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a b s t r a c t

We report on the re-determination of the structure of p(2 � 2)Sb/Cu(001) from measured LEED I/V data.
The structure solution is performed in two steps. First an approximate ‘‘image” of the surface structure
model is found by an application to the measured data of the recently-proposed Phase and Amplitude
Recovery and Diffraction Image Generation Method (PARADIGM). This reveals that the p(2 � 2) structure
is formed by the protrusion of one atom out of four in the outermost surface layer. Since an Sb atom is
larger than one of Cu, this suggests a possibility that the p(2 � 2) structure is formed by Sb substitution
for one out of four Cu atoms in the outermost layer. Second, a tensor LEED refinement of the model sug-
gested by the PARADIGM yields the same dominant top-layer substitutional model proposed in the ear-
lier LEED study, but with a much lower reliability factor, making much less likely an admixture of other
surface phases.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The determination of spatial arrangements of atoms on a sur-
face is important not only for fundamental science, but also for
industrial applications in areas as diverse as heterogeneous cataly-
sis and microelectronics. Databases of surface structures [1] sug-
gest that low energy electron diffraction (LEED) [2] is a dominant
technique for acquiring such information. From the point of view
of surface structure determination, the strong interaction of low
energy electrons with a material has the beneficial effect of largely
limiting the scattering of the electrons to a handful of the outer-
most atomic layers. Yet, the very strength of this interaction also
makes the interpretation of LEED data very difficult, due to strong
multiple scattering. The traditional method of surface structure
determination by LEED is the trial-and-error fitting of measured
intensity versus energy distributions with simulations of such dis-
tributions from guessed surface structural models. Once the gen-
eral features of a structural model have been successfully
guessed, a refinement of this model may be performed by a sys-
tematic variation of a limited number of structural parameters in
order to optimize those parameters. Due to an exponential scaling
of the number of structural variations with the number of such
parameters, this is a hard optimization problem [3] of the so-called
NP (non-polynomial) complete class. A correct guess of an approx-
imate structure enables the number of unknown parameters to be
kept low enough to make such a method tractable. Such a method
has been successfully used to determine coadsorbed structures as
ll rights reserved.
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complicated as Al(111)-(2 � 2)-Na,K(Rb,Cs) [4], Ag(001)-(3 �
3)-Na,K [5], Cu(001)-ð2
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Cu(001)-c(6 � 4)-Mg,Bi [8], Cu(001)-
ffiffiffi
5
p
�

ffiffiffi
5
p� �

R26:7�-Bi,K(Cs)
[10], Cu(001)-(4 � 4)-Mg,Bi(Sb) [11], and Cu(001)-c(6 � 4)-Mn,Bi
[12]. The number of structural models to be tested was limited
by classifying the direct and indirect interactions of dissimilar
atoms on a surface [13]. However, even with such educated
guesses, the number of models which need to be refined may be
very large. For example, for the Cu(001)-c(6 � 4) structure formed
by coadsorption of the Mn and Bi denoted above as Cu(001)-
c(6 � 4)-Mn,Bi [12], even exploiting the information of the
coverage and surface symmetry, at least 30 models needed to be
considered as starting points for a systematic refinement scheme.
Of course, even then, there was no guarantee that the correct mod-
el was amongst those chosen as starting points for refinement. The
ultimate bottleneck to the general application of such a method for
the determination of a surface structure whose characteristics are
completely unknown is the correctness of the initial guess of the
structural model, a process for which there is as yet no systematic
prescription.

Other techniques, such as protein X-ray crystallography, are
able to determine much more complicated structures by following
a two-pronged strategy: initially, an objective algorithm applied
directly to the measured data to suggest a likely atomic model; a
subsequent refinement of this approximate model from systematic
small variations of structural parameters determines the atomic
model which best agrees with the data.

It is in order to fill the need for this initial step for surface crys-
tallography by LEED, that Saldin and co-workers [14–17] have
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developed a direct method for LEED which suggests such a starting
point by an objective algorithm applied to measured LEED data.
This is a generalization to the LEED multiple scattering problem
of a method previously developed for surface X-ray diffraction
(SXRD) [18–23]. The method exploits two main features, (1) the
fact that the experimental data may be regarded as a sum of two
sets of scattering paths: (a) those which involve scattering from
just the known bulk structure and (b) those which include scatter-
ing by the unknown surface atoms whose positions deviate from
those expected from the bulk structure; and (2) the breaking of
the periodicity normal to the surface which circumvents the Bragg
condition, and hence allows an oversampling [24] of the scattered
amplitudes in this direction. An iterative algorithm which alter-
nately satisfies constraints in real and reciprocal space reconstructs
a distribution of likely atom positions in a 3D surface unit cell. This
provides an immediate visualization of a starting model for refine-
ment by conventional methods, and has been termed the Phase
and Amplitude Recovery and Diffraction Image Generation Method
(PARADIGM for short) [17,23].

