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Abstract. Normal-incidence standing x-ray wavefield (NIsxw) measurements have been made of
the local adsorption site of Rb on Al(111) surfaces, particularly in an ordered (+/3 x +/3)R30°
phase, as a function of the sample temperature during adsorption or subsequent annealing.
The results confirm the atop-site occupation for low-temperature (around 150 K) preparation,
but show that room-temperature preparation leads to a structure having Rb atoms in surface
substitutional sites. The overall structural situstion is therefore essentially the same as that
found previously by low-energy electron diffraction LEED for the Al(lIl){«/g x VHR3°-K
phases. However, experiments involving annealing of the low-temperature prepared surface 0
room temperature indicate that only a small part of the surface easily transforms to the higher-
temperature form, and indeed there is evidence that even in room-temperature preparations some
fraction of the adsorbed atoms may retain in atop sites. The apparent conflict of this resuvlt
with that from recent photoemission core-level shift and LEED data is discussed.

1. Introduction

During the last 5-10 years or so there has been a considerable revival of inferest in the
properties of alkali-metal adsorption on surfaces (see, e.g., [1,2]), due partly to controversy
over the nature of the adsorbate—substrate bond {see, e.g., [3-7]) (especially for metallic
substrates), as well ‘as to the interesting chemical property changes that these adsorbates
can make to the reactivity of the surface [8]. Insofar as aluminium is often thought of as a
free-electron-like metal (in common with the less experimentally convenient alkali metals),
alkali adsorption on the close-packed Al(111) surface might be expected to be a particularly
simple case, but the resulis of many experiments during this recent period have made it
clear that this is not the case. In particular, the structural aspects of these adsorption systems
have proved rather surprising [9—-17]. '

Until recently most structural studies of alkali adsorption on metal surfaces indicated
adsorbate occupation of the maximally coordinated overlayer hollow sites (see, e.g., [18]),
ag might be expected for non-directional bonding of physically large adsorbate atoms. In
the case of Al(111), the first clear evidence that this was not the case came from a SEXAFS
study of the room-temperature A](lll)(\/g x 4/3)R30°=Na structure, which showed that
this involves Na atoms in top-layer substitutional sites [9]. A second result involved the
use of the normal-incidence standing x-ray wavefield (NISXW) absorption technique; these
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experiments [11-13] confirmed the substitutional site assignment for the room temperature-
prepared Al(111}-Na system, but found that for Rb adsorption on this surface at low
ternperature, the afkali occupies an atop site over a wide range of coverages. In fact atop site
adsorption has also been found for K and Cs adsorption on several close-packed transition-
and noble-metal surfaces {19-21], but there had been suggestions that this surprisingly low-
coordination adsorption site might be related to substrate d-band interactions, an explanation
not possible for Al. A further twist to the Al(111)—alkali story emerged from high-resolution
core-level photoemission studies of Na, K, Rb and Cs adsorption at low temperature and
at room temperature [10, 14, 16]. Particularly congpicuous in these measurements is the
presence of a quite strongly chemically shifted component of the Al 2p signal in the case
of Na adsorption when the sample was prepared at room temperature, a result seen as a
fingerprint of the local intermixing of the substitutional site found in SEXAFS. In addition,
however, these photoemission studies also showed similar temperature-dependent effects
for the other alkalis, and particularly for K and Rb. Direct confirmation of this change, and
indeed of a potential behaviour pattern, was subsequently obtained by quantitative LEED
studies of the Al(111)(~/3 x +/3)R30°-K phases prepared at low temperature and at room
temperature, which showed that there are actually two quite different structural phases with
the same long-range periedicity [15]. At low temperature the X adsorbates occupy atop sites,
as in the low-temperature Rb phase, whereas at room temperature they occupy substitutional
sites, as in the room temperature Na phase.

