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Surface structure and segregation profile of the alloy AgPd(110): Experiment and theory
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The (110 surface of the alloy A4Pd 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 iinearly) pure Au in the two topmost layers. The surface is<(2) missing-row
reconstructed similarly to Ad10), with a significant contraction of the first interlayer spacing and a buckling
in the third layer[S0163-182€09)01636-7

I. INTRODUCTION (Sec. 1) and the simulationgSec. Il), followed by the dis-
cussion(Sec. IV) and a summarySec. .
The study of metal alloy surfaces has gained increasing
interest in recent years owing to their applications in tech-
nology and catalysis-® For AuPd alloys, catalytic activity Il. EXPERIMENT
regarding CO oxidation and decomposition ofONand for- , . .
mic acid has been reportédio understand the mechanisms Prior to the vacuum experiments, the lattice constant and

responsible for the catalytic processes, a detailed characteffdering of the sample was checked with x-ray diffraction

ization of the surface structure and composition is necessary’\RP)- We found a substitutionally disordered sample with

For Au-containing alloys such as @au(110)4 & lattice constant of 4.01 A. .
CwAU(001)*5  AusCu(001)®  AusPd(113)’ and The other experiments were performed in a vacuum
AusPd(001)%° Au segregation is always found. But the de- chamber with base pressures in the 40Pa range. The

tails of the segregation and reconstruction processes are Sﬁﬂhamber was equipped with a hemispherical electron ana-

dified for the detection of iongnd two-grid optics
not completely understood. For example, the topmost laye zer (mo
of the AyPd(001) surface consists of pure Au but is not or LEED. X-ray photoelectron specttXPS) were recorded

. . " . during the first stages of the preparation to check for surface
reconstructed like A@Ol)’ which exhibits a quasi- impurities. Subsequent checks were performed by ion scat-
hexagonal structure with a(26x68) low-energy electron

. : tering. LEIS spectra were taken with 1 keV Her Ne* with
10
diffraction (LEED) pattern.” On the other hand, for the o516 cyrrents of 16-18 nA. The scattering angle was

(001) surface of RiNi;_ alloys;" an increasing tendency to 135 ° and the incidence angle was 45 °. For sputtering, we
form reconstructions such as purd@®) (Refs. 10 and 12 | se 500 eV—_1 keV At ions with sample currents up to
has been found with increasing Pt concentration in the topg wA. During sputtering the beam was scanned over the
most layer. The same can be said (@10 surfaces of Pt-  ggmple.
containing alloys such as BRh;5(110) (Ref. 13 and The LEED intensity (-V) curves were measured using a
PlggFex(110), * which exhibit a (1x 2) missing-row recon- video LEED system in an energy range from 50—400 eV.
struction as R110.™ As is known, AY110) reconstructs in  The I-V curves were acquired for 13 sets of nonequivalent
the same way® 18 beams at normal incidence of the primary electron beam.
The aim of the present paper is therefore to investigate th&he |-V curves for the symmetrically equivalent beams were
structure and composition of ABd(110) using quantitative averaged in order to compensate for the residual minor dis-
LEED and low-energy ion scattering spectroscdpflS).  crepancies in the normal-incidence condition. Intensities
The structure and composition have also been calculatedere normalized to constant incident current, and the back-
with Monte Carlo(MC) simulations combined with the em- ground was estimated from measurements of the intensity in
bedded atom methodEAM). The remainder of this paper is the proximity of the spots and substracted from 1h¥
divided into four main parts, dealing with the experimentcurves.
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A. LEED calculations
1keV He"™—= Au Pd(110)
800 < 0 =135°% ¥ =45°

------------- sputtered

annealed

Dynamical calculations of the LEED intensities were per-
formed using the Barbieri-Van Hove symmetrized auto-
mated tensor LEED packad@The scattering by Au and Pd
atoms was described using 11 phase shifts, derived from a
muffin-tin potential calculated for the ARd alloy using the
Barbieri—-Van Hove phase-shift packadeThe bulk Debye 600 -
temperatures for Au and Pd used in the calculations were
165 K and 274 K, respectivef}. Calculations using an en-
hanced vibrational amplitude at the surface have not been
done. The averagematrix approximatioff was used to cal-
culate the effect of random enrichment in one of the compo-
nents. The real part of the inner potential was set to 10 VV and
optimized in theR factor analysis. The imaginary part of the
inner potential was set to 5 V. The calculations were per-
formed in an energy range from 80-380 eV. 200

