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Abstract

We have studied the epitaxial growth modes and near-surface interlayer relaxation of thin Cu films on Ru(0001) using X-ray
photoelectron diffraction (XPD), measuring experimental Cu 2p;, (Ey;, =556 €V) and Ru 3d (E,;,=1206 €V) intensities over one-
third of the nearly full 2z solid angle above the surface for Cu coverages from submonolayer up to 40 monolayers. Reference
Cu 2p;,, data for a clean Cu(111) surface have also been obtained from Naumovi¢ et al. and in our laboratory. These data have
been compared to single scattering cluster (SSC) and more accurate multiple scattering cluster (MSC) calculations via a sum of five
R-factors to derive precise structural information. MSC calculations are found to give a more accurate description for layers of
>4 ML thickness, and comparisons of experiment and theory are also improved by allowing more accurately for the effective degree
of angular averaging involved. Calculations for thicker layers are also found to converge by ~5 ML. Our analysis indicates that the
first Cu layer grows pseudomorphically on Ru(0001), in agreement with prior studies. An R-factor analysis comparing MSC and
SSC calculations to experimental results further indicates that the Cu—Ru interlayer spacing at 1 monolayer (ML) is about 2.15 A,
in excellent agreement with prior low-energy ion scattering (LEIS) and low-energy electron diffraction (LEED) experimental studies,
as well as with prior linearized augmented plane-wave (LAPW) calculations. At higher coverages, comparison of our data to SSC
and MSC calculations for various atomic clusters indicates that the short-range structure is fcc Cu(111)-like, but with significant
interlayer contraction which persists up to >5 ML coverage. Prior STM work by Behm et al. has shown a series of misfit dislocation
structures in the top layer of the Cu film at higher coverages from 2 to 4 ML. Our data indicate that these misfit dislocation
structures thread to the Cu/Ru interface rather than occurring only in the top Cu layer or layers. An R-factor comparison of the
more accurate MSC calculations to experiment also indicates that the ratio of the Cu—Cu interlayer distance (d,) to the Cu—Cu
in-plane nearest-neighbor distance (d)), d, /d;=0.729+0.034 at 2 ML, and reaches 0.77740.020 by 25 ML. For reference, the bulk
value is d, /d;=0.816, and the analysis of experimental data for Cu(111) yields 0.801+0.035, in good agreement with this value and
prior LEED studies. This analysis shows that there is significant interlayer contraction for very thin Cu layers, and that it persists
(at least in the top few layers, to which XPD is the most sensitive) for longer than would be expected on the basis of a prior
theoretical analysis using the 2D Frenkel-Kontorova model by Hamilton and Foiles, as used to estimate d, /d, via either a constant
atomic-volume assumption or elasticity theory. In addition, the Cu overlayer grows in two possible orientations rotated by 180° on
the Ru(0001) surface, with a preference towards one of the two possible orientations at certain coverages. Finally, we have
investigated the effect of oxygen preadsorbed on the Ru(0001) surface on the growth of the Cu overlayer. For this case, we find
that all of the oxygen floats on top of the Cu in a highly disordered configuration, and that the oxygen promotes multilayer or
island growth relative to growth on the clean Ru surface up to at least 3 ML coverage, rather than acting as a surfactant promoting
smoother growth. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The growth of thin epitaxial metal films on
metal substrates has attracted much interest
recently due to the unusual catalytic, electronic or
magnetic properties such systems may exhibit [1].
The atomic-scale structure of these systems plays
an important role in their physical and chemical
properties. Heteroepitaxial metal-on-metal systems
are of particular interest because the misfit between
the substrate lattice geometry and the overlayer
bulk geometry causes strain in the overlayer, which
in turn can lead to altered growth modes and
expansions or contractions of interatomic or
interlayer distances in the overlayer [1]. Such
heteroepitaxial systems thus offer the possibility of
producing novel atomic structures which may
exhibit unique properties. An understanding of
how the substrate lattice geometry influences over-
layer growth and structure is thus vital to the
development of nanostructured materials with new
and useful properties. The heteroepitaxial system
Cu/Ru(0001) has become a model system for such
strained overlayer systems due to the several inter-
esting structural transformations which occur in
the Cu overlayer as the film thickness is increased,
particularly in the range from 1 monolayer (ML)
to 4 ML [2-5]. These structural transitions are
driven by a balance between the misfit energy and
the strain energy of the Cu overlayer [6]. The
misfit is such that the lattice constant of fcc
Cu(111) which ultimately grows in thicker layers
is 5.5% smaller than that of the hcp Ru(0001)
substrate.

Early studies of the Cu/Ru(0001) system using
Auger electron spectroscopy (AES), low-energy
electron diffraction (LEED), thermal desorption
spectroscopy (TDS) and work-function measure-
ments concluded that the growth was
Stranski—Krastonov in character [7-12]. However,
more recent studies using scanning tunneling
microscopy (STM) have provided a much more
detailed and complex picture, and revealed that
the Cu grows via a series of misfit-dislocation
structures [2-5]. These dislocation structures have
also been predicted recently in a theoretical study
by Hamilton and Foiles [6], who used a 2D
Frenkel-Kontorova model to determine the mini-

mum energy configuration for thin Cu films grown
on Ru(0001), and obtained results which were in
basic agreement with the STM structures. The
STM studies [2-5] concluded that the first Cu
layer expands by 5.5% from the bulk Cu(111)
lateral spacing to grow pseudomorphically, with
the Cu atoms occupying the three-fold hollow sites
of the Ru(0001) surface. At 2 ML, a striped dislo-
cation pattern was observed in which the layer
was assumed to contract uniaxially from the pseu-
domorphic configuration via misfit dislocations.
At 3 ML, the Cu surface layer contracts along
three directions from the pseudomorphic configu-
ration to form a complex network of triangular
structures, but still with an overall lateral expan-
sion by about 2% from the bulk fcc Cu(111)
configuration. At 4 ML, a large-scale incommensu-
rate lateral superlattice or moiré pattern was
observed. At coverages of 4 ML and higher, the
Cu overlayer is thought to relax almost fully to a
bulk fcc Cu(111) lateral spacing [2-6], but two
separate quantitative analyses of the 4 ML atomic-
resolution STM moiré pattern [5,13] still indicate
a 0.6% lateral expansion relative to bulk Cu(111).
These STM studies [2-5] also concluded that, at
300 K, the growth is layer-by-layer up to at least
2 ML, but that 3D islands and a distribution of
island heights peaked around the nominal thick-
ness form at higher coverages. Detailed measure-
ments of the distributions of different layer
thicknesses for different coverages and thermal
treatments have also been made [5]. A very recent
LEED study has permitted the additional conclu-
sion that the structural data derived on a local
scale by STM are representative of the entire
surface as analyzed by LEED, and also permitted
a more exact determination of both lattice period-
icities and lattice rotations [ 14,15]. However, from
STM it is not possible to determine whether the
misfit dislocation structures thread to the Cu—Ru
interface or occur only in the top Cu layer or
layers. Nor does STM permit a determination of
the vertical spacing between adjacent Cu layers.
We have thus applied X-ray photoelectron diffrac-
tion (XPD) to both of these questions, with a
preliminary account of this work having appeared
previously [16].
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Other studies have found that the growth of
thin epitaxial metal films on metal substrates may
be strongly affected by contaminants such as pre-
adsorption of oxygen on the original substrate
surface [17,18]. In certain cases, such preadsorp-
tion can lead to smoother overlayer growth
through what has been termed a surfactant role
[19-21]. These studies have suggested that when
oxygen is preadsorbed on the Ru(0001) substrate,
the growth mode of the Cu overlayer may be
changed from multilayer and/or 3D islands to a
more 2D layer-by-layer growth mode, thus achiev-
ing smoother film morphologies [19-21]. For
example, work-function studies [20,21] have
reported oscillations in the work function starting
at about 3 ML when Cu was grown at ~125°C
on a Ru(0001) surface which had been precovered
with O up to 0.4 ML coverage. Smoluchowski
dipoles at island step edges tend to lower the work
function, and thus these work-function oscillations
were attributed to a changing Cu step-edge length,
which became large during nucleation of many
small 2D Cu islands, grew smaller as the islands
grew larger, and finally coalesced near the comple-
tion of a layer. Schmidt et al. [21] further con-
cluded that when oxygen is preadsorbed on
Ru(0001), Cu grows layer-by-layer up to as many
as 50 ML, and that 85% of the oxygen floats on
the Cu surface during the film growth, while the
rest remains at the Cu/Ru interface. A more recent
low-energy ion scattering (LEIS) study concluded
that 70% of the oxygen floats on the Cu surface,
and in addition that the oxygen layer is disordered
on the Cu surface [22]. We have thus explored
these questions using XPD.

X-ray photoelectron diffraction (XPD) is an
excellent tool with which to derive additional
information about the Cu/Ru(0001) system [23—
26]. The strong forward scattering effect along
internuclear axes for core-level emission at high
energies (Ey;, =500 eV) permits the quick identifi-
cation of buried species and determination of the
local structural environment around an emitting
atom, and thus can provide information about
epitaxial growth modes and lattice expansions or
contractions. Since diffraction patterns for the
overlayer element as well as the substrate element
can be measured simultaneously, information

about the preferred orientation of the overlayer
relative to the substrate can also be determined
[23-26]. XPD is also a probe of short-range atomic
structure, such that long-range order is not
required to derive structural information. Finally,
more detailed structural information can be deter-
mined by comparing experimental data to single-
scattering cluster (SSC) and more accurate
multiple-scattering cluster (MSC) diffraction cal-
culations via R-factors [27-30].

2. Experiment

The Ru(0001) surface was prepared by mechani-
cally polishing a Ru single crystal, 0.5 in in diame-
ter, using a final abrasive of 0.05u alumina. The
polished crystal was oriented by Laue back reflec-
tion and the surface was found to be within 0.5°
of the (0001) orientation. The polished and ori-
ented Ru(0001) crystal was cleaned further in a
UHYV chamber attached to the photoelectron spec-
trometer, in which the base pressure was near
5x 107" Torr. The in situ cleaning consisted of
mild Ar* ion bombardment (5.5x 1073 Torr,
800 eV, 30 mA) followed by several oxygen and
heat treatments in which the Ru sample was heated
to ~800°C in an oxygen atmosphere of
3 x 1077 Torr for ~ 5 min and then briefly vacuum-
annealed at ~1400°C. Surface cleanliness was
verified by X-ray photoelectron spectroscopy
(XPS) [23-26]. Typical oxygen impurity levels
were <0.05ML. Carbon impurity levels were
more difficult to estimate due to the overlap of the
C Is and Ru 3dj;), levels, but cross comparisons of
the intensities of the Ru 3d;,, and Ru 3ds;, peaks
in different stages of cleanliness permit the estima-
tion that carbon was present at levels of <0.1 ML.
The presence of a well-ordered Ru(0001) surface
was verified by a sharp hexagonal LEED pattern.
In order to ensure that the Ru(0001) surface
remained clean and well ordered, the same cycle
of oxygen and heat treatments, as well as XPS and
LEED measurements, were performed before each
Cu deposition.