The purpose of the present study was to extend our earlier studies of the Al(111)-Rb
adsorption system to the full temperature range over which a similar irreversible phase
transition is seen to occur in the photoemission core-level shift work, and to see if the
stable room-temperature Al(111)-Rb phase also involves substitutional sites, as is implied
by the photoemission data. This work was also undertaken to check am NISXW result
of the earlier measurements; although these studies concentrated on the low-temperature
adsorption phase, brief tests indicated that no site change appeared to occur if the sample
was dosed at higher temperatores. This earlier result appears to conflict with the evidence of
temperature-dependent core-level shift measurements, which show a transition temperature
for the irreversible transformation to the room temperature structure of approximately 240 K
[22]. In a first set of new measurements {avtumn 1992) made by dosing Al(111) with Rb
at different coverages at low temperature followed by short heating cycles to around room
temperature, always measuring the NISXW at low temperature, we again found no evidence
of a major structural transition, and indeed a few data taken from a room-temperature
preparation appeared to confirm the persistence of the atop-site occupation. In a final set of
measurements (autumn 1993), however, we have concentrated on the ordered (/3 x +/3}
phase, and included several room-temperature preparations as well as the effect of heating
on the low temperature phase. This allowed us to make some reasonably direct comparisons
with a parallel LEED study that came to our notice {23]. We therefore address in this paper
the local adsorption structure of the AK111) system when formed at low temperature, when
formed at high (room) temperature and when formed at low temperature and subsequently
subjected to various heating treatments.

2. Experimental details and NISXW methodology
The basic approach to the NISXW measurements and data analysis was as used in our earlier

study of the low-temperature AI(111)-Rb and room-temperature Al(111)-Na phases [11-
13]. In particular, we set up (111) or (111) Bragg scattering conditions at normal incidence
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to the appropriate scattering planes {and thus at incidence angies of 0° and 70.5° to the (111)
surface). Adsorbate- and substrate-specific emission signals (Rb LMM and Al KLL Auger
electron peaks at 1560 eV and 1390 eV respectively) were then recorded as a function of
incident photon energy around the Bragg energy (2660 eVY); these provide characteristic
absorption profiles of these atoms in the standing x-ray wavefields, from which we can
determine the layer spacing of the adsorbing atoms relative to the (extended) scatterer pIane
locations (see, e.g., [243-{26]).

The measurements were performed at the Science and Engineering Rcsearch Council’s
(SERC’s) Daresbury Laboratory, taking x-rays from the Synchrotron Radiation Source
{SRS) on beamline 6.3, which is equipped with an in-vacuum double crystal monochromator
{27,28). The Al(111) sample was prepared by the usual combination of x-ray Laue
alignment, spark machining, mechanical polishing and in sitt Ar-ion bombardment and
annealing until a clean and well ordered surface was produced as judged by Auger electron
spectroscopy and LEED. Rb dosing was from a well outgassed SAES getter source [29]. In the
case of studies of the Al(11 1(+/3 x ~/3)R30°-Rb phases, observations were made not only
of the LEED pattern, but aIso of the energies at which some of the lowest-index diffraction
beams (particularly the ( ) beams) had their maximum intensities. The parallel LEED study
[23] of these phases had shown very marked differences in the ‘I-V" (intensity—voltage)
curves of these beams for the low-temperature and room-temperature phases, so these values
gave a simple guide to which LEED phase we were studying. Note that the sample cooling,
via a liquid-nitrogen-filled tank and copper braid, led to 2 minimum sample temperature of
approximately 150 K, and this is the ‘low’ temperature referred to hereafter in this paper.

