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Reconstructive adsorption of Na on Al(111) studied by scanning tunneling microscopy

H. Brune, * J. Wintterlin, R. J. Behm, and G. Ertl
Fritz Ha-ber In-stitut der Max Pla-nck Ge-sellschaft, Faradayweg 4-6, D 141-95 Berlin, Germany

(Received 28 July 1994)

We present a scanning-tunneling-microscopy (STM) study of the adsorption behavior of Na on Al(111)
at room temperature. For this system, a reconstruction of the close-packed metal surface is realized for
both ordered structures, the (&3X &3)R30' structure with 8=0.33 and the (2 X2) phase with e=0.50.
For the first one, this leads to properties that are quite uncommon for alkali metals on close-packed met-
al surfaces and that are detectable by STM: island formation already for low coverages, structure-
selective nucleation at Al step edges, and a low adsorbate mobility corresponding to a diffusion

coefficient of D=10 ' cm s ' at T=300 K. The mobile species is identified as a Na atom residing in a
substrate vacancy (substitutional Na). For the diffusion mechanism, a concerted motion of Na and the
underlying vacancy is proposed. The adsorption site of Na was found to be in registry with the Al lat-
tice. These findings confirm the reconstruction model recently proposed for Na in the (&3X&3)R30'
structure, in which Na atoms are adsorbed above vacancies in the Al(111) surface, i.e., on substitutional
sites. Upon further uptake of Na, the domain walls of the (&3X &3)R30 structure change from light to
heavy walls. The latter are the nuclei for the {2X2)phase. This phase has two Na atoms per unit cell.
Nevertheless, it is characterized by a single protrusion per unit cell in the STM images, and a sixfold ro-
tational symmetry. Qn large terraces the mass transport involved in the phase transition
{+3X &3)R30'—+(2 X 2) is analyzed, from which a number of three Al surface atoms per unit cell of the
{2X2)phase was derived. This leads to a structure model for the (2X2) phase where one Na atom is ad-
sorbed on a substitutional site as in the lower coverage (&3X&3)R30 structure and the second Na
atom resides on the hollow sites of the mixed Na-Al layer. This bilayer model explains the thermal-

0

desorption characteristics and exhibits only a single Na-Al bond length of 3.3 A, in agreement with re-
cent surface-extended x-ray-absorption fine-structure results. A similar model with one additional Al
atom recently proposed is discussed in context with the present STM data.

I. INTRODUCTION

The physical and chem. ical properties of metal surfaces
are significantly changed by the adsorption of alkali met-
als. It has been observed already in the last century that
adsorbed alkali metals enhance the catalytic activity of
platinum surfaces. ' For tungsten electrodes alkali-meta1
adsorption has been found to drastically enhance the
electron emission. Since these early observations,
alkali-metal adsorption has been a topic of current in-
terest, which is partly due to the technological impor-
tance of alkali-metal adsorbates, for instance, in hetero-
geneous catalysis and for the production of eKcient em-
itters. From a scientific point of view, alkali-Inetal atoms
are, due to their simple electronic structure, ideal candi-
dates for model chemisorption studies. The standard
description of alkali-metal adsorption goes back to Tay-
lor, Langmuir, and Gurney. ' In the Langmuir-Gurney
model, the alkali-metal atom transfers —at low
coverages —most of its valence-electron density to the
metal substrate. As a consequence, a dipole is formed by
the alkali ion and its image charge in the surface. It
points from the bulk to the vacuum, which explains the
work function decrease and hence the increase in electron
emission. This classical picture of alkali-metal adsorp-
tion has been questioned in the recent past. Theoretical
studies concluded that the alkali-metal atom is, in fact,
cova1ently bound and that the dipole moment is rather

due to an internal polarization than to an ionic bond. '

These findings were supported by x-ray photoelectron
spectroscopy (XPS) experiments. ' Although the ap-
propriate description of the alkali-metal chemisorption
bond is a matter of an ongoing debate, a recent investiga-
tion came to the conclusion that the apparent discrepan-
cy is more semantic in nature and that the original con-
cept still has its validity. '

Apart from the character of the bond to the substrate,
the adsorption geometry of the alkali-metal atoms turned
out to be a more complex issue than originally believed.
So far it has been tacitly assumed that alkali-metal atoms
on close-packed metal surfaces would always occupy the
threefold coordinated hollows. Whereas this is actually
the case for many systems, a number of cases were re-
ported recently where the alkali-metal atoms occupy on-
top sites. " ' Another case where experimental results
strongly contrast the expectation is represented by the
adsorption of sodium on Al(l 1 1), in particular, in view of
the jellium character of this surface. The sequence of or-
dered structures typical for other close-packed surfaces, a
(2X2) followed by a (+3Xv'3)830' structure, is re-
versed here, and the characteristic "ring phase" at low
coverages is absent. Most surprisingly, recent SEXAFS
(surface extended x-ray-absorption fine-structure) experi-
ments showed that a reconstruction is involved in the
(+3X&3)R30 phase. Every third Al atom is removed
from the surface layer and replaced by Na. ' Although
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reconstructions are well known for alkali-metal adsorp-
tion on the more open (110) surfaces of fcc metals as Cu,
Ni, Ag, and Pd, ' they have not been expected for close-
packed surfaces. This was even more surprising for the
case of aluminum, which is completely immiscible with
sodium in the bulk. ' The reconstruction can, therefore,
not be considered as a first step towards an aHoy, as it has
been done, e.g. , for Na/Au(111). ' However, ab initio
density-functional calculations showed that such a type
of reconstruction is indeed energeticaHy favorable for
that system. ' ' This peculiar adsorption geometry in
the (&3X&3)R 30' room-temperature structure of Na on
Al(111) has been confirmed by a recent LEED-IV
analysis' as well as by a standing x-ray wave-field ab-
sorption study' ' and is in agreement with conclusions
from x-ray experiments. '

In this paper, we present scanning-tunneling-
microscopy (STM) results which give direct evidence for
substitutional adsorption for Na in the (+3XV'3)R30'
structure formed on Al(111) at T =300 K. We find that
this unique adsorption geometry has a number of impli-
cations which have been postulated from theory, ' but for
which only little or no experimental evidence existed.
They are quite uncommon for alkali-metal adsorption:
First, island formation already at very low coverages is
clear evidence of an attractive interaction between the
alkali-metal atoms (on their reconstructed adsorption
sites). Second, steps play an important role in the nu-
cleation of this phase. Furthermore, the STM images
give evidence for a unique diffusion mechanism consisting
of the combined migration of a substrate vacancy and the
adsorbed Na atom.

The structure of the (2X2) phase, which is formed
upon increasing the Na coverage beyond that of the
(&3X&3)R30' structure, has been a matter of debate in
recent literature. From its coverage of 0.5 [coverages are
given as a ratio of the density of adatoms over that of the
Al(111) plane] it must be difFerent from the simple (2 X 2)
phases known from other close-packed surfaces with
0=0.25 and the alkali-metal atoms sitting in hollow
sites. Originally, a structure consisting of three domains
of a (2X1) phase was proposed. From the STM obser-
vations for the (2 X2) phase this model can be ruled out.
The first (2X2) double-layer model was introduced by
Hohlfeld and Horn, which consists of a distorted double
layer of bcc Na(111) lattice planes. However, from the
STM data presented below, we can directly conclude that
a reconstruction is involved in the (2X2) structure,
which is likely because it develops from the V'3 phase,
which itself involves reconstruction. This is in accor-
dance with XPS data, which show that intermixing takes
place. ' A standing x-ray-absorption study came to a
reconstruction model of a bilayer of A12Na consistent
with the core-level spectra. ' ' Here we derive a
different model from the mass balance of the Al atoms,
which are displaced during the (+3X+3)R30 ~(2X2)
transition. Very recently, however, a combined total-
energy calculation, LEED-IV, and SEXAFS study came
to a slightly different model, ' which will be discussed
in light of the STM data below.

The outline of the paper is as follows. In Sec. II, we

give a brief description of the experiment and of the cov-
erage calibration by low-energy electron diffraction
(LEED) and Auger-electron spectroscopy (AES). Section
III describes the results obtained by STM together with
LEED and AES observations. In IIIA the thermal sta-
bilities of the (+3X+3)R30' and (2X2) phases are
characterized. It is found that these ordered phases
represent the thermodynamically stable structures for
0=0.33 and 0.5, respectively. In III 8, we present STM
results that characterize the nucleation and growth
behavior of the lower coverage phase, and the substrate
mass transport connected with its formation. The ad-
sorption site of Na in this structure is deduced from STM
data shown in III C. In this context, also, the closely re-
lated question of how Na atoms are imaged by the STM
is addressed. The mobility found for Na atoms on substi-
tutional sites, which differs substantially from that of or-
dinary adatoms is the topic of III D. The domain walls of
the (+3X+3)R30 structure, one of which may
represent the nucleus for the (2 X2) phase, and the transi-
tion to this higher coverage structure are characterized in
III E. The last part of the results, III F, is devoted to the
structure of the (2X2) phase. In Sec. IV, the results are
discussed in comparison with the literature.

II. EXPERIMENT

The experiments were performed in a UHV chamber
equipped with facilities for LEED and AES, an ion-gun
and a home-built "pocked-size" STM. Preparation of
the Al(111) single-crystal sample consisted of repeated cy-
cles of Ar+ sputtering (500 eV, 3 pA/cm, 30 min,
T =300 K) followed by brief annealing to 800 K.
This treatment was continued until the surface concen-
tration of the main contaminants, oxygen and carbon,
had fallen below the AES detection limit (0.2% and 0.4%
of a monolayer, respectively) and a sharp (1 X 1) LEED
pattern was achieved. Sodium was evaporated from
SAKS getter sources (SAES getters SpA, Milano, Italy) at
a rate of 1 ML in 100—200 s, with the Al(111) substrate
held at 300 K. Prior to transferring the sample into the
STM, its integral structure and coverage were character-
ized by LEED and AES. Auger-electron spectra record-
ed after the STM experiments revealed that the contam-
ination level was still below 1% of a monolayer.

In situ preparation of the tungsten tip consisted of a
high-field treatment (typically 300 V—tip positive —at a
distance smaller 0.1 pm) in the STM in front of a clean
Au foil which was used as a "dummy" sample. Subse-
quent voltage pulses of typically —5 to —7 V, applied to
the sample during tunneling on Al(111), reproducibly
lead to atomic resolution. This procedure and the result-
ing enhancement of lateral resolution were described in
more detail in an earlier publication. The fact that the
tip becomes longer by 20—30 A by this treatment has
been interpreted either as material transfer from the sam-
ple to the tip or as a field-induced restructuring of the tip
apex. Since for a realistic theoretical treatment of the
tip the chemical identity of the microtip is important, we
mention the following observation: Voltage pulses ap-
plied while tunneling on a gold (111) surface resulted in
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an identical tip change, i.e., a similar elongation correlat-
ed with an improvement of lateral resolution. The hlgh-
resolution state could be preserved when, after such a
treatment, the Au(111) sample was replaced by the
Al(111) crystal. However, the tips prepared in front of a
Au(111) crystal turned out to be chemically much more
inert than those prepared while tunneling on Al(111).
They could be used over days without repeating the
preparation procedure and turned out to be particularly
well suited for experiments involving oxygen exposure.
It is, therefore, very plausible to assume that the actual
tunneling microtip in the experiments shown here con-
sists of a small cluster of sample material (either Al or
Au) adsorbed at the tip apex.