The thin Cu films were made by evaporating Cu
onto the Ru substrate from a resistively heated W
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wire wrapped with high-purity (99.998%) Cu wire.
The Ru substrate temperature during deposition
was ~600°C for Cu coverages of <3 ML and
~300°C for Cu coverages of >5 ML, with the
lower temperature being used for thicker layers to
suppress evaporation effects [7,8]. However, a
4.2 ML film of intermediate coverage was obtained
by initially depositing Cu at 300°C to a coverage
of 7.7 ML and then briefly heating to 600°C to
yield the final lower coverage via evaporation.
After heating, XPS measurements indicated a Cu
coverage of 4.2 ML. These preparation conditions
thus correspond to those used in prior studies [2—
12], although we note that a very recent STM
study has explored the detailed temperature depen-
dence, and concluded that, for layers above 2 ML,
higher substrate temperatures promote more
multilayer/3D island growth [5]. The overall Cu
coverage was determined in two independent ways,
via measurements of total deposition using a
quartz crystal monitor (QCM; Leybold-Inficon
Model 751-001-G1) and angular-dependent XPS
[22]. The QCM values should represent upper
limits of coverage, with the values possibly being
decreased by subsequent evaporation and/or 3D
island formation of some of the Cu, especially for
thicker films. Details concerning the quantitative
XPS analysis appear elsewhere [13], but they
involved determining a Cu 2p;,/Ru 3d intensity
ratio which was averaged over the azimuthal angle
and spline-smoothed over polar angle, and then
applying standard surface analysis formulae. The
deposition rates as measured by the QCM were
between 0.4 and 1.3 ML min~!. The coverages
determined from QCM and XPS measurements
are shown in Table 1, and the values obtained
from the two different measurements are in general
in good agreement with each other. The XPS
values are in any case viewed as a more accurate
measure of the actual final coverages on the sur-
face. For a very thick Cu overlayer, Cu was
deposited until the substrate Ru3d XPS signal
could no longer be seen due to electron inelastic
attenuation through the Cu overlayer, thus indicat-
ing an effectively infinitely thick Cu film. Based on
the deposition rate as measured by the QCM, the
thickness of this very thick Cu overlayer was
~252ML. For Cu grown on O-precovered

Table 1
Cu coverages as determined by QCM and XPS for
Cu/Ru(0001)

Cu (ML) Cu (ML)
by QCM by XPS

0.24 0.38

1.8 1.1

2.2 2.0

3.0 2.9

a 4.2

5.9 49

b 6.5

9.0 8.0
252 ©

2Sample was initially 7.7 ML and was annealed at 600°C to
desorb Cu until a nominal coverage of ~4 ML was reached.
Therefore, no QCM data is available for this coverage. The
coverage after annealing was 4.2 ML according to XPS.

®No QCM data taken at this coverage.

Ru(0001), the clean Ru surface was first exposed
to 90 L of oxygen until a saturation coverage of
0.5 ML was reached. This led to a well-ordered
p(2x1)-O/Ru(0001) structure as confirmed by
LEED. Copper was then evaporated as for
Cu/clean Ru(0001), but at a substrate temperature
of ~125°C in order to correspond to prior work
on this system [19-21]. However, a 3.7 ML film
was prepared by briefly annealing a 6.5 ML Cu
film at 325°C in order to obtain a
(2\/§>< 4\/§)R3OO LEED structure as seen in
Ref. [20]. After annealing, XPS indicated a cover-
age of 3.7 ML. Here we have calculated the cover-
age in a way which assumes an overlayer of
uniform thickness which covers the entire substrate
surface. Thus, we believe that the apparent reduc-
tion in coverage upon annealing to 325°C is due
to a change in morphology in which part of the
Ru surface may have become uncovered rather
than to the desorption of any Cu. In Table 2
we present the Cu coverages as determined from
both QCM and XPS measurements for the
O-precovered Ru surface.

The experiments were performed with a Hewlett-
Packard 5950A photoelectron spectrometer which
was specially modified for ultrahigh vacuum XPD
studies [23-26]. The base pressure of the experi-
mental chamber was 5 x 107! Torr. Al K« radia-
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Table 2
Cu coverages determined by QCM and XPS for
Cu/O/Ru(0001)

Cu (ML) Cu (ML)
by QCM by XPS
0.56 0.60
1.8 1.1
1.4 2.2
2.16 32
a 3.7
34 48
57 6.5
6.1 8.0
30.5 ©

2Sample was initially 6.5 ML and was annealed at 325°C in
order to obtain a (2\@ X 4\f3)R30O LEED structure as seen in
Ref. [18]. The Cu coverage after annealing was 3.7 ML accord-
ing to XPS.

tion (hv=1486.6eV) was used to excite
Cu 2p;3); (Exin=556¢eV), Ru3d (E;,=1206eV)
and O 1s (E;, =955 eV) photoelectrons. A special
non-monochromatized X-ray tube was added to
this system, and it yielded about three times higher
data acquisition rates than the normal monochro-
matized source [31]. The experimental geometry
is shown in Fig. 1. The angle between photon
incidence and electron exit was fixed at 72°. The
intensities of all peaks were measured over one-

Fig. 1. Illustration of the basic experimental geometry in the
XPD experiment. The polar angle ¢ of electron emission is
measured from the surface. The angle « between the incoming
radiation and the outgoing wave vector was fixed for these
experiments at 72°.

third of the nearly full 2z solid angle above the
sample surface, thus exploiting the three-fold sym-
metry of the Cu/Ru system to reduce scan time.
However, the three-fold symmetry was verified for
all overlayers studied by performing full 360°
azimuthal scans at selected polar angles. Thus,
both the polar (0) and azimuthal (¢) emission
angles were varied, with 6 being measured from
the sample surface and ¢ from the [001] direction
lying in the Ru surface. Scanning was over the
ranges 6°<60<90° and 0°<¢<120°, with full-
hemisphere intensity patterns then being generated
by three-fold repetition of each set of data. The
step size in 0 was 2°. The step size in ¢ was initially
2° at 6=6°, and was increased as 0 increased so
that the data density in the solid angle would
remain roughly constant over the full data set
above the sample surface. The formula used to
adjust the size of the ¢ step was

. <9OO_0init.>
sm|———
2

Ad = Ay, oo (1)
sin ( >
2

where Ay, =2° and 0,,;, =6° for our data.

Because the limit for thicker coverages is a
Cu(111) epitaxial layer, we also measured the
Al Ka-excited Cu 2p;, XPD pattern at 556 eV
from a bulk Cu(111) specimen. This was mechani-
cally polished, chemically polished, and oriented
(to within 0.5° of (111)) and cleaned in situ using
standard methods. Additional Cu 2p;, XPD pat-
terns at slightly different kinetic energies of 321 eV
(Mg Ko) and 808 eV (Si Ka) were also obtained
from the data of Naumovi¢ and Osterwalder
[32,33]. These data provide an important reference
for the ideal Cu(111) structure, to which we will
return later.

All of the XPD intensities from our experiments
have been normalized so as to include only the
diffraction features. The normalized intensity y(k)
is defined as y(k)=[I(k)—I,(k)]/I,(k), where I(k)
is the measured photoelectron intensity, (k) is
the photoelectron intensity in the absence of any
scattering, and k is the photoelectron wave vector.
In presenting and analyzing the experimental data,
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we have estimated Iy(k) by applying a spline-
smoothing routine [34] to /(k) so that the diffrac-
tion features have been smoothed out. In this
procedure, the data were first azimuthally
averaged, so that

- O
10;)= - 2 10:.9)), (2)

where n is the number of ¢; steps at each 0;. The
spline function was then fit to 1(0;) to derive
I(k). The smoothing factor of this spline fit was
adjusted so that it removed only a smooth back-
ground following the instrumental variation of
intensity with polar angle, which in general shows
an approximate sin 6 variation. Details of this
procedure appear elsewhere [13], and it is very
useful in amplifying weaker total-intensity features
for lower takeoff angles which nonetheless contain
considerable structural information.

3. Results and discussion
3.1. Cu grown on clean Ru(0001)

3.1.1. XPD: experimental results

In Fig. 2a-i, we present the measured XPD
patterns for the Cu 2p;, peak at nine different Cu
coverages from 0.4 to 25 ML. In Fig. 2j and k, we
show the same XPD pattern from a bulk Cu(111)
crystal: in Fig. 2k the raw data with three-fold
symmetry are shown, and in Fig. 2j the same data
which has been made six-fold via a 60° rotation
and addition of two patterns is shown. In addition,
for reference to the substrate, we show in Fig. 21
the measured XPD pattern for the Ru 3d peak for
a clean Ru sample. The low-index direction [211]
for Cu(111) is along the 90° azimuth in Fig. 2k,
and the low-index direction [210] for Ru is along
the 30° azimuth in Fig. 21. Note that the hcp
Ru(0001) pattern is inherently six-fold, whereas
that of fcc Cu(111) is three-fold. This is due to
the ABABAB... stacking in the hcp lattice, which
inverts its three-fold local-scattering symmetry
pattern from one monatomic step to another. In
contrast, the ABCABCABC... stacking in fcc does
not invert its local symmetry across a monatomic

step. The XPD pattern for Ru 3d does not change
significantly as thicker Cu layers are grown, and
so we do not show the XPD patterns for Ru 3d at
each Cu coverage.

As a measure of the degree of diffraction present
for these XPD patterns, we show in Fig. 3a
the relative anisotropy, i.€. [[..(0)—Iin(6)]/
1...(0)=AI(0)/1,,.(0), as a function of polar angle
and coverage: here, this is computed for each
azimuthal scan. The absolute anisotropies range
from about 5% at the lowest points on the curves
up to about 30% at the highest points on the
curves. A scale is included in each panel in Fig. 3
to indicate the relative amounts of anisotropy
versus polar angle. Comparing Fig. 2a and b and
Fig. 3a for 0.4 and 1.1 ML, we see that the peak
in anisotropy near 15° is due to the pronounced
first-order diffraction rings [24] originating in
electrons scattered from nearest-neighbor and
next-nearest neighbor atoms in the surface plane
of the hexagonal array of pseudomorphic Cu
atoms, as we will confirm with a more detailed
theoretical analysis of the XPD patterns below.
Note also that the essential identity of Fig. 2a and
b and of the anisotropy curves for 0.4 and 1.1 ML
in Fig. 3a immediately implies that the Cu atoms
at 0.4 ML are clustering together into pseudomor-
phic islands which are large compared to the short-
range order sensing diameter of XPD of
~20-30 A. The peak in anisotropy at 0.4 and
1.1 ML near =15° is thus due to the variation in
intensity caused by the diffraction rings at low 6.
The anisotropy at higher angles is nearly zero for
these two lowest coverages and is due mainly to
noise, although a weak six-fold pattern is seen for
the 1.1 ML case in Fig. 2b. For thicker Cu layers,
polar angles associated with nearest-neighbor
interatomic directions should have the largest
anisotropies since such directions imply strong
forward scattering and a rapid variation in inten-
sity. To provide some idea of where such directions
occur, we show in Fig. 4 an atomic model for
Cu(111) with a top view of the Cu(111) surface
and also a cross-section through the [211] direc-
tion. The low-index directions and most prominent
forward scattering directions are also indicated in
Fig. 4b. Comparison of these forward scattering
directions to the diffraction patterns and the exper-
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(b) 1.1 ML

(c) 2.0 ML

90 175

(d)2.9 ML

45 75 75 45 15

15 45 75 75 45 15 15

(e) 42 ML (f) 4.9 ML

90 175

(g) 6.5 ML (h) 8.0 ML

90 95

45 75 75 45 15
theta

(j) 6-folded Cu(111)

hi

15 45 75 75 45 1 15
theta

(i) 25.2 ML

S0 95

a5 75 75 45 15
theta

15 45 75 75 45 15 15
theta

45 75 75 45 15
theta

(1) Ru 3d - clean Ru

15 45 75 75 45 15 15
theta

15 45 75 75 45 15 .

theta theta

Fig. 2. (a)—(i) Experimental XPD patterns for Cu 2p;;, emission (Ey;, =556 eV) for several Cu coverages on clean Ru(0001): (a)
0.4 ML, (b) 1.1 ML, (¢) 2.0 ML, (d) 2.9 ML, (¢) 4.2 ML, (f) 4.9 ML, (g) 6.5 ML, (h) 8.0 ML, (i) 25.2 ML. (j) Experimental XPD
patterns for Cu 2ps), emission from Cu(111) (Ey, =556 €V), as made artificially into a six-fold symmetry. (k) As (j), but raw data
from Cu(111) with three-fold symmetry. (1) Experimental XPD pattern for Ru 3d emission (E\;,=1206 ¢V from clean Ru(0001).

