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Formation of Surface Ternary Alloys by Coadsorption of Alkali Metals on Al(111)
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Coadsorption of one-quarter monolayer Na with one-quarter monolayer K, Rb, or Cs on Al(111) at
300 K is shown to result in the formation efirface ternary alloysvith (2 X 2) unit cells. Chemical
shifts in core electron binding energies and quantitative analyses by low energy electron diffraction
indicate that the first four surface layers consist in each case of-AkNa sandwich ¥ = K, Rb,
or Cs) on a reconstructed Al substrate layer. The lower layer of the sandwich always contains Na,
irrespective of the adsorption sequence.

PACS numbers: 68.35.Bs

Recent experimental [1-16] and theoretical studiesntensity-energy spectra were measured in a separate vac-
[17-22] of the adsorption of alkali metals on Al sur- uum chamber with a video-LEED system [11].
faces have revealed an unexpected richness of structuralA model of the structure of th€2 X 2)-Na/K phase
phenomena for this electronically simple system. The adthat results from our analysis of core level and LEED
sorption of Na, K, Rb, and Cs on Al(111) and the ad-measurements is shown in Fig. 1. The evidence for this
sorption of Na on Al(100) has been shown to lead to astructure is described below.
reconstruction of the substrate. In the¢3 X +/3)R30° The present analysis of shifts in core level binding ener-
(hereafter 4/3") structures formed on Al(111), and in the gies for the(2 X 2)-Na/X phases follows the correspond-
Al(100)-c(2 X 2)-Na structure, the adsorbed alkali atomsing analysis by Andersen and co-workers [3,8] for the
occupy substitutional sites formed by displacement of Al(2 X 2)-Na phase. In the work cited, the observed shifts
atoms from the first layer of the substrate. For Al(111)in binding energies were interpreted in terms of estimates
the adsorption of a further/6 monolayer (ML) Na on of the shifts expected for different ANa coordinations,
the +/3-Na phase leads to the formation ofZax 2)-Na  and the shifts observed in ancillary experiments involving
phase, which has been shown [12,20] to be a complicatedcorporation of Al atoms in thick films of Na, and in-
surface binary alloy, consisting of a Na-Al-Na sandwichvolving deposition of Cs on th€ X 2)-Na phase at low
on a reconstructed Al substrate. temperature. The validity of the conclusions drawn for the

The present work reports the discovery of still morestructure of th€2 X 2)-Na phase were later substantiated
complicated(2 X 2) phases formed by coadsorption of by detailed LEED and theoretical analyses [12].

1/4 ML Na with 1/4 ML K, Rb, or Cs on Al(111). The
structure of each of these phases is shown to consist ol
an X-Al-Na sandwich on a reconstructed Al substrate,
where X stands for K, Rb, or Cs. These phases can
be regarded as formed by substitution of the uppermost
layer of Na atoms in the Al(111(2 X 2)-Na structure by

K, Rb, or Cs, and can therefore be describedsasace
ternary alloys. Surprisingly, the resulting structures are
independent of the adsorption sequence. The lower layer
of the sandwich always consists of Na, irrespective of
whether Na oiX is adsorbed first.

The Al(111){2 X 2)-Na/X phases were prepared by
sequential evaporation from SAES getter sources with the
crystal at room temperature. Core level spectra were med&iG. 1 (color). Side view (tilted 10 of a model of the
sured at room temperature using a Vacuum GeneratorS(111)-2 X 2)-Na/K structure. The top four layers, each
Clam2 electron spectrometer in a vacuum system attachel (2 % 2) periodicity, consist of a K-Al-Na sandwich on a
to a Zeiss SX700 monochromator on beam line 5 at théleconStrUCteOI Al layer with 42 X 2) vacancy structure.  Na

