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ABSTRACT

For the‘ first time, three complementary surface structure probes, x-ray photoelectron
diffraction (XPD), scanning tunneling microscopy (STM), and low-energy electron
diffraction (LEED) have been combined in a single instrument. This experimental
system has been utilized to study the structure and growth mechanisms of iron oxide
films on Pt(111); these films were formed by first depositing a single overlayer of Fe
with a certain coverage in monolayers (ML's), and then thermally oxidizing it in an
oxygen atmosphere. For films up to ~1 ML in thickness, a bilayer of Fe and O similar
to those in FeO(111) is found to form. In agreement with prior studies, STM and LEED
show this to be an incommensurate oxide film forming a lateral superlattice with short-
and long-range periodicities of ~3.1 A and ~26.0 A. XPD in addition shows a topmost
oxygen layer to be relaxed inward by ~0.6 A compared to bulk FeO(111) , and these are
new structural conclusions. The oxygen stacking in the FeO(111) bilayer is dominated
by one of two possible binding sites. For thicker iron oxide films from 1.25 ML to 3.0
ML, the growth mode is essentially Stranski-Krastanov: iron oxide islands form on top
of the FeO(111) bilayer mentioned above. For iron oxide films of 3.0 ML thickness, x-
ray photoelectrbn spectroscopy (XPS) yields an Fe 2p3/, binding energy and an Fe:O
stoichiometry consistent with the presehce of Fe304. Our XPD data further prove this
overlayer to be Fe304(11 1)-magnetite_in two almost equally populated domains with a
180° rotation between them. The structural parameters for this Fe;O,4 overlayer
generally agree with those of a previous LEED study, except that we find a significant
difference in the first Fe-O interplanar spacing. Overall, this work demonstrates the
considerable benefits to be derived by using this set of complementary surface structure

probes in such epitaxial growth studies.
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CHAPTER 1
GENERAL INTRODUCTION

A knowledge of the .ﬁtomic identities, positions, and bonding mechanisms within the
first 3-5 layers of a surface is essential to any quantitative microscopic uhderstanding of
surface phenomena, including such technologically important processes as catalytic
activity; oxidation and corrosion; adhesion, and overlayer and nanostructure fonﬁation
in the production of integrated circuits, magnetic storage devices, and other nanoscale
devices. This implies knowing bond directions, bond distances, site symmetries,
coordination numbers, and the degree of both short- and long- range order present in the
"selvedgé" region between the true bulk of a material and its surface. A number of
surface structure probes have thus been developed in recent years in an attempt to
provide this information [1]. Each of these methods has certain unique advantages and
disadvantages, and they are often complementary to one another.

In this dissertation, a particularly powerful set of three complementary surface
structure probes havé, for the first time, been combined in the same experimental
instrument and applied to the important general problem of the epitaxial growth. of a
metal oxide on another metal as substrate. These three methods are: x-ray photoelectron
diffraction (XPD), scanning tunneling microscopy (STM), and low-energy electron
diffraction (LEED). Fig. 1.1 shows schematic illustrations of the three techniques with
the complementary information they provide. In order to illustrate this
complementarity, brief descriptions of each technique and its method of theoretical

interpretation will be presented.



X-Ray Photoelectron Spectroscopy (XPS) and X-Ray Photoelectron Diffraction (XPD):

In thé photoemission process, electrons can be emitted from a sample into the
vacuum if radiation of high enough energy is adsorbed by the sample. As first
explained by Einstein [2], the photoelectric equation describing energy conservation is,
Exin =hv - Ey (),
where E,;, is the kinetic energy of the photo-emitted electron, hv is the exciting photon
energy, and Eg (i) is the binding energy of an electron emitted from the ith level as
referenced to the vacuum level. In x-ray photoelectron spectroscopy (XPS), soft x-ray
radiation is used as the excitation source; for all work reported here the radiation is Al K
o from a standard x-ray tube at an energy of 1486.7 eV. These photo-emitted
electrons, termed photoelectrons, can come from core or valence levels, but only core
level excitations will be considered in this dissertation. Core photoelectron intensities
can be used for the quantitative analysis of surface compositions, and we will make use
of this aspect of XPS, as described in more detail in Appendix A. A typical
experimental geometry with important angular variables is shown in Fig. 1.2. In our
experiments, the angle o between photon and electron will be held fixed, and the
principle variables will be the direction of electron emission, as given by the polar angle
or electron takeoff angle 6 (measured with respect to the surface) and the azimuthal
angle ¢ (measured with respect to some reference direction in the crystal). The electron
binding energies EtV) (i) can in first approximation be considered as one-electron energy
levels for the core shells, provided we neglect corrections for relaxation and other final-
state effects. The chemical environment caﬁ also cause shifts in the binding energies of
the core level electrons and these shifts are termed chemical shifts; we will also make

use of these to determine the chemical states of metal atoms in epitaxial oxides.
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In x-ray photoelectron diffraction (XPD), a photoelectron is emitted from a core
level, and its intensity is measured as ‘a function of its direction or its energy above a
single-crystal sample, yielding what can be termed scanned-angle XPD or scanned-
energy XPD, respectively. All data in this dissertation are obtained in the scanﬁed-
angle mode, with intensities being measured over essentially the full 2n steradians
above the sample surface by varying the two electron emission angles: the polar angle 6
and the azimuthal angle ¢. In addition, the measured intensity distribution in direction
1(6,¢) was converted to a normalized intensity modulation or chi function %(6,$) for
display and analysis. This function is defined in Chapter 3. An important aspect of the
core-level excitation is that the measurement is atom-specific: that is, emitters of each
atomic nmnbér in the sample can be studied separately. Also, both XPS and XPD have
high surface sensitivity because the elastically emitted electrons in a given spectral peak
have a limited distance they can travel through the bulk before they are inelastically
scattered out of the peak [3]. The inelastic scattering length associated with this process
is found to be very dependent upon the kinetic energy of the photoeléctron, as shown in
Fig. 1.3. Aswill b'e illustrated in later theoretical considerations of XPD, this technique
is a short-range probe of the local environment around a given type of emitter since it is
primarily sensitive to the first three to five spheres of neighbors arouhd each emitter.
Photoelectron diffraction (PD) patterns excited by both soft x-rays and lower-energy
synchrotron radiation are by now well known and much studied, and have lead to the
increasing use of this technique for surface structure studies. Simple single-scattering
cluster (SSC) and more complex multiple-scattering cluster (MSC) calculations can be
used to determine the surface atomic structure by comparing experiment to caiculations
for various structﬁres and determining the best fit. The basic process involved in
photoelectron diffraction and the important physical variables are indicated in Fig. 14.

The intensity modulations of the emitted photoelectron with direction are produced by



4
the interference of the unscattered or direct wave component ¢, and the various
scattered-wave components ¢;. The resulting photoelectron intensity as a function of

wave vector can be written in a simple single scattering picture as [4]:

- 2
1(k) b + 2 65|
<[bol” + (b0 05 +bob; )+ T Tid 0k
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where ¢; and ¢y are arbitrary scattered waves. For the illustrative case of photoelectron
emission from an s subshell into an outgoing ¢, with p character, the individual wave
components here can be written out more explicitly in terms of: dipole matrix elements
that are for linearly polarized radiation proportional to the dbt product of the
polarization direction (£ ) and the relevant emission direction (ﬁ or T /15 = Aj); inelastic
exponential decay factors exp(-L/Ag), with L equal to the total length for some path
below the surface and A. equal to the inelastic attenuation length for photoelectron
intensity; scattering factors fj(ej,rj) involving both an amplitude |f}(€)j,rj)| and a phase
shift ¥(6; '
spherical-wave scattering, also of the distance r; to a given scatter; Debye-Waller factors

JIj) that are functions of the scattering angle 9;, and, in more accurate

W; that allow for attenuation of interference due to vibrational effects;» and finally, phase
.shifts due to path length differences of the form exp(ikrj)exp(-iﬁ -Tj) = explikrj(1-cosd
] All structural information is contained in this last exponential factor, with the path
length difference between ¢, and ¢; being given by 1j(1-cos6;). Eq. (1) can for this

special case then be rewritten as:

I(k)=| (§-k)exp(-Lo /2A¢) + Z (8- / 1j)|f;(8;,1p)|W;-
exp(-L; /2Ae)exp[i{krj(1—cosej) + LI’j(ej,rj)}]‘2 2)
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For emission from a subshell other than s (i.e. for /i, > 0), the above expressions
become more complex due to sums over initial and final magnetic quantum numbers
and interference between the two final-state channels /g, ,; = /+1 and /-1 that aie allowed
by the dipole seleétion rules [5].

Complete reviews of photoelectron diffraction including descriptions of the detailed
photoemission process and experimental as well as theoretical aspects within a more
complex multiple scattering picture can be found elsewhere [4,6]. We note here two
additional important aspects of this technique that will be used in qualitative and
quantitative ways in the analysis of our data: the importance of forward scattering and
the dominance of short-range-order. In measurements at photoelectron kinetic energies
of about 500 eV or higher that will be rel'evant to this dissertation, the scattering
amplitude | £(;;)| is highly peaked in the forward direction (i.e. near 8; = 0). In order
to illustrate this strong forward scattering, the kinetic energy dependence of atomic
scattering factors for plane-wave scattering from atomic Ni are shown in Fig. 1.5 [7]. It
is clear that for the highest energies of 505 eV and 1320 €V, strong scattering occurs
only along the forward direction. Many studies have shown that such forward scattering
or forward focusing peaks can be directly used to determine bond directions for
adsorbed molecules or near-neighbor scattering directions in crystals and epitaxial
overlayers (the use we will make of it) [4,8]. The second important aspect is that XPD
is inherently a short-range order probe becausé all the waves in Eq. (1) die away rapidly
| from the emitter. This is because the direct wave has a limiting spherical-wave form
fe.g., ¢0 o exp(ikr)/r], so that the portion of ¢, which passes to the scatterer j to produce
¢; decays in amplitude as 1/rj. This decay is a principal reason why XPD is a short-range
order probe, although the effects of inelastic écattering contribute additionally to this, as

shown by the exponentials in Eq. (2).
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In order to analyze the experimental XPD data for this dissertation, we have used
both single-scattering and multiple-scattering codes developed by Friedman et al. [10]
and Kaduwela et al. [11], respectively. These codes make use of the short-range-order
sensitivity of XPD by including scatterers in only é finite cluster around the emitter,
with the cluster being chosen to include all important scatterers, especially in the
forward direction; they can thus be termed SSC ahd MSC methods, _respectively. These
programs are based upon a new separable-Green's-function matrix method due to Rehr
and Albers [12], in which multiple scattering was included up to the tenth order. These
codes automatically incorporate both the forward scattering peaks and all other
interference and attenuation effects, including all the physical variables discussed
above. They also incorporate the correctfspherical nature of the final state photoelectron
waves, as well as various angular momenta ana interferences involved because of the
dipole transition from the initial angular momentum state to the final angular
momentum states. Furthermore, the codes also included several additional effects such
as instrumental angular averaging, the possible use of either polarized or unpolarized
radiation, and refraction of the photoelect_roné at the surface due to the inner potential
Vo (a minor effect for all but the lowest electron takeoff angles considered in this

work). Further details on the parameters used for the SS and MS calculations are

included in the relevant chapters of this dissertation.
Scanning Tunneling Microscopy:

Since its introduction by Binnig and Rohrer in 1982 [13], scanning tunneling
| microscopy (STM) has become a widely used technique in surface studies. Several
reviews of this technique including descriptions of the electron tunneling process and

experimental as well as theoretical aspects can be found elsewhere [14]. The basic idea
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is that a sharp tip is brought close enough to the surface that, at a convenient operating
bias voltage in the approximate range of £2 mV to 2V, a tunneling current is
measurable. The tip is scanned over/across a surface while the current 7 between the tip
and the surface, is sensed. The tunneling current varies exponentially with the gap
between the tip and the surface, with é simple expreséion for this variation being
I < exp(-2xd)
where [ is the current, d is the distance between electrodes, and « is the decay constant
for the wave functions in the barﬁer. In this case of vacuum tunneling, « is related to
the effective local work function ¢ by
k=h",2mé
where m is the electron mass. This current is thus extremely sensitivé to the height of
the tip above the surface: for a typical barrier .potential of 4 eV, a change in tip distance
of 1 A leads to a change in current by a factor of ten. At least two different modes of
operation of the STM are possible, and both have been used in this work. In the
constant current mode, a feedback network changes the height (z) of the tip using
precise piezoelectric control so as to keep the current constant while the tip is scanned
over a surface (in x and y); this keeps the tip at a nearly constant height. Calibrating the
piezoelectric drivers so as to be able to finally plot the tip height versus the scan
position in x and y can then reveal three-dimensional pictures of surfaces at atomic
resolution. In the constant height mode, a tip can be scanned across a surface at nearly
constant height (z) and constant voltage while the current is monitored. In this case the
feedback network responds only rapidly enough to keep the average current constant.
Plotting the rapid variations in current due to the tip passing over surface features versus
the scan position in x and y also reveals three-dimensional pictures of surfaces at atomic
resolution. Both types of three-dimensional STM images provide local real space

information that can be at atomic resolution, thus probing both short- and long- range
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order, as well as disorder and defects, in the top-most surface layers(s). STM is also
primarily sensitive to the outermost surface topography (via the surface density of states

that is responsible for electron tunneling).
Low Energy Electron Diffraction:

Low-Energy Electron Diffraction (LEED) can reasonably claim to be the oldest of
modern surface techniques, as the first LEED experiment by Davisson and Germer in
1927 [15] also provided the first demonstration of the wave nature of the electron.
Complete reviews of this technique including descriptions of the experimental and
theoretical aspects can be found elsewhere {16]. The basic process involves impinging
an electron beam, typically in the 20 - 300 eV energy range, on the surface and
observing the diffraction pattern produced by the elastically scattered and diffracted
electrons. Both the very short inelastic mean-free-path A, and the strong backscattering
in this energy range (cf. Fig. 1.5) make LEED primarily sensitive to the first few layers
‘of a surface. Because the various surface atom periodicities act as diffraction gratings in
the LEED experiment, the most intense diffraction spots in a LEED pattern probe long-
range two-dimensional order in these first few layers. More precisely, the condition for

Bragg reflection can be written as [16]

Iy =Ky + ghi
with
ghi = ha* + kb
and
a*=27tb><ll R b*=21tllxa ,A=a-bxn
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where a* and b* are the primitive translation vectors of the reciprocal lattice related to
those of the real lattice a, b, n is a unit vector normal to the surface, gy, is a reciprocal
lattice vector, and kj and k') are the incident and emerging wave vectors parallel to the
surface, respectively. Thus, the LEED pattern will consist of a pattern of spots, each of
which can be associated with one of the reciprocal lattice vectors gy, describing the
periodicity of the surface. |

The most common way of using LEED patterns in surface science is to record them
at a few energies, and analyze the dominant spots or satellites in terms of various
possible structures With long-range order. Spot fuzziness or streaking also may be used
to detect disorder or limited long-range order. Also, the intensities of different spots can
be measured as a function of energy, and these so-called I-V curves then compared to
multipl‘e-scattering theory for different possible atomic structures so as to finally yield a
best estimate for a given structure. Many surface structures have been determined in
this way to date. Beyond this, the detailed profile of the diffraction spots, or the diffuse
background between them, can be used to derive information on shorter-range order. In
general then, LEED is first a probe of long-range order, but it can be extended to yield
information on shorter-range order. |

We finally summarize the complementarity of the three surface structure probes used
in this thesis: XPD is a near-surface probe of the short- range order in the first 3-5 shells
of neighbors around each emitter. STM probes both short- and long- range order, as
well as disorder of the top-most surface layers(s), and is primarily sensitive to the
outermost surface topography. In this dissertation, only LEED spot patterns at a few
energies are interpreted and no current versus voltage curves are measured. Thus for
present purposes, LEED is primarily sensitive to long-range two-dimensional order,
with a probing depth that is comparable to or somewhat shorter than that of XPD. XPD

is atom-specific, as'each core level studied is characteristic of a given atomic number,
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while STM and LEED are not. Taken together, these methods will thus provide us with
a broad and powerful set of information concerning a surface structure, as will become
evident in our actual application of them to iron oxide growth on Pt(111) in Chapters 3

and 4.
Instrumentation Development:

Unique instrumentation combining these three techniques has been developed as part
of this dissertation, and this will be described in Chapter 2 in detail. This work includes
building a new custom-designed long-travel two-axis sample goniometer and designing
and building a new sample holder so that the sample can be transferred from one
technique to another by means of a specially-modified wobble stick. An additional
chamber for LEED, STM, and sample preparation was also added to an existing XPD
system. Experimental details including the sample preparation are also presented in

Chapter 2.
Application to iron oxide epitaxy on the platinum (111) surface:

This new experimental system has been utilized to study the structure and growth
mechanisms of iron oxide films on the (111) surface of single-crystal platinum. The
" metal oxides constitute a diverse and fascinating class of materials whose properties
cover the entire range from metals. to semiconductors and insulators. There is an
increasing interest in the surface properties of metal oxides, because of their important
and varied technological applications [17]. The metal oxides themselves are catalysts
for a variety of commercially important reactions, and reducible transition-metal oxides

are also used as supporting materials for metal catalysts, for which strong interactions
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between the metal and the support can occur that significantly alter the catalytic
behavior of the metal [18]. Other important applications of metal oxides are in gas
sensors [19] and metal-ceramic bonding for corrosion resistance in high-temperature
materials [20]. Furthermore, the magnetic properties of the different oxides of iron are
utilized in high-density magnetic recording media [21]. Finally, the transition-metal
oxides are an essential ingredient of high-temperature superconductors, an exciting new
class of materials that is still poorly understood [17].

For all of their technological importance, the surfaces of metal oxides have not been
studied as extensively as those of metal single crystals. Metal oxide single crystals are
difficult to obtain with reproducible composition because of their chemical complexity,
and this is especially true for transition metal oxides with several oxidation states
available to them. Also, the preparation of nearly perfect surfaces of metal oxides is
difficult compared to surfaces of elemental solids since the geometric order, as well as
the stoichiometry, of the surface can be different from that of the bulk. In addition, the
insulating properties of many oxides often make surface characterization difficult using
electron-based techniques such as the various electron spectroscopies and STM.
However, in some cases, including the iron-oxide/Pt system, the oxide overlayer has
been found to grow in an ordered manner [22-25]. Provided that the oxide is not too
thick, these systems thus permit studying epitaxial growth using the full array of surface
structure probes, since surface conductivities have been found to be sufficient to permit
using electron-based probes. These systems thus provide the opportunity for studying
oxide epitaxial growth in detail, and we have here chosen to focus on ultra-thin films of
iron oxide in average thickness from 0.75 monolayers (ML) to 3.0 ML of Fe as grown
on Pt(111).

The iron-oxide/Pt(111) system also has the advanfage that it has been studied

previously using two of the three techniques to be employed here (STM and LEED in
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two éeparate studies [23-25]), but several important structural questions remained after
these studies that it proves possible to answer via the complementarity of our new
instrument combining XPD, STM, and LEED. We conclude this introduction by
reviewing some of the prior work on this system, and indicating. generéily what new
data we have obtained for it. The first monolayer of iron oxfde on Pt(111) has been
sﬁggested to grow as a bilayer of Fe and O like that in bulk FeO with the (111) surface
exposed. The first observation of an ordered overlayer was made by Vurens et al, in
simultaneously applying LEED and ion scattering spectroscopy (ISS), and this led to the
proposal of a (111)-type FeO bilayer forming a (10x10) coincidence lattice or lateral
superlattice on the Pt(111) substrate [23]. However, | these studies did not permit
concluding the relative positions of the Fe and O atoms, or in particulér whether Fe or O
atoms or both occupied surface 'positions, with the ISS data showing both Fe and O
peaks in spite of its high surface sensitivity. A subsequent STM study by Galloway et
al. [24] concluded that an incommensurate overlayer or superlattice forms for which the
short overlayer periodicity of 3.1 A iﬁ (111)-type FeO is modulated by a large
periodicity of ~26 A that is linked to a more complex superelattice Moiré pattern
formed between FeO and Pt (to be disqussed in detail below). However, there are still
open questions to be answered such as the detailed three-dimensional structure of this
~ first monolayer of iron oxide; these questions cannot be answered by STM, since it is
not atom-specific and does not look below the surface layer, nor by LEED, since the
unit cell of the superlattice is too large to be modeled quantitatively and an I-V analysis
prohibitively difficult at the present time. To address this structure, we have studied
two coverages of iron oxide films: 0.75 and 1.0 ML. Our combined XPD, STM, and
LEED permits deriving for the first time a detailed three-dimensional atomic picture of
this iron-oxide monolayer. The Fe:0 stoichiometry for both coverages is found to be

very close to 1:1 by XPS quantitative analyses. Our LEED patterns and STM images
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well reproduce those of earlier studies, including atomically resolved STM images
showing both the short and long periodicities, and verify the correct preparation of the
overlayers. Furthermore, core-level XPD patterns for Pt, Fe, and O excitation over
essentially the full 2n solid angle above the surface were measured. These XPD
experimental results, when compared to single scattering cluster (SSC) calculations,
permitted concluding that oxygen is indeed the topmost or terminating atomic layer, that
this layer also is relaxed significantly inward by 0.6 A compared to bulk FeO(111), and
that the stacking of the topmost O atoms with respect to the underlying Pt is dominated
by one of two structurally very similar possibilities.

