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Structure determination of Ag(111)(/3X \3)R30°-Sb by low-energy electron diffraction
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A guantitative structure determination of the Ag(1143(< v3)R30°-Sb surface has been performed using
low energy electron diffraction. Six possible structural models were tested: Sb overlayers with four different
adsorption sites and a substitutional alloy surface layer, with or without a stacking fault relative to the under-
lying substrate. The results clearly favor the faulted alloy surface model with all outermost layer Sb and Ag
atoms occupying hcp hollow sites, in agreement with a recent x-ray diffraction study of this surface phase and
both x-ray diffraction and medium energy ion scattering studies of the related Cu¢Bra)\3)R30°-Sb
surface.

I. INTRODUCTION properties of the growing surface, as well as the mechanism
of interaction between surfactant and the surface atoms, is
A detailed understanding of the mechanisms involved imecessary for a complete understanding of this process.
the epitaxial growth of metals is of both fundamental interestStructural characterization of the Sb/Ad1) system has
and technological importance. For the growth of novel magbeen performed by Noakes al® In that study, the overlayer
netic film structures or multilayer films for x-ray mirrors, structures formed by adsorption of Sb on(Afj1) were stud-
good control of the interface structure and surface flatness i®d using coaxial impact collision ion scattering spectroscopy
important to obtain the best material properties. Both inter{CAICISS) together with qualitative low energy electron dif-
facial strain and surface free energy contribute to the criteridraction(LEED). At Sb coverages up to several atomic layers
that determine whether a film undergoes layer-by-layethere was evidence of layer-by-layer growth at room tem-
growth (Frank—Van der Merwg islanding(Volmer-WebeJ,  perature, although the individual layers showed no long-
or layer-by-layer growth followed by islandin¢Stranski-  range order. Subsequent annealing gave rise to two ordered
Krastanoy. It has been shown that the introduction of a sur-phases, {3x y3)R30°-Sb and (2/3x 2/3)R30°-Sb. Neon
factant(a suitable adsorbate that remains at the free surfacgn CAICISS data were used to distinguish between over-
during growth) alters the surface free energy and can thu§ayer and substitutional structural models for the3(

change the growth mode of a film. This has led to surfactang< J3)R30°-Sb phase and pure substitutional and mixed
mediated epitaxy being used to achieve layer-by-layer P P

growth in both metal and semiconductor systents. substitutionfll-overlayer models — for ~ the @
One problem of particular interest is the role of submono-X 2Y3)R30°-Sb phase. Despite the complexity of the mul-

layer quantities of Sh as a surfactant in the homoepitaxia‘iime scattering contributions, these data favored the substitu-
growth of metals, mainly Ag on Ag@11).57 The Sb atoms tional adsorption site for the\@x \3)R30°-Sb phase. For
appear to constantly diffuse or segregate to the growing suthe (2y/3x2y3)R30°-Sb phase, the data were best de-
face, effectively “floating” on top of the surface during ep- scribed by a model involving an order@d2x2)-Sb over-
itaxy and continuing to act as a surfactant throughout thdayer superimposed on the/8x \/3)R30°-Sb surface.

growth process. A knowledge of the structural and electronic These conclusions of the CAICISS analysis are in agree-

0163-1829/2000/620)/139835)/$15.00 PRB 61 13983 ©2000 The American Physical Society



13984 E. A. SOARESet al. PRB 61

ment with those obtained bgb initio calculations for Sb  pressure of the chamber was typically (1200 *° torr.
adsorbed on A@11).° Those calculations showed that it is The Ag(111) crystal slice was cut by spark erosion from a
energetically most favorable for the adsorbed Sb atoms terystal oriented by Laue x-ray diffraction. The surface was
occupy substitutional sites within the top layer for coverageshen polished using progressively finer grades of diamond
up to the formation of a 0.33 monolayeiML) (V3  paste to produce a mirror finish. After insertion into vacuum,
% \/3)R30°-Sb structure. They also showed that the substithe sample was cleaned using cycles of sputtering (ins
tutional Sb adsorbates occupy the surface vacancy in a poskith 3 keV) and annealing (500 °C for 10 min). The tem-
tion very close to the idedbulk-terminatedl fcc location of  perature was monitored using a Chromel-Alumel thermo-
the substituted Ag atom with an outward relaxation of onlycouple in contact with the sample. The cleaning cycles were
5% to 8% of the interlayer spacing, i.e., about 0.12—0.19 Arepeated until no carbon, oxygen, or sulfur were detectable
Scanning tunneling microscof$TM) has also been used to using x-ray photoelectron spectroscdpPS) and the LEED
study the growth of Ag on A@.11) in the presence of pread- indicated a sharp (£1) pattern. Deposition of a nominal
sorbed SKHRefs. 7,10,1% at very low Sb coverages the im- 0.33 ML of Sb was carried out using a small Knudsen cell
ages show small indentations, attributed to individual Sb atloaded with 99.9999% pure Sb and operated at a temperature
oms in substitutional sites within the first layer. STM was of 455 °C. XPS was used to monitor the composition change
also used to study in more detail the difference between ast the surface. During deposition the sample was kept at
deposited and annealed Sb precovered surfaces on theom temperature, but was then subsequently annealed at a
growth of the first monolayer of Ag on Ag11)."" At some-  temperature of 200°C to produce the desired3 (
what higher coverages, the surface showed ordered islands,[3)R30° LEED pattern. Quantitative LEED intensities
both on top of the surface and at step edges withy@ ( were recorded from 30 eV up to 370 eV at a sample tem-
x /3)R30° periodicity and random indentations attributed toperature of 163 Kto reduce the effect of thermal vibrations
substitutional sites in the surface. The main focus of thos@ising an Omicron video-LEED system at nominal normal
STM studies was an attempt to understand the mechanisincidence. The intensity-voltaggl (V)] curves for seven
whereby Sb atoms “float” to the surface as the Ag films fractional-order beam§(3,3),(3.%),(3.%3),(3, %), (3,2

