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Abstract

A quantitative structure determination of the Ag(111) clean surface has been performed using low-energy electron diffraction.
Optimisation of the outermost layer spacings and vibrational amplitudes was achieved using two different dynamical scattering
computational methods, one using the LEEDFIT code and the second exploiting a Simulated Annealing algorithm implemented on
the conventional Van Hove/Tong code. The results obtained show that a bulk-terminated structural model describes the data best
(Ad;,=0.00+0.02 A and Ad,;=0.00+0.03 A), and in particular, the analysis excludes a 2.5% contraction of the outermost layer
spacing, which was recently reported on the basis of ion-scattering measurements. The LEED result of no contraction is consistent
with prior results for the (111) face of several other fcc metals. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although the structure of low-index faces of
metallic single crystals is generally well-under-
stood, especially from prior studies using quantita-
tive low-energy electron diffraction (LEED),
studies of their surface crystallography remain of
interest. They are, for example, good initial candi-
dates for testing new structural methods, including
new computational approachs for simulating
LEED intensity—voltage [I(V)] curves. A good
description of the clean surface is also an important
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starting point to any LEED study of adsorbate-
covered surfaces. One class of adsorbates of cur-
rent interest is species that may be used as surfac-
tants to allow layer-by-layer homoepitaxial growth
of metals and semiconductors [1-5], such as the
role of Sb in the growth of Ag on Ag(111) [6,7],
and our own interest in Ag(111) is related to this
problem.

Deviations of surface atomic positions from
those expected for an ideal termination of the bulk
structure are due to the reduced coordination of
the surface atoms and can involve major recon-
structions, but for most metal surfaces, only
changes in the outermost layer spacings are found.

Early theoretical work [8] predicted that these
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surface layer spacings should increase. However,
the current view (supported by experiments) is that
in an ideally bulk-terminated surface, the surface
layer of atoms is in a lower average valence charge
density than in the bulk, and typically, the outer-
most layer spacing contracts to reduce this effect.
This energy-lowering structural modification is
commonly refered to as surface relaxation. Careful
studies indicate that there is commonly an associ-
ated slight expansion of the second-layer spacing,
and indeed a damped oscillatory relaxation occurs
in the outermost few layers. Investigations show
that there is a correlation between the magnitude
of these relaxations and atomic layer density [9],
the effect being more pronounced for the more
“open-packed” the surface. For example, for the
relatively open fcc(210) and bee(210) surfaces, the
contraction of the top layer distance can be
approximately 20%, whereas much more close-
packed surfaces like Ni(111), Ru(0001) or
Fe(110) are essentially bulk-terminated [10]. The
(111) surface of fcc metals is generally regarded
as being of the second type, and these surfaces
have been considered to be bulk-terminated due
to the small relaxations observed [9,11]. In fact, a
survey of experimental quantitative surface-struc-
ture determinations of fcc(111) surfaces [12] shows
scattered values, with expansion actually being
reported more frequently than contraction. The
specific values of the change in the outermost layer
spacing are: Al(111), +1.3% [13,14]; Cu(111),
+0.8% [15] and —0.3% [16]; Ir(111), —2.6%
[17]; Ni(111), 0% [18]; Pb(111), —3.5% [19];
Pd(111), +2.4% [20] and +1.0% [21]; Pt(111),
+1.1% [22]; Rh(111), —2.7% [23].

In the case of Ag(111), an early high-energy ion
scattering investigation [24] showed that the best
agreement between calculated and experimental
data was achieved assuming a bulk-like surface.
However, in a recent investigation of Ag(111) by
Statiris et al. [25], the results of a medium-energy
ion scattering (MEIS) study at different sample
temperatures led to the conclusion that, at room
temperature, this surface has a first-layer con-
traction of 2.5% (with respect to bulk interlayer
spacing), whereas the second layer undergoes an
expansion of 0.6%. They also observed an increase
in vibrational amplitudes of the outermost layers.
For room temperature, they found a first-layer rms

vibrational amplitude about 45% larger than that
of the bulk. They associate these simultaneous
changes in the vibrational behavior and the struc-
tural parameters to anharmonic effects that
become stronger as the temperature is increased.

In contrast to the early theoretical work, more
recent theoretical calculations for Ag(111) have
generally yielded surface layer contractions (e.g.
of about 1.4% [26]), although Kara et al. [27]
showed recently that, depending on the methods
used (ranging from a fully anharmonic method
using molecular dynamics to a more approximate
method based on calculated free energy in a quasi-
hamonic treatment provided), the predicted sur-
face layer spacing at room temperature may be
either a contraction of about 2% or expansion of
about 1%.