For thicker oxide layers corresponding to more than one monolayer of iron on
Pt(111), the most relevant prior studies are the recent work by Weiss and co-workers
using LEED [25] and by Galloway et al. with STM [24]. These studies taken together
permitted concluding that Fe;O4(111), as magnetite, can be grown by repeating the
monolayer iron oxide growth several times in an oxygen pressure of approximately
5x10-5 Torr. A further structural detail suggested on the basis of the LEED I-V analysis
" is that there is an outermost 1/4 ML of Fe terminating the surface. The STM study also
indicates that a-Fe,03(0001) can be obtained by growing the oxide at a much higher
oxygen pressure (~ 5x104 Torr). Furthermore, large relaxations in the vertical
interlayer spacings of the Fe;0y4 films compared to bulk Fe30,4(111) were also reported
in the LEED study, while STM showed the growth mode to be of Stranski-Krastanov
type: 3D islands growing on a base monolayer that is in some sort of regular registry -
‘with the substrate. We Have thus also studied thicker iron oxide films from 1.25 ML to
3.0 ML with bm combined techniques in order to better understand the growth
mechanism and the internal atomic structures involved. Our STM and XPD data permit
concluding that the growth mode of these oxides on Pt(111) is indeed Stranski-

Krastanov, at least when grown in a slightly different way from the one-shot oxidation
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of a single Fe layer of a given thickness. The first layer in between, and perhaps also
underlying, the islands is also found to be the 1 ML FeO lateral superlattice seen at
_lower coverages. And for the thickest iron oxide (3.0 ML), the Fe:O stoichiometry and
Fe 2p3/, binding ‘energy as derived from XP(S are found to be very close to those
expected for Fe304. XPD also shows for this 3.0 ML film that the internal atomic
structure is Fe3O04(111) with significant interlayer relaxation and in two types of
structural domains that are almost equally populated on the surface. Our results also
yield one Fe-O interlayer spacing that is significantly different from a model based on
the LEED I-V analysis [25].

The outline of the following chapters is as follows: In Chapter 2, we describe the
unique instrumehtation that was designed and constructed, as well as certain
experimental procedures, including the oxide growth method. Chapter 3 considers our
results for oxide coverages up to 1.0 ML. Chapter 4 deals with thicker oxide coverages
from 1.25 ML to 3.0 ML. Finally, Chapter 5 presents specific conclusions concerning
the iron-oxide/Pt(111) system, some more general remarks concerning the utility of the
newly developed instrument combining XPD', STM, and LEED, and some suggestions
as to future directions and possible extensions of the work presented in this dissertation.

The Appendices contain various details concerning the analysis of our data.
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Figure 1.1. A schematic indication of the measurements involved in x-ray
photoelectron spectroscopy (XPS) and x-ray photoelectron diffraction (XPD),
scanning tunneling microscopy (STM), and low energy electron diffraction (LEED),

inchiding the complementary information provided by each technique.
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Figure 1.2. Illustration of the basic experimental geometry in the XPD experiment.
The polar angle 6 of electron emission is measured from the surface. The angle a
between the incoming radiation and the outgoing wave vector was fixed in our

experiments at 48°.
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Figure 1.3. Compilation of inelastic attenuation lengths A, for various solid elements.

The solid line is the so-called "universal' curve. [From ref. 3.]
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Figure 1.4. The basic process involved in photoelectron diffraction, with important

physical variables indicated. Only single scattering is shown for simplicity.
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CHAPTER 2
EXPERIMENTAL

2.1. INSTRUMENTATION

It is clear that no one surface structure probe directly and unambiguously provides all
of the desired information on atomic identities, coordination numbérs, positions, bond
distances, and bond directions within the first 3-5 layers of a surface. The still relatively
small number of surface structures for which there is a general consensus in spite of a
few decades of careful study on some of them testifies to the need for using
complementary information from several methods. In this dissertation, the three
complementary surface structure probes, x-ray photoelectron diffraction (XPD),
scanning tunneling microscopy (STM), and low-energy electron diffraction (LEED)
'have for the first time been combined in a single ultrahigh vaéuum (UHV) system. This
new system has been utilized to study the structure and growth mechanisms of iron
oxide films on Pt(111).

A new custom-built UHV specimen preparation and characterization chamber
equipped with an STM (McAllister Associates microscope with Digital Instruments
Nanoscope 11 controls and software) and a four-grid LEED optics (Princeton Research,
Model 118) were incorporated into an existing Vacuum Generators ESCALABS
photoelectron spectrometer as shown in Fig. 2.1(a). This VG spectrometer had also in
prior work in our laboratory been equipped with a Surface Science Laboratories Model
3390 multichannel detectof to increase XPS and XPD data acquisition speed, and with
externally-selectable tube arrays for high-accuracy angle definition, as described in
detail elsewhere [1,2]. The STM/LEED chamber also provides for in situ bombardment

with Ar ions for surface cleaning, deposition of Fe by means of a Knudsen cell, and
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monitoring of deposition thickness by means of a quartz-crystal microbalance (QCM,
Inficon Model 751-001-G1). The STM/LEED chamber can be separated by a gate
valve from the XPS/XPD chamber during photoelectron measurements, or to permit the
oxidation of depositéd iron by backfilling with oxygen and heating, as described further
below.

A new custom-built long-travel two-axis sample goniometer was also built as part of
this dissertation, and it has special facilities for high temperatuie heating by electron
bombardment and for in situ sample transfer between the high-precision two-axis
goniometer used for XPS, XPD, and LEED measurements shown in Fig. 2.1(b) and the
STM stage. The basic operation of the sample rotation mechanism of Fig. 2.1(b) is
described in detail elsewhere [3]. This new sample holder is designed so that the
sample can be transferred from one technique to another by means of a specially-
modified commercial wobble stick (MDC Model DG-275) as shown in Fig. 2.1(c). The
wobble stick has been modified to have both a socket wrench and a right angle pin at its
base, in addition to the normal externally-operable clamping jaws that have been
custom-cut to mate with the end of the sample holder. The sample transfer from two-
axis goniometer to STM stage is done in three steps. First, two screws which fasten the
sample barrel to the goniometer (at far right in Fig. 2.1(b)) are loosened by the socket
wrench mounted parallel to the jaws of the wobble stick so that the sample and sample
holder can be released from the goniometer. The released sample holder assembly, still
resting on the goniometer, is gripped by the jaws of the wobble stick and is then put on
the intermediate parking stage mounted on the STM stage (just to the left of the STM
sled in Fig. 2.1(c)). This second step is necessary because the limited movement of the
wobble stick prevented us from putting the sample assembly directly from the
goniometer to the STM stage by using only the jaws of the wobble stick. The last step

is to lift the sample assembly from the intermediate stage by inserting the pin mounted
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perpendicular to the jaws of the wobble stick into a mating hole llocated at the base of
the sample assembly and then to put the sample on the STM stage. The sample transfer
from the STM stage to the goniometer was done by simple invérting the steps described
above.

Some other features of this instrument are two different sample parking stages,
located in the STM/LEED chamber of Fig. 2.1(a). One is for extra rotatable samples,
and can hold up to three of them. This stage normally is ﬁsed for two extra single-
crYstal_ samples and a highly-oriented pyrolytic graphite (HOPG) reference sample for
the testing and calibration of the STM. These extra samples can be interchanged
without breaking vacuum. The other stage holds a simple frame that can rotate only in
0 and on which is mounted four reference samples - a full-size Au éample, a Au dot of
approximately 1 mm diameter, a full size Cu sample, and a phosphor-coated screen.
The first three reference samples allow us to optimize the x-ray photoelectron
spectrometer by calibrating the peak positions and finding the optimum sample position.
The phosphor screen is also helpful in finding the positions of the x-ray ﬂﬁx and the
LEED electron beam. |

A final important improvement incorporated into this instrument is a ﬁew Windows-
based software system developed by H. Xiao in our group. This program permitted
automated rotation of both the polar (6) and the azimuthal (¢) angles of emission during
XPD data collection, with simultaneous plotting of intensities in a two-dimensional
format. This software also added the capability that up to 10 different photoelectron
peaks could be measured at each emission direction in order to make sure that the XPD
data from each element were obtained for exactly the same sample positions and surface
conditions.

This new instrument thus permitted us to study the same surface structure with three

complementary probes - XPD, STM, and LEED - and to our knowledge it is the first to
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be able to do this. As a first system of study with this instruments, we have chosen
FeO,/Pt(111), and this study serves to illustrate how important this complementarity is,

as discussed in the following chapters.
2.2. EXPERIMENTAL PROCEDURE

All the data reported in this paper were taken in the combined XPS/XPD, STM, and
LEED system of Fig. 2.1 with base pressures less thar; 8x10-11 Torr for the XPS/XPD
chamber and 1x10-10 Torr for the STM/LEED chamber. The Pt(111) sample cleaning
and Fe oxidation were done in the XPS/XPD chamber and Fe deposition was done in

the STM/LEED chamber.
Platinum single crystal preparation:

The platinum Singl_e crystal was cut and oriented within less than 0.2° of the (111)
plane, polished by the usual metallurgical procedures, and then mounted onto the
special long-travel two-axis goniometer, from which it could also be demounted in situ
for STM study. The crystal was prepared by B. Petersen of the Shirley group and
loaned to us for this study. The misorientation of the Pt(111) was judged by both Laue
back diffraction and the step density as seen in typical wide-scan STM images on clean
Pt(111). For example, terrace widths of > 400 nm were typical from sevefal ST™M
images taken on the clean Pt surface, as shown in Fig. 2.2. However, these monatomic
steps tended to bunch together as the numbér of oxidation and cleaning cycles was
increased during the course of this study, as shown in Fig. 2.3; this left even larger flat
terraces between the bunched steps. This Pt(111) crystal was mounted on a ceramic

goniometer barrel using a Ta clip, and could be heafed by electron bombardment from
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the back. The alignment of the surface with respect to the azimuthal rotation axis was
checked by reflecting a laser from the front surface and rotating the sample in ¢; this
alignment was also checked periodically i» situ during our measurements. In this Way,
the surface normal was kept within 0.2-0.5° of the azimuthal rotation axis during all of
our measurements. The temperature was measured with an infrared pyrometer that was
initially calibrated by a chromel-alumel thermocouple mounted to the top of the Pt
| crystal. The Pt(111) surface was prepared by’ repeated cycles of sputtering with 1 KeV
Ar* jons and subsequent annealing to T = 1500 K in 4x10-6 Torr oxygen. A final
heating to that temperature for about 30 sec without oxygen resulted in a clean surface.
This cleaning procedure has been used in previous studies of Pt(111) [5-8]. The
cleanliness of the surface was checked by XPS core-level peaks and no detectable
contaminant peaks were found. A very well ordered surface’ was also verified by a

sharp (1x1) LEED pattern.
Iron oxide growth:

The iron oxide thin film growth was done in two steps. First, iron was evaporated
onto the clean Pt(111) surface using 99.999% pure iron wire wrapped around a
resistively heated tungsten wire. The quartz-crystal microbalance was used to adjust the
deposition rate to ~1 A/5 min., for which the maximum pressure during the evaporation
was about 4x10-10 Torr. After depositing the desired amount of iron onto the clean
Pt(111) surface, the sample was moved into the XPS/XPD chamber of the VG
spectrometer, where it was heated for about 1 minute in 4x10-6 Torr oxygen to T = 980
K and cooled rapidly down to room temperature afterwards. This again is a recipe that

has been shown to provide full oxidation in prior studies of FeO,/Pt(111) [5-8].
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X-ray photoelectron spectroscopy (XPS) and x-ray photoelectron diffraction (XPD):

All photoelectron spectra for XPS and XPD were obtained with Al Ko radiation
(1486.7 €V), although either Al or Mg radiation was avaiiable in this system from a-
commercial twin-anode x-ray source. The experimental geometry for the XPS/XPD
measurements is described in detail elsewhere [1,2], but Fig. 1.2 defines important
angular variables. A typical overall XPS spectrum obtained from a 1.75 ML iron oxide
film grown on Pt(111) is shown in Fig. 2.4, with various peaks labelled. The weaker Fe
3s and 3p photoelectron peaks are hidden under the very strong Pt 4f region of the
spectrum. All XPD data were obtained with angular resolutions of + 3.0° using a tube
array before the analyzer entry, as described in detail elsewhere [1]. Although this tube
array reduced intensities considerably [1], it permitted better defining both angular
resolution and the area of the sample surface seen by the electron lens and spectrometer.
The latter was important to avoid seeing spurious O 1s signal from parts of the sample
holder adjacent to the Pt(111) surface. For each direction of emission in an angle scan,
Pt 4f, Fe 2p3/9, and O 1s XPD intensities were obtained, using the new software systefn
discussed in Section 2.1. These photoelectron peaks correspond to kinetic energies of:
Pt 4f--1414 eV, O 1s--956 eV, and Fe 2p3/2--777 €V, and these energies are high
enough to exhibit strong forward scattering effects in photoelectron diffraction [9-11].
~ Intensities were measured over essentially the full 2n steradians above the sample
surface, from 6° above the surface plane to the surface normal. To reduce data
collection times, each large-scale XPD intensity set or diffraction pattern was measured
over only one third of the hemisphere above the sample and a 2n intensity map then
completed by exploiting the threefold symmetry of the crystal in azimuth. The data was
. accumulated as a set of 120° azimuthal scans. The accuracy of this threefold data

folding was justified for each case by comparing the individual 120° intensity scans in
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the large data set to selected full 360° azimuthal XPD scans, as described in more detail
in Appendix B. The polar emission angle from the surface was first set to 6 = 6° and
then increased to 90° in steps of AO = 2° after each 120° azimuthal rotation. The’
azimuthal step size was A¢ = 2° for 6 = 6°, and was increased with increasing polar
angle O so as to cut data acquisition times while still giving an almost uniform sampling
density in solid angle over the hemisphere, a procedure first introduced by Osterwalder
et al. [12,13]. The true 6 and ¢ varies from the expected 8 and ¢ due to an accumulation
of minute errors in setting angles. These total angular discrepancies are estimated to be
less than + 1.5° .for ¢ and £ 0.2° for O after completing the full 2x intensity maps. Fig.
2.5 shows Pt 4f emission XPD patterns obtained from clean Pt(111) with the data

acquisition method described above.
Scanning tunneling microscopy (STM):

The STM images and other STM data analysis reported in this dissertation were
obtained using the standard operating procedures and options of the Nanoscope II
software. The only special mechanical modification necessary for using the McAllister
STM was the addition of a small "sled" fabricated from the Al-Cu alloy Ampco 18
between the sample holder and the two WC rails along which specimen coarse approach
is made. The purpose of this sled was to lower the friction in UHV between the
demountable sample holder and the rails so that the inertial piezoelectric jerking motion
necessary for coarse approach was fully reliable. Without this sled preéent, the sample
would often stick on these rails, impeding or even preventing the coarse approach. This
sled is shown in Fig. 2.1(c).

Two different types of STM tips were used in this study: a diagonally-cut Pt/Ir alloy

wire of 0.25 mm overall diameter, and an electrochemically-etched W wire of 0.25 mm
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overall diameter. Two Pt/Ir tips and six W tips were loaded into the STM at the start
of the experiment, and these could be interchanged in situ. Both types of tips gave good
atomic images, with no systematic differences in behavior bem§en them. The STM
images consist of 400x400 data points, and were obtained in either constant-current or
constant-height mode (as defined in Chapter 1), with bias voltages of sample relative to
tip and tunneling currents as given bélow for each case considered. All the dimensions
reported here were obtained after accurate calibratioﬁ of the x, y, and z piezo scales
(with x and y being in the surface plane, and z being perpendicular to it). The x and y
piezoes were calibrated by measuring the atomic spacings on a reference HOPG sample
loaded into the STM/LEED chamber, while the z piezo was calibrated from multiple
measurements of the monatomic step heights of the clean Pt(111) surface, as shown in

Fig. 2.2.
Low energy electron diffraction (LEED):

LEED patterns were recorded with a Polaroid camera, and obtained at a few energies
to verify the types of diffraction patterns seen. No current-versus-voltage curves were
measured. Other aspects of analyzing the LEED data so as to derive real-space atomic
distances appear in Appendix C. |

The long range order of clean Pt(111) and of iron oxide films grown on Pt(111) was
checked via LEED pattéms and no detectable changes were found before and after XPD
data collection and STM .studies. All XPD, STM, and LEED data reported in this
dissertation were obtained in the single UHV system of Fig. 2.1, and where results from
these techniques are compared, they are also from the same preparation of a given

surface.



Figure 2.1. () The VG ESCALABS photoelectron spectrometer that has been modified so as to include
STM, LEED, and automated XPD capability in a single UHV system. The major components of this

system are indicated in the figure.
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Figure 2.1. (b) The custom-built sample holder permitting transfer from the variable-temperature
goniometer to the STM by means of a commercial wobble stick. The basic mechanism of the two-

dimensional goniometer is described in detail elsewhere [4].
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Figure 2.1. (c) Photo of the goniometer-STM transfer region, illustrating the second step of sample
transfer from the goniometer to STM, as described in the text. Also seen are the STM sled and the

specially-modified wobble stick as indicated in the figure.
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Figure 2.2. A typical STM image on clean Pt(111) taken in constant current mode at
the beginning of this study. The 545 x 545 nm image shows two monatomic steps
separating a terrace of typical widths of > 400 nm. The current is 2.3 nA and the

sample bias voltage is 200 mV.
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Figure 2.3. An STM of clean Pt(111) taken in constant current mode after several
cycles of cleaning, iron deposition, and oxidation. This 156 x 156 nm image shows six
monatomic steps bunched together, in a regular herringbone pattern. The current is 2.4

nA and the sample bias voltage is 460 mV.
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Figure 2.4. A typical XPS spectrum taken from a 1.75 ML iron oxide film on Pt(111)

with Al Ka radiation as the excitation source. The core level peaks of Pt, O, and Fe

are shown as well as Auger peaks.
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Figure 2.5. The Pt 4f XPD pattern obtained from clean Pt(111). The nearest (next-
nearest) neighbor forward scattering peaks are shown at the polar angle of 55° (3 5°)

along <11 2> (<iZi>) azimuths.
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CHAPTER 3
GROWTH OF THE FIRST MONOLAYER OF IRON OXIDE ON Pt(111)

3.1. INTRODUCTION

The surface structure of metal oxides has not been studied as éxtensively as that of
metal and semiconductor single crystals. The surfaces of metal-oxide single crystals are
difficult to prepare with the bulk stoichiometry and their insulating properties often
make surface characterization difficult using techniques such as the various electron
spectroscopies or STM. However, in the case of several metal oxide/metal systems,
including iron oxide/platinum, oxide overlayers have been found to grow in an ordered
manner on a metal substrate [1-7]. Provided that the oxide is not foo thick, these
systems thus permit studying epitaxial growth using the full array of surface structure
probes. The novel interface created between the metal substrate and the oxide overlayer
is also a very important aspect of these systems, with important applications to oxide
supported metal catalysts where strong metal support interactions are found [8-11], as
well as to metal-ceramic bonding for corrosion resistance in high-temperature materials
[12-16]. Furthermore, the magnetic properties of the different oxides of iron are utilized
in high-density magnetic recording media [17]. |

We begin by coﬂsidering the growth of up to one monolayer (ML) of iron oxide on
Pt(111). This system has been studied with a combination of LEED and ion scattering
spectroscopy (ISS) [3,4], as well as with STM [5]. Simultaneously applying LEED and
ISS to this monolayer growth led to the proposal of a (111)-type FeO bilayer forming a
(10x10) coincidence lattice or lateral superlattice on the Pt(111) substrate. However,
these results did not permit concluding whether Fe or O atoms or both occupied surface

positions, since the ISS data showed both Fe and O peaks. On the other hand, a
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subsequent STM study concluded that an inéommensufate overlayer lattice forms for
which a short overlayer periodicity of 3.1 A is modulated by a large periodicity of ~26
A. This was suggested to involvé an Fe-O bilayer similar to those in bulk FeO with
(111) orientation. In addition, a rotational mismatch between the bilayer and the
substrate of about 0.6°, resulting in a 5.2° rotational mismatch of the large periodicity,
has been proposed based on the existence of two equivalent domains of the large
periodicity in adjacent terraces. This rotational mismatch is illustrated in the proposed
structural model by Galloway et al. shown in Fig. 3.1. In this proposed model, two
equivalent domains can be obtained by plus and minus rotations by 0.6° of the Fe-O
bilayer from the [1 1 0] direction of Pt(111), leading to plus and minus rotations by 5.2°
of the large periodicity of the overlayer. But these prior studies left several open
questions to be answered about this interesting monolayer of FeO, such as the detailed .
atomic geometry within the iron oxide (whether Fe or O or both occupy surface
positions and what the bond lengths and .directions are between Fe and O), and the
orientation of the topmost layer in the bilayer (which we shall show definitively to be
O) with respect to the underlying Pt lattice. The simultaneous study of this system for
the first time by XPD, STM, and LEED ultimately permits answering all of these

questions.
3.2. RESULTS AND DISCUSSION
3.2.1. Coverage and Stoichiometry
Theée thin iron oxide films were prepared by depositing 0.75 and 1.0 ML of 'Fe on

clean Pt(111) and then oxidizing the Fe in an oxygen environment, as described in

Chapter 2. The Fe 2ps, binding energy (BE) in this 1 ML regime of oxide thickness as



44
measured by XPS is about 709.6 eV, consistent with prior work suggesting an Fe?*
state [18,19]. The iron chemical states and oxide stoichiometry will be discusséd in
more detail in Chapter 4, together with those for the thicker oxide layers for which the
same question as to chemical state arises.