grow, but they also provide evidence that Sb atoms occupy? 2) (2 4)] and nine integaf-(’;rdera E)3ean§sé8,1), 3(130)
substitutional sites at low coverage. (1,1), (0,2), (1,0), (L2), (1,1), (1,3, (1,1)] were then ex-

Here, our concern is to establish, in a quantitative fashion,,;ted from the digitized LEED patterns and smoothed us-
the structure of the ordered Ag(111§x V3)R30°-Sb g a five-point least-squares cubic polynomial algorithm.
phase. In this context the most relevant recent work is &pe symmetry-equivalent beams were then averaged, reduc-
surface x-ray diffractiofSXRD) study of this phas& The ing the data set from sixteen beams to
conclusion of that investigation was that, alth_ough the Shpree symmetry-inequivalent  integral-order  beams
atoms do substitute for 0.33 ML of Ag.atoms in the OUter'[(O,l),(l,O),(l,l) and two symmetry-inequivalent
most Iayer'to form a surface alloy, consistent with the (esult ractional-order beamB(2,2),(%,2)] encompassing a total
of the previous theory and experimental CAICISS studies, alenergy range of 1000 eV
the Ag and Sb atoms in this top layer occupied hcp hollow '
sites (above second layer Ag atomdn effect, therefore,
there is a stacking fault at the surface alloy/substrate inter-
face. That investigation also included a similar structural
study of the Cu(111)(3x /3)R30°-Sb phase, for which the The theoretical analysis was performed assuming the
same faulted alloy surface structure was found. Very recentlynuffin-tin model for the crystal. The muffin-tin potential and
this result for the C(L11) surface has been confirmed in a the phase shifts were calculated using BWRBIERI/VAN
medium energy ion scattering investigatignCuriously, an  HOVE PHASE SHIFTpackagé? In particular, a self-consistent
independent SXRD study of this phd$eoncluded that the Dirac-Fock approach was used in order to compute the self-
structure comprised an unfaulted surface alloy, but the possonsistent atomic orbitals for each element; the muffin-tin
sibility of a faulted surface alloy was not considered in thepotential was then computed following Mattheis’ prescrip-
analysis in that work. tion and the relativistic phase shifts were evaluated by nu-

In this paper we present a quantitative LEED study of themerical integration of the Dirac equation.

Ag(111) (/3% \/3)R30°-Sb surface structure using multiple  The full dynamic LEED calculations were performed on a
scattering simulations and an objective reliability fact® ( Pentium 1l 400 MHz, running Linux, using both theEbrIT
facton to aid experiment-theory comparison. A range of pos-(Refs. 16—2pand the symmetrized automated tensor LEED
sible surface structural models have been tested includingATLEED)™>?! packages. Six different adsorption sites for Sb
both overlayer and substitutional phases, and, in particularyere considered as starting points, namely, on-top, bridge,
this stacking fault alloy model. fcc hollow and hep hollow, fcc substitutional and hcp sub-
stitutional(this last model also involving displacement of the
outermost layer Ag atoms to hcp hollow sites with respect to
the underlying substrakeStrictly, the scattering phase shifts

The experiments were conducted using a standard ultraare structure dependent, so in order to investigate the impor-
high vacuum chamber equipped with a range of facilities fortance of this effect a different set of ten phase shifts was used
sample preparation and surface characterization togethésr each structural model. Subsequent tests revealed that
with a computer-controlled LEED diffractometer in the these different phase shifts had no significant influence on
Physics Department of the University of Warwick. The basethe quality of the resulting experiment-theory agreement.