imental anisotropies suggests that the overlayer is
Cu(111)-like, i.e. like fcc Cu(111), but with
interlayer contractions and dislocations present.
That is, peaks in the anisotropy first occur at 2 ML
Cu coverage near 33-34° and also near 55°, in
good agreement with the forward scattering direc-
tions for bulk Cu(111). The increase in the relative
heights of these two anisotropy peaks with cover-
age is due to the increasing atomic chain lengths
along these forward scattering directions. For a

sufficiently thick layer (in fact 3 ML or more), a
forward scattering peak near 70.5° should also
appear, and in fact a small peak in the anisotropy
near 70° does indeed appear at 25 ML. However,
this feature is small enough that it may be strongly
influenced by the higher-order interference effects
from adjacent near-neighbor directions [24].
Shown in Fig.3b and c¢ are the corresponding
anisotropies from MSC and SSC calculations,
respectively, for 1-5 ML thick ideal clusters. (The
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Relative Anisotropies
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Polar Angle, 6
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0 20 40 60 80 100 0O 20 4
Polar Angle, 6

Fig. 3. (a) Experimental relative anisotropies AI(0)/I,.x(0)
versus polar angle for various Cu coverages from 0.4 to 25.2 ML
on clean Ru(0001) and for bulk Cu(111) with six-fold symmet-
rization. Each value is calculated over a given azimuthal scan.
These anisotropies range from 5 to 30%, depending on the polar
angle. (b) As (a), but for various Cu coverages from 0.6 to 30.5
ML on Ru(0001) precovered with 0.5 ML O. The magnitudes
of the anisotropies here are about half as large as those for Cu
grown on clean Ru(0001). (c) As (a), but derived from multiple
scattering cluster (MSC) calculations as described in the text.
Here the magnitudes of the anisotropy are slightly larger than
in the experiment. (d) As (b), but derived from single scattering
cluster (SSC) calculations. Here, the magnitudes are often sig-
nificantly larger than in the experiment.

way in which these calculations were performed is
discussed in Section 3.1.2.) In general, the MSC
curves agree very well with experiment as to peak
positions and relative intensities, although the fea-
tures in theory are often sharper than those in
experiment. Beyond 2-3 ML, SSC theory diverges
from MSC theory, and does not describe experi-
ment as well. For example, due to the overly strong
forward focusing in SSC calculations, the peak
near 55° in the SSC anisotropy curves is too strong
relative to MSC calculations and experiment.
These differences between MSC and SSC will be
discussed in more detail below when we fit theory
to experiment for the entire XPD pattern.

(a) Cu(111) Surface:

[170] (21

(b) Cross section through ¢ = 300:

Forward scattering directions
6=70.5° 6=90°
¢ =210° [111]
[112] ¢ =30°
0=352°
$=210°
[001]

[ii2)

Fig. 4. (a) Atomic structure of the Cu(111) surface. The white
circles represent the surface layer, the gray circles represent the
second layer, and the black circles represent the third layer.
Various low-index azimuthal directions are indicated. (b) A
cross-section through a (110) plane at ¢=30°, with various
forward scattering directions indicated. The white circles repre-
sent atoms in the plane of the cut, and the gray circles represent
atoms just behind the cut.

We now discuss qualitatively the full diffraction
patterns in Fig. 2. In Fig.2a and b, at 0.4 and
1.1 ML Cu coverages, respectively, we see no evi-
dence whatsoever for forward scattering peaks.
Thus, the XPD data provide a clear indication
that the first layer is fully or nearly fully complete
before the second layer begins to grow. In addition,
the clear six-fold ring pattern at low 0 is indicative
of a pseudomorphic first layer of Cu on Ru. Two
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sets of rings with six-fold symmetry rotated by 30°
with respect to one another are seen. These are
the first-order diffraction rings caused by photo-
electrons emitted from one Cu atom and then
scattered from the nearest- and next-nearest neigh-
bor Cu atoms in a single hexagonal layer, and
they have been seen before in adsorbate overlayer
studies [26]. The polar angles at which these rings
occur are in fact predicted quite well using a simple
single-scattering calculation, i.e.

2mm=kr(1—cos 0,,)+y(0),, m=1,2,..., (3)

where 0,, is the polar angle, m is the diffraction
order, r, is the distance from an emitter to a given
scatterer, r,(1 —cos 6,,) is the path-length difference
between direct and scattered waves, and y(0,,) is
the additional phase difference between direct and
scattered waves produced by elastic scattering [24].
To account for surface refraction, 6, inside the
surface is then adjusted to 6, outside the surface
according to

Op =cos ™ [(1+ Vo/Eyin)"'? cos 0,,], (4)

where ¥, is the surface inner potential and E;, is
the electron kinetic energy [24]. Using
Vo=14.4¢eV [35,36], the positions of the rings
centered along ¢=0°, 60°, etc., due to nearest
neighbors, are predicted to be at 6=28° along
these directions and are observed at 0=26°, and
the positions of the rings centered along ¢ =30°,
90°, etc., due to next-nearest neighbors, are pre-
dicted to be at §=23° along these directions and
are observed at 0=20°. If we increase the inner
potential to V,=21 eV, this simple single scattering
calculation gives ring positions which agree much
better with the observed experimental positions.
This may be a sign of an effectively higher inner
potential for such low takeoff angles, but further,
more careful experimental and theoretical work
will be needed to confirm this suggestion. As
further evidence for an effectively higher inner
potential, the peak in anisotropy for 1 ML near
15° is about 1.5° higher in the MSC calculation
than in experiment. According to Eq.(3), this
peak position could be adjusted to match experi-
ment by raising V, by about 8 eV to about 22 eV.
But whether or not ¥ is adjusted, the first Cu
layer has conformed to the substrate lattice geome-

try as a pseudomorphic layer, and to have the
simple diffraction pattern associated with such
a layer.

In Fig. 2c, at 2 ML Cu coverage, we still see the
rings at low 0 observed for <1 ML, but at a much
higher 0=x50° three strong forward scattering
peaks have appeared, indicating that the second
layer has grown in the three-fold hollow sites of
the first layer. In addition, these 2 ML results
immediately suggest that the uniaxial striped dislo-
cation structure seen in STM [2-5] threads itself
all the way to the Cu-Ru interface, i.e. the first
pseudomorphic layer uniaxially contracts with the
second layer when the second layer is grown. If
the underlying layers did not reconstruct with the
top layer, then the underlying emitters would each
see scatterers in the top layer in several different
orientations, and this would tend to smear out the
XPD pattern. The sharp diffraction pattern seen
for 2 ML makes it clear that this is not the case,
as we further confirm below with comparisons to
theoretical calculations. For 2 ML, a second
weaker set of three forward scattering peaks at
0~50° is also seen, rotated 180° in ¢ from the first
set. From this we conclude that the second-layer
Cu atoms may sit in one of two possible three-
fold sites of the first Cu layer, but with one of the
two sites being preferred.

At 3 ML (Fig. 2d), a sharp six-fold pattern of
strong forward scattering peaks at 6~ 50° is seen,
indicating that the Cu atoms still grow in the
three-fold hollow sites of the underlying Cu layers,
and further confirming that the dislocation struc-
tures seen in STM thread to the Cu—Ru interface.
However, at 3 ML, no preference is shown for the
two possible growth orientations on the Ru sub-
strate, leading to full six-fold symmetry. At 3 ML,
theoretical calculations to be discussed further
below indicate that both fcc and hep stacking will
lead to a three-fold XPD pattern, although hcp
appears slightly more six-fold and does not cor-
rectly converge to the correct six-fold pattern for
thicker hcp layers (note the differences between
the hep Ru(0001) and sixfold Cu(111) patterns in
Fig. 2j and 1). Thus, if either type of stacking is
to describe this data, the registry of the Cu layers
with the Ru substrate must have two possible
preferred orientations which are 180° apart in ¢.
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At 4 and 5 ML (Fig. 2e and f), a three-fold
pattern with more fine structure at higher 6 associ-
ated with a thicker fcc Cu(111)-like overlayer is
observed. By 6.5 and 8§ ML (Fig.2g and h), a
nearly six-fold pattern is observed which will be
seen to be best described as a superposition of two
fcc Cu(111)-like XPD patterns rotated by 180° in
¢ with respect to one another, and this six-fold
pattern is also observed for a very thick Cu layer
of 25 ML in Fig. 2i, as well as for the intentionally
six-fold Cu(111) data in Fig.2j. The six-fold
pattern observed at these higher coverages cannot
be attributed to equal amounts of fcc and hcp
stacking of the Cu on itself, as an XPD pattern
resulting from a thick hcp stacked layer is distinctly
different from an XPD pattern resulting from a
thick fcc stacked layer. For example, an hcp Ru 3d
XPD pattern is shown in Fig. 2j, and it is very
different to the patterns seen in the 6.5-25 ML
range. Therefore, the cause of the six-fold symme-
try at these higher coverages must be two fcc
Cu(111) domains 180° apart in ¢. A possible
explanation for the two domains is the presence
of monatomic steps on the Ru(0001) surface. With
the ABABAB... stacking of the Ru hcp structure,
we thus suppose that one orientation grows on an
“A” terrace, whereas the other orientation grows
on a “B” terrace. So, if we insert ““/” between
Ru and Cu, the two growth modes could
be ABABA/BCABCABC... on an “A” step
and ABABAB/CBACBACBA on a “B” step.
However, this still does not fully explain the inter-
esting changes in the symmetry of the XPD pat-
terns between three-fold and six-fold as the
coverage is increased, a point to which we will
return below.

3.1.2. XPD: theoretical calculations

We now make a more quantitative comparison
of our XPD results to theoretical calculations.
These calculations were performed at both the
single-scattering cluster (SSC) [28] and multiple-
scattering cluster (MSC) [29,30] levels, using a
separable Green’s function method developed by
Rehr and Albers [27]. This approximation has
been used in second order (implying the use of
6 x 6 matrices), and recent extensive tests have
shown this to be fully accurate for PD structural

analyses [37]. Scattering phase shifts were calcu-
lated using a standard muffin-tin approximation
and program [38]. The electron inelastic attenua-
tion length in the Cu overlayer was estimated from
the empirical equation A, (A)=0.54(E,[eV])"?
[39,40]. Vibrational effects were included by
Debye—Waller factors based on correlated vibra-
tional motion, with the inputs being the bulk Cu
Debye temperature and Debye wave vector
[30,41]. An inner potential of 14.4 eV was used to
allow for electron refraction in crossing the surface
barrier (cf. Eq.(3)). As discussed earlier with
reference to the diffraction rings at low 6 for 1 ML,
the effective inner potential at low takeoff angle
may be higher than this value. We therefore varied
the inner potential in MSC calculations for the
case of 1 ML and performed an R-factor compari-
son (with R-factors defined below) between these
calculations and experiment, and found that the
R-factor minimum occurs at V=21 ¢V, in excel-
lent agreement with the simple single scattering
calculation performed earlier. An inner potential
of 14.4 eV, however, was used in the calculations
for all remaining coverages. The cluster sizes varied
from 43 to 80 atoms, and are described for each
of the cases below. In cases with >1 ML thickness,
full advantage was taken of mirror-plane symmetry
and the three-fold symmetry of Cu(111). That is,
an emitter was placed in each Cu layer of the
cluster, with the emitter being near the apex of a
wedge of atoms spanning an angle somewhat
greater than 60° to avoid edge truncation effects.
The XPD calculations were then performed over
the 60° azimuthal angular range of this wedge
from ¢ =30° to ¢ =90°. The intensities from these
calculations were then mirrored across the ¢ =90°
plane and then three-fold mapped to 360°. The
final intensity for such cases is then the sum over
the intensities for all emitters. The angular broad-
ening induced by the spectrometer was included
by performing a standard multi-point average over
a cone of 3.0° half angle [42]. However, we discuss
below an additional angular broadening procedure
which was found to improve the agreement with
experiment. Before comparing to experiment, each
theoretical pattern was converted to a normalized
1 (k) by the same procedure used for the experimen-
tal patterns described above. Finally, because for-
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ward scattering peaks along near-neighbor
directions will be important features of such XPD
patterns for layers >2 ML in thickness, we also
show in the figures below for each cluster a figure
in which each scatterer is represented by a circle
or dot whose diameter is inversely proportional to
the distance from the emitter. For clusters with
emitters in more than one layer, the contribution
from all emitters are superposed in these figures.
Note that for the coverages with six-fold symmetry
(such as 3 ML), we have six-fold symmetrized the
corresponding forward scattering plots.