Before the application of a new method of analysis to experi-
mental data from an unknown structure, of course its validity
needs to be established by tests on data which have previously
been analyzed by established methods. Our new algorithm has
previously been applied to (1) the recovery of the structure of
c(2 � 2)Br/Pt(110) [14], where the algorithm correctly found the
short-bridge adsorption sites of the Br adatoms on a Pt(110) sur-
face previously suggested by scanning tunneling microscopy
(STM), density functional theory (DFT), and a conventional LEED
[25]; (2) the recovery of the (3 � 1)Br/Pt(110) structure [15], in
agreement with conventional LEED analysis and DFT [26]. In this
structure, the Br atoms reside on every third short-bridge and
long-bridge sites, and it was shown that the method was capable
of recovering the location of adatoms on inequivalent sites in the
surface unit cell; and (3) the recovery of the quasi-hexagonal struc-
Fig. 1. Flow chart of the LEED PARADIGM program. The operations on the left-hand side
real space; The symbols ODO represent object domain operations, in this case an atom
distribution {tj} at a particular iteration to an input distribution {pj} for the next applicati
of the flow chart constrain the diffracted amplitudes to square roots of the measured int
defined by the orthogonality relation QjeOei ¼ dji . The matrix Q is calculated by singular
ture of (5 � 1)Ir(100) [27], as well as the structure of (5 � 1)H/
Ir(100), where adsorption of H causes one of the 6 strained atomic
rows in the clean surface to ‘‘pop out” of the top-layer to form a
single-atom-wide ‘‘nanowire” [28], and the structures of 0.4 ML
and 0.8 ML (5 � 1)Fe/H/Ir(100) where Fe atoms decorate the Ir
nanowire to various extents [29–30].

In the following we describe another test, this time on the sys-
tem p(2 � 2)-Sb/Cu(100) initially studied by Al Shamaileh et al.
[31]. Those authors suggested that despite a large size mismatch
between Sb (atomic radius 1.450 Å) and Cu (atomic radius
1.278 Å) a surface alloy is formed at room temperature in which
Sb atoms substitute Cu atoms in the outermost layer. However,
due to the relatively high Pendry R-factor [32] (Rp = 0.26) they
found for this model, they did not rule out the possible coexistence
of other surface phases, such as (2 � 2), (1 � 1), and c(2 � 2) phases.

2. Paradigm for LEED

The details of the theory of the PARADIGM are given in our ear-
lier publications [14,15,17,23]. A summary is presented here. The
experimental data consist of a set of measured intensities {Ie},
where e � ðg; EÞ represents a folded index specifying the Bragg
reflection g and electron energy, E. Apart from a scaling factor,
one may write

Ie ¼ jFej2

the square modulus of a structure factor Fe of the surface. The latter
may be regarded as a sum

Fe ¼ Be þ Se

of scattered amplitudes from two classes of scattering paths. The
amplitude Be arises from the sum of all possible multiple scattering
paths of the incident electron with the (known) bulk structure,
of the flow chart are performed on the current estimate of the atom distribution in
icity constraint (see text for details) that transforms an output real-space atom

on of constraints to measured experimental data. Operations on the right-hand side
ensities. Symbols as defined in the text and in Ref. [16]. The matrix elements Qje are
value decomposition of the matrix O(�{Oej}).



Fig. 2. 3D probability distribution of atoms in a p(2 � 2) surface unit cell, as
recovered by the LEED PARADIGM algorithm [16]. An intensity map of the
distribution at the bottom of the 3D surface unit cell before final application of
the atomicity constraint is shown as a continuous distribution. Light regions of the
map on this plane indicate regions of high values of the atom probability
distribution, while dark regions represent the lowest values. Repeated applications
of the atomicity constraint (see text) ultimately leads to distribution which has zero
values at all but 5 voxels in the p(2 � 2) surface slab shown. These non-zero voxels
are indicated by the spheres (or parts thereof if they are at the boundaries of the
p(2 � 2) surface unit cell), whose radii are proportional to the values of the atom
distribution {pj} at those voxels.
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which may be calculated exactly once from multiple scattering the-
ory, since this part of the structure is known. The amplitude Se in-
cludes scattering from the (unknown) surface structure to be
determined. Of course, due to multiple scattering between surface
and bulk, these amplitudes have to include scattering by atoms in
the bulk. Since jFej2 is measurable and Be is known, the recovery
of the unknown amplitudes Se from the two former sets of quanti-
ties may be likened to holographic reconstruction, where the mea-
sured diffracted intensities {jFej2} may be regarded as constituting a
hologram, {Be} elements of a reference wave, and {Se} those of an ob-
ject wave [33]. A key to determining the unknown surface structure
is to write

