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Medium-energy ion scattering structural study of the Ni(111)(v3Xv3)R30°-Pb surface phase
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The structure of the N111)(v3 Xv3)R30°-Pb surface phase formed by a nomiéahonolayer of Pb has
been investigated by medium-energy ion scattering using 100 kKelbik in three different incidence direc-
tions. The results show clearly that the Pb atoms occupy fcc hollow sites at the surface, but also favor a
structure in which these are surrounded by Ni atoms to form a surface alloy phase. A surface alloy with a
surface stacking fault, as has been found for f&Xv3) surface alloy phases formed by Sb adsorption on
Cu(111 and Ag111), can be clearly excluded. The preference for a surface alloy structure is consistent with
the results of an earlier low-energy ion scattering study, but we find significant differences in the quantitative
structural parameters. This structural model also implies a considerable reduction of the effective radius of the
Pb atoms relative to their size in bulk Pb, and this is discussed in the context of other quantitative structural
studies of substitutional surface alloy phases

I. INTRODUCTION tering (MEIS) study of the C11)(v3xv3)R30°-Sb
surface’ and a quantitative low-energy electron diffraction
During the last few years there has been a growing rec(EED) study of Ag111)(v3 X v3)R30°-Sh(Ref. 9 all con-
ognition that metal and semimetal surface adsorption phasegude that while Sb does substitute outermost layer substrate
on metal surfaces frequently involve the creation of surfacetoms, the whole surface alloy layer is laterally displaced to
alloys, even in cases in which the constituent elements argroduce a stacking fault at the substrate/alloy interfdda.
immiscible in the bulk. In the simplest such cases the adsorys alloy layer all atoms then occupy so-called hcp hollow
bate species substitutes some fraction of the outermost |ay§ftes(directly above atoms in the second layer of the under-

atoms of the substrate to form an ordered phase. Specifigin, nonreconstructed substratather than the proper fec
examples include 0.5 monolay€¥L) c(2X2) phases on

hollow sites(above atoms in the third layer of the underlying
fcc (100 surfaces, such as A(Refs. 1-3 and Mn on L . " ’
Cu(100.253 and 0.33 ML ¢3xv3)R30° phases on fcc substratg The driving force for this surprising surface struc
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Ag(11)) (Refs. 8,6,9 and Nal®2K,13 and Rb(Refs. 14, y

15) on Al(111). As yet the full extent of this phenomenon (111)(¢3xv3)R30° r?]etal ovlerla)f/er phases. dv of th
has not been established, and one related question is the HEre We present the results of a MEIS study of the struc-

magnitude of the surface corrugation that can result from thidre of the N{111)(v3Xv3)R30°-Pb surface. A recent
surface layer alloying of atoms of different metallic radius. CAICISS investigation of this surfateconcluded that this
For example, the alkali metals have unusually large metalli®hase does involve substitution of the Pb atoms into the out-
radii relative to most other metals, and yield corrugations ofefmost layer to form a surface alloy, but did not consider the
the surface alloy “layer” on the AtL11) surface which can possibility of a stacking fault in the analysis. In this regard
be as large as the bulk layer spacing. An interesting case iwe note that the MEIS and CAICISS techniques are some-
this respect is also the €C100c(2x 2)-Mn phase in which what complementary in such investigations; MEIS has sig-
the corrugation amplitude is found to be anomalously largenificantly greater subsurface penetration and is therefore po-
attributed to an enhanced effective radius of the Mn atomsentially more sensitive to subsurface registry changes, but
due to the high local spin state which these atoms adopt iICAICISS is intrinsically more surface specific and so should
this phasé?® be better suited to distinguishing substitutional and overlayer
Recent studies of the Cl11)(v3xv3)R30°-Sb and surface phases. Our results show clearly that this surface
Ag(111)(v3Xxv3)R30°-Sb surfaces have revealed yet an-phase does not involve any stacking fault, but do also favor
other surprising feature. Interest in these surfaces stems the alloy interpretation. A key quantitative structural param-
part from the role of Sb as a surfactant in homoepitaxialeter is the amplitude of the corrugation in the surface alloy,
growth of Ag on Ad111),*"*®and there were early theoret- which we find to be significantly larger than that obtained
ical predictions that the Sb does adopt substitutional sites ofitom the CAICISS investigation. However, even our larger
this surface? While early coaxial impact collision ion scat- value indicates a strong modification of the effective radius
tering spectroscopyCAICISS) provided experimental sup- of the Pb adsorbate atoms relative to its value in bulk Pb.
port for this conclusioff, recent surface x-ray diffraction The significance of this result is discussed in the context of
(SXRD) studies of both surfacésa medium-energy ion scat- previous related measurements of other surface alloy phases.
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Il. EXPERIMENTAL DETAILS

