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Surface structure and segregation profile of the alloy Au3Pd„110…: Experiment and theory
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The ~110! surface of the alloy Au3Pd has been investigated by quantitative low-energy electron diffraction
and low-energy ion scattering spectroscopy to determine the structure and composition of the first three atomic
layers. The structure and the segregation profile have also been modeled by means of the embedded atom
method, combined with Monte Carlo simulations. Both the experimental and theoretical results indicate seg-
regation of gold, resulting in~nearly! pure Au in the two topmost layers. The surface is (132) missing-row
reconstructed similarly to Au~110!, with a significant contraction of the first interlayer spacing and a buckling
in the third layer.@S0163-1829~99!01636-7#
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I. INTRODUCTION

The study of metal alloy surfaces has gained increas
interest in recent years owing to their applications in te
nology and catalysis.1–3 For AuPd alloys, catalytic activity
regarding CO oxidation and decomposition of N2O and for-
mic acid has been reported.1 To understand the mechanism
responsible for the catalytic processes, a detailed chara
ization of the surface structure and composition is necess
For Au-containing alloys such as Cu3Au(110),4

Cu3Au(001),4,5 Au3Cu(001),6 Au3Pd(113),7 and
Au3Pd(001),8,9 Au segregation is always found. But the d
tails of the segregation and reconstruction processes are
not completely understood. For example, the topmost la
of the Au3Pd(001) surface consists of pure Au but is n
reconstructed like Au~001!, which exhibits a quasi-
hexagonal structure with ac(26368) low-energy electron
diffraction ~LEED! pattern.10 On the other hand, for the
~001! surface of PtxNi12x alloys,11 an increasing tendency t
form reconstructions such as pure Pt~001! ~Refs. 10 and 12!
has been found with increasing Pt concentration in the t
most layer. The same can be said for~110! surfaces of Pt-
containing alloys such as Pt25Rh75(110) ~Ref. 13! and
Pt80Fe20(110),14 which exhibit a (132) missing-row recon-
struction as Pt~110!.15 As is known, Au~110! reconstructs in
the same way.16–18

The aim of the present paper is therefore to investigate
structure and composition of Au3Pd(110) using quantitative
LEED and low-energy ion scattering spectroscopy~LEIS!.
The structure and composition have also been calcul
with Monte Carlo~MC! simulations combined with the em
bedded atom method~EAM!. The remainder of this paper i
divided into four main parts, dealing with the experime
PRB 600163-1829/99/60~12!/9010~9!/$15.00
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~Sec. II! and the simulations~Sec. III!, followed by the dis-
cussion~Sec. IV! and a summary~Sec. V!.

II. EXPERIMENT

Prior to the vacuum experiments, the lattice constant
ordering of the sample was checked with x-ray diffracti
~XRD!. We found a substitutionally disordered sample w
a lattice constant of 4.01 Å.

The other experiments were performed in a vacu
chamber with base pressures in the 1028 Pa range. The
chamber was equipped with a hemispherical electron a
lyzer ~modified for the detection of ions! and two-grid optics
for LEED. X-ray photoelectron spectra~XPS! were recorded
during the first stages of the preparation to check for surf
impurities. Subsequent checks were performed by ion s
tering. LEIS spectra were taken with 1 keV He1 or Ne1 with
sample currents of 16–18 nA. The scattering angle w
135 °, and the incidence angle was 45 °. For sputtering,
use 500 eV–1 keV Ar1 ions with sample currents up t
5 mA. During sputtering the beam was scanned over
sample.

The LEED intensity (I -V) curves were measured using
video LEED system in an energy range from 50–400 e
The I -V curves were acquired for 13 sets of nonequival
beams at normal incidence of the primary electron bea
The I -V curves for the symmetrically equivalent beams we
averaged in order to compensate for the residual minor
crepancies in the normal-incidence condition. Intensit
were normalized to constant incident current, and the ba
ground was estimated from measurements of the intensit
the proximity of the spots and substracted from theI -V
curves.
9010 ©1999 The American Physical Society
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A. LEED calculations