The method of data analysis, as in previous studies {11-13, 25, 26], may be summarized
as follows. First, the Al absorption profile was used to establish the non-structural
parameters of the absolute energy and the instrumental broadening, assuming that these
atoms lie on the scatterer planes (although the possibility that the coherent fraction may
be less than unity is included). The Rb absorption profiles were then fitted keeping the
non-structural (instrument) parameters fixed, and vaiying only the (Rb) layer spacing and
the associated coherent fraction. Note that in cases in which the coherent fraction is
significantly less than unity, (but only in these cases), there is an ambiguity in the fits in
that some mixtures of alternative layer spacings at high coherent fractions are also possible.
A profile that apparently corresponds to a low coherent fraction can be fitted by 2 range of
combinations of layer spacing and coherent fraction distributions. In such cases, a unique fit
for more than one layer spacing requires the imposition of additional constraints, such as the
specific layer spacing values that may contribute to the profile. We will address this point
specifically in discussing the structural models. Notice, however, that the combination of the
layer spacings relative to the (111) and (111) planes uniquely defines the atomic positions
by simple real-space triangulation, and any structural model involving multiple sites must
also be consistent with the NISXW data collected in both directions.

3. Results and discussion

3.1. Equilibrium structures

The results of the NISXW measurements of the low-temperature-prepared and room-
temperature-prepared (+/3 x +/3) phases are stiown in figure 1. These show the Al and
Rb absorption profiles for both the {111) and (111) reflections for each structure. All these
data were recorded with the sample cooled to low temperature (to minimize the effects
" of thermal vibrations), but measurements were also made at room-temperature of the room
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temperature-prepared phase, with essentially identical results (after correcting for changes in
substrate Debye—Waller factors). Best-fit theoretical curves using single layer spacings are
also shown in figure 1, and the Rb layer spacings obtained are summarized in table 1 along
with a comparison of the predicted (111) layer spacings compatible with the observed (111)
layer spacings and different possible adsorption sites. Because there are three inequivalent
{111} atom layers that make up an FCC crystal, there is some ambiguity concerning the exact
adsorption site, but some appproximate knowledge of the adsorbate atom size removes this
doubt. For example, a site above an "HCP’ hollow site in the top layer is also directly above
(i.e. atop) an atom in the second layer, and also occupies an ‘FCC” hollow site relative to
the third layer. As the NISXW technique is not sensitive to the presence (or absence) of
these intermediate substrate layers, removing them from the model would not change the
NISXW lineshape; on the other hand, in this example occupation of the FCC hollow implies
a real Rb—Al layer spacing 4.66 A (two bulk layer spacings) greater than that implied by
the HCP hollow, so it is easy to distinguish these because there is a huge difference in the
implied nearest-neighbour distance to the substrate atoms. Note also that a substitutional
site is, from the point of view of table 1, equivalent to an atop site, in that the substituting
atom actually sits atop the site that was occupied by an Al surface atom. Of course, the
substitutional site implies a layer spacing much smaller than would be consistent with a real
atop site.
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Figure 1. NiSKw resuits taken at the (111) and (111) reflections from both the low temperature-
prepared (a} and room-temperature-prepared (b) Al(1 11)(«/?_: % +/3)R30°-Rb structures, recorded
at low temperature, Experimental Al and Rb absorption profiles are both shown as full lines,
together with theoretical fits to the Al profiles (dash—dot line) achieved by adjusting non-structural
parameters, and to the Rb profiles (squares) using layer spacings and coherent fractions described
in the text and used in table 1.
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Table 1. Site identification via NiSXW triangulation using the (111) and (111) reflections for
the Al{11 1)(~/§ x -J?_,)R30°—Rb structures formed at low tempetature and at room tetnperature,
The measured (111) layer spacings are used to calculate the associated (111) layer spacings
for atop and hollow gites (HCP above an Al atom in the second layer, FoC ahove an Al atom
in the third layer), and these are compared with the experimental (111) layer spacings. Three
possible solutions (bold text) are found in each case due to ambiguity associated with adding
bulk layer spacings of 2.33 A bur this ambiguity is removed by bondlength considerations (see
text). The bracketed figures are experimental errors in hundredths of an &ngstrom. The errors
in the theoretical values derive from the experimental errors in the (111) layer spacings.

