
PHYSICAL REVIEW B 15 FEBRUARY 1998-IIVOLUME 57, NUMBER 8
Origin of the buckling in the c„232…-Si/Cu„110… surface alloy
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The atomic structure of thec(232)-Si/Cu~110! interface has been determined by angle scanned photoelec-
tron diffraction at several electron kinetic energies using synchrotron radiation and by quantitative low-energy
electron diffraction~LEED! studies. Experimental photoelectron diffraction scans and LEEDI /V curves have
been compared throughr -factor minimization with single and multiple scattering calculations in order to
determine an atomic model for the surface termination. Both techniques show that thec(232) superstructure
is originated by a two-dimensional alloy in which the Si atoms occupy substitutional Cu sites at the surface
layer, with a topmost Si layer vertically displaced inward by 0.2660.04 Å. A possible mechanism for the
origin of the corrugation based on a strong chemical bonding between the Si deposited atoms is proposed.
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I. INTRODUCTION

In the last decade, the study of the growth of ultrath
films has greatly progressed. Much of the effort on this m
ter has mainly been devoted to the growth of tw
dimensional~2D! layers with properties different from thos
of the bulk. This is the case for surface alloys. The atom
structure of an ordered surface alloy consists of a single
dered and mixed top atomic plane, where usually one ou
two surface atoms are replaced by the deposited at
Among the recent structurally resolved surface alloys
Au-Cu~100!,1 Pd-Cu~100!,2 Mn-Cu~100!,3 and Mn-Ni~100!.4

Particularly, in the last few years, unusual magnetic prop
ties have been found in Mn-Cu~100! ~Ref. 5! and
Mn-Ni~100!.6 In these cases, a structural low-energy elect
diffraction ~LEED! analysis showed a highly corrugated su
face where the Mn atoms are found to be relaxed outward
0.360.02 Å in MnCu and by 0.2560.02 Å in the MnNi sur-
face alloy. However, for the nonmagnetic surface alloys
very slight buckling (10.02 Å) has been observed. Ther
fore, the phase stability and the corrugation amplitude
these alloys have been attributed to the high spin state o
Mn atoms rather than to the simple atomic size argum
~the corrugation increases with the increasing size of the
posited atoms! proposed in Ref. 2. In this work we present
detailed study on the origin of the buckling by studying t
corrugation of a type of surface alloy very recently reporte7

In thec(232) Si-Cu~110! surface structure both atoms ha
very similar atomic radii and magnetic properties are
present. It will be shown that there is an inward surfa
relaxation, that cannot be explained by any of the previou
considered mechanisms. Therefore, a strong chemical in
action between the surface deposited Si atoms is suggest
be responsible for the vertical corrugation of this alloy.

There is a lack of scientific information about semico
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ductor deposition on metal surfaces. Most of the structu
work performed up to now have been carried out either
depositing Si by adsorption and decomposition of silane8,9 or
by diffusing it from the bulk.10 In all this previous work, the
formation of Si-metal terminated overlayer is reported.

To gather information about the surface structure of t
two-dimensional alloy a combination of x-ray photoelectr
diffraction ~XPD! and LEED has been used. In spite of th
fact that both techniques are well established and curre
used, very few studies compare the structural results
tained on the same system by using both of them. Th
techniques have been previously used for evaluating
buckling of the surface layers.12,3 Particularly, both these
techniques have been applied to the Mn-Cu~100! case, lead-
ing to some differences in the buckling estimation. Thus,
important motivation for the present work is to perform
comparative study of the results obtained by both techniqu
In the experiments we present hereafter, LEEDI /V and XPD
experimental data were recorded one after the other, a
each sample preparation. In this way we can rule out diff
ences in the sample preparation. Three different analyse
the experimental data have been performed. XPD photoe
tron diffraction scans have been analyzed by single scatte
cluster ~SSC! and multiple scattering~MS! calculations. In
addition, LEED I /V curves have been fitted by using fu
dynamical calculations. The results obtained for all thr
analyses agree within their error bars. Also, this work sho
a comparative study between the SSC and MS analysis
plied to the same system. The XPD structural results dra
from this paper, clarify the real magnitude of the errors a
energy range of applicability of the SSC calculation meth
to determine structural parameters in coplanar systems.