The Ag(111) surface has been investigated by
LEED during the early development of the tech-
nique, notably in a study of an iodine adsorption
structure [28], but whereas a “good agreement”
was stated to have been achieved for the clean
surface, no details of this work appear to have
been published, and it is unlikely that any modifi-
cation from ideal bulk termination was considered.
Certainly, there has been no quantitative LEED
study since the development of modern R-factor
(reliability-factor) methodology, and we have,
therefore, undertaken such a study to provide a
test of this somewhat surprising MEIS result, and
present the results herein. Our analysis includes a
search of all possible surface relaxations, but speci-
fically includes three models: ideal bulk termina-
tion (“bulk™), the contracted layer model found
in the MEIS study (“MEIS”), and an early theoret-
ical prediction [8] of a structure involving an
expansion of 1.5% in the first layer and 0.2% in
the second layer (“early theory”). We stress that
this last structure is simply used as a specific model
that includes outer-layer expansion, and is not
intended to imply that the theoretical treatment
used in its derivation in any way represents the
current state of the art.

2. Experimental

The experimental data used in this work were
collected at the University of Warwick using a
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UHYV chamber equipped with a range of facilities
for sample preparation and surface characteriza-
tion and fitted with a computer-controlled TV
camera system combined with a rear-view LEED
optics. The base pressure of the chamber was
typically 1-2 x 10~ '° Torr. The Ag crystal was cut
using spark erosion and the orientation of the
(111) face checked using Laue X-ray diffraction.
The crystal was then polished using progressively
finer grades of diamond paste to produce a mirror
finish. After insertion in the vacuum, the sample
was cleaned using cycles of sputtering (Ar* ions
with 3 keV) and annealing (500°C for 10 min).
The temperature was monitored using a
chromel-alumel thermocouple in contact with the
sample. The cleaning cycles were repeated until no
carbon, oxygen or sulphur were detectable using
XPS and the LEED indicated a sharp (1x1)
pattern. LEED patterns from 90 to 300 eV were
digitised using an Omicron LEEDStar video
system at nominal normal incidence. Problems
with the sample manipulator design precluded
setting the incidence angle sufficiently close to
normal to obtain a fully symmetric LEED pattern,
but this problem was satisfactorily overcome for
this simple structural problem in the data analysis
as decribed below. The I(V) curves for eight
diffracted beams [(0,—1), (0,1), (—1,0), (1,0),
(-1,—1), (—11), (L1), (—2,1)] were then
obtained from the digitised LEED patterns and
smoothed using a five-point least-square cubic
polynomial algorithm. Each of these I(}') curves
was used as a separate data set in the subsequent
structure determination.

3. Computational details

The theoretical analysis was performed assum-
ing the muffin-tin potential model for the crystal.
A muffin-tin radius of 1.4460 A was used for the
Ag atoms. Clementi atomic wave functions [29]
were used as the starting point for determining the
scattering potential, and a Slater exchange parame-
ter of 2/3 was assumed. The scattering phase shifts
needed for the LEED calculations were evaluated
by numerical integration of the radial part of the
Schrodinger equation in the muffin-tin spheres.

The full dynamical LEED calculations were
performed on an AlphaDec Station using the
LEEDFIT code [30-34]. In addition to the auto-
matic optimization of the structural parameters,
this code allows optimization of non-structural
parameters such as the Debye temperature and the
atomic vibrational amplitudes for each atom in
each layer. This code comes from an extended
LEED multiple scattering theory, including aniso-
tropic vibrations. The method is based on a
multipole expansion of the probability density
function. This treatment of anisotropic vibrations
leads to thermally averaged atomic scattering -
matrices with off-diagonal terms that are inserted
into the previous multiple scattering formalism
[34]. The Marquardt procedure [35], which com-
bines the steepest descent and expansion methods,
was used to locate the structures corresponding to
the lowest values of the R-factor. A set of 10 phase
shifts and a sample temperature of 293 K were
assumed. The three outermost layers were treated
as being surface layers with potentially different
structural parameters to those of the underlying
bulk. A value of V'=(—10+4i)eV was assumed
for the optical potential.

As a further check to ensure that the optimiza-
tion method used in the LEED calculation had no
influence on the results, the Simulated Annealing
(SA) algorithm was also used in this LEED analy-
sis. The SA was implemented with the conventional
Van Hove/Tong LEED computational package
[36,37]. This algorithm mimics the process of
crystallization through annealing with gradual
cooling. Its main feature is that it allows large
random changes in the trial structures being inves-
tigated. By random jumps, SA can, in principle,
find the global minimum, at least in a finite region
of parameter space. The adapted code was first
tested exhaustively on data from the Ni(100)
surface (the application of this Simulated
Annealing Algorithm in LEED analysis will be
published elsewhere), and the algorithm was found
to perform well.

