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Structure of Al(111)-(V'3XV'3)R 30°-Na: A LEED study
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The atomic geometry of the Al(111)-(V'3X V'3)R 30°-structure formed by adsorption of Na on Al(111)
at room temperature has been determined by analysis of extensive low-energy electron-diffraction
(LEED) measurements. It is shown conclusively that Na atoms occupy a sixfold-coordinate site formed
by displacing every third Al atom in the first layer of the substrate. This confirms the results of a recent
study by surface extended x-ray-absorption fine structure.

I. INTRODUCTION

A recent surface extended x-ray-absorption fine-
structure (SEXAFS) study’ of the adsorption of Na on
Al(111) at room temperature revealed that the adsorption
is accompanied by a reconstruction of the substrate, in
which Na atoms are located in quasisubstitutional sites of
sixfold coordination formed by displacing one-third of
the Al atoms in the first layer. This completely unexpect-
ed result has added another dimension to the discussion
of the nature of alkali-metal adsorption. It has stimulat-
ed a number of recent experimental and theoretical stud-
ies?” 1% in which the possibility of a strong perturbation of
the substrate structure induced by alkali-metal adsorp-
tion has been taken into account. Thus the adsorption of
K and Rb on Al(111) and the adsorption of Na on
Al(100) have been shown by low-energy electron-
diffraction®3 (LEED) and SEXAFS studies,* respectively,
to lead to a reconstruction of the substrate. The results
for these systems are supported by high-resolution core-
level spectroscopy studies which, in addition, lead to the
conclusion that the adsorption of Cs on Al(111) at room
temperature also produces a reconstruction of the sub-
strate.>® For Na adsorption on Al(111), the SEXAFS re-
sults are supported by the results of ab initio calcula-
tions,”” which show that the binding energy for Na

atoms in the substitutional site is significantly larger than
for nonreconstructive adsorption in threefold, bridge, or
on-top sites. The SEXAFS results are also supported by
the results of normal-incidence x-ray standing-wave
(NIXSW) measurements.'® To date, reports of strong
reconstruction of close-packed metal surfaces induced by
adsorption of alkali metals have been limited to Al sur-
faces. However, the occupation of an unusual on-top site
on a rumpled first substrate layer has been reported in re-
cent LEED studies of the adsorption of K on Ni(111)
(Ref. 8) and Cs on Ru(0001).° Occupation of an on-top
site on a rumpled substrate is also found for adsorption of
K and Rb on Al(111) at low temperature.>3

In view of the importance of the SEXAFS results
for the A1(111)-(V'3 X V3)R 30°-Na structure, further cor-
roboration using a different technique was clearly desir-

0163-1829/94/50(7)/4718(7)/$06.00 50

able. Thus in the present work we have carried out a de-
tailed LEED study of this system. As described in detail
below, our results confirm that Na atoms occupy
quasisubstitutional sites. The determined Al-Na bond
length of 3.21 A is, hovgever, somewhat shorter than the
SEXAFS result of 3.31 A.

In the following, the experimental procedures used in
this study are described in Sec. II. The procedures used
in analyzing the data, including the calculation of LEED
intensities, are described in Sec. III. The results of the
data analysis are presented and discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURES

The measurements were carried out in a Vacuum Gen-
erators mu-metal ultrahigh vacuum chamber with base
pressure of 3X 107! torr. The chamber was equipped
with an Omicron reverse-view LEED optics, which was
used both for LEED intensity measurements and for
Auger electron spectroscopy (AES) measurements of sur-
face chemical composition. The A1(111) crystal was
mounted on a manipulator with facilities for rotation of
the crystal about two orthogonal axes through the nomi-
nal crystal position, and with a tilt motion of the manipu-
lator shaft about an axis perpendicular to the shaft at the
top of the manipulator. The crystal could be cooled to
100 K using liquid nitrogen and heated by electron bom-
bardment The crystal temperature was measured using a
W-5% Re/W-26% Re thermocouple spot-welded to the
rear of the crystal. The crystal was cleaned by cycles of
Ar" bombardment and annealing to 750 K.

Sodium was deposited onto the crystal by evaporation
from an SAES source. The deposition was carried out in
a few minutes, and the residual-gas pressure during eva-
poration was typically 2X 10710 torr. AES measure-
ments taken after deposition and after completion of a set
of LEED measurements indicated that surface contam-
ination (almost entirely C) was less than 0.03 monolayer.
Sharp (V3XV3)R30° LEED patterns with good con-
trast were obtained after deposition of § monolayer Na at
300 K.