The atomic structure of thec(232)-Si/Cu~110! interface
has been recently determined with full-hemispherical x-
photoelectron diffraction7 using a x-ray tube. In this work, i
4493 © 1998 The American Physical Society
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4494 57C. ROJASet al.
is concluded that the surface atomic structure consists o
almost coplanar layer, where the Si atoms replace one ou
two surface Cu atoms. Comparing the experimental data w
single scattering cluster calculations via a bidimensionar
factor, the Si atoms are found to be aroundDz520.05
60.10 Å below the surface layer. This atomic model is sc
matically represented in Fig. 1. Hereafter we present a
ferent approach to the structure which consist of measu
XPD azimuthal scans at different photon energies. In ag
ment with previous work,7 we have found that the Si atom
are located in a lower position with respect to the surface
atoms. On the other hand, the buckling of the surface la
found in this work is higher (20.2660.04 Å) than in the
previous work. Although small, the structural difference b
tween both determinations is not within the error bars, a
the possible origin for the discrepancy between them is
cussed in the text.

Section II describes the experiment and gives det
about the calculation procedures. In Sec. III we present
LEED and the XPD analysis and we compare SSC with
calculations. Section IV is devoted to discuss and to sum
rize the results.

II. EXPERIMENTAL DETAILS

Experiments were carried out at the SuperESCA beam
at the ELETTRA synchrotron radiation facility.12 The photon
energy was varied between 178 and 800 eV. The end sta
is an ultrahigh vacuum chamber equipped with an he
spherical electron analyzer, LEED, and a computer assi
sample manipulator. The overall energy resolution~beam
line1analyzer! at 178 eV was around 80 meV. Cu~110!
samples were prepared by repeated cycles of ion bomb
ment and annealing to 550 °C. After the cycles the surf
exhibited the characteristic 131 sharp LEED pattern. XPS
confirmed the absence of O, C, and S impurities at the
face prior and after deposition. Si was evaporatedin situ
using an electron bombardment Si cell previously calibra
by a quartz crystal. In addition to that, the coverage w
estimated by measuring the Cu3p to Si2p core levels inten-
sity ratio. In this work, 1 monolayer~ML ! is considered to be
the number of Cu atoms present on the@1I10# rows. In these
experiments, thec(232) structure was produced by depos
tion of 0.5560.05 ML. The working pressure was in the lo
1028 Pa. Both XPD scans and LEEDI /V curves were mea
sured after each sample preparation. In this way differen
induced by variations in sample preparation~i.e., coverages
substrate or source temperature, etc.! are avoided. A com-
plete experimental set took around 12 h and after the exp
ments it was checked by x-ray photoemission spectrosc
~XPS! and LEED that the surface was not contaminated.

All XPD scans presented in this article were perform
moving the sample for a fixed photon energy. Polar ang
are referred to the surface normal and azimuthal angles to
@1I10# direction. The angular error in the sample goniome
is less than 1° XPD data were collecting by measuring
area of the Si2p XPS peak. A video LEED system12 was
used to record simultaneously the intensity of ten nonequ

lent beams@~01!, ~10!, ~1,1!, ~2,1!, ~1,2!, ~0,2!, ~2,0!, ( 1
2 , 1

2 ),

( 3
2 , 1

2 ), and (12 , 3
2 )# in an energy range from 50 to 250 eV wit
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normal incidence. The experimental curves were recorde
room temperature and the total data set measured was
eV. Experimental data were corrected for background s
straction.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The surface termination geometry presented in Ref. 7
derived from the present study is sketched in Fig. 1. T
corresponds to a Cu~110! surface where one out of two C
atoms from the surface rows are replaced by a Si a
~darker circles in the figure!. The Si atoms are at a differen
vertical position with respect to the surface Cu atoms~buck-
ling, Dz!. By analyzing angle-scanned XPD data we can o
tain accurate information about the buckling of the most
ternal layerDz. The interlayer distances (d12,d23d3b) and a
buckling in the third layerDz3 estimated by the LEED
analysis are also shown in Fig. 1.

