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Tensor LEED analysis of the N{111)(v3Xv3)R30°-Pb surface
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The structure of the Ni(111)Bxv3)R30°-Pb surface has been determined by quantitative low-energy
electron diffraction(LEED), using multiple-scattering simulations of the measured diffracted beam intensities
with a tensor-LEED program. The results confirm that the surface comprises a single-layer substitutional alloy
of stoichiometry NjPb (with all atoms in “fcc” sites relative to the underlying Niand clearly excludes a
surface/subsurface stacking fa(ltith occupation of “hcp” siteg like that found for similar phases of Sb on
Cu(111) and Ag111). Within the surface alloy layer the Pb atoms are & 2305-A higher above the surface
than the surrounding Ni atoms in the alloy layer. This magnitude of rumpling is in excellent agreement with a
recent medium-energy ion scattering investigation of this surface, but is significantly larger than that of an
earlier low-energy ion scattering investigation. Compared to the rumpling amplitude of 1.67 A expected from
a simple hard-sphere model based on bulk metallic radii, however, it confirms a strong reduction of the
effective atomic radii in this surface alloy.

DOI: 10.1103/PhysRevB.65.233404 PACS nuni§er68.35.Ct, 68.43.Fg, 68.47.De, 61.14.Hg

There are now many examples of the observation that thes shown below, is surprisingly small. A more recent
deposition on metal surfaces of atoms in the submonolayenedium-energy ion scatterifyIEIS) study? using 100-keV
coverage range can lead to these adsorbate atoms occupyiHg incident ions, explored as possible structural models not
substitutional sites in the outermost atomic layer to produce anly substitutional and overlayer adsorption sites, but also a
single-layer surface alloy.This can even occur for some surface alloy layer in which all atoms occupy the “hcp”
adsorbate/substrate element combinations immiscible in thollow sites, directly above second-layer Ni atoms in the
bulk, reflecting the different energetics of the surface. Oneunderlying substrate, rather than the usual “fcc” hollows
guestion that has attracted some interest in these systemsabove third-layer substrate Ni atoms. This surface stacking
what the role of effective atomic radii of the adsorbate atomdgault model had previously been found to be the correct
is in these surface alloys, which determines the degree daftructural model for Ag(111M3Xv3)R30°-Sb and
“rumpling” of the alloy layer. If the deposited atoms have Cu(111)§¢3xv3)R30°-Sb>~’ The MEIS investigation of
larger atomic radii than that of the substrate atoms they reNi(111)(v3Xv3)R30°-Pb showed that this surface net
place, then because the periodicity of the surface alloy parfaulted in this way, and while the overall analysis did not
allel to the surface is fixed at the value of the underlyingformally distinguish the simplglunfaulted surface alloy
substrate(i.e., the surface alloy layer is pseudomorphig  layer from a model involving 0.33 ML of Pb on fcc overlayer
simple hard-sphere picture would predict that the adsorbatsites, the subset of data most sensitive to this difference did
atoms would have a larger layer spacing relative to the unfavor the surface alloy model. For this substitutional alloy
derlying second layer of the substrate than that of the undismodel the amplitude of rumpling, with the Pb atoms higher
placed outer-layer substrate atoms. This simply reflects thabove the underlying substrate, was found to be 0.65
inability of a larger atom to be fully accommodated in the +0.15 A.
vacant site produced by the removal of a smaller substrate In their bulk elemental forms the effective radii of Ni and
atom from the surface layer. Recent quantitative structur@b (i.e., half the value of the nearest-neighbor interatomic
determinations of quite a number of surface alloy phasegjistancesare substantially different, 1.25 for Ni and 1.75 A
however, indicate that the rumpling observed is almost alfor Pb. A simple model based on touching hard spheres with
ways less than that predicted by this simple hard-spherthese radii in which a Pb atom replaces a surface Ni atom
model, and this has been suggested to be a consequencepoédicts that the Pb atom would have a layer spacing relative
the valence electron depletion in the surface layer due tto the underlying complete Ni layer, which is 1.67 A, larger
spillover into the vacuum, allowing the surface-layer atomsthan that of the surrounding Ni atoms in the “same” alloy
to approach one another more closely than in a bulk Zolid. layer, almost as large as th{#11) layer spacing of the Ni