The Na coverage was determined by AES (F = 3 kV,
I=3 pA), where the peak-to-peak ratio of the Naxll
(990 eV) and the Alibi, v (1396 eV) Auger transitions were
used. Calibration was achieved by comparison of LEED
images and the corresponding AES signal. For AES in-
tensity ratios of 0.16 and 0.25, respectively, the
( v'3 X i/3 )R 30' and the (2 X 2) related LEED spots were
most intense. For calibration it was assumed that these
numbers correspond to the nominal coverages of the two
structures of 0.33 and 0.50 ML, respectively.

Scanning-tunneling-microscopy images shown here
were recorded in the constant current mode. The sample
bias voltage, the tunneling current, and the integral cov-
erage as measured by AES are indicated in the figure cap-
tions. Images are unfiltered data to which a planar back-
ground subtraction has been applied. Scanning-
tunneling-microscopy data are represented as top views
with brighter gray levels corresponding to more elevated
surface areas. In order to increase the contrast on indivi-
dual terraces, we sometimes applied the full gray scale for
each terrace separately. In these images atomic steps ap-
pear as black-white transitions.

III. RESULTS

A. Coverage regimes and thermal stability
of the two ordered adsorption phases

In order to be able to relate the observations by STM
of the atomic scale structures with the macroscopic Na
coverages and with the structures averaged over larger
areas, we performed experiments by LEEl3 and AES.
This is also the basis for the discussion of former results
which were obtained by integral techniques.

For a sodium coverage of 0.14 ML the LEED pattern
shows weak difFraction spots from the (&3X&3)R30'
phase which, henceforth, will be denoted as the v'3
phase. At O=0. 32, these spots have their maximum
sharpness and are more intense than those of the Al(111)
substrate. Increasing the Na coverage reduces the inten-
sity of the i 3 difFraction spots until they disappear com-
pletely at 0.5 ML. In the coverage range of
0.36&0&0.50 the v'3 structure coexists with the higher
coverage (2X2) phase. The (2X2) LEED pattern is (by
definition) most perfectly developed at a coverage of half
a monolayer. It becomes weaker with increasing Na cov-
erage until it vanishes completely at 0.72 ML. At this
coverage, also, the substrate lattice spots have almost

disappeared. The coverage ranges for which the v'3
structure (0. 14 & 0 & 0.50) and the (2 X 2) phase
(0.36&0&0.72) are observed by LEED and the ex-
istence of a coexistence regime are in agreement with ear-
lier experiments. We, therefore, reproduce the remark-
able finding that the sequence of ordered structures, i 3
and (2X2) is reversed as compared to alkali adsorption
on other hexagonally close-packed surfaces. ' Also, we
find no "ring structures" in the low coverage regime,
which normally precede the lowest coverage ordered
structures in other systems, ' again in agreement with
earlier findings. These observations demonstrate the
peculiarity of the Na/Al(ill) system. From the STM
data presented below, we will deduce a detailed micro-
scopic scenario that can account for these findings.

Annealing experiments gained information on the
thermal stability of the respective phases. Annealing the
sodium-saturated surface (8= 1 ML) at 370 K for 1 min
leads to the appearance of sharp (2X2) LEED spots, to-
gether with a coverage decrease to 0=0.5, as detected by
AES. When the sample is kept at this temperature for a
longer time, the (2X2) phase transforms into the i/3
structure. This structure is found to be more stable, i.e.,
both the coverage of 0.33 ML as well as the sharp &3
LEED pattern do not change upon further annealing at
370 K. Only at higher temperatures, between 450 and
500 K, the i 3 structure is converted into the clean (1 X 1)
surface. The removal of adsorbed sodium from the sur-
face most likely proceeds via desorption rather than via
di6'usion into the bulk under these conditions. The latter
process is unfavorable because of the extremely low solu-
bility of Na in Al. The observation that desorption of
sodium adsorbed in the (2X2) structure sets in at lower
temperatures compared to that from the v'3 structure
agrees perfectly with results of recent TDS experiments
where two peaks corresponding to desorption from these
phases were found at 433 and 505 K, respectively.

B. Nucleation and growth of the (&3X &3)R 30 structure

In this section, we present STM observations on sur-
faces in the low coverage regime with Na coverages
below that of a fully developed &3 layer (ON, =0.33).
These data, in particular those on the distribution of
smaII amounts of Na on the surface, yield the important
information about the formation mechanism of the v'3
phase and thereby also about the interactions between the
adsorbed Na atoms.

Figures 1(a) and 1(b) show STM images of the Al(111)
surface covered with 0.12 and 0.20 ML of sodium, re-
spectively. These images show a sequence of Oat terraces,
separated by monolayer steps of 2.33-A height. For rep-
resentation the images have been tilted in such a way that
the terraces appear brighter close to the descending steps
and darker in the vicinity of the ascending ones. On the
terraces we find bright patches, indicating that areas with
a geometric or electronic structure diFerent from that of
the surrounding substrate, have formed. Scanning-
tunneling-microscopy images recorded with lower tunnel
resistance resolve a &3 structure in the islands (see the
next chapter). Hence, these features are identified as is-
lands of the &3 Na phase. This is corroborated by the
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LEED pattern of this surface which exhibits clear &3
spots. The local Na coverage in these islands was derived
from the ratio of the integral coverage of the surface
shown in Fig. 1(b), 0.20 ML as measured by AES, and the
fraction of 0.60 of the surface that is covered by these is-
lands (the latter value is obtained from the height distri-
bution in that image). On this basis, we find a local Na
coverage of 0.33 ML, i.e., exactly the nominal value ex-
pected for the &3 phase. We, therefore, conclude that
sodium forms islands of the &3 phase for total (i.e., in-
tegral) coverages below 0.33 ML. In fact, island forma-
tion is already found in STM images for rather low cover-
ages, e.g. , at 0.06 ML of Na.

The tendency towards island formation points to at-
tractive interactions between the Na adsorption com-
plexes which must overcompensate the dipole-dipole
repulsion between these entities that usually dominates in
alkali adsorption systems. This attraction favors island
formation instead of the two-dimensional (2D) gas of al-
kali adatoms expected on close-packed metal surfaces in
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the low coverage regime. More detailed inspection re-
veals that nucleation occurs preferentially at the upper
terrace side of steps. In Fig. 1(a) the larger terrace on the
right bottom is almost free of the v'3 phase, only the re-
gion near the step is covered by it. In contrast, the nar-
row terraces in the upper part of the image exhibit a rela-
tively high &3 coverage. In Fig. 1(b) the majority of the
&3 patches is connected to the steps, from the upper ter-
race side, whereas none of them is attached to them from
the lower terrace side. In addition, those patches, which
are found on central regions of terraces, are smaller than
those connected to steps. These results point to a mecha-
nism involving a heterogeneous nucleation process with
preferential nucleation at steps, more precisely on the
upper terrace side of steps, and a higher growth rate of
the nuclei created at the steps as compared to those origi-
nating from homogeneous nucleation on the terraces.
Both, island formation and the structure selective nu-
cleation and growth behavior of the &3 phase point to a
geometry of the &3 structure distinctively different from
that of an adsorbed alkali layer on an unreconstructed
hexagonally close-packed substrate.

The STM image in Fig. 2 shows an area of the surface
with an integral Na coverage of 0.29 ML. One of the ter-
races extends over almost 2000 A. On this terrace, there
are still extended regions of the clean substrate (dark) be-
tween the V'3 islands (bright), whereas the smaller ter-
races are almost completely covered by the alkali-metal
layer. This again is due to a faster 20 growth of islands
at upper terrace edges. Figure 2, however, shows addi-
tional features which were not seen on the two preceding
images. Some terraces carry small, brighter islands with
a height difFerence of a substrate step. Also, one (sub-
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FICx. 1. Scanning-tunneling-microscopy images of a low cov-
erage Na covered Al(111) surface. The bright patches represent
Na islands with a (&3X &3)R30' structure. (a) shows preferred
nucleation at steps, (b) the increased growth of islands connect-
ed to steps [(a) 0=0.12, 800X400 A; (b) 0=0.20, 1000X 1000
A, (a) and (b) I, =0.1 nA, V, = —2.0 V].

FICx. 2. Scanning-tunneling-microscopy image of a higher
coverage Na coverage Al(111) surface, illustrating that Na ad-
sorption leads to mass transport of substrate material, indicated
by islands and holes on terraces. One of each is marked by an
arrow [0=0.29, sharp (&3X&3)R30' LEED pattern, I, =0. 1

nA, V, = —2.0 V, 2000 X 2000 A ].
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strate) layer-deep holes are found in Fig. 2 (see arrows in
the upper part of the image). Both, the protrusions and
the holes are partly Na covered as is the rest of the sur-
face. Since these features are usually not found on the
clean surface, they must originate from a restructuring of
the substrate induced by Na adsorption at T=300 K.
%'e will discuss below why these features are less abun-
dant than expected and even completely absent on some
areas. Summarizing this part, we find that the v'3 phase
grows via island formation, that steps represent areas of
preferred nucleation or growth, and that there are indica-
tions of a larger scale rearrangement of the aluminum
substrate induced by the alkali-metal adsorbate.

C. STM imaging and adsorption site of Na in the +3
structure

In the STM images presented above, the V3 islands ap-
pear Aat and between 1 and 3 A higher than the un-
covered substrate areas. The exact height difference

0
varies strongly with the tip condition, it is 3.2 A for Fig.
1(b) and 1.2 A for Fig. 2 (both recorded at R,„=2X 10'
0). For similar tip conditions, however, the apparent
height of the +3 islands varied reproducible with tunnel
current. It becomes smaller when the tip approaches the
surface. This can be rationalized in terms of a locally re-
duced barrier height above the Na-covered areas, as will
be discussed in more detail in IV B. A further effect of
the decreasing distance between tip and sample is that the
atomic structure of the Na islands can be resolved (see
Fig. 3). The islands reveal a hexagonal pattern of pro-
trusions with a periodicity of 5.0 A, which is exactly V3
times the crystallographic spacing between the Al sub-
strate atoms. The close-packed directions of this struc-
ture are rotated by 30' with respect to those of the
Al(111) surface, as can be seen from the two black lines at
the top of Fig. 3 where both lattices, that of the adsorbate
and that of the substrate, are resolved. Hence the period-
ic corrugation in the islands is identified as the atomic
structure of the &3 phase formed by Na on Al(111).