A. LEED results

The best established and most accepted technique for
cidating surface structures is quantitative LEED analysis
complete set of LEEDI /V curves were recorded from th
c(232) superstructure. In order to reproduce the measu
ments, LEED calculations were performed using full d
namical calculations based on modifications of the Hua
and Tong code.13–15 This formalism uses the muffin-tin ap
proximation to describe the electron scattering by the ato
potentials in the lattice. The interlayer scattering was trea
by matrix inversion. The layers were stacked by the la
doubling method. Thermal vibrations were considered
means of a layer dependent Debye-Waller factorQD . The
structural search was carried out by two methods: a par
eter space scan in a reasonable range and the Leven
Marquardt ~LM ! algorithm using full dynamical
formalism.15–18 We also performed an optimization of th
nonstructural parameters. For the quantitative compariso
experiments and theory, the Pendry (RP) and that defined by
Moritz (RDE) r factors17 have been used. The error bars ha

FIG. 1. Schematic structural model for thec(232) Si/Cu~110!
surface alloy.~a! Top view,~b! side view along the thick line of~a!,
including the definition of the structural parameters used for
LEED analysis. The surface unit cell of thec(232) surface struc-
ture is indicated. Filled circles represent Si atoms and empty cir
Cu atoms.
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TABLE I. Summary of the structural results derived from this work. See Fig. 1 for definition of
magnitudes. Values are given in Å.db51.27 Å.

Dz ~Å! d12 ~Å! d23 ~Å! Dz3 ~Å! d3b ~Å!

LEED 20.2460.02 1.0860.03 1.3960.05 20.1060.03 1.2460.06
XPD-MS 20.2460.04
XPD-SSC 20.3060.1
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been deduced after Pendry,19 from the variance ofRP . More
details about the LEED calculation procedure can be fo
elsewhere.20

The best fit was found atRP50.21 andRDE50.30 for the
structure sketched in Fig. 1 and described in Table I. The
and imaginary part of the optical potential areV0r55 eV and
V0i55 eV, respectively. The Debye temperature was fit
to QD5422 K for the bulk Cu atoms,QSD5372 K for the
Cu atoms of the top layer, andQDsi5671 K for the Si atoms.

The minimum of ther factor ~RP! is similar to other
LEED studies in other surfaces alloys~0.28 and 0.31 for
Mn-Ni and Mn-Cu, respectively in Ref. 4!. Figure 2 shows
some selected measuredI /V beams with its respective calcu
lation underneath. A visual inspection of these curves sh
that both peak position and intensities are fairly well rep
duced by the theory as expected from the lowr -factor value.
Figure 3 shows the Pendryr -factor calculation as a function
of the vertical corrugation. A deep minimum is clearly a
preciated aroundDz520.2460.02 Å. The error bar in the
buckling determination is indicated in Fig. 3 by a horizon
line.

B. Photoelectron diffraction results

As already mentioned, XPD scans were measured f
the same sample preparation round as the previously
cussed LEEDI /V curves. A set of experimental XPD az
muthal scans is shown in Fig. 4 together with its correspo
ing SSC calculation. The electron kinetic energies
indicated on the left of each scan. The angular dependenc
the photoemission intensity is referred to the minimum of
intensityI m and normalized with respect to the maximumI M

FIG. 2. Experimental LEEDI /V curves for thec(232) Si-
Cu~110! ~solid line! compared with its best fit calculation~broken
line! for some selected beams.
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of the photoemission intensity:x5(I 2I m)/I M . The experi-
mental points of Fig. 4 have been obtained by integrating
Si2p core level photoemission peaks. The azimuthal sc
have been measured at a polar angle of 72°. The choice
this angle was a compromise: higher polar angles stron
reduce the total count rate, and smaller angles lead to a
duction of the high order interference features, resulting
both cases in a decreasing of the experimental anisotr
The experimental curve recorded at 695 eV of kinetic ene
~upper part in Fig. 4! has only been measured around t
@1I10# direction because experimental beam time constrai
However, due to the symmetry of thec(232) atomic model
~Fig. 1! a fit of the structure around this direction also a
counts for the atomic positions around the@001# surface di-
rection. It has been verified that the final conclusions do
depend on the angular range considered. In the SSC calc
tions we have used as parameters to fit and minimize
inner potentialV0 , the electron free mean pathl, and surface
and bulk mean square atomic displacement^u2&. Best agree-
ment has been found for 4 V, 3 Å, 0.022 Å2, and 0.058 Å2,
respectively. The structural result obtained from the fit, d
pends slightly on these parameters (<0.1 Å). The SSC cal-
culated scans based on this proposed model~continuous lines
in Fig. 4! reproduce the angular position of most of the e
perimental fine structure features present in the XPD sc
The little peaks appreciated in the@1I10# and@001# directions
correspond to the tail of the forward scattering emissio7