One system for which this effect appears to be especiallgubstrate2.03 A). Clearly, the two experimental values of
large is the Ni(111)¢3xv3)R30°-Pb surface formed this surface rumpling0.20 (Ref. 3 and 0.65 A(Ref. 4] are
by 0.33 ML of Pb on Ni11l). A structural investigation very much smaller. One must conclude, therefore, that either
of this surface was made by low-energy ion scattéringthe NiL,Pb pseudomorphic surface alloy phase really does
and reached the conclusions that the Pb atoms did occupgvolve very much smaller effective atomic radii, or the two
substitutional sites as opposed to overlayer sites, and tharevious experimental determinations are fundamentally
the surface alloy rumpling had an amplitude of 0.2 A, with flawed. To resolve this question, and to try to establish
the Pb atoms higher above the underlying substrate. Thehich, if either, of the two rather different previous experi-
authors of this paper made no comment on this value, whichmental values of the Pb layer spacing is correct, we present
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here the results of a structure determination of this surface For the initial stage of optimizing each model, new sets of
using the technique of quantitative low-energy electron dif-10 scattering phase shifts were generated for each of the
fraction (LEED). structures of interest, initially based on structures using
The experiments were performed using a standardouching hard spheres with the bulk metallic radii that de-
ultrahigh-vacuum(UHV) chamber equipped with the usual fined the starting geometry for each model. The subtle
range of facilities for sample preparation and surface characzhanges in the scattering phase shifts arising from this ap-
terization together with a computer-controlled LEED proach are probably not important in all but the finest struc-
optic. The base pressure of the chamber was typicallyural refinements, but this approach is essentially self-
(1-2)x10 " torr. A Ni(111) crystal disc of approximately consistent. The atoms in the outermost three layers were
12-mm diameter by 2-mm thickness from a single-crystalallowed to move freely perpendicular to the surface, subject
boule was initially prepared by x-ray Laue alignmed  to the point-group symmetry. For example, this symmetry
within approximately 0.5/ spark erosion, and mechanical gjjows a rumpling of the outermost Ni layer for the model
polishing prior to being placed in the UHV surface sciencejnyolving Pb atoms adsorbed in top sites, the Ni atoms di-
chamber. The crystal was cleaniedsitu by repeated cycles gy helow the Pb atoms having a different layer spacing, to
of bombardment with 1-keV At ions and subsequent an- yho Nji atoms that are not covered in this way. In the case of
nealing to 650 °C until a clean and well-ordered surface Wa$ha faulted alloy and hcp overlayer models, rumpling of the

obtajneq as judged by x-ray photoelectron spectroscopy angecond complete Ni layers is allowed. Each of the three out-
qualitative LEED. The N|(1_11)x(§><\/§)R30 -Pb .SL.”face ermost layergincluding the NjPb layer for the alloy mod-
phase was prepared following the procedure originally re-

ported by Umezawa and co-workdand subsequently used els) was treated in the calculation as a composite layer with
. : o L the multiple scattering being calculated by full matrix inver-
;?Omeap};i\cgg:nl\/lclilnsoztggggi tlna\l/c:g/;gefgﬁj‘i'“g‘fgfsggoq:ion_ Thg rumpling 0?‘ the En layers Wasyactually found to
. ave little effect on theR factor. Having established the ap-

onto the N(lll). substrqte to anommql coverage 0f 0.45 ML. proximate best-fit parameters valuesg for each model ﬁew

fetr;hii f;?gg:'rﬁg dozggsétga)gféré%mgﬁ;ﬁli#feiﬁnpa;e optimizations were performed using 12 scattering phase

P ¥ 9 shifts calculated for these revised starting parameters. The

crystal at 600 °C for several seconds and allowing the sample, = "~~~ ~ . L .
to cool to room temperature resulted in a sharpatomlc vibrational amplitudes used initially for the Pb and Ni

X . ; atoms were based on the bulk Debye temperatures of the
(V3xv3)R30° diffraction pattern. In the earlier MEIS stutly : : _
faint additional (3<3) diffracted beams were still present respective bulk solids105 and 450 K, respectively but

after this treatment, but in the present case there was no siggrﬁgsg Swere later adjusted in the final structural optimization

of this residual second phase in the LEED pattern. LEED The lowest values of the PendR/factor (R,) for each

diffracted beam intensities were measured using Ir'C'denrlnodel obtained after these optimizations showed a very clear

electron beam energies in the range 50 to 500 eV at room - 4
. . i .preference for théunfaulted substitutional alloy model with

temperature, using an Omicron video-LEED system at nomi:
a value of 0.14. The lowedR-factor values for the other

nal normal incidence. Careful checks, comparing the
intensity-energy spectra of symmetry-equivalent diffracted " odels were 0.3&op overlayey, 0.39(fcc overlayey, 0.42

(hcp overlayer, and 0.47(faulted alloy layer. All these val-
beams, were undertaken to ensure that a geometry extremeLI:%S are far outside the variance of the lowest value for the

close to normal incidence was _ach_leved. Intensﬂy-energ)(mfaulted alloy and the associated structures can clearly be
(I-E) spectra were collected for five integral order and two

. . xcluded. For this preferred model a final stage of structural
fractional order beams with a total-energy range of 1974 e Lo N . X
' .~ “optimization was conducted, adjusting the effective vibra-
and these were used in the subsequent structure analysis.

