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Local structure of c(2 X 2)-Na on Al(001): Experimental evidence for the coexistence
of intermixing and on-surface adsorption
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Angular distributions of x-ray-excited Na 1s photoelectrons and Na XVV Auger electrons emitted
from c(2X2)-Na/Al(001) have been measured over the full 2m solid angle above the Al(001) surface. A
detailed study involving single-scattering cluster calculations and an R-factor analysis has been per-

formed to determine the room-temperature adsorption site of Na on Al(001). The best agreement with

experiment is obtained for a configuration in which domains of Na atoms adsorbed in the hollow site and

in the substitutional site coexist on the surface. This unusual and unexpected behavior has not been ob-

served for an alkali-metal-on-metal adsorption system up to now, but it can be understood on the basis of
very recent results from first-principles density-functional theory [C. Stamp(1, J. Neugebauer, and M.
Schemer, Surf. Rev. Lett. 1, 222 (1994}].

INTRODUCTION

Alkali-metal adsorption on single-crystal metal sur-
faces has been a subject of intense interest throughout the
history of modern surface science. ' One major reason is
the technological importance of alkali covered surfaces.
The changes of the reactivity and of the electronic prop-
erties of surfaces upon alkali-metal adsorption, such as
the dramatic lowering of the work function, have found
widespread applications, e.g., in negative electron affinity
cathodes and in the promoter effect in heterogeneous ca-
talysis.

Another more fundamental reason for the continuing
interest in alkali on metal adsorption is the prototypical
nature of these systems and their important role in the
development of theories of chemisorption. Only the sin-

gle s valence electron of the alkali-metal atom is expected
to take part in the bonding to the substrate, and alkali-
metal adsorption should therefore be the simplest case to
study. The Srst picture of alkali-metal adsorption, that is
still underlying most current theories, has been given al-
most 60 years ago by Gurney: As a result of the interac-
tion with the substrate the alkali-metal s level broadens
and part of the valence electron is transferred to the Fer-
mi level of the metal substrate. The alkali-metal atom is
therefore positively charged which induces a negative
charge density in the substrate. This alkali-metal-induced
dipole is opposite in sign to the surface dipole layer
which is responsible for the work function of the surface.
This explains the large reduction in the work function of
the surface as the alkali-metal coverage increases, until
the interaction between the alkali-metal atoms induces
their depolarization, eventually causing the work func-
tion to increase towards the value for the bulk alkali met-
al. As the dominant interaction between the adsorbate
atoms is repulsive they should form the structure with
the largest interatomic distances compatible with the

coverage. Many interesting structures and phase transi-
tions compatible with the simple Gurney-model have
indeed been observed in many submonolayer alkali-metal
adsorption systems.

Recently, however, the basis of this picture of alkali-
metal adsorption on close-packed metal surfaces, namely,
the "traditional" expectation that the alkali-metal atoms
adsorb in the most highly coordinated position on a prac-
tically undistorted surface, has been challenged by several
experimental and theoretical results. The first indication
for the incomplete understanding of alkali-metal adsorp-
tion was the result from a quantitative low-energy-
electron-diffraction (LEED) study that in the (2X2)
phase Cs adsorbs on Cu(111) in the on-top site. ' Some
years later several other systems where the adsorbate oc-
cupies the ontop position have been identifieds 15-18 as
well as even more surprising cases where the alkali-metal
atoms adsorb in substitutional sites forming a surface ai-

16, 19,20

Furthermore, unexpected results have been reported
recently for K/Al(111), ' ' ' Rb/Al(111), and
Na/Al(001), ' where the local surface structure has
been shown to be quite different at low temperatures and
at room temperature for the same alkali-metal coverage
and the same iong-range order, as revealed by the LEED
pattern. In the K and Rb on Al(111) systems, a
(+3X+3}830'LEED pattern may be obtained by ad-
sorbing —,

' of a monolayer (1 ML equals the number of Al

surface atoms} of K or Rb at 100 K or at room tempera-
ture (RT), whereas in the Na on Al(001) system a c (2 X 2 }

