal cleaning
process between experiments, the samples could be used only for a limited number of
experiments before pure, crystalline Au precipitated irreversibly. Prior to this point, surface
Na could apparently be replenished from the near-surface reservoir.

With this as background, we now investigate the interaction of oxygen with the
NaAu,(111) surface. From energetics calculated previously,*? certain predictions can be
made. First, the residence time of molecular oxygen is so low that it should be unobservable

under our experimental conditions. For the calculated adsorption energy, Ea.q, 0f -0.38 eV, the

www.manaraa.com



112

residence time at room temperature is of order 107 to 10” s, assuming a pre-exponential

0'#*! 5. Measurements take place over several hours following

desorption rate factor of 1
oxygen exposure. Low temperatures would be necessary to stabilize it on an appropriate
time-scale, as is true in general for molecular oxygen on surfaces, e.g.*>*". Second, the
barrier to dissociation of adsorbed molecular O is 1 eV, so irrespective of residence time, it
would not dissociate at room temperature. Of course, both predictions apply to the ideal flat
surface and, as noted above, the real surface is morphologically irregular. Our goal here is to
determine whether atomic oxygen adsorbs and if so, whether its chemical state can be related
to the surface composition and/or structure.

We first present analysis of XPS and AES data for the nominally-clean surface. We
then describe standard oxygen adsorption experiments, which show that oxygen does adsorb,

giving rise to two well-separated O 1s peaks in XPS. From these results, we develop a

hypothesis that is tested with tailored experiments.

2. Experimental Details

Single-crystal samples of NaAu, were grown at the Materials Preparation Center of
the Ames Laboratory via the Bridgman technique. All of the XPS experiments were carried
out at EMPA in Diibendorf, Switzerland. All of the TPD experiments took place at the Ames
Laboratory in Ames, lowa, USA. Many aspects of the UHV instrumentation and
experimental conditions for both sites have been described as part of our previous study of
clean NaAu,(111).** Details unique to the oxygen adsorption experiments follow.

XPS experiments were conducted on the sample denoted B,** which was re-polished

for these oxygen experiments. Between each experiment, the sample was cleaned with two
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cycles of sputter-annealing. Each cycle consisted of Ar” ion bombardment at 1 keV for 3
minutes at 300 K, then annealing at 475 K for 15 minutes. For XPS, the sample was exposed
to Oy 4 by back-filling the chamber to a pressure of 1.0 x 10® t0 1.0 x 10" mbar. Exposures
are reported in units of Langmuir (L), where 1 L = 1.33 x 10°® mbar-s. In cases where the
sample was annealed after exposure to O, g, it was held at temperature for 20 minutes.

The XPS instrument was part of an Omicron ESCA UHV system, and consisted of a
VSW 125 HR electron analyzer and a twin anode (Mg and Al) X-ray source. Spectra were
acquired at emission (take-off) angles, 0, of 0°, 60°, and 80°, defined with respect to the
surface normal. Unless noted otherwise the energy step was 0.1 eV and 6 = 60° in the figures.
Spectra at 6 = 60° were used for quantitative analyses because signal-to-noise was optimal.
The pass energy was constant at 80 eV. The energy scale was calibrated with an Au(111)
sample, using Au lines from the 5ds, to the 4s;,,. XPS data were analyzed using CasaXPS
software.'® The purity of the oxygen used in the XPS experiments was checked on a separate
UHV chamber, and no impurities were found. The detection limit for CO;4 in the O 4 was
estimated at 0.5 vol%.

TPD experiments were conducted on Sample D,** which was also freshly re-polished
for these experiments. Between each run, Sample D was cleaned by sputtering with Ar* at 1
keV for 3 minutes, and annealing at 420 K for 20 minutes. The sample was exposed to O, q
through a doser with a design similar to that of Winkler and Yates,* but with a single-
aperture metal cap replacing the microchannel array. Based on our geometry, and the cosine
distribution provided by such a doser, the pressure at the sample surface relative to the
background pressure was enhanced by a factor of 7 + 2.% During O, 4 exposure the

background pressure in the TPD chamber rose to 3 x 10 mbar, meaning that pressure at the
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sample was (2.1 + 0.6) x 10°® Torr. In TPD, original software created within the LabView
framework controlled the thermal program and also was interfaced with a mass spectrometer
for multiplexing.

In two experiments, the NaAu,(111) surface was deliberately depleted of Na. In one
case, moderate depletion was achieved with a two-cycle regimen: Ar* bombardment at 300 K
for 10 and 20 minutes, followed by heating at 525 K and 700 K for 10 and 20 minutes,
respectively. In the other case, severe depletion was achieved with a three-cycle sequence of
Ar" bombardment at 300 K for 20, 45, and 3 minutes, followed by heating at 700 K, 750 K,

and 475 K for 30, 20, and 10 minutes, respectively.

3. Experimental Results and Interpretation
3.1. Composition of the initial surface
Previously,* we defined a quantity R as the ratio of integrated intensities for Na 1s
and Au 4f peaks (cf. Figure 2(a)), corrected for the (Scofield) cross-section for each
photoionization event.”* R was not corrected for photoelectron attenuation or instrumental
parameters. The correction for attenuation would be particularly large, since the inelastic
mean free path (IMFP) of Na 1s electrons is only one-third that of Au 4f electrons (in bulk
Au), i.e. 0.5 and 1.5 nm, respectively.?? Therefore R, as previously defined, is not an accurate
measure of the Na:Au composition, but it is used in this paper partly to facilitate comparisons
with prior work, and partly because it reflects compositional trends with high signal-to-noise.
While the difference in sampling depth for the strong Na 1s and Au 4f XPS signals is
large, this is not the case for the weaker Na 2s and Au 5p3), pair. Because these differ by only

6 eV in binding energy (BE), they have essentially identical IMFP values. Hence they are
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more suitable for quantitative analysis, but precision is lower. Using these and correcting for
the known cross-sections,* a set of values from 9 separate surface preparations results in a
Na:Au composition ratio of 0.6 + 0.1, or Naj »Au,, suggesting an excess of Na in the near
surface region. (See Supplementary Material.)

Other evidence supports Na enrichment. Even though the Na 1s:Au 4f ratio, R, should
greatly underestimate the Na content for a homogeneous distribution, owing to the smaller
sampling depth for Na, values of R are roughly stoichiometric.'* This indicates substantial
excess Na within the small sampling depth of the Na 1s. Another indication is found in the
peak/step background ratios for the Na signals compared to the Au signals. From Figure 2(a),
it is obvious that the inelastically-scattered background steps after the Na Auger signals (on
the higher BE side) are substantially weaker than those after the Au signals. This is clear
evidence that, within the depth probed, the Na is distributed closer to the surface, so that
there is less inelastic scattering of the exiting Na photoelectrons.

Assuming, for simplicity, that the excess Na is segregated to the top atomic layer, and
beyond that the composition is stoichiometric, the excess amount can be estimated from the
standard Beer-Lambert attenuation law. Using an Effective Attenuation Length, EAL, of 1.25
nm (to account for a 15 to 20% elastic scattering effect correction to the IMFP?®), and an
atomic layer defined as 0.3 nm thick, a composition of Na; sAu;, accounts for the observed
Na 2s:Au 5ps/, ratio of 0.6. We do not, however, suggest that there is a homogeneous layer of
this composition at the surface, which has a substantial fraction not representative of the bulk
terminated structure (Figure 1). The excess Na could be located on mesa edges, in the
valleys, or distributed in random sites on top of the mesas, which according to the LEED and

XPD results do have the bulk terminated structure. We also note that the Na 1s:Au 4f ratio
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measurements on the 9 prepared surfaces exhibit a range of values, indicating a genuine
variation in composition.

After cleaning, surfaces of NaAu, show a small residual peak at E, = 531.2 + 0.3 eV,
which falls in the range expected for the O 1s BE.* See Figure 2(c). The KL;L, 3 Auger line
of Na also appears in this range with an Al Ka source, nominally at 532 eV.**? The Auger
line does not fall in this region with a Mg Ka source. In our experiments, the small feature is
present with both X-ray sources, so it must originate at least in part from an oxygen species.
Based on an analysis of relative intensities of Auger peaks with Mg and Al sources (see
Supplementary Material), the Na Auger transition typically contributes 20 to 40% of the total
residual intensity, with the Al source (number of data sets, N, of 4).

The nominally-clean surfaces also exhibit intensity in the C 1s region. As shown in
Figure 2(d), there are two peaks. The larger, at 284-285 eV, is in the range associated with C-
C bonded species, and the smaller, at 289-290 eV, is associated with C-O double bonds. The
large negative heat of formation of sodium carbonate, -1130 kJ/mol,?® makes carbonate a
likely assignment for the latter. For comparison, the C 1s position falls at 289.0 eV for
carbonate on Ni(111),%” and at 289.3 eV for bulk Na,COs3.” The carbonate peak is convolved
with the KL3L23 Na Auger line for a Mg Ko source, but not for AL It is notable that
although the carbonate C 1s peak is small, it correlates with a much stronger O 1s peak,
partly because of the 3:1 stoichiometry, and partly because the photoionization cross-section
of O 1s is 2.9 times that of C 1s,%* leading to intensity amplification by a factor of 8.7.
Throughout this paper, we assume that the 289-290 eV peak is carbonate, and use the factor
of 8.7 to deduce the fraction of associated O 1s intensity. For the initial surface, carbonate

then accounts for 20-30% of the oxygen-derived (non-Auger) O 1s signal (N = 2). The
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remainder is reasonably attributed to oxygen dissolved in the bulk, supported by data in

Section 3.3 below.

3.2. Oxygen exposure at 300 K

Focusing first on the O 1s spectral region, exposure to oxygen causes the residual
peak to intensify. It also produces peaks at 1 or 2 new positions in the O 1s region, depending
on the X-ray source, as shown in Figure 3. The 3 peaks are labeled A, B, C in order of
decreasing (apparent) BE. Their areas and positions are determined via deconvolution, as
illustrated in Figure 3(a) and Figure 3(d). Arguments for individual assignments follow.

Peak A, at 535 + 0.2 eV, is observed only with the Al source, and must therefore be
the Na KL;L, 3 Auger peak. It apparently shifts upward from the residual position upon
oxygen exposure (cf. Section 3.1). This is substantiated by shifts observed for other Na
Auger lines. For example, in Figure 2(b) the KL, 3L, 3 line moves upward by about 3 eV after
50 L O, exposure. The intensification of Peak A with increasing oxygen exposure, evident in
Figure 3(b), reflects increasing Na surface concentration as will be discussed in the following
material.

Peaks B and C, at 531.5 £ 0.4 eV and 527.9 + 0.2 eV respectively, represent oxygen
species that grow with increasing oxygen exposure, developing roughly in parallel as shown
by Figure 3(c) and Figure 3(f). Close inspection reveals a difference, however: Peak C
reaches a plateau at 10 L, whereas Peak B continues to grow steadily beyond this exposure.
This different evolution indicates that these two peaks do not have a common origin. The BE
of Peak B is compatible with carbonate and, as shown below, carbonate contributes a

substantial fraction of its total intensity but not all. The BE of Peak C is much lower than
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normally observed for atomic oxygen adsorbed on transition metal surfaces, suggesting an
electron-rich oxygen atom in an ionic bond; sodium oxide is an obvious candidate. For
comparison, the O 1s BE for an oxidized surface of bulk Na falls at 529.6 eV.?

Angle-resolved XPS is not generally informative in this system. Most often, trends as
a function of 0 are small and irreproducible. This may be due to the intrinsic roughness of the
surface, illustrated in the STM images of Figure 1. However, there is one trend that is
reproducible and relatively strong. Figure 4 shows the relative contributions of Peaks B and
C to the total O 1s intensity, after 50 L exposure at 300 K, at 6 = 0°, 60°, and 80° with a Mg
source. Two separate experiments are shown, to illustrate the degree of consistency. Peak B
contributes a greater fraction of the total O 1s intensity as the emission angle becomes more
shallow (more surface-sensitive). From this, we conclude that Peak B represents species that
are more localized at the surface, whereas Peak C has contributions from deeper in the bulk.

Oxygen adsorption is accompanied by changes in the Na, Au, and C signals. Figure 5
shows that the Na 1s line intensifies, while the Au 4f line weakens. (Neither has any overlap
with lines of other elements in the system.) These changes are also represented as a strong
increase in R, shown in Figure 5(c). After exposure to 50 L O, 4 at 300 K, R increases by an
average factor of 2.6 £ 0.6 (N = 8). This means that Na becomes much more abundant,
concurrent with oxygen adsorption. At the same time, the carbonate peak grows as shown in
Figure 5(d). At 50 L, carbonate accounts for half of the oxygen species represented by Peak
B in the experiment of Figure 2(a)-(c).

The intensity of Peak B depends on the conditions of exposure, being reduced by 1/3
if exposure is carried out in a single step rather than sequentially. This is almost entirely due

to a reduction in the quantity of carbonate-oxygen. Possible sources of carbon for carbonate
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include contamination from the X-ray anode, adventitious carbon represented by the C 1s
peak at 284-285 eV, and diffusion of carbon from the bulk sample in concert with Na. We do
not consider CO4 or CO, 4 as likely candidates, since they were undetectable in the Oy .
Consistently, the amount of adventitious carbon declines upon oxygen exposure, indicating
that this may indeed contribute, although there is not a quantitative correlation between the
magnitude of this decrease and carbonate increase. But also, the fact that carbonate is higher
in the sequential experiments could indicate an origin in contamination from the X-ray
source. In short, we are unable at present to determine the carbonate’s source(s).

Finally, in Figure 6 we show the XPD patterns observed after 50 L O, gexposure at
300 K. The structure in the Na 1s pattern for the initial surface (Figure 1(c)) is gone, replaced
by a diffuse background exhibiting broad three-fold symmetry. The O 1s XPD is similar. The
Au 4f pattern is still evident, but with higher background. The Au structure is probed more
deeply than Na due to its larger IMFP (cf. Section 3.1), so these XPD data likely mean that
the top few layers become disordered, while the bulk structure is retained deeper below the

surface.

3.3. Effects of heating to temperatures below and above the Na desorption onset
Experiments in which the surface is exposed to 50 L O, 4 at 300 K, then annealed at
425 K and 475 K, are informative. These two temperatures are chosen because they are
slightly below and slightly above the onset of Na desorption, respectively.'* Peaks B and C
respond differently to this thermal treatment, as illustrated in Figure 7(a) and Figure 7(b).
We have considered the possibility that Peak B (at higher BE) represents molecular

oxygen, and the other peak represents atomic oxygen. However, if Peak B were molecular
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oxygen, its intensity would decrease with heating, due to dissociation. (Desorption can be
ruled out based on TPD data presented below.) Its behavior rules out this assignment.

Heating also affects the intensities of the Au 4f and Na 1s peaks, and consequently
affects the value of R. The Na 1s spectra, and R, are shown in Figure 7(c) and Figure 7(d).
(The Au 4f spectra are omitted, since only their intensity changes measurably, and this
change is captured in R.) Between 300 K and 425 K, the Na content increases slightly, but
between 425 K and 475 K, it decreases. We attribute these changes in Na and Au
concentration to activated diffusion of Na from the bulk toward the surface at 425 K,
followed by loss of Na due to desorption at 475 K. At the same time, the intensity of the
carbonate C 1s signal (not shown) is unaffected by heating, indicating that carbonate does not
contribute to the observed changes. Anhydrous sodium carbonate is reportedly stable in air
up to 800 K.?°

TPD adds more insight. Figure 8(a) illustrates the intensity of the signal at a mass-to-
charge ratio of m/e = 23, corresponding to the apparent partial pressure of Na, as a function
of temperature. The curves overlap, i.e. oxygen has no effect on Na desorption. At this
heating rate, 6.0 K/s, Na begins to desorb at about 480 K. However, there would certainly be
significant desorption if the sample were held at 475 K for extended periods, like the 20
minute anneals in the experiments of Figure 7. Figure 8(b) demonstrates that the partial
pressures of m/e = 32 and m/e = 39, corresponding to O, and NaO, respectively, are invariant
with temperature in the same temperature range. In other words, there is no evidence for
desorption of O, or NaO. This means that as the sample is heated, the loss of oxygen
indicated in XPS must be due to bulk dissolution, hence explaining part of the residual peak

on the as-prepared surface.
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All of this information forms a basis for the following model. Peak C originates from
oxygen bonded only or mainly to Na, located in the surface and near-surface region. At 300
K, it grows in a self-limiting process, leading to saturation of Peak C as a function of oxygen
exposure. If this sample is heated to 425 K, the reaction can proceed a little further; more Na
moves upward (toward the surface), causing R to increase slightly. However, this process
must result purely from equilibration, since no new oxygen is available from adsorption
during this experiment. At 475 K, the sample loses some Na via desorption, causing a
decrease in R, and a further decrease in Peak C intensity. On the other hand, Peak B
originates partly from carbonate, and partly from adsorbed atomic oxygen in an environment
that is influenced by both Na and Au. We do not associate Peak B with oxygen interacting
only with Au atoms, since oxygen is not stable on macroscopic, pure Au surfaces.**

If this model is correct, then two predictions can be made. First, oxygen exposure at
425 K should favor Peak C over Peak B, by allowing the O-Na reaction to occur more
effectively during oxygen adsorption. This should be accompanied by a stronger increase in
R than the 2.6-fold increase upon simply heating from 300 K to 425 K. Secondly, a Na-

depleted surface should ad/absorb less total oxygen, and Peak C should be especially

attenuated. We therefore test the model by performing these specific experiments.

3.4. Oxygen adsorption at 425 K

Exposing the surface to 100 L O, 4 at 425 K yields the O 1s spectrum shown in Figure
9(a). Compared to exposure at 300 K (Figure 3), the intensities of Peaks B and C are
reversed, i.e. Peak C is more intense than Peak B. Furthermore, R increases from 0.48 for the

initial clean surface, to 4.4 after oxygen exposure—almost a 10-fold change, much higher
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than the factor of 2.6 at 300 K. This indicates much stronger surface segregation of Na when
the sample is exposed to O, 4 at 425 K than at 300 K. Both of these changes are consistent

with predictions from Section 3.3.

3.5. Oxygen adsorption on Na-depleted surfaces at 300 K

As described in Section 2, we deliberately removed Na from the surface via extended
ion bombardment at 300 K, followed by annealing at temperatures as high as 750 K. In this
way, surfaces with initial values Ry = 0.30 and Ry = 0.09 were generated. (Ro < 0.4 indicates
that an irreversible transformation to crystalline Au has begun in the surface and near-surface
region.'*) Subsequent exposure to 50 L 024 in a single step produced the results shown in
Figure 10. Under these conditions, there is no trace of Peak C (even in deconvoluted spectra).
This validates the expectation that Peak C is more strongly dependent on Na concentration
than Peak B.

The total amount of adsorbed oxygen decreases with decreasing R, (decreasing initial
Na content), as shown by comparing Figure 10(a) with Figure 10(b). To illustrate this further,
the O 1s area is plotted vs. Rp in Figure 11. The data point at far left represents a normal
NaAu, surface. Comparing this point with the two from Na-depleted surfaces (farther right),
shows a steady decrease and ultimately a ten-fold reduction in the total amount of adsorbed
oxygen. This is also in agreement with the prediction.

Another feature is that oxygen adsorption on depleted surfaces produces only small
changes in R. For the marginally depleted surface, R increases from 0.30 to 0.48, a factor of
1.6. For the heavily depleted surface, R increases from 0.09 to 0.12, a factor of 1.3. These are

much smaller than the factors of 2.6 and 10 for non-depleted surfaces at 300 K and 425 K,
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respectively. This result is reasonable since, on the depleted surfaces, there is less Na

available in the near-surface region to segregate upward in response to oxygen adsorption.

4. Discussion

The data show that there are two main O 1s lines associated with adsorbed oxygen.
The one at low BE, Peak C, represents a sodium oxide(-like) species that is distributed in the
surface and near-surface region. The one at higher BE, Peak B, has contributions from
carbonate and from a type of adsorbed oxygen that interacts both with Na and Au.

The XPD patterns show that these species cannot be interpreted in terms of the bulk
termination. Nonetheless, earlier calculations for atomic oxygen adsorbed on such a surface™
are informative. Relevant adsorption sites are shown in Figure 12. Two of these are most
favorable for atomic oxygen, with equal adsorption energies of Eog = — 0.60 eV. The first
site is labeled fcc-Na. Here the oxygen adatom interacts with three Au atoms in the top layer
and one Na atom beneath. If every such site is filled, then oxygen coverage in atomic
monolayers (ML) is 1/3, where unity means one O atom per Au atom in the surface layer.
The stabilization imparted by underlying Na is clear from comparison with the hcp-Au site,
for which E,g =-0.18 eV. The second site is the Na-bridge site (Figure 12), where oxygen
bridges 2 Au atoms and also interacts with a pop-out Na. If all such sites are filled the
coverage is again 1/3 ML. Therefore, DFT points to the importance of mixed Na-Au sites for
oxygen adsorption, which agrees with experiment.

It is possible to estimate the amount of oxygen present in Peak B, as follows. The
XPS intensity, lg, originating from a depth, d, is given by

|d — |0 (1 _e —d/(EAL*cose)) (1)
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Here Iy is the integrated intensity from infinite depth, i.e. from the bulk material. To calculate
the fraction of Au signal originating from the top atomic layer of the clean surface, an EAL
of 1.25 nm is used (as justified in Section 3.1, for a Mg anode) and an atomic layer thickness
of 0.3 nm is assumed. The emission angle 6 is 60°. Substituting in the equation above gives
an lq of 0.37, that is, 37% of the Au signal originates from the outermost layer of Au. The
oxygen coverage then is simply the observed O 1s intensity after adsorption, relative to 37%
of the observed Au signal of the clean surface, after correcting both intensities for their
relative photoionization cross-sections. (An underlying assumption is that all oxygen in Peak
B is at the surface, as supported by the angle-resolved XPS.) The experimental ratio of O
1s:Au 4f intensities with the Mg anode, for sequential exposures to 50 L, is 0.085 (N = 2).
Correcting for the known relative cross-sections of 2.85 and 17.5, respectively,? the ratio
becomes 0.52, so the oxygen coverage is 0.52/0.37 = 1.4 ML. Half of this is carbonate per
Section 3.2, leaving 0.7 ML of Peak B as oxygen adsorbed at Na-Au sites. This is twice the
coverage predicted for an ideal NaAu, surface. The disordering that accompanies oxygen
adsorption may be a restructuring that optimizes local Na-Au-oxygen bonding, producing
higher oxygen coverage than could be achieved on the ideal surface.

Turning now to the oxygen in Peak C, its development is accompanied by diffusion
of Na from the bulk toward the surface. This diffusion is more facile at 425 K than at 300 K,
leading to a deeper and more extensive sodium oxide. (Inward diffusion of oxygen may also
be important.) This oxide is greatly suppressed when the initial surface is Na-depleted. Given
the structural heterogeneity of the initial surface (Figure 1), we postulate that nucleation of
the oxide is also heterogeneous, probably forming initially in troughs and at edges of mesas.

A schematic is shown in Figure 13, summarizing our observations and interpretation.
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Formation of sodium oxide is reasonable from a thermodynamic perspective. The
formation enthalpy of NaAuj is -99 kd/mol from experiment,® whereas the corresponding
values for oxides of sodium are much more negative:?® -263 for NaO,, -409 for Na,O, and -
505 for Na,Oo, all in kJ/mol. The surface oxide may well be a mixture or a progression of
these, depending upon relative availability of Na and O.

Finally, we consider some implications for understanding the catalytic activity of
powdered or dispersed NaAu,. Our data show that oxygen disrupts the surface structure of
NaAuz(111), implying that the bulk termination is not a good model for the majority of a real
surface, at least not under reaction conditions where oxygen can accumulate. Second, the
data show that sodium oxide—and sodium carbonate—form readily in oxygen-rich
environments, and so may influence catalytic reactions. Third, there is evidence for an atomic
oxygen species that is stabilized by interaction both with Na and Au, consistent with the
stability of atomic oxygen at such mixed sites in Ref. 12. It is possible that the formation of
sodium oxide and carbonate, entails the production of under-coordinated Au sites on the
surface. It has been shown, both experimentally and theoretically, that under-coordinated Au

sites can greatly increase the catalytic activity of gold surfaces.**

5. Conclusions

XPS and AES analysis of the as-prepared surface reveals enrichment in Na. The
excess Na is probably distributed heterogeneously on the surface, in light of the structural
heterogeneity. XPS also reveals residual oxygen and carbon. After oxygen exposure, there
are two oxygen-derived XPS peaks. From angle-resolved data, the one at higher BE

represents a species that is surface-localized, whereas the other is distributed through the

www.manaraa.com



126

surface and near-surface region. The surface-localized state is a combination of adventitious
carbonate, and atomic oxygen at a mixed Na-Au site (about 0.7 ML). While it could be
appealing to associate the mixed Na-Au sites with the bulk-terminated surface regions, XPD
shows that oxygen disrupts the first few NaAu,(111) layers. The other state is sodium oxide,
associated with surface segregation of Na. Formation of sodium oxide is strongly enhanced
when adsorption occurs at 425 K because diffusion of sodium is facilitated. At higher
temperature, loss of Na in XPS is due to desorption, and loss of oxygen is due to bulk
dissolution. On surfaces that are initially Na-depleted, the oxide is suppressed preferentially
and oxygen adsorption is suppressed overall. This is because depleted surfaces progressively
revert to pure Au, where oxygen is not stable. The reasons for good catalytic activity of

powdered NaAu, in CO oxidation may be more complex than envisioned initially.
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Figure 1. STM and diffraction data for the clean surface of NaAus,. (a) Typical STM image
(top) and line profiles (bottom), showing the mesa-like structure. (b) Low-energy electron
diffraction patterns. Top two patterns show images measured at 27.0 eV (left) and 45.0 eV
(right). Lower two patterns show images predicted for a bulk-terminated surface at these
energies. (c) X-ray photoelectron diffraction patterns using Na 1s and Au 4f photoelectrons,
both measured with an Al Ka source (top) and simulated (bottom).