Se ¼
X

j

pjOej;

where {pj} is the unknown distribution of surface atoms (to be
determined) on a suitably-chosen grid over the surface unit cell,
and Oej is a so-called elementary object wave [34] which may be cal-
culated for each grid point j and each value of e, on the basis of a
quasidynamical approximation [35]. As has been pointed out [17]
the elementary object wave itself depends on the very distribution
{pj} sought via:

Oej ¼ Oð1Þej þ
X

i

piO
ð2Þ
eij :

due to the fact that it is necessary to take account of at least two
scatterings of an incident LEED electron from a surface, once on
its inward path, and once on its outward one.

For an assumed surface atomic species, the two constituent
parts, Oð1Þej and Oð2Þeij , of the elementary object waves may be calcu-
lated on the surface unit cell grid from a standard LEED program
[36], for a given bulk structure, independent of a knowledge of
the actual surface structure to be determined, as described in our
earlier publications [14–17]. A flow chart of the algorithm for
determining the unknown distribution {pj} of surface atoms is
shown in Fig. 1.

The object domain operations, represented by the symbols ODO
on the flow chart are an atomicity constraint, used to modify the
output distribution {tj} at any particular iteration to an input distri-
bution {pj} at the next iteration. In the present work, these opera-
tions consist of first finding the greatest value of tj and then setting
to zero all voxel values within an assumed atomic radius of it. The
next highest value of tj is the found and all voxels within an as-
sumed atomic radius of it set to zero, and the process repeated un-
til the search for the voxel results in a next highest value is zero.
The resulting distribution is taken to be {pj} for the next iteration.

3. Experimental details

We have obtained new experimental LEED data from the
p(2 � 2)-Sb/Cu(100) surface previously studied by Al Shamaileh
et al. [31], using an ultra-high vacuum (UHV) chamber equipped
with a commercial LEED apparatus under a base pressure of
10�10 torr. A clean Cu(001) surface was prepared by cycles of
Ar+ sputtering (1.5 KV, 1.5 uA) followed by the sample annealing
at 900 K for about 20 min. This procedure was repeated until sharp
and brilliant integer-order spots of the Cu substrate were obtained.
Then Sb was evaporated onto the Cu surface from a home-made
Knudsen cell at room temperature. Extra p(2 � 2) Bragg spots were
observed at sample temperature of 130 K. The intensities of 4
inequivalent integer-order Bragg reflections, (10), (11), (20), and
(12), and 3 half-integer-order reflections (1/2 0), (3/2, 1/2), (1/2,
1/2) were recorded by a computer-controlled CCD camera in an en-
ergy range of 50–420 eV for normal incidence of the LEED elec-
trons. The total energy range (i.e. the sum of the energy ranges of
all the LEED beams) was 1449 eV. Details of the experiments were
similar to those of the previous studies [5–13].

4. Results

Calculated atomic phase shifts of Cu are used as an input to the
PARADIGM. Fig. 2 shows the distribution {pj} of atoms in a p(2 � 2)
unit cell of the outermost surface layer found after 62 cycles
around the flow chart of Fig. 1. The final distribution {pj} contains
non-zero values at just 4 voxels. Of these four voxels, one (Fig. 2) is
located at a height of about 0.5 Å above the other three, confirming
the top-layer substitutional surface alloy model suggested previ-
ously on the basis of a conventional LEED analysis [31].

We then performed a structural refinement of the above surface
alloy model by means of A Barbieri/Van Hove symmetrized auto-
mated tensor LEED (SATLEED for short) package [37]. The dashed
line in Fig. 3 shows the surface unit cell corresponding to the image
recovered by the PARADIGM. In the SATLEED analysis, ten phase
shifts (lmax = 9) were used to calculate atomic scattering. The pro-
grams searched for agreement with the experiment by minimizing
RP [32].

The real part of the inner potential was determined during the
course of the theory-experiment fit. To represent the inelastic
scattering, damping was represented by an imaginary part of the
potential, Voi, of –5.0 eV. The error range of structural parameters
was obtained from the variance of the RP factor, DR ¼ Rminffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8Voi=DE
p

[32] where Rmin is the minimum RP factor achieved,
and DE is the total energy range.

An excellent minimum Rp value of 0.16 was achieved in the
course of the structural optimization. The best fit I/V curves are
compared with the corresponding experimental results in Fig. 4.
The visual quality of the fit is also seen to be excellent. The
optimized structural parameters with error bars are shown in
Table 1.

