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Abstract

A brief survey is given on the cument state-of-the-art of this surface structural techmique based on photoelectron
spectroscopy, with particular emphasis on the progress that has been made recently by routinely measuring full-hemispheri-
cal intensity distributions. We limit the discussion to the photoelectron forward focusing regime, which is attained at clectron
kinetic energies of a few hundred eV, Surface bond directions are direcily revealed as pronounced maxima in the angular
distributions from subsurface atoms, while characteristic interference features are observed for surface species. For both
cases the dependence on the atomic type is weak enough =0 that these features provide a fingerprint of the local bonding
geometry. For surface and near-surface species, this may then serve as a starting point for a structure refinement using
single-scattering cluster calculations. Selected examples are given for illustrating these procedures.
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1. Introduction

Over the last few years photoelectron diffraction
has evolved from an exotic phenomenon in angle-re-
solved X-ray photoelectron spectroscopy (XPS) to a
widely accepted technique for obtaining detailed in-
formation on surface structure. The principles of the
two closely related X-ray photoelectron diffraction
(XPD) and Auger electron diffraction (AED), and
their wide range of current and potential applications
have been extensively described in various recent
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reviews [1-8L In this paper we would like to high-
light the particular progress that has been achieved
recently in the routine measurement of complete
two-dimensional (2D) angular distributions (22
scans) of photoelectrons and Auger clectrons, and
how this availability of large data sets has facilitated
the direct interpretation in terms of surface structure,
This progress was to some extent motivated by the
intrigning idea that such diffraction patterns could be
viewed as photoelectron holograms [9] that could be
reconstructed into real-space atomic images by a 2D
phased Fourier transform [10]. This interesting direct
method appears to work in several cases, but artifacts
are usually present and the accuracy in the structural
parameters is found to be only of the order of a few
tenths of an dngstrim [5,6,8—13). The main benefit
lies in the provision of a useful starting point for the



structure refinement by model calculations, thus min-
imizing the cuombersome trial-and-error process. Our
conclusion from the consideration of many experi-
mental 2x-scans is that the emission pattern from a
specific site above, within or below the surface is
characteristic enough to provide a fingerprint for this
gite, permitting a first guess on the local peometry
which is of similar quality as that from the holo-
graphic approach.

We shall discuss mainly the typical high-energy
regime of XPD and AED, considering electron ki-
netic energies of at least 4 few hundred electronvolis.
For this situation it has been recognized quite early
that the strong peaking of the electron—atom scatter-
ing factor for small scattering angles, and the small
scattering phase shift, produce electron emission pat-
terns that are dominated by strong maxima along
directions connecting the photoemitters with near-
neighbour scattering atoms [14,15], as is illustrated
in Fig. 1. This concentration of flux along internu-
clear axes is well understood theoretically [16] and
has also been termed “‘forward focusing™. To first
approximation an emission pattern represents thus a
forward-projected image of the crystal planes above
the photoemitter, slightly modified by higher-order,
energy-dependent interference structures and due to
a different weighting of scatterers at different dis-
tances [17]. Consequently, subsurface emitters give a
particularly clear fingerprint of their local bonding
geometry, and we shall give a few illustrative exam-
ples in Section 4.

For surface species we start to realize that, while
forward focusing maxima are present only parailel o
the surface, the associated rise in intensity can still
be observed in grazing emission and be used for a
clear site determination. Furthermore, doe to the
absence of forward focusing signals for non-grazing
angles, the higher-order interference stroctures are
here well exposed. In Section 5 we shall present a
few examples showing that these patterns show fea-
tures characteristic for a specific bonding site, which
are not too strongly dependent on the atomic types
constituting the adsorbate system. Beforchand, some
general remarks are given on experimental aspects
related to measuring 2w-scans, and on a few theoret-
ical aspects related to structure refinement by model
calculations, an example of which is also given in
Section 5.