The R-factors used in this analysis are based on
a set of five first discussed for LEED analyses [43]
and then modified so as to be applicable to XPD
by Saiki et al. [44]. The first quantity, R, is a
normalized sum of the absolute value of the differ-
ences between the experimental and theoretical
intensities. R, is a normalized sum of the square
of the difference between the experimental and
theoretical intensities, R; is the percentage of angle
range over which the experimental and theoretical
intensities have slopes of different sign (+), R, is
a normalized sum of the absolute value of the
difference between the first derivative of the experi-
mental and theoretical intensities, and Rs is a
normalized sum of the square of the difference
between the first derivatives of the experimental
and theoretical intensities. These R-factors are
discussed in more detail in Ref. [44]. These quanti-
ties have been determined by first calculating R;
at each individual polar angle in the nearly full 27
XPD pattern and then summing R; over the polar
angles from 0=6° to 0=_88°. We will refer to these
summed R-factors as R}. In most of our analysis,
we have varied the interlayer spacing and calcu-
lated the resulting summed R-factors as a function
of d,/d,. In finally determining a structure, a
global normalized-sum R-factor is then calculated
by first normalizing RS — RS to the average of
RS, ie.

Y, Ri(d./d))
RY(d, [d))=R3(d [d)) 4
(dy/dy)=Ri(d,/d)) S RS, d,)

dL/dH

i=2,3,4,5, (5)

where R} (d,/d,) is the ith normalized R-factor,

and RY(d, /d,)=R3(d, /d,). The global R-factor is
then

5

1
Rgiova(d /dy) = 5 Y. Ri(d,/d)). (6)

i=1

These global R-factors have been determined by
comparing experiment to SSC and MSC calcula-
tions on an fcc Cu lattice with various interlayer
spacings and also various degrees of mixing
between the two possible domains. The R-factor
minima for both the interlayer spacing and relative
domain occupation were determined in a self-
consistent manner by iteratively finding the mini-
mum R-factor for interlayer spacing and then
finding the minimum R-factor for the relative
domain occupation at this interlayer spacing. This
process was then repeated until the minimum R-
factors for interlayer spacing and for relative
domain occupation were consistent with each
other.

Another consideration emerging from this
analysis is that theoretical XPD patterns, and in
particular MSC XPD patterns, tend to show much
more fine structure than experimental XPD pat-
terns. This may be due to several reasons. One is
that the +3° angular broadening included in our
calculations may not accurately represent the true
amount of angular broadening in our experimental
system, with the latter actually being slightly larger.
In addition, there may be other effects in experi-
ment such as defects and imperfections in the
sample which tend to smear out the experimental
XPD patterns as compared to theoretical XPD
patterns. Finally, there may also be deficiencies in
the way the MSC code includes the effects of both
angular broadening and vibrational damping or
smearing of diffraction structures. To account for
such factors, we have thus also performed a sys-
tematic smoothing of the theoretical XPD patterns
by convolution with a Gaussian of various widths,
and this has in fact been found to lower the overall
R-factors and improve the visual comparison with
experiment. The Gaussian form represents a phe-
nomologically reasonable shape to account for
these additional factors. The Gaussian convolution
procedure was developed by Len [45], and its
application to XPD is described in more detail
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elsewhere [13]. To illustrate the effects of this
additional broadening, we show in Fig. 5a, the
experimental XPD pattern at 5 ML, and in
Fig. 5b—5¢ the MSC calculations at different
degrees of Gaussian smoothing. Indicated next to
each MSC calculation is the half width at half
maximum (HWHM) of the gaussian used. Since
a +3.0° broadening has already been included in
all of the MSC calculations in this work via a
standard multi-point average, the amount of
Gaussian smoothing indicated in Fig. Sb—5e repre-
sents additional smoothing. A simple (but always
important) visual comparison of experiment and
theory suggests that an HWHM somewhere in the
range 2.4-4.8° provides the best fit to experiment,
and in fact, the global R-factor is lowest at 4.8°.
We also show in Fig. 6 a plot of the R-factor
versus HWHM for both SSC and MSC calcula-
tions, and the minimum R-factor for both is at an
HWHM of 4.0°-4.8°, although the curve for SSC
is not as convincing due to other deficiencies in
single scattering theory for describing a thick over-
layer. The optimum broadening is thus slightly
larger than the +3° angular broadening used in
our MSC code. The minimum MSC R-factor, in
fact, is found to occur near an HWHM of 4.8° for
all of our coverages. However, visual comparison
suggests using an HWHM which is slightly smaller
than this and thus, the theoretical XPD patterns
shown in this paper have all been smoothed with
a Gaussian of HWHM =4.0°. We have, however,
used the more quantitatively derived HWHM =
4.8° in all R-factor analyses for determining
interlayer spacings and symmetries. Although the
minimum R-factor at 1 ML also occured at an
HWHM of 4.8°, we have used an HWHM of 2.4°
at this coverage, again because the visual compari-
son seems much better. We have found that the
choice of HWHM anywhere within the range of
lowest R-factor to best visual comparison does not
significantly affect the position of the R-factor
minimum, although the overall R-factors are
higher for smaller values of the HWHM.

The global R-factors used to determine
interlayer spacings are shown in Fig. 7 for cover-
ages from 1 ML up to 25 ML and for both SSC
and MSC calculations. Due to the large amount
of calculation time required for MSC calculations,

XPD - Effect of Smoothing MSC Theory

90 75

(a) Experiment - 5 ML

(b) Theory - 5§ MLL

HWHM = 00
(c)

HWHM = 2.40
(d)

HWHM = 4.80
(e)

HWHM = 7.10

theta

Fig. 5. Illustration of the effect of angular broadening by
Gaussian smoothing on comparison of experiment and MSC
theory. (a) 5.0 ML, experiment. (b) 5 ML, MSC theory without
Gaussian smoothing (but with +3° angular broadening using
a multi-point average). (c) 5 ML, MSC theory smoothed with
a Gaussian of half-width at half-maximum (HWHM) of 2.4.
(d) As (c), but with HWHM =4.8°. (e) As (c), but with
HWHM=7.1°.
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R-factor vs.HWHM: 5 ML Expt. vs. 5 ML Theory
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Fig. 6. Global sum over five normalized R-factors plotted for
5SML SSC and 5 ML MSC calculations as compared to 5.0 ML
experiment and for various degrees of Gaussian angular
smoothing.

the cluster sizes have been limited to a maximum
of 80 atoms. We have also performed single scatter-
ing calculations on larger clusters, and while the
larger cluster size has the effect of changing the
overall R-factor slightly, it does not significantly
change the position of the R-factor minima, and
therefore we only show single scattering R-factors
for the smaller clusters. The curves through the R-
factor points have been determined by spline inter-
polation. The positions of the R-factor minima
and the corresponding uncertainties have been
roughly estimated by adding 3% to the minimum
in the R-factor curve, and using the half-width of
the curve at this point as a measure of the
+uncertainty. The minimum is then taken to be
at the midpoint of this width. We note immediately
in Fig. 7 that the SSC and MSC global R-factors
agree very well up to 2.9 ML and then begin to
diverge, with this divergence being much more
severe for 4.9 ML and higher. For 2.0 ML and
above, the MSC R-factor minima are always lower
that those for SSC, and the shapes of the MSC
curves are more well behaved in permitting the

determination of a unique minimum. This is due
to the onset of significant multiple scattering effects
along chains of atoms for the thicker layers, and
indicates that the MSC results should be much
more reliable for such layers.

In Fig. 8a we present the experimental XPD
pattern of the Cu 2p;, peak at 556 eV kinetic
energy for a Cu coverage of | ML, and in Fig. 8b
and c are the calculated XPD patterns using the
MSC and SSC methods, respectively. The XPD
calculations were performed on a cluster which
consisted of a single Cu layer on top of an hcp
Ru(0001) cluster, with the Cu atoms sitting in the
three-fold hollow hcp sites of the Ru and at a
vertical distance Z, g, of 2.15 A, corresponding
the minimum of the R-factors in Fig. 7a. There
were a total of 38 Cu atoms and 40 Ru atoms in
the cluster. Although the SSC calculation for this
simple bilayer case is in good agreement with
experiment, and in fact yields a slightly lower
minimum R-factor, the MSC calculation does
better in a visual sense at predicting the fine
structure, including particularly the two sets of
first-order diffraction rings seen at low 6. These
rings become much sharper and more like those
seen in experiment in a multiple scattering simula-
tion. This implies that multiple-scattering path-
ways via forward scattering along the surface are
important in analyzing such XPD patterns, even
though the single monolayer morphology of the
Cu makes multiple scattering at higher angles from
the surface negligible. The plot of the global R-
factor versus the vertical distance Z, g, in Fig. 5a
has one other interesting feature: there are two
minima of very nearly equal depth, one at 1.85 A
and one at 2.15 A. This oscillation in the R-factor
is due to pathlength-related variations of the phase
between the direct photoelectron wave (emitted
from the Cu monolayer) and its components scat-
tered off the dominant nearest-neighbor Ru scat-
terers underneath. This type of behavior in XPD
R-factors has been pointed out previously for the
O/Ni system [43], and it is reminiscent of things
also seen in LEED analyses [46,47]. This oscilla-
tory behavior is not expected to happen at higher
Cu coverages, as the R-factor now becomes pri-
marily sensitive to changes in the direction of the
dominant forward scattering peaks and their asso-
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Fig. 7. Global R-factor plots versus the structural parameters Z¢, g, or d, /d; and derived from comparing experiment to SSC and
MSC calculations at various Cu coverages on Ru(0001). (a) 1 ML, (b) 2 ML, (c) 3 ML, (d) 4 ML, (e) 5 ML, (f) 6.5 ML, (g) 8 ML,
(h) 25.2 ML. Note the divergence of results for SSC and MSC, which begins at about 4 ML as multiple scattering effects become
more important. The fraction of occupation of domain #1 (=f;) was also optimized for each case >2 ML, and is plotted in a

later figure.

ciated higher-order fine structures, rather than
changes in the backscattering from the substrate.
The choice of the minimum at a vertical distance
Zcyra=2.15 A is in excellent agreement with prior
LEIS [48] and LEED [49] experimental studies
(which gave 2.10+0.06 and 2.123 A, respectively),
as well as with LAPW theoretical calculations [49]
(which gave 2.10 A for Cu(l x 1) growing in fcc
sites on Ru(0001) and 2.07 A for Cu(lx1)-
hcp/Ru(0001)). This agreement is noteworthy,
because at the high photoelectron kinetic energy
(Exin=>500eV) studied here, XPD is not initially
expected to be as sensitive a technique as LEED
or LEIS for determining the substrate—overlayer
distance, since photoelectron backscattering is
weak at these higher energies. Nonetheless, we see
that XPD can be used quantitatively for such
cases, with the only caveat being the possibility of
multiple minima in the R-factors.