8

4

0
= 6
e
N 0

8

4

0

www.manharaa.com



128

20]

) -
W]

= ]

Al -

w15

- 1

o -

3 -

210

=

= -

5] -

s ]

e 5

| |
1000 800 600 400 200
Binding Energy (eV)

i 158 N

S 156] (C) | g (d)

- 154 b 490

4 152 @

§: 150] §485

> 148, > 480

Z 146 ‘2475

= 144 =

2 14 2470

E IIIIIIIIIIIIIIIIIII Illllllllllllll E

320 300 280 260 240 220 536 532 528 524 292 288 284 280 276
Binding Energy (eV)

Figure 2. Photoelectron spectra for the NaAu, clean surface. Panels (a)-(c) are acquired with
a Mg anode, panel (d) with Al in a separate experiment. (a) Entire spectral range, 0-1125 eV,
measured in 0.5 eV steps. (b) Spectral range including Na KL, 3L, 3 (ca. 260 eV) and Na
KL;L, 3 (ca. 300 eV) lines, measured in 0.5 eV steps. Black: Cleaned surface. Red: Surface
after 50 L O, exposure at 300 K. (c) O 1s region, cleaned surface. (d) C 1s spectrum, cleaned
surface. The Al anode is chosen in (d) to circumvent overlap with a Na Auger peak.
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Figure 3. Photoelectron spectra in the O 1s region, for two sequences of oxygen exposures at
300 K. Data in (a), (b), and (c) were acquired with an Al Ka X-ray source. Data in (d), (e),
and (f) were acquired with a Mg Ka X-ray source in an entirely separate experiment. In (b)

and (e), the curves are displaced vertically to minimize overlap. The intensity, in units of cps

x 10, can be derived using the scale bar. (a) Spectrum obtained after 50 L exposure,

deconvoluted into three peaks. (b) Sequence of spectra following exposures to 1 L to 50 L (c)
Integrated areas of Peaks B and C as a function of exposure. (d) Spectrum obtained after 50

L exposure, deconvoluted into two peaks. (e) Sequence of spectra following exposures to 1 L
to 50 L (f) Integrated areas of Peaks B and C as a function of exposure. Y-axis “cps” units

are defined as counts per second.
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reproducibility.
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Figure 5. Na 1s, Au 4f, and C 1s photoelectron peaks for experiments in which the surface
was exposed to oxygen sequentially from 1 to 50 L at 300 K. The X-ray anode is Mg in the

experiment of panels (a)-(c), and Al in the experiment of panel (d). In (a), (b), and (d), the

curves are displaced vertically to minimize overlap. The intensity, in units of cps x 10 or
cps x 107 can be derived using the scale bar. (a) Na 1s. (b) Au 4f. (c) R vs. 0Xygen exposure.

(d) C 1s.
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Na 1s Au 4f

Figure 6. XPD patterns after 50 L exposure at 300 K.
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Figure 7. Result of exposing a surface to 50 L O 4 at 300 K, then annealing sequentially to
425 K and 475 K. The X-ray source is Mg Ka. In (a) and (c), the curves are displaced
vertically to minimize overlap. The intensity, in units of cps x 10 or 10, can be derived
using the scale bar. (a) O 1s spectral region. (b) Integrated areas of Peaks B and C. In each
case, the lower point at 300 K represents the clean surface, and the upper point is obtained
after 50 L exposure to oxygen. (c) ) Na 1s spectra for the same sequence as in panel (a). (d)
R vs temperature. The lower point at 300 K represents the clean surface, and the upper point
is obtained after 50 L exposure to oxygen.
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Figure 8. Results of temperature programmed desorption (TPD) for clean surfaces and a 25
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350 K. (a) Sodium desorption (m/e = 32) from sample clean surfaces and an oxygen
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Figure 9. Result of exposing a surface to 100 L O, 4 at 425 K. The X-ray source is Mg Ka.
The curves are displaced vertically to minimize overlap. The intensity, in units of cps x 10,
can be derived using the scale bar. (a) O 1s spectral region, with clean surface for reference
and 100 L exposure deconvoluted into two peaks. (b) Na 1s spectral region for the same
sequence as in panel (a).
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Figure 10. Results of exposing two sodium-depleted surfaces to 50 L O, 4 in a single step at
300 K. The X-ray source is Mg Ka. The curves are displaced vertically to minimize overlap.
The intensity, in units of cps x 10™, can be derived using the scale bar. (a) Ro = 0.30. O 1s
spectral region. Bottom and top curves are before and after exposure, respectively. (b) Ro =
0.09. O 1s spectral region. Bottom and top curves are before and after exposure, respectively.
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Figure 11. O 1s integrated areas vs. Ro values after exposing a surface to 50 L O, 4. The
point at 0.52 Ry is an average of two one-step exposures with the Mg anode. Error bars are
barely larger than the data symbol. The remaining points are each one exposure with the Mg
anode, corresponding to Figure 9.
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Figure 12. Top four planes of atoms in NaAu,(111). Planes and atoms in planes are
identified as follows, with the z-axis defined perpendicular to the surface plane: Dark
yellow, Au atoms at z = 0; dark blue, Na at z = -0.143 nm; yellow, Au at z = -0.225 nm; and
light blue, Na at z =-0.307 nm.
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Figure 13. Model of sample surface depicting oxygen adsorption at various surface
compositions and temperatures, where State B represents NaAu, and State C represents
NayOy. The angled shape associated with Na,Oy is meant to suggest that the oxide may

preferentially form at troughs and edges of mesas. (a) Normal surface composition with O, 4
exposure at 300 K. (b) Normal surface composition with O, 4 exposure at 425 K. (c) Na-
depleted surface composition with O, 4 exposure at 300 K.
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Appendix 1. Supplementary Information
1. Calculation of Na:Au composition ratio using Na 2s and Au 5psy, lines

Na 2s (62.9 eV) and Au 5ps/, (56.6 eV) peaks were used to give a more accurate
value of the Na:Au atomic ratio. These two lines were chosen because they are close in
energy and hence, their IMFP values are essentially identical. The peaks themselves overlap
in the spectrum, so they must be deconvoluted to give respective areas. Satellite peaks of the
Au 4f peak were also present at lower binding energies and intensities as a result of non-
monochromatized Mg Ko X-rays and Al Ka X-rays.”’ Some of the Au 4f satellite peaks fall
within the Na 2s and Au 5ps/, region and must also be deconvoluted. The following method
was used to do that.

Deconvolution regions were set for each spectrum and a linear background was used.
A linear fit was used to subtract a spectrum background which included the peak tail of the
Au 4f Kay satellite peaks at ~78-72 eV. Each region was then fitted for the Na 2s, Au 5p3,
and additional Au 4f;, Kas satellite peak. The Au 4f7, Kos satellite peak appears at ~66.5
eV for the Mg source and ~64.5 eV for the Al source.*” Figure Al(a)-(b) show an example of
the deconvolution for the Mg source spectra, with the Au 4f;/, Kos satellite peak clearly
visible at ~66.5 eV. Figure Al(c)-(d) shows an example of the deconvolution for the Al
source spectra. In this case, the Au 4f7, Kos satellite peak was within the same range as the
Na 2s peak and had to be deconvoluted using a different method. A clean Au(111) spectrum
from the same instrument was used to determine the ratio between the Au 5ps, peak area and

the Au 4f;;, Kos satellite peak area (which is visible without sodium present). See Eq. A.la.

Au 5p, , Area Au(111)
Au 4f,,, Kas Area Au(111)

Ru= Au 5p, ,:Au 4f;,Koas ratio = (Eqg. A.1a)
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This ratio, denoted as Ra,, gave a value of 0.06. To correct the Na 2s peak area in the NaAu,
spectrum, the area of the Au 5ps/, peak was multiplied by 0.06 and the resulting value

subtracted from the Na 2s peak area as shown in Eq. A.1b.

Corrected Na 2s Area = Na 2s Area — (Au 5pz, Area * Ray) (Eq. A.1b)
Known Scofield cross-sections () given for Na 2s and Au Spsp, in Table A.1, were then
applied to each corrected peak area, respective to the X-ray source.”* These cross-sections
give the probability of an electron being emitted from specific elemental orbitals and are used

to normalize elemental intensities.

Table A.1. Scofield Cross-Sections ()

Scofield Cross-Section ()
X-ray Source Na 2s Au 5p3p
Al Anode 0.422 1.10
Mg Anode 0.390 0.877

This corrected Na 2s area was then divided by the corrected Au 5p3/, area to calculate the

composition ratio, as shown in Eqg. A.1c.

Corrected Na 2s Area /oy, s
Corrected Au 5p, , Area/ﬁAu Py

Na:Au composition ratio = (Eg. A.1c)

2. Determination of the Na KL;L 3 contribution on cleaned surfaces of NaAu,

In the XPS spectrum for NaAu,, the O 1s peak (531.2 eV + 0.3 eV) and Na KL;L; 3

(532 eV) peak fall within the same range with an Al Ka X-ray source. To determine the
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percentage of the O 1s peak that is Na KL;L, 3 on the cleaned surface, the following method
was used.

The ratio of the oxidized peak area to the cleaned surface peak area for the Na
KL;L; 3 line should be equivalent for the two X-ray sources used. See Eq. A.2.

XulY2 = XolY; (Eq. A.2a)

For this method the variables were defined as:
X1 = Na KL;L, 3 oxidized peak area with Mg source
Xz = Na KL;L, 3 oxidized peak area with Al source
Y1 =NaKL;L,3 cleaned surface peak area with Mg source

Y, = Na KL;L, 3 cleaned surface peak area with Al source

The Na KL;L; 3 cleaned surface peak area with Al source, Y, was the desired
variable to be determined. Values for variables Xi, Y1, and X, were found by integrating the
area under each respective peak. Figure A2(a)-(c) show examples of each integrated peak
area. Next, the X1/Y; ratios for the Mg source experiments for cleaned surface peak area (Y1)
and oxidized peak area (X;) from four experiments were calculated and averaged. Then the
Al source experiment values for the oxidized peak areas (X;) were compiled and values for
Y, were determined. As seen in Figure A2(d), the Na KL;L, 3 cleaned peak is only part of
the total O 1s cleaned surface peak, so to calculate the percent it comprises, Y, was divided

by the total O 1s cleaned surface peak area and multiplied by 100% (see Eq. A2b).

Y,
O Is Area (cleaned)

% NaKL,L, 3 (cleaned) = ( > x 100% (Eq. A.2b)
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Figure Al.1. Photoelectron spectra regions for the Na 2s and Au 5p3, peaks, which have
been integrated using a linear background. Panels (a) and (b) are acquired with a Mg anode
and panels (c) and (d) with an Al anode. (a) clean surface (b) 50 L O, exposure (c) clean
surface (d) 50 L O, exposure Blue: Au 4f7;, Kas satellite Red: Na 2s Green: Au 5psp
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Figure Al.2. Photoelectron spectra regions for the Na KL;L, 3 Auger line, which have been
integrated using a Shirley background. Panels (a) and (b) are acquired with a Mg anode and
panels (c) and (d) with an Al anode. (a) clean surface (b) 50 L O, exposure (c) 50 L O,

exposure (d) clean surface
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Appendix 2. Experimental Parameters
1. Cleaning protocol

Typical gas exposure experiment procedures carried out at EMPA followed a
cleaning and analysis routine that extended over two separate days for each experiment, both
in 2014 and 2015. The sample underwent cleaning cycles, typically two cycles, on Day 1.
The sample was then left in the chamber overnight. The following morning, Day 2, we
implemented the experimental portion. We used this protocol due to the extended time period
required to carry out a gas exposure experiment. A typical cleaning cycle required 2.5 hours

and a typical gas exposure experiment required 10 hours.

2. Experimental hardware

A button heater was used to anneal all samples in the ESCA chamber. The heater was
connected to a power supply which allowed the user to set amperage (A) and voltage (V) to
obtain the desired power (W). An Optris infrared laser pyrometer was used to measure
temperature of the sample via line of sight through a chamber window. The pyrometer had a
limited measurable temperature range of 420 K to 900 K.

The XPS electronics were replaced with new electronics in November 2014. They

had become increasingly unstable within the last few months before replacement.

Appendix 3. Oxygen Adsorbed on NaAu,(111)
1. Low-energy electron diffraction (LEED)
We conducted LEED experiments on Sample B after exposure to 50 L of O, 4 at 300

K. Figure A3.1(d)-(f) shows LEED patterns of the O, 4 exposed surface. These are compared
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to those of a clean surface with R value of 0.55, Figure A3.1(a)-(c). The LEED pattern is
gone after oxygen exposure. LEED probes up to 1 nm beneath the surface roughly equivalent
to 4-5 atomic layers. The lack of a pattern combined with the probing depth of LEED tells us
that after oxygen exposure the top few layers of surface become disordered. This result also
correlates with the XPD results (cf. Section 3.2). After a 50 L O, 4 exposure at 300 K, the
structure in the Na 1s XPD pattern for the cleaned surface (Figure 1(c)) is gone. Present now
IS a pattern with a diffuse background exhibiting broad three-fold symmetry (Figure 6). The
O 1s XPD is similar. The Au 4f pattern is still present after O, 4 exposure, but with higher
background. The Au structure is probed more deeply than Na due to its larger IMFP (cf.

Section 3.1), so these XPD data likely mean that the top few layers become disordered.

2. Extended time dependence

As a test of the stability of the surface after oxygen exposure, we exposed Sample B
to O, 4 on two separate occasions (once in 2014 and again in 2015) and left it in vacuo. The
sample was re-polished between 2014 and 2015. We acquired XPS spectra immediately after
exposure and then the sample remained in vacuo for 14-16 hours. We again acquired XPS
spectra to determine whether the surface changed measurably. All atom% values come from
spectra acquired at an emission angle of 60° (with respect to surface normal).

We conducted a sequential set of O, 4 exposures resulting in a total exposure of 100 L
in 2014. The sample remained in vacuo for 14 hours until the second XPS measurement. The
Al source was used for these spectra. Table A3.1 gives a summary of the atom%
concentration variations seen in the three main peaks, Na 1s, Au 4f, and O 1s with the

additional breakdown of the three convoluted peaks in the O 1s region. C 1s is absent as only

www.manaraa.com



overview spectra are available.

147

Table A3.1. Atom% concentrations before and after 14 hour in vacuo period

0 0 0 atom% O | atom% O | atom% O
atom% Na | atom% Au | atom% O Peak A Peak B Peak C
100 L Oy4 45,7 28.8 26.1 2.8 20.1 3.2
100 L Ozgplus 14 /- o 271 255 2.9 19.9 2.7
hours in vacuo
Aatom% +1.6 -1.7 -0.6 +0.1 -0.2 -0.5

Uncertainty values for XPS spectra range from 0.1 atom% to 1 atom% dependent on
the XPS system.*®39 We assume that the ESCA system has an uncertainty of 1 atom%. With
this uncertainty in mind, we see there is little to no change in atom% of the three main peaks.
This suggests that the sample was inert during the 14 hours, as no measurable reactions
occurred. It is possible some additional Na diffused slowly to the sample surface, reacting
further with the pre-existent oxygen during that time, which accounts for the slight 1.6
atom% increase (a factor of 1.03). It is reasonable to conclude that the oxygen-covered
sample is stable in vacuum under these conditions.

In 2015, we exposed the sample to 50 L O, 4. The sample then remained in vacuo for
16 hours until the second XPS measurement. The Mg source was used for these spectra.
Table A3.2 gives a summary of the atom% concentration variations in the four main peaks,
Na 1s, Au 4f, O 1s, and C 1s with the additional breakdown of the two convoluted peaks for

both the O 1s region and C 1s region.
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Table A3.2. Atom% concentrations before and after 16 hour in vacuo period

atom% | atom% | atom% | atom%
atom | atom | atom | atom 0 0 C C
%Na | %Au | %0 %C Peak B | Peak C | Peak A | Peak B
50 L Oy4 46.7 38.1 15.2 15.3 9.7 55 5.9 9.4
50 L Oy4
plus 16 hours | 49.3 36.1 14.6 16.1 8.1 6.5 4.5 11.6
in vacuo
Aatom% +2.6 -2.0 -0.6 +0.8 -1.6 +1.0 -14 +2.2

We again assume that ESCA system has an uncertainty of 1 atom%. With this
uncertainty in mind, we see there is little to no change in atom% of the main four peaks. This
suggests no measureable reactions occurred during the 16 hours with oxygen present on the
surface. It is possible that some Na diffused slowly to the sample surface due to the presence
of oxygen, which accounts for the slight 2.6 atom% increase (a factor of 1.09) in Na. The
atom% changes in the deconvoluted Peaks B and C for the O 1s region suggest some
conversion from the adsorbed atomic oxygen at mixed Au-Na sites to Na-rich sites. This
possible conversion from mixed Au-Na sites to Na-rich sites could also partially account for
the increase in atom% of Na as more Na diffuses toward the surface. The atom% decrease in
the deconvoluted Peaks A and increase in B for the C 1s region suggest some conversion
from carbonate to adventitious carbon on the surface. However, it is still reasonable to

conclude that the surface is stable for the first 16 hours after O, 4 exposure.

3. Additional annealing with O,
We conducted the first anneal of a NaAu,(111) surface, with adsorbed oxygen, in
2014 at EMPA. We exposed Sample B to 100 L O 4 and then annealed to three different

temperatures with respective powers of 0.5 W, 0.85 W and 2.6 W. XPS spectra were
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acquired with the Al source before and after O, 4 exposure and after each subsequent anneal.
The Optris pyrometer cannot measure temperatures below 420 K, so at the time the
temperature was not known for all data points, specifically 0.5 W and 0.85W. To get an
estimate of these values, we created a plot of temperature vs. power after experiments were
completed, Figure A3.2. We compiled temperature and power data from NaAu, anneals to
create the plot. An estimated curve was fit with a power function to account for temperatures
below 420 K. The curve was forced through the point 0, 300 to account for a temperature of
300 K (room temperature) at 0 watts. From this curve we estimate that 0.5 W is ~320 K and
0.85 W is ~340 K. We also estimate form this curve that 2.6 W is 430 K, which is very close
to the actual temperature of 425 K.

The temperatures for this experiment were all below that of Na desorption at 450 K.
Peaks B and C in the O 1s region respond differently to this thermal treatment, as seen in
Figure A3.3(a) and A3.3(b). Peak A is omitted from Figure A3.3(b) as it is the Na KL;L; 3
peak. We know the Peak B represents atomic oxygen at Au-Na sites while Peak C represents
atomic oxygen at Na-rich sites. We see that as the sample is annealed at increasing
temperatures Peak B decreases while Peak C increases. This suggests the possibility that
atomic oxygen is moving from mixed Au-Na sites to Na-rich sites, or converting Au-Na
regions to Na-rich regions.

The intensities of the Au 4f and Na 1s peaks also change upon heating which in turn
alters the value of R. Figure A3.3(c) and (d) give the Na 1s spectra and R, respectively. Any
change in Au 4f is reflected in the plot of R, so Au 4f spectra are omitted. All anneals cause
the amount of Na on the surface to increase. This suggests diffusion of Na from the bulk to

the surface. The increase in the Na content could also contribute to the increase in Peak C
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and decrease in Peak B. As more Na is available, the atomic oxygen migrates to Na-rich
sites. This result is analogous to the 425 K anneal after O, 4 exposure in 2015 (cf. Section
3.3). Here, the Na content also increases slightly after annealing to 425 K, which we

attributed to activated diffusion of Na form the bulk toward the surface.
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Figures

Figure A3.1. Low-energy electron diffraction (LEED) patterns. (a)-(c) show patterns of a
clean surface with R = 0.55. (d)-(f) show patterns of a surface after 50 L O, 4 exposure at 300
K. (@)&(d) 27.0 eV (b)&(e) 64.5 eV (c)&(f) 100.5 eV.
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Figure A3.3. Result of exposing a surface to 100 L O,4 at 300 K, ten annealing sequentially
to 305 K, 330 K and 425 K. The X-ray source is Al Ka. In (a) and (c), the curves are
displaced vertically to minimize overlap. The intensity, in units of cps x 10™ or 10, can be
derived using the scale bar. (a) O 1s spectral region. (b) Integrated areas of Peaks B and C. In
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Abstract

In this study we observe and report the interaction of three small molecules, water,
carbon monoxide and carbon dioxide, with the (111) surface of single-crystal NaAus.
Gaseous water exposure produces two types of oxygen-species on the surface. The first is
spurious carbonate that forms during exposure. The second is hydroxyl which adsorbs at Na
sites. Exposure to COq4 does not result in adsorption or interaction with the NaAu(111)
surface. Exposure to CO, 4 does not result in adsorption on the surface, but does result in the

formation of a small amount of carbonate.

www.manaraa.com



158

1. Introduction

Starting with the discovery of low temperature catalytic gold nanoparticles by Haruta
and co-workers in 1987, there has been great interest in using gold catalysts for oxidation
reactions. Since that time, low temperature reactions have been successful using a variety of
supported gold nanoparticles®* as well as nanoporous solids.>® There has also been growing
interest in replacing precious metals with intermetallics for specific catalytic reactions.’
Intermetallic NiGa is a catalyst in the hydrogenation of CO, to methanol® and
quasicrystalline TizoZr10Coy is a catalyst for the oxidation of cyclohexane.? Investigations
into the catalytic properties of both gold catalysts and intermetallics are ongoing.

Xiao and co-workers conducted a recent investigation on the catalytic properties of
NaAus, an Au-rich intermetallic.® NaAu, combines both the properties of an intermetallic
and nano-structured Au, potentially leading to a new catalyst that encompasses the catalytic
properties of both. Xiao et al. chose the oxidation of CO as the reaction to investigate
because it is a benchmark for oxidative activity for various forms of Au® and because it is an
important reaction. Powdered NaAu, shows high activity for CO oxidation at low
temperatures ranging from 300 K to 400 K.*° In the model developed earlier for this

reaction, %!

oxygen adsorbs at a site involving multiple Au and Na atoms, including 1 Na
atom that moves above the surface plane, i.e. it ‘pops out’. The model predicts that CO
weakly adsorbs on an Au site, while CO; does not bind to the surface. The model oxidation
reaction involves a CO,q molecule that reacts with an adsorbed O, molecule to form an
intermediate OOCO,q, and ultimately CO, 4 and Oy.

Motivated by this investigation, we characterized the clean (111) surface of single-

crystal NaAus, in ultrahigh vacuum (UHV). The goal was to determine the stability of the
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surface relative to the bulk, which led to the determination of the suitability of the (111)
termination as a model for the catalyst surface.'? We discovered that the surface exists in one
of two states. In the first, low-energy electron diffraction (LEED) and X-ray photoelectron
diffraction (XPD) were consistent with the expected bulk structure with some evidence of
surface disorder. STM showed mesa-like features with flat tops that likely were bulk-
terminated. Atomic order could not be resolved on these features. The regions between the
mesas are regarded as defect regions. Figure 1 illustrates the surface of this clean state, both
with STM images and line profiles as well as with diffraction data. In the second state, the
surface was Na-depleted/Au-enriched. We attributed both preferential sputtering and
desorption at elevated temperature to Na depletion. Temperature programmed desorption
(TPD) results showed that Na desorption began at around 450 K. Both processes were used
for the normal cleaning cycles between experiments. Thus, samples could only be used for a
limited number of experiments before pure, crystalline Au precipitated irreversibly. Before
this stage was reached, the Na could be replenished from the near-surface reservoir.

Previously, we investigated the effects of oxygen exposure on the NaAuy(111)
surface.'® Our results determined that oxygen readily adsorbs on the surface and causes Na
segregation at the surface. O, dissociates into atomic oxygen, which adsorbs on the surface at
two different sites. The first adsorption site is a Na-site, which is sodium oxide, and the
second site is a mixed Au-Na site. Our investigation also found that oxygen migrates into the
bulk upon annealing, resulting in residual oxygen on the cleaned surface and also reacts to
form carbonate on the surface.

With this background, we now examine the effects of water, carbon monoxide and

carbon dioxide exposure on the NaAu,(111) surface. We can make certain predications based
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on previously calculated energetics.’®™* First, the residence time of water is so low that at our
experimental conditions it should be unobservable. Using the calculated adsorption energy,
Eag, Of -0.49 eV, the residence time at room temperature is of order 10® to 10 s (assuming a

0'2*1 s1). Second, the residence time of carbon

pre-exponential desorption rate factor of 1
monoxide is also so low that it should be unobservable. Using an E,q of -0.35 eV, the
residence time at room temperature is of order 10® to 10 s (assuming the same pre-
exponential factor as used above). Finally, the residence time of carbon dioxide is so low that
it should not be observable either. An E,q0f +0.04 eV gives a residence time at room
temperature of order 10 to 10 s. The positive E,q value also indicates there should be no
adsorption of CO, on the surface. All of our gas exposure measurements take place over
several hours, so low temperatures would be necessary to stabilize molecules on an
appropriate time-scale. All of these predications apply to the ideal flat surface and, as noted
above, the real surface is morphologically irregular. Our goal is to determine whether water,
either as water or a water-derived species, carbon monoxide, or carbon dioxide adsorb and if
so, whether their chemical states can be related to the surface composition and/or structure.
We first present analysis of water adsorption experiments, which shows a water-
derived species does adsorb, giving one O 1s peak in XPS. We then present analysis of

carbon monoxide and carbon dioxide adsorption experiments. From this data we develop a

hypothesis about the interactions of these gases on the NaAu,(111) surface.

2. Experimental Details

Single-crystal samples of NaAu, were grown at the Materials Preparation Center of

the Ames Laboratory via the Bridgman technique. All of the XPS and LEED experiments
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were carried out at EMPA in Dubendorf, Switzerland. All of the TPD experiments took place
at the Ames Laboratory in Ames, lowa, USA. Aspects of the UHV instrumentation and
experimental conditions for both locations have been described as part of our previous
studies of clean NaAu»(111)*? and oxygen exposed surface of NaAu,(111).** Details unique
to the water, carbon monoxide and carbon dioxide adsorption experiments are as follows.
The pyrometer used for temperature measurements is described in Appendix 1.

XPS experiments were conducted on the samples denoted B and C,*? which were re-
polished for the water and carbon dioxide experiments. Between each experiment, the sample
was cleaned with two cycles of sputter-annealing. The cycles for carbon monoxide and some
of the water experiments consisted of Ar* ion bombardment at 1 keV for 5 minutes at 300 K,
then annealing at 500 K for 20 minutes. The cycles for carbon dioxide and some of the water
experiments consisted of Ar* ion bombardment at 1 keV for 3 minutes at 300 K, then
annealing at 475 K for 15 minutes. Samples B and C were exposed to COg4 and CO,g,
respectively, by back-filling the UHV chamber to a pressure of 1.0 x 10® to 1.0 x 107" mbar.
Sample B was exposed to H,Oq4 by back-filling the fast entry load lock (to prevent
contaminating the chamber) with water vapor to a pressure of 1.0 x 10° to 7.0 x 10 mbar.
Exposures are reported in units of Langmuir (L), where 1 L = 1.33 x 10 mbar-s. In cases
where the sample was annealed after exposure to H,Oyg, it was held at temperature for 20
minutes. Details on XPS instrumentation are given in a previous publication.** XPS data was
analyzed using CasaXPS software.** LEED experiments were conducted on the cleaned
surfaces of samples B and C as well as after gas exposures of water and carbon monoxide.

TPD experiments were conducted on Sample D,*? which was re-polished for these

experiments. Between each experimental run, Sample D was cleaned by sputtering with Ar*
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ion bombardment at 1 keV for 3 minutes followed by annealing at 420 K for 20 minutes. The
sample was exposed to COq4 by back-filling the chamber to a pressure of 1.0 x 107 Torr. The
sample was exposed to O, 4 via a doser with a design similar to that of Winkler and Yates, ™
described elsewhere.'® Original software created within the LabView framework controlled

the thermal program and interfaced with a mass spectrometer for multiplexing.