- toms (shown in blue) in the lower layer of the sandwich are
storage ring ASTRID [23] at Arhus. Measurements Ofjocated in substitutional sites in the reconstructed layer. Al
the Al-2p, Na-2p, and Cs-4l core levels were made at a atoms (shown in yellow) in the sandwich layer and K atoms
photon energy of 125 eV and measurements of thepK-3(shown in red) in the upper layer of the sandwich are located
and Rb-4 core levels were made at a photon energy ofn hep and fcc sites, respectively, on the reconstructed layer.
40 eV. Under these conditions the combined instrumentg ote, however, that the K atoms do not contact Al atoms in

" e reconstructed layer in the hard-sphere model.) Al atoms in
resolution of the SX700 monochromator and the electromhe reconstructed layer are shown in green. Substrate Al atoms
spectrometer was 90 and 70 meV, respectively. LEEDare shown in dark blue.

1892 0031-9007796/76(11)/1892(4)$10.00  © 1996 The American Physical Society



VOLUME 76, NUMBER 11 PHYSICAL REVIEW LETTERS 11 MRcH 1996

A Na-2p spectrum of thé2 X 2)-Na structure is shown reveals the development of a shoulder at lower binding
in Fig. 2(a). Two distinct peaks are found at binding energy as compared to the corresponding spectrum for
energies ofE, = 30.42 and 30.93 eV, each consisting the purev/3-Na phase [Fig. 2(a)]. Further deposition to
of an unresolved spin-orbit doublet, in good agreemena total potassium coverage of4 ML results in a perfect
with the results of Anderseat al.[3,8]. Following the (2 X 2) structure. The Naj2 spectrum of thig2 X 2)-
arguments of these authors, these peaks are attributed Ka/K phase [Fig. 2(b)] contains a single peak at a binding
the inner and outer layers of sodium, respectively, in a Naenergy ofE, = 30.36 eV, close to the binding energy of
Al-Na sandwich [3,8,12]. The large difference in energythe inner sodium layer in th€ X 2) sodium structure.
between the two peaks is attributed to the combination oFrom these observations it can be concluded that the
a surface shift and the reduced Md coordination of Na (2 X 2)-Na/K phase contains an inner layer of sodium
atoms in the outer Na layer as compared to Na atoms iand aseparateouter layer of potassium.
the inner layer. Figure 2(a) also shows a Nespectrum Further structural information can be deduced from
for the /3-Na phase. The spectrum contains a singlecorresponding measurements of the pl<bre level, as
peak atE, = 30.78 eV, close to the binding energy of shown in Fig. 3 for both thg2 X 2)-Na and (2 X 2)-
the outer sodium layer in th@ X 2) structure. Na/K phases. The Al spectrum for the2 X 2)-Na

Adsorption of 4 ML of sodium leads to the formation phase contains two shifted components (indicated by
of a sharpy/3 LEED pattern, due to the formatiog3- arrows in the figure) at—150 meV (shoulder) and
Na islands. The Naf? binding energy measured for —440 meV with respect to the Abp;,, peak, which can
this phase is the same as for th8-Na structure at be attributed [3,8], respectively, to aluminum atoms in
1/3 ML coverage. Subsequent deposition of potassiunthe reconstructed outermost layer of the substrate and
at coverages below/4 ML results in a LEED pattern Al atoms sandwiched between the inner and outer layers
which indicates a coexistence ¢B and(2 X 2) phases. of Na. From the strong similarity between the A}-2
The Na-2 spectrum of this mixed phase [Fig. 2(b)] spectra for the(2 X 2)-Na and (2 X 2)-Na/K phases
shown in Fig. 3 it can be concluded that the aluminum
atoms in the latter structure occupy the same sites as in

a)
WM the pure(2 X 2)-Na structure. Thus the structure of the
M . (2 X 2)-Na/K phase, as shown in Fig. 1, is qualitatively
@x2)Na the same as th€ X 2)-Na phase, except that the outer
o layer of Na is substituted by K.