Theoretical (111) layer spacing (A)

- Bxperimental Experimental (T11)  reg (A)
(111) layer spacing (A) atop Fcc hollow  wep hollow  spacing (11) {site)
Low-temperature phase
0.90(10) 030(3)  1.85(3) 1.08(3} 0.45 (HCP)
or 3.23(10) (0.90+2.33) 1.08(3) 03003 1.85(3) }1.00(10) 1.80 (atop)
{or 2.83 (sub))
-or 5.56(10) (0.90+4.66) 1.85(3) L.08(5) 0.30(3) 429 (Fcc)
Room-temperature phase
0.05(10) 0.0233) 1573 0.80(3) 022 (uHcP)
or 2.38(10) (0.05+2.33) 0.80(3) 0.02(3) L.57(3) ]0.75(10) 0.95 (atop)
(or 2.29 (sub))

or 471(10) (0.05+4.66)  1SH3)  0.80(5) 0.02(3) 3.56 (rcc)

Also shown in table 1 are the values of the adsorbate effective radius, reg implied by
each of the possible sites (assuming that there are no changes in the substrate layer spacings
induced by the adsorption). If we recall that the outer limits of reasonable values for reg are
defined by the ionic and metallic radii for Rb (1.48 A and 2.43 A), it is clear from table 1
not only that the low-temperature atop site found earlier is confirmed (with a layer spacing
of 3.2340.10 A—to be compared with our earlier determinationof 3.1320.10 A—and an
effective radius, 1.80 A, close to the ionic value), but also that the room temperature phase
can only reasonably be reconciled with the substitutional site (with a larger effective radius,
2.29 A, closer to the metallic value). The overall similar pattern of behaviour between K and
Rb adsorption indicated by the photoemission core level shift results [16) is therefore given
quantitative confirmation. This structure is also in good agreement with that of the parallel
LEED study [23]. Note that our NISXW data provides no direct information on the location
of the substrate Al atoms; we determine the adsorbate atom sites relative to the extended
subsirate lattice. We are therefore unable to determine any adsorbate-induced changes in
the outermost substrate layer spacing, or any possible ‘rumpling’ of these substrate layers;
these parameters can be obtained from other methods, especially LEED.

Although these conclusions appear to be entirely satisfactory in terms of the consistent
pattern of behaviour that emerges, one surprising feature of the parameter vales involved
in the fit to the room-temperature-phase data shown in figure 1(b) is the low value (0.6)
of the coherent fraction for the (111) reflection. Measurements of several different room-
temperature preparations gave values for this coherent fraction in the range 0.6-0.8; ie.
all significantly below unity. The complete set of coherent fraction values used in the fits
of figure 1 were 1.0 for all Al absorption profiles, 1.0 and 0.5 for the (111) and (111} Rb
profiles for the low-temperature phase, and 0.6 and 1.0 for these same parameters for the
room-temperature phase. Typical error estimates in fitting these coherent fractions are £0.1.
In the case of the low-temperature phase, we have noted in our eatlier study [11, 12] that
the (111) reflection shows a low coherent fraction, and this can be reconciled with the large
amplitude of thermal vibrations parallel to the surface that can be expected (and observed
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in other techniques—notably photoelectron diffraction [30~321, but also SEXAFS [33]) for
an atop species.

The low (111} coherent fraction for the room temperature phase could be attributed
to large amplitude vibrations perpendicular to the surface but there seems little reason to
anticipate this effect; certainly we would expect the vibrations parallel to the surface to be
much smaller for the substitutional site, but there is no obvious reason for very soft modes
perpendicular to the surface. We note too that there is no significant difference between the
values of this fitting parameter obtained from data recorded at low and room temperature,
suggesting the disorder is not dynamic in origin; the same inference may be drawn from the
scatter in coherent fraction values found in different preparations. An alternative explanation
is that the true structure involves two or more different (111) layer spacings; we will return
to this idea in the next section.

