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Structural determination of two-dimensional YSi2 epitaxially grown on Si„111…
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We have used a combination of dynamical low-energy-electron diffraction and density functional formalism
calculations to find a structural model for two-dimensional~2D! YSi2 layers epitaxially grown on Si~111!. Both
techniques show that the geometric structure of the yttrium silicide is quite similar to other 2D rare-earth
silicides. The surface termination consists of a relaxed Si-bilayer and underlying Y atoms onT4 sites@with
respect to the Si~111! interface#. The low-energy electron diffraction study shows several occurrences of
minima in theR factor. The analysis of diffracted beams measured at non-normal incidence allows us to
discriminate the spurious minima.
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I. INTRODUCTION

The understanding of the exceptional electronic proper
of reduced dimensionality systems has stimulated the s
of the atomic structure of ultrathin heteroepitaxial overla
ers. Surface-sensitive techniques and theoretical meth
have been developed during the past 30 years to describ
atomic positions of these systems with a precision of
hundredth of an angstrom. On the other hand, rare-earth~RE!
silicides epitaxially grown onn-type Si~111! present unusu-
ally low values of the Schottky barrier height1,2 making these
films valuable for electronic devices~e.g., infrared detec-
tors!. These metallic silicides present a hexagonal struc
derived from the AlB2-type structure, resulting on graphite
like Si planes intercalated by rare-earth planes. In bulk,
Si planes contain an ordered network of vacancies, formin
()3))R30° superstructure, and leading to the RE S1.7
stoichiometry.3–6

For rare-earth coverages of around 1 monolayer~ML !,
these silicides present a two-dimensional~2D! metallic struc-
ture, exhibiting ap(131) periodicity. The 2D phase fo
rare-earth silicides was first reported for ErSi2 .3,4 From
Auger-electron diffraction these authors have deduced a
face atomic geometry consisting of a bulklike Si~111! plane,
180° rotated around the surface normal with respect to
Si~111! substrate. Er atoms are located about 2.7 Å below
surface plane onT4 sites @with respect to the Si~111!
interface#.5 This model, originally proposed for ErSi2 , has
been recently generalized for other RE Si2 . Medium-energy
ion scattering~MEIS! and low-energy electron diffraction
~LEED! studies have shown that the 2D HoSi2 presents the
same atomic arrangement.6,7 This structural model seems t
be valid even for rare-earth germanides such as DyGe2.8

The surface region of RE Si2 does not show Si vacancie
The formation of vacancies in the bulk of the silicide see
to be related to a release of compressive strain in the in
Si~111! planes, which are graphitelike. As a consequen
one atom out of 6 is missing, and the 1:1.7 stoichiometry
found. On the other hand, Si atoms at the surface can bu
and release strain more efficiently.3–5
0163-1829/2002/66~23!/235421~7!/$20.00 66 2354
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In this paper we present a detailed determination of
atomic structure of the 2D layer of YSi2 epitaxially grown on
Si~111!. The existence of the 2D phase for the YSi2 was
reported by our group.9 In that work, we described the mor
phology and the main defects found on the surface. We a
have proved that the surface atomic arrangement image
scanning tunneling microscopy is compatible with the str
tural model described above for Er silicides and proposed
other rare-earth silicides.

It is generally accepted that although yttrium does n
have 4f electrons, it chemically behaves as other rare ear
Particularly, it presents the same structural phases as o
rare-earth silicides. The objective of this work is twofol
first, to perform a complete determination of the atom
structure of this silicide, and second, to compare the res
with other silicides to know whether there is any differen
in the structural parameters induced by the presence of in
4 f electrons or some atomic size effect that could affect
the interlayer distances.