Next, we try to get more information on the lateral po-
sition of the sodium atoms in the &3 phase with respect
to the substrate. This is a very direct test of the validity
of the structure model proposed in the SEXAFS study. '

If that model were correct, the sodium atoms should be
located at the same positions as the aluminum atoms of
the surrounding terrace. First, however, we have to
make sure that the protrusions seen in the STM topo-
graphs for sufFiciently large Rg p

can in fact be identified
with the adsorbed Na atoms. Based on former STM stud-
ies' ' and, also, from the contrast inversion for low
Rs, in the present system (see below), this cannot be as-
sumed a priori. This assignment is possible on the basis
of symmetry arguments. In the &3 structure, the adsor-
bate atoms form a hexagonal lattice with a lattice con-
stant d„„,which is &3 times larger than that of the sub-
strate. In contrast, the hollows in that structure form a
honeycomb lattice with the next-nearest-neighbor dis-
tance d„„ofthe substrate. Based on this argument the
hexagonally arranged protrusions in Fig. 3 are identified
as the Na atoms. The finding that the Na atoms in the

&3 phase can be resolved in STM measurements is re-
markable by itself. In STM studies of Na adsorption on
Au(111) (Ref. 30) no localized atomic features were seen
as long as the substrate did not reconstruct. This was at-
tributed to the high mobility of overlayer alkali-metal
atoms which, in turn, means that the situation has to be
considerably dift'erent for Na on Al(111).

Imaging of the V'3 structure is found to be inverted if
the STM tip is approached closer to the surface. This
eff'ect is demonstrated in Fig. 4 which shows a +3 island
and a part of the clean substrate. In the center of the im-
age, the Na atoms are imaged as protrusions similar to
Fig. 3. In the upper and the lower part, the Na atoms are
imaged as hexagonally arranged depressions. This was
achieved by reducing the tunneling resistance and, there-
fore, the distance between tip and sample for the upper
and the lower part of the image. That these changes
indeed result from a controlled change in tunnel gap and
not from an uncontrolled change in the tip is supported
by both, the reversible nature of the change in imaging
behavior, and by the fact that minima and maxima in the
two difFerently imaged areas are exactly lined up (see
black line in Fig. 4).

FIG. 3. Scanning-tunneling-microscopy image showing the
atomic structure of the (&3X &3)R 30 phase formed by Na on
Al(111) at T =300 K. Hexagonal arranged protrusions are
identified as Na atoms. Dark areas represent clean substrate
0=0.24, It = 10 nA, Vt = —1.0 V, 123 X 177 A ).
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The lateral adsorption site of Na in the &3 islands can
be determined from the registry of atoms in Fig. 5, show-
ing a v'3 structure on an Al(ill) terrace. Note that in
this case the &3 is imaged in the inverted mode, with the
Na atoms appearing as hexagonally arranged depletions,
embedded in a protruding area formed by the hollows of
the &3 structure. In addition to the &3 structure, also,
the close-packed rows of the Al substrate atoms as well as
contaminations such as adsorbed carbon atoms are
resolved. ' The sodium atoms lie exactly on lines
drawn through the bright lines of the substrate marking
the close-packed rows of substrate. Hence, the depres-
sions in the STM contour representing the Na atoms are
exactly in phase with the close-packed rows of Al atoms.
On the other hand, the carbon defect atom (at the coordi-
nates x =20 A, y =60 A in the topograph) is clearly out
of phase with these rows as expected for its hcp-
adsorption site. This means that the lateral position of

FIG. 5. Scanning-tunneling-microscopy topograph illustrat-
ing that Na atoms in the &3 islands, imaged as depletions, are
located in phase with the Au(111) surface atoms (0=0.15„
I, =32 nA, V, = —0.5 V, 103X113A ).

" t'ai'eWNFaliW'

Na in the &3 structure coincides with the positions of
first layer Al atoms, pointing to an on-top or substitution-
al adsorption site.

The adsorption characteristics derived from STM ob-
servations, namely, the preferred nucleation and growth
at descending steps, the substrate mass transport, the net
attractive interaction leading to island formation, are
highly untypical for alkali-metal adsorption on a close-
packed metal surface. In combination, they can only be
described by a model including a reconstruction of the
surface. Together with the lateral position of Na,
identified as in phase with the Al surface lattice, these
STM observations point to a replacement of Al atoms by
the adsorbed sodium and„ thus, to a substitutional ad-
sorption geometry. The present STM data, therefore,
confirm the substitutional adsorption site, first proposed
on the basis of SEXAFS data and total-energy calcula-
tions. '4 "

D. Mobility

FICx. 4. Scanning-tunneling-microscopy image of a medium
coverage Na covered surface, where a &3 island is imaged un-
der different tunneling conditions. The upper and lower part
shows the inverted imaging of the &3 structure, induced by ap-
proaching the tip further to the surface. Na atoms appear as
depletions in these STM images (0=0. 14, I, =32 nA,
V, = —0.4 V in the upper and lower part, V, = —0.6 V in the
middle, 62X 100 A ).

In cases where adsorbates travel across a surface at a
speed comparable to that for image acquisition, STM
measurements can provide quantitative information
about surface diffusion constants. This is usually not pos-
sible for alkali-metal atoms adsorbed on Oat metal sur-
faces, since hopping rates are by orders of magnitudes too
high at room temperature. On the other hand, we have
shown above that the Na atoms inside the &3 islands are
immobile which renders it impossible to study adsorbate
motion there. However, there is some motion of Na
atoms at the perimeter of the islands and between the is-
lands. For instance, the dark area representing the clean
substrate between the two Na islands in Fig. 3 is dis-
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turbed by frequent vertical jumps of the tip by 0.5 A,
which is exactly the level of the &3 islands. These jumps
appear as white stripes. At the same time, the borders of
the islands are not smooth but appear frizzy. Further-
more, some of the sodium atoms located at the island per-
imeter are imaged only partly which indicates that they
have moved during the time it took to image one Na
atom. %'e interpret these observations as the result of a
motion of Na on the time scale of the STM experiment.
Similar behavior is rejected by the fringes in the step
edge on the left-hand side of Fig. 5, which represents a
step between the +3 covered upper terrace and a clean
substrate lower terrace.

A quantitative analysis of the surface mobility was per-
formed by following the evolution of island sizes with
time. This is shown by Figs. 6(b)—6(d), where topographs
of a partly Na-covered surface area have been recorded in
time intervals of 12S s. Figure 6(a) shows an overview
over a larger area; Figs. 6(b)—6(d) a detail which was tak-
en on the left-hand terrace in Fig. 6(a). First, it is obvious
that the shapes of the three islands changed with time.
(The dark round features indicating immobile contam-
inants may serve as fix points. ) Second, a fourth small is-
land consisting of four Na atoms developed in Fig. 6(c)
[compare the image centers of Figs. 6(b) and 6(c)]. Fur-
thermore, the size of the three larger islands changes with
time. The upper island, e.g. , consists of 60-Na atoms in
Fig. 6(b), while 125 s later it has only 38 atoms [Fig. 6(c)]
and 42 atoms in Fig. 6(d). At the same time, the island at
the lower part of Figs. 6(b)—6(d) has increased in size.
Hence there is a continuous redistribution of Na atoms
on the surface, either by exchange between existing is-
lands, or by creation of islands of the &3 phase. The in-
tegral Na coverage, however, is constant in course of
these local fluctuations (see the above LEED results
about the thermal stability of the &3 phase).

In order to evaluate the effective diffusion constant
from these observations, we assume that the 22 atoms
which are removed from the upper island in Figs. 6(b)
must at least have traveled an area of half of the image,
i.e., 140X140 A during the time interval of 125 s be-
tween recording Figs. 6(b) and 6(c). The island initially
consisted of 60 atoms, 22 of which 22 have migrated
away. From this we obtain a lower limit for their
diffusion constant of D ~ (140 A) /125 s X 22/60
=6X10 ' cm /s at the sample temperature of 300 K.
This value is a lower limit for the diffusion constant also
for a second reason. It includes the release of atoms from
the edges of the islands which because of the attractive
interactions within the islands presumably is the rate lim-
iting step. Hence, the actual diffusion constant for the
adsorbates already detached from the islands must be
higher than the number estimated.

Actually, the diffusion constant for this latter process,
i.e., for independent-particle motion, can be derived from
our data as well. The white stripes on the substrate be-
tween the sodium islands in Figs. 3 and 6 can be associat-
ed with Na atoms migrating between neighboring islands.
These stripes are not observed on the clean surface and
their height of 0.5 A in Fig. 6 corresponds exactly to the
apparent height of sodium in the &3 islands with respect

to the substrate. The fact that all of the stripes in Fig. 6
are only one scan line wide means that the sodium atoms
have moved in the time interval between two successive
scan lines of 0.25 s. As a result, there is no correlation
between the location of the stripes from 1ine to line.
From the observation that the stripes all have approxi-
mately the same length [see Fig. 6(a)], it can be concluded
that the migration speed must be smaller than the scan-
ning speed in the fast scan direction. Otherwise, one
would have observed longer and shorter stripes caused by
atoms moving along and against the scan direction and
the diffusion speed can be extracted from the width of the
distribution function for the stripe length. In our case,
this distribution function is rather narrow [see Fig. 6(a)],
which means that normally the atoms do not jurnp away
while the tip moves across them. For the scanning speed
of 3 A/ms used here, this gives an upper limit for the
hopping frequency of 1X10 s ' and of 2X IO ' cm /s
for the diffusion rate. As a result, we have calculated D
by two independent Inethods. The actual value for the
diffusion constant D for the diffusion of (substitutional)
Na on Al(111) at room temperature must lie in a relative-
ly narrow range between 6X10 ' cm /s and 2X10
cm /s.

The similar apparent height of these mobile Na species
and the Na adsorbed in the v'3 islands points to similar
adsorption sites in both cases (Na adsorbed in an over-
layer fcc (on-top) position, with the bond length deter-
mined by SEXAFS (Ref. 14) is located 1.2 A (1.6 A)
higher than the substitutional Na atoms and would be ex-
pected to show up difFerently in STM images). Hence
diffusion proceeds by migration of a substitutional Na
atom within the topmost Al layer. Further details of the
migration process, in particular the nature of the transi-
tion state, are discussed in Sec. IV. Independent of this,
it is clear that its activation energy must be significantly
higher than that for the migration of Na adatoms on the
fiat (1 X 1) Al(111) surface. For the latter process the ac-
tivation barrier has been calculated to E (30 meV.
Similarly, high mobilities are usually observed when
alkali-metal atoms are adsorbed on a close-packed metal
surface. In STM images this highly mobile 2D gas ap-
pears transparent, as, e.g., observed for Na adsorbed on
Au(ill) for coverages up to 0.2 ML. Due to the fact
that even single Na atoms on Al(111) create and maintain
a local reconstruction at 300 K, they have a much lower
mobility on this surface compared to an overlayer alkali
atom. It can, of course, not be excluded that at the same
time further Na atoms are adsorbed on ordinary surface
sites which then would be highly mobile and transparent
to the STM. However, from comparison of AES data
and STM coverages this latter species can only account
for a very small fraction of the adsorbed Na, whereas the
majority resides on substitutional positions and, there-
fore, reveals a relatively low mobility. A highly mobile
alkali-metal adlayer is expected for Na/Al(111) only for
low temperatures where the activation barrier for recon-
struction cannot be overcome [see, e.g., K/Al(111) (Ref.
36)]. In summary, an estimate for the surface diffusion
constant of substitutional Na atoms on Al(111) at 300 K
can be given, and it is found that this traveling species is
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similar to that localized in the &3 islands, i.e., a substitu-
tional Na atom in a substrate vacancy.