3.2. Transformations 16 the high temperature phase, and phase coexistence

We now summarize the results of the extensive measurements recorded from surfaces
prepared at low temperature but subsequently subjected to various elevated-temperature
heat treatments. In these experiments our original intention had simply been to produce
the ‘room-temperature phase’ for study by the convenient device of briefly annealing a
surface prepared at low temperature. Core-level photoemission studies of the change in
Rb 4p lineshape induced by similar annealing indicate that the compiete transformation of
the surface from low-temperature to room-temperature phase can be achieved in probably
no more than 1 min at a temperature of 300 K, and is 80% complete after 20 min at a
temperature as low as 244 K [22]. Our NISXW measurements taken after briefly heating
a cold-prepared sample to nominal temperatures in excess of 300 K for a few minutes,
however, indicated very little change had occurred in the local structure of the adsorbed
Rb. Of course, when heating a sample mounted on a liquid-nitrogen-cooled stage, there are
significant temperature gradients in the area of the sample, so although care was taken to
attach the thermocouple to a point that should monitor the true sample temperature, there
is always the possibility that this is not the case. It is therefore certainly possible that
the temperatures recorded in these experiments may differ from those recorded in similar
annealing experiments by Andersen et af [22],

After many failures to observe any substantial change in NISXW lineshape in these
experiments, we eventually ran a test of the effect of allowing the complete sample, cooling
stage and manipulator system to warm up by removing the liquid nitrogen supply. After
some 3—4 hours when all temperatures in the system were at nominal room temperature, new
NISXW data were collected, and these measurements were repeated the following morning
(some 12 h later). Auger electron spectra recorded after this extended anneal showed no
contaminant peaks above the noise. Figure 2 shows the NISXW spectra measured in this
experiment; there is no discernible difference between the spectra recorded after 34 b
warming, and those recorded after a further 12 h anneal, and in both cases the overall
line shapes are far more like those of the low-temperature phase than those of the room
temperature-prepared phase when compared with figure 1. Interestingly, after this free
warming process, measurements of the (+/3 x +/3) LEED pattern indicated that the % order
beams peaked in intensity at energies characteristic of the room-temperature phase, not the
low temperature phase. Although no systematic observations of the LEED intensities were
made in the short annealing experiments, at least one careful measurement of this kind after
a succession of short anneals indicated 3]; order beam infensity maxima consistent with a
persistent low-temperature phase.
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taken at the (111) and (I11) reflections from a
low-temperature-prepared A111)/3 % +/IR30°-RD
structure subsequently allowed to- warm to room
temperature over a period of 3—4 h; a second set of
spectra recorded 12 h later is overlaid. Theoretical

taken at the (111) and ({11) reflections from the
room-temperature-prepared Al(111 )(‘\/‘.’-: x J§)R30°—Rb
structure as shown in figare ), but compared with
theoretical fits based on a mixture of (20%) atop
and (80%) substitutional adsorption sites are shown

fits based on a mixture of (70%) atop and (30%)
substitutional adsorption sites are shown as described
in the text,

as described in the text. For clarity, the (111) Al
absorption profile for the room-temperature-prepared
phase is omitted from the figure.

