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The (001) surface of a AusPd single crystal was studied with different surface analytical techniques.
The main results reported about structure, composition and dynamics of the surface are based on
ion scattering methods and LEED. We find segregation of Au to the surface forming a complete Au
overlayer. The second layer has approximately the bulk Pd concentration. There is no evidence for
chemical order in the near surface layers, i.e. Pd is randomly distributed in the lattice. The Au and Pd
atoms in the first and the second layer respectively have approximately the same thermal vibrational

amplitudes.

1. Introduction

The AusPd single crystal surfaces have not been
studied in great detail so far. The AugPd(110)
surface’ shows segregation of Au to the top layers
and the (1 x 2) missing row reconstruction known
from the clean Au(110) surface. The AuzPd(001)2:3
and the AuzPd(113)* show full segregation, too,
i.e. in the outermost layer only Au atoms are present,
and no reconstruction. None of the different crys-
tals studied showed chemical bulk order in X-ray
diffraction (XRD). The Pd atoms occupy Au lattice
sites randomly within the analytical range of low en-
ergy electron diffraction (LEED) (four layers) and
neutral impact collision ion scattering spectrometry
(NICISS)?® (two layers). The AuzPd(001) has the sin-
gular property, not observed for other systems, that
the Au(001) top layer has a smaller lattice constant
than bulk Au and bulk AusPd, respectively.? Fur-
thermore, this Au(001) overlayer is not reconstructed
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compared to the Au(001) surface on Au. These data
on AusPd(001) were obtained by scanning tunneling
microscopy (STM), LEED, ion scattering spectrom-
etry and X-ray analysis.2® Here we report in some
detail the NICISS analysis of the AugPd(001) surface
with respect to the structure, the composition and
the surface thermal vibrations in comparison with
the LEED analysis in parts published previously.?3

2. Experiment

For the ion scattering experiments we use an ul-
trahigh vacuum (UHV) system equipped with an
ion source, mass separating magnet, target cham-
ber with a three-axis target manipulator and several
ion detectors. The primary beam can be chopped
in order to perform time-of-flight (TOF) analysis of
the scattered particles. The advantage of the TOF
analysis is low primary ion beam currents due to
the detectability of neutrals.” For the experiments
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presented here we use a TOF detector placed at a
scattering angle of ® = 165°. Using this detector
two modes of ion scattering are feasible: (i) the sur-
face blocking mode, in which the (grazing) angle of
incidence 1 is kept constant at around ¢ = 10° and
the azimuthal angle ¢ is varied; and (ii) the NICISS
mode, in which the azimuthal angle ¢ is fixed such
the plane of scattering coincides with a low index
surface crystallographic surface direction and the an-
gle of incidence is varied. The surface blocking mode
gives intensity I vs the azimuthal angle ¢ data which
represent a real space projection of the surface struc-
ture. From the I vs ¢ data the orientation of the
crystal is obtained, i.e. low index directions can be
identified. These directions are marked by minima.
The depth of the minima is a qualitative measure of
the order of the surface, i.e. steps cause an increase
of the intensity at the position of the minima in the
I vs ¢ curves. For the same purposes, orientation
and check of the surface quality, we use LEED as
well. For probing the surface chemical composition
we use low energy ion scattering (LEIS) with an elec-
trostatic analyzer (ESA).?

The Tensor (T) LEED analysis® is based on
I(V) curves measured in different UHV systems in
Firenze and in Vienna. In all UHV systems, in
Osnabriick, Firenze and Vienna, we used identical
preparations. The AusPd(001) is sputtered with low
energy (500 eV) Ar ions and intermittently annealed
at 775 K. The annealing temperature is kept below
the order—disorder transition temperature of 1123 K
of bulk AuzPd.® The order—disorder phase transition
is disputable because the chemical ordering has been
reported only once” and could not be reproduced.®
So AuzPd is considered as a solid solution. In Firenze
the surface composition is probed by LEIS and XPS,
in Vienna by STM and ISS. For further details see
Ref. 3.