All experimental work reported in this study was per-
formed at the U.K. MEIS facility based at the CLRC Dares-
bury Laboratory. A Ni111) substrate, approximately 12 mm
diamete2 mm thickness, was initially prepared by x-ray
Laue alignment, spark machining, and mechanical polishing
prior to mounting into the ultrahigh-vacuum MEIS prepara-
tion chamber where it was cleaned by repeated cycles of
sputtering with 1 keV Af ions and subsequent annealing to
923 K. Surface composition and ordering were verified
situ by Auger electron spectroscofpES) and LEED, re-
spectively. Pb was deposited from a Knudsen cell operated at
873 K on to the Ni111) substrate maintained at an approxi-
mate temperature of 323 K. During Pb deposition, the peak- = P =1[1215i)2]°100° 90°
to-peak amplitudes of the NV1, M, M, 5 (61 eV) and Pb [332] [11]
Ne704:045 (94 eV) Auger electron signals were obtained
from the derivative Auger spectrum. A plot of the ratio of the
intensities as a function of Pb deposition time revealed a
change in slope after 19 min. According to Umezawa
et al,?? this corresponds to completion of the first complete
layer at a coverage of 0.54 ML defined with respect to the
ideal Ni(111) surface area density of 1.86
x 10*%atoms cm?. Consequently, the deposition rate was
calibrated at approximately 0.03 ML mih LEED patterns o _ ) )
at various Pb-coveragesd{;) were also recorded. A (1 FIQ. 1._ Schemgtlc dlagram_s showing 'the scatte_rlng geome_trles
X 1) pattern was retained fofp,<0.3ML. For 0.3< @p, used in this study in thél12) azimuth relative Fo an ideally .terml-
<0.5ML a (3x3) pattern emerged, followed by a ¥4) nated N{111) clean s_urface. At the top of _the figure a tqp view of a
pattern atp,> 0.5 ML. This result is broadly consistent with S0 Of the surface is shown extended in the scattering plane but
the earlier study of this overlayer growth systézm. only a few atomic spacings wide perpendicular to this plane. In this

. o azimuth, all atoms in the crystal are contained within a single set of
The Ni(111)(v3Xv3)R30°-Pb surface phase was pre- identical atomic planes containing atoms in all layers. A single such

pared Ut'l'zl'ng @ method outlined by Umezawa andpjane is shown with the atoms shown as light balls to distinguish
cq-workersz. This involved deposition of Pb on to the yhem from the other dark atoms, and two equivalent side views of
Ni(11D) crystal to a nominal coverage of 0.45 ML. At the this plane are shown to illustrate the two different incidence and
completion of this stage, the initial (41) LEED pattern of  scattering geometries. Note that the principal blocking directions
the clean surface was transformed into &«@) pattern. The  correspond approximately to the main dips in the experimental data
crystal was then annealed at 873 K for several seconds. Aft@ér the Pb-covered surfac@igs. 3 and 4 belowalthough slight
allowing the sample to cool to ambient temperature, a strongnodifications in angles result from adsorbate-induced structural
(V3Xv3)R30° pattern emerged. However, on closer inspecmodifications.
tion, a very faint background of residual X38) spots was ) .
observed.  Attempts to completely remove thePerformed with the sample at ambient temperature, employ-
Ni(111)(3x3)-Pb impurity phase by varying the annealing ing 100 keV H" ions incident alond110], [112], and
conditions only led to a degradation in the quality of the[12 3] crystallographic directions. These incidence geom-
(V3xXv3)R30° LEED pattern. The results presented hereetries and some of the associated blocking directions for the
therefore correspond to the original preparation treatment iglean surface are illustrated in Figs. 1 and 2 and discussed in
which a small fraction of the surfac@lmost certainly no more detail later in the paper. Due to the large difference in
more than 10%is covered with the (& 3) phase. scatterer masses, the Pb and Ni scattering signals were fully
The MEIS facility together with methods of data acquisi- resolved across the entire range of scattering angles em-
tion and reduction has been described in earlieployed. Blocking curves were obtained by integration of the
publicationé* and a more general review of the MEIS tech- Ni signal over a range ofinelastio scattered ion energies
nique can be found elsewher&The basic approach is to use corresponding, approximately, to the depth of the first six
incident ion directions that illuminate only a small number of atomic layers. Complete data sets were obtained by summing
near-surface layers and to then determine the relative posiblocking curves from at least two freshly prepared surfaces.
tions of the atoms in these layers by studying the angulam order to obtain an absolute calibration of the scattered ion
locations of the “blocking” dips in the scattered signal yield, the incident ion dose received by the sample was de-
which results from nearest-surface atoms obscuring the scatermined by measuring the total charge arriving at a tungsten
tered signal from subsurface atoms. The scattering ion signahesh (70% transmissionpositioned in the beam path and
was detected using an electrostatic dispersive analyzesurrounded by a biased shield to eliminate secondary elec-
equipped with a two-dimensional detector to allow simulta-tron contributions. The dimensions of the beam spot for nor-
neous collection of data at a range of scattering angles anghal incidence are 1.0 mnthorizonta)<0.5 mm (vertical.
scattered ion energies. lon scattering measurements wefde total incident ion fluxes corresponding to the scattered
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TOP VIEW incident and backscattered ion tracks were not connected. In

order to achieve a suitable compromise between statistical

m m m noise levels and computational time required, shadowing and
0,186 1070 o0 gs00 0. blocking fluxes of < 10°° and 5x10*ionscm?, respec-

23 = 793 wldl2] tively, were employed. The number of layers used to model

[123] 2101 [531] (3¢
the near-surface region probed by the MEIS experiment dif-
fered slightly for the different scattering geometries and

structural models. In the case of th& 10], and[11 2]
incident geometries, simulations of scattering from the over-
layer models used a five-layer slab of Ni atoms, together
with the adsorbed Pb atoms; for scattering in these geom-
etries from the substitutional surface alloy models, the five-
3 INEQUIVALENT SCATTERING PLANES IN <1103 AZIMUTH ON fcc(111) layer slab included the outermost,Rb alloy layer. For the

