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Structural determination of a W(001)c(2 X2)-Ag surface by x-ray photoelectron diffraction
with multiple-scattering analysis
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We have studied x-ray photoelectron diffraction (XPD) for Ag 3d emission from the W(001)c(2X2)-
Ag surface with both full multiple-scattering cluster (MSC) and single-scattering cluster analyses. Quan-
titative structural parameters are obtained for the top layer of the Ag-W alloy structure. Systematic reli-
ability factor searches based on MSC have shown that the outermost layer of the W(001)c (2 X 2)-Ag sur-
face forms a rumpled Ag-W alloy structure, and the plane containing Ag atoms is 0.3+0.1 A higher than
the tungsten top layer. It has also been found that, in this system, there is a strong multiple-scattering
effect in the photoelectron diffraction even for a high kinetic energy of 1115 eV, where single-scattering
theory was generally assumed to be valid. This indicates that, for high Z and closely packed systems, the
kinematical method is not suitable for the quantitative analysis of XPD experiments.

I. INTRODUCTION

The W(001} surface is a prototypical transition-metal
surface, which plays the same role as Si does for the semi-
conductor surfaces. The interest in catalytic properties
of noble metals on tungsten surfaces has been attracting
much attention, and many surface techniques and
theoretical methods have been carried out to study this
system. It has been known that a clean W(001) surface
undergoes a phase transition at around 200 K to a
c (2X2) structure, the electronic and atomic structures of
which have been studied by various techniques. ' How-
ever, the understanding of noble metals (such as Cu, Ag,
and Au} on the W(001) surface, where a similar c (2X2)
phase is formed at one-half monolayer of adsorbate, is far
from complete. Although the noble-metal/W(001) sur-
face is known to form a surface alloy structure, as has
been studied by ion scattering spectroscopy (ISS),
low-energy electron diffraction, ' Auger electron spec-
troscopy, thermal desorption spectroscopy, and x-ray
photoelectron diffraction (XPD), ' no conclusive results
regarding the details of atomic arrangement for the sur-
face alloy structure have yet been found. The structural
parameters for this c(2X2) surface may include lateral
and vertical shifts of noble-metal adsorbates relative to
the tungsten atoms in the top layer on the surface.

The aim of this work is to determine the atomic struc-
ture of the W(001)c (2X2)-Ag surface [hereafter referred
to as c(2X2)-Ag] by the XPD technique with a full
dynamical method. It is a significant expansion over the
previous XPD study on this surface' with a kinematical
theory, where no quantitative results related to the details
of this surface alloy structure were obtained. Further-

more, our dynamical and kinematical studies have shown
that, even for kinetic energy of 1115 eV, there is still a
strong multiple-scattering effect on XPD from this sur-
face, and it leads to a significant breakdown of single-
scattering theory.

II. EXPERIMENT AND THEORY

The experiment of XPD for the Ag 3d core level from
the c (2X2)-Ag surface studied in this work was conduct-
ed in our early work. ' A brief description of the experi-
ment is as follows: as excited by an A1 Xa radiation
source with a photon energy of 1486.6 eV, azimuthal
scans of XPD patterns from the c (2 X 2)-Ag surface were
measured for Ag 3d emission at a grazing takeoff angle
range of 6 —20 . The photoelectron diffraction experi-
ment was performed by keeping the electron emission
direction (to the detector) with respect to the sample sur-
face at a constant takeoff angle O„and rotating the sam-
ple about its normal to scan the Ag 3d photoelectrons as
a function of azimuthal angle P. During the scans, the
angle between the incident x-ray beam and the electron
emission direction is fixed at 75 . Details of the sample
preparation and XPD experiment can be found in Ref.
10.

The full multiple-scattering cluster (MSC) scheme used
in this study is an accurate and efficient concentric-shell
algorithm (CSA)." In this scheme, we make use of the
short inelastic scattering length of the electrons in a solid,
where the electron multiple-scattering process is restrict-
ed to within a cluster of atoms centered at a silver
emitter. A cluster of atoms including Ag and W is divid-
ed into a series of concentric shells to enable efficient
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multiple-scattering evaluation at high speed with less
computer memory. All the interatom propagation of the
electrons is represented by the Green's functions, which
relate the amplitudes of a spherical-wave expansion of the
wave field about a particular atom to those of the same
wave field about another, and the recursive relations' are
intensively used to speed up the calculation. Similar
efficient separable Green's-functions methods have been
employed by other groups. ' ' But the number of atoms
M in a cluster becomes a limiting factor when photoelec-
tron energy is high, roughly speaking —1000 eV, where a
larger cluster has to be implemented due to the increase
in the electron mean free path. This makes it difFicult to
carry out MSC calculations due to M scaling in compu-
tational time. ' For computational convenience and
efficiency, dividing the cluster into a series of concentric
shells will significantly reduce the number of atoms in a
shell to avoid the M scaling, thus making the MSC cal-
culation for a large cluster at high kinetic energy possi-
ble.