The AusPd
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crystals were obtained from

3. Results

The clean and well-annealed AuszPd(001) surface
yields I vs ¢ data with well-defined minima for the
[100] and [110] surface crystallographic directions
(Fig. 1). The small intensity maximum in the [110]
minima is due to flux peaking.® The NICISS data of
this direction yield the information about the sur-
face lattice constant.? It turns out that the surface
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Fig. 1. Backscattered Ne yield of AusPd(001) at a graz-

ing angle of incidence of ¥ = 17.5° and a scattering angle
of © = 165° as a function of the azimuthal angle (block-
ing mode). The primary beam energy is 2080 eV.
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Fig. 2. Backscattered Ne Yield of AuzPd(001) along the

[100] direction (fixed azimuthal angle) at a scattering an-
gle ® = 165° as a function of the angle of incidence
(NICISS mode). The primary beam energy is 2080 eV.
Dots are experimental data; the line is calculated using
the two-atom scattering model. The crystal is annealed
for 10 min at 775 K.

lattice constant as = 3.99+£0.02 A is shortened com-
pared to the bulk lattice constant. The bulk lat-
tice constant is ap, = 4.017 £0.001 A. The surface is
not reconstructed, which is confirmed by the TLEED
analysis. For the TLEED analysis we use the Barbi-
eri/van Hove code.’

The NICISS data of the [110] direction is shown
The experimental data are dots with
error bars. The line is calculated on the basis of
a two-atom scattering mode using a ZBL potential
(Ziegler—Biersack-Littmark).5 As result of the fit we
obtain the lattice constant, the amplitude of the

in Fig. 2.
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thermal vibrations of the surface atoms within the
limits of the Debye model and some information
about the relative concentration of Au and Pd. In
the case of the well-annealed layer only Au is present
in the top layer. The intensity increase at the lowest
angles of incidence v is due to scattering from steps
and from the front edge of the crystal eventually.
The vibrational amplitudes obtained from the
NICISS data correspond to Debye temperatures of
Op = 136 £ 6 K for Au atoms and the [100] direc-
tion and Op = 166+16 K for Au atoms and the [110]
direction and ©p = 219+ 5 K for Pd, respectively.
When scattering along [110] Pd atoms of the second
layer are exposed to the ion beam. The main com-
ponent of the thermal vibrational amplitudes mea-
sured is perpendicular to the surface. The magni-
tude of the amplitudes of Au and Pd are equal. In
the TLEED analysis we use the bulk Debye temper-
atures of Au, ©p = 165 K, and of Pd, ©p = 274 K,
resulting in approximately equal vibrational ampli-
tudes for Au and Pd as in the NICISS evaluation.
A variation of ©p to the range of the NICISS val-
ues does not significantly influence the R factor. Al-
lowing anisotropic vibrations does not improve the
R factors significantly. The Pendry R factor (Rp)
and the modified Zanazzi—Jona factor (Rymzy) in the
TLEED analyses are 0.206 and 0.096, respectively.?
When extending the 1 range in the NICISS ex-
periment, information about the interlayer distance
between first and second layer di2 becomes available
(Fig. 3). The angular difference between the first
and the second peak is directly related to di2. The
value we obtain is di2 = 1,7040.05 A, corresponding
to a contraction of 15 £ 3%. The TLEED analysis
gives dio = 2.00 + 0.03 A (Firenze), di2 = 1.99 +
0.02 (Vienna), i.e. no contraction. In Table 1 we

Table 1.
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Fig. 3. (a) Experimental data as in Fig. 2 for an ex-
tended range of the angle of incidence. The numbers
at the peaks identify the two-atom scattering process,
i.e. 2 — b is surface scattering, as is 5 — 8 etc., and
2 — 4 is first to second layer scattering, as is 5 — 7
etc. The atoms are labeled according to Fig. 3(c).
(b) Top view of a model of the AuszPd(001) surface.
White spheres are Au atoms (top layer); gray spheres
are Au or Pd atoms of the second layer. (c) Side view of
the crystal structure of AuzPd(001). The numbers are
used to identify the scattering peaks of Fig. 3(a).

