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Surface structure and composition of the alloy Au3Pd„100… determined by LEED
and ion scattering spectroscopy
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The ~100! surface of the alloy Au3Pd has been investigated by crystallographic LEED and ion scattering
spectroscopy to determine the structure and composition of the first three atomic layers. The observed LEED
pattern corresponds to the bulk truncated structure of the substitutionally disordered Au3Pd alloy. No signifi-
cant relaxations of the first three layers have been found. Surface segregation of Au has been found by both
methods, indicating pure Au in the topmost layer. The second layer is slightly depleted in Au (cAu,250.6
60.2). @S0163-1829~99!04428-8#
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I. INTRODUCTION

The study of metal-alloy surfaces has gained increas
interest in recent years. Surface segregation and orde
phenomena have often been observed. For Au contai
alloys like Cu3Au(110),1 Cu3Au(100),1,2 Au3Cu(100),3 and
Au3Pd(113)~Ref. 4! Au segregates always to the surface.
a previous paper,5 we described mainly scanning tunnelin
microscopy~STM!, x-ray diffraction ~XRD!, and noble gas
impact collision ion scattering spectroscopy with neutral
tection ~NICISS! results obtained for Au3Pd(100). The
present paper describes in more detail our low-energy e
tron diffraction~LEED! and ion scattering~ISS! experiments
on this surface, which have only briefly been sketched in
previous paper.

II. EXPERIMENT

The experiments were performed in a vacuum cham
with base pressures in the 1028 Pa range. The chamber wa
equipped with a hemispherical electron analyzer~modified
for the detection of ions! and two-grid optics for LEED. ISS
spectra were taken with 1-keV He or Ne with sample c
rents of 25–30 nA. The scattering angle was 135° and
incidence angle was 45°. The beam was rastered over
mm 3 3 mm area.

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 four sets of nonequival
beams@~1,0!, ~1,1!, ~2,0!, and ~2,1!# at normal incidence of
the primary electron beam. The I-V curves for the symme
cally equivalent beams were averaged in order to compen
for the residual minor discrepancies in the normal incide
condition. Intensities were normalized to constant incid
current, and the background was estimated from meas
ments of the intensity in proximity of the spots and su
tracted from the I-V curves.
PRB 600163-1829/99/60~3!/1535~4!/$15.00
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III. CALCULATION METHOD

Dynamical calculations of the LEED intensities were pe
formed using the Barbieri/Van Hove Symmetrized Aut
mated Tensor LEED package.6 The scattering by Au and Pd
atoms was described using eleven phase shifts, derived
a muffin-tin potential calculated for the Au3Pd alloy using
the Barbieri/Van Hove phase-shift package.7 The bulk Debye
temperatures for Au and Pd used in the calculations w
165 and 274 K, respectively.8 Calculations using an en
hanced vibrational amplitude at the surface did not impro
the fits and have been omitted. The average-t-matrix
approximation9 was used to calculate the effect of rando
enrichment in one of the components. The real part of
inner potential was set to 10 V and optimized in theR-factor
analysis. The imaginary part of the inner potential was se
5 V. The calculations were performed in an energy ran
from 80–380 eV. The calculations were performed for a g
of compositions of the first three layers using the bulk tru
cated structure of the alloy as reference structure. For e
composition, the first three interlayer distances were th
optimized in the second step of the TLEED calculations6 to
get the best agreement with the experimental I-V curves
the R-factor analysis theRP ~Pendry! and RMZJ ~modified
Zanazzi-Jona! reliability factors10 and an average of the tw
were used. The total energy range used in the calculat
was 922 eV, and the error bars for the values of the struct
parameters were estimated from the variance of theRP
factor,11 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 were estimated in
same way, holding all structural parameters and the com
sitions of the other layers at best-fit values.