The structure determination was effected by the usual apt_|onal amplitudes of the Ni and Pb atoms in the alloy surface

proach in LEED of simulating the diffracted beam I-E spec-
tra for a range of model structures, comparing these with the TABLE I. Comparison of structural parameter values for the
experimental data with the aid of the PendRyfactor (reli-  unfaulted surface alloy model of the Ni(11¥B(xv3)R30°-Pb sur-
ability facton Rp.% The LEED calculations were performed face derived from the current LEED study and the previous MEIS
using the Barbieri/Van Hove symmetrized automated tensoptudy(Ref. 4 zpyis the layer spacing of the Pb atoms relative to the
LEED (SATLEED) computer codes with their associated pro-°utermost complete Ni layee,, is the layer spacing of the Ni
grams to calculate the muffin-tin potential and scatteringfloms in the same alloy layer to the first compete Ni laggyand
phase shift€:1° Five different structural models were consid- 2 €fer to the first to second and second to third complete Ni layer
ered. Three of these were for a simple Pb overlayer with th&Pacings, respectively. The asterisks indicate that bulk values were
Pb atoms occupying either the fcc hollow sitégirectly assumed for these parameters.

above third-layer Ni atomsthe hcp hollow sitegdirectly

above second-layer Ni atomnsr atop the outermost-layer Ni Paramete(A) LEED MEIS
atoms. In addition, two possible substitutional surface alloyzp, 2.73+0.05 2.64-0.14
models were investigated: a simple alloy with all Ni and Pbz,, 2.00+0.01 1.99-0.05
atoms in fcc hollows relative to the underlying Ni substratez,, 2.04+0.02 2.03

and a faulted alloy layer with all atoms in this layer in hcp z,, 2.00+0.02 2.03

hollows.
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Intensity (arb. units)

(2/3,2/3)

FIG. 1. Plan and side views of a schematic model of the substi- ]
tutional surface alloy model of the Ni(11M3Xv3)R30°-Pb sur- 100 200 300 400
face showing the definition of the principal structural parameters. Energy (eV)

The dark shaded spheres represent the Pb atoms, which have been

drawn with a radius appropriate to give a touching hard-sphere FIG. 2. Comparison of experimental LEED I-E spectra for the
picture. Ni(111)(v3xv3)R30°-Pb surface with the best-fit theoretical

curves for the substitutional alloy model. The associated structural
layer perpendicular to the surface. This led to a reduction oparameter values are given in Table .
the R factor to 0.11; the optimum value of the vibrational

amplitudes of the surface Ni atoms increased by a factor of . . -
1.8prelative to the bulk value. but those of thg Pb atom of 0.65+0.15 A. This value is also significantly larger that

‘1he 0.2 A found in the earlier low-energy ion scattering

(already much larger due to the use of the lower Pb Deby . . . : .
temperature showed no such enhancement. This modifica-swdy's While this provides strong evidence that this smaller

tion of the vibrational amplitudes, broadly consistent with 'UMmpling value is probably inaccurate, an even more signifi-
expectations for a surface layer, produced no significanf@nt conclusion that the LEED results give is that the rum-
changes in the optimized structural parameters. pling amplitude is much less that the value of 1.67 A pre-
Table | shows the values of the optimized structural padicted by a simple hard-sphere model based on bulk metallic
rameters for this model, while Fig. 1 shows a schematidadii. As such this confirms the earlier finding of a strong
model of the structure with these parameters defined, ang¢duction in the effective radii, which may be attributed to
Fig. 2 shows the comparison of the experimental and theathe influence of surface valence electron charge smoothing
retical LEED I-E spectra for this structure. The quality of the and the associated surface stress effects.
fit is evidently good, both visually and as reflected by the
value of 0.11 of the Pendi factor. Table | also includes the ~ The authors are pleased to acknowledge the financial sup-
structural parameter values obtained in the earlier MEIPOrt of the European Commission under Grant No.*CI1
study of this systerfi The agreement is clearly good, with all CT94 0063 and of the Engineering and Physical Sciences
parameters agreeing to better than the estimated precision Besearch Council. They would also like to thank Professor
the (less preciseMEIS results. The amplitude of the rum- M. A. Van Hove and Dr. A. Barbieri for supplying ttrHASE
pling of the surface alloy found in the LEED is 0.73 SHIFT andSATLEED software packages, and Dr. E. Soares for
+0.05 A, which is in good agreement with the MEIS value useful discussions.
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