FIG. 2. Schematic diagrams showing the scattering geometrieksl 2 3] incidence geometry, which illuminates deeper layers
used in this study in thél10) azimuth relative to an ideally termi- (S€€ below;, one extra Ni subsurface layer was included ex-
nated N{111) clean surface. In this azimuth there are three in-Cept in the case of the hcp alloy modal), for which two
equivalent planes of atoms which make up the crystal, one contairextra Ni subsurface layers were added. In all of these cases
ing atoms in layers 1,4,7, etc., a second containing atoms in layetfie number of layers was chosen to ensure convergence in
2,5,8, etc., and the third containing atoms in layers 3,6,9, etc. Theste appropriate incidence direction. The principal parameters
three different planes are shown with the associated atoms shown saried for each model structure to establish optimum fits
light balls (successive layers being removed from the cluster as seefere the Pb-Ni and Ni-Ni outermost layer spacings, and
in the top view. The incident and blocking directions are shown on z,, respectively. In the case of the overlayer models, these
just the first of these planes, but each plane contains the samgrrespond to the layer spacing of the adsorbed Pb atoms
blocking events simply transposed perpendicular to the surface by¥nhove the outermost Ni layer and the first-to-second Ni layer
the appropriate number of layer spacings. Note that the prindpaépacings. For the surface alloy models, the comparable pa-
blocking Qirections correspond approximately to t.he main dips inl,(,:“.m:’,t(_:‘rs were the layer spacings of the Pb and Ni atoms in
the experimental data for the Pb-covered surféeigs. 3 and 4 ho grface alloy phase relative to the underlying, outermost
below although slight ‘modifications in angles result from o, .o Nj jayer. Notice that the nomenclature labels the outer-
adsorbate-induced structural modifications. most Ni layer as “1” in all structures, but in the overlayer
) 6 6 models this is a complete unreconstructed layer, whereas in
signals measured were K40, 1.7x10%, and 1.1 e case of the alloy models it comprises the 0.67 ML of Ni
X 10'%ionscm 2 in the [110], [112], and[123] inci- in the alloy phase. For the overlayer models the Pb-Ni layer
dence geometries, respectively. In order to minimize samplepacings were varied around the value to be expected from a
damage, the position of the incident beam spot on the surfacsimple hard-sphere model using metallic ra¢fialf the
was changed regularly throughout the period of data acquirearest-neighbor separation in the elemental métas A
sition. The resulting ion fluxes on any part of the samplefor Ni and 1.75 A for Pb. These imply a Pb-Ni layer spacing
were typically within the range utilized in similar MEIS value of 2.63 A for hollow-site occupation on (diL1). Ni-Ni
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studies®* layer spacings were varied around the nominal bulk value of
2.035 A. The Ni-Ni and Pb-Ni layer spacings were varied

IIl. EXPERIMENTAL RESULTS AND STRUCTURE independently in the calculations, so in the case of the sur-

ANALYSIS face alloy models both negative and positive corrugations of

] . ] this surface phase were tested; we define the corrugation am-

lon scattering data were obtained for the(NiID(V3  pjitude as positive when the Pb atoms are displaced outward
Xv3)R30°-Pb surface phase i 10], [11 2], and[1 2 3] relative to the plane of the alloy-layer Ni atoms. For all the
incidence geometries as described in the previous sectiotheoretical models, uncorrelated, root-mean-square vibra-
Structural analysis involved comparison of the experimentational amplitudes were derived from the corresponding bulk
data with simulated blocking curves based on competingind surface Debye temperatures calculated by Jackson.
structural models. Four possibilities were consider@da  Tests with other values did not lead to any improvements of
“fcc overlayer” with Pb atoms adsorbed in fcc hollow sites; the fits.
(if) a “hcp overlayer” with Pb atoms adsorbed in hcp hollow  The quality of fit between the scattering-angle depen-
sites; (i) a “fcc alloy” with Pb atoms incorporated into the dence of the experimental,) and theoreticallgyeor) Scat-
outermost Ni layer to form a substitutional surface alloy; andtering yields was evaluated by means of a reliability factor
(iv) a “hcp alloy” with Pb and Ni atoms again forming a (R,) based on a-squared criteriofi/ such that
substitutional alloy, but with all top-layer atorfisoth Ni and

Pb) displaced laterally onto hcp sites, leading to a substrate/ N )

alloy-layer stacking fault. Less plausible overlayer struc- szllNiZl [(Texp— M ineory /L expl- @)
tures, such as those involving Pb adsorption at atop or bridge

sites, were not considered. whereN is the number of scattering angle® ) employed in

Simulations involved Monte Carlo modeling utilizing the the data set. In order to compare the experimental yield, de-
VEGAS computer codé> A Thomas-Fermi-Moliee scattering  fined in terms of ion counts, with the theoretical yield, de-
potential was assumed for the theoretical calculations and thigned in terms of Ni monolayers illuminated, a scaling factor
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\ is employed; this parameter can be determined from calipotentially susceptible to systematic errors, so our strategy
bration experiments as discussed below. Notice that the alfer using such values must take account of possible errors,
solute value ofR, has no general significance, since it de-and specifically allows some adjustment of the exact scaling
pends on the total number of detected ions in a given datfactor within the structural optimization.
set. Simulated curves were smoothed by means of a moving Two methods of absolute calibration to determinbave
average and normalized by 1/4#®42) to account for the been investigated. The first was based on a standard MEIS
angular dependence of the scattering cross setti@om-  reference sample, the ($L1)(V3Xxv3)R30°-Au surface,
parison of theoretical and experimental blocking curvesPrépared as previously described in the literatfirand re-
showed a small5—10 % residual relative “tilt” which was ~ Ported to correspond to a Au coverage of 0:88.04 ML.
removed by multiplication by a second-order polynomial; MEIS experiments were conducted using 100 keV idins
this helps to emphasize the quality of the fit to the angulafncident along th¢ 1 11] crystallographic direction, averag-
locations and shapes of the blocking features. The Idwer ing over different points on the sample surface to ensure
factor values that result enhanced the sensitivity to structurainiformity of Au coverage. The Au and Si surface peaks
parameters. were completely resolved, allowing integration of the Au
The choice of thisR factor has important advantages in signal at each scattering angle employed. The number of
statistical significance because it is based on the actual nurgounts corresponding to the yield expected from a monolayer
ber of measured ions, which should be governed by Poissodf Ni atoms in an idea(111) plane at normal incidence per
statistics’?’ However, because the elastic scattering crossinit dose on targetly;(®,) was then calculated from the
section is strongly dependent on scattering angles and thstegrated Au signal 5, (®;) at each scattering angk®
data were collected using a constant incident ion flux, theusing the expression
blocking curves show a much higher number of scattered
ions at the smallest scattering angles. For example, for the | (DI (D2 ® Q
[112] and [123] incidence geometries, the counts de- (D) = Al Po)SIN(P/2)COS Py) i€
tected at the highest scattering angle were only about 20% of O puNp+ cog ) oalds
those detected at the lowest scattering angles. This effect is