Also shown in figure 2 are theoretical fits to these spectra. There are some changes in
the detailed shape and amplitude, especially those of the (111) NISXW scan, relative to the
low-temperature phase, and the fits are based on a model comprising a mixture of atop and
substitutional adsorption sites at structural parameter values essentially the same as those
listed in table 1 and found to fit the data of figure 1. In particular, the layer spacings
and coherent fractions used for the low temperature phase are identical to those used to
fit the profiles from this phase in figure 1, but some small change in the layer spacing for
the room-temperature phase (to 2.30 A) has been incorporated into the fits with a coherent
fraction for both reflections of unity, This is consistent with the alternative two-site model
interpretation of the room-temperature spectra of figure 1 described below. The fits shown
in figure 2 are based on 70% of the Rb atoms in the (low-temperature) atop sites and
30% in the (high-temperature) substitutional sites. In this context we return to the possible
interpretation of the low (111) Rb coherent fraction in the room-temperature-prepared V3
phase in terms of mixed sites; in particular, we consider the possibility that some fraction of
the Rb atoms even in this preparation occupies the (low-temperature) atop sites. Notice that
the (111) layer spacings of the two different structures are quite similar, so a mixture of these
phases has relatively little effect on this lineshape; in particular, 2 modest concentration of
atop-site occupation coexisting with the substitutional site can be expected to have only a
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very modest effect in reducing the apparent coberent fraction for the (111) reflection. By
contrast, the (111) atop site lineshape is qualitatively similar to the incoherent (reflectivity)
lineshape component, so this same fraction of atop sites will lead to a substantial apparent
drop in the apparent (111) coherent fraction. Confirmation of this argument is given in
figure 3, which shows a fit of the room-temperature-prepared-phase NISXW (from figure I)
fitted to an 20% mixture of a substitotional sm: (at the slightly modified layer spacing of
2.30 A} and 20% atop at a layer spacing of 3.23 A; the coherent fractions of each component
are the same as those used in the fits to the data collected in the free warming experiments
shown in figure 2.

At this point we should also mention some experimental NISXW data recorded in the
autumn of 1992 on an Rb adsorption phase prepared at room temperature with a coverage
lower than that of the (+/3 x +/3) phase; this surface showed the ‘complex’ LEED pattern
described later in this section. Superficial inspection of these data indicated only atop site
occupation, but more careful fitting of these data now reveals a mixture of 15% substitutional
and 85% atop is consistent with the results. This result reinforces those of our original study
of the AI(111)-Rb system [11, 12] in which a small number of room temperature preparations
at arbitrary coverages gave similar NISXW profiles to the low-temperature preparations; it
suggests that the reconstruction may be a special property of the (+/3 x +/3) ordered phase

In isolation, therefore, our own data can be interpreted consistently by a model in
which even a room-temperature preparation of a nominal % ML phase of Rb on Al(111)
leads to some fraction of the surface having atop Rb atoms, coexistent with the dominant
substitutional-site occupation; for surface concentrations below 0.33 ML the occupation of
the substitutional sites may be far lower. Moreover, the resuits imply that the thermal
transformation of a low-temperature-prepared (nominal 0.33 ML coverage) phase is far from
facile, and that at room temperature, at least, the transformation is not completed over a
period of many hours. Our LEED observations appear to confirm the idea that the coraponent
of the surface that transforms to the substitutional site is the one that has good («/3T x ﬁ)
longrange order; presumably the untransformed part has less good long-range order and
thus contributes little to the LEED diffracted beam intensities. The fact that good LEED
patterns can be obtained from only small parts of a surface, which are well ordered, is
well known, but insofar as one can anticipate difficulty in effecting the structural phase
transition, one might anticipate that large domains of long-range order would cause the
greatest obstruction, because of the problem of disposing of the ejected surface Al atoms as
Rb atoms move from atop to substitutional sites. On the other hand, theoretical calculations
[157 suggest that one of the reasons for the preferred substitutional sites for K on Al(111)
is the particularly low creation energy for surface vacancies in a ( 3 x +/3) ordered phase,
indicating that it is precisely the ordered parts of a transformed surface that do have the
associated reconstruction. Thus one might argue that effecting the transition in domains
of well ordered (+/3 x +/3) phase in the atop state will have the greatest kinetic problems
because of the difficulty of disposing of 0.33 ML of excess Al atoms within the domain,
but if the transition does start to occur the energetics favour the transformation only when
it does produce regions of (+/3 x +/3) long-range order.