The LEED intensity measurements were made using a
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video-LEED system, described previously,!"!? consisting

of a computer-controlled video camera and a rear-view
LEED optics. A digital image of the LEED pattern with
a geometric resolution of 512X 512 pixels and an intensi-
ty resolution of eight bits is obtained at each energy. The
intensity of a given diffracted beam is obtained from the
digital image by summing the pixel intensities in a win-
dow centered on the diffraction spot. The spot intensity
is corrected for background, as measured by summing
pixel intensities in windows above and below the
diffraction spot, and is normalized for the electron-beam
current and for the Lambert’s law variation of the spot
intensity with its position on the fluorescent screen. The
spot intensity is also corrected for the spatial variation of
the camera sensitivity, as calibrated using a 99.5% homo-
geneous light source. The intensities of an arbitrary
number of beams are measured simultaneously (to within
the 40-ms digitalization time). Determination of the spot
intensities is carried out in real time and requires about
40 ms per beam at a given energy. The dynamic range of
the measurements is greatly increased by changing the
optical gain of the system synchronously with the in-
cident electron energy. This is achieved by programming
the gain of the video amplifier of the camera at each ener-
gy, in a feedback loop, to achieve near-saturation intensi-
ty for a chosen diffraction spot. A further improvement
in the signal-to-noise ratio is obtained by dividing the
beams into two sets according to their average intensities,
making separate measurements for each set, and pro-
gramming the camera gain to achieve near-saturation in-
tensity for the brightest beam of the set of interest at each
energy. The intensity-energy spectra shown later have
been normalized for the video gain, and are therefore on
the same accurately known (but arbitrary) intensity scale.

Intensity-energy spectra were measured at 100 K, in
the energy range 40-450 eV, at normal incidence 6=0°,
for the clean A1(111) surface, and in the energy range
40-400 eV at 6=0° and —15° for the (V3 X V3)R 30°-Na
structure. The azimuthal angle of the crystal was set at
0° for the measurements at 6= — 15°, such that the plane
of incidence coincided with a mirror plane of the surface
structure. The incidence angles were set to within +0.1°
by minimizing the R factor (see below) for the compar-
ison of intensity-energy spectra for (nominally)
symmetry-equivalent beams. As in previous studies®>!2
using the present system, it was found that discrepancies

TABLE 1. Experimental data base for clean Al(111) and
AI(111D)-(V3XV3)R30°-Na. Ry, is the R factor for the
comparison of symmetry-equivalent beams.

(1X1) (V3XV/3)R30°-Na
Angle of incidence 0° 0° —15°
Energy range 50-450 eV 40-400 eV 40-400 eV
Energy grid leV leV leVv
Total number of beams 16 48 35
Symmetry inequivalent 5 5 9
Integral order beams
Symmetry inequivalent 0 7 16
Fractional order beams
Repesp 0.007 0.029 0.011
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between spectra for symmetry-equivalent beams were
larger than the random errors between repetitive mea-
surements for the same beam. The spectra shown below
are the result of averaging over five sets of measurements
of the individual hk beams, followed by smoothing, fol-
lowed by averaging the intensities of symmetry-
equivalent beams. The experimental data base is summa-
rized in Table I.

ITII. LEED CALCULATIONS
AND R-FACTOR ANALYSIS

LEED intensities were calculated using the dynamical
theory of LEED, with computer programs derived from
the layer-doubling and combined-space programs of Pen-
dry'® and Van Hove and Tong.!* Atomic scattering ma-
trices for Al and Na were calculated using phase shifts
calculated from the muffin-tin band-structure potentials
of Moruzzi, Janak, and Williams,'®> and were renormal-
ized for the effects of thermal vibrations using root-
mean-square (rms) isotropic vibrational amplitudes u,
for the adsorbed Na atoms, u,,, for the first Al layer,
and u 5y, for the Al substrate. Up to 196 partial waves
(14 phase shifts) and 253 plane waves (reduced respective-
ly to 47 and 129 symmetry-adapted plane waves at §=0°
and —15°) were used respectively in the L- and k-space
treatments of multiple scattering within and between lay-
ers parallel to the surface. The complex electron self-
energy ¥ =V, +iV,, was taken to be independent of en-
ergy. The surface potential barrier was taken to be a re-
fracting but nonreflecting step of height ¥, positioned at
a distance equal to one-half the bulk interlayer spacing
above the first layer of atoms. We estimate that the cal-
culations are a numerically accurate reflection of the
model assumptions to about 0.1%. All calculations used
in the structure determination were carried out with full
accuracy.