Dynamical calculations of the LEED intensities were p
formed using the Barbieri–Van Hove symmetrized au
mated tensor LEED package.19 The scattering by Au and P
atoms was described using 11 phase shifts, derived fro
muffin-tin potential calculated for the Au3Pd alloy using the
Barbieri–Van Hove phase-shift package.20 The bulk Debye
temperatures for Au and Pd used in the calculations w
165 K and 274 K, respectively.21 Calculations using an en
hanced vibrational amplitude at the surface have not b
done. The averaget-matrix approximation22 was used to cal-
culate the effect of random enrichment in one of the com
nents. The real part of the inner potential was set to 10 V
optimized in theR factor analysis. The imaginary part of th
inner potential was set to 5 V. The calculations were p
formed in an energy range from 80–380 eV.

Calculations were done for a grid of varying compositio
of the first three layers using a nonrelaxed missing-row str
ture as the reference structure@which is justified by the (1
32) reconstruction apparent in the LEED pattern, see S
II B, and the fact that Au~110! is missing-row reconstructed#.
For each composition, the first three interlayer distan
were then optimized in the second step of the TLEE
calculations19 to get the best agreement with the experime
tal I -V curves. This procedure was repeated with refined
erence structures until the displacements of the atoms w
<0.02 Å in the fitting procedure, ensuring convergence.
a last step, pairing was allowed in the second layer. In thR
factor analysis, theRP ~Pendry! andRMZJ ~modified Zanazzi-
Jona! reliability factors23 and an average of the two wer
used. The total-energy range used in the calculations
2311 eV, and the error bars for the values of the structu
parameters were estimated from the variance of theRP
factor,24 using the formulaDR5Rmin(8V0i /DE)1/2, where
Rmin is the minimum of theRP , V0i is the imaginary part of
the inner potential, andDE is the total-energy range. Th
error bars for the layer composition was estimated in
same way, holding all structural parameters and the com
sitions of the other layers at best-fit values.

B. Experimental results

After several cleaning cycles using 500 eV–1 keV A1

followed by annealing to 770 K for 10 min, no contaminan
could be detected by XPS and LEIS. The LEED pattern
dicates a (132)-surface unit cell.

LEIS spectra taken with 1 keV He1 ~Fig. 1! show segre-
gation of Au upon annealing, with virtually no residual P
signal for the annealed surface. The Pd signal increases
increasing ion dose, so we conclude that the traces of
sidual Pd are due to sputtering during the acquisition ti
~the time for one spectrum is approximately 5 min!. The
spectra recorded directly after Ar1 sputtering show a clea
Pd signal, which amounts to approximately 30–35 at.
taking into account the respective scattering cross sect
for Au and Pd and using the sensitivity factors for polycry
talline materials.25 This is higher than the bulk concentratio
but regarding the uncertainty in the neutralization probab
ties, the deviation is within the error limits. Since no eleme
tal standards were available for our experiments, quantifi
tion of LEIS should be regarded as an approximation on
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We note, however, that in previous studies Pd enrichm
during sputtering has been found for polycrystalline alloys
AuPd.26

For an open surface such as~110! ~especially if it is re-
constructed!, a contribution from the second layer cannot
excluded for the scattering parameters used~angle of inci-
dence 45 °, scattering angle 135 °) but is believed to be sm
due to the high neutralization probability in the first an
second layer.27 We attribute the signal mainly to the firs
layer, which is obviously pure Au. The contribution from th
second layer cannot be quantified exactly, but since the L
signal shows only Au, we conclude that also the second la
is pure Au. For an exact determination of the second la
composition, a series of LEIS spectra~preferentially using a
time-of-flight system to detect neutral particles! with varying
angles of incidence would be necessary, which have not b
performed in the present analysis.

For the LEED calculations, a grid of different layer com
positions has been tested: the Au concentration, as ato
fraction, in the first three atomic layers has been varied fr
0–1 in steps of 0.1, with bulk concentration in all deep
layers. At each composition, a fit of the structural parame
was done. At best-fit values the Pendryr factor wasRP
50.273 (RMZJ50.135); allr factors indicate the same min
mum within the error limits. With regard to the compositio
the same minimum has been reached using theRP and the
RMZJ . The final results are listed in Table I; for a visualiz
tion of the structural parameters, see Fig. 2. the first in
layer spacing is contracted by 0.19 Å, and the second in
layer spacing is slightly expanded by 0.01 Å, which
within the error limits of the analysis. Note that all interlay
spacings refer to the center-of-mass planes~see also Fig. 2!.