To achieve this objective we have employed a combi
tion of experimental and theoretical methods. A dynami
LEED I -V analysis has been used to explore the atomic c
figuration of the silicide. We have searched for a global mi
mum of the PendryR factor.10 This standard procedure ha
allowed us to determine ‘‘best-fit’’ values for structural an
nonstructural parameters. A difficulty with this method is th
one needs to make sure that a given minimum in the mu
dimensional space searched is in fact the global one. Sim
minima in the R factor could appear for multiples of th
interlayer spacing in a LEED analysis.11 When this occurs,
the lower value is usually chosen to represent the ‘‘re
structure, although coincidence with other independent te
niques, or plausibility arguments, are also often decisive
choose among them. For the YSi2 silicide, we have found
that the LEED analysis based purely on normal inciden
presents at least two indistinguishable local minima. To
cide whether one of them, or a combination of both, rep
sent best the structure, we have extended our study by m
suring curves where the incident electron beam is not nor
to the surface. Furthermore, we have performedab initio
total-energy calculations based on the density-functional
malism ~DFT!. These two methods have allowed us to d
©2002 The American Physical Society21-1
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card the spurious minima and to determine the global o
Finally, it is interesting to notice that vibrational amplitud
factors were found to be very important in this work; valu
for them are quite considerable and different for differe
layers, and the PendryR factor sensitively depends on the
as we shall see below.

Thus, by a combination of LEED experiments and D
calculations we have arrived at a description of the surf
atomic structure of the silicide. The final proposed geome
model is quite similar to the presented for other silicides. T
outermost layer consists of a relaxed Si bilayer, loca
above the yttrium layer at about the same distance as in
bulk silicide, and the Y is in aT4 position with respect to the
Si~111! substrate. Their distances are compatible with t
found for other silicides.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Growth and characterization experiments were carried
at room temperature~RT!, in an ultrahigh vacuum~UHV!
system. The base pressure of the chamber was in the
10210 mbar range, raising to 231029 mbar during the Y
evaporation. This chamber is equipped with commerc
LEED optics and an 8-bit CCD camera. We also have
scanning tunneling microscope that allow us to study
surface morphology and the quality of the grown films.9

n-type Si~111! wafers were used as substrate. They w
cleanedin situ by standard methods~resistive heating up to
1200 °C followed by slow cooling!, resulting in a sharp 7
37 LEED pattern. To form the 2D silicide, approximately
ML of Y was deposited at RT on the Si~111! 737 surface
and subsequently annealed at 400 °C for 15 min. The silic
is characterized by a sharpp(131) LEED pattern with no
traces of the ()3))R30° or the 737 superstructure. The
evaporation rate was monitored with a quartz balance@1 ML
corresponds to 7.831014 atoms/cm2, the atoms of one
Si~111! plane#. More details about the preparation can
found in previous works.9

LEED I -V curves were recorded at normal incidence
well as by varying the incidence angle with respect to
surface normal. We have measured them in an energy ra
from 50 to 450 eV and with an energy step of 1 eV. Th
surface has a threefold rotational symmetry; therefore,
equivalent diffracted beams were averaged and backgro
subtracted together to produce five independent curves:~1,0!,
~0,1!, ~1,1!, ~2,0!, and~0,2!. For electron-beam incidences o
normal we rotated the sample, maintaining a plane of sy
metry. We tilted by moving the surface normal in the pla
defined by itself and the@ 1̄21̄# surface direction. As a con
sequence, the threefold rotational symmetry is broken, a
ror plane remains, and we have two equivalent beams ou
three.

Dynamical LEED calculations were performed using t
packageCLEED developed by Held.12 TheoreticalI -V curves
are computed by layer-doubling13 except where convergenc
is poor due to short distances between layers~e.g., the silicon
bilayer!. For these cases the program automatically switc
to a real-space composite layer method.14 From a suite of
23542
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different R factors quantifying the agreement between t
theoretical and the experimental curves we have favo
Pendry’sR factor on account of its robustness and the am
experience with assessing confidence on structures from
different parameters entering the theoretical search.
CLEED package includes an automated optimization pro
dure with several choices; we have used the Nelder
Mead downhill simplex.15 While this method performs effi-
ciently a true multidimensional minimization, it is only ex
pected to work well in the vicinity of a global minimum
which is enough for our purposes. Finally,l max58 was used
for the phase shifts, that were obtained fromMUFPOT.13