LEED pattern is formed by adsorption of —,
' ML of Na at

100 K and also at RT. Even though the LEED patterns
for all three systems are not temperature dependent,

high-resolution core-level photoelectron spectroscopy re-

veals that the local geometries vary with temperature and
that the structural transitions are irreversible. '
Low-energy-electron-diffraction analyses of the
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(&3X&3)R30' K and Rb/Al(111) systems show that the
structures formed at 100 K contain alkali-metal atoms in
on-top sites on a rumpled first layer of Al atoms, whereas
upon warming to 300 K these structures convert irrever-
sibly to ones containing alkali-metal atoms in a sixfold
coordinated substitutional site. ' ' For c (2 X 2)-
Na/Al(001) high-resolution core-level spectroscopy ' and
surface-extended x-ray-absorption fine-structure spectros-
copy (SEXAFS} (Ref. 22) results indicate that the Na
atoms occupy hollow sites at low temperature and that
some intermixing of the Na and Al atoms occurs at RT.
Very recent investigations using density-functional theory
conclude that for the RT c (2 X 2)-Na/Al(001) system the
adsorption energy of the hollow site is the highest for
very low coverages and that at a coverage of about 0.15
ML a transition from hollow to substitutional site occu-
pation should occur.

These unexpected and highly interesting results are
contradictory to those of early dynamical LEED intensi-
ty analyses concluding that the Na atoms occupy the hol-
low site ' and to those of the above-mentioned SEXAFS
study proposing Na adsorption beneath a reconstructed
surface Al layer. We therefore decided to investigate
the local structure of the RT c(2X2)-Na/Al(001) phase
with x-ray photoelectron diffraction (XPD). Our results
clearly show that there are no Na atoms below or copla-
nar with a reconstructed Al surface layer, thus rejecting
the model proposed by the authors of Ref. 22. A detailed
analysis of the Na 1s diffraction pattern indicates the
coexistence of two diferent domains, namely, one with the
Na atoms adsorbed in the hollow sites [Fig. 1(b}]and one
with the Na atoms in the substitutional sites [Fig. 1(a)].

2'. It begins at 8„,„=89'off normal and terminates at
0=0'. The azimuthal step size at any polar angle is
chosen so that the sampling density in solid angle is uni-
form. The total photoelectron intensity at 182 eV (Mg
Ka excited Na ls) and 995 eV kinetic energy (Na KVV) is
recorded for each angular setting, and the two-
dimensional data I(8,$) are finally visualized in the form
of a gray-scale image through a stereographic projection.
The angular resolution was set to less than 1.5' full ac-
ceptance cone. To check that the data collected in the
above described "total intensity" mode were free from
background contributions, we also performed control ex-
periments using the more accurate but also more time-
consuming "linear background" and "autofit" modes.
Those consist in measuring at each angular setting an en-
tire photoelectron spectrum of the peak under investiga-
tion and evaluating intensity and background contribu-
tion by subtraction of a linear background or by a curve-
fitting procedure, respectively. After first measurements
covering the whole solid angle above the surface
(8=89'—0', 6 8=2'), we restricted ourselves to the polar
angle ranges showing significant diffraction anisotropies.
Limiting the polar angle range for the Na 1s diffraction
measurements to 8=89'-50' and to 8=89'-70' for the
Na KVV measurements allowed us to increase the sam-
pling density while keeping the scan times reasonably
short ((5 h). Under these conditions the oxygen and
carbon contaminations were always maintained below 0.1

ML.

EXPERIMENTAL RESULTS, CALCULATIONS,
AND DISCUSSION

EXPERIMENT

The experiments were performed in a modified Vacu-
um Generators ESCALAB Mark II spectrometer
equipped with a three channeltron detection system and
with a base pressure in the lower 10 "-mbar region.
Photoelectron spectra and diffraction patterns were mea-
sured at room temperature using Mg Ka (h v = 1253.6
eV) or Si Ka (hv=1740. 0 eV} radiation. Two different
Al(001) crystals were used. Contamination free surfaces
as judged by photoemission were achieved by a combina-
tion of Ar+ sputtering and annealing at 500'C. Both
crystals showed very sharp LEED spots. Na was eva-
porated from well outgassed SAES getter sources. Dur-
ing Na deposition the pressure was in the lower 10
mbar range. The purity of the deposited Na layers as
well as the coverage were checked by core-level photo-
emission. The c(2X2) LEED patterns of the Na over-
layers showed overlayer spots almost as sharp as the sub-
strate spots and a low background, indicating a high de-
gree of order. The sample was then in situ transferred to
a two-axis goniometer capable of sweeping the photoelec-
tron emission direction over the whole hemisphere above
the surface by computer controlled crystal rotation.