3. Experimental Results and Interpretation
3.1. Cleaned surface composition

In previous work,***® we defined a quantity, R, as the ratio of integrated intensities
for Na 1s and Au 4f peaks. R was corrected for the (Scofield) cross-section for each
photoionization event,'® but not corrected for photoelectron attenuation or instrumental
parameters. The correction for attenuation is particularly large, since the inelastic mean free
path (IMFP) of Au 4f electrons (in bulk Au) is only one-third that of Na 1s electrons, i.e. 0.5
and 1.5 nm, respectively.'” Consequently R, as previously defined, is not an accurate measure
of the Na:Au composition. We use it in this paper to facilitate comparisons with prior work,

and because it reflects compositional trends with high signal-to-noise.

Cleaned surfaces of NaAu, show a small residual peak in XPS spectra at E, = 531.3 =
0.2 eV. This peak falls within the expected BE region for the O 1s peak,*® as shown in
Figure 2(a). The Na KL3L,3 (*P) Auger line is also present in this BE region with an Al Ka
source, typically at 532 eV."®*° The Auger line is absent in this region with a Mg Ka source.
This small residual peak occurs with both X-ray sources, indicating it is partially comprised
of an oxygen species. Calculations, based on the analysis of relative intensities of Auger

peaks with Mg and Al sources (described elsewhere®), show that the Na Auger line
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contributes 30 to 40% of the total residual peak intensity (number of data sets with Al source,
N =2).

Cleaned surfaces also show peaks in the C 1s region, illustrated in Figure 2(b). The
larger peak, positioned at 285-286 eV, is in the range of C-C bonds, while the smaller,
positioned at 289-290 eV, is in the range of C-O double bonds. Sodium carbonate has a large
negative heat of formation, -1130 kJ/mol,?° which makes a carbonate the likely assignment
for the C-O bond. The carbonate peak in bulk Na,COj falls at 289.3 eV,?! supporting our
assignment. The small C 1s carbonate peak is associated with a large O 1s peak, because of
the 3:1 stoichiometry together with the photoionization cross-section ratio of 2.9:1.1° The
resulting amplification factor is 8.7, which can be used to calculate the fraction of the O 1s
peak intensity associated with the carbonate. For a cleaned surface, the carbonate comprises

20 to 30% of the non-Auger O 1s intensity (N = 2).

3.2. Water exposure at 300 K

Beginning with the O 1s spectral region, exposure to water causes the residual clean
surface peak to increase. A second peak also occurs in the O 1s region, dependent on the X-
ray source (as shown in Figure 3). These two peaks are labeled A and B in order of
decreasing (apparent) BE. Areas and positions for both peaks are determined by
deconvolution, shown in Figure 3(a) and 3(d). Assignments for each peak are as follows.

Peak A (536.8 £ 0.2 eV), is observed only with the Al Ka source and thus must be the
Na KL;L3 (*P) Auger peak. Upon exposure to water, the peak shifts upward ~4 eV from the
initial residual clean surface position. This shift is also observed for other Na Auger lines,

one of which can be seen in Figure 2(c). Peak A intensifies with increasing water exposure,
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shown in Figure 3(b), indicating an increase in the amount of Na on the surface, which is
discussed later.

Peak B (531.5 + 0.2 eV) represents a water-derived species, probably hydroxyl or
atomic oxygen, which grows with increasing water exposure. A XPS study of sodium by
Barrie and Street exhibits an oxide peak at 529.6 eV and a hydroxide peak at 532.7 eV." The
chemical shift between these two peaks is 3.1 eV. Applying this shift to our oxide peak
energy, found at 527.9 eV after oxygen exposure™, results in a hydroxide peak position of
531 eV. This is close to the Peak B position of 531.5 eV, indicating the possible presence of
hydroxyl. Sodium hydroxide has a large negative heat of formation, -456 kJ/mol,? making it
a suitable candidate for Peak B. Several studies have found that the pre-adsorption of alkali
metals on a nickel surface promotes the dissociation of H,Oaq into OH,qg.24* The sodium
present in our sample is likely dissociating the water into hydroxyl. The position of Peak B
also coincides with the position of the Au-Na site atomic oxygen seen after oxygen
exposure.'® Sodium readily reacts with water to form sodium hydroxide, so the presence of
molecular water is not likely. Peak B continues to grow in intensity until 500 L, where it
plateaus, implying surface saturation. The BE of Peak B falls within the same range as
carbonate, suggesting carbonate contributes to part of the total peak intensity, as discussed
below.

The intensities of the Na 1s, Au 4f and C 1s peaks also change upon exposure to
water. Figure 4 shows that the Na 1s peak increases in intensity while the Au 4f peak
decreases in intensity. These changes correlate with an increase in R, seen in Figure 4(c).
Exposures of 250 L H,Oq4 at 300 K lead to an increase in R by a factor of 3.2 + 0.4 (N = 3).

This shows that as water adsorption proceeds, the surface and sub-surface becomes enriched
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in Na. The carbonate peak also grows as shown in Figure 4(d). Above 200 L, carbonate
accounts for one-third of the oxygen species represented by Peak B.

As with oxygen,*® the intensity of Peak B is dependent on water exposure conditions.
When water exposure is done in one single step, the intensity is reduced by 1/3 compared to a
sequential exposure. This intensity difference can be attributed to a reduction in the quantity
of carbonate on the surface. Currently, we are unable to determine the source(s) of the
carbonate, but there are several possibilities. These sources include, but are not limited to,
contamination from the X-ray anodes, adventitious carbon present on the surface (C 1s peak
at 285-286 eV) and diffusion of carbon from the bulk to the surface.

LEED was performed after a H,O4 exposure. Compared to the cleaned surface, there
was a significant change as the spots can no longer be distinguished, suggesting that a water-

derived species adsorbed and disrupted the atomic positions, Figure 5(a)-(c).

3.3. Effects of heating to temperatures below and above the Na desorption onset

An experiment in which the surface is exposed to 250 L H,Oq4 at 300 K and then
annealed at 425 K and 475 K is informative. We chose 425 K because it is slightly below the
onset of Na desorption and 475 K because it is slightly above the onset.*?

Annealing the sample affects the peak intensities of Au 4f and Na 1s, which in turn
affects the value of R. These effects are shown in Figure 6(c) and Figure 6(d) (the Au 4f
spectra are absent as the intensity change is reflected in R). After annealing to 425 K, the Na
intensity has decreased slightly and after annealing to 475 K, the intensity decreases further.
Both of these changes are attributed to the loss of Na via desorption. The intensity of O 1s

Peak B decreases after both the 425 K and 475 K anneals, suggesting there is a loss of O
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from the surface as well. The loss of O is likely due to desorption of NaOH from the surface
and/or the recombination of two OH,q, (cf. Section 4.1). This recombination reaction results
in H,O4 and Ogq. The remaining O,q partly explains the presence of the residual O 1s peak on
the cleaned surface. An increase occurs for the Au-Na site atomic oxygen intensity after
annealing with oxygen exposures.™ This contradicts the observation after annealing with
water exposures, suggesting there is a different adsorbate with water. The intensity of the
carbonate C 1s peak (not shown) also remains unchanged after annealing, suggesting the
carbonate is not involved in the observed changes. Anhydrous sodium carbonate is reportedly
stable in air up to 800 K.

This information leads us to believe that Peak B originates partly from carbonate and
partly from hydroxyl bonded to Na. Due to the lack of the sodium oxide peak that was
present at 527.9 eV in the oxygen adsorption experiments,*® we know that the adsorbed
species is not an atomic oxygen bonded to Na. Atomic oxygen bound to Au-Na sites is also
not present as indicated by the annealing after water exposures. The large segregation of Na
to the surface indicates there is a strong sodium-oxygen species interaction occurring, which

is presumably sodium hydroxide.

3.4. Carbon monoxide exposures at 300 K and 500 K

Next, we studied carbon monoxide on the NaAu,(111) surface. The O 1s region for
the cleaned surface once again shows the residual peak, with carbonate comprising 20-30%
of it. Only the Al Ka X-ray source was used and as previously stated (cf. Section 3.1) the Na
KL;Lo 3 (*P) Auger peak comprises 30-40% of this peak. Upon exposure to carbon monoxide

at 300 K, the C 1s intensity increases by a factor of 1.08 (from 10.8 atom% to 11.2 atom%)
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and the O 1s intensity increases by a factor of 1.25 (from 5.1 atom% to 7.2 atom%). The
atom% is calculated by taking the respective peak area divided by the sum of the Na 1s, Au
4f, O 1s and C Is peak areas (each element area was corrected with its respective Scofield
cross-section). Uncertainties for XPS spectra range from 0.1 atom% to 1 atom% dependent
on the XPS system.?®?” Assuming that the XPS system has an uncertainty of 1 atom%, there
is very little, if any, COq4 adsorbed on the surface.

We also investigated carbon monoxide at elevated temperature. In this experiment,
the sample was held at 500 K, while exposed to 100 L of CO. The C 1s intensity decreases
by a factor of 0.8 (from 13.8 atom% to 11.1 atom%), while the O 1s intensity increases by a
factor of 1.25 (from 5.2 atom% to 6.5 atom%). As with the 300 K exposure, there appears to
be very little, if any, CO4 adsorption on the sample surface.

LEED patterns were acquired after CO exposure. Compared to the cleaned surface,
there is little change in the spot positions and intensity, suggesting no CO adsorption on the
surface; see Figure 5(d). TPD experiments confirm the absence of CO on the surface as well.
Figure 7(a) shows the partial pressure of CO, as a function of temperature from 280 K to 540

K. The result is a flat line, indicating no CO desorption from the surface.

3.5. Carbon dioxide exposure at 300 K

Finally, we studied carbon dioxide on the NaAu,(111) surface. The residual peak
located in the O 1s region is present again with 20-30% being carbonate. Only the Mg Ka X-
ray source was used. The Na KL;L, 3 (°P) Auger line is also present in the C 1s BE region
with an Mg Ka source, typically at 286 ¢V.'° This coincides with the location of the

carbonate peak. Calculations, based on the analysis of relative intensities of the Na KL;L; 3
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(*P) and (®P) lines for the cleaned and CO, exposed surface, show that the Na KL;L, 3 (*P)
line contributes 60% to 70% of the total carbonate peak intensity (N = 4). This percent
contribution has been accounted for in all following calculations. Upon exposure to carbon
dioxide, the C 1s intensity increases by a factor of 1.20 (from 16.3 atom% to 17.9 atom%)
and the O 1s intensity increases by a factor of 4.5 (from 1.8 atom% to 9.0 atom%). The C 1s
increase is seen in the carbonate peak, suggesting the increase in both O 1s and C 1s is from
carbonate formation. Applying the uncertainty of 1 atom%, there is very little CO,q
adsorbing on the surface.

We conducted TPD experiments focusing on the formation of CO, 4, since powdered
NaAuj is reportedly a good catalyst for this reaction.'® The sample was first exposed to O24
and then heated to 350 K. Concurrent with heating, the sample was exposed to COgq. The
increase in the partial pressure of COq starting at 150 minutes in Figure 7(b) is due to an
increase in CO exposure pressure intentionally done during the run. Figure 7(b) shows the
partial pressures of O, (m/e = 32), CO (m/e = 28) and CO, (m/e = 44) as a function of time.
The partial pressures of O, CO, and CO, are all invariant indicating there is no desorption of

any from (or formation of CO, by) the surface.

4. Discussion

The NaAu,(111) surface layer is similar to that of hexagonal Au(111), with the
difference being % of the Au atoms are missing and a Na atom lies below each vacancy, as
shown in Figure 8.* The lattice parameter of NaAu(111) is 0.550 nm, about twice as large

as that of Au(111) at 0.288 nm.
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4.1. Water

The data show that there is one main O 1s peak related to an adsorbed water-derived
species after water exposure. This peak is comprised of both carbonate and adsorbed
hydroxyl interacting with Na. This interaction causes the segregation of Na to the surface.
We discussed earlier the possibility that the adsorbate is a water-derived species or an oxygen
species. The possible adsorbates are water, atomic oxygen or hydroxyl. Previous studies of
water adsorption on Au(111) reveal there is no adsorption of H,Og4 on pristine Au(111) at
room temperature.?®* Sodium readily reacts with water to form sodium hydroxide, reducing
the possibility the adsorbate is molecular water. This effectively rules out the possibility of
the adsorbed species being water. The next possibility is that of an adsorbed oxygen species.
The oxygen adsorbs at either Na atoms or both Na and Au atoms on the surface. The lack of
the oxide peak as seen with the oxygen exposures,** rules out an Na-rich environment. An
oxygen atom adsorbed on an Au-Na site shows stability (consistent with slightly increasing
peak intensity) after annealing at both 425 K and 475 K.** This conflicts with the results for
annealing after water exposure which show an evident decrease in O 1s intensity. The C 1s
carbonate intensity does not change indicating there is no change in its intensity contribution
to Peak B O 1s. Thus the change in Peak B O 1s cannot be atomic oxygen adsorbed at an Au-
Na site. The final possibility is the adsorbed water-derived species, hydroxyl. A +3.6 eV shift
from our oxide peak at 527.9 eV*? to our hydroxyl peak at 531.5 eV correlates with the +3.1
eV shift Barrie and Street reported for sodium oxide to sodium hydroxyl.* The presence of
Na likely promotes the dissociation of water into hydroxyl. Previous studies show that the
presence of alkali metals promotes the dissociation of water, which is likely occurring on our

sample.?*?* The large negative heat of formation for sodium hydroxide (-456 kJ/mol)
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indicates a stable compound. The loss of O from the surface after annealing at both 425 K
and 475 K is due to desorption of NaOH from the surface and/or the recombination of two
OHaq4. We have not conducted TPD experiments studying desorption after water exposure,
but it is possible that the NaOH desorbs at ~450 K, similar to Na.'? Researchers have
reported that pre-adsorption of alkali metals on nickel surfaces promotes the dissociation of
H,044 to OH,q with the OH,q binding to the alkali metal.?>** Kuch and co-workers reported
that the hydroxyl species on K/Ni(111) does not appreciably desorb until potassium atoms
begin to desorb.? It is likely that some of the OH on our NaAu; is desorbing with or at the
same temperature as Na. The recombination of hydroxyl on metal surfaces is well studied.
Researchers have found disproportionation of hydroxyl occurs on a wide variety of single
crystal metals including Ni(110),%°*" Pd(100),%% Pt(111),% Cu(110),** and Ag(110).** The
temperature range in which disproportionation occurs for those metals is between 220 K and
350 K.**3> Comparing these temperatures to the lower annealing temperature (425 K)
utilized for NaAus, it is reasonable to assume that the hydroxyl present on our NaAu; surface
is recombining. The products of this disproportionation reaction are H,Oq4 and Oaq. The
remaining Og IS likely the residual O 1s peak, at 531.3 eV, that is present on the cleaned
surface (cf. Section 3.1). The segregation of Na to the surface suggests that the hydroxyls are
adsorbing to Na. Additionally, two distinct peaks were seen after oxygen exposure,
corresponding to atomic oxygen adsorbing at an Au-Na site and a Na site. The presence of
only one peak in the O 1s region after water exposure leads us to the conclusion there is one
adsorption site for the hydroxyls. From this data, we conclude that the adsorbed water-
derived species on the surface is hydroxyl adsorbed at a Na site. Confirmation of adsorption

is seen in the LEED patterns after exposure. The clean surface pattern is absent suggesting

www.manaraa.com



171

adsorption and possible surface disruption. This experimental information contradicts the
DFT theory of a water adsorption site involving both Na and Au atoms. DFT also predicts an
undissociated water molecule, while experiment shows a hydroxyl. The presence of the Na
atoms could play a role in the Na-site preference, dissociation of water and strong adsorption

of hydroxyl.

4.2. Carbon monoxide

The data show that there is little, if any, adsorption of carbon monoxide on the
surface. XPS peak intensity increases for both C 1s and O 1s are less than 3 + 1 atom% at
both room temperature and elevated temperature. CO exposed surface LEED patterns are
comparable to those of the cleaned surface and TPD results indicate no evidence of COy
desorption. This all leads to the conclusion that CO does not adsorb on NaAu,(111) at room
temperature. Previous studies for carbon monoxide adsorption on Au surfaces at room
temperature (300 K) reveal there is no adsorption of CO on pristine Au(111) at exposure
pressures below 0.01 mbar.*®*" These findings coincide with those of DFT which predicted

little to no CO adsorption on the surface.

4.3. Carbon dioxide

The data show that there is little adsorption of carbon dioxide on the surface. XPS
peak intensity increases for C 1s are about 2 £ 1 atom% at room temperature, with this
increase seen only in the carbonate peak. TPD results indicate no evidence of COy 4
desorption or formation. This all leads to the conclusion that CO,,q does not adsorb on

NaAu,(111) at room temperature. Previous studies of carbon dioxide adsorption on Au
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surfaces reveal there is no adsorption of CO, 4 on Au films at room temperature.*** CO,
adsorption on Au(110) and Au films does occur at low temperatures (<110 K), but the gas
completely desorbs upon warming to room temperature.®**° Reports also state Na atoms pre-
adsorbed on Au substrates activate the surface and upon CO, 4 exposure catalyze a reaction to
form CO; .. The potential source of oxygen needed to react with CO, to form the
carbonate is likely the residual oxygen that is present on the cleaned surface. Experimental
results combined with the previous Au(111) studies indicate our theory of similar behavior
for NaAu,(111) and Au(111) is correct. The experimental findings of an increase in the
amount of carbonate after CO, exposure match with reported findings on Au substrates and

suggest the Na does indeed activate the surface.

5. Conclusions

XPS and LEED analysis show there is adsorption of a water-derived species on, and
disruption of, the surface after water exposure. The water molecule dissociates leaving
hydroxyl on the surface. The oxygen-derived peak is a combination of adventitious carbonate
and hydroxyl at Na sites. XPS, LEED and TPD analysis show that neither CO4 nor CO24
adsorb on the surface upon exposure. Any CO, 4 that does adsorb on the surface reacts and
becomes a carbonate, present in small amounts. TPD also reveals that exposing COgq to an
oxygen saturated surface does not produce CO,,q in measureable amounts. The reasons for
good catalytic activity of powdered NaAu, for CO oxidation appear to be more complex than

initially envisioned.
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Figure 1. STM and diffraction data for the clean surface of NaAu,(111). (a) Typical STM
image (top) and line profiles (bottom), showing mesa-like features. (b) Low-energy electron
diffraction patterns. Top two patterns show images measured at 64.5 eV (left) and 100.5 eV

(right). Lower two patterns show images predicted for a bulk-terminated surface at these
energies. (c) X-ray photoelectron diffraction patterns using Na 1s and Au 4f photoelectrons,
both measured with an Al Ka source (top) and simulated (bottom).
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Figure 2. Photoelectron spectra for the NaAu, cleaned surface. Panels (a)&(c) are acquired
with a Mg Ka source, panel (b) with an Al Ka source. (a) O 1s region, cleaned surface. (b) C
Is region, cleaned surface. The Al Ka source is chosen in (b) to circumvent overlap with a
Na Auger peak. (c) Spectral region including both Na KL, 3L, 3 (ca. 260 eV) and Na KL;L; 3
(ca. 300 eV) lines, measured in 0.5 eV steps. Black: Cleaned surface. Red: Surface after 250
L H,0O exposure at 300 K.
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Figure 3. X-ray photoelectron spectra for the O 1s region. Two separate sequences of water
exposures at 300 K, (a)-(c) are a Mg Ka source, (d)-(f) are an Al Ka source. Curves in (b)
and (e) are displaced vertically to minimize overlap. The intensity, in units of cps x 10, can
be derived using the scale bar. (a) Spectrum after 2000 L exposure, deconvoluted into two
peaks. (b) Sequence of spectra for exposures from 10 L to 2000 L. (c) Integrated area of Peak
B as a function of exposure. (d) Spectrum after 250 L exposure, deconvoluted into one peak.
(e) Sequence of spectra for exposures from 10 L to 250 L. (f) Integrated area of Peak B as a
function of exposure. Y-axis “cps” units are defined as counts per second.
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Figure 4. Na 1s, Au 4f, and C 1s X-ray photoelectron peaks for experiments where the
surface was exposed to water sequentially from 10 L to 250 L at 300 K. The source is Mg Ka
for all panels. Curves in (a), (b), (d) are displaced vertically to minimize overlap. The
intensity, in units of cps x 10™ or x 10™ can be derived using the respective scale bars. (a) Na
1s. (b) Au 4f. (c) R vs. water exposure. (d) C 1s. A Na Auger peak is present in the ~290 eV
range affectedly increasing the C 1s peak intensity.
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Figure 5. Low-energy electron diffraction (LEED) patterns at 45.0 eV before and after gas
exposure. (a) Expected. (b) Clean. (c) 2000 L H,0. (d) 150 L CO
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Figure 6. Result of exposing a surface to 250 L H,Oq4 at 300 K, then annealing sequentially
to 425 K and 475 K. The X-ray source is Mg Ka. In (a) and (c), the curves are displaced
vertically to minimize overlap. The intensity, in units of cps x 10 or 10, can be derived

using the respective scale bars. (a) O 1s spectral region. (b) Integrated area of Peak B. In this
case, the lower point at 300 K represents the clean surface, and the upper point is obtained

after 250 L exposure to water. (c) Na 1s spectra for the same sequence as in panel (a). (d) R

vs temperature. The lower point at 300 K represents the clean surface, and the upper point is

obtained after 250 L exposure to water.
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Figure 7. Results of temperature programmed desorption (TPD) gas exposures. Heating rate
was 6.0 K/s and was highly linear starting at 350 K. (a) CO desorption (m/e = 28) after CO
exposure. (b) CO (m/e = 28), CO, (m/e = 44) and O, (m/e = 32) desorption after oxygen
exposure and while exposed to CO at 350 K. Pe denotes the exposure pressure of CO.
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Figure 8. The NaAu,(111) surface plane structure. Large (gold) spheres are Au atoms. Small
(blue) spheres are Na atoms. The rhombus shows the surface unit cell.
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Appendix. Experimental Parameters
1. Cleaning protocol

Typical gas exposure experiment procedures carried out at EMPA followed a
cleaning and analysis routine that extended over two separate days for each experiment, both
in 2014 and 2015. The sample underwent cleaning cycles, typically two cycles, on Day 1.
The sample was then left in the chamber overnight. The following morning, Day 2, we
implemented the experimental portion. We used this protocol due to the extended time period
required to carry out a gas exposure experiment. A typical cleaning cycle required 2.5 hours

and a typical gas exposure experiment required 10 hours.

2. Experimental hardware

A button heater was used to anneal all samples in the ESCA chamber. The heater was
connected to a power supply which allowed the user to set amperage (A) and voltage (V) to
obtain the desired power (W). An Optris infrared laser pyrometer was used to measure
temperature of the sample via line of sight through a chamber window. The pyrometer had a
limited measurable temperature range of 420 K to 900 K.

The XPS electronics were replaced with new electronics in November 2014. They

had become increasingly unstable within the last few months before replacement.
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CHAPTER 6
PRINCIPLES OF ANALYZING X-RAY PHOTOELECTRON SPECTROSCOPY

DATA

Abstract

XPS is a powerful technique used in sample analysis. It can lead to complicated
spectra which require the correct information to analyze accurately. We have compiled a
report on the basics of XPS acquisition and analysis and what a user needs to be aware of

when evaluating a spectrum.

1. Introduction

The technique of X-ray Photoelectron Spectroscopy (XPS), also known as Electron
Spectroscopy of Chemical Analysis (ESCA), was developed by Kai Siegbahn and his team at
Uppsala, Sweden beginning in the early 1950s. The first recorded spectrum, cleaved NaCl,
was acquired in 1954, but it was not until the mid-1960s that XPS became a recognized
technique in the scientific community.™ A team at Hewlett-Packard, in collaboration with
Siegbahn, developed the first commercial monochromatic XPS instrument and it was
released in 1969. For his contributions and advancements in XPS, Siegbahn received the
Nobel Prize in Physics in 1981.% Since that time, XPS has become a widely used and
important technique in chemical analysis.

The complexity in both XPS acquisition and data analysis are illustrated well by the

NaAu, study, discussed in Chapters 3, 4 and 5. In analyzing these data, complications arose
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due to X-ray source selections, convoluted and additional peaks, and normalization of the
spectrum.

The following text is designed to give a review of XPS and its analysis. To start,
background about XPS and data acquisition is given. It is followed by the basics of XPS
analysis including spectrum normalization, peak shifts and errant peaks. Finally an example

analysis is shown which incorporates the information assembled in the preceding sections.

2. Spectrum Acquisition
2.1. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy is a surface sensitive technique which can provide
a quantitative and qualitative analysis of a sample surface. Figure 1 shows a schematic of a
typical layout for an XPS setup. The instrumentation consists of an X-ray source, an electron
analyzer, an electron multiplier and the detector system. This detector system is interfaced
with a computer to display the acquired information in the form of a spectrum.

A thermionic electron source bombards the X-ray anode producing X-rays which
irradiate the sample. These X-rays penetrate ~1 micron into the sample, but only electrons
emitted in the top 10 nm (approximately) can escape from the sample. Electrons in the top
layer, ~ 0.25 nm in depth, have the highest probability of escaping the material without
inelastic collisions. This probability decreases with increasing depth below the surface.
Below 10 nm in depth, the probability essentially becomes zero. An article by Jablonski and
Powell describe this subject in more detail.> X-rays adsorbed by an atom can knock out a
core shell electron which leaves the sample as a photoelectron and travels toward the

detector. Figure 2(a) illustrates this process. The electron analyzer is biased to only allow the
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electrons with a specific kinetic energy (Ex), or pass energy, through to the detector. A
concentric hemispherical analyzer (CHA) is commonly used with XPS.* The outer plate of
the hemispherical analyzer is biased negative to repel electrons and the inner plate is biased
positive to attract electrons. This forces the electrons to follow an arc to reach the detector
and only electrons with the specific pass energy can pass through the analyzer. Electrons
with a higher energy (moving faster) crash into the outer plate while those with a lower
energy (moving slower) crash into the inner plate. A sweep of an energy range is done by
varying the retarding voltage, which results in a XPS spectrum.

A higher resolution is obtained by adjusting the pass energy of the analyzer. A lower
pass energy corresponds to a higher resolution (sharper peaks) while a larger pass energy
corresponds to a lower resolution (broader peaks). A lower pass energy also means fewer
electrons pass through the analyzer to the detector, resulting in a smaller signal and higher
noise.” Resolution is also dependent on the size of the aperture (focuses the photoelectrons)
located at the entrance of the analyzer. A smaller aperture size results in a higher resolution,
but smaller signal to noise ratio. The signal size can be improved by increasing the number of
sweeps over the energy range. Each sweep in the run can be added to the last to compound
the number of counts and thus the overall spectrum signal. The energy of inbound electrons
is also retarded, forcing them to have a constant energy as they arc through the analyzer. This
constant energy allows the same resolution over the entire spectrum. A higher pass energy
should be used for overview spectra (e.g. 1100 eV to 0 eV), while a lower pass energy should
be used for specific peaks (e.g. 295 eV to 275 eV).

