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Abstract

Medium-energy ion scattering (MEIS) has been used to investigate the room-temperature structure of clean Al(110). The
motivation for this work was the presence of a significant discrepancy between two previous independent low-energy electron
diffraction results concerning the sign of the third-to-fourth layer relaxation. We find a damped oscillatory contraction—expansion
for the first three interlayer spacings. The relaxation results are (in percent change from the bulk interlayer spacing):
Ady,=—8.5+1.0%, Ady;=+4.8+1.2% and Ad;,= —3.9 +1.4%. These results are compared with other theoretical and experimental

values. © 1998 Elsevier Science B.V. All rights reserved.
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Multilayer relaxation on clean metallic surfaces
has been extensively studied both experimentally
and theoretically. It has become quite clear that
the changes in atomic coordination and electronic
density, associated with the formation of the sur-
face, lead to changes in the interlayer spacings. In
particular, the open fcc(110) surfaces show a very
strong effect. With the development of theories
capable of treating the coupled system of ions
and conduction electrons self-consistently, the
agreement between experiment and theory for
multilayer relaxations on metallic surfaces has
improved remarkably, and in many cases may be
considered quite good. Table 1 shows a compila-
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tion of several experimental [1-3] and theoretical
[4-10] results on the interlayer spacings of
Al(110). As seen there, the various experimental
results agree quite well for the first two interlayer
relaxations. However, a notable discrepancy
between two previous low-energy electron diffrac-
tion (LEED) results [1,2] arose concerning the
sign of the third-to-fourth layer spacing. This
problem is addressed below with medium-energy
ion scattering (MEIS), and evidence is presented
to support a significant contraction of the third-
to-fourth layer spacing. The reason for this discrep-
ancy is not known, but some possibilities are
discussed.

Medium-energy ion scattering, with channeling
and blocking, is a powerful method for determina-
tion of the structural and vibrational parameters
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Table 1

Values of the interlayer relaxations (in percentage change from bulk value, with negative numbers indicating a contraction) for several

experimental and theoretical studies. For the two early LEED studies and the present MEIS results, values for the first-to-third,

second-to-fourth and the sum of these are also shown

Experiment/Theory Ad,, Adys Ads, Ad5 Ad,, Ady3+Ad,,
LEED [1] —8.6 +5.0 —1.6 —1.8 +1.7 —0.1
LEED [2] —8.5 +5.5 +2.2 —1.5 +3.9 +24
LEED [3] -7.1 +5.3 —33

MEIS [this work] —8.5 +4.8 -39 —-19 +0.5 —14
Total energy calc. [4] —10.0 +4.0 —-3.0

Total energy calc. [5] —6.8 +3.5 —2.0

Total energy calc. [6] —5.35 +1.15 —3.04

EAM [7] —10.47 +3.64 —2.93

EAM [8] —10.4 +3.14 —2.75

eDFT MD [9,10] -7.3 +4.5 -2.0

of a crystalline surface [11-13]. When incoming
ions (e.g., 40-200 keV protons) are incident upon
a crystalline surface along a major crystallographic
direction or row of atoms, they are ‘“‘channeled”
into the solid. The deflection of the ions by the
first atoms along a row causes the formation of a
“shadow cone”, greatly reducing the chance of
backscattering from successive atoms along the
row. As ions travel through the solid, they continu-
ously lose energy because of electronic stopping.
Hence, the energy of an emerging backscattered
proton is directly related to the depth of the
scattering event. This effect, combined with chan-
neling, gives rise to an energy distribution of the
scattered particles that exhibits a “surface peak”
at an energy that depends only on the scattering
angle (angle away from the incident ion direction)
and the masses of the projectile and target.
Thermal displacements and reconstructions
directly affect this process because they make
channeling less perfect, and more ions are back-
scattered from the surface region. The area of the
surface peak also depends on the direction in
which the scattered ions are going. Ions exiting
the crystal may be deflected by other atoms,
“blocking”, resulting in a non-monotonic scatter-
ing angle dependence of the surface peak area.
The position of such “blocking dips” provides a
sensitive measure of surface-atom displacements.
A shift in the position of a blocking dip away
from the bulk crystal blocking direction is a direct
indication of layer relaxation. Accurate determina-

tion of structural parameters (atomic locations and
vibrational amplitudes) is accomplished by com-
paring the angular scattering intensity with Monte
Carlo computer simulations [14,15] for trial struc-
tures. Structural and vibrational parameters in the
simulations are varied until a good fit to the
angular scattering intensity is achieved, as deter-
mined by an R-factor analysis [16].