2. Experimental aspecis

For the measurement of 2a-scans of photoelec-
trons or Auger electrons various procedures have
been adopied. The most simple one makes use of an
angle-resolving electron energy analyzer, usually of
hemispherical type, and scans the two emission an-
gles @ and ¢b, corresponding to polar and azimuthal
rotations, either by a rotation of the sample [17-21]
or by moving the analyzer relative to the sample
[22]. Data acquisition is thus sequential, and at each
angular setting the full spectral information can read-
ily be obtained, which is a requirement if, e.g.,
chemically-shifted states with considerable overlap
within a spectrum are to be recorded scparately.
Alterpatively, sophisticated electron-optical devices
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Fig. 1. {u) Atomic scattering foctors calculated for Cu and Au
scatterers for an incoming plame wave. A Cu.An muffin-tin
potential has been used. (b} Plane wave scatiering phase shifts for
the same cases, (c) Mustration of the dominant elstic scattering
processes associated with XPD, showing the axial symmetry of
the diffraction pattern associated with an isolated scatierer,



have been designed to record either a full polar angle
range [23.24], a part of an azimuthal anglz range
[25], or a large two-dimensional solid angle range
[26,27] simultaneously. These devices bring a con-
siderable reduction in data acquisition time which is
crucial when studying reactive surfaces. Moreover,
fixed crystal geomelries are advantageous for experi-
ments requiring a wide temperature range and pre-
cise temperature control. On the negative side, some
of these devices suffer from detector inhomo-
geneities, low  signal-to-background ratios, and
marked encrgy-dependent angular distortions, Never-
theless, they have been successfully applied for mea-
suring wide-angle substrate [28], thin film [29] and
adsorbate [13] photoelectron diffraction patterns.

The combination of crystal rotation and a fixed
hemispherical analyzer is the most widely used,
mainly thanks to its flexibility and high degree of
accuracy, and due to the fact that highly optimized
analyzer designs are commenrcially available. Receni
progress in detection sensitivity, data acquisition sys-
tems and data reduction has made it possible to
sequentially collect photoelectron intensities at 4000
to 6000 angular settings, uniformly distributed over
27 solid angle [20,21). We have adopted an az-
imuthal scanning mode, starting the measurements at
grazing emission and reducing the polar angle after
each full 360° rotation of the crystal. The advantage
of this mode is that the symmeiry of the pattern
usually gives a reliable indication for the consistency
of the data. Probing the grazing angles first mini-
mizes the effects of sample contamination. Typical
measuring times highly depend on the intensity of
the photoemission signal of interest. They range
from less than one hour for sitong substrate signals
and modest angular resolution (2-3° full cone) up to
24 h for submonolayer adsorbate emission. A careful
verification of possible effects due to sample degra-
dation is therefore mandatory, and in some cases
several quicker measurements have to be summed 10
provide sufficient statistical accuracy. Progress is
here possible with the latest designs of commercial
spectrometers and excitation sources.

3. Theoretical considerations

A theoretical description of XPD and AED in-
volves: (i) the excitation process producing a source

electron wave with a given angular momentum sym-
metry centered at the emitting atom, (i} the single
and multiple elastic scattering of this wave off the
atoms surrounding the emitter, (iii) inelastic scatter-
ing processes reducing the wave amplimde during its
propagation to the surface, (iv) thermal vibrations
reducing the weight of coherent elastic processes in a
Debye—Waller type fashion, and (v) wave refraction
at the surface potential step [1,5]. Theoretical mod-
elling for XPD is in an advanced state much like that
for low-energy electron diffraction (LEED), using
either full multiple-scatiering (MS) cluster-type ap-
proaches [1,5,30-32] or LEED-type layer-by-layer
methods [33], and quantitative agreement is possible,
There is, however, an ongoing discussion as to
whether the much more efficient single scatiering
approximation can be reliably used for extensive
structure scarches. Clear cases have been identified
where single-scattering-cluster (SSC) calculations
show significant deficiencies as compared to MS
calculations, as e.g. the reduction and narrowing of
forward focusing maxima along chains of atoms
[30,34-36]. Our experience is that, if such geome-
tries can be avoided, meaningful structure searches
can be carried out very efficiently using S55C calcula-
tions.