The coverages of Fe as initially deposited before oxidation were determined using the
QCM, and then cross-checked using a standard XPS quantitative analysis method for
the case of a semi-infinite substrate with an overlayer of uniform thickness [20,21]. The
details of quantitative XPS ‘analyses for this case as well as the Fe:O stoichiometry
analysis after oxidation are discussed in Appendix A. With the XPS quantitative
analysis method as described in Appendix A, the Fe coverages as determihed by QCM
and XPS before oxidation are in good agreement, showing differences of less than £20
%. In addition, relatively wide scan STM images after oxidation also provide an
independent coverage determination for this system, sinée regions of the surface with
the monolayer structure of FeO are clearly distinguishable from coverages less than or
more than 1 ML, as will be discussed later for each case considered. The results of
three independent methods (QCM, XPS, and STM) for determining the coverages of
these iron oxide films are thus in good agreement with one another, as shown in Table
3.1 together with results for thicker oxide layers that will be discussed in more detail
later.

For the Fe:O stoichiometry'analysis of the final iron oxide films, Fe 2p;,, and O 1s
peak intensities for each film were obtained by analyzing the full 27 intensity maps in
order to avoid previously discussed scattering and diffraction effects [22,23]:
azimuthally-averaged data for both peaks were fit with a smooth spline curve using a
program written by S. Ruebush in our group, and a 6-dependent peak ratio then derived.
The peak intensities over the most reliable range of the 27 intensity maps near the

surface normal of 60°<0<90° that are known to minimize spurious effects due to
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surface refraction and surface roughness [25] were used for Fe:O stoichiometry analysis.
The 2n intensity maps and the method for averaging intensities at each 6 will be
discussed later as we conside; the XPD data in detail. With these averaged intensities
for both O and Fe, the Fe:O stoichiometry of both coverages are found to be FeOy gs.
1.08> Which is very close to the 1:1 expected for FeO.

In order to further confirm our results for the XPS quantitativé analysis of the Fe:O
stoichiometry, XPS Fe 2p;/, and O 1s peak intensities were also measured for pressed
pellets of various freshly-crushed high-purity iron oxide powders: FeO = Fe; ¢Oj ¢,

‘Fe304 = Fey O 33, and Fe;O3 = Fey gO1 5. Even though the absolute core level BE's
of these powder samples cannot be used in a quantitative way due to possible surface
charging, the XPS peak intensities were measured in exactly the same way as for the
epitaxial iron oxides on Pt(111), “as described in Appendix A. The resulting
experimental XPS O 1s:Fe 2p;,, peak intensity ratios for these oxides were 0.79, 0.85,
and 1.03 respectively. If we choose Fe,O3, the most stable form of oxide in air, as a
reference, the bulk stoichiometry dictates that these ratios should be 0.68, 0.91, and
1.03, respectively. The experimental ratios for FeO and Fe;0,4 thus track reasonable
well with bulk stoichiometry: 16% off FeO and 7% off for Fe3O4. Such small
deviations are not suprising, since the surfaces of these powders might well have had
altered compositions relative to the bulk. Especially for the case of FeO, it is well
known that FeO is easily oxidized in air, resulting in a higher O:Fe peak ratio as shown
in our data. In any case, the peak ratio for both 0.75 ML and 1.0 ML iron oxide films
grown on Pt(111) is about 0.64 which is slightly lower than that of powder FeO, but
within 6% of it. This slightly higher O:Fe peak ratios for the powder FeO sample can‘
thus easily be explained by the presence of adsorbed H,O or CO from the residual gas
in our vacuum system. The results of XPS relative peak intensity analyses on different

iron oxide powder samples thus support the results of our XPS quantitative analysis,
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and leading to the conclusion that the Fe:O stoichiometry is 1:1. The theoretical
. simulations of full 2 XPD patterns to be discussed in the next chapter also provide an
indirect way of determining Fe:O stoichiometries, since the cluster models used for the
calculations have compositions implicitly assumed in them. Comparisons between
experiment and these simulatfons further confirm that oxide layers with 0.75 - 1.0 ML

initial Fe coverage are formed with the FeO stoichiometry.
3.2.2. Atomic Structure

Here. we will first present and discuss our results Ifrom LEED (a non-atom-specific
probe of surface structures with long-range order when the most intense diffraction spot
intensities are analyzed), then from STM (a non-atom-specific probe of both short-range
and long-range order, as well as disorder), and finally from XPD (an atom-specific
probe of short-range order). This was also the temporal sequence in which the methods
‘were applied after the preparation of a given iron oxide film, to be certain that only fully

characterized overlayers were studied by XPD.
LEED:

The LEED patterns shown in Figs. 3.2(a) and (b) , taken with a beam energy of 54 eV
for 0.75 ML and 1.0 ML iron oxide films are essentially identical, which implies that
the long-range atomic order in the films is basically the same. These patterns exhibit a
nearly hexagonal pattern that is in fact three-fold symmetric; each of the six main spots
is surrounded by a rosette of six satellite spots. Even though these six rosettes appear to
lead to six-fold symmetry, they are three-fold symmetric if the detailed intensities of the

six satellite spots are considered. The outermost six satellite spots as viewed from the
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(0,0) spot, which coincide with spots from the underlying Pt, show differences in
intensities, with three of them being brighter than the other three. This LEED pattern
has been observed and discussed in previous studies on this system [4,5]. However,
something appearing in our results that has not been commented on before is that the
inner three satellite spots among each set of six that are closest to the (0,0) beam are
more streaked than the other three. These streaked spots, and in fact the entire rosette
pattern, we observe to become sharper and more symmetric as the initial Fe coverage is
increased somewhat above 1.0 ML, as will be discussed in Chapter 4. The brightest six
spot positions reveal a lateral lattice constant of ~3.1 A, which is ~12 % larger than the
lateral periodicity of Pt(111), which is 2.77 A. Due to this lattice mismatch, an
incommensurate structure and lateral superlattice like that in Fig. 3.1 is formed in which
approximately 8 interatomic spacings of the overlayer fit onto about 9 interatomic
spacings of the Pt(111) surface, thus generating the satelli"ce spots. Figure 3.2(c) shows
the lateral structure proposed for this superlattice by Galloway et al. [5], in which the
two overlapping atomic lattices (small periodicity) are rotated with respect to one
another by 0.6°, and the resulting Moiré pattern shows atomic coincidence points (the
large periodicity) that are rotated by ~5°, here in the second sense of rotation opposite to
that in Fig. 3.1. This interference pattern clearly shows both short and \long periodicities |
which are responsible for the main spots and the satellite spots in the LEED pattern,
respectively. The atomic structure proposed also involves only a slight expansion of the
FeO(111) lateral lattice constant (3.10 A) relative to that in the bulk, with the lattice
constant of bulk FeO(111) in the cubic wustite phase having the NaCl structure being
3.04 A. In fact, we will show below that the vertical Fe-O interplanar distance is
significantly contracted in this overlayer, something which is consistent with an

expansion of the lateral lattice constant.
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STM:

After the XPS and LEED check on the iron oxide films, the crystal was allowed to
cool down fully to room temperature before STM images were acquired. We will first
present STM images of fairly large scanning ranges in order to discuss overall growth
morphology and the influence of coverage on morphology, and then consider smaller-
range atomically resolved images.

STM images for 0.75 ML and 1.0 ML iron oxide coverages with fairly large scanning
ranges (~300-800 nm) are shown in Figs. 3.3(a) and 3.3(b), respectively. These are
constant-current images with sample biases and tunneling currents given in the figure
captions. In Fig. 3.3(a), the oxide has grown across two steps of monatomic height in
the upper left of the image; and in Fig. 3.3(b), across two monatomic steps in the middle
of the image. These images also provide information on the oxide coverage, since they
are fairly large scale and were found to be. typical over several images in different
regions. As might be expected for a submonolayer coverage, the image for 0.75 ML in
Fig. 3.3(a) shows some darker = lower, presumably empty, regions,. and these occupy
about 25% of the terraces, in good agreement with .our QCM and XPS coverage
measurements. More interesting in Fig. 3.3(a) is the observétion that this submonolayer
oxide appears to grow in a columnar fashion. As measured relative to the dark areas,
these oxide columns ﬁnhemore have a height of about 2 A, which is about the same as
the ~2.6 A estimated thickness of a (111) bilayer of FeO arrived at by considering the
ionic radii of Fe2* and O2- and the vertical interlayer relaxation to be discussed in a
later section. The 1.0 ML image in Fig. 3.3(b) generally shows smooth terraces, with
some small islands here and there indicative of second-layer growth, and there is no

more evidence of columnar growth.. For this surface, the islands and a few small empty
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"defect" regions occupied less than 10 % of the total area, suggesting a nearly perfect
monolayer of FeO.

Figure 3.4(a) now shows a 5.8 nm x 5.8 nm constant-height image of 1.0 ML of FeO
on Pt(111) recorded with a sample bias voltage of 454 mV and an average current of
1.36.nA. The low-ihdex direction shown here was determined from full 2= Pt 4f XPD
data on clean Pt(111). In agreement with prior STM work on this system by Galloway
et al. [5], it is clear that 1 ML of FeO on Pt(111) can be imaged by STM, even though
bulk FeO is an insulator with a 2.4 eV band gap [24]; in fact, the prior study made use
of even lower bias voltages that are typical for tunneling on metal surfaces. The image
in Fig. 3.4(a) clearly shows the existence of two periodicities with small and large unit
cells, as indicated by the outlines. The large unit cell is drawn at the approximate center
of a region that is brighter on the average. The small unit cell is of atomic dimensions,
3.0 A + 0.1 A on each side, as derived most quantitatively from a Fourier transform
analysis of the STM image using a standard feature of the Nanoscope II software
(highest frequencies at 3.1 A), while the larger unit cell measures 26 A = 2 A on each
side, as more clearly shown in the much larger scale image of Fig. 3.4(b). Fig. 3.4(b) is
a79.2 nm x 79.2 nm constant height image taken with a sample bias voltage of 459 mV
and an average current of 1.4 nA. Only the large unit cell periodicity is visible in this
image, although it is defected, thus creating differgnt domains of sixfold symmetry that
are difficult to distinguish. These larger unit cells are thus responsible for the satellite
spots shown in the LEED pattern in Fig. 3.2(b), as discussed previously by Galloway et
al [5]. This prior STM study also reported that there is about é + 5° rotational
mismatch between two domains of the long-range periodicity on adjacent terraces. We
have also observed this rotational mismatch of two domains on a single terrace, as

shown in the lower image of Fig. 3.4(b). This difference in results might be because our
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Pt(111) surface had a lower step density than in this prior study (about a 0.4° miscut

from (111) here, compared to the 1.0° miscut used previously [5]).

XPD-Experimental Results:

We have so far discussed results from two surface structure probes that are not atom
specific. The remainder of this section will discuss atom-specific XPD data obtained
from Pt, Fe, and O simultaneously for these iron oxide overlayers, with the goal of
determining their internal atomic structure. The measured Pt, Fe and O XPD intensity
maps with no correction for instru_mental response, which in general makes intensity fall
off to zero as 0 goes to zero (i.e., for emission parallel to the surface) [25], are corrected
in two steps. First, in order to smooth out the diffraction features in the 27 intensity
maps, azimuthally-averaged intensities at each 6 were fit with smooth spline functions
[26]. This fitted curve 1,(0) provides an estimate of the intensity in the absence of
photoelectron scattering at each 6. Then the normalized XPD intensity modulation

| function x(6,6) = [1(6,0) - 1,(8))/1,(0) is calculated for display and analysis, and this is
what is shown in Fig. 3.5. Here, 1(0,¢) is the total photoemission intensity and 1,(0) is
the "primary" intensity which would result in the absence of scattering from
neighboring atoms. These chi functions put equal fractional anisotropies on the sz;me
footing regardless of polar angle, resulting in automatic incorporat_ion of corrections for
instrumental response. Fig. 3.5 shows stereographic projections of the experimental 2x
¥ maps for Pt 4f (kinetic energy = 1414 eV), O 1s (956 eV), and Fe 2p3, (777 eV), with
oxide coverages of 0.75 ML (left panels in (a)) and 1.0 ML (right panels in (b)).
Intensities are given in a linear gray scale representation, with brighter meaning higher
intensity. Each intensity map was measured over only one third of the hemisphere

above the sample and then symmetry-reflected by exploiting the threefold symmetry of
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the crystal to give the full 360° in azimuth. The total collection time for a set of data for
Pt, O, and Fe was about 4-1/2 days for each coverage, with this timé being significantly
lengthened primarily due to using a £3.0° tube array to better define angles and effective
sample area. All three intensities were measured in sequence at each direction so that
the final intensity maps are in exactly the same crystallographic orientation. The
threefold data folding was justified for each case by comparing selected 360° azimuthal
scans in the 27 intensity maps to full 360° experimental azimuthal scans at the same
polar angles [Appendix B]; also of course, the LEED patterns showed threefold
symmetry. These sélected full azimuthal scan data and LEED patterns taken before and
after XPD data collection also permitted us to verify that there were no noticeable
changes in either the short-range or long-range order of the films, respectively, during
the XPD data collection. Relative XPS peak intensities for each element taken before
and after XPD measurements also did not show any noticeab.le change. Thus, both the
composition and the structure of these oxide films were stable over the rather long times
needed for the XPD data collection, even though bulk FeO is relatively easily oxidized
in air.

The LEED patterns taken for 0.75 ML and 1.0 ML coverages are almost identical
implying the same long-range order, while STM images taken for both coverages show
markevd topographic differences, going from a columnar structure with defects to a
smooth overlayer with a lateral superlattice as discussed before. Even though XPD isa
short-range atomic order probe, the Pt, O, and Fe XPD patterns are almost identical for
these coverages, in qualitative similarity with the LEED results. This includes the
~ actual degree of anisotropy in the pattern, as measured by Al/l.y = (nax - Imin)Imax
in %, which is found to be essentially the same for all patterns between 0.75 ML and 1.0
ML. For example, these values for the polar angle of 20° passing through the three
strongest peaks for Fe 2p3/, are ~50 % for both coverages. Thus, XPD implies that the
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internal short-range structure in these two overlayers is the same, even though STM
shows a quite different long-range structure. In the following discussion, we will focus
" on the XPD data for 1.0 ML coverage, as it represents a more ordered structure,
although any conclusions concerning short-range structure will also apply to the 0.75
ML case.

The Pt 4f XPD patterns in Figs. 3.5(a) and 3.5(b) are dominated by the strong
forward-scattering and i_nterference effects that are well-known in single-cfystal
substrates [27-30]. These patterns are rich in structure, with for example, maxima along
<110> near-neighbor directions at a polar ang'le of 55°. Also, strong forward scattering
peaks are clearly shown at a polar angle of 35° and azimuthal angles rotated by 60°
from the <112> directions, corresponding to the <1 21 > directions. Additional lines of
intensity and fine structure are also seen, and these also are familiar in high-energy
emission from single crystals [31]. The relatively narrow bands of higher intensity
across the Pt diffracﬁon patterns are again due to forward-scattering along planes of
atoms, and have been shown to be related to Kikuchi bands at energies above about 1
keV [32,33]. The Pt 4f XPD patterns of ~ 1 ML iron oxides on Pt(111) in Fig. 3.5 also
do not show any noticeable changes compared to the pattern for clean Pt(111) (cf. Fig.
2.5) because the intensity modulation is dominated by scattering and diffraction in the
bulk platinum. |

The Fe 2p3/; XPD results in Fig. 3.5 show a much simpler diffraction pattern, with
only three strong forward-scattering peaks along the <112> azimuths lying in the
Pt(111) surface, but at a much different polar angle of 20° with respect to the surface.
These three strong forward-scattering peaks are found within experimental error exactly
along the <112> azimuths. These peaks are not expected to show the 0.6° rotational
mismatch with the substrate shown in both previous [5] and this STM studies because

the angular resolution of our XPD data is only ~+ 3.0°, and because there are in any



53
case two domains rotated by +0.6° whose effects on peak rotation should cancel out if
they are equally present on the surface. The azimuthal anisotropy of these peaks at 6 =
20° furthermore has a large value of Al/l,y ~ 50 % that indicates a highly ordered
surface with a very high percentage of Fe atoms in the same bonding geometry leading
to this forward scattering. These XPD data for Fe thus directly imply that there are
atoms sitting above the Fe atoms along Pt <112> azimuths with a bond angle of 20°
from the surface. These Fe results thus suggest that the O layer terminates the surface.

Finally, the O 1s XPD patterns in Fig. 3.5 are featureless and do not show any strong
forward-scattering peaks. There are very weak and broad features, with the overall
shape of a hexagonal ring, at polar angles between 16° and 245, but these show
anisotropies of on]y ~12% or less. The O 1s data thus permit the final definite
conclusion that the O atoms comprise the outermost layer of the oxide bilayer, with no

scatterers between them and the detector.
XPD-Theoretical Simulations:

To test more quantitatively the validity of these qualitative conclusions based on the
XPD data, we have carried out theoretical simulations within the single scattering
cluster (SSC) model [34] of the Fe and O diffraction patterns. These calculations were
carried out for the structural model of one ML of FeO(111) shown in Fig. 3.6. Here, we
assume that the bilayer of FeO with (111) orientation consisfs of an outermost layer of
O atoms and a second layer of Fe atoms, and that this is placed on top of the Pt(111)
surface in a registry so that three strong forward scattering peaks in Fe emission data lie
in exactly Pt <112> azimuths, as required by the Fe data in Fig 3.5. The additional
structural parameters of this model can be easily deduced from a combination of the

STM data and the Fe and O XPD data. For example, the atomically-resolved STM
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image shown in Fig. 3.4(::.1) shows that the topmost atoms have a nearest-neighbor
distance of ~3.1 A. On the other hand, the XPD data of Fe and O indicate that there are
scatterers above the Fe atoms with bond angles of 20° from the surface. Simple
trigonometry then leads to an estimated distance between the Fe and O layers in the
oxide of 0.65 A. In the SSC calculations, the Pt atoms were not included due to the
weakness of backscattering at such high kinetic energies [35,36], and planar Fe and O
layers were assumed for simplicity (i.e., ‘we neglect any rumpling that might be
expected over the superlattice). A single scattering approximation should be adequate
for these XI;D simulations (as compared to the more accurate multiple scattering), since
there are only two effective layers of atoms involved, and thus no significant multiple
forward scattering pathways over the range of emission angles studied here. The
experimental and calculated Fe 2p;/, patterns are shown in Figs. 3.7(a) and 3.7(b). The
calculated XPD y patterns are obtained the same way as the experimental ones to permit
an one-to-one comparison. The agreement between experimental and theoretical XPD
patterns is remarkably good, and extends even to the weaker dark bands around each
stronger peak in intensity, and other aspects of the diffraction fine structure. The
calculation thus reproduces both the dominant forward-scattering peaks, as well as
various higher-order diffraction features. For comparison, we also show in Fig. 3.7(c) a
calculated diffraction pattern for Fe 2p3/, in which the separation between the O and Fe
layers has been kept at that.between adjacent (111) planes in bulk FeO: 1.25 A. The
forward scattering peaks here move to much higher angles with respect to the surfacé (C]
=~ 35°), and the agreement with experiment is much reduced. This demonstrates the
high sensitivity of such XPD patterns to epitaxial surface structures.

In Fig. 3.8, we finally show experimental and theoretical diffraction patterns for O 1s

emission from the geometry of Fig. 3.6, and there is again excellent agreement, with
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théory reproducing the overall hexagonal shape seen in experiment at polar angles
between 16° and 24°, and neither pattern showing any sigrﬁﬁcant diffraction structure.

The XPD data have thus permitted clearly resolving the short-range-order structure of
1.0 ML of iron oxide on Pt(111) as follows: The nearest-neighbor distances of ~3.1 A
are the same for both Fe-Fe and O-O, and these are responsible for the six main spots in
the LEED pattern. Oxygen occupies the topmost layer Qf the bilayer, but it is relaxed ﬂ
vertically inward by about 0.6 A compared to the (111) plane of cubic FeO with the
NaCl structure.