Another advantage of this scheme is that it can make
use of the atoms' forward-scattering features in a
concentric-shell geometry. In such a geometry, one can
exploit the forward-scattering feature by (1) neglecting
the intrashell multiple scattering due to a large scattering
angle between atoms and electron emission directions,
and (2) assuming that an outgoing traveling spherical
wave incident on an atomic cluster shell has a negligible
backward-scattered component. This forward-scattering
approximation in the CSA scheme has been tested and
compared with the result obtained by a full multiple-
scattering calculation, and it was found that there is no
essential difference between these two calculations at the
kinetic energy of 1115 eV. This approximation results in
speeding up the calculation for an order of magnitude in
CPU time. In our CSA programs, the final states of the
photoelectron with angular momenta of p and f due to a
dipole emission from Ag 3d core levels are incorporated
precisely, allowing the interference among photoelectron
final states if they originate from the same core-level
states.

In order to have a better comparison between the ex-
perimental and theoretical results, we have used the relia-
bility factor (R factor) method for systematically analyz-
ing the experimental XPD data for all possible surface
models. For each azimuthal curve, both the experimental
and theoretical XPD intensities were renormalized as

where I(8„$)is the XPD intensity; I;„(8,) and I,„(8,)
are the minimum and maximum intensities for the azimu-
thal scan at 0, . In the above definition, the value of
g'(8„$)runs from 0 to l. Our R factor is defined as

R = g rl( 8, ) g ~ g,„~,( 8„p) —g„i,(8„$) ~ IN„„iX 100%,
NO

(2)

where g,„,(8„$)and g„i,(8„$)are the renormalized in-
tensities for the experiment and theory, respectively,
il(8, ) is a weighting factor, the summations go over all
the azimuthal scans (Ne, ) and the data points (N&) in
each scan, and N„„&is the total number of data points.
The advantages of such a definition of the R factor are
that (1) R will not be affected adversely by the presence of
a background (assumed to be smooth for each azimuthal
scan) in the experiment, and (2) R will tune sensitively to
the interference fine structure in the diffraction pattern.
rl(8, )'s are used to compensate for curves with large an-
isotropies at the lower takeoff region. We have noticed
that such a definition of the R factor is similar to that
used by Bullock et al. ' but with some differences.

III. MODELS FOR THE W(001)c (2 X 2)-Ag SURFACE

In previous studies on the c(2X2)-Ag surface, a sur-
face alloy structure was highly favored by ISS (Refs.
6—8) and XPD. ' Although it is still unclear what exact
arrangement of Ag and W atoms in the alloy layer is
formed, we can narrow down the possible surface models
from general features of XPD patterns before starting the
systematical R-factor search for the correct model with a
full dynamical analysis.

Firstly, we have observed from the XPS patterns that
the anisotropies are found to be very small above the
takeoff angle of 20', and no forward-scattering features
are presented in the range of 6 —20 azimuthal scans.
This allows us to eliminate immediately the models that
include scatterers of either Ag or W well above the Ag
emitters. Since the Ag coverage on this surface is one-
half monolayer, this leads to a unique selection of one
silver atom in the c (2 X 2) cell, but the number of
tungsten atoms in the cell could be one for a surface alloy
model or zero for an overlayer model. ' One of the sur-
face alloy models studied in this work is shown in Fig. 1,
where a unit cell of c (2 X 2) is represented by a square,
Since Ag emitters are in the outer layer of this structure,
as explained above, the XPD pattern is most sensitive to
the atomic arrangement in the top layers due to the
forward-scattering feature of the atoms at high energy.
This argument has further been supported by multiple-
scattering calculations for models with or without sub-
surface W atoms, and it shows that the difference be-
tween the two simulations is trivial and within —1% of
the R factor. Thus, we may choose models including
only top Ag and W layers, where the Ag-W layer spacing
can be different in height by AZ as defined in Fig. 1. It is
obviously seen in the figure that, if the tungsten atoms in
the top layer are moved down considerably, atoms in the
surface unit cell are then reduced to one Ag atom per
cell; this is known as an overlayer model.