K. Domain walls and coexistence
of (V 3 X v'3)R 30 and (2 X2) structure

F,

In this paragraph, we present data about the defect
structure that is formed upon completion of the &3 layer
and about the nucleation of the (2X2) phase. The V3
structure can exist in three transitional domains, dis-
placed from each other by one substrate unit vector. For
Na coverages below completion of the &3 structure,
domain boundaries appear dark in STM images. This
points to a reduced local coverage ("light walls" ). As
demonstrated in Fig. 7, which shows two islands of
di8'erent domain types, these "light walls" are areas of
high mobility, with a continuous exchange of Na atoms
between adjacent domains. In spite of this high degree of
mobility it was never observed that a domain wall is re-
moved, which would require the transformation of a
complete domain. The density of domain walls is ob-
served to remain constant over hours even if their posi-
tion is Auctuating. Therefore, the ordered alkali-metal
structure at 300 K, at coverages slightly below 0.33 ML,
is always characterized by a certain density of domain
boundaries.

When the Al(111) surface is covered by a complete &3
layer, also, the step structure is a6'ected. This is demon-
strated in Fig. 8(a), which shows that on this surface the
steps are straight over distances of the order of IOO A.
The step directions are rotated by 60 against each other.
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FICx. 7. Scanning-tunneling-microscopy topograph of two
&3 islands which are separated by a "light wall. " The streaks
are due to fast exchange of atoms between the two islands
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FIG. 8. Scanning-tunneling-microscopy images of the surface
covered with a complete (&3X&3)830 Na monolayer, (a)
overview, (b) and (c) details recorded at the rectangles marked
in (a) which resolve the atomic structure of the terraces. The
surface shows step alignment; furthermore, domain boundaries
change into "heavy" walls, imaged as bright stripes in (a)
[0=0.33, sharp (v'3 X &3)830' LEED pattern, (a) I, =3.0 nA,
V, = —1.2 V, 870X 870 A; (b) I, =3.0 nA, V, = —0.5 V,
260X240 A; (c) detail from (b} 90X 55 A ].
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FIG. 9. Structural model (top view) of the two &3 domains
imaged in Fig. 8(c). Na atoms are sketched as filled circles, Al
atoms with their smaller radius as smaller open circles, Na
atoms introduced between the domains are represented as
hatched circles, they presumably Auctuate between sites located
on nearest-neighbor positions to the left and right domain.

The close-up [Fig. 8(b)] taken on the marked area reveals
that these preferred step orientations are the close-packed
[112] directions of the V'3 structure. This step realign-
ment must include a considerable rearrangement of the
reconstructed Na-A1 terraces, since on the clean surface
steps are mostly randomly oriented, with only short sec-
tions oriented along [110], but never along the [112]
direction. This random step orientation is maintained up
to a sodium coverage of 0.29 (Fig. 2), the steps become
aligned only at coverages where the &3 layer is complet-
ed. This indicates that the driving force for the observed
step alignment is connected with the filling up of the
remaining substrate areas along the ascending steps. On
the other hand, the step alignment is evidence for a more
rigid surface layer compared to the submonolayer region,
i.e., the v'3 layer tends to adopt shapes with better
defined borders.

In the same images, in Figs. 8(a), 8(b), we find a
structural element not observed so far, namely, bright
stripes running over the terraces. These stripes also
represent domain walls. This becomes more obvious
from inspection of the enlarged image in Fig. 8(c),
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FIG. 10. Series of STM images illustrating the mobility of those "heavy" walls, which are not oriented along the &3 symmetry
direction; (a)-(h) successive images taken every 8 s [0=0 35, LEED (V3 X V'3)R 30', I, =3 0 nA, V, = —0 7 V, 118X 116A j.
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representing the area of the smaller rectangle marked in
Fig. 8(a). The Na rows on the left-hand side are shifted
by —,

' of their distance with respect to those from the right
domain. Contrary to the situation at 0(0.33, the
domain walls are now imaged as protruding stripes
[b,z =0.5 A in Fig. 8(a)]. It is plausible to associate them
with areas with a locally higher sodium coverage. The
domain boundary itself is again frizzy, indicating a con-
siderable mobility of the Na atoms in this area. At those
positions where Na atoms at the domain boundary
remain at their sites sufficiently long, it is seen that they
are at positions in phase with the right domain and on Al
nearest-neighbor distance to Na atoms of the left domain
[one of them is marked with an arrow in Fig. 8(c)]. This
is illustrated in the sketch in Fig. 9. The atomic structure
of the domain boundaries at 8=0.33 can be described by
an extra row of atoms (marked dashed in Fig. 9) intro-
duced between adjacent domains. Because of the locally
increased coverage, this type of domain boundaries is
denoted as "heavy walls. "

The position of the [112]-oriented domain wall in Fig.
8(c) does not change with time. This type of domain
boundary, therefore, appears as a straight bright line in
the overview image in Fig. 8(a). In addition to these
straight lines, Fig. 8(a) also reveals domain boundaries
appearing in a zigzag manner. One of them is included in
the detail in Fig. 8(b) (see arrow). The sequence of STM
images reproduced in Figs. 10 illustrates the evolution of
this second type of domain boundary with time. Succes-
sive images were recorded in intervals of 8 s, they demon-
strate that the domain wall changes its position by up to
20 A in subsequent images which leads to the observed
zigzag shape. The zigzag-type domain walls must be in-
trinsically difFerent from the oriented ones, because even
though there is a high mobility they do not orient along
the [112]direction. With further increase of the Na cov-
erage this type of domain boundaries becomes more fre-
quent as compared to the [112]-oriented ones, suggesting
that the local Na coverage in these zigzag domain walls is
even higher than that in the [112]-oriented type.

Increasing the Na coverage above 0.33 ML leads to the
formation of small islands of the (2X2) phase. The STM
image reproduced in Fig. 11(a) shows such a small island
on the upper part of the image, coexisting with the com-
pleted &3 phase which covers most of the terraces. The
island is characterized by a difFerent internal structure
and a slightly protruding borderline, separating it from
the lower-lying &3 phase. The line scan in Fig. 11(b),
taken at the upper part of Fig. 11(a), shows that the
(2X2) island is imaged 1.2 A higher than the adjacent
+3 layer; the distance between subsequent +3 layers is
equivalent to the Al(111) layer distance of 2.3 A. The
formation of the (2 X 2) phase starts always at the ascend-
ing step edges of the V 3-structured Na-Al terraces.

Upon further increasing the Na coverage, an increas-
ing part of the surface converts from the &3 into the
(2X2) phase. An example with 0.40-ML Na is shown in
Figs. 12(a) and 12(b). In the close-up, Fig. 12(b) the
atomic structure is resolved for both phases simultane-
ously. As expected„ the close-packed directions of the
two structures diff'er by 30' (see the two lines marking the
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FIG. 11. Scanning-tunneling-microscopy image of an island
of the (2X2) phase with a local coverage of 0.5, formed by Na
when increasing the coverage above 0.33. The island is charac-
terized by a pronounced vertical corrugation resolved here, a

O

protruding borderline and an apparent height of 1.2 A [line scan
(b)] above the adjacent &3 structured terrace [8=0.35, LEED
(&3X+3)830, I, =10 nA, V, = —0.6 V, 370X330 A, repre-
sentation by illumination from the left].

close-packed directions of each structure). From their
hexagonal structure with a lattice constant of 4.9 A the
areas on the left-hand side and lower right-hand side of
the image are identified as v 3 phase. On the remaining
areas which equally exhibit a hexagonal corrugation, the
lattice constant is larger (5.7 A) and the lattice is rotated
by 30 with respect to that of the &3 areas. This struc-
ture, which also appears higher by 1.2 A than the &3
phase in the STM images, is, therefore, identified as the
(2 X 2) phase. Its atomic structure is resolved with a
higher corrugation amplitude than that of the &3 phase.

The bottom of Fig. 12(b) overlaps with the upper
marked part of the overview reproduced in Fig. 12(a).
This allows us to unambiguously identify the "brighter"
areas in Figs. 12(a) as the (2X2) phase and the darker
areas adjacent to the left and right, which are lower by
1.2 A, as &3 structure. In Fig. 12(a) (2X2) areas are la-
beled, the areas with diIIFering height —respectively, gray
levels in between —correspond to &3-structured areas.
Of further help in this assignment is the characteristic
protruding line bordering (2X2) structured areas at their
descending steps, which is not found for &3 areas. As
the lower coverage structure does, also the (2X2) phase
exhibits domain boundaries, they are imaged as bright
stripes in Fig. 12(a). Figure 12(b) shows a (2X2) domain



RECONSTRUCTIVE ADSORPTION OF Na ON Al(111). . .

=-2

=0

(2x2)
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boundary at the upper left corner where close-packed
rows are shifted by one-half of their distance.

It is interesting to note that all of the boundaries be-
tween &3 domains in Fig. 12(a) are of the zigzag type.
Their increasing abundance as well as their increased im-
aging height with respect to the "heavy" walls which are
straight [they are imaged with b,z = 1.2 A, similar to the
level of the (2X2) structure in Fig. 12(a)] found for these
"heavy" domain walls with increasing Na coverage sug-
gests that the (2X2) phase evolves from these areas
which exhibit a locally increased Na coverage.

In conclusion, the data show that upon reaching the
ideal coverage of 0.33 for the +3 phase, the Na-Al layer
becomes more stable, i.e., Auctuations with substitutional
Na atoms exchanging between neighboring antiphase
domains become much less pronounced than at lower
coverages. Two types of domain walls are seen, "light"
and "heavy" ones which differ by the concentration of
Na adsorbates located in them. The latter presumably
represent the nucleus for the (2 X 2) phase.
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FIG. 12. Scanning-tunneling-microscopy images recorded on
a surface with (2X2) and &3 phase coexistent. (a) Overview
image, (b) higher resolution image of the area marked by a rec-
tangle in (a), resolving the atomic structure of both phases. The
overlap with the overview in (a) allows us to assign the structure
to the areas imaged as di6'erent height levels, the line scan in (a)
shows the identification of (2 X2) and +3 areas by their imaging
height [0=0.40, LEED (v'3X &3)R30' coexistent with (2X2),
(a) I, =13 nA, V, = —1.0 V, 980X900 A; (b) I, =34 nA,
V, = —0.7 V, 362X422 A ].

F. The (2X2) unit cell

The STM data allow us, also, to draw conclusions on
the structure of the (2 X 2) phase, which has so far been
much more uncertain than that of the &3 phase. The
STM images presented in Figs. 13 show that the (2 X 2)
structured areas are imaged as a simple hexagonal pat-
tern with one protrusion per unit cell and a nearest-

0
neighbor distance between the protrusions of 5.7 A,
which is two times that of the underlying substrate. The
bright stripes running in vertical direction are domain
boundaries of the (2 X 2) structure. Figure 13(a) shows
two of the four possible domains, in Fig. 13(b) there are
three.