Calculations were done for a grid of varying compositions
of the first three layers using a nonrelaxed missing-row struc-
ture as the reference structysehich is justified by the (1
X 2) reconstruction apparent in the LEED pattern, see Sec.
II B, and the fact that A(L10) is missing-row reconstructéd 0
For each composition, the first three interlayer distances y T T T T T
were then optimized in the second step of the TLEED 0.80 0.85 0.90 0.95 1.00
calculations® to get the best agreement with the experimen- E/E,
tal I-V curves. This procedure was repeated with refined ref-
erence structures until the displacements of the atoms were FIG. 1. LEIS spectraraw data taken with 1 keV He after
<0.02 A in the fitting procedure, ensuring convergence. Assputtering(dotted ling and annealing to 770 Ksolid line). The
a last step, pairing was allowed in the second layer. InRhe SPectra have been acquired at constant pass energy.
factor analysis, th&p (Pendry andRy,z; (modified Zanazzi-

Jona reliability factor$® and an average of the two were We note, however, that in previous studies Pd enrichment
used. The total-energy range used in the calculations wa@uring sputtering has been found for polycrystalline alloys of
2311 eV, and the error bars for the values of the structurafuPd?®

parameters were estimated from the variance of Re For an open surface such @10 (especially if it is re-
factor?* using the formulaAR=R,,,(8Vi/AE)Y? where constructegl a contribution from the second layer cannot be
Rumin IS the minimum of theRp, V; is the imaginary part of excluded for the scattering parameters ugzagle of inci-

the inner potential, andE is the total-energy range. The dence 45 °, scattering angle 135 °) but is believed to be small
error bars for the layer composition was estimated in thedue to the high neutralization probability in the first and

same way, holding all structural parameters and the compdecond layef! We attribute the signal mainly to the first
sitions of the other layers at best-fit values. layer, which is obviously pure Au. The contribution from the

second layer cannot be quantified exactly, but since the LEIS
signal shows only Au, we conclude that also the second layer
is pure Au. For an exact determination of the second layer

After several cleaning cycles using 500 eV—-1 keV'Ar composition, a series of LEIS spectreferentially using a
followed by annealing to 770 K for 10 min, no contaminantstime-of-flight system to detect neutral partidlegth varying
could be detected by XPS and LEIS. The LEED pattern in-angles of incidence would be necessary, which have not been
dicates a (X 2)-surface unit cell. performed in the present analysis.

LEIS spectra taken with 1 keV He(Fig. 1) show segre- For the LEED calculations, a grid of different layer com-
gation of Au upon annealing, with virtually no residual Pd positions has been tested: the Au concentration, as atomic
signal for the annealed surface. The Pd signal increases wifhiaction, in the first three atomic layers has been varied from
increasing ion dose, so we conclude that the traces of réd—1 in steps of 0.1, with bulk concentration in all deeper
sidual Pd are due to sputtering during the acquisition timdayers. At each composition, a fit of the structural parameters
(the time for one spectrum is approximately 5 jifhe was done. At best-fit values the Pendryfactor wasRp
spectra recorded directly after Arsputtering show a clear =0.273 Ryz;=0.135); allr factors indicate the same mini-
Pd signal, which amounts to approximately 30—-35 at. %mum within the error limits. With regard to the composition,
taking into account the respective scattering cross sectiorthe same minimum has been reached usingRpend the
for Au and Pd and using the sensitivity factors for polycrys-Ryz;. The final results are listed in Table I; for a visualiza-
talline material$® This is higher than the bulk concentration, tion of the structural parameters, see Fig. 2. the first inter-
but regarding the uncertainty in the neutralization probabili-layer spacing is contracted by 0.19 A, and the second inter-
ties, the deviation is within the error limits. Since no elemen-layer spacing is slightly expanded by 0.01 A, which is
tal standards were available for our experiments, quantificawithin the error limits of the analysis. Note that all interlayer
tion of LEIS should be regarded as an approximation onlyspacings refer to the center-of-mass plafse® also Fig. 2