even larger for th¢1 10] data set, due to the slightly larger The sirf(®42) term accounts for the angular dependence of
angular range. This leads to a bias in fRdactor to struc- the Rutherford scattering cross secti@y, is the Au cov-
tural models that optimize the fit to the small-scattering-erage in ML andN+ the measured total ion dose received at
angle data. Note that this part of the data range correspondse target. The cosine terms correct for differences in the
to the most grazing emission directions which in turn pro-incident beam “footprint” between normal incidence
vides blocking dips whose angles are most sensitive tQr171 1], ®,=0°) and[111] incidence (;=70.5°). oy
movements in the surface atoms. _ and o, are the scattering cross sections for Ni and Au,
In using MEIS to determine surface geometries, we havgyhie () andQ,; are the area densities of idgall 1) planes
explored two different approaches to the scaling fadlpr of sj and Ni, respectively. The final value obtained for
which relates the absolute signal levels in the experiment anpNi(q)n) was taken as the average over all scattering angles.
theory. One is to allow to vary freely as part of the fitting “The second method to obtain an absolute calibration value
procedure; the other is to obtain a value of this parametefas hased on MEIS measurements from a clean, unrecon-
from a suitable calibration experiment. The use of a freelygycied Nj111) surface(also using 100 keV H ions and

varying A allows comparison of the shapes of the blocking —.-. . . . .
curves for different structural models with experiment, and[1 11] incidencg. The resulting blocking curve was fitted by

has been found to be quite successful in optimizing structura'\(ﬁ_cf\l/?sla‘g'guslaggirf’ v?/ﬁflcrﬁlagg ftth(len(\j/?(I)ugeo\rvimﬁ'l c])-l;/tecr)l;nt(r)]set
parameters in MEIS but important information concerning yersp 9 0

the absolute yield is lost. This yield can be expressed as ulk value, consistent with a previous structural anal§sis.

effective number of layers “seen” by the incident ion beam: he optimum values of the isotropic, uncorrelated root-

- . mean-square surface vibrational amplitudes were 0.13
for a nqd@lk-termmatecﬂlll) crystal these values are one +0 oz/g The experimental yield in counF':s was then normal-
layer for[110] incidence, two layers fof112] incidence a4 to the best-fit theoretical yield and corrected to account

(see Fig. 1, and three layers fdrl 2 3] incidence(see Fig.  for the ion dose and beam footprint, using independent mea-
2), all lower-lying atoms being shadowed by these atoms insurements from two freshly prepared surfaces. Averaging
the outermost layers. Notice that the greater intrinsic penetrahese measurements, together with the Ad/Bl) data, gave
tion on the[ 1 2 3] incidence direction is the reason why we a final calibration value of 21:70.5 counts ML* xC ™% ion
need to use more layers in our model simulations to ensurdose on the target for Kill at normal incidence.

reasonable convergence. Of course, the actual number of lay- Using this calibration, the MEIS data from the
ers seen in each incidence direction will be larger than thesii(111)(v3xv3)R30°-Pb surface could also be used in a
numbers due in part to thermal vibrations, but more interestsimilar way to determine the Pb coverage; the average value
ingly due to static atomic displacemerteconstructionof  from the three incidence directions was 02803 ML, in

the surface, which move surface atoms out of bulk-excellent agreement with the value of 0:29.03 ML previ-
shadowing directions and lead to additional signal from subeously determined for this surface phase by Rutherford
surface layers. The absolute yields thus provide importanibackscattering® The fact that this coverage is slightly less
structural information in addition to the shape of the block-than the 0.33 ML expected for an ideaf3(x v3)R30° struc-

ing curves. Of course, absolute calibration of these yields isure could be due to island formation, although Umezawa

2
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FIG. 3. Experimental blocking curve@ata points obtained FIG. 4. Experimental blocking curves from @ML1)(v3