It is evident from the coverage of 0.5 ML that the
(2X2) unit cell must contain two Na atoms. From the
observation of one protrusion per unit cell a simple first
guess for a (2 X 2) structure model with two Na atoms on
substitutional sites, in analogy to the v'3 phase, can al-
ready be ruled out. (In such a structure the distance be-
tween the substitutional Na atoms would be unreasonably
small compared with the sodium bulk value of 3.66 A.
Also equal imaging of these two electronically and
geometrically equal Na atoms would have to be expected,
which is clearly not observed. ) A more sophisticated
model involves a structure where only one of the two Na
atoms substitutes an Al atom, in the same way as in the
&3 structure, whereas the second one in the unit cell is
adsorbed on hollow sites of the underlying Na-Al layer.
Such a model can in fact explain the STM topographs.
In addition, it leaves enough freedom to adjust the Na-
Na distance by varying the adsorption height of the
second Na atom. This model is shown in Fig. 14 on the
right-hand side, while on the left-hand side the &3 struc-
ture is shown for comparison. Na atoms are sketched as
gray or black filled circles for substitutional or adsorbed
Na atoms, respectively, first-layer substrate atoms as
smaller open circles.

This structure has direct implications for the mecha-
nism of the v'3~(2X2) structural transformation. Since
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FIG. 13. Scanning-tunneling-
microscopy images resolving the
atomic structure of the (2X2)
phase show one protrusion per
unit cell, bright lines (marked by
arrows) represent domain boun-
daries [(a) and (b) I, =0.3 nA,
VJ= —1.S V, 116X2SA].

, aRRPR

' %C4kxk

..E.('3 Jl iS IS 1 III6

'3

888 '8
I I PI I

:~ 'a

I
IR: .

88 IJS888RRRS fp

aa

88' "
S II I

I 1

QI a

~ 8SR818'it.

'="''ll Ia
I 8 IS

"'=—=:—— 'I. lf.

~ 8 S'PR

: JPE

»88 ~-

i If 1'86"
I ~ 8 Ra' la 8

'& 'i'R'S'+. '

8 Saa SR ~ R

as I IPP'a

"aISLSSR88"
DER R I%I aRS

aaa as

'ig'~%PEP;3,"3yx; '@F:::." j'&, 'ls'j I II:+ aud I) Il I[

-„A~.- ':3 ", '

FIG. 14. Proposed model for the (2X2) structure with two
Na atoms per unit cell: one Na atom is on a substitutional ad-
sorption site (gray), the second one is adsorbed (black}. For
comparison, the (+3X &3)R30' structure is shown on the left-
hand side.

the density of substitutional Na atoms is lower in the
(2 X 2) structure additional aluminum atoms are needed
for the transition from the &3 into the (2X2) phase, i.e.,
part of the Al vacancies have to be 611ed with Al atoms.
From the densities of substrate atoms in the topmost lay-
ers of the two structures, —', ML and —' ML, respectively,
—,', ML Al atoms have to be filled in into the &3-covered
surface in order to fully transform it into the (2 X 2)
structure. These atoms can either originate from steps or
be removed from the terraces, which would lead to holes
on those terraces. Figure 15 shows that there are indeed
holes created on a large terrace when the sodium cover-
age of the surface reaches 0.5 ML. These holes appear
black in Fig. 15 and are imaged exactly one-monolayer
deep, hence they are equally covered by the (2 X 2) struc-
ture, as is the terrace. Such holes are extremely rare on
clean surfaces, and their high concentration is also
different from that with the &3-covered surface. We,
therefore, interpret them as the consequence of the need
of substrate material in the transformation from the v'3
into the (2X2) structure. The less darker areas (1.1 A
lower than the terrace level), which appear around some
of the holes, are V3 patches which have not yet
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FICi. 15. Scanning-tunneling-microscopy image of the almost
completely (2X2) Na-covered Al(111) surface, demonstrating
the Al mass transport involved in the transformation from &3
structured into (2X2) structured. This leads to the creation of
holes in the central areas of terraces [0=0.5, LEED sharp
(2 X 2 ) spots, I, =0.3 nA, VJ = —1.5 V, 980 X 1090 A].

transformed into the (2 X 2) phase. The bright areas, on
the other hand, are &3 islands which are one atomic lay-
er higher than the (2X2) terrace. The fractional cover-
ages of the difFerent phases in Fig. 15 are 73%%uo for the
(2X2) area of the large terrace, 7% for the +3 area on
the terrace level, and 6% for the (2X2)-covered holes.
This value for the area covered by holes agrees quantita-
tively with expectations for A1 coverages of —', and —,

' ML
in the topmost layer of the two phases, if we assume mass
transport to be local, i.e., to be restricted to the (1000 A)
terrace. The &3 islands, which most probably are relicts
of the formation of the &3 phase from the clean surface,
were assumed to be unchanged in size. The most impor-
tant observations for deriving a model for the (2 X 2)
structure are, therefore, a hexagonal rotational symmetry
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of the topmost layer and the number of three Al atoms
per unit cell contained in the adsorbate layer as deduced
from the observed mass transport.

IV. DISCUSSION

A. The structure of the ( +3X +3 )R 30 phase

The peculiarities of the &3 phase formed by Na on
Al(ill) at T =300 K have only recently been explained
by introducing a reconstructed structure model where
one Al atom per surface unit cell is replaced by a Na
atom. ' ' ' Reconstruction came as a surprise for
alkali-metal adsorption on hexagonally close-packed sur-
faces, and it is even more surprising for the case of alumi-
num with its near-free-electron character, and also from
the fact that bulk alloys between aluminum and sodium
do not exist. The STM data presented here do, however,
clearly support this model.

The most obvious evidence from the STM data for a
substitutional adsorption site is the fact that the Na
atoms are found to be in phase with the Al atoms of the
topmost substrate layer. In principle, this lateral position
would also be compatible with an on-top adsorption site.
Such a position has actually been observed to be occupied
by larger alkali atoms on hexagonally close-packed sur-
faces, e.g. , for Cs on Cu(111)," and on Ru(0001). ' For
the system Cs/Ru(0001), it has been argued that the on-
top site maximizes the screening of the dipole-dipole
repulsion, due to a Ru atom situated between adjacent Cs
atoms in the (2X2) structure, whereas for the geometri-
cally favorable hollow position there are only hollow sites
between two adsorbed alkali-metal atoms which cannot
screen the dipoles as efficiently. On the other hand, for
the &3 structure of Cs there is no difference in screening
for the two sites and, consequently, the one with the
higher coordination, i.e., the hollow site, is populated by
the Cs atoms. ' Similarly, screening is not improved by
on-top adsorption in the Na/Al(111)-&3 structure, so
that from screening arguments the on-top site is not plau-
sible in this case. In accordance with these qualitative ar-
guments, this site has been calculated to be the energeti-
cally most unfavorable one. ' ' Experimentally, the on-
top site has been excluded by the angular dependence of
the SEXAFS signal. ' In combination with these argu-
ments, the lateral position identified by STM provides
clear evidence for a substitutional adsorption site.

The assignment of a substitutional site is supported by
the following experimental observations: (i) the presence
of net attractive interactions between the Na atoms, as
indicated by the formation of &3 islands from very low
coverages on, (ii) the relatively low mobility of the Na
atoms, and (iii) the mass transport of the Al atoms during
formation of the &3 and (2 X 2) phases. This shall be dis-
cussed below. Furthermore, a significant activation bar-
rier is expected for the Na atoms to substitute an Al sur-
face atom, which had been predicted also from theory. '

This could not be observed directly in our room-
temperature experiments, but the preferential formation
of the &3 islands at descending steps is strong indirect
evidence for an activation barrier for the v'3 formation.

The interactions between alkali-metal atoms adsorbed
on (close-packed) metal surfaces are usually dominated
by dipole-dipole repulsion. These repulsive interactions
lead to 2D gas phases at low coverages and only with in-
creasing coverage liquidlike structures with quasihexago-
nal geometry with ring-shaped LEED patterns are
formed, in which the alkali-alkali distances for given cov-
erages are maximized. ' For Na on Al(111), however,
there must be a net attractive interaction in order to ra-
tionalize the island formation seen in STM. It is clear, in
a zero-order approximation, that in this case the dipole-
dipole repulsion between the partly ionic Na adatoms,
which, of course, is still present, is screened by embed-
ding the adatoms into the surrounding Al atoms. But
this does not explain the net attractive interaction for Na
in the substitutional &3 geometry. A more detailed un-

derstanding comes from ab initio calculations by Neu-
gebauer and ScheNer, ' ' which showed that Al vacan-
cies arranged in a &3 geometry are by 0.25 eV per vacan-
cy site more favorable than in a (2 X 2) arrangement,
hence there are net attractive interactions between vacan-
cies in a &3 arrangement. From this energy balance,
Neugebauer and Schemer postulated that islands should
be formed from the lowest coverages on. The STM re-
sults confirm this prediction. For sodium adsorbed at
on-top or on hollow positions, on the other hand, a net
repulsion has been found in the calculations' in agree-
ment with experimental findings in most alkali-metal ad-
sorbate systems.

Two other consequences of the substitutional recon-
struction model that were mentioned above, a significant
activation energy connected with its formation and a re-
duced mobility of the adsorbed Na atoms, shaH be dis-
cussed later (in Secs. IV C and IV D). Both are confirmed
by the STM data. Here, we will just mention that we
hold the activation energy for the Na atoms to replace
the Al surface atoms to be responsible for the preferential
formation of the &3 structure at steps, and that the sur-
face motion of Na follows a mechanism completely
different from ordinary adsorbate diffusion.

Finally, the substitutional structure requires substan-
tial mass transport of Al atoms: For a complete V 3 layer
one-third of the Al surface atoms have to be removed.
However, because of their high mobility —a barrier for
diffusion of Al atoms on Al(111) of only 0.04 eV has been
calculated by Stumpf —the Al atoms released during
the reaction with Na can move to adjacent steps or will
condense with other Al atoms and form Al adatom is-
lands. These structural changes should be detectable by
STM. We found, in fact, small Al plateaus on the &3
surface (see, e.g., Fig. 2), which are usually not found on
the clean surface and are, therefore, correlated with the
formation of the &3 phase. However, the area covered
by these Al plateaus is considerably smaller than expect-
ed from the change in Al surface density of —,

' ML.
Hence, because of their very high mobility, most of the
expelled Al atoms reach step sites where they are
efficiently trapped. Since the deposition of the sodium
could not be performed in situ in the STM, the resulting
step motion could not be detected directly. This very
much resembles the situation for the alkali induced
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reconstruction of Cu(110), where mass transport could
equally not be detected directly by the STM. ' In the
present case trapping at steps could even be more e%cient
due to preferential &3 nucleation at steps, so that most of
the released Al atoms remain in the vicinity of steps (see
Sec. IV 0). Because of these efFects the observation and
quantitative evaluation of mass transport is not possible
in the low coverage regime. However, both explanations
for the reduced detectable mass transport are only valid
as long as a sufIiciently large part of the surface is still
bare Al. When most of the surface becomes covered by
the v'3 phase the mobilities of the Al adatoms as well as
of the substitutional Na atoms are drastically reduced as
was demonstrated by the data in Sec. III E. This allows
us to detect the mass transport connected with the
V3~(2X2) transformation on larger terraces.

The adsorption geometry for Na on the Al(111) surface
is shown in Fig. 16 in a side and top view. The vertical
distance to the first layer Al atoms of 1.7 A is taken from
the bond length derived from SEXAFS results. ' (A re-
cent LEEP-IV study came to a lower value of
1.47+0.02 A. '

) The Na atom is by 1.2 A closer to the
surface in the substitutional site as for the hollow site
with the same bond length which enables effective dipole
screening by the surrounding Al atoms. It should be not-
ed that the substitutional site is not only more stable in a
&3 geometry, but that, also, a single Na atom is assumed
to be stabilized on this position with respect to adsorp-
tion on threefold and onefold hollow and on-top positions
due to its much higher coordination.