400

counts

B. Experimental results
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TABLE I. Structure and composition for ABd(110), deter- the structural parameters and to the composition is shown in
mined by LEED(best-fit values foRp=0.273) and MC-EAM cal-  Figs. 4 and 5, respectively. The final structure and composi-
culations(simulations Ill, Fig. 8, values for 300 )KFor an expla-  tjon is listed in Table |I.
nation of the parameters see Fig. 2. For comparison, the values for
the (1X2) reconstructed AQ10 surface taken from Ref. 17 are

. . . Ill. THEORY

given. All interlayer distances refer to center-of-mass planes. The

error bars have been estimated using the variance of the PBndry A. Theoretical background

Lﬁ:r(compam Figs. 4 and5they apply only to the experimental The aim of this paper is to explain and understand the
segregation behavior at the #d(110) surface in an ana-

Parameter  AWd(110) expt/sim AW@10  Error bars lytical way. It is assumed that the experimentally observed
surface structure and surface concentrations are real equilib-

dy, 1.23 A/1.29 A 1.15 A 0.04 A rium configurations that can be modeled by minimizing the

dys 1.43 A/1.43 A 1.47 A 0.04 A Gibbs energy 4H—TAS). These minima are computed by

Azg 0.14 A/0.03 A 0.24 A 0.04 A Monte Carlo simulation§®-32The stochastic nature of these

ds, 1.41 A/1.41 A 1.47 A 0.04 A simulations reflects the entropy patk$). In principle, the

Ay, 0.01 A 0.07 A 0.07 A (alloy) energy can be computed by solving the many-

douik 1.418 A 1.442 fixed electron Schirdinger equation. In practice, however, it is rec-

c, 1.0/0.96 0.13 ommended to approximate the energy, yet retaining enough

Cy 1.0/0.94 0.13 information about the underlying physics to describe even

Cs 0.5/0.83 +0.35~0.25 minor energy effects. The embedded atom method is used

Chulk 0.75 fixed for modeling the enthalpy partAH). We have chosen the

MC-EAM combination because of its successful application
to other alloys>~° In the next sections, the Monte Carlo
The third layer is buckled by 0.14 A, and a slight pairing of method and the embedded atom method are described in

0.015 A in the second layer could be present, the latter bg7ore detail.
ing also within the error limits. For the composition, best

agreement was achieved with ,=1.00 andc;=0.50 (the

index denotes the atomic layeiith regard to the compo- The Monte Carlo method is based on statistical mechanics
sition, no variations within the buckled third layer have beenand aims to explain the macroscopic observable properties of
allowed. Variation of the layer composition in proximity of a system in terms of the underlying microscopic behavior. A
the minimum found in the coarse grid did not further im- macroscopic quantitpA(S) of the systenSis given by

prove the fit.

1. Monte Carlo simulations

To check consistency with the XRD lattice-constant mea- f ACOF(X)
surementsa, has also been varied. The best agreement has )
been achieved for 4.01 A, i.e., for the same lattice constant AS)=—7 1
that has been found in the XRD experiment. f f(X)

The comparison of the experimental and the theoretical (9

curves is shown in Fig. 3. The sensitivity of tRg factor to with the state phas@(S) collecting all possible states for

the systemS, and f(X) expressing the probability for the
occurrence of statX. In order to make the above formula
I amenable to computer simulations, the integral has to be
converted into an averaged sum over a finite number of well-
chosen representable states. This is accomplished through
the Monte Carlo method, which makes use of random num-
f bers to generate a finite set of statésThe Monte Carlo

Q 12 method used here is the Metropolis metiBdyhich pro-

m duces a first-order Markov sequence of stafgs X, . . .,
u ] Xss - .. Xsin_1. The probability of evolving from stati;

Ay2

0

|z 23 to stateX; denoted byP;; =f(X;)/f(X;). The interstate tran-
T ; sition probabilities are quantified so that after a sufficient
(o] U d number of step® the probability of the simulated system to

m i“ be in a given stat&; equals the trud(X:), independent of
the initial stateX,. The macroscopic propery(S) can then

U be approximated by

10011 k=6+n-1
FIG. 2. Schematic missing-row model of theX2) reconstruc- AS)= n kgg AX). @

tion (relaxations are not in scaleThe structural parameters that ) ) )
were optimized in the fitting procedure are indicated. For the result$n the Monte Carlo simulations, the segregation processes
see Table I. and possible surface relaxations and reconstructions are