The data acquisition procedure for obtaining 2m inten-
sity maps consists in measuring series of azimuthal (P}
scans, during which the crystal is rotated about its sur-
face normal, at polar angle intervals of 68=1', 1.5, or

Figure 2 presents the measured diffraction patterns of
the Na 1s peak at 182 eV and the Na KVV peak at 995-
eV kinetic energy. To maximize the statistical accuracy,
the patterns have been fourfold azimuthally averaged ex-
ploiting the fourfold rotational symmetry of the system.
Both patterns are the sums of three different measure-
ments covering different ranges of polar angles. To elimi-
nate residual noise and the smooth polar angle depen-
dence of the photoelectron intensity typical for adsor-
bates, the patterns have been multipole expanded up to
I =60. We emphasize, however, that all fine structure
seen in the patterns of Fig. 2 is clearly visible in the raw
data.

The prominent features of the Na 1s as well as of the
Na KVV diffraction patterns are the four strong maxima
in the (100) directions and the circular fringes around
those. The square-shaped fine band with its corners posi-
tioned at the (100) directions is also clearly visible in
both patterns. Circular fringes centered at four maxima
in the (110) directions can be recognized, very similar,
although weaker, to those in the (100) directions.

From the relatively high anisotropy of 19% (Na ls)
and 17% (Na KVV) of maxima in the (100) directions
these can immediately be attributed to forward scatter-
ing: Because electrons are strongly and anistropically
scattered by the atoms surrounding the photo-
emitter the photoelectron intensity is strongly enhanced
in directions of near neighbors, an effect commonly called



14 518 R. FASEL et al.

forward scattering. Multiple scattering along dense
atomic rows tends to further enhance this effect, at least
up to a certain number of scatterers. It follows that the
nearest in-plane neighbors of the Na emitters are located
along these (100) directions. The absence of high aniso-
tropies at nongrazing angles definitely rules out the sub-
surface alloy model of Ref. 22 [Fig. 1(e)]: If there were
any atoms above the Na atoms, they mould forward focus
the Na 1s and XVV photoelectrons and give rise to for-
ward scattering maxima at nongrazing angles in the Na
1s and Na ECVV diffraction patterns, which are not ob-
served.

An important conclusion can be drawn from the half
angle t9~,00), of 33.5+1' of the circular fringes centered at
(100) directions [Fig. 2(a)]. If we consider these fringes
to be due to constructive interference of an unscattered
wave and one singly scattered off an in-plane scatterer,
we can obtain the bond distance d~, oo~ simply from the
phase relationship for constructive interference:

kd(, oo& (1—cos8( t &
)+%(8(,

&
) =2m .

Here k is the wave number and %(8(,oo&) is the scattering
phase shift associated with Na scatterers at 182 eV. We
obtain a value of d~, oo& =4.1+0.3 A, which corresponds

to the bond distance of 4.05 A associated with a c (2X2)
Na nearest neighbor on Al(001). As the nearest-neighbor
distance for an in-plane substitutional site would be 2.86
A and, furthermore, be oriented along the (110) direc-
tions, we can conclude that the Na atoms are definitely
not coplanar with the top Al layer but must be consider-
ably moved out of this plane. This is in agreement with

very recent ion-scattering data.
To draw any further conclusion from this simple in-

terference fringe angle analysis is not justified. In partic-
ular, it cannot be decided whether the Na atoms adsorb
in one of the "traditional'* on-surface adsorption sites