FIG. 1. LEIS spectra~raw data! taken with 1 keV He1 after
sputtering~dotted line! and annealing to 770 K~solid line!. The
spectra have been acquired at constant pass energy.
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9012 PRB 60J. KUNTZE et al.
The third layer is buckled by 0.14 Å, and a slight pairing
0.015 Å in the second layer could be present, the latter
ing also within the error limits. For the composition, be
agreement was achieved withc1,251.00 andc350.50 ~the
index denotes the atomic layer!. With regard to the compo
sition, no variations within the buckled third layer have be
allowed. Variation of the layer composition in proximity o
the minimum found in the coarse grid did not further im
prove the fit.

To check consistency with the XRD lattice-constant m
surements,a0 has also been varied. The best agreement
been achieved for 4.01 Å, i.e., for the same lattice cons
that has been found in the XRD experiment.

The comparison of the experimental and the theoret
curves is shown in Fig. 3. The sensitivity of theRP factor to

FIG. 2. Schematic missing-row model of the (132) reconstruc-
tion ~relaxations are not in scale!. The structural parameters tha
were optimized in the fitting procedure are indicated. For the res
see Table I.

TABLE I. Structure and composition for Au3Pd(110), deter-
mined by LEED~best-fit values forRP50.273) and MC-EAM cal-
culations~simulations III, Fig. 8, values for 300 K!. For an expla-
nation of the parameters see Fig. 2. For comparison, the value
the (132) reconstructed Au~110! surface taken from Ref. 17 ar
given. All interlayer distances refer to center-of-mass planes.
error bars have been estimated using the variance of the PendR
factor ~compare Figs. 4 and 5!; they apply only to the experimenta
data.

Parameter Au3Pd(110) expt./sim Au~110! Error bars

d12 1.23 Å/1.29 Å 1.15 Å 0.04 Å
d23 1.43 Å/1.43 Å 1.47 Å 0.04 Å
Dz3 0.14 Å/0.03 Å 0.24 Å 0.04 Å
d34 1.41 Å/1.41 Å 1.47 Å 0.04 Å
Dy2 0.01 Å 0.07 Å 0.07 Å
dbulk 1.418 Å 1.442 fixed
c1 1.0/0.96 0.13
c2 1.0/0.94 0.13
c3 0.5/0.83 10.35/20.25
cbulk 0.75 fixed
e-
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-
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the structural parameters and to the composition is show
Figs. 4 and 5, respectively. The final structure and comp
tion is listed in Table I.

III. THEORY

A. Theoretical background

The aim of this paper is to explain and understand
segregation behavior at the Au3Pd(110) surface in an ana
lytical way. It is assumed that the experimentally observ
surface structure and surface concentrations are real equ
rium configurations that can be modeled by minimizing t
Gibbs energy (DH2TDS). These minima are computed b
Monte Carlo simulations.28–32The stochastic nature of thes
simulations reflects the entropy part (DS). In principle, the
~alloy! energy can be computed by solving the man
electron Schro¨dinger equation. In practice, however, it is re
ommended to approximate the energy, yet retaining eno
information about the underlying physics to describe ev
minor energy effects. The embedded atom method is u
for modeling the enthalpy part (DH). We have chosen the
MC-EAM combination because of its successful applicat
to other alloys.33–35 In the next sections, the Monte Carl
method and the embedded atom method are describe
more detail.

1. Monte Carlo simulations

The Monte Carlo method is based on statistical mecha
and aims to explain the macroscopic observable propertie
a system in terms of the underlying microscopic behavior
macroscopic quantityA(S) of the systemS is given by

A~S!5

E
V(S)

A~X! f ~X!

E
V(S)

f ~X!