Ill. THEORETICAL ASPECTS

Il. EXPERIMENTAL DETAILS
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a) top view TABLE II. Structural parameters for the substitutional hcp
model obtained in this work and by SXR([Ref. 12. The displace-
ments are defined as shown in Fig. 1. Theneans that the param-
eter was not investigated in the SXRD study but was assumed to
take its bulk value.

This work SXRD

Yy \*’ Y‘VQQ b Al (A) 0.07+0.04 0.03
SR e A% (A) 0.05+0.05 0.00

N ‘f‘j‘;“ dis (A) 2.46+0.03 2.50

A dys (A) 2.34+0.04 2.36

b) side view dag (R) 2.42+0.07 2.36
Ay (A) 0.00+0.07 0.06

Ag

were calculated using theeeDFIT program over the reduced
total energy range of 650 eM0—-250 eV for each spectrym
This concentration on the lower energy data enhances the
sensitivity to the geometry of the outermost layer, but was
also the data range used in a preliminary assessment of the
system using LEED data taken at room temperature for
FIG. 1. The Ag(111)(/3x \3)R30°-Sb reconstructed surface. which the higher energy range was heavily damped by the
The dark spheres denote the substitutional Sb atoms, the light Ongebye—Waller factor. As a first test all Ag layer spacings
the Ag atoms(a) Top view: (b) side view. were assumed to haV(_e their bulk values (2.359 A); note that
a recent LEED analysis of clean Adl1) concluded that this
The experimental sample temperat(®é3 K) and incidence surface exhibits no relaxati6hand the Sb and Ag atoms
geometry (normal incidenc were assumed. For the pur- have very similar atomic radii (1.44 A for Sb and 1.59 A for
poses of the adjustable structural parameters the surface WAg). The resulting Pendri factors Rp) for each model are
considered to be formed by the three outermost layers, €a@hown in the second column of Table I. From these values

layer (containing 3 atoms per surface unit medheing  \ve are not able to distinguish any preferred model, and op-
treated using the composite layer approach. All the atomigmization of the interlayer distances for each model was

positions in these three layers were allowed to relax in theye sy required. After this optimization of the first three in-
final step of the analysis, but displacements were constraing

X X . rlayer distances, the faultethcp substitutional alloy
to be consistent with the point group symmetry of the sub- i

, 4 model clearly shows the loweR value; the next most fa-
and 1l below were therefore the first hree nterlayer dis- YOTable model is the hcp overlayer, afthough the less prob
tances @l,, dys, anddsy), relative displacements perpen- Z‘t;gae?top overlayer has &factor value that is only slightly
d|clular to t3he surfacébgcklnjg) in the first and third layers Fur'ther refinement of these two most probable solutions
gAi a.mdﬁ 1), and drellatlvlz d|s$_|r? cebmlcle(nltas ;;arallel to the SUhe faulted substitutional and hcp overlayer models, was then
a<|:e n tfezggcrtzn :yzezsﬂ)k € bu def yethten;%eratgreA carried out using the full energy range000 eV} of the data.
V? Uues o i a%z val wefrevuielo o\r/ N d Vafj In this second step, theaTLEED package was used, taking
izms\,/ respective 3 fa utﬁs 0 o ev an Oti_ ¢ ¢ ihe structural models obtained in the first optimization stage
— 4 ev.were assumed for INe real and imaginary parts ot thg s y,q jinitial reference structures for the fuller optimization
inner potential, respectively, but the real part was fitted dur

ina th timizati in which the atomic positions of all atoms of the surface
Ing the optimization process. layers were allowed to relax within the constraints of the
IV. RESULTS AND DISCUSSION point group symmetry of the substrate. For the overlayer

model, no improvement in the fit was observed, whereas for
In the initial assessment of the six alternative structurathe faulted substitutional modéRp decreased from 0.45 for
models, thd (V) curves for each one of the possible modelsan energy range of 650 eV to 0.84ith an associated vari-

TABLE I. Ry values for the structural models analyzed for Ag(13B% +/3)R30°-Sb before and after
the interlayer distance optimization. The interlayer distances are the values obtained from the optimization.

Structural models InitiaRp Final Rp dys (R) dys (A) ds, (A)

faulted alloy 0.66 0.45 2.502 2.347 2.443
unfaulted alloy 0.70 0.65 2.408 2.309 2.383
overlayer hcp 0.76 0.58 2.455 2.344 2.347
overlayer fcc 0.67 0.66 2.376 2.400 2.336
overlayer top 0.69 0.59 2.454 2.415 2.365