Refinement of the surface structures of clean Al(111)
and AL(111)-(V3XV'3)R 30°-Na was carried out using an
automatic implementation of a simple, iterative pro-
cedure described previously,' which makes extensive
reuse of scattering matrices, which are stored for all ener-
gies, for the individual layers, selvedge, and bulk of the
crystal. Thus in each complete iteration, carried out in a
single computer run, the optimum values of the first four
interlayer spacings d; and V,, were determined by min-
imizing the R factor as a function of each layer spacing in
turn for fixed values of the remaining nonstructural pa-
rameters Vip,, Ny, Uay,1> and U5 - In each elementa-
ry step the optimum value of a particular layer spacing
was determined simultaneously with ¥,,. The procedure
was iterated to convergence, which typically required
3-5 passes with the convergence condition that
Si—0,31Ad;| £0.001 A, where Ad; is the change in the
optimum value of d; from one iteration to the next. The
remaining nonstructural parameters were varied in an
outer loop of the refinement, which was also iterated to
convergence.

The calculations, which were carried out on a Digital
DEC Alpha workstation, required about 5 min for the
automatic determination of the optimum values of the
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first four interlayer spacings and ¥V, after first calculating
k-space, layer-scattering matrices and the bulk reflection
matrix at all energies on an energy grid of 0.3 Ry. The
calculation of scattering matrices for Na and Al layers at
all energies required about 2 min per different layer, ex-
cept for the scattering matrices for a reconstructed Al
layer, which required about 30 min.

The surface structures were determined by minimizing
the R factor for the comparison of experimental I;;P(E)
and calculated IS2(E) intensity-energy spectra as a func-
tion of the structural and nonstructural variables of the
calculations defined above. The R factor used here is a
normalized y? function defined'>'® as

exp __ ,ycal 2
_ Ingh — i Ik
R=3 |2t /3 : m
hk, i T i hk,i | O hk

where c is a single, global scaling constant between the
experimental and calculated intensities determined by the
requirement that dR /3¢ =0, and o, are the beam-
average rms uncertainties obtained by comparison'? of
experimental intensity spectra for symmetry-equivalent

beams. The R factor for the individual Ak beams is
defined as
= S~ el [ SUgE @

From these definitions it follows that strong and weak
beams contribute to the R factor on an equal footing.
However, beams with relatively large errors (o, ) are
downweighted. Estimation of the uncertainties in the
best-fit values is obtained from'?

=2kR , /O°R /3x} , 3)

where the constant k is taken to be 0.1. As illustrated
below in Fig. 3, this recipe amounts to equating o; with
the change Ax; in the optimum value x?* that corre-
sponds to a 10% increase in R from R ;.

IV. RESULTS AND DISCUSSION
A. Clean Al(111)

The results of the refinement of the structure of clean
Al(111) are given in Table II. As can be seen from the
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FIG. 1. Comparison of experimental (solid lines) and calcu-

lated (dotted lines) intensity-energy spectra for clean Al(111) at
0=0" for five diffracted beams, (a)-(e). The calculated spectra
were obtained using the best-fit parameter values given in Table
I1. Each panel shows the hk indices, the R-factor values for the
comparison, and scale factors which must be applied to place
the spectra for the different beams on the same intensity scale.

table, the surface structure almost corresponds to the
truncation of a perfect bulk crystal. A small expansion
(+1.4%) is found for the ﬁrst mterlayer spacing, i

agreement with previous studies.'’~!° However, the rms
vibrational amplitudes of Al atoms in the first layer are
enhanced by about 60% over the corresponding ampli-
tudes for Al atoms in the second and deeper layers. This
finding is similar to results obtained recently by some of
the present authors'? for clean Ni(100), and is in partial
agreement with the results of a study of clean Al(111) at

TABLE II. Best-fit parameter values for clean Al(111) and for Na adsorbed in the quasisubstitution-
al site in the Al(111)-(V3XV3)R30°-Na structure. d ; is the spacing between layers j and j +1 in the
surface-normal direction. d, is the Na-Al spacing. The values for d; were in all cases equal to the
value for bulk Al within the precision of the determinations. ry, is the effective hard-sphere radius for
Na, assuming r,;=1.426 A. UNa> Ul aNd U s by are the rms vibrational amplitudes for Na atoms,
Al atoms in the first layer, and Al atoms in the bulk, respectively.