~1!

with the state phaseV(S) collecting all possible statesX for
the systemS, and f (X) expressing the probability for the
occurrence of stateX. In order to make the above formul
amenable to computer simulations, the integral has to
converted into an averaged sum over a finite number of w
chosen representable states. This is accomplished thro
the Monte Carlo method, which makes use of random nu
bers to generate a finite set of statesX. The Monte Carlo
method used here is the Metropolis method,28 which pro-
duces a first-order Markov sequence of statesX0 , X1 , . . . ,
Xd , . . . ,Xd1n21. The probability of evolving from stateXi
to stateXj denoted byPi j 5 f (Xj )/ f (Xi). The interstate tran-
sition probabilities are quantified so that after a sufficie
number of stepsd the probability of the simulated system t
be in a given stateXi equals the truef (Xi), independent of
the initial stateX0. The macroscopic propertyA(S) can then
be approximated by

A~S!5
1

n (
k5d

k5d1n21

A~X!. ~2!

In the Monte Carlo simulations, the segregation proces
and possible surface relaxations and reconstructions

ts

for

e
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FIG. 3. Comparison between experimental~solid lines! and calculated~dotted lines! I -V-curves. All data are aquired at normal incidenc
The calculated curves correspond to the minimum of theR factor analysis.
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mimicked by considering a change in the chemical iden
of the atoms and a slight displacement from their origi
bulklike position. To compute the distribution functionf (X),
two approaches exist: thecanonical ensembleand thegrand
canonical ensemble.

In the canonical ensemblethe number of atoms of eac
element, the volume, and the temperature remain cons
The simulation proceeds by interchanging two random
picked atoms of a different kind. The probability of stateXx
is then given by the Boltzmann distribution

f ~Xx!5Px5e2Ex /kT ~3!

with Ex denoting the energy of the configurationx, T the
temperature, andk is the Boltzmann constant. Determinin
y
l

nt.
y

the probabilityPxy of evolving from stateXx to stateXy then
is merely reduced to computing the energy difference
tween the statesXx andXy ,

Pxy5 f ~Xy!/ f ~Xx!5e2(Ey2Ex)/kT. ~4!

In the grand canonical ensemble the total number of ato
the temperature, and the difference in chemical poten
(Dm) between two species are held fixed. The simulat
proceeds by picking an atom and by considering to cha
its identity. The latter ensures consistency between the
face composition and the bulk composition. The probabi
of stateXx is then given by

f ~Xx!5Px5~V/LA
3 !NA~V/LB

3 !NBe2(Ex2NAmA2NBmB)/kT

~5!
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9014 PRB 60J. KUNTZE et al.
with V denoting the constant volume of the system,Ex de-
noting the energy of configurationx, T is the temperature
k is the Boltzmann constant,NA is the number ofA atoms,
NB is the number ofB atoms,L i and m i , respectively, de-
note the thermal de Broglie wavelength and the chem
potential of elementi.

The probabilityPxy of evolving from stateXx to stateXy ,
where anA atom is replaced by an atomB, is then given by

Pxy5 f ~Xy!/ f ~Xx!5~LA
3/LB

3 !e2(DE1Dm)/kT. ~6!

In both the canonical ensemble and the grand canonica
semble, the decision of whether or not a state transitio
accepted is made by comparing the transition probab
with a random number between 0 and 1. Providing an ac
rate energy model is used, a correct equilibrium configu
tion will be reached eventually, withouta priori assump-
tions.

As already pointed out in Sec. II, several changes oc
near the Au3Pd(110) surface. Besides the compositional
arrangements, reconstructions and relaxations also pla
important role. These can be incorporated in both simula
schemes. In principle, vibrations can be incorporated as w

FIG. 4. PendryR factor as a function of the structural param
eters. The dotted horizontal line indicates the limit for a signific
change in theRP factor.

FIG. 5. PendryR factor as a function of the composition in th
first three layers. The dotted vertical lines indicate the bulk com
sition. The dotted horizontal line indicates the limit for a significa
change in theRP factor.
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In the grand canonical ensemble, however, this would
extremely time consuming due to the iterative procedure
determineDm. The simulations in this paper are therefo
based on the canonical ensemble. To alleviate the finite-
effects, the slab of atoms is taken sufficiently large, so t
the composition of the deeper layers converges to the
bulk composition. For details, we refer to Sec. III B.