As the experimental I(V') curves were collected
near to, but not at, normal incidence, we ran
calculations aimed at establishing the exact inci-
dence geometry. In order to achieve this, the full
dynamical theory intensities were calculated for a
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range of polar and azimuthal incidence angles for
each of the three principle structural models con-
sidered. At each angle, the level of agreement
between experiment and theory was quantified
using the Pendry R-factor Rp. The structural
parameters were analysed using both the grid
method and an automatic optimization in order
to obtain the best-fit structural model for the
Ag(111) surface. The non-structural parameters,
such the Debye temperature and thermal vibra-
tional amplitudes, were then optimised for the
best-fit structural model in the final stage of
refinement.

4. Results and discussion

As summarised above, the first stage of this
LEED determination of the clean Ag(111) surface
was to calculate the I(J) curves for several
different incidence geometries (polar angle, 6, from
0 to 13° in 1° steps and azimuthal angle, ¢, from
0 to 360° in 10° steps) for the three initial structural
models; these were then compared with the experi-
mental data. During these calculations, the Debye
temperatures of both surface and bulk layers were
kept constant and equal to the bulk value
(Op=225K [9]). The results are summarised in
Table 1. Note that all three models show the
minimum R-factor at the same value of 0, whereas
the values for the angle ¢ differ only slightly.
Table 1 also shows that the bulk terminated surface
model exhibits the lowest Rp factor value.

A more complete search of possible structures

Table 1
Ry factor as a function of the incidence angles for the three
models

“Bulk” “MEIS” “Early theory”
[25] (8]

First-layer

relaxation (%) 0 —-25 +1.9
Second-layer

relaxation (%) 0 +0.6 +0.2
0 (degrees) 1.75 1.75 1.75
¢ (degrees) 40 45 50
Ry factor 0.213 0.330 0.429

was then conducted using the incidence angles
obtained in this initial stage. The specific values
used (0=1.75° and ¢ =40°) are those obtained for
the bulk termination model, which showed the
lowest value of Rp in Table 1, but it is clear that
for such a small value of 0, the exact choice of ¢
1s not crucial. In this new structural search, both
the first (d,,) and second (d,3) interlayer distances
were varied using the conventional grid method
but the third interlayer distance (d;4) was kept
constant and equal to the bulk value. This seems
to be a reasonable constraint in view of the very
small relaxations found in previous studies of
fcc(111) surfaces, even for the outermost layer.
Note also that even the larger relaxations deduced
for Ag(111) from MEIS show the second-layer
spacing change to be less than 1%, so any changes
in dy, can be expected to be negligible.
Contractions and expansions from 0 up to 7%
(with respect to the bulk interlayer spacing) were
allowed for each layer. The dependence of Rp on
the interlayer spacings obtained from this investi-
gation is shown in Fig. 1. Note, in particular,
that R, shows a single well-defined minimum
(Rp=0.213) corresponding to d12=2.3591& and
d,3=2.359 A. These values are identical to the
bulk-layer spacing. No minimum was found corre-
sponding to the values of the other two models,

Rp contour plot
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Fig. 1. Rp factor as a function of the first two interlayer spacings
with 6=1.75° and ¢ =40°.
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as summarised in Table 1. An automated optimiza-
tion (again using R, minimization) of the first
three interlayer distances was also performed in
order to check that the minimum obtained using
the grid method was not a local minimum, but
was, indeed, the global minimum. Several different
starting points in the parameter space, including
each of the three models found in the literature,
were used. All of these optimizations converged
on the bulk values of the interlayer distances. The
possibility of “‘registry changes”, i.e. lateral dis-
placements of the surface atoms, was also explored,
but with no reduction in R, being obtained. The
inclusion of more layers (up to six) to define the
surface selvedge used in the optimization also
failed to give any improvement in R,.