In the case of AED there is a further complica-
tion. The Auger process mixes many angular mo-
mentum final states, the weights of which are often
not known, and which influence the diffraction pat-
terns strongly in the low energy regime [37-39]
However, simple s-wave emission has proven ade-
quate to some extent for modelling high-energy AED
[4,6].

4, Subsurface specles
4.1. Subsirate emission

Much of the early experiments have been devoted
to measuring substrate diffraction patterns in order 1o
have well defined and well known crystal structures.
The focus was on the physics of the scattering
processes involved. In Fig, 2 we show experimental
diffraction patterns of Cu3p emission measured at
1178 &V kinetic energy from three different low-in-
dex surfaces of copper [17,40]. All patterns are dom-
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Fig. 2. Cuo3p emission patterns meamurgd from three different
low-index surfaces of copper (Refs. [17,40]). The Cu3p intensity
has beeq transformed intp a lincar grey scale while angles are
projected stereographically: The cenicr of cach plod represenis
normeal emission, the black circle indicates emission parallel to the
surface. White circles mark characteristic intcrfercace patterns
centered at {100} crystal directions.

inated by bright lines, representing enhanced emis-
sion along high-density crystal planes, and by bright
maxima at crossings of such lines, which correspond
to near-neighbour internuclear directions. Comparing
the three different faces, Cu(001), Cu(110} and
Cuf111), it is evident that each pattern is directly
related to the others by a simple crystal rotation. In
Fig. 2 the white circles mark a characteristic flower-
like pattern centered on {100} directions. This fea-
ture is very similar for all three faces except for a
slight distortion due to the stercographic projection.
The patterns are thus determined rather by the three-
dimensional bulk crystal structure than by the 2D
surface termination, and information on the surface
layers may be expected only at very grazing angles.
It has recently been demonstrated how a data base
of such substrate patterns can be used in a finger-
print-type: way for determining the internal structure
of a growing thin film [41-43]. As an example we
give in Fig. 3a the measured diffraction pattern of
Ag3d from a 84 A thick film of Ag on a
Bi; Sr,CaCn,04(001) surface [43]. In this case there
was no indieation of epitaxial growth from LEED
measurements and scanning tunnelling microscopy
(STM) data showed island formation without resolv-
ing the internal structure on the Ag islands [44]. In
Fig. 3b the pantern of Pt4f emission from a Pi(110)
surface is given [21]. There is a correspondence of
polar emission angles of two dominant maxima,
which appear at #= 62" in both patterns of Figs. 3a
and 3b. Fig. 3c shows a superposition of the P1(110)
pattern with its replica after an azimuthal rotation of
109°, representing emission from two rotated do-
mains. There is perfect agreement with Fig. 3a in all
details, indicating growth of two domains of Ag(110)
on this oxide surface as indicated in Fig. 3d. This
type of fingerprint analysis is particularly uwseful in
cases where the occurrence of domains makes an
intuitive interpretation of the data difficult or when
there is no complementary information from other
techniques to provide a first guess on the structure.

4.2, Epitgxial growth and interface mixing

Maybe one of the most powerful and direct appli-
cations of XPD and AED is that of monitoring the
growth of epitaxial thin films [24]. It is easily
appreciated that if a thin film is deposited on a



substrate and emission from the film is considered,
each new layer produces a set of additional forward
focusing maxima which represent thus a very clear
signature for the local film thickness. It is in this
respect important to emphasize the locality of this
probe: If forward focusing maxima indicative of
third-layer emission are observed this does not mean
that two compact layers have formed and a third is
building up. Rather it means that film atoms are
present at positions that are covered by two further
layers of material. An independent measure of the
absolute coverage on the surface is needed which
can to some extent be obtained by cvaluating XPS
film-to-substrate intensity ratios. Even if the absolute
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Fig. 3. (a) Ag 3d emission pattem from a 84 A thick film of Ag o a cleaved Bi,Sr,CaCu,05(001) high-temperature
(Ref. [43]). The directions & and b represent inequivalent main axes of this erthorhombic siructure. (b) Pr4f emission patier from Pi(110)
(Ref. [21]. {c) Superposidon of the Pr4f pattem of (b} with its own replica after an arimuthal rotation of 109°. (c) Muswation of the
otiented two-domain stracture of Ag islands.
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coverage is precisely known ambipuities conceming
the interpretation of diffraction patterns in terms of a
particular growth mode may remain: The formation
of three-dimensional islands may produce local
third-layer emitters, which on the other hand may
also be produced by penetration of film atoms into
the third sobstrate layer. It often takes further input
from other experimental technigues to obtain the full
picture.