The X-ray sources, detailed below, emit X-rays at a specific energy, hv. Combined

with the measured Ex from the detector, we can calculate the binding energy (Ep) of the
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emitted electron. This is summarized in Equation 1, where @ is the work function of the
spectrometer.

hv=Ex+Ep,—® (Egn. 1)
Each element has a characteristic Ey, associated with its core shell electrons. This allows us to
qualitatively determine what elements are present in the sample. Figure 3 shows an example
of an XPS spectrum of NaAu, with labeled peaks. XPS peaks are labeled with their
respective core shells (e.g. 1s) and Auger peaks are labeled with their respective electron
shell locations (e.g. KLL). A further description of Auger is given in Section 2.3. The
spectrum background is comprised of inelastic electrons, valence orbital electrons and Auger
electrons. Inelastic electrons arise from electrons within the sample colliding with another
atom which results in a loss of kinetic energy before being emitted. The emitted inelastic
electron no longer has a characteristic E, and becomes part of the background. A valence
orbital electron is an electron emitted from an atom’s outermost shell. The characteristic core
shell energy Ej also provides information about the chemical state or environment of the
atom. This includes but is not limited to oxidation, reduction and chemical environment, all
detailed below.

Varying degrees of surface sensitivity are also possible when using XPS. A higher
surface sensitivity is obtained by adjusting the take-off angle, TOA or 6. The TOA is defined
as the angle between the surface and the detector. Figure 4 illustrates this concept. Figure
4(a) shows a large TOA which results in more electrons emitting from multiple layers. Figure
4(c) shows a smaller TOA which results in more electrons emitting from the surface region.
The appearance of the spectrum can also be affected by changing the step width for the

energy range sweep. A step width is defined as the increase in eV before the next signal point
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is acquired. The smaller the step, the more spectrum points are taken and the sharper the
peaks. A smaller step (e.g. 0.1 eV) should be used for specific peak sweeps while a larger
step (e.g. 0.5 eV) can be used for overview sweeps to minimize scan time.

UHV is required for XPS analysis due to the length of the path the photoelectron
must travel to get from sample to detector without colliding with another particle (e.g.
electron, atom, or molecule). The mean free path, which is the average distance a particle
travels before a collision, in air (pressure ~760 Torr) is ~10® m whereas in UHV (pressure
~10™ Torr) it is ~10° m. UHV provides the ideal environment to eliminate this gas phase

scattering.

2.2. X-ray sources

The two most common Xx-ray sources are the twin anode source and monochromatic
Al source. The twin anode source is comprised of a magnesium (Mg) anode and an
aluminum (Al) anode. Each anode emits an X-ray at a specific energy, 1253.6 eV for Mg and
1486.7 eV for Al. These X-rays directly irradiate the sample surface as previously shown in
the schematic of Figure 1.

The configuration of a monochromatic Al source is almost identical to that of the twin
anodes with the exception of an added quartz crystal. Figure 5 shows a schematic of this
layout. The X-rays are emitted from the Al source and directed toward a quartz crystal. This
crystal monochromatizes the X-ray beam (allowing only the X-ray energy of 1486 eV to pass
through). Monochromatizing the X-ray beam has many advantages when compared to using
a twin anode source. Unwanted X-rays which cause satellite and “ghost” peaks (cf. Section

3.4.2 and Section 3.4.3, respectively) are removed as well as high-energy Bremsstrahlung
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(electromagnetic radiation) and thermal radiation from the source. The background decreases
and the energy resolution increases, resulting in sharper peaks and a higher chemical
selectivity.

Selecting the correct X-ray source is highly dependent on the sample being analyzed

as will be discussed below.

2.3. Auger electron spectroscopy

Auger Electron Spectroscopy (Auger or AES) is another type of surface spectroscopy.
It is used primarily to detect elements with a lower mass (Z < 15). Auger peaks can be
convoluted with XPS peaks in a given spectrum, dependent on the elements present in the
sample.

The appearance of Auger peaks in XPS spectra begins with the core hole created by
the emitted photoelectron. An outer shell electron then relaxes and drops to the vacant core
hole. The energy emitted by this relaxing electron is transferred to a second outer electron. A
fraction of this transferred energy is used to overcome the binding energy of the outer
electron while the remaining energy stays with the emitted Auger electron in the form of
kinetic energy. This process is illustrated in Figure 2(b). Nomenclature for Auger is based on
the locations of the electrons in the process. The core shell numbers (1, 2, 3,...) are replaced
with letters (K, L, M,.., respectively). The first letter is the shell of the initial core hole, the
second letter is the shell of the outer relaxing electron, and the final letter is the shell of the
emitted Auger electron. An Auger electron that has a core hole in shell 1, a relaxing electron
from shell 2 and an emitted electron from shell 2 is named a KLL Auger electron. Relaxing

and emitted electrons located within shell 2 (or higher) can come from the s or p orbitals
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which are at different levels within the orbital. This makes their energies unique and
distinguishable in the spectrum. A subscript is added to the letters to denote the orbital
angular momentum (e.g. s = 1; p = 2,3). If the previous KLL Auger electron had the relaxing
electron come from the 2s orbital it is denoted as L; and if the emitting electron came from
the 2p orbital it is denoted as L, 3. This gives a final name of KLy,L, 3 for the Auger electron.
Examples of Auger peaks can be seen in Figure 3.

Typical XPS spectra are plotted as signal with respect to E,. XPS photoelectrons have
a defined E;, due to the emission and detection of characteristic core level electrons. This
means that XPS peaks have fixed binding energies and thus fixed positions in the binding
energy spectrum regardless of the X-ray source. Auger electrons have a defined Ex. This
means that Auger peaks have varied E, and shift positions in the spectrum dependent upon
the X-ray source. Thus, an XPS peak and Auger peak that are convoluted when using the Al
source are not be convoluted when using the Mg source. Figure 6 illustrates this peak shift
for the Na KLL peak when different X-ray sources are used. Selecting the correct source for

data collection is very important especially when it comes to later data analysis.

3. Spectrum Analysis
3.1. Scofield cross-sections

All elements have a specific photoionization cross-section or probability that an
electron will be emitted from an orbital. These cross-sections are also specific for each
orbital subshell. In electron energy based techniques, it is important to apply the correct
cross-sections in order to obtain accurate results. In the case of XPS, these probabilities need

to be applied to all peaks during analysis in order to normalize peak intensities and calculate
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sample composition. Photoionization cross-sections are source dependent as well. To account
for these probabilities John H. Scofield calculated a series, now known as the Scofield cross-
sections (9), of these photoionization cross-sections for X-ray energies of 1487 eV (Al) and
1254 eV (Mg).°

The Scofield cross-section tables are typically provided within XPS analysis
software. These values can be applied by the user if composition analysis is done within the
software or the values can be ascertained from the software and applied to data spreadsheets
by the user. In the case of CasaXPS software,’ the Scofield cross-sections are renamed
“relative sensitivity factors” (RSF) values and must be applied externally via a spreadsheet.
Scofield cross-sections are a large part of XPS analysis, so applying the correct cross-section

is essential for accurate analysis.

3.2. Inelastic mean free path

Electron scattering is a common occurrence in spectroscopy and diffraction
techniques. This scattering is either inelastic (measurable energy loss) or elastic (no energy
loss). Inelastic scattering has a large effect on the surface sensitivity of XPS. The inelastic
mean free path (IMFP) is a measure of how far an electron travels through a solid before
losing energy (i.e. due to a collision). The IMFP is highly dependent on the kinetic energy of
the electron. Figure 7, frequently called the Universal Curve, shows the mean free path (1) of
an electron dependent on the kinetic energy. The dashed line approximates this curve and is

given by Equation 2.

A (in A) = 1430E, + 0.54,/E; (Eqgn. 2)
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The blue box indicates the typical energy range for XPS spectra. The curve shows that
electrons with a lower kinetic energy have a shorter mean free path while electrons with a
higher kinetic energy have a longer mean free path. A shorter mean free path length results in
a smaller sampling depth because the majority of the signal comes from the surface layers.
Peaks with similar kinetic energies should be used for sample composition values because
they have similar IMFPs and thus similar sampling depths. IMFP sampling depths range
from 3 A to 50 A, roughly 1 to 20 layers.? Various tables and databases of IMFP data are
available for the elements, due to the work of C. J. Powell and collaborators. The most useful

and up-to-date one is published by NIST,® and available on-line at http://www.nist.gov/.

Elastic scattering causes attenuation in the acquired spectrum. A correction to the
XPS intensity to account for this attenuation and the IMFP can be applied using an Effective
Attenuation Length (EAL). The XPS intensity, lg, originating from a depth, d, is given by

Equation 3.

lg = g (1 — e WEALTo)) (Eqn. 3)

lp is the integrated intensity from infinite depth, i.e. the bulk, and 0 is the emission angle.
Substituting in d, EAL and 8 for the specific experiment gives a corrected XPS intensity.
Various tables and databases of EAL data are available for the elements, due to the work of
C. J. Powell, A. Jablonski and collaborators. The most useful and up-to-date one is published

by NIST,'® and available on-line at http://www.nist.qov/.
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3.3. Chemical shifts

Peak shifts due to oxidation or reduction of the atoms, or the chemical environment
surrounding the atoms, are detectable in XPS. These shifts typically range from 0.1 eV to 1
eV.!! Oxidization of an atom or location in a highly electronegative environment shifts the
corresponding peak to a higher E;. In both cases, as electrons are removed and the atom
becomes more positive, the remaining electrons bind more tightly to the nucleus requiring
more energy to remove them from the atom which results in a higher Ep,. These same trends
are seen with the Auger peaks.

Peak shifts also occur with clusters and sample interfaces. Researchers have found a
correlation between cluster size and E,.**** As cluster size decreases, the size of the shift to a
higher E,, increases. The overall shift is less than 1 eV. As the cluster gets smaller, the
structure and electronic properties no longer resemble the bulk which results in a deviation
from the bulk peak energy via a peak shift. A correlation between sample interfaces, most
commonly studied for thin films on bulk oxides, was also found.'**® Interface effects are
similar to chemical environment effects. As a thin film layer increases in thickness the
underlying support layer has a smaller interaction with the thin film. This results in a smaller
peak position shift from the thin film’s bulk properties. When the thin film is thick enough to
negate any support interactions it resembles that of a bulk system. Most peak shifts caused by

interface effects are to a higher Ey, and are less than 1 eV.
3.4. Errant peaks

A typical XPS spectrum contains peaks from the sample, which are used to quantify

and characterize the elements present. In some cases, even after taking into consideration the
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peak locations due to the X-ray source and potential chemical shifts, there are additional
peaks present which are not from the sample. These additional peaks can lead to a
misinterpretation of the acquired spectrum and an inaccurate sample analysis. These peaks
are separated into three classifications: sample plate peaks, satellite peaks, and “ghost” peaks.

Each is discussed in detail below.

3.4.1. Sample plate peaks

A sample plate peak is an additional peak that appears in a XPS spectrum which
originates from the sample holder. Sample plate peaks cause issues in data analysis if the
plate contains an element present in the sample or if the sample plate peaks overlap with
sample peaks. To eliminate these issues it is best to pick a plate without any similar elements
and to center the sample so the detected signal comes only from the sample itself. In the case
where a sample is very small, it is only possible to center the plate so that the detected
sample plate peaks are at a minimum intensity. The most common sample plate materials are
tantalum (Ta), molybdenum (Mo), and stainless steel (primarily composed of Fe, Cr, and Ni).
The photoelectrons that reach the detector are dependent on two factors, the X-ray beam size
and the analyzer aperture. In a system using a twin anode source, the X-ray beam cannot be
focused and thus it irradiates the sample and sample plate. This results in photoelectron
emission in many directions from the sample. To focus the photoelectrons emitted from the
sample and to enhance energy resolution, an aperture is placed at the entrance of the
analyzer. The sample itself should be centered under this aperture so the photoelectron beam
is primarily that of the sample. Figure 8 shows an XPS spectrum which contains both sample

and sample plate peaks.
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3.4.2. Satellite peaks

A satellite peak is an additional unwanted peak that appears in the XPS spectrum due
to higher kinetic energy Ka X-rays emitted from the X-ray source. These higher energy X-
rays reproduce the same spectrum but are shifted to lower E;, and have reduced peak
intensities. The primary XPS peak is denoted as a; and assigned an amplitude of 100. The
satellite XPS peaks, denoted ay, as,... a,, are scaled relative to the primary peak’s amplitude.
Table 1 lists the relative kinetic energy shifts and amplitudes for the most common satellite
peaks for the twin anode Al and Mg sources. Figure 9 illustrates an example of satellite peaks

for a Mg X-ray source.

Table 1. XPS Source Satellite Peaks!’®

Line AEy (eV) | Y%oAmplitude Line AEy (eV) | YAmplitude

Mg Kap -0.265 0.5 Al Koy -0.415 0.5

Mg Koy 0 100 Al Koy 0 100

Mg Ko 4.74 1.027 Al Ko 5.452 0.8369
Mg Kas 8.21 6.797 Al Koz 9.526 6.514
Mg Kos;- 8.487 3.469 Al Ko 9.958 2.078
Mg Koy 10.095 4.905 Al Koy 11.701 3.081
Mg Kos 17.404 0.4268 Al Kos 20.072 0.2459
Mg Ko 20.43 0.3362 Al Kog 23.576 0.1828
Mg KB 48 2 Al Kp 70 2

Satellite peaks which overlap with the peaks of other elements in the spectrum can be
removed in two ways. The first is to use a monochromatized Al X-ray source. The quartz
crystal monochromator in such a source only allows X-rays with energy 1487 eV to pass
through and reach the sample, effectively removing the higher energy Ka X-rays. In our
laboratory, we do not have a quartz monochromator; our system is equipped with a dual
anode source. The second method, appropriate for the twin anode source, is to calculate the

intensity of the satellite peak based on its relative intensity to the primary peak and then
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subtract that value from the total overlapping peak intensity. An example of this is illustrated
in Figure 10. In the E;, region of 66 eV to 58 eV, the Au 4f;; Kas satellite peak overlaps with
the Na 2s peak with an Al source. To remove this satellite peak we would begin by
integrating the area under the Au 4f;, primary peak. This integration is illustrated in Figure
10(a) and results in a value of 1.3 x 10°. Using Table 1, we would then determine the percent
intensity of the Kas satellite peak with respect to the Au 4f;/, primary peak (Kaj). In this case
the Kas satellite is 0.4268% the intensity of the Ka;, which when applied to the integrated
value gives us:

1.3 x 10° * 0.004268 = 5548.4 = Kas satellite

In the E;, region of 66 eV to 50 eV, the Na 2s peak also overlaps with the Au 5p3, peak. This
is illustrated in Figure 10(b). In order to obtain the correct integrated value for the Na 2s +
Kas satellite overlap, a deconvolution must be done to obtain accurate values for both peaks.
See Section 4.2 for a detailed description of this type of peak deconvolution. The integrated
value for the red curve (Na 2s + Kas satellite) in Figure 10(b) gives a total value of 3.3 x 10*.
Subtracting the Kas satellite value from the total value gives us:

3.3x10*-5548.4=2.7x10*

Thus this gives us a corrected value for the intensity of the Na 2s peak of 2.7 x 10,

3.4.3. “Ghost” peaks

A “ghost” peak is an additional unwanted peak that appears in the XPS spectrum due

to contamination of, or impurities in, the primary X-ray source. These
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contaminants/impurities are excited by the same thermionic electron source that bombards
the primary X-ray source and emit their own Ka or La energy X-rays. These secondary X-
rays create a superimposed spectrum that is shifted to a lower E;, and has reduced peak
intensity. Typically the highest intensity peaks from the primary X-ray source spectrum are
the reproduced “ghost” peaks resulting from the secondary X-ray source. Common secondary
X-rays seen with the twin anode source are O Ka, due to oxidation of the primary X-ray
sources, and from the respective Al and Mg X-ray sources themselves. Figure 11 illustrates
an example of a “ghost” peak found in a NaAu; spectrum. In this case, the “ghost” peak
occurs due to the oxidation of the Mg source. An Al monochromater prevents these
secondary X-rays from reaching the sample as the quartz crystal only allows the X-ray
energy of 1487 eV to pass through. Table 2 lists the kinetic energy shifts and relative
amplitudes for the most common contaminants and impurities for the twin anode Al and Mg
sources. These values come from a comprehensive list of X-ray wavelengths for elements

from lithium to americium (Z = 3 to 95) compiled by J.A. Bearden.™

Table 2. Common XPS Source Contaminates and Impurities®®

Line AEy (eV) Energy Relative to Mg (eV) | Energy Relative to Al (eV)
Al Ko 1486.7 +233.1
Mg Ka 1253.6 -233.1
CuLa 929.7 -323.9 —557.0
Ni Lo 851.5 —-402.1 —635.2
Co La 776.2 —A77.4 -710.5
Fe La 705.0 -548.6 —781.7
Cr La 572.8 —680.8 -913.9
O Ka. 524.9 —728.7 -961.8
Ti La 452.2 -801.4 —-1034.5
Sc La 395.3 —-858.3 -1091.4
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4. Example Analysis
Acquiring a XPS spectrum using the correct X-ray source is crucial for accurate
sample analysis. The first step is to identify the peak positions for the elements within the

sample. There are many online databases®**

and the Handbook of X-ray Photoelectron
Spectroscopy™ available for this. Next, if applicable, identify the peak positions for elements
that will be added to the surface, e.g. via evaporator deposition, or gas exposure. XPS
binding energies are fixed regardless of the X-ray source so any primary XPS peak overlap
cannot be removed. Such overlapping (unresolved) peaks will require deconvolution to
obtain accurate analysis. Finally, identify the Auger peak positions in the XPS spectrum for
the elements in the sample. Compare the XPS peak positions with the Auger peak positions
and determine if there is any peak position overlap. Select the X-ray source that has either no
overlapping peaks or the fewest overlapping peaks. In some cases, an Auger peak shifts from
overlapping one essential analysis peak (e.g. with an Al source) to overlapping another
essential analysis peak (e.g. Mg source). In this case, either choose the source that overlaps
the less essential analysis peak or take the spectrum with both sources. This issue is
illustrated with an example in Figure 6. Panel (a) is a spectrum acquired with an Al Ka
source. The O 1s XPS peak and Na KL;L, 3 Auger peak overlap with each other. The C 1s
XPS peak does not overlap with another peak. Panel (b) is a spectrum acquired with a Mg Ka
source. Here, the Na KL;L, 3 Auger peaks have shifted to a lower Ep,. The O 1s XPS peak no

longer overlaps with another peak. The C 1s XPS peak, however, now overlaps with the Na

KL1L, 3 Auger peak.
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4.1. Single peak

A basic XPS analysis technique is taking the area under the curve of a single peak. To
take the area under the curve, begin by opening the desired file in a XPS analysis software.
CasaXPS software’ is used for this and all following examples. There are many background
types that can be used in analysis, but the three most popular are Linear, Shirley?*? and
Tougaard.?* It has been found that all three backgrounds give comparable results.*?® Linear
and Shirley are more commonly used when analyzing single peaks or small energy ranges,
while Tougaard is useful for both small and large energy ranges.??® When performing a
comparative analysis of several peaks in a spectrum is it best to use the same background
type. In the following example, a Shirley type background is used. Figure 12 illustrates the
steps to obtain the peak area. Figure 12(a) shows the peak as initially opened in CasaXPS.
Set the desired background type and create a region which highlights the peak and adjust the
range it integrates over; see Figure 12(b). Set the end points of the integration range to where
the peak itself ends and the spectrum line becomes flat. The software automatically integrates
the area under the peak for the set region and provide a corresponding value. CasaXPS
provides this value in a “Quantification Parameters” window as shown in Figure 12(c). This
technique can be applied to all single peaks in a XPS spectrum.

When integrating areas of a given peak obtained in different experiments for purposes
of comparison—for instance, if the desired result is a plot of peak area vs. exposure, or peak
area vs. temperature—it is very important to use the same integration limits for each
spectrum. Changing integration limits can change intensities significantly and corrupt the

data analysis.
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4.2. Convoluted peaks

It is not uncommon to have two peaks that overlap in a XPS spectrum. These peaks
need to be deconvoluted to obtain accurate peak area values. As with the single peak
analysis, choose the desired background type and create a range that encompasses the peaks
to deconvolute. See Figure 13(a). Next insert two component peaks, as shown in Figure
13(b), which will be used to fit the designated peak area. To fit the peaks either click the “Fit
Components” button, highlighted by the blue box in Figure 13(d) or manually fit by adjusting
the peak components in the spectrum window. Figure 13(c) shows a set of deconvoluted
peaks which have been fit using the “Fit Components” button. The corresponding areas are
given in the “Quantification Parameter” window shown in Figure 13(d).

The convoluted peaks in Figure 13 also illustrate an example of a chemical shift as
discussed in Section 3.3. This spectrum shows the O 1s region of a NaAu, sample. There are
two peaks present, indicating oxygen species in different chemical environments. In Chapter
4, these peaks from higher to lower E, were assigned to atomic oxygen interacting with an
Au-Na site and atomic oxygen interacting only with a Na site, respectively. Recall that a
higher Ey, is indicative of an environment that is more electronegative. Electronegativity
values for Au and Na are 2.54 and 0.93, respectively?’ and a larger value indicates a higher
electronegativity. An Au-Na site should be more electronegative than a sole Na site, thus

shifting the O 1s peak to a higher Ey, which is the case in Figure 13.
4.3. Atomic composition

XPS spectra are commonly used to determine the atomic composition of a sample.

For this example, a sample of NaAu, acquired with a Mg Ka is used. The peaks selected for
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analysis are the Na 2s and Au 5psj,. These peaks were chosen due to their peak locations.
They are only separated by 6 eV in the spectrum, giving them a similar IMFP value and thus
a similar sampling depth. This provides a more accurate sample composition. Figure 14(a)
shows a spectrum of the Na 2s and Au 5p3,. A Linear background type was used for this
analysis. There is a third peak present to the left of the Na 2s peak which, after eliminating
the possibility of a primary Au or Na peak, a “ghost” peak or a sample plate peak, must be a
satellite peak. The primary Au 4f7, peak is positioned at 84.0 eV while the satellite peak is

positioned at 66.5 eV. Subtracting the two gives the following:

Primary peak — Satellite peak = AEx

Au 417, peak — satellite peak = 84.0 eV —66.5eV = 17.5eV

Using the Mg source columns in Table 1 (cf. Section 3.4.2), we see that our calculated AE of
17.5 eV correlates with the Kas satellite peak (typically a 17.4 eV difference). In order to
obtain an accurate peak integration for Na 2s a deconvolution must be done. Figure 14(b)
illustrates the deconvolution and integration of the Kas satellite and Na 2s peaks as well as
the integration of the Au 5ps/, peak. In order to get an accurate sample composition, the
peaks must be normalized to the C 1s peak. Scofield cross-sections (8) specific to each peak
are applied by dividing the raw peak area by its respective d. For this sample dna 2s = 0.390
and daqsp3re = 0.877. Atomic composition is determined by summing the normalized peak
areas and dividing each separate peak by the sum. The result is multiplied by 100% to obtain

a percent value; see Equation 3.

Norm. Na 2s Area
(Norm. Na 2s Area +Norm. Au 5p3/,Area)

% Composition of Na = x 100% (Eqn. 3)
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This analysis shows that the sample contains 37.0% Na and 63.0% Au. This is expected

based on the formula of NaAu, with 1 Na (33.3%) for every 2 Au (66.7%).

5. Conclusions

The acquisition and analysis of XPS spectra can be complicated depending on both
the X-ray source and the sample. X-ray sources produce Auger peaks in the spectrum which
may overlap with XPS peaks. X-ray sources, specifically the twin anode source, also can
produce unwanted satellite and “ghost” peaks in the spectrum. Accurate analysis depends on
applying the correct Scofield cross-section and EAL to sample elements and identifying
possible chemical shifts. The deconvolution of overlapping peaks is also pertinent to analysis
especially regarding calculations of percent composition. If a user is aware of these
complications before starting acquisition, the subsequent analysis can be made easier and

more accurate.
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Figure 1. Schematic of a typical layout for an XPS setup. The schematic is not to scale.
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Figure 2. Schematic of processes which emit XPS photoelectrons and Auger electrons from
atoms. (a) XPS. (b) Auger.
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Figure 3. Example XPS spectrum of NaAu,. The spectrum was acquired with a Mg Ka source. The sample was taken
with a take-off angle (TOA) of 60° with respect to the sample normal.

www.manaraa.com

L0¢



208

(a) TOA=90° (b) TOA=30° (c) TOA=10°
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Figure 4. Schematic of surface sensitivity due to take-off angles (TOA). (a) TOA of 90°. (b)
TOA of 30°. (c) TOA of 10°. Surface sensitivity increases with a decreasing TOA.
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Figure 7. A plot of electron mean free path with respect to electron kinetic energy (eV). The
blue box indicates the typical energy range for XPS analysis. Figure is reproduced from
Reference [28].
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Figure 8. Example XPS spectrum of a NaAu, sample showing several sample plate peaks.
The sample plate is composed of Fe, Ni and Cr. The spectrum was acquired with an Al Ka
source.
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Figure 11. XPS overview spectrum highlighting the location of a “ghost” peak. In this case,
the “ghost” peak occurs due to the oxidation of the Mg source. The highlighted peak is the
Au 4fs, and Au 417, doublet. The spectrum was acquired with the Mg Ka source. The
“ghost” peak is shifted ~729 eV higher in E, which matches the energy shift for a O Ka peak
listed in Table 2. The spectrum enlargements are over a 30 eV E, range. Y-axis scale in is
counts per second “cps”.
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APPENDIX A

ADSORPTION OF AU AND PT ON THE GRAPHITE (0001) SURFACE

The clean graphite surface was prepared by cleaving the sample using Scotch tape in
air, followed by transfer into the UHV chamber where all experiments took place. Samples
were heated in the manipulator, equipped with a pyrolytic boron nitride (PBN) heater, to 500
K for 60 minutes in UHV to remove contaminants and then transferred to the scanning
tunneling microscopy (STM) stage for subsequent metal deposition and STM imaging.
Samples were transferred from the STM stage to the manipulator for all anneals after

deposition.

1. Au on Graphite

There have been numerous previous studies of Au deposited on graphite.*” Wayman
and co-workers conducted one of the first in-depth studies with Au deposition on graphite at
room temperature, at lower sample temperatures and at elevated sample temperatures. Their
results show that at and below room temperatures, deposition produces dendritic Au islands
on the surface while above room temperature, it produces polygonal shapes, most commonly
triangles and hexagons. Several other researchers confirm a dendritic island shape at room
temperature,>>® and polygonal shapes (triangles and hexagons) at elevated temperature.?*
Additionally, Ganz and co-workers reported that at room temperature, Au nucleates as small
two-dimensional (2D) islands which precede the growth of three-dimensional (3D)
clusters.”® An in-depth review of transition metals on the graphite (0001) surface gives

additional information about Au on graphite.” In the present research, experiments were
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conducted to study island morphology after a room temperature deposition followed by
sample annealing to above room temperature, detailed below.