In further experiments it was found that reversing the
adsorption sequence, i.e., adsorbing ML K followed
by 1/4 ML Na, also leads to the formation of(a X 2)-
b) Na/K phase, for which Na{2and Al-2p spectra are iden-
tical to those shown in Figs. 2 and 3. As shown in
Fig. 1(c), deposition of Na after adsorption of LML
K leads to the growth of a Nag?peak at a binding en-
ergy corresponding to the formation of amer layer of

X 0) Na. We conclude, therefore, that Na atoms burrow un-
@2)NaK der the K layer to produce the same structure (Fig. 1)
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FIG. 2. Na-D core level spectra: (a) for th€2 X 2)-Na mmwﬂ”’nj

and (v/3 X v/3)R30°-Na phases; (b) for the mixed2 X
2)-Na/K phase formed by adsorption of first/4 ML Na
followed by 1/4 ML K, and for a phase containing coexisting
(/3 X +/3)R30° and (2 X 2) domains formed by adsorption
of 1/4 ML Na followed by /10 ML K; (c) for the (2 X
2)-Na/K phase formed by adsorption of first/AML K FIG. 3. Al-2p core level spectra. The upper and lower
followed by /4 ML Na, and for a phase containing coexisting curves are for Al(111)2 X 2)-Na and Al(111)2 X 2)-K/Na

(+/3 X +/3)R30° and(2 X 2) domains formed by adsorption of phases, respectively. The extra spectral features resulting from
1/4 ML K followed by 1/8 ML Na. adsorption of Na and K are marked by arrows.

73.5 73.0

blndlng (eV)

1893



VOLUME 76, NUMBER 11

PHYSICAL REVIEW LETTERS

11 MRcH 1996

TABLE I. Na-2p energies. The binding energies correspond The results of the refinement of the model of Fig. 1 are
to the peak positions of the unresolved spin-orbit doublet.

given in Table Il. A comparison of experimental LEED
intensity-energy spectra with spectra calculated for the

Phase Na{ binding energies (eV) i ! el
abulated best-fit parameter values is shown in Fig. 4 for
tabulated best-fit t I h Fig. 4 f
(v3 X V3)R30°-Na 30.78 5 of the 14 symmetry-inequivalent beams used in the
8 i SHZ/K gggg 30.93 analysis. The level of agreement between experiment and
(2 X 2)-Na/Rb 30.31 theory (R = 0.064) is not far from the reproducibility of
(2 % 2)-Na/Cs 3035 the experimental datakR(= 0.023 for the comparison of

experimental symmetry-equivalent beams) and compares
well with the level of agreementR = 0.039) obtained
previously for the simpler(2 X 2)-Na structure [12],

as is produced by the reverse adsorption sequence. Thigving a high degree of confidence in the correctness of
conclusion is reinforced by the observation that the Nahe model.
adsorption leads to a shift in the Kp3evel from 18.10
to 18.30 eV, consistent with the reducedAd coordina-
tion of K atoms in the outer layer of th@ X 2)-Na/K
structure as compared with that of K atoms in &K
structure. We note also that LEED intensity-energy specstructures are shown to consist ¥fAl-Na sandwiches
tra measured for th€ X 2)-Na/K phases formed by the on a reconstructed Al substrate. The layer geometry
two adsorption sequences are identical.

Similar results were found for th@ X 2)-Na/Rb and
Na/Cs phases formed by coadsorption of4IML Na

In summary, analyses of core level binding energies
and LEED intensity-energy spectra provide a consistent
description of the(2 X 2)-Na/X structures formed by
coadsorption of Na andf = K, Rb, Cs on Al(111). The

of the X-Al-Na sandwiches, like that of th€2 X 2)-
Na structure [12,16], is similar to that of the bcc CsCl
structure widely adopted by binary alloys [26]. Thus