PRB 60 SURFACE STRUCTURE AND SEGREGATION PROFILE ... 9013

a3 0.3
1 L 1 L 1 1 1
(1,2 (0,2
) 0]
= =
3 3
g L - g .
) (1,1 s @1
2 =
= =
5 g
k= k=
1 1 " L I 1 L 1
1,0 20
| T ..I' N | N R | L 1

L n L L n
50 100 150 200 250 300 350 400 100 150 200 250 300 350
energy (eV) energy (eV)

052

" i} -I
(0,312

" 1
(2,172

" 1
(1,312

intensity (arb. units)

" 1
(1,172

n 1
50 100 150 200 250 300 350
energy (eV)

FIG. 3. Comparison between experimeri&ilid lineg and calculateddotted lineg I -V-curves. All data are aquired at normal incidence.
The calculated curves correspond to the minimum ofRHactor analysis.

mimicked by considering a change in the chemical identitythe probabilityP,, of evolving from stateX, to stateX, then
of the atoms and a slight displacement from their originalis merely reduced to computing the energy difference be-
bulklike position. To compute the distribution functié(X),  tween the stateX, andX,,
two approaches exist: ttenonical ensembland thegrand
canonical ensemble Pyy= F(X)/f(Xy) = Ey BT, (4)
In the canonical ensembléhe number of atoms of each
element, the volume, and the temperature remain constarit) the grand canonical ensemble the total number of atoms,
The simulation proceeds by interchanging two randomlythe temperature, and the difference in chemical potential
picked atoms of a different kind. The probability of state ~ (Au) between two species are held fixed. The simulation
is then given by the Boltzmann distribution proceeds by picking an atom and by considering to change
its identity. The latter ensures consistency between the sur-
e T face composition and the bulk composition. The probability
f(X)=Pyx=e"" () of stateX, is then given by

with E, denoting the energy of the configuratisn T the f(X,)=Py=(V/IANA(V/AZ)NBe™ (BxNara~Nerg)/kT
temperature, andét is the Boltzmann constant. Determining (5)
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AL T T B B B In the grand canonical ensemble, however, this would be
extremely time consuming due to the iterative procedure to
determineA x. The simulations in this paper are therefore
based on the canonical ensemble. To alleviate the finite-size
effects, the slab of atoms is taken sufficiently large, so that
0.4t 5 K K L 4 the composition of the deeper layers converges to the real
bulk composition. For details, we refer to Sec. Il B.

RPendry

\ / 2. Embedded atom method

osr \/ i \/ i \/ i \/ I \/ The embedded atom method defines the en&ggf an
A BN BN B B atomi in a lattice as the sum of the energy due to electro-

11 1.2 13 1.3 14 15 1.2 1.3 1.4 0.0 0.1 0.2 -0.1 0.0 0.1 static interactions with its neighbors and the energy needed
d,, (A dy, (A) d,, (&) Az, (A) Ay, (A to embed this atom in the local electron density as generated
by the other atoms in the system. This embedding energy
FIG. 4. PendryR factor as a function of the structural param- depends only on the nature of atom i and can hence be de-
eters. Tk_\e dotted horizontal line indicates the limit for a significant;jy.eq from material constants of puiie The energy of a
change in theRy, factor. configurationx is then defined as the sum of the energies of
the atoms withinx:3®

with V denoting the constant volume of the systdfy,de-

noting the energy of configuration T is the temperature,

k is the Boltzmann constanly, is the number ofA atoms, Ex=2 EFE Fi(Ph,i)+0-5z Dij |, @)

Ng is the number oB atoms,A; and w;, respectively, de- ' ' .

note the thermal de Broglie wavelength and the chemicalhereF; is the embedding energy function of atom py, ;

potential of element. is the host electron density around atérdue to the other

The probabilityP,, of evolving from statex, to statex, , atoms, andb;; is the electrostatic interaction energy between
where anA atom is replaced by an atoBy is then given by atomsi andj. The host electron density, ; is obtained by
summing the contributions of all the neighbgrsf atomi,