For coverages of 2 ML and higher, the clusters
for the MSC and SSC calculations consisted of
the corresponding number of Cu layers with an
fcc stacking sequence. Due to the weak back-
scattering at this high kinetic energy of 556 ¢V,
Ru atoms were verified to have a negligible effect
on these simulations for these thicker layers, and
were thus omitted from the cluster. Although it is
known from STM that a distribution of island
heights exists on such surfaces [2-5], this distribu-
tion is generally peaked around the nominal thick-
ness =coverage [5], and we have found it adequate
to use this nominal thickness in our theoretical
modeling. To best model the XPD patterns, which
ranged from three-fold to six-fold symmetric
depending on coverage, two three-fold fcc Cu(111)
XPD patterns 180° apart in ¢ (denoted “1” and
“2””) were superimposed on each other and added
with variable weighting factors f; and f,, where
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1 ML Cuw/Ru(0001) 2 ML Cu/Ru(0001)
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Fig. 8. Experimental and theoretical XPD patterns for
Cu 2p;), emission. (a) 1.1 ML, experiment. (b) 1 ML, MSC
theory. (c) 1 ML, SSC theory. (d) Positions of simple forward
scattering directions in the 1 ML cluster, which in fact are not
observable. (¢) 2.0 ML, experiment. (f) 2 ML, MSC theory. (g)
2 ML, SSC theory. (h) Positions of simple forward scattering
directions in the 2 ML cluster.

f>=(1—f}). The in-plane Cu—Cu nearest-neighbor
distance d, in the calculations was set to 2.56 A
(as for bulk Cu(111)), and the Cu—Cu interlayer
spacing d, was then varied to provide the best fit
to experiment. We were thus able to finally deter-
mine the degree of interlayer relaxation via the
ratio d, /d,. The actual d; may of course be slightly
more than 2.56 A due to interaction with Ru, and
in fact it must vary from the 5.5%-expanded 2.70 A
for the pseudomorphic layer to 2.56 A for the
ultimate fully relaxed Cu(111). But the calcula-
tions are found to be primarily sensitive to d, /d,
and only very weakly sensitive to d, for a given
d, /d,. Also, we do not know how d, will vary with
coverage, so from this also it makes sense to
analyze our data in terms of d, /d;. Note also that
the d,/d, values determined here represent an
average over several Cu layers, with the top layers
being weighted more heavily due to the greater
amount of inelastic attenuation of photoelectrons
emitted from deeper layers. The individual Cu-Cu
interlayer spacings between different pairs of layers
may vary slightly from this average, but we have
not attempted to determine this.

Shown in Fig. 8e is the experimental 2 ML XPD
pattern and in Fig. 8f and g the corresponding
MSC and SSC XPD calculations, respectively. The
2 ML cluster consisted of 22 atoms in the first
layer and 21 atoms in the second layer. The
positions of the forward scattering peaks for this
cluster are indicated in Fig. 8h, and they are in
excellent agreement with the positions of the
strongest diffraction peaks seen in experiment. The
SSC calculation agrees reasonably well with experi-
ment, but the MSC calculation is still better at
predicting the fine structure, particularly at low 0,
where multiple forward scattering is expected to
be more important. A plot of the global R-factor
versus d, /d; for 2 ML is shown in Fig. 7b, and it
confirms the better description of MSC. The global
R-factor minimum for SSC theory compared to
experiment indicates that the Cu bilayer is signifi-
cantly contracted from the bulk fcc Cu(111)
interlayer spacing, with d,/d;=0.733+0.038 in
the bilayer and d, /d;=0.816 for bulk Cu(111).
The global R-factor minimum for MSC theory
compared to experiment indicates that
d, /d;=0.729+0.034, in good agreement with SSC
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theory. The R-factor analysis also indicates that,
as averaged over different thicknesses, one of the
two possible orientations of Cu on the Ru substrate
is favored by a 3:2 ratio, thus yielding a value of
f1=0.66.

Shown in Fig. 9a is the experimental 3 ML XPD
pattern, and in Fig. 9b and c¢ the corresponding
MSC and SSC XPD calculations, respectively. In
addition, Fig. 9d shows a plot of the forward
scattering directions for the cluster used in the
MSC calculations. Initially, a 3 ML cluster con-
sisting of 22 atoms in the first layer, 21 atoms in
the second layer and 20 atoms in the third layer
was used to compare to experiment. However, the
2 ML calculation not only appeared to be a better
fit, but also gave lower overall R-factors, and we
have thus used the 2 ML calculation (although
with six-fold symmetry and thus f; =f,) for com-
parison to the 3 ML experiment. We are able to
justify this by the fact that, at the substrate temper-
ature (T'~600°C) at which we deposited Cu for
3 ML coverage, STM studies [5] indicate that the
first two layers grow layer-by-layer while the third
layer grows as very tall 3D islands which cover
only about 10% of the surface. Thus, the XPD
pattern is expected to be dominated by the first
two layers, while the 3D islands are expected to
contribute only a little to the XPD pattern. Both
2 ML calculations are in good agreement with
experiment, but again the MSC calculation is in
better agreement with the fine structure at low 6.
A plot of the global R-factor versus d, /d; is shown
in Fig. 5c. The R-factor minimum for experiment
compared to SSC theory indicates that
d,/d;=0.7404+0.026, and that neither of the two
possible orientations is favored: that is, they form
in a 1:1 ratio with f;=0.50, and so yield a six-fold
pattern, as seen in experiment. The R-factor mini-
mum for experiment compared to MSC theory
indicates d, /d;=0.756+0.018, and the same 1:1
ratio is found. Although we can justify comparing
3 ML experiment to 2 ML theory, it is interesting
to note that the 3 ML experiment is six-fold,
whereas the 2 ML experiment is more three-
fold. This is not a random effect, as the 2 ML and
3 ML experiments were repeated more than once
and the symmetries did not change. It is not yet
clear to us why this change in symmetry occurs,

3 ML Cu/Ru(0001) 4 ML Cu/Ru(0001)
(a) Experiment (e) Experiment
=L, 2215 §0 .
.ﬁ
75 45 1 15 a5 75 'rz

theta theta
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5
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15 45 75 75 45 15
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(h) Fwd. Scat.

90 1g

(d) Fwd. Scat.
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Fig.9. Experimental and theoretical XPD patterns for
Cu 2p;,, emission. (a) 2.9 ML, experiment. (b) 2 ML, MSC
theory (six-fold symmetrized). (c) 2 ML, SSC theory (six-fold
symmetrized ). (d) Positions of simple forward scattering direc-
tions in the 2 ML cluster (six-fold symmetrized). (¢) 4.2 ML,
experiment. (f) 4 ML, MSC theory. (g) 4 ML, SSC theory. (h)
Positions of simple forward scattering directions in the three-
fold symmetric 4 ML cluster.
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but somehow having the extra monolayer of Cu
for 3 ML forces the two domains of 2 ML growth
into equal population.

Shown in Fig. 9¢ is the experimental 4.2 ML
XPD pattern, while Fig. 9f and g show the 4 ML
MSC and SSC XPD calculations, respectively, and
Fig. 9h shows the forward scattering plot for the
cluster used in the MSC calculation. The cluster
consisted of 22 atoms in the first layer, 21 atoms
in the second layer, 20 atoms in the third layer
and 16 atoms in the fourth layer. As noted before,
above 4 ML, our Cu films were grown at a sub-
strate temperature of 7=300°C, where STM [5]
predicts a more complete filling of each layer than
for higher temperatures. Although the 4.2 ML film
was heated briefly to 600°C, which should tend to
promote the formation of 3D islands, we do not
believe the 3D character is as great as in our 3 ML
film since the anneal was very brief, and also due
to the similarity of the 4.2 ML XPD pattern to
the 4.9 ML XPD pattern. Thus, here we have used
a 4 ML cluster to compare to experiment. For a
4 ML coverage in the fcc stacking, there are now
multiple forward scattering paths along (110>-like
directions (cf. Fig.4b), and these directions are
involved in the three strongest peaks seen in the
SSC calculation. Here, the forward scattering
peaks in the SSC calculation have become too
strong due to a lack of consideration of multiple
scattering [23-26]. That is, multiple scattering
defocusing along chains of atoms reduces the
intensities of forward scattering peaks [29,30], and
thus the MSC calculation in Fig. 9f is in much
better agreement with experiment over the full
range of 0 than the SSC calculation. An R-factor
comparison of SSC calculations with experiment
indicates that d, /d;=0.7734+0.022, and that one
orientation is preferred again by about a 3:2 ratio
(f1=0.66). An R-factor comparison of MSC
calculations to experiment indicates that
d,/d;=0.742+0.016, with the same domain ratio
resulting. For this coverage, the d,/d, from SSC
no longer agrees very well with d, /d; from MSC,
as would be expected for a multilayer film where
multiple scattering is expected to become more
important. Above 4 ML, we thus do not expect
the SSC analysis to be as accurate, although a
preliminary set of calculations based on it is found

to yield results in essential agreement with the
main conclusions of this study [16].

Shown in Fig. 10a is the experimental 4.9 ML
XPD pattern. Fig. 10b and ¢ show the 5 ML MSC
and SSC XPD calculations, respectively, and
Fig. 10d shows the forward scattering plot. The
cluster is the same as for the 4 ML MSC cluster,
but with an added (bottom) fifth layer consisting
of one atom. The XPD patterns have not changed
significantly from the 4 ML XPD patterns, and
this is true also for the anisotropy curve in Fig. 2.
An R-factor comparison of SSC calculations with
experiment indicates that d,/d;=0.769+0.047,
and that one orientation is preferred again by a
3:2 ratio (f,=0.66). An R-factor comparison of
MSC calculations with experiment indicates that
d, /d;=0.718 £0.018. Both a visual comparison of
the XPD patterns in Fig. 10a—c and the R-factor
curves for this case in Fig. 7¢ makes it clear that
the MSC result is the more reliable for d, /d.

Before proceeding to discuss the remaining
experiment/theory comparisons in Figs. 10 and 11,
we note that, due to multiple scattering defocusing
as well as inelastic attenuation of the outgoing
photoelectrons, only the top five or so atomic
layers are expected to contribute significantly to
the XPD patterns. Thus, MSC calculations for
substrate emission are expected to converge in
about 5-10 layers, as verified in this work and
elsewhere [30,50]. To illustrate this effect for the
present case, we show in Fig. 12 plots of MSC
calculations for a Cu(111) cluster of 1-8§ ML in
thickness and with d, /d;=0.816 as in bulk Cu.
Visually, the MSC calculation appears to have
converged by 5 ML, with no difference discernible
among the 5, 6, 7 and 8 ML cases. To confirm this
more quantitatively, we have performed an R-
factor analysis in which the full pattern calculated
for each coverage is compared to the 8 ML calcula-
tion, i.e. we have compared n ML to 8 ML for n=
1,2,...,8. A plot of this is shown in Fig. 13a. The
R-factor decreases quickly between n=1 and n=
2 and then continues to decrease by small amounts
up to n=3_§, where it is required to go to zero from
the 8 ML-to-8 ML comparison. If we now com-
pare 8 ML experiment to each coverage in the
MSC calculations from 1 to 8§ ML, the R-factor
also decreases quickly between 1 and 2 ML,
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Fig. 10. Experimental and theoretical XPD patterns for
Cu 2p;), emission. (a) 4.9 ML, experiment. (b) 5 ML, MSC
theory. (c) 5 ML, SSC theory. (d) Positions of simple forward
scattering directions in the 5 ML cluster. (¢) 6.5 ML, experi-
ment. (f) 5SML, MSC theory. (g) 5 ML, SSC theory. (h)
Positions of simple forward scattering directions in a 5 ML
cluster.
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Fig. 11. Experimental and theoretical XPD patterns for
Cu 2p;,, emission. (a) 8.0 ML, experiment. (b) 5 ML, MSC
theory. (c) 5 ML, SSC theory. (d) Positions of simple forward
scattering directions for a 5 ML cluster (six-fold symmetrized
in order to simulate two domains). (e) 25.2 ML, experiment.
(f) S ML, MSC theory. (g) 8 ML, SSC theory. (h) Positions of
forward scattering directions for a 5 ML cluster.
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Fig. 12. MSC calculations from (a) 1 ML up to (h) 8 ML for
the bulk value of d, /d,=0.816. Visually, the MSC calculation
appears to have converged to a bulk-like description by about
5ML.
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Fig. 13. (a) Global R-factor comparison of MSC theory for
n ML to MSC theory for 8 ML, as shown in Fig. 12. (b) Global
R-factor comparison of 25.2 ML experiment and 8 ML experi-
ment to n ML theory for n=1,2, ..., 8.

increases a little between 2 and 3 ML, decreases a
little between 3 and 5 ML, and then increases by
very small amounts up to 8§ ML. A plot of this is
shown in Fig. 13b. Due to the large amount of
computation time needed to perform MSC calcula-
tions on several layers, we have only been able to
go up to 8 ML. Although these comparisons of
theory with theory and of experiment with theory
do not indicate a complete convergence by § ML,
using thicker layers for interlayer determination
would not significantly change our results. We
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conclude from Figs. 12 and 13 that a 5 ML cluster
should yield a very good agreement with experi-
ment. In particular, since the shapes and sizes of
the peaks and diffraction features in the XPD
patterns as well as the positions of the peaks and
features do not change significantly after about
5 ML, the small change in the R-factor for each
successive layer thickness must be due to small
subtle changes in the relative intensities of the
peaks and features in the XPD pattern. Thus, it
should not be necessary to perform MSC calcula-
tions on clusters much thicker than about 5 ML
in order to model thicker experimental overlayers,
and this should be a generally useful rule for
analyzing epilayers of low-to-medium Z materials
with XPD.