We studied the adsorption of Au on the graphite (0001) surface at room temperature
and after annealing to temperatures of 400 K to 900 K, in 100 K increments. We also
conducted a 950 K anneal. Each anneal was for 15 minutes. Au was deposited via physical
vapor deposition from a Mantis QUAD-EV-C Mini e-beam evaporator. All surfaces undergo
ion damage from the e- beam evaporator, as previously discussed in Chapter 2, Appendix 2.
STM tunneling parameters were in the range of 0.7 V t0 1.0 V or -0.2 VV to -1.1 V tip bias
and 0.15 nA to 0.20 nA tunneling current.

Au tends to form triangular islands which cluster together, which has been reported
previously.*® Figure Al illustrates our Au coverage of 7.3 ML. Large triangular islands are
distributed across the terraces. Smaller triangular islands are found on top of the large
islands, on the terrace itself and preferentially at step edges. Gray arrows in Figure A1(c)
indicate a step edge, with others visible in the other images. Base island heights range from 4
nm to 5 nm with growth on top of the islands having total heights from 7 nm to 15 nm above
the graphite base. Triangle widths, measured triangle edge to opposing vertex, range from 30
nm to 80 nm with an average island width of 60 nm.

Annealing the graphite after Au deposition causes the Au to desorb or migrate to the
step edges. Figure A2 shows how the Au islands change over the course of incremental
annealing. The island shape morphology changes, shifting from triangular to hexagonal after

the first anneal at 400 K. Figure A3 illustrates this morphology change.
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2. Pt on Graphite

There have been several previous studies of Pt deposition on graphite.>*® Howells
and co-workers report that on a pristine graphite surface, deposited Pt forms dendritic
islands. On Ar" ion-damaged graphite surfaces, deposited Pt forms small, flat, circular
clusters.’® Additional reports state that Pt forms small 2D islands and then 3D clusters with
increasing coverage.*"* An in-depth review of transition metals on the graphite (0001),
noted above for Au on graphite, also gives additional information for Pt on graphite.® As part
of the present thesis research, experiments were conducted to study island morphology after a
room temperature deposition followed by sample annealing above room temperature,
detailed below.

We studied the adsorption of Pt on the graphite (0001) surface at room temperature
and after annealing to temperatures of 400 K to 1300 K, in 100 K increments. Pt was
deposited via physical vapor deposition from an Omicron EFM3 evaporator, using a
pyrolytic boron nitride (PBN) lined crucible. The crucible was biased at +780 V with respect
to the filament located above the crucible. All surfaces undergo ion damage from the
evaporator, similar to that produced by the Mantis QUAD e-beam evaporator. STM tunneling
parameters were in the range of -0.3 V to -0.5 V tip bias and 0.2 nA to 0.3 nA tunneling
current.

Pt tends to form very small circular islands with an average height of 0.19 nm + 0.02
nm (~1 atom). The islands are distributed across the terraces and show no preferential growth
on step edges. The average diameter of these islands is 5.9 nm + 0.3 nm. Figure A4 illustrates
these small circular islands. The average island density and coverage for a 20 minute, 64 W

deposition are (1.50 + 0.07) x 10 ° islands/nm? and 0.041 ML + 0.002 ML, respectively.
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Figure A5 illustrates these values. The average island density and coverage for a 20 minute,
75 W deposition are (2.0 + 0.5) x 10 ® islands/nm? and 0.055 ML + 0.008 ML, respectively.
Figure A6 illustrates these values. For coverage estimates, we calculated the average island
area using A = 1r” and the average island diameter. This area was multiplied by the number
of islands in an image to get an estimate of total island area. This total island area was then
divided by the image area for an estimated coverage. We assumed for coverage calculations
that the islands were one atomic layer tall.

Annealing the graphite after Pt deposition causes the Pt to possibly desorb or
intercalate into the graphite. Figures A7 and A8 show the evolution of Pt islands on graphite
after incremental annealing. The island density decreases by about half after the first anneal
(400 K) and is steady at 1.0 x 102 islands/nm? following the other higher temperature
anneals. There is no mass migration to the step edges, as illustrated in Figure A9. The island
morphology remains circular and the heights and diameters are slightly smaller (<0.02 nm
and <0.3 nm, respectively) than Pt islands deposited at room temperature. The Pt is most
likely desorbing or intercalation to account for the decrease in island density. The Pt islands
are similar to what Howells and co-workers reported after deposition on an Ar” ion-damaged
graphite surface.’® This suggests the islands are nucleating at ion-damage defects on the
surface. A new feature, a slight circular depression in the surface, appears after annealing to
900 K and higher. Figure A10 shows these depressions. The average depth of these
depressions is 0.018 nm + 0.004 nm, while the average diameter is 6.9 nm + 0.5 nm. Some of
the depressions have what appears to be a Pt island in the center. We have not determined the

source of these depressions but speculate they are intercalated Pt atoms.
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Figures

Figure Al. Au on graphite with a coverage of 7.3 ML. Islands are predominately triangular
in shape and cover both terraces and step edges. Gray arrows in (c) indicate a step edge. (a) 4
um X 4 um (b)-(c) 2 um x 2 um (d) 500 nm x 500 nm.
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Figure A2. STM images of Au on graphite (0001) surface following seven incremental anneals ranging from 400 K to
900 K, in 100 K increments and a 950 K anneal. The triangular morphology changes to hexagonal after the first anneal
at 400 K and the Au migrates to the step edges. (a) 300 K; (b) 400 K; (c) 500 K; (d) 600 K; (e) 700 K; (f) 800 K; (9)
900 K; (h) 950 K. All images 250 nm x 250 nm.
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Figure A3. STM images of Au on graphite illustrating the island morphology shift from
triangles to hexagons. (a) Triangles are present after a 3 minute, 26 W room temperature
deposition. (b) Hexagons are present after annealing to 800 K for 15 minutes. Both images
100 nm x 100 nm.
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Figure A4. STM images of Pt on graphite deposited at room temperature illustrating the
small circular islands and small amount of Pt at the step edges. (a)-(c) 64 W for 20 minutes.
(d) 75 W for 20 minutes. The line profile offset in (b) shows two islands on the surface.
Images (a)-(c) 250 nm x 250 nm. Image (d) 50 nm x 50 nm.
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Figure A5. STM images of Pt on graphite deposited at room temperature, 64 W for 20
minutes. Average island density is 1.5 x 10 islands/nm? and average coverage is 0.041 ML.
All images 250 nm x 250 nm.
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Figure A6. STM images of Pt on graphite deposited at room temperature, 75 W for 20
minutes. Average island density is 2.0 x 10 islands/nm? and average coverage is 0.055 ML.
All images 250 nm x 250 nm.
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Figure A7. Pt on HOPG room temperature deposition followed by incremental anneals of 400 K to 1300 K, in 100 K
increments (a) 300 K; (b) 400 K; (c) 500 K; (d) 600 K; (e) 700 K; (f) 800 K. All images 250 nm x 250 nm.
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Figure A8. Pt on HOPG room temperature deposition followed by incremental anneals of 400 K to 1300 K, in 100 K
increments (a) 900 K; (b) 950 K; (c) 1000 K; (d) 1100 K; (e) 1200 K; (f) 1300 K. All images 250 nm x 250 nm.
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Figure A9. STM images of Pt on graphite at step edges after higher temperature anneals (>900 K). (a) 950 K. (b) 1000
K. (c) 1100 K. (d) 1300 K. All images 250 nm x 250 nm.
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Figure A10. STM images of the depressions seen on the surface after high temperature
annealing. (a) 100 nm x 100 nm. (b) 50 nm x 50 nm.
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APPENDIX B

E-BEAM HEATER TEMPERATURE CALIBRATION

An Omicron dual filament e-beam heater is installed on the manipulator head of the
DOE chamber (currently located in 224 Spedding Hall) and it allows heating of samples on a
single plate sample holder up to 1300 K. In March 2014, | performed temperature
calibrations on a blank single plate tantalum (Ta) sample holder using three separate
measuring sources: a manipulator thermocouple, a remote thermocouple and an optical
pyrometer.

The manipulator thermocouple is permanently attached at the end of the manipulator
head. The temperature reading of this thermocouple is always lower than the actual sample
temperature as there is a temperature gradient between the sample and the location of the
thermocouple. The second device, the remote thermocouple, is a Type K thermocouple, most
effective for temperatures between 300 K and 700 K. The thermocouple is mounted on a
separate flange with a manual manipulator which allows the user to lower the thermocouple
directly onto the sample surface for temperature measurements. This temperature reading is
also lower than that of the actual sample as the ball at the end of the thermocouple wires is a
heat sink. The third device, the optical pyrometer, is hand-held and measures the sample
temperature via line of sight through a chamber window. The pyrometer is only usable for
temperatures above 800 K and must be set to the correct emissivity of the sample (¢).
Emissivity values are easily found online.* For this calibration, we used &7, = 0.14.

In order to get a correct value for temperatures below 800 K, we calibrated the

manipulator and remote thermocouple readings against the pyrometer and extrapolated the
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curve for lower temperatures. The estimated curve is extrapolated based on the ratio of the
temperature difference between the manipulator and remote thermocouple readings divided
by the temperature difference between the pyrometer and manipulator thermocouple
readings. This ratio is fairly constant over the pyrometer’s output range, so we assume this
relationship holds at lower temperatures. Figure B1 shows the calibration curve of
temperature vs. power for the e-beam heater. Figure B2 shows an expanded view of the

calibration curve for temperatures 300 K to 500 K.
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Figure B1. Heating calibration curve for a blank Ta sample plate in the e-beam heater of the manipulator. Estimated

curve is forced through origin.
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Figure B2. Expanded view of heating calibration curve for a blank Ta sample plate in the e-beam heater of the

manipulator for temperatures 300 K to 500 K. Estimated curve is forced through origin.
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APPENDIX C

EXPERIMENTAL DATABASE

Abbreviations

HOPG
DOE
SPH
ZYA
Instru.
ST™M
XPS
min

sec

dep
addt’l

L

LEED
SEM
EDX
LT-STM
Mass Spec.
TPD

Highly-Oriented Pyrolytic Graphite
Department of Energy

Spedding Hall

grade of graphite

Instrument

Scanning Tunneling Microscopy
X-ray Photoelectron Spectroscopy
minute

second

deposition

additional

Langmuir

Low-energy Electron Diffraction
Scanning Electron Microscopy
Energy Dispersive X-ray

Low Temperature Scanning Tunneling Microscopy

Mass Spectrometer

Temperature Programmed Desorption

Table 1. NaAu, samples

Ames
Sample | Laboratory Description Current Condition
Batch #
A XYY-1-61 Ames La_b Materials Heavily used; in vacuum desiccator;
Preparation Center needs re-polishing
Ames Lab Materials Heavily used w/ gas exposures; in
B DLS-9-5 . ) _ I
Preparation Center vacuum desiccator; needs re-polishing
Ames Lab Materials Moderately used; in vacuum
C DLS-9-5 : : _ -
Preparation Center desiccator; needs re-polishing
Ames Lab Materials Moderately used w/ TPD; in vacuum
D DLS-9-5 . ; _ L
Preparation Center desiccator; needs re-polishing
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Table 2. Dy/HOPG experiments conducted at lowa State University (DOE Chamber - 224 SPH)

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
i sample previously used

g\o(ii 1/26/2014 M1-M13 | STM 20140126 _clean ZYA Scan of clean surface Bk 1, pg 76 with Pt dep: Turbo On

M1-M15 | STM 20140126 Dy 10 min dep 19W 19W for 10 min Bk 1, pg 76 too much Dy!!!
HOPG- 2/3/2014 M1 - M5 STM 20140203 _clean ZYA Scan of clean surface Bk 1, pg 77 Turbo On
ZYA-4 M1-M10 | STM 20140203_Dy 19W 1 min dep 19W for 1 min Bk 1, pg 78 still too much Dy
HOPG- 2/4/2014 M1 - M3 STM 20140204 _clean ZYA Scan of clean surface Bk 1, pg 78 Turbo On
ZYA-4 M1-M22 | STM 20140204_Dy 16W 5 min dep 16W for 5 min Bk 1, pg 78 too much Dy
HOPG- 2/5/2014 M1 - M9 STM 20140205_clean ZYA Scan of clean surface Bk 1, pg 79 Turbo On
ZYA-4 M1 - M7 STM 20140205 _Dy 16W 30 sec dep 16W for 30 sec Bk 1, pg 79 still too much Dy
HOPG- 2/6/2014 M1 - M4 STM 20140206_clean ZYA Scan of clean surface Bk 1, pg 79 Turbo On
ZYA-4 M1-M21 | STM 20140206_Dy 14W 1 min dep 14W for 1 min Bk 1, pg 79 | possible evap. parameters
HOPG- previously unused
ZYAS 7/2/2014 | M1-M14 | STM 20140702_ZYA clean Scan of clean surface Bk 2, pg 10 sample: Turbo On

M1-M14 | STM 20140703 _Dy 15sec dep 14W for 15 sec Bk 2, pg10 | Shuttermay have been

partially open; excess Dy

overview,

Dy4d, C1s XPS 20140703_Dy 15 sec dep 14W for 15 sec Bk 2, pg 10 Mg Source
HOPG- overview,
ZYAS 7/3/2014 Dy4d, C1s XPS 20140703_Dy 15 sec dep_02 14W for 15 sec Bk 2, pg 11 Mg Source

overview,

Dy4d, C1s XPS 20140703_Dy 15 sec dep_03 14W for 15 sec Bk 2, pg 11 Mg Source

overview,

Dy4d, Cls XPS 20140703_Dy 15 sec dep_04 14W for 15 sec Bk 2, pg 11 Mg Source
HOPG- 7172014 M1-M10 | STM 20140707_ZYA clean Scan of clean surface Bk 2, pg 12 Turbo On
ZYA-5 M1 - M5 STM 20140707_Dy 15 sec dep 14W for 15 sec Bk 2, pg 12 noise and tip issues
g\O(ZGS 7/8/2014 | M1-M11 | STM 20140708_Pt-Ir tip test Scan to test new Pt-Ir tip | Bk 2, pg 13
gsifs 7/9/2014 M1-M23 | STM 20140709 _ZYA clean Scan of clean surface e 2’139 L Turbo On
HOPG- 2110/2014 M1-M10 | STM 20140710_Dy 15 sec dep 14W for 15 sec Bk 2, pg 14 Turbo On/Off
ZYA-5 M1 - M7 STM 20140710_Dy 30 sec addt'l 14w for 15 sec Bk 2, pg 15 Turbo Off
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Table 2. Dy/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
';8;65 7/15/2014 | M1-M14 | STM 20140715 _ZYA clean Scan of clean surface Bk 2, pg 16 Turbo On
HOPG-
ZVAS 7/16/2014 | M1-M18 | STM 20140716_Dy 30 sec dep 14W for 30 sec Bk 2, pg 17 Turbo On
';8265 7/21/2014 | M1-M21 | STM 20140721 _clean ZYA Scan of clean surface Bk 2, pg 18 Turbo On

M1 STM 20140728 _ZYA _after bake clean Scan of clean surface Bk 2, pg 19 after cha_mb.er bake and

outgassing; Turbo On
';8;65 7/28/2014 | M1-M5 STM 20140728_Dy 1 min 16W 16W for 1 min Bk 2, pg 20 Turbo On
overview,

Dy4d, Cls XPS 20140728_ZYA w Dy _01 after STM Bk 2, pg 20 Mg Source
g\?ZGS 7/29/2014 M1 - M7 STM 20140729 _ZYA clean Scan of clean surface Bk 2, pg 20 Turbo On
HOPG M1-M13 | STM 20140730_ZYA Dy 16W 15 sec 16W for 15 sec Bk 2, pg 21 Turbo On/Off
7y A-5_ 7/30/2014 | M1-M8 STM 20140730_ZYA Dy 16W 30sec T addt'l 16W for 15 sec Bk 2, pg21 Turbo Off

M1-M11 | STM 20140730_ZYA Dy 16W 1 min T addt'l 16W for 30 sec Bk 2, pg 21 Turbo Off
HOPG- 7/31/2014 M1 - M6 STM 20140731_ZY A Dy sit overnight sat in chamber overnight | Bk 2, pg 22 Turbo On
ZYA-5 M1-M11 | STM 20140731_ZYA Dy 16W 2 min T addt'l 16W for 1 min Bk 2, pg 22 Turbo On
382(35 8/5/2014 M1 - M8 STM 20140805_ZYA clean Scan of clean surface Bk 2, pg 23 Turbo On
382(35 8/19/2014 | M1-M4 STM 20140819 clean ZYA Scan of clean surface Bk 2, pg 24 bad tip; Turbo On
gsies 8/20/2014 | M1-M15 | STM 20140820 _clean ZYA Scan of clean surface Bk 2, pg 25 Turbo On
HOPG- 8/21/2014 M1-M28 | STM 20140821_Dy 15 W 15 sec 15W for 15 sec Bk 2, pg 25 Turbo On
ZYA-5 M1-M14 | STM 20140821 Dy 15W 30 sec addtl addt'l 15W for 30 sec Bk 2, pg 26 Turbo On
38265 8/25/2014 | M1-M7 ST™M 20140825 _clean ZYA Scan of clean surface Bk 2, pg 26 Turbo On
HOPG- | g1p012014 | M1-M2 | ST™ 20140829 _clean ZYA-D Scan of clean surface | Bk 2,pg2g | SamPle previously used
ZYA-6 = ' with Cu dep; Turbo On
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Table 2. Dy/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
) i previously unused
g\o{z\G? 9/2/2014 M1 - M9 STM 20140902 _clean ZYA-E Scan of clean surface Bk 2, pg 30 sample: Turbo On
M1-M24 | STM 20140902_Dy 15W 15sec 15W for 15 sec Bk 2, pg 30 Turbo On
HOPG- | /1112014 | M1-M7 | ST™ 20140911 _clean ZYA-E SERCFEEN IR | oo 7 ars Turbo On
ZYA-7 - check
HOPG- | 9/13/2014 | M1-M5 | STM 20140913 _clean ZYA-E Scan of clean surface; tip | g 5 35 Turbo On
ZYA-7 check
g\o(ii 9/16/2014 | M1 - M2 STM 20140916 Dy 15W 45sec overnight addt'l 15W for 30 sec Bk 2, pg 36 Turbo On
M1 - M7 STM 20140917 _clean ZYA-E Scan of clean surface Bk 2, pg 36 Turbo On
HOPG- M1-M15 | STM 20140917_Dy 15W 1 min ZYA-E 15W for 1 min Bk 2, pg 37 Turbo On
9/17/2014 = -
ZYA-T after 400K, 15 min
M1-M13 | STM | 20140917 400K anneal_Dy ZYA-E anneal Bk 2, pg 37 Turbo On
§$ZG7 9/22/2014 M1 - M9 STM 20140922 clean ZYA-E Scan of clean surface Bk 2, pg 39 Turbo On
382(_37 9/27/2014 | M1-M10 | STM 20140927 _clean ZYA-E Scan of clean surface Bk 2, pg 41 Turbo On
M1-M3 | STM 20141008 _clean ZYA-E SENTHAENINREES WY | oy o7 s Turbo On
HOPG- = check
ZYA-7 LU Scan of clean surface; ti
M1 - M3 STM 20141008 _clean ZYAE check A 2, pg 43 Turbo On
382(—37 10/9/2014 | M1-M20 | STM 20141009 _clean ZYA-E Scan of clean surface Bk 2, pg 44 Turbo On
HOPG- M1-M20 | STM 20141010_Dy 15W 1min ZYA-E 15W for 1 min Bk 2, pg 44 Turbo On
zyA7 | 10020141 0 M2a | sTM | 20141010 ZYA-E wDy 750K anneal | ATtET 752{:2};“15 min Bk 2, pg 45 Turbo On
HOPG M1-M10 | STM 20141028 clean ZYA-E Scan of clean surface Bk 2, pg 47 Turbo On
ZYA—7- 10/28/2014 | M1-M13 | STM 20141028_Dy 15W 1min ZYA-E 15W for 1 min Bk 2, pg 48 Turbo On
M1-M23 | STM 20141028 _ZYA-E 1100K after 1100K heating Bk 2, pg 48 Turbo On
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Table 2. Dy/HOPG experiments continued

Images/

Book #,

Sample Date Instru. Filename Details Notes
Spectrum Page #
M1-M10 | STM 20141030 _clean ZYA-E Scan of clean surface Bk 2, pg 49 Turbo On
HOPG- M1 - M21 STM 20141030 _Dy 15W 1min 15W for 1 min Bk 2, pg 49 Turbo On
ZYA-T 10/30/2014 20141030_ZYA-E wDy 1100K
M1-M10 | STM ~ annéal"" y after 1100K heating | Bk 2, pg 50 Turbo On
M1 - M6 STM 20141103 _clean ZYA-E Scan of clean surface Bk 2, pg 51 Turbo On
HOPG- determine power setting
ZYA-T 11/3/2014 M1 - M6 STM 20141103_ZY§\0-SEE(\:/1/|_Dy 20W+25W Scan for Dy on HOPG Bk 2, pg 51 for ion damage
experiments
M1-M7 | STM 20141110 clean ZYA-E Scan of clean surface | Bk 2, pg 53 E;mfé‘s'Tyuﬁggsgg
HOPG- , . :
zvAg | 102014 1 0 va | sTM 20141110_Dy 25W 10sec ID#1 e forolNO /Zeﬁl' HVIFL | gy o ng 53 Turbo On
M1 - M8 STM 20141110 clean ZYA-E 2 Scan of clean surface Bk 2, pg 53 Turbo On
M1-M10 | STM 20141111 clean ZYA-E ID#2 Scan of clean surface Bk 2, pg 54 Turbo On
M2-M12 | STM | 20141111 Dy 25w 10sec Dz | 2oW for10sec, HVIFIL 1 gy o o 5a Turbo On
HOPG- 11/11/2014 - OFF/ON
ZYA-8 M1 - M8 STM 20141111 clean ZYA-E ID#3 Scan of clean surface Bk 2, pg 55 Turbo On
M1-M9 | STM | 20141111 Dy25W 10sec iD#3 | 2°W fogll\lolge;; HVIFIL | B2 g 55 Turbo On
38268 11/12/2014 | M1-M10 | STM 20141112 clean ZYA-E ID#4 Scan of clean surface Bk 2, pg 56 Turbo On
25W for 10 sec; HV/Fil
382(?8 11/13/2014 M1 - M23 STM 20141113 Dy 25W 10sec ID#4 OFE/OFE Bk 2, pg 56 Turbo On
M1 - M5 STM 20141113 clean ZYA-E ID#5 Scan of clean surface Bk 2, pg 57 Turbo On
HOPG- 25W for 10 sec; HV/Fil
ZYA-8 11/14/2014 | M1 - M16 STM 20141114 Dy 25W 10sec ID#5 ON/ON Bk 2, pg 57 Turbo On
M1 - M6 STM 20141117 _clean ZYA-E Scan of clean surface Bk 2, pg 57 Turbo On
HOPG- Check to make sure
zvag | A0 v vig | sTM 20141117_shutter closed Bk2,pg58 |  Cvaporator shutter in
- closed position (no metal
dep)
E\O(Z% 12/1/2014 | M1-M12 | STM 20141201 _clean ZYA-E Scan of clean surface Bk 2, pg 61 Turbo On
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Table 2. Dy/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
E$ZG8 12/4/2014 | M1 - M4 STM 20141204 clean ZYA-E Scan of clean surface Bk 2, pg 62 Turbo On
38268 12/6/2014 | M1-M10 | STM 20141206_clean ZYA-E Scan of clean surface Bk 2, pg 62 Turbo On
M1-M24 | STM 20141208_Dy 25W 10sec 25W for 10 sec; HVIFIl | gy 5 063 Turbo On
HOPG- ON/OFF
ZYA-8 12/8/2014 after 600K anneal for 5
M1 - M28 STM 20141208 Dy 25W 600K 5min min Bk 2, pg 63
M1-M12 | STM 20141210 clean ZYA-E Scan of clean surface Bk 2, pg 64 Turbo On
HOPG- 1 1511012014 Scan of clean surface;
ZYA-8 M1-M12 | STM | 20141210 clean ZYA-E after O2 test | >can Of clean surtace, g, 5 o 64 Turbo On
after 20L O, exposure
M1-M19 | STM 20141211 Dy 25W 10sec 25W fo(r)}\?/ée;; HVIFIL By 2, pg 65 Turbo On
HOPG- | 10110014 | M1-M29 | STM | 20141211 Dy 25W 800K 5min | after 800K amnealfor5 | gy 5 0 65
ZYA-8 min
i after 20L O, exposure
M1-M24 | STM 20141211_Dy 25W 800K O2 exp (after 800K anneal) Bk 2, pg 66 Turbo On
Core | 1271612014 | M1-M14 | STM 20141216_clean ZYA-E Scan of clean surface | B %P9 8% Turbo On
ML1-M22 | STM 20141217 Dy 25W 10sec 25W fogll\loléelflé HVIFL | By o ng 67 Turbo On
HOPG M1-M20 | STM 20141217 Dy 25W 20L 02 after 20L O, exposure Bk 2, pg 67 Turbo On
. | 12/17/2014 | overview, 25W for 10 sec + 20L
ZYA-8 Dy4d, Cls XPS 20141217 _ZYA-E wDy + 02 0, HV/Fil ON/OFF Bk 2, pg 68 Mg Source
25W for 10 sec + 20L
O1s XPS 20141217 _O1s Oy: HV/Fil ONJOFF Bk 2, pg 68 Mg Source
gsst 1/6/2015 | M1-M11 | STM 20150106 _clean ZYA-E Scan of clean surface Bk 2, pg 69 Turbo On
HOPG- 23W for 10 sec; HV/Fil
ZYA-8 1/8/2015 | M1-M29 | STM 20150108_Dy 23W 10sec ON/OEE Bk 2, pg 69 Turbo On
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Table 2. Dy/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
HOPG- M1-M18 | STM 20150109 clean ZYA-E Scan of clean surface Bk 2, pg 70 Turbo On
zyas | Y2015 1 Mg | sTM 20150109 Dy 25W 10sec 25W foglNO/gchl;: HVIFIL | B 2, pg 70 Turbo On
M1-M16 | STM 20150112 _clean ZYA-E Scan of clean surface Bk 2,pg 71 Turbo On
HOPG- M1-M32 | STM 20150112_Dy 29W 10sec 20Wfor 10 sec; HV/FIl | g, 5 0 71 Turbo On
1/12/2015 ON/OFF
ZYAB overview 29W for 10 sec; HV/Fil
Dyad, C1s XPS 20150112_ZYA-E wDy 29W ON/OFE Bk 2, pg 71 Mg Source
HOPG- M1-M18 | STM 20150114 clean ZYA-E Scan of clean surface Bk 2, pg 72 Turbo On
zvAg | Y2015 1 1 Mos | sTM 20150114_Dy 33W 10sec 3] fogll\lolgelfé HVIFL | gy o ng 72 Turbo On
38268 1/15/2015 | M1-M19 | STM 20150115 _clean ZYA-E Scan of clean surface Bk 2, pg 73 Turbo On
ML1-M31 | STM 20150116_Dy 37W 10sec A fogll\lolgelfé HVIFL | By o ng 73 Turbo On
HOPG- overview, ) 37W for 10 sec; HV/Fil
IVA-8 1/16/2015 Dy4d, C1s XPS 20150116 _ZYA-E wDy 37W ON/OFF Bk 2, pg 74 Mg Source
overview, addt'l 26W for 10 sec;
Dyad, C1s XPS 20150116_ZYA wDy 37W+26W SR GG Bk 2, pg 74 Mg Source
382(_38' 1/22/2015 | M1-M16 | STM 20150122_clean ZYA-E Scan of clean surface | Bk 2, pg 75 Turbo On
M1-M28 | STM 20150123 Dy 25W 10sec 2T WOSEE AT | ope o s Turbo On
HOPG- - ON/OFF
ZYA8 1/23/2015 BK 2 00 75-
M1-M27 | STM 20150123 Dy 20L 02 Exp after 20L O, exposure ’7%9 Turbo On
gszes 1/28/2015 | M1-M20 | STM 20150128 clean ZYA-E Scan of clean surface Bk 2, pg 76 Turbo On
M1-M34 | STM 20150129 Dy 25W 10sec 2BTan VSRS WAL | o) 5 Turbo On
HOPG- - ON/OFF
ZYA-8 LIPS after 700K anneal for 5
M1-M34 | STM 20150129 Dy 25W 700K 5min e Bk 2, pg 77
38268 1/31/2015 | M1-M19 | STM 20150131 _clean ZYA-E Scan of clean surface Bk 2, pg 78 Turbo On
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Table 2. Dy/HOPG experiments continued
Sample Date Images/ Instru. Filename Details Book #, Notes
Spectrum Page #
oPG M1-M28 | STM 20150202_Dy 25W 10sec e f°(r)|1\|°/cs)eF°; HVIFIL | By 2, pg 79 Turbo On
ZYA-8- A after 20L O, exposure w/
M1-M41 | STM | 20150202_Dy 25W 20L O2 + 400K 4OOK2anneaI Bk 2, pg 79 Turbo On
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Table 3. Au/HOPG experiments conducted at lowa State University (DOE Chamber - 224 SPH)