Pyy= (X)) T(X) = (AR AZ) e AEFAWIKT (g

In both the canonical ensemble and the grand canonical en- ph»i:; Pi- 8)
semble, the decision of whether or not a state transition is
accepted is made by comparing the transition probabilityn practice, thep; functions and theb;; functions are repre-
with a random number between 0 and 1. Providing an accusented by parametrized analytical expressions. In this paper,
rate energy model is used, a correct equilibrium configurawe employ the parametrization of Foiles, Baskes, and Baw.
tion will be reached eventually, withowt priori assump-  The electron density of atoiji{p;) is computed by means of
tions. the Hartree-Fock wave functiods® To account for pos-
As already pointed out in Sec. II, several changes occugible electronic rearrangements upon alloying, the fixed total

near the AyPd(110) surface. Besides the compositional re-number of outer electrons of elemen(N;) is allowed to
arrangements, reconstructions and relaxations also play dgdistribute over thes andd sublevels. More precisely; is
important role. These can be incorporated in both simulatiormodeled as
schemes. In principle, vibrations can be incorporated as well.

Pj=NsipsjT(N;=Nsj)pg,;, 9
: : : whereng ; denotes the number of outeelectrons, angs ;
06| P . . andpy; are the densities associated with ##ndd ground-

i : : state wave functions, respectively. The pair interaction term
®;; is calculated as the electrostatic Coulomb repulsion be-
tween the screened effective nuclear chaiyes

RPandry

with R;; denoting the distance between the atorasdj, and
Z; being the effective charge of atom

Zi(R)=Zo;(1+ BRe i, (11
0.0 02 0.4 0.6 :ofs 1.0 0.0 0.2 0.4 0.6 ;)fa 10 0.0 0.2 0.4 06 ;)78 1.0 whereZ,,; denotes the number of outer electrons of aipm
c c c a; and B; are parameters to be determined, ands a pa-

Au,1st layer Au, 2nd layer Au, 3rd layer

rameter that is empirically taken equal to 1 or 2.

FIG. 5. PendnR factor as a function of the composition in the ~ The derivation of the parameters;, «;, and g;, for
first three layers. The dotted vertical lines indicate the bulk compo€ach element, is detailed in Ref. 34. Basically, a least-
sition. The dotted horizontal line indicates the limit for a significant Square optimization is set up to solve an overdetermined set
change in theR; factor. of equations. For each element, the parameter values are op-
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timized so as to yield the elastic constants and vacancy for-
mation energy of each material as well as the dilute limits of 100 =\- . 300K
‘\

the heats of solution of the binary alloys. We have used the e BOOK
parameter values reported in Ref. 36. These values are opt —a— 800K
mized towards alloy systems containing Cu, Pd, Pt, Ni, Ag, % \

and Au.

Once the atomic electron densitips and the pair inter-
actions®;; are known, the embedding energy functiénis \
derived by considering the pure metalAt equilibrium (lat- 1 —"
tice constanty), the energy of this pure metal is given by 70
the sublimation energy- Egp,; in expanded or compressed | region1: \/ region 2:
form (lattice constan), the energy of this configuration is monotonic oscillating

H ’ ; H . 60
given by Rose’s universal equation of stéte: T T : i : : 7 :

at. % Au
3

, layer number
E(a)=—Egl+a’)e @, (12
FIG. 6. Au concentration at different temperatures as a function
wherea’ denotes the relative deviation from the equilibrium of depth according to simulation I: bulk truncated surface.

lattice constang, or

) 2 Even starting from a perfectly chemically ordered initial
a’'=(alap—1)/(Esf9BQ)™, (13 configuration, the simulations arrive at a disordered bak (

whereB is the bulk modulus of pureand() the equilibrium ~0) at 300 K—in complete agreement with our XRD data.

volume per atom. By setting E¢7) equal to Eq(12), F; is
readily obtained. 2. Surface simulations
The quasi-infinite bulk is modeled by applying periodic
B. Simulations boundary conditions along the directions perpendicular to the
(110 surface. The initial configuration is a complete disor-

The equilibrium situation is calculated for temperatures Ofdered lattice(see Sec. IIIB1 For efficiency reasons, only

300 K, 600 K, and 800 K. Thes_e temperatures are chose e eight upper layers are subject to changes; the other layers
because the sample preparation included an annealing at 7

K_ Althouah the measurements are done at room temper re left unchanged. This is amply sufficient since surface
: 9 g g P 6§egregation and relaxation are known to be confined to a few
ture, the sample is in the frozen equilibrium state, corre-