Due to the foregoing discussion and the large
amount of computation time required to perform
MSC and SSC calculations on multilayer clusters
with several emitters, we have thus only performed
extensive calculations for geometry determinations
with clusters from one to five Cu layers. Therefore,
Fig. 10e shows the experimental 6.5 ML XPD
pattern, while Fig. 10f and g represent XPD calcu-
lations for a 5 ML cluster in MSC and SSC,
respectively. The forward scattering plot is also
shown in Fig. 10h. By 6.5 ML, the symmetry of
the experimental 6.5 ML XPD pattern is beginning
to appear more six-fold, and in fact an R-factor
comparison of SSC calculations with experiment
indicates that one orientation is now preferred
by only a 5:3 ratio (f;=0.60) and that
d,/d;=0.81240.026. An R-factor comparison of
MSC calculations with experiment further
indicates that d, /d;=0.740+0.014, and we expect
this to be the most reliable of the two
determinations.

Shown in Fig. 11a is the experimental 8§ ML
XPD pattern, which is now essentially sixfold, and
in Fig. I1b and c are the 5 ML MSC and SSC
calculations, respectively. Here, the SSC calcula-
tion again does not model experiment very well
due to the too-great strength of the dominant
forward scattering peaks at 0~ 52°. However, the
MSC calculation with an equal mixture of the two
orientations ( f;=0.50) matches experiment very
well. An R-factor comparison of SSC calculations

to experiment indicates that d, /d,=0.837+0.016.
Comparison of the more accurate MSC calcula-
tions to experiment indicates thatd,/d =
0.766 +0.018.

Shown in Fig. 11e is the experimental 25 ML
XPD pattern, and in Fig. 11f and g are the 5 ML
MSC and SSC calculations, respectively. An R-
factor comparison of SSC calculations to experi-
ment indicates that d, /d;=0.8354+0.014 and that
neither orientation is preferred ( f; =0.50). In con-
trast, our most accurate MSC analysis of the XPD
data indicates that d,/d;=0.777+0.020, again
with f;=0.50. Thus, the MSC analysis for 25 ML
indicates that the near-surface average Cu
interlayer spacing is still contracted by about
4.84+2.5% from bulk fcc Cu(111). This is not a
completely surprising result, as such contractions
from bulk values have been observed in other
metal-on-metal systems, such as Ni/Cu(001)
[51,52]. A LEED I-V structure determination of
the Ni/Cu system also indicates that the average
interlayer distance in the top five or so layers of
an 11 ML Ni film is 1.7240.03 A, or about 2.3%
smaller than the bulk interlayer distance of
1.76 A [51,52].

We now summarize the predictions of the MSC
analysis for d, /d, in Fig. 14a, and for the determi-
nation of the pattern symmetry and f; in Fig. 14b.
Also shown in Fig. 14a is a theoretical estimate
of d, /d, versus coverage in which we have taken
areal Cu densities derived from 2D
Frenkel-Kontorova calculations by Hamilton and
Foiles [6], used these to derive d|, and then
assumed a constant atomic volume to estimate
d, . This theoretical estimate suggests a fairly rapid
convergence to the bulk d,/d;=0.816 by 4 ML.
For coverages of 2 and 3 ML, comparison of our
XPD results with MSC calculations yields d, /d,
values which agree rather well with this simple
theoretical estimate. In contrast, for coverages
from 4 to 8 ML, comparison of our data to to
MSC calculations indicates a much slower con-
vergence to the bulk Cu(111) interlayer spacing
and suggests that the top five or so layers of the
Cu overlayer have not quite converged to bulk
Cu(111) interlayer spacings even up to 25 ML
coverage. As another method of estimation, we
have also used elasticity theory considering trigo-
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Fig.14.  (a) Plot of d,/dj=(Cu-Cu interplanar
distance)/(Cu—Cu in-plane nearest-neighbor distance) versus
coverage in monolayers (ML), as derived by different methods.
@, cstimate of d, /d; using Cu areal densities derived from a
2D Frenkel-Kontorova model by Hamilton and Foiles [6] com-
bined with a constant atomic-volume assumption. <, estimate

nal strain [53-57]. That is, d; was again taken
from the Frenkel-Kontorova analysis, and elastic-
ity theory was then used to predict &, [13].
Elasticity theory predicts an even more rapid
approach to the bulk values, as shown in Fig. 14a.
Taken together, these experimental results thus
indicate a much higher degree of interlayer relax-
ation for thinner layers than predicted by applying
either a constant volume assumption or elasticity
theory to the results of the simple Frenkel-
Kontorova model. This contraction has additional
potential implications for the chemical reactivity
of such Cu layers.

In Fig. 14b we present a plot of the fractional
occupation of domain #1 (f;) as a function of
coverage. At 1ML, the six-fold symmetry is
expected, as an emitting atom in the pseudomor-
phic overlayer will have six nearest neighbors in a
hexagonal pattern around it, thus producing the
ring pattern in Fig. 2a and b. At the higher cover-
ages, for fcc growth in a single domain, the XPD
pattern will be three-fold (cf. Fig. 2k), but for fcc
growth in two equally populated domains 180°
apart in ¢, the XPD pattern will be six-fold (cf.
Fig. 2j). We noted interesting changes in the sym-
metry as we increased the coverage from 2 to
8 ML. At 2 ML, the symmetry is three-fold, indi-
cating a preference for a particular adsorption site
of the second-layer atoms on the first Cu layer.
According to STM [2-5] results, the uniaxial con-
traction may take place in three directions, 120°
apart in ¢. However, this will not produce the

of d,/d, using Cu areal densities derived from a 2D
Frenkel-Kontorova model by Hamilton and Foiles [6] com-
bined with elasticity theory [57,58]. B, d, /d, determined by R-
factor comparisons between experimental XPD data from vari-
ous Cu coverages on Ru(0001) and MSC calculations for
Cu 2p;,, emission at a photoelectron kinetic energy of 556 eV.
® and (0, d, /d, determined by R-factor comparisons to experi-
mental Cu 2p;, data obtained from Cu(111) by Naumovi¢ and
Osterwalder at photoelectron kinetic energies of 321 and
808 eV, respectively [31]. O, d, /d, determined by an R-factor
comparison between experimental Cu 2p;, XPD data obtained
in our laboratory from a Cu(111) single crystal and MSC calcu-
lations at an energy of 556 eV (b) Plot of the relative occupation
of domain #l versus coverage, with rotational symmetry
indicated.
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three-fold symmetry seen in XPD since the tech-
nique is not sensitive to the long-range features of
the overlayer, but is rather a short-range structural
probe of the near-neighbor Cu atoms in the over-
layer which can contribute to forward scattering
and other diffraction features. Thus, locally, the
structure is fcc Cu(111)-like, and the three-fold
pattern results. At 3 ML, however, the symmetry
is six-fold, and thus at 3 ML, the two possible
domains of fcc Cu(111) on Ru(0001) have become
equally populated. We have commented before on
the fact that this layer tends to be dominated by
a 2 ML surface, with small, thick islands to accom-
modate the additional material. At 4 and 5 ML,
the symmetry becomes three-fold again, and finally
the pattern returns to nearly six-fold symmetry at
8 ML and above, converging to the case of equal
occupation of the two domains by 25 ML. A
possible explanation for the jump to six-fold sym-
metry at 3 ML may be that, according to STM
data [5], the substrate temperature during the
deposition of three or more monolayers will sig-
nificantly change the amount of 3D islanding. That
is, at lower temperatures the growth is more layer-
by-layer with the 3D islands covering a large area
of the surface, while at higher temperatures, the
3D islands grow thicker and covers less of the
surface. Between 3 and 5 ML, we lowered our
substrate temperature, and thus our 5 ML film
should be smoother than our 3 ML film. At thicker
coverages above about 8 ML, more 3D islanding
occurs, regardless of the deposition temperature.
Perhaps the 3D islands allow for more randomness
in domain occupation, whereas when the growth
is more layer-by-layer, the film coalesces into a
single domain. However, this would tend to suggest
that our 4.2 ML film, which was anncaled at
600°C, should be more six-fold due to the occur-
rence of 3D islanding. But we only annealed this
sample for a short time, and it may not have been
able to attain as much 3D character as the 3 ML
film which was at 600°C during deposition and
also for a brief time after deposition before cooling.
Thus, at coverages where more 3D islanding
occurs, we expect the symmetry to be more six-
fold, and at coverages where the film is smoother,
the symmetry should be more three-fold.

3.1.3. Reference XPD results for bulk Cu(111) and
comparison to theory

In assessing the accuracy of our XPD analysis,
it is important to verify that it converges to a
correct interlayer spacing for the limiting case of
bulk Cu(111). Thus, we have compared MSC
calculations at three photoelectron kinetic energies
of 321, 556 and 808 eV to Cu 2p;, experimental
XPD patterns taken from a Cu(111) single crystal
at these energies. The data at 321 and 808 eV were
obtained by Naumovi¢ and Osterwalder [32,33],
and made use of somewhat better angular reso-
lution than ours. The data at 556 eV were obtained
with the same system as all of the other patterns
shown here, and have already been presented in
Fig. 2k. Shown first in Fig. 15a is the experimental
321 eV XPD pattern, and in Fig. 15b and ¢ are
the corresponding MSC and SSC calculations,
respectively, for the optimized interlayer spacing.
Shown in Fig. 15d is the experimental 556 eV XPD
pattern, and in Fig. 15¢ and f are the corresponding
MSC and SSC calculations, respectively. Shown
in Fig. 15g is the experimental 808 eV XPD
pattern, and in Fig. 15h and i are the correspond-
ing MSC and SSC calculations, respectively. The
MSC patterns are in excellent agreement with
experiment, while the SSC patterns have overly
strong forward scattering peaks, as noted pre-
viously. An R-factor comparison of the 321 eV
XPD pattern to MSC indicates that d,/d =
0.82040.020, about 0.5% larger than the bulk. An
R-factor comparison of the experimental 556 eV
XPD pattern to MSC indicates that d,/d,=
0.79240.023, about 2.9% smaller than the bulk.
An R-factor comparison of the experimental
808 eV XPD pattern to MSC indicates that
d,/d;=0.79240.017, about 2.9% smaller than the
bulk, and in excellent agreement with the 556 eV
result. Plots of the MSC global summed R-factor
for 321, 556 and 808 eV XPD patterns are shown
in Fig. 16, and Fig. 14a also shows the three
Cu(111) interplanar distances determined from
XPD as open symbols, with two points overlying
one another. The average d,/d, over these three
sets of Cu(111) data is thus 0.801, corresponding
to a small interlayer contraction of —1.8%
(—0.04 A). Our overall error estimate for these
numbers based on the 3% criterion on change in
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Fig. 15. Experimental XPD patterns for Cu 2p;,, emission at three different energies from from a Cu(111) single crystal, as compared
to corresponding MSC and SSC calculations for the optimum interlayer spacing. (a)—(c) Kinetic energy of 321 eV. (d)—(f) Energy
of 556 eV. (g)—(i) Energy of 808 eV. The 321 and 808 eV data are from Naumovi¢ and Osterwalder [31].