Secondly, from a simple classical hard-sphere model,
considering the atomic radii of Ag and W (1.45 and 1.37
A, respectively) and the lateral space available for a sur-
face unit cell (6.32 AX6. 32 A), the silver and tungsten
atoms have to be at positions close to the fourfold sites of
the unreconstructed W(001) surface. Taking the W atom
position as a reference, the in-plane displacement for the
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FIG. 1. Top and side views of a rumpled surface alloy struc-

ture for the W(001)c(2X2)-Ag surface. A square in the top
view shows a c (2 X 2) unit cell on the surface. Shaded and open
circles represent tungsten and silver atoms, respectively. Small
solid dots are tungsten atoms in bulk positions. b Z is de6ned as
Ag-W interlayer spacing.

IV. DYNAMICAL ANALYSIS

Ag atom should be small due to the constraints of Ag-W
bond lengths, however, the vertical movement for Ag can
be significant in such an alloy structure.

In the following dynamical analysis, we carry out MSC
calculations for the surface alloy model, as shown in Fig.
1, and perform systematic R-factor analyses to optimize
the surface-structure parameters with the XPD experi-
ment.

layer for the surface alloy models, as shown in Fig. 1.
The electron mean free path is 20 A according to the
universal curve. The size of the cluster is therefore

0
chosen to be 25 A in radius for a full convergence, and it
includes about 200 Ag and W atoms. A series of MSC
simulations were first carried out for the alloy structures
with Ag and W atoms at the fourfold sites of the un-
reconstructed W(001) surface but with various values of
Ag-W layer spacing, AZ. The R factors were evaluated
by Eqs. (1) and (2) for each bZ, and the resulting R-hZ
curve is plotted in Fig. 2 (a solid line with open squares).
It is clearly seen from the R-hZ curve that the best
agreement between MSC calculations and the experiment
has been reached at hZ=0. 3 A, where a minimum of
R = 14. 1% is obtained. It is noticed here that a b,Z =0.3
A structure refers to a rumpled ally surface with a silver
layer locating 0.3 A higher than the tungsten one. In the
same figure, the hZ= —0.2 A end refers to a model
where Ag emitters are under the W layer by 0.2 A, and
the EZ&1.8 A one approaches the limit of overlayer
structure. We have shown in Fig. 3 the azimuthal plots
of experimental XPD (dotted lines) and MSC for the opti-
mized structure of b,Z=0. 3 A (solid lines). It is seen
that the MSC curves match the experimental ones fairly
well for most of the azimuthal plots.

Although good agreement between the experiment and
MSC has been achieved for the rumpled alloy structure
where the positions of Ag adsorbates are at the fourfold
sites of the unreconstructed W(001) surface, a possible
in-plane shift of Ag atom away from its highly symmetric
position will be investigated next. But such a shift should

In our dynamical simulations of XPD from the
c(2X2)Ag surface, the kinetic energy of the photoelec-
tron is set to be 1115eV in vacuum. The scattering phase
shifts for Ag and W were calculated within a muffin-tin
potential approximation using atomic wave functions of
Ag and W from a Hermann-Skillman program. ' The
temperature effect of the lattice vibration was also con-
sidered by using temperature-dependent phase shifts' for
both Ag and W. The Debye temperatures of 225 and 400
K are chosen for Ag and W. ' The use of bulk Debye
temperatures does not affect the quantitative conclusion
of this study. The angular momenta of the scattering
phase shifts at room temperature of up to L,„=20were
chosen for both Ag and W atoms. The number of partial
waves (L,„,) in the scattering matrix S was set to 60."
The inner potential V;„is an adjustable parameter, and
was finally set to 10 eV, which results in a best fit between
the experiment and MSC calculation. Due to a dipole
transition, the final states of the photoelectron from Ag
3d emission are in p- and f-wave forms. The radial ma-
trix elements and the corresponding phase shifts for the
emitted waves are calculated by a MUFPOT program,
and they are 0.00419 bohr and 5.636 rad for p wave
(l = 1), and 0.0227 bohr and 2.704 rad for f wave (l =3),
respectively.