[Fig. 1(b)—l(d)], or —with a considerable buckling —in

the substitutional site [Fig. 1(a)]. We have therefore per-
formed a detailed study involving single-scattering cluster
(SSC) calculations and an R-factor analysis. The SSC
model used for the photoelectron diffraction calculations
in this study is described in detail elsewhere" and we

have used it in a form that contains spherical-wave
scattering and the correct s ~@angular momentum final

state in Na 1s photoemission. The partial-wave scatter-
ing phase shifts 5, for scattering at Na and at Al atoms
have been calculated by means of an algorithm which is

based on the mufBn-tin approximation. Attenuation of
the photoelectron wave amplitude is provided by an ex-

ac sor ~1.ion
si1;es:

a) sulgstitutiona.
lv) .io .ow
c) on-too
c.) 1&ric.ge
e) su~&surface

FIG. 1. Front and top views

of Na (black) on Al(001) adsorp-
tion geometries. (a) The substi-

tutional geometry, where every

second surface Al atom has been
kicked out and replaced by a Na
atom. (b) The hollow site

geometry, in which the Na
atoms occupy the fourfold posi-
tion. (c) The on-top geometry,
where the Na atoms sit directly
above an Al atom. (d) The
bridge site geometry, in which

the Na atoms are located be-

tween two neighboring Al

atoms. (e) The subsurface alloy

geometry proposed in Ref. 22,
which is obtained by adding a
c(2X2) layer of Al atoms onto
the Na atoms in the on-top ad-

sorption sites.
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ponential factor of the form exp[ —l/2A, cos(8)], where

A, is the inelastic mean free path of the photoelectrons, 0
the emission angle, and I the distance the photoelectron
travels before leaving the surface. This surface, defined as
the height up to which inelastic attenuation is effective,

0
was arbitrarily positioned at 0.2 A above the centers of
the Na atoms. The inelastic mean free path A, was varied

0
in the calculations between 0.5 and 8 A. Temperature
effects are treated in the simple model of uncorrelated vi-
brations by introducing Debye-Wailer factors as de-
scribed in Ref. 30. The mean-squared displacements
(uj ) of the Al atoms were taken to be 0.0128 A corre-
sponding to a Debye temperature of 356 K, while the
corresponding value for the Na atoms was set to 0.030
A . The inner potential Vo responsible for the refraction
of the photoelectron wave at the surface-potential step
was varied from 0 to 15 eV. Circular clusters 24 A in di-
ameter and containing three layers of Al atoms below the
top Na layer were found to be sufficiently large to ensure
full convergence of all the diffraction features.

To judge the quality of the fit between experimental
diffraction data and theory we have implemented an R
factor based on the space of multipole coefficients aI
rather than emission angles (8,$). In short, the mul-
tipole coefficients aI for the experimental and the calcu-
lated diff'raction patterns I (8,P) are obtained by

aI = fy(8, $)Y; (8,$)dQ,1

where the YI* are the complex conjugates of the spheri-
cal harmonics, and y(8, $) is the oscillatory part of the
diffraction pattern obtained by normalization with
respect to the average intensity Io(8) for each polar angle
8

y(8, $)=[I(8,$)—Io(8)]/Io(8) .

The R factor R~~ is then obtained by summing the dis-
tance between the points in the complex plane represent-
ing the experimental and theoretical multipole
coefficients aI over all I and m's considered:

max I

I =Om = —I

As we have shown in Ref. 25 and verified also in the
present case a value of l,„=60is sufficient to reproduce
all fine structure present in the data. Thus, we have car-
ried out our calculations within this order of approxima-
tion. The introduction of this kind of R factor is
motivated by the possibility to tune the sensitivity to ei-
ther broad forward focusing maxima or to the fine struc-
ture. With larger l values corresponding to higher spa-
cial frequencies, the sensitivity to the interference fine
structure can be enhanced by simply excluding l values
below a certain threshold. However, for this study all l
values from 0-60 have been considered.