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
HOPG- . Check tip for atomic .
IV AL 6/30/2013 | M1-M5 | STM 20130630 _tip at. res. resolution Bk 1, pg 36 previously unused sample
HOPG- Check tip for atomic
7V A-1 7/1/2013 | M1-M19 | STM 20130701 _at res - Bk 1, pg 36
Check tip for atomic previously unused sample;
M1-M23 | STM 20130706 _at res_clean surface resolution; clean Bk 1, pg 39 Sample in double decker;
surface Turbo On
38262 7/6/2013 | M1 - M7 STM 20130706 _after sputter 45 sec sputter at 100eV | Bk 1, pg 39 Turbo On
addt'l 45 sec sputter at
M1-M5 | STM 20130706 _after sputter and heat 100eV, 5 min heating Bk 1, pg 40 Turbo On
655K
M1-M18 | STM 20130707 after 2nd heating el 3%&‘)'2 heating | gy 1 ny 40 Turbo On
HOPG- | 2/7/2013 | M1-M8 | STM 20130706_after 3rd heating addt’l 30 min heating | gy 4 041 | poor tunneling; Turbo On
ZYA-2 660K
ML1-M8 | STM 20130707 test Check new tip for | 5 4 0 49
atomic resolution
M1-M9 | STM 20130727_ZYA clean Scan of clean surface Bk 1, pg 42 Turbo On
HOPG- -
ZYA-2 712112013 20130727_ZY A after 30 min Al t islands; tip i ;
ML-M2 | STM . after 30 min Au 29W for 30 min Bk 1, pg 42 not many islands; tip issues;
dep Turbo On
HOPG- | 7 168/2013 | M1-M7 | STM | 20130728 addtl 30 min Audep | addtl22W for 30 min | Bk 1 pg43 | P issues; nogold seen;
ZYA-2 - ' Turbo On
HOPG M1-M7 | STM 20130730_clean surface ZYA Scan of clean surface Bk 1, pg 44 prewous_lryulrjggsgg sample;
. | 7/30/2013
ZYA-3 ible i i
M1-M16 | STM 20130730_after 10 min Au dep 23.8W for 10 min Bk 1, pg4a | PoSsible islands and build up

on step edges; Turbo On

www.manaraa.com

6v¢



Table 3. Au/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
M1-M4 | STM 30130731_clean surface ZYA Scan of clean surface Bk 1, pg 44 Turbo On
HOPG- . . at step edges?; no islands;
ZYA3 7/31/2013 | M1 - M6 STM 20130731_after 20 min Au dep 23.8W for 20 min Bk 1, pg 45 Turbo On
ML | STM | 20130731 addti 20 min Audep | addtl23.8W for 20 min | Bk 1,pg4s |  rough surface; tnneling
- issues; Turbo On
EN?ZGS 8/1/2013 | M1-M5 STM 20130801 _clean ZYA Scan of clean surface Bk 1'429 45- poor tunneling; Turbo On
HOPG M1-M6 | STM 20130803_tip test Sciﬂntﬁetﬁﬁ;“p BK1,pg46 | poor tunneling: Turbo On
| 8/3/2013 .
ZYA-3 . Scan to test tip P
M1 - M3 STM 20130803 _tip test 2 tunneling Bk 1, pg 46 poor tunneling; Turbo On
M1-M4 | STM 20130804_tip test Scanto testtip; clean | g, 4 047 Turbo On
surface
382(_53' 8/4/2013 | M1-M11 | STM | 20130804 after 10 min Au dep 23.8Wfor10 min | Bk1,pgd7 | Possible ““yo'f]'a“ds; Turbo
M1-M6 | STM 20130804 _addtl 10 min Au Dep addt'l 23.8W for 10 min | Bk 1, pg 48 small islands; Turbo On
M1-M7 | STM 20130805_Au on HOPG Bk 1, pg 48 Turbo On
HOPG- 20130805 _addtl 10 min Au dep 30 , . hard to image; blobs on
ZYA-3 8/5/2013 | M1-M16 | STM min total addt'l 23.8W for 10 min | Bk 1, pg 48 e s G
20130805_addtl 10 min Au dep . . large clusters and triangular
M1-M26 | STM 2B\W addt'l 25W for 10 min Bk 1, pg 48 islands!: Turbo On
M1 - M8 STM 20130806_clean ZYA Scan of clean surface Bk 1, pg 49 Turbo On
HOPG-
ZYA-3 8/6/2013
M1-M6 | STM 20130806_after 10 min Au dep 25W for 10 min Bk 1, pg 49 tall islands; Turbo On
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Table 3. Au/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
M1-M10 | STM 20130807 _clean ZYA Scan of clean surface Bk 1, pg 50
HOPG- f i i
ZYA3 8/7/2013 M1 STM 20130807_1 min Au dep 25W for 1 min Bk 1, pg 50 no islands
STM - 4 addt’l min Bk 1, pg 51 still no islands
M1 - M8 STM 20130808 _clean ZYA Scan of clean surface Bk 1, pg 51
HOPG- -
ZYA-3 8/8/2013
M1-M11 | STM 20130808 _after 7 min Au dep 25W for 7 min Bk 1, pg 51 where is the gold?
M1-M12 | STM 20130809 clean ZYA Scan of clean surface Bk 1, pg 52
HOPG-
VA3 8/9/2013
M1-M14 | STM 20130809 _after 5 min Au dep 25W for 5 min Bk 1, pg 52 islands in blobs
M1 - M7 STM 20130810 _clean ZYA Scan of clean surface Bk 1, pg 53 Turbo On
HOPG- M1-M9 | STM 20130810_after 3 min Au dep 25W for 3 min Bk 1, pg 53 island blobs; Turbo Off
ZYA-3 8/10/2013
. . . 400K: M1-M10; 500K: M11-
M1-M28 | STM 20130810_after Al_J dep incremental incremental heatings Bk 1, pg 53- M18: 600K: M19-M28:
heating 400K-600K 54
Turbo Off
M1-M13 | STM 20130812 _clean ZYA Scan of clean surface Bk 1, pg 54 Turbo On
M1-M16 | STM 20130812 _after 3 min Au dep 26W for 3 min Bk 1, pg 55 Turbo On
HOPG- | 511912013
ZYA-3 400K: M1-M11; 500K: M12-
M1-M39 | STM 20130812_incremental heating with incremental heatings Bk 1, pg 55- M30; 600K: M31-M39; 16
Au 400K-600K 56 hour break between 400K and

500K anneals; Turbo On
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Table 3. Au/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
M1 - M7 STM 20130814 clean ZYA Scan of clean surface Bk 1, pg 56 Turbo On
M1-M10 | STM 20130814 _after 3 min Au dep 26W for 3 min Bk 1, pg 56 island blobs; Turbo On
HOPG-
ZvA-3 | 8/14/2013 700K: M1-M10; 800K: M11-
. . . . . M23; 900K: M24-M33; sat
M1-M33 | STM 20130814 _incremental heating with incremental heatings Bk 1, pg 57 overnight after 900K
Au 700K-900K o
anneal/before scanning; Turbo
On
HOPG- Scan of clean surface; | Bk 1, pg 57-
VA3 8/19/2013 | M1-M39 | STM 20130819 _clean ZYA tip prep 58 Turbo On
. . island blobs, step edge
PG M1-M15| STM 20130820_3 min Au dep 25W for 3 min Bk 1, pg 58 decoration: Turbo On
| 8/20/2013 VT . . _
ZYA-3 M1-M62 | STM 20130820_incremental heating incremental heatings Bk 1, pg 59- 70%(35'\/%0'(\)120'\/?395?/'5'\221
w/Au 700K-950K 60 X : !

950K: M55-M62; Turbo Off
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Table 4. Pt/HOPG experiments conducted at lowa State University (DOE Chamber - 224 SPH)

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
M1-M13 | STM 20130829_clean ZYA Scan of clean surface | Bk 1,pg60 | SamPle previously used
with Au dep
HOPG- ; i i
ZYA3 8/29/2013 | M1-M12 | STM 20130829_Pt dep test 10 min 48W for 10 min Bk 1, pg 61 nothing seen
M1-M4 | STM | 20130829 Pttest2addt 10min | addtl54Wfor 10min | Bk1,pgel | "ot S%en“iigoss'b'e Pt
HOPG- | g/30/2013 | M1-M5 | STM | 20130830_Pt test 3 addtl 10 min addtl 61W for 10 min | Bk1,pge1 | SMall islands seen, not big
ZYA-3 enough yet
M1-M16 | STM 20130903 _clean ZYA Scan of clean surface Bk 1, pg 62
HOPG-
ZYA-3 91312013 Bk 1, pg 62 Il island till not
M1-M11 | STM 20130903_15 min Pt dep 61W for 15 min ' Pg oz smalisiands seen, stll no
- 63 big enough
§$ZG3 9/4/2013 | M1-M11 | STM 20130904 _addtl 15 min Pt dep addt'l 62w for 15 min Bk 1, pg 63 small islands
M1-M11| STM 20130905 _clean ZYA Scan of clean surface Bk 1, pg 63
HOPG-
VA3 9/5/2013
M1-M16 | STM 20130905_15 min Pt dep 64W for 15 min Bk 1, pg 64 small islands
HOPG-
7Y A3 9/6/2013 | M1-M32 | STM 20130906 _clean ZYA Scan of clean surface Bk 1, pg 64
M1-M7 | STM 20130907 _after 20 min Pt dep 64W for 20 min Bk 1, pg 65 islands seen, heat next
HOPG- 1 91712013
ZYA-3 M1-M22 | STM 20130907_incremental heating with | incremental heatings 400- | Bk 1, pg 65- | 400K: M1-12; 500K: M13-
Pt 600K 66 M26; 600K: M27-M42
M1 - M8 STM 20130910 _clean ZYA Scan of clean surface Bk 1, pg 66
HOPG- i i
ZYA3 9/10/2013 | M1-M14 | STM 20130910_20 min Pt dep 64W for 20 min Bk 1, pg 66
M1-M9 | STM e e after heating to 950K Bk 1, pg 67

dep
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Table 4. Pt/HOPG experiments continued

Images/

Book #,

Sample Date Spectrum Instru. Filename Details Page # Notes
gs:GS 9/11/2013 | M1-M6 | STM 20130911 clean ZYA Scan of clean surface Bk 1, pg 67
M1-M6 | STM 20130912_20 min Pt dep 64W for 20 min Bk 1, pg 67 where is Pt?
';82(_33 9/12/2013 | M1-M4 | STM | 20130912_addtl 20 min dep 40 total addt'l 64W for 20 min Bk 1, pg 68 where is Pt?
M1 - M5 STM 20130912 60 min total Pt power addt'l 66W for 20 min Bk 1, pg 68 Pt |_sland present with
change higher dep power
38264 9/13/2013 | M1-M10 | STM 20130913 clean ZYA Scan of clean surface Bk 1,pg 69 | previously unused sample
E$ZG4 9/16/2013 | M1-M13 | STM 20130916 _clean ZYA Scan of clean surface Bk 1, pg 70
300K: M1-M13; 400K:
M14-28; 500K: M29-M39;
. 72W for 20 min; 600K: M40-M49; 700K:
38254 9/17/2013 I\l\/fllo-z STM 20130917—Ptr?ee£iind incremental incremental heatings Bk 1’729 70- M50-M61; 800K: M62-
g 300K-950K M78; 900K: M79-M90;
950K: M91-M102; Turbo
Off
ol 9/20/2013 | M1-M8 | STM 20130920 _clean ZYA Scan of clean surface Bk 1, pg 73 SETR G VT b 15
ZYA-2 - ' with Au dep
300K: M1-M13; 800K:
75W for 20 min: M14-M26; 900K: M27-
HOPG- 20130921 Pt on ZYA incremental . ! Bk 1, pg 73- M41; 1000K: M42-M59;
2V A2 9/21/2013 | M1-M98 | STM heating incremental heatings 75 1100K: M60-M73: 1200K:

300K; 800K-1300K

M74-M86; 1300K: M87-
M98; Turbo Off
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Table 5. NaAu, experiments conducted at EMPA (ESCA Chamber - Dilbendorf, Switzerland)
Sample Date Spectrum/ Instru. Filename Details Book # Notes
Image Page #
Al Source; Grazing 60°
Emission; re-polished by
overview XPS 2014(2:2:5_1‘eNr?':aui2n_A_as Sample alignment Bk 1, pg 106 Deborah L. Schlagel
A 4/7/2014 March 28, 2014; 1um in
thickness
. 20140407_NaAu2_A 10minspu 10 min sputter, 10 min Al Source; Grazing 60°
Overview XPS tt_10minanneal160C anneal 435K Bk, pg 106 Emission
. 20140408 _NaAu2_A 20minspu | addt'l 10 min sputter, addt'l Al Source; Grazing 60°
Overview NP tt_20minanneal160C 10 min anneal 435K S o Emission
. 20140408_NaAu2_A_35minspu | addt'l 10 min sputter, 20 min Al Source; Grazing 60°
A 4/8/2014 | OVETVIEW NS tt_20minanneal330C anneal 605K 2R, [Py A0 Emission
25.4eV - . . . .
1036V, LEED 20140408_Sample A 15 min sputter, 20 min Bk 1, pg 107 first spots ~13.4eV, final
anneal 605K spots ~160eV
130eV
overview, . . . )
AUAF. Ols XPS 20140409_N_::1Au2_A_60m|nspu 10 min sputter, 20 min Bk 1, pg 108 Al So_urce, Norm_al _and
' ' tt_20minanneal380C anneal 655K ' Grazing 60° Emission
A 4/9/2014 Nals
overview, XPS 20140409 _NaAu2_A 70minspu 10 min sputter, 20 min Bk 1, pg Al Source; Normal and
Au4f, Nals tt_20minanneal430C anneal 705K 108-109 Grazing 60° Emission
. Scan of surface after one 10
M1-M23 | sTim | 201404LLNaAuZ_A_ISminspu | = nn o vier one 705K 20 | Bk 1, pg 109
t_20minanneal430C .
A 4/11/2014 - min anneal
overview, XPS 20140411 NaAu2_A_15minspu 10 min sputter, 20 min Bk 1 110 Al Source; Normal and
Au4f, Nals t 20minanneal480C anneal 480C (753K) » P9 Grazing 60° Emission
. Scan of surface after one 15 .
M1 - M26 STM 20140414_N_aAu2_A_30m|nspu min sputter, one 480C Bk 1, pg 110 possible Au(llQ) (2x1)
tt_40minanneal480C - reconstruction
(753K) 20 min anneal
A 4/14/2014 S o ali C after 15
. . ample alignment; after i
overview, XPS 20140414_N_aAu2_A_15m|nspu min sputter, 20 min anneal | Bk 1, pg 111 Al So_urce, I:Iorm_al fand
Au4f, Nals tt_20minanneal495C 495C (768K) Grazing 60° Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
. Scan of surface after one 15 possible Au(111)
A | 4152014 | M1-ma2 | sTm | 20140415 NaAuz_A_30minspu min sputter, one 495C Bk 1, pg 112 reconstruction
tt_40minanneal495C - .
- (768K) 20 min anneal [herringbone]
overview, XPS 20140416_NaAu2_A 65minspu 65 min sputter, 20 min Bk 1 112 Al Source; Normal and
A 411612014 Au4f, Nals tt_20minanneal230C anneal 230C (503K) P9 Grazing 60° Emission
overview, XPS 20140416_NaAu2_A_15minspu 15 min sputter Bk 1 ng 113 Al Source; Normal and
Au4f, Nals tt P P9 Grazing 60° Emission
overview, XPS 20140417 _NaAu2_A_3minsputt | 3 min sputter, 20 min anneal Bk 1, pg Al Source; Normal and
A 411712014 Au4f, Nals _20minanneal230C 230C (503K) 113-114 Grazing 60° Emission
overview, XPS 20140417_NaAu2_A_60mingra 60 min sputter at grazing Bk 1 pa 114 Al Source; Normal and
Au4f, Nals zingsputt angle » P Grazing 60° Emission
overview, 20140418_NaAu2_A_16hrannea Al Source; Normal and
A 4/18/2014 Audf, Nals XPS 1160C 16 hour anneal 160C (433K) | Bk 1, pg 115 Grazing 60° Emission
SEM- mapping taken by Dr.
A 4/22/2014 EDX 20140422_NaAu2_A Bk 1, pg 118 Juan-Ramon Sanchez
Al Source; Normal and
. . Grazing 60° Emission;
A 5/8/2014 overview, XPS 20140508—’\'&'.6‘“2—’6‘—&3—'n—rep after re-polish Bk 1, pg 128 | sample finger repolished
Au4f, Nals olished .
by Alessandra Beni May
6, 2014
overview | XPS | 20150408 _NaAu2_A_as is 008 e slitlig [ BT Bk 2, pg 83 AL e JUaie]
chamber 1 year Emission
. . after sitting in ESCA Al Source; Normal
A 4/8/2015 overview XPS 20150408_NaAu2_A_asis_011 chamber 1 year Bk 2, pg 83 Emission
overview XPS 20150408_NaAu2_A_asis_012 EifEST MY i [2SC Bk 2, pg 83 A Sourqe; .Normal
- - =" = chamber 1 year Emission
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
Al Source; Normal and
B 5/6/2014 | QVETVIEW XPS 20140506_NaAu2_B_as_in as transferred into chamber | Bk 1, pg 126 Graglng 50 Em|55|qn;
Au4f, Nals previous light sputtering
and 400K anneals
overview, XPS 20140507_NaAu2_B_10minSpu two 5 min sputters, 20 min Bk 1 197 Al Source; Normal and
B £/7/2014 Au4f, Nals t_40minAnn220C anneal 220C (493K) cycles P9 Grazing 60° Emission
27.0eV - 5 min sputter, 20 min anneal Bk 1, pg first spots ~15eV, final
10058y | LEEP AUUSE_Satiml 2 220C (493K) 127-128 spots ~156eV
B | 5/11/2014 | Au4f Nals | XPD 20140511 _NaAu2 B_XPD XPD of surface Bk 1, pg 129 Al Source; High
resolution scan
:L:ff“’llfg’;'s ps | 20140513 NaAu2_B_SminSput | 5min sputter; 20 minanneal | Bk1,pg | Q: foggie;e'\::;ma'éoo
 NalS, _20minAnn220C_Clean 220C (493K) 129-130 g o7, ->razing
O1s Emission
B 5/13/2014 -
overview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS | 20140513 NaAu2 B_1L_O2 1L O, exposure P91 Grazing 60°, Grazing 80°
L _b_1L 130-131 -
O1s Emission
overview . . . Al Source; Normal
! 20140514 NaAu2_B_5minSput | 5 min sputter; 20 min anneal . o IO
Au4f, Nals, | XPS _20minAnn220C_Clean 220C (493K) Bk 1, pg 131 | Grazing 60 L C_;razmg 80
O1s Emission
overview, Al Source; Normal,
Au4f, Nals, XPS 20140514 NaAu2_B 5L_02 5L O, exposure Bk 1, pg 132 | Grazing 60°, Grazing 80°
O1s Emission
overview, Bk 1 Al Source; Normal,
B 5/14/2014 | Au4f, Nals, | XPS 20140514 NaAu2 B 10L_02 addt'l 10L O, exposure 132_’123 Grazing 60°, Grazing 80°
O1s Emission
overview, Al Source; Normal,
Au4f, Nals, XPS 20140514 NaAu2 B 35L_02 addt'l 35L O, exposure Bk 1, pg 133 | Grazing 60°, Grazing 80°
O1s Emission
overview, Al Source; Normal,
Au4f, Nals, XPS 20140514 NaAu2_ B 50L_02 addt'l 50L O, exposure Bk 1, pg 134 | Grazing 60°, Grazing 80°
O1s Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
ST 20140515 NaAu2_B_02_sit 14 Bk 1 A St onhie],
Au4f, Nals, | XPS - - - = = sit overnight » P9 Grazing 60°, Grazing 80°
hrs 134-135 D
O1s Emission
B 5/15/2014 -
oVerview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS 20140515 NaAu2 B _100L_02 addt'l 100L O, exposure 135-&2(95 Grazing 60°, Grazing 80°
O1s Emission
overview, . . . Al Source; Normal,
B | 5/15/2014 | Audf, Nals, | xps | 20140515_NaAu2_B_1OminSpu | two 5 min sputters, 20 min | gy 4 0 136 | Grazing 60°, Grazing 80°
t_40minAnn220C_Clean anneal 220C (493K) cycles Lo
O1s Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20140516 _NaAu2 B 1L 02 1L O, exposure Bk 1, pg 137 | Grazing 60°, Grazing 80°
O1s Emission
overview, 20140516_NaAu2_B_1L(2L)_O Bk 1 Al Source; Normal,
Au4f, Nals, | XPS - - = - addt'l 1L O, exposure P9 Grazing 60°, Grazing 80°
2 137-138 D
O1s Emission
oVverview, Bk 1 Al Source; Normal,
Au4f, Nals, XPS 20140516 _NaAu2 B 3L 02 addt'l 3L O, exposure + P9 Grazing 60°, Grazing 80°
138-139 D
O1s Emission
B 5/16/2014 oVverview, Al Source; Normal,
Au4f, Nals, XPS 20140516 _NaAu2 B 5L_02 addt'l 5L. O, exposure Bk 1, pg 139 | Grazing 60°, Grazing 80°
O1s Emission
oVverview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS 20140516 _NaAu2_B_15L._02 addt'l 15L O, exposure P9 Grazing 60°, Grazing 80°
139-140 D
O1s Emission
oVverview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS 20140516 _NaAu2 B 25L 02 addt'l 25L O, exposure P9 Grazing 60°, Grazing 80°
140-141 D
O1s Emission
Au4f, Nals, XPD 20140516 _NaAu2_ B 50L_02_ XPD of surface after 50L Bk 1, pg 141 Al Source
O1s XPD oxygen exposure
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
overview . . . Al Source; Normal
! 20140519 NaAu2_B _10minS_4 two 5 min sputters, 20 min Bk 1, pg . o R
B | 5/19/2014 | Audf, Nals, | XPS OminA220C_Clean anneal 220C (493K) cycles | 141-142 | ©razing 60°, Grazing 80
O1ls, Cls Emission
overview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS 20140520 NaAu2 B 1L CO 1L CO exposure P9 Grazing 60°, Grazing 80°
142-143 A
O1ls, Cis Emission
overview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS 20140520_NaAu2_B_19L_CO addt'l 19L CO exposure P9 Grazing 60°, Grazing 80°
143-144 S
O1s, Cis Emission
overview, Bk 1 Al Source; Normal,
B 5/20/2014 | Au4f, Nals, | XPS 20140520 _NaAu2_B 30L_CO addt'l 30L CO exposure P9 Grazing 60°, Grazing 80°
144-145 S
Ols, Cis Emission
overview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS | 20140520 NaAu2 B _100L_CO addt'l 100L CO exposure P9 Grazing 60°, Grazing 80°
145-146 A
O1ls, Cis Emission
27.0eV - . .
100.5eV, | LEED | 20140520 Sample B w CO 150L CO exposure Bk1,pg14p | [irstspots ~16eV, final
spots ~160eV
132.0eV
A"J’ff“’,'\fg’;'s wpg | 20140521 _NaAu2_B_3minS_20 | 3min sputter; 20 minanneal | Bk1,pg | aAZ:nsog(r)Ee;G’\:;’;ma' 50°
 Vals, minA220C_Clean 220C (493K) 146-147 g o7, ->razing
O1ls, Cls Emission
B 5/21/2014 - AlS N I
OVerview, 20140521_NaAu2_B_100L_CO | 100L CO exposure at220C | Bk 1, pg } Source, Normal,
Audf, Nals, | XPS Grazing 60°, Grazing 80
220C (493K) 147-148 A
Ols, Cls Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
Q. 20140522_NaAu2_B_60min_in Bk 1 AT N
Au4f, Nals, | XPS - . - 60 min in air P9 Grazing 60°, Grazing 80°
_air 148-149 S
Ols, C1s Emission
:Jffw&eﬂ’s ps | 20140522_NaAu2_B_10minS_4 | two 5 min sputters, 20 min BKLpg | o a’i‘:nsoggie;c;'\::zrma'éoo
 ValS, 0minA220C anneal 220C (493K) cycles |  149-150 g ol ->razing
O1ls, Cis Emission
B 5/22/2014 : T 5 I
overview, ource; Normal,
Au4f, Nals, | XPS 20140522_NaAOuZ_B_1OOL_H2 100L H,O exposure ?gollgg Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, 20140522_NaAu2_B_200L_H2 Bk 1 Al Source; Normal,
Au4f, Nals, | XPS — —b_c00L_ addt'l 100L H,0 exposure P91 Grazing 60°, Grazing 80°
0 151-152 A
Ols, Cis Emission
:l}/ffrvll\leg’s XPS 20140523_NaAu2_B_10minS_4 | two 5 min sputters, 20 min Bk 1, pg GrQ:HSOgBEE;G'\:SZrmaIéOO
 IVals, 0minA220C anneal 220C (493K) cycles | 152-153 g o, ->razing
O1ls, Cls Emission
overview, Bk 1 Al Source; Normal,
Au4f, Nals, | XPS | 20140523 NaAu2 B_10L_H20 10L H,0 exposure P91 Grazing 60°, Grazing 80°
153-154 S
Ols, Cls Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20140523—NaA5]2—B—100L—H2 addt'l 90L H,0 exposure Bk 1, pg 154 | Grazing 60°, Grazing 80°
O1s, C1s Emission
B 5/23/2014 - AlS N I
overview, ource; Normal,
Audf, Nals, | XPS 20140523_NaA512_B_5OOL_H2 addt'l 400L H,O exposure Bk 1, pg 155 | Grazing 60°, Grazing 80°
Ols, Cls Emission
overview, Al Source; Normal,
Audf, Nals, | XPS 20140523 NaAuz_B_2000L_H addt'l 1500L H,0 exposure Bk 1, pg Grazing 60°, Grazing 80°
20 155-156 S
Ols, Cls Emission
27.0eV -
100.56\/ LEED 20140523 _Sample B w H20 2000L H,0O exposure Bk 1, pg 156 No pattern seen
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
overview, 20140525 NaAu2_B_10minS_4 | two 5 min sputters, 20 min A SEIES NN
Au4f, Nals, | XPS - Bk 2, pg1l Grazing 60°, Grazing 80
0minA220C anneal 220C (493K) cycles S
Ols, C1s Emission
B 5/25/2014
27.0eV -
100.5eV, LEED 20140525 _Sample B w 02 50L H,O exposure Bk 2, pg 2 No pattern seen
132.0eV
27.0eV - two 5 min sputters, 20 min Very faint pattern seen;
11%(;%%\\// LEED 20140526_Sample B Clean anneal 220C (493K) cycles Bk2,pg3 27.0eV and 28.5eV only
overview, . . . Al Source; Normal,
20140526_NaAu2_B_8minS_40 two 4 min sputters, 20 min . o . o
Au4f, Nals, | XPS ; Bk 2, pg 3 Grazing 60°, Grazing 80
minA220C anneal 220C (493K) cycles S
Ols, Cls Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20140526_NaAu2_B_100L_0O2 100L O, exposure Bk 2, pg 4 Grazing 60°, Grazing 80°
O1s, C1s Emission
B 5/26/2014 - AlS N I
overview, ource; Normal,
Au4f, Nals, XPS 20140526_NaAu2_B_100L_O2 20 min 0.5W anneal Bk 2, pg5 Grazing 60°, Grazing 80°
0.5WAnNN S
Ols, Cls - Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20140526_NaAu2_B_100L._02 addt'l 20 min 0.85W anneal Bk 2, pg 6 Grazing 60°, Grazing 80°
0.85WAnNN S
O1ls, Cls - Emission
overview, Al Source; Normal,
Au4f, Nals, XPS 20140526_NaAu2_B_100L_O2 addt'l 20 min 2.6W anneal Bk2,pg7 Grazing 60°, Grazing 80°
2.6WAnNN S
Ols, Cls - Emission
A"L:ff“’,'\f;’;g ps | 20140527_NaAuz_B_10minS_4 | two4 minsputters, 20min | o o o | o a’°z‘: foggie;G'\:gzrma'éoo
y AT, 0minA220C anneal 220C (493K) cycles P9 g oy, >razing
Ols, Cls Emission
B 5/27/2014 :
overview, Al Source; Normal,
Au4f, Nals, | XPS 20140527 _NaAu2_B_10minS 10 min sputter only Bk 2, pg 9 Grazing 60°, Grazing 80°
Ols, Cls Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
Mg Source; Normal
. 20150403_NaAu2B_3minSput_ | 3 min sputter, 15 min anneal Emission; sample finger
overview | XPS 15minAnn200C 200C (473K) Bk2,pg80 |\ oolished by Alessandra
B 4/3/2015 Beni February 2015
. 20150403_NaAu2_B_6minS_30 two 3 min sputter, 15 min Mg Source; Normal
Overview XPS minA200C anneal 200C (473K) cycles Bk 2, pg 81 Emission
. 20150406_NaAu2_B_9minS_45 | 3 min sputter, 15 min anneal Mg Source; Normal
B 4/6/2015 overview XPS MINA200C 200C (473K) Bk 2, pg 81 Emission
. Scan of surface after 9 min
B 417/2015 | M1-M47 | STM 201504077n'\i'$%559m'“5—45 of sputtering and 45 min of | Bk 2, pg 82
annealing 200C (473K)
. 20150408 NaAu2_B 9minS_45 . . Mg Source; Normal
overview XPS MINA200C sit overnight Bk 2, pg 83 Emission
. 20150408 NaAu2_B_9minS_45 Al and Mono Al Source;
B | 4/gro015 | Oveview | XPS MiNA200CAI Bk 2, pg 83 Normal Emission
overview, " . . )
AuAf. Nals XPS 20150408 NaAu2_B_12minS_6 | 3 min sputter, 15 min anneal Bk 2, pg 84 Mg Source; Normal
' ' OminA200C 200C (473K) ' Emission
O1ls, Cis
overview, 20150413 NaAu2_B_12minS_6 Bk 2, pg 86- | . Mg Source; Normal,
B 4/13/2015 | Audf, Nals, | XPS = T = - sit over weekend P9 Grazing 60°, Grazing 80°
O0minA200C 87 S
Ols, Cls Emission
overview, Bk 2 pa 87- Mg Source; Normal,
Au4f, Nals, | XPS 20150414 NaAu2 B 1L 02 1L O, exposure S%Q Grazing 60°, Grazing 80°
Ols, C1s Emission
overview, Mg Source; Normal,