Due to the surface sensitivity of XPD at grazing re-
gime for this energy range, MSC simulations were per-
formed on clusters involving only one silver and tungsten
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FIG. 2. R factor vs Ag-W interlayer spacing (hZ) for MSC
(solid line with open squares) and SSC (dashed line with
crosses). Inset shows the R factors vs in-plane shifts of Ag atom
along [100] {solid line) and [110](dashed line) for MSC.



52 STRUCTURAL DETERMINATION OF A W(001)c(2X 2)-Ag. . . 12 383

/ / /
~/

&r a r

20

16

14

12

affect the forward-scattering feature very much; however,
shifting the silver atom along [110] will cause the
forward-scattering peak of Ag-W to scatter off its [100]
direction, and hence change the pattern considerably.
The insensitivity of the R factor to the movement of Ag
along [100] is a drawback for the XPD technique in this
high-energy range. But we may still conclude that the in-
terlayer spacing between the Ag and W layers is 0.3+0. 1

A and the lateral shift of the Ag atom off its fourfold site
along the [110] direction is within 0.2 A. Further XPD
studies on a possible in-plane shift of Ag atom along [100]
are needed to be carried out at a lower kinetic energy
range, where the diffraction pattern contains more
structural information about local geometry.

10 V. FAILURE OF KINEMATICAL THEORY
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FIG. 3. Azimuthal scans of 3d XPD experiment (dotted
lines), MSC (solid lines), and SSC (dashed lines) with a rumpled
alloy structure of hZ =0.3 A.

be small and within a few-tenths of an angstrom (0.34 A
along [100] and 0.51 A along [110])due to the constraints
of Ag-W bond lengths for the alloy surface of hZ=0. 3
A. Thus, we performed MSC simulations with models in-
cluding different lateral shifts of the Ag atom off its four-
fold symmetric point. The assumed in-plane shifts of Ag
adsorbates are along the [100] and [110]directions by Xt
and X2, respectively, as shown on Fig. 1. The resulting
R -X, and R -X2 curves for MSC are shown in the inset of
Fig. 2 with solid and dashed lines, respectively. It can be
seen from R -X, and R -X2 that the R factor is sensitive to
the change of Ag atom position along [110]direction but
not so along the [100]direction. Such behaviors of the R
factor can be explained by the fact that, at high kinetic
energy, diffraction patterns are dominated by the
forward-scattering peaks (mainly their first-order
diffraction peaks at grazing regime in the experiment),
and are most sensitive to the local geometry around an
emitter. Since W atoms are almost in the same plane as
Ag adsorbates, Ag-Ag scattering along [110] and Ag-W
scattering along [100] will dominate the diff'raction and
produce the most prominent features in the patterns.
However, the Ag-Ag scattering remains the same for
both direction and magnitude due to a c (2X2) periodici-
ty. But the diffraction features due to the nearest-
neighbor Ag-W scattering will be affected depending on
the movement of the silver atom. Namely, the moving
silver atom along the [100] direction will result in only
changing in emitter-scatterer distance, which will not

Kinematical analysis has also been performed in this
work to check the effect of the multiple scattering on the
XPD from this surface. Single-scattering cluster (SSC)
simulations were carried out by the same CSA programs,
where multiple-scattering channels were switched off, but
with the same input control parameters, e.g. , the size of
clusters, scattering phase shifts, and number of partial
waves for the scattering matrix, etc. It is noted that in
order to have an equivalent com.parison between the
kinematical and dynamical theories, discrepancies caused
by different theoretical approaches and approximations
made by different algorithms or programs can be elim-
inated in this way.

The surface models used for the SSC simulations are
chosen near the rumpled alloy structure optimized by
MSC analysis. R factors were calculated as a function of
Ag-W layer spacing in the range of hZ=0 —0.9 A with
Ag and W atoms at the fourfold sites of the unrecon-
structed W(001) surface. The R-b.z curve is shown by a
dashed line with crosses in Fig. 2. It is seen that the R
factors for SSC are in the range of 21 —28%%uo, which is
significantly higher than the optimized R =14.1% ob-
tained by MSC. It is evident that there is no indication of
any possible favored structures in this region from the
kinematical analysis. We have also shown the azimuthal
scans of SSC for the rumpled alloy surface of hZ =0.3 A
in Fig. 3 by dashed lines. It is obviously seen from the
figure that agreement between the experiment and SSC is
poor for most of the azimuthal scans, indicating the
failure of the kinematical theory and the dynamical pro-
cess to play an important role in this system.