The atomic positions of the Y and Si atoms were varied
five surface planes: the last Si bulk bilayer, the Y layer, a
the Si surface bilayer. Deeper Si atoms were held at b
positions. As the LEED pattern stays always ap(131), we
have used the Si lattice parameter to describe cells in
different planes (ap53.84 Å). However, for the sake o
completeness, we have tried also minimizing this value,
sulting in a small decrease in the bestR factor ~from 0.21 to
0.20! for a 5% increase in that parameter. A similar effect h
been previously reported in the literature, which seems to
related to assuming a constant real part for the opt
potential.16 As we have made no attempt to optimize
energy-dependent self-energy~neither for the real nor for the
imaginary part!, we interpret this effect as due to the limita
tions of our calculations and we disregard it as unphysic
Other nonstructural parameters considered in the ana
were the isotropic atomic rms vibrational displacements
the aforementioned five layers, and the bulk value, the
and imaginary part of the inner potential, and the polar in
dence angle with respect to the surface normal. Final va
for all these parameters can be found in Table II.

The density-functional calculations have been perform
using the VASP code.17 The generalized gradien
approximation18 ~GGA! has been used for the exchange a
correlation terms. Electron-ion interaction is described
pseudopotentials. The ultrasoft pseudopotentials19 limit the
size of the plane wave basis~cutoff 200 eV!. Y and Si ultra-
soft pseudopotentials have been extensively checked
used in previous studies.20,21We especially showed that Y 4p
semicore states have to be treated as valence states. Int
tion in the Brillouin zone is done on a set of 100 irreducib
k points generated from the Monckhorst-Pack scheme.
supercell used to describe the surface consists of four sil
bilayers plus one yttrium layer and one silicon bilayer on o
side. On the other side, dangling bonds are saturated b
atoms. The theoretical bulk silicon lattice parameter~5.463
Å! has been used. All atoms are allowed to relax.

III. RESULTS AND DISCUSSION

For a complete determination of the atomic structure,
first have to consider all the possible stacking configurati
for the atomic layers, and to compare the calculated LE
I -V curves for every model with the experimental curves.
there is no previous quantitative information on this stru
ture, we assume the starting point to be dictated by other
silicides.4,6,22,23Therefore, we have considered the six mo
1-2
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STRUCTURAL DETERMINATION OF TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 66, 235421 ~2002!
realistic possibilities of stacking. They are the same se
structures as Kitayamaet al.7 tried for their LEEDI -V work
on HoSi2 . Depending on the position of the Y atom wit
respect to the Si interface atoms we have considered aT4
position, aH3 position, and an atop position. For all of the
the topmost Si double layer could be in the same orienta
or rotated 180° with respect to the bulk orientation. Tabl
summarizes the optimum PendryRp factor for the different
tested models. From theRp results, five of these models ca
be directly ruled out due to their highRp value. We have

FIG. 1. Top and side views of the structural model for t
p(131)-YSi2 /Si(111).

TABLE I. Optimum PendryR factor for some geometrica
models.

Y position with respect to
Si~111! interface

Si bilayer orientation

Rotated 0° Rotated 180°

T4 site 0.53 0.29
H3 site 0.89 0.67

On top site 0.71 0.75
23542
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found that the configuration with the lowestR factor corre-
sponds to a geometrical arrangement similar for all rare-e
silicides. This model is schematically represented in Fig.

Once the geometrical arrangement was established,
focused on finding accurate values for the interatomic d
tances involved in the system. We have performed a car
minimization process through several stages. After a fi
search for the structural parameters and an estimation o
nonstructural parameters, a refinement of theRp was carried
out. In this process, we have realized that a correct gues
the thermal vibrational amplitudes at each surface laye
necessary to get theR factor to low-enough values to make
significant. This point is illustrated by reference to Table
whereR-factor values corresponding to the optimum geo
etry given in Table III, are compared for two cases: on t
left rms displacements obtained for each atom accordingl
their bulk Debye temperature~e.g., 645 K for Si and 280 K
for Y!, compared to the optimized values for each surfa
layer given on the right column. The dramatic change in
R factor down from 0.46 to 0.21 illustrates well enough t
importance of vibrations in this system. In our case, vis
agreement between experimentalI -V curves and theoretica
curves computed with vibrations described by a bulk Deb
temperature were not satisfactory enough, nor such a h
value asRp50.46 could be considered a reasonable fit. F
lowing Spenceet al.8 we have also tried increasing vibra
tions in the two silicon upper layers by a factor of&: The
corresponding reduction in theR factor from 0.46 to 0.37,
although already significant, is not completely satisfacto
Those values are close enough to theR factor obtained by
Kitayama et al.7 in their LEED analysis for HoSi2 (Rp
50.42), and one may speculate about the influence of vib
tions in the analysis of this system.

