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Formation of Surface Ternary Alloys by Coadsorption of Alkali Metals on Al(111)
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Institute of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark

(Received 3 October 1995)

Coadsorption of one-quarter monolayer Na with one-quarter monolayer K, Rb, or Cs on Al(111) a
300 K is shown to result in the formation ofsurface ternary alloyswith s2 3 2d unit cells. Chemical
shifts in core electron binding energies and quantitative analyses by low energy electron diffractio
indicate that the first four surface layers consist in each case of anX-Al-Na sandwich (X ; K, Rb,
or Cs) on a reconstructed Al substrate layer. The lower layer of the sandwich always contains N
irrespective of the adsorption sequence.

PACS numbers: 68.35.Bs
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Recent experimental [1–16] and theoretical stud
[17–22] of the adsorption of alkali metals on Al su
faces have revealed an unexpected richness of struc
phenomena for this electronically simple system. The
sorption of Na, K, Rb, and Cs on Al(111) and the a
sorption of Na on Al(100) has been shown to lead to
reconstruction of the substrate. In thes

p
3 3

p
3dR30±

(hereafter “
p

3”) structures formed on Al(111), and in th
Al(100)-cs2 3 2d-Na structure, the adsorbed alkali atom
occupy substitutional sites formed by displacement of
atoms from the first layer of the substrate. For Al(11
the adsorption of a further 1y6 monolayer (ML) Na on
the

p
3-Na phase leads to the formation of as2 3 2d-Na

phase, which has been shown [12,20] to be a complica
surface binary alloy, consisting of a Na-Al-Na sandwi
on a reconstructed Al substrate.

The present work reports the discovery of still mo
complicateds2 3 2d phases formed by coadsorption o
1y4 ML Na with 1y4 ML K, Rb, or Cs on Al(111). The
structure of each of these phases is shown to consis
an X-Al-Na sandwich on a reconstructed Al substra
where X stands for K, Rb, or Cs. These phases c
be regarded as formed by substitution of the upperm
layer of Na atoms in the Al(111)-s2 3 2d-Na structure by
K, Rb, or Cs, and can therefore be described assurface
ternary alloys. Surprisingly, the resulting structures a
independent of the adsorption sequence. The lower la
of the sandwich always consists of Na, irrespective
whether Na orX is adsorbed first.

The Al(111)-s2 3 2d-NayX phases were prepared b
sequential evaporation from SAES getter sources with
crystal at room temperature. Core level spectra were m
sured at room temperature using a Vacuum Genera
Clam2 electron spectrometer in a vacuum system attac
to a Zeiss SX700 monochromator on beam line 5 at
storage ring ASTRID [23] at Århus. Measurements
the Al-2p, Na-2p, and Cs-4d core levels were made at
photon energy of 125 eV and measurements of the Kp
and Rb-4p core levels were made at a photon energy
40 eV. Under these conditions the combined instrumen
resolution of the SX700 monochromator and the elect
spectrometer was 90 and 70 meV, respectively. LE
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intensity-energy spectra were measured in a separate
uum chamber with a video-LEED system [11].

A model of the structure of thes2 3 2d-NayK phase
that results from our analysis of core level and LEE
measurements is shown in Fig. 1. The evidence for t
structure is described below.

The present analysis of shifts in core level binding ene
gies for thes2 3 2d-NayX phases follows the correspond
ing analysis by Andersen and co-workers [3,8] for th
s2 3 2d-Na phase. In the work cited, the observed shi
in binding energies were interpreted in terms of estima
of the shifts expected for different AlyNa coordinations,
and the shifts observed in ancillary experiments involvin
incorporation of Al atoms in thick films of Na, and in-
volving deposition of Cs on thes2 3 2d-Na phase at low
temperature. The validity of the conclusions drawn for th
structure of thes2 3 2d-Na phase were later substantiate
by detailed LEED and theoretical analyses [12].