All surface alloy geometries with Al atoms above the
Na layer can be excluded by the absence of forward
scattering maxima at nongrazing angles in the Na 1s and
Na XVV diffractio maps. We therefore performed calcu-
lations only for the normal "on surface" geometries —the
hollow, bridge, and on-top sites —as well as for the sub-
stitutional site where every second Al atom in the surface
is ejected and replaced by a Na atom to produce a
c(2X2) structure [Fig. 1(a)]. Due to the increasing im-
portance of higher-order interference features at lower
kinetic energies the diffraction features are much more
sensitive to structural variations, and we have, therefore,
performed the R-factor analysis for the Na 1s diffraction
patterns only. The longer wavelength at lower kinetic en-
ergies results in a larger angular separation of zeroth- and
first-order interference features, and, therefore, to a
better resolution for a given experimental angular resolu-

x-ray &.rod:oe. .ecl:ron c.i::.raci;ion.
ci'2x2, i-:i'a/A:. i,'.".":., i

f0 I 0] I&)10I

a, i

'..I'a ..s
(182 eV)

."jI I l()01

'4 .~

a '. &VV
(995 eV)

FIG. 2. Experimental photo-
electron difFraction patterns
from the room-temperature
e (2 X2)-Na/Al(001) structure:
(a) Na ls at 182-eV kinetic ener-

gy, and (b) Na KVV at 995-eV
kinetic energy. The data have
been stereographically projected,
normalized, and multipole ex-
panded according to the pro-
cedure described in the text.
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tion. To reduce computer time, only the polar angle
range from 89 —50' showing distinct diffraction features
was considered (see Figs. 2 and 6). For each of the struc-
tures tested, a systematic three-parameter search has
been performed, varying the Na-Al bond length between
2.3 and 3.5 A (Ref. 31) and the two other parameters A,
and Vo in the ranges mentioned above.

The R-factor plots R(zN„VO) for the Na-Al layer
spacing z» and the inner potential Vo are shown near
the R-factor minima in Fig. 3. The plots for the substitu-
tional and the hollow site show well-defined minima as a
function of z» and Vo. The situation for the on-top and
the bridge site is somewhat difFerent: A strong depen-
dence of the R factor from Vo is observed, whereas little

sensitivity to the Na-Al layer spacing zN, is seen. Optim-
ization of the electron mean free path A, has been
achieved by calculating series of R-factor maps
R (zN„VO) for values of A, varying in the range given
above. The structures of these plots were essentially
identical to the ones shown in Fig. 3, the difference being
an overall shift to higher R-factor values.

In Fig. 4 we show the R-factor curves as a function of
the Na-A1 bond length for the four structures considered.
The optimized values of the mean free paths A, and the
effective inner potentials Vo corresponding to the
different structures are summarized in Table I.

In contrast to the E factors for the substitutional and
the hollow sites which show pronounced minima as the

0.2805

0.6
b)

1.0

III
I It

0.4833

C3

0.3421
1.7 2.0 2.4 2.8

FIG. 3. 8 factors as a function of the inner
potential V0 and the Na-Al 1ayer spacing zN,
for (a) the substitutional, (b) the hollow, (c) the
on-top, and (d) the bridge site. The mean free
paths A, have been optimized to the values

given in Table I.

.0
0.3276

.0 2.5 . 3.0
Na-Al layer spacing A

'0.3298
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FIG. 4. Plot showing the 8 factor as a function of the Na-Al
bond length for the four adsorption sites considered. The corre-
sponding optimized nonstructural parameters are given in Table
I.

Na-Al bond length is varied from 2.8-3.3 A, the curves
for the bridge and the on-top sites show only little depen-
dence on bond length. To understand this behavior, we
have performed calculations for a pure c (2 X 2) Na layer,
thus neglecting the backscattering from the substrate Al
atoms. After optimization of the nonstructural parame-
ters A, and Vo, we obtained a R factor of R~p =0.2899
for this free-standing c(2X2) Na layer. The 8 factors
for the bridge and the ontop sites are higher than this
value over the whole range of bond lengths considered.
The strong variation of the R factor with Vo for these
two adsorption sites (Fig. 3) is thus simply given by the
polar angle shift due to refraction of the (100) Na-Na
forward scattering peaks and of the corresponding first-
order interference fringes around these (100) directions
[Fig. 2(a)]. The diffraction features resulting from
scattering off the underlying Al atoms do not enhance the
agreement with experiment, and we therefore conclude
that these adsorption sites can be ruled out.