In order to have a better view of the diffraction
features of the experiment and theories, diffraction inten-
sities of experiment, and theories of MSC and SSC for the
rumpled alloy structure of hZ=0. 3 A, are shown in
stereographic projection with a thermal scale in Fig. 4.
In an effort to get a closer look at the experiment and the
theories, the experimental XPD was plotted on the left-
hand side of the projection with a mirror symmetry of the
theoretical one. To emphasize the grazing takeoff angle
regions, where the experimental XPD data were taken,
the takeoff angle is scaled with a formula of
r =m[1 —sin(0, ) ], where r is the radius from the center
and ra the full scale radius at 0, =0 '. The major
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FIG. 4. Stereographic projections of Ag 3d XPD intensities
from the %(001)c(2 X 2)-Ag surface. The renormalized intensi-
ties are shown on (a) g,„~,(8„$}and gMsc(8„$), and ih)

g,„,(g„P)and gszc(g„g). The experimental XPD is plotted as
a mirror symmetric pattern of the theoretical one. Both simula-
tions incorporate the same rumpled alloy structure of hZ=0. 3
A.

difFraction features in XPD experiment (mirror symme-
try) are a group of peaks along the [100] direction, large
dip along the [110]direction, and a triangle-shaped pat-
tern in between. By carefully comparing the theoretical
patterns on the right side of the figures with the experi-
mental one on the left, it can be seen that most of these
diffraction features of peaks and dips and their positions
are reproduced well by the MSC pattern, whereas it is not
so for the SSC one.

VI. DISCUSSIGN AND CQNCLUSIQNS

A comparison between azimuthal scans of MSC and
that of SSC in Fig. 3 has shown that there are significant
differences between the curves of MSC and SSC in the
takeofF angle range of 6'—20'. Our recent kinematical
and dynamical studies on XPD from Si(111}+3X &3-Ag
and -Sb surfaces ' have shown that SSC tends to hold on
at higher takeoff angles above 12 . In other words, SSC
fails at the low takeofF angle region for both cases. It
seems that the multiple-scattering effect on XPD from
the c (2 X 2)-Ag surface is more prominent than that from

the &3X+3 surfaces. In order to justify the above as-
sumption, we have further carried out MSC and SSC
simulations from the c(2X2)-Ag surface for higher take-
off angles of up to 50' (the anisotropies at these high tak-
eoff angles are small in reality). It was found that at tak-
eoff angle of above 28, the curves of SSC match well
with that of MSC, contrary to the large differences at
lower takeoff angles ( (28') between the two theories.

It is well known that at high kinetic energy range
where diffraction features are dominated by the forward-
scattering peaks of the scatterers, the single-scattering
theory is generally believed to be valid, but it fails along
or close to closely packed directions, where multiple
scattering plays an essential role. For closely packed
monolayer systems, such as the c (2 X 2)-Ag surface,
where emitters are located at the outermost layer of the
surface, there are no such dominated forward-scattering
peaks appearing in the pattern. A dynamical process
could still play an important role at the grazing regime,
where scatterers are closely packed. On the other hand,
at the higher takeoff angle range, it is farther away from
the closely packed region and therefore the multiple-
scattering effect becomes insignificant. But the critical
takeoff angle O„which is the smallest angle possible for a
kinematical theory to still be valid, may differ from sys-
tern to system, and even be a function of kinetic energy of
electrons. We have found that 0, =28 for the c(2X2)-
Ag surface with a surface atomic density of —10
atoms/nm, and 0, =12 for v'3X&3-Ag and -Sb sur-
faces ' with a density of —5 atoms/nm . We may con-
clude that, in general, (9, increases with increasing sur-
face atomic density and atomic number Z.

In summary, XPD data for Ag 3d emission from the
W(001)c (2 X 2}-Ag surface have been analyzed by a
dynamical analysis using a concentric-shell algorithm. In
such a scheme, a multiple-scattering calculation can be

0
performed on sufficiently large clusters (25 A in radius) at
a kinetic energy of 1115 eV. Quantitative structural re-
sults for a rumpled surface alloy structure for the
W(001)c (2 X 2)-Ag surface have been obtained. The
dynamical analysis has shown that, for this surface, the
Ag layer is 0.3+0. 1 A higher than the W top layer. It is
also found that there is a strong multiple-scattering effect
on the photoelectron diffraction, even at a kinetic energy
of 1115eV, where single-scattering theory was usually as-
sumed to be valid. It has been demonstrated by this
study that kinematical theory is not suitable for the quan-
titative study on XPD from this high Z and closely
packed system.
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