FIG. 1 (color). Side view (tilted 10±) of a model of the
Al(111)-s2 3 2d-NayK structure. The top four layers, each
of s2 3 2d periodicity, consist of a K-Al-Na sandwich on a
reconstructed Al layer with as2 3 2d vacancy structure. Na
atoms (shown in blue) in the lower layer of the sandwich a
located in substitutional sites in the reconstructed layer.
atoms (shown in yellow) in the sandwich layer and K atom
(shown in red) in the upper layer of the sandwich are locat
in hcp and fcc sites, respectively, on the reconstructed lay
(Note, however, that the K atoms do not contact Al atoms
the reconstructed layer in the hard-sphere model.) Al atoms
the reconstructed layer are shown in green. Substrate Al ato
are shown in dark blue.
© 1996 The American Physical Society
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A Na-2p spectrum of thes2 3 2d-Na structure is shown
in Fig. 2(a). Two distinct peaks are found at bindin
energies ofEb  30.42 and 30.93 eV, each consistin
of an unresolved spin-orbit doublet, in good agreem
with the results of Andersenet al. [3,8]. Following the
arguments of these authors, these peaks are attribute
the inner and outer layers of sodium, respectively, in a N
Al-Na sandwich [3,8,12]. The large difference in ener
between the two peaks is attributed to the combination
a surface shift and the reduced NayAl coordination of Na
atoms in the outer Na layer as compared to Na atom
the inner layer. Figure 2(a) also shows a Na-2p spectrum
for the

p
3-Na phase. The spectrum contains a sin

peak atEb  30.78 eV, close to the binding energy o
the outer sodium layer in thes2 3 2d structure.

Adsorption of 1y4 ML of sodium leads to the formation
of a sharp

p
3 LEED pattern, due to the formation

p
3-

Na islands. The Na-2p binding energy measured fo
this phase is the same as for the

p
3-Na structure at

1y3 ML coverage. Subsequent deposition of potassi
at coverages below 1y4 ML results in a LEED pattern
which indicates a coexistence of

p
3 and s2 3 2d phases.

The Na-2p spectrum of this mixed phase [Fig. 2(b

FIG. 2. Na-2p core level spectra: (a) for thes2 3 2d-Na
and s

p
3 3

p
3dR30±-Na phases; (b) for the mixeds2 3

2d-NayK phase formed by adsorption of first 1y4 ML Na
followed by 1y4 ML K, and for a phase containing coexistin
s
p

3 3
p

3dR30± and s2 3 2d domains formed by adsorption
of 1y4 ML Na followed by 1y10 ML K; (c) for the s2 3
2d-NayK phase formed by adsorption of first 1y4 ML K
followed by 1y4 ML Na, and for a phase containing coexistin
s
p

3 3
p

3dR30± ands2 3 2d domains formed by adsorption o
1y4 ML K followed by 1y8 ML Na.
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reveals the development of a shoulder at lower bind
energy as compared to the corresponding spectrum
the pure

p
3-Na phase [Fig. 2(a)]. Further deposition

a total potassium coverage of 1y4 ML results in a perfect
s2 3 2d structure. The Na-2p spectrum of thiss2 3 2d-
NayK phase [Fig. 2(b)] contains a single peak at a bindi
energy ofEb  30.36 eV, close to the binding energy o
the inner sodium layer in thes2 3 2d sodium structure.
From these observations it can be concluded that
s2 3 2d-NayK phase contains an inner layer of sodiu
and aseparateouter layer of potassium.