The distance between Si and Cu along the@1I10# direction
causes the first order interference maximum to appear in
position indicated by an arrow in Fig. 4. It can be observ
how the arrow position moves away from the forward sc
tering peak as the kinetic energy is decreased.21

In order to give an accurate value for the vertical displa
ment Dz, a trial and error procedure was performed.

FIG. 3. Pendryr P-factor curve obtained by comparing the e
perimental LEEDI /V curves with calculations for different dis
tances between the Cu and Si layer,Dz.
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evaluate the quality of the fit two different reliability facto
have been used. One based on the Pendryr factor19 r P , and
another on the standard deviationr 2 factor.22 Ther P factor is
more sensitive to the peak positions rather than to abso
intensities. Bothr factors lead to the same structural resu

In Fig. 5 the result of applying a Pendryr P factor to each
of the experimental curves of Fig. 4 is presented. The m
mum of the curves of Fig. 5 shows the best agreement
tween the single scattering cluster~SSC! theory and experi-
ments and then, it corresponds to the best determinatio
the Cu-Si vertical distance (Dz). It can be observed in Fig
5, that the minimum value for all of the curves appears i
wide Dz region ranging from20.4 to20.2 Å ~indicated by
a straight line in Fig. 5!, and therefore it can be stated from
SSC analysis that the Si atoms present a vertical displ
ment respect the Cu atoms of20.360.1 Å.

The good agreement between theory and experiment
dicates that the atomic geometry proposed in the mode
Fig. 1 is correct and atomic distances are in this range. N
ertheless, it can be appreciated in Fig. 5 that the minimum
the curves is deeper as the electron kinetic energy increa
indicating a better agreement between theory and exp
ments. For the higher electron kinetic energy curve of Fig
the r P-factor minimum appears at around 0.22, a value co
parable to the one obtained by the LEED analysis~Fig. 3!.
Particularly, ther P-factor curve for 90 eV of kinetic energ
shows very small variations for the wholeDz range. As will
be discussed later, when the kinetic energy is reduced m
tiple scattering events become more important and the us
the SSC theory could be inappropriate. Nevertheless it
be appreciated that the main features in the 90 eV spec
around@1I10# are fairly well reproduced by the simple SS
code.

To improve the fit for the low kinetic energy region, a
independent calculation has been done using a more so

FIG. 4. Photoelectron diffraction azimuthal scans of the Sip
photoemission peak for the Si/Cu~110! surface alloy. The different
curves have been recorded at different electron kinetic ener
indicated at the left. Dotted curves are the experimental points
the solid lines underneath represent the single scattering cluste
culation for the best fit structure. The polar emission angle was
Small arrows indicate the calculated position for the first order
interference.
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ticated MS formalism23 with a complex potential, which ha
been previously used to study clean24 and adsorbed
surfaces.25 In this multiple scattering analysis the cluster si
after convergence, assured by the complex phase shifts ak
vectors in the mathematical description of propagators,
156 atoms and 4 planes of scatters. The angular momen
expansion was done up to lmax55. The calculated mean fre
path was about 5 Å. The value of the interstitial potent
varying from 4 to 7 eV does not change the structural res
of the minimum search. The minimization procedure w
performed by means of aSIMPLEX routine with a Metropolis
algorithm for the annealing simulation,16 recently developed
to study the clean Si(001)2231 surface structure.23 During
this minimization, the kinetic energy and the angle~azi-
muthal for polar scans and polar for azimuthal scans! were
free parameters in the calculation, together with the m
structural parameters of the surface and the interstitial po
tial. No linear tensor approximation has been attempted
the full calculation has been redone at each iteration. Du
the little interstitial potential~4–7 eV! the angle which mini-
mizes the structure is not at all affected by the refraction ru