Since scattering cross-sections are known accu-
rately for the energy range used (Coulomb scatter-
ing with manageable screening), the area of the
surface peak may be converted or “normalized”
into visible atoms per row or, alternatively, into
visible layers. We determine the normalization
factors in the experiment, such as the detector
solid angle and the fraction of the incident beam
intercepted to measure the ion dose, by calibration
with a Pt/Si high-energy ion scattering standard.
The fraction of backscattered ions that are neutral-
ized, and therefore cannot be detected by the
electrostatic analyzer, is also accounted for.

Our ion scattering experiments were carried out
with a 40.8 keV proton beam. The surface sensitiv-
ity of the MEIS technique is derived from the
channeling effect, in which surface atoms deflect
the incoming ions away from deeper atoms. An
important parameter is the shadow cone radius
[11,12]. This is the closest distance ions may
approach the second atom along a row in a perfect
static crystal. For effective channeling, and hence
good surface sensitivity, the shadow cone radius
should be substantially larger than the vibrational



amplitudes perpendicular to the rows of atoms.
This parameter is proportional to the square root
of the target atomic number, and inversely propor-
tional to the square root of the beam energy. For
aluminum, which is an element with a relatively
low atomic number, use of incident protons with
energy below ~ 50 keV gives good surface sensitiv-
ity. In this case, the shadow cone radius is approxi-
mately twice the bulk one-dimensional root-mean-
square vibrational amplitude. We can measure the
energy distribution of backscattered ions simulta-
neously over a 13° range in the scattering plane
by using a high-resolution electrostatic analyzer in
conjunction with micro-channel plates and a
two-dimensional position-sensitive detector [17].
The system energy and angular resolutions for
~40keV protons are ~48e¢V and ~0.1°,
respectively.

The sample was prepared by standard sputtering
and annealing cycles until a sharp (1 x1) LEED
pattern appeared. The base pressure of the ultra-
high vacuum chamber was 2 x 10 ~1° Torr. Sample
cleanliness could be monitored directly by MEIS
backscattering. Oxygen impurities on the surface
gave the most trouble. In a low scattering angle
(high cross-section) configuration, the sensitivity
of MEIS to oxygen is ~0.03 ML. This amount of
oxygen was not detectable on the surface for
approximately 5 h after cleaning. Data collection
was kept within 2 h of cleaning.

Fig. 1a shows a top view of the Al(110) surface,
and the two scattering planes (perpendicular to
the surface) used in this experiment. For each
plane, there are two inequivalent planes of atoms.
One contains atoms in odd-numbered layers, while
the other contains atoms in even-numbered layers.
Both the first and second layers of the crystal are
obviously visible to the incoming ion beam. Fig. 1b
shows a side view of the {100} scattering plane.
The two inequivalent planes are distinguished in
the figure by shading. The {110} scattering config-
uration is very similar. With the aid of Fig. 1, it
can be seen that shifts in the angular positions of
blocking yields in the {100} and {110} planes are
indicative of first-to-third and second-to-fourth
interlayer relaxations. These parameters are
denoted d,; and d,,, respectively. However, the
detailed shape of the blocking yields contains
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Fig. 1. (a) Top view of the Al(110) surface showing the two
scattering planes (perpendicular to the surface) used for this
work. Second-layer atoms are shaded. If the incident ion beam
lies in either one of these planes, then both the first- and second-
layer atoms are visible to the ion beam. (b) Side view of the
{100} scattering plane showing the two inequivalent planes (dis-
tinguished by shading), and the channeling and blocking direc-
tions. Angular scattering spectra in these planes are mostly
sensitive to changes in d,3 and d,,, indicated in the figure. The
configuration in the {110} plane is very similar.

information on all near-surface interlayer spacings.
Therefore, ion-scattering simulations were carried
out by relaxing the first three interlayer spacings
simultaneously. The effect of including d,s in the
analysis was negligible. An iterative approach was
used between varying layer spacings and vibra-
tional amplitudes. The various vibrational com-
ponents in the first two layers were varied indepen-
dently with the bulk amplitude fixed at the Debye
result [18]. Our best-fit solution was found by
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minimizing the sum of the R-factors [16] from the
various scattering configurations.