Further structural information can be deduced fro
corresponding measurements of the Al-2p core level, as
shown in Fig. 3 for both thes2 3 2d-Na and s2 3 2d-
NayK phases. The Al-2p spectrum for thes2 3 2d-Na
phase contains two shifted components (indicated
arrows in the figure) at2150 meV (shoulder) and
2440 meV with respect to the Al-2p3y2 peak, which can
be attributed [3,8], respectively, to aluminum atoms
the reconstructed outermost layer of the substrate
Al atoms sandwiched between the inner and outer lay
of Na. From the strong similarity between the Al-2p
spectra for thes2 3 2d-Na and s2 3 2d-NayK phases
shown in Fig. 3 it can be concluded that the aluminu
atoms in the latter structure occupy the same sites a
the pures2 3 2d-Na structure. Thus the structure of th
s2 3 2d-NayK phase, as shown in Fig. 1, is qualitative
the same as thes2 3 2d-Na phase, except that the out
layer of Na is substituted by K.

In further experiments it was found that reversing t
adsorption sequence, i.e., adsorbing 1y4 ML K followed
by 1y4 ML Na, also leads to the formation of as2 3 2d-
NayK phase, for which Na-2p and Al-2p spectra are iden-
tical to those shown in Figs. 2 and 3. As shown
Fig. 1(c), deposition of Na after adsorption of 1y4 ML
K leads to the growth of a Na-2p peak at a binding en-
ergy corresponding to the formation of aninner layer of
Na. We conclude, therefore, that Na atoms burrow u
der the K layer to produce the same structure (Fig.

FIG. 3. Al-2p core level spectra. The upper and low
curves are for Al(111)-s2 3 2d-Na and Al(111)-s2 3 2d-KyNa
phases, respectively. The extra spectral features resulting f
adsorption of Na and K are marked by arrows.
1893
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TABLE I. Na-2p energies. The binding energies correspo
to the peak positions of the unresolved spin-orbit doublet.

Phase Na-2p binding energies (eV)

s
p

3 3
p

3dR30±-Na 30.78
s2 3 2d-Na 30.42 30.93
s2 3 2d-NayK 30.36
s2 3 2d-NayRb 30.31
s2 3 2d-NayCs 30.35

as is produced by the reverse adsorption sequence.
conclusion is reinforced by the observation that the
adsorption leads to a shift in the K-3p level from 18.10
to 18.30 eV, consistent with the reduced KyAl coordina-
tion of K atoms in the outer layer of thes2 3 2d-NayK
structure as compared with that of K atoms in the

p
3-K

structure. We note also that LEED intensity-energy sp
tra measured for thes2 3 2d-NayK phases formed by the
two adsorption sequences are identical.

Similar results were found for thes2 3 2d-NayRb and
NayCs phases formed by coadsorption of 1y4 ML Na
with 1y4 ML Rb or Cs, leading to the conclusion th
the structures of these phases are qualitatively the sam
that of thes2 3 2d-NayK phase shown in Fig. 1, excep
that the outer layer consists of Rb and Cs, respectiv
These results will be discussed in detail elsewhere, bu
list here the measured Na-2p binding energies for all of
the s2 3 2d-NayX phases in Table I.

LEED intensity-energy spectra were measured at n
mal incidence and at 100 K after preparation of thes2 3

2d-NayX phases by coadsorption at room temperature.
each system, spectra were measured for 14 symme
inequivalent beams in the energy range 50–450 eV.
surface structures were refined by an iterative minimi
tion of the R factor for the fit between experimenta
and calculated spectra as a function of the positions
isotropic vibrational amplitudes of atoms in the first s
layers, using procedures described elsewhere [11,16].
tensity spectra were calculated using 14 phase shifts,
rived from the muffin-tin potentials of Moruzzi, Jana
and Williams [24] for Al, Na, K, and Rb, and from
linear muffin-tin orbital potential [25] for Cs, and usin
313 beams, reduced by the symmetry of normal incide
to 62 beams.

