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Identification of Stable and Metastable Adsorption Sites of K Adsorbed on Al(111)

C. Stampfl, M. Scheffler, and H. Over
Fritz-Haber Institut der Maz-Planck-Gesellschaft, Faradayweg 4-6, D-1000 Berlin 38, Germany

J. Burchhardt, M. Nielsen, and D. L. Adams
Institute of Physics, Aarhus University, DK-8000, Aarhus C, Denmark

W. Moritz
Institut fir Kristallographie und Mineralogie, Universitat Munchen, D-8000 Minchen 2, Germany
(Received 19 May 1992)

The adsorption of potassium on Al(111) at 90 K and at 300 K has been investigated by low-energy
electron diffraction (LEED). Although a (v/3 x v/3) R30° structure is formed at each temperature, a
detailed LEED analysis has revealed that the adsorbate positions are quite different and unusual in
each case. At 90 K the adatoms occupy on-top sites and at 300 K they occupy substitutional sites.
An irreversible phase transformation from the former to the latter structure occurs on warming to
300 K. These results are discussed in the light of recent density-functional-theory calculations.

PACS numbers: 61.14.Hg, 68.35.—p, 82.65.My

The adsorption of atoms on crystal surfaces constitutes
a wide area of study which still uncovers fundamental
questions. Recently alkali-metal adsorption has attracted
much attention where the nature of the bond, which
changes with alkali coverage, and which is reflected by
the well known lowering of the work function, is a subject
of current interest and controversy. The adsorption of al-
kali metals plays an important role in the development of
theories of adsorption [1] because, based on previous ex-
perimental results [1-4], it was widely believed to result
in a relatively simple adsorbate system for close-packed
surfaces, i.e., occupation of high-symmetry sites with-
out reconstruction of the substrate. Suprisingly, however,
rather few quantitative determinations of the adsorption
geometry have been reported [5-10]. A dramatic excep-
tion to the notion of simple adsorption has been found
very recently by measurements of surface extended x-ray
absorption fine structure (SEXAFS) for Na adsorption
on Al(111) as well as by density-functional-theory calcu-
lations which led to the conclusion that the adsorption
produces a reconstruction of the substrate with Na atoms
occupying substitutional sites formed by removal of sur-
face Al atoms [11].

The results of the present LEED study show unam-
biguously that K adsorption at room temperature leads
to a (\/§ X \/§)R30° unit cell and a reconstruction of
the Al(111) substrate such that K atoms occupy sub-
stitutional sites. Unlike the case of Na adsorption, how-
ever, adsorption of K at low temperature also results in
a (v/3x+/3)R30° unit cell, but with occupation of on-
top sites on a rumpled substrate. An irreversible trans-
formation of the latter, metastable structure to the for-
mer structure occurs upon warming to room tempera-
ture without change in the 2-D unit cell, which is quite
unprecedented and will certainly influence the present
understanding of the nature of adsorbate-substrate in-
teractions.
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LEED intensity measurements were performed at 90 K
for the clean Al(111) surface and for the (v/3 x v/3)R30°
structures formed respectively by saturation adsorption
at 300 K and by adsorption (not to saturation) at 90
K. Rutherford backscattering measurements have shown
that the former structure is formed by adsorption of 1/3
monolayer of K atoms [12] [a monolayer is defined to
have the same number of atoms as an Al(111) plane].
Auger electron spectroscopy (AES) measurements in the
present work indicated that the structure formed by ad-
sorption at 90 K also corresponds to a coverage of 1/3
of a monolayer. For each structure, intensity-energy
curves were measured at normal incidence in the en-
ergy range 50—450 eV for 20 diffracted beams, which re-
duced to four symmetry-inequivalent integral-order and
four symmetry-inequivalent fractional-order beams. The
measurements were performed using a newly developed
video-LEED system [13] which permitted the acquisition
of a complete set of data in less than 2 min. AES mea-
surements taken after completion of the LEED measure-
ments indicated that surface contamination was less than
0.01 monolayer.

Comparison of the experimental LEED intensity curves
for the two structures leads immediately to the conclusion
that the corresponding local geometries must be quite
different. Furthermore, intensities measured after ad-
sorption at 90 K and warming to 300 K are identical
to those measured after adsorption at 300 K alone, indi-
cating the occurrence of an irreversible, order-preserving
phase transition.

LEED intensity calculations were performed using the
fully dynamical calculation scheme which performs an
automatic minimization of a normalized x? function, as
a function of the calculational variables, both structural
and nonstructural. The Rpg factor defined by Kleinle
et al. [14, 15] was also used to characterize the agree-
ment between experiment and theory in a preliminary
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grid search of the parameter space. Scattering from Al
and K atoms was described using 10 phase shifts cal-
culated from the muffin-tin band-structure potentials of
Moruzzi, Janak, and Williams [16]. Atomic scattering
matrices were renormalized for the effects of thermal vi-
brations using a single Debye temperature ©4) for the Al
substrate and a different Debye temperature Ok for the
adsorbed K atoms which was taken as a variable in the
analysis. The complex electron self-energy ¥ = V, +iVin
was taken to be independent of energy. The surface po-
tential barrier was assumed to be a refracting but nonre-
flecting step of height V.