Much stronger variation of the R factor with varying
Na-Al bond length is observed for the substitutional and
the hollow sites. A very sharp minimum at a Na-Al bond
length of 3.11 A can be seen for the substitutional site,
and a somewhat broader minimum at 2.93 A for the hol-
low site. The inner potential, the main effect of which is
to shift the diffraction features in our calculations to
higher polar angles, is found to be very small (1.0 and 3.6
eV for the hollow and the substitutional sites). This can
be understood as follows: Refraction occurs when an
electron crosses the surface potential step at an angle
away from the surface normal. If an electron is emitted
from an adsorbate atom, the situation is more realistically
modeled by considering emission from the center of a
sphere and a spherical potential step located at the sur-

Inner potential Vp

Mean free path A,
3.6 eV
2.3 A

1.0 eV
1.6 A

1.0 eV 1.0 eV
1.6 A 1.6 A

TABLE I. The optimized values of the mean free paths A,
and the e8'ective inner potentials Vo.

Adsorption site Substitutional Hollow On-top Bridge

face of this sphere. The electron will thus suffer no re-
fraction, the crossing angle being nearly perpendicular to
the potential contours for any emission angle. A corru-
gation of the surface potential, definitely present in the
case of on-surface adsorption, will therefore reduce the
refraction effect. As our model assumes a flat surface this
will be reflected in an apparently smaller "efFective" value
for the inner potential. The short electron inelastic mean
free paths of 2.3 and 1.6 A determined for the substitu-
tional and the hollow sites may reflect the fact that we
have neglected multiple scattering in our calculation
scheme. It has been found empirically that SSC theory
fits experimental data best if values of A, of half those
found in the literature are used. Furthermore,
enhanced vibrational amplitudes for the adsorbate and
the first layer of Al atoms as observed for Rb/Al(111)
(Ref. 20) would reduce the degree of coherence in the
scattering process. This could also be reflected in an ap-
parently smaller inelastic mean free path in our R-factor
analysis.

The best fit to the XPD data of Fig. 2(a) is found for
the substitutional site at zN, =1.2 A (RM& =0.2805), giv-

0

ing a Na-Al nearest-neighbor distance of 3.11 A. In
agreement with this result, the occupation of the substitu-
tional site has been predicted by Stampfl, Neugebauer,
and ScheNer. From density-functional theory calcula-
tions, they find that the substitutional site has clearly the
most favorable adsorption energy of 1.70 eV, whereas
they find adsorption energies of 1.33, 1.45, and 1.59 eV
for the on-top, bridge, and hollow sites, respectively. For
adsorption at low temperatures, where the energy barrier
to create a surface vacancy cannot be overcome, they pre-
dict that the Na atoms occupy hollow sites, in full agree-
ment with recent experimental results. ' For adsorp-
tion at room temperature where activated processes are
possible, their calculations indicate that at a coverage of
about 0.15 ML the adatoms switch from hollow sites to
substitutional sites, forming c (2 X 2) islands which in-
crease in size with increasing coverage. The transition
from hollow to substitutional site occupation is accom-
panied by a change of the adsorbate-adsorbate interaction
from repulsive to attractive, giving rise to island forma-
tion. The calculations furthermore show that, unlike the
case of Na and K on Al(111), where the low vacancy for-
mation energy was shown to be responsible for the substi-
tutional adsorption, it is the favorable binding energy of
the Na atoms in the substitutional c (2X2) geometry that
drives the formation of the substitutional Na structure on
Al(001).