2. Embedded atom method

The embedded atom method defines the energyEi of an
atom i in a lattice as the sum of the energy due to elect
static interactions with its neighbors and the energy nee
to embed this atom in the local electron density as gener
by the other atoms in the system. This embedding ene
depends only on the nature of atom i and can hence be
rived from material constants of purei. The energy of a
configurationx is then defined as the sum of the energies
the atoms withinx:36

Ex5(
i

Ei5(
i

S Fi~rh,i !10.5(
j

F i j D , ~7!

whereFi is the embedding energy function of atomi , rh,i
is the host electron density around atomi due to the other
atoms, andF i j is the electrostatic interaction energy betwe
atomsi and j. The host electron densityrh,i is obtained by
summing the contributions of all the neighborsj of atom i,

rh,i5(
j

r j . ~8!

In practice, ther j functions and theF i j functions are repre-
sented by parametrized analytical expressions. In this pa
we employ the parametrization of Foiles, Baskes, and Daw36

The electron density of atomj (r j ) is computed by means o
the Hartree-Fock wave functions.37,38 To account for pos-
sible electronic rearrangements upon alloying, the fixed to
number of outer electrons of elementj (Nj ) is allowed to
redistribute over thes andd sublevels. More precisely,r j is
modeled as

r j5ns, jrs, j1~Nj2ns, j !rd, j , ~9!

wherens, j denotes the number of outers electrons, andrs, j
andrd, j are the densities associated with thes andd ground-
state wave functions, respectively. The pair interaction te
F i j is calculated as the electrostatic Coulomb repulsion
tween the screened effective nuclear charges36

F i j 5~1/4pe0!Zi~Ri j !Zj~Ri j !/Ri j ~10!

with Ri j denoting the distance between the atomsi andj, and
Zi being the effective charge of atomi:

Zi~R!5Z0,i~11b iRi
n i !e2a iR, ~11!

whereZ0,i denotes the number of outer electrons of atomi,
a i and b i are parameters to be determined, andn i is a pa-
rameter that is empirically taken equal to 1 or 2.

The derivation of the parametersns,i , a i , and b i , for
each elementi, is detailed in Ref. 34. Basically, a leas
square optimization is set up to solve an overdetermined
of equations. For each element, the parameter values are

t

-
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PRB 60 9015SURFACE STRUCTURE AND SEGREGATION PROFILE . . .
timized so as to yield the elastic constants and vacancy
mation energy of each material as well as the dilute limits
the heats of solution of the binary alloys. We have used
parameter values reported in Ref. 36. These values are
mized towards alloy systems containing Cu, Pd, Pt, Ni, A
and Au.

Once the atomic electron densitiesr j and the pair inter-
actionsF i j are known, the embedding energy functionFi is
derived by considering the pure metali. At equilibrium ~lat-
tice constanta0), the energy of this pure metal is given b
the sublimation energy2Esub; in expanded or compresse
form ~lattice constanta), the energy of this configuration i
given by Rose’s universal equation of state:39

E~a!52Esub~11a8!e2a8, ~12!

wherea8 denotes the relative deviation from the equilibriu
lattice constanta0 or

a85~a/a021!/~Esub/9BV!1/2, ~13!

whereB is the bulk modulus of purei andV the equilibrium
volume per atom. By setting Eq.~7! equal to Eq.~12!, Fi is
readily obtained.

B. Simulations

The equilibrium situation is calculated for temperatures
300 K, 600 K, and 800 K. These temperatures are cho
because the sample preparation included an annealing a
K. Although the measurements are done at room temp
ture, the sample is in the frozen equilibrium state, cor
sponding to the temperature where the atomic mobility w
lost, typically one third of the melting point.

The MC-EAM simulations are performed according to t
canonical ensemble for temperatures of 300 K, 600 K,
800 K. First and second neighbor interactions are accou
for. The Au3Pd alloy is modeled as a three-dimensional l
tice of eight layers of 560 atoms each, with periodic boun
ary conditions to minimize finite-size effects. To elimina
the influence of the initial configuration, the results of t
first million simulation steps are simply discarded; the resu
of the subsequent million steps are sampled with an inte
of 5.000 steps. The simulation program is implemented in
and executed on a Pentium II platform.