In general, one could expect that for an increasing
atomic radius the alkali-metal atom is more and more re-
stricted to dive into the substrate vacancy, so that the en-
ergy gain by the efFects described above no longer
counterbalances the costs for vacancy creation and,
hence, substitutional adsorption becomes less favorable.
In contrast to this view, however, it turns out that also
bigger alkali-metal atoms induce a reconstruction of the
Al(111) surface at room temperature. Potassium atoms,
e.g. , reside at on-top positions only at low T (90 K); this
metastable site converts into the substitutional one upon
annealing to, or adsorption at, 300 K. This change is
seen also in high-resolution core-level spectra by going
from 100 to 300 K. From core-level spectra for Rb and
Cs it has been concluded that these also induce a recon-

FIG. 16. Structural model showing the adsorption geometry
for Na atoms substituting Al atoms on the Al(111) surface, see
Ref. 14. Open and light gray circles represent Al atoms in the
first and subsequent layers, respectively; larger gray circles cor-
respond to Na atoms.

struction of the Al(111) substrate at 300 K. For Rb this
has been confirmed in a recent LEEjD-IV analysis, which
showed that Rb atoms occupy quasisubstitutional sites in
the +3 structure on Al(111) at 300 K. ' A recent.
NISXW study also finds substitution for Rb/Al(111) at
300 K. (This study corrects the former interpretation
of on-top adsorption being stable up to 300 K. '

) Thus
from an experimental point of view, Na, K, and Rb popu-
late the on-top position at low T, which is metastable and
converts to a site above a vacancy in the Al(111) sub-
strate for room temperature. The existence of metastable
sites rejects the activation energy required for the recon-
struction.

Density-functional theory calculations show, in agree-
ment with experiment, that the substitutional site has
lowest energy for Na. ' For potassium, on the other
hand, the hollow, on-top and substitutional site were
found to be practically degenerate by Neugebauer and
Schemer. Thus the phase transition of a K adlayer to
reconstruction has been considered to be a collective
effect of the periodic layer. For Na, the STM results
demonstrate that even an isolated Na atom rests on its
substitutional site when traveling together with the un-
derlying vacancy between adjacent islands (see also Sec.
IV C).

In conclusion, the substitutional model for the +3
phase, which was first derived from SEXAFS, ' is
confirmed by the STM measurements.

B. Imaging of Na in the (+3X+3)R30
structure by STM

The imaging of adsorbed alkali metals by STM is a
complex problem. From their electronic structure —in
theoretical studies they are generally characterized by
strong s resonances directly above the Fermi level —it
was predicted that distinct protrusions at the location of
the alkali atom should be seen in the STM contours.
Similar electronic properties were also found for Na on
Al(111): it was found by IPS (inverse photon electron
spectroscopy) that Na adsorption on Al(111) leads to a
significant increase of state density at 1 eV above EF, in
accordance with the calculations by Lang and Ishida.
If this increase in the LPOS contributes to the tunnel
current, it could cause the observed imaging of sodium as
protruding areas. On the other hand, in the systems that
have been studied experimentally [Cu(110) (Ref. 31) and
the three low-index surfaces of Au (Ref. 32)j the alkali-
metal atoms mostly did not contribute to the contours of
constant tunnel current. Though in part of the cases,
e.g., for Au(ill) with 0,&k,&;(0.2 or for Au(110) with

Oz &0.2S this apparent "transparency" is more a non-
resolution of the alkali-metal atoms due to their high mo-
bility which prevents their detection on these surfaces.
There are other experimental cases where the alkali-metal
atoms appear transparent in spite of the fact that they are
highly localized due to their embedding into the troughs
of the (alkali-induced) reconstructions. In these missing-
row reconstructions the position of the alkali atom is rel-
atively deep inside the surface as compared to the posi-
tion on a jellium surface. In addition, it has recently been
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suggested that adsorption in this position (namely, that
of a K atom inside the missing-row troughs of the recon-
structed Cu(110) and Au(110) surfaces) significantly
affects the electronic structure of the alkali-metal atom:
Because of the higher coordination of the alkali-metal
atom and, hence, of a stronger chemical bond to the sub-
strate, the s resonance is shifted away from EF. It con-
tributes, therefore, much less to the tunnel current as
compared to an alkali-metal atom on a nonreconstructed
surface, with the result of the alkali-metal atom becoming
"transparent" to the STM.

Interestingly, the imaging of the Na atoms on the sub-
stitutional sites on Al(111) follows at least qualitatively
the prediction by Lang. We find that for gap resis-
tances of 1X10 Q to 1X10' 0 the Na atoms are
represented by protrusions in the STM contours. Al-
though the absolute height for large tip-to-sample dis-
tances was found to depend on the tip conditions, the fact
of a positive variation in the STM contours was reprodu-
cible. We, therefore, rule out effects of contaminations of
the apex of the tip which would have led to qualitative
changes in the imaging conditions when the state of the
tip changed. Quantitative comparison with Lang s calcu-
lation is problematic since they did not include recon-
struction, i.e., the Na atoms were adsorbed on a jellium
surface and not embedded into it. Nevertheless, the qual-
itative agreement is remarkable since, in the present case,
the alkali-metal atom sits on a site deep in the substrate,
similar to the missing-row reconstructed Cu and Au sur-
faces, and it might be expected that similar efFects are
present in these two cases. At present, we can only
speculate about reasons for the differences in the imaging
conditions between Na on Al(111) on the one hand and
various alkali metals on Cu(110) and Au(110) on the oth-
er. The bond strength of the Na atom. s to the Al atoms
surrounding the vacancies is probably comparable to that
of the alkali metals in the missing-row troughs of Cu and
Au. One difference is, however, that despite the substitu-
tional site the Na atom is located much further above the
surface (1.7 A) as compared to the K atoms on Cu(110)
(1.1 A)." A further difference is of course the absence of
d electrons in the case of Al. If d states contribute
significantly to the bonding of the adsorbed alkali metal
to the surface, this would also contribute to the
differences observed experimentaHy.

The imaging of the Na atoms in the experiments be-
comes more complex by the observation that the ap-
parent height of the Na atoms varies with the tunneling
conditions. With decreasing gap resistance (from
2 X 10' II to 2 X 10 0) the apparent height difference be-
tween Na and the substrate continuously decreases from
more than 3 A to less than the geometric height, e.g. , to
0.5 A in Figs. 3 and 6 and even to —0. 1 A in Fig. 5.
Most simply one would attribute these efFects to a locally
reduced barrier height above the sodium-covered areas
rejecting the work function decrease by Na adsorption.
However, the relation of the local barrier height mea-
sured in the STM experiment to the (macroscopic) work
function is not trivial. [See, e.g. , the measured local bar-
rier height of 1 —3 eV for the clean Al(111) surface
versus its work function of &P&&=(4.23+0.03) eV. ] Ab-

solute values for the work function can, therefore, not be
derived from measurements of the local tunneling barrier.
Nevertheless, the observed variation of imaging height
with distance leads to a ratio of local barrier heights for
adsorbate covered to clean substrate areas of 0.6+0. 1 (as-
suming local barrier heights of 1 —4 eV for the substrate).
This agrees well with the ratio of the macroscopic quanti-
ties of @N,/@~i=0. 63 [Na adsorption reduces the work
function by 1.6 eV (Ref. 24)]. Bearing in mind that the
picture of local barrier heights contains the simplification
of neglecting tip-sample interactions, which become im-
portant for close tip-sample distances, it explains the ob-
served imaging quite well for the wide range of gap
widths investigated. It is interesting to note that the in-
verted imaging corresponds precisely to the distribution
of the charge density calculated by Neugebauer and
Schemer for the present system, ' but again care has to be
taken since due to tip-sample interactions at small gap
widths the tip no longer probes the unperturbed local
state density of the sample surface.

In total, imaging of Na in substitutional positions ar-
ranged in the V3 structure on the Al(111) surface by
STM is characterized by a Na induced increase in the
tunnel current leading to protrusions in the STM image,
and by a continuous decrease of the apparent height of
the Na atoms from 1.3 to —1.7 A relative to their actual
position with decreasing gap width. The latter efFect can
partly be understood from the locally reduced barrier
height for the tip above Na-covered surface areas, due to
the work function decrease by alkali-metal adsorption.
The imaging behavior found here is different from that
for alkali metals on the fcc(110) surfaces of Au and Cu,
where the alkali-metal atoms are similarly embedded into
the reconstruction troughs of the substrate.

C. Mobility of the substituting Na atoms

The question of the mobility of the Na atoms at cover-
ages below 0.33 is crucial for the understanding of the &3
formation mechanism and shaH, therefore, be discussed
first. From the observation of bright stripes in the scan
lines and from the exchange of Na atoms between the &3
islands, a difFusion constant (at 300 K) of 6X 10
cm /s~D ~2X10 ' cm /s has been derived above. In
contrast, a diffusion barrier of below 0.03 eV has been
calculated for Na adsorbed on the nonreconstructed
Al(111) surface. With a standard value for the attempt
frequency (vo = 1 X 10' s ') this corresponds to a
diffusion constant of about 5X10 cm /s at 300 K, i.e.,
the diffusion constant of "free" Na atoms is by eight to
ten orders of magnitude larger than the numbers ob-
tained here. This agrees with experimental findings for
other alkali-metal adsorption systems, where similar
values were obtained, for instance, for K on Ru(0001)
with diffusion constants between 10 and 10 cm s
at 300 K. (The actual number was found to depend on
the K coverage. ) Hence the diffusing species for
8N, (0.33 on Al(111) must be distinctively difFerent from
the highly mobile alkali adatoms in other systems. This
suggests that the diffusing species is not the Na atom
alone but that the complete adsorption complex is mov-
ing, i.e., the Na atom together with the underlying Al va-
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cancy in which it is adsorbed. This interpretation is sup-
ported by the observation of comparable imaging heights
for the mobile Na species and for Na in the &3 islands,
indicating that the mobile Na species resides on the same
substitutional sites as the atoms in the &3 islands. This
is a remarkable result, it means that even a single Na
atom is able to locally create or maintain a reconstruction
of the close-packed Al surface, similar to previous obser-
vations for K/Cu(110). '

Of course we cannot exclude that a small amount of
Na present on the surface, which is not detectable, e.g.,
by comparison of AES and STM derived coverages, al-
ways exists in the highly mobile adsorbate state on the
nonreconstructed surface. In fact, directly after deposi-
tion, the Na must actually be in such a state, in which it
very efhciently "searches" energetically favorable sites
where it can be incorporated into the first Al layer.
These processes are, however, terminated at the time
when the STM experiments were started, typically several
minutes after the deposition. In spite of its lower mobili-
ty, motion of the substitutional Na plays an important
role for the growth of the &3 islands (see below). The
mobility of the substitutional Na is further reduced once
they are incorporated into &3 islands. The stability of
the atomic features inside the &3 islands, as seen in the
STM images demonstrates that those Na-vacancy com-
plexes which are completely surrounded by the same
species are immobile. They are only mobile when they
are on free surface areas or at the edges of islands, i.e., to
be mobile they have to be completely or partly surround-
ed by areas of the nonreconstructed Al surface.