The procedure used to adjust the structural parame
was performed as follows. The five planes~see Fig. 1! were
varied independently. After this procedure, we obtain
fairly good agreement between calculations and experim
Then, we adjusted again the nonstructural parameters in
der to minimize theRp and, finally, we moved the last two

TABLE II. Nonstructural parameters by layers. There is a
markable change in theR factor corresponding to the vibrations. O
the left, rms displacements obtained for each atom from the b
Debye temperature, and on the right column, the optimized va
for each surface layer. The real and the imaginary part of the in
potential are also summarized.

Vreal part5210 eV, Vimaginary part53.9 eV

Bulklike values
^Dr &

Best-fit values
^Dr &

Sibulk 0.06 0.06
Si5 0.06 0.06
Si4 0.06 0.06
Y 0.09 0.08
Si2 0.06 0.13
Si1 0.06 0.17
RP 0.4581 0.2078
1-3
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TABLE III. Atomic distances between layers calculated by LEED and by density-functional theory compared with the results fro
authors. The distances referred to are from Fig. 1.

DyGe2 HoSi2 ErSi2 YSi2
MEISa LEEDb MEISc MEISc SXRDd DFT LEED I -V

Si1-Si2(Ge1-Ge2) ~Å! 1.0860.02 0.82 0.8860.03 0.9260.03 0.8260.03 0.789 0.7960.04
Si2(Ge2)-R ~Å! 1.7160.02 1.88 1.8060.03 1.7760.03 1.7860.08 1.769 1.8560.04
R-Si4(Ge4) ~Å! 2.960.1 2.03 2.1060.06 2.3060.06 2.052 2.0860.03

Si4-Si5(Ge4-Ge5) ~Å! 0.7860.07 1.01 0.9060.06 0.8060.06 0.903 0.9060.04
Si5-Si6(Ge5-Ge6) ~Å! 2.30 2.3260.08
Si6-Si7(Ge6-Ge7) ~Å! 0.84 0.78

aReference 8.
bReference 7.
cReference 6.
dSurface X-ray diffraction~SXRD!. Lohmeieret al. ~Ref. 23! in this reference also reported similar results from MEIS experiments.
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layers (Si1 and Si2 in Fig. 1! to optimize their values. TheRp

variations as a function of the distance between Y and2
(d2) and the buckling between Si1 and Si2 (d1), keeping the
others distances fixed, is shown in the 2D map represente
Fig. 2. The lowerRp corresponds to the darker gray shade.
the figure, the statistical variance~RRP50.03! is also repre-
sented. From this value, we estimate errors in the struct
determination as shown in shadowed areas in Fig. 2.

This map shows three local minima of theR factor for
0.33, 0.79, and 1.6 Å withR factors of 0.21, 0.21, and 0.33
respectively. These values look like multiple coincidenc
for the last two Si layer distances. Usually, local minima a
discarded by its higherR factor compared with the real one

FIG. 2. Variation of the PendryR factor as a function of two
distances: The Y-bilayer spacing and the buckling of the top la
The shadowed areas represent the variance ofRP around the
minima, and the white points represent the minima of theR factor.
This figure shows the multiple occurrence of local minima.
23542
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However, in this case, the values at 0.33 and 0.79 Å~white
spots in Fig. 2! present the same value for theR factor ~0.21!
and are more than one variance apart in parameter spac
we cannot choose one from the LEED analysis at norm
incidence alone. One possibility would be that the minim
correspond to different structures coexisting on the surfa
However, the calculated curves for both structures are
similar that we take it as a case for extending the structu
search to new conditions that could eventually discrimin
between both minima, a case that indeed has been confir
by a following analysis based in non-normal incidence of
primary beam.