from a Ni(11)(v3Xv3)R30°-Pb surface using incident 100 keV Xv3)R30°-Pb as in Fig. 3 compared with the best-fit simulations
H* ions, together with the corresponding best-fit simulatitudid (solid curves for (a) fcc alloy and(b) hcp alloy structural models.
curves for (a) fcc overlayer andb) hcp overlayer structural mod-
els. Incident ions were aligned alorid 10] (left-hand ordinate The magnitude of this permitted adjustment of the scaling
and[112], [123] (right-hand ordinate crystallographic direc- factor in our fitting procedure is clearly a significant param-
tions. Scattering angles for most of the bulk blocking directions arester. If the allowed adjustment is smaller than the probable
summarized in Figs. 1 and 2. imprecision, theR factor may favor a structure that is funda-
mentally incorrectbut gives the best fit to the apparent ab-
et al. have suggested that it results from a random replacespjute MEIS yields If the allowed adjustment is too large,
ment of Pb by Ni in the {3Xv3)R30° structuré: the fitting becomes determined only by tseuctureof the
Figure 3 shows a comparison of experimental blockingplocking curves, and fails to make use of the absolute yield
curves with best-fit simulations for the fcc and th Overlayerca"bration' In fact the allowed variation af5% is essen-
structures in thé110], [112], and[12 3] incidence ge- tially identical to that proposed by other workers in the
ometries. Figure 4 shows the corresponding comparisons fMEIS technique®?®3°3land is consistent with the variation
the fcc and hcp surface alloy models. As remarked earlienve see in our two alternative means of calibration, which
the calculation oR, is based on actual number of detectedmust result from a combination of experimental factors in-
scattered ions, so the application of the calibration factor i€luding the perfection of the samples as well as aspects of
used to adjust the theoretical yiel@is layer9 to these units. the instrumentation. In the present case additional errors in
However, because of the strong angular dependence of thkis yield may stem from incomplete Pb coverage of the
scattering cross section, the blocking curves in this form arsurface in the ordered phase.
superimposed on a steeply falling cross-section curve. Visual Table | lists the best-fit structural parameters for each
comparison of the blocking curve features is thereforemodel, together with the associated gloly values, ob-
greatly improved by displaying the scattered yields in termgained by combining individuaR, values from all three in-
of layers seen, leaving the theoretical curves as calculatedjdence geometries. Details of the method of combiri)g
and applying the calibration factdincluding the sif(®4/2)  values and the subsequent determination of experimental un-
dependence on scattering arigle the experimental yields. certainties are given elsewheré Structural parameters and
The comparisons shown are based on structural optimizatioR factors have been determined both withold tex) and
to minimize the value oR, using the experimentally deter- without (normal tex} absolute calibration of the yield. It is
mined value of the calibration factar, allowing this factor immediately clear from both visual assessment of the fits and
to vary only by +5% about this absolute calibration. the associatedR factors that the hcp overlayer ar{ticp
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TABLE I. A summary of optimum structural fit parameters and
associatecR, values for each of the four models tested for the
Ni(111) (V3 Xv3)R30°-Pb surface phase. Structural parameters and i o o _,_,__» :

. . . i o~ g L
R factors listed in lightface text were obtained by using the . ‘. .. Top ,’,’,’,’,
experimental/theory scaling factor as a free parameter of the fitting =" ¢ ="
(\ variable. Structural parameters amifactors listed in boldface

text were obtained after application of a calibrated scaling factor to
the theoretical curves during the fitting procdasfixed) as de-

scribed in the text. W o /7
A\ /gl

Model Zpp (A) 21, (A) R, 99

fcc 2.55-0.16 1.97+0.04 3.8

overlayer 2.55+0.16" 1.97+0.04 3.8

hcp 3.12:0.13 1.97+0.04 9.2 fcc overayer azimuth o dlloy

overlayer 3.10+0.17 1.98+0.03 9.6

fcc alloy 2.57-0.16 1.97+0.05 3.9 FIG. 5. Plan and sectional views of the fcc overlayer and fcc
2.64+0.14 1.99+0.05 4.0 substitutional alloy models of the §i11)(v3Xv3)R30°-Pb sur-

hcp alloy 2500.10 1.96+0.07 19.7 face (Ni atoms smaller dark balls, Pb atoms larger lighter balls
2 60+0.10 2 11+0.07 79.3 showing the scattering plane of atoms including the Pb adsorbate

atoms within the(112) azimuth. The atoms within this plariboth

3 or overlayer modelgp, is the layer spacing of the Pb relative to Pb and Ni if coplanagrare shown as very light for clarity. Note that
the outermost Ni layer, anzi, is the first-to-second Ni layer spac- in the alloy model the Pb adsorbates have been drawn with reduced-

ing. size spheres to avoid overlapping, a direct manifestation of the ap-

bEor alloy modelszey is the layer spacing of the Pb atoms relative Parent size reduction in this model as discussed in the text.

to the outermost complete Ni layer amg, is the layer spacing of

the Ni atoms in the alloy layer relative to this same outermosthetween these two structures therefore requires a careful
complete Ni layer. choice of scattering geometry. Indeed, in our initial measure-

ments on this system we first measured only[thé0] and
stacking-fault alloy phases can be rejected. The distinctiqrpm] incidence geometries, and noted the insensitivity of
between the fcc overlayer and fcc alloy results, however, ighe results to this aspect of the structure, which is evident in
more marginal. The overlayer model actually yields the low-ye theoretical fits for these two structures in Figs. 3 and 4.
est globalR factor; however, for the overlayer model the — \ye therefore undertook a series of model calculations to

minimum R factor is 3.8 but the error analysis reveals that;heck the sensitivity of other geometries to this difference in
structures withR factor values less than 4.8 lie within the ) . — ..
&tructure, these calculations showed that e 3] inci-

range of precision, and this clearly includes the value of 4. Len irv disol th red itivitv. The k
found for the alloy model. Indeed, with some relaxation of ce geomelry dispiays the required sensitivity. The Kkey