The particular strength of XPD /AED in this sort
of problem is its extreme sensitivity to buried emit-
ters. Emitters within the top surface layer exhibit no
forward focusing signals at non-grazing angles, usu-
ally showing anisotropies, defined as [,
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I A, of a few percent due to wave interference
in this angular range. A second-layer emitter theoret-
ically produces anisotropies of the order of 75%.
From these numbets on finds that the coexistence of
1% of film atoms in second-layer positions and one
completed surface layer leads to a forward focusing
enhancement of about 2% which is measurable.

As an example for this type of morphological
problem in thin film epitaxy we give in Fig. 4 Audd
emission patterns for the beginning growth of Au on
Cu(001) at three different coverages of 0.2, 0.4 and
0.6 monolayers (ML) [45]. The most striking feature
is the appearance of distinct forward focusing max-
ima along (110} nearest neighbour (NN) and the
[001] next-nearest meighbour (NNN) directions al-
ready at 0.6 ML, indicating the presence of a fair
number of second and third layer emitters at this
nominally submonolayer coverage. In order to um-
ravel the morphology of this submonolayer system
results from other techniques were needed. A quanti-
tative LEED analysis of the o(2 X 2) structure seen
in the half monolayer regime clearly revealed the
formation of an ordered 2D Au/Cu alloy in the top
layer [46], and a more recent STM study of the same
system showed that alloy terraces nucleate and grow
laterally as the coverage is increased [47]. The ap-
pearance of subsurface Ao atoms is easily explained
by this tendency of alloy formation: in order to enter
the surface layer to form the alloy, Au atoms need to
replace existing Cu atoms. These local exchange
processes lead to a population of Cu atoms on top of
the surface which can form new Auw/Cu alloy ter-
races when more Au is added. What we learn from
these XPD experiments is that, at room tempeétature,
the interlayer exchange processes are frozen once a
new terrace has grown over an existing one, keeping
thus measurable numbers of second layer, and later
third layer Au atoms inside the surface. A quantita-
tive amalysis of the Audd (110} forward focusing
enhancement, which is 13% at 0.4 ML and 25% at
0.6 ML, vields second-layer Au populations of 3%
and 9%, respectively.

In Section 5 it will be shown that measuring the
Audd diffraction pattern at very low coverage and
down to very grazing angles, the 2ID alloy formation
can also be seen directly from such data, and that the
surface bond distance can be deiermined with equal
accuracy as with LEED.

4.3. Reacted surfaces

Maybe one of the clearest examples for how XPD
cafl monitor structoral changes occurring due to a
surface reaction is the investigation by Abukawa el
al. [48] of the negative electron affinity (NEA) sur-

Fig. 4. Audd (1405 cV) cmission patterns from submonolaycr
An /Cul001) surfaces (Ref. [45]). Low-index crysial directions of
promyinent foreward focusing maxima are indicated.