Although these combined XPD, STM, and LEED results have served to further
clarify the structure of this monolayer of FeO, there is still one question to be answered
regarding the binding sites of O with respect to the underlying Fe and Pt. Even though
Fe does not have preferred binding sites with respect to Pt because of the
incommensurate overlayer formed on Pt(111) (i.e. within the large unit cell, Fe sits
approximately on hollow sites in some areas, on bridge sites in other areas, and is close
on-top sites in another areas), O can have two different binding sites with respect to Fe
while having the same atomic geometry as FeO(111). These two possible structures are
shown in Figs. 3.9(a) and 3.9(b). In both figures, an FeO bilayer sits on top of Pf(l 11)
with a 0.6° rotational mismatch so as to produce the Moiré pattern and superlattice, as
first proposed by Galloway et al [S]. However, as viewed from each Fe atoms, trimers
of O sit along Pt <1 12> azimuths in Fig. 3.9(a) (see lower right corner of unit cell),
while these trimers of O sit along azimuthal angles rotated by 60° from the Pt <112>
directions in Fig. 3.9(b) (again see lower right corner of unit cell). Figure 3.9(a) is in
fact the structure first proposed by Galloway et al., but these two different structures
cannot be differentiated by STM, since both would lead to the same kind of superlattice
images. From the excellent agreement between our experimental and theoretical XPD

data discussed earlier, we can conclude with certainty that the structure of Fig. 3.9(a) is
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completely dominant, with negligible admixture of the structure of Fig. 3.9(b). The
large unit cell and many different types of O-Pt geometries involved make it difficult to
say definitively why the structure of Fig. 3.9(a) is so strongly favored. But one possible
explanation is that some of the oxygen atoms within the large unit cell of Fig. 3.9(a) sit
directly on top of atoms in the topmost Pt layer (again see lower right corner of unit
cell), thereby providing extra interactions between them and leading to a lower total
surface energy. For the structure of Fig. 3.9(b), oxygen atoms sit on top of second-layer
Pt atoms in the corner of the unit cell, with less attractive interaction expected. More
detailed quantum-chemical calculations would be needed to make this conjecture more
quantitative. Whatever the reason, the difference in the total surface energy between the
two structures must be large enough to strongly favor one of them near the 1 ML
regime; however, this difference could be small enough to favor the other structure at
higher coverages involving some oxide islands in subsequent layer(s), and we will see
evidence for this for the case of a 1.50 ML oxide to be discussed in the next Chapfer.

We finally discuss the possible growth mechanism of these thin oxide léyers on
Pt(111) in terms of the columnar structures seen in the STM image for the 0.75 ML
oxide. We propose the followin_g explanation of the columnar growth of the oxides:
The iron oxide growth starts where the Fe sits in the lowest energy sites, probably
threefold-hollow sites of Pt with maximum coordination numbers that occur between
the corners of thellarge unit cell in Fig. 3.2(¢). The oxide then continues to grow to the
higher energy sites such as the bridge sites just adjacent to the threefold-hollow sites,
and can grow aleng a column in a zigzag fashion that oscillates between threefold and
bridge. The highest-energy sites would probably be the on-top sites at the corners of the
unit cell, with these perhaps being occupied last along the edges of a column. It is also
interesting to note that the oxide columns in Fig. 3.3(a) have widtiis of approximately

35 A, which is about 1.5 units cells in width, making it appear that this is the basic
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growth unit. In this model, the oxides could grow in a columnar fashion with three
different orientations of equal probability 120° degrees apart, perhaps explaining the
streaked satellite spots in the LEED patterns of Fig. 3.2(a). One of the three possible
- columnar orientations is shown in the STM image of Fig. 3.3(a). We have also carried
out model single-scattering calculations of the LEED patterns expected for this FeO
superlattice, including a reduction in the diameter and width of its domains so as to
finally simulate the columnar growth. The methodology and results of this LEED
analysis are presented in Appendix C, and they qualitatively support the model
proposed here. However, a more detailed investigation of submonolayers of iron oxides
are needed to determine the growth mechanism and its influence on the streaked LEED
satellite spots.

In summary, our structural model for 1 ML of FeO on Pt(111) fundamentally agrees
with the FeO bilayer superlattice proposed by Galloway et al. [5], but adds to this
picture that oxygen forms the outermost layer, that the Fe-O interlayer distance is
significantly contracted, and that the oXygen atoms sit along Pt <112> directions as
viewed from their nearest-neighbor Fe atoms. In fact, several previous studies [37] have
reported the existence of a monolayer of FeO either at a surface or at an interface
between a metal and an oxide before growing Fe304 or Fe;03 , even though bulk FeO
is not an equilibrium crystal at room temperature according to the Fe-O bulk phase
diagram [38]. In the present case, it seems quite reasonable that one ML of FeO/Pt(111)
can be stabilized by reducing its polar ém'face instability due to the net electric dipole
moment perpendicular to the surface, through both a slight latéral expansion of ~0.06 A
in its unit cell dimensions and a rather large inward relaxation by about 0.6 A. These
relaxations result in an Fe-O bond length of ~1.90 A that is ~0.25 A shorter than that of

bulk FeO (2.15 A), but very close to that of the octahedrally-coordinated atoms in bulk
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Fe;0, (1.88 A). Thus, from the point of view of both FeO(111) polarity and Fe-O bond

length, the structure we have found for this FeO monolayer is perfectly reasonable.

3.3. CONCLUSIONS

For the ﬁfst time, three complementary surface structure probes, LEED, STM, and
XPD, have been combined in a single instrument. This system has been utilized to
study the structure of thin iron oxide films grown on Pt(111). We have demonstrated
the complementary nature of these three techniques for providing a complete picture of
the three-dimensional structure of this epitaxial oxide. We conclude that 0.75 ML and
1.0 ML iron oxide films on Pt(111) show essentially identical short-range atomic
structure, even though the long-range order as judged by STM is different for the two,
with STM revealing columnar growth and some empty regions for the 0.75 ML oxide.
XPS quantitative analysis, as well as comparisons to standard XPS spectra, show that
the Fe:O stoichiometry of these thin oxides is 1:1, and.that the Fe 2p;/, binding energy
also is consistent with FeO. For both coverages, XPD also shows a topmost oxygen
layer relaxed significantly inward by 0.6 A compared to bulk FeO(111), while STM and
LEED show an incommensurate oxide film with short-range and long-range
periodicities of 3.1 A and 26 A, in agreement with prior work. We have also shown that
the oxygen stacking in the FeO(111) bilayer is dominated by one of two possibilities,

and this is the first time that this particular feature of the structure has been discussed.
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Initially deposited Fe coverages determined by QCM and XPS before oxidation. and

Fe:O stoichiometry after oxidation determined by XPS quantitative analysis.

Fe ML) Fe(ML) by XPS | Fe:O Stoichiometry
by QCM Before Oxidation | After Oxidation
0.75 0.67 1:1.07 (=FeOy y7)
1.00 0.93 1:1.08

1.25 1.25 1:1.12

1.50 1.62 1:1.16

1.75 1.82 1:1.25

3.00 3.64 1:1.39 (=Fe30413)
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O Pt
Fe

Fe, corner of unit cell

Oxygen

Figure 3.1. Structural model for the bilayer of FeO(111) on Pt(111) proposed in ref.
[5]. Only a portion of the oxygen atoms in the top layef are shown for clarity. The
oxygen termination of the surface was suggested in this study, but could not be
experimentally verified. Also notice the 0.6° rotational mismatch between the
overlayer and the Pt substrate, which in turn leads to a 5.2° mismatch between the

lateral superlattice and the substrate.
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Figure 3.2. (a) and (b) LEED patterns taken at 54 eV incident energy for 0.75 ML and
1.0 ML of FeO on Pt(111). These patterns are almost identical for both cbverageé,
implying almost the same long-range atomic geometries for both films. Each one
shows a three-fold symmetric pattern where each of the six principal "hexagonal"
spots is surrounded by a rosette of six satellite spots. (¢) The suggested atomic
géometry for this FeO monolayer [From ref. 5.], with the Moiré pattern resulting from
the overlay of the Pt(111) surface and the first atomic layer of an FeO(111) bilayer on
top of it. This superlattice of FeO(111) on top of Pt(111) is thought to be responsible

for the satellite spots in the LEED pattern.
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Figure 3.3. Large-area STM images taken in constant current mode for both 0.75 ML
and 1.0 ML FeO/Pt(111): (a) A 320 nm x 320 nm image taken for 0.75 ML FeO
shows some empty regions of about 25 % of the total area, and columnar oxide
growth. The current is 2.0 nA and the sample bias voltage is 200 mV. (b) An 800 nm
x 800 nm image taken for 1.0 ML FeO shows smooth terraces without any more
evidence of columnar growth. The current is 2.46'nA and the sample bias voltage is

460 mV.



(a) 0.75 ML

(b) 1.00 ML

64



65

Figure 3.4. STM images for 1.0 ML FeO/Pt(111): (a) A 5.8 nm x 5.8 nm image taken
in constant height mode and showing a hexagonal atomic periodicity of 0.31 nm = 3.1
A that is further modulated with the larger periodicity of 2.6 nm =26 A. The average
current is 1.36 nA and the samble bias voltage is 453 mV. (b) A 79.2 nm x 79.2 nm
image taken in constant height mode and showing the periodicity of the large unit cell

(~26 A). The average current is 2.5 nA and the sample bias voltage is 436 mV.



(b)
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Pt Chi Pt Chi

/z/\
15 45 75 75 45 15 </
theta theta
Fe Chi Fe Chi
30 75 90 75

15 45 75 75 45 15 15 45 75 75 45 15
theta theta
O Chi O Chi
90 75 90 75

15 45 75 75 45 15 15 45 75 75 45 15
theta theta

Figure 3.5. Stereographic projections of full 2 XPD chi patterns for Pt 4f, Fe 2ps»,
and O 1s emission from 0.75 ML (left panel, 5(a)) and 1.0 ML (right panel, 5(b)) of
FeO on Pt(111). The nearly identical XPD patterns for both coverages imply that both
oxides have the same short-range atomic geometries. Al Ko radiation (1486.7 eV) was

used for excitation.
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FeO/Pt(111)

FORWARD SCATTERING

A—7
0.65 9

Figure 3.6. The atomic cluster used to theoretically model XPD data for 1.0 ML
FeO/Pt(111). The topmost O layer is assumed to be relaxed inward by 0.6 A compared
to bulk FeO(111) to yield the forward scattering peak positions found for Fe in Fig.

3.5, and the FeO(111) bilayer to have a lateral hexagonal periodicity of 3.1 A.
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{4) Fe chi -- Expt

15 45 75 75 45 15 775,
theta 7

(b) Fe Chi -- Relaxed
90 75

15 4§ 75 7545 - 15
theta

(¢) Fe chi -- Unrelaxed
30 75

15 45 75 75 45 15
theta

Figure 3.7. 2n XPD chi pattern for Fe 2p3/, emission from 1.0 ML FeO/Pt(111), again
in stereographic projection. (a) Experimental data. (b) Theoretical calculation using the
cluster of Fig. 3.6. (c) Theoretical calculation using the cluster of Fig. 3.6, but with an

Fe-O bilayer spacing of 1.25 A such as that in bulk FeO.
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(a) O chi -- Expt

(b) O Chi -- Theory

15 45 75 75 45 15
theta

Figure 3.8. 2t XPD chi pattern for O 1s emission from 1.0 ML FeO/Pt(111), again in

stereographic projection. (a) Experimental data. (b) Theoretical calculation using the

cluster of Fig. 3.6.
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(2) FeO/Pt(111) - Favored
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Figure 3.9. (a) The two different FeO bilayer structural models caused by the two
different possibilities for stacking O with respect to Fe: As viewed from a nearest-
neighbor Fe atom, O trimers sit along Pt <1 12> directions. Note that some O atoms
sit on top of topmost Pt atoms near the comers of the large unit cell in 3.9(a), while

there is no such coincidence in the large unit cell of 3.9(b).
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Figure 3.9. (b) The two different FeQ bilayer structural models caused by the two
different possibilities for stacking O with respect to Fe: As viewed from a nearest-

neighbor Fe atom, O trimers sit along azimuthal angles rotated by 60° from the Pt
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CHAPTER 4
THICKER LAYERS OF FeO, ON Pt(111)

4.1 INTRODUCTION

In this section, we now consider the growth of thicker layers of iron oxide on Pt(111),
up to a total coverage corresponding to 3.0 ML of Fe before oxidation. For such growth
of thicker epitaxial layers, three classic growth modes have been discussed depending on
the types of two-dimensional and three-dime_:nsional order present. The Frank-van der
Merwe (FvM) mode designates systems where layers grow one at a time in perfect two-
dimensional order. The Stranski-Krastanov (SK) mode corresponds to the formation of a
first monolayer with good two-dimensional order followed by three-dimensional cluster
or island growth on top of this. Finally, the Vollmer-Weber (VW) mode describes
systems that form three-dimensional clusters or islands from the start [1]. By now, these
categories have been shown to be oversimplified descriptions of the actual growth modes
when compared to the varieties of structures that are actually seen (e.g., in STM). There
are a variety of techniques that can give information about the surface sn'ucture. of thin
films, but STM and XPD are particularly well suited because of the complementary local
real space information that they provide. STM is especially useful for resolving issues of
growth topography and island size, while XPD can provide the internal atomic structure
of the overlayer. We have thus applied these two methods, together with LEED, to the
present problem.

The iron oxides vary in stoichiometry from FeO = Fel_ool.o to Fe304 = Fe; 9O .33 to
Fe,03 = Fej gOy.5. Bulk FeO (wustite) fonﬁs in the NaCl structure with Fe2* cations
octahedrally coordinated to oxygen anions. However, it is always found to be deficient

in iron, due to defect formation which is believed to be related to the easy oxidation of
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Fe2* jons, so the actual bulk stoichiometry is Fe; (01 o5 (=Feg 950; o). In addition, FeO
'is not in fact an equilibrium phase at room temperature in the Fe-O bulk phase diagram
[2,3]. However, it has been shown that the stable surface structure of an oxide can be
different from_the stable bulk structure for some cases [4] including FeO, with one
special case alregdy being discussed in Chapter 3. The stable room-temperature phase of
Fe,03 is a-Fe,03, which forms in the corundum structure with Fe3* cations located in
distorted oxygen octahedra of a rhombohedral lattice [3]. While FeO and Fe,O3 are
anti-ferromagnetic, bulk Fe30,4, or magnetite, is ferromagnetic and has the cubic inverse
spinel structure. In the structure of magnetite, the oxygen anions approximately form an
fcc lattice and the iron cations occupy tetrahedrally-coordinated interstices (A-sites) and
octahedrally-coordinated  interstices  (B-sites). ©The valence structure is
[Fe3+) e [Fe3TFe2],(02-)4, where half of the Fe3* are located on A-sites and the other
half together with thé Fe2* ions are on B-sites. The electron spins of the A- and B-
sublattices couple anti-ferromagnetically, leading to a net magnetization because of the
ldifferent total magnetic moments of the two sublattices. A rapid exchange of valence
electrons between localized states of octahedrally-coordinated Fe2* and Fe3* cations is
believed to be responsible for the relatively 'high bulk electrical conductivity at room
temperature [5]. Upon cooling, magnetite undergoes a Verwey transition at a
temperature in the range of 115 - 124 K, where the electron hopping is frozen out and the
crystal becomes insulating.

In spite of the very different crystal structures of the three iron oxides, they all can be
viewed to a very good approximation as a stacking of close-packed oxygen layers with
Fe occupying interstitial sites along [111] directions for both FeO and Fe;O4, and
interstitial sites along [0001] directions for a-Fe;O3. The oxygen stacking is thus cubic
ABCABC stacking in the cases of FeO and Fe;04, and hexagonal ABAB stacking in

the case of a-Fe;O3. Possible bulk arrangements with Fe layer terminated of these iron
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oxide structures are shown in Fig. 4.1, in which a close-packed oxygen layer (open
circles) and the iron cations on either side of it (shaded circles) are indicated. The
exposed surfaces are here (111) for both FeO and Fe;04 and (0001) for a-Fe;,O3. The
bulk O-O distance is only slightly different for the three crystals: 3.04 A for FeO, 2.97 A
for Fe30y4, and 2.90 A for o-Fe;03. The bulk Fe-O distances are 2.15 A in FeO, 1.88 A
for A-sites and 2.07 A for B-sites in Fe30y, and 1.68 - 1.99 A for a-Fe;03. Due to the
different positions of the iron cations, three different two-dimensional cells for these
oxides are formed provided surface reconstruction can be ruled out: (1x1) for FeO, (2x2)
for Fe30y, and (V3xV3)R30° for a-Fe,0j; these are indicafed in Fig. 4.1. Even though
these three different unit cells would give rise to different LEED patterns if the surface
were terminated in the bulklike way shown in the figure, they all have overall threefold
symmetric structures like the underlying Pt(111) surface (cf. the XPD pattern in Fig.
2.5). |

Several studies of bulk iron oxides have shown that they can be converted from one to
another by heating in different partial pressures of oxygen, especially in the near-surface
layers [6-8]. Studies on bulk single crystals of a-Fe,03(0001) indicate that this surface
forms different structures depending on the annealing temperature [9,10]. In particular,
prolongedl annealing produces a surface structure thought to be Fe;04(111) [11,12].
Studies of bulk Fe;04(001) do not report surface phases of different stoichjémetry, but
still show three different surface reconstructions [13]. Thus, the thin layers of epitaxial
oxides under consideration here might be expected to show facile interconversion of
structure type. |

For thicker iron oxide layers grown on Pt(111), both LEED {12,14] and STM ([15]
studies report that Fe;0,4 can be grown on Pt(111) by repeating the process of 1 ML iron
oxide growth at an oxygen pressure of ~4x10-6 Torr discussed in Chapter 2 several times

(up to about 5 ML for the STM study and about 10 ML for LEED study). Both LEED
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and STM studies further reported t_he structure of these thick iron oxide films to be
Fe304. with (111) orientation and an outermost layer that is terminated with 1/4 ML of
Fe. Furthermore, fairly large changes in the vertical interlayer spacings of these films
compared to bulk Fe;0,4(111) were also suggested from a LEED structural analysis, with
STM also suggesting a Stranski-Krastanov growth mode. However, it has also
suggested from STM results that a-Fe,03(0001) can be grown if the oxygen pressure is
raised to ~5x10-4 Torr, illustrating the high sensitivity of the system to oxygen pressure
[15].

We thus extended our study to thicker layefs of iron oxide grown in the same manner
on Pt(111) as discussed in Chapter 3. FeOy film thicknesses from ~0.75 ML to ~1.75
ML in steps of ~0.25 ML, as well as ~3.0 ML were investigated using XPD, STM, and
LEED in order to better understand the _growth mechanism of these iron oxides, as well

as their internal crystal structures.
4.2. EXPERIMENTAL

All experimental procedures are the same as described in Chapter 2. However, our
growth method was different from those of prior LEED and STM studies [12,14,15] in
being a single-step approach: we deposited the full thickness of Fe for a desired
coverage, and then annealed at 980 K for about 1 minute in 4x10-6 Torr oxygen, rather

than repeating this process for each ML of oxide several times as done previously.
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4.3. RESULTS AND DISCUSSION
4.3.1. Chemical State, Coverage, and Stoichiometry

Figure 4.2 shows Fe 2p;, XPS spectra taken from iron oxide films with total Fe
coverages of 1.0 ML to 3.0 ML. Pt 4f XPS spectra were also recorded for each
coverage to avoid spurious shifts in the Fe 2p;, peak positions, and there were no
detectable changes in these Pt binding energies (spectra not shown here). Binding |
energies are expressed relative to the Fermi energy. Both the inherently broad Fe 2p3/,
peak and our lack of high instrumental resolution (full width half maxima on Pt 4f;; =
1.7 €V with an analyzer pass energy of 100 eV) prevents us from resolving the Fe2* and
Fe3+ species present clearly. Indeed, even in prior higher-resolution studies of the iron
oxides (e.g., with monochromatized Al Ka radiation on Fe;04 powder), it has not been
possible to distinguish thése two species [16]. The Fe 2p3/; peak maximum for 1 ML
FeO is positioned at a binding energy (BE) of 709.6 eV, in agreement with thét for an
Fe2* species reported earlier [16]. Furthermore, the Fe 2p3/, peaks move toward higher
BE as coverage increases. This shift is about 1.1 eV from 1.0 ML to 3.0 ML of iron
oxide, and is somewhat less than the 1.5 eV which is reported between Fe2+ in FeO and
Fe3* in a-Fe,03 by Brundle et al [16]. Our BE results for Fe are thus consistent with the
expected coexistence of Fe2* and Fe3* in thicker iron oxide films on Pt(111), with Fe3*
increasing in relative amount, but probably not reaching the 100% of a-Fe,O3  This
coexistence of two different iron chemical states will be further supported by XPS
quantitative analysis, STM images, and the results Qf theoretical simulations of XPD
results for 3.0 ML films. The corresponding BE's in O 1s XPS spectra over the same
oxide coverage range (not shown hefe) show only very small and non-systematic shifts

of <+ 0.1 eV, consistent with prior observations on oxides of several transition metals



81
including Fe that O 1s BE’s [16-19] are not sensitive to the oxidation state of the cations
present.