Finally, we want to comment on the mechanism of the
diffusion process. In principle, diffusion of a Na-vacancy
complex includes the creation of a new vacancy, jumping
of the Na atom into that vacancy site and filling of the
old vacancy by a neighboring Al atom. Different mecha-
nisms are conceivable for such a process. The first one
follows exactly the above sequence, i.e., a vacancy is
created first, by removing an Al surface atom, the Na
atom moves over into the vacancy and the remaining Al
vacancy is filled up by another Al atom. Energetically
most costly in this sequence is the formation of a vacan-
cy, i.e., the creation of a "surface Frenkel pair. " For
Al(111) this had been calculated to cost about 1.2 eV. '

In a second possible way, which is a two-step process, the
vacancy is first filled by a neighboring Al atom and, at the
same time, the Na atom is lifted from its position inside
the vacancy to a position above the surface. In a second
step, the Na atom jumps into the vacancy at the new po-
sition. The activation energy for such a process can be
estimated from the sum of the diffusion barrier for the va-
cancy and of the difference of the adsorption energies of a
Na atom inside the vacancy and on a surface position.
Also these quantities have been calculated recently: For
a diffusion barrier of a vacancy in the Al(111) surface a
value of O.S6 eV (Ref. 40) was obtained, and for the
difference in adsorption energies of the Na, in the vacan-
cy and on the surface, numbers between 0.57 and 0.71 eV
were calculated. ' (The actual value depends on the posi-
tion to which the Na atom moves on the surface, i.e., to a
hollow or an on-top site. ) As a result, the activation ener-

gy for this process should certainly be larger than 1 eV as
well. These numbers can be compared to the diffusion
barrier for the Na-vacancy complex which is estimated
from the STM data. Assuming an attempt frequency for
single atom jumps of vo= j. X 10' s ', we obtain a value
of E =(0.5S+0.05) eV from the diffusion constant de-
rived from STM observations. Hence the experimentally
determined activation barrier is considerably lower than
that estimated from the theoretical numbers for plausible
multiple-step processes. This suggests that the movement
of the vacancy and the Na occurs by a concerted mecha-
nism through an exchange process (see Fig. 17), which is
expected to be associated with a lower barrier.

A diffusion mechanism consisting of the concerted ex-
change of adsorbate and substrate, as it is proposed here,
has been observed by FIM (field-ion microscopy) for Pt
atoms on a Ni(110) surface. ' This finding has been pro-
posed to account for the surprisingly low migration bar-
rier perpendicular to the close-packed [110] rows of
fcc(110) surfaces comparable to the one along these rows,
as observed, e.g. , for W/Ir(110). In fact, recent theoreti-
cal results suggest that diffusion via an exchange mecha-
nism is quite common for metal on metal diffusion. In
our case, the concerted motion of the adsorbed Na atom
together with the underlying Al vacancy similarly pro-
vides the advantage of an increased coordination in the
transition state which is the reason for the reduced ac-
tivation energy compared to a two-step process. Further-
more, so far, lower preexponentials have been found for
exchange diffusion ' and it is reasonable to assume this
also for the present case. This leads to a reduction of the
value for the migration barrier derived from our value of
the diffusion constant. For instance, using a value of
vo=7X10 s ' (Ref. 54) yields an activation energy of
E =(0.25+0.05) eV for Na/Al(111) at 300 K.

In conclusion, the diffusion of Na on the Al(111) sur-

FICx. 17. Schematic representation of the concerted motion
of Na (dark) and the underlying Al vacancy during diffusion of
substitutional Na atoms, which is expected to be associated with
a lower barrier than a two-step process.



51 RECONSTRUCTIVE ADSORPTION OF Na ON Al(111). . . 13 609

face follows a mechanism which consists of the motion of
Na/Al-vacancy complexes. We find that the rather low
diffusion barrier of this species can only be explained by
assuming a concerted motion of the Na atom and one of
the neighboring Al surface atoms. Stabilization by at-
tractive interactions reduces the mobility in the &3 phase
and at the perimeter of the &3 islands. This mechanism
is effective only as long as the complete surface is not
covered by the &3 phase. At this point, the mobility of
all surfaces species is significantly reduced.

D. Nucleation and growth of the ( &3X &3 )R 30 phase

The basic process for the formation of a unit of the &3
structure is the substitution of an Al atom in the first lay-
er by a Na atom. A rough estimate of the activation en-
ergy for such a process can be made be separating it into
several consecutive steps. A natural guess would be that,
at first, an Al atom is removed from its site in the top-
most layer on a terrace to a position on that layer. In a
second step, a Na atom jumps from a position on the
nonreconstructed terrace into the vacancy, and third, the
Al atom released moves to a step edge to which it be-
comes attached. It is then clear that the largest activa-
tion energy is connected with the first step, i.e., the
creation of a surface Frenkel pair, which requires an ac-
tivation energy of 1.2 eV. ' The energies of the two other
steps are negligible if compared with this value. This bar-
rier is too high to be easily overcome at room tempera-
ture. A lower barrier will result if (i) the exchange pro-
cess occurs in a concerted motion, with the Na atom
directly replacing the Al surface atom, or (ii) if the ex-
change process occurs at defects such as step edges,
which had been suggested before for this process. ' A
third possible way of creating substitutional Na is the at-
tachment of adsorbed Na to the ascending step together
with mobile Na atoms, which either stem from process (i)
or diffuse along the steps, as also occurs on the clean sur-
face.

The first possibility for reducing the barrier height for
an exchange on a flat terrace appears very plausible since
in this case part of the incorporation energy of the Na
surface atom is released already in the transition state,
thus lowering its energy. In fact, a similar mechanism
had been suggested for the K-induced reconstruction of
Cu(110), where at low coverages individual K atoms
create a local reconstruction nucleus by exchanging with
Cu surface atoms. ' A second example for such a mecha-
nism is well known from surface difFusion of metals,
where diffusion by exchange had been found experimen-
tally, e.g., by FIM experiments, ' and in theoretical
studies. Hence a significant reduction of the barrier
height as compared to the barrier for the creation of a
surface Frenkel pair is expected also in the present case.
It will be shown below that this process does indeed con-
tribute to the growth of the v'3 islands. This means that
highly mobile Na adatoms, which diffuse over the ter-
races, have a certain chance to undergo an exchange re-
action. The substitutional Na atoms formed after this re-
action are still sufficiently mobile to continue pirating
over the surface, until they reach the edge of a &3 island

and get incorporated, due to the attractive interactions
responsible for island growth, or until they meet another
Na, „b„andcoalesce into a small nucleus, which can grow
subsequently by incorporation of additional Na,„b„.The
Al atoms released in the exchange processes are also
highly mobile on the surface and can at least, at not to
high V'3 coverages, reach the nearest step where they get
incorporated.

In the second mechanism suggested above exchange
occurs at defects, preferentially at steps, exploiting the
lower coordination of Al atoms there. Again it is plausi-
ble that the barrier for exchange will be significantly
lower compared to the value of 1.2 eV for the creation of
a surface Frenkel pair. From plausibility arguments, but
also from comparison with exchange processes at step
edges in metal diffusion, we expect a slightly different
reaction pathway in this case. Rather than being ex-
pelled onto the upper terrace, the Al step atom presum-
ably is moved outward onto the lower terrace when the
Na sinks into the surface layer. The Na, „b„complexes
then either cluster directly at the step, on the upper ter-
race side, or they move away from the step forming
Na, „b„specieson the terrace.

Despite of the observation that the &3 islands nucleate
preferentially at steps, most of them are attached to steps,
our results do not allow to decide which of the two mech-
anisms for exchange dominantly takes place. Also for
homogeneous exchange reactions on the terraces nu-
cleation of &3 islands may preferentially occur on the
upper terrace side of steps. Further growth of the &3 is-
lands proceeds by incorporation of additional mobile
Na,„b„,which had been created at step edges or homo-
geneously on terraces, or by exchange reactions at the is-
land perimeter. It can occur also in the way that Na,„b„,
which had been formed at steps near the intersection of a
+3 island with the step, do not migrate out into the bare
terrace but along the island edge.

Once the +3 islands are formed they tend to maintain
rather compact shapes. The Na, „b„aresufriciently
mobile also along the island edges for this to occur, as
seen in the STM images as fluctuations of the island
edges. The driving force for this tendency to minimize
the island perimeter for a given area results from the at-
tractive interactions between the Na, „b„speciesin the &3
islands. This favors high coordination numbers and,
therefore, compact islands. Both the mobility of the
Na, „b„andthe tendency of forming compact &3 islands
prevent this phase from growing in narrow stripes along
steps, which would block these steps for further exchange
processes.

The mechanism for the &3 formation resembles the
picture of the standard 20 nucleation and growth
theories, as they are applied, e.g. , for the description of
epitaxial growth, with the difference that the mobile
species in this case are not adatoms but substitutional
atoms and the nucleating species —Na,„b„—may not be
created homogeneously all over the surface, but may
preferentially form at steps. Based on these ideas, we can
also understand the relatively low density of &3 islands
and the experimental observation that Na free areas exist
at the steps up to coverages close to completion of the
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+3 layer, e.g., in Fig. 2. Nucleation is only possible in
the early stages of deposition, when the density of islands
is still too low that the island edges can be reached by the
diffusing Na, „»,species. This can be understood in terms
of a depletion zone surrounding each stable nucleus,
where the density of mobile species is reduced and, there-
fore, nucleation of a new island is very improbable. The
rather large distance between the v'3 islands in our case
is a direct measure for the rather high mobility of the
Na,„b„.

Based on these ideas, we also want to comment on the
experimental observation that the terrace area along the
ascending steps is free of &3 phase up to rather high cov-
erages. Depletion zones along ascending steps are com-
monly found in epitaxial growth where these steps act as
sinks for diffusing adatoms, and one may speculate
whether, also, in this case, ascending steps act as trap for
diffusing Na adatoms, where these are incorporated into
the upper terrace layer, together with mobile Al adatoms.
This way, also, the density of Na, „b„wouldbe reduced in
an area along ascending steps, making nucleation of &3
islands in this area improbable.

In summary, Na exchange can occur either homogene-
ously in the Oat terraces, in a correlated motion of the
atoms involved, or at defects such as steps. The resulting
Na, „~„aremobile and nucleate islands of the &3 phase,
preferentially at descending steps. These islands grow by
incorporation of additional mobile Na, „„„species.The
low density and the compact shapes of the &3 islands can
be explained by the mobility of Na, „b„specieson the Hat
terraces or along island edges, respectively. This mobility
was observed also directly as Iluctuations of the +3 is-
lands sizes and shapes.