IV. RESULTS

After several cleaning cycles using 1-keV Ar1 followed
by annealing to 770 K for 10 min, no contaminants could
1535 ©1999 The American Physical Society
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detected by x-ray photoemission spectroscopy~XPS! and
ISS. The LEED pattern~Fig. 1! shows a sharp (131)unit
cell. The side of the unit cell is, within the accuracy of t
measurement, equal to that of the substitutionally disorde
Au3Pd(100) surface. If the alloy was chemically ordere
one should observe thec(232) periodicity ~with respect to
the pure Au layers!.

ISS spectra taken with 1-keV He~Fig. 2! show segrega-
tion of Au upon annealing, with only a residual Pd signal f
the annealed surface. The Pd signal is equivalent to appr
mately 4 at. %, taking into account the respective scatte
cross sections and assuming equal neutralization proba

FIG. 1. LEED pattern taken at 142 eV. No superstructure sp
can be observed. The spot distances indicate a (131) pattern.

FIG. 2. Low-energy ion scattering spectra taken with 1-k
He1 after sputtering~dotted line! and annealing to 770 K~solid
line!.
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ties for Au and Pd. Since no elemental standards were av
able for our experiments, quantification of ISS intensit
should be regarded as an approximation only. Using the
emental sensitivity factors of polycrystalline materials12 for 1
keV He1 scattering, the Pd-surface concentration is e
mated to 6 at. % for the annealed surface and 25 at. % for
sputtered surface, equal to the bulk concentration. The
sidual Pd signal could be due to a sputtering effect during
time of the measurement~5 min/spectrum!.

For the LEED calculations, a grid of compositions h
been tested: the Au concentration, as atomic fraction, in
first two atomic layers has been varied from 0–1 in steps
0.2, with bulk concentration in all deeper layers. Best agr
ment was achieved withc151.00 andc250.60 ~the index
denotes the atomic layer!, with RP50.235 andRMZJ50.12.

The first interlayer spacing is contracted by 0.02 Å, the s
ond by 0.03 Å . The third layer shows no relaxation. Var
tion of the third layer composition did not improve the fi
neither did a variation of the first and second layer com
sition in proximity of the minimum found in the coarse grid
Additionally the lattice constant was varied, which led to
R-factor minimum (RP50.206, RMZJ50.096) at 3.99 Å.
This value is in good agreement with previous NICISS da5

and an additional LEED data set measured in a differ
laboratory. However, using the conservative estimat
~variance ofRP) for the error bars, the minimum is no
clearly significant in our case. So we can’t state the contr
tion of the unit cell on the basis of our data alone, since t
would require a larger data set and even better theo
experiment agreement. But taking into account the result
the other experiments, a~numerical! artifact can clearly be
excluded. The best fit values for the composition and the fi
three interlayer spacings did not change upon variation of
lattice constant. The comparison of the experimental and
theoretical curves is shown in Fig. 3. The sensitivity of t
RP factor to the structural parameters and to the composi

ts

FIG. 3. Comparison between experimental and calculated
curves. All data are acquired at normal incidence. The calcula
curves correspond to the minimum of theR-factor analysis.
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is shown in Figs. 4 and 5, respectively. The final struct
and composition is listed in Table I.

V. DISCUSSION

The agreement between theory and experiment is wi
the limits for a satisfactory structural determination.10 Both
ISS and LEED indicate a first layer consisting of pure A
As derived by LEED, the second layer is slightly depleted
Au (60620 at. % instead of 75 at. %!. Although the sensi-
tivity to random enrichment in one of the components
quite low, the fact that calculations with differentR factors
yield the same minimum indicates that the depletion is s
nificant. We note, however, that the bulk composition of
at. % is within the error bars of our analysis. We regard
conservative estimate of error bars as appropriate for
data set, although a recent study has shown that the sen
ity for compositional variations may be underestimated
this approach.13 In order to achieve a much better accura
~within 68 at. %!, a theory-experiment agreement well b
low RP50.2 is required, which was not possible in our ca
due to residual stray magnetic fields adding noise to the d

The alloy is substitutionally disordered within the pe
etration depth of the electrons, and shows a bulk-trunca
fcc structure with a lattice parameter of 3.9960.02 Å . The
relaxations found for the first three interlayer spacings

FIG. 4. RP factor as a function of the structural parameters.