(1X1) (V3XV3)R30°-Na

Angle of incidence 0° 0° . —15°
d, 1.4740.02 A 1.48+0.02 A
d, 2.36+0.01 A 2.2740.02 A 2.24+0.03 A
d, 2.33+0.01 A 2.32+0.02 A 2.34+0.03 A
Una 0.23+0.02 0.2440.03

Unpy 0.13+0.02 A 0.13+0.02 A 0.11+0.03 A
U AL bulk 0.08+0.01 A 0.10+0.01 A 0.10+0.02 A
Vi 4.0+0.4 eV 3.6+0.6 eV 3.4+0.6 eV
R 0.009 0.029 0.049




50 STRUCTURE OF Al(111)-(V3XV3)R30°-Na: A LEED STUDY

160 K by Noonan and Davis.”” The Debye temperatures
reported by the latter authors correspond to rms_vibra-
tional amplitudes at 160 K of u, ;=0.11 A and
U butk —0.09 A as compared to the values of 0.1310.02
and 0.08+0.01 A found here at 100 K. From an analysis
in which the vibrational amplitudes of the first two Al
layers were allowed to differ from the bulk value, Noonan
and Davis reported values of u, 1=0.13 A u a2=0.12
A, and u Al buk —0.08 A. The values found here i in a cor-
responding analysxs are u,;;=0.13+0.02 A,
=0.07+0.02 A, and u pp puik =0.0910.01 A.

A comparison of the experimental intensity-energy
spectra with spectra calculated for the optimum parame-
ter values given in Table II is shown in Fig. 1. The agree-
ment between experiment and calculations is at the level
of the reproducibility of the measurements. The R factor
for the comparison is 0.011, as compared to the value of
0.007 obtained from the comparison of experimental
spectra for symmetry-equivalent beams.

Ual2

a) Na in 6-fold quasisubstitutional site
Top View

b) Side View (tilted 10°)

FIG. 2. Hard-sphere model of the geometry of the Al(111)-
(V3XV'3)R30°-Na structure. The larger circles represent Na
atoms adsorbed in the quasisubstitutional site: (a) top view; (b)
side view, shown as a central projection on the [112] plane tilt-
ed by 10° with respect to the plane of the paper.
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B. Al(111)-(V3XV3)R30°-Na

In the initial stage of the structure determination, a
preliminary survey was carried out of structural models
involving Na atoms adsorbed in onefold on-top sites,
threefold hollow fcc and hcp sites, and sixfold quasisub-
stitutional sites (see Fig. 2), compatible with the symme-
try of the measured LEED intensities. Although no op-
timization of the nonstructural parameters was carried
out in this survey, the results indicated unequivocally
that only the sixfold substitutional site warranted further
refinement.

A full optimization of the fit between experimental in-
tensities and intensities calculated for the substitutional
site was carried out using the procedure described in Sec.
ITII. The dependence of the fit on the interlayer spacings
dy and d, and the rms vibrational amplitudes uy,, 4 ;,
and u 4 i is shown in Fig. 3. Although the fit is clearly
much more sensitive to the structural parameters than to
the nonstructural parameters, it can be seen from the
figure that the R factor is a well-behaved, parabolic func-
tion of uy,, Uy, and u )y, Which leads to good pre-
cision in determination of their optimum values. The in-
tersections of the horizontal line at R =1.1 R, where
R i, is the optimum value of R, with the curves for d,
dy, UNay Uayy> aDd U pp yy, Yield the estimated uncertain-
ties for these parameters.