A more quantitative view of the minimum seen
in Fig. 1 is provided in Fig. 2 which shows two
orthogonal projections of the parameter space,
chosen to pass through the minimum. Fig. 2a
shows the variations of Rp respect to d,3, keeping
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Rp—factor

0.40
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2.20 2.25 2.30 2.35 2.40 2.45 2.50
Second interlayer distance (A)

dy, fixed at its optimum (bulk) value, and Fig. 2b
shows Rp as a function of d;, while keeping d,;
fixed at its optimum value. Fig. 2 also provided
the basis for estimating the precision of our struc-
ture determination. The standard error (refered to
by Pendry [38] as the variance) in the minimum
value of Rp was calculated to be +0.04, leading
to corresponding uncertainties in the structural
parameters of 0.02 A for the first interlayer spac-
ing (d,,) and 0.03 A for the second (d,3). The total
energy range used in the analysis was 1034.0 eV.
For the Simulated Annealing algorithm, the
bulk model was chosen as the initial structure,
and a constant value of the Debye temperature of
225 K was assumed for all layers. The first three
interlayer spacings were allowed to relax, and Rp
was again the R-factor that was minimized. The
random search was confined to a volume of
(04x0.4x%x04) A3 in the parameter space. This
means that each interlayer distance was confined
in a range of +9%, i.e. the maximum value for
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b)
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0.6 b

Rp-factor

2.20 2.25 2.30 2.35 2.40 2.45 2.50
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Fig. 2. (a) Ry as a function of the d,; for d;,=2.359 A. (b) Rp as a function of the d;, (d,; value fixed at 2.359 A).
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contractions and expansions allowed was 9% with
respect to the bulk value. After 600 trial structures,
the algorithm converged to the bulk values in
agreement with the results obtained with the
LEEDFIT code. We conclude, therefore, that the
model corresponding to a bulk-terminated surface
gives the best structural fit to the experimental
data. Fig. 3 shows a comparison of four of the
experimental /(}') curves used in this work with
the theoretical curves obtained from the LEEDFIT
code for the best structural model. Clearly, there
is a very good agreement between the experimental
and theoretical data.

In addition to this determination of the struc-
tural parameters, we have also investigated the
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optimum value of the surface Debye temperature
for the clean Ag(111) surface. Again, the
LEEDFIT code was used, but in this case, not
only Rp, but also two other R-factors, Rpg and
R, (as defined in Refs. [30,31]) were tested. We
first varied the Debye temperature of both suface
and bulk layers, keeping the structural parameters
fixed to the bulk-terminated model. Similar calcu-
lations were performed on a second structural
model, including the layer spacing values obtained
from the MEIS study. Initially, the surface and
bulk Debye temperatures were assumed to be
equal. Fig.4 shows the resulting dependence of
the R-factors on the Debye temperature. Rp shows
clear minima at @,=225 K (bulk value) for both
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Fig. 3. Representative Ag(111) experimental and theoretical 7(}') curves for the best structural model.
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Fig. 4. Behavior of the r-factors as a function of the Debye
temperature, @p, for (a) the bulk-terminated model, and (b)
the MEIS model.

models, but only very weak broad minima are seen
for the other two R-factors. Notice that all the R-
factors show lower values for the bulk-terminated
structural model than for the MEIS relaxed surface
model. This is, of course, consistent with our
structural findings described above. Using the @
corresponding to the minimum in R, as a starting
point, an automatic optimization of @ for the
first three layers was then carried out. This optimi-
zation was perfomed minimizing both R, and
Rpg independently. Surprisingly, no improvement
in the R-factors was achieved, and the surface
layers seemed to have the same Debye temperature
as the bulk layers. We also tried to optimize the
surface thermal vibrational amplitudes using, as a
starting point, the thermal vibrations correspond-
ing to a surface Debye temperature of 225 K.
Again, no significant improvement in the R-factors
was observed.

5. Conclusion

From the results presented here, we are able to
conclude that, of the three models of the clean
Ag(111) surface initially considered (bulk termina-
tion, a model involving outermost layer con-

traction found by MEIS, and a model having
outermost layer expansion obtained in an early
theoretical calculation), the bulk-terminated sur-
face gives the best experiment—theory agreement.
More complete searches of the possible structural
parameter space revealed a single well-defined R-
factor minimum corresponding to this bulk-termi-
nated structure using two different simulation
codes, specifically LEEDFIT using the Marquardt
algorithm for the minimization procedure and the
conventional Van Hove/Tong program adapted
for use with a Simulated Annealing algorithm. The
precision estimates for the structural parameter
values found are very good: about 0.9% for the
first interlayer distance, Ad;,=(0.00+0.02) A
and 1.3% for the second interlayer distance,
Ad,;=(0.00+0.03) A. The result is consistent with
other evidence that the close-packed (111) faces
of other fcc metals exhibit very small relaxations.

More surprising are our results concerning the
thermal vibrations of the surface layers, which
favour these having the same associated Debye
temperature as the bulk layers. In this case, a
lower Debye temperature would be expected for
the surface layers. This conclusion warrants further
study, but is most likely to be resolved by the use
of new data sets collected at several different
temperatures.
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