This formalism has been applied to the XPD scans
corded at lower kinetic energies. A polar scan measure
78 eV of kinetic energy along the@1I10# surface direction,
together with some calculated scans for different values
the vertical distance between Si and Cu atomsDz is shown
in Fig. 6. The calculation which present the best fit to t
experimental data is plotted with a thicker line. As alrea
mentioned, a secondr factor (r 2) was also calculated. It is
the sum of the absolute values of the difference betwee
normalized theoretical curve and the experimental one
vided by the number of experimental points:

r 25
( j ux j

th2x j
expu

N
.

Figure 7 showsr 2 evaluated for the MS calculation of th
azimuthal scan represented in Fig. 4 at 90 eV of kine

s,
d
al-
°.
f

FIG. 5. Pendryr -factor curve obtained by comparing the expe
mental curves of Fig. 4 with SSC calculations for different d
tances between the Cu and Si layerDz.
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energy~full squares symbols in the figure! and of the polar
scan along the@1I10# direction from Fig. 6~full circles!. All
the curves present a clear minimum corresponding toDz5
20.2460.04 Å. A similar result has been obtained by an
lyzing polar scans along the@001# and @1I12# surface direc-
tions ~data not shown for conciseness!.

This r factor r 2 was also evaluated for the SSC calcu
tion of the same angular scans and the resulting curves
also shown in Fig. 7~empty squares and empty circles!. The
applicability of angle scanned XPD technique for determ
ing coplanar structures is evident after the examination of
Figs. 5 and 7. Recording azimuthal scans at grazing ang
the simple SSC calculation gives good agreement with

FIG. 6. Experimental photoelectron diffraction polar scan of
Si2p peak recorded along the@1I10# surface direction for a kinetic
energy of 78 eV~dotted curve!. The continuous lines represen
different MS calculations varying the distance between the Cu
Si layer,Dz. The best fit to the experimental data is plotted with
thicker line.

FIG. 7. r 2-factor curve obtained by comparing several XP
polar ~circles! and azimuthal scans~squares! with MS ~full sym-
bols! and SSC~empty symbols! calculations for different distance
between the Cu and Si layerDz. See text forr -factor definition.
-

-
re

-
e
s,
e

atomic structure derived from a LEED study. However, t
quality of the analysis~as judged by ther factor curves!
improve strongly as the kinetic energy is increased~Fig. 5!.
When angle scanned photoelectron diffraction is perform
by recording grazing azimuthal scans the information ab
the atomic positions comes out from the analysis of the h
order interference features.21,26 These features are more in
tense and better defined as the kinetic energy is increa
For low kinetic energies the high order interference featu
get broader because of the energy dependence of the sc
ing factor and then, it is difficult to extract the structur
information from the azimuthal scans. This fact is manifes
in the r -factor curves of Fig. 5: at lower kinetic energ
wider curves with higherr -factor values are obtained. More
over, at low kinetic energies~around 100 eV! the back-
scattering is strong and makes photoelectron diffraction s
sitive to the interlayer spacing when the photoemiss
intensity is measured close to normal emission. This fac
illustrated in Fig. 7. For low kinetic energies grazing az
muthal scans give wider -factor curves and worse agreeme
than polar scans. From these curves it is also evident th
MS calculation strongly improves the quality of the fits f
the polar scans but not for the azimuthal scans. Neverthe
it is important to remark that with a simple SSC calculati
one can easily get the atomic geometry and distances in
atomic model.