The coverages of Fe as initially deposited before oxidation determined by QCM and
by XPS quantitative analysis using Fe 2p3/,: Pt 4f intensity ratios are in good agreement
with each other (< + 20 %), and this agreement also extends to the final oxide-layer
coverages determined by STM, as will be discussed later as each case considered. The
coverages of initially deposited Fe as determined by QCM and XPS analysis and the
Fe:O stoichiometries from XPS after oxidation are shown in Table 3.1. The final Fe:O
stoichiomeﬁ of the oxide films as determined from XPS ranges from Fe; O =
Fe305 4 at 1.25 ML to Fel.OO.l_; =Fe30,4 ; at 3.0 ML, with the former suggesting FeO
(as noted in the last section) and the latter Fe;0,4. These changes in Fe:O stoichiometry
as the coverages increase will also prove to be consistent with our STM and LEED data
for these surfaces. |

As discussed in Chapter 3, we compare O 1s:Fe 2ps3/, peak intensity ratios obfained
from oxide films by analyzing the full 27 intensity maps to those of different iron oxide
powder sambles in order to determine stoichiometry. The O-dependent O:Fe peak
intensity ratios of 1.0 ML and 3.0 ML are shown ih Appendix D. The ratio over the
most reliable range near the surface normal of 60°<0<90° is 0.67 for 1.25 ML, 0.69 for
1.50 ML, 0.74 for 1.75 ML, and 0.82 from 3.0 ML. The O:Fe peak intensity ratio for 3.0
ML (0.82) is very close to that of powder Fe;0, (0.85) and much below that of powder
FeoO5 (1.03). The slightly higher value for Fe;04 can easily be explained via adsorbed
oxygen-containing species on the powder samples, as discussed in Chapter 3. Thus, as
the Fe coverage increases, three different aspects of our XPS results indicate that the
oxide goes from FeO to Fe;0, in stoichiometry: the binding energies move toward but
do not quite reach those expected for Fe3* (consistent with the expected mixture of Fe3*

and Fe2* in Fe;0y), there is a continuous increase in the O 1s:Fe 2p3, intensity ratio,
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and this ratio also yields m the limit of the 3.0 ML oxide a stoichiometry that is very
close to that of Fe;0O4 powder by both standard XPS quantitative analysis and O:Fe
peak intensity ratio comparisons to various iron-oxide powder samples. This conclusion
concerning the evolution of the oxide stoi-chiometry with covefage will be further
supported by our STM and XPD data to be discussed below. A more precise
determination of the degree of Fe2*:Fe3* mixing present in thicker layers of iron oxide
would be helpful, but would require much higher-resolution XPS spectra, for example,

using synchrotron radiation for excitation.
4.3.2. Atomic Structure

LEED:

Fig. 4.3 shows LEED patterns of FeO, films grown on Pt(111) for iron oxide
coverages from ~1.25 ML to ~3.0 ML. Up to 1.75 ML, these LEED patterns are very
similar to those shown previously in Fig. 3.2 for < 1.00 VML‘ of FeO, with the exception
that the hexagonal superlattice satellite spots actually get sharper and more uniform in
shape for coverages ab.ove 1 ML. These LEED patterns thus imply that the dominant
long-range structure of the iron oxide films is almost the same up to about 1.75 ML
coverage as that of 1 ML FeO/Pt(111). Interpreting these LEED data in a qualitative

way further suggests that the FeO superlattice structure might actually be more ideal

~when the coverage is increased somewhat above 1.0 ML. For the thickest iron oxide

film we studied (3.0 ML), the superlattice satellite spots disappear, and a fuzzy (1x1)
LEED pattern suggestive of reasonable order developed. This LEED pattern for 3.0 ML
thus indicates that the incommensurate 1 ML FeO superlattice is no longer present, and

that there is diminished long-range order compared to lower coverages. In addition, we



83
also observed very faint and streaked (2x2) LEED spots at this maximum coverage, even
though they do not show in the photograph reported here. Such (2x2) LEED spots are |
consistent with previous LEED and STM studies [12,14-15] of what has been suggested
to be an Fe304(111) overlayer; Fig. 4.1 in fact shows one termination of this surface that
would lead to (2x2) features. The LEED patterns obtained previously' for a total 8 ML
coverage by Barbieri et al. [12] and with a multiple deposition and oxidation procedure
starting with 1 ML of Fe each time in fact gives sharper principle spots, and a better

defined (2k2) pattern.
STM:

STM now permits confirming some of our prior conclusions and adding other
dimensions to what we can say abo.ut the structure of these o*ide layers. Large-scan
STM images of FeO,/Pt(111) for each of the coverages studied are shown in Fig. 4.4.
The scan size, bias voltage, and data acqﬁisition mode is given in each figure caption.
Although the LEED patterns from 0.75 ML to 1.75 ML are almost identical, the STM
images show marked new features as the coverage is increased even slightly above 1
ML. For example, the STM image in Fig. 4.4(a) of a 1.25 ML oxide film shows small
islands growing on a generally flat base layer; these small oxide islands have grown
preferentially near a step that is monatomic in height and oriented along the diagonal in
the image. This image also shows small darker regions suggesting that the Pt surface is
not completely "wetted" by the oxide for this coverage.

On the other hand, STM images for higher coverages 1.50 ML and 1.75 ML shown in
Figs. 4.4(b) and 4(c), reépectively, develop larger islands on the flat base layer, and these
begin to coalesce for 1.75 ML. For 1.5 ML, the oxide has grown across one monatomic

step in the middle of the image and no more empty regions are observed, indicating a
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corhplete wetting of the Pt surface by the base layer of oxide at this coverage. The image
for 1.75 ML also clearly shows multilayer growth, with islands of at least two levels
being visible; by contrast, mostly one level of islands is observed for 1.50 ML. For 1.50
ML, the heights of the islands are about 4.6 A and the area occupied by them is found to
be about 26 % of fhe total area as computed from several large-area images. [Further
details of our STM data analysis are given in Appendix E.]. For 1.75 ML, the oxide has
grown with what are imaged in the STM as two different heights of the islands: a
topmost set about 5.0 Ain height as measured from the islands just below and occupying
about 5.5 % of the total area, and a lower set about 9.7 Av in height as measured from the
flat base layer and occupying about 58 % of the total area. The vertical line along the
right quarter of the image appears to be a set of four bunched monatomic steps, perhaps
linked to the initial substrate topology. Step bunching in fact was found to increase on
the clean Pt(111) surface as the number of oxidation and cleaning cycles was increased
during the course of this study, even though only monatomic steps separating large
terraces were seen for a fresh sample at the beginning of the experiments (cf. Figs. 2.2
and 2.3). Such step bunching could be due to surface roughening induced by the
repeated cycles of oxidation and annealing of the Pt crystal and/or residual impurities
present on the surface below the limit of about 1 % ML (for the case of C) that can be
detected in our XPS analysis [2(.)]..

The fact that the LEED patterns for 1.75 ML are almost the same as those for 1 ML of
FeO(111) also indicates that the flat base layer seen by STM for higher coverages is still
the incommensurate oxide overlayer, and not the underlying Pt surface. This
coexistence of the base FeO(111) bilayer and the overlying oxide islands is also
confirmed by STM, as illustrated in the image obtained for a 1.75 ML oxide film shown
in Fig. 4.5. Although slightly noisy in the upper haif, the lower half of this image shows

the larger unit cell about 26 A on an edge that is characteristic of the superlattice (cf. the
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image for 1 ML.coverage in Fig. 3.4(b)), just adjacent to bright areas that are due to
oxide islands formed above 1.0 ML coverage. |

Thus, we see islands of about 4.6 A and 9.7 A height for these two cases as measured

- with respect to the base layer of oxide. These heights can be compared to the
significantly smaller bulk repetition distances between (111) planes in FeO of 2.5 A, and
in Fe304 of 2.38 A. Thus, the 4.6 A islands have an apparent height that is about two
interplanar distances, and the "double-height" 9.7 A islands have an apparent height of
four interplanar distances, with each distance corresponding to one bilayer of Fe and O
in FeO for example. Changes in surface electronic densities of states and effective
conductivity with lateral island size (the average diameters of islands are ~25 nm and
~70 nm approximately for 1.50 ML and 1.75 ML, respectively) and/or internal crystal
structure (e.g. FeO versus Fe;0,4) from one region of the surface to the other could cause
these STM heights to differ from actual surface heights however. As one indication that
the actual heights of these islands correspond to in the simplest choice of 1 bilayer and 2
bilayers of FeO, we have calculated the total Fe coverage on the surface by measuring
the fractional areas covered by islands. Considering the iélands height of ~5 A as 1
bilayer of FeO islands (or 2 bilayers of FeO islands), the actual coverages of 1.50 ML
and 1.75 ML are found to correspond to estimates from STM of 1.26 ML (~1.52 ML)
and 1.63 ML (~3.43 ML), respectively. The STM-derived coverages for 1.50 ML are
within typical error ranges for XPS analysis using either assumption, while the coverage
of 1.75 ML is in reasonable agreement with the XPS results only if the 9.’7 A height
. islands are considered to consist of 2 bilayers of FeO, but deviate significantly from the

- XPS analysis by about 88 % if these islands are taken to be 4 bilayers in height. We thus
~ conclude that both types of islands are probably bilayer in height, and that the
anomalously high 9.7 A value for 1.75 ML is due to changes in the surface density of

states and local conductivity on these islands, as well as possible effects due to the tip
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shape or atomic composition. Corroborating evidence for this conclusion comes from
the fact that multiples of 4.8 A step heights have been reported in a prior STM study of o
-Fe;03(0001) in which repeated cycles of Art bombardment and subsequent high
temperature annealing were carried out [11]. In this study, these step heights were
assigned to 2 bilayers of Fe-O in Fe304(11 1)' , with the conclusion that a-Fe;03(0001)
has been reduced to Fe;O4(111) in the selvedge region by repeated cycles of ion
bombardment and annealing. In summary, with this assumption concerning the oxide
island heights, the total Fe coverages we have estimated from STM are found to be
within £10-15 % of those expected from QCM and XPS for all cases except 1.75 ML.

Finally, we consider the STM image for a 3.0 ML film shown in Fig. 4.4(d). This
image is different from the others in showing even more marked multilayer growth and
many smaller islands in the topmost layers. There are several levels of islands spanning
at least four levels, with the topmost islands being about 26 A from the lowest layer as
measured in line-cut profiles using the STM software. The lowest (dark area) layer
consists of small patches with sizes of about 10 nm in diameter, and is consistent with a
Pt surface thaE is fully "wetted" by the oxide, as seen above for the 1.50 ML and 1.75
ML coverages. Measuring island heights is even more difficult for this multilayered
structure, but it appears that all of the isiand heights are not exactly multiples of about 5
A. However, the islands just on top of the lowest layer (darkest in the image), which
have the largest total area, are found to have heights of about 5 A as measured at several
places in the image: this we again suppose be 2 bilayers of Fe-O. No patches with the
base FeO bilayer were resolvable in this image, consistent with the absence of any
superlattice spots in the LEED pattern, although we cannot rule out very small areas with
insufficient extent to be visible in either STM or LEED. Thus, thicker oxides layers of
1.75 ML and 3.0 ML grow via multilayer stacks of oxide islands instead of layer-by-

layer.
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The wide-scan and narrow-scan STM iméges we have presented also permit better
understanding the continuous increase in the O:Fe ratio and the shift of the Fe binding
energy as Fe coverage increase (as seen in XPS), as well as the streaked satellite spots at
1 ML coverage or less (as seen in LEED). First, STM shows island growth on top of a 1
ML FeO base layer and these islands occupy more and more of the surface as coverage
increases. These islands are expected to have a different atomic structure from the base
layer, since the stoichiometry changes and there is also evidence of an increase in the
fraction of Fe3* species present. The final stoichiometry at 3.0 ML is also consistent
with Fe;0,4. Thus, we can postulate a change in the overall composition and structure
of the oxide film from FeO to a mixture of FeO and Fe304 as thickness increases, with
Fe,05 being less likely on the basis of both stoichiometry and binding energy. We will
later discuss the internal atomic structure of the islands in detail when XPD results are
considered for each case. Second, we can qualitatively comment on the streaky LEED
satellite spots shown in the 0.75 - 1.25 ML regime as follows. Fairly large STM images
show some empty regions up to 1.25 ML coverages resulting in long-range structure less
ordered compared to the higher coverages. Such incompletely wetting iron oxide
overlayers up to 1.25 ML may cause the streakier satellite spots shown in Figs. 4.3 and
3.2. Going to higher coverages of 1.50 ML and 1.75 ML ‘thus fully fills and orders the
first-layer FeO superlattice and sharpens the LEED satellite spots, even though at the
same time, significant oxide island growth on top of this sﬁperlattice has occurred.
Overall, we thus propose that the growth mechanism of iron oxide on Pt(111) for Fe
coverages from 0.75 ML to 3.0 ML is Stranski-Krastanov in nature: iron oxide islands
form on top of a 1 ML FeO bilayer that forms a superlattice. The same sort of growth
mode for iron oxide grown on Pt(111) was also reported in prior STM studies in which
the preparation procedure was varied so as to involve successive one-ML oxidations on

top of one another instead of the one-shot procedure used here [15]. However, we
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cannot from our STM data only determine whether the superlattice persists underneath
the islands. The internal structure of the islands will be considered next using XPD

experimental data and comparing them to theoretical simulations.
XPD-Experimental Results:

Fig. 4.6 shows stereographic projections of full-2n experimental XPD data: Pt 4f in
(a), Fe 2p3» (b), and O 1s (c) for the same fo.ur Fe coverages from 1.25 ML to 3.0 ML.
The data collection mode, threefold data folding, and method of calculating normalized
chi functions from measured intensitiee are the same as described in Chapter 3.

As might be expected, the Pt 4f emission patterns up to 1.75 ML are almost identical
and do not show any noticeable changes, since the intensity modulation from the bulk
platinum diffraction is dominant. The six strongest peaks are due to two sets of three
low-index forward scattering directions: nearest-neighbor scattering along [110] at a
polar takeoff angle of 55° and in the [112 ] azimuth, and next-nearest neighbor scattering
along [010] at a polar angle of 35° and in an azimuth rotated by 60° with respect to the
first. For a 3.0 ML oxide coverage, the basic patterns are the same as those of lower
coverages, showing the strong nearest- and next-nearest- neighbor scattering features.
However, all features are reduced in relative amplitude due to scattering in the overlying
oxide, and for 6 < 20° this is particularly pronounced, due to the longer path length for
escape and the resulting enhanced inelastic attenuation and surface sensitivity.

By contrast, the Fe and O XPD data in Figs. 4.6(b) and 4.6(c) show pronounced
changes as coverage is increased, going from relatively simple diffraction patterns at
lower coverages to more complex ones at higher coverages. The diffraction patterns for
1.25 ML are essentially identical to those of 0.75 ML and 1.0 ML FeO, showing for Fe

the three strong forward-scattering peaks along the same emission directions at a polar



89

angle of 20° and the same dark bands and fine structure around these peaks, and for O,
the same weak and diffuse hexagonal ring at polar angles between 16° and 24° (cf. Fig.
3.5). The diffraction anisotropy fdr Fe for 1.25 ML, as measured at 0 = 20° for the three
strongest peaks, is Al/l ., ~ 48 %, and agrees very well with the 50 % found at ~ 1.0
ML, implying that the relatively small islands developed at 1.25 ML as seen by STM
have the same internal structure and/or are not numerous enough or well-ordered enough
to contribute significantly to the overall XPD patterns. The Fe diffraction pattern for

| 1.50 ML coverage still shows the three strongest forward scattering peaks at the same
polar angles of 20°, but the strongest of these peaks are rotated from the former Pt
<112> azimuths by 60° and the difi“’raction pattern. starts to show additional features at
higher polar angles (e.g., a sixfold set of peaks at the polar angle of ~ 58° with a lower
anisotropy of ~ 12 % which were not present at 1.25 ML). For 1.75 ML, the strongest
peaks in the Fe chi data rotate back to their original position in azimuth but remain at the
same polar angle originally associated with the FeO bilayer superlattice, and the
additional fine structure at higher polar angles continues to intensify. The rotated
positions of the strongest peaks for 1.50 ML cannot be due to any mistake in plotting or
data analysis, since the Pt, O, and Fe XPD data are simultaneously obtained along the
same emission direction, with unchanging Pt diffraction pattern thus providing an
unambiguous internal reference for azimuth. These rotated peaks furthermore appear to
originate from the same FeO base layer seen by STM, because their polar angle is
exactly the same as in the 1 ML case, corresponding to the O layer relaxing inward by
0.6 A. One possible explanation for these results is that the increase in coverage from
1.25 ML to 1.50 ML causes through the interaction of the islands with the base layer a
shift in the type of base layer formed from that favored at 1 ML (Fig. 3.9(a)) to that
unfavored at 1 ML (Fig. 3.9(b)). This shift would not change the LEED pattern provided

that the two types of base layer were formed in sufficiently large domains. As noted -
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previously, the favored and unfavored structures at 1 ML are almost identical
structurally, with the only difference being the stacking of the O atoms with respect to
underlying Pt atoms: thus, the perturbation of the base layer by the islands could lead to
a stronger presence of the unfavored structure, with an apparent reveréal of this effect on
going to 1.75 ML. That the 1.50 ML structure may be more of a mixture of base layer
structures, and thus also local Fe bonding and forward scattering geometries, is also
suggested by the variation in anisotropy at 8 = 20°, from ~48 % for 1.25 ML down to
~32 % for 1.50 ML, and then back up again to ~38 % for 1.75 ML [See Appendix F for a
more detailed presentation of this data.]. Even though we do not have any quantitative
estimates for the surface free energies of these two base-layer structures, the differences
| between them could be large enough to favor one structure near 1 ML, but small enough
to favor the other at higher coverages in the 1.5 ML regime. This point needs further
investigation, including a consideration of the interactions between the base layer and the
islands formed on top of the base layer, in order to determine whether there is such a
driving force to the unfavored FeO structure. In any case, the strongest peaks in all of
the Fe XPD patterns for coverages from 0.75 to 1.75 ML are well explained as being due
to O atoms sitting above Fe atoms in an FeO bilayer, with two different stacking
geometries probably being present near 1.50 ML.

The O XPD patterns also start to show new features as coverage increases from 1.25
ML, beginning at 1.50 ML with two sets of six weak peaks along what is the diffuse
hexagonal ring at lower coverage and with a set of six weaker peaks at higher polar
angles around 53° (anisotropy ~ 12 %), plus one along the surface normal. For 1.75 ML
coverage, Fe emission still shows the strongest three peaks along the Pt <11 2>
directions (anisotropy of ~ 38 %), as well as new peéks developed at the polar angles
around 36° (~ 16 %) and 60° (~17 %). O emission at 1.75 ML coverage also shows new

feétures at polar angles around 34° (anisotropy ~ 13 %) and 54° (~14 %). Finally, for
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3.0 ML coverage, both the Fe and O diffraction patterns are even more complex, but the
basic features seen are already suggested at 1.75 ML. For Fe emission, the peaks at
polar angles around 36°/38° and 62° have anisotropies of ~22 % and ~ 20 %,
respectively, and for O emission, the peaks at polar angles around 34° and 54° have
anisotropies of ~ 18 % and ~ 26 %, respectively. These peaks are all present at the lower
coverages, but they produce lower anisotropies as described above, indicating the
development of more short-range order iﬁ the oxide as 3.0 ML is approached. The
generally lower anisotropies for Fe emission data in this coverage range as compared to
data for one ML regime is no doubt due to the presence of more than one type of emitter
in the thicker overlayers, since each structurally-inequivalent emitter contributes a
different modulation to the overall XPD pattern; this summing over inequivalent emitters
will be included in the theoretical modeling or our results to be done in the next section.
We will first discuss our overall XPD déta for thicker oxide layers from a qualitative
point of view, before going on to compare experiment with theoretical simulations.
First, the Fe diffraction patterns for coverages ﬁp to at least 1.75 ML exhibit the
strongest peaks along Pt <11 2> azimuths and at a polar angle of 20°. These are clearly
aésignable to simple forward scattering‘ in an FeO bilayer, -as shown in our prior
comparisons of experiment and theory for XPD patterns from ~ 1.0 ML FeO/Pt(111).
The likely presence of a second type of oxygen orientation in the bilayer causes
additional peaks to form along Pt <1 21> azimuths at 60° away from those of the
favored structure for 1.50 ML, but peaks associated with the favored structure are
nonetheless present over the full range up to at least 1.75 ML. The base layer of FeO
and its superlattice are evident in LEED, STM, and XPD up to 1.75 ML coverage, but is
not visible when the coverage reaches to 3.0 ML. Second, both the Fe and O XPD
patterns develop additional features at higher photoelectron takeoff angles on going to

higher coverages, unlike the corresponding LEED patterns, which remain relatively
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constant up to 1.75 ML. These new features in the XPD patterns can be easily explained
in a qualitative way as being due to the multilayer stacks of oxide islands that are seen in
STM to be forming on top of the flat base layer of FeO. Thus, both Fe and O can now
have additional scatterers between them and the detector, producing more strong peaks
in the XPD patterns at higher takeoff angles. Third, the overall XPD patterns change
from being threefold symmetric in the 1 ML regime to being sixfold symmetric as the
coverages increase. This suggests the equal presence of two domains of threefold oxide
islands rotated by 180° with respect to one another. Interestingly, the O diffraction
patterns for all higher coverages, including even 3.0 ML, are still at least slightly
threefold in character, with a difference in anisotropy of the two sets of three peaks at a
polar angle of around 54° of ~ 3 %; this was verified by doing full 360° azimuthal scans
of both Fe and O intensities [See Appendix G]. This further suggests that the two
threefold domains are not quite equally present. We will return to the question of
azimuthal symmetries for both Fe and O later in comparing experiment with theoretical
simulations. However, this symmetry change from threefold to sixfold indicates that the
structure(s) of the multilayer stacks of oxides is(are) different from the simple one
favored in the one ML oxides, involving both another crystal structure and stoichiomeﬁy
(aé already indicated by our XPS analyses), andtthreefold-symmetric oxide structures
present in two domains with unequal coverage on the surface. Finally, as coverage
increases, Fig. 4.6 clearly shows that both the Fe and O XPD data develop in a
continuous way toward the pattern seen for 3.0 ML, even though more radical changes in
long-range order (LEED) and topography (STM) are seen in passing from 1.75 ML to
3.0 ML. For example, there are six Fe XPD peaks at polar angles of about 56°-64° that
are clearly present over the full coverage range from 1.50 ML to 3.0 ML, with only the
polar angles changing slightly with coverage: peaks are centered at ~58/60° at 1.50 ML,
~62° at 1.75 ML, and ~62° at 3.0 ML. These six peaks are also already present weakly
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at even 1.25 ML, at a polar angle of 58°. This aspect of the XPD patterns reveals that
the short-range structure of the oxide islands for coverages above about 1 ML is already‘