R-factor is ~ +4.2% (+0.09 A), and thus includes
the case of no relaxation. For comparison, prior
LEED studies of Cu(111) yield varying results for
the topmost interlayer distance. Watson et al. [53]
reported a surface relaxation of —4.1+0.6%
(—0.085+0.012A) for Cu(1l1), in good
agreement with our results. Tear et al. [54] reported
a very small surface relaxation of —0.3+1%
(—0.006+0.021 A). Neve et al. [55] found the
topmost copper layer to be relaxed by a somewhat
larger space, ie. —0.6% (—0.012 A). Finally,

Bartos et al. [56] found a +0.8+1.0%
(+0.016+0.021 A) expansion of the topmost Cu
layer. These LEED values thus span essentially
the same range as our XPD analysis, and a simple
arithmetic average of them yields a —1.06%
(—0.022 A) contraction, although we stress that
LEED measures the relaxation of the topmost
layer, whereas we are measuring an average over
the first five layers, but with strong weighting
toward the first few. Thus, within our range of
error, our XPD results for d, /d; for a thick Cu
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Fig. 16. Global summed R-factor plot for MSC comparisons to
the Cu(111) data shown in Fig. 15a, d and g.

film of 25 ML grown on Ru(0001) are lower than,
but still can be considered to agree reasonably well
with, similar results obtained from a Cu(111)
single crystal and from prior LEED analyses of
the Cu(111) surface.

3.2. Cu grown on O-precovered Ru(0001)

3.2.1. Experimental results and comparison to Cu
on clean Ru(0001)

Finally, we consider the effect on the Cu growth
modes of preadsorbing oxygen on Ru(0001). First
we show for reference in Fig. 17a the XPD pattern
of the experimental O 1s (E;, =958 ¢V) peak for
O/Ru(0001) at an oxygen saturation coverage of
0.5 ML, and in Fig. 17b and c the corresponding
MSC and SSC calculations, respectively, as
summed over the three domains of p(2x1)-
O/Ru(0001) expected on this surface. For refer-
ence to the substrate, the experimental Ru 3d XPD
pattern is shown in Fig. 17d. Due to the weak
photoelectric cross-section of the O 1s peak, the
experimental data were rather noisy, and therefore
the diffraction features at low 0 were very faint in
the initial XPD pattern. Thus, a more quantitative
analysis of this data is not possible. For presenta-
tion purposes, we have also applied a significant
amount of smoothing as well as symmetrization
through a mirror plane on the experimental XPD
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Fig. 17. XPD patterns from a 0.5 ML saturation coverage
of oxygen on Ru(0001) for (a) experimental O s peak, (b)
MSC calculation of O ls peak, assuming three domains of
p(2x1)-O/Ru(0001), (c) as (b), but SSC calculation, (d)
experimental Ru3d peak with a covering of 0.5 ML O (cf.
Fig. 21).
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pattern shown in Fig. 17a. The final anisotropy is
very small, being only about 15% over an azi-
muthal scan at 6 =12°, for which it is a maximum.
Also, the features seen at high 0 in the experimental
XPD pattern are largely artifacts of the smoothing
and symmetrization process. The Ru3d XPD
pattern is essentially identical to that for the clean
surface, although the features at lower 6 maybe
somewhat weaker due to scattering in the O over-
layer. Oxygen forms an ordered p(2 x 1) structure
on Ru at the saturation coverage of 0.5 ML [59],
although according to LEED it appears to form a
p(2 x2) structure due to the occurrence of three
possible domains of p(2x1)-O. The actual
p(2 x 2) structure will form at an oxygen coverage
of 0.25 ML, but is not possible at an oxygen
coverage of 0.5 ML. The experimental O 1s XPD
pattern shown in Fig. 17a has a six-fold symmetry
for low polar angles and weak three-fold symmetry
at higher angles. At low polar angles, there is also
an indication of first-order diffraction rings similar
to those in Fig. 2a and b which would have to be
due to near-neighbor forward scattering in three
p(2x1)-O domains 120° apart in azimuth. The
MSC and SSC calculations have the correct six-
fold symmetry and are in good qualitative
agreement with experiment, also showing strong
minima at low 0 and at ¢=0°, 60°, 120°, etc.

For the Cu overlayers, we begin by considering
the plots of the relative azimuthal anisotropies of
the Cu 2p;;, XPD patterns for Cu/O/Ru(0001) as
a function of the polar angle, as shown in Fig. 3b.
For 2 ML and above, the anisotropies have very
nearly the same shape as the anisotropies shown
for Cu/Ru(0001) in Fig. 3a. This similarity in
anisotropy curves is an indication that the structure
of the Cu overlayer is not significantly changed by
the addition of oxygen for thicker overlayers, even
though the deposition parameters for the two sets
of overlayers are also very different. However, at
1 ML, the shape of the anisotropy curve is different
for Cu/O/Ru(0001) and Cu/Ru(0001), and in fact
that for Cu/O/Ru(0001) looks more like that for
2 ML of Cu/Ru(0001). This suggests that double-
layer stacking occurs at 1 ML in Cu/O/Ru(0001).
The absolute anisotropies for Cu/O/Ru(0001)
and for Cu/Ru(0001) also differ, with those for

Cu/O/Ru(0001) being only about half as high as
the anisotropies for Cu/Ru(0001).

In Figs. 18-21 we show O 1s and Cu 2p;,, XPD
results for Cu grown on oxygen-precovered
Ru(0001), and compare them directly to the corre-
sponding Cu 2p;, results for Cu grown on clean
Ru(0001) (shown in the bottom panels of each
column). In Fig. 18a and d we show XPD results
for the O 1s peak, and in Fig. 18b and e the

1 ML Cu

iMLCu 2 ML Cu
(a) O 1s - Cu/O/Ru(0001)
90 175

(d)O1s- Cu/O/Ru(OOOl)
90

/

45 75 75 45 15
theta theta

(b) Cu 2p3/3 - Cu/O/Ru(0001) () Cu 2p3/3 - Cu/O/Ru(0001)
90 75 2 90 15

15 45 75 75 45 15

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

(c) Cu 2p3/3 - Cw/Ru(0001)  (f) Cu 2p3s - Cw/Ru(0001)
90 75 90 75
3

15 45 75 75 45 i5 15 45 75 75 45 15
theta theta

Fig. 18. Experimental XPD patterns from Cu/O/Ru(0001) at
1.1 and 2.2 ML Cu coverages. (a) O Is emission at 1.1 ML Cu
coverage. (b) Cu2p;;, emission at 1.1 ML Cu coverage. (c)
Comparison to Cu 2p;;, emission at 1.1 ML Cu coverage on
clean Ru(0001). (d) O 1s emission at 2.2 ML Cu coverage. (e)
Cu 2p;, emission at 2.2 ML Cu coverage. (f) Comparison to
Cu 2p;,, emission at 2.0 ML Cu coverage on clean Ru(0001).
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3ML Cu
(2) O 15 - Cw/O/Ru(0001)
S

4 ML Cu
(d) O 1s - Cw/O/Ru(0001)
90 75

60

hi

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

(b) Cu 2p3p5 - Cu/O/Ru(OOOl) (e) Cu 2p3 - Cu/O/Ru(OOGl)

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

(c)Cu2pyp - gu/Ru(OOOI) (f) Cu 2p3pp - CufRu(OOO])
75
6

KJ

45 75 75 45

15 45 75 75 45 15
theta theta

Fig. 19. Experimental XPD patterns from Cu/O/Ru(0001) at
3.2 and 3.7 ML Cu coverages. (a) O 1s emission at 3.2 ML Cu
coverage. (b) Cu2p,, emission at 3.2 ML Cu coverage. (c)
Comparison to Cu 2p,;, emission at 2.9 ML Cu coverage on
clean Ru(0001). (d) O Is emission at 3.7 ML Cu coverage. (e)
Cu 2p;, emission at 3.7 ML Cu coverage. (f) Comparison to
Cu 2p;, emission at 4.2 ML Cu coverage on clean Ru(0001).

Cu 2p;, peak for Cu coverages on O/Ru(0001) of
1 and 2 ML, respectively. The comparison to the
case of Cu grown on clean Ru(0001) is shown in
Fig. 18c and f. The O 1s XPD patterns shown in
Fig. 18a and d show no diffraction features whatso-
ever. Although the oxygen XPD patterns shown
here have not been smoothed, as Fig. 17a was, no
diffraction features are visible in these XPD pat-
terns, even after considerable smoothing. The lack

5 ML Cu
(a) O 1s - Cu/O/Ru(0001)
%0 s

6.5 ML Cu
(d)O1s- CufOfRu(OOOl)

15 45 75 75 45 15

15 45 75 75 45
theta

(b) Cu2p32 - CuJ'O/Ru(ODOl)(e) Cu 2p3p - cu/O/Ru(oom)

a5 75 75 45 1 45 75 75 45 1
theta theta

(c) Cu2p3s; - CufRu(OOO]) (f) Cu 2p3/5 - Cw/Ru(0001)
90 75

4

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

Fig. 20. Experimental XPD patterns from Cu/O/Ru(0001) at
4.8 and 6.5 ML Cu coverages. (a) O ls emission at 4.8 ML Cu
coverage. (b) Cu2p;, emission at 4.8 ML Cu coverage. (c)
Comparison to Cu 2p;;, emission at 4.9 ML Cu coverage on
clean Ru(0001). (d) O 1s emission at 6.5 ML Cu coverage. (e)
Cu 2p;, emission at 6.5 ML Cu coverage. (f) Comparison to
Cu 2p;,, emission at 6.5 ML Cu coverage on clean Ru(0001).

of any forward scattering peaks indicates that all
of the oxygen floats on the Cu overlayer, and that
none of the oxygen is subsurface or remains at the
Cu/Ru interface, in disagreement with some prior
conclusions concerning this system [19-21]. If any
oxygen were subsurface for these two cases, there
would be the possibility of forward scattering
through overlying Cu or O atoms, with the Cu
clearly being in an ordered structure, as seen in
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8 ML Cu

30 ML Cu
(a)O1s- Cu/(g)ofRu(OO[)I)
L

(d) O 1s - Cu/O/Ru(0001)
90 45

50

d%h i
0

5

0

15 45 75 75 45 15
theta theta

(b) Cu 2p3/2 - CWO/Ru(0001) () Cu 2p35 - Cw/O/Ru(0001)
90 95 i 80 95

15 45 75 75 45 15
theta

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

Fig. 21. Experimental XPD patterns from Cu/O/Ru(0001) at
8.0 and 30.5 ML Cu coverages. (a) O 1s emission at 8.0 ML Cu
coverage. (b) Cu2p,, emission at 8.0 ML Cu coverage. (c)
Comparison to Cu 2p;;, emission at 8.0 ML Cu coverage on
clean Ru(0001). (d) O 1s emission at ~30.5 ML Cu coverage.
() Cu2p;, emission at ~30.5ML Cu coverage. (f)
Comparison to Cu 2p;;, emission at ~25.2 ML Cu coverage
on clean Ru(0001).