In the following we limit our discussion to the resul
of an analysis of thes2 3 2d-NayK phase. The results
for the correspondings2 3 2d-NayRb ands2 3 2d-NayCs
phases are quite similar and will be discussed in de
elsewhere. It should be emphasized that the existenc
a qualitative model of the surface structures, as provi
by the core level measurements, was indispensible
carrying out the LEED analysis. In particular, the stro
evidence from the core level measurements that Na
X atoms are present in separate layers was criti
The occurrence ofmixed NayX layers might well have
precluded a definitive LEED result.
1894
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The results of the refinement of the model of Fig. 1 a
given in Table II. A comparison of experimental LEED
intensity-energy spectra with spectra calculated for t
tabulated best-fit parameter values is shown in Fig. 4
5 of the 14 symmetry-inequivalent beams used in t
analysis. The level of agreement between experiment
theory sR  0.064d is not far from the reproducibility of
the experimental data (R  0.023 for the comparison of
experimental symmetry-equivalent beams) and compa
well with the level of agreementsR  0.039d obtained
previously for the simplers2 3 2d-Na structure [12],
giving a high degree of confidence in the correctness
the model.

In summary, analyses of core level binding energi
and LEED intensity-energy spectra provide a consist
description of thes2 3 2d-NayX structures formed by
coadsorption of Na andX ; K, Rb, Cs on Al(111). The
structures are shown to consist ofX-Al-Na sandwiches
on a reconstructed Al substrate. The layer geome
of the X-Al-Na sandwiches, like that of thes2 3 2d-
Na structure [12,16], is similar to that of the bcc CsC
structure widely adopted by binary alloys [26]. Thu
we regard the structures assurface ternary alloys.We
believe that the present work is the first documentati
for the existence of this class of surface structure. W
suggest that the observed invariance of thes2 3 2d-NayX
structures to the coadsorption sequence can be attrib
to the larger binding energy for Na, as compared to
Rb, or Cs, in the sixfold coordinated substitutional sit
in the reconstructed first layer of the Al substrate [17

FIG. 4. Experimental LEED intensity-energy spectra (fu
lines) for 5 of the 14 beams measured at normal inciden
compared with spectra (dotted lines) calculated for the mode
Fig. 1 with geometry specified in Table II. Asinglescale factor
has been used to normalize the experimental and calcula
intensities for all 14 beams. Beamhk indices,R factors, and
plot scale factors are given in the figure.
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TABLE II. Interlayer spacings, relaxations, and isotropic vibrational amplitude
determined by LEED for the structure of Al(111)-s2 3 2d-NayK (see Fig. 1). The
three Al atoms in thes2 3 2d unit cell of the reconstructed Al layer, which form
the site for Al atoms in the sandwich layer, move laterallyDaAl,recon away from
the projected positions of Al atoms in the sandwich layer. The Al atoms in t
first bulk layer that lie directly beneath Al atoms in the sandwich layer move
the direction of the bulk byDzAl,bulk1 with respect to the remaining atoms of
the layer. Thus the first bulk Al layer is rumpled, with a separationDzAl,bulk1
between two bilayers. The layer spacingsdAl,recon-Al,bulk1 and dAl,bulk1-Al,bulk2
are given with respect to the midpoint of this rumpled layer.

Interlayer spacings and relaxationssÅd Vibrational amplitudessÅd

dK-Al,sand 1.37 6 0.03 uK 0.25 6 0.03
dAl,sand-Na 0.65 6 0.03 uAl,sand 0.16 6 0.04
dNa-Al,recon 1.40 6 0.03 uNa 0.20 6 0.04
DaAl,recon 0.05 6 0.05 uAl,recon 0.10 6 0.03
dAl,recon-Al,bulk1 2.26 6 0.03
DzAl,bulk1 0.03 6 0.03 uAl,bulk1 0.10 6 0.03
dAl,bulk1-Al,bulk2 2.28 6 0.03
dAl,bulk2-Al,bulk 2.35 6 0.03 uAl,bulk 0.09 6 0.03
i
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This larger binding energy provides the driving force fo
Na atoms to burrow under a preadsorbed layer of K, R
or Cs.
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