the absolute calibration scaling tiR factor for the alloy ~eéason for this is that while tHel 10] and[1 1 2] incidence
model is even closer at 3.9. Formally, therefore, this analysigirections lie in &112) azimuth, thg 1 2 3] direction lies in
is unable to distinguish between these two structural modelsi (110 azimuth. In thg112) azimuths for a clean surface all
The problem of distinguishing between fcc overlayer ad-planes perpendicular to the surface that cut through the at-
sorption andfcc site substitution in the surface using MEIS oms are identical and contain atoms in all layesse Fig. 1
is one we have discussed in the pa$he essential problem If we form a (/3xv3)R30° structure on the surface, this
is that in most scattering geometries one does not detesituation changes in thgtof such planes then contain only
directly the relative positions of atoms japproximatelythe  substrate atoms, whereas the otherontain only adsorbate
same plane parallel to the surface, so one does not distitoms in the top layer. This is true for both fcc hollow sites
guish between an outer layer comprising only 0.33 ML ofand substitutional sites, so there is no fundamental difference
adsorbate and one in which the outer layer also contains 0.67 these two structures; the relevant planes of atoms contain-
ML of substrate atoms in essentially bulk-terminated sitesing the Pb adsorbates for these two models are shown in Fig.
One might imagine that the substitution of one-third of the5. In the case of th¢l10 azimuth, on the other hand, there
outermost Ni atoms by Pb would lead to a pronounced reare three distinct planes of this type even for the clean sur-
duction in the predicted scattering yield from Ni atoms, butface (see Fig. 2, because only every third layer falls in a
because the substitutional Pb atoms have a different layeingle plane; these three planes thus contain atoms in layers
spacing relative to the extended Ni bulk, they do not shadowt,4,7, etc., 2,5,8, etc. and 3,6,9, etc. Forming th8 (
subsurface atoms along the low-index incidence directions<v3)R30° surface structure also modifies only one of these
(apart from normal incidengeso the missing Ni scattering planes. However, the modification is different for substitu-
signal from the top layer is simply replaced by an equivalentional or fcc hollow-site occupatiofFig. 6). In the substitu-
signal from a lower layer. The effect of forming the surfacetional case, layer 1 of the clean surface is modified so the
alloy as opposed to forming an overlayer is thus to simplyfirst of these planes is changed; in the case of a fcc overlayer
transpose perpendicular to the surface by one layer spaciran extra adsorbate layer is added to the plane containing
some of the shadowing and blocking events that determinsubstrate layers 3,6,9 etc. Moreover, in the substitutional al-
the scattering yield between the two models. Distinguishindoy case thg110 section containing layer 1 contains both
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fec overayer  azimuth fec alloy FIG. 7. Comparison of the experimental blocking curves with

the results of a simulation based on a fcc alloy model with the very
large corrugation amplitude expected for Ni and Pb atoms in the
surface layer having their bulk metallic radii. Notice, in particular,

the predicted Pb blocking dip fgrl 10] incidence at a scattering

angle of around 107¢(marked with an asterigkvhich is not seen in
adsorbate and substrate atoms in the top layer, so blockinge experimental data.

events involving both adsorbate and substrate atom scatterers
in the top plane are involved. Scattering in L0 azi- IV. GENERAL DISCUSSION

muths thus has a far greater potential to distinguish between While our conclusion that a substitutional surface alloy

the fcc overlayer and alloy models. structure is favored is in qualitative agreement with that of
Comparison of the simulatefdl 2 3] blocking curve for  the earlier low-energy ion scattering experimérthe actual
the fcc overlayer and alloy models, as shown in Figs. 3 andtructural parameter values we find differ significantly from
4, illustrates this rather clearly. Particularly in the scatteringthose of the earlier study. In particular, we find the alloy
angle range from about 95° to 120° there are very markethyer corrugation to be 0.650.15A, very significantly
differences, the overlayer showing single peaks with shoullarger than the value of 0.2 A derived from ICI$&though
ders, while the alloy phase shows double peaks. The quaniitis similar to reported corrugatiofié of 0.60 or 0.47 A for
tative fits in this scattering geometry are less good than in théhe  (stacking-faulteyd  surface  alloy =~ CW@1D(V3
others, but the scattering yields in tig2 3] incidence di- < V3)R30°-SH. The origin of such a large discrepancy is

rection are much larger than in the other directions used, SH_ncIear; MEIS certainly can be expected to be capable of

the blocking dips are proportionally smaller; this accountsy'e'dlng greater precision than ICISS due to better knowl-

for the fact that the associat&®factors are quite low despite edge_ .Of the Interaction potential at h!gh energies, but thg
) . : ) . o precision in ICISS is expected to be higher than the magni-
the visual impression of poorer fits. Despite this, it is clear.

that th . tal dat h ilar to th ftude of this difference.
at the experimental data areé much more simiiar o thosSe 101 e 5eq magnitude of this corrugation, however, is

the surface alloy phase in this region. This qualitative prefi i ar surprisingly small if we compare it with the value of
erence is also reflected in the values for Biéactor evalu- 1 g7 A that is to be expected for a hard-sphere model based
ated for this scattering geometry alofgee Table ll, the o the metallic radii of the Ni and Pb atoms discussed ear-
value being 3.1 for the fcc overlayer model but only 2.3 forjier. Indeed, our structural solution, assuming that the effec-
the alloy. We therefore conclude that while the glolBal tive radius of the outermost Ni atoms is unchanged from that
factor for the full data analysis does not formally distinguishof the bulk, implies an effective radius of the incorporated Pb
these models, the one data set that shows significant sengitoms of 1.330.04A, to be compared with the value in
tivity to this aspect clearly favors the fcc surface alloy phasebulk Pb of 1.75 A. The alloy layer corrugation of 0.2 A

found in the ICISS study by Umezavet al?* would actu-

ally imply an even smaller effective radius of only 1.25 A,

but these authors do not comment on the result. By contrast,

TABLE Il Values of R factors for the individual blocking e note that the best-fit fcc overlayer model implies a much

curves corresponding to the structural models defined in Tafle | mgre reasonable effective radius for the adsorbed Pb of
fixed). 1.67+0.14 A, a comparison which seems to favor this solu-
tion on physical grounds. We should stress, however, that

FIG. 6. Plan and sectional views of the fcc overlayer and fcc
substitutional alloy models of the Ni11)(v3Xxv3)R30°-Pb sur-
face as in Fig. 5, but for scattering in ti&10 azimuthal plane.