Comparison of crystallographic data and composition evaluated

by NICISS and LEED (F = Firenze; W = Vienna). as describes the
surface lattice constant and di2 the spacing between the first and the

second layer.

as (A) diz (A) 1st layer Au  2nd layer Au
NICISS 3.99+£0.02 1.70 £0.05 100% 60 £+ 30%
LEED (F) 4.00£0.01  2.00+0.03 100% 60 £+ 20%
LEED (W) 3.9940.01 1.99 +£0.02 100% 75+ 19%
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Table 2.

Surface Debye temperatures of AuzPd(001) of the [110] and the [100]

directions and of Au(100) and Pd(100) surfaces of bulk crystals from theory*?

and experiment.'®

AuzPd(001)[110]  AusPd(001)[100]  Au(001) Pd(001)
Au 166 K 136 K 110 K'2 -
Pd 219 K - 189 K,'? 156 K3

summarize the data obtained from NICISS and
TLEED respectively.

The TLEED analyis yields further data, i.e. the
interlayer distances dp3 = 1.97 + 0.03 A (Firenze),
dys = 199 £+ 0.02 (Vienna), dss = 2.01 £
0.03 A(Firenze), dzs = 2.00 & 0.03 (Vienna) and
the Au concentration of the 3d layer of 60 4+ 20%
(Firenze), and 75 +12% (Vienna), which is the bulk
value.?

4. Discussion

The AuzPd(001) surface is fully covered with a
monolayer of Au, as are the other surfaces stud-
ied, i.e. AugPd(110) and AuzPd(113).}* The sur-
face related to AugPd(001) from the point of view of
structure and composition is the AuzCu(100) sur-
face. The bulk structure of the CuzAu alloys is,
however, L1z (CugAu). (Chemical order of AusPd

7 an observation which could

is reported only once,
not be reproduced,® whereas the CuzAu and AuszCu
crystals are chemically ordered. Nevertheless the
AuszCu(100) also shows complete segregation of Au,
but chemical order in the second layer.!® In con-
trast, we have no evidence for chemical order in
the analysis of AuzPd(100) nor of AuzPd(110)
and AuzPd(113).# The theoretical modeling of the
AusPd crystal® gave clear evidence that the crystal
is not chemically ordered.

Nevertheless, it is an interesting notion that the
AuzPd(001) surface is covered by a well-ordered
Au(001) monolayer without any signs of recon-
struction, whereas the Au(001) surface of Au is
reconstructed.!!

In Table 2 we summarize data of ©p from differ-
ent sources, theory and experiment for AusPd(110)
and for regular Au(100) and Pd(100) surfaces, re-
spectively. Only from NICISS do we obtain specific
Op values for the respective direction.

The interesting result is that the Au surface De-
bye temperature is higher than the one calculated for
the Au(001) surface of bulk Au'? but is equal to the
experimental value of Pd(001).13 It may be acciden-
tal, but the numbers say that the Au surface atom
thermal vibrational amplitudes are dominated by Pd
atomic vibrational amplitudes, even though the Pd
concentration is minimal in the top surface layer and
of the order of 40% or 25% in the second layer. Un-
fortunately, the TLEED analysis is not significantly
dependent on Op in the range of the NICISS ©p
data, and thus complementary data for ©p are not
available.

The interplanar distance dio between the top
layer and the second layer is not reduced based on
the TLEED analysis, but reduced by 15% based on
NICISS. Differences between dq5 values evaluated by
LEED and NICISS have been found before (Ref. 14
and references therein). NICISS data yield system-
atically larger contractions, i.e. smaller dio values, in
cases were comparable data exist. Here we have the
first case for LEED and NICISS results of the same
sample.

The TLEED result, i.e. no contraction, agrees
with the finding for the Pd(001) surface of Pd.!> An-
other hint for the dominating role of Pd? These find-
ings, with respect to ©p and dj2, may support the
model,%! that the (001) surface of AuzPd is stabi-
lized by Au-Pd bonds which are energetically more
favorable than Au—Au bonds.
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