In order to distinguish between the two minima, we ha
taken several actions. First we have recorded and analy
I -V curves out of normal incidence. Our purpose was
calculate the atomic structure for each set of curves at dif
ent angles, expecting that for some angles the spur
minima will be higher than the real minima making possib
the discrimination.

Therefore, we have measuredI (E) spectra for several in-
cidence angles of the electron beam with respect to the
face normal. The azimuthal angle was set in such a way
we varied the polar angle following the@ 1̄21̄# surface direc-
tion. To determine the value of polar angles with precisio
we have calibrated our sample manipulator before the exp
ment. This can lead to typical errors of about 2°. Additio
ally, the polar angles have been obtained from the LE
pattern by an iterative procedure.12 The rms deviations ob-
tained for the incident angle are always better than 0
Finally, we have adjusted the polar angle by optimizing t
PendryR factor between experimental and theoreticalI -V
curves: the maximum deviation between this last proced
considered to be the best, and the previous ones has al
been below 0.4°.

In Fig. 3 we have plottedRp for different experimental
incidences comparing with the corresponding theoretical
culations around the angles previously determined by di
calibration of the manipulator and nonlinear fit as explain
above. Results are shown for the two best minima previou
identified: dotted line corresponds to the 0.33-Å structu
while solid line corresponds to the buckling 0.79-Å structu

r.
1-4
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STRUCTURAL DETERMINATION OF TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 66, 235421 ~2002!
The best-fit values correspond tou54°, 9°, and 14°. The
statistical variance forRp , RRP, and the results obtaine
from the referred program are also plotted~shaded region!
for each angle. As commented above, values for the a
determined from all the methods are consistent.

Figure 3 shows that aroundu50° curves for both struc-
tures are fairly close and therefore cannot be distinguis
from this analysis. However, when the angle is increased,
differences become more apparent. Atu54° differences

FIG. 3. Variation of the PendryR factor as a function of the
electron-beam incidence angle for the structure with a buckling
0.33 Å ~dotted line! and 0.79 Å~solid line!. The striped areas rep
resent the variance of theRP around the minima, and the vertica
lines represent the angles with their errors calculated by the
gram referred in Ref. 11.

FIG. 4. Variation of the PendryR factor as a function of the
Y-bilayer spacing and the buckling of the top layer, for a set
experimental curves recorded 14° out of normal incidence.
23542
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start to show, but still are within the experimental error and
is not possible to discriminate. Foru59° andu514°, how-
ever, we clearly observe that 0.79 Å represents a lower m
mum than 0.33 Å. The relatively high value found forRp in
the case ofu54° can be explained from the lack of data f
the ~2,0! beam, that in this case is inside the gun regio
Accordingly, the variance forRp in this case is higher than
that in the others. To further illustrate this discussion
present the PendryR factor map foru514° ~Fig. 4!. Com-
paring Figs. 2 and 4, it is possible to see the difference in
values of both minima: at 0.33 ÅRp is 0.36, while at 0.79 Å,
0.21. Then, even with the statistical variance (RRP50.03)
the minimum at 0.33 Å is far from the other, and it is cle
that the minimum for 0.79 Å represents the best fit to t
structure.

An interesting point is to discern whether or not bo
minima correspond to different ‘‘real’’ domains that cou
coexist on the surface under the current preparation co
tions. If this were the case, and assuming that both dom
are big enough so they add incoherently, a linear comb
tion of the calculatedI -V curves should lead to lowerR
factor values. This is illustrated in Fig. 5, where we ha
represented theR factor found by comparing the experimen
tal curves with a calculated one, obtained by mixing bo
structures in a percentage. It is shown for the different st
ied incidence angles. It can be seen that the combina
presents a shallow minimum for all incidence~i.e., inside the

f

o-

f

FIG. 5. R-factor evolution obtained by comparing the expe
mental curves for every incidence angle with a linear combinat
of the calculatedI -V curves for the two local minima. The inse
represent an average of all of them. The shadowed part repre
the statistical variance of theR factor.
1-5
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C. ROGEROet al. PHYSICAL REVIEW B 66, 235421 ~2002!
R factor variance!, except for the one at 14°. An average
all of them is shown in the inset. The statistical variance
indicated in the figure by a shadowed area. It is clear fr
the figure that the minimum appearing at around 80% of
structure at 0.79 Å is not significant enough and can be
carded from the behavior at large angles, in particular 1
This minimum is within the variance, and therefore we c
conclude that in our case both curves correspond to mult
coincidences on theR-factor minimum rather to the coexis
ence of several surface structures.