One further piece of relevant information concerning this question of local site
transformations is the pattern of behaviour of the long-range order in the AI(111)/Rb system.,
In particular, aithough at low temperature a (2x2) phase at a coverage of 0.25 ML precedes
the 0.33 ML (ﬁ x +/3 3) phase, both of which involve atop site occupation [11,12], at
room temperature the (2 x 2) phase is not seen. Instead, a rather complex LEED pattern
is observed with rings of diffracted beams around the %-ordcr positions, which Andersen
et al [16] have identified as having a mesh described in the matrix notation as (; _]6) and
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which they point out is most reasonably understood in terms of a coverage of 0.27 ML
corresponding to three Rb atoms per unit surface mesh. A possible model for this structure
which we can propose is shown in figure 4, and comprises strips of a local (+/3 x +/3) phase
separated by regular antiphase domain boundaries. The Rb atoms are shown in sites that
may be regarded as either atop or substitutional (the plan view does not distinguish these
sites). This simple model suggests that the favoured (v/3 x +/3) phase is formed locally,
rather than the larger average separation implied by the (2x2) phase at almost exactly the
same average coverage. Of course, if the (+/3 X +/3) phase is indeed the favoured state
for the substitutional reconstruction, one might then suppose that these local (+/3 x +/3)
strips in this ‘complex’ phase are reconstructed. Indeed it is tempting to wonder whether
the antiphase boundary regions in which the local Rb coverage is lower in the structure
of figure 4 is where the excess Al atoms are deposited. Unfortunately, it is only possible
to dispose of two, rather than the required three, Al atoms per surface unit mesh in this
region if the Al atoms simply form an extra layer in the bulk Al structure; this modified
version of the structure is also shown in figure 4. Unfortunately, this picture appears to be
at variance with the experimental NISXW results reported above which point to a dominant
atop-site occupation of a surface showing this LEED pattern (unless the long-range ordered
component of the surface is again the minority phase).’

Figure 4. A schematic plan view of two possible models of the 0.27 ML room temperatute
Rb overlayer phase on Al(111) described in the matrix notation as ; -16 . The larger circles
represent Rb atoms in either atop or substiturional sites, the smaller circles Al atoms. () shows
an Rb overlayer structure only; (b) includes excess Al atoms (removed from the surface layer
by Rb atom substitution), which occupy extra layer sites along the antiphase domain boundaries
separating strips of local (/3 x +FR30° structure. Note that both structures contain three Rb
atoms per surface unit mesh (coverage 0.27 mL) but in (b) there are only two excess Al atoms.
per unit mesh. :

Of course, we know in general from $TM studies of several ‘missing-row” reconstructions
of surfaces that the problem of disposing of ejected top layer substrate atoms is far less of
a problem than was previously supposed, and that steps, for example, can act as sources or
sinks of ‘spare’ atoms. In other cases, islands of one atomic thickness can form to “dispose’.
of such atoms. On the other hand, our NISXW data for the AI(111)¥Rb system do point to
some problems in executing this thermally activated phase transition. One final factor in
this case could also be the presence of steps. If the driving force for the reconstruction is
an attempt to put the surface alkali atoms in more highly coordinated sites, atop Rb atoms
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adjacent to step edges (but on the lower terrace) may be favoured relative to terrace sites,
so that the genecration of extra steps by the transformation of some parts of a surface could
stabilize other parts to higher temperature. Clearly, the problem is compiex, and our limited
data are insufficient to go beyond this structured speculation.

Although the arguments presented above provide a consistent if incomplete picture of the
relative stability of the two local Rb sites and the transformation to the lower-energy state,
the results appear to be in conflict with the previously reported core level photoemission
studies which indicate rapid and complete passage to the higher-temperature structure at
temperatures well below room temperature [22]. There are basically two alternative possible
interpretations of this conflict. Either there are key differences between the two experiments
(e.g. sample surface perfection or exact coverage), or there is some ambiguity in the
interpretation of one or both of the experiments. Experimental differences are difficult to
resolve, although our free warming experiment excludes the possibility of gross error in
sample temperature measurement. We have also observed the difficulty of transforming to
the substitutional site in experiments conducted over a range of coverages and on at least
two different samples; the similar behaviour of the two samples suggests that surface order
could only be a factor if the transformation is only facile on especially perfect samples.
The one remaining possibility is that the complete transformation only occurs on surfaces
on which the coverage is almost exactly the ideal 0.33 ML of the (+/3 x +/3) phase.