FIG. 5. RP factor as a function of the composition in the fir
three layers.
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within the error bars of the present analysis. Additional e
periments using ISS, crystallographic LEED, and STM ha
been performed in a different laboratory,5 and confirm the
findings reported here.

The question whether the Au3Pd alloy is chemically or-
dered or not is still not conclusively discussed in the lite
ture. There is only little data dealing with this question, a
only one study has found chemical order.14 This study has,
however, been performed with vapor-deposited Au and
films, which have been subsequently annealed for alloying
has also been noted in that study that no chemical long-ra
order has been observed in bulk specimen, which was
lieved to be due to insufficient annealing. Another stud15

failed to reproduce the findings of Ref. 14. Therefore,
tend to conclude that the alloy indeed is substitutionally d
ordered in the bulk state. This is also corroborated by th
retical studies using an combined embedded atom met
Monte Carlo simulation approach to calculate the ord
parameter.16

The ~100! oriented surface of gold is known to be reco
structed in a similar way to the Pt~100! and Ir~100!
surfaces.17,18 For these surfaces the topmost layer reco
structs to a near hexagonal arrangement, leading to ac(26
368)-LEED pattern in the case of Au~100!.17 Despite the
fact that Au3Pd(100) terminates with a layer of~nearly! pure
gold, this surface is not reconstructed.

On the other hand, the~100! surfaces of Pt alloys termi
nating with a layer of pure platinum@see for instance the
cases of Pt80Co20,19 Pt50Ni50 ~Ref. 20!# are reconstructed in a
similar way to the Pt~100! surface. In the case of gold th
presence of the other metal in the alloy stabilizes the un
constructed surface. Indeed, the Au(100)(131) surface can
be stabilized by deposition of a submonolayer fraction
rhodium as shown by Jonaet al.21

In addition to these chemical causes, the~lateral! lattice
constant contraction can be a reason for the nonreconstru
surface. The driving force for the quasihexagonal arran
ment is generally believed to be stress, which is relieved
a compression of the toplayer atom spacing. In the cas
Au3Pd, the lattice constant of 3.99 Å is 2.2% smaller than
bulk gold~4.08 Å!. This reduction may be the reason why n
reconstruction of the topmost layer is found for the allo
hence Au3Pd(100) seems to provide the substrate for stre
free growth of a Au~100! monolayer. It would be interesting
to grow gold on this substrate and see if~and when! the
surface reconstructs.

VI. SUMMARY

The Au3Pd(100) surface has been investigated by crys
lographic~Tensor-! LEED and ISS to determine the structu
and composition of the first three atomic layers. The o

TABLE I. Structure and composition of the first three atom
layers for Au3Pd(100).

d12 2.0060.03 Å cAu,1 1.060.2
d23 1.9760.03 Å cAu,2 0.660.2
d34 2.0160.03 Å cAu,3 0.7560.2
dbulk 1.995 Å cAu,bulk 0.75
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served LEED pattern corresponds to the substitutionally
ordered Au3Pd alloy, showing no evidence for chemic
long-range order. A first layer composition of pure gold h
been found with ISS and LEED after annealing to 770
The second layer seems to be slightly depleted in Au acc
ing to LEED (60620 at. % Au!. The third layer has bulk
composition within the error limits of the measurement. T
first three interlayer spacings ared1252.0060.03 Å, d23
51.9760.03 Å, andd2352.0160.03 Å. Within the error
limits, they correspond to the bulk spacing. Unlike pu
Au~100!, the surface of the alloy is not reconstructed. T
may be due to the presence of Pd in the second layer an
e

cl.

er

or
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due to a smaller lattice constant of the alloy (3.9960.02 Å as
derived by LEED! compared to bulk Au.
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