. . ’ outermost layers.
sponding to the temperature where the atomic mobility was The aim is to derive the composition and the relaxation in

lost, typically one third of the melting point. . L
. . . the surface layers and to gain better insight from the com-
The MC-EAM simulations are performed according to the arison with the experimental results of Sec. II. Three differ-

gggolzlclgilr (?[nsr?c;nble f?]atﬁr?pﬁéaiuiﬁs rOf t?or? K’r 600 K, anl? dnt series of simulations are performed.
- First and seco €ighbor Interactions are accounte (a) Simulation I: the unreconstructed (110) surfatethe

I_or. T?e.AkL]?ITd aIon]!ssgBod;aled as ahthre.'?h-mm(.an;lorl;al I"’l(tj'first simulations, the atoms of the fullL10) layer are not
Ice of eight 1ayers o atoms each, with periodic bound=y,,,veq to move from their equilibrium positions. For 300 K,

ary conditions to minimize finite-size effects. To eliminate i . X
the influence of the initial configuration, the results of thegggail;’e;nd 800 K, the composition profiles of Fig. 6 are

first million simulation steps are simply discarded; the results In Fig. 6, two regions can be distinguished: The first

0; tshgosoubtseque_lprt] m|!l|on| stt.eps are sam.plgd V}”th ant'gt?rvghonotonic regionlayers 1, 2, 3 with pure Au in the first
or>. Steps. The simufation program IS Implemented In &,y gacong layer and the second oscillating redlayers

an%i?:elcijiter? onra Plentlurrlfllrmagotrma five the dear —8. From the third layer on, one observes the normal
ulations are aiso periormed to derive the degree o amped oscillatory concentration profile that is expected for
bulk order and to characterize the changes in the surfac

: . 4 acq alloy with a negativéexothermig heat of mixing. In such
!ﬁyrir:felgé?zgl next sections, these simulations are describg alloy AB-bonds are energetically preferred, and this can
' ultimately lead to the formation of chemically ordered inter-

metallic compounds.

In less exothermic alloys as in Au-Pd, the weakeB

The quasi-infinite bulkwithout a surfacgis mimicked by  attractions generate these composition oscillations only at the
applying periodic boundary conditions along all three or-surface: the segregation enrichment is modulated with these
thogonal directions. The aim is to derive the degree of ordeoscillations, whereas in endothermic alloys a monotonic de-
in the bulk. Hereby, the order is quantified by the long-rangecay of the surface enrichment is observed. Both situations are
order (S figure. This figure assumes the alloy lattice is di- like reminders of the demixing into two phases for endother-
vided into two sublattices andB. In a perfectly long-range mic alloys (repulsiveA-B interaction$ and the formation of
ordered Ay4Pd alloy (S=1), all «(B) sites are occupied by stoichiometric and ordered compounds in exothermic alloys
Au (Pd atoms; in a completely disordered /Rd alloy (S  (A-B attraction$. Au segregates, driven by its considerably
=0), the probability ofa and 3 sites being occupied by an lower surface energy: with EAM one calculates 0.98 2J/m
Au atom is equal to 0.75, the Au bulk fraction. for Au compared to 1.49 J/for Pd.

1. Bulk simulations
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FIG. 8. Au concentration at different temperatures as a function

FIG. 7. Au concentration at different temperatures as a functiorPf depth according to simulation Ill: the ¢42) missing-row recon-
of depth according to simulation Il: (22) missing-row recon- structed surface and surface relaxations.

structed surface with no relaxations. Clearly the relaxations at the surface have diminished the

extent of segregation and have “flattened” the profiles of
The monotonic Au enrichment on top of the oscillating Fig. 7. The computed interlayer spacings are 1.29 A be-
profile is also generated by this large difference in surfaceween the first and second layer and 1.43 A between the
energy that is felt up to the third atomic layer, two layerssecond and third layer. Compared with the bulk layer spac-
deeper than in the simple treatment with pairwise interacing of 1.418 A, one concludes a contraction between the
tions between the nearest neighbors only in a closed-packditst and the second layer and a small expansion between the
(111) surface’® On the one hand, the second layer ¢i40)  second and the third layer.
surface is still part of the surface because its atoms also have These observations are both normal and coupled: at the
an incomplete coordination. On the other hand, EAM alscsurface the Gibbs energy is minimized by electronic redistri-
takes next-nearest-neighbor interactions into account, whicRutions. The resulting relaxation in the surface bond ener-
again extends the influence of the surface one layer deep8f€S, In turn, gives rise to both a lower surface energy and a
than with nearest-neighbor interactions only. The normal osStructural relaxation: the incomplete coordination of the sur-