5. Discussion

As pointed out earlier, the previous LEED study of the same sys-
tem by Al Shamaileh et al. [31] pointed to essentially the same sur-
face alloy model, but the RP value quantifying the agreement
between the best-fit model and experiment was significantly high-
er (RP = 0.26). Al Shamaileh et al. attributed their relatively high
R-factor to the potential coexistence of other surface phases, such
as (2 � 2), (1 � 1), and c(2 � 2) as mentioned above [31]. However,
given the much lower Rp value found in our work, application of



Fig 3. Top and cross sectional views of the structure of p(2 � 2)-Sb/Cu(001). Gray
circles represent Sb atoms and white circles represent the Cu atoms. Inequivalent
Cu atoms are labeled by different numbers.

Fig. 4. Comparison of experimental and theoretical I/V curves of 7 inequivalent
Bragg spots.

Table 1
Optimum parameters of the best-fit structure of p(2 � 2)-Sb/Cu(001) shown in Fig. 3

Atom Lateral displacement (Å) Height (Å)

x-axis y-axis

Sb1 5.88 ± 0.04
Cu1 5.37 ± 0.02
Cu2 5.42 ± 0.03
Cu3 0.01 ± 0.13 0.01 ± 0.13 3.63 ± 0.02
Cu4 1.84 ± 0.02
Cu5 1.80 ± 0.02
Cu6 1.79 ± 0.01

Lateral displacements are measured from the hollow-site position in the second Cu
layer.
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Occam’s razor suggests it more reasonable to postulate a single
p(2 � 2) surface alloy phase, without complicated admixtures with
other phases.
Assuming the existence of such a single surface phase, there are
at the very least 4 possible structural adsorption sites for an Sb
atom in p(2 � 2)Sb/Cu(001), namely, a hollow site, a bridge site,
an on-top site and a substitution site, such as depicted in Fig. 1
of Ref. [31]. With a conventional trial-and-error method, one
would need to calculate the I–V curves for at least each of these
four models to find the correct structure. Indeed this is precisely
what was done in the previous LEED study [31] to eliminate the
other Sb atom sites. Although this is a relatively trivial example,
we have shown that an application of the LEED–PARADIGM algo-
rithm to experimental LEED data leads directly to the correct sub-
stitutional surface alloy model. Although precise structural
parameters still need to be deduced from a conventional LEED
refinement procedure, starting from the correct model leads to a
saving of about a factor of 4 of computer time in this case.

As for possible reasons for the much lower value of RP (0.16) we
found for the optimal structure compared with the value (0.26)
found by Al Shamaileh et al. [31], we point out that: (i) we mea-
sured the I–V curves of p(2 � 2)-Sb on the surface when the inten-
sity of the (1/2, 1/2) spots exhibited the maximum intensity versus
deposition time. This is designed to maximize the signal from the
ordered superstructure; (ii) we measured the I–V curves at a sam-
ple temperature of 130 K in order to minimize non-structural ther-
mal vibration effects, in contrast to Al Shamaileh et al. [31] who
performed the measurements at room temperature. Consequently,
our measured I–V curves show more prominent peaks and shoul-
ders as may be seen by comparing our Fig. 4 with Fig. 2 of Ref. [31].

6. Conclusions

In summary, we have presented the results of a reinvestigation
of the p(2 � 2)Sb/Cu(001) structure formed by the room tempera-
ture deposition of Sb on this surface, using a new direct method,
PARADIGM, for LEED [17]. When applied to our experimental data,
the method rapidly reveals a corrugated outermost surface layer,
with one out of 4 atoms at a greater height above the substrate.
This immediately suggests a substituted Sb model, consistent with
a previous study [31]. Based on this starting model and a conven-
tional refinement of high-quality measured I–V curves, it was
reconfirmed that a model involving the substitution of Sb atoms
for one in every four Cu atoms on a Cu(001) surface is the structure
of p(2 � 2) Sb/Cu(001). A subsequent refinement by a conventional
tensor LEED analysis led to a Pendry R-factor (Rp) as low as 0.16,
probably excluding the earlier suggestion [31] of the possible coex-
istence of other surface phases.

This relatively simple structure allowed us a further test the re-
cently-proposed PARADIGM algorithm for rapidly finding a likely
surface model directly from experimental data, as a starting point
for subsequent refinement by conventional LEED methods.
Although, in this case, the savings of computer time are relatively
modest (a factor of about 4), the success of the scheme is an
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encouraging sign of its potential for much more significant time
savings for more complicated structures with a much larger num-
ber of potential structural models.
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