the XPD patterns of Fig. 18b and e. This result is
further verified by XPS coverage calculations,
which indicate that the O coverage remains at
~0.5 ML after Cu deposition, although due to
noise in the O Is signal as well as to errors in
parameters used in our coverage calculations, the
error in the O coverage determination may be as
high as +0.05 ML [13]. The further lack of any

features at even low 0 confirms the results of LEIS
studies [22] that the oxygen overlayer is disordered
and/or perhaps highly mobile as a sort of lattice
gas on the Cu surface. This is in contrast to the
features seen in the XPD pattern shown in Fig. 18a
for the ordered p(2x1)-O/Ru(0001) structure.
This result is not surprising, as several prior studies
[60-62] have not reported an ordered oxygen
structure on the Cu(111) surface. Consensus on
the O/Cu(111) adsorption system, however, has
not yet been reached, since ordered structures have
also been reported [63-66]. Shown in Fig. 18b is
the Cu2p;, XPD pattern for a Cu coverage of
1 ML on the O-precovered Ru(0001) surface. A
nearly six-fold pattern of high takeoff angle for-
ward scattering peaks appears, indicating that
there are atoms sitting in the three-fold hollow
sites on top of the first layer before the first layer
is complete, and that the two domain types are
nearly equally occupied. This same six-fold pattern
persists for 2 and 3 ML, as shown in Fig. 18e and
Fig. 19b, and all three of these patterns look very
much like the pattern for 3 ML Cu on clean
Ru(0001), as shown in Fig. 19¢c. Thus, for Cu
grown on O-precovered Ru in the 1-3 ML range,
the growth appears to be initially via a
Volmer—Weber (3D islands) mode rather than a
Franck—Van der Merwe (layer-by-layer) mode.
This is at first sight in disagreement with prior
studies [19-22], which suggest layer-by-layer
growth. For example, AES studies [19,22] sug-
gested the layer-by-layer mode based on the
agreement between the AES intensity ratio
I, /I, as a function of coverage and a calculation
based on the Gallon model [67] assuming layer-
by-layer growth. Our findings are inconsistent with
this AES study. Work-function oscillations seen
during Cu growth [20,21] have also suggested
surfactant-mediated layer-by-layer growth.
However, these oscillations did not start until
about 3 ML Cu coverage. Thus, our XPD results
and the work-function measurements [20,21] can
still be consistent with one another if the Cu
initially grows as 3D islands, and then switches to
layer-by-layer at thicker coverages above 3—4 ML.
This type of growth has, for example, been seen
by STM on the Co/Cu(100) system [68].
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Fig. 22. Global R-factor plots comparing experiment to SSC calculations (for 1-3 ML) and MSC calculations (for all coverages) at
various Cu coverages on O-precovered Ru(0001). (a) 1.1 ML, (b) 2.2 ML, (c) 3.2 ML, (d) 3.7 ML, (e) 4.8 ML, (f) 6.5 ML, (g)

8.0 ML, (h) 30.5 ML.

At thicker coverages (=40 ML), as shown in
Fig. 19a and d, Fig. 20a and d and Fig. 21a and
d, the XPD patterns for the O 1s peak again show
absolutely no diffraction, again indicating that the
oxygen floats on the Cu surface and is disordered
and/or mobile. The XPS coverage determination
also again yields essentially the same value of
~0.5 ML as for the other Cu coverages [13], with
no systematic variation in this coverage as the Cu
thickness was increased. An interesting point to
note at ~4 ML coverage (obtained as noted pre-
viously after annealing to 325°C), is that a
(2\/§>< 4\/§)R30o LEED structure as reported in
prior work was observed [20]. However, the
oxygen XPD pattern still reveals no ordered struc-
ture. This is noteworthy in that it might be
expected that oxygen could preferentially bind to
sites in the (2\/§><4\/§)R30° structure, in which
case forward scattering features or diffraction rings

could develop. In fact, the oxygen is still totally
disordered and/or highly mobile. At ~4 ML, the
XPD pattern for the Cu2p,, peak shown in
Fig. 19¢ looks like the XPD patterns for 4 and
5 ML Cu on clean Ru(0001), as shown in Fig. 19f
and Fig. 20c. At coverages of 5 ML and higher,
shown in Fig. 20b and e and Fig. 21b and e, the
Cu 2p;,, XPD patterns look very much like the
XPD patterns for 8 and 25 ML Cu on clean
Ru(0001), as shown in Fig. 21c and f. For these
higher coverages, the diffraction features at lower
0 values are somewhat weaker and more smeared
out with oxygen present, but this might be expected
if growth is more multilayer and/or if there is
diffuse scattering through the disordered oxygen
overlayer. Thus, the structure is finally fcc
Cu(111)-like with two domains, but the oxygen
induces multilayer growth earlier than is the case
of growth on clean Ru(0001). However, without
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Table 3

Values of d, /d; for Cu/Ru(0001) and Cu/O/Ru(0001) as determined by R-factor comparison of experiment to SSC and MSC
calculations; the SSC values are much less reliable for coverages of >4 ML, and are thus shown in parentheses

Cu coverage (ML) d,/d,
Cu/Ru(0001) Cu/O-precovered Ru(0001)
SSC MSC SSC MSC
1 - - 0.78340.033 0.78340.033
2 0.733+0.038 0.729+0.034 0.761+0.042 0.7534+0.042
3 0.74040.026 0.756+0.018 0.73740.033 0.72440.039
4 (0.7734+0.022) 0.742+0.016 (0.818+0.032) 0.764+0.033
5 (0.76940.047) 0.718+0.018 (0.82540.013) 0.71340.028
6.5 (0.8124+0.026) 0.740+0.014 (0.840+0.020) 0.729+0.020
8 (0.83740.016) 0.766+0.018 (0.82840.021) 0.73240.026
>25 (0.835+0.014) 0.777+0.020 (0.847+0.027) 0.786+0.032

a more detailed theoretical analysis, XPD does not
allow us to determine whether the growth has
become layer-by-layer at these thicker coverages.
More studies of this system (e.g. with STM ) may
help to better understand the nature of the disorder
in the oxygen overlayer, as well as the morphology
of the surface at thicker Cu coverages with and
without oxygen present.

We have also carried out an R-factor analysis
of these O/Ru(0001) data so as to determine the
ratio d, /d| for Cu coverages from 1 to 30 ML,
and these curves as derived from MSC calculations
are shown in Fig. 22a-h. Because of the greater
uncertainty in the growth mode with oxygen pre-
sent, it is more difficult to decide what thickness
of cluster best represents this data. At 1 ML cover-
age, we have compared experiment to 2 ML MSC
calculations since we believe that stacking occurs
before the first monolayer is completed. For the
other cases, we have used the nominal thickness
of the overlayer up to 5 ML, and we have used
5 ML calculations for comparison to thicker cover-
ages. All of the R-factors shown in Fig. 22 have
been determined by comparing experiment to
the same fcc Cu(111) clusters as used for
Cu/Ru(0001). That is, we have not included the
oxygen overlayer in our calculations since the
oxygen overlayer is disordered, and therefore
should have little effect on the Cu XPD pattern
other than acting as an attenuating overlayer, with
more serious effects for lower 0, as noted above.

The results of the R-factor analysis for both
Cu/Ru(0001) and Cu/O/Ru(0001) are shown in
Table 3.

A plot of the change in interlayer contraction
for Cu grown on O-precovered Ru(0001) is pre-
sented in Fig. 23a. These values do not significantly
differ from those for Cu/Ru(0001), and thus the
oxygen appears only to affect the growth and
morphology rather than the short-range interpla-
nar structure. Again, we also show here a theoreti-
cal estimate of d, /d, versus coverage based on 2D
Frenkel-Kontorova calculations and a constant
atomic-volume assumption. Shown in Fig. 23b is
a plot of the symmetry (i.e. f;) versus coverage for
the Cu films grown on O-precovered Ru(0001).
Here, with the exception of ~4 ML, which was a
special case where the film was annealed, all of the
symmetries are nearly six-fold. Thus it would seem
that the presence of oxygen promotes the forma-
tion of two domains, or perhaps the six-fold sym-
metry is due to a greater amount of 3D character
in the films, as was suggested earlier for
Cu/Ru(0001). However, this conclusion would
then be in disagreement with prior studies of this
system [19-22].

4. Conclusions

This XPD analysis of the growth of Cu on clean
and oxygen-precovered Ru(0001) permits several
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Fig. 23. As Fig. 14, but for oxygen-precovered Ru(0001). (a)
Plot of d, /d,=(Cu-Cu interplanar distance)/(Cu—Cu in-plane
nearest-neighbor distance) versus coverage in monolayers
(ML). @, estimate of d,/d, using Cu areal densities derived
from a 2D Frenkel-Kontorova model by Hamilton and Foiles
[6] combined with a constant atomic-volume assumption. H,
d, /d; determined by R-factor comparisons between experimen-
tal XPD data from Cu/O/Ru(0001) and MSC calculations for
Cu 2p;,, emission at a photoelectron kinetic energy of 556 eV.

new structural conclusions as well as some general
comments concerning the application of XPD to
such epitaxial systems.

For Cu growth on clean Ru(0001), the first
monolayer is pseudomorphic, and even at partial
monolayer coverages forms in large islands
>10-20 A in diameter (the sensing limit of XPD)
of the same structure. Our result of 2.15 A for the
distance between the Cu and the first Ru layer is
consistent with prior experiments and theoretical
studies of this first monolayer. For thicker overlay-
ers, we have also shown that the short-range
structure of Cu/Ru(0001) is fcc Cu(111), but with
significant near-surface interlayer contraction for
coverages between 2 and 8§ ML. Comparison of
experiment to MSC calculations suggests that the
interlayer contraction may persist even up to
25 ML Cu coverage, although within the range of
error, the results for this coverage are also consis-
tent with our own R-factor comparison of MSC
calculations to XPD patterns from a Cu(111)
single crystal at photoelectron kinetic energies of
321, 556 and 808 eV (with 321 and 808 eV being
measured by Naumovi¢ and Osterwalder), as well
as with LEED results from Cu(111) single crystals.
The Cu-Cu interlayer spacing shows a slower
approach to the bulk fcc Cu(111) interlayer spac-
ing than a simple theoretical estimate based on the
2D Frenkel-Kontorova model [6] and either a
constant atomic volume assumption or a more
complex analysis using elasticity theory. The
appearance of sharp forward scattering peaks with
distinct orientations and the excellent agreement
with theory demonstrates that the misfit disloca-
tion structures seen in STM [2-5] for 2-4 ML
coverage actually thread through to the Cu-Ru
interface. We have also shown that the SSC model
predicts experiment reasonably well, but MSC

@ and [0, d, /d, determined by R-factor comparisons to experi-
mental Cu 2p;, data obtained from Cu(111) by Naumovi¢ and
Osterwalder at photoelectron kinetic energies of 321 and
808 eV, respectively [31]. °, d,/d, determined by an R-factor
comparison between experimental Cu 2p;,, XPD data obtained
in our laboratory from a Cu(111) single crystal and MSC calcu-
lations at an energy of 556 eV. (b) Plot of the relative occupa-
tion of domain #1 versus coverage, with rotational symmetry
indicated.
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calculations do a better job of predicting the fine
structure at low 6 for lower coverages and at all 0
for higher coverages. Thus, MSC calculations are
important even at low coverages for a fully quanti-
tative analysis of XPD data.

For Cu grown on O-precovered Ru(0001), we
have shown that it initially forms 3D islands in
the 1-3 ML range, and that all of the oxygen
floats on the Cu overlayer and is highly disordered
and/or mobile on the Cu surface. In addition, the
presence of oxygen does not affect the interlayer
contraction, but does affect the relative domain
occupation of the Cu overlayer, leading to a domi-
nance of six-fold character in the XPD patterns.

Finally, these results indicate that such XPD
data, when combined with multiple scattering cal-
culations and R-factor analysis, can yield quantita-
tive information on such subtle issues as interlayer
relaxations. Even the vertical position of a single
monolayer for which no forward scattering fea-
tures exist has been determined successfully. Our
results also indicate that the calculated XPD pat-
terns converge rather quickly with layer thickness,
so that the experiment probes primarily the first
five monolayers, and calculations can probably be
truncated at about this level as well. We also have
found that it is important to allow adequately for
the various sources of broadening in the XPD
features, and have used a Gaussian angular broad-
ening as part of the optimization of the fit of
theory to experiment. Without this additional
broadening, theory in our case usually predicts
sharper features than experiment, which can
adversely affect the final R-factor comparisons
leading to a structural conclusion. Lastly, even at
XPS energies of >500 ¢V, a proper allowance for
surface refraction in electron escape is important,
and our data may suggest using a slightly higher
effective inner potential than is usually estimated
for the bulk (21-22 ¢V versus 14eV). However,
further investigation of this last point is needed to
be more quantitative.
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