Simulations are also performed to derive the degree
bulk order and to characterize the changes in the sur
layers. In the next sections, these simulations are descr
in more detail.

1. Bulk simulations

The quasi-infinite bulk~without a surface! is mimicked by
applying periodic boundary conditions along all three
thogonal directions. The aim is to derive the degree of or
in the bulk. Hereby, the order is quantified by the long-ran
order ~S! figure. This figure assumes the alloy lattice is d
vided into two sublatticesa andb. In a perfectly long-range
ordered Au3Pd alloy (S51), all a(b) sites are occupied by
Au ~Pd! atoms; in a completely disordered Au3Pd alloy (S
50), the probability ofa andb sites being occupied by a
Au atom is equal to 0.75, the Au bulk fraction.
r-
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Even starting from a perfectly chemically ordered initi
configuration, the simulations arrive at a disordered bulkS
'0) at 300 K—in complete agreement with our XRD da

2. Surface simulations

The quasi-infinite bulk is modeled by applying period
boundary conditions along the directions perpendicular to
~110! surface. The initial configuration is a complete diso
dered lattice~see Sec. III B 1!. For efficiency reasons, only
the eight upper layers are subject to changes; the other la
are left unchanged. This is amply sufficient since surfa
segregation and relaxation are known to be confined to a
outermost layers.

The aim is to derive the composition and the relaxation
the surface layers and to gain better insight from the co
parison with the experimental results of Sec. II. Three diff
ent series of simulations are performed.

~a! Simulation I: the unreconstructed (110) surface. In the
first simulations, the atoms of the full~110! layer are not
allowed to move from their equilibrium positions. For 300 K
600 K, and 800 K, the composition profiles of Fig. 6 a
obtained.

In Fig. 6, two regions can be distinguished: The fi
monotonic region~layers 1, 2, 3! with pure Au in the first
and second layer and the second oscillating region~layers
3–8!. From the third layer on, one observes the norm
damped oscillatory concentration profile that is expected
an alloy with a negative~exothermic! heat of mixing. In such
an alloy AB-bonds are energetically preferred, and this c
ultimately lead to the formation of chemically ordered inte
metallic compounds.

In less exothermic alloys as in Au-Pd, the weakerA-B
attractions generate these composition oscillations only at
surface: the segregation enrichment is modulated with th
oscillations, whereas in endothermic alloys a monotonic
cay of the surface enrichment is observed. Both situations
like reminders of the demixing into two phases for endoth
mic alloys~repulsiveA-B interactions! and the formation of
stoichiometric and ordered compounds in exothermic all
(A-B attractions!. Au segregates, driven by its considerab
lower surface energy: with EAM one calculates 0.98 J/2

for Au compared to 1.49 J/m2 for Pd.

FIG. 6. Au concentration at different temperatures as a func
of depth according to simulation I: bulk truncated surface.
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9016 PRB 60J. KUNTZE et al.
The monotonic Au enrichment on top of the oscillatin
profile is also generated by this large difference in surf
energy that is felt up to the third atomic layer, two laye
deeper than in the simple treatment with pairwise inter
tions between the nearest neighbors only in a closed-pa
~111! surface.40 On the one hand, the second layer of a~110!
surface is still part of the surface because its atoms also h
an incomplete coordination. On the other hand, EAM a
takes next-nearest-neighbor interactions into account, w
again extends the influence of the surface one layer de
than with nearest-neighbor interactions only. The normal
cillatory profile is therefore delayed until the third layer. Th
influence of the corrugated~110! surface on the segregatio
profile is substantiated by our EAM simulations for the~111!
surface where the oscillations start one layer earlier, from
second layer on.

~b! Simulation II: the (110) surface with the(132)
missing-row reconstruction.In order to allow an even bette
comparison with the experiments, where LEED shows a
32) surface reconstruction, a second series of simulat
was set up on a slab in which the atoms are still fixed at th
lattice sites, but with a missing-row configuration at the s
face. Comparison of the total EAM energy of the unreco
structed slab and the slab with the reconstructed sur
proves that the missing-row model lowers the energy
thus corresponds to a more stable situation. The simulat
for the three temperatures yield the segregation profiles
Fig. 7.