Analysis of intensity curves for the clean Al(111) sur-
face indicated that the first interlayer spacing is expanded
by (1.3 &+ 0.8)% in excellent agreement with the results
of previous studies [17]. The analysis, which was carried
out for fixed values of ©4; = 490 K [17] and Vi, = 4.0
eV, led to an optimum value of V,, =6.0 & 1.0 eV (with
respect to the muffin-tin zero) and a value of Rpg = 0.20.

In the analysis of the intensities for each of the two
(\/§ X \/§)R30° structures five different adsorption sites
were considered as starting points; namely, onefold on-
top, twofold bridge, threefold fcc and hcp hollow, and
sixfold coordinated substitutional. In the first step of the
analysis the K-Al interlayer spacing and the first Al-Al
interlayer spacing were optimized together with V.

For the structure formed at 300 K the initial analy-
sis showed a clear preference for the substitutional sites.
Further refinement involving lateral and vertical relax-
ations of the substrate and optimization of ©k enhanced
this preference. The best-fit R factors for the five sites
considered are listed in Table I, from which the preference
for the substitutional site is evident. (Here, and later in
Table II, are also listed the corresponding values of the R
factors defined by Pendry [18] and by Zanazzi and Jona
[19].) A sketch of the global optimum structure is shown
in Fig. 1 where the K atoms are in quasisubstitutional
sites formed by the ejection of 1/3 of a monolayer of Al
atoms. The K atoms are situated at a vertical distance
of 2.16 & 0.03 A above the first layer of Al atoms, cor-
responding to a nearest-neighbor K-Al distance of 3.58
A. Assuming a hard-sphere metallic radius 75 = 1.43
A yields an effective radius rx = 2.15 A, lying between
the covalent radius of 2.03 A and the metallic radius of
2.27 A. The first Al interlayer spacing is contracted by (2

TABLE I. The best-fit R factors for each of the sites con-
sidered for the Al(111)-(+v/3 x v/3) R30°-K structure formed at
300 K.

RpE Rzs Rp Adsorption site
0.284 0.126 0.280 substitutional
0.536 0.213 0.714 on-top
0.590 0.342 0.705 fcc hollow
0.554 0.240 0.686 bridge
0.863 0.353 0.949 hcp hollow

+1)% with respect to the bulk value, whereas the second
Al interlayer spacing is equal to the bulk value within
the error of the determination. Optimum values of V,
=4.0 + 1.5 eV and O =165 + 50 K were determined in
the analysis. A comparison of the experimental intensity
curves with those calculated for the optimum geometry
is shown in Fig. 2(a), from which a very good agreement
is evident. In the analysis the positions of the displaced
Al atoms were neglected. In view of the good agreement
noted above, it seems unlikely that they form an ordered
sublattice, rather they are most probably readsorbed at
steps.

For the structure formed at 90 K the initial analysis
led to a rejection of the twofold and threefold sites but
did not lead to a clear discrimination between the one-
fold on-top and sixfold coordinated substitutional site.
However, further refinement involving lateral and verti-
cal relaxations of the substrate layers and variation of
©k did clearly indicate a preference for the on-top site,
as is evident from Table II in which the best-fit R factors
for all sites considered are listed. For the on-top site the
best-fit structure, as sketched in Fig. 3, involves a rum-
pling of the first layer of Al atoms to form a bilayer, such
that Al atoms directly beneath K atoms are displaced
towards the bulk by 0.25 + 0.04 A. The vertical distance
of the K atoms to the first layer of the bilayer was found
to be 2.98 + 0.05 A, giving a K-Al nearest-neighbor dis-
tance of 3.23 A. The vertical distances of the atoms in
the bilayer to the second layer of Al atoms were found
to be 2.46 A and 2.21 + 0.05 A as compared to the bulk

FIG.1. The atomic geometry of the substitutional site. K
atoms are shown as larger pale grey circles; the first, second,
and third layers of Al atoms are shown in white, grey, and
black, respectively. (a) Side view of the (111) surface on a
(101) plane. Determined values of the interlayer spacings are
indicated on the sketch. (b) Top view.
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FIG. 2. (a) Experimental and calculated intensity-energy

curves for the structure formed by adsorption at 300 K. For
each beam the experimental intensities are the upper curves.
The calculated intensities are for the best-fit geometry for the
substitutional site, as shown in Fig. 1. (b) Experimental and
calculated intensity-energy curves for the structure formed by
adsorption at 90 K. For each beam the experimental intensi-
ties are the upper curves. The calculated intensities are for
the best-fit geometry for the on-top site, as shown in Fig. 3.

interlayer spacing of 2.33 A. The inward displacement of
1/3 of the Al atoms in the first layer was found to be
accompanied by outward lateral shifts of 0.05 A of the
nearest-neighbor Al atoms in the second layer. Assum-
ing again a hard-sphere metallic radius of 74; = 1.43 A
yields an effective radius rx = 1.80 A. The refinement
led to optimum values of V, =6.0 &+ 1.5 eV and O =120
+ 60 K. A comparison of the experimental and calculated
intensities is shown in Fig. 2(b), from which a good agree-
ment is again evident. The occupation of an on-top site
after adsorption at low temperature and the occupation
of a substitutional site after adsorption at room temper-

TABLE II. The best-fit R factors for each of the sites
considered for the Al(111)-(v/3x+/3) R30°-K structure formed
at 90 K.