with 1/4 ML Rb or Cs, leading to the conclusion that we regard the structures asirface ternary alloys.We
the structures of these phases are qualitatively the same bslieve that the present work is the first documentation
that of the(2 X 2)-Na/K phase shown in Fig. 1, except for the existence of this class of surface structure. We
that the outer layer consists of Rb and Cs, respectivelysuggest that the observed invariance of the< 2)-Na/X
These results will be discussed in detail elsewhere, but wetructures to the coadsorption sequence can be attributed
list here the measured Ngdinding energies for all of to the larger binding energy for Na, as compared to K,
the (2 X 2)-Na/X phases in Table I. Rb, or Cs, in the sixfold coordinated substitutional sites
LEED intensity-energy spectra were measured at norin the reconstructed first layer of the Al substrate [17].
mal incidence and at 100 K after preparation of thex
2)-Na/X phases by coadsorption at room temperature. For

each system, spectra were measured for 14 symmetry- .%)=1(68;89:{ 100

inequivalent beams in the energy range 50—450 eV. The ’

surface structures were refined by an iterative minimiza-

tion of the R factor for the fit between experimental — B¢ 888100

and calculated spectra as a function of the positions and 2 x 10

isotropic vibrational amplitudes of atoms in the first six 5 e "

layers, using procedures described elsewhere [11,16]. In- g 9)_(-950,-100)

tensity spectra were calculated using 14 phase shifts, de- A X 43

rived from the muffin-tin potentials of Moruzzi, Janak, >

and Williams [24] for Al, Na, K, and Rb, and from a ‘D d) (:Eo, 0.00)

linear muffin-tin orbital potential [25] for Cs, and using jlcg R 5702

313 beams, reduced by the symmetry of normal incidence £

to 62 beams. S WETEYT)
In the following we limit our discussion to the results ; s

of an analysis of th€2 X 2)-Na/K phase. The results WY A A

for the correspondin@ X 2)-Na/Rb and(2 X 2)-Na/Cs : (AN VAN I W/

phases are quite similar and will be discussed in detail 100 200 300 400

elsewhere. It should be emphasized that the existence of
a qualitative model of the surface structures, as provided
by the core level measurements, was indispensible iffIG. 4. Experimental LEED intensity-energy spectra (full

carrying out the LEED analysis. In particular, the stronglines) for 5 of the 14 beams measured at normal incidence
evidence from the core level measurements that Na an&ompared with spectra (dotted lines) calculated for the model of

X at ti te | iti ig. 1 with geometry specified in Table IlI. ginglescale factor
aloms are present In separate layers was CriliCaya5 peen used to normalize the experimental and calculated

The occurrence ofixed Na/X layers might well have intensities for all 14 beams. Beahk indices, R factors, and
precluded a definitive LEED result. plot scale factors are given in the figure.
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TABLE Il. Interlayer spacings, relaxations, and isotropic vibrational amplitudes
determined by LEED for the structure of Al(11@-X 2)-Na/K (see Fig. 1). The
three Al atoms in thé€2 X 2) unit cell of the reconstructed Al layer, which form
the site for Al atoms in the sandwich layer, move lateréllys econ @way from

the projected positions of Al atoms in the sandwich layer. The Al atoms in the
first bulk layer that lie directly beneath Al atoms in the sandwich layer move in
the direction of the bulk byAza;suki With respect to the remaining atoms of
the layer. Thus the first bulk Al layer is rumpled, with a separathafn | puix:
between two bilayers. The layer spacingl§ recon-a1.buiki @Nd da1 bulk1-AlLbulk2

are given with respect to the midpoint of this rumpled layer.

Interlayer spacings and relaxatiotf) Vibrational amplitudegA)
dK-Alsand 1.37 £ 0.03 Ug 0.25 = 0.03
dAlsand-Na 0.65 £ 0.03 UALsand 0.16 = 0.04
ANa-Al.recon 1.40 = 0.03 UNa 0.20 = 0.04
AaAl,recon 0.05 = 0.05 UAT recon 0.10 = 0.03
dAl,recon'Al,bulkl 2.26 = 0.03
AZAl,bulkl 0.03 £ 0.03 UALbulkl 0.10 = 0.03
d A1 bulk1-Albulk2 2.28 + 0.03
d A1 bulk2-Albulk 2.35 + 0.03 UALbulk 0.09 + 0.03
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