The profiles are quite comparable to those of Fig. 6,
cept for a significantly higher Au concentration in the thi
layer. The explanation is straightforward: due to the miss
rows and an increased number of missing neighbors, the
face character of the second and third layer has bec
stronger. The surface energy effect then extends more de
and causes also the third layer to become enriched in A

~c! Simulation III: the (110) surface with the(132)
missing-row reconstruction and relaxations.The third series
of simulations also start from a (132) missing-row recon-
structed surface but now takes surface relaxations into
count by allowing small displacements of the atoms fro
their normal lattice positions. The composition profiles
Fig. 8 are obtained.

FIG. 7. Au concentration at different temperatures as a func
of depth according to simulation II: (132) missing-row recon-
structed surface with no relaxations.
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Clearly the relaxations at the surface have diminished
extent of segregation and have ‘‘flattened’’ the profiles
Fig. 7. The computed interlayer spacings are 1.29 Å
tween the first and second layer and 1.43 Å between
second and third layer. Compared with the bulk layer sp
ing of 1.418 Å, one concludes a contraction between
first and the second layer and a small expansion between
second and the third layer.

These observations are both normal and coupled: at
surface the Gibbs energy is minimized by electronic redis
butions. The resulting relaxation in the surface bond en
gies, in turn, gives rise to both a lower surface energy an
structural relaxation: the incomplete coordination of the s
face atoms causes a bond strengthening of the remai
bonds at the expense of the missing bonds. Hence the su
energy, that can crudely be estimated at one-half the en
in the missing bonds, is lowered. The reduced~difference in!
surface energy, in turn, leads to a less pronounced segr
tion. At the same time, the reinforcement of the bonds
tween the surface layers is accompanied by a bond sho
ing, and one observes a contraction between the first and
second layer. The bond strengthening between layers
and two then again induces a bond weakening between
ers two and three, which causes an increased interlayer s
ing between the second and third atomic layer in
contraction-expansion sequence, that is typical for the s
faces of metals and alloys. In the third layer a slight buckli
(0.03 Å) is observed, caused by an upward displacemen
the atoms under the missing rows.

IV. DISCUSSION

The agreement between theory and experiment for
LEED experiments is within the limits for a satisfacto
structural determination. Both LEIS and LEED indicate
first layer composition of pure Au. According to LEED, th
second layer also consists of pure Au, with 87–100 at.
being the possible range that is compatible with an insign
cant change in the Pendryr factor. We note that the estimat
of error bars for compositional changes using the varianc
the Pendryr factor may be regarded as an upper limit. F
very good agreement between theory and experiment@e.g.,
RP well below 0.2 for a~100! surface41#, a higher sensitivity
can be obtained. However, due to stray magnetic fields d
ing our experiments leading to minor deviations from t

n

FIG. 8. Au concentration at different temperatures as a func
of depth according to simulation III: the (132) missing-row recon-
structed surface and surface relaxations.
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normal-incidence condition, we regard the conservative e
mate of error bars as appropriate, at least for the dee
layers.

The composition of the buckled layer in the LEED ana
sis is 50 at. %, indicating a depletion in Au with respect
the bulk. Regarding the error limits, a range from 25–85
% Au is compatible with the data, so even an Au enrichm
cannot be excluded.

Regarding the segregation profile, simulations and exp
ment agree nicely, with perfect agreement for the comp
tion of the first two layers. The third layer composition d
fers somewhat: The simulations find an enrichment to 83
% Au, whereas the experimental data suggest a deple
rather than an enrichment. However, 83 at. % Au are s
within the ~conservative! error bars for the~experimental!
third layer composition.

The deviations from the experimental values may be
to the energy model used in the simulations. The differe
in surface energies for Au and Pd may have been assu
too large, which leads to a gold enrichment in deeper lay

The structure of Au3Pd(110) is a (132) missing-row
reconstruction similar to the one found for Au~110!. Al-
though no additional structural models other than
missing-row configuration with multilayer relaxations ha
been tested in the LEED analysis; the agreement betw
experimental and calculatedI -V curves is sufficiently con-
vincing that the model is right.