B 4/14/2015 | Audf, Nals, | XPS 20150414 NaAu2 B 2L 02 addt'l 1L O, exposure Bk 2, pg 88 | Grazing 60°, Grazing 80°
Ols, Cls Emission
overview, Mg Source; Normal,

Au4f, Nals, | XPS 20150414 NaAu2_B 5L 02 addt'l 3L O, exposure Bk 2,pg 89 | Grazing 60°, Grazing 80°
Ols, Cls Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview, Bk 2. ng 89- Mg Source; Normal,
Au4f, Nals, | XPS 20150414 NaAu2 B 10L_0O2 addt'l 5L O, exposure 9%9 Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, Mg Source; Normal,

B 4/14/2015 | Au4f, Nals, | XPS 20150414 NaAu2 B 25L._02 addt'l 15L O, exposure Bk 2,pg 90 | Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, Mg Source; Normal,

Au4f, Nals, XPS 20150414 NaAu2_B 50L_02 addt'l 25L O, exposure Bk 2,pg91 | Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, . . . Mg Source; Normal,

B | 4/15/2015 | Audf, Nals, | xps | 20190415_NaAu2_B_18minS_9 | two3minsputter, I5min | gy 5 095 | Grazing 60°, Grazing 80°

0minA200C anneal 200C (473K) cycles S
O1s, C1s Emission
overview, Bk 2 92- Mg Source; Normal,
Au4f, Nals, XPS 20150416 NaAu2 B 1L 02 1L O, exposure ggg Grazing 60°, Grazing 80°
O1s, C1s Emission
oVverview, Mg Source; Normal,
Au4f, Nals, XPS 20150416 _NaAu2 B 2L 02 addt'l 1L O, exposure Bk 2, pg 93 | Grazing 60°, Grazing 80°
O1s, C1s Emission
oVverview, Mg Source; Normal,
Au4f, Nals, | XPS 20150416 _NaAu2 B 5L_02 addt'l 3L O, exposure Bk 2, pg 94 | Grazing 60°, Grazing 80°
O1s, C1s Emission

B 4/16/2015 -

overview, Bk 2. 0 94- Mg Source; Normal,

Au4f, Nals, | XPS 20150416 _NaAu2 B _10L_0O2 addt'l 5L O, exposure grég Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, Mg Source; Normal,

Audf, Nals, | XPS 20150416 _NaAu2_B 25L 02 addt'l 15L O, exposure Bk 2,pg 95 | Grazing 60°, Grazing 80°
O1s, C1s Emission
oVerview, Mg Source; Normal,

Au4f, Nals, XPS 20150416 NaAu2 B 50L_02 addt'l 25L O, exposure Bk 2,pg 96 | Grazing 60°, Grazing 80°
O1s, C1s Emission

www.manaraa.com

€9¢



Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview, . Mg Source; Normal,
B | 4/16/2015 | Audf, Nats, | xps | 20150416 NaAu2_B O2 20mi | 4 iy onneat 200C (a73K) | BK2 P99 | Grazing 60°, Grazing 80°
nA200C 97 A
Ols, Cls Emission
overview, . . . Mg Source; Normal,
B 4/17/2015 | Audf, Nals, | XPS 20150417_NaAu2_B_24m|nS_l two 3 min sputter, 15 min Bk 2, pg 97- Grazing 60°, Grazing 80°
40minA200C anneal 200C (473K) cycles 98 S
O1ls, Cls Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20150420_NaA:12_B_1L_02_A 1L O, exposure B 2,ggg wi- Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20150420_NaA=12_B_2L_02_A addt'l 1L O, exposure Bk 2, pg 99 | Grazing 60°, Grazing 80°
Ols, Cis Emission
overview, Al Source; Normal,
Audf, Nals, | XPS 20150420—NaAf2—B—5L—02—A addtl 3L O, exposure | Bk 2, pg 100 | Grazing 60°, Grazing 80°
O1s, C1s Emission
B 4/20/2015 : E N I
overview, ource; Normal,
Au4f, Nals, | XPS vt NI [2) 0L (07 addt'l 5L O, exposure Bk 2, pg Grazing 60°, Grazing 80°
Al 100-101 S
Ols, C1s Emission
overview, Al Source; Normal,
Au4f, Nals, | XPS 20150420—'\]%2—8—2&‘—02— addt'l 15L O, exposure Bk 2, pg 101 | Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, Al Source; Normal,
Audf, Nals, | XPS 20150420—“""':‘12—5—50'-—02— addtl 250 O, exposure | Bk 2, pg 102 | Grazing 60°, Grazing 80°
Ols, C1s Emission
overview . . . Al Source; Normal
’ 20150421 NaAu2_B_32minS_1 two 4 min sputter, 15 min . o IR
Audf, Nals, | XPS 70minA200C_Al anneal 200C (473K) cycles Bk 2, pg 103 | Grazing 60 L C_%razmg 80
Ols, Cls Emission
B 4/21/2015 - Vo S N I
:l}ffwll\le;’;; XPS 20150421_NaAu2_B_32minS_1 two 4 min sputter, 15 min Bk 2, pg Graz?n OGU(;S ey(’sr;zri;na éO"
Ole OTs 70minA200C_Mg anneal 200C (473K) cycles |  103-104 gEmi’Ssion g
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
overview, Al Source; Normal,
Au4f, Nals, | XPS 20150422—'\'%2—5—5%—02— 50L O, exposure Bk 2, pg 104 | Grazing 60°, Grazing 80°
Ols, C1s Emission
overview, Mg Source; Normal,
Au4f, Nals, | XPS AU [NaAE 13 GUIL (08 50L O, exposure Bk 2, pg 105 | Grazing 60°, Grazing 80°
Mg S
O1ls, Cis Emission
overview, 20150422 NaAu2_B_02 20mi |  wiO, after 20 min 423K Bk 2, pg f s lomiel,
Au4f, Nals, | XPS nA150C Al anneal 105-106 Grazing 60°, Grazing 80
O1s, C1s = Emission
B 4/22/2015 : S 5 |
overview, . . g Source; Normal,
Audf. Nals, | XPS 20150422_NaAu2_B_02_20mi w/O, after 20 min 423K Bk 2, pg 106 | Grazing 60°, Grazing 80°
nA150C_Mg anneal S
Ols, Cis = Emission
e | ps | 20150422_NaAu2_B_02_20mi |  wiO, after addtl 20 min BK2,pg | gonorpiormal
» Vals, nA200C_Al 473K anneal 106-107 g o7, ->razing
O1ls, Cis Emission
overview, . . . Mg Source; Normal,
Audf, Nals, | XPS 20150422_NaAu2_B_02_20mi w/O; after addt'l 20 min Bk 2, pg 107 | Grazing 60°, Grazing 80°
nA200C_Mg 473K anneal S
Ols, C1s = Emission
overview . . . Al Source; Normal
! 20150423 _NaAu2_B_38minS_2 two 3 min sputter, 15 min . o IO
Audf, Nals, | XPS 40minA200C_Al anneal 200C (473K) cycles | BK2 P9 108 | Grazing 60° Grazing 80
O1ls, Cls Emission
B 4/23/2015 - Vo S N I
overview, . . . g Source; Normal,
20150423_NaAu2_B_38minS_2 two 3 min sputter, 15 min : o : o
Au4f, Nals, XPS 40minA200C_Mg anneal 200C (473K) cycles Bk 2, pg 109 | Grazing 60 L Qrazmg 80
Ols, Cls Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
Q. 20150424 NaAu2_B_20minAl Bk 2 AT N
Au4f, Nals, | XPS - == 20 min, 423K anneal » PY Grazing 60°, Grazing 80°
50C_Al 109-110 A
Ols, C1s Emission
overview, . Mg Source; Normal,
Au4f, Nals, | XPS AURSURAR: AT 12) Al 20 min, 423K anneal Bk 2, pg 110 | Grazing 60°, Grazing 80°
50C_Mg A
O1ls, Cis Emission
B 4/24/2015 : T 5 I
overview, . ource; Normal,
Au4f, Nals, XPS 20150424—%%%”1—'8—2()”“”'6‘2 addt'l 20 min, 473K anneal Bk 2, pg 111 | Grazing 60°, Grazing 80°
Ols, Cls = Emission
overview, . Mg Source; Normal,
Audf, Nats, | xps | 20150424 NaAu2_B_20minA2 | .04 50 min, 473K anneal BK2.00 | Grazing 60°, Grazing 80°
00C_Mg 111-112 A
Ols, Cis = Emission
overview, Mg Source; Normal,
Audf, Nals, | xps | 20150428_NaAu2_B_10L_H20 10L H,0 exposure Bk 2, pg 113 | Grazing 60°, Grazing 80°
_Mg A
O1ls, Cls Emission
overview, Mg Source; Normal,
Au4f, Nals, | XPS 20150428_NaAu2_B_25L._H20 addt'l 15L H,0 exposure Bk 2, pg Grazing 60°, Grazing 80°
_Mg 113-114 A
Ols, Cls Emission
overview, Mg Source; Normal,

B 4/28/2015 | Au4af, Nals, | XPS 20150428—NaA,\L;|2—B—50L—H20 addt'l 25L H,0 exposure Bk 2, pg 114 | Grazing 60°, Grazing 80°
O1s, C1s -9 Emission
overview, Mg Source; Normal,

Audf, Nals, | XPS 20150428 _NaAu2_B_100L_H2 addt'l 50L H,0 exposure Bk 2, pg 115 | Grazing 60°, Grazing 80°
O_Mg S
Ols, Cls Emission
overview, Mg Source; Normal,
Audf, Nals, | XPS 20150428 NaAuz_B_250L_H2 addt'l 150L H,O exposure Bk 2, pg Grazing 60°, Grazing 80°
O_Mg 115-116 S
Ols, Cls Emission
overview, . . . Mg Source; Normal
! 20150429 NaAu2_ B _44minS_3 two 3 min sputter, 15 min Bk 2, pg : o
B S Agi]; Ncilss’ AP 10minA200C anneal 200C (473K) cycles 116-117 SIEHITY Igr?]i’ssGic:izmg Y

www.manaraa.com

99¢



Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview, Mg Source; Normal,
Au4f, Nals, | XPS 20150430_NaAuZ_B_10L_H20 10L H,O exposure Bk 2, pg Grazing 60°, Grazing 80°
_Mg 117-118 A
O1ls, Cls Emission
overview, Mg Source; Normal,
Au4f, Nals, | XPS 2015043O—NaA|\lj|2—B—25L—H20 addt'l 15L H,0 exposure Bk 2, pg 118 | Grazing 60°, Grazing 80°
O1s, Cls -9 Emission
overview, Mg Source; Normal,

B 4/30/2015 | Au4f, Nals, | XPS 20150430—NaA|\lj|2—B—50L—H20 addt'l 25L H,0 exposure Bk 2, pg 119 | Grazing 60°, Grazing 80°
Ols, Cls -V Emission
overview, Mg Source; Normal,

Audf, Nats, | xps | 20190430_NaAu2_B_100L_H2 | 40 501 1,0 exposure BK2.00 | razing 60°, Grazing 80°
O_Mg 119-120 A
Ols, Cls Emission
overview, Mg Source; Normal,
Audf, Nats, | xps | 20190430_NaAu2_B_250L_H2 | 44 1501 H,0 exposure | Bk 2, pg 120 | Grazing 60°, Grazing 80°
O_Mg o
O1ls, Cls Emission
overview. . . . Mg Source; Normal
! 20150501 _NaAu2_B 50minS_3 two 3 min sputter, 15 min : .
Au4f, Nals, | XPS 20minA200C anneal 200C (473K) cycles Bk 2, pg 121 | Grazing 60 L C?razmg 80
Ols, C1s Emission
overview, Mg Source; Normal,
Au4f, Nals, | XPS 20150501_NaA(;12_B_250L_H2 250L H,0 exposure Bk 2, pg 122 | Grazing 60°, Grazing 80°
O1s, C1s Emission
B 5/1/2015 : - S I
overview, . g Source; Normal,
Audf, Nals, XPS 20150501_[\_IaAu2_B_H20_20m w/H,0 after 20 min 423K Bk 2, pg Grazing 60°, Grazing 80°
inA150C anneal 122-123 S
Ols, C1s Emission
overview, . Mg Source; Normal,
Audf. Nals, | XPS 20150501_NaAu2_B_H20_20m w/H,0 after 20 min 473K Bk 2, pg 123 | Grazing 60°, Grazing 80°
inA200C anneal g
Ols, Cls Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview . . . Mg Source; Normal
! 20150504_NaAu2_B_56minS_4 two 3 min sputter, 15 min : o T
Audf, Nals, | XPS 10minA200C_Mg anneal 200C (473K) cycles | BX 2 P9 124 | Grazing 60°, Grazing 80
O1ls, Cls Emission
overview . . . Al Source; Normal
! 20150504_NaAu2_B_56minS_4 two 3 min sputter, 15 min . o A
B 5/4/2015 | Audf, Nals, | XPS 10minA200C_Al anneal 200C (473K) cycles Bk 2, pg 125 | Grazing 60 L Grazmg 80
O1ls, Cls Emission
overview, Mg Source; Normal,
Au4f, Nals, | XPS 20150504_Na,:\/lu2_B_50L_02_ 50L O, exposure ?;52123 Grazing 60°, Grazing 80°
O1s, C1s g Emission
overview, 20150505 NaAu? B 50L sit o Mg Source; Normal,
B 5/5/2015 | Audf, Nals, | XPS - A R sit overnight with O, Bk 2, pg 126 | Grazing 60°, Grazing 80°
vernight S
Ols, Cis Emission
overview . . . Mg Source; Normal
’ 20150505_NaAu2_B_62minS_4 two 3 min sputter, 15 min : 0 i oo
Au4f, Nals, | XPS 20minA200C anneal 200C (473K) cycles Bk 2, pg 127 | Grazing 60 L G_razmg 80
O1ls, Cls Emission
B 5/5/2015 - Vo S N |
overview, g Source; Normal,
Audf, Nals, | XPS 20150505_NaAu2_B_100L_02 100L O, exposure at 423K | Bk 2, pg 128 | Grazing 60°, Grazing 80°
423K S
Ols, Cls - Emission
overview, 20150505 NaAu2_B_det_10mi | 10 min sputter and 10 min Mg Source; Normal
B 5/5/2015 | Au4f, Nals, | XPS A A eEA~ T P Bk 2, pg 128 9 S
nS_10minA250C 523K anneal Emission
O1ls, Cis -
overview, . . . Mg Source; Normal,
Audf, Nals, | XPS 20150506_NaAu2_B_deteriorat 20 min sputter and 20 min Bk 2, pg 129 | Grazing 60°, Grazing 80°
ed 700K anneal S
Ols, Cls Emission
overview, 20150506_NaAu2_B_deteriorat Mg Source; Normal,
B 5/6/2015 | Au4f, Nals, | XPS - -5 50L O, exposure Bk 2, pg 130 | Grazing 60°, Grazing 80°
ed_50L_0O2 S
Ols, Cls - Emission
overview, . Mg Source; Normal,
Audf, Nals, | XPS 20150506_NaAu2_B_02_20mi 20 min, 423K anneal Bk 2, pg Grazing 60°, Grazing 80°
nA150C 130-131 S
Ols, Cls Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview, . Mg Source; Normal,
B 5/6/2015 | Audf, Nals, | xps | 20190506_NaAuz_B_O2_20mi 20 min, 473K anneal Bk 2, pg 131 | Grazing 60°, Grazing 80°
nA200C S
O1ls, Cls Emission
overview, . . . Mg Source; Normal,
B 5/11/2015 | Au4f, Nals, | XPS 20150511 NaAu2_B_deteriorat 20 min sputter and 30 min Bk 2, pg Grazing 60°, Grazing 80°
ed 700K anneal 136-137 S
O1ls, Cis Emission
overview, . . . i
Audf, Nals, | XPS 20150512 NaAu2_B_deteriorat 45 min sputter and 20 min Bk 2, pg 138 Mg Sourge,_ Normal
ed_surface 750K anneal Emission
O1ls, Cls
overview, . .
B | 5/12/2015 | Audf, Nals, | xps | 20190512_NaAu2_B_3minS_de 3 min sputter Bk2 pg139 | ™M Source; Normal
teriorated Emission
Ols, Cls
overview, . Mg Source; Normal,
Audf, Nals, | xps | 20150512_NaAu2_B_10minA2 10 min 473K anneal Bk 2, pg 139 | Grazing 60°, Grazing 80°
00C_deteriorated S
O1ls, Cls - Emission
Bui 20150513 NaAu2_B_deteriorat Mg oG, Nor_mal,
Au4f, Nals, | XPS - — 5 50L O, exposure Bk 2, pg 140 | Grazing 60°, Grazing 80°
ed_50L_02 )=
Ols, C1s - = Emission
overview, . Mg Source; Normal,
B | 5/13/2015 | Audf, Nals, | xps | 20190513_NaAuz B_20minAl 20 min, 423K anneal BK2,00 | Grazing 60°, Grazing 80°
50C 140-141 S
O1ls, Cis Emission
overview, . Mg Source; Normal,
Au4f, Nals, XPS OB WALl 2 2012 20 min, 473K anneal Bk 2, pg Grazing 60°, Grazing 80°
0oC 141-142 S
Ols, C1s Emission
overview XPS 20140402_NaAu2_C_as_is Sample alignment Bk 1, pg 102 Al Soyrce; '2'””‘?" _and
Grazing 60° Emission
C 41212014 | overview | XPS | 20140402_NaAu2_C_15min 15 min sputter Bk1,pg102 | A Sougﬁéiggﬁ'”g 60
overview | XPS | 20140402 NaAu2 C_3omin | 2ddt115min sputter GOmin | gy g 0 qq | Al Source; Grazing 60
total) Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview | XPS | 20140402 NaAu2 C_gomin | 2ddt’130 min sputter (60 min | gy g4 | Al Source; Grazing 60
- - = total) Emission
. 20140402_NaAu2_C_75minSpu | addt’l 15 min sputter; 10 min Al Source; Grazing 60°
C | 47212014 | overview | XPS t_10minAnn150C 150C (423K) anneal Bk1,pg 103 Emission
. 20140402_NaAu2_C_90minsput | addt’l 15 min sputter; 10 min Al Source; Grazing 60°
overview | XPS t 10minanneal160C 160C (433K) anneal Bk1,pg 104 Emission
. 20140402_NaAu2_C 105minSp | addt’l 15 min sputter; addt’l Al Source; Grazing 60°
SR || NS ut_13hAnn160C 13 hour 136C (409K) anneal | BX1:P9 104 Emission
13.3eV - 10 min sputter, 10 min Bk 1, pg first spots ~13.2eV, final
C | 482004 | 445 40y | LEED AT Sl anneal 155C (428K) 104-105 spots ~1256V/
Scan of surface after one 10
M1 - M13 STM 20140403 _NaAu2 _C min sputter, one 160C Bk 1, pg 105 Turbo On
(433K) 10 min anneal
. Scan of surface after one 10
C | 442014 | M1-ms7 | sTm | 20140404 NaAU2_CI3SMINSp | iy oo tter, one 160C | Bk 1, pg 105 Turbo On
ut_14.5hrann .
- (433K) 30 min anneal
. XPD of surface; after one 15
C | 411712014 | Auaf, Nals | xpp | 20140417_NaAu2_C_ISminsput | == u o ver one 205C | Bk 1, pg 115 Al Source
t 20minAnn205C q
- (478K) 20 min anneal
. Scan of surface after one 5
M1 - M21 STM 20140418_Nz_:1Au2_C_5m|nSput min sputter, one 205C Bk 1, pg 116 | small terraces? Turbo On
20minAnn205C -
C 4/18/2014 - (478K) 20 min anneal
overview, 20140418 NaAu2_C_5minSput Al Source; Normal and
Audf, Nats | <PS _20minAnn205C after STM Bk 1, pg 116 Grazing 60° Emission
. Scan of surface after one 5
M1 - M29 STM 20140421_N§1Au2_c_5m|n3put min sputter, one 240C Bk 1, pg 116 | small terraces? Turbo On
20minAnn240C q
C 4/21/2014 - (513K) 20 min anneal
overview, 20140421 _NaAu2_C_5minSput Al Source; Normal and
Audf, Nats | <PS _20minAnn240C after STM Bk 1, pg 117 Grazing 60° Emission
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
. Scan of surface after one 5
M1-M24 | sTm | 20140422 NaAu2_CSminSput | = v vor one 210C | Bk 1, pg 117 Turbo On
40minAnn210C -
C 4/22/2014 - (483K) 40 min anneal
overview, 20140422 _NaAu2_C_5minSput Al Source; Normal and
Au4f, Nals XPS _40minAnn210C after STM Bk1,pg 117 Grazing 60° Emission
27.0eV - 5 min sputter, 40 min anneal first spots ~15eV, final
100,56V LEED 20140423 _Sample C 215C (488K) Bk 1, pg 118 spots ~1156V/
overview, 20140423 _NaAu2_C_5minSput Al Source; Normal and
C | H2312014 | pjas Nats | XPS _40minAnn215C after LEED Bk1.pg 118 | G zing 60° Emission
SEM- mapping taken by Dr.
EDX 2R, R U Juan-Ramon Sanchez
27.0eV - 5 min sputter, 20 min anneal first spots ~13.5eV, final
1005ev | “EEP 20140425_Sample C 210C (483K) Bk 1, pg 119 spots ~156.5eV
. Scan of surface after one 5
M1-M28 | sTm | 20140425_NaAuz_C_SminSput | i on er one 260C | Bk 1, pg 120 Turbo On
40minAnn260C -
- (533K) 40 min anneal
C 4/25/2014
21.0eV - first spots ~17eV, final
100.5eV, LEED 20140425_Sample C 260C after STM Bk 1, pg 120 P '
spots ~148eV
132.7eV
overview, 20140425 _NaAu2_C_5minSput Al Source; Normal and
Audf, Nats | <FS _40minAnn260C after STM & LEED Bk1,pg120 | zing 60° Emission
. Scan of surface after one 5
M1-M29 | STM 2014042%&?’2;’}%%3“"'“"“ min sputter, one 200C Bk 1, pg 120 Turbo On
= (473K) 60 hour anneal
C 4/28/2014 | 27.0eV - 20140428 Sample C 60 hr first spots ~16eV, final
1005ev | “EEP anneal after STM Bk 1, pg 121 spots ~117eV
overview, 20140428 _NaAu2_C_5minSput Al Source; Normal and
Au4f, Nals - _60hrAnn200C Gl €] 2 (HEED B85, L2 Grazing 60° Emission
20140429 _NaAu2_C_5minSput | XPD of surface; after 200C
C 4/29/2014 | Au4f, Nals | XPD _60hrANN200C_XPD (473K) 60 hour anneal Bk 1, pg 121 Al Source
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
Scan of surface after two 10
C 5/2/2014 | M1 - M104 iy 20140502_Na_Au2_C_475K_1O min sputters, two 200C Bk 1, pg 124 ARPES Chamber
STM minAnn .
(475K) 10 min anneals
. Full grazing and full normal Al So_urce; Nor”?a' _and
C 5/5/2014 overview XPS 20140502_NaAu2_C_200C . Bk 1, pg 125 Grazing 60° Emission;
scans; after LT-STM
ARPES Chamber
overview, q .
Au4f, Nals, | XPS 20140506—'\!&'6‘.“2—9—615—'”—60 60 min in air Bk 1, pg 125 - So_urce, l:lorm_al famd
min_in_air Grazing 60° Emission
C 5/6/2014 O1ls, Cls
overview, XPS 20140506_NaAu2_C 5minSput sputter with 215C (490K) BK 1. 0g 126 Al Source; Normal and
Au4f, Nals _20minAnn215C anneal » P Grazing 60° Emission
Al and Mg Sources;
. . . Normal Emission; sample
C 4/6/2015 overview XPS 20150406_N_<';1Au2_C_3m|nS_15 3 min sputter, 15 min anneal Bk 2, pg 81 finger repolished by
minA200C 200C (473K) .
Alessandra Beni February
2015
. Scan of surface after 3 min
C | 472015 | M1-M42 | STM 2015040&2??:%;;38““"“ of sputtering and 15 min of | Bk 2, pg 82
- annealing 200C (473K)
. Scan of surface after 6 min 0.05 A/min cooling rate
M1-M107 | sTM | 20190409_NaAu2 C_6minS 30 | ¢ ioring and 30 minof | BK2 P984 | (for second 15 min
minA200C_0.05rr : 85
annealing 200C (473K) anneal)
C 4/9/2015 -
:J/ffw,'\le;;g XPS 20150409 _NaAu2_C_6minS_30 | 3 min sputter, 15 min anneal Bk 2 pa 85 Mg Source; Normal and
 Vals, minA200Crr0.05 200C (473K) P9 Grazing 60° Emission
O1s, Cls
. Scan of surface after addt’l 3
M1 - M91 STM 20150410__NaAu2_C_9m|nS_45 min of sputtering and 15 min B2 g 0.05 A/min cooling rate
minA200Crr0.05 ] 86
of annealing 200C (473K)
C 4/10/2015
overview, . . . )
AuA. Nals XPS 20150410__NaAu2_C_9m|nS_45 3 min sputter, 15 min anneal Bk 2, pg 86 Mg Sc_)urce, Norrr_1a|_and
Olsl Cls ' minA200Crr05 200C (473K) ' Grazing 60° Emission
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Table 5. NaAu, ex