Madel Rriio) Rrii2) Rrizs) Ruotal our data clearly exclude the possibility that a surface alloy
fcc overlayer 4.2 4.1 31 38 forms with the very large corrugation amplitude expected
hcp overlayer 15.0 9.2 31 9.6 from application of the bulk metallic radii. A specific illus-

fec alloy 43 53 23 4.0 tration of this is shown in Fig. 7 in which the consequences
hcp alloy 147.6 41.4 329 793 of such a model are compared with the experimental block-

ing curves. For th¢1 10] incidence direction, the dominant
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TABLE lll. Interatomic (A-B) distances in surface alloys formed by the deposition of elerBeti the
surface of elemenA for several previously studied systems, and for the present work marked with an

asterisk.

Substrate Adsorbate dag (A) dag (A) dag (A)
(A) (B) Surface phase surface at. radii cov. radii
Cu(100 Au c(2x2) 2.58 2.73 2.51
Cu(100 Mn c(2x2) 2.58 2.62 2.34
Cu(111) Sh 3 %xv3)R30° 2.60 2.86 2.57
Ag(111) Sb 3 Xv3)R30° 2.89 3.03 2.74
Ni(111) Pb (V3 Xv3)R30° 2.57 3.00 2.62

%Reference 3.
breferences 6,7.
‘Reference 6.

blocking feature of the simulation is the strong dip at a scatmust reflect the fact that for dissimilar materials the bonding
tering angle of 90° corresponding to the bylB01] emer- in the alloy must be, at least to some degree, covalent, and
gence direction, but the large displacement of the Pb atomihe sum of the covalent radii is significantly shorter, as is
perpendicular to the surface leads to an additional blockinglso shown in the table. This is especially true for the cases
dip displaced to a scattering angle of 107°, which is clearlyof Cu-Sb, Ag-Sb, and Ni-Pb; standard texts on crystalline
not present in the experimental data. Evidently, minor adjuststructures distinguish between alloys involving two true met-
ments of this structure will not rectify this major discrep- als (which include all the noble and transition mejaésd
ancy. those involving a true metal and a so-calBdubgroup el-
Although the phenomenon of surface alloying has beerement from further to the right of the periodic table, includ-
recognized as widespread, the number of cases in whicing elements in groups IVA and VA such as Pb and®*6b.
complete structural information is available is more limited.Indeed, in the case of Cu-Sb this is reflected also in bulk
One group of systems that have been considered in sonietermetallic phases; the Cu-Sb bond length in bulkStuis
detail is the alkali metals on AL11), but the alkalis are a 2.62 A3® very close to the actual value found in the surface
rather special case in that they have very low electronegatiyphase and also to the sum of the covalent radii, and much
ity and a strong propensity to form ions, even when adsorbetkss than the sum of the atomic radii. By contrast, however, it
on metal surfaces. Moreover, because of their single outeis notable that in the Cu-Au system, which is a case of an
shell s electron, there is a very large differenéypically  alloy of two true metals, the Cu-Au bond length in the or-
approximately 1.0 A between the ionic and metallic radii. dered CyAu alloy is 2.82 A, which is actually larger than
The consistent pattern for the surface alloys formed by Nathe sum of the atomic radii and thus substantially larger than
K, and Rb on A(111) is that the effective radii for the alkali in the case of the Cu(106§2x 2)-Au surface alloy phase.
adsorbates are slightly smaller than, but close to, the metallimdeed, this surface phase is notable in that there is essen-
values. However, systems of essentially ionic character argally no corrugation of the surface alloy layer despite the
not really relevant to the present systéNi and Pb having large difference in atomic radi{1.28 and 1.46 A of the
identical electronegativity valugs constituents. Clearly, therefore, there is some additional fac-
Table Il summarizes the results of other substitutionaltor at the surface which tends to lower the corrugation and
surface alloy systems for which there are quantitative datathe associated interatomic bond length relative to the bulk
The actual substrate-adsorbdie-B) nearest-neighbor dis- alloy phaseg(in cases where such an alloy phase exists
tances found in these studies are compared in this table with Recent understanding of surface stress in metallic sur-
the values to be expected on the basis of the sums of thiaces suggests a simple reason for this effect. It seems now to
atomic radii and the sums of the covalent radii, the atomide rather well established that clean unreconstructed elemen-
radii being given(as is common for tabulations on periodic tal metal surfaces are in a state of tensile stfghis is
table chart¥) as the metallic radii for a coordination number attributed to the fact that the valence charge density at the
of 12 (with corrections according to Pauling’s formeidor surface is lower than in the bulk due to the spillover into the
materials that do not form fcc or hcp solids with this coor- vacuum, but the equilibrium spacing of the atoms in the bulk
dination. What is clear from these comparisons is that theis related to the optimum value of the surrounding valence
general trend is for the surface alloy phase to show a signifieharge density. Some contraction of the outermost layer
cant shortening of the bond length relative to that predictedpacing can help to relieve this problem, but the atoms would
by the sum of the atomi@metallic) radii. The one exception still prefer to have a shorter spacing parallel to the surface. In
is the case of the Cu(106)2x2)-Mn surface phase in some casefsuch as A@l11) and AU100 surfaces this ef-
which the Cu-Mn bond length is actually almost identical tofect can lead to a reconstruction of the surface layer to a
this predicted value; in this special case theoretical modelingmore close-packed overlayer. However, in most systems
shows that the Mn effective radiissignificantly larger than the surface atoms that are under tensile stress are locked in
would normally be expected due to a modified magnetic statéhe periodic potential of the underlying bulk. If we now sub-
of the Mn atom in this phas¥. stitute some fraction of the atoms in such a surface by those
In part, the shorter interatomic distances seen in Table lIbf another metallic element with a larger radius, it is clear
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that the need to immerse these atoms in a high valence V. CONCLUSION

charge density will tend to draw them into the surface layer. Our MEIS structural investigation of the Ni(111%