Stimulated by these highly interesting theoretical re-
sults we have extended our analysis to include a possible
coexistence of domains of Na atoms adsorbed in hollow
and in substitutional sites on the Al(001) surface. In our
photoelectron diffraction measurements such a coex-
istence would be reflected by an incoherent superposition
of the diffraction patterns corresponding to the two
different domains. We find that the agreement with ex-
periment is considerably enhanced when a superposition
of the best-fit SSC calculations for the substitutional and
for the hollow site (Na-Al bond length 3.11 and 2.93 A,
respectively) is considered.
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The R factor as a function of the weight of the two
domains is given in Fig. 5. As the weight of the hollow
site domain is increased from zero, the R factor decreases
below the value for pure substitutional site adsorption,
passes through a minimum for a domain mixing of about
55% hollow site and 45% substitutional site, and finally
increases to the value for pure hollow site adsorption.
The experimental Na 1s di8'raction pattern used for the
R-factor analysis and the SSC calculation yielding the
lowest R factor, i.e., the calculation for the coexisting
domains oI ho/loto site adsorption and substitutional site
adsorption with weights of 55% and 45%, respectively,
are shown in Fig. 6. Most of the Sne structure visible in
the experimental pattern is remarkably weH reproduced
by the calculation. As a result of the negligence of multi-
ple scattering in our calculation scheme the diffraction
features are somewhat broader in the calculated pattern.
This is particularly evident for the (100)-like forward
scattering maxima, where multiple scattering along these
close-packed directions is expected to be important.

The results shown in Fig. 5 indicate that the RT

c (2 X 2)-Na/Al(001) structure consists of coexisting
domains of Na atoms adsorbed in the substitutional and
in the hollow sites. %e determine the Na-Al bond length
to be 3.11 A in the substitutional site and 2.93 A in the
hollow site. It is interesting to compare these results to
those of other studies of the c (2X2)-Na/Al(001) system.
The two early LEED analyses ' concluded that the Na
atoms occupy the on-surface hollow sites at RT, with a
Na-Al bond length of 2.86+0.07 A and 2.90+0.09 A, re-
spectively. These values are in very good agreement with
our result of 2.93 A for the domain of hollow site occupa-
tion. The LEED results are understandable in that if two
domains are present one being of hollow site occupation,
the LEED intensity versus energy curves will obviously
show features due to hollow site occupation. The substi-
tutional site was not considered in these two LEED anal-
yses, as the idea that Na could create a surface vacancy
was regarded as highly unlikely at the time these studies
were performed.

A more recent SEXAFS study concluding that the
Na atoms occupy subsurface sites yields Na-Al distances

su &stitutiona. .

site
1.0UIfo. .c. 10... ow

site

@P
q

0.290-

FIG. 5. R factor as a function
of the weights of the two
domains of substitutional and
hollow site adsorption: an in-

coherent superposition of the
best patterns for the substitu-
tional and the hollow sites; with

weights of 45% and 55%, re-

spectively, yields the best agree-
ment with experiment,

0.285

0.280 -'"

0.275-

0.270-

0 8020 60 I40
~&ercent zo. .. .ow site
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@dan

ex &erirrient
Na 1s XPD pattern at
182 eV kinetic energy

(Mg Ku)

SSC ca. cu. .ation
two domains of
substitutional and
hollow site adsorption

FIG. 6. (a) Experimental Na
1s photoelectron diffraction pat-
tern used for the R-factor
analysis (8=89 —50 ); (b) SSC
calculation for the proposed
structure consisting of two
different domains of hollow and
substitutional site adsorption.

of 2.94 and 3.19 A. Again, these values are very close to
our results. However, they were interpreted as represent-
ing nearest- and next-nearest-neighbor distances. From
the polarization dependence of the SEXAFS amplitude it
was argued that the bond direction corresponding to the
bond length of 2.94 A makes a small angle to the surface
normal, and the other corresponding to the bond length
of 3.19 A makes a large angle to the surface normal. The
nearest-neighbor directions for the substitutional and the
hollow site determined in the present work correspond to
polar angles of 67' and 44', respectively, which seems in-
tuitively to be in accordance with the polarization depen-
dence of Ref. 22. However, a simulation of the
SEXAFS spectra for our adsorption geometries would
help to clarify this point.