overlayer bridge 0.81 0.78 2.359 2.359 2.359
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ance of 0.06for the extended energy range of 1000 eV. The LR
structural parameters for this best model are presented it
Table Il. We can see from this table that there is an expan- '°[
sion of 4.3% of the first interlayer distance;{) with respect
to the bulk value, a very small contraction ©10.8% of the
second one d,3), and an expansion of 2.6% of the third
interlayer distanceds,). Layer buckling was also observed 0.8
in the first (Ai) and third @f) layers, the Sb atoms and the I
Ag atoms directly below the Sb atoms in the third layer,
having a slightly different layer spacing than the surrounding®
Ag atoms in the same nominal layer. In the first layer, the Sb 0.6
atoms move outward from the substrate whereas the Ag at
oms move down toward the substrate. In the third layer the
buckling is in the opposite direction, with the Ag atoms that
sit “below” the Sb atoms moving up. Notice that in the 0.4
second layer buckling of this type is symmetry forbidden.
However, in this layer in-plane displacement of the atoms in b b b b b e
the form of a contraction or expansion relative to the lateral Tto s 0o (Ag"5 o s 20
position of the Sb atom above is possible. The recent SXRD
study of this surface did find a small distortion of this type, FIG. 2. TheR factorRp for a substitutional surface alloy model
but our results favor no such displacemeng£0.00). The as a function of the magnitude of displacement of the outermost
structure corresponding to our best-fit solution presented ifalloy) layer parallel to the surface along(&12 mirror plane &
Table Il is illustrated in Fig. 1. axis). Ax=0 corresponds to a hcp site relative to the underlying
Table Il also shows the optimum structural parameter valsubstrate.
ues obtained in the prior SXRD study of this surf&and it
is clear that all values agree to within our estimated limits ofFigure 3 shows a comparison of the experimeritgV)
precision. The largest difference in the actual optimum valcurves used in this study with the theoretical curves for the
ues of parameters investigated in both studies is in the inbest-fit structural model. Clearly there is generally good
plane contraction of the second layer Ag atoms around thagreement between the experimental and theoretical data, es-
Sb adsorbates. In particular, we find no evidence for anyecially with regard to the energies of peaks, as reflected in
such distortion, while small displacements are found in thehe reasonabléut not especially lowvalue of theR factor.
SXRD study. This difference may stem from the fact that
SXRD is generally more sensitive to atom movements par-
allel to the surface than is LEED. On the other hand, we
should note that this previous study did not consider
adsorbate-induced modifications of the third Ag layer, which  From the results presented here, we are able to conclude
was assumed to be bulklike. Coupling of structural paramthat, of the six models of Ag(111)Bx y3)R30°-Sb ini-
eters is not uncommon in these surface structural methodsally consideredtwo substitutional surface alloy structures
and it is possible that if third layer modifications were in- (hcp and fcg, and four overlayer structuréen-top, hcp, and
cluded in the SXRD analysis, this might influence the opti-fcc hollow and on bridge the faulted(hcp substitutional
mum value of other distortion parameters. Nevertheless, theurface alloy model gives the best experiment-theory agree-
primary conclusion to be drawn from Table Il is that thesement. Associated with this structure is a first layer expansion
two independent studies by different methods are in excelof 4.3%, a second layer contraction 6f0.8%, and a third
lent agreement. layer expansion of 2.6%. In addition, there is a small amount
In particular, our results show that the hcp substitutionabf buckling of the outermost and third atomic layers as de-
model, in which the surface alloy layer exhibits a stackingfined in Fig. 1 and Table II. Both the optimum model and the
fault between the surface alloy layer and the underlying substructural parameter values are in full agreement with the
strate, is clearly the favored structural model. In order torecent SXRD studf;? and in particular support the view that
examine this more closely we have studied the variations ofhe surface substitutional alloy formed at this surface is dis-
the Rp factor as a function of the top layer atom displace-placed to hcp sites to form a stacking fault at the surface
ment (Ax) along the(112) mirror plane. The displacementis alloy/substrate interface. There is now also independent evi-
defined with respect to the hcp sites, the whole surface allogence that the same faulted alloy surface phase is produced
layer (one Sh atom and two Ag atoms per surface unit meshby Sb adsorption on Gu11).12*3
being displaced by the same amount. For each valukxof Prior to these recent studies, there was a growing amount
all other structural parameters were optimized in order tof evidence that Sb occupied substitutional sites at the
minimize the value oRp. The dependence d®s on this  Ag(111) surface based oab initio calculations, STM 2"t
displacement parameter is shown in Fig. 2. The figure showand CAICISS? but none of these investigations identified the
two minima inRp . The deepest ondp=0.34) corresponds  stacking fault. Of course, a key reason for this is that these
to the faulted alloy modelXx=0.0 A) whereas the other earlier studies did not consider the possibility of such a
minimum (Rp=0.65) is not very well defined but corre- stacking fault which, at first sight, appears to be unlikely. It
sponds to the unfaultedfcc) alloy model Ax=1.67 A).  would be of considerable interest to have the benefit of new

—factor

V. CONCLUSION
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