The fact that both SSC and MS analyses found an inw
corrugated surface indicates the sensitivity of the XPD te
nique for evaluating nearly coplanar atomic structures. T
0.06 Å difference between the MS and the SSC evaluatio
Dz is just within the error bar. The SSC theory has probed
validity for evaluating surface structures7,27–29 even for ki-
netic energies as low as 100 eV. Recently, the validity o
SSC approximation for evaluating interlayer spacing of
Ta~100! surface by analyzing low-energy XPD features h
been reported.28

IV. DISCUSSION

In the present study we have found thatDzSSC520.30
60.1 Å, DzMS520.2460.04 Å, DzLEED520.2460.02.
These values are in excellent agreement and within the e
bars. The whole set of structural values derived from th
analyses are summarized in Table I. In this work, the erro
the buckling determination has been evaluated by examin
the r -factor curves. The position in ther -factor curves where
the error bar has been taken is indicated in Figs. 3, 5, an
by a horizontal line. For the XPD analysis, these values
slightly higher than the obtained by a classical statisti
analysis~i.e., variance!. Thus, the final value ofDz can be
assumed to be an average of the three results obtaine
independent analysis. A very conservative error can be ta
to be the intersection of all of them and therefore, a fin
value for the surface corrugation ofDz520.2660.04 Å can
be derived from this work.

In Table II we summarize the main results obtained up
now on different surface alloys for the buckling togeth
with the difference in atomic radii for the deposited and su
strate atoms. It can be appreciated that in all cases the
posited atoms have a bigger atomic radii than the subst
atoms, and then an outwards relaxation is expected in

d
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cases. However, in the case under study, the detectio
forward scattering peaks in the Si2p photodiffraction experi-
ments for grazing angles7 ~see Fig. 2! assure that the Si at
oms are located underneath of the Cu surface.

The in-plane atomic structure schematically represen
in Fig. 1~a! exhibits some similitudes and differences wi
the found for others Si/Cu systems.8,9 A incommesurated bi-
dimentional overlayer with hexagonal symmetry of Cu2Si is
formed when Si is deposited on Cu~100! via a saturation
exposure of Silane.9 The Si-Cu distance in the overlayer
2.46 Å. In our case the first nearest neighbor distance is 2
Å, which is imposed by the Cu lattice. The structure p
posed for Si/Cu~100! has a remarkable similarity with th
Cu/Si~111! ~Ref. 30! system. Both works found a locall
hexagonal Cu2Si planar overlayer with very close inte
atomic distances. Interestingly, we found in the present w
that the Si atoms forms a bidimensional overlayer but
stoichiometry of the surface is CuSi, similar to the one fou
for Si segregated on Si(12x)Fex(100) ~Ref. 10! and other
bimetallic surface alloys1–6 grown on the~100! face of fcc
metals. An accurate determination of the atomic position
not been performed for the semiconductor-on-metal syst
referred to earlier.

Up to now, two different mechanisms for the buckling
ordered surface alloys have been proposed. It has been
gested that the corrugation surface alloys increases with
creasing differences in atomic diameters of the constitu
elements. This is summarized in Table II, where the diff
ences in atomic radii for the studied alloys are shown in
second column. This simple model explains the trend for
and Pd but it fails for Mn. For this reason, the magne
interaction as the driven force for the large corrugation
been proposed ulteriorly. However, Si-Cu forms nonm
netic surface alloys, and then, weak corrugation could
expected from this theory. The change in the sign and la
relaxation value found in this work suggest that neither m
netism nor a simple difference in atomic radii are respons
for the buckling and other different mechanism should
invoked to explain its vertical relaxation.

Another striking structural result obtained in this calcu
tion is the unusual large relaxation of the second layerd12

@Dd125(d122db)/db3100# @db51.27 Å, for Cu~110!#
which is estimated to be around215% ~see Table II!. How-
ever, if this distance is considered with respect to the
topmost plane, the contraction is only of25.9%. This value
is more likely, and it is of the same order of the one fou

TABLE II. Summary of the bucklingDz ~Å! difference in
atomic radiiDR ~Å! and interlayer variationd12(%) for different
ordered surface alloys. The references from which the values h
been taken are indicated.

Dz ~Å! DR ~Å! Dd12 ~%!