Rpg Rz Rp Adsorption site
0.572 0.259 0.695 substitutional
0.368 0.114 0.326 on-top
0.655 0.327 0.797 fcc hollow
0.607 0.220 0.705 bridge
0.738 0.328 0.904 hep hollow

1534

FIG. 3. Side view showing the atomic geometry of the on-
top site, where the rumpling of the first Al layer can be seen.
For the meaning of the grey code see Fig. 1. The top view of
this structure is indistinguishable from Fig. 1(b). Determined
values of the interlayer spacings are indicated on the sketch.

ature explains the differences seen in the high-resolution
core-level spectroscopy measurements of Andersen et al.
[20].

Density-functional-theory (DFT) calculations by
Neugebauer and Scheffler [21] for the adsorption of Na
and K on Al(111) have been performed. For Na ad-
sorption, the DFT calculations show a clear preference
for the quasisubstitutional site, in agreement with SEX-
AFS results [11]. For K adsorption, however, the calcu-
lations show that the adsorption energies for occupation
of on-top, fcc, and substitutional sites are practically de-
generate. With respect to the substitutional site, it is
noted that this energy (1.17 €V) incorporates the energy
of 0.41 eV required to displace an Al atom from the first
layer and rebond this atom at a surface step. The ex-
planation of the low vacancy-formation energy for the
(v/3x+v/3)R30° structure is that for this geometry the
group-III Al substrate can form a very favorable sp?-
bonded (graphitelike) surface layer. The calculated [21]
nearest-neighbor distances of 3.70 and 3.38 A for the sub-
stitutional and on-top sites, respectively, are in reason-
able agreement with the values determined here of 3.58
and 3.23 A. The significant difference in the bond length
of about 0.3 A between the two different sites reflects
the different types of chemical bonds and the different
coordination (see Ref. [21]).

The present results shed some light on the nature of
the phase transition and the mechanism for the ejection
of Al atoms necessary to form the substitutional adsorp-
tion. We find that on-top adsorption is metastable for the
(\/§ X \/§)R30° structure. Thus, for the periodic layer a
structural phase transition to substitutional adsorption
becomes possible and it is energetically favorable. Our
results indicate that warming to 300 K is sufficient to
overcome the activation barrier for this transition. This
is consistent with the results of the DFT calculations al-
though it was not possible in these calculations to deter-
mine unambiguously if a barrier exists for the transition.
The DF'T calculations assumed a particular reaction path
where the ejected substrate atom moves to a step and is
rebonded there. The energy barrier for this reaction path
from the on-surface alkali to the surface-substitutional
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one is 0.8 eV, namely, the energy of an on-surface al-
kali minus the energy of the substitutional alkali plus an
adsorbed Al atom. This value is in accord with the ex-
perimental analysis. A barrier of 0.8 eV implies that the
transition could occur with measurable rate at temper-
atures of the order of 220 K but with negligible rate at
90 K. Clearly a more detailed study of the temperature
dependence of the phase transition would be most im-
portant.

In summary, a LEED analysis of the (v/3 x v/3) R30°
system formed by adsorption of K on Al(111) at two dif-
ferent temperatures (90 and 300 K) shows that the two
conditions give rise to the same periodicity but a signifi-
cantly different local geometry and bonding nature. The
structure formed at 90 K contains K atoms in on-top
sites on a rumpled first layer of Al atoms. This struc-
ture is metastable and converts to a structure containing
K atoms in a sixfold coordinated substitutional site on
warming to 300 K. It is well known that alkali atoms
induce surface reconstructions on open surfaces of met-
als [22]. For these surfaces the local perturbation of a
single adatom suffices to start the reconstruction. The
results of the present study, however, show a different
and unexpected behavior. Here we have the most close-
packed surface and the transition is due to a collective
effect of the periodic adlayer. Thus, the adsorbate/metal
system which is often described as the most simple, i.e.,
an adatom with only a single valence electron on the sur-
face of a simple metal, and which is the best candidate
for theoretical “jellium,” is much more complicated than
hitherto assumed.
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FIG. 1. The atomic geometry of the substitutional site. K
atoms are shown as larger pale grey circles; the first, second,
and third layers of Al atoms are shown in white, grey, and
black, respectively. (a) Side view of the (111) surface on a
(101) plane. Determined values of the interlayer spacings are
indicated on the sketch. (b) Top view.



FIG. 3. Side view showing the atomic geometry of the on-
top site, where the rumpling of the first Al layer can be seen.
For the meaning of the grey code see Fig. 1. The top view of
this structure is indistinguishable from Fig. 1(b). Determined
values of the interlayer spacings are indicated on the sketch.