On the issue of interpretation, we have already discussed some ambiguities in the
interpretation of our data; what is clear, however, is that our free warming experiments
do not lead to a structure in which all Rb atoms adopt the substitutional sites found in the
ordered room-temperature-prepared (/3 x+/3) phase found both in our NISXW measurements
and in the parallel LEED study. The final possibility is that there is some ambiguity in the
interpretation of the photoemission data. The published photoemission data following the
phase transition are unfortunately too sparse to allow carefui reanalysis; it is clear, however,
that the exact core-level shifts seen in the adsorbate photoemission peaks depend on both the
overall coverage and the local adsorption coordination, so it may be that a single core-level
binding energy is not a unique fingerprint of a single structural model. Indeed, we note that
the observed Rb 4p binding energies of the ‘complex’ phase are very similar to those of
the low-temperature («/5 X +/3) phase [16], lending some support to the ldea that it is only
the room-temperature ordered (+/3 X +/3) phase that is reconstructed.

4. Conclusions

NISXW measurements of ordered Al(111}(+/3 x «/§)R30°—Rb formed at low temperature
confirm the previous assignment of an atop adsorption site, but similar measurements of
a phase having the same long-range order prepared at room temperature indicate that the
majority of the Rb atoms, at least, occupies substitutional sites in the surface. The main
parameters of these structures are given in table 1, although we should note that the mixed-
site interpretation of the room-temperature phases (i.e. Prepared at, or warmcd to, room
temperature) indicates an Rb—Al layer spacing of 2.30 A rather than the 2.38 A given in
table 1 (which corresponds to the fit to the room-temperature-prepared phase based on a low
coherent fraction and only the substitutional site). The effective radii of the Rb adsorbates in
these two sites are approximately 1.8 Aand22A respectively, and these may be compared
with the ionic radius of 1.48 A and the metallic radius of 2.43 A. This result agrees well
with an independent LEED study [23], and the behaviour is very similar to that found for
the Al(lll)(\@ x +/3)R30°-K structures studied by LEED [15].
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Attempts to study the transformation of the low temperature (+/3 x +/3) phase to
the higher-temperature state by heating to room temperature, however, indicate that this
transition is not simple, although the pait of the surface that does transform (approximately
309% in our case of a free warming to rcom temperature) has good (+/3 x +/3) long-range
order as witnessed by the LEED beam intensities, indicating that the atop atoms do not have
such good long-range order. We also have evidence that even in a simple room temperature
preparation, some fraction of the Rb atoms may occupy the atop sites characteristic of the
low-temperature phase; in the case of a nominal (.33 ML coverage phase (i.e. one showing
a (+/3 x +/3) LEED pattern), the apparent concentration of atop sites is low, but at lower
coverages the atop site may remain the majority state.

‘We are not able to account fully for the apparent disagreement between these conclusions
and those of a recent photoemission core level shift study [22]. Clearly further studies of
the phase transition are warranted, but a microscopic method such as STM could prove
especially revealing. Finally, we should remark on that the fact that although there is now
evidence that Na, K and Rb all have some tendency to substitute the top-layer substrate
atoms in AI{111), there is now increasing evidence that this occurs far more readily for Na
(which even forms a double-layer alloy phase [13, 14]) than for Rb. In view of the very
much larger physical size of the Rb atom, and the fact that even when it substitutes an Al
atom, its centre lies a full Al substrate layer spacing above the surrounding Al atoms of the

‘same” layer, this does not seem too surprising.
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