Side View

Fig. 5. lustration of the strocture model for the (2x1)
Cs,/5001)—0 NEA surface (Ref. [48]).

face obtained by controlled oxidation of a well or-
dered (2 X 1) Cs/S#001) surface. In this study, a
wide terrace single-domain (2 X 1) Si(001) surface
was used to prepare a single-domain (2 x 1)
Cs /5i(001) surface. The analysis of the Cs3d XPD
pattern (E,;, = 765 ¢V) and comparison with SSC
calculations favoured a double layer (DL) model
involving two inequivalent positions of Cs atoms
above the Si dimer rows. The model is depicted in
Fig. 5, specifically in the lower part of the top view,
i.e. with no oxygen atoms present. Upon oxidation of
this surface up to the work function minimum, which
is near 0.5 langmuir exposure, the O1s and Cs3d
patterns were measured. They find no significant
change in the Cs3d emission pattern upon oxidation,
suggesting that the Cs DL structure remains essen-
tially preserved and that oxygen atoms must have
penetrated below the Cs double layer. Otherwise new
forward focusing maxima due to Cs—0 scattering
should appear.

The original data of Abukawa et al. [48] are given
in Figs. 6a and 7a as linear grey scale plots in the
stereographic projection. The experimental Cs 3d pat-
tern of Fig. 6a reflects nicely the local environment
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Fig. 6. Stereagraphic projection of the Cs 3d emission pattern from
the (23 1) Cs,/SH001)—0 NEA surface, (2) The cxperimental daia
are identicel to the omes presented in Ref [48] and have been
projected stereographically for the purposes of the present paper.
(b} The 5SC calculation for the same pattern, also taken from Ref.
[48].



b} SSC Theory

Fig. 7. Same as Fig. 6, but for O1s emission from the (2x1)
Ca /SI001)-0 NEA surface.

of the lower Cs site in the DL structure, The Cs NN
atom along the [110] direction {52, Fig. 5) produces
the forward focusing maximum at a polar angle of
76 while the NNN atoms (31 and 53) produce well
defined maxima at slightly higher polar angles near
45% in azimuth. The forward focusing maximum
along the [1-10] direction, i.e. along the Cs chains,
is just barely outside the solid angle range measured,

but the intensity rise towards the maximum is clearly
visible at grazing emission. Interestingly this maxi-
mum appears to be rather more narrow. This is a
well known consequence of multiple forward scatter-
ing along atomic chains [36].

The O 15 emission pattern at 955 eV kinetic en-
ergy is given in Fig. 7a. Distinct maxima are here
observed at polar angles of 65° off normal and 49°
away azimuthally from the [110] direction. Obvi-
ously these low polar angles, or high takeoff angles,
must be produced by O-Cs forward focunsing. Know-
ing from the Cs3d pattern that the Cs double layer is
preserved it is straightforward to find a model with
oxygen positions producing these maxima and which
is furthermore consisient with the (2 1) transla-
tional symmetry. The resulting structure model for
the NEA surface is shown in Fig. 5.

Even though this model has been derived essen-
tially from forward focusing peak positions, it is
useful to forther refine it by means of model caleula-
tions. Figs. 6b and 7b show that S5C calculations
serve this purpose rather well. Even though the
general appearance of the calculated pattern is some-
what more fuzzy, which may be due to the specific
scattering approximation used [48], all features of the
experiment are well reproduced. In explaining both
emission patterns equally well, this XPD structure
determination leaves no ambiguities about this struc-
ture, As a result from the refinement a wertical
separition between oxygen atoms and the lower Cs
layer of 0.0 £ 0.1 A has been found and a lateral
separation of oxygen from the axis of the lower Cs
chain of 2.2 + 0.05 A [48].

5. Surface species

A common feature to XPD/AED patterns from
surface species is the absence of forward focusing
maxima at pon-grazing angles. In this Section we
show that there are nevertheless distinctive interfer-
ence patterns that may be used for a direct identifica-
tion of the local bonding geomeiry, and eventually,
by means of S3C calculations and R-factor analyses,
for structure refinement. In Fig. 8 we give adsorbate
emission patterns for three different examples of
o(2 x 2) metal-on-metal adsorbate structures on
square lattice surfaces: 0.5 ML Au/W(001) [49],