We believe that our conclusions are consistent with the
core-level spectroscopy measurements of Andersen
et al. ' cited previously. A reinterpretation of their RT
spectra in the view of our results is as follows: The larger
width of the Na 2p peak from the RT structure compared
to the 100-K spectrum is not only due to decreased life-
time and/or vibrational effects, but it represents the fact
that the RT c(2X2) structure contains two different
kinds of Na atoms, namely, Na atoms adsorbed in the
hollow and in the substitutional site. The Al 2p spectrum
of the RT structure contains two components. As dis-
cussed in Ref. 21, one component, shifted by about —500
meV, originates from Al atoms highly coordinated to Na,
whereas the other component, shifted by about —115
meV, is due to less Na-coordinated Al atoms. The shift
of this latter component is close to the —150-meV shift
of the Al 2p peak due to hollow site adsorption of Na at
100 K, and we assign it therefore to the Al atoms in con-
tact with the Na atoms adsorbed in the hollow site. The
topmost Al atoms in the domains of substitutional site
adsorption are fourfold coordinated to Na, and they give
rise to the component shifted by about —500 rneV. The
two components are of about equal intensity, consistent
with about equal weight of the domains of hollow site
and substitutional site occupation.

Finally, we note that the structural parameters deter-
mined by Stampfl, Neugebauer, and ScheNer by
density-functional theory calculations agree reasonably

well with the values determined in the present work.
They determined the nearest-neighbor Na-Al intraatomic
distances to be 3.08 A in the hollow site and 3.02 A in the
substitutional site. These values agree within 0.15 A with

0 0
our values of 2.93 A and 3.11 A, but an inverse trend in
the change of bond length with coordination is seen. For
ionic and covalent bonding, it is a general rule that with
increasing coordination number the bond length in-
creases and the bond strength per bond decreases. Ex-
ceptions from this rule may occur, for example, for closed
shell atoms, but such exceptions do not apply here. The
change in bond length of hd„„=0.18 A between the four-
fold coordinated hollow site and the quasi-eightfold coor-
dinated substitutional site determined in our work agrees
very well with the empirical result given by Kittel. Ac-
cording to the empirical rule of Kittel, assuming that the
nature of the adsorbate-substrate bond is the same ir-
respective of the coordination, a value of LM„„=0.19 A
would be expected. If there are no other mutually cancel-
ing effects in6uencing the Na-Al bond length, this means
that the ionic degree of the Na atoms is the same in the
substitutional and in the hollow site.

The coexistence of two domains in the RT c(2X2)-
Na/Al(001) structure poses the question how and why
this unusual and unexpected structure is formed. One
hint is given by the observation of Andersen et al. , ' that
the structures prepared by either deposition at RT or
heating 100-K depositions to RT gave identical core-level
spectra. The structure formed by annealing the 100-K
system containing Na atoms adsorbed in the hollow sites
to RT is therefore identical to the structure deposited at
RT. This indicates that there must be a kinetic barrier
for the atoms initially adsorbed in the hollow site to
switch to the substitutional site. The same argument ap-
plies for the structure prepared at RT: According to Ref.
24 the adsorption energy of the hollow site is the largest
up to a coverage of about 0.25 ML, and only for higher
coverages the substitutional site gets energetically favor-
able. Again, some kinetic barrier seems to be responsible
for the incomplete transition to the energetically favored
substitutional site. As for every Na atom switching from
the hollow site to the substitutional site an Al atom has
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to be kicked out of the surface, we speculate that a block-
ing of the diffusion paths for these Al atoms is responsible
for the incomplete transition to substitutional site adsorp-
tion. The diffusion paths of the Al atoms to a step could
be blocked by defects, contaminations or Na atoms ad-
sorbed at defects or steps, or by antiphase domain boun-
daries of the c (2 X 2) structure. Annealing the surface to
higher temperatures might therefore enhance the weight
of the substitutional site occupation. We think that a
study of the temperature dependence of the c(2X2)
Na/Al(001) adsorption geometry would be most impor-
tant to get some better understanding of the mechanisms
underlying alkali metal on metal adsorption.

CONCLUSION

In conclusion, we have performed an extensive x-ray
photoelectron diffraction study of the room temperature

c (2 X 2)-Na/Al(001) structure. A detailed R-factor
analysis comparing the experimental Na Is diffraction
pattern to SSC calculations has been undertaken. The R
factor for a mixed configuration being signi5cantly lower
than for hollow or substitutional site adsorption only, we
conclude that in the room temperature c(2X2)-
Na/Al(001) structure two domains of Na atoms adsorbed
in the hollow site and in the substitutional site coexist.
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