K. The (2X2) structure model

The STM images show that the (2X2) phase has a hex-
agonal symmetry and is characterized by one protrusion
per (2X2) unit cell. Islands of the (2X2) phase appear
by about 1.2 A higher in the topographs than the sur-
rounding &3 phase. During its formation from the u'3
structure, it is observed that holes are formed on large
terraces. From the area of these holes, it was concluded
that the &3—+(2X2) phase transition is connected with
an increase of the density of Al atoms in the topmost sub-
strate layer by —,', of a monolayer. This amount corre-
sponds to the transformation of a structure with a cover-
age of vacancies of —,

' into one with Opzpzzzy 4 Based on
these observations, the double-layer model shown on the
right-hand side in Fig. 14 is proposed. In this model, one
Na atom per unit cell is on a substitutional position, simi-
lar to that in the V3 structure, the second one is on a sur-
face site above that layer. The nearest-neighbor distance
between sodium atoms is then determined solely by the
vertical position of the Na atoms. If it is assumed that
the Na atoms are represented equally in the &3 and the
(2 X2) structure by the STM (i.e., equal electronic effects,
etc.) so that the STM contour would in fact rellect the
relative adsorption heights, the apparent height
difference of 1.2 A would correspond to an Na-Na dis-
tance of 3.5 A, which appears reasonable considering the

Na bulk value of 3.66 A.
In former studies, several models have been proposed

for the (2X2) phase. From its coverage of 0.5, Porteus
had suggested that the (2X2) LEED pattern might be a
superposition of the LEED patterns of three domains of a
(2X1) structure, which was later concluded also by a
second group. ' Such an explanation can, however, be
ruled out from the present STM data. The periodicity of
the phase and its symmetry, which does not change with
the tunneling conditions, is clearly that of a (2X2) struc-
ture.

Hohlfeld and Horn were the first to introduce a bilayer
model for the (2X2) phase. " It consists of two layers of
Na on top of each other, with 0=0.25 each, adsorbed on
a nonreconstructed substrate. This could account for our
finding that there is only one protrusion per unit cell in
the STM topographs. However, from the mass transport
seen by STM, which led us to conclude that the (2 X 2)
phase must contain Al vacancies though at a different
density than in the +3 phase, the (2X2) structure must
be reconstructed.

The most recent proposal for a (2X2) structure model
came from an investigation using standing x-ray wave-
field absorption. The model consists of two mixed lay-
ers of Na and Al atoms on top of each other, both with a
stoichiometry of NaIA12. The registry is such that the
Na atoms of each layer sit directly above Al atoms of the
underlying layer, whereas the Al atoms are located on
hollow sites. This model accounts for the intermixing as
deduced by XPS, ' and it is in agreement with the hexag-
onal symmetry of the structure as seen in the STM topo-
graphs. However, there are also some observations
which cannot be reconciled with this model: First, the
model has a density of Al atoms of 1.0 if the two recon-
structed layers are counted together. This is in contra-
diction to the finding by STM that —,

' of the surface Al
atoms are missing in the (2X2) phase. Second, as we
found by LEED (Sec. III A), the (2X2) structure is less
stable against annealing than the &3 structure, and TPD
data show that there are two desorption peaks of Na
from the (2X2) phase. This is compatible with a
(2X2) structure involving two different Na species one of
which is considerably less firmly bound than the other
one, although, in principle, a two peak spectrum can be
explained also on the basis of strongly repulsive interac-
tions, which act only in the higher coverage structure.

By our model we can explain the fact that the Na2p
core-level spectra reported by Andersen et al. ' showed
two distinctly different binding states of Na to the Al sur-
face for adsorption at 300 K. One was characterized by a
peak at 31.1 eV, and was present from low coverages on,
while a second at 30.6 eV appeared in the spectrum for
O&, =0.38. It was found that the higher-energy peak
disappears when the (2X2) structure is covered by Cs.
Therefore this peak was assigned to Na in the surface lay-
er, whereas the peak with lower energy was attributed to
Na in the lower layer of the bilayer structure. In accor-
dance to the two-peak spectra, our structure model con-
tains two Na species with different coordination to Al. In
the model proposed by Kerkar et al. , in principle, also
two Na species exist. Na atoms in the first reconstructed
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layer have eight Al neighbors (completely surrounded by
Al) and those in the topmost layer have seven Al neigh-
bors. This, however, appears to be only a minor
difference, which would not be expected to lead to the ob-
served pronounced difference in the Na 2p energies.

From the A12p core-level spectra reported by Ander-
sen et al. , strong intermixing was inferred for the (2X2)
structure. ' Two A12p peaks had been observed which
had large shifts relative to the value of the clean surface
(b,E, = —0. 17 eV, EE2= —0.43 eV). As a Na layer ad-
sorbed on the unreconstructed Al(111) surface gave shifts
of only 70—80 meV, this suggests that there are two Al
species in the intermixed layer which differ very much in
their coordination to Na. This cannot be reconciled with
our model. The model by Kerkar et al. , on the other
hand, includes two Al species which are very similar in
their coordination with respect to the Na atoms, which
therefore also bears the problem of explaining two dis-
tinctly different Al 2p shifts.

The model proposed here for the (2 X 2) structure con-
sists of a layer of Na atoms (0.25 ML) on substitutional
sites as in the preceding v'3 structure, and a second Na
layer adsorbed on the hollow sites of the first. It is the
most simple model which correctly describes the mass
transport during the transition from the &3 into the
(2X2) structure. It is also quite reasonable that most of
the once substitutional Na atoms remain in this preferred
position. That also the (2X2) structure contains Na
atoms on substitutional sites is strongly supported by the
observation of an unchanged Na-Al bond length and an-
gular dependence of the SEXAFS signal for the (2 X 2)
structure. Note that in our model, also, the second-
layer Na atoms have a bond length of 3.33 A, so that
there exists only one Na-Al bond length for both, Na in
the first and second layer, respectively.

During submission of this paper a combined LEED-IV
analysis, total-energy calculation, and SEXAFS investi-
gation appeared which finds a bilayer model that differs
from the model proposed in Fig. 14 in that the topmost
layer contains, in addition to the Na atom, one Al atom
per (2X2) unit cell. This model has also been found with
x-ray photoelectron diffraction. It is evident that this
model is in better agreement with the A12p core-level
shifts. The larger shift is due to Al atoms embedded in
the surface layer, which are almost completely surround-
ed by Na. The smaller shift of 170 meV is attributed to
Al atoms in the second layer to which the substitutional
Na atoms are bound. This model is in agreement with
the STM imaging of one protrusion per unit cell. Recent
density-functional calculations on the (2 X 2) structure
show that most of the charge density is located at the sur-
face Al atom from which it could be concluded that the
STM sees mostly the Al atoms. However, the mass trans-
port detected from our STM data is considerably lower
than the surplus of Al that is required by this model for
the &3~(2X2) phase transition. Our estimate of the Al
coverage in the (2X2) structure was based on the as-
sumption that the mass transport remains local on a
(1000 A) scale, which appeared plausible from the stabil-
ity of the &3 reconstruction. In order to reconcile our
data with the new (2X2) model, we have to assume

long-range mass transport and the involvement of atomic
steps. One might therefore speculate that the mass trans-
port which fills the vacancies is local, whereas mass trans-
port in the much more dilute surface layer is of long
range.

V. CONCLUSIONS

Na adsorption on Al(111) at 300 K was investigated by
STM, both of the resulting two-ordered phases
(&3X &3R 30' and 2 X 2) were found to involve a recon-
struction of the substrate. Chemisorption proceeds via
initial Na adsorption on top of the surface and subse-
quent rapid incorporation into that layer, leading to Na
on substitutional sites, i.e., Na adsorbed in Al vacancies.
Individual Na/vacancy complexes have attractive in-
teractions and are mobile, which leads to island forma-
tion already for lowest coverages (e.g. , 0.07 ML). Inside
these islands the Na/vacancy complexes are immobile
which allows to image their atomic structure. The lateral
adsorption site has been determined as in phase with the
Al lattice. From the terrace structure of the almost &3-
covered surface there are indications of a larger scale
rearrangement of the aluminum substrate. Together,
these results confirm the idea of substitutional adsorp-
tion, i.e., the replacement of Al atoms by adsorbed sodi-
um, as first proposed on the basis of SEXAFS data and
total-energy calculations.

Due to the equal imaging height of the mobile Na
species with the one localized in the &3 islands, it has
been concluded that, also, the mobile species consists of a
Na atom adsorbed above a substrate vacancy. This, how-
ever, means that a single Na atom maintains the recon-
struction of the underlying substrate, even if it is isolated
on a terrace. From this, the mechanism for the diffusion
of Na on the Al(111) surface has been derived. It consists
of the concerted exchange between the Na atom and one
of the neighboring Al atoms. Observation of Na ex-
change between neighboring islands as well as direct evi-
dence for these mobile species as stripes of increased
height in STM images enable estimates for the diffusion
constant for Na/Al(111) at room temperature to
6X10 ' cm /s+D +2X10 ' cm /s.

The reaction of Al(111) with Na up to 0.33 ML
proceeds via the following scenario, as derived from the
STM data. Na first adsorbs on the unreconstructed
Al(111) surface as a highly mobile species. These ada-
toms can exchange with Al surface atoms, either in a
correlated process on the Oat terraces or at descending
steps. They can also assemble with mobile Al atoms at
ascending steps. The resulting substitutional Na atoms,
adsorbed on top of an Al vacancy, are sufficiently mobile
to migrate over the surface. They can nucleate &3 is-
lands, which occurs preferentially via heterogeneous nu-
cleation at descending steps, or get incorporated into ex-
isting &3 islands when they reach an island edge. Fol-
lowing arguments of 2D nucleation and growth, the low
density and the compact shapes of the &3 islands result
from the mobility of the substitutional Na in the Hat ter-
races or along the island edges, respectively. Due to the
extended depletion zones around existing &3 islands (at
descending steps) homogeneous nucleation on terraces is
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possible only for larger terraces.
Upon reaching the ideal coverage of 0.33 ML for the

&3 phase the Na-Al layer becomes more stable, difFusion
processes are limited to exchange between neighboring
&3 domains. Two types of domain walls are found,
"light" and "heavy" walls, which differ by their local Na
concentration. With increasing Na coverage, the latter
ones become more frequent and are imaged increasingly
high, up to the apparent height of the (2 X 2 ) phase.
These "heavy" domain walls act as nuclei for the higher
coverage (2 X 2) phase.

The phase transition from the &3 to the (2X2) struc-
ture involves substrate mass transport which is evident
from the formation of one monolayer deep holes on large
terraces. The amount of Al needed in this transition has
been deduced to —,', ML, which implies that the (2X2)
structure contains three Al atoms per unit cell in the
adsorbate-substrate layer. The STM images showed only
one protrusion per (2X2) unit cell, and a sixfold rota-
tional symmetry of the surface corrugation pattern.
From these observations, a bilayer structure model for

the (2X2) unit cell is proposed consisting of a mixed
Na-Al layer with Na atoms on substitutional sites as in
the preceding &3 structure and a Na adlayer with Na
atoms residing on top on the hollow sites of the first lay-
er. This way, most of the substitutional Na atoms from
the &3 phase can remain in this preferred position during
the +3~(2X2) transformation. This model is in accor-
dance with the XPS data in the literature. It implies only
one Na-Al bond length of 3.3 A, in agreement with re-
cent SEXAFS results. It disagrees, however, with a simi-
lar model proposed very recently, where the uppermost
layer contains, in addition to one Na atom, one Al atom
per unit cell.
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