cillatory profile is therefore delayed until the third layer. The 2C€ atoms causes a bond strengthening of the remaining
influence of the corrugated 10) surface on the segregation bonds at the expense of the missing bonds. Hence the surface

profile is substantiated by our EAM simulations for {1d1) ~ €nergy, that can crudely be estimated at one-half the energy

surface where the oscillations start one layer earlier, from th& the missing bonds, is lowered. The reducetidference in
second layer on. surface energy, in turn, leads to a less pronounced segrega-

(b) Simulation II: the (110) surface with thé1x2) tion. At the same time, the reinforcement of the bonds be-

missing-row reconstructiorin order to allow an even better tWeen the surface layers is accompanied by a bond shorten-

comparison with the experiments, where LEED shows a (119" and one observes a contraction between the first and the
x 2) surface reconstruction, a second series of simulationgecond layer. The bond strengthening between layers one

was set up on a slab in which the atoms are still fixed at theifnd two then again induces a bond weakening between lay-

lattice sites, but with a missing-row configuration at the sur-6'S w0 and three, which causes an increased interlayer spac-

face. Comparison of the total EAM energy of the unrecon/Nd Petween the second and third atomic layer in a

structed slab and the slab with the reconstructed surfac pntraction-expansion sequence, that is typicql for the sur-
proves that the missing-row model lowers the energy an ces of metals and alloys. In the third layer a slight buckling

thus corresponds to a more stable situation. The simulatior}d-03 A) is observed, caused by an upward displacement of

for the three temperatures yield the segregation profiles df'® atoms under the missing rows.
Fig. 7.

The profiles are quite comparable to those of Fig. 6, ex-
cept for a significantly higher Au concentration in the third  The agreement between theory and experiment for the
layer. The explanation is straightforward: due to the missing EED experiments is within the limits for a satisfactory
rows and an increased number of missing neighbors, the sustructural determination. Both LEIS and LEED indicate a
face character of the second and third layer has becomfirst layer composition of pure Au. According to LEED, the
stronger. The surface energy effect then extends more deepecond layer also consists of pure Au, with 87—-100 at. %
and causes also the third layer to become enriched in Au. being the possible range that is compatible with an insignifi-

(c) Simulation Ill: the (110) surface with thé1X2)  cant change in the Pendryffactor. We note that the estimate
missing-row reconstruction and relaxationghe third series  of error bars for compositional changes using the variance of
of simulations also start from a ¢42) missing-row recon- the Pendryr factor may be regarded as an upper limit. For
structed surface but now takes surface relaxations into acsery good agreement between theory and experirfemt,
count by allowing small displacements of the atoms fromR, well below 0.2 for a(100) surfacé’], a higher sensitivity
their normal lattice positions. The composition profiles ofcan be obtained. However, due to stray magnetic fields dur-
Fig. 8 are obtained. ing our experiments leading to minor deviations from the

IV. DISCUSSION



PRB 60 SURFACE STRUCTURE AND SEGREGATION PROFILE ... 9017

normal-incidence condition, we regard the conservative estiorder for the AyPd alloy** and this study has been per-
mate of error bars as appropriate, at least for the deepdormed on evaporated films of Au and Pd that have been
layers. subsequently alloyed by heating. Another stiidgn simi-

The composition of the buckled layer in the LEED analy-larly prepared AgPd films found no ordered phase. No or-
sis is 50 at. %, indicating a depletion in Au with respect todering has been found for bulk samples so far, which is in
the bulk. Regarding the error limits, a range from 25—85 at@greement with our results.