While this should, in part, be countered by a tendency to o . y
introduce lateral repulsion and thus compressive surfacé<‘/§) R30°-Pb surface phase was motivated by a desire to

stress, the intrinsic tensile stress of the clean surface will alsg?swer l;[)W;')t qtl_Jestllons: fdoes tﬁ"s phasg Igvolvctje ?he formatl!on
moderate this effect. In this context it is worth noting that for© e:(islu iril u lf)na”iSli.lrr?c;ena Oy,ttarsin € ucetr n anAear er
a surface alloy layer with a small corrugation, the inter-0aX1a pact collision 10 Sﬁa erng spec OS.CO@' A
atomic bond length changes very little for a much IargerICISS) study by Umezawa_t al,and 'f. so does this _surface
change in the corrugation amplitude. Thus, while in theaIon also have an associated stacking fault relative to the
Cu(100)(2x 2)-Au phase the corrugation am’plitude is Iessunderlymg substrate, as has been found for similar phases
. : L formed by Sb on C{@11) and Ag111)? The answer to the
than 0.1 A, in Cu(100)(2x% 2)-Mn this corrugation is 0.3 A o : .
but the interatomic bond length is only 0.03 A largeee latter question is 'clear, we can safely reject models based on
Table Il). From the point of view of maximizing the valence hep site occupation of the Pb adsorbate, either as an over-

charge densty around the substtional atom, th comugfEJ° 1 8% & subsituona aloy The cear dsincton be
tion amplitude is probably even more important than the in- rOves more difficuI¥ Formally the MEIS data );mal Sis
teratomic spacing, an observation that highlights the previp : Y y

; X . based on the glob#t factor does not allow the distinction to
OESW recognized anomalous behavior of this Cu/Mn sun‘ac%e made ang actually marginally favors the simple over-
phase. '

layer. On the other hand, a subset of data taken in a scatter-

Returning to the specific case of the Ni/Pb surface aIonin cometrv chosen to be especially sensitive to this ke
studied here, we conclude that the apparent large reductigh? 9 y P y y

in the Pb effective radius relative to its bulk metallic value questipn does clearly favor th.e.alloy phase interpreta_tion.
can be reconciled, at least qualitatively, in terms of two ef- Atfirst glance, a very surprising consequence of this con-

fects. One of these is that this phase does not involve tngusmn is that the associated quantitative structural param-

true metals and may be expected to show a significant degreeeters indicate that the Pb atoms in this phase have effective

of covalent character in the bonding. The other is the surfacrad" which are some 0.4 A smaller than in bulk crystalline

efect of maximizing the valence charge density around they - e iEeee PORPRICRR, T (L HEC Oe 20 Oy N
surface atoms, which favors a more nearly coplanar surfa Y

alloy phase. Some limited specific evidence for the formereads to the conclusion that this result may not be anomalous,

contribution comes from a study of the bulk crystallographybm may be a consequence of a combination of partial cova-

G NI prase. Ao e caoum pas datan ol ora8 1 2 gereal rend o redue suace corga
the Ni-Pb system shows very limitde-3%) solid solubility P y P 9

of Pb in Ni*’ this NiPb phase, which is presumably meta- associated fotal energy.

. Despite this rationalization, it is clear that the Ni(111)
ts;atr)lls\,/(\e/v atl;epr&?:gegtfuirﬁzutvmgiaf ir;tg\og ,:%ngsw'&agsfoung(ﬂ Xv3)R30°-Ph surface phase is a case where a distinc-

leading to an implied Ni-Pb nearest-neighbor distance OFion between adsorbgd overlayer and substit_utional f?‘"oy
2.73 A, significantly closer to the sum of the covalent radij Stucture 1s crucial as it provides a completely dlfferent view
tHan th,e sum of the atomic radiTable Il of the surface bonding. By choosing an appropriate scatter-

Superficially, at least, a quantitative LEED study of the'NY geometry we have tried to overcome a potential weak-

Cu(1005(4>¢4)-Pbphasé? appears to offe quite confict: (2 12 1102 FELCALE T O 0 pretation
ing evidence. In this system the authors also concluded that ' y yp P '

surface alloy phase is formed, but the Cu-Pb nearest: earlier CAICISS study led to the same conclusion, but

neighbor distances found were around 2.9 A, much closer tg\/lth substantial and puzzling differences in the quantitative

e sum of e atorc 12002  than i our i case, UELIL rametr vlves Sucenty, i woul be terest
This surface phase is rather different, however, in two ways, 9 . . . que
entally different physical principles. In view of the large

First, it contains close-packed rows of Pb atoms, so the adY . : :
sorbate atoms are not coordinated only to substrate atoms gference in atomic number of Ni and Pb and the fact that

in all the other systems we have considered. In addition e phase does show good long-range order, quantitative

however, the surface layer is not formed simply by substitut—LEED may be well suited to applying this additional test.

ing substrate Cu atoms by Pb, but actually comprises a ACKNOWLEDGMENTS
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