0.25 ML Au /Cu(001) [42], and 0.5 ML Na/AI(001)
[50]. In each case an adsorbate core level or Auger
line at an energy of the order of 1 keV was mea-
sured, which is far in the forward focusing regime.
All these data show a fair amount of structure for
polar angles higher than 75° and no obvious forward
focusing maxima. For the cases of Au/WI(001) and
Au/Cu(001) it has been verified that the angular
distribution at lower polar angles is structureless, and
only a ring of more grazing angles has been mea-
sured with high accuracy. The full 2+ distribution
has been measured for Na/Al(001). Carc has been
taken in all three cases to cover the very grazing
angles up to 86~88°,

We shall now illustrate for the case of
Au/Cu(001) how the adsorbate structurc can be
solved to high accuracy by comparison with S5C
calculations. It was necessary to measure the emis-
sion pattern at a rather low Au coverage, i.e. where
the {2 ¢ 2) LEED superstructure just barely sets in.
At slightly higher coverages the appearance of for-
ward focusing maxima due to intermixing com-
pletely dominates the much weaker interference pat-
tern of the surface Au species [42]. We have carried
out S5C calculations for Au atoms placed in substi-
tutional sites within the surface Cu layer. In Fig. 9
we show how the interference pattern depends on the
bonding distance of the An atoms from the surface,
defined by the centers of the Cn atoms. At a vertical
Au position of +0.06 A, which is essentially copla-
nar with the Cu plane, one clearly finds 8 bright
intensity maxima, equally spaced at 45" on the rim
of the stereographically projected hemisphere. The
ones along the {110} directions are somewhat
stronger than the ones along the {100} directions.
These maxima can easily be ideniified as the forward
focusing maxima along NN Cu atoms ({110}) and
NMNN Au atoms ({100}, see Fig. 8d). As the adsorp-
tion height is varied, the {110} maxima move con-
sistently in angle with the Au—Cu bond angle, At the

Fig. & Adsorbate emission patterns from o{2% 2) metal-on-metal
siructures: {a) Audf from 0.5 ML Au /W1 {Ref. [49]), (k)
Andd from 0.25 ML Au/Col001) (Ref. [42]), and (c) Na EVV
Auger emission from 0.5 ML Na /AI001) (Ref. [S00: In (4) o
schematic top view of these stuctures is given with principal
low-index directions for foe and bec substeates indicated,

same time the (100} maxima remain unchanged in
shape. The apparent change in brightness is simply
due to the grey scale normalization which is carried
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out individually for each data set. The interference
structures in between these maxima change signifi-
cantly with bond distance, providing therefore an
independent means for structure search. In several
cases, rings of reduced and enhanced intensity are
found concentric with in-plane forward focusing
maxima. This tells us that the single scattering pro-

10

cesses associated with a particolar forward focosing
atom dominate the anisotropy inside a cone with a
half angle of the order of 20307, leading to nearly-
axial symmeiry inside this cone. On such a ring the
phase difference between the non-scattered wave and
the wave singly scattered by that atom is 2, i.e. we
have first-order constructive interference (Fig. 1c).

Intensi

+0.5A

-11°

Fig. 9. An 4d emission patherns (1405 V) caleulated within the SSC spproximation for substitotional site oecupation of Ao in o2 x 2) 0.25
ML Auy/Cof001), Different vertical spacings Az of the Au layer relative to the surface Cu layer have been comsidered as is indicated on the

right band side of each plot.
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Fig. 10. R-factor curve for the data of Fig, 8b and various verlical
A laver spacings Az for substitutional sites (see also Fig. 9). A
novel R-factor based on multipole expansion coefficients for the
full data set [50] has been used.

Fasel et al. [51] have shown that measuring the radii
of such interference fringes can provide reasonable
bond length values along a particular forward focus-
ing direction, provided that the scattering phase shift
is kmown from theory.