periments EMPA continued

Spectrum/

Book #,

Sample Date Instru. Filename Details Notes
Image Page #
overview, . . . Mg Source; Normal,
C | 572015 | Audf, Nals, | xps | 20190507_NaAu2_C_12minS_6 | 3 minsputter, 15 minanneal | g5 » 0135 | Grazing 60°, Grazing 80°
OminA200C 200C (473K) S
O1ls, Cls Emission
overview, Mg Source; Normal,
Au4f, Nals, | XPS 20150508 NaAu2 C 1L _CO2 1L CO, exposure Bk 2, pg 133 | Grazing 60°, Grazing 80°
O1s, C1s Emission
overview, Bk 2 Mg Source; Normal,
Au4f, Nals, | XPS | 20150508 NaAu2 C 10L_CO2 addt'l 9L CO, exposure P9 Grazing 60°, Grazing 80°
133-134 A
O1s, Cis Emission
C 5/8/2015 :
overview, Mg Source; Normal,
Au4f, Nals, | XPS | 20150508 NaAu2_ C 50L_CO2 addt'l 40L CO, exposure Bk 2, pg 135 | Grazing 60°, Grazing 80°
Ols, Cis Emission
overview, Mg Source; Normal,
Audf, Nals, | xps | 20150508_NaAu2 C_150L_CO | .44 100l cO,exposure | K2 P9 | Grazing 60°, Grazing 80°
2 135-136 A
O1ls, Cis Emission
overview, . . . Mg Source; Normal,
C | 5/11/2015 | Audf, Nals, | xps | 20150511_NaAu2 C_15minS_7 | 3 minsputter, 15 minanneal | 5 » 0137 | Grazing 60°, Grazing 80°
5minA200C 200C (473K) S
Ols, Cls Emission
overview Mono Al Source; Normal,
c 5/12/2015 | Au4f, Nals, | XPS 20150512_NaAu2_C__peak for peak brgadness Bk 2, pg 138 Gra_zm_g 69 , Grazing 80_
broadness comparison comparison Emission; Pass Energy =
Ols, C1s
20.0eV
LT- | 20140429 NaAu2_D_775K d4cy | Scan of surface after four flat areas, "bubbled"”
M1 - M78 STM T les 4y cycles of 10 min sputter, Bk 1, pg 122 surface: AR’PES Chamber
500C (773K) flash anneals '
D 4/29/2014 S f surf frer ¢ K .
i can of surface after two unknown source causing
M1 - M62 SL'ITM 20140429—%a§]‘22r1—r]D—775K—10 cycles of 10 min sputter, Bk 1, pg 122 vibration; ARPES

500C (773K) 10 min anneals

Chamber
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Table 5. NaAu, experiments EMPA continued
Sample Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
. Al Source; Normal and
overview | XPS 20140429 NaAu2_D_500C (1707;“;)‘ ig“gm rf’r?e%i Bk 1,pg 123 | Grazing 60° Emission;
ARPES Chamber
D 4/30/2014 .
Scan of surface after two possible terraces?
M1 - M54 SL1TM 20140430—'?“&1;?2%]}'3—825'(—10 cycles of 10 min sputter, Bk 1, pg 123 "bubbled" surface;
550C (823K) 10 min anneals ARPES Chamber
Scan of surface after two possible terraces?
D 5/1/2014 | M1 - M66 SL1TI\-/I 20140501—%?;?}}[)—825}(—15 cycles of 10 min sputter, Bk 1, pg 124 "bubbled" surface;
550C (823K) 15 min anneals ARPES Chamber
10 min sputters. 550C Al Source; Normal and
D 5/2/2014 overview XPS 20140501_NaAu2_D_500C pUtters, Bk 1, pg 124 Grazing 60° Emission;
(823K) 10 min anneals
ARPES Chamber

www.manaraa.com

v.c



Table 6. NaAu, experiments conducted at lowa State University (DOE Chamber — 224 SPH or TPD Chamber — 217 SPH)

Spectrum/

Book #,

Sample | Chamber Date Instru. Filename Details Notes
Image Page #
A DOE 362014 | M1-M20 | STM™ 20140306_quick scan rm Scan of surface after one Bk 1, pg 84 Turbo On; rough
temp sputter, no anneal (expected)
A DOE | 3/9/2014 | ML-M18 | STM | 20140309 400K anneal | ocanofsurfaceafterone gy o gq | Turbo On; fast ramp
sputter, one 400K anneal rate; smoother?
Scan of surface after one Turbo On; slow
M1-M18 | STM 20140310_400K anneal Bk 1, pg 88 ramp rate;
sputter, one 400K anneal
smoother?
Scan of surface after one .
A DOE | 3/10/2014 | M1-M16 | sTM | 20140310_400K anneal sputter, one 400K flash | Bk 1,pgg9 | !urbo On; slower
#2 ramp rate
anneal
Scan of surface after one
M1 - M9 STM 20140310_450K anneal sputter, one 450K flash Bk 1, pg 89 Turbo On
anneal
Scan of surface after one
M1 - M9 STM 20140311 500K anneal sputter, one 500K flash Bk 1, pg 90 Turbo On
A DOE | 3/11/2014 anneal
Scan of surface after one
M1 - M9 STM 20140311 550K anneal sputter, one 550K flash Bk 1, pg 91 Turbo On
anneal
Scan of surface after one Turbo On: large
A DOE 3/12/2014 M1 - M9 STM 20140312_600K anneal sputter, one 600K flash Bk 1, pg 92 feature,s'l g
anneal "
Scan of surface after one Turbo On; large
M1-M14 | STM 20140313 650K anneal sputter, one 650K flash Bk 1, pg 92 features, some
A DOE | 3/13/2014 I TS
Scan of surface after one
M1-M18 | STM 20140313_700K anneal sputter, one 700K flash Bk 1, pg 93 Turbo On
anneal
Mass Mass spec during peak of Pressure was hight
20140314 _Na check P nngp Bk 1, pg 93 | Na present?, it was
Spec heating not
A DOE 3/14/2014
Scan of surface after one Bk 1
M1-M25 | STM 20140314 750K anneal sputter, one 750K flash 93-529 Turbo On

anneal
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Table 6. NaAu, experiments ISU continued

anneal

Sample | Chamber Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
. Pressure was high!
WSS 20140315 _Na check RS SPEE du_r ing peak of Bk 1,pg94 | Na present?, it was
Spec heating not
A DOE 3/15/2014
Scan of surface after one
M1-M26 | STM 20140315_800K anneal sputter, one 800K flash Bk 1, pg 94 Turbo On
anneal
Mass Mass spec during peak of Pressure was high!
S 20140316_Na check P g p Bk 1,pg 95 | Napresent?, it was
pec heating not
A DOE 3/16/2014
Scan of surface after one
M1-M25 | STM 20140316_850K anneal sputter, one 850K flash Bk 1, pg 95 Turbo On
anneal
overview,
Au4f, files: Angeregg XPS - as in, several 1 min etches + Done by Jim
A 312112014 | Nats o1, | KPS mar2114 depth profiling Bk 1, pg 97 Anderegg
Cils
. files: Angeregg Auger - . - Bk 1, pg Done by Jim
A 3/27/2014 | overview | Auger mar272014 as in, depth profiling, EDS 100 Anderegg
overview XPS ANMALSED NERUZES as transferred in Bk 1, pg 98 Al Source
transferred Al
. 20140325_NaAu2 as :
B DOE 3/25/2014 | overview XPS transferred_Mg as transferred in Bk 1, pg 98 Mg Source
20140325_NaAu2 as Scan of surface as transferred Turbo On; flatter
ko bty |- SULY transferred in after XPS S e with rough patches
overview,
Audf, . Bk 1, pg
Nals, OLs, XPS 20140326 _01 3 min sputter 98-99 Mg Source
B DOE 3/26/2014 Cls
Scan of surface after one Turbo On: rouah
M1-M23 | STM 20140326_400K sputter and one 400K flash Bk 1, pg 99 » roug

surface
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Table 6. NaAu, experiments ISU continued

Spectrum/

Book #,

Sample | Chamber Date Instru. Filename Details Notes
Image Page #
. Pressure was high!
DOE WSS 20140327_Na check RS SPEE du_r ing peak of Bk 1, pg Na present?, it vsas
Spec heating 101 not
B 3/27/2014
_ Scan of surface after one. Bk 1, pg Turbo On; rough(!)
DOE M1 - M34 STM 20140327_400K 10 min sputter and one 400K 10 min ’ !
anneal 101 surface
TPD 20140909a Heating Rate: 2K/s Bk 2, pg 32
TPD 20140909b Heating Rate: 2K/s Bk 2, pg 32
TPD 20140909c¢ Heating Rate: 2K/s Bk 2, pg 32
TPD 20140909d Heating Rate: 2K/s Bk 2, pg 32
TPD 20140909¢ Heating Rate: 2K/s Bk 2, pg 32
TPD 20140909f Heating Rate: 2K/s Bk 2, pg 32
TPD 20140909¢ Heating Rate: 2K/s Bk 2, pg 33
TPD 20140909h Heating Rate: 2K/s Bk 2, pg 33
TPD 20140909i Heating Rate: 2K/s Bk 2, pg 33
Mass spec turned
D TPD 9/9/2014 TPD 20140909j Heating Rate: 2K/s Bk 2, pg 33 | off between runsJ
and K
TPD 20140909k Heating Rate: 2K/s Bk 2, pg 33
TPD 201409091 Heating Rate: 2K/s Bk 2, pg 33
TPD 20140909m Heating Rate: 0.5K/s Bk 2, pg 33
TPD 20140909n Heating Rate: 0.5K/s Bk 2, pg 33
TPD 201409090 Heating Rate: 0.5K/s Bk 2, pg 34
TPD 20140909p Heating Rate: 4K/s Bk 2, pg 34
TPD 20140909¢q Heating Rate: 4K/s Bk 2, pg 34
TPD 20140909r Heating Rate: 4K/s Bk 2, pg 34
TPD 20140909s Heating Rate: 2K/s Bk 2, pg 34
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Table 6. NaAu, experiments ISU continued

Sample | Chamber Date Spectrum/ Instru. Filename Details Book # Notes
Image Page #
TPD 20141124 NaAu2_1L_C | Heating Rate: 5K/s; after 1L Bk 2, pg 59
@) CO exposure
20141124 NaAu2 20L C Heating Rate: 5K/s; after
D TPD | 11/24/2014 TPD 0 201 CO exposure Bk 2, pg 59
20141124 NaAu2_100L_ Heating Rate: 5K/s; after
LA (6{0) 100L CO exposure ER2, I
3 min sputter, 15 min anneal
- 475K Bk 2, pg 59
20141125 NaAu2_10sec_ Heating Rate: 5K/s; after
TPD 02 dosing 10 sec with O, Bk 2, pg 60
20141125_NaAu2_50sec_ Heating Rate: 5K/s; after
D TPD 11/25/2014 TPD 02 dosing 50 sec with O, Bk 2, pg 60
20141125_NaAu2_100sec Heating Rate: 5K/s; after
TPD _02 dosing 100 sec with O, Bk 2, pg 60
20141125 NaAu2_200sec Heating Rate: 5K/s; after
TPD _02 dosing 200 sec with O, Bk 2, pg 60
20141203 NaAu2_02&C | Heating Rate: 6KIs; after Bk1,pg | M.Wallingford Lab
TPD 0 dosing 100 sec with O, 167 Notebook
followed by 100L CO
D TPD 12/3/2014 i 3 min sputter, 15 min anneal Bk 1, pg M. Wallingford Lab
475K 167 Notebook
TPD 20141203_NaAu2_02_20 Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
min dosing 20 min with O, 167 Notebook
TPD i 3 min sputter, 15 min anneal Bk 1, pg M. Wallingford Lab
475K 168 Notebook
20141205 NaAu2_02 20 | Heating Rate: 6K/s; after Bk1,pg | M.Wallingford Lab
TPD min_100L_CO dosing 20 min with O, 168 Notebook
D TPD 12/5/2014 - - followed by 100L CO
TPD i 3 min sputter, 15 min anneal Bk 1, pg M. Wallingford Lab
475K 168 Notebook
TPD 20141205_NaAu2_02_20 Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
min dosing 20 min with O, 168 Notebook
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Table 6. NaAu, experiments ISU continued

Spectrum/ . . Book #,
Sample | Chamber Date Image Instru. Filename Details Page # Notes
Heating Rate: 6K/s; 3 min Bk 1, pg M. Wallingford Lab
D TPD 12/5/2014 TPD 20141205_NaAuzb sputter, 20 min anneal 420K 168 Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 169 Notebook
Backfilled to 1x10”
. Heating Rate: 6K/s; after Torr CO during
TPD 20141209_NaAu?_20m|n dosing 20 min with O, AR e TPD run; M.
02_COduring 169 .
D TPD 12/9/2014 followed by CO Wallingford Lab
Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 169 Notebook
TPD 20141209 _NaAu2_20min Hde:;[::g ?gtriir?}\jv/isthager Bk 1, pg M. Wallingford Lab
2
02&100LCO followed by 100L CO 169 Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 170 Notebook
Issue with TPD
D TPD 12/10/2014
TPD 20141210_NaAu2_20min Heating Rate: 6K/s; after Bk 1, pg program; M.
02 dosing 20 min with O, 170 Wallingford Lab
Notebook
TPD 20141211 _NaAu2_clean_ Heating Rate: 6K/s; 3 min Bk 1, pg M. Wallingford Lab
1 sputter, 20 min anneal 420K 170 Notebook
TPD 20141211 NaAu2_20min Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
021 dosing 20 min with O, 170 Notebook
TPD 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
b 5D IR i 420K 170 Notebook
TPD 20141211 NaAu2_20min Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
022 dosing 20 min with O, 170 Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 170 Notebook
TPD 20141211 NaAu2_20min Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
02 3 dosing 20 min with O, 171 Notebook
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Table 6. NaAu, experiments ISU continued

Sample | Chamber Date Spectrum/ Instru. Filename Details Book #, Notes
Image Page #
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 171 Notebook
D TPD 12/11/2014 i 2 0
20141211 NaAu2_20min | Hieating Rate: 6K/s, after Bk1,pg | M. Wallingford Lab
TPD 09&CO 1 dosing 20 min with O, 171 Notebook
- followed by 100L CO
20141215 NaAu2_clean_ | Heating Rate: 6K/s: 3min | Bk1,pg | Pegin Nadepletion;
TPD . M. Wallingford Lab
1 sputter, 20 min anneal 420K 171
Notebook
TPD 20141215 NaAu2_100LC Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
01 100L CO exposure 171 Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
D TPD 12/15/2014 420K 171 Notebook
TPD 20141215 NaAu2_100LC Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
0.2 100L CO exposure 171 Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 171 Notebook
TPD 20141215_NaAu2_100LC Heating Rate: 6K/s; after Bk 1, pg M. Wallingford Lab
0.3 100L CO exposure 171 Notebook
TPD : 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 171 Notebook
20141216_NaAu2_20min | Heating Rate: 6K/s; after Bk1,pg | M.Wallingford Lab
TPD $s02&100LCO_1 dosing 20 min with O, 171 Notebook
— followed by 100L CO
i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
D TPD 12/16/2014 TPD 420K 171 Notebook
20141216_NaAu2_20min | Heating Rate: 6K/s; after Bk1,pg | M.Wallingford Lab
TPD $02&100LCO_2 e Pl AL Lo, 172 Notebook
- followed by 100L CO
TPD 20141216 _NaAu2_clean_ | Heating Rate: 6.5K/s; 3 min Bk 1, pg M. Wallingford Lab
1 sputter, 20 min anneal 420K 172 Notebook
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Table 6. NaAu, experiments ISU continued

Spectrum/ . . Book #,
Sample | Chamber Date Image Instru. Filename Details Page # Notes
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 172 Notebook
. Heating Rate: 6K/s; after .
D TPD | 12/24/2014 TPD 2014%)22241—(')\(')‘3&“5—50”“” dosing 20 min with O, Bklé'ng M. WNa'(:t'ggggf Lab
- - followed by 100L CO
TPD 20141224 NaAu2_clean_ Heating Rate: 7K/s; 3 min Bk 1, pg M. Wallingford Lab
1 sputter, 20 min anneal 420K 172 Notebook
Issues with mass
TPD 20141230_NaAu2_clean_ Bk 1, pg spec., turned off/on;
1 173 M. Wallingford Lab
Notebook
TPD 20141230_NaAu2_clean_ Heating Rate: 6K/s; 3 min Bk 1, pg M. Wallingford Lab
2 sputter, 20 min anneal 420K 173 Notebook
TPD 20141230_NaAu2_20min Hde:;[::g ?Oatriir?}\jv/istkager Bk 1, pg M. Wallingford Lab
2
D TPD 12/30/2014 sO2_100LCO_1 followed by 100 CO 173 Notebook
TPD : 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 173 Notebook
TPD 20141230_NaAu2_20min H;g;[::g ggtr?;igwist}]ager Bk 1, pg M. Wallingford Lab
2
sO2_100LCO_2 followed by 100L CO 173 Notebook
TPD 20141230_NaAu2_clean_ Heating Rate: ?K/s; 3 min Bk 1, pg M. Wallingford Lab
3 sputter, 20 min anneal 420K 174 Notebook
TPD i 3 min sputter, 20 min anneal Bk 1, pg M. Wallingford Lab
420K 174 Notebook
20141321_NaAu2_clean_ . . Bk 1, pg M. Wallingford Lab
S on T TPD 6K_1 Heating Rate: 6K/s 174 Notebook
TPD 20141321_NaAu2_clean_ Heatina Rate: 6K/s Bk 1, pg M. Wallingford Lab
B6K_2 g Rate. 174 Notebook
20141321 _NaAu2_clean_ . . Bk 1, pg M. Wallingford Lab
TPD 6K_3 Heating Rate: 6K/s 174 Notebook
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Table 6. NaAu, experiments ISU continued

Sample | Chamber Date Spectrum/ Instru. Filename Details Book # Notes
Image Page #
20141321 _NaAu2_clean_ . ) Bk 1, pg M. Wallingford Lab
TPD 2K_1 Heating Rate: 2K/s 174 Notebook
20141321_NaAu2_clean_ . . Bk 1, pg M. Wallingford Lab
TPD 2K_2 Heating Rate: 2K/s 174 Notebook
20141321 NaAu2_clean_ . . Bk 1, pg M. Wallingford Lab
D TPD | 12/31/2014 TPD 2K_1 Heating Rate: 4K/s 174 Notebook
20141321_NaAu2_clean_ . . Bk 1, pg M. Wallingford Lab
TPD 2K_2 Heating Rate: 4K/s 174 Notebook
Pressugres of CO:
. after dosing 20 min with O,, 1x10™ Torr and
TPD 201412%2—'\'(:&3“12—20"““ heat to 350K, hold, expose Bkli,‘lpg 1x10°® Torr; M.
- = Cco Wallingford Lab
Notebook
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Table 7. Mantis evaporator calibration, Cu pocket, conducted at lowa State University (DOE Chamber — 224 SPH)

Spectrum/

Book #,

Sample Date Instr. Filename Details Notes
Image Page #
overview, . 21 min sputter, 30 min
Cu Foil | 6/14/2013 | Cls, Ols XPS 20130614 Cu Foil_1Spu-1Ann anneal 810K Bk 1, pg 20 Mg Source
M1-M16 | STM 20130614 _Cu Foil_Clean Scan of surface for terraces | Bk 1, pg 20
M1-M16 | STM 20130615 Cleaned more Scan of surface for terraces | Bk 1, pg 21
M1 - M3 STM 20130615_5 sec Cu dep 23.5W for 5 sec Bk 1, pg 21 no islands seen
Cu Foil | 6/15/2013 M1 - _M4 STM 20130615_10 sec addtl Cu dep 23.5W for 15 sec Bk 1, pg 22 no islands seen
overview, . .
Cls, Ols, | XPS 20130615_Cu Foil_5Spu-5Ann | fouraddtl 9 min sputter, 30 | gy ) 055 Mg Source
Cu2p min anneal 810K cycles
M1-M10 | STM 20130616_Cu Clean Scan of surface to look for | gy 4 5
. terraces and clean surface
Cu Foil | 6/16/2013 Scan of surface to look for
M1-M10 | STM 20130616_Cleaned more Bk 1, pg 23
- terraces and clean surface
Cu Foil | 6/17/2013 | M1-M16 | STM 20130617_Cleaned SN @ UARE W BOIRAT | o) o
- terraces and clean surface
M1-M20 | STM 20130618 _Cleaned 870K Scan of surface to look for | g 4 5y
. - terraces and clean surface
Cu Foil | 6/18/2013 Bk 1
M1 - M5 STM 20130618_after 5 min Cu dep 23.5W for 5 min 24_’229
M1-M8 | STM 20130619_more 870K cleaning L N e
terraces and clean surface
. M1-M10 | STM 20130619 _after 10 min Cu dep 23.5W for 10 min Bk 1, pg 26 Islands!!
Cu Foil | 6/19/2013 -
overview,
C1ls, O1s, XPS 20130619 Cu Foil clean check surface cleanliness check Bk 1, pg 26 Mg Source
Cu2p
Cu Foil | 6/20/2013 STM 20130620_parameter test Testfornew VandnA | gy 1 o057
parameters
CuFoil | 6/22/2013 | M1-M4 | STM 20130622_new tip Testing ”e‘é"ugﬁt;"r 'maging | gy 1 pg 28
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Table 7. Mantis evaporator calibration continued

Spectrum/

Book #,

Sample Date Instr. Filename Details Notes
Image Page #
M1-M7 | STM 20130622_clean surface Scan of surface to look for | g 1 1 g
- terraces and clean surface
M1-M30 | STM 20130622_after 1 min Cu dep 23.5W for 1 min BK 1, pg 29 Cu on Cu Foil
Cu Foil | 6/23/2013 calibration
M1-M27 | STM 20130622_addtl 1 min_2 min total addt'l 23.5W for 1 min Bk 1, pg Cu on Cu_ Foil
Cu dep 29-30 calibration
M1-M19 | STM 20130622_addtl 2 min_4 min total addt] 23.5W for 2 min Bk 1, pg 30 Cu on Cu_ Foil
Cu dep calibration
M1-M5 | STM 20130625_clean S @ S‘t’;:fgceetso look for | gy 1 pg a1
Cu Foil | 6/25/2013 Cuon Cu Foil
M1-M25 | STM 20130625_after 15 min Cu dep 23.5W for 15 min Bk 1, pg 32 Lo
calibration
M1-M4 | STM 20130627_clean test Scan of surface to look for | g} 33
. - terraces and clean surface
CuFoil | 6/27/2013 Scan of surface to look for
M1 - M6 STM 20130627_clean surface Bk 1, pg 33
- terraces and clean surface
M1-M6 | STM 20130629_clean surface Scan of surface to look for | g,y 1 3
terraces and clean surface
Cu Foil | 6/29/2013 - Cu on Cu Foll
M1-M53 | STM 20130629_after 10 min Cu dep EhA (El focr)lo min; 7.5L | B 1, pg 35 | calibration; M17 - M53
2 with 02
M1-M11 | STM 20130702_clean surface Scan of surface to look for Bk 1, pg 37
. - terraces and clean surface
CuFoil | 7/2/2013 experiment failed bad
M1 - M4 STM 20130702_Cu control 23.5W for 10 min Bk 1, pg 37 P tunneling
M1-M5 | STM 20130703_clean surface SSMGTEUTEE I ISR | oy ) o0 o
. terraces and clean surface
U A experiment failed bad
M1 - M8 STM 20130703_02 Cu Control 23.5W for 10 min Bk 1, pg 38 P

tunneling
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