The LEED results of Noonan and Davis [2]
and Andersen et al. [1] disagree primarily on the
value of d;,. Since the other layer spacings are in
agreement, the discrepancy in ds;, can be viewed
as a discrepancy in d,, or in d;3+d,,. Recall that
the positions of the blocking dips in the MEIS
angular yields from the {100} and {110} scattering
planes are equally sensitive to d,53 and d,,, since
both the first two layers are visible to the incident
ion beam. This means that the angular position of
the blocking dips in the {100} and {110} scattering
planes are a qualitative measure of the total relax-
ation of d,5 and d,, (last column of Table 1). With
this fact, MEIS blocking dips from these two
scattering planes provide a test of the two LEED
structures. Fig. 2 shows the scattering data from
the {100} and {110} scattering planes. Plotted with
the data are the simulation results using our best-
fit solution, as well as the simulation results using
the structures from the two earlier LEED results.
Vertical lines indicate the blocking dip positions
for a bulk terminated surface. Use of ~ 2% expan-
sion in ds, (Noonan and Davis structure) leads to
a large value of Ad,;+ Ad,, which is incompatible
with the data since it gives a visible shift in the
blocking dip to higher scattering angles. Detailed
structural results, including the first three interlayer
spacings, come from simulations of the entire
blocking yield in both scattering configurations.
The optimum structure was determined from an
R-factor analysis [16]. The best fit is obtained with
a significant contraction of d5,. From this, and a
simple inspection of Fig. 2, we conclude that our
results strongly support a contraction of ds,, as
suggested by Andersen et al. [1].

The origin of the discrepancy in the two earlier
LEED results in Table 1 is still not clear. Since
these two experiments were at different temper-
atures (100 K [1] and 300 K [2]), one possibility
is that it is related to a temperature dependence in
the relaxation [2]. However, if there were a temper-
ature effect, it would require an unusually large
anharmoniciy for such a low temperature, and it
should normally have affected d;, and d,; as well.
Furthermore, recent kinematic LEED results [3]
and theoretical results [10] do not show significant
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Fig. 2. Plot of MEIS blocking dips in the {100} and {110}
scattering planes, together with the best-fit solution determined
by ion-scattering simulation (solid line), the simulation result
using the structure of Andersen et al. [1] (short dashes) and the
simulation result using the structure of Noonan and Davis [2]
(long dashes). The dashed vertical lines indicate the blocking
dip positions for a bulk terminated surface.

thermal effects at low temperature. Therefore, it
seems quite unlikely that this discrepancy was the
result of the temperature difference. A second
possibility could be that the accuracy of both
analyses is not as good as quoted [2]. In the work
of Noonan and Davis, the effect of including the
d;, relaxation on eight different LEED beams
using two different R-factors is reported. It was
found that, for each R-factor, seven out of eight
of the beams analyzed had a reduction in the R-
factor when an expansion of d;, (with other struc-
tural parameters fixed ) was used, significantly sup-
porting the reported expansion. Such a detailed
analysis on the effect of including 5, relaxation
on the single-beam R-factors was not given in the



work of Andersen et al. However, their procedure
for determining the best structure and errors is
reported in detail, supplying strong support for
their solution as well. The excellent agreement
between the two studies on the first two layer
spacings is also evidence that the technique is
reproducible and that the accuracy claims are
legitimate. A third possibility is the issue of sample
preparation. The difficulty in preparing a good
Al(110) surface with a sharp (1 x 1) LEED pattern
is well known. Both groups report seeing slightly
broadened spots. We also see the appearance of
faint streaking along the [100] direction in LEED
on our crystal after many cleaning cycles, as well
as an attenuation of the scattered ion flux at low
exit angles. These observations indicate the pres-
ence of imperfections on these surfaces. Although
the effect of these imperfections on the outcome
of either MEIS or LEED analyses is not clear, it
seems unlikely that at low temperature they could
be simulated by changes in layer spacings.

From Table 1 we can see that the four indepen-
dent experiments give excellent agreement on the
first two interlayer spacings. This in turn provides
a dependable result useful for testing theories. A
good match so far comes from the recent work of
Marzari et al. [9,10] using Ensemble Density
Functional Theory Molecular Dynamics.

By using medium-energy ion scattering in the
channeling and blocking configuration, the room-
temperature multilayer relaxation of Al(110) was
investigated to help resolve a discrepancy occurring
between two previous independent LEED results
on the sign of the third-to-fourth interlayer spac-
ing. Our results strongly favor a contraction in
ds,, consistent with two other LEED results, and
many other theoretical results. With this work, the
experimental base for the interlayer structure has
been extended to Al(110).
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