~developing toward that of 3.0 ML. Because XPD inherently averages over all possible
bonding sites, we will thus in the next section focus on analyzing the 3.0 ML XPD data
as a limiting model for the internal structure of the islands seen by STM, and then

comment qualitatively on the implications of this for the thinner oxide layers.
XPD-Theoretical Simulations:

We have carried out theoretical simulations of photoelectron diffraction patterns
within a single scattering cluster (SSC) vmodel [21] and also for one test case in a
multiple scattering cluster (MSC) model [22]. For such thin layers and the high kinetic
energies involved, we do not expect multiple scattering effects to be strong, as there are
no long chains of scatterers for multiple forward scattering [23]. We comment at the end
of this section on the MSC results, and they are presented in more detail in Appendix H.
Both the Fe 2193/2 and O 1s diffraction patterns have been considered for different
possible structural models ofl a 3.0 ML iron oxide film on Pt(111), although any
conclusions concerning short-range structure will also be expected to apply to the
internal structure bf the oxide islands above about 1.50 ML coverage. Due to
computational time limitations, we have only in a few cases considered thicker or thinner
oxide layers, even though STM suggests that they are present in the various island
heights. The 3.0 ML calculations on which we finally focus for Fe304 thus are intended
to represent the average seen in XPD. Due to the weakness of backscattering at such
high kinetic energies [24] as discussed in Chapter 3, Pt atoms have not been included as
scatterers in our calculations. All of the input parameters for the calculations are the

same as discussed in Chapter 3. But unlike the case of an FeO(111) bilayer, where there
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are only one Fe and one O atom in a (1x1) unit cell, treating thicker oxides of different
stoichiometries and structures requires that all Fe and O atoms within the two-
dimensional unit cell and in different layers inward from the surface which have
different near-neighbor geometries be considered as emitters. For example, Fe304(111)
and a-Fe203(0001) have (2x2) and (\V3xV3) bulk unit cells, respectively, as shown in
Fig. 4.1. In the unit cells of these three iron oxides, if only the outermost Fe and O
bilayer is considered, there is one Fe emitter and one O emitter for FeO(111), three Fe
emitters and four O emitters for Fe304(111), and two Fe emitters and three O emitters
for a-Fe,03(0001) [See detailed drawings in Appendix I.]. In general, each distinct
emitter has a different local scattering geometry, as can be seen for the different emitters
in Fe304 in Fig. 4.1. To reduce computation times, both Fe and O intensities were
calculated over only 120° in azimuth, and then the full 27 intensity map was completed
by exploiting the threefold symmetry of the structure in the same way as the
experimental data.

We tested three different forms of multilayer iron oxide structures: FeO(111), a-
Fe,03(0001), and Fe304(111). All the structures tested have a bottom Fe layer next to
Pt (although the Pt atoms were not present in.the calculations) as in the case of one ML
FeO/Pt(111). A first test group among the possible structures was different numbers of
layers of FeO(111), up to 5 bilayers of Fe and O, a reasonable choice since we have
conclusively shown in Chapter 3 that the ﬁfst monolayer grows as an inwardly relaxed
FeO(111) bilayer. Among the structural models tested in this group are: (1) two bilayers
of FeO with the bulk intérlayer distances between all layers, (2) two bilayers of Fe and
O with the bottom bilayer relaxed inward as for 1 ML FeO/Pt, (3) the same as structure
(2) but with the topmost O rotated 60° from Pt <112> as in the case of the unfavored
structure in Fig. 3.9(b), and (4) five bilayers of FeO with bulk interlayer distances. The

structures from (1) to (3) were tested in order to see if they fit éxperiment for coverages
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less than 3.0 ML, while (4) was aimed at the thick-island limit of a 3.0 ML oxide. The
second groﬁp tested represented oc-F‘e203(O‘001) with 2 bilayers of Fe and O (AB
stacking of O layers) and 3 bilayers of Fe and O (ABA stacking of O layers). The final
group among the tested structures consists of several different structures for Fe304(111),
including a detailed structure reported recently on the basis of a LEED IV analysis using
- multiple scattering theory [12,14].

The structures tested for Fe304(111) were the most complex, and we review their
geometries here briefly. Fig. 4.7 shows the general type of structure that finally best fit
our data for 3.0 ML oxide on Pt(111): it consists of three bilayers of Fe and 0 (with
ABC stacking of the O layers). In this figure, the surface is shown to be terminated with
1/4 ML of Fe (as measured with respect to O), as suggested by a recent LEED structural
analysis [12,14], but we comment lafer on whether adding this terminating layer best fits
our XPD data. The bottom bilayer is almost the same as the bilayer of FeO(111)
discussed in the prior section, but it differs in having 1/4 ML of Fe missing and a shorter
vertical interlayer distance z3 compared to bulk FeO(111). And the middle bilayer is
quite different from those of FeO and a-Fe,03(0001) in showing tetrahedral, octahedral,
and tetrahedral sites of Fe as we go from the bulk towards to the surface. The third
bilayer from the bottom is just a repeat-of the bottom bilayer but with a horizontally-
translated stacking sequence, with a more pronounced periodic rumpling of oxygen
along the rows perpendicular to the plane of the figure, and with vertical spacings z; and
z, that were varied in our analysis to yield best agreement with experiment.

The main features of the prior LEED structure for Fe;04(111) on Pt(111) are [14]: one
O surface atom in the unit cell (which is not bonded to the topmost Fe atoms) that is
moved upward by ~0.4 A with respect to the remaining three O atoms (which are in turn
bonded to the topmost Fe atoms) and O-Fe-O interlayer spacings that ére significantly

different from bulk Fe304(111): z; = 0.83 A (1.19 A for bulk) and z, = 1.42 A (1.19 A
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for bulk). Other relative Fe and O positions and lateral reconstructions present in this
structure are discussed in detail in this LEED study [14]. Among the Fe304(111)
structural models tested are two sets of three different structures of Fe3O4( 111) with and
without the topmost 1/4 ML of Fe. The major difference aﬁlong the three structures in
each set is different interlayer spacings in the O-Fe-O layers as indicated below. The
three structures with topmost 1/4 ML Fe are: (1) the bulk vertical spacings (z; = 1.19 A,
z, = 1.19 A), (2) the full surface reconstructed structure of LEED study (z; = 0.83 A, z,
= 1.42 A), and (3) a structure modified for better fit to the XPD data (z; = 0.83 A, z, =
1.07 A), with all other surface reconstruction parameters as given in the LEED analysis.
The remaining'structures (4)-(6) tested for Fe304(111) are the same as (1)-(3) above,
respectively, but without the topmost 1/4 ML (i.e., they are O terminated). And these
latter three structures do not include the surface O relaxation discussed earlier, since the
presence of the topmost 1/4 Fe is thought to be the driving force for such relaxation. |

The three different oxide structural models tested show threefold symmetric XPD
| pattems\because the crystal structures themselves have threefold symmetry. Since our
experimental XPD data for 3.0 ML show sixfold symmetry for Fe and nearly sixfold
symmetry for O, we must assume the existence of two almost equally present domains
with a 180° rotation between them, and in comparing with experiment, have thus
summed equal populations of these two domains. In fact, these two domains can be
thought of as growing from the base monolayer of FeO discussed in the Chapter 3 with
either the favored or unfavored geometry for 1.0 ML.

‘In deciding which model best fits our data, all the experimental and theoretical XPD
patterns are plotted Land compared as normalized chi intensities rather thari straight
intensities, as discussed in Chapter 3. We have also used several criteria for deciding on
the goodness of fit between theory and experiment: visual comparison of diffraction

patterns, comparison of directions and anisotropy for various strong forward scattering
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. features, and R-factor calculations over the full hemisphére of experiment and theory.
The results of the R-factor analysis are discussed in Appendix J.

We ﬁrst summarize our experiment/theory comparisons for different structures of
FeO(111) and Fe,03(0001). All theoretical XPD patterns in Fig. 4.8 are obtained by
calculating over only one third of the hemisphere and then threefold symmetry data
folding and finally adding these folded data to the patterns with 180° rotated ones in
order to simulate two equally populated domains. The first group, two and five bilayers
of FeO(111) with different interlayer spacings and O stacking as described above, did
not give good agreement for the structure, as shown in Figs. 4.8(a)-(c) for three of the
cases tried. In particular, the theoretical simulations for two bilayers of FeO (Fig. 4.8(a)
for FeO structure model (2) and Fig. 4.8(b) for structure model (3)), which might have
been a reasonable description of oxide structures from 1.25 to 1.75 ML, do not explain
the additional features in the experimental XPD patterns. Neither does a calculation for
five bilayers (Fig. 4.8(c)) agree well with the 3.0 ML data. Thus, we conclude that the
internal structure of the islands formed on top of the base layer is different from that of
FeO. Poor agreement between experiment and theory was also found in simulations for
Fe,05(0001) XPD patterns, wjth typical theoretical results for two bilayers (AB O
stacking) and three bilayers (ABA O stacking) of Fe;03(0001) being shown in Figs.
4.8(d) and (e). '

For the case of Fe30y, the overall fit between the experiment and theory is much
improved compared to the other two case of FeO and Fe,O3, suggesting that the internal
structure of the islands for 3.0 ML is close to Fe;04. Among them, Fig. 4.9 shows two-
domain averaged O XPD data for four structural models tested: the full surface relaxed
structure from LEED including a topmost 1/4 ML of Fe in Fig. 4.9(a), the same structure
without the 1/4 ML of Fe in Fig. 4.9(b), our improved structural model yielding a better

fit to the XPD experimental data and including the 1/4 ML of Fe in Fig. 4.9(c), and the
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same improved model without the 1/4 ML of Fe in Fig. 4.9(d) (which yields the overall
- bestfitto éxperiment). (We should note however, that the LEED study used a different
iron oxide growth mode by repeating 1 ML Fe deposition and oxidation eight times to
yield a thicker 8 ML film.) The predictions for Fe XPD for these models are not shown
here, since they do not show noticeable differences between them. For O XPD, the
major difference between the LEED structures shown in Figs. 4.9(a) and 4.9(b) and the
structures derived in this study shown in Figs. 4.9(c) and 4.9(d) is the polar angle
positions of the six strongest forward scattering peaks: these peaks, which are found at a
polar angle of 34° in the experimental O XPD patterns, are shifted by a large amount of
about 6° to a polar angle of 40° with the LEED structural - parameters. An R-factor
analysis including data. over the full hemisphere further supports these structural
conclusions [see Appendix J]: the R-factors are less for O-terminated structures without
the topmost 1/4 ML of Fe, and they are also less for our sfructural models as compared'
to the LEED structures. The minimum R-factor over all of the cases we have tried is for
our improvment of the LEED structure and without the topmost 1/4 ML of Fe (Fig.
4.9(d)). The lack of an extra 1/4 ML of Fe at the surface is also supported by an analysis
of the polar-angle dependence of the O 1s:Fe 2p3/, peak intensity ratio, as averaged over
the full-hemisphere‘ XPD data for both 1.0 ML and 3.0 ML oxide films. These O-
dependent O:Fe peak intensity ratios are very similar for both a 1.0 ML film (which we
know has an O- terminated structure, as discussed previously) and a 3.0 ML film, and do
not show for the 3.0 ML case any noticeable decrease in the O:Fe intensity ratio th low
takeoff angles that would be expected in this more surface sensitive region of emission.
Further details of this analysis are given in Appendix D.

In deciding which structural model best fits our experimental data for a 3.0 ML film of
iron oxide on Pt(111), we have also carried out two azimuthal scan MSC calculations

(one for Fe emission at a polar angle of 38° and one for O emission at a polar angle of 34
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°) where strong forward scattering and other peaks are present for each case. As
discussed in detail in Appendix H, the MSC results actually give a somewhat worse fit to
the experimental data as far as predicting relative peak intensities for both cases. It is not
clear why MSC does not provide a better description of our data than the less accurate
SSC, but it could be due to the presence of some disorder in these thicker iron oxide
films (as suggested by the fuzzy LEED spots) and/or the multilayered structure of the
oxide film (as seen in the STM image), that tends to reduce or distort any chains of
forward scattering atoms and thus also multiple scattering.

Figs. 4.10 and 4.11 now directly compare our experimental data for 3.0 ML of oxide
and both Fe and O emission with the final best fit theoretical results for the structure
described earlier (general cluster as shown in Fig. 4.7, but without topmost 1/4 ML Fe).
In Figs. 4.10 and 4.11, the measured XPD patterns obtained for 3.0 ML coverage are
shown in (a), the theoretical calculations for one of the two threefold domains are shown
in (b), the final theoretical calculations adding two possible equally-populated domains
with 180° rotation between them are shown in (c), and fhe simple forward scattering
direcfions for the cluster used to calculate the single-domain XPD pattern of (b) are
shown in (d). In Figs. 4.10(d) and 4.11(d), eéch circle represents a possible forward
scattering direction in the cluster, with the diameter of each circle being proportional to
1/(distance from a given emitter). The threefold symmetry of the crystal structures
implicit in these clusters is evident in Figs. 4.10(b), 4.10(d), 4.11(b), and 4.11(d), and
even before summing over two domains, we see that these calculations well reproduce
all of the main peaks (actually half of the peaks) as to positions and relative intensities.
~ The positions of these strongest peaks also agree with directions along which several
strong forward scattering events are expected, as illustrated in Figs. 4.10(d) and 4.11(d).
For example, the peaks at the polar angles around 36° (34°) and 62° (56°) are well

reproduced for Fe (O) emission. This agreement is better illustrated in Figs. 4.10(c) and
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4.11(c) with sixfold symmetry, where theory reproduces all of the strong peaks seen in
the experimental data, as well as most of the fine structure for both Fe and o) emission,
including the dark bands in between various peaks. The experimental patterns do not
exhibit as much fine structure, and are somewhat smeared out compared to theory, but
the STM image in Fig. 4.4(d) makes it clear that the actual surfacé consists of many
different kinds of emitters in the several layers of islands formed, and it is thus not at all
surprising for experiment to show less dramatic XPD structure. What is remarkable is
that the agreement between experiment and theory is as good as it is, suggesting that the
average oxide surface is well described by our structural model. An ai-ﬁrst—sight
negative aspect of the fit between experiment and theory in the Fe data can be seen in
certain features at polar angles less than about 16°, for which the 2-domain calculation
shows six dduble bands of intensity and 6 sharp peaks that are not obvious in the
experimental data. However, the double bands are in fact suggested in the actual
azimuthal scans for these polar angles, but with smaller relative intensities and thus
anisotropies than in theory, making themdifficult to see in Fig. 4.10 [see Appendix F].
Anisotropieé at such low takeoff angles are also expected to be reduced in the
experiment due to the multilayered structure of the thick iron oxide films, which will
result in effectively smaller grain sizes for these grazing takeoff angles. The six sharp
peaks at the edge of the theoretical diffraction pattern we would not expect to see clearly
in the experiment for the same reasbn, and they could also be obscured by surface
refraction effects not properly included in the theory. With regard to threefold versus
sixfold symmetry, we also note that full 360° azimuthal scans of O and Fe intensities
show that O is overall in a threefold symmetric _environment (albeit weakly): the
anisotropies of the two sets of six peaké in O 1s emission at polar angles of 34 - 38° and
54 - 58° indicate that one set of three in each case has higher peak-minus-background

intensities than the other three by about 3 %. By contrast, the data for Fe emission are



101
sixfold symmetric within Qﬁr experimental error of about 1%. This small deviation from
sixfold symmetry we explain as being due to having two domains of oxide structures that
are not equally popuiated, with the O forward scattering peaks being somehow more
sensitii'e to this non-equality than those of Fe.

“Our final structural model for the predominant species present in a 3.0 ML iron oxide
film grown on Pt(111) is thus Fe304(111), as shown in Fig. 4.7, but without a topmost
1/4 ML of Fe. In the latter respect, our model is thus different from the structure
proposed in the prior LEED study of this system [12,14]. Also, in order to adequately
describe the angular positions of certain forward scattering peaks and fully minimize R-
factors, the Fe-O interlayer spacing is found to be 1.07 A, while the O-Fe interlayer
spacing of z; = 0.83 A is the same as found in the LEED study; our z, value thus
~ corresponds to an inward relaxation compared to the bulk by 0.12 A (~ 10 %), whereas
the LEED study found an outward relaxation by 0.23 A (~ 20 %). The rclaxation that
we find is also qualitatively similar to the case of 1 ML FeO/Pt , where an inward
relaxation of 0.6 A (~ 48 %) was found. Although our differences with the LEED
structure as to surface termination and Fe-O interlayer separation could be due to the
different one-step preparation procedure used for the oxide in our study, it seems
reasonable that the local structure near the surface of the oxide film should not be that
sensitive to the method of preparation. The oxide layers formed in this LEED study did |
seem to have better long-range order however, leading to sharper diffraction spots than
seen in Fig. 4.3. It would thus certainly be of interest to carry out XPD measurements on
films prepared by this other procedure.