% Au is compatible with the data, so even an Au enrichmen% The evolution of the calculated segregation profiles as a
cannot be excluded. unction of temperature is perfectly normal: at higher tem-

Regarding the segregation profile, simulations and experi‘i’er"."tur.e both the extent of segregation and the composmonal
ment agree nicely, with perfect agreement for the composi®SCiiations are somewhat less pronounced due to the in-
tion of the first twc; layers. The third layer composition dif- creasing importance of entropy at higher temperatures. For
fers somewhat: The simulétions find an enrichment to 83 afuture experiments it will be intriguing to study the tempera-

: Yure behavior of the surface composition and structure, since

% Au, whereas the experimental data suggest a depletiotrp1e AU110 surface undergoes a 1% 1) phase
rather than an enrichment. However, 83 at. % Au are Sti”cransit?gn a)t about 650 R‘?*”%imulatiédnzs);(Soo K)w?th the
within the (conservativg error bars for the(experimental  gjaxations quoted above suggest that the<®) missing-

third layer composition. _ row reconstruction remains stable at least up to this tempera-
The deviations from the experimental values may be dugyre.

to the energy model used in the simulations. The difference

in surface energies for Au and Pd may have been assumed V. SUMMARY

too large, which leads to a gold enrichment in deeper layers.
The structure of AgPd(110) is a (X 2) missing-row

reconstruction similar to the one found for @10. Al-

though no additional structural models other than th

missing-row configuration with multilayer relaxations have few atomic layers.

been tested in the LEED analysis; the agreement between |, the LEED analysis, we find a (42) missing-row re-

experimental and calculatddV curves is sufficiently con-  construction with multilayer relaxations, similar to @1.0).
vincing that the model is right. The first interlayer spacing is 1.29.04 A, i.e., contracted
The relaxations fou.nd in th(317f|1r83t three Iayer_s are mostly(_lg%) with respect to the bulk spacing of 1.418 A(
qf thg same order as in _A]JlO). *The contraction of the =401 A, as measured by XRDIn the second layer a
first interlayer spacing isAd;,=—13% for AwPd(110),  slight pairing by 0.015:0.07 A has been found, together
while it is ~—17% for AU11l0 according to recent with a buckling by 0.140.04 A in the third layer. Refer-
studies'® with ranges from+14% to —22% being found in  ring to the center-of-mass plane in layer three, the second
the literature!® Also a third layer buckling of 0.14 interlayer spacingl,; is 1.43+0.04 A, corresponding to a
+0.04 A is found in the present study, similar to the 0.12—small expansion by 1% compared to the bulk. The third in-
0.24 A found for AY110.*"*® The pairing Ay,=0.015 terlayer distance isls,=1.41+0.04 A, equal to the bulk
+0.07 A in the second layer is very small and within the spacing.
error limits of the analysis, again comparable to the 0.00— LEED and LEIS indicate strong Au segregation, with a
0.12 A for Au(110). A pairing and buckling in the deeper topmost layer concentration of 100 at. % Au. The LEED data
layers has not been allowed in the present study. indicate also 100 at. % Au in the second layer and 50 at. %
According to LEED, the second interlayer spacing showd?U in the third layer. The calculatec_i segregation profile is in
no significant relaxation, and the expansion by A#ih re- perfect agreement with the experimental data for the two
spect to the center-of-mass plane in layer thigevithin the ~ [(OPMOSt layersfirst layer, 96 at. % Au; second layer, 94 at.
error limits of the present analysis. For @10 an expan- % Au). Only in the third layer an enrlchment to 83 at. % Au
sion by 2—7 % has been fourThis difference is not sur- has been found, contrary to the depletion found by LEED.
prising, since in the alloy the third layer contains around 507 NiS could be due to an underestimation of the calculated
at. % Pd atoms, which will influence the relaxation. mixing energy, which would exaggerate the Au content in

Also, with respect to these structural relaxations, the ex!he third layer. . . .
perimental results for APd(110) and the MC-EAM simu- The relaxations found in the calculations agree nicely
lations agree rather well. The simulations find relaxationgVith the experimental data, indicating a significant contrac-

Ady,=—9% andAdy=1% and a buckling of 0.03 A in tion of the first interlayer spacing, a slight expansion be-

the third layer. No relaxations were found between deepe‘iween the secc_)nd_ and thi_rd layer, and a small buckling in the
layers. third layer. With increasing temperature up to 800 K, the

Finally, we note that we do not find any evidence for acalculated segregation effects become somewhat less pro-

chemically ordered surface region. No additional spots wer@ounced as can be expected.

present in the LEED pattern, and the XRD measurements

indicate bulk disorder. The latter is also found in the simu- ACKNOWLEDGMENTS
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