We have carried out an R-factor analysis for the
Au/Cu(001) system, for substitutional site occupa-
tion with andsurhnte distances ranging from -—04
to +1.0 A above the Cu plane. A new type of
R-tactor has been nsed which is based on a multipole
expansion of the complete data set [12,501 The
result is given in Fig. 10. A very pronounced mini-
mom is found for a vertical distance of 0.06 A, i.e.
A is essentially coplanar with a very slight outward
buckling. This value compares well with the 0.1 A
obtained from a quantitative LEED analysis by Wang
et al. [46). This indicates that single scatiering events
are dominant enough in such adsorbate emission
patterns to permit a meaningful analysiz within the
S58C approximation. Inspection of the calculated pat-
tern at the R-factor minimum (Fig. 9b) and compari-
son with the experimental pattern of Fig. 8b shows
that the agreement is not perfect, but the positions of
the in-plane forward focusing maxima and of domi-
nant interference structures are well reproduced,
which seems sufficient to produce this promounced
R-factor minimum,

11

It is interesting to discuss the character of the
R-factor corve. For bonding distances above +10.4 A
the variations are relatively small, Here, the Au layer
is sufficiently high above the Cu plane to produce an
adsorbate diffraction pattern which is essentially rep-
resentative of the o2 x 2} Au layer alone with little
contribution of back-scattering from the subsirate.
One such pattern is that for +0.5 A given in Fig. 9.
Here, the maximum along {110} in grazing emission
is no longer due to Au—Cu NN scattering but due to
Au—Au NNN scattering (Fig. 8d). For nearly copla-
nar geometries, the R-factor appears to be really
sensitive to the overall imerference structure, includ-
ing that due to the substrate, while for Au atoms
buried deeper below the Cu plane, it is largely
dominated by Au—Cu NN forward scattering, i.e. by
contributions from a more limited solid-angle range.

We can now wverify whether this detailed analysis
on one system can sharpen up our eyes for the
interpretation of the data from other adsorbate sys-
tems, ¢.g those shown in Figs. 8a and 8c. For
Au /W(001) Takahashi et al. [49] have carried out a
similar detailed study, considering both substitutional
and overlayer models. Their conclusion was again
that 35C calculations do not quantitatively describe
the experimental data but nevertheless permit to
clearly favour one model over the other. The mea-
sured patiern is most consistent with a substitutional
adsorbate site very nearly coplanar with the surface
tungsten plane. The structure is thus very similar to
what we found for Au/Cu(001). The two patterns of
Figs. 8a and 8b show indeed some similarities in
their interference structures, most prominently the
characteristic bright rounded square with corners at
the NM forward focusing directions. It is noteworthy
that the calcwlated patierns for the two struchures
(Fig. 3b of Ref. [49] and Fig. 9b of this work) are
even closer to each other, indicating that the differ-
ences of the two substrate materials W(001) and
Cu(001) reflect themselves more strongly in phe-
nomena that are beyond the SSC description. These
might be multiple scattering effects, which are ex-
pected to be stronger in tungsten due to the stronger
scattering potential.

Compared 1o the two Au adsorbate patierns (Figs.
B8a and 8b), the Na KVV pattem from of2x2)
Na/AND01) shows more distinet differences. The
rounded square structure is missing, and the Na—Al



NN forward focusing maxima along {110) are much
weaker than the Na—Na maxima along {1007}. There
is some similarity of the overall pattern with that of
Fig. 9c. This tells us immediately that the adsorbate
position is here considerably above the substrate
surface plane. A distance of 1.22 A has been found
by Fasel et al. [S0] from an extensive R-factor
analysis of the Na 1s emission patiern at a very low
energy of 182 eV, where much more interference
structure is present.

6. Conclusions

The routine measurement of 2s-scans has brought
an immense progress o the application of XPD and
AFD for surface structure determination. This is not
simply due to an increase of the data base, but the
representation of such patterns in a LEED-screen
type fashion (actually the projection is here stereo-
graphic) adds the important factor of intuition, be-
cause the human eye can now easily recognize com-
mon features in different patterns. We have shown
that such common features exist in patterns from
subsurface and surface species, independent of the
type of atoms involved in the photoemission or
scattering processes. They may serve as fingerprints
of the local surface geometry. For surface and near-
surface species a meaningful structure refinement
can be carried out by means of R-factor analyses
using SSC calculations. The combination of this
accurate method with the intuition obtained from
fingerprints renders such structure determinations
very reliable.
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