0.040
0.035
« /
%
0.030|
-20 -1 o 20

AX (% deviation from optimum value)

FIG. 3. Plots of the R factor for the comparison of experi-
mental and calculated intensity-energy spectra for AIl(111)-
(V3XV3)R30°-Na at 6=0" as a function of the Na-Al inter-
layer spacing d, the first Al-Al interlayer spacing d,, and the
rms vibrational amplitudes uy,, % a1,1, and u ) pyy for atoms in
the adsorbed Na layer, the first reconstructed Al layer, and the
Al substrate, respectively. The variables are shown as percen-
tage changes Ax; from their optimum values x®'. The horizon-
tal line in the figure is at R =1.1 R,;,, where R, is the
minimum value of R. The estimated uncertainties in the best-fit
parameter values given in Table II correspond to the values of
Ax; at the intersection of the line at R =1.1 R,,, with the
curves in the figure. Note the much larger sensitivity of the R
factor to the structural variables. Note also the well-behaved,
parabolic variation of R with the variables. (The curves shown
are obtained by least-squares fitting of the data points to a
second-order polynomial.)
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FIG. 4. Comparison of experimental (solid lines) and calcu-
lated (dotted lines) intensity-energy spectra for Al(111)-
(V3XV3)R30°-Na at 6=0° for five integral-order beams,
(a)—(e), and five fractional order beams, (f)-(j). The beam hk in-
dices, R factors, and scale factors are shown in each panel. The
calculated spectra were obtained using the best-fit parameter
values given in Table II.
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FIG. 5. Comparison of experimental (solid lines) and calcu-
lated (dotted lines) intensity-energy spectra for Al(111)-
(V3XV3)R30°-Na at 6= —15° for nine integral-order beams,
(a)-(i), and 16 fractional order beams, (j)—(y). The beam hk in-
dices, R factors, and scale factors are shown in each panel. The
calculated spectra were obtained using the best-fit parameter
values given in Table II.
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The results of the refinement for the substitutional site
are listed in Table II. Separate, full optimizations were
carried out for the data sets at 6=0° and —15°, respec-
tively. As can be seen fron‘l, the table, the Na-Al inter-
layer spacing is 1.47+0.02 A, corresponding to a Na-Al
bond length of 3.21 A, and an effective hard-sphere ra-
dius of 1.78 A for the adsorbed Na atoms. The spacing
between the reconstructed, first Al layer and the next Al
layer is about 3% less than the bulk Al-Al interlayer
spacing. The vibrational amplitudes of Al atoms in the
first layer and subsequent layers, respectively, are essen-
tially unchanged from their values in the clean Al(111)
surface. The final structural model is sketched in Fig. 3.

Plots of experimental intensity spectra and spectra cal-
culated for the optimum parameter values given in Table
IT are shown in Figs. 4 and 5 for 6=0° and —15° respec-
tively. The agreement between experiment and calcula-
tions is at or close to the level of the reproducibility of
the measurements. The R factors for the comparisons
are 0.029 and 0.049, as compared to the values of 0.029
and 0.011, respectively for 86=0° and —15°, obtained
from the comparisons of experimental spectra for
symmetry-equivalent beams. We note that the plots have
been constructed using a single, beam-independent scal-
ing factor between experiment and calculations. Thus
the very good agreement between experiment and calcu-
lations also includes agreement between the relative in-
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tensities of the different hk beams. As can be seen from
the scale factors in Figs. 4 and 5, the maximum intensi-
ties of the different beams span a range of 44 and 267 at
6=0"and —15°, respectively.

In summary, the present LEED determination of the
geometry of the Al(111)-(V3XV'3)R30°-Na structure
confirms the conclusion of a previous SEXAFS study'
that Na atoms are adsorbed in sixfold, quasisubstitutional
sites formed by displacing one-third monolayer Al atoms
from the first layer of the substrate. It is further found
here that adsorption of Na induces a contraction of 3%
in the spacing between the first two Al layers. The Na-Al
bond length” of 3.21+0.01 A determined here lies be-
tween the values of 3.31+0.03 é found in the SEXAFS
study, the value of 3.09+0.06 A found in the NIXSW
study,'® and the value of 3.13 A found in the calculations
of Neugebauer and Scheffler. !’
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a) Na in 6-fold quasisubstitutional site
Top View

b) Side View (tilted 10°)

FIG. 2. Hard-sphere model of the geometry of the Al(111)-
(V3XV3)R30°-Na structure. The larger circles represent Na
atoms adsorbed in the quasisubstitutional site: (a) top view; (b)
side view, shown as a central projection on the [112] plane tilt-
ed by 10° with respect to the plane of the paper.