Furthermore, for both structures we have analyzed theRp

FIG. 6. Best-fit experimental and calculatedI (E) curves for the
YSi2 ~a! normal incidence and~b! angle of incidence 14° out o
normal incidence.
23542
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for each beam separately, and the values ofR factors differ-
ent from Pendry’s. All these procedures favor 0.79Å as
real distance.

Figure 6 shows the best fit for the experimental curv
obtained for normal incidence~upper figure! and 14° off nor-
mal incidence towards the@ 1̄21̄# surface direction~lower
figure!. The bestR factor is 0.21 for both cases and the visu
agreement is very good. The structural parameters of the
fit structure are summarized in Table III.

We have also studied this system independently by p
forming DFT calculations where total energies for differe
structures are obtained. Our goal is to find the more sta
geometry and to compare it with the experimentally det
mined LEED distances. The results are summarized in Ta
III. The good agreement between theory and experimen
noteworthy. Differences between them are within the exp
mental error bar. We notice that the 0.33 Å structure it 0.1
eV/cell higher in energy than the 0.79-Å structure. Thus,
DFT analysis also points to the same structure as the LE
experiment.

As can be seen from Fig. 1, the surface Si plane relax
The Si bilayer width equals 0.79 Å both from theory an
experiments, which is also compatible with other repor
rare-earth silicide relaxed distances in the surface. This ef
was also found at the YSi1.7 surface, with 0.76 Å,20 or in
ErSi1.7, with 0.8 Å.24 These relaxations have been related
a way of releasing the stress within the silicon plane, a
compared to the bulk silicide geometry, which can
thought of as a buckling of the surface layers. The ot
distances (d2 ,d3) are also close to the 3D silicide surfac
interlayer distances, which are around 1.9 and 2.07 Å resp
tively.

The electron from the Si surface broken bond backbo
and hybridizes with the underlying Y atom forming
Si3s3p/Y5d6s6p orbital. The electronic structure for thi
system has been described by Stauferet al. in Ref. 5. In this
work we proved thatd12 is almost equal to the Si bulk
indicating that the in-plane bonding of the Si atoms is stro
and localized and is not affected by the backbond with th
atoms underneath. However, the vertical relaxationd2 dis-
tance is 11% contracted with respect tod3 .

In Table III is clear that all the 2D silicides studied un
now present interatomic distances very close to each ot
These similarities are not surprising for Ho and Er, which a
adjacent in the periodic table and only differ in one 4f elec-
tron. However, Y has no 4f electrons and these coincidenc
indicate that they do not participate in the electronic bon
ing. Er, Ho, and Y present the same trivalent character,
the differences between them come from the occupation
the inner 4f orbitals; therefore it is not surprising that the
form silicides with the same lattice parameters, as eviden
in Table III.

From this structural determination it is worth noticing th
enhancement of the distance between the last two Si la
(d4), which has increased by 0.12 Å with respect to t
Si~111! plane. This effect has also been reported for HoS2.
The rare-earth atom, in aT4 position, maximizes the numbe
of bonds with the Si layers. The fact that the Si4 atoms are
outward displaced by 0.12 Å could be understood as a w
1-6
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for the Y atom to decrease the bond length with these ato
and a tendency to make the bond distance uniform with
surrounding Si atoms. Briefly the Si4– Y bond length is re-
duced from 3.12 Å~for an unchanged Si bulk distance
0.78 Å! to 3.04 Å, a value which is closer to the Si2– Y ~2.88
Å! and to the Si5– Y ~2.98 Å! bond lengths.

IV. CONCLUSIONS

By means of a detailed LEED analysis and DFT calcu
tions, we have determined the atomic structure ofp(131)
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