Au-Cu~100! ~Ref. 1! 0.1 0.18 14.2
Pd-Cu~100! ~Ref. 2! 0.02 0.09 10.7
Mn-Cu~100! ~Ref. 4! 0.3 0.07 17.4
Mn-Cu~100!-XPD ~Ref. 9! 0.39 0.07 10.9
Mn-Ni~100! ~Ref. 4! 0.25 0.11 110.5
Si-Cu~110! ~Ref. 7! 20.05 0.04 -
Si-Cu~110! ~this work! 20.26 0.04 215 (25.9%)
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for the clean Cu~110! surface by LEED studies,28.5%.20,31

This fact suggests that the buckling, although having ne
tive sign, is not strongly affecting the Cu inner layers. Thu
it could be that Si atoms bond parallel to the surface form
a strong covalent bond with the next Si atom of the surfa
and very weak with the rest of the surrounding Cu atom
This bonding can lead to an important reduction of the
radii. Recent STM images have revealed the presence
charge density along the diagonal of the surface unit
~i.e., the @1I12# surface direction, see Fig. 1! which could
correspond to a Si-Si bonding.32 This charge arrangemen
leads to an important core level shift for the Si2p peak
~around 0.5 eV!.20 However, it is difficult to discern whethe
the shift is induced by charge transfer from the neighbor
Cu atoms or by final state effects due to the screening of
core hole. Moreover, ultraviolet photoemission~UPS! stud-
ies of the valence band modification upon Si coverage h
shown that the Cu electronic states are not modified by
surface alloy layer.33 This fact is also suggesting a Si-C
overlayer slightly interacting with the Cu inner layers. In th
third column of Table II the variations ind12 distances with
respect to the clean surface for the previous studies are s
marized. A big dispersion of the data is observed for t
magnitude. The second interlayer spacing is also found to
expanded by 9.0%, whereas in the clean Cu~110! surface is
found to expand by 2.3%. For Mn-Cu an unexpected bu
ling in the second layer instead of in the third layer as
quired by the symmetry of the system and what we found
this work is observed.4

In a previous work on Si-Cu~110! a value of 20.05
60.1 Å was found for the surface relaxation by ang
scanned XPD.7 Although both results indicate the sam
trend, i.e., a inwards relaxation, the obtained values are
of the error bar. The result of the buckling obtained in Ref
has been revised by measuring the angular distance from
first order interference fringe to the forward scattering pe
Thus, it has been verified without an extended calculati
that the experimental data indicate the existence of a ne
coplanar Si-Cu overlayer. It is worthy to note that also d
agreement in the experimental determination of the buck
in the Mn-Cu~100! system by energy scanned XPD an
LEED has been reported.3,11 Particularly, in Ref. 11 perform-
ing further structural analysis by different techniques is s
gested. In this work we found agreement between differ
experimental techniques performed on the same round
measurements, but disagreement with other different wo
using the same experimental technique. Thus, the differe
between both results cannot be induced by an error in
data analysis, and therefore the difference in the buck
estimation could be originated by the difference in expe
mental conditions. Since in this work the XPD and the LEE
data were recorded one after the other, from the same sur
preparation, we conclude that changes in the structural
rameters induced by differences in the sample prepara
~i.e., substrate temperature, coverage, deposition rate,
fects, terrace width, etc.! are not meaningful in the presen
work and they could be at the origin of the reported diffe
ences. Particularly, the measurements of Martin-Gagoet al.7

were performed for a total coverage of 0.4 ML, before t
saturation coverage. The work presented here was perfor
just after the saturation coverage~around 0.5560.05 ML!.
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Recent STM images have revealed that there are differe
in the surface morphologies for both coverages.32 It could be
that the strongly Si-Si bonded layer parallel to the surf
plane slightly accommodate its height with respect to
surface Cu plane depending on surface stress, surfac
fects, steps, and other experimental parameters. Thu
would form a nearly floating overlayer, as has been repo
to happen for the hexagonal Cu2Si alloy.8

Summarizing, an atomic model for thec(232) Si/
Cu~110! interface has been refined by means of the XPD
LEED techniques. We have found that the topmost mi
layer is relaxed inward by around 0.2660.04 Å. The origin
for this buckling could be a strong chemical bonding
ces

ce
he
de-

, Si
ed

nd
ed

e-

tween the neighboring Si deposited atoms~along the@1I12#
surface direction! and very weak interaction with the rest
the coplanar Cu atoms and with the second Cu layer.
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