The relaxations found in the first three layers are mos
of the same order as in Au~110!.17,18 The contraction of the
first interlayer spacing isDd125213% for Au3Pd(110),
while it is '217% for Au~110! according to recen
studies,18 with ranges from114% to222% being found in
the literature.18 Also a third layer buckling of 0.14
60.04 Å is found in the present study, similar to the 0.1
0.24 Å found for Au~110!.17,18 The pairing Dy250.015
60.07 Å in the second layer is very small and within t
error limits of the analysis, again comparable to the 0.0
0.12 Å for Au~110!. A pairing and buckling in the deepe
layers has not been allowed in the present study.

According to LEED, the second interlayer spacing sho
no significant relaxation, and the expansion by 1%~with re-
spect to the center-of-mass plane in layer three! is within the
error limits of the present analysis. For Au~110! an expan-
sion by 2–7 % has been found.18 This difference is not sur-
prising, since in the alloy the third layer contains around
at. % Pd atoms, which will influence the relaxation.

Also, with respect to these structural relaxations, the
perimental results for Au3Pd(110) and the MC-EAM simu
lations agree rather well. The simulations find relaxatio
Dd12529% andDd2351% and a buckling of 0.03 Å in
the third layer. No relaxations were found between dee
layers.

Finally, we note that we do not find any evidence for
chemically ordered surface region. No additional spots w
present in the LEED pattern, and the XRD measureme
indicate bulk disorder. The latter is also found in the sim
lations. The item of bulk ordering has so far not conclusiv
been discussed in the literature. Whereas some p
diagrams42 show only a solid-solution phase, others43 indi-
cate also a chemically orderedL12 structure for Au3Pd. To
our knowledge, there is only one study claiming chemi
ti-
er
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order for the Au3Pd alloy,44 and this study has been pe
formed on evaporated films of Au and Pd that have be
subsequently alloyed by heating. Another study45 on simi-
larly prepared Au3Pd films found no ordered phase. No o
dering has been found for bulk samples so far, which is
agreement with our results.

The evolution of the calculated segregation profiles a
function of temperature is perfectly normal: at higher te
perature both the extent of segregation and the compositi
oscillations are somewhat less pronounced due to the
creasing importance of entropy at higher temperatures.
future experiments it will be intriguing to study the temper
ture behavior of the surface composition and structure, si
the Au~110! surface undergoes a (132)↔(131) phase
transition at about 650 K.46,47 Simulations at 800 K with the
relaxations quoted above suggest that the (132) missing-
row reconstruction remains stable at least up to this temp
ture.

V. SUMMARY

The structure and composition of the Au3Pd(110) surface
have been determined by quantitative LEED and LEIS. T
experimental results are compared with MC-EAM simu
tions of the structure and the segregation profile of the fi
few atomic layers.

In the LEED analysis, we find a (132) missing-row re-
construction with multilayer relaxations, similar to Au~110!.
The first interlayer spacing is 1.2360.04 Å, i.e., contracted
(213%) with respect to the bulk spacing of 1.418 Å (a0
54.01 Å, as measured by XRD!. In the second layer a
slight pairing by 0.01560.07 Å has been found, togethe
with a buckling by 0.1460.04 Å in the third layer. Refer-
ring to the center-of-mass plane in layer three, the sec
interlayer spacingd23 is 1.4360.04 Å, corresponding to a
small expansion by 1% compared to the bulk. The third
terlayer distance isd3451.4160.04 Å, equal to the bulk
spacing.

LEED and LEIS indicate strong Au segregation, with
topmost layer concentration of 100 at. % Au. The LEED d
indicate also 100 at. % Au in the second layer and 50 at
Au in the third layer. The calculated segregation profile is
perfect agreement with the experimental data for the t
topmost layers~first layer, 96 at. % Au; second layer, 94 a
% Au!. Only in the third layer an enrichment to 83 at. % A
has been found, contrary to the depletion found by LEE
This could be due to an underestimation of the calcula
mixing energy, which would exaggerate the Au content
the third layer.

The relaxations found in the calculations agree nic
with the experimental data, indicating a significant contra
tion of the first interlayer spacing, a slight expansion b
tween the second and third layer, and a small buckling in
third layer. With increasing temperature up to 800 K, t
calculated segregation effects become somewhat less
nounced as can be expected.
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