Finally, we discuss the structure of the base layer underlying the oxide islands for
higher coverages. Although the base layer of 1 ML of FeO(111) with its superlattice is
clearly present in between the oxide islands for coverages between 1.25 and 1.75 ML,

and is seen in all of LEED, STM, and XPD, we cannot unambiguously tell whether the
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oxide islands form over this base layer without disturbing it, or simply incorporate it into
the oxide structnre and in the process destroy the superlattice. Our results are most
consistent with the latter concluéion, since the strong diffraction features at polar angles
higher than 20° in both Fe and O emission from a 3.0 ML coverage are also found in the
XPD data for 1.75 ML, as well as to a large degree also for 1.50 ML. Another way to
see this is to subtract out the strongest peaks at a polar angle of 20° in Fe emission for
1.75 ML, which are not seen for the case of 3.0 ML and are well explained as being due
to the persistence of the base layer without islands on top, as seen also by LEED and
STM. In fact, if we do not consider these strong peaks at polar angles aroundi 20° for the
1.75 ML oxide, both Fe and O XPD data are almost identical to the corresponding
results for 3.0 ML, leading to the final conclusion that the internal atomic structure of the

islands is Fe304(111) with the reconstructions indicated earlier.
4.4. CONCLUSIONS

’fhree complementary surface structure probes, LEED, STM, and XPD, have been
applied to the growth of iron oxides on Pt(111) for iron coverages from 1.25 ML to 3.0
ML. -We have shown that the growth mode of these oxides is essentially Stranski-
Krastanov: iron oxide islands form on top of a 1 ML FeO(111) superlattice whose
presence is clearly seen by all three techniques. For iron oxide films of 3.0 ML
thickness, the XPS-derived Fe 2p3/ binding energy and stoichiometry are found to
indicate the presence of Fe30y, and a detailed analysis of the XPD results proves it to be
Fe304(111)-magnetite in two almost equally populated domains with a 180° rotation
between them. "i;he structural parameters for this differ from those of a previous LEED
study [12,14] in the first Fe-O interplanar spacing as well as in not requiring a topmost

1/4 ML of Fe to terminate the surface. Our XPD data for the lower coverages, taken
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together with the results for < 1 ML in Chapter 3, also suggest that oxide islands
consisting largely of Fe;0, are present over the full coverage range from 1.25 to 3.0 ML.
Our combined LEED, STM, and XPD results for this system thus make it clear that each
of these three techniques is sensitive to different aspects of surface structure, and that
using any one of them by itself can lead to erroneous or partial conclﬁsions. For
example, using LEED alone to determine coverages via that for which the FeO
superlattice is most ideal could lead to an error of 25-50%, since the pattern is sharpest
for 1.25-1.50 ML. On the other hand, most of the details of the structure of Fe;04(111)
in thicker films has been correctly determined by a prior LEED analysis on this system.
With STM, it was possible in prior work to propose a fundamentally correct model for
the FeO superlattice, but not to determine its termination, interlayer spacing, or oxygen
domain orientations. STM is also of course unique in directly sensing changes in surface
topography, short-range order, and long-range order. XPS and XPD as atom-specific
probes of composition, chemical state, and short-range-order structure thus complement
these two techniques beautifully, as we believe is illustrated in this study. Future
epitaxial growth studies shou}d thus benefit by the in situ combination of these three

techniques.
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Figure 4.1. View of three different iron oxides, with (111) termination for FeO and
Fe304 and (1000) termination for o-Fe,O3. One oxygen layer (oxygen anions are
indicated by large open circles) and iron layers on both sides of it (shown with light or
dark shading) are shown in each case. The lateral periodicities are indicated by the
different two-dimensional unit cells. The darker circles repressent Fe atoms above and
below the O layer while the larger darker circles represent the Fe atoms only below the

O layer.
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* Figure 4.2. Fe 2p3; XPS spectra obtained for iron oxide coverages from 1.0 ML to 3.0

ML. Al Ko (1486.7 eV) was used for excitation. The binding energy moves toward

higher binding energy as the coverage increases.
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Figure 4.3. LEED patterns at a 53.5 eV incident energy for different. iron oxide
coverages from 1.25 ML to 3.0 ML. The LEED pattern of the 1 ML FeO superlattice
structure (cf. Fig. 3.2) persists with only small changes until 1.75 ML and has
disappeared by 3.0 ML.
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Figure 4.4(a) and 4.4(b). STM images taken in constant-current mode for the same
surfaces and iron oxide coverages considered in Fig. 4.3: (a) 1.25 ML-- This 264 nm X
264 nm image shows preferential growth of small islands (~5 nm diameter) near a step
edge. The current was 2.9 nA and the sample bias voltage was 460 mV. (b) 1.50 ML-
- This 400 nm x 400 nm image shows a mix of small and large islands (up to ~25 nm
diameter) growing on top of a flat base layer. The current was 2.2 nA and the sample

bias voltage was 460 mV.
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Figure 4.4(c) and 4.4(d). STM images taken in constant-current mode for the same
surfaces and iron oxide coverages considered in Fig. 4.3: (¢) 1.75 ML-- This 800 x
800 nm image shows a higher coverage by islands compared to 1.50 ML, and shapes
indicating extensive coalescence. The current was 3.0 nA and the sample bias voltage
was 460 mV. (d) 3.0 ML-- This 460 x 460 nm image shows mulitlayer growth
terminating in smaller islands with smaller topmost island sizes as compared to the
lower coverages. The flat base layer is not visible at this coverage. The current was

3.0 nA and the sample bias voltage was 460 mV.
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Figure 4.5. A constant-height STM image of a 1.75 ML iron oxide layer on Pt(111).
Oxide islands (top half of image) form on top of a superlattice of 1 ML FeO/Pt(111)
with 26 A periodicity (lower half of image). The image is 22 x 22 nm, the average

current was 2.22 nA and the sample bias voltage was 460 mV.
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Figure 4.6(a). Pt 4f full-solid-angle XPD patterns in stereographic projection for the

same surfaces and iron oxide coverages as Figs. 4.3 and 4.4. Al Ko (1486.7 eV) was

used for excitation. Intensities here are normalized chi functions.
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Figure 4.6(b). Fe 2p3, full-solid-angle XPD patterns in stereographic projection for
the same surfaces and iron oxide coverages as Figs. 4.3 and 4.4. Al Ko (1486.7 eV)

was used for excitation. Intensities here are normalized chi functions.
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Figure 4.6(c). O 1s full-solid-angle XPD patterns in stereographic projection for the
same surfaces and iron oxide coverages as Figs. 4.3 and 4.4. Al Ko (1486.7 eV) was

used for excitation. Intensities here are normalized chi functions.
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Fe;0,(111)

Figure 4.7. The atomic cluster used to model XPD from a 3.0 ML coverage of
Fe304(111). The surface is shown here terminated with 1/4 ML of Fe, but
calculations have been performed with and without this termination. Note the vertical
relaxation of one O atom compared to the remaining three O atoms within the unit

cell, as well as possible relaxations in the O-Fe-O interlayer spacings (z;and z,).
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Figure 4.8(a). Theoretically calculated XPD chi modulations of Fe 2p3/, (top) and O 1s
(bottom) for FeO and Fe,03, again in stereographic projection. (a) two bilayers of Fe
and O in the FeO(111) configuration, with the bottom bilayer relaxed inward as for 1

ML FeO/Pt (structure model 2).
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Figure 4.8(c). Theoretically calculated XPD chi modulations of Fe 2p3/, (top) and O
1s (bottom) for FeO and Fe,O3, again in stereographic projection. (c) five bilayers of

FeO(111) (structure model 4).
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(c) 5 ML FeO(111) - Model 4

Fe Chi
90 _ 73

Figure 4.8(c). Theoretically calculated XPD chi modulations of Fe 2p;/, (top) and O
1s (bottom) for FeO and Fe,O3, again in stéreographic projection. (c) five bilayers of

FeO(111) (structure model 4).
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Figure 4.8(d). Theoretically calculated XPD chi modulations of Fe 2p3/, (top) and O
1s (bottom) for FeO and Fe,03, again in stereographic projection. (d) 2 bilayers of

Fe,03(0001).
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() 3 ML Fe;03
Fe Chi

Figure 4.8(e). Theoretically calculated XPD chi modulations of Fe 2ps/, (top) and O 1s
(bottom) for FeO and Fe, 03, again in stereographic projection. (e) 3 bilayers of Fe,05

(0001).
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(b) Fe304 - Model 5
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Figure 4.9. Theoretically calculated XPD chi modulations of O 1s for four different

structural models of Fe;04(111) tested, again in stereographic projection. Calculations

for the fully relaxed structure determined in a recent LEED study (z; = 0.83 A, z, =

1.42 A) is shown in (a) with a topmost 1/4 ML of Fe terminating the surface and in (b)

without this terminating Fe. Calculations for our optimized structural model (z; = 0.83

A, z; = 1.07 A) are shown in (c) with the topmost 1.4 ML of Fe, and in (d) without it.
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Figure 4.10. Full-solid-angle XPD patterns for Fe 2p3/, emission from 3.0 ML iron

oxide on Pt(111), again in stereographic projection, are compared to theoretical

simulations for our optimized model for Fe304(111): (a) experimental data, (b) single-

domain calculation, (c) two-domain calculation involving the sum of (b) and a similar

pattern rotated by 180°, (d) illustration of the various forward scattering events

possible in the cluster utilized, with circle size being inversely proportional to distance

from a given emitter. The cluster used was based on the geometry of Fig. 4.7, but

without the topmost 1/4 ML of Fe, and with z; = 0.83 A and z, = 1.07 A.
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Figure 4.11. As Fig. 4.10, but for O 1s emission.
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CHAPTER 5
CONCLUDING REMARKS

"The surface was invented by the devil," said the physicist Wolfgang Pauli. Pauli's
frustration was based on the simple fact that the surface of a solid serves as the boundary
between the solid and the outer world. Surface structures are thus more complex and
differ from those of the interior because an atom at a surface has a different surrounding
environment. A number of surface structure probes have thus been developed in recent
years in an attempt to determine the structures at a surface, as well as other properties of
a surface (e.g., magnetic susceptibility). While it is true that no single technique can yet
provide a definitive description of the complexities of the surface, a combination of
several techniques along with their respective experimental data and theoretical analyses
may permit a consensus to be reached on models to describe them. In this dissertation, a
particuiarly powerful set of three complementary surface structure probes - XPD, STM,
and LEED - have, for the first time, been combined in the same experimental system and
applied to the example case of epitaxial oxide growth on a metal substrate. Some of our
essential conclusions and their relationship to prior work are as follows.

For the first monolayer of iron oxide formed on Pt(1 1.1), XPD shows a topmost
oxygen layer relaxed significantly inward by 0.6 A compared to bulk FeO(111), while
STM and LEED show an incommensurate oxide film with short-range and long-range
periodicities of 3.1 A and 26 A, in agreement with prior work. Our combined XPD,
STM, and LEED results also unambiguously show that the stacking of O atoms in the
FeO(111) bilayer is dominated by one of two possibilities, vﬁth oxygen atoms sittiing
along Pt <112> directions as viewed from their nearest-neighbor Fe atoms. This
possibility of two oxygen orientations lead to a second type of oxide domain that is in

fact consistent with our data for thicker oxide layers.
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For thicker layers of iron oxide on Pt(111), STM shows the growth niode of the iron
oxide to be Stranski-Krastanov in nature: a first base monolayer with good two-
dimensional order on which three-dimensional oxide islands grow, while LEED
“continues to indicate the structure of the base monoiayer, showing almost identical
patterns over the coverage range from 1.00 to 1.75 ML. In addition, XPS quantitative
analyses, Fe core binding energies, and XPD combine to show that the islands formed on
top of the base layer are composed of Fe;04 (magnetite) in (111) orientation. This
Fe30y4 is present in two domains rotated by 180°with respect to one another. We also
conclude that the surface is terrniﬁated by an O layer instead of the 1/4 ML of Fe
proposed previously, and that the near-surface Fe-O interlayer spacings are different
from a previously-proposed model.

Overall, the work presented here makeé it clear that XPD, STM, and LEED are a
particularly useful and powerful set of surface structure probes when used in the same
experimental system to study a.given surface. LEED in the simplest form used in most
laboratories is primarily sensitive to long-range order, but is not very sensitive to
changes in the topography of surfaces, whereas STM is the current technique of choice
for studying surface topography, as well as short-range and long-range order. XPD by
contrast probes the short-range structure around each type of emitter, including simple- |
to-interpret forward scattering effects in some diffraction features, an& it also has the
advantage over the other two techniques of being atom-specific. This study beautifully
confirms the need for complementary surface structure probes in such epitaxial growth
studies.

Looking to possible future areas of study suggested by this thesis, we point out that -
many epitaxial growth problems could fruitfully be studied with the experimental system
that was constructed as part of this thesis. Indeed, Qarious aspects of the FeO,/Pt(111)

system studied here are worthy of further investigation: for example, comparing oxide
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layers grown as we have done and by the layer-by-layer method, and studying more
carefully the columnar oxide growth for coverages less than one monolayer. Beyond the -
exciting prospects opened up by this instrumentation, new high-brightness synchrotron
radiation sources and higher resolution electron spectrometers yield energy resolutions at
least 10 times better than those achieved here. This could permit the deconvolution of
the two different Fe oxidation states involved in these oxides, provided that the natural
width of the Fe peak is not too large, and then chemical-state specific XPD would
provide a much more precise understanding of the structures in this system. Another
desirable development would be the addition of the surface magneto optic Kerr effect
(SMOKE) as yet another complementary technique to this new instrument to permit
directly measuring the magnetization in these iron oxide films. The application of this
kind of instrumentation to a wide variety of other problems in the epitaxial growth of

metal oxides and other surface structure problems should certainly be fruitful as well.
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APPENDIX A
XPS QUANTITATIVE ANALYSES

We begin by introducing standard XPS quantitative analytical expressions and
applying them to the coverage of Fe as initially deposited, and then consider the Fe:O
sfoichiometry of the various iron oxides on Pt(111). The initial amount of Fe deposited
can be determined to a very good approximation by using well-known formulas
applicable to the case of a semi-infinite substrate with uniform overlayer thickness t.
From Eq. (3) of ref. [1], the dependence of the substrate and overlayer intensities on
polar angle O can be expressed as:

Peak k from substrate with Ey;, = Ej:
Ni(®) = 1:Q0(Ei)Ao(Ex O)Do(El)pi(doi/dQ)A ¢ (Eidexp(-t/A , (Ey)sind)
=N ®)exp(-A_ (Ey)sin®), (1)
Peak / from overlayer with Ey;, = E;:
N(8) = LQ(EDAG(E; O)Do(Eppfday/dA , (Ep[1-exp(-vA., (E)sind)]
= NP (©)[1-exp(-vA (E))sin6)] )
where
I, = the incident x-ray ﬂux
Q, = the kinetic-energy-dependent effective solid angle seen by the spectrometer
A, = the kinetic-energy- and angle- dependent effective specimen area seen by
the spectrometer
D, = the kinetic-energy-dependent efficiency of the detector
doy 1y/dQ2 = the differential cross section, which depends on the subshell k(or 1)
and the photon energy

. A = the inelastic attenuation length in the substrate

A'e = the inelastic attenuation length in the overlayer
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px = an atomic density in the substrate associated with subshell k

p;= an atomic density in the overlayer associated with subshell 1, and

Nf and N;" = the absolute peak intensities at a certain 0 resulting from

atomically clean and semi-infinite specimens of the substrate and overlayer

material, respectively (in our case»Nl"(0 for Pt, N;" for Fe), and given by:
N =1oQo(E)AqEx O)Do(Erpi(doi/d)A e (Er) 3)
NP = [,Q0(EDAo(E;8)Do(EppAds/dA _ (E)). )
It is' also convenient to rearrange the above equations so as to deal with peak ratios in
which the x-ray intensity I, and any purely ihstrumental variations with 6 cancel:

Overlayer/substrate ratio:-

N® . .
RO = O _ T encua (E)sind)]exp(/A’ (E})sind) (5)
Ne® N ; ;

where N (0) and N/(0) are the measured peak intensities of substrate and overlayer at a
certain coverage, respectively. Eq. (5) can be used as to experimentally calibrate the
determination of initially-deposited Fe coverages by plotting NA8)/Ny(6) versus t after .
Ny and N° are determined either experimentally or theoretically.
We first discuss the experimental results for thick films and compare them with
theoretically determined ones io calibrate our method of measuring peak intensities. We
first deposited a thick Fe film (~ 40 ML) on a Pt(111) substrate so as to measure N°, the
absolute intensity of Fe 2p3,, from an effectively semi-infinite sample of Fe. No Pt
~ signal was seen from this overlayer; verifying that it was effectively semi-infinite for
photoelectron emission. Immediately aﬁeerd, the Fe was flashed off to leave an
atomically clean Pt(111) surface, and N? was measured through Pt 4f spectra. In order
to minimize possible errors in the Pt intensity due to photoelectron diffraction effects,
both the Pt 4f and Fe 2p;/, intensities were measured at an emission direction (6,¢) for

which the Pt 4f peak intensity is equal to the average over a full azimuthal scan data for
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that particular polar angle. Photoelectron diffraction effects in the Fe overlayer could be
ignored, as this overlayer produced a featureless LEED pattern indicating no long-range
order and a polycrystalline film.

Fig. A.l shows typical spectra taken in this calibration process: Fe 2p3/; in (a); Pt 4fin
(b), and O 1sin (b). For all cases, a simple linear background has been subtracted from
the spectra to obtain the Fe 2p;,,:Pt 4f or :O Is intensity ratios for determining the
coverage of the initially deposited Fe, or the Fe:O stoichiometry for the oxide overlayers
after oxidation of Fe. The Fe 2p3/, "area" shown in this figure is clearly somewhat
arbitrary in definition, as the entire 2p 3/, region has lying under it a significant
background extending over about 50 eV, and the intensities of the two members of this
doublet no doubt overlap one another appreciably in this region. The Fe 2p;/, intensity
measured in this way is thus no doubt an underestimate, but this can easily be adjusted
for with the present calibration procedﬁre. The areas for Pt 4f and O 1s shown in Fig.
A.1(b) are closer té) representing true intensities. However, the calibration procedure we
will use only requires that the areas we measure for both Fe and Pt be proportional to the

true intensities. The experimental N;”/N ;’: ratio determined by measuring the Fe 2p3/,

and Pt 4f peak intensities as described above is found to be 0.539. Using this value
together with A'e (Fe 2p3p) in Fe 0f 13.42 A and A; (Pt 4f) in Fe of 21.06 A, as obtained
from theoretical data in ref. [A.6], the initially-deposited Fe coverages can be determined
from Eq. (5) by plotting NAB)/Ni(0) versus t.‘ The results obtained for Fe layer
thicknesses in this way are in very good agreement with those from the quartz crystal
monitor, as shown in Table 3.1. Only for the thickest nominal 3.0 ML layer there is
about 20% disagreement between the QCM and XPS results; this can possibly be
explained as due to diffraction effects. As the Fe coverége increases, diffraction effects
can be more pronounced due to the possible short-range order and island formation even

though LEED patterns at this coverage indicate no long-range order.

1
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Now we discuss the theoretical determination of the N’/NP ratio as both a cross-
check, but more as a calibration, of the experimentally determined one. By contrast with
the experimental determination, in which any purely instrumental variations were
canceled out for the substrate and the overlayer, there are a few terms we have to take
into account in a theoretical determination of the absolute peak intensity ratio. The two
terms, I, and A,, are canceled out because the incident x-ray flux and the effective
specimen area can be assumed to be identical for the substrate and the overlayer peaks.
However, the kinetic energy dependent instrumental transmission function T(Ey;,),
which is represented by the combined product Q,(Ey;,)Do(Ekin). has to be determined
with the same spectrometer optical parameters (in this case, a = 3.0° tube-array angular
baffle [A.3] and a 2 mm x 20 mm curved entrance slit) for the two different
photoelectron peaks and kinetic energies involved. It is also well known that T(E,;,) is
simply proportional to (Eyi;)@ [A.4]. The exponent q in the latter expression was
experimentally determined and found to be 0.74 by measuring the Pt 4f peak intensities
as the analyzer pass energy was varied from 5 eV to 100 eV, using a procedure described
previously [A.4]. This value of 0.74 agrees well with the previously determined ones on
the same spectrometer which range from 0.70 (with + 3.0° aperture angular baffle) to
0.78 (with + 1.5° tube-array angular baffle). The ratio of T = QD (Fe 2ps,,:Pt 4f)
determined with the above calibration is ~1.557 (The proportional values for Pt 4f and
Fe 2p3; are 4.63x1073, and 7.21x10-3, respectively). The remainiﬁg factors to be
determined are the differential cross sections of Fe 2ps3, and Pt 4f for unpolarized
radiation. These can be calculated from a knowledge of the total subshell cross section o

k and the asymmetry parameter By via

doy o 3.9
Ok _Oky4p, (2 T
Q- an. Fk(zsm -l
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The o) and Bk values for the calculations are obtained from ref. A.5 and the calculated
differential cross sections for Pt 4f and Fe 2p3,, with o = 48° are 1.165 x10-2 and 1.030
x 10-2 Mbarns, respectively. The remai:ﬁng parameters are the attenuation léngths for Pt
4f in Pt: 11.36 A [A.2], and for Fe 2p;/, in Fe:13.42 A [A.6]. The IMFP's are based on
experimental data for Pt and theoretical calculations for Fe. Finally, the atomic
concentration in 1022 cm-3 of Pt (6.62) and Fe (8.50) are used for the calculation. With
these inputs, the theoretically determined N;’°/N i‘:’ ratio is found to be 1.47 which is 2.73
times larger than the experimentally determined ratio using the area determination
procedure in Fig. A.1. Although this is at first sight a large deviation between
experiment and theory for nominally the same ratio, we have already noted that the Fe
2p spectral region has an anomalous background under it over an extended region, and
this has been seen in prior studies of elemental iron in other laboratories [e.g., the
Physical Electronic Handbook of XPS Spectra-A.7]. Our simplistic area determination
procedure also clearly does not allow for the overlap of peak-plus-background between
the 2p;/, and 2p;, intensities, thus underestimating the latter by a significant amount.
In addition, the background ﬁnder both regions of the spectrum seem to at least partially
be due to many-electron satellite excitations related to the Doniach-Sunjic lineshape
[A.8], and thus Arepresent intensity that is properly associated with the primary
photoelectron excitation. This intensity thus should be included in measuring a ratio for
comparison to the theoretical number above, and is another reason for the factor of 2.73
between experiment and theory.

As noted above, the coverage determination of initially deposited Fe before oxidation
by XPS quantitative analysis is in very good agreement with the results of QCM because
any spurious reduction of the Fe 2p3,, peak area, as well as other possible errors, are
calibrated away, as discussed above. In now proceeding to determine the Fe:O

stoichiometry of the oxide films, we can use a somewhat simpler approach due to the
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weak attenuation in the overlayer. Here, we have used equations appropriate for a semi-
infinite substrate with a thin, weékly-attenuating overlayer. The fractional coverage of

Fe and O with respect to Pt can be expressed [from ref. 1]:

exp(t/A'e (Ey)sinB)

[S_’] = Ni(©) Do (Ex )0 (Ex)Ao (Ex)(doy /A, (Ey )sind
S

Ni (6) Do (E1)Q (Er)A, (E;)(do; /dQ)d
| | ©
where [s/s] is the fractional monolayer coverage of atomic species in which peak /
originates (Fe and O in this case) and d is the mean separation between layers on the
substrate (2.26 A for the case of the (111) planes of Pt). JAll of the other factors are the
same as explained above. We have here added a first-order correction factor of exp(-t/A
'e (Ey)sin6) to a more standard result for a non-attenuating overlayer in order to allow for
the weak attenuation of Pt 4f in the iron oxide overlayer at these high kinetic energies.
The same input parameters given above are still valid except that we now need new
attenuation lehgths in iron oxide films instead of in pure Fe films, as well as new
parameters to describe the O 1s intensity, which are: Q,D,(O 1s) = 6.18 x 10'3,‘dck/d§2
(O 1s) = 2.612 x 10-3 Mbarn [from ref. 5], A (Pt 4f in the oxide) = 39.1 A, A_ (O Isin
the oxide) = 33.1 A, A'e (Fe 2p3, in the oxide) = 30.3 A [A.6]. The attenuation lengths
were calculated from formulas by Tanuma et al [A.6] that can be applied to a material
with arbitrary stoichiometry and density, and we here assumed an FeO stoichiometry,
although changing the latter choice to Fe;0, is expected to make little difference. This
calculated value is in gooa agreement with the experimental value [A.9,10]: the only
available IMFP experimental data for an iron oxide film, to our knowledge, is 23 A for
an O Auger kinetic energy of 515 eV in a ferro-alloy surface and the calculated IMFP for

the electron kinetic energy of 515 eV in an FeO film is about 25 A. With these input
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parameters substituted into Eq. 6, the Fe:O steichiometry [s'(Fe)/s'(0O)] can be expressed

as:

[S',(Fe)] _0.218x NEe(®) 0)
s'(0) No(6)

where Nge(0) and N(6) are the measured intensities for Fe 2p3 )2 and O 1s, respectively,
with the assumption that all processes resulting from the primary photoelectron
excitation have been included. However, our calibration of actual experimental intensity
ratios against the limit of thick Fe and clean Pt indicates that the experimental ratios
need to be multiplied by a factor of 2.73, provided we assume that both the Pt and O
intensities in the denominator are being correctly measured, so that this correction factor

deals with Fe alone, yielding a final empirically-corrected formula for stoichiometry of

[——S'(Fe)] = 0.595x ~Ee ),
s'(0) No ()

Using the first formula without correction in fact yields Fe:O stoichiomeuiee of ~1:3 to
~1:4 for all of our oxide films that are not consistent with any known iron oxide! With
the second corrected formula, the Fe:O stoichiometries of the 1.0 ML and 3.0 ML iron
oxide films are found to be very close to 1:1 (FeO) and 1.0:1.33 = 3:4 (Fe30y),

respectively. These results are summarized in Table 3.1.
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Fig. A.1. (a) Fe 2p XPS spectra of obtained from a 40 ML-thick clean Fe film. The Fe
2p3,; peak area as we measured it is shown above the linear background. Note the
high background under both components of the Fe 2p doublet, some of which
represents primary photoelectron excitation rather than purely inelastic losses. The
inset shows just the Fe 2p3/, peak and its as;surned linear background as obtained from

an iron oxide film of 1.0 ML thickness.
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(b)
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Fig. A.1. (b) Pt 4f and O 1s XPS spectra obtained from an iron oxide film of 1.0 ML
thickness. Note the cleaner background characteristics compared to the Fe 2p spectral

region.
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APPENDIX B
XPD THREEFOLD DATA FOLDING

The validity of the threefold-symmetry data folding used to yield the full 2 XPD
patterns reported in this dissertation was checked for each case by comparing the
individual 120° intensity scans in the large data set to selected full 360° azimuthal XPD
scans. As one example of this, a selected full 360° scan and a threefold-folded scan are
shown in Fig. B.1 for the case of Fe 2p3;, emission from ML FeO/Pt(111). The full
azimuthal XPD data clearly show the same threefold symmetry as the folded data,
illustrating the excellent alignment of the specimen in the goniometer and justifying the

use of this procedure.
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Full Azm. VS. 3-fold on 1.0 ML

Fe 2p AZM. THETA=20° — FULL AZM
— — 3-FOLD DATA

INT.(ARB. UNIT)
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Figure B.1. The selected full and threefold data folded Fe 2ps, emission XPD data
are shown for the case of 1 ML FeO/Pt(111).
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APPENDIX C
SIMULATIONS OF LEED PATTERNS

For a well ordered surface, a LEED pattern consists of a set of spots, each of which can |
be associated with one of the reciprocal lattice vectors describing the periodicity of the
surface. The LEED pattern for ~1 ML FeO/Pt(111) exhibits a three-fold symmetric
hexagonal pattern where each of the six main spots is surrounded by a rosette of six
satellite spots, as shown in Fig. 3.2. These six satellite spots, originating from the longer-
' rangé periodicity of the iron oxide overlayer discussed in Chapter 3, are somewhat
streaked in the regime of <1 ML compared to those of the higher coverages.

The goal of our LEED simulation is to semi-qﬁantitatively understand these streaked
six satellite spots, as well as to use the calculated patterns to better understand the real-
space atomic distances involved. However, exact simulations of LEED spot patterns for
such large unit cells, including a quantitative prediction of the intensity ratios of the
spots, are beyond our computational capabilities. This is because of the large cluster size
and the fact that multiple scattering effects must be included in order to adequatelyv
reproduce the LEED patterns, especially the six satellite spots that are associated with
multiple scattering between the overlayer and the substrate. In fact, we know of no
program for carrying out such calculations in a fully quantitative way in a finite amount
of time. In order to overcome this limitation, we have employed a phenomenological
model in which the various atomic scattering factors in the Fe layer and the first Pt
substrate layer are modulated in the same way as the superlattice modulations seen in the
STM. The O layer was not included for simplicity. If the reciprocal lattice vectors
describing the superlattice unit cell are given by A* and B* (and calculable from the
equation to LEED given in the Introduction), this modulation F was taken to have the

form:
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F={1 + -zf:[COS(A*'ri) + COS(B*"'i)]}a

where 0< f <1 and was adjusted to about 1.0 to yield easily discernible supérlattice effects
on the predicted LEED patterns, F thus can be varied by a maximum of from 2 to 0 over
the modulation, and r; is the position vector of the ith scatterer in the cluster, whether Fe
or Pt for this case. The LEED intensity simulation was then carried out within a single
scattering model (ref. [21] in Chapter 4).

Fig. C.1 shows the calculated LEED spot patterns for this Fe/Pt(111) superlattice with
the registry of Fig. 3.2(c) and for different cluster sizes, as threefold symmetrized in the
final step: (a) a circular cluster of 200 A diameter to include about 8 superlattice repeat
units in both of the lateral directions x and y; (b) a rectangular cluster 200 A long in x
and 26 A wide in y to simulate the colufnnar oxide growth of 0.75 ML as seen in the
STM image of Fig. 3.3(a) and with ~ 8 and ~2 superlattice repeating units on X and y
directions, respectively; and (c) a cluster with diameter of 30 A and only about 2
superlattice cells in both directions. Only a band of intensity spanning the most intense
spots and their satellites was calculated due to the computer-intensive nature of these
calculations. The calculated LEED pattern for (), a simulation for the case of long‘-range
order over fairly large area, reproduces the six main spots as well as the six satellite spots.
Furthermore, the distances between the main spots and the satellite spots well reproduce
the experimental ones, and further confirm the large periodicity of ~ 26 A seen by LEED
and STM. A minor point of disagreement is that the outermost six spots associated also
with Pt(111) are brightest, whereas in experiment, the six spots in the center of the
satellite ring and associated with FeO(111) are the brightest. However, for a calculation
at this simple and phenomenological level, such minor disagreements are not surprising.

For the simulation of oxide columnar growth shown in (b), the six satellite spots are still
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apparent, although a little weaker compared to the case of (a) and with streaking between
them that is qualitatively like that in the experimental data of Fig. 3.2(a), but not as strong
in theory as. experiment. The least ordered case as shown in (c), and here the satellite
spots are still visible but much broader and streaked compared to the other cases. The
satellites here begin to look more like those in experiment for < 1.0 ML. Interpreting
these LEED simulations qualitatively, we can thus say that the streaked satellite spots
seen in the experimental data are probably due to diminished long range order in the
oxide overlayers. Although multiple scattering calculations for similar clusters including
also a topmost O layer and possible surface rumpling would be necessary to analyze these
LEED results more quantitatively, the present simple simulations serve to further support

the structural model discuésed in Chapter 3.
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Figure C.1. Calculated LEED patterns for a cluster consisting of Fe on Pt(111) in the
same registry as in the FeO(111) superlattice structure of Fig. 3.2(c). (a) is from a
large cluster with long-range order, (b) is frofn a rectangular cluster simulating the
columnar oxide growth seen for a coverage less than one monolayer, and (c) is from a
small circular cluster simulating minimal long-range order. Further details for each

case are given in the text.
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APPENDIX D
THETA-DEPENDENT O:Fe PEAK INTENSITY RATIOS:
QUANTITATIVE ANALYSIS OF OXIDE SURFACES AND
NATURE OF SURFACE TERMINATION

We consider here how the 0-dependent O 1s:Fe 2p;/, peak intensity ratios used for
quantitatively analyzing oxide stoichiometries were derived from experiment, using as
examples the cases of 1.0 and 3.0 ML. These O:Fe peak intensity ratios were derived
from each 2n intensity _mép, as introduced in Chapter 3. At each polar angle, the
intensity 1(0,¢) was averaged to yield I,,.(0) for both Fe and O, leading to curves like
those shown as solid lines in Fig. D.1(a) for the 1.0 ML case with much reduced, but still
non-zero, diffraction modulations in them. Then a spline curve (I,(0)) was fit to each of
these azimuthally-averaged curves so as to yield the best experimental estimate of: an
intensity with minimally diffraction effects in it.

In Fig. D.1(b), we now show two such 6-dependent I (O 1s)/I,(Fe 2p3/2) curves for Fe
and O for both the 1.0 ML and 3.0 ML cases. The higher O:Fe peak intensity ratios of
3.0 ML compared to 1.0 ML over the full angle range clearly show the changes in
stoichiometry of the iron oxides in going from FeO (1.0 ML) to Fe30, (3.0. ML). The
average ratio over the more error-free range near the surface normal of 60°<6<90° was
then used with Eq. 7 in Appéndix A to derive our best estimate of stoichiometry.

An additional aspect in Fig. D.1(b) of significance is that both curves show the same
sort of variation for very low takeoff angles going down to 6°. This suggests an oxygen
- terminating surface layer in both cases, as an extra 1/4 ML of Fe would be expected to
make the ratio for the 3.0 ML case decrease somewhat for low takeoff angles with more

surface sensitivity.
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Figure D.1. (a) Azimuthally-averaged O 1s and Fe 2ps3, intensities I,,(6) for 1.0 ML

of iron oxide are shown with the spline fits to this data that are our final estimates of

15(8).
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Figure D1 (b) The O-dependent O:Fe intensity ratios for 1.0 ML and 3.0 ML of
oxide as derived from spline fits such as those in (a). Also the average peak intensity
ratios over the most reliable data range of 60°<0<90° are indicated. Note the same
trend on both 1.0 ML and 3.0 ML not showing noticeable decreases in O:Fe intensity
ratios at the loW take-off angles (most surface sensitive regions) in 3.0 ML compared

1.0 ML.
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APPENDIX E
STM DATA ANALYSIS

STM images and STM data analysis reported in this dissertation were obtained using
the standard Nanoscope II software. Here, two typical features of the software used in
calibration of STM piezoes, measurement of vertical and horizontal distances, and
determination of the area occupied by islands are illustrated in detail. The most
commonly used feature is the display of the cross sectional profile along the chosen line
on the STM images which enables us to measure the islands/step heights, for the
example case of 0.75 ML oxide, as shown in Fig. E.1.

In Fig. E.i, the line-cut passing across the image clearly shows alternating higher and
lower regions and the height difference is found to be ~ 2 A after the vertical heights (z
‘piezo) are calibrated by factor of 0.63.

The other feature is the display Aof surface height histograms and bearing ratio curves
for the chosen areas on the images which is used to determine the area occupied by
islands. The histograms are referenced from the highest point on the area. The bearing
ratio curve is the integral of the surface height histogram and plots the total percentage
of the surface above a reference plane as a function of the depth of that plane below the
highest point.

Figs. E.2 shows the example cases of these .features obtained from 1.75 ML oxide. In
Figs. E.2, the image of chosen areas are shown in (a), the histograms in (b), and the
bearing ratio curve in (c). Ihe histograms clearly shows that there are islands of at least
two levels (shows a hint of the third layer growth). Furthermore, the bearing curve
provides the following: a topmost islands about 5.0 A in height as measured from the

islands just below and occupying about ~5.5 % of the total area, and a lower set about
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9.7 A in height as measured from the flat base layer and occupying about ~50 % (~58 %

if averaged over from wider areas) of the total area.
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Figure E.2 Illustrating analysis of the occupied area by islands. (a) STM image
obtained from 1.75 ML. (b) The surface height histogram on thé area of image (a). (c)
The bearing ratio curve calculated from the histogram of (b). The vertical heights (z
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APPENDIX F
AZIMUTHAL XPD SYMMETRIES FOR
OXIDE COVERAGES FROM 1.25 ML TO 1.75 ML

Chi curves at a takeoff angle of 20°.in Fe 2p3/, emission where the strongest forward
scattering peaks are present are shown in Fig. F.1 for coverages from 1.25 ML to 1.75
ML. 1t is clear that the strongest peaks at 1.50 ML are rotated by 60° from <112>
azimuths and also show decreased anisotropy compared to those of other two coverages.
This we argue could be due to an enhanced importance of another rotated oxide domain
for the 1.50 ML case.

In addition, the experimental curves from 3.0 ML of oxide and the theoretical curves
from our final optimized model for Fe 2p;, emission at the polar angle of 16° are
directly compared in Fig. F.1(b). The theoretical curve well reproduces the positions of
the main peaks in the experimental data but with much higher anisotropies. The higher
anisotropies in theory can bé explained as due to the multilayered structure of the thick
iron oxide films at this low takeoff angle, which should result in lower ariisotropies in
experiment, as discussed in Chapter 4. This expected lower anisotropies in experiment
may cause the double bands of intensity to be not as pronounced as in theory, but the
experimental curves do in any case show a hint of this double band in one of the two 60°

segments repeated in this plot.
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Figure F.1 (a) Fe 2p;/; azimuthal chi curves for 1.25 ML, 1.50 ML, and 1.75 ML iron
oxide films on Pt(111) at a polar takeoff angle of 20°. Note that the strongest peaks at
1.50 ML are shifted by 60° from <11 2> azimuths and also show decreased anisotropy

compared to the others.
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Figure F.1 (b) The experimental and theoretical Fe chi curves obtained from 3.0 ML

iron oxide and our proposed structure model (Fe30,4 - structure model 6) for an-

emission angle of 6 = 16°.
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APPENDIX G

THREEFOLD DATA FOLDING VERSUS FULL AZIMUTHAL SCAN AT 3.0 ML
O 1s and chi curves from selected full and threefold data folded azimuthal scan data
obtained from 3.0 ML oxides are shown in Figs. G.1(a) and (b), respectively. For O 1s,
both curves show the symmetry being very close to sixfold but slightly threefold in
chafacter—, with a difference in anisotropy of the two sets of three peaks at the polar angle
of about 55° of about 3 %. For Fe 2p3/,, the two corresponding curves are much more

nearly threefold.
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(@) Full Azm. VS. 3-fold on 3.0 ML
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Figure G.1. (a) The O 1s chi curves obtained from 3.0 ML iron oxide on Pt(111) at a
polar angle of about 55°. The anisotropy of two sets of three peaks differ from each

other by about 3 % resulting in an overall threefold symmetry of the XPD pattern.
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(b) Full Azm. VS. 3-fold on 3.0 ML
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Figure G.1. (b) As (a), but for Fe 2p3,,, for which both curves are much closer to

sixfold.
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APPENDIX H
SINGLE SCATTERING VERSUS MULTIPLE SCATTERING

In deciding which structural model best fits our experimental data for a 3.0 ML film of
iron oxide on Pt(111), we have also assessed the possible effects of multiple séattering in
our theoretical analysis by carrying out simulations of photoelectron diffraction patterns
for a test case within both a single scattering cluster (SSC) model and a multiple
scattering cluster (MSC) model. The MSC program was that developed by Kaduwela et
al. (ref. [22] in Chapter 4). The test case considered was the fully reconstructed structure
for Fe304 determined by LEED (ref. [12] in Chapter 4, structure model (2) for the Fe304
cases in Chapter 4). Because of the very time consuming nature of the MSC
calculations, particularly in view of the many types of emitters involved, only two
azimuthal scans instead of full 2rn XPD patterns were calculated in multiple scattering,
one for Fe emission at a polar angle of 38° and one for O emission at a polar angle of 34°
. These are polar angles for which strong forward scattering and other peaks are present
for each case, and one might thus expect more pronounced multiple scattering effects to
arise. The MSC calculations were done over only one third of the full azimuthal angles
to reduce the cluster size, and the final full azimuthal data were obtained by exploiting
threefold data folding and then averaging over two domain structures with a 180°
rotation between them, as described in Chapter 3. These results are shown in Figs. H.1
(Fe emission) and H.2 (O emission) along with the SSC results and experimental data.
For both Fe and O, both the SSC and MSC curves well reproduce the positions of the
main peaks in the experimental data. However, the MSC resuits actually give a
somewhat worse fit to the experimental data as far as predicting relatiQe peak intensities.
It is not clear why MSC does not provide a better description of our data than the less

accurate SSC, but it could be due to the presence of some disorder in these thicker iron
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oxide films (as suggested by the fuzzy LEED spots) and/or the multilayered structure of
the oxide film (as seen in the STM image), that tends to reduce or distort any chains of

forward scattering atoms and thus also multiple scattering.
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Fe 2p,,, Azimuthal Data at 0=38°
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Figure H.1. SSC and MSC calculations for Fe 2p3,, emission at a polar angle of 38°
for the fully reconstructed Fe;O4 (111) LEED structure of ref. [12] in Chapter are

compared to experiment for a 3.0 ML film of iron oxide.



O 1s Azimuthal Data at 0=34°
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Figure H.2. AsFig. H.1, but for O 1s emission at a polar angle of 34°.
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APPENDIX I
CLUSTERS FOR Fe;05(0001) AND Fe304(111) -

The three dimensional cluster of Fe;03(0001) used to model XPD patterns is shown
in Fig. I.1. Only 2 bilayers of Fe-O are shown with AB O stacking. Note Fe atoms are
octahedrally coordinated and also that 1/3 ML of Fe atoms (compared to O) is absent in
each layer to maintain the stoichiometry. | |

A similar view of the three dimensional cluster used to model Fe304(111) has already
been presented in Fig. 4.7. In Fig. 1.2, we show in more detail the exact layer-by-layer
makeup of this cluster over all of the Fe and O atoms present, and with all of the types of
efnitters (crossed) indicated. As noted previously, this cluster was meant to adequately
span only 120° of azimuthal scanning, so that some scatterers beyond this region are

included as well in each layer.
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Fe;03(0001)

Figure I.1 The Fe;03(0001) atomic cluster with only 2 bilayers of Fe-O shown. The

larger circles represent O atoms and smaller ones Fe atoms.
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Figure 1.2. The layer-by-layer makeup of the Fe304(111) cluster used for our
optimized structure: (a) topmost O-Fe bilayer, (b) middle O-Fe bilayer, and (c) bottom
O-Fe bilayer. The Fe emitters (Fe emission) only are indicated in each layer and the

interlayer distances are indicated as referenced to the surface layer.
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APPENDIX J
R;FACTOR COMPARISON OF EXPERIMENT AND THEORY

The five R-factors (R1-R5) used to jﬁdge the goodness of fit between our
experimental XPD data and theory are described in great detail elsewhere [J.1,2]. Biefly,
these are factors are: R1--sum of absolute values of differences between experiment and
theory, R2--sum of absolute values squared of differences between experiment and
theory, R3--fraction of the data range over which experiment and theory have the same
slope, R4--sum of absolute values of differences between the slopes of experiment and
theory, and R5--sum of absolute values squared of differences between the slopes of
expeﬁment and tlvleory.A Intensities are normalized in a special way so as to be more
applicable to XPD data [J.2]. In order to determine the best structural model for the case

“of 3.0 ML of iron oxide on Pt(11 l); we have carried out an R-factor analysis as summed

over the full hemispherical XPD data for various structural models. The results of this

analysis are summarized in Figs. J.1 (for Fe emission) and J.2 (for O emission), w1th the
cases being listed from left to right in general order of decreasing R-factors. First, we
note that all 5 R-factors generally show the same trends as structures are varied from left
to right. The Fe R-factors are slightly more sensitive to changes in structure, with
somewhat greater negative slopes in going from left to right.

Taking these results for Fe and O in their totality, we can first rule out the two Fe,03
(0001) structural models 1 and 2, as these show a much worse fit to the data than the
various structures of Fe;O4. Among the Fe;O4 structures, those with bulk Fe-O-Fe
interlayer spacings (3 and 4) also show significantly reduced agreement with experiment,
especially for Fe. Now comparing the structural model of a prior LEED I-V study [J .3]
and our proposed model, the structures with a topmost 1/4 ML of Fe (5 and 7) have

larger values for all five R-factors than the ones without this 1/4 ML of Fe (6 and 8) for
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both structural models, suggesting an O-terminated structure. Between the structural

models of 6 and 8, three out of five R-factors for the case of O emission favor our

- proposed structure (8), while there is no noticeable difference in the R-factors for Fe

emission.
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R-Factors of Fe XPD on 3.0 ML FeO_/Pt(111)
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Figure J.1. R-factor analysis for the case of Fe 2p3/, emission from 3.0 ML of iron

oxide on Pt(111). The 8 structural models considered (see text for details) are in

approximate order of decreasing R-factor.



R-Factors of O XPD on 3.0 ML FeO_/Pt(111)
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Figure J.2